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Preface

There is, once more, a need for an advanced
textbook in animal biochemistry and nutri-
tion that covers the specialist requirements
of final year undergraduates and new post-
graduate students. The existing books have
long become out of date, and currently my
students are directed to reviews published
within the proceedings of various
symposia and workshops. However, this
approach is less than satisfactory as the
reviews are distributed in diverse books
and journals that are both physically and
financially out of reach of these students.
Increasingly these days, libraries resort to
restricted lending of journals containing
up-to-date reviews and, furthermore, the
common practice of holding single copies
of conference proceedings is of limited
value to the large groups of students we
have to teach. Moreover, students still have
the problem of consulting different issues
of journals and conference proceedings to
acquire a comprehensive picture.

In Farm Animal Metabolism and
Nutrition, 1 have attempted to overcome
most if not all of these limitations by pro-
viding a graduated and structured series of
critical reviews by international experts, at
an affordable price. Current programmes
for final year undergraduate and MSc
courses at Edinburgh form the basis of the
topics selected for this book. In addition,
my choice of subjects has been based on

experience in teaching final year students
at Edinburgh who have at times expressed
difficulty with or particular interest in
specialist topics. The needs of our commer-
cial clients have not been ignored either, as
will be seen from my choice of authors and
review topics. In the rapidly changing and
expansive fields of farm animal metabolism
and nutrition, the limitations of existing
general texts are all too evident. No single
author can be expected to keep abreast of
innovation in all aspects of these fields. I
have attempted to overcome these problems
by selecting authors who are actively pub-
lishing refereed papers and who have an
enviable track record in their respective
specialisms. Furthermore, my collaborating
authors have been selected from major

teaching and research establishments
around the world.
Farm  Animal  Metabolism  and

Nutrition is divided into three sections to
reflect major developments. The first sec-
tion comprises eight chapters within the
theme of ‘Absorption and Metabolism of
Nutrients’. The second section on ‘Feed
Evaluation Methodologies’ contains six
chapters, while the third section on ‘Intake
and Utilization’ is based on five chapters.
Every book attracts both favourable com-
ments and criticism. Fortunately for me,
most reviews of my previous titles have
been positive, and these have been much

ix
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appreciated. While I accept the occasional
negative review as an occupational hazard,
I am keen to learn from past failings. As
regards Farm Animal Metabolism and
Nutrition, I accept that important areas
have not been reviewed. Clearly, for exam-
ple, the whole issue of quantitative nutri-
tion comprising analytical and predictive
models also needs attention, but this may
well form the basis of a further volume. In
the meantime, current books in the CAB
International stable should serve to bridge
this gap. Selected titles will be found on
the rear cover of this book.

As always, I am indebted to my team
of authors who have made this book
possible and who have invested so much of

their valuable time in writing, proofreading
and preparing the index, sometimes under
difficult conditions. Their enthusiasm for
the entire project has been salutary and I
hope that the book will provide inspiration
to students the world over.

Finally, this book contains references
to various commercial products including
computer software, which are given in
good faith. No endorsement of these
products is implied or should be attributed
to the editor or CAB International, and we
cannot assume responsibility for the conse-
quences of their use.

J.P.F. D’Mello
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Chapter 1

Amino Acid and Peptide
Transport Systems

J.C. Matthews

Department of Animal Sciences, University of Kentucky,
Lexington, Kentucky, USA

Introduction

All cells require a continuous supply of
amino acids to meet their metabolic
demands. A primary concern of animal
nutritionists is the need to understand what
the capacity for a-amino acid absorption is,
in order that diets can be formulated to
provide adequate, but not excessive, amino
acids for a given production state. The litera-
ture is replete with the characterization of
free and peptide-bound amino acid transport
systems that are expressed by laboratory
animals and humans. By comparison, little
research has been conducted to identify the
presumably analogous transport systems in
farm animal species. Given the economic
importance of these species, and the high
rates of growth and protein production cur-
rently demanded by producers, the lack of
knowledge regarding specific farm animal
transporter physiology may be limiting our
ability to formulate the diets and to design
feeding strategies that optimize protein syn-
thesis and retention. Due to the wealth of
information regarding amino acid and pep-
tide transport systems and proteins being
generated by biomedical research, and the
similarities that appear to exist among

animals species, a unique opportunity exists
to identify and characterize the function of
livestock species-specific free and peptide-
bound amino acid absorption mechanisms.
This chapter begins with a general
discussion of transport protein (transporter)
absorption theory that is germane to amino
acid and peptide absorption, proceeds by
describing the biochemical and molecular
mechanisms that have been characterized
for the transport of free and peptide-bound
amino acids, and concludes with a descrip-
tion of what is known about these processes
in chickens, pigs, sheep and cattle. Unless
noted otherwise, the standard three-letter
abbreviations for amino acids are used for
peptides, and the L isomer is implied for
both free and peptide-bound amino acids.
Due to the limited number of references
allowed for this chapter, the author
apologizes in advance for his inability to
credit the many researchers who have
contributed to the information presented.

Transporter Theory

Mammals have >100 different types of
cells. Therefore, as might be expected,

© CAB International 2000. Farm Animal Metabolism and Nutrition

(ed. J.P.F. D’Mello)



4 J.C. Matthews

considerable variation exists in the amino
acid requirements of these cells and in the
complement of ‘transport systems’ that are
expressed to meet these requirements.
Transport systems (or activities) generally
are defined as that protein which recog-
nizes and transfers a selective group of sub-
strates across cellular membranes, whether
acting singly or in combination with other
proteins. Although best characterized in
the plasma membranes of non-polarized
cells (e.g. muscle and endothelial), and the
apical and basolateral membranes of
polarized epithelial cells (e.g. enterocytes
and hepatocytes), free (amino acid) and
peptide-bound (peptide) amino acid trans-
port systems also mediate the passage
of substrates across the membranes of
cell organelles (lysosomes, mitochondria,
nucleus, etc.).

Transport proteins allow the cell (or
organelle) selectively to bind and acquire
compounds from a milieu of other sub-
strates. The physiological importance of
transporters is usually discussed in terms
of their relative ability to recognize and
bind a substrate molecule (affinity), and the
amount and rate of substrate translocation
through the membranes (capacity/velocity).
Typically, transport systems that demon-
strate relatively low affinities for substrates
have large capacities for transport, whereas
those that display high affinities have
low capacities. The general process of
transporter-mediated passage through
membranes, however, is the same for all
transporters: (i) the substrate(s) binds to the
recognition domain of the transporter; (ii)
the substrate(s) is translocated through the
membrane interior into the cell interior
(cytoplasm); (iii) the substrate(s) dissociates
into the cytosol; and (iv) the substrate-
binding and translocation domain(s) of the
transporter is reoriented for future sub-
strate binding.

Eventually, the process of transport
requires the expenditure of respiration
energy. The coupling of energy to drive
transporter function typically is described
as direct (primary) or indirect (secondary
and tertiary) processes. Primary trans-
porters are energized by the direct transfer

of chemical energy stored in high-energy
phosphate bonds of ATP (adenosine 5'-
triphosphate), as ATP is hydrolysed to ADP
and inorganic phosphorus. In contrast,
secondary transporter function is not
coupled directly to ATP hydrolysis.
Instead, secondary transport systems derive
the energy to translocate substrates across
membranes by harnessing the differences in
the transmembrane electrical and chemical
gradients of substrates and (sometimes) co-
transported ions (Na*, K*, Cl~ and H*). In
mammals, amino acid and peptide trans-
port occurs by indirect processes. For
example, Na*-dependent amino acid trans-
port systems are secondary transporters
that energize substrate translocation by
coupling the transfer of amino acids to the
large extracellular-to-intracellular Na* (e.g.
systems A, ASC and B) and Cl~ (systems
IMINO and GLY) gradients (Table 1.1). The
cell then pays for the ‘free’ ride of the
solutes down their electrochemical
gradients by expending ATP to fuel the
function of primary transporters (Na*/K*
ATPase and H* ATPase), which re-establish
the extracellular-to-intracellular concentra-
tions of the co-transported driving ions. One
amino acid transport system, system X~ ,,
uses both the extracellular-to-intracellular
Na* gradient and the intracellular-to-
extracellular K* gradients to energize the
transport of anionic amino acids.

Tertiary systems also utilize the energy
derived from the electrochemical gradient
of a co-transported ion(s), but, in essence,
exchange the driving ion for another ion
that is a substrate for a primary transporter.
For example, H* ions are co-transported
with small peptides across the apical
membranes of enterocytes and released
into the cytoplasm by the Ht*/peptide
co-transporter (Table 1.2). The H* then
is pumped out of the cell by the
apical membrane-bound Na*/H* exchanger
(driven by the extracellular-to-intracellular
Na* gradient), thereby re-establishing
the extracellular-to-intracellular H* gradi-
ent. The extracellular-to-intracellular Na*
gradient is then re-established by the baso-
lateral membrane-bound Na*/K* ATPase.
Hence, the H*/peptide co-transporter is a
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Table 1.1. a-Amino acid transport systems that have been identified in selected tissues, cells, and apical

(Ap) and basolateral (Bs) membranes.

Skeletal Placental Pancreatic
Fibroblast® muscle®  Hepatocytes  Enterocytesd scyncytia® acinar’
Transport Coupled
system  ions Substrates Plasma  Plasma  Bs Canalicular Ap Bs Ap Bs Ap Bs
A Na* All neutrals, X X X X X X X X X
Pro
ASC Na* Neutral (pH 7.5), X X X X X X X
Anionic (pH 5.5)
asc Neutrals X X X X
B (NBB, Na* Most neutrals X
B°)
Bo* Na*8 Neutrals and X X Xh Xh
cationics
bo+ Same as Bo* X X
y*L Nat! Neutrals, cationics, X X
but not cystine
y* Cationics X X X X X X X
L Large branched X X X X X X X X X
neutrals
N Na* Asn, Gln, His Xk X X X
X" xg Nat, K*  D-L-Asp, L-Glu X X X! X X
X", Anionics, cystine X Xm X X
GLY Na*, CI=  Gly X
IMINO  Na*, CI=  Pro, hydroxy-Pro X X X
T Tyr, aromatics X

aKilberg and Haussinger, 1992; PMackenzie et al., 1992; “Mailliard et al., 1995; YGanapathy et al., 1994; Mailliard et al., 1995;

eMatthews et al., 1998b; Mailliard et al., 1995.
8May also be CI~ dependent (Munck, 1997).
"Present in rat but not human placentas.
iNeutral amino acids only.

IIn rat hepatocytes, system L has both high-affinity (L1) and low-affinity (L2) components. Adult rats demonstrate primarily L2 activity
in canalicular and basal membranes whereas L1 activity predominates in both membranes in suckling pups.

“Muscle variation of liver system N.
'Primarily pericentral hepatocytes.
mPrimarily periportal hepatocytes.

tertiary transporter in terms of energy
expenditure (Ganapathy et al., 1994).

Most primary, secondary and/or
tertiary transporters can accumulate sub-
strates against substrate concentration
gradients. In contrast, ‘facilitative’ trans-
porters (transporter-mediated absorption
that is driven by the osmotic gradient
and/or electrical charge of the substrate)
usually are not capable of concentrating
substrates. Instead, facilitative transporters
mediate the ‘downhill’ passage of sub-
strates across membranes. For example,
amino acid transport systems asc, L and
x~, do not couple the transport of sub-
strates with ions, and therefore are not

considered to require the expenditure of
respiration energy in order to function.
Although not usually discussed in these
terms, facilitative transport also depends
on the generation of membrane potential
energy for transporter movement within
the membrane. This is because the amount
of electrochemical energy required to
reactivate the transporter is thought to be
derived from the membrane potential,
which is a function of the steady-state
non-equilibrium ion gradients that are
generated by primary transporters (Na*/K*
ATPase, H* ATPase and Ca?* ATPase) and
the antagonistic functioning of trans-
membrane leak channels (Na*, K+, H*, Ca2+,



J.C. Matthews

Table 1.2. Affinity constants for mediated peptide transport in animal cells and tissues.

Experimental

Co-transport

Animal Tissue model substrate Substrate K, (mm)
Hamster Jejunum Everted H+ Val-Val 9.6
rings Gly-Sar 6.1
Leu-Leu 5.6
Gly-Gly 5.2
Ala-Ala 3.2
Rabbit Small BBMV? None Gly-Sar 173+1.4
intestine H* Gly-Sar 19.5+2.0
Rabbit Jejunum BLMVP H* Gly-Pro 2.0+0.20
Tilapia (fish)  Intestine BBMV None Gly-Phe 9.8+3.5
Intestine BBMV H* Gly-Sar 0.56 +0.08
BLMV H* Gly-Sar 13.3+£3.8
Rat Kidney: outer BBMV H* Gly-Leu 0.101 £ 0.0209
medulla and cortical H* Gly-GIn 0.003 + 0.0001
Human Colon: Caco-2 cells Apical H* Bestatin 0.34
Basolateral H* Bestatin 0.71
Human Colon: Caco-2 cells Apical H* Gly-Sar 1.1£0.17
Rat Lung: type Il BBMV H* D-Phe-L-Ala 2.0
pneumocytes
Rat Liver pneumocytes Lysosome MV H* Gly-Gln 4.67 £0.8
Human Fibrosarcoma HT1080 cells H* Gly-Sar 11.4+33
Rabbit Small PepT1 expressed H* Cephalexin 4.20
intestine in Xenopus laevis Cyclocillin 0.137
oocytes
Rabbit Small PepT1 expressed H* Gly-Sar 1.90
intestine in oocytes H* Gly-Leu 0.08
H* Gly-Glu 0.22
H* Gly-Lys 2.40
2 H* D-Phe-L-Glu 0.94
H* Gly-Gly 2.51
H* Gly-Gly-Gly 5.10
H* Gly-Gly-Gly-Gly ~ 24.0
Human Small PepT1 expressed H* Gly-Sar 0.29
intestine in Hela cells
Human Kidney PepT2 expressed H* Gly-Sar 0.074
in Hela cells
Sheep Omasum poly(A)* mRNA H* Gly-Sar 0.40
expressed in oocytes
Sheep Duodenum BBMV H* Gly-Pro 0.005 + 0.001

aBrush border membrane vesicles; Pbasolateral membrane vesicles.

HCO,™ and Cl7). Therefore, the energy for
all facilitated transport ultimately depends
on cellular respiration. How energy is
coupled from the transmembrane potential
to drive reactivation of the transporter is
not understood.

Amino acids and peptides can be
absorbed without the aid of transport pro-
teins. However, because cell membranes

are relatively impermeable to these charged
hydrophilic molecules, the non-mediated
absorption of amino acids and small
peptides occurs by diffusion through
membrane-spanning channels and para-
cellular pathways, and/or by endocytosis
(membrane envelopment). Diffusion is a
substrate concentration-dependent event,
whereas endocytosis may additionally
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involve substrate recognition. Typically,
the rate of non-mediated amino acid
and peptide absorption is much lower than
that by transporter-mediated processes.
However, at any given time, the relative
contribution that transporter-independent
absorption makes to the total absorption of
amino acids and peptides by a cell
depends on extra- and intracellular sub-
strate concentrations, the magnitude of
signals affecting membrane endocytosis
and structural protein function, substrate
size and charge (relative to protein channel
charge and size) and intracellular energy
levels. A thorough discussion of cell-
ular mechanisms by which transporter-
independent substrate absorption can
occur is available (Gardner, 1994).

Biochemically Characterized Amino
Acid and Peptide Transport Systems

Amino acid transporters

The study of how cells absorb «-amino
acid nitrogen historically has followed the
study of free or peptide-bound amino
acids. The work of Halvor Christensen and
colleagues (Kilberg and Haussinger, 1992)
has resulted in the characterization of a
number of separate amino acid transport
systems in epithelial and non-epithelial
cells (Table 1.1). These transport activities
typically are categorized according to
their required energy sources, substrate
specificities and kinetics of absorption. The
characterization of amino acid transport
processes has resulted in the paradigm that
translocation of free a-amino acids across
cellular membranes occurs by multiple
transport activities, often with overlapping
substrate specificities for amino acids of
the same and/or different class (cationic,
anionic or zwitterionic). For example,
lysine and leucine are each recognized by
at least four biochemically distinct o-
amino acid transport systems, with three of
these transport systems (B°*, b®* and y*L)
recognizing both substrates. a-Amino acid
transport systems display varying degrees
of substrate specificities, ranging from

system IMINO, which is specific for proline,
to system B°*, which accepts most dipolar
and cationic amino acids. Free a-amino acid
transporters, however, do not recognize B-
amino acids (e.g. taurine). Recognition of
amino acids by transport proteins is thought
to be dependent on the a-amino or a-imino
group (for proline) and a carboxyl group,
with the size, charge and/or configuration of
the side chains acting as important determi-
nants for substrate transport (Christensen,
1984).

It is clear from reported free amino acid
transport activities of mammalian fibro-
blasts, skeletal muscle, hepatocytes, entero-
cytes, placental trophoblasts and pancreatic
acinar cells (Table 1.1) that the expression of
transporter activities differs among types of
cells (e.g. B, B>*, N and y*L) and between
the membranes of cells (e.g. asc, B and B°*).
It is also apparent that several transport
activities are expressed in most types of
cells (A, ASC, y*, L and X~ ,). Part of this
heterogeneity in amino acid absorption
capacity appears to be associated with
substrate supply. For example, only the
intestinal lumen-facing brush border mem-
branes of enterocytes and the bile-facing
canalicular membranes of hepatocytes do
not express systems A and ASC and,
instead, rely on systems B and B°* to absorb
dipolar amino acids. Additionally, the
expression of system B°* confers an added
capacity for cationic amino acid transport,
as compared with other cells and mem-
branes which only express system y*.
Interestingly, enterocytes also express
system IMINO for the absorption of proline
in the apical membrane, which is readily
transported by system A in the basolateral
membrane and in cells other than
enterocytes. System L, a predominant Na*-
independent transporter of large hydropho-
bic dipolar amino acids, also is not
expressed in the apical membrane of entero-
cytes, but is in the basolateral membranes.

Peptide transporters

As with free amino acids, the absorption of
peptide-bound amino acids is a universal
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phenomenon in single-cell and complex
organisms. The study of peptide-bound
amino acid absorption was initiated with
the proposal by Fisher in 1954 that
‘peptides, rather than amino acids, may be
the protein currency of the body’ (as
reviewed by Matthews, 1991). Thanks in
large part to the pioneering work of David
Matthews (Matthews, 1991) and Siamak
Adibi (Adibi, 1997), it is now understood
that dietary and plasma proteins do not
need to be completely hydrolysed to their
constituent amino acids for absorption to
occur across the apical membranes of
intestinal and kidney tubule epithelia. Data
collected from many studies designed to
understand the quantitative importance of
free versus peptide-bound amino acids
indicate that peptide-bound amino acids
can account for the majority of amino acids
absorbed by enterocytes from the intestinal
lumen (Matthews, 1991; Seal and Parker,
1991; Webb and Matthews, 1998). A repre-
sentative list of peptide transport sub-
strates and affinity constants as measured
in the tissues, cells and membranes of vari-
ous species is presented in Table 1.2. The
use of hydrolysis-resistant peptides (B-
alanylhistidine; carnosine; and glycylsarco-
sine, Gly-Sar) in whole tissue and brush
border membrane (BBM) vesicle experi-
ments has shown that the transport of
intact peptides is independent of pepti-
dase or amino acid transport activities
and that concentrative peptide uptake is
coupled to co-transport of a proton(s)
(Ganapathy et al., 1994; Adibi, 1997). In
apical (brush border) membrane transport
systems, such as enterocytes and kidney
tubule epithelia, an extracellular-to-intra-
cellular H* gradient energizes the transport
of di-, tri and/or tetra-peptide substrates.
In isolated intestinal loops, the pH of the
transport environment additionally is
reported to affect the affinity of the low-
affinity, high capacity transport system
(Lister et al., 1997).

Three generalized peptide transport
systems have been characterized biochemic-
ally in mammals: (i) a low-affinity trans-
port system highly expressed in the apical
membranes of differentiated enterocytes,

which also is weakly expressed in the
microvillus membrane of kidney tubule
epithelia; (ii) a high-affinity transport
capacity expressed primarily in the apical
membranes of kidney proximal tubules
epithelia; and (iii) a low-affinity system on
the basolateral membranes of polarized cell
types that displays a more limited range
of binding capacity than the low-affinity
apical transporters. Consequently, the
generalized model that has resulted for the
transport of small peptides across mam-
malian polarized epithelia involves: (i) the
recognition and absorption of peptides by
the low-affinity, high-capacity transporter;
(ii) transport across the apical membrane
into the cell cytosol, and hydrolysis to free
amino acids; and/or (iii) the passage of
intact peptides into the blood by a high-
affinity, low-capacity basolateral membrane
transporter (Ganapathy et al., 1994; Adibi,
1997; Steel et al., 1997). In fish, a similar
model has been proposed, except for the
presence of both high- and low-affinity
transport systems in the apical membranes
and the presence of a low-affinity, high-
capacity basolateral transport system that
displays a broader range of substrate
recognition than that of the apical trans-
porters (Thamotharan et al., 1998).
Consistent with the relatively few
transport systems that have been identified
for peptide transport, recognition by these
‘promiscuous’ transporters has been pro-
posed to be achieved with an oligopeptide
of four or less amino acids that contains at
least one peptide bond, a C-terminal L
conformer amino acid, and an overall net
positive charge of <2 (Boyd, 1995).
Accordingly, B-lactam and cephalosporin
antibiotics are substrates for peptide trans-
port systems. A recent report suggests that
the peptide bond may not be required for
substrate binding by either the low- or
high-affinity peptide transport systems
(Ganapathy et al., 1998). Although any of
the three characterized peptide transport
systems recognize many more substrates
than does any given amino acid trans-
porter, not all small peptides are recog-
nized, substantial differences do exist in
the relative affinities for substrates among
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peptide transport systems, and at least
one peptide transport system (PepT1, see
below) is capable of distinguishing
between cis and trans conformers (Table
1.2; Brandsch et al., 1997, 1998). The
similarities and differences in the affinities
of peptide transport systems have been of
practical importance to the pharmaco-
logical industry in the development of
peptidomimetic drugs. Whether these
differences can be exploited to enhance the
absorption of specific amino acids as pep-
tides, in nutritionally significant quantities,
remains to be determined.

Molecular Characterization of
Transport Proteins

The interpretation of biochemical studies
designed to characterize transporter activity
is complicated by the recognition of multi-
ple amino acids by transporter systems.
The recent generation of a number of com-
plementary DNA (cDNA) clones that
encode proteins with specific transport
activities, and the functional expression of
their corresponding mRNAs in various
expression models (Malandro and Kilberg,
1996), has clarified a number of questions
regarding the specificity, function and
expression of transporter activities. A list
of the cloned a-amino acid and peptide
transport proteins is presented in Table 1.3,
except for the family of brain-specific
neurotransmitter transporters. Knowledge
of the molecular structure of proteins
capable of «-amino acid transport has
allowed evolutionary and taxonomic rela-
tionships to be established based on
primary amino acid sequence homologies
and predicted membrane topologies (see
below). In addition, the gene structure of
several of the amino acid transporters has
been determined. An important under-
standing gained from knowing the gene
structure is that different mRNAs can be
transcribed from a single gene. The tran-
scription of mRNAs that encode different
proteins from a single gene occurs by
alternative gene promoters or alternative
splicing of transcripts and results in a

greater diversity of transporter isoforms
and functional characteristics. A good
example is the production of CAT2 (high-
affinity system y* activity) and CAT2a
(low-affinity system y* activity) proteins
from the CAT2 gene (MacLeod et al., 1994).

The identification of cDNAs has also
allowed the amount of mRNA expressed to
be quantified (Northern analysis) and the
site of mRNA expression to be determined
(in situ hybridization analysis). Based on
the sequence of the cDNA, the amino acid
sequence of the protein can be predicted,
thus facilitating the generation of anti-
bodies to transport proteins. With anti-
bodies, the amount (immunoblot/Western
blot) and site-specific expression (immuno-
histochemistry) of proteins can be deter-
mined. Based on the known cDNA
sequence of one species, the cDNA isoform
from another species can be identified by
hybridizing oligonucleotides that are
predicted to bind to regions of shared
homology. If oligonucleotides are designed
that encompass the whole protein-coding
sequence of the cDNA, then the region
can be amplified by polymerase chain reac-
tion (PCR), resulting in the cloning of
species-specific ‘full-length’ ¢cDNA. These
techniques also can be combined to
identify the mRNA of transporters that
share homologous regions.

CAT family of cationic amino acid
transporters

The Nat*-independent transport of the
cationic amino acids arginine, lysine,
ornithine and that portion of histidine
molecules that is positively charged is
known as system y* activity. Even though
system y* transport is not coupled directly
to transmembrane-driving ion gradients,
system y*-mediated substrates can be
accumulated against their concentration
gradients because of the difference between
their positive charge and the relatively
negative charge on the cytosolic side of the
membrane. Currently, four c¢cDNAs have
been identified that encode system y*
activity (cationic amino acid transport;
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Table 1.3. Free and peptide-bound a-amino acid transport proteins for which there are cDNA clones?.

Alternate Deduced  Transport  Substrate Substrate lons
Clone  names length? system specificity affinity coupled
CAT1 — 622-629 y*+e Cationic M —
CAT2 CAT2a 657-658 y* Cationic M —
CAT2a  CAT2b 657-659 y* Cationic mm —
CAT3 — 619 y* Cationic M —
EAAT1  GIuT, GLAST = 543 XA D,L-aspartate um Na*,, K.
L-glutamate OH7/HCO, ™,
EAAT2  GLT, GLAST2, 573 X" ac D,L-aspartate M Na*, K* .
GLTR L-glutamate OH7/HCO, ™,
EAAT3  EAACT 523-525 X" a D,L-aspartate um Na*, K* .
L-glutamate OH7/HCO, ™,
EAAT4  — 564 X" ac D,L-aspartate um Na*, K* .
L-glutamate OH7/HCO, ™,
EAATS — 561 X" ac D,L-aspartate um Na*, K* .
L-glutamate OH7/HCO, ™,
ASCT1  SATT 532 ASC Neutral (pH 7.5) UM Na*,
Anionic (pH 5.5)
ASCT2  ATB° 553 ASC Neutral pm Na*,
NBAT Naa-Tr, 683 bo+ Neutral M —
D2 cationic
and cystine
4F2hc¢ — 529 y'L Neutral and pm Na*, (for neutral)
cationic
PepT1 — 707-708 H*/peptide Di-, tri-, tetra- mMm H*
peptides and Abd
PepT2 — 729 H*/peptide  Di-, tri-, tetra- M H*,
peptides and Abd

2Does not include members of the family of brain-specific neurotransmitter transporters (PROT, GLYT1a,
GLYT1b, GLYT1c, GLYT2; Malandro and Kilberg, 1996).

bPredicted number of amino acids.

In mice, also acts as the recognition site for murine ecotropic leukaemia virus.

dB-Lactam and cephalosporin antibiotics.

CAT1, CAT2, CAT2a and CAT3). Of these,
CAT1, CAT2 and CAT3 cDNAs encode high-
affinity cationic amino acid transport
(micromolar K values). Based on hydro-
phobicity profiles, all three transporters are
predicted to possess 12-14 membrane-
spanning domains. CAT1 mRNA is
ubiquitously expressed, being present in all
tissues tested except for the liver (Deves
and Boyd, 1998). In mice, CAT1 protein is
the recognition receptor for infection by the
murine ecotropic leukaemia virus (MacLeod

et al., 1994). That mice have not evolved to
eliminate this source of viral recognition
suggests that CAT1 is indispensable in its
role of supplying cells with the essential
amino acids arginine, lysine and histidine.
In humans, CAT2 mRNA is expressed less
widely than CAT1, with the highest levels
of mRNA expressed in skeletal muscle,
placenta and ovaries, followed by lower
expression in liver, pancreas, heart and
kidney. CAT3, however, is only expressed
in significant amounts in the brain.
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The liver is the only tissue not known
to express significant amounts of high-
affinity cationic amino acid transport
activity. Instead, the liver demonstrates
low-affinity cationic amino acid transport,
which is encoded by CAT2a, an alterna-
tively spliced variant arising from the
CAT2 gene. Generally, CAT2a displays an
apparent affinity for arginine uptake that is
nearly tenfold lower (millimolar K values)
than that of the other CAT family members.
The low-affinity, but high-capacity trans-
port of CAT2a well matches its physio-
logical role of absorbing the relatively large
amounts of cationic amino acids from
dietary and endogenous sources that enter
the liver through portal vein drainage of
the intestinal tract.

EAAT family of anionic amino acid
transporters

System X~,. activity is defined as the
high-affinity, Na*-dependent, K*-coupled,
D-aspartate-inhibitable transport of L-
glutamate or L-aspartate. Currently, five
glutamate/aspartate family members have
been cloned from mammals that are
capable of system X~ activity. In humans,
the proteins are referred to as EAAT1-5
(excitatory amino acid transport), although,
as indicated in Table 1.3, alternative names
were used for the original non-human iso-
form clones. Functionally, the process for
transport by EAAT1-3 is thought to
involve extracellular binding and translo-
cation of one amino acid, one proton and
three sodium ions, with reorientation of
the transporter to the extracellular face of
the membrane being driven by the intracel-
lular-to-extracelluar counter-transport of
one potassium ion. In addition to the ion
flux associated with EAAT1-3, EAAT4 and
EAATS5 isoforms have a large inward chlo-
ride ion flux associated with their function,
which may aid in the re-establishment of
membrane potential by influencing cellular
chloride permeability. The capacity for glu-
tamate and aspartate uptake by EAAT4 and
EAAT5 is less than those for EAAT1-3.
Accordingly, it is thought that EAAT4 and

EAATS5 function as chloride channels that
are activated by the sodium-dependent
binding of anionic amino acids (Arriza et
al., 1997).

For the EAAT anionic family, the
predicted protein sequences show struc-
tural features typical of membrane solute
transporters, such as multiple membrane-
spanning domains and glycosylation sites.
Hydrophobicity analysis of EAAT family
members predicts that the N-terminus will
span the membrane six times. However, it
is not clear whether the large hydrophobic
C-terminal portion of the protein spans the
membrane. In contrast, the protein
sequences of most amino acid transporter
families are predicted to span the extra-
cellular membrane 10-12 times. Among
mammals, the sequence identity of a given
EAAT is typically >85%. In humans, across
transporters, the five cloned EAATs share
sequence identities of 36—46%. Compared
with human EAATs, a recently cloned
caterpillar EAAT isoform shares 37-42%
sequence identity with human EAAT1-4
while salamander homologues of EAAT1,
EAAT2 and EAAT5 share 87, 84 and 58%
sequence identities, respectively.

EAAT1-4 are highly expressed in brain
tissue, but with distinct patterns of distrib-
ution. In the brain, EAAT1 and EAAT2 rep-
resent glial-specific glutamate transporters,
whereas EAAT3 and EAAT4 represent neu-
ron-specific activities. Accordingly, EAAT1
and EAAT2 are involved in neurotrans-
mission whereas EAAT3 and EAAT4 are
thought to be responsible for more general
metabolic functions of brain tissues. A
reduction in the capacity to resorb gluta-
mate from synaptic clefts has been associ-
ated with neuron degeneration in sporadic
amyotrophic  lateral  sclerosis (Lou
Gehrig’s disease). Recent work has identi-
fied that this loss in glutamate transport
capacity is due solely to reduced expres-
sion of EAATZ2, resulting from the aberrant
processing of EAAT2 mRNA (Lin et al.,
1998).

EAAT3 is the most widely distributed
of the glutamate transporters outside of the
brain. For example, in the rabbit, EAAT3
mRNA is expressed in the duodenum,
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jejunum, ileum, heart, liver, lung and
placenta, but not the colon, lung or spleen.
Therefore, EAAT3 is thought to be the
primary EAAT isoform responsible for
supplying anionic amino acids for general
cellular metabolic processes. EAAT1
mRNA, however, is also fairly widely
expressed outside of the brain, having been
reported in heart, lung, skeletal muscle,
placenta, and retinal Mueller and astrocyte
cells. In contrast, EAAT2 and EAAT4
expression appears limited to brain and
placenta tissues. EAAT5 has the most
restricted pattern of the EAAT family, being
expressed primarily in retinal tissue where
it is thought to play a vital role in the
retinal light response. Other expression of
EAAT5 mRNA is restricted to liver and
skeletal muscle tissue, at levels ~ 20-fold
less than that of the retina (Arriza et al.,
1997).

Besides the brain, the one tissue that
has been shown to express EAAT1-4
mRNA is the placenta. In the placenta,
system X~,, activity is thought to be
responsible for the absorption of maternal
and fetal-derived glutamate (and aspartate),
thereby providing trophoblasts with an
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important source of oxidizable fuel in the
form of glutamate, generated by fetal
nitrogen assimilation from glutamine.
Therefore, to the extent that the placenta
can meet its demand for a readily oxidiz-
able fuel by glutamate, the demand for
maternal glucose for placental oxidation
may be moderated. As illustrated in Fig.
1.1, transporters capable of system X~ ,.
activity (EAAT1-3) have been identified on
different membranes of the syncytial
trophoblast of rat placenta (Matthews et al.,
1998a). The pattern of transporter expres-
sion changes, depending on the day of
gestation. Accordingly, it is hypothesized
that the increase in EAAT1 and EAAT3
content on the apical membrane, and the
increase in EAAT3 and decrease in EAAT2
content on the basal membrane, provides
an increased capacity to absorb glutamate
(and aspartate) from the maternal and fetal
circulations during the end of gestation.
Additionally, the expression of EAAT1-3
protein by maternal decidual, giant and
spongiotrophoblast cells was also altered
with gestation. Overall, the expression of
EAAT1-3 glutamate transport proteins in
placental cells was altered in a manner
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Fig. 1.1. Diagram illustrating the shift in transporter expression of EAAT1, EAAT2 and EAAT3 anionic amino
acid transport proteins in the labyrinth apical and basal subdomains of gestation day 14 and 20 rat
placentas. The model is based on the research of Matthews et al. (1998a) and is presented in terms of the
maternal/fetal ‘glutamine/glutamate cycle’, as described in the text.
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consistent with increasing the capacity for
greater glucose passage to the fetus, during
the period when fetal energy demands are
greatest.

ASCT family of zwitterionic amino acid
transporters

As noted above, Na*-dependent system ASC
transports alanine, serine, cysteine and
other neutral a-amino acids. ASCT1 cDNA,
originally cloned from human brain tissue,
encodes system ASC-like activity and shares
nearly 40% amino acid sequence identity
with the anionic EAAT transporters. A sec-
ond cDNA (ASCT2) has been cloned from
mouse and human tissues that encodes sys-
tem ASC-like activity. Human ASCT?2 shares
61% identity with human ASCT1 and dis-
plays a broader pattern of substrate recogni-
tion than, but similar transport function to,
ASCT1. The ASCT1 and ASCT2 cDNAs
encode open reading frames of 532 and 541
amino acids, respectively. As with the
EAAT family, hydrophobicity modelling of
the ASCT transporter sequences predict
six well-defined transmembrane sequences
near the N-terminus of the protein and
additional, less well-defined, hydrophobic
stretches near the C-terminus. Although sys-
tem ASC normally recognizes neutral amino
acids, at pH <5.5, only glutamate and aspar-
tate are substrates, not neutral amino acids.
This pH-dependent recognition pattern is
displayed by ASCT1 and ASCT2. The trans-
port of anionic amino acids by ASCT1 and
ASCT?2 at low pH appears to be an example
of similarities in structure/function that
exist between the EAAT and ASCT families.

System ASC activity has been
identified in nearly every mammalian
tissue tested, and can account for the
majority of uptake of several neutral amino
acids in a number of cell types. For many
years, it was thought that Na*-dependent
system ASC functioned as a concentrative
transporter. However, based on functional
expression studies of ASCT1 in defollicul-
ated Xenopus laevis oocytes, it is now
thought that ASCT1-mediated system ASC
activity is that of an obligatory exchanger

system (Zerangue and Kavanaugh, 1996).
As such, one extracellular amino acid
would be exchanged for one intracellular
transporter, resulting in no net accumula-
tion of amino acids. Theoretically, how-
ever, because of potential differences in
extracellular and intracellular binding
affinities, the concentration of a given
amino acid in the cytosol could be
achieved at the expense of others being
transported out of the cell. If system ASC is
confirmed to be an obligatory exchanger in
mammalian cell expression models, then
system A, which has not been cloned,
would remain as the only identified Na*-
dependent transporter capable of concen-
trative neutral amino acid uptake in
non-polarized cells.

ASCT1 mRNA is expressed highly in
the brain, skeletal muscle and pancreas,
moderately in the heart, and very weakly
in liver, lung, placenta and kidney human
tissues. The expression of ASCT2 mRNA
appears limited to cells of the lung,
skeletal muscle, kidney adipose, pancreas,
placenta, testes and large intestine. The
fact that ASCT1 and ASCT2 have not been
reported in the small intestine, but that
system ASC activity is high in intestinal
tissue, suggests that other members of this
family of neutral amino acid transporters
have yet to be identified.

NBAT/4F2hc family of zwitterionic and
cationic amino acid transporters

A new class of transport-related proteins
has been identified in several animal
species after induction of system b°* (Na*-
independent uptake of both zwitterionic (°)
and cationic (*) amino acids) in oocytes
following expression of size-fractionated
kidney mRNA (Deves and Boyd, 1998).
This chapter will refer to all cDNAs that
encode system b* activity as NBAT (neu-
tral basic amino acid transport), even
though cDNAs from several species were
cloned and named independently (Table
1.3). NBAT is predicted to have 1-4 mem-
brane-spanning domains, thereby differing
from most solute transporters, which are
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predicted to possess 6—12 membrane-
spanning domains. The NBAT proteins
share 80-85% sequence identity and
encode a protein of 683 amino acids with a
non-glycosylated molecular mass of ~ 78
kDa.

As noted, the expression of NBAT
mRNA in oocytes results in increased
system b°* activity. Paradoxically, how-
ever, the expression of NBAT cDNA in
mammalian cells has failed to result in
increased system b°* activity. Because of
its unique predicted membrane topo-
graphy, and because rat kidney NBAT
appears to be associated with another pro-
tein of ~50kDa in size via disulphide
bridging, it currently is thought that NBAT
encodes a protein that activates an endo-
genous oocyte transporter, or that serves as
an accessory subunit, rather than encoding
a discrete transport protein.

System y*L activity mediates the Na*-
independent absorption of cationic amino
acids in a manner similar to system b°",
except that the transport of zwitterionic
amino acids by system y*L is Na*-depen-
dent and cystine is not a substrate. When
expressed in oocytes, the human T-cell
surface antigen 4F2hc (4F2 heavy chain)
induces both cationic and zwitterionic
amino acid high-affinity uptake in an
system y*L-like manner. Besides similar
substrate recognitions, the 4F2hc and the
NBAT proteins share significant (~ 30%)
sequence similarities and predicted mem-
brane topographies. 4F2hc is an 85 kDa
type II membrane glycoprotein that spans
the membrane a single time and that forms
a heterodimer functional unit with the
45 kDa non-glycosylated 4F2 light chain
protein (Malandro and Kilberg, 1996).
Implicit with its shared homology to 4F2hc,
the system b®*/NBAT transport system may
be composed of multiple proteins.

Because of their broad substrate
specificity, the expression of NBAT and
4F2hc transport proteins/systems is con-
sidered to be important for rapid cellular
growth. NBAT mRNA and protein are most
highly expressed in the kidney and small
intestine, but many other tissues express
lower levels of NBAT mRNA. In the rat,

NBAT has been localized specifically to
the epithelia of kidney proximal tubule
and jejunal microvilli. Similarly, many
polarized epithelial cells express 4F2hc
mRNA and system y*L activity. Based on
the electroneutrality of transport across the
basolateral membranes and consistent with
its obligate exchanger function, it appears
that system y*L activity is localized to the
basolateral membrane of polarized cells. In
the apical membranes of enterocytes,
systems B%*, y* and b%* have all been
measured, depending on diet, cell type and
species differences. Accordingly, as a
general model, the transport of cationic
amino acids across polarized cells is pro-
posed to occur by the transport of substrate
across the apical membrane due to varying
contributions by systems B°*, b°* and/or
y*, followed by transfer across the baso-
lateral membrane by system y*L (Deves
and Boyd, 1998). The expression on the
apical membrane of multiple transporters
with differing relative affinities for the
same substrates ensures that the potential
to absorb cationic substrates will be
maximal at whatever concentration they
are present.

PepT family of H*/peptide co-transporters

PepT1 (peptide transporter 1; a 707 amino
acid polypeptide for rabbit and a 708
amino acid polypeptide for human) cDNA
encodes a low-affinity, high-capacity trans-
porter that is predicted to contain one rela-
tively large cytosolic domain and 12
a-helical membrane-spanning domains (Fei
et al., 1994). PepT2 cDNA encodes a high-
affinity, low-capacity transporter that is
predicted to consist of 729 amino acids and
possess 12 membrane-spanning domains
(Leibach and Ganapathy, 1996). The amino
acid sequences for human PepT1 and
PepT2 share 50% identity, with the
majority of the homology existing in the
membrane-spanning regions.

The number of H* ions required for
the intestinal apical membrane peptide
transport system depends on the charge of
the substrate; PepT1 displays H*:substrate
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stoichiometries of 1:1, 2:1 and 1:1 for
neutral, acidic and basic dipeptides (Steel
et al., 1997). Given that the enterocyte
microenvironment of the apical membrane
is maintained between pH 5.5 and 6.3,
these findings suggest that PepT1 will bind
preferentially to neutral and acidic dipep-
tides. In contrast, other expression studies
indicate that the influence of pH on PepT1
and PepT2 function is to increase the
velocity of transport, not the affinity of the
transporter for its substrate (Brandsch et

al., 1997).
Rabbit PepT1 mRNA has been
identified in the greatest quantity in

epithelial cells of the small intestine, with
lesser amounts in the liver and kidney
tissue, and trace amounts in several brain
tissues (Fei et al., 1994). In contrast, the
strongest expression of PepT2 is in the
kidney, with weaker expression in brain,
lung, liver, heart and spleen. The dual
expression of PepT1 and PepT2 in the
kidney is consistent with the biochemic-
ally defined high- and low-affinity peptide
transport systems (Daniel et al., 1992).
Because the concentration of peptides is
thought to increase from the proximal to
distal nephron, future immunohisto-
chemical research is expected to reveal that
PepT2 (high-affinity, low-capacity) will be
expressed primarily in the proximal
nephron region, while PepT1 (low-affinity,
high-capacity) will be expressed in the
distal region of nephrons (Leibach and
Ganapathy, 1996).

In the liver, the degree to which
peptides are absorbed is controversial.
Mediated uptake of carnosine and glycyl-
sarcosine has been characterized in
hamster liver slices (Matthews, 1991).
However, the quantitative importance of
hepatic peptide absorption is questioned
by the observation that rat hepatocytes
were incapable of absorbing dipeptides
that are less resistant to hydrolysis than
glycylsarcosine and carnosine (Lochs et
al., 1986). Instead, the absorption of pep-
tide-bound amino acids occurs only after
hydrolysis to their constituent amino
acids. Therefore, the fact that the liver of
rabbits contained mRNA for PepT1 (Fei et

al., 1994) and PepT2 (Boll et al., 1996)
suggests that species difference exists for
tissue-specific peptide transporter expres-
sion. Alternatively, the expression of
transporter protein may be limited to
membranes other than the plasma mem-
brane. In support of this hypothesis, low-
affinity peptide transport activity has
been demonstrated in the lysosomal
membranes of rat hepatocytes using
Gly-Gln (Thamotharan et al., 1996). Also,
the presence of PepT1 mRNA does not
necessarily mean that PepT1 protein is
expressed, or that the amount expressed is
below detection. For example, even
though EAAT4 mRNA is detectable in rat
placenta, EAAT4 protein is not (Matthews
et al., 1998a). Finally, the expression of
peptide transporters may be limited to a
small subset of liver cells and/or in subcel-
lular membranes, perhaps, in a manner
analogous to the expression of system
X~ ¢ activity by only the pericentral hepa-
tocytes, which constitute only ~ 7% of
all hepatocytes (Kilberg and Haussinger,
1992). This controversy illustrates the
point that even though molecular tech-
niques can localize the expression of
transporter mRNA and protein, biochemi-
cal assays are necessary to gauge the phys-
iologic importance of their presence.

Unidentified transport proteins

Despite the tremendous success in the
cloning and identification of many proteins
responsible for the transport of amino acids
and peptides, the proteins responsible for
several physiologically important transport
activities have not been cloned. Much of
the cationic and zwitterionic amino acid
transport across the apical membrane of
polarized cells occurs by system Bo*
activity. The eventual cloning of cDNAs
that encode this activity, which is the only
described Na*-dependent activity capable
of the transport of both cationic and
neutral amino acids, should yield
important insights into the teleologic
development of amino acid transporters.
System L activity, one of the first to be
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characterized, which transports long-chain,
branched-chain and aromatic zwitterionic
amino acids in an Na*-independent
manner, also has not been cloned. Because
system L is thought to be the primary
mechanism for release of neutral amino
acids from most mammalian cell types,
understanding the molecular structure and
patterns of regulation may yield important
knowledge of how the transmembrane flux
of amino acids is moderated to achieve
intracellular amino acid homeostasis.

System N is the primary Na*-
dependent transport activity for glutamine,
asparagine and histidine in the liver. The
heterogeneous absorption of anionic amino
acids by the liver (system x~_, periportal
hepatocytes; system X7,., pericentral
hepatocytes) is important to whole-animal
nitrogen balance (Haussinger, 1990).
Therefore, when combined with our ability
to measure the expression of system X~ ,.
proteins, the cloning of systems N and x~_
will provide the ability to evaluate factors
which affect the whole-body nitrogen
homeostasis at the molecular level.
Similarly, the elucidation of system A trans-
port protein(s) and gene(s) will yield
invaluable information as a model for the
regulation of transporter expression.
Normally, system A activity is low in most
cells. However, in response to hormones,
growth factors, cell division and/or sub-
strate supply, system A activity increases
from 2- to 50-fold. Accordingly, system A
has been one of the most extensively bio-
chemically characterized amino acid trans-
port systems. Despite this fact, and the use
of many imaginative protocols, including
methodology successfully used for other
transporters, the protein(s) responsible for
system A activity has yet to be cloned. In
terms of reported peptide transport activi-
ties, the protein(s) responsible for the puta-
tive  basolateral = membrane  peptide
transporter has yet to be identified. Once
identified, two important questions to be
answered using functional expression stud-
ies are what is the magnitude of the pH gra-
dient required for transport and what
regulates the capacity for peptide transport
across the basolateral membrane.

Characterization of Gastrointestinal
Tract Amino Acid and Peptide
Transporters in Farm Animals

Chickens

It has been known for some time that the
absorption of dietary amino acids across
the chicken small intestine occurs by
mediated processes, that neutral amino
acids are transported more rapidly than
cationic or anionic amino acids and that
peptide absorption accounts for a substan-
tial proportion of the total amount of amino
acids absorbed (Duke, 1984). In a series of
experiments designed to identify the trans-
port system responsible for methionine and
lysine uptake, the amino acid transport
systems B, b%*, y* and L have been
identified in the jejunal BBM of chicks
(Torras-Llort et al., 1996; Soriano-Garcia et
al., 1998). Methionine was transported by
all four systems, whereas lysine uptake is
reported to be by systems b+ and y*. In a
subsequent trial, it was determined that
feeding a lysine-enriched diet (68 g kg™!
versus 48 g kg™1) resulted in the increased
activity of systems b®* and y* (Torras-Llort
et al., 1998). For system y*, only the
velocity of transport was increased,
indicating that the activity of resident
system y* transport protein increased
and/or more transport proteins were pre-
sent. In contrast, both the velocity and
specificity of lysine transport by system
bo* were increased. It is important to note
from these studies that methionine was
recognized by system y* and that system L
was not expressed in jejunal BBM. In other
species, system y* is reported to transport
only cationic amino acids. Accordingly, the
eventual molecular characterization of
the complement of transport proteins
expressed in chicken jejunum should
either confirm this assignment, identify a
new isoform of the CAT transporters
(which may be unique to chickens) or
demonstrate that methionine is actually
transported by other Nat*-independent
transport systems that recognize cationic
and neutral amino acids (such as system
y*L/4F2hc). Additionally, once the genes
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for these transport proteins are identified,
the study of how the feeding of elevated
amounts of lysine in the diet ultimately
caused an increase in transport system
activity can be determined.

In terms of other transport systems in
the chicken gastrointestinal tract, a high-
affinity, Na*-dependent anionic amino acid
transport has been described, presumably
corresponding to system X~ ,-like activity
(Wingrove and Kimmach, 1998). Also, the
expression of H*/peptide transporter
activity has been reported in the BBM of
the small intestine, caecum and rectum in
chicks (Calonge et al., 1990). Accordingly,
with the noted exceptions for systems y*
and L (above), it appears that the chicken
intestinal tract expresses a complement of
amino acid and peptide transporter
activities that is similar to that of mam-
mals. However, the molecular characteriza-
tion of intestinal transporters in the
chicken may increase our ability to
manipulate the capacity for methionine
and lysine transport, and, thereby, may
optimize our ability to balance the supple-
mentation of these limiting amino acids.

Pigs

In the pig, as with other monogastrics, the
jejunum has the greatest capacity to absorb
amino acids (Leibholz, 1998). As reviewed
by Munck (1997), the BBM of the pig small
intestine is known to express systems
IMINO, B and probably x~, but, unlike
other monogastrics, not B%*. Consistent
with this conclusion, measurements of
amino acid fluxes across the small intestine
suggest that transport systems capable of
cationic amino acid transport in pig entero-
cytes are Na*-independent in nature. As
discussed previously (Matthews et al,
1996¢), the use of distal duodenal and
proximal ileal cannulas in growing pigs
resulted in the quantification of mutually
inhibitable absorption of lysine and
arginine. Additionally, the flux of lysine
across isolated neonatal pig jejunal tissue
sheets has been described as having

saturable (K = 200 pM) and non-saturable
components. Because uptake was not
measured in the absence of Na*, mediated
lysine uptake could have occurred by
either systems B°*, y* and/or b°*. Lysine
absorption in the presence of Nat* by villi-
tip enterocytes in the jejunal tissue of pigs
(at approximately <1-28 days of age) has
been shown to be mnon-concentrative,
whereas alanine uptake in the presence of
Na* was. Accordingly, lysine uptake could
have occurred by systems y* and/or b°*, but
not by B°*. Likewise, the non-concentrative
component of alanine uptake was probably
by system L and/or b°*. Consistent with
the hypothesis that system b* is expressed
by jejunal tissue, mRNA isolated from
the jejunum of pigs encoded system
bo* activity when expressed in oocytes
(Matthews et al., 1996c). As with other
monogastrics, the extracellular affinity for
lysine was greater than that for leucine.
Because system B°* apparently is not
expressed in the intestinal BBM of pigs,
the observed Na*-dependent concentrative
alanine uptake may have been by systems
A or ASC. Interestingly, however, neither
of these transport systems have been
shown to be expressed in intestinal BBM of
other mammals (Table 1.1).

Clearly the complement of amino acid
transporter activities expressed by the pig
gastrointestinal tract has not been well
defined. Additionally, reports of peptide
transport systems are not known to this
reviewer. Because the presence of leucine
has been shown to stimulate both the
influx and efflux of lysine across the
basolateral membranes of enterocytes,
ostensibly by the allosteric binding to
system y* transporters (Deves and Boyd,
1998), and because system b°* transport
uptake of lysine is inhibitable by leucine
(Matthews et al., 1996c), the flux of lysine
across pig jejunal enterocytes may be
dependent on the luminal and serosal
concentrations of leucine. If future research
supports this hypothesis, then the deter-
mination of an optimal leucine:lysine
dietary ratio may promote the more
efficient feeding of lysine to pigs.
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Sheep and cattle

Intestinal absorption of amino acids
and peptides

As with chickens and pigs, several charac-
terized amino acid and peptide transport
system activities have been identified in
ruminants. Also, as in monogastrics, the
duodenal, jejunal and ileal regions of the
ruminant small intestine appear to have
different abilities to absorb amino acids,
with essential amino acids being absorbed
preferentially over non-essential amino
acids and absorption capacities unequally
distributed throughout the length of the
intestine. In contrast to pigs and other
monogastrics, the ileal region of sheep and
cattle has been identified as possessing the
greatest potential for free amino acid
absorption (Johns and Bergen, 1973; Phillips
et al., 1979; Guerino and Baumrucker,
1987). These reports also indicate that
the relative contribution of transporter-
mediated amino acid absorption to total
amino acid absorption (versus that by non-
mediated diffusion) will vary, depending
on the concentration of luminal substrates.
For peripheral tissues, which are exposed
to much lower concentrations of amino
acids, the contribution of mediated trans-
port is expected to exceed that of
non-mediated diffusion (Kilberg and
Haussinger, 1992). For peptides, however,
research with cultured cell lines indicates
that a significant amount of non-mediated
flux of peptides may occur across the
plasma membranes of peripheral tissues
(Oehlke et al., 1997).

Although the specific transport
systems in ruminants have not been charac-
terized thoroughly, competitive uptake

experiments performed using ileal mucosal
strips isolated from beef and dairy cattle
determined that methionine and lysine
were absorbed by transport activities
exhibiting system A, ASC, L and/or y*
activities (Guerino and Baumrucker, 1987).
The observations that alanine, glycine,
leucine, lysine, phenylalanine and methio-
nine mutually inhibited the uptake of each
other across ileal BBM vesicles suggest
that the bovine small intestine additionally

expresses transporters capable of both neu-
tral and cationic amino acid uptake (Moe et
al., 1987). However, because transport only
was compared in the presence of Nat,
further delineation between the Na*-depen-
dent B>* and Na*-independent b°* and y*L
transport systems cannot be determined.
Additionally, the uptake of proline by sys-
tem IMINO was indicated. Subsequently,
the total uptake of methionine and lysine
across ileal and jejunal BBM of steers was
characterized as having active, facilitative
and diffusional components (Wilson and
Webb, 1990). At both 1.25 and 7.5 mM con-
centrations, a greater contribution to total
uptake occurred by diffusion than by Na*-
dependent or Na*-independent transport. It
also was observed that ileal and jejunal
tissue had lower affinities and higher
capacities for methionine than for lysine.

Collectively, though limited, the above
data suggest that the ruminant small
intestine expresses a variety of amino acid
transporter systems, similar to those
reported for monogastrics. However, the
membrane-specific localization has not
been determined adequately. For example,
on which membranes of enterocytes are
systems A, ASC, L and/or y* activities
expressed? If on the apical, then trans-
porter expression in ruminants is dramatic-
ally different from that of monogastrics. As
the bovine homologues of amino acid
transporters are discovered, membrane-
specific assignments of transporter expres-
sion can be made. To date, only EAAT1,
EAAT2 and GLYT1 amino acid transporter
homologues have been cloned from bovine-
derived cell lines.

The expression of H*-dependent
peptide transport-like systems has been
reported (preliminarily) in the intestinal
epithelia of sheep and cattle. In one report,
the observed K value of 0.005 mm for
Gly—Pro uptake by sheep duodenal BBM is
consistent with affinity constants typically
reported for the high-affinity, low-capacity
transporter (PepT2) (Backwell et al., 1995).
However, in a second report, velocities
measured for peptide transport in both
cattle and sheep proximal tissue are
consistent with those reported for low-
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affinity, high-capacity peptide transport
(PepT1) in monogastrics (Dyer et al,
1996). Further research will be required to
determine whether the dual expression of
high- and low-affinity peptide transport
systems is a unique property of ruminant
intestinal epithelia, as compared with
monogastrics.

Forestomach absorption of amino acids and
peptides
The study of transport systems in fore-
stomach tissues (rumen, reticulum and
omasum) is complicated by the structure of

their keratinized squamous epithelia.
Starting proximal to the forestomach
liquor, and ending adjacent to the

basement membrane, the four strata of
epithelial cells that make up these tissues
have been classified as the Dbasale,
spinosum, granulosum and corneum. The
number of cell layers that comprise the
whole epithelium can range from eight to
>30. Given the technical difficulties in
performing kinetic characterization in such
a complex tissue, and the classic hypo-
thesis that the forestomach is responsible
for little, if any, net absorption of amino
acids, little research has been conducted to
identify the capacity for forestomach
absorption of amino acids or peptides.
Consequently, mechanisms capable of a-
amino nitrogen absorption in forestomach
tissues are poorly characterized.

Given that pre-feeding levels of free
amino acid concentrations in strained
ruminal fluid of 0.12-1.5 mg dl™! and
post-feeding concentrations of 0.72—6 mg
dl™? have been reported in the rumen
liquor of sheep fed common diets (as sum-
marized by Matthews et al., 1996a), it is
likely that amino acid transporters would
be of the high-affinity type. As discussed
previously (Matthews and Webb, 1995),
studies on measurement of the trans-
epithelial passage of histidine (from 0.66
to 20 mm) across sheep ruminal epithelial
sheets concluded that absorption was
interpreted to mean that absorption was
not saturatable. In retrospect, however, the
fact that methionine, arginine and glycine
inhibited histidine transfer indicates that

histidine transfer may have been at least
partially mediated by transport proteins.
Additional evidence that cationic amino
acid absorption from forestomach liquor is
mediated comes from the observation that
the flux of lysine and arginine across
ruminal tissue sheets is saturable from 0.3
to 30 mM. In omasal tissue, preliminary
data from substrate competition trials in
parabiotic chamber and oocyte expression
models indicate that system b°* is prob-
ably responsible for the absorption of
cationic amino acids from across the
omasal epithelium (Matthews et al.,
1996a). Because a lumen-to-blood Na*
gradient does not typically exist, these
competition profiles are consistent with
the overlapping substrate recognition
patterns of transporter systems y* or bo+.
From a teleological perspective, it
seems reasonable to suggest that fore-
stomach epithelial tissues may have evolved
to express Ht/peptide co-transporters to
absorb peptides from forestomach liquor.
H* gradients of the magnitude used to
demonstrate the presence of carrier-
mediated dipeptide transport by intestinal
and renal epithelial BBM vesicles and in
cultured colon cells can develop between
forestomach liquor and cells that comprise
omasal and ruminal epithelia. Importantly,
the Na*/H* exchanger and Na*/K* ATPase
proteins, considered to be essential in re-
establishing H* gradients in epithelial
cells, are reported to exist and function in
both ruminal and omasal epithelia. Finally,
it is reasonable to expect pre-feeding
concentrations of 1.5-5 mg dl~? of peptide
N and post-feeding concentrations of
10-27 mg dl™! of peptide N in ruminal
fluid of sheep and cattle (Matthews et al.,
1996a). Because omasal liquor amino acid
and peptide N concentration values are
unknown, it is not possible to predict
the potential relative driving forces for
amino acid absorption across the omasal
epithelium. However, the absorption of
water by omasal tissues would presumably
result in the concentration of rumen liquor
solutes, thereby potentially re-establishing
(or generating greater) omasal liquor-to-
blood concentration gradients and solvent
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drag forces that were present across ruminal
epithelia, depending on the relative water
and substrate absorption rates.

In a parabiotic study designed to
evaluate the potential for forestomach
epithelia to absorb dipeptides, the omasum
demonstrated a markedly greater (approxi-
mately sixfold) ability to absorb carnosine
and Met-Gly than did the rumen
(Matthews and Webb, 1995). The expres-
sion of sheep omasal mRNA in oocytes
(Matthews et al.,, 1996b) resulted in H*-
dependent Gly-Sar uptake (K, = 0.4 mm)
that is consistent with PepT1 transport
characteristics (Table 1.2). Additional work
confirmed these findings and demonstrated
that sheep omasal peptide transport pro-
tein(s) display differential affinities for di-,
tri- and tetra-peptides (Pan et al., 1997). As
observed for PepT1 and PepT2 monogastric
transporters (Daniel et al., 1992), no rela-
tionship existed between the ability of
these peptides to be transported and their
molecular weight, hydrophobicity or net
electrical charge.

The above data indicate that the
ruminant gastrointestinal tract tissue of
sheep and cattle possesses the capacity to
absorb peptide-bound amino acids by
peptide transport systems similar to
those expressed by monogastric species.
Unresolved questions regarding peptide
absorption in ruminants include: (i) what
the relative contribution of free versus
peptide-bound amino acids is compared
with the absorption of total amino
acids across the gastrointestinal tract of
ruminants; (ii) whether the forestomach
epithelium is capable of absorbing nutri-
tionally significant quantities of peptides;
and (iii) whether specific dietary proteins
and/or peptides can be supplied in a
manner that increases total amino acid
absorption.

Conclusions

The absorption of either free and peptide
amino acids traditionally has been

studied as separate events. Most of what
is known regarding the structure, function
and distribution of amino acid and
peptide transport systems and proteins
has been derived from the study of labora-
tory animal species and man. Information
regarding the individual proteins respons-
ible for the absorption of amino acids and
peptides in farm animal species is
limited. Amino acids typically are recog-
nized by several transport systems,
whereas most peptides apparently are
transported by a single low-affinity,
high-capacity and/or a high-affinity, low-
capacity transporter. A variety of trans-
porters in cells and cellular membranes
provide a range of free and peptide-bound
amino acid transport affinities and uptake
capacities, thus promoting efficient
absorption of these substrates, regardless
of their extracellular concentration. In
cells and membranes exposed to high sub-
strate concentrations, the expression of
low-affinity, high-capacity transporters is
typical, whereas those normally exposed
to low substrate concentrations often
express high-affinity, low-capacity trans-
porters. Some cells and membranes
express both high- and low-affinity trans-
porters.

The relative contribution of each trans-
porter system/protein(s) to total amino acid
nourishment of animals varies throughout
the gastrointestinal and peripheral tissues,
depending on substrate supply, cell type,
tissue, species and/or the metabolic status
of the animal. Accordingly, the ratio of free
versus peptide-bound amino acid absorp-
tion will probably vary with production
state. In the final analysis, however, it is the
aggregate contribution of all these absorp-
tion phenomena, with their overlapping
substrate affinities, that supplies the animal
with its requisite amino acids. Therefore,
the more we understand about how cells
absorb amino acids, the greater our
potential is to develop diets and feeding
strategies that optimize protein synthesis
and retention.
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Chapter 2

Measurement and Significance of
Protein Turnover

J.A. Rathmacher
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Introduction

The accretion of body proteins is the net
result of both the synthesis and breakdown
of protein. The dynamic nature of protein
metabolism has been known for 60 years
thanks to the pioneering work of
Schoenheimer and others (Schoenheimer
et al., 1939). Using stable isotopes of amino
acids, they demonstrated that proteins con-
tinually were being broken down and
resynthesized. In addition, they reported
that different organs have different rates of
protein synthesis. The dynamic process by
which body proteins are continually
synthesized and broken down is protein
turnover.

Studies on the growth of body protein
stores and the metabolism of protein have
been a major area of research. For example,
a major reason for this is the dramatic fact
that up to 20-25% of the muscle protein
can be broken down per day early in the
life of humans and farm animals. This rate
slows with age to 1-2% day~! in adults.
Rates of synthesis and breakdown are influ-
enced not only by age, but by plane of
nutrition, stress, disease, hormones, exer-
cise and inactivity.

Nomenclature

The nomenclature employed in studying
growth and protein metabolism is rela-
tively straightforward, but it is a worth-
while exercise to define briefly the terms
that will be used in this chapter.

® Synthesis. The conversion of amino
acids into proteins by the protein
synthetic apparatus in the cytoplasm in
the cell.

® Breakdown. The proteolysis of polypep-
tides by different proteinases within
both the cytoplasmic and lysosomal
compartments of the cell. The terms
breakdown and degradation are used
interchangeably.

® Growth. The mnet accumulation of
protein that occurs when the rate of
synthesis is greater than the rate of
breakdown. The term growth is often
used interchangeably with accretion or
net synthesis.

® Wasting. The loss of protein that occurs
when the rate of breakdown is greater
than the rate of synthesis.

® Turnover. A general term that involves
both synthesis and breakdown. However,
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it is sometimes used to represent break-
down. In this chapter, it will be used to
describe protein metabolism, which
includes both protein synthesis and
protein breakdown.

® Fractional synthesis and breakdown.
When quantitating protein synthesis
and breakdown, one often expresses the
rates as per cent per day. This allows
one to compare different organs of
different sizes or different muscles of
different sizes.

Three intrinsic problems are associ-
ated with measuring protein synthesis and
breakdown in body tissues. Details of these
problems can be found reviewed elsewhere
(Bier, 1989). The goal of this chapter will
be to describe the methodology used to
quantitate indirect whole-body protein
turnover and direct measurement of tissue
protein synthesis and breakdown.

One of the key problems in studying
protein synthesis and degradation is that
labelled (radio-labelled or stable isotopes)
amino acids which are to measure their
incorporation into protein, or conversely,
release of amino acids from labelled
proteins, and the true enrichment or
specific activity of the amino acid or

Cell membrane

Extracellular pool

metabolite are difficult to measure in an
experiment. The labelled amino acid has
various states in a cell, summarized in Fig.
2.1.

The amino acid can be transported
into a free amino acid pool. Once in the
cell, it can be transported back out,
degraded to other metabolites (depending
on the amino acid) or linked to a specific
aminoacyl-tRNA. From the tRNA pool, it
can be translated into protein by ribosomes
(detailed below) and eventually degraded
to free amino acids (mechanism described
below).

Even though it is known that protein
tissue accretion is influenced by both the
synthesis and degradation of protein,
protein synthesis and degradation are not
always measured simultaneously. However,
mechanisms controlling protein synthesis
and degradation are distinct (Reeds, 1989)
and, therefore, can be influenced indepen-
dently. Often breakdown is ignored,
especially when measuring direct tissue
protein turnover. For example, very signifi-
cant gains in muscle protein can be
increased by decreasing protein break-
down, if protein synthesis remains the
same. A 10% decrease in the fractional
breakdown rate of muscle will result in a

Intracellular pool

Free IC tRNA Protein
amino acids amino acids amino acids
AA AA ? AA-tRNA —————> Protein
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Fig. 2.1. Pathway of uptake, utilization and reutilization of amino acids for protein synthesis and

breakdown.
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23% increase in the protein accretion rate,
whereas a 10% increase in the fractional
synthesis rate will result in an 11%
increase in the protein accretion rate. One
could theorize even greater increases in
growth if synthesis and degradation were
both affected.

Protein synthesis and breakdown

It is evident that both synthesis and break-
down of proteins are necessary to evaluate
the regulation of protein turnover. A better
understanding of these processes is needed
before we proceed. A brief overview of the
mechanisms involved is presented.

Protein synthesis

Protein synthesis (translation) requires the
coordination of >100 macromolecules
working together. They include DNA,
mRNA, tRNA, rRNA, activating enzymes
and protein factors. Information encoded
in DNA is transcribed into the RNA
molecules, which are responsible for the
synthesis of the individual protein. The
formation of single-stranded mRNA
occurs in the nucleus and is called tran-
scription. The mRNA is transported to the
cytosol, where it associates with ribo-
somes, and the translation of the mRNA
sequence into an amino acid sequence
occurs. There are three phases of pro-
tein synthesis: initiation, elongation and
termination.

Initiation occurs when the mRNA
and ribosome bind. The elongation cycle
proceeds with aminoacyl-tRNA (tRNA
molecules bound to specific amino acids)
assembling on a specific codon on the
mRNA. Many ribosomes can attach to a
single mRNA and translate a protein.
Synthesis is terminated when a stop codon
is encountered. A newly synthesized
protein may undergo post-translational
modifications before it can become a func-
tional protein. The protein synthetic
process is probably regulated in two ways
which can affect the rate of protein
synthesis measured: the amount of RNA
and the rate of translation to form protein.

Protein breakdown

Once a protein is synthesized, it is sub-
ject to breakdown. The mechanism of
protein breakdown involves the hydroly-
sis of an intact protein to amino acids.
Protein breakdown is selective, and spe-
cific proteins degrade within the cell at
widely different rates. There are two gen-
eral mechanisms involved in breakdown,
lysosomal and non-lysosomal systems.
The lysosomal system is characterized by
the following: (i) it is located in lyso-
somes at pH 3-5 and includes the cathep-
tic peptidases (cathepsins B, D, H and L);
(ii) it is involved in degradation of endo-
cytosed proteins; and (iii) it is involved
in bulk degradation of some endogenous
proteins. It is unclear how such a degra-
dation system can produce different half-
lives for different proteins.

A second system is the error-eliminat-
ing system which includes peptidases
located in the cell cytoplasm. This system
is specific for proteins containing errors
of translation (abnormal), short-lived pro-
teins, long-lived proteins and membrane
proteins, and it requires ATP. This system
is the ubiquitin—proteasome pathway
reviewed by Mitch and Goldberg (1996).
Proteins are degraded by this pathway
when ubiquitin binds to the protein. It is
accomplished by three enzymes: (i) the E1
enzyme activates ubiquitin in an ATP-
requiring reaction; (ii) activated ubiquitin
is transferred to E2 carrier protein; and (iii)
this is transferred to the protein, catalysed
by the E3 enzyme. This process is repeated
to form a ubiquitin chain. The ubiquitin-
conjugated proteins are recognized by the
proteasome and degraded within the
proteasome by multiple proteolytic sites.
The peptides are released and degraded in
the cytoplasm.

Another cytoplasmic system is the
calpain system consisting of two iso-
enzymes, p- and m-calpain. This system is
regulated by Ca?*-binding, autoproteolytic
modification, and its inhibitor, calpastatin
(Emori et al., 1987). It has been hypothe-
sized that the calpain system is involved in
the rate-limiting step of myofibrillar protein
breakdown (Reeds, 1989). The calpains are
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candidates for the disassembly of the
myofibril into filaments. The filament
proteins are then broken down in the cyto-
plasm by other proteolytic enzymes.

The remainder of this chapter will deal
with methodology used to measure protein
synthesis and degradation. Discussion will
be divided into two categories: (i) indirect
and direct measurements of whole-body
protein turnover; and (ii) measurement of
tissue protein metabolism in vivo. Two
methods to measure whole-body protein
turnover include: the ['®*N]glycine end-
product method; and the [1—-'3C]leucine
constant infusion method. Two methods
commonly used to measure the synthetic
rate of tissue protein directly are the
‘constant infusion’ and ‘flooding dose’
approaches, and these will be discussed in
detail. In addition, the arterio-venous
difference limb balance and tracee release
method will be discussed. The traditional
urinary 3-methylhistidine (3MH) end-
product method will be discussed and con-
trasted with a new compartmental tracer
for measurement of muscle proteolysis for
quantitating the 3MH end-product.

Indirect Measurement of Whole-body
Protein Turnover

The subject of whole-body protein turnover
has been reviewed extensively, and the
following references are suggested reading
Waterlow (1969); Waterlow et al. (1978);
Waterlow (1981); Garlick and Fern (1985);
Bier (1989); Nissen (1991); Wolfe (1992).
Measurements of whole-body protein
turnover have been based on either multi-
compartment or simple three-compartment
models of protein metabolism. Multi-
compartmental models have an advantage
because they produce information on com-
partments with distinct rates of turnover. If
the mass of the compartments is known,
the rates of synthesis and degradation can
be determined. Many methods have been
employed (Waterlow et al., 1978), with
some common assumptions and principles.
It is difficult to validate these methods
experimentally. Validation often involves

comparing different methods. If com-
parable data under similar circumstances
are obtained, then a method would be con-
sidered valid. This is not always the case.
If two different methods in the same
animal give different conclusions, then one
must be concerned about the conclusions
drawn from each method.

Determination of whole-body protein
turnover employs stochastic analysis.
Stochastic analysis ignores all of the
various pools and components of whole-
body protein turnover, but focuses on the
overall process. This technique uses either
a single bolus or a continuous infusion
technique. Samples are obtained with con-
stant infusion once isotopic equilibrium is
obtained. At isotopic equilibrium, the
various pools become irrelevant in the
stochastic model as sampling and infusion
occur in a central pool.

Indirect methods of whole-body pro-
tein turnover determination are based on
the concept of amino acid flux. Amino acid
flux (Q) is the sum of all pathways of
disposal of amino acids or is equal to the
sum of all pathways of entry into the
amino acid pool. For an essential amino
acid, flux (Q) is Q = incorporation into
protein(s) + irrevocable amino acid cata-
bolism (E) + absorption from diet (D) +
entry from protein catabolism (C) (Fig. 2.2).
For a non-essential amino acid, de novo
synthesis is based on the entry into the free
amino acid pool.

There are some considerations that
should be taken into consideration when
performing such measurements of whole-
body protein turnover: (i) infusion and
sampling sites; (ii) amino acid absorption
and catabolism; and (iii) choice of amino
acid.

Constant infusion of [">N]glycine
(end-product method)

Rittenberg and colleagues were the first to
use [Nlglycine to measure whole-body
protein turnover. They administered a
single bolus of [**N]glycine and measured
the urinary N decay curve for 3 days.
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Fig. 2.2. Simple model of whole-body protein
metabolism. S = protein synthesis; B = protein

breakdown; D = dietary intake; E = nitrogen
excretion.

Protein

They analysed the data using the modified
three-compartment model depicted in Fig.
2.3.

Improvements were made to the model
by Waterlow and colleagues (Picou and
Taylor-Roberts, 1969; Waterlow et al.,
1978) by introducing the constant infusion
steady-state approach. This approach
reduces the number of samples and simpli-
fies the mathematics required. The general
concept is depicted in Fig. 2.4. There is a
metabolic pool of N into which amino

breakdown (B) of body protein. N in the
form of amino acids is synthesized into
protein(s) or can be excreted into the urine.
The [*Nlglycine model is based on the
following assumptions: (i) the metabolic
pool of N remains constant during tracer
infusions; (ii) [*®Nlglycine is not recycled;
(iii) the three-pool model is correct; (iv)
exogenous '°N is metabolized in a similar
manner to endogenous and exogenous N;
(v) synthesis and excretion are the major
pathways of N disposal; and (vi) amino
acids from breakdown and the diet are
handled in the same way.

The method involves the administra-
tion of ["N]glycine (intravenously or
orally) at a continuous rate until a plateau
in the ®N enrichment is achieved. This
usually takes 20—40 h. However, the time
to reach plateau is greatly reduced with a
primed constant infusion (Jeevanandam et
al., 1985). Urine samples are taken at the
plateau. The enrichment of ['NJurea is
then determined. At steady state (when the
rate of amino acids entering the metabolic
pool is equal to the rate at which they
leave), the equation for the model is

acids enter from the diet (I) and from the Q=1+B=S+E. (2.1)
B u E
Protein > Free AA pool —_— Excretion —_—>
P A
S

Fig. 2.3. Three-pool model of Rittenberg to describe protein metabolism. S = protein synthesis; B = protein
breakdown; U = urea synthesis; E = nitrogen excretion.

Food |

Total body protein

Metabolic pool N

—> E (Urea + non-urea)

15N-glycine (F)

Fig. 2.4. Picou and Taylor-Roberts (1969) model of ['>N]glycine protein metabolism. I = intake of dietary
protein; F = infusion of ['"°N]glycine; B = protein breakdown; S = protein synthesis; E = excretion of both

urinary urea and non-urea end-products.
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The amino flux (Q) is equal to the infusion
rate (F) divided by the enrichment of urea
or ammonia (d), Q = F d~!. Therefore,
synthesis (S) = Q — E, where E is the total
excretion and breakdown (B) = Q — I, where
1 is intake.

Constant infusion of ['3C]leucine

The [**Clleucine method was developed
based on common characteristics of the
[*N]glycine method (Golden and Waterlow,
1977). The model is illustrated in Fig. 2.5.
Leucine is an essential amino acid, there-
fore it is not produced in vivo. The first
metabolite of leucine is a-ketoisocaproate
(KIC). Leucine and KIC are intercon-
vertable by a reversible transamination
reaction. Both leucine and KIC have meta-
bolic pools in plasma and inside the cell.
Leucine enters the cell from protein break-
down and leaves through oxidative
disposal (CO,) and non-oxidative disposal
(protein synthesis). These processes take
place in all tissues and may exhibit
different characteristics.

The difference between the leucine
protein turnover model and the ['*N]-
glycine model are that the kinetics of the
amino acid are measured directly. The dif-
ficulty with this model is the extrapolation
of leucine kinetics to rates of protein break-
down and synthesis. For a further discus-
sion, the advantages, limitations and
difficulties associated with leucine meta-
bolism can be found elsewhere (Waterlow

et al., 1978; Matthews and Bier, 1983; Bier,
1989). The original model proposed by
Waterlow is illustrated in Fig. 2.6. Leucine
was selected as the essential amino acid of
choice because it is readily available
cheaply in a pure form (L-leucine). In addi-
tion, when leucine is isotopically labelled
as [1—13Clleucine or [1—'¢C]leucine, the
label is completely removed as CO, (the
first irreversible step). The model in Fig.
2.6 is resolved by infusing (constant) label
leucine (v-[1—'%C]leucine) into the blood
stream until an isotopic steady state is
reached in plasma. The measurements
taken are the dilution of tracer by
unlabelled leucine and the rate of labelled
CO, excretion in the breath. The dilution of
tracer defines the rate of appearance of
leucine in plasma. The labelled CO, excre-
tion divided by the leucine tracer infusion
rate defines the oxidation rate (C). The
breakdown rate (B) in the post-absorptive
rate is equal to Q (leucine flux, leucine
infusion/isotopic enrichment), and syn-
thesis(s) is S = Q — C. In summary, neither
Q or C protein are measured directly, and B
and S are extrapolated from them. Other
difficulties associated with this simple
model are that the body does not have a
single leucine pool or a single pool of
protein entering and leaving it. In addition,
the leucine tracer is infused into and
sampled from blood, but leucine protein
metabolism occurs within the cell. Leucine
is transanimated (a reversible reaction)
inside cells to KIC. The KIC may suffer one
of three fates: it may be decarboxylated,

Protein
\
v Oxidation
; —_—
L KIC ——>
Intracellular euCInke CO,
| 4
' |
Plasma Leucine

KIC

Fig. 2.5. lllustration of metabolism of leucine and a-ketoisotocaproate (KIC).
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Protein

| . C
Leucine
—

Fig. 2.6. Original model for leucine kinetics of an
essential amino acid and its relationship to protein
turnover. B = breakdown; S = synthesis (non-
oxidative disposal); | = dietary intake; C =
oxidation. Under steady-state conditions, leucine
fluxisQ=1+B =S+ C. When I =O (post-
absorptive), B = Q. Whole-body synthesis is
calculated as S=Q — C.

reaminated to leucine or it may leave the
cell. Because KIC is only found in the cell
from leucine transamination, plasma KIC
reflects the intracellular KIC enrichment
and can be used as an index of intracellular
leucine tracer enrichment. This approach
expands the single-pool model into a four-
pool model. The calculations are made by
substituting the leucine isotopic enrich-
ment for the KIC enrichment (Fig. 2.7).

This approach is commonly called the
‘reciprocal-pool’ approach (measurement
of the tracer in the metabolite opposite to
the infused) (Schwenk et al., 1985). There
are still drawbacks that remain: (i) there are
still multiple intracellular sites in the body,
and it is not known what contribution they
make to plasma KIC, and (ii) there are a
variety of proteins in the body turning over
at different rates.

Finally, Cobelli et al. (1991) designed a
ten-compartment model, which involves
simultaneously infusing dual tracers of
leucine and KIC and measuring the result-
ing four enrichment curves in plasma and
one in expired air. This model accounted
for the complexity of the leucine system,
but the authors failed to adopt a multi-
tissue scheme for slow and fast kinetic

Intracellular Plasma

Tracer Infusion

Protein / ([1-"3Clleucine)
|

[1—'3C]Leucine

[1-13C]Leucine

t v

[1-13CIKIC

[1-"3CIKIC

13002
Isovaleryl CoA

Fig. 2.7. The current model of whole-body
synthesis of [1—="3C]leucine. The infused tracer
reached an equilibrium with intracellular leucine
and KIC. The use of plasma KIC enrichment allows
for the calculation of the total intracellular rate of
appearance and the correct calculation of leucine
oxidation. Breakdown (B) = F/[1="3C]KIC
enrichment; oxidation (C) = *CO,/[1—-"3CIKIC
enrichment; synthesis (S) =B — C.

events (liver as compared with muscle).
These data demonstrated that there was no
single intracellular pool for leucine and
KIC. However, this model is mathematically
difficult and is not solved easily. This
model has not been used in an experimental
design where protein metabolism is altered.
Its value may be to test the structural errors
of simpler but commonly used models.

Measurement of Tissue Protein
Metabolism in Vivo

Currently, protein synthesis can be
measured directly by two approaches
(Garlick et al., 1994; Rennie et al., 1994), i.e.
constant infusion or the ‘flooding dose’ of a
labelled amino acid. The fractional rate of
synthesis of a protein or mixture of proteins
can be measured from an estimate of the
change in incorporation of a labelled amino
acid into protein over time in tissues.
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Constant infusion

The primed constant infusion method was
pioneered by Waterlow and Stephen (1966)
and further developed extensively by
Garlick (1969). This method aims to set up
a steady state of labelling the amino acid in
plasma and in the intracellular pools of the
body. The method was developed to avoid
the difficulty of measuring both the incor-
poration of the labelled amino acid into
tissue protein and the time course of the
enrichment of the tissue or plasma free
amino acid compared with the rapid
changes of both occurring after a single
injection. In this method, a labelled amino
acid tracer is given by a constant infusion
(with and without a prime) at a rate suffi-
cient to achieve an enrichment of 5-10% of
the tracer amino acid. The infusion con-
tinues for 4—12 h depending on the tissue
or protein of interest. The enrichment of
the free amino acid remains constant for a
substantial portion of the infusion period,
thus the kinetics of the tissue protein
labelling are simple and linear. At the end
of the infusion, tissue samples are taken
and rapidly frozen until they can be
processed further. The enrichment of the
precursor pool amino acid and the enrich-
ment of the labelled amino acid in the
isolated tissue or protein are determined.

The fractional synthetic rate (FSR) can
be calculated by the following equation:

FSR = (E, — E)/[E, X (t, = t,)] X 100
(2.2)

where E,,  , is the enrichment (tracer/
tracee) of tracer amino acid in the tissue
protein at different times and E_ is the
average precursor enrichment during the
same time period that the tissue protein is
being labelled. The true value of the pre-
cursor enrichment is the tRNA molecule,
but this is generally not a practical value to
obtain. Many researchers using this method
have adapted it by using 1-[*3Clleucine as
their tracer and measuring [*3C]KIC as the
precursor enrichment.

An advantage of this method is that it
is applicable to the measurement of proteins
with a slow turnover. In addition, whole-

body protein turnover may be measured at
the same time so that a relationship
between whole-body protein turnover and
tissue protein synthesis may be deter-
mined. The method may be also suitable
for arterio-venous sampling methods.

Flooding dose

The flooding dose technique was developed
to overcome the limitations of the true
precursor enrichment for the calculation of
protein synthesis by the constant infusion
method. Garlick and co-workers developed
this method that was devised originally by
Henshaw et al. (1971). The aim is to ‘flood’
the free amino acid pools, thereby
eliminating the difference between the
intracellular and extracellular (entire pre-
cursors pool) free amino acid enrichments.
This is accomplished by administering the
tracer with a large bolus of tracee. After the
‘flooding dose’, a biopsy of the tissue is
taken and the enrichment determined. The
FSR of tissue protein is determined using
the following formula:

FSR = (e, — ey.)/[* e, dt (2.3)

where ey, — e, is the increase in isotopic
enrichment over time t and f*OeAdt is the
area under the curve of the precursor
enrichment versus time. The advantages of
this method include: improved resolution
of precursor enrichment; and shorter
periods of measurement than constant
infusion (10 min flood versus 6 h infusion
in rat; 1-2 h flood versus 4-20 h infusion
in humans). There are concerns that the
flood dose itself may affect protein syn-
thesis and degradation directly or change
amino acid uptake. Also, the large dose of
amino acids may cause a hormonal
imbalance.

Arterio-venous difference

Although the measurement of the direct
incorporation of isotope into protein is the
preferred method to measure protein
synthesis and degradation, it does have
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some disadvantages. The animal is often
killed to collect samples or you must be
able to take biopsies of the tissues, and the
procedures themselves may alter protein
turnover. Therefore, some researchers use
an arterio-venous difference technique to
define the net balances of amino acids. The
balance of any amino acid within an organ
or tissue is the result of the same processes
that apply to the body as a whole, where
amino acid net balance = input — amino
acid catabolism = protein synthesis —
proteolysis.

All of the components of the equation
can be determined from the measurements
of amino acid concentration, label uptake
across a tissue, and blood flow. This
method requires the constant infusion of a
tracer amino acid. Both leucine (Pell et al.,
1986) and phenylalanine (Barrett et al.,
1987) tracers have been used, along with
measurements of arterial and venous iso-
tope enrichment, concentrations, metabolic
output and blood flow. The technique
measures the difference between total label
uptake and irrevocable catabolism to pro-
tein synthesis, the difference between net
uptake and irrevocable catabolism to pro-
tein deposition, and the difference between
protein synthesis and deposition to
degradation. Using phenylalanine meta-
bolism of the hindlimb as an example,

(E, X conc, X blood flow)
— (Ey X concy, X blood flow)

= total label uptake (2.4)
and

(conc, X blood flow)

— (concy, X blood flow)

= net amino acid balance (2.5)

where E, and E, are the isotopic enrich-
ment of a phenylalanine tracer and conc,
and conc, are the concentration of the
tracee phenylalanine in arterial and venous
blood, respectively. Based on Equations 2.4
and 2.5, protein synthesis = total label
uptake + E,, and protein degradation =
(total label uptake + E,) — net amino acid
balance.

There are problems with this method.
One is the definition of the isotopic enrich-

ment of protein synthesis and oxidative
compartments. Another problem is the
accurate measurement of amino acid con-
centrations and isotopic enrichments and,
finally, the accurate measurement of blood
flow. However, despite these problems, this
method has great promise in large animals.

Indirect measurement of protein breakdown

The fractional breakdown rate of muscle
protein can be estimated if the fractional
accretion rate of muscle protein is known
(fractional breakdown rate = fractional
synthesis rate — fractional accretion rate,
FBR = FSR — FAR) (Millward et al., 1975).
This approach to the study of protein
degradation is somewhat unsatisfactory.
The main problem with this method arises
from the time scale of measurements.
Synthesis is measured over a period of
minutes or hours, while growth is
integrated over the day and measured over
a period of days or months; thus, estima-
tion of protein synthesis will vary over the
course of the day and before and after a
meal. These changes in protein synthesis
could, in turn, grossly over- or under-
estimate the degradation rate.

A more direct approach to measure
muscle degradation is the ‘tracee release
method’ (Zhang et al., 1996). This approach
involves infusing a labelled amino acid to
an isotopic equilibrium and then observing
the isotopic decay in arterial blood and the
muscle intracellular pool. The FBR is cal-
culated as the rate at which tracee dilutes
the intracellular enrichment. This method
can be combined with a tracer incorpora-
tion method in order to measure both the
FSR and FBR in the same study.

Measurement of muscle protein breakdown:
3-methylhistidine metabolism

3-Methylhistidine: historical background
Tallen et al. (1954) were the first to identify
3MH as a component in urine in 1954, but
they were not sure what the source of 3MH
was. The metabolism of 3MH was first
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investigated by Cowgill and Freeberg
(1957) after injecting a radiotracer of 3MH
into the bloodstream of rabbits, rats, chicks
and frogs. The radioactivity was rapidly
excreted in urine; recoveries ranging
between 50 and 90% of the injected
dose were observed. In 1967, 3MH was
identified as a component of actin (Asatoor
and Armstrong, 1967) and of myosin and
actin (Johnson ef al., 1967; Hardy et al.,
1970). 3MH is present in the globular head
of the myosin heavy chain (MHC) (Huszar
and Elzinga, 1971) and is localized in the
same area as the ATPase activity and actin-
binding sites. However, there is no
evidence that 3MH is involved in any of
these functions. There is one mole of 3MH
per mole of MHC in the myosin of fast-
twitch, white fibres, but 3MH is absent
in the myosin of the muscle of the
fetus, cardiac muscle and slow-twitch, red
muscle fibres (Huszar and Elzinga, 1971).
Actin also contains this unique amino acid
and it is located at residue 73 of the
polypeptide chain. Unlike myosin, 3MH
is found in all actin isoforms, including
embryonic, smooth and cytoplasmic
isoforms (Cass et al., 1983).

The methyl group is donated to 3MH
by a post-translational event. It has been
shown that S-adenosylmethionine was an
effective methyl donor to histidine of the
nascent polypeptide chains contained in
actin and myosin (Reporter, 1969).
Furthermore, when histidine was used as
the source of labelled amino acid, the
specific activities of histidine and 3MH
were the same in muscle cultures.

Validation of 3-methylhistidine as an index of
muscle protein breakdown

Before 3MH could be used as an index of
myofibrillar  protein breakdown, three
assumptions had to be validated, as outlined
by Young and Munro (1978): (i) it does not
charge tRNA and is, therefore, not reutilized
for protein synthesis; (ii) it is excreted
quantitatively in the urine in an identifiable
form; and (iii) the major portion of total
body 3MH is present in skeletal muscle.

To show experimentally that 3MH was
not reutilized for muscle protein synthesis,

3MH was demonstrated not to charge
tRNA. This was accomplished using radio-
labelled 3MH, demonstrating in vitro and
in vivo that 3MH did not charge tRNA of
the rat (Young et al., 1972). However, there
was a high degree of incorporation of label
achieved for histidine and leucine. As a
marker of muscle protein breakdown, 3MH
must be excreted quantitatively in the
urine, i.e. once 3MH is released from actin
and myosin of skeletal muscle it is not
metabolized to any significant extent and is
excreted in the urine. The common
experimental protocol used to confirm
quantitative recovery was to administer
radiolabelled [*C]3MH intravenously and
measure the accumulative recovery in the
urine. [**C-methyl]N-methylhistidine was
recovered quantitatively in the urine of rats
after being administered either orally or
intravenously. Ninety-three per cent of the
tracer was recovered in the urine after the
first 24 h, and 98-100% was recovered
after 48h. Only trace amounts were
recovered in the faeces, and no *CO, was
recovered in the respired air. Similar
recoveries were confirmed in humans
(Long et al., 1975); 75% during the first
24h and 95% in 48h. In addition,
quantitative recoveries were confirmed
with rabbits (Harris et al., 1977), cattle
(Harris and Milne, 1981b) and chickens
(Jones et al., 1986). However, the tracer was
not recovered quantitatively in the urine of
sheep (Harris and Milne, 1980) or pigs
(Harris and Milne, 1981a). More details
will be given about domestic species in the
following sections.

In rats, the radioactivity is distributed
in two compounds, 3MH and N-acetyl-
3MH. The N-acetyl form is the major form
excreted by the rat (Young et al., 1972).
The liver presumably is the site of acetyla-
tion in the rat. The analysis of 3MH from
rat urine requires a hydrolysis step.
Whereas 3MH is the major form excreted in
humans and other species, the N-acetyl
form has been detected in human urine
(4.5%) (Long et al., 1975).

It has been debated whether urinary
3MH is primarily a product of skeletal
muscle protein turnover or whether other
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tissues might contribute a significant
amount to the daily production. Haverberg
et al. (1975) showed that the mixed
proteins in all of the organs sampled
contained detectable levels of bound 3MH.
However, when examining each organ as a
whole, skeletal muscle contained the
majority (98%) of the total amount.
Nishizawa et al. (1977) concluded that the
skin and intestine contributed up to 10%
of the total body pool of 3MH. A study of
humans with short-bowel syndrome
indicated that skeletal muscle was the
major source of urinary 3MH (Long et al.,
1988). In human patients with varying
degrees of infection (Sjolin ef al., 1989), it
was concluded that urinary 3MH was a
valid marker of myofibrillar protein break-
down, because it was correlated with the
release of 3MH from the leg. Furthermore,
it was shown later in additional patients
(Sjolin et al., 1990) that there was a signifi-
cant linear relationship between the leg
effluxes of tyrosine, phenylalanine and
3MH and the resulting urinary excretion of
3MH. Therefore, urinary 3MH excretion is
associated with net skeletal muscle protein
breakdown. Our data using the 3MH
kinetic model in portal vein cannulated
swine (van den Hemel-Grooten et al., 1997)
suggest that 3MH production from the
gastrointestinal tract is not increased in
swine fed a protein-free diet. The FBR of
the whole body in swine was 2.16 and 2.56
for controls and those fed a protein-free
diet, respectively, and the percentage from
the gastrointestinal tract was <6% for both
treatments. In conclusion, based on
previous studies, it is reasonable to assume
that changes in 3MH production largely
reflect muscle metabolism.

3-Methylhistidine metabolism in cattle
Cattle, like humans and rats, quantitatively
excrete 3MH in urine. Harris and Milne
(1981b) demonstrated that between 82 and
99% of a [“C]3MH dose was recovered
after 6 days in 21- to 98-month-old non-
lactating cows, steers and a bull. Similarly,
McCarthy et al. (1983) recovered 90% of
the injected tracer dose after 120 h in two
heifers. 3MH 1is excreted in the urine

unchanged, and occurs in muscle extracts
both in the free form (4-10 nmol g!
muscle) and as a perchloric acid-soluble,
acid-labile form which account for 85% of
the total non-protein-bound 3MH. This
compound was later identified as balenine
(Harris and Milne, 1987), a dipeptide com-
posed of equal molar amounts of B-alanine
and 3MH. Balenine was later identified in
muscle extracts of sheep and pigs. There
appears to be an age-related decline in the
concentration of balenine in muscle, but
this did not produce a measurable change
in the recovery of radioactivity in urine.
3MH is present in whole blood of cattle at
concentrations ranging from 2 to 6 nmol
ml~? blood.

The distribution of 3MH in organs has
been determined for cattle (Holstein)
(Nishizawa et al.,, 1979). Skeletal muscle
contained 93.4% of the total 3MH in the
analysed cattle tissues. The concentration
of 3BMH was 3.5106 pmol of 3MH g!
muscle protein or 0.587 pmol g=! wet
muscle in growing steers. This value is
used commonly to calculate the protein-
bound pool of muscle 3MH, when deter-
mining the fractional breakdown rate of
skeletal muscle. Other values for the level
of protein-bound 3MH in the muscle of
cattle have been reported: 5.6 pmol g™!
protein and 1.8 pmol g~! protein. This
variability is of some concern because, in
most studies, the amount of protein-bound
3MH is not determined.

3-Methylhistidine metabolism in sheep
Sheep are unlike cattle in that urinary 3MH
is not a reliable index of muscle protein
breakdown (Harris and Milne, 1980). After
an intravenous dose of *C-labelled 3MH,
only 25-50% of the label was recovered
after 7 days. The recovery progressively
increased with the age (4 weeks—7 years) of
the animal, becoming almost quantitative
in the older animals after 3 weeks. The
incomplete recovery was not due to excre-
tion in the faeces or elimination as expired
gas, but was related to the presence of a
muscle pool of non-protein-bound 3MH
which was several times larger than the
expected daily urinary excretion. The
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concentration of free 3MH in muscle
ranged from 17 to 120 nmol g~ ! of muscle.
This pool in newly synthesized muscle
tissue was maintained by retention of some
of the 3MH released by breakdown of
muscle protein. Only a small proportion of
the 3MH released from protein breakdown
was available for excretion, and the propor-
tion excreted in the urine increased with
the age of the animal. Another non-protein-
bound component of 3MH in muscle is the
dipeptide, balenine (Harris and Milne,
1987), which comprises on average ~82%
of the total non-protein-bound 3MH in
muscle.

This percentage does not seem to
change as the animal ages, and the same
proportion was seen in cattle muscle. This
dipeptide appeared to be synthesized in
muscle from free 3MH and was not a
terminal product of protein breakdown.
The enzyme system responsible for the
synthesis of the analogous peptides
carnosine and anserine shows a broad
specificity for histidine and histidine
derivatives (Kalyankar and Meister, 1959).
The occurrence of balenine in sheep
muscle should be considered the norm
rather than a rarity. Sheep also have a
much higher concentration of 3MH in
blood than cattle, with values ranging from
17 to 50 nmol ml~! of whole blood. The
acid-labile form is present in blood in a
higher proportion than was observed in
cattle, averaging 30% of the total non-
protein-bound 3MH in sheep. The concen-
tration of protein-bound 3MH in sheep was
similar to that in cattle, with an average
concentration from the longissimus dorsi
and leg being 5.8 pmol g~! protein. Buttery
(1984) reported a value of 0.6 pmol g!
muscle.

3-Methylhistidine metabolism in pigs
The pig is another species in which the
recovery of radiolabelled 3MH is less than
quantitative (Harris and Milne, 1981a).
From five animals, <21% of the tracer dose
was recovered after 7 days, after which the
recovery was <0.3% day~!. The incomplete
recoveries of radiolabelled 3MH were asso-
ciated with the presence of a large pool of

non-protein-bound 3MH in muscle, the
concentration of which increased with age.
The 3MH in the muscle pool was present
as free 3MH, with values ranging from 4 to
8 nmol g~! muscle, and as a dipeptide
which constituted >90% of the total non-
protein-bound 3MH. The contribution of
the dipeptide, balenine (Harris and Milne,
1987), increased with age, reaching 99.8%
in older animals, which was 2 pmol of the
total non-protein-bound 3MH g™! of
muscle tissue at ~9 months of age. The
concentration in blood was not as high as
in sheep, but was comparable with that in
cattle, with values in pigs ranging from 6 to
19 nmol ml~? of blood.

In summary, urinary excretion of 3MH
cannot be used as an index of myofibrillar
protein breakdown in sheep and pigs,
because 3MH is not excreted quantitatively
in the urine. Sheep have elevated levels of
3MH in plasma and muscle, and a dipep-
tide of 3MH is also present at a high
concentration. In pigs, the pool of non-
protein-bound 3MH was maintained and
increased in both established and newly
synthesized tissue by retention of some of
the 3MH released by muscle protein break-
down, only a proportion of which was
available for excretion.

The traditional approach (Fig. 2.8) to
quantitating 3MH production requires
collecting total urinary output for 1-3 days.
The fractional breakdown (day~!) rate of
muscle protein rate can be determined by
total urinary 3MH excretion divided by the
total body 3MH muscle pool: 3MH excretion
day~! + total body 3MH muscle pool. An
estimate of skeletal mass is often difficult to
obtain. The rate of muscle protein break-
down can also be calculated as the rate of
urinary 3MH excretion and its known con-
centration in muscle protein: 3MH excretion
pmol kg™ day~! + 3.63 pmol g~ of muscle
protein = B (g of protein kg=! of BW day™1).
Another approach is to express the data on a
urinary creatinine basis since urinary creati-
nine excretion is a satisfactory estimate of
muscle protein.

The initial studies showing the inade-
quacy of 3MH as an index of muscle
protein breakdown required the intravenous
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Fig. 2.8. lllustration of 3-methylhistidine (3MH) metabolism.

administration of a dose of labelled 3MH,
but the decay curve of [*C]3MH in plasma
was not characterized. An alternative
approach to quantitating urinary 3MH
would be to describe the isotopic decay of
a tracer of 3MH in plasma by a compart-
mental mathematical model. A compart-
mental model for swine or sheep must
include a compartment for 3MH meta-
bolism other than excretion into a urinary
compartment. Swine not only have a large
pool of free 3MH in muscle but also a large
metabolic ‘sink’ of 3MH in the form of
balenine. Likewise, sheep excrete ~15% of
3MH in the urine, with the remainder
being retained in muscle as the dipeptide
balenine. Hence a compartmental model
describing the metabolism of 3MH in these
two species must incorporate these meta-
bolic differences as compared with humans,
cattle, rats and rabbits.

Isotope model of 3MH kinetics

Urinary 3MH had been used in cattle and
humans (Fig. 2.8) as an index of muscle
protein breakdown but was invalid for use
in swine and lambs. 3MH is produced in
these species but is not excreted quantita-
tively in the urine. Previously, in validat-
ing urinary 3MH as an index of muscle
proteolysis, researchers have injected
[**C]3MH intravenously and recovered the
tracer in urine, but have never described its
decay in plasma. 3MH is a histidine
residue with one methyl group attached to
the tau-nitrogen on the imidazole ring. To

understand the metabolism of 3MH, we
have used a deuterated molecule of 3MH,
in which the three hydrogens of the methyl
group have been replaced with three
deuterium atoms, therefore the tracer is 3
mass units heavier than the natural
occurring 3MH and can be detected by
gas chromatography—mass spectrometry
(Rathmacher et al., 1992b). In constructing
the three-compartment model, we kept in
mind the known physiology of 3MH. It has
been established that there are pools of
3MH in plasma, in other extracellular fluid
pools, within muscle and in other tissues.
The primary fate of 3MH in humans, cattle
and dogs is into the urine (model exit from
compartment 1), but in sheep and swine
there is a balenine pool in muscle that
accumulates over time (model exit from
compartment 3).

The 3MH kinetic model was developed
from the need to measure muscle proteo-
lysis directly in growing lambs. However,
the problem was that 3MH was a valid
muscle protein turnover method in cattle
and humans but invalid in sheep and
swine. Model development proceeded by
the strategy of developing the model first in
sheep and swine and then validating the
model in cattle and humans. Our basic
experimental design involves the follow-
ing: (i) an intravenous bolus dose of tracer
(3-[methyl-*H,Jmethylhistidine); (ii) sampl-
ing (blood, urine and muscle tissue); (iii)
3MH isolation by ion-exchange chromato-
graphy; (iv) t-butyldimethylsilyl derivatiza-
tion; (v) analysis by gas chromatography—
mass spectrometry; and (vi) compartmental
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modelling using the SAAM/CONSAM pro-
gram (Berman and Weiss, 1978; Boston et
al., 1981).

We have conducted a series of
studies that propose that 3MH metabo-
lism in humans (Rathmacher et al., 1995),
cattle (Rathmacher et al., 1992a), dogs
(Rathmacher et al., 1993a), swine
(Rathmacher et al., 1996) and sheep
(Rathmacher et al., 1993c) can be defined
from a single bolus infusion of a stable
isotope, 3-[methyl-?H,]methylhistidine.
Following the bolus dose of the stable
isotope tracer, serial blood samples and/or
urine were collected over 3-5 days. A
minimum of three exponentials were
required to describe the plasma decay
curve adequately. The kinetic linear-time-
invariant models of 3MH metabolism in
the whole animal were constructed by
using the SAAM/CONSAM modelling
program. Three different configurations of
a three-compartment model are described:
(i) a simple three-compartment model for
humans, cattle and dogs, in which plasma
kinetics  (3-[methyl-?H,JMH/3MH)  are
described by compartment 1 and which
has one urinary exit from compartment 1;
(ii) a plasma—urinary kinetic three-com-
partment model with two exits for sheep (a
urinary exit out of compartment 1 and a
balenine exit out of tissue compartment 3);
and (iii) a plasma three-compartment
model with an exit out of tissue compart-
ment 3 in swine. The kinetic parameters
reflect the differences in the known physi-
ology of humans, cattle and dogs, com-
pared with sheep and swine that do not
quantitatively excrete 3MH into the urine.
Steady-state model calculations define
masses and fluxes of 3MH between the
three compartments, and importantly the
de novo production of 3MH. The de novo
production of 3MH for humans, cattle,
dogs, sheep and swine are 3.1, 6.0, 12.1,
10.3 and 7.2 pmol kg~* day 1, respectively.

The de novo production of 3MH as
calculated by the compartmental model
was not different when compared with
3MH production as calculated via tradi-
tional urinary collection. Additionally, the
data suggest that steady-state compartment

masses and mass transfer rates may be
related to fat-free mass and muscle mass in
humans and swine, respectively.

Species comparison of 3MH kinetics
Figures 2.9 and 2.10 and Tables 2.1 and 2.2
are a summary of the efforts to model 3MH
metabolism wusing a three-compartment
model in humans, cattle and dogs which
quantitatively excrete 3MH in urine, as
compared with sheep and swine which do
not. Figure 2.10 is a comparison of model
structures between the species. The
diversity of models between humans, cattle
and dogs, and sheep and swine reflects
differences in known physiology. In each
species, the tracer is injected into compart-
ment 1 which, based on the size (volume
and mass), is similar to plasma and extra-
cellular water space. Compartment 1 was
the sampling compartment and the com-
partment from which the steady-state
calculations were initiated. All models for
each species can be resolved by sampling
only plasma. The exception is sheep,
which, as shown in Fig. 2.10, required the
sampling of both plasma and urine.
However, the sheep model can be resolved
from the plasma kinetics of 3MH if the rate
of exit from compartment 1 is fixed. From
the steady-state calculations, the de novo
production of 3MH was obtained into com-
partment 3 for humans, cattle and dogs and
into compartment 2 for sheep and swine.
The de novo production of 3MH could be
placed as an entry into compartment 2 and
an identical rate calculated. The compart-
ment identity of compartments 2 and 3 is
intracellular pools of 3MH. The metabolic
form of 3MH in these compartments may
not be identical nor is the identity of com-
partments 2 or 3 for one species the same
for another species (i.e. cattle versus
sheep). The models also depict differences
in the route by which 3MH exits the
system. In humans, cattle and dogs, 3MH is
excreted quantitatively in the urine as
illustrated by the exit from compartment 1.
This urinary exit has been confirmed by
comparison of urinary excretion of 3MH
and model calculated values (Fig. 2.11).
Whereas sheep excrete only 15% of total
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Fig. 2.9. Daily 3-methylhistidine production expressed as pmol kg=' day~" for dogs, cattle and humans as
calculated from urinary excretion and by a three-compartment model of 3-methylhistidine production.
*There was no mean difference between urinary and model 3-methylhistidine production for cattle and

humans, P> 0.25.

daily 3MH produced in the urine, swine
excrete 1.5% day !. Therefore, accurate
determination of 3MH production in sheep
and swine requires an exit out of the
system from compartment 3. This exit
accounts for appreciable loss of 3MH into a
balenine ‘sink’ which turns over slowly or
not at all during the time frame of the
study.

Representative plasma decay curves
following a single dosing of 3-[methyl-

H,|methylhistidine tracer are illustrated in
Fig. 2.9. In general, each species exhibited
a similar exponential decay, characterized
by rapid decay over the first 2-3h,
followed by a slower decay up to 12 h and
a steady-state decay over the remainder of
the study. The decays of the tracer are
representative  of the models used.
Humans, cattle and dogs exhibit very
similar decays, while sheep and swine are
very different.

Table 2.1. Comparison of 3-methylhistidine kinetic parameters.

Species
Parameter Cattle Humans Dogs Swine Sheep
Animals, n 39 4 5 20 40
Urinary 3MH loss, % of total 100 100 100 1 17
Fractional transfer rate, min~—'2
L, 0.18 0.08 0.11 0.23 0.21
Li, 0.06 0.06 0.06 0.09 0.08
L) 0.003 0.009 0.006 0.014 0.007
L, 0.002 0.002 0.008 0.006 0.005
Lo NA NA NA 0.0009 0.0004
L 0.006 0.004 0.02 NA 0.0003

?Fractional transfer rate (L; J.) from compartment j to i.
NA, not applicable.
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Fig. 2.10. Disappearance of tracer, 3-[2H,-methylImethylhistidine, as the ratio of 3-[?H,-methyllmethylhisti-
dine to 3-methylhistidine in plasma as described by a three-compartment model of 3-methylhistidine (see
Fig. 2.11). Symbols (#) represent observed data, and the line (m) represents best fit generated by the model.

Table 2.1 lists the model parameters deviation of the parameters ranges from 5
and the fractional transfer rates (Li,. from to 50% and, in general, L, L, and Ly, or
compartment j to i). The fractional standard L, are solved with a higher precision than
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Fig. 2.11. Schematic of the three-compartment models used to analyse the kinetics of distribution, metabolism
and de novo production of 3-methylhistidine (3MH). The tracer, 3-[2H,-methyllmethylhistidine (D,-3MH), was
injected into compartment 1. Sampling was performed from compartment 1. De novo production of 3MH

and the exit from the system are dependent on the physiology of the species.

L;, and L, ;. Table 2.2 compares the com- between compartments for each species.
partment masses and mass transfer rates Also listed is the de novo production rate
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Table 2.2. Steady-state compartment masses and mass transfer rates of a

3-methylhistidine (3MH) metabolism.

three-compartment model of

Parameter Human Cattle Swine Sheep Dogs
n 4 39 20 40 5
Plasma 3MH, um 2.9 8.6 10.4 36.9 21.8
M;, nmol kg2 603 807 1,110 5,308 3,227
M,, nmol kg~ 912 2,291 2,857 12,483 7,973
M,, nmol kg™! 7,938 8,079 6,151 17,017 9,261
R,;, nmol kg=" min~'® 51 101 247 944 319
R,, nmol kg™ min~! 53 105 247 946 329
R,,, nmol kg™ min~! 7.9 5.8 37 81 56
R,5, nmol kg™ min~! 9.6 9.9 32 77 56
Ry;, nmol kg™ min~! 2.2 4.1 NA 1.4 9
Ry, nmol kg1 min~! NA NA 5.0 5.8 NA
3MH production®, pmol kg=' day™! 3.1 6.0 7.2 10.3 12

M, = compartment mass |.
bR, = mass transfer rate from compartment j and i.
¢3MH production was obtained from the model.

calculated by the model in Table 2.2. An
important feature of these models is the
description of 3MH metabolism within the
body. The significance of mass transfer
rates and compartment sizes is not fully
understood. However, the model para-
meters and mass transfer rates may explain
the failure of sheep and swine to
excrete 3MH quantitatively in the urine
(Rathmacher and Nissen, 1992). Three
mechanisms may explain the failure of
sheep and swine to excrete 3MH: (i) 3SMH
transport between the compartments limits
the excretion of 3MH; (ii) 3MH is
reabsorbed avidly by the kidney; and (iii)
enzymatic conversion of 3MH to balenine
is enhanced. In comparing the data from
Tables 2.1 and 2.2, the low rate of 3MH
excretion in sheep and swine is not due to
impaired transfer of 3MH out of and
between compartments. Cattle appear to
have a slower exchange of 3MH between
tissues despite near quantitative urinary
excretion. The most likely reason for
sequestering of 3MH in sheep and swine is
that the kidneys are very efficient in
conserving 3MH, which in turn increases
the compartment size and plasma concen-
tration, and through mass action could
increase the synthesis of balenine.

The models described represent a
framework and methodological approach

describing steady-state 3MH kinetics in the
whole animal and constitutes a working
theory for testing by further experimenta-
tion using designs which alter muscle
protein breakdown. The rate of 3MH
production is an important tool in under-
standing the regulation of muscle protein
degradation. The advantages of these
models are that: (i) they do not necessitate
quantitative urine collection (plasma
model); (ii) they reduce error due to the
frequency of plasma sampling versus the
infrequency of urine collection in other
models; (iii) they are more quantitative and
measure the total production rate indepen-
dently of the determination of free or
conjugated forms; (iv) they give informa-
tion about pool size and transfer rates; (v)
they establish a relationship to muscle
mass; (vi) they provide a method for direct
measurement of muscle proteolysis in
swine and sheep; and (vii) they do not
require restraint of the animals for long
periods.

Significance of Protein Turnover

Since isotopes were first wused by
Schoeheimer and his colleagues in 1940,
many aspects of protein turnover have
been described. The methods described in
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Table 2.3. Tabulation of results from protein turnover studies in farm animals.

Model Species Response Reference
3MH kinetic model  Swine Myofibrillar proteolysis was increased by ~ van den Hemel-Grooten
27% in protein-deficient barrows; no etal. (1995)

direct relationship between myofibrillar
proteolysis and in vitro proteinase activity

3MH kinetic model  Swine Myofibrillar proteolysis was not different van den Hemel-Grooten
from controls swine during the protein et al. (1998)
refeeding period

3MH kinetic model  Cattle There was a 20% decrease in 3MH Rathmacher et al. (1993b)

production in the trenebolone acetate-
implanted cattle, but when combined with
an oestrogen implant the decrease was
prevented

3MH kinetic model  Dogs In terms of post-surgical nutrition, meeting  Rathmacher et al. (1993a)
the protein requirement is critical in
minimizing muscle protein catabolism, and
hyper-supplementation of both energy and
protein has little affect

Urine 3MH Cattle FBR was increased in feed-restricted cattle  Jones et al. (1990)
Urine 3MH Cattle No effect on muscle protein breakdown Hayden et al. (1992)
Arterio-venous Sheep Hepatic protein synthesis was maintained  Pell et al. (1986)

at the expense of muscle
Whole-body protein Muscle protein synthesis contributes to
turnover—leucine 50% of whole body protein synthesis
Arterio-venous Sheep Whole-body and hind-limb protein Harris et al. (1992)
Whole-body protein synthesis is increased with food intake.
turnover—leucine Leucine oxidation increased with food

intake
['>N]Glycine Cattle Whole-body protein synthesis and Wessels et al. (1997)

degradation increase when the limiting
amino acid is given

['>N]Glycine Pigs Increased protein accretion with lysine Salter et al. (1990)
supplementation was due to a greater
increase in protein synthesis

Whole-body protein  Cattle Steroid-implanted steers had a greater Lobley et al. (1985)
turnover—leucine increase in synthesis and reduced amino

acid oxidation
Whole-body protein  Cattle Bovine somatotropin increased the FSR in  Eisemann et al. (1989)
turnover-leucine/ muscle and the small intestine

constant infusion

Flooding dose Sheep The FSR was, in decreasing order, intestine, ~Attaix et al. (1988)
liver and muscle

Flooding dose Sheep Changes in nutrients at weaning enhance  Attaix et al. (1992)
protein synthesis without any specific
effect on small intestine site

Constant infusion Swine FSR was higher in ractopamine-fed pigs as  Bergen et al. (1989)
compared with controls

Constant infusion Swine Testosterone levels had no effect on muscle Skjaerlund et al. (1994)
growth or turnover

Constant infusion/  Sheep Protein synthesis increases with intake in
flooding dose muscle, skin and liver Lobley et al. (1992)
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this chapter have been used increasingly in between whole-body protein turnover and
farm animals to improve the production of muscle protein turnover. Table 2.3
muscle for meat and the relationship summarizes some of these findings.
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Introduction

The integration of nitrogen metabolism in
mammalian systems involves the complex
interaction of several key processes which
link together in a coordinated manner
between, within and across individual
tissues and organs. The principal role of
these processes is the maintenance of
finely tuned nitrogen cycles to meet the
body’s requirements for tissue mainten-
ance, turnover and growth for any fixed
level of dietary nitrogen intake. These
processes include tissue protein turnover
and degradation, salvage of the end-
products of nitrogen metabolism, and the
transport and redistribution of the end-
products of nitrogen metabolism around
the body. This chapter focuses on the role
of amino acids in these processes and will
consider transport of amino acids between
tissues and organs in addition to flux
across tissue beds. Quantitatively, muscle
protein constitutes the largest pool of
amino acids present in the body, in the
form of protein and peptide-bound amino
acids. The concentration of free amino
acids in extracellular and intracellular
compartments and blood is much smaller,

but nevertheless contributes the major
route by which amino nitrogen is trans-
ferred between metabolic compartments.

Transport of Amino Acids

Distribution between erythrocytes
and plasma

Analysis of the distribution of individual
amino acids between plasma and erythro-
cytes (Table 3.1) shows that the concentra-
tion of many amino acids is similar in both
compartments and that there is generally
good agreement between species in the
relative distribution of individual amino
acids. For some amino acids, notably
aspartate, glutamate, glycine, histidine and
lysine, the concentration of each amino acid
in plasma is considerably less than that
inside the red blood cell. Since Na*-depen-
dent concentrative uptake is not present in
red blood cells (Young and Ellory, 1977),
this indicates net production or synthesis
of these amino acids within the erythro-
cyte. In contrast, arginine and glutamine
are more concentrated in plasma, suggest-
ing catabolism of these amino acids in the
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Table 3.1. Distribution of individual amino acids between plasma and erythrocytes.

Whole blood:plasma ratio

Elwyn Felig et al. Aoki et al. Koeln et al. Heitmann and Lobley et al.

(1966)2 (1973) (1976)° (1993)° Bergman (1980) (1996)2
Amino acid Dog Humans Humans Calves Sheep Sheep
Histidine 2.21 ND 1.67 1.38 ND 2.55
Isoleucine 1.51 1.06 1.63 0.11 0.95 0.95
Leucine 1.54 1.03 1.65 0.20 1.11 1.48
Lysine 3.59 ND 1.59 0.44 1.13 2.75
Methionine 1.19 0.84 ND 0.56 ND 0.34
Phenylalanine 1.88 1.02 1.63 0.08 1.26 1.03
Threonine 1.59 1.23 1.73 0.40 1.20 1.16
Valine 1.42 1.06 1.64 0.11 0.99 1.02
Alanine 1.44 1.29 1.98 0.91 0.95 1.26
Arginine 4.08 ND 1.49 ND 0.72 ND
Aspartate 9.85 ND ND 1.63 ND 4.24
Glutamate 4.11 ND 2.14 0.20 0.83 3.77
Glycine ND 1.68 2.49 0.42 1.24 1.63
Proline 1.62 1.15 1.61 ND ND 1.41
Serine 2.08 1.38 2.1 0.28 1.26 1.53
Tyrosine 3.34 1.13 1.80 0.34 1.19 1.17

Erythrocyte:plasma ratio.
bData from fasted humans.
¢Data from fed calves.
ND, not determined.

red blood cell. The distribution of amino
acids between the two blood compartments
may vary across tissues. For example, it
has been suggested that amino acids
absorbed across the intestinal wall are
transported to the liver in the plasma pool
(Elwyn et al., 1972; Houlier et al., 1991;
Lobley et al., 1996) whereas erythrocytes
may be more important in the transport of
amino acids from the liver in non-ruminant
species (Elwyn et al., 1972). For ruminant
animals, the data are conflicting; Houlier et
al. (1991) have shown a similar differential
distribution across the liver of cattle which
has not been observed in studies with
sheep (Lobley et al., 1996).

The role of low-molecular weight peptides

The importance of low-molecular weight
peptides in the transport of free amino
acids (FAAs) is equivocal. Various
analytical techniques have been employed
to determine the concentration of peptide-

bound amino acids (PBAAs) in plasma,
and the results of these procedures indicate
that the PBAA:FAA ratio in plasma varies
between 0.4 and 3.6 depending on the
species and the analytical technique used
(Seal and Parker, 1997). There is consider-
able interest in the potential use of low-
molecular weight peptides as nutritional
substrates in parenteral nutrition (Stehle et
al., 1997) and there is convincing evidence
that mixtures of peptides administered in
this way can be hydrolysed and utilized by
different tissues in several species (Albers
et al., 1988; Druml et al., 1991; Stehle et
al., 1997). These studies suggest that
hydrolysis of small synthetic peptides and
utilization of the constituent amino acids
can occur. It may be possible for PBAAs to
be hydrolysed within specific tissues or
organs, with the constituent amino acids
then being available for intracellular use.
The release of peptides back out of the cell
during the process of intracellular protein
turnover may also account for the apparent
change in peptide composition observed
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across tissue beds (Seal and Parker, 1996).
There is increasing evidence that dipep-
tides may be metabolized (hydrolysed) at
different rates in different tissues (Druml et
al., 1997), which raises the intriguing
possibility of targeting substrates to
specific sites in the body. Recent research
on the expression of peptide transporters
suggests that these may be inducible under
different dietary regimes (Walker and Hirst,
1997), again suggesting that these sub-
strates may be important under different
physiological situations. However, the
contribution of these processes to overall
a-amino N economy remains unresolved
and will be a key area for future research.

Absorption of Amino Acids Across
the Gastrointestinal Tract

The development of catheterization proce-
dures for determining the composition of
blood supplying and draining the gastro-
intestinal tissues, together with blood flow
measurements and the use of isotopically
labelled substrates, has substantially
increased our understanding of the flux of
amino acids across gut tissues (Seal and
Reynolds, 1993). Where experiments have
coupled these procedures with measure-
ments of amino acid disappearance from
the gut lumen, it is clear that fewer amino
acids arrive in the portal vein than
apparently disappear from digesta (Tagari
and Bergman, 1978; MacRae and Reeds,
1980; Neutze et al.,, 1990; MacRae et al.,
1996). Experiments with ruminant and
non-ruminant animals have shown that
amino acid flux across the portal-drained
viscera is responsive to changes in diet and
the supply of energy-yielding substrates
within the gastrointestinal tissues (Seal et
al., 1992; Balcells et al., 1995; Seal and
Parker, 1996; van der Meulen et al., 1997).
These studies confirm that the net flux of
amino acids is sensitive to many factors
including metabolism of sequestered
amino acids from the arterial supply. This
latter process has been determined in
sheep using a combination or arterio-
venous difference procedures and isotopic

kinetic measurements (MacRae et al.,
1996). In this study, intravenous and intra-
luminal infusions of !3C-labelled amino
acids were used to apportion unidirec-
tional fluxes from the arterial blood pool
and from the gut lumen. The results of this
experiment suggest that, whilst some
essential amino acids are sequestered from
the lumen, a much greater proportion
comes from circulating blood supply to the
tissue. Extraction of amino acids in this
way reflects the high rates of protein
turnover (relative to tissue mass) observed
for gastrointestinal tissues (Lobley et al.,
1980). Stoll et al. (1998) also used 3C-
labelled amino acids from algal protein and
showed in young pigs that first-pass
splanchnic metabolism of enteral amino
acids reflects intestinal rather than hepatic
metabolism. In addition, they demon-
strated that although this accounted for
~35% of dietary protein intake, the portal-
drained viscera continued to utilize arterial
amino acids, and amino acid catabolism
accounted for ~80% of CO, production by
the portal-drained viscera, predominantly
through oxidation of glutamate and
aspartate.

Net extraction of amino acids (i.e. a
lower concentration of amino acids in
portal blood compared with arterial blood
supplying the tissues) across the gastro-
intestinal tissues is often observed, indicat-
ing that gastrointestinal tissue requirements
for some amino acids cannot be met from
luminal sources and must be derived from
the arterial supply, especially in the fasted
state. Glutamine, for example, is utilized
readily by gut tissues for energy production
(Windmeuller and Spaeth, 1980) and in the
supply of amide nitrogen for purine and
pyrimidine synthesis (Duée et al., 1995).
This intestinal utilization of glutamine is
extensive. For example, in lambs, incor-
poration of [5—N]glutamine into intestinal
proteins accounted for 73% of the gross
flux of the amino acid across the small
intestine (Gate et al., 1997). In the pig,
portal-drained visceral flux of glutamine is
negative after feeding a wide range of diets
(see van der Meulen and Jansman, 1997).
The use of glutamine in enterocytes falls in



52 C.J. Seal and D.S. Parker

growing pigs compared with neonatal pigs
in which the amino acid is the preferred
energy substrate compared with ATP and
glucose. In ruminant animals, portal flux of
glutamine is also negative, but the high
concentration of the amino acid in herbage
means that duodenal glutamine supply is
much higher than in non-ruminant species.
There is, however, considerable variability
in portal glutamine flux across species and
under different dietary regimes (Table 3.2).
These data emphasize the sensitivity of the
gut tissues not only to dietary amino acid
supply but also to other luminal and arter-

ial nutrients. In addition, different
responses between ruminant species fed
the same diets (see, for example, Prior et
al., 1981) question the application of mean
data in the development of mechanistic
models of nutrient metabolism.

Net absorption of amino acids is
strongly correlated with increasing protein
intake in non-ruminants (Rérat et al., 1988)
although the absorption coefficients of
individual amino acids fall with increasing
protein supply. These responses are
different for non-essential and essential
amino acids; increasing duodenal supply

Table 3.2. Effect of diet on net glutamine flux across portal-drained viscera of various species.

Species Net flux2  Diet Reference
Sheep +ve Cereal/straw Balcells et al. (1995)
—ve Cereal/straw + i.v. glucose
Sheep —ve Forage Piccioli Capelli et al. (1997)
+ve Forage + i.v. glucose
++ve Forage + intraduodenal glucose
Sheep —ve High protein forage Tagari and Bergman (1978)
——ve Medium protein cereal by-products
Sheep +ve Forage (hay based) Prior et al. (1981)
++ve Concentrate
Steers +ve Forage (hay based)
—ve Concentrate
Steers +ve Forage (lucerne) Taniguchi et al. (1995)
—ve Forage + abomasal starch, intraruminal casein
—ve Forage + intraruminal starch and casein
Steers —ve Concentrate (maize based) Guerino et al. (1991)
+ve Concentrate + postruminal casein (300 g day™")
Steers +ve Forage Seal et al. (1992)
—ve Concentrate
Steers —ve Forage Seal and Parker (1996)
+ve Forage + intraruminal propionate
Steers —ve Concentrate fed and starved Koeln et al. (1993)
Dairy cows  +ve Silage/concentrate 4 weeks post-partum Reynolds et al. (1988)
—ve 8 weeks post-partum
Heifers —ve High concentrate Harmon et al. (1988)
——ve High concentrate + ionophores
Pigs —ve Starch-based diets van der Meulen et al. (1997)
Pigs —ve Pre-weaning Wu et al. (1994)
—ve Maize-based diet

aNegative values indicate net extraction and positive values net release of glutamine by portal-drained

visceral tissues.
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of the former is associated with increased
portal flux not only of non-essential amino
acids but also of ammonia, suggesting that
gastrointestinal tissue metabolism (cata-
bolism) of the amino acids is also increased
(van der Meulen et al., 1996). For ruminant
animals, the effect of increasing nitrogen

intake is more complex due to the moderat-
ing effect of the ruminal microflora in
influencing the flow of protein (principally
in the form of microbial protein) into the
duodenum. Figure 3.1 shows that the rela-
tionship between net portal flux of amino
acids and N intake is poor in comparison
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Fig. 3.1. Relationships between nitrogen intake, portal-drained visceral a-amino nitrogen flux
(A: y=20.429 + 0.136x, R? = 0.235) and portal-drained visceral NH;N flux (B: y = —12.96 + 0.594x,

R? = 0.772). From Seal and Reynolds (1993).
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with the strong relationship between
ammonia N flux and N intake (Seal and
Reynolds, 1993). Metabolizable energy
intake appears to be a better predictor of
portal amino acid flux than protein intake
(Reynolds et al., 1994) since this is most
closely linked to ruminally digestible
organic matter, the principal determinant
of microbial protein synthesis (Hoover and
Stokes, 1991). Amino acid flux is also
affected by the supply of glucose to the
small intestine. In studies with pigs fed
diets containing starches with differing
rates of digestion, van der Meulen et al.
(1997) showed that portal flux of amino
acids was reduced when pea starch was fed
compared with more rapidly digested
maize starch. We have also shown that
increasing glucose availability to the
gastrointestinal tissues of sheep and steers,
either by increasing ruminal propionate
availability (Seal and Parker, 1996) or by
infusion of glucose or starch into the small
intestine (Seal et al, 1994; Piccioli-
Cappelli et al., 1997), results in increased
portal amino acid flux. The mechanism by
which these responses are mediated is
unclear but may be due to reduced cata-
bolism of amino acids within gastro-
intestinal tissues, changes in transit of
digesta in the gut lumen or, in the case of
poorly digested starches in the small
intestine, sequestration of protein within
the digesta matrix.

The absorption of low-molecular
weight peptides

There is increasing evidence that amino
acids may be absorbed across intestinal
tissues both as ‘free’ amino acids and
‘bound’ as low-molecular weight peptides
(see Chapter 1), and studies in chronically
catheterized steers have shown that the
pattern of amino acids in the peptide
fraction changes across both mesenteric-
and portal-drained tissues (Seal and Parker,
1996). Experiments with sheep, in which
labelled dipeptides have been infused into
the rumen at rates calculated to maintain
peptide concentrations seen post-feeding,

show that these dipeptides were absorbed
intact into both the mesenteric and portal
vein (Mesgaran, 1996). However, the con-
centrations recovered in blood were very
small and were achieved using high
infusion rates in order to elevate intra-
ruminal peptide concentrations to levels
which would not normally be maintained
under physiological conditions. In contrast
to these studies, Neutze et al. (1996) in
lambs, and Dawson and Holdsworth (1962)
in rats, were unable to show absorption of
labelled peptides across the gut wall,
suggesting that peptide material must be
hydrolysed either at the cell wall, or within
the cytosol before being transported across
the basolateral membrane as free amino
acids. Peptide transporters have been
identified in tissues from different sites
along the gastrointestinal tract in many
non-ruminant and ruminant species
(Walker and Hirst, 1997). These trans-
porters show a wide substrate specificity,
and the contribution of peptide transport to
total amino acid flux across the gut wall
remains an area of debate; at the time of
writing, it is still generally considered that
the great majority of amino acids are
absorbed from the small intestine as free
amino acids.

Trans-hepatic Flux of Amino Acids

Only a small proportion of the total amino
acids absorbed from the small intestine
into the hepatic portal vein reach the
peripheral circulation in free form because
substantial and variable amounts are
removed by the liver (Lobley et al., 1995,
1996). The proportion of individual amino
acids which is removed is also species
dependent (Wray-Cahen et al., 1997). The
balance of amino acids leaving the liver is
important in influencing the subsequent
availability of amino acids for extrahepatic
use. For example, hepatic extraction of
histidine (Wolff et al., 1972) may leave
insufficient amounts of this amino acid for
milk synthesis. Data for hepatic extractions
of individual amino acids in large animals
are shown in Table 3.3. Such data are



Inter-organ Amino Acid Flux 55

extremely variable and suffer from experi-
mental problems in the accurate measure-
ment of hepatic portal venous and arterial
blood flow and corresponding amino acid
concentrations, the venous-arterio concen-
tration differences often being similar to
levels of analytical precision. Absorbed
amino acids have four potential fates in the
liver (Wray-Cahen et al., 1997): (i) retention
in the free form as expanded intra- and
extravascular fluid; (ii) conversion to
specific nitrogenous metabolites (e.g.
aromatic amino acids to neurotransmitters,
glycine to hippurate, synthesis of small
oligopeptides); (iii) oxidation to produce
energy and non-nitrogenous intermediary
metabolites; and (iv) incorporation into
hepatic and export proteins. An additional
fate of amino acids linked to catabolism of
the carbon skeleton is their role as a method
of detoxifying excess ammonia arriving at
the liver (Parker et al., 1995). For example,
removal of amino acids by the liver is
increased with increased portal absorption
of ammonia N (Maltby et al, 1991;
Reynolds et al., 1991). The mechanism for
the increase in liver removal of amino
acids under dietary conditions which

result in increased ammonia production is
unclear; however, it has been suggested
that this may be due to an increased
requirement for amino acid N in trans-
amination reactions to generate glutamate
and aspartate required for urea biosyn-
thesis (Reynolds, 1992). Under normal
conditions, mitochondrial and cytosolic
aspartate—glutamate transamination pools
are in equilibrium (Cooper et al., 1991),
and the reversible action of glutamate
dehydrogenase means that both N atoms in
the urea molecule can arise from either
NH, or amino acids (Meijer et al., 1990). In
contrast, under conditions of high urea
flux, the mitochondrial supply of NH, may
not be sufficient for both N moieties,
inducing the obligatory use of amino acid
N to maintain urea synthesis. Increased
oxidation of alanine and reduced gluco-
neogenesis from this amino acid have been
observed in vitro in hepatocytes isolated
from sheep fed soluble nitrogen in the form
of urea (Mutsvangwa et al, 1996), and
Lobley et al. (1995) showed that oxidation
of [1-'*C]leucine was increased during
infusions of NH,Cl into the mesenteric
vein. Studies in vitro with isolated

Table 3.3. Hepatic fractional extractions of absorbed amino acids from the plasma across the liver of sheep,
pigs and cattle (reproduced with permission from Wray-Cahen et al., 1997).

Wolff et al. Rérat et al. Lobley et al. Lobley et al. Wray-Cahen et al.

(1972) (1992)? (1995)b (1996) (1997)¢
Amino acid Sheep Pigs Sheep Sheep Cattle
Glycine 2.54 1.16 0.97 1.07 0.73
Alanine 1.39 0.86 0.69 1.14 0.54
Serine 1.13 0.63 0.97 0.75 0.37
Proline 0.91 0.53 0.47 0.96 0.47
Tyrosine 1.42 0.44 0.85 0.83 0.63
Arginine 2.53 0.48 0.73 0.72 0.70
Valine 0.58 0.48 0.43 0.47 0.25
Isoleucine 0.37 0.54 0.28 0.50 0.49
Leucine 0.36 0.50 0.56 0.34 0.30
Methionine 1.00 0.63 1.21 0.53 0.83
Phenylalanine 1.36 0.74 0.84 0.77 0.87
Lysine 0.81 0.50 0.64 0.57 0.31
Histidine 1.50 0.51 1.16 1.09 0.50
Threonine 1.05 0.62 0.44 0.85 0.49

aMean value for peptide and free amino acid intraduodenal infusions.
bValues for blood only and mean of plus and minus exogenous ammonia infusion.
“Values during intramesenteric amino acid infusion corrected for basal level.
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hepatocytes from fasted sheep using !°N-
labelled substrates have shown, however,
that amino acid N is not essential for urea-
genesis (Luo et al., 1995). The mechanism
for the interaction between NH, and amino
acid deamination is not proven and
requires further investigation.

Amino Acid Supply and Utilization
by the Mammary Gland

Lactation imposes increased demands for
protein synthesis, and the onset of lacta-
tion is accompanied by a shift in protein
synthesis away from non-mammary tissues
towards the mammary gland (Champredon
et al., 1990; Baracos et al., 1991). This
increase in protein synthesis is balanced by
an increase in the supply of amino acids to
the gland of between 20 and 40% (average
across all amino acids, 25%; Bequette et
al.,, 1997). The major shift in protein
metabolism during lactation is emphasized
from studies in high-yielding dairy cows in
which it was demonstrated that milk
protein production may account for >80%
of digestible protein intake (Clark et al.,
1978). The rate of milk production by the
mammary gland is dependent on the com-
bined influence of changes in blood flow
and the concentration of specific nutrients
in the blood. The fact that in some instances
these may be inadequate to maintain maxi-
mal rates of milk synthesis has been demon-
strated in several studies in which either
peripheral intravenous or post-ruminal infu-
sion of amino acids has resulted in
increased milk protein output (Clark, 1975;
Bequette and Backwell, 1997). Lysine and
methionine are the first limiting amino
acids for milk protein synthesis under nor-
mal conditions, and it is provision of these
amino acids which may result in the
observed increase in milk protein output in
these studies. These data are not consistent,
however, and many studies have shown
either a small or no response to infusion of
individual amino acids (see, for example,
Mepham and Linzell, 1974; Metcalf et al.,
1991; Bequette et al., 1996; Vanhatalo et al.,
1999; Varvikko et al., 1999).

The control of nutrient supply, and in
particular amino acid supply, to the
mammary gland in non-ruminant animals
is poorly understood in comparison with
that in ruminant species, although it is
recognized that the imbalances between the
supply of individual amino acids to the
gland and those found in milk in
ruminants also exist in the pig (for a review,
see Trottier, 1997). Measurements of milk
output in non-ruminants is not easy, and
this has been a major factor in limiting
research in this area. However, there is con-
siderable need for improved knowledge on
the relationship between physiological and
nutritional factors influencing lactational
performance in non-ruminant farm animals
in order to maximize performance and
hence productivity.

The importance of low-molecular weight
peptides in amino acid supply to the
mammary gland

Several studies have demonstrated that on
a net basis the extraction of non-essential
amino acids by mammary tissue is
insufficient to account for their output in
milk protein. This suggests either the de
novo synthesis of amino acids within the
gland, or the utilization of the amino acid
components of low-molecular weight
peptides. There is no convincing evidence
that synthesis of individual amino acids
can account for this difference, since the
exchange of C, N and S components
between amino acids (for example, S from
methionine and C from serine for cysteine
synthesis) involves amino acids which may
themselves become limiting or are already
not extracted in adequate amounts in the
free form. Backwell et al. (1996) used a
dual-labelled tracer technique to demon-
strate that the arterially infused peptides
glycyl-phenylalanine and glycyl-leucine
were used as substrates for casein synthesis
in goats. In a further series of tracer
studies, they have shown that naturally
occurring low-molecular peptides can be
used in milk protein synthesis and that
there is some degree of substrate selectivity
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in this process (Backwell et al., 1996;
Bequette and Backwell, 1997).

Amino Acid Flux Across Muscle

The balance of the movement of individual
amino acids across muscle tissue is deter-
mined by a number of competing pathways
of metabolism. Skeletal muscle is the major
protein store within the body, and in
growing animals the rate of accretion is
dependent upon amino acid supply,
hormonal status and the relationship
between synthetic and degradative path-
ways within the tissue-protein turnover.
Small changes in the balance between
these two latter processes can have a signi-
ficant effect on rates of protein deposition
and therefore production efficiency (Harris
et al., 1992; Seve and Ponter, 1997). Amino
acid supply to, and flux from, muscle has
been measured by a number of groups, and
early work by Felig et al. (1973) established
the presence of the glucose—alanine cycle
in which alanine synthesized in muscle
transfers amino groups to the liver and
provides carbon for gluconeogenesis,
thereby recycling glucose while disposing
of the end-products of muscle amino acid
degradation. This pathway, however,
appears to be of minor importance in
ruminant animals when compared with
non-ruminants. The metabolism of the
branched-chain amino acid (BCAA) leucine
by muscle tissue also appears to differ
between the two groups of animal species.
In non-ruminants, skeletal muscle oxidizes
a greater proportion of leucine derived
from muscle protein degradation than in
ruminants, and the transamination product
a-ketoisocaproate (KIC) is re-aminated
extensively in the liver. In the fasted
ruminant, however, most of the leucine
derived from muscle turnover is released,
and in both gut and liver KIC and leucine
contribute towards protein synthesis rather
than acting as oxidative substrates (Pell et
al., 1986).

In addition to BCAAs, the role(s) of
glutamine in the integration of nitrogen
metabolism between tissues has also been

an area of active research. It is the most
abundant amino acid in the body, and
muscle tissue appears to act as a source of
supply for the requirements of gut and
immune tissues during periods of meta-
bolic stress. This efflux of glutamine has
been demonstrated in both fed and fasted
ruminants (McCormick and Webb, 1982),
and in rats glutamine output from skeletal
muscle increased as the plasma concentra-
tion decreased (Ardawi and Jamal, 1990).
Given the putative roles of glutamine in
energy metabolism and also in the provi-
sion of amino groups for nucleic acid
synthesis in rapidly dividing cells (e.g.
intestinal enterocytes and lymphocytes), it
is apparent that amino group transfer from
BCAAs in order to sustain glutamine out-
put by muscle (Lobley, 1991) may repre-
sent a further integration of amino acid
metabolism across the tissue.

As with other tissues, the form and
complexity of amino acid supply to the
muscle are still an area of debate. Arterio-
venous studies by McCormick and Webb
(1987) and Danilson et al. (1987) have
suggested that peptides and serum proteins
have the potential to contribute to amino
acid flux to and from the tissue. Their
studies also suggested that the nature of the
diets fed to calves influenced the pattern of
this flux. The hypothesis that hepatic
protein output may provide a source of
amino acids for peripheral tissues has been
investigated (Connell et al., 1997) in a
study which measured changes in liver
albumin synthesis in fed and fasted sheep.
It was concluded that insufficient albumin
was available to account for the shortfall in
post-hepatic provision of free amino acids.
A further evaluation of the potential role of
a range of liver export proteins in the
provision of a balanced supply of amino
acids to meet the requirements for muscle
protein accretion (Lobley and Milano,
1997), however, suggests that they could
make an important contribution to the
supply of histidine and phenylalanine. At
present, the lack of specific methodology to
investigate the fate(s) of plasma proteins
across tissue beds is preventing further
progress in this area.
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Modelling Amino Acid Metabolism

Techniques for formulating feed for farm
animals are based mainly on whole-animal
studies, for the most part being designed to
describe input and output situations
developed to maximize productivity for
given levels of financial expenditure (essen-
tially equating to nutritive value of feed
ingredients). The majority of early models
of protein metabolism were simple in inter-
pretation and were readily applicable to the
feed industry. Early protein schemes were
empirical models used to predict nitrogen
requirements for growth and lactation (e.g.
ARC, 1980; AFRC, 1984) and were based on
the calculation of constants used to describe
specific events in the gut and peripheral
tissues. It is now recognized that these
models are oversimplistic, and the reliance
on average constants which do predict
changes in response to perturbations in
nutrient input is a major problem. Increased
knowledge about metabolism in individual
tissues has brought about a more integrated
approach to modelling, incorporating a
series of compartmentalized sub-models
which are combined to provide a mechanis-
tic integrated system which can still be
applied in the feed industry (Hanigan et al.,
1997). In order to describe amino acid
requirements, these models adopt different
approaches. The model described by
Baldwin et al. (1987) introduced the
concept of dynamic relationships integrated
over time for three tissue types: lean body,
adipose tissue and the viscera. This model
treats amino acids as a single pool but
allows competition between tissues for
amino acids and different rates of tissue
utilization. Gill et al. (1989) adopted a fully
integrated approach which takes account of
the effects of amino acid metabolism
through ten tissue beds supplied from a sin-
gle blood amino acid pool. The model does
not include mammary metabolism and is
necessarily complex using, as it does, data
for ten different tissues. The Cornell net
carbohydrate and protein system (CNCPS)
includes sub-models of post-absorptive
amino acid metabolism in which amino
acid metabolism is split into discrete func-

tions including needs for lactation, growth,
urine and metabolic faecal losses, and scurf
(O’Connor et al., 1993). The whole-animal
and whole-tissue models described above
are now supplemented by an increasing
number of models in which intermediary
metabolism of selected amino acids in some
organs is added to the flux through the
aggregated pool (Hanigan et al., 1997, 1998).

Conclusions

It is apparent that amino acid flux in blood
represents the summation of a large number
of processes in individual tissues. In farm
livestock, the need to understand and
quantify these processes is essential in order
to optimize the use of dietary protein for
animal production and minimize the impact
of nitrogen loss from animal agriculture on
the environment. The relationship between
protein synthesis and degradation in indi-
vidual tissues and the magnitude of the flux
of amino acids between tissue beds and the
plasma pool in the young growing lamb has
been summarized (MacRae, 1993) and is
shown in Fig. 3.2. These data provide a clear
picture of the partition of amino acid meta-
bolism between anabolic and catabolic
processes in different tissues and the rela-
tionship between total protein synthesis
(280 g day1) and protein accretion (39g
day1). In this respect, gut and skin repre-
sent ~50% of total protein synthesis on a
daily basis but only contribute 10% towards
protein accretion, whereas for muscle the
values are 17.5 and 36%, respectively. The
partition between these processes differen-
tiates tissues in terms of their functions
within the animal and often represents
specific amino acid requirements; for
example mucin production by the gut and
export protein synthesis in the liver
Changes in the overall requirements of an
individual tissue will inevitably have an
effect on the balance of amino acid supply to
others. In this respect, all tissues are ‘com-
peting’ within the same amino acid pool,
apart from the gut and liver both of which
receive an exogenous supply of amino acids
from the diet which supplements the
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Fig. 3.2. Protein turnover rates (g day~) in different body components of young weaned lambs. Amino acid
(AA) flux from the AA pool to a particular tissue represents protein synthesis, whereas flux into the AA pool
represents protein degradation; Ps represents body protein synthesis. Reproduced with permission from

MacRae (1993).

‘endogenous’ provision via arterial blood. In
addition to tissue amino acid supply
originating from the plasma pool, studies in
muscle and mammary gland have identified
the possible role of peptides in ensuring
sufficient balance of amino acids for tissue
synthetic requirements. This concept has
been extended more recently to include
plasma proteins, specifically the liver export
proteins, as further ‘currency’ in the
exchange between tissues. The relative

importance of these different sources and
the mechanisms involved in the control of
amino acid flux to specific tissues are
unknown. An understanding of these pro-
cesses and the fundamental questions con-
cerning regulation of the anabolic and
catabolic fate of amino acids within tissues
is essential if we are to improve our ability
to formulate rations to meet the require-
ments of both ruminant and non-ruminant
livestock.
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Chapter 4
Phenethanolamine Repartitioning Agents

D.E. Moody, D.L. Hancock and D.B. Anderson

Research and Development, Elanco Animal Health,
Greenfield, Indiana, USA

Introduction

Phenethanolamine leanness-enhancing
repartitioning agents have been studied in
livestock species for nearly two decades.
Work leading to the discovery of new com-
pounds with repartitioning effects began at
several pharmaceutical laboratories in the
late 1970s. Patents were issued and initial
reports were made in the mid-1980s (e.g.
Asato et al., 1984; Anderson et al., 1987a;
Convey et al., 1987; Veenhuizen et al.,
1987). Since the mid-1980s, data have been
generated to define the physiological
effects and the parameters needed to
optimize the response. One of these com-
pounds manufactured by Hoechst Roussel
Vet, zilpaterol, has been cleared for use and
is being sold in South Africa and Mexico.
Ractopamine, an Elanco Animal Health
products, is cleared for use in swine in the
us.

Several reviews of phenethanolamine
repartitioning agent use in livestock have
been published. Anderson et al. (1991)
provide an extensive review with >360
citations, Moloney et al. (1991) provide a
particularly complete summarization of
the efficacy of various compounds, and

Mersmann (1998) provides an updated
review of mechanism of action. The objec-
tives of this chapter are: (i) to summarize
the effects of phenethanolamines on
growth and carcass traits, including a
review of factors that influence those
effects; (ii) to describe the mode of action
of phenethanolamines in livestock and
explore topics currently under investiga-
tion that could contribute to a better under-
standing of their efficacy; (iii) to present
safety information surrounding the use of
phenethanolamines; and (iv) to discuss

potential implications of the wuse of
phenethanolamines in the livestock
industry.

Effects of Phenethanolamines
in Livestock

Compounds

The phenethanolamines are a general class
of compounds that have been used success-
fully in human medicine for many years
(Hoffman and Lefkowitz, 1996). More
recently, the potential use of these
compounds in improving the efficiency of
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livestock production has been evaluated
(see reviews by Anderson et al, 1991;
Moloney et al., 1991; Mersmann, 1998).
The compounds most commonly studied
include cimaterol, clenbuterol, 1.-644,969,
ractopamine, salbutamol and zilpaterol
(Fig. 4.1).

Summary of effects

Phenethanolamines are often referred to as
repartitioning agents because of their
ability to redirect nutrients away from
adipose tissue and toward muscle (Ricks et
al., 1984). In general, the effects of
phenethanolamines are: (i) increased rate of
weight gain; (ii) improved feed utilization
efficiency; (iii) increased leanness; and (iv)
increased dressing percentage. Using
ractopamine in swine as an example, a
summary of the effects of phenethano-

e

[l Cimaterol (32)
N

S oa

cl Clenbuterol {2)

QH
N
X
=
N N

L-644,969 (32)

H,N

lamines is presented in Fig. 4.2
Phenethanolamine efficacy has been
demonstrated for lambs, broilers, turkeys,
beef cattle and swine, although not all
phenethanolamines are equally effective in
all species (see Anderson et al., 1991).
Although comparisons across studies are
difficult to make due to differences in
compounds studied, dosage, duration and
response parameters measured, a sum-
marization of the available data on all
phenethenolamines shows that cattle and
sheep give substantially larger responses to
phenethanolamines than swine, with the
smallest response in chickens. Turkeys
appear to be intermediate, although this
represents data from only ractopamine
(Wellenreiter, 1991; Mersmann, 1998; Fig.
4.3). The lower response in chickens may
be due to intensive selection for growth rate
in chickens, thus less potential for improve-
ment; or perhaps due to species differences

H
OA/N
HO

Ractopamine (B1)

OH

@K

Salbutamol (32)

N

Zilpaterol ($2)

Fig. 4.1. Structure of several phenethanolamines evaluated as leanness enhancers in livestock. Current
classifications of receptor subtype selectivity (31- or B2-adrenergic receptor) are indicated.
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Growth performance

50 days

Control

150.5 kg Feed

o 46 days

Phenethanolamine
repartitioning agent
Ca

132 kg Feed

Carcass dressing percentage 75.4 kg 74.5 kg
Boneless, closely trimmed cuts
Ham 14.30 kg 13.25 kg
Loin 11.17 10.65
Shoulders 11.85 11.20
Belly 10.20 10.25
Total dissectible carcass lean 43.88 kg 39.34 kg

Fig. 4.2. Summary of the performance and carcass effects of ractopamine in swine. On average, pigs fed
ractopamine from a body weight of 60 kg will reach 100 kg 4 days earlier and require 18.5 kg less feed

compared with pigs without ractopamine treatment. The carcass of the 100 kg, ractopamine-fed pig will
also have an improved dressing percentage (+0.9 kg hot carcass weight) and more dissectible carcass

lean (+4.5 kg; adapted from Watkins et al., 1990).

in PB-adrenergic receptor selectivity and
signalling pathways (Mersmann, 1998). In
addition, stage of growth of the chicken at
dosing relative to mammals may contribute
to these species’ differences in response.

There is also a substantial difference in
response between phenethanolamines. The
basis for the differences may lie in the
specificity of a particular compound for
adrenergic receptors (B1 versus B2 selec-
tivity). For example, the p2-selective
phenethanolamines clenbuterol, cimaterol
and L-644,969 are particularly effective in
sheep and cattle, but less effective in
swine. The B1-selective phenethanolamine
ractopamine is less effective in ruminants,
particularly sheep (unpublished data not
shown), but administration to swine has
given consistent increases in both growth
performance and carcass leanness as shown
in Fig. 4.2.

Factors that influence response
to phenethanolamines

Several factors including diet, dosage and
duration of treatment, age, weight and
genetics have been shown to influence the
response to phenethanolamines (Table 4.1).
It will be important to understand inter-
actions of these factors with phenethano-
lamines if the use of phenethanolamines in
the livestock industry is to be implemented
successfully.

Diet
The interaction between dietary protein
content and repartitioning agent treatment
was first reported by Anderson et al.
(1987b). In general, livestock fed
phethanolamines require increased dietary
protein to accommodate increased rates of
lean deposition. In swine, dietary protein
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Fig. 4.3. Species differences in gain, feed efficiency and leanness with phenethanolamine administration.
Values are relative differences compared with cattle. (Adapted from Mersmann, 1998; Wellenreiter, 1991.)

levels 2167 g kg~! were required to achieve
a significant response to ractopamine
(Dunshea et al., 1993). Similarly, Mitchell
et al. (1994) reported greater improvements
in gain and carcass leanness in pigs that
consumed an 180 relative to a 120 g kg™
crude protein diet in combination with the
phenethanolamine BRL47672, and Jones et
al. (1988) concluded that rations contain-
ing 160—-200 g kg™! crude protein or lysine
equivalent were needed in swine to
optimize the growth performance response
to ractopamine. However, in contrast to the
protein levels needed for maximum gain,
increased carcass leanness in ractopamine-
fed pigs may be achieved at lower crude
protein levels (Ji et al., 1991; Jones et al.,
1992). In broilers, a linear response to
dietary protein levels (220, 240 and 260 g
of protein kg~1) was observed in combina-
tion with clenbuterol treatment (Hamano et
al., 1998). These authors concluded that
increased protein consumption is impor-
tant to achieve maximal gains in body
weight gain and protein to DNA ratio in
clenbuterol-fed birds. Together, these
studies indicate that increased dietary
protein levels are essential to achieve the

maximum benefit of treatment with
phenethanolamines in swine and poultry.
Models can be used for estimating the
specific level of dietary protein required
based on anticipated rates of protein accre-
tion (National Research Council, 1998).

Data describing the effect of protein on
the response to phenethanolamines in
ruminants are limited. However, Beermann
et al. (1986) observed improved perform-
ance in cimaterol-treated sheep that were
given supplemental by-pass protein. More
work is needed in this area to confirm the
interactions between phenethanolamines
and nutrition in ruminants.

Duration of treatment
Phenethanolamines are often effective for a
limited time period due in part to the
desensitization or down-regulation of
activated B-adrenergic receptors (see dis-
cussion in Mode of Action). The length of
treatment before effects on weight gain
begin to plateau varies for different com-
pounds and species (see Table 4.2), but
will probably limit the use of phene-
thanolamines to the final finishing phase in
most cases. In ractopamine-treated swine,
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Table 4.1. Factors that influence response to treatment with phenethanolamines (see text for references).

Factor Requirement

Compounds studied ~ Species studied

Dietary protein Greater response with higher

dietary protein

Clenbuterol
BRL47672
Ractopamine

Pigs, broilers, rats

Duration of treatment ~ Greater response during final Cimaterol Pigs, cattle, sheep
finishing phase Clenbuterol
L-644,969
Ractopamine
Dosage Differential effect on growth and Ractopamine Pigs
leanness
Age or weight Greater response with older, heavier Cimaterol Pigs, cattle
animals Ractopamine
Genetics Effective in both fat and lean Cimaterol Pigs, mice

genetics

Ractopamine

average daily gain began to plateau after 3
weeks (Williams et al., 1994), but benefits
to carcass composition continued as
ractopamine duration increased (Anderson
et al., 1987a; Williams et al., 1994).

Dosage
There is a differential effect of dosage on
the response of meat animals to
phenethanolamines. As an example, when
ractopamine is fed to swine, low dosages
significantly improve weight gain and feed
efficiency, and, to a lesser degree, carcass
parameters. In contrast, higher dosages
improve weight gain, feed efficiency and
carcass parameters (Fig. 4.4). Weight gain is
optimized at low dosages and is
diminished at dosages >20 mg kg~! due to
reductions in feed intake. Alternately, lean-
ness and dressing percentage continue to
improve through the highest dosage tested

(30 mg kg™1). These differential responses
allow a selection of dose to optimize value
under varying economic conditions (Fig.
4.4).

Age or weight
Typically, phenethanolamines are most
efficacious when administered to older,
heavier animals. Vestergaard et al. (1994)
treated bulls with cimaterol for 90 days
beginning at 162, 299 and 407 kg
liveweight. The weight gain response to
cimaterol increased from 10% for the
162 kg liveweight group to 25 and 22% at
299 and 407 kg, respectively, while the
absolute difference in carcass gains were
18, 28 and 37 kg for the three weight
groups, respectively. In pigs, cimaterol
failed to effect growth or carcass traits
in young growing animals (10-60 kg;
Mersmann et al., 1987), and ractopamine

Table 4.2. Phenethanolamines are effective for a relatively short period of time before response, measured

as weight gain, reaches a plateau.

Drug Species Time (weeks) until response plateaus Reference

Cimaterol Sheep 3 O’Connor et al. (1991a)
L-644,969 Sheep 2 Pringle et al. (1993)
Clenbuterol Cattle 5 Sillence et al. (1993)
Cimaterol Cattle 10-16 Fiems et al. (1990)
Cimaterol Cattle 8 Barash et al. (1994)
Ractopamine Pigs 3 Williams et al. (1994)
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120

Percentage of maximal response

Ractopamine dose (mg kg~')

Fig. 4.4. Ractopamine dose-response relationship in swine. Beneficial effects on average daily gain (ADG)
and feed efficiency (F/G) are achieved at lower dosages. However, higher doses are required to optimize the
benefits on carcass leanness (Lean) and dressing percentage (DP). Data are adapted from Watkins et al.

(1990).

had greater effects in heavier animals
(Anderson et al., 1988; Jones et al., 1990).
These results demonstrate that the greatest
responses would be obtained from the use
of phenethanolamines in heavier weight
animals. This, along with limited duration
of effectiveness, may direct the use of
phenethanolamines to the final finishing
phase of production systems.

Genetics
Phenethanolamines have been proven
effective across a variety of genetic back-
grounds. In particular, ractopamine has
been shown to be equally effective in
Landrace and Hampshire crossbred pigs
Mills et al.,, 1990) and in Meishan,
Meishan crossbred and US crossbred pigs
(Yen et al., 1991). Cimaterol also increased
lean and decreased fat similarly in genetic-
ally lean and obese pigs (Yen et al., 1990).
A significant  interaction  between
ractopamine and genotype was reported
for lean growth rate, but not for growth
performance or carcass merit, by Gu et al.
(1991a,b). In this study, a greater response
to ractopamine was observed in pigs from

leaner genotypes. Bark et al. (1992) also
reported a significant interaction between
genotype and  ractopamine since
ractopamine caused a greater increase in
muscle accretion in pigs with a high
genetic capacity for lean growth relative to
a low genetic capacity. Finally, Eisen et
al. (1988) reported a significant line X
cimaterol interaction in mice. In this
study, mice from lines selected for rapid
3-6 week post-weaning gain showed a
greater response to cimaterol treatment
than did mice from unselected control
lines. Thus, it appears that phenethanol-
amines will be effective across divergent
genetic backgrounds, but greater responses
may be obtained from animals selected for
superior genetic potential for lean tissue
accretion.

Phenethanolamines and meat quality

The effects of phenethanolamine reparti-
tioning agents on meat quality can be both
positive and negative. For the purposes of
this discussion, meat quality is defined as

o
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cooked meat palatability or those factors
that are thought to influence meat palata-
bility. These include cooked meat sensory
panel tenderness, juiciness and flavour, as
well as fresh meat quality factors such as
colour, firmness, marbling and water-
holding capacity of the muscle. When con-
sidering effects on meat quality, it must be
remembered that reductions in carcass fat
either through genetic selection or nutri-
tional manipulation generally result in
decreased tenderness and juiciness of the
resulting edible meat (Wood and Warriss,
1992).

Tenderness
Phenethanolamines have the potential to
reduce meat tenderness. These observed
effects on meat quality appear to be
dependent on dosage and the specific
phenethanolamine under investigation, as
well as the species of livestock studied
(Merkel, 1988). An increase in the shear
force required to cut through a standard
cooked strip of muscle has been reported
for phenethanolamines in poultry, cattle,
sheep and pigs in response to specific
phenethanolamines and experimental
conditions (examples included in Table
4.3). Some effects of phenethanolamines on
tenderness appear to be the result of
decreased fat content, but some are clearly
greater than that which would be expected
for increased leanness alone. Early studies
with B2-selective adrenergic receptor
agonists in sheep and cattle gave significant
reductions in tenderness. This reduced
tenderness is thought to be related to an
effect on the calpain protease system, and
specifically to an increase in the level of
calpastatin, an inhibitor of muscle protein
degradation (Koohmaraie, 1992). It has
been demonstrated that the mechanism of
action of these B2-selective compounds is
primarily through a reduction in the rate of
muscle protein degradation in vivo (Reeds
et al., 1986; Bohorov et al.,, 1987) and is
therefore consistent with an increase in
calpastatin.

A reasonable criterion for any
phenethanolamine that is to be success-
fully developed for market is to affect

tenderness no more than expected from the
direct effect of increasing leanness. The
effects of ractopamine and zilpaterol on
meat tenderness appear to be less severe
than those of clenbuterol, cimaterol and
L-644,969 in sheep and cattle. Although
increases in shear force values have been
reported in pigs fed ractopamine (Aalhus et
al., 1990; Uttaro et al., 1993), other shear
testing and taste panel studies detected no
difference in meat tenderness due to
ractopamine treatment (Merkel et al., 1990;
Stites et al., 1994; Jeremiah et al., 1994a,b).
Zilpaterol also appears to have minimal
effects on meat tenderness in cattle. Casey
et al. (1997a) observed greater shear force
values in steers treated with zilpaterol
compared with controls, but shear force
values for treated steers were not different
from untreated steers with similar fat con-
tent. In another study, no significant effect
of zilpaterol treatment on tenderness was
observed (Casey et al., 1997b). The increase
in shear force values reported in animals
treated with ractopamine and zilpaterol
may be a reflection of differences in fatness
of these animals. For example, Uttaro et al.
(1993) found a greater difference in shear
force value and leanness between gilts and
barrows than between ractopamine-treated
and control pigs. The minimal effect that
ractopamine has on tenderness may also be
related to its mechanism of action on
muscle protein accretion. Ractopamine has
been shown to increase muscle protein
synthesis in swine, with no apparent
decrease of protein degradation (Bergen et
al.,, 1989). It has also been shown that
ractopamine has no effect on muscle
calpastatin levels in swine (see Mode of
Action, Skeletal Muscle). These apparent
differences in mechanism may be related
to the primary P1-adrenergic receptor
selectivity of ractopamine compared with
the B2-adrenergic receptor selectivity of
clenbuterol, cimaterol and L-644,969.
Therefore, tenderness effects of the
phenethanolamines currently in use or
under development (zilpaterol and
ractopamine) appear to be similar to
qualitative effects normally associated
with leanness.
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Juiciness
Genetic selection for leanness results in a
consistent decrease in cooked meat juici-
ness (Wood and Warris, 1992). A meat
quality advantage of phenethanolamine
repartitioning agents is that they improve
leanness without reducing juiciness. This
could be related to a lack of effect on
marbling. Aalhus et al. (1990) showed
reductions in both subcutaneous and
intermuscular (seam) fat in swine fed
ractopamine with no reduction of intra-
muscular fat. Merkel et al. (1990) and
Anderson et al. (1988) showed a similar
effect, although the phenomenon was time
related. Short-term feeding of phene-
thanolamines results in a decrease in only
subcutaneous and seam fat, while longer
term treatment also affects marbling (Fig.
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4.5). Therefore, longer term treatment with
phenethanolamines may also result in
reduced juiciness as seen with genetic
selection for leanness. Short-term treatment
with phenethanolamines at the end of the
finishing period should allow improved
leanness without affecting juiciness.

Additional meat quality traits
Merkel (1988) reported that phenethano-
lamine treatment has negligible effects on
additional qualitative traits such as meat
flavour, colour, firmness, marbling and
water-holding capacity (WHC). More recent
work has shown small, but consistent effects
on colour (Uttaro et al., 1993; Schroeder,
personal communication, 1999) and WHC
(Uttaro et al., 1993). Ractopamine feeding
results in a small, but consistent reduction

B Subcutaneous, seam fat,
and marbling

[0 Seam fat and marbling
[OJ Marbling

7.5

Treatment length (weeks)

Fig. 4.5. Effect of length of ractopamine feeding on carcass fat content of finishing pigs. Ether extracts of
subcutaneous + seam fat + marbling, seam fat + marbling, and marbling are shown as a percentage of the
control for four treatment lengths. Marbling appears to be depleted more slowly than other fat depots. (Data

adapted from Anderson et al., 1988.)
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in muscle colour score. Objective colour
measurements of fresh loin and ham show
significant reductions in ‘a’ value (redness)
and ‘b’ value (yellowness) with no effect on
‘L’ value (lightness; Table 4.4). A reduction
in the ‘a’ value suggests that the concentra-
tion of myoglobin may be reduced in pigs
fed ractopamine. The reason is probably
due to a shift in muscle fibre type in
ractopamine-treated pigs, increasing the size
and percentage of white fibres (Aalhus et al.,
1992; Table 4.5). This shift is accompanied
by an improvement in WHC (Uttaro et
al., 1993; Table 4.6). This benefit was
unexpected but may be related to greater
functionality of muscle protein from muscle
with high white fibre content (Parsons and
Knight, 1990), translating to decreased cook-
ing losses and increased processing yields
(Uttaro et al., 1993; Table 4.6).

Fat composition
Variable and minor effects of ractopamine
feeding on fatty acid profiles in swine have
been reported (Engeseth et al, 1992;
Perkins et al., 1992). A reduction in choles-
terol content in muscle of pigs treated with
ractopamine was reported by Perkins et al.
(1992). These authors measured cholesterol
content in longissimus dorsi muscles of 144
pigs representing two different trials. Two
levels of ractopamine (10 or 20 mg kg™ 1)
were fed in each trial. Ractopamine treat-
ment reduced cholesterol content in both
trials, with an overall reduction of ~9%.

Table 4.4. Objective colour measurements of fresh
pork loin and ham muscles (adapted from Uttaro et
al., 1993).

Ractopamine (mg kg™")

0 20

Loin (longissimus dorsi)

L value (lightness) 46.32 45.84

a value (redness) 7.59 6.482

b value (yellowness) 3.14 2.42b
Ham (gluteus medius)

L value (lightness) 44.37 43.47

a value (redness) 9.57 8.222

b value (yellowness) 3.98 3.052

Table 4.5. Effect of ractopamine on myofibre
distribution and diameter in swine (adapted from
Aalhus et al., 1992).

Ractopamine treatment

(mg kg™

0 20
Number of animals 23 22
Red (%) 14.38 12.35
Intermediate (%) 12.86 10.392
White (%) 72.81 77.26P
Red (pz) 2480 2564
Intermediate (p?) 1783 2216
White (p?) 3467 4048b

ap < 0.01; PP < 0.05.

Engeseth et al. (1992) reported a similar
trend, but with variable responses from
limited numbers of pigs. A significant inter-
action affecting cholesterol content was
identified between ractopamine treatment
and sex by Uttaro et al. (1993). The feeding
of ractopamine resulted in a 14% decrease
in the cholesterol content of longissimus
dorsi muscle of barrows, but did not affect
cholesterol content of gilts. The difference
between ractopamine-treated and control
pigs without considering the sex interaction
was 8.6%, which is similar to that reported
by Perkins et al. (1992).

Mode of Action of
Phenethanolamines
Adipose tissue

The effects of phenethanolamines on adi-
pose tissue are facilitated by B-adrenergic

Table 4.6. Effect of ractopamine on quality
characteristics of loin and ham in pigs (adapted
from Uttaro et al., 1993).

Ractopamine (mg kg™)

0 20
Loin drip loss (%) 6.4 43
Loin cooking loss (%) 25.7 24.42
Ham processing yield 96.4 99.5b
Bacon processing yield 95.5 97.1

ap < 0.01; PP < 0.05.

2P < 0.05; PP < 0.01.
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receptors. Activation of B-adrenergic
receptors is coupled to Gs proteins
and activation of adenyl cyclase, which
converts adenosine triphosphate (ATP) to
cyclic adenosine monophosphate (cAMP),
an intracellular signalling molecule. The
cAMP is thought to bind the regulatory
subunit of protein kinase A to release its
catalytic subunit. Regulation of intra-
cellular enzymes is then accomplished
through phosphorylation by protein kinase
A (Fig. 4.6).

Activation of B-adrenergic receptors
and the cAMP signalling pathway by
phenethanolamines results in the activa-
tion of hormone-sensitive lipases and
inactivation of lipogenic enzymes involved
in de novo synthesis of fatty acids and
triglycerides (Fain and Garcia-Sainz, 1983;
Mersmann, 1987). Specific effects of
phenethanolamines on adipose tissue have
been studied in several species. For
example, in vivo adiministration of
ractopamine to swine enhances in vitro
release of free fatty acids and depresses the

activity of lipogenic enzymes in adipose
tissue (Merkel et al., 1987). Ractopamine
also depresses lipogenesis and triacyl-
glycerol synthesis in the adipogenic cell
line TA1 (Dickerson et al., 1988), inhibits
fat cell proliferation of stromalvascular
cells obtained from rat inguinal fat pads
(Jones et al.,, 1987) and inhibits fat cell
responsiveness to insulin (Williams et
al., 1987; Hausman et al., 1989). Thus,
phenethanolamines have the potential to
increase the rate of lipolysis and decrease
the rate of lipogenesis in adipose tissue via
several mechanisms.

Skeletal muscle

The anabolic effects of phenethanolamines
that result in muscle cell hypertrophy,
muscle fibre type changes (Table 4.5) and
increased lean mass (Beermann et al.,
1986; Maltin et al., 1986; Kim et al., 1987)
are often attributed to activation of the
B-adrenergic receptor pathway. However,

B-Adrenergic agonist

BAR
Py | Membrane
s
-,
ATP cAMP

PKA

inactive

PKA

active

|

Enzyme

phosphorylation

Fig. 4.6. Mechanism of signal transduction from B-adrenergic receptors (BAR). The B-adrenergic receptor is
activated by an agonist and interacts with Gs proteins. The Gs proteins stimulate adenylyl cyclase (AC) to
convert adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cCAMP) which acts as an intra-
cellular signalling molecule. Increased levels of cAMP activate protein kinase A (PKA) to phosphorylate
many enzymes and regulatory factors important in metabolic regulation (see text for references).
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conclusive evidence linking activation of
B-adrenergic receptors to the anabolic effects
of phenethanolamines in livestock has yet to
be presented. In rodents, antagonists of
B-adrenergic receptors have been used
in combination with agonists in efforts
to block the anabolic effects of
phenethanolamines. Reeds et al. (1988)
used propranolol, a non-selective B1- and
B2-antagonist, and atenolol, a B2-specific
antagonist, in  combination  with
clenbuterol in rats. The antagonists were
administered orally at dosages 10-100
times greater than those of clenbuterol. The
effects of clenbuterol on energy expendi-
ture, cardiac growth and fat deposition
were attenuated by the p-adrenergic
receptor antagonists, but the effect of
clenbuterol on muscle growth was not
affected. Thus, these authors questioned
whether the anabolic effects of clenbuterol
were mediated by B-adrenergic receptor
activation. The results of Reeds et al
(1988) were confirmed by MacLennan and
Edwards (1989) when similar dosages of
clenbuterol and propranolol were adminis-
tered orally to rats. However, MacLennan
and Edwards (1989) also administered
propranolol by intraperitoneal injection,
followed by subcutaneous injection of
clenbuterol. Using this protocol, the ability
of clenbuterol to induce muscle hyper-
trophy was blocked by propranolol,
suggesting the involvement of B-adrenergic
receptors. Likewise, Choo et al. (1992)
showed that the anabolic effects of
clenbuterol were inhibited by the B2-specific
antagonist ICI-118,551, as well as by high
dosages of propranolol administered orally.
These authors also observed that when the
anabolic effects of clenbuterol were
inhibited by PB-receptor antagonists, the
lipolytic effects of clenbuterol were not
affected. Thus, although the anabolic
effects of clenbuterol were blocked by B-
adrenergic receptor antagonists, they may
not be facilitated by the same mechanisms
that elicit changes in adipose tissue. It
must also be recognized that these results
represent the effects of specific agonists
and antagonists in rats and have not been
confirmed in livestock species to date.

Mechanisms responsible for the
anabolic effects of phenethanolamines in
livestock were investigated initially by
measuring fractional protein synthesis and
degradation rates in vivo. Individual
studies reported increased, decreased and
unchanged rates of protein synthesis and
degradation following treatment with
phenethanolamines (see Moloney et al.,
1991). The variability across studies is
likely to be due in part to differences in the
phenethanolamine wused, its receptor
specificity, the species studied, and the
dose and duration of treatment. In general,
results from these studies support the
hypotheses that protein synthesis is
enhanced and/or protein degradation is
inhibited by treatment with the B2-agonists
cimaterol, clenbuterol and L-644,969 (see
Moloney et al., 1991), whereas only protein
synthesis is affected by the P1-agonist
ractopamine (Bergen et al., 1989).

Alternatives to measuring total protein
synthesis or degradation are to measure
total RNA produced in skeletal muscle,
mRNA expression of specific genes or the
activity of specific enzymes important in
protein synthesis or degradation. Increased
protein  synthesis in response to
phenethanolamines has been suggested
based on increased total RNA and mRNA
of a-actin in skeletal muscle of pigs treated
with ractopamine (Bergen et al, 1989;
Helferich ef al., 1990) and sheep treated
with 1-644,969 (Koohmaraie et al., 1991).
Smith et al. (1989) reported an increase in
the mRNA abundance of myosin in cattle
treated with ractopamine, and Helferich et
al. (1990) showed increased expression of
additional unidentified muscle proteins by
ractopamine-treated pigs based on the
results of an in vitro translation assay.

Protein degradation rates have been
predicted based on the expression and
activity of proteolytic degradative enzymes.
The calpains (pM and mwm) are intracellular
non-lysosomal calcium-dependent neutral
proteases that contribute to protein degrada-
tion, and calpastatin is an endogenous
inhibitor of the calpains. The calpain
isoforms are named after their sensitivities
to calcium required for activation. The pm
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calpain requires 3-50 pM calcium, and the
mM calpain requires 400—800 pM calcium
for one-half maximal activity (Goll et al.,
1998). Thus, nM calpain is the physiologic-
ally active isoform. For a review of the
calpain system and skeletal muscle growth,
including the effects of various
phenethanolamines on the calpain system,
see Goll et al. (1998). In general, there is
good correlation between enzyme or
inhibitor activity and mRNA expression
(Bardsley et al., 1992). An increase in
calpastatin expression and activity com-
bined with a decrease in um calpain,
suggesting a net decrease in protein
degradation, has been observed in cattle
treated with cimaterol (Parr et al., 1992)
and in sheep treated with L-644,969
(Kretchmar et al., 1990; Koohmarie et al.,
1991; Pringle et al., 1993). In contrast, Ji
(1992) observed an increase in mMm calpain
activity in pigs treated with ractopamine,
but detected no significant differences in
1M calpain or calpastatin activity. Similarly,
Bergen et al. (1989) reported increased
activity of cathepsin L, but not of cathepsin
B and H, nor the calcium-dependent
proteases following ractopamine treatment
in pigs. Consistent with the in vivo protein
synthesis and degradation studies, this
suggests that ractopamine does not affect
protein degradation. One possible explana-
tion for the conflicting results on muscle
protein  degradation in response to
phenethanolamine treatment may relate to
the differences in B-adrenergic receptor
specificity of ractopamine (81) compared
with cimaterol and L-644,969 (B2). It may
be postulated that activation of the B2-
adrenergic receptor stimulates both an
increase in protein synthesis and a
decrease in protein degradation, while
activation of the P1-adrenergic receptor
affects only protein synthesis.

Protein synthesis and degradation in
response to phenethanolamine treatment
have also been evaluated in vitro using
skeletal muscle cell cultures, but with
varying results. Some authors concluded
that phenethanolamines do not have a
direct effect on cultured muscle cells,
while others reported increased protein

synthesis or increased protein synthesis
combined with decreased degradation as
direct responses to phenethanolamine
treatment (see Mersmann, 1998). As with
all in vitro studies, these results must be
interpreted with caution as they do not
represent the true muscle cell environment
found in vivo. Bridge et al. (1998)
suggested that some of the variation among
in vitro studies may be attributed to differ-
ences in the densities and sub-populations
of B-adrenergic receptors present in
cultured muscle cells.

Endocrine effects

It has been suggested that the repartition-
ing effects of phenethanolamines may be
due in part to opposing effects of
phenethanolamines on insulin sensitivity
in adipose tissue versus skeletal muscle
(Anderson et al.,, 1991). Decreased sensi-
tivity to insulin in response to B-adrenergic
agonists has been demonstrated in
adipocytes from rats (Hausman et al., 1989)
and pigs (Liu and Mills, 1990), while
increased sensitivity to insulin following
prolonged treatment with B-adrenergic
agonists has been observed from soleus
muscle of rats (Budohoski et al.,, 1987).
However, adipocytes isolated from mice
treated with clenbuterol did not differ from
controls in sensitivity to insulin (Orcutt et
al., 1989), and insulin binding to mouse
adipocytes following in vivo administra-
tion of ractopamine and clenbuterol was
not significantly affected (Dubrovin et al.,
1990). Studies using the hyperinsulinaemic,
euglycaemic clamp technique in cattle
identified only a transient decrease in
insulin sensitivity following clenbuterol
administration (Sternbauer et al., 1998), and
no change in insulin sensitivity or
responsiveness  following  ractopamine
administration (Eisemann and Bristol, 1998).
Therefore, the significance of changes in
insulin sensitivity or responsiveness identi-
fied in vitro to the overall in vivo effects of
phenethanolamines is unclear.

The effects of phenethanolamines on
circulating hormones known to influence
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growth and metabolism have been
measured in efforts to identify indirect
mechanisms by which phenethanolamines
may influence growth and body composi-
tion. In sheep administered cimaterol,
increased growth hormone and T4, and
decreased insulin-like growth factor 1
(IGF-1) concentrations were observed after
6 weeks of treatment (Beermann et al.,
1987). In contrast, O’Connor et al. (1991b)
observed no change in IGF-1 and decreased
T4 concentrations after 3 weeks of
cimaterol treatment in sheep. Young et al.
(1995) also reported no significant change
in IGF-1 concentration following chronic
administration of clenbuterol in sheep. In
cattle treated with cimaterol, Chikhou et al.
(1991) reported an acute decrease in mean
growth hormone concentration, followed
by a chronic increase in growth hormone
and decrease in IGF-1 concentrations. Also
in steers treated with cimaterol, Dawson et
al. (1993) identified no significant differ-
ences in mean concentrations of growth
hormone or IGF-1. These authors also
observed an absence of regular growth
hormone secretion cycles in cattle treated
with cimaterol, suggesting that cimaterol
treatment may have disrupted the rhythm
of growth hormone secretion. In broilers
treated with clenbuterol, Buyse et al.
(1991) reported no consistent effects on
plasma thyroid hormone, growth hormone,
IGF-1 or corticosterone concentrations.

In general, the effects of phene-
thanolamines on hormone concentrations
have been insignificant or inconsistent
across studies, indicating that these
hormones are probably not important to
the mechanism of action of phenethano-
lamines. Further evidence that the effects
of phenethanolamines are not mediated
through the growth hormone axis is
provided by investigations of the effects of
phenethanolamines and growth hormone
administered in combination. Additive
effects of growth hormone with clenbuterol
in cattle (Maltin et al., 1990), salbutamol in
pigs (Hansen et al., 1997) and ractopamine
in pigs (Jones et al., 1989) were identified,
suggesting that the growth-promoting
effects of these compounds are mediated

by different mechanistic pathways.
Additionally, it has been shown recently
using direct hind-limb arterial infusion of
steers that increased muscle protein accre-
tion in response to cimaterol treatment is
due to direct actions on the muscle, rather
than indirect effects such as cardiovascular
activity, endocrine status or splanchnic
tissue metabolism (Byrem et al., 1998).

Blood flow

Increased blood flow has been demon-
strated in cattle (Eisemann and
Huntington, 1993; Byrem et al., 1998),
sheep (Aurousseau et al., 1993) and pigs
(Mersmann, 1989) in response to
clenbuterol or cimaterol treatment. This
response may enhance the effects of
phenethanolamine treatment on skeletal
muscle and adipose tissue by delivering
increased amounts of substrate and
energy source to skeletal muscle for pro-
tein synthesis, and by carrying non-esteri-
fied fatty acids away from adipose tissue
to enhance lipid degradation (see
Mersmann, 1998).

The B-adrenergic family of receptors

Although the effects of phenethanolamines
on skeletal muscle have not yet been
linked directly to activation of B-adrenergic
receptors, the possibility that these
receptors facilitate at least a portion of the
anabolic effects of phenethanolamines
cannot be eliminated. This, combined with
the importance of B-adrenergic receptors in
the regulation of lipid metabolism, make
an understanding of the P-adrenergic
family of receptors critical to discerning
the mechanism of action of phenethano-
lamines in livestock.

Endogenous agonists of the B-adrenergic
receptors include norepinephrine, a neuro-
transmitter produced by the sympathetic
nervous system, and epinephrine, a circulat-
ing hormone produced by the adrenal
medulla. The B-adrenergic receptors are
members of the membrane-bound, G-
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protein-coupled receptor family that has
a characteristic seven transmembrane
domain structure (Fig. 4.7). To date, the
presence of three unique receptors has
been confirmed with the cloning of the
B1-, B2- and B3-adrenergic receptor genes
in several species (Table 4.7). Homology
among the receptor subtypes is relatively
low (30-50%), with conserved amino
acids primarily restricted to the seven
transmembrane domain segments and
membrane-proximal regions of the intra-
cellular loops (Fig. 4.7). Despite these
differences among receptor subtypes,
amino acid sequences of individual sub-
types are highly conserved across species.
For example, the B3-adrenergic receptor
is 80-90% conserved across human,
mouse, rat, canine and bovine amino acid
sequences (see Table 4.7 for references).

The transmembrane domains of the B-
adrenergic receptors have been implicated
in receptor subtype-specific ligand binding.
A series of P1-P2-adrenergic receptor
chimeras was produced by Marullo et al.
(1995) to study the role of the trans-
membrane domains in ligand binding.
These authors concluded that receptor
specificity is determined by unique inter-
actions among agonists and several trans-
membrane  domains. More recently,
individual transmembrane domains of the
B1- and P2-adrenergic receptors were
exchanged to evaluate the role of each
domain individually (Kikkawa et al., 1998;
Kurose et al.,, 1998). Transmembrane
domains 2 and 7 were implicated in
affinity for the P2-adrenergic receptor,
while transmembrane domain 2 was
critical for B1-adrenergic receptor affinity.

Fig. 4.7. Primary structure of the B1-adrenergic receptor. The amino acid sequence of the human B1-
adrenergic receptor is represented by the one-letter code for amino acids. The polypeptide chain is arranged
according to the model for rhodopsin. Shaded amino acids are conserved across the human B1-, 32- and
B3-adrenergic receptors (31% of residues). Amino acids in circles are conserved across the B1-adrenergic
receptor of humans, pigs and sheep (80% of residues; see Table 4.7 for references). Transmembrane domains
are labelled in parentheses.
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Table 4.7. The B1-, B2- and B3-adrenergic receptors have been cloned and sequenced in several species.

Accession Number?

Species p1 B2 B3

Human J03019 J02960 X72861

Monkey X75540 138905 U63592

Mouse L10084 X15643 X72862

Rat J05561 X17607 S73473

Cattle AF188187 786037 X85961

Pigs AF042454 AF000134 U55858 (fragment)
Sheep AF072433 — —

Dog Huang et al. (1997) Huang et al. (1997) U92468

Turkey bM14379 cU13977 —

aAccession numbers refer to the GenBank nucleotide database (www.ncbi.nlm.nih.gov).
bThe sequence is named the avian B-adrenergic receptor and is not necessarily the 81-subtype homologue.
“The sequence is named the B4c-adrenergic receptor and is not necessarily the 2-homologue.

At least four of the seven transmembrane
domains have been shown to be essential
for binding to the PB3-adrenergic receptor
using computer modelling, site-directed
mutagenesis and photoaffinity labelling
(Strosberg, 1997). The second and third
intracellular loops of the P2-adrenergic
receptor are involved in signal transduc-
tion, and similar regions of the third intra-
cellular loop are probably also involved in
interactions that mediate signal transduc-
tion for the P3-adrenergic receptor (see
Strosberg, 1997).

B1- and B2-adrenergic receptors

Phenethanolamines developed for use in
livestock target the B1- and B2-adrenergic
receptors. Agonists of these receptors
have been used in humans for cardiac

inotropic support, the treatment of
asthma, and as uterine relaxants
(Hoffman and Lefkowitz, 1996).

Antagonists of the B-adrenergic receptors,
or B-blockers, are used as treatment for
high blood pressure, migraine, cardiac
arrhythmias and myocardial infarction
(Hoffman and Lefkowitz, 1996). In live-
stock, agonists of both the B1- and B2-
receptors appear to act as repartitioning
agents that shift energy away from adi-
pose tissue and toward skeletal muscle.

The B1- and PB2-adrenergic receptors
are expressed in a variety of tissues. The
rat heart and guinea pig trachea have been
considered prototypical tissues for
studying ligand binding to the B1- and
B2-receptors, respectively. Most tissues
contain a mixture of the p-adrenergic
receptor subtypes with varying densities of
each (Minneman et al., 1979). Expression
of B-adrenergic receptors has been demon-
strated in adipose and skeletal muscle
tissues of livestock species, but the relative
abundance of different B-adrenergic
receptor subtypes has not been clearly
defined (see Mersmann, 1998).

Classification of B-adrenergic
receptor agonists
Classification of subtype selectivity of B-
adrenergic receptor agonists is based on the
ability of agonists and antagonists to stimu-
late or inhibit a particular physiological—
pharmacological response, or to bind to the
receptor (Mersmann, 1995). B-Adrenergic
receptor ligands may be classified by their
binding to human and rodent B-adrenergic
receptors using stably transfected Chinese
hamster ovary (CHO) cells that express a
high copy number of one B-adrenergic
receptor subtype. These cells may be used to
investigate ligand binding as well as ligand
activity (agonist or antagonist) by measuring
CAMP accumulation. To date, the bovine B3-
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adrenergic receptor (Pietri-Rouxel et al.,
1995) and porcine B1- and B2-adrenergic
receptors (Mills, personal communication)
have been expressed in CHO cells. However,
the current classification of ligands tested in
livestock is based on data obtained from
rodent or human receptors.

Response to specific B-adrenergic
receptor ligands varies across species,
presenting a significant limitation to the
extrapolation of data from one species to
another (Pietri-Rouxel et al., 1995). For
example, bupranolol acts as an antagonist
in both humans and rodents, but as a
partial agonist at bovine B3-receptors,
while propranolol is an antagonist at the
rodent B3-receptor but a partial agonist at
the human and bovine homologues of this
receptor (see Strosberg, 1997). These find-
ings demonstrate the need to characterize
B-adrenergic receptor ligand activity in the
species of interest.

The receptor subtype selectivity of
phenethanolamines used in livestock has
been evaluated only with regard to the p1-
and P2-adrenergic receptors. Salbutamol,
clenbuterol and cimaterol were all
developed as B2-selective bronchodilators
(Brittain et al., 1976; Asato et al., 1984;
Engelhardt, 1984). Studies in human heart
(Hall et al., 1989) and guinea pig trachea
(O’Donnell and Wanstall, 1978; Colbert et
al., 1991) with salbutamol and in rat
jugular vein with clenbuterol (Cohen et al.,
1982) have confirmed this B2-receptor
selectivity. The p-adrenergic receptor
profile of ractopamine-HC] was determined
in isolated smooth and cardiac muscle
tissues of rat and guinea pig (Colbert et al.,
1991). Ractopamine possessed a 100-fold
higher affinity than salbutamol at the B1-
adrenergic receptor but only one-tenth the
affinity of salbutamol at the B2-adrenergic
receptor. The selectivity of ractopamine for
the B1- and P2-adrenergic receptor sub-
types was evaluated by competition
binding analysis with crude membrane
preparations from C6 rat glioma cells
(Smith et al, 1990) and by nuclear
magnetic resonance (NMR) evaluation of
the B-adrenergic receptor peptide binding
(Schmidt et al, 1993). Ractopamine

possessed higher binding affinity for crude
membranes prepared from rat heart (31)
than from rat lung (32). Thus, ractopamine
has been shown to be selective for the B1-
adrenergic receptor, in contrast to other
phenethanolamine repartitioning agents
that are B2-selective.

Receptor desensitization and down-regulation
Many membrane-bound receptors, includ-
ing P1- and P2-adrenergic receptors,
undergo decreased sensitivity to agonists
following prolonged exposure. This may
occur by uncoupling of the receptors from
Gs proteins (desensitization), as well as by
receptor sequestration and internalization
(down-regulation; see Benovic et al., 1988;
Barnes, 1995).

Desensitization of receptors occurs
through phosphorylation (Fig. 4.8).
Phosphorylation of B1- and PB2-adrenergic
receptors occurs in the C-terminal region by
the activity of a family of serine-threonine
kinases known as G-protein-coupled
receptor kinases (GRKs; Benovic et al., 1986;
Inglese et al, 1993). The B-adrenergic
receptor kinase (BARK) is one member of
the GRK family. Phosphorylation in the C-
terminal region facilitates the binding of
arrestin proteins that uncouple the inter-
actions between receptor and Gs proteins,
resulting in receptor desensitization (Pippig
et al., 1993). Desensitization of B-adrenergic
receptors by members of the GRK family
has been demonstrated for the B1-
(Freedman et al., 1995) and B2- (Inglese et
al., 1993) receptors, but not for the B3-
adrenergic receptor (Liggett and Raymond,
1993). The B3-adrenergic receptor lacks
phosphorylation sites in its C-terminal
region which may make it resistant to GRK-
mediated desensitization.

Down-regulation of receptors, resulting
in decreased numbers of receptors on the
cell membrane, also decreases responsive-
ness to receptor agonists (Benovic et al.,
1988). Spurlock ef al. (1994) studied the
effect of ractopamine on B-adrenergic
receptor density in skeletal muscle and adi-
pose tissue of pigs. These authors reported
decreased receptor density in adipose, but
not skeletal muscle tissue, in response to
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Fig. 4.8. Phosphorylation of B-adrenergic receptors. The B1- and B2-adrenergic receptors are
phosphorylated on the carboxy tail by G-protein receptor kinases (GRK; phosphorylation sites shown by
circles) and on the third intracellular loop by protein kinase A (phosphorylation sites shown by squares).
Phosphorylation by GRK results in increased binding of B-arrestin. Binding of B-arrestin leads to
uncoupling and internalization of the receptor, resulting in desensitization. (Adapted from Barnes, 1995.)

ractopamine. This result may indicate
that ractopamine-induced down-regulation
differs between tissues. Likewise, Smith
(1989) observed no down-regulation of
skeletal muscle B-adrenergic receptors in
cattle or swine fed ractopamine, although
cimaterol did down-regulate skeletal
muscle B-adrenergic receptors in swine.
These data are consistent with the in vivo
accretion data of Dunshea et al. (1993)
showing that pigs fed ractopamine had
significantly increased protein accretion
rates but only slightly decreased fat accre-
tion rates (Table 4.8). This differential
response may be a reflection of differences
in receptor down-regulation or desensitiza-
tion between tissues, or due to the involve-
ment of additional receptors.

Potential involvement of other receptors in
phenethanolamine mechanism of action

Pathways or receptors in addition to B1-
and P2-adrenergic receptors that elicit
responses to phenethanolamines have not
yet been identified in livestock. However,
the P3-adrenergic receptor, atypical B-
adrenergic receptors that currently are
unidentified, interactions among B-receptors
or between B-receptors and other physio-
logical pathways, and receptors that do not
belong to the B-adrenergic receptor family
are possible candidates. Currently, the 83-
adrenergic receptor is being investigated
for its role in energy expenditure and lipid
metabolism; several authors have suggested
the presence of additional, or atypical, B-

Table 4.8. Effect of ractopamine on empty body protein and fat accretion of finishing swine. Data are
combined for barrows, boars and gilts that were fed ractopamine beginning at 60 kg and ending at 90 kg

body weight (adapted from Dunshea et al., 1993).

Ractopamine

0 20 % change
Net protein accretion (g day™) 144 1882 30
Net fat accretion (g day™") 442 414 -6

4P < 0.001.
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adrenergic receptors; and complex inter-
actions involving the B-adrenergic recep-
tors are being investigated using transgenic
and knock-out mice that over- or underex-
press, respectively, specific B-adrenergic
receptors. Although much of this data is
from rodent studies and species differences
in the pharmacology of B-receptors are
known to exist, insights may prove valu-
able to a thorough understanding of the
mechanism of action of phenethano-
lamines in livestock.

B3-Adrenergic receptor

The B3-adrenergic receptor is the pre-
dominant adrenergic receptor in rodent
brown and white adipose tissue
(Giacobino, 1995), and its effects have been
described in greatest detail in these tissues.
Important functions of P3-adrenergic
receptor activation include the stimulation
of energy expenditure and lipolysis, and
administration of selective P3-agonists
leads to weight loss and resistance to diet-
induced obesity in rodents (Himms-Hagen
et al., 1994; Collins et al., 1997). Selective
agonists of the p3-adrenergic receptor
currently are being investigated as potential
anti-obesity agents for humans (for
reviews, see Yen, 1995; Arch and Wilson,
1996; Strosberg, 1997) and dogs (Sasaki et
al., 1998), but there are no reports to date
of studies using selective B3-adrenergic
receptor agonists in livestock species.

In rodents, the weight-reducing effects
of B3-adrenergic receptor agonists may be
due largely to increased energy expendi-
ture occurring through the stimulation of
brown adipose tissue (BAT) activity.
Increased energy expenditure in BAT is
accomplished in part by increased expres-
sion of the BAT-specific uncoupling
protein 1 (UCP1). UCP1 is located in the
mitochondrial membrane and facilitates
the transport of protons across a concentra-
tion gradient without the capture of energy
as ATP, thereby allowing energy to be
dissipated as heat. Additional proteins
with sequence homology to UCP1 have
been identified in tissues other than BAT,
including UCP2 which is expressed in
many tissues (Fleury et al., 1997; Gimeno

et al., 1997) and UCP3 expressed primarily
in skeletal muscle and adipose tissue (Boss
et al, 1997). Changes in expression of
UCP2 and UCP3 mRNA in brown and
white adipose tissue, and in skeletal
muscle of rodents have been reported in
response to P3-agonists (Emilsson et al.,
1998; Savontaus et al., 1998; Yoshitomi et
al., 1998). Additionally, ectopic expression
of UCP1 and the appearance of brown
adipocytes in white adipose tissue follow-
ing treatment with B3-agonists has been
described in rodents (Cousin et al., 1992;
Collins et al., 1997), humans (Garruti and
Ricquier, 1992) and dogs (Champigny et
al., 1991; Sasaki et al., 1998). Thus, B3-
agonists may influence energy expenditure
and body composition of mammals with-
out clearly defined BAT depots through the
regulation of uncoupling protein expres-
sion in several tissues and recruitment of
brown adipocytes in white adipose tissue.

Atypical receptors
Several authors have suggested that addi-
tional, or ‘atypical’, B-adrenergic receptors
exist. However, a ‘B4’-adrenergic receptor
has not yet been cloned. Galitzky et al.
(1997) evaluated lipolytic effects of
CGP12177, a non-conventional partial 83-
agonist that acts as an antagonist of 1- and
B2-adrenergic receptors, in rat and human
fat cells. These authors suggested that
lipolysis was stimulated through a novel B-
adrenergic receptor that is distinct from the
B3-receptor. In rat adipose cells, this novel
receptor appeared to coexist with and
regulate lipolysis in combination with the
B3-adrenergic receptor, whereas the novel
receptor appeared to mediate all of the
lipolytic effects of the non-conventional
B3-agonist in human adipose cells.
Evidence of an ‘atypical’ binding site was
also found in bovine skeletal muscle and
adipose tissues using radioligand binding
and second messenger adenyl cyclase
assays (Sillence and Matthews, 1994). The
clearest evidence for the existence of
additional B-adrenergic receptors has come
from experimentation using mice that do
not express the B3-adrenergic receptor (B3
knock-out mice; Kaumann et al.,, 1998).
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The cardiostimulant effects and receptor
affinity of CGP12177 that are observed in
wild-type mice were also observed in the
B3 knock-out mice, suggesting that a
cardiac B-adrenergic receptor that is dis-
tinct from B1-, P2- and PB3-adrenergic
receptors was present.

Manipulation of B-adrenergic receptor genes

Several techniques currently are used to
alter expression of specific genes in vivo
(see Roher and Kobilka, 1998). Mouse
models have been developed to study the
effects of increased P1-adrenergic receptor
expression in adipose tissue (Soloveva et
al., 1997), inhibition of PB3-adrenergic
receptor expression (Susulic et al., 1995;
Revelli et al., 1997) and replacement of the
murine B3-adrenergic receptor gene with
the human gene and regulatory elements
(Ito et al., 1998). Several interesting insights
regarding the effects and interactions of -
adrenergic receptor agonists can be gained
from these experiments. However, these
studies must be interpreted with care
because of differences between the mouse
model and livestock species, and because of
the unusual physiological environment
created by genetic manipulation.

It has been proposed that the B3-
receptor is a primary regulator of lipolysis
because of its abundance relative to f1- and
B2-receptors in rodent adipose tissue.
However, significant reductions in the
percentage of white adipose tissue and
adipocyte cell size were reported in mice
with increased expression of B1-adrenergic
receptors in white adipose tissue, indicat-
ing that B1 also has the ability to stimulate
lipolysis  (Soloveva et al, 1997).
Furthermore, although two B3 knock-out
models demonstrated increased adiposity,
the increase was not as great as would be
expected if a primary stimulator of lipolysis
were removed (Susulic et al., 1995; Revelli
et al.,, 1997). One possible explanation for
the lack of obesity in these mice is the
stimulation of lipolysis by adrenergic
receptors other than B3. The mice described
by Susulic et al. (1995) had increased
mRNA expression of the B1-receptor,
particularly in BAT. Therefore, the results

from the B1 transgenic and B3 knock-out
models indicate that the control of lipolysis
may depend more on the total population
of PB-adrenergic receptors than on the
presence of specific receptor subtypes.

The same mouse models also demon-
strate a potential difference in responsive-
ness of B3-adrenergic receptors between
males and females. Susulic et al. (1995)
reported a greater increase in adiposity in
female compared with male B3 knock-out
mice, indicating that females were more
sensitive than males to changes in B3-
adrenergic receptor activation. Soloveva et
al. (1997) observed a greater decrease in
adiposity of male compared with female
mice that overexpressed P1-adrenergic
receptors. This may be attributed to a more
potent regulation of fat accretion by B3-
adrenergic receptors in females compared
with males, which would make additional
lipolytic effects mediated by over-
expression of the P1-adrenergic receptor
more apparent in males than in females.

The mice described by Ito et al. (1998)
are a very intriguing model that were
generated by transgenic introduction of the
human B3-adrenergic receptor gene and
promoter region into B3 knock-out mice,
resulting in mice that express human but
not murine B3-receptors. Human (3-
receptors were expressed in BAT of trans-
genic mice, but little or no expression was
observed in white adipose tissue. This is
different from the normal expression
pattern of the rodent B3-receptor, which is
abundant in both brown and white adipose
tissues. These mice demonstrate the
importance of species-related differences
in the regulation of expression and func-
tion of B-adrenergic receptors and will be
valuable for further investigations of the
human B3-receptor.

Summary

The repartitioning effects of phene-
thanolamines in livestock occur through a
combination of increased protein synthesis
and lipolysis, and decreased protein
degradation and lipogenesis to varying
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degrees depending on the specific The phenethanolamine clenbuterol
phenethanolamine. The lipolytic and was the subject of considerable negative

lipogenic effects of phenethanolamines on
adipose tissue are facilitated by activation
of PB-adrenergic receptors and may be
transient due to receptor desensitization or
down-regulation. B-Adrenergic receptors
may also be involved in the muscle protein
accretion effects of phenethanolamines, but
definitive data showing this mechanism
of action in livestock remain elusive.
Phenethanolamines studied in livestock
activate B1- and PB2-adrenergic receptors,
but classification of receptor subtype
specificity has been based primarily on
data from rodent and human receptors. It
has become increasingly evident that
species differences exist in the pharmaco-
logy of B-adrenergic receptors and that a
full understanding of phenethanolamine
binding and activation will only occur
when evaluated in the species of interest.
Further research is needed to better define
the relationship of B1- and B2-adrenergic
receptors, as well as other receptors and
pathways, to the anabolic effects of
phenethanolamines in livestock.

Safety and Residue Issues

Detailed safety and residue testing is
required on any repartitioning agent that is
developed for use in meat animals. These
tests are directed toward human food
safety, safety to the environment and safety
to the animals of intended use (target
animal safety). For example, effective doses
of ractopamine were reported to have
negligible to undetectable residue levels in
swine (Dalidowicz et al., 1992; see
Anderson et al., 1993), and zilpaterol
residues in cattle were well below the
threshold that posed any human health
risk (Zilmax Technical Manual, 1998).
Extensive reviews of safety and residue
data by regulatory agencies will ensure that
phenethanolamines are cleared for use
only if all safety questions have been
answered to the satisfaction of the Food
and Drug Administration (FDA) and other
regulatory agencies.

publicity in the early 1990s when its illegal
use and indiscriminate misuse was linked
to cases of acute food poisoning (Martinez-
Navarro, 1990; Pulce et al., 1991; Salleras
et al., 1995) and illegal show-ring use.
People in France (Pulce et al., 1991) and
Spain (Salleras et al., 1995) who suffered
from food poisoning after consumption
of contaminated liver from livestock
fed clenbuterol reported symptoms of
tachycardia, tremor, headache and dizzi-
ness. At the 1995 EU Scientific Conference
on Growth Promotion in Meat Production
(Brussels), it was concluded that large-
scale application of pharmacologically
potent agents for growth-promoting
purposes should not be recommended
because of the potential for misuse leading
to adverse health effects in humans. In
March 1996, the EU banned the use of
B-adrenergic receptor agonists (Directive
96/22/EC), and national monitoring
programmes have been put in place to
eliminate their illegal misuse (see Kuiper et
al., 1998).

In the USA, the illegal use of
clenbuterol has been limited primarily to
show animals. Reports of illegal use of
clenbuterol to increase muscle and reduce
fat mass, combined with the association
between clenbuterol residue and food
poisoning, led to the development of sensi-
tive assays for the detection of clenbuterol
and other PB-adrenergic receptor agonist
residues (see Mitchell and Dunnavan,
1998). The identification of clenbuterol
residues and subsequent disqualification of
champion steers, lambs and barrows at the
Tulsa State Fair and National Western
Stock Show led to an increased awareness
of the illegal use of clenbuterol. Since that
time, several convictions have been made
for illegal distribution of clenbuterol
(Mitchell and Dunnavan, 1998). Clearly,
the misuse of clenbuterol needs to
be closely monitored and eliminated.
However, other phenethanolamines have
the potential to improve the efficiency of
livestock production without adverse
effects on human health.
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Structural diversity among phene-
thanolamines and differences in their oral
potencies provide ample opportunity for
other B-adrenergic receptor agonists to be
safely developed for use in livestock
(Smith, 1998). Clenbuterol and other
phenethanolamines have been developed
for use in humans for bronchodilation and
tocolytic purposes, and extreme differences
in oral dosage are required to achieve
therapeutic effects. For example, a total
dose of only 10 pg of clenbuterol is an
effective bronchodilator while an oral dose
of 10,000 pg preceded by intravenous
infusion is required for effectiveness from
ritodrine (see Smith, 1998). Because of
these large differences in minimum dosage
needed to observe effects in humans, it is
reasonable to expect that the maximum

dosage with no observable effects
(NOEL) in humans differs greatly among
phenethanolamines. Therefore, the

problems that arose from the illegal treat-
ment of animals with clenbuterol are not
representative of the appropriate use of all
phenethanolamines.

Industry Applications

Phenethanolamines will probably be
administered as a feed additive during
the final phase of finishing. Because
phenethanolamines are short acting and
efficacious over limited time periods, their
use may be limited to intensive production
systems. Currently, the only phenethanol-
amines available for use as repartitioning
agents are zilpaterol (Zilmax®), which is
manufactured by Hoechst Roussel and cur-
rently is on the market in Mexico and
South Africa, and ractopamine, an Elanco
Animal Health product that is cleared for
use in swine in the US.

Additionally, a novel approach to
activate the B-adrenergic receptors is being
investigated by researchers in Australia
(Sillence, 1996; Hill et al., 1998). The long-
term objective of these researchers is the
development of a vaccine to stimulate the
production of antibodies that will interact
with the B2-adrenergic receptor and mimic

the anabolic effects of B-agonist drugs.
Using this approach, one or two doses of
the vaccine could be administered to
stimulate the production of antibodies,
allowing the system to be used in non-
intensive systems and grazing animals (see
Sillence, 1996). Although the efficacy of
this approach remains to be demonstrated
in vivo, the successful production of rabbit
antibodies with functional activity at the
bovine B2-adrenergic receptor in vitro has
been described (Hill et al., 1998).

The development of phenethano-
lamines initially was targeted to decrease
fatness so producers could provide more
efficiently the leaner meat products
demanded by consumers. Since the initial
work with phenethanolamines was com-
pleted, genetic selection has resulted in
leaner animals, particularly in swine (PIC
Technical Update, 1993). The wuse of
phenethanolamines may allow slaughter at
heavier weights and maintenance of the
same level of leanness as with current
slaughter weights. Increased lean produced
per day in a grow-out facility will remain
important to the producer. Additionally,
the repartitioning effects of phenethanol-
amines may be useful as a management
tool to increase lean muscle and decrease
fatness in lines of animals selected for
criteria other than carcass composition,
such as reproductive efficiency, improved
meat quality or increased longevity. Such a
strategy would enable selection pressure to
be applied to traits that would result in
livestock that are better able to reproduce
and raise offspring in an efficient manner.

The development and use of phene-
thanolamine repartitioning agents has the
potential to impact all aspects of the meat
and livestock industries (Fig. 4.9). Producers
will be able to raise livestock more
efficiently, meat packers will have higher
yielding carcasses, and meat processors will
have the opportunity to develop new low-
fat meat products more efficiently. In addi-
tion, consumers will benefit from products
with reduced cholesterol (Perkins et al.,
1992) and reduced calories. Finally, the use
of phenethanolamine repartitioning agents
will provide environmental benefits. Less
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Segment of
meat industry

Livestock

Benefit of phenethanolamine
repartitioning agent

Improved efficiency of lean
meat production

producers

Fewer days to market weight
Less feed required

Meat
packers

Meat

Increased dressing percentage
Leaner, more valuable carcasses

Less waste fat trim
Carcasses more suitable for low-fat

processors

processed products
(reduced seam fat)

Leaner products
Products with reduced cholesterol
Reduced cost of meat products

Environment

Improved stewardship of farmland resources
Decreased nitrogen excretion
Decreased phosphorus excretion
Decreased total waste

Fig. 4.9. Potential impact of phenethanolamine repa
industry. (Adapted from Anderson et al., 1991.)

land will be required to produce the feed-
stuffs needed for the meat that is consumed,
and the greater nitrogen retention in the
animal for lean tissue growth will result in
less nitrogen excreted as waste and less total
volume of waste. Phenethanolamine reparti-
tioning agents that are demonstrated to be
safe and efficacious will provide the meat
industry with a powerful tool to aid in
the production of health-conscious meat
products.

rtitioning agents on various segments of the meat
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Introduction

Traditionally, the study of lipid absorption
and metabolism in farm animals has
centred on the role of dietary lipids in
provision of dietary energy and in
processes of fat deposition in meat, milk
and eggs. Interest in these areas remains
intense because of the importance of fat
deposition in determining the efficiency
and, hence, profitability, of meat and milk
production. The content and composition
of fat in animal products has become
increasingly important to consumer per-
ceptions of the healthfulness of meat and
milk. Although a normal part of animal
growth or milk synthesis, fat synthesis
decreases the efficiency of conversion of
feed nutrients into lean meat or low-fat
milk products that consumers desire.
Furthermore, metabolism of lipids in the
liver is an integral component of animal
production and is a key factor in develop-
ment of metabolic disorders such as ketosis
and fatty liver. Consequently, this chapter
will focus primarily on aspects of diges-
tion, absorption and transport of dietary
lipids, lipid synthesis, lipid mobilization
and lipid metabolism in the liver.

In addition to the primary and well-
studied roles of lipids as energy substrates,
however, many new roles of lipids as
biological mediators and second messengers
in processes of signal transduction have
been discovered in recent years. An
overview of these functions will also be
presented.

Digestion, Absorption and Transport
of Dietary Lipids

Digestion and absorption of
lipids in non-ruminants

Lipids consumed by non-ruminant animals
are predominantly triacylglycerols (tri-
glycerides), with the exception of herbi-
vorous animals such as horses and rabbits
that may consume considerable amounts of
galactolipids from vegetative material.
Proteolytic activity in the stomach helps to
release lipids from feed matrices, and the
acid conditions and churning activity
caused by gastric motility serve to disperse
the lipids into a coarse emulsion. Lipase
activity is present in the stomach, which
may arise from enzymes synthesized and
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secreted by the salivary glands (salivary
lipase) as well as by the fundic region of
the stomach (Gargouri et al., 1989).
Salivary lipase possesses significant
hydrolytic activity at pH 3.5, near that of
the stomach. Gastric lipase is present at
higher activities in neonatal animals and
has higher hydrolytic activity toward milk
triacylglycerols than does pancreatic lipase
(Jensen et al., 1997). Gastric lipase attacks
primarily short- and medium-chain fatty
acid linkages on the sn-3 position of
triacylglycerol, such as those prevalent in
milk of ruminants and swine.

Bile is essential for further lipid diges-
tion and absorption in the small intestine
(Brindley, 1984). The primary components
of bile necessary for lipid digestion are the
bile salts and phospholipids. Bile salts,
which are responsible for emulsification of
lipid droplets, are synthesized from
cholesterol in hepatocytes of the liver. The
bile salts are conjugated by the liver with
the amino acids taurine or glycine, which
increases the water solubility and
decreases the cellular toxicity of the bile
salts. Pigs conjugate bile salts to both
taurine and glycine, whereas poultry only
produce taurine conjugates (Freeman,
1984). The structure of the bile salts is such
that it provides a flat molecule, with one
side being polar and hydrophilic and the
other non-polar and hydrophobic. Thus,
the bile salts lie at the water—lipid interface
and do not penetrate deeply into either
surface. Bile salts in bile are present in
cylindrical structures termed bile micelles
(Brindley, 1984). The presence of bile
imparts detergent-like effects on dietary
lipids, causing lipid droplets to be sub-
divided into smaller and smaller droplets.

Pancreatic secretions into the small
intestine are also critical for lipid digestion
and absorption. Dispersion of lipid by bile
salts enables attachment of the pancreatic
polypeptide colipase, which attracts
pancreatic lipase and enables it to interact
at the surface of the lipid droplet (Brindley,
1984). Although the pancreatic lipase itself
has no specific requirement for bile salts,
the increased surface area created by the
action of bile salts greatly increases the rate

of pancreatic lipase-catalysed triacyl-
glycerol hydrolysis. Pancreatic lipase
specifically attacks the sn-1 and sn-3 link-
ages of triacylglycerols, resulting in forma-
tion of 2-monoacylglycerols and free fatty
acids. Phospholipases, particularly of the
A, and A, types, are secreted in pancreatic
juice and convert the phospholipid lecithin
(phosphatidylcholine) to  lysolecithin
(lysophosphatidylcholine).

Absorption of lipids is dependent on
the formation of mixed micelles and on
continued movement of lipids from oil
droplets in the intestinal lumen into the
mixed micelles. In the presence of bile
salts, the fatty acids and monoacylglycerols
produced by pancreatic lipase action spon-
taneously aggregate into mixed micelles.
Lysolecithin produced from biliary and
dietary phospholipids plays a key role in
formation and stabilization of micelles. In
particular, lysolecithin is highly efficient at
solubilizing highly non-polar lipids such
as stearic acid (18:0) into mixed micelles
(Brindley, 1984). Formation of mixed
micelles is necessary to move the non-
polar lipids across the unstirred water
layer present at the surface of the intestinal
microvillus membranes; this unstirred
water layer is thought to be the main
barrier to lipid absorption (Brindley, 1984).
Fatty acids and monoacylglycerols can
enter the intestinal cells by simple diffu-
sion into the lipid membrane, although the
presence of transmembrane carrier proteins
has been postulated (Glatz et al., 1997).

Absorption of fatty lipids into intestinal
epithelial cells is an energy-independent
process that is facilitated by maintenance
of a concentration gradient into the cells.
Several putative fatty acid translocase
proteins have been identified in tissues,
but their role and mechanism of action
have not been resolved (Glatz et al., 1997).
After fatty acids are absorbed into cells,
they become bound to low-molecular
weight (12—-15 kDa) binding proteins (Glatz
et al., 1997). These binding proteins aid in
fatty acid absorption, prevent accumula-
tion of potentially toxic free fatty acids and
may direct fatty acids to the appropriate
intracellular sites for metabolism.
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Most absorption of fatty acids and
monoacylglycerols takes place in the
jejunum in mammals. In fowl, some fatty
acid absorption has been demonstrated in
both the duodenum and the ileum. The
extensive degree of antiperistaltic or reflux
activity in the avian intestinal tract may
contribute to this more diffuse location of
lipid absorption (Freeman, 1984). Bile salts
are not absorbed until they reach the
terminal ileum, but instead cycle back to
the intestinal lumen to participate in
further micelle formation. The bile salts are
absorbed efficiently in the ileum by an
active transport process and are returned to
the liver (enterohepatic circulation) to be
reincorporated into bile. In both pigs and
fowl, this active recycling means that the
quantity of bile salts that must be synthe-
sized by the liver is quite low (Freeman,
1984). Small quantities of bile salts are not
reabsorbed but enter the large intestine,
where they are converted into products
known as ‘secondary bile salts’ by
anaerobic gut bacteria. Loss of this quantity
of bile salts in the faeces is the only route
for cholesterol excretion from the body.

Fatty acids are activated for further
metabolism within intestinal epithelial
cells by esterification to coenzyme A
(CoA), a process that consumes two high-
energy phosphate bonds from ATP. In non-
ruminants, the acyl-CoA molecules largely
are re-esterified to triacylglycerols by the
monoacylglycerol pathway, in which acyl-
CoA molecules are added sequentially to
2-monoacylglycerols absorbed from the
intestinal lumen. A smaller quantity of
triacylglycerol is formed by the a-glycerol-
phosphate pathway. Absorbed lysolecithin
is re-acylated in intestinal cells to form
lecithin. Cholesterol is actively synthesized
from acetyl-CoA in intestinal cells of most
farm animal species. Some of the
cholesterol is esterified with a long-chain
fatty acyl-CoA by acyl-CoA—cholesterol
acyltransferase (ACAT) to form cholesterol
esters.

Delivery of triacylglycerol from the
intestine to other organs of the body
requires that these highly non-polar lipids
are packaged into a form that is stable in

aqueous environments. To do so, the non-
polar lipids (triacylglycerol, cholesterol
esters, fat-soluble vitamins) are surrounded
by amphipathic compounds such as free
cholesterol, phospholipids and specific
proteins called apoproteins (Hussain et al.,
1996). The major apoproteins synthesized
by intestinal cells of most species are apo-
B48, apo-Al and apo-AIV. The resulting
particles, called chylomicrons, are quite
large in mammalian species (50-500 nm)
and contain by weight 85-95% triacyl-
glycerol, 4-9% phospholipids, ~1% free
cholesterol, ~0.5% esterified cholesterol
and ~0.6% protein (Brindley, 1984). The
size, but not number, of the chylomicrons
increases in proportion to larger dietary
intakes of lipid. Chylomicrons are secreted
from the intestinal cells and enter the
lacteals of the lymphatic system, which
then drains into the venous blood at the
thoracic duct. Fatty acids of less than 14
carbons are not actively esterified by
intestinal enzymes, and instead are
absorbed directly into the portal vein as
free fatty acids.

In fowl, the intestinally synthesized
lipoprotein particles are classified as very
low-density lipoproteins (VLDLs), and are
much lower in triacylglycerol content than
mammalian chylomicrons or even VLDLs
from pigs or humans (Freeman, 1984). The
lymphatic system is poorly developed in
fowl, and consequently the VLDL are
absorbed directly into the portal vein.

Fatty acid digestibility is high in non-
ruminants, with values often >80% in pigs
and poultry and >90% in pre-ruminant
calves (Doreau and Chilliard, 1997).
Intestinal fatty acid digestibility decreases
with increasing chain length and increases
with increasing unsaturation. Absorption
of saturated fatty acids is greater when they
are in the sn-2 position of triacylglycerols,
because they are absorbed as the 2-mono-
acylglycerol after pancreatic lipase action.
Fatty acid digestibility increases somewhat
with age in both pigs and poultry; fat
digestibility in young chicks in particular
is quite poor because of the limited pro-
duction of bile salts (Doreau and Chilliard,
1997).
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Digestion and absorption of lipids
in ruminants

Ruminant and non-ruminant animals differ
with respect to strategies for lipid diges-
tion, primarily because of the nature of the
dietary lipids and the microbial processes
within the rumen (Moore and Christie,
1984). In forage-fed ruminants, dietary
lipids consist primarily of galactolipids
and other glycolipids that are rich in
linolenic acid (18:3). Cereal grains and
other concentrate ingredients contribute
triacylglycerols that are high in linoleic
acid (18:2). Oilseeds and animal fats
contribute triacylglycerols. A variety of
commercial fat products are available,
including calcium soaps of long-chain fatty

acids, saturated or protected triacyl-
glycerols, or mostly saturated free fatty
acids. Phospholipids are smaller com-

ponents of both grains and forages.
Bacteria and protozoa in the rumen
hydrolyse complex lipids (glycerides) into

their constituent long-chain fatty acids,
sugars, organic bases (choline, ethanol-
amine, serine) and glycerol. Thus, the
rumen is the primary site of complex lipid
hydrolysis, rather than the small intestine
as in non-ruminants and pre-ruminants.
The glycerol and sugars are fermented
rapidly to volatile fatty acids (mainly
acetic, propionic and butyric).

Unsaturated fatty acids are hydro-
genated extensively to saturated fatty acids
(stearic, 18:0 and palmitic, 16:0) by
ruminal bacteria and protozoa. The process
of hydrogenation, which only occurs on
free fatty acids, requires a mixed popula-
tion of microbial species (Doreau and
Chilliard, 1997). The biohydrogenation of
linoleic acid occurs through the sequence
of reactions shown in Fig. 5.1. The first
isomerization reaction converts the cis-9,
cis-12 linoleic acid to the cis-9, trans-11
form, known as conjugated linoleic acid
(CLA). Most of the CLA that is produced in
the rumen is hydrogenated to trans-11

13 12 10 9
CH3 (CH2)4 -C C CH2 C C (CH2)7 -COO0- Linoleic acid
H H H H
Isomerization l
12 I|_i10 9
CH,~(CH,), -CH, -C=C-C=C- (CH,),-COO- CLA
| L
H H
Hydrogenation l
CH;~(CH,),-CH, -C= c CH2 -CH2 -(CH,),-COOr TVA

H

Hydrogenation l

CHj -(CHy), -CH, -CH, -CH, -CH, -CH, -(CH,), -COO"

Fig. 5.1.

Stearic
acid

General pathway for ruminal microbial hydrogenation of linoleic acid (cis-9, cis-12 18:2) through

conjugated linoleic acid (CLA; cis-9, trans-11 18:2) and trans-vaccenic acid (TVA; trans-11 18:1) to stearic

acid (18:0).
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octadecenoic acid (vaccenic acid), which
subsequently is hydrogenated to stearic
acid. However, small amounts of trans
isomers and CLA escape hydrogenation
and are absorbed from the small intestine.
These isomers are incorporated into milk
and meat, which explains their relatively
high content in ruminant products.

Eight positional isomers of CLA are
possible, but the predominant product in
the rumen is the cis-9, trans-11 isomer.
Research has demonstrated that this
compound has widespread effects in a
number of biological systems, including
inhibition of carcinogenesis, decreased
body fat accumulation, modulation of the
immune system and prevention of athero-
sclerotic lesions (Belury, 1995). Factors
that increase the accumulation of CLA in
the rumen and its subsequent absorption
into milk and meat currently are the
subject of intense research effort.

Rumen microorganisms also synthe-
size fatty acids, most of which are incor-
porated into cell membrane phospholipids.
Bacteria synthesize odd-chain fatty acids
containing 15-17 carbons, as well as
branched-chain fatty acids, which also are
relatively unique to ruminant fats (Doreau
and Chilliard, 1997). As a consequence of
the unique actions of the rumen microbes,
~85% of the lipids entering the small
intestine of ruminants are free fatty acids,
which are predominantly saturated and
adsorbed to the surface of small feed
particles. At the prevailing pH in the
rumen, most of the fatty acids are present
as salts of sodium, potassium or calcium.
The remaining 15% of lipids reaching the
duodenum consist mostly of bacterial
phospholipids.

Pancreatic juice and bile enter the
duodenum through the common bile duct
and are essential for lipid digestion and
absorption in the small intestine.
Ruminants secrete more taurine-conjugated
bile salts than glycine-conjugated bile salts
because the former are more soluble at the
low pH found in the ruminant small
intestine (Moore and Christie, 1984). Bile
salts are essential to dissociate fatty acids
adsorbed to feed particles and enable

micelle formation. Phospholipase A,
secreted in pancreatic juice becomes active
in the upper jejunum where the pH is more
favourable and hydrolyses fatty acids from
the sn-2 position of phospholipids. The
major phospholipid in the intestine is
phosphatidylcholine  (lecithin), which
enters in bile, pancreatic juice and digesta
from the abomasum. The resultant product
of phospholipase-catalysed hydrolysis is
lysophosphatidylcholine (lysolecithin),
which is an excellent detergent for forma-
tion of mixed micelles from the highly
saturated fatty acids in the ruminant small
intestine.

Bile salts and lysolecithin promote
micelle formation from free fatty acids. The
mixed micelle associates with the brush
border of the intestinal epithelium and
facilitates transfer of the hydrophobic fatty
acids across the unstirred water layer at the
surface of the brush border membranes.
Fatty acids and lysolecithin then diffuse
across intestinal cell membranes into the
cells. The bile salts are not absorbed in the
jejunum, but continue to form micelles.
Most bile salts are absorbed in the ileum
and are returned to the liver to be reincor-
porated into bile.

Within the small intestinal cells, fatty
acids are re-esterified to glycerol-3-
phosphate to form triacylglycerols. The
glycerol-3-phosphate is formed from blood
glucose via glycolysis. Pre-ruminants con-
suming milk triacylglycerol function like
non-ruminants and absorb large amounts of
2-monoacylglycerol that can be re-esterified
to form triacylglycerol. Along with apo-
lipoproteins (B48, Al and AIV), cholesterol
and phospholipids, the triacylglycerols are
packaged into lipoprotein particles that are
secreted from the cells and enter the
lacteals to be carried into the lymph and
reach the peripheral circulation. These
particles are analogous to chylomicrons in
non-ruminants but are classified more
correctly as VLDLs because of their small
size in functioning ruminants. This is a
factor of the highly saturated nature of the
triacylglycerols, the low dietary fat content
of ruminant diets and the constant flow of
digesta into the intestine as compared with



102

J.K. Drackley

the episodic nature of digesta entry in meal-
feeding non-ruminants. Recent evidence
also indicates that some triacylglycerol-
rich lipoproteins may be secreted into the
portal vein of calves and functioning
ruminants (Bauchart, 1993).

Fatty acid digestibility in ruminants is
usually lower and more variable than that
in non-ruminants (Doreau and Chilliard,
1997). Intestinal digestibility does not differ
appreciably between 16- and 18-carbon
fatty acids (average of 79 and 77%, respec-
tively), and is slightly greater for
unsaturated than saturated fatty acids (77,
85 and 83% for 18:0, 18:1 and 18:2, respec-
tively; Doreau and Chilliard, 1997).

Lipid transport: lipoprotein metabolism

With the exception of free fatty acids,
which circulate bound to serum albumin,
lipids circulate as components of large
lipoprotein particles. Lipoproteins generally
are classified according to their buoyant
density, which is determined by the rela-
tive proportions of lipids and proteins. The
largest lipoproteins are the chylomicrons,
followed by VLDLs. These are also the least
dense materials because they carry large
lipid loads with relatively small protein
contents. High-density lipoproteins (HDLs)
are the smallest particles and the most
dense, having higher amounts of protein
and less lipid. Low-density lipoproteins
(LDLs) have densities between those of
HDLs and VLDLs.

Intestinally derived lipoproteins rich in
triacylglycerols (chylomicrons, VLDL) func-
tion to deliver dietary long-chain fatty acids
to peripheral tissues (Fig. 5.2). The liver
also secretes VLDLs as a way to package
endogenous triacylglycerols for transport in
plasma. Following secretion from intestinal
cells or liver, these triacylglycerol-rich
lipoproteins acquire apo-CII from circulat-
ing HDLs (Hussain et al., 1996). Apo-CII is
an activator of the enzyme lipoprotein
lipase (LPL), which is responsible for clear-
ance of plasma triacylglycerol (Braun and
Severson, 1992). LPL is present in most
tissues and is found in high activities in

adipose tissue, lactating mammary gland,
heart and skeletal muscle. Synthesis of LPL
occurs in the parenchymal cells of the
tissue; the LPL is secreted from the cells
and translocated to the interior surfaces of
capillaries perfusing the tissue. There, the
highly glycosylated LPL is anchored to the
vascular surface of the endothelial cells by
interactions with heparin sulphate proteo-
glycans on the cell surface (Braun and
Severson, 1992).

As chylomicrons and VLDLs move
through the capillary beds, they become
trapped by LPL through interactions of the
carbohydrate moieties of apo-B and LPL.
Binding is facilitated by the presence of
apo-CII in the triacylglycerol-rich lipo-
proteins. Triacylglycerol hydrolysis occurs
rapidly, with release of free fatty acids and
monoacylglycerols. The fatty acids can
diffuse into the cells or exit the tissue in
the venous blood. Although LPL is a
product of a single gene in all tissues, its
transcription is regulated differently in
different tissues through the presence of
tissue-specific cis-acting elements (Braun
and Severson, 1992). For example, LPL
activity is higher in adipose tissue during
mid-gestation, and is high in mammary
gland during lactation. In cows, adipose
LPL increases markedly during mid- to late
lactation to restore energy reserves
(McNamara, 1991). During fasting, the
activity of LPL decreases in adipose tissue
and increases in the heart. Thus, LPL may
help to direct dietary fatty acids to appro-
priate tissues depending on the nutritional
state of the animal, which in turn is
signalled by insulin and other hormones.

After triacylglycerol hydrolysis, the
lipoprotein particles remaining are termed
remnants  (from  chylomicrons) and
intermediate-density lipoproteins (IDLs;
from VLDLs). Continued triacylglycerol
hydrolysis by LPL and, in some species,
hepatic lipase, eventually decreases the
size of the particles so that they can be
removed by the liver. Remnants and IDLs
are actively removed by the liver in most
species via interaction with the apo-B.E
receptors (Hussain et al., 1996). Other
portions of IDLs are converted to LDLs,
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which are end-products of the intravascular
metabolism of VLDLs. The LDLs, which are
rich in cholesterol esters and phospho-
lipids, are taken up by receptors in the

skeleton, intestine, liver, adrenals and
corpus luteum (Fig. 5.2).
The HDLs are synthesized and

secreted by the liver and small intestine as
small discoidal particles consisting of a
phospholipid bilayer containing only apo-A
and free cholesterol (Fielding and Fielding,
1995). The particles become spherical as
cholesterol esters are formed via the
lecithin—cholesterol acyltransferase (LCAT)

reaction (Fig. 5.2). This enzyme, synthe-
sized in liver and secreted into plasma,
binds to the discoidal HDLs and catalyses
the transfer of a fatty acid (usually linoleic
acid) from the sn-2 position of lecithin
(phosphatidylcholine) to free cholesterol,
forming cholesterol esters and lysolecithin.
The non-polar cholesterol esters move into
the interior of the particle, causing it to
become spherical and to enlarge as more
cholesterol ester is formed. Lysolecithin is
transferred to albumin in plasma. The
HDLs acquire excess surface components
(phospholipids, apo-C, apo-E) from VLDLs
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Fig. 5.2. Schematic diagram of lipoprotein metabolism in farm animals. Chylomicrons or very low-density
lipoproteins (VLDLs) secreted from the intestine or liver acquire apoprotein Cll (apo-ClI) from newly secreted
(nascent) high-density lipoproteins (HDLs). Triacylglycerols in chylomicrons or VLDLs are hydrolysed by
lipoprotein lipase (LPL) in peripheral tissues, which is activated by apo-Cll and allows fatty acid uptake by

tissues. The remaining particles (remnants or intermediate-density lipoproteins, IDLs) are cleared by the liver
or undergo further triacylglycerol hydrolysis to produce low-density lipoproteins (LDLs). Excess surface com-
ponents (phospholipids, PLs; apoproteins C and A; free cholesterol, chol) are transferred to HDLs. LDLs are
degraded in the liver or after receptor-mediated uptake in peripheral tissues. HDLs take up excess cholesterol
(chol) from peripheral tissues and convert it to cholesterol esters by the action of lecithin cholesterol acyl-
transferase (LCAT); lysolecithin is released into plasma, and cholesterol esters enter the core of HDLs. HDLs
can deliver cholesterol to tissues or return it to the liver for conversion to bile salts. In some species,
cholesterol esters may be transferred from HDLs to LDLs by cholesterol ester transfer protein.
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or chylomicrons as these particles are
metabolized by LPL in peripheral tissues.

These metabolic functions of HDLs
result in these particles carrying out a cycle
known as reverse cholesterol transport, in
which HDLs pick up excess free cholesterol
from tissues and convert it to cholesterol
ester (Fielding and Fielding, 1995). The
HDL particles thus enlarge and grow less
dense as their content of cholesterol esters
increases. The HDLs then transfer
cholesterol esters to the liver for conver-
sion into bile acids (the only route for
excretion of cholesterol from the body),
and the now smaller HDLs can return to
repeat the cycle (Fig. 5.2). Clearance of
HDL particles occurs in liver and bone.

The basic scheme of lipoprotein
metabolism as just discussed exhibits
many species variations (Hollanders et al.,
1986). Pigs have high concentrations of
LDLs, similarly to humans, and are often
used as models of human lipoprotein
metabolism. In horses and ruminants,
HDLs are the predominant lipoproteins
and serve to deliver cholesterol to steroido-
genic tissues (liver, ovary, adrenals, testis)
and to a variety of tissues for membrane
synthesis. Many of the functions that LDLs
play in transport of cholesterol esters in
humans and rabbits are replaced by HDLs
in ruminants and horses. In ruminants,
there is considerable overlap in the density
range of LDLs and HDLs, which makes
separation by traditional ultracentrifugal
methods difficult (Bauchart, 1993).

Lipid Synthesis and Mobilization
Lipid synthesis

Lipogenesis
Lipogenesis (lipid synthesis) refers in the
strictest sense to synthesis of fatty acids
and not to the esterification of those fatty
acids to glycerides. Adipose tissue is the
main site of lipogenesis in non-lactating
cattle, sheep, goats, pigs, dogs and cats
(Beitz and Nizzi, 1997). In poultry,
similarly to humans, the liver is the major
site of lipogenesis, while in rodents (rats

and mice) both liver and adipose tissue are
important lipogenic sites. The mammary
gland of lactating farm animals actively
synthesizes fatty acids.

De novo lipogenesis occurs in the
cytosol and is a sequential cyclical process
in which acetyl (2-carbon) units are added
successively to a ‘primer’ or initial starting
molecule, usually acetyl-CoA but also
3-hydroxybutyrate in the lactating mam-
mary gland of ruminants. The source of the
acetyl units is acetyl-CoA, derived either
from glucose through glycolysis in non-
ruminants or pre-ruminants, or from
acetate via rumen fermentation of dietary
carbohydrates in ruminants. In functioning
ruminants, glucose is not used for fatty
acid synthesis, which serves to spare
glucose for other essential functions.

The nature of the mechanism that
minimizes lipogenic use of glucose by
ruminants remains unclear. Since the
discovery that activities of ATP-citrate
lyase and NADP-malate dehydrogenase
were lower in bovine adipose tissue than
in liver and adipose tissue of rats (Hanson
and Ballard, 1967), it was believed that
these enzymes limited lipogenic use of
glucose by ruminants. However, subse-
quent research showed that lactate was
used by bovine adipose tissue (Whitehurst
et al.,, 1978) and mammary gland (Forsberg
et al., 1985) at rates similar to those of
acetate. Lactate, after being converted to
pyruvate, is metabolized similarly to
pyruvate produced from glycolysis.
Consequently, lactate also requires the
enzymes ATP-citrate lyase and NADP-
malate dehydrogenase in order to be
converted to fatty acids. The activity of
ATP-citrate lyase in bovine adipose tissue
and mammary gland, albeit lower than that
in rat tissues, is still sufficient to allow the
observed rates of lactate conversion to fatty
acids (Forsberg et al., 1985). Moreover,
ATP-citrate lyase activity is at least equal
to that of acetyl-CoA carboxylase, the rate-
limiting step in fatty acid synthesis (Beitz
and Nizzi, 1997). Probably the most likely
explanation for the low rate of incorpora-
tion of glucose into fatty acids in ruminant
adipose tissue and mammary gland is the
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limited flux of glucose carbon past the
triose phosphate stage in glycolysis
(Forsberg et al., 1985), because of the high
demand for glycerol-3-phosphate for
triacylglycerol synthesis, and the active
metabolism of glucose in the pentose
phosphate pathway to produce NADPH.

The rate-limiting step in fatty acid
synthesis is catalysed by the enzyme
acetyl-CoA carboxylase (Hillgartner et al.,
1995). This enzyme converts acetyl-CoA to
malonyl-CoA, which is the actual ‘donor’
of acetyl units in the elongation process.
Two forms of the enzyme, termed « and B,
are found in animals (Kim, 1997). The «-
form is the enzyme found in lipogenic
tissues that regulates the rate of fatty acid
synthesis. The B-form is found in non-
lipogenic tissues and is associated with
control of mitochondrial fatty acid oxida-
tion (discussed later). The a-form of the
enzyme is subject to several levels of meta-
bolic regulation from signals of nutrient
status. Insulin, released when dietary
energy is plentiful, activates the enzyme
and so promotes fat storage. Increased
concentrations of citrate and isocitrate,
which also would signal increased sub-
strate availability for storage as fat, activate
the reaction. In contrast, glucagon and the
catecholamines inhibit its activity via
cyclic AMP (cAMP)-dependent phos-
phorylation. In this way, fat synthesis is
inhibited during times when mobilization
of energy stores is required. Increased con-
centrations of fatty acyl-CoA in the cytosol
inhibit the reaction, a form of negative
feedback. In addition to short-term changes
in enzyme activity caused by these
hormones and metabolites, the abundance
of the enzyme protein is also regulated.
Starvation decreases the amounts of both
the mRNA and the protein, while refeeding
after a fast causes a large increase in
transcription and translation of mRNA for
acetyl-CoA carboxylase (Hillgartner et al.,
1995).

The fatty acid synthase enzyme
complex consists of two multifunctional
polypeptide chains, each containing seven
distinct enzyme activities necessary to
elongate a growing fatty acid (Smith, 1994).

The two polypeptide chains are arranged
head-to-tail, resulting in two separate sites
for synthesis of fatty acids; thus each
enzyme complex can assemble two fatty
acids simultaneously. The activity of the
enzyme complex is not limiting to the
overall rate of fatty acid synthesis. The
overall reaction for synthesis of one
molecule of palmitic acid is:

Acetyl-CoA + 7 malonyl-CoA
+ 14 NADPH + 14 H* — palmitic acid
+7 CO, + 8 CoA + 14 NADP*

+6 H,0 (5.1)

In non-ruminants the hydrogen donor,
NADPH, is generated through metabolism
of glucose in the pentose phosphate path-
way and in the malic enzyme reaction. In
ruminants, cytosolic isocitrate dehydro-
genase can generate over one-half of the
NADPH needed through metabolism of
acetate (Beitz and Nizzi, 1997). The
remainder of the NADPH in ruminants is
derived from glucose metabolism in the
pentose phosphate pathway. The presence
of glucose enhances fatty acid synthesis in
ruminants, probably through enhanced
production of NADPH. Regulation of fatty
acid synthase is largely through intra-
cellular concentrations of dietary or synthe-
sized fatty acids, which decrease its activity
(Smith, 1994). High-fat diets decrease the
intracellular concentration of fatty acid
synthase, whereas refeeding after a fast
increases its concentration. High concen-
trations of insulin increase the abundance
of fatty acid synthase, whereas growth
hormone, glucagon and glucocorticoids
decrease its abundance (Hillgartner et al.,
1995).

Lipogenesis generally increases as
animals age, although changes are depot-
specific and may be modulated by diet
(Smith, 1995). Thus, lipogenesis in internal
adipose depots such as perirenal fat is
more active earlier in the growth stage, and
less active as the animal reaches physio-
logical maturity. Somatotropin treatment of
pigs and cattle leads to decreased lipo-
genesis, primarily by decreasing the sensi-
tivity of adipose cells to the actions of
insulin (Etherton and Bauman, 1998).
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Other acyl-CoA molecules such as
propionyl-CoA can be used as primers by
the fatty acid synthase complex. In this
case, odd-carbon numbered fatty acids will
be produced, most commonly of 15 or 17
carbon length. In addition, methylmalonyl-
CoA can replace malonyl-CoA in the
elongation reactions, resulting in branched-
chain (methyl-branched) fatty acids. In
most lipogenic tissues, these fatty acids are
only minor products, but in sebaceous
(skin) glands of some species the produc-
tion of methyl-branched fatty acids may be
substantial (Smith, 1994). In ruminants,
higher concentrations of odd-chain and
branched-chain fatty acids are found in
milk and adipose tissue because of the
greater synthesis of these fatty acids by
rumen bacteria.

In adipose tissue, the predominant
product of the lipogenic pathway is
palmitic acid. In the mammary gland of
lactating animals, however, large quantities
of fatty acids <16 carbons in length are
synthesized. This is due to the action of
specific chain-terminating mechanisms,
which differ between ruminants and non-
ruminants. In ruminants, the fatty acid
synthase complex allows the release of
short- and medium-chain fatty acyl-CoA
esters, which are incorporated rapidly into
milk fat. In non-ruminants, a specific
enzyme, thioesterase II, is responsible for
hydrolysing the thioester bond of the 8-14
carbon acyl chain, thus releasing the
medium-chain fatty acids (Smith, 1994).

Elongation and desaturation
The end-product of the de novo lipogenic
pathway in animal tissues is wusually
palmitic acid, yet this fatty acid constitutes
only 20-30% of total fatty acids in adipose
tissue lipids (Rule et al, 1995).
Considerable amounts of stearic (18:0) and
oleic (18:1) acids are present in adipose
tissue lipids, and may arise either from
intestinally derived triacylglycerol-rich
lipoproteins or by conversion from
palmitic acid in adipose tissue. Elongation
of palmitic acid (16:0) to stearic acid occurs
by the action of fatty acid elongase, found
in the microsomal fraction (endoplasmic

reticulum) of adipocytes. Malonyl-CoA is
the source of the additional two carbons.
Fatty acid elongase is found in much larger
activities in bovine adipose tissue than in
mammary gland, liver, muscle or intestinal
mucosa (Smith, 1995).

The concentration of stearic acid in
tissue lipids is regulated by the presence of
stearoyl-CoA desaturase (A9 desaturase),
which converts stearic acid to oleic acid.
This microsomal enzyme is a mixed
function oxidase that inserts a double bond
nine carbons from the methyl end of the
fatty acid. Considerable activity of stearoyl-
CoA desaturase is found in mammary
gland, muscle and duodenal muscosa, but
little activity is found in bovine liver
(Smith, 1995). The primary function of the
enzyme seems to be to regulate lipid
fluidity by preventing excessive accumula-
tion of the very high-melting stearic acid.

Glycerolipid synthesis

Few free (non-esterified) fatty acids are
found in the animal body; rather, most fatty
acids are found esterified to glycerol as
glycerolipids such as triacylglycerols and
phospholipids. In adipose tissue and the
lactating mammary gland, most fatty acids
are esterified to form triacylglycerols as a
non-toxic form of energy storage or for
transfer to the young, respectively. In liver
and other tissues, most fatty acids are
esterified to form phospholipids as com-
ponents of intracellular and plasma mem-
branes. The liver actively synthesizes
triacylglycerols when presented with high
concentrations of non-esterified fatty acids
from the blood.

The enzymes necessary for glycerolipid
biosynthesis are found in the microsomal
fraction of cells. The general pathways of
esterification of fatty acids are shown in
Fig. 5.3. Acyl chains from acyl-CoA are
transferred consecutively to glycerol-3-
phosphate  produced via  glycolysis.
Production of diacylglycerol (diglyceride)
from phosphatidate by phosphatidate
phosphohydrolase and subsequent produc-
tion of triacylglycerol from diacylglycerol by
diacylglycerol acyltransferase may be
regulatory steps for triacylglycerol synthesis,
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but these enzymes have not been well
characterized in farm animals.
Esterification of fatty acids in adipose
tissue increases with increasing energy
intake in meat animals (Rule, 1995) and is
lower in times of dietary energy deficit,
such as during early lactation in dairy
cows (McNamara, 1991).

Fatty acid composition of milk,
muscle and body fat
A variety of fatty acids are found in
complex lipids of animal tissues. These
fatty acids range primarily from 14 to 20
carbons in length, with varying degrees of
unsaturation. Characteristic profiles of fatty
acids are found in individual tissues and
among species of animals. Sample profiles
of muscle and adipose tissue of beef cattle,
sheep and pigs are shown in Table 5.1.
Adipose tissue lipids from ruminants gener-
ally are more highly saturated than lipids
from non-ruminants such as pigs because
of ruminal biohydrogenation of dietary

unsaturated fatty acids. Experimental post-
ruminal infusions of unsaturated oils and
feeding formaldehyde-protected oils to
sheep and cattle results in increasing
unsaturation of adipose tissue lipids (Rule
et al., 1995). In pigs and chickens, increas-
ing amounts of dietary fat will result in
adipose tissue lipids reflecting the fatty
acid composition of the dietary fat. Body
fat generally becomes softer in these
species with supplementation of fats and
oils, because the relative amounts of de
novo synthesized palmitic acid decrease
and those of 18-carbon unsaturated fatty
acids increase (Rule et al., 1995).

Bovine milk fat contains considerable
amounts of fatty acids shorter than 14
carbons that are synthesized within the
mammary gland (Table 5.2). The fatty acid
composition of milk fat can be altered
markedly by supplementation of the diet
with fat (Palmquist et al., 1993). Dietary
long-chain fatty acids suppress de novo
synthesis of short- and medium-chain fatty
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Fig. 5.3. Major pathways of esterification of fatty acids to glycerolipids in farm animals. The key enzymes
involved are: (1) glycerophosphate acyltransferase; (2) lysophosphatidate acyltransferase; (3) phosphatidate
phosphohydrolase; (4) diacylglycerol acyltransferase; and (5) monoacylglycerol acyltransferase. P, inorganic

phosphate. Adapted from Rule (1995).
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Table 5.1. Typical profiles of major fatty acids
found in lipids from subcutaneous adipose tissue or
longissimus muscle from cattle, sheep and pigs (g
kg™"). (Adapted from Rule et al., 1995.)

Table 5.2. Fatty acid composition of milk fat from
cows fed a basal low-fat diet or the basal diet
supplemented with tallow. (Adapted from Palmquist
etal., 1993.)

Fatty acid Cattle Sheep Pigs
Adipose tissue
14:0 40 40 10
16:0 280 260 240
18:0 110 160 130
18:1 430 410 440
18:2 30 30 120
Muscle
14:0 40 30 10
16:0 270 250 250
18:0 130 110 110
18:1 380 460 490
18:2 80 60 70

acids in the mammary gland. Unprotected
fats lead to only slight increases in poly-
unsaturated fatty acids in milk fat, but may
lead to appreciable increases in oleic acid
because of intestinal and mammary
desaturation of stearic acid produced by
ruminal  biohydrogenation of dietary
unsaturated fatty acids (Table 5.2). The
bovine mammary gland readily incorporates
unsaturated fatty acids presented to it
(LaCount et al., 1994). Producing milk with
more monounsaturated and polyunsaturated
fatty acids depends on the development of
practical strategies to protect dietary
unsaturated fatty acids from hydrogenation
by rumen microbes. Currently, formalde-
hyde treatment of protein—fat mixtures is the
best methodology for rumen protection
(Doreau and Chilliard, 1997), but regulatory
approval may limit its application in many
countries.

Lipolysis

Mobilization of fatty acids from adipose
tissue triacylglycerols (lipolysis) occurs
during times of negative energy balance or
in response to stresses. The reaction
proceeds by the sequential release of fatty
acids from the glycerol backbone. The fatty
acids released increase the size of the intra-
cellular free fatty acid pool and, in the

Diet (g kg™ of methyl esters)

Fatty acid Basal Basal + tallow
4:0 33 35
6:0 27 232
8:0 18 132
10:0 40 26°
12:0 46 292
14:0 130 1032
14:1 15 13
15:0 13 102
16:0 299 284
16:1 17 18
17:0 6 8?
18:0 90 104
18:1 172 2332
18:2 22 162
18:3 6 92

aDijfferent from basal diet, P < 0.05.

absence of stimuli to re-esterify those fatty
acids, they diffuse from the cell into the
blood. The free fatty acids are adsorbed
quickly to binding domains on serum
albumin, and circulate to various tissues as
a fatty acid—albumin complex. Physiological
states characterized by high rates of lipo-
lysis, such as early lactation in dairy cows
and sows (McNamara, 1991), often are also
characterized by relatively lower concen-
trations of albumin in the blood. Hence,
the ratio of free fatty acids to albumin in
blood increases, which favours greater
uptake of the free fatty acids by tissues of
the body because more fatty acids occupy
lower affinity binding sites on the albumin
molecule. Furthermore, the increased ratio
of fatty acids to albumin increases the size
of the tissue free fatty acid pool, which in
turn increases re-esterification of fatty
acids in adipose tissue and thus provides
feedback regulation on lipolysis (Metz and
van den Bergh, 1977).

The initial step in lipolysis is catalysed
by hormone-sensitive triacylglycerol lipase.
This enzyme is activated by binding of
hormones that stimulate formation of cAMP
by adenyl cyclase. In mammals, the primary
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agonists for this reaction are the
catecholamines, such as epinephrine and
norepinephrine. In poultry, glucagon is the
major lipolytic hormone. Binding of these
hormones to cell surface receptors causes
activation of adenyl cyclase, depending on
the balance between activation of the
stimulatory guanine nucleotide-binding
protein (G, protein) and activation of the
inhibitory G, protein (Lafontan and Langin,
1995). Receptor types vary among tissues
and species in the relative activation of
these two G proteins. Agonists that activate
B-adrenergic receptors cause activation of
G,. Activation of G, activates adenyl cyclase,
which increases the concentration of cAMP
in the cell. In turn, cAMP activates protein
kinase A, which phosphorylates the regula-
tory subunit of hormone-sensitive lipase.
The activated hormone-sensitive lipase
then catalyses lipolysis of triacylglycerol.
Inhibition of lipolysis depends on a
greater activation of G, proteins, which
inhibit adenyl cyclase and increase the
activity of phosphodiesterase, the enzyme
that degrades cAMP. Agonists that bind to
a-adrenergic receptors activate G, and thus
suppress lipolysis (Lafontan and Langin,
1995). Factors such as insulin, adenosine
and the E series of prostaglandins are
associated with decreased activity of
hormone-sensitive lipolysis. Treatment of
animals with somatotropin results in an
indirect stimulation of lipolysis by increas-
ing the sensitivity of adipose tissue to the
effects of the catecholamines. Somatotropin
causes this increased sensitivity by
diminishing the ability of the G, proteins to
inhibit adenyl cyclase. Thus, suppression
of the inhibitory controls of lipolysis
allows higher rates of lipolysis to occur
during treatment with somatotropin.
Another factor controlling the relative
degree of lipolysis is the degree to which
fatty acids are re-esterified to form triacyl-
glycerols before they can diffuse out of the
cells. Insulin stimulates uptake of glucose
and glycolysis, increasing the supply of
glycerol-3-phosphate available for esterifica-
tion. Insulin also stimulates the activity of
the esterification pathway. Control of lipo-
lysis is interwoven tightly with regulation

of lipogenesis, so that the overall function
of adipose tissue to accrete or release
energy stores is coordinated according to
the physiological needs of the animal.

Metabolism of Lipids in the Liver
Oxidation and ketogenesis

The liver takes up free fatty acids from
blood in proportion to their concentration.
Within the hepatocytes (liver cells), long-
chain fatty acids of 14 carbons or more are
activated by acyl-CoA synthetases found in
the microsomes and outer mitochondrial
membrane. Acyl-CoA may either enter the
mitochondria for oxidation or be esterified
within the endoplasmic reticulum (micro-
somes). Under conditions of increased fatty
acid uptake, the liver often produces large
amounts of the ketone bodies, acetoacetate
and B-hydroxybutyrate, in the process
known as ketogenesis. The two main
factors regulating the degree to which fatty
acids are oxidized by the liver are the
supply of fatty acids to the liver via lipo-
lysis and the partitioning within hepato-
cytes between mitochondrial oxidation and
microsomal esterification.

No acyl-CoA synthetase enzymes that
can activate fatty acids with 14 carbons or
more are present within the mitochondrial
matrix (McGarry et al., 1989). Therefore,
entry of these long-chain fatty acids into
the mitochondria is regulated effectively by
the activity of the enzyme carnitine
palmitoyltransferase I (CPT-I). This enzyme
is an integral membrane protein of the outer
mitochondrial membrane, and catalyses
the formation of fatty acyl-carnitine from
fatty acyl-CoA and free L-carnitine. The
acyl-carnitine molecules are then trans-
ported across the mitochondrial membrane
by a specific carrier protein, and are recon-
verted to acyl-CoA within the mitochondrial
matrix by the action of CPT-II, a peripheral
protein of the inner mitochondrial mem-
brane. Short- and medium-chain fatty acids
(12 carbons or less) pass through the mito-
chondrial membrane and are activated by
acyl-CoA synthetases found within the
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mitochondrial ~ matrix. = Consequently,
oxidation of these fatty acids is not con-
trolled by CPT-1.

The activity of CPT-I is inhibited by
interaction with malonyl-CoA, the product
of the first committed step of lipogenesis
catalysed by acetyl-CoA carboxylase.
Insulin stimulates the activity of acetyl-
CoA carboxylase. Conditions of negative
energy balance as signalled by lower ratios
of insulin to glucagon thus result in
decreased concentrations of malonyl-CoA
and increased rates of fatty acid oxidation.
Furthermore, in rats, the sensitivity of CPT-I
to malonyl-CoA is decreased during times
of low insulin or insulin resistance, which
decreases the ability of the low concentra-
tions of malonyl-CoA to inhibit acyl-
carnitine formation and thereby further
increases the rate of fatty acid oxidation
(Zammit, 1996).

Classical studies (reviewed by McGarry
et al., 1989) that delineated the control of
CPT-I by malonyl-CoA in rats described this
mechanism as a means of preventing simul-
taneous oxidation and synthesis of fatty
acids within the liver cell, a potential futile
cycle. However, in cattle, sheep and swine,
rates of lipogenesis are very low in liver,
which obviates the need for such a control
mechanism. Nevertheless, production of
malonyl-CoA by acetyl-CoA carboxylase
does occur in bovine, ovine and swine liver
(Brindle ef al., 1985), probably as a control
mechanism for oxidation rather than as a
quantitatively important site of fatty acid
synthesis. Likewise, skeletal muscle and
heart muscle are also non-lipogenic tissues
that use fatty acids as energy sources. Both
heart and skeletal muscle of rats contain a
high activity of acetyl-CoA carboxylase of
the B-isoform (Kim, 1997). Physiological
situations that lead to low insulin to
glucagon ratios and decreased activity of
acetyl-CoA carboxylase in these tissues
result in increased rates of fatty acid oxida-
tion. Whether the acetyl-CoA carboxylase
present in the liver of ruminants and swine
is similar to the B-isoform of rats has not
been determined.

Intramitochondrial oxidation of fatty
acyl-CoA occurs through the B-oxidation

pathway, resulting in formation of acetyl-
CoA. During this process, electrons are
transferred to FAD and NAD" to form the
reduced forms of these coenzymes, which
in turn can donate electrons to the electron
transport chain to drive ATP synthesis. The
acetyl-CoA can be oxidized completely to
carbon dioxide in the tricarboxylic acid
(TCA) cycle. Alternately, acetyl-CoA can be
diverted to formation of ketone bodies.
Ketogenesis is enhanced in times of
increased fatty acid mobilization and
uptake by the liver, when low ratios of
insulin to glucagon cause activation of
CPT-I that allows extensive uptake of fatty
acids into mitochondria (Zammit, 1990).
Conversion of acetyl-CoA to ketone bodies
rather than complete oxidation in the TCA
cycle results in formation of less ATP per
mole of fatty acid oxidized. For example,
complete oxidation of palmitate in the TCA
cycle, followed by oxidative phosphoryla-
tion in the electron transport chain, yields
129 ATP per molecule of palmitate. In
contrast, B-oxidation of palmitate with
acetyl-CoA converted to ketone bodies
generates only 27 ATP per molecule of
palmitate. Because the production of ATP
must match its utilization for energy-
requiring reactions in the liver, ketogenesis
allows the liver to metabolize about five
times more fatty acid for the same ATP
yield. Conversion of fatty acids into water-
soluble fuels may be an important strategy
to allow the animal to cope with extensive
mobilization of fatty acids during energy
deficit.

In addition to control at the levels of
fatty acid supply and CPT-I, ketogenesis is
controlled by the activity of the key regula-
tory enzyme, 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) synthase. This enzyme is
controlled both through increased tran-
scription and translation during prolonged
energy deficit and by inactivation through
succinylation (Emery et al, 1992).
Increased flux of metabolites such as
pyruvate, propionic acid or glucogenic
amino acids into the TCA cycle, resulting
from greater feed intake and improved
energy balance, results in increased pool
size of succinyl-CoA, an intermediate of
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the TCA cycle. The succinyl-CoA is used to
add a succinyl group to a regulatory sub-
unit of HMG-CoA synthase, which
inactivates the enzyme.

In ruminants, CPT-I also is highly
sensitive to inhibition by methylmalonyl-
CoA (Brindle et al., 1985), which is an
intermediate in the conversion of
propionate to succinyl-CoA in the process
of gluconeogenesis. This may constitute an
additional adaptation of ruminants to link
the supply of energy-yielding compounds
from the diet with the need for hepatic
fatty acid oxidation. Furthermore, the
ability to distinguish between glucogenic
molecules originating primarily through
ruminal fermentation of dietary carbo-
hydrates (propionate) and those originating
from catabolism of endogenous amino
acids (e.g. pyruvate) has been proposed as
a unique adaptation of regulation of fatty
acid oxidation in ruminants during energy
deficit situations (Zammit, 1990).

Accelerated ketogenesis in response to
low blood glucose from insufficient dietary
energy intake may occur in both lactating
cows and pregnant ewes. The increased
ketogenesis is probably a factor of
increased mobilization of free fatty acids
from adipose tissue, increased uptake of
fatty acids by the liver, increased activity of
CPT-I, decreased sensitivity of CPT-I to
malonyl-CoA and increased activity of
HMG-CoA synthase.

Ketogenesis has been shown to occur at
lower rates in swine than in many other
species (Odle et al., 1995; Adams et al.,
1997). This may be due to limitations both
in the ability of swine to form acylcarnitines
for transport into the mitochondria (Odle et
al., 1995) and in the activity of HMG-CoA
synthase (Adams et al., 1997). Limitations
are particularly pronounced in neonates,
with some developmental increase in oxida-
tive capacity observed with advancing age
in pigs (Adams et al., 1997; Yu et al., 1997).

Peroxisomal metabolism

An alternate pathway for B-oxidation in
liver is found in peroxisomes, which are

subcellular organelles present in most
tissues (Singh, 1997). The peroxisomal
pathway  for  B-oxidation  functions

similarly to the mitochondrial pathway,
with notable exceptions. First, the first
dehydrogenase step of mitochondrial B-
oxidation is replaced with an oxidase step
(acyl-CoA oxidase) in the peroxisome,
resulting in formation of hydrogen
peroxide rather than reduced NAD*'
Second, peroxisomes do not contain an
electron transport chain. As a result of these
factors, peroxisomal B-oxidation results in
capture of less energy as ATP than does
mitochondrial B-oxidation. Another unique
aspect of the peroxisomal pathway is that
two enzymic activities of the B-oxidation
pathway  (enoyl-CoA  hydratase and
3-hydroxyacyl-CoA  dehydrogenase) are
performed by a single multifunctional
protein, called the bifunctional protein.

Peroxisomal B-oxidation is active with
very long-chain fatty acids (20 carbons or
more) that are relatively poor substrates for
mitochondrial B-oxidation. Because
peroxisomal B-oxidation enzymes are
induced in rats by situations leading to
increased supply of fatty acids in the liver,
such as high dietary fat, starvation and
diabetes, the peroxisomal B-oxidation path-
way has been discussed as an ‘overflow’
pathway to help cope with increased flux
of fatty acids (Singh, 1997).

Recent investigations in dairy cows
(Grum et al., 1994), sheep (Hansen et al.,
1995) and pigs (Yu et al, 1997) have
shown that the livers of these farm animals
possess relatively high peroxisomal -
oxidation activity. In neonatal pigs,
peroxisomal B-oxidation increases rapidly
after birth in response to milk intake and
may be an adaptive mechanism to aid in
oxidation of long-chain fatty acids from
milk in the face of relatively low capacity
for mitochondrial fatty acid oxidation (Yu
et al., 1997). In dairy cows, peroxisomal
B-oxidation is not induced by dietary fat
during lactation or by starvation (Grum et
al., 1994), but increases in response to
dietary fat and nutrient restriction during
the periparturient period. Subsequent to
the increased peroxisomal B-oxidation



J.K. Drackley

prepartum, less triacylglycerol accumulates
in the liver at the time of calving (Grum et
al., 1996). This may be an adaptation to
allow increased metabolism of fatty acids
during their extensive mobilization.

During the last decade, research has
identified specific nuclear receptors that
are activated by fatty acids and chemicals
that cause peroxisomal proliferation in
rodents. These receptors, called peroxisome
proliferator-activated receptors (PPARs), in
turn bind to specific peroxisome prolifera-
tor response elements (PPREs) located in
the regulatory region of a number of genes
whose products are associated with lipid
metabolism (Schoonjans et al, 1996).
These include long-chain  acyl-CoA
synthetase; the peroxisomal enzymes acyl-
CoA oxidase and bifunctional protein; the
mitochondrial enzymes CPT-I, medium-
chain acyl-CoA dehydrogenase and HMG-
CoA synthase; and the microsomal
cytochrome P450 enzymes CYP4A1 and
CYP4A6, which catalyse w-oxidation.
Furthermore, the liver fatty acid-binding
protein gene contains a PPRE. In rats, the
gluconeogenic enzymes phosphoenol-
pyruvate carboxykinase and malic enzyme
also contain PPREs in their regulatory
regions. Although limited research has
been conducted with farm animals to date,
it is attractive to speculate that the PPARs
represent a molecular mechanism that
would function to coordinate the activity
of the metabolic machinery necessary for
fatty acid metabolism with the supply of
fatty acids to tissues.

Esterification and export

Esterification is believed to ‘compete’ with
oxidation for acyl-CoA in the liver of farm
animals. The pathways for esterification of
acyl-CoA to glycerolipids in liver are
similar to those discussed earlier for
adipose tissue. In rodents, the activities of
phosphatidate ~ phosphohydrolase  and
diacylglycerol acyltransferase appear to be
increased in times of high insulin; little is
known about regulation of these enzymes
in farm animals. In dairy cows, hepatic

capacity for esterification of fatty acids is
increased around calving (Grum et al.,
1996), which may contribute to the propen-
sity of dairy cows to develop fatty livers
around the time of calving. The enzymes
glycerophosphate acyltransferase, diacyl-
glycerol acyltransferase and phosphatidate
phosphohydrolase (Fig. 5.3) are potential
regulatory sites for accumulation of triacyl-
glycerol in the liver, but data supporting
their role are inconclusive.

The general mechanisms for synthesis
and secretion of VLDLs from liver are well
known (Bauchart, 1993). Apoprotein B is
the key component whose rate of synthesis
in the rough endoplasmic reticulum is
believed to control the overall rate of VLDL
production. Lipid components that are
synthesized in the smooth endoplasmic
reticulum are added to apoprotein B as it
moves to the junction of the two compart-
ments. After being carried to the Golgi
apparatus in transport vesicles, the apopro-
teins are glycosylated. Secretory vesicles
bud off the Golgi membrane and migrate to
the sinusoidal membrane of the hepato-
cyte. The vesicles fuse with the membrane
and release the VLDLs into blood in the
space of Disse.

Ruminants and swine do not export
triacylglycerol from the liver as VLDLs as
efficiently as do poultry or laboratory
rodents. In particular, ruminants have a
very low rate of VLDL export compared
with rats, despite similar rates of esterifica-
tion of fatty acids to triacylglycerols
(Kleppe et al., 1988). Where the limitation
in VLDL synthesis or secretion resides is
unknown (Bauchart, 1993). Based on avail-
able evidence, it appears that the rate of
synthesis or assembly of VLDLs is more
likely to be limiting than is the secretory
process per se. Possible limitations include
a low rate of synthesis or a high rate of
degradation of apoprotein B, or deficient
synthesis of phosphatidylcholine or
cholesterol.

The rate of export of triacylglycerol
from the liver corresponds in general to the
relative rate of de novo fatty acid synthesis
among species, with species such as cattle
and pigs that do not synthesize fatty acids
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in the liver also having the lowest rates of
triacylglycerol export (Pullen et al., 1990).
On the other hand, poultry and fish
actively synthesize fatty acids in the liver
and secrete VLDLs at very high rates. Rates
of VLDL export are intermediate for species
that have lipogenesis in both liver and
adipose tissue, such as rats and rabbits. In
rats, the origin of the fatty acids incor-
porated into triacylglycerol can affect the
rate of VLDL export. Dietary conditions
that promote lipogenesis in liver also
stimulate VLDL output. In contrast, high
fat diets or conditions that promote
mobilization of fatty acids from adipose
tissue decrease the rate of VLDL synthesis
but promote formation of a separate pool of
storage triacylglycerol = (Wiggins and
Gibbons, 1996). Because the latter condi-
tion (uptake by the liver of fatty acids
mobilized from adipose tissue) is similar to
that usually encountered in ruminants,
similar factors may govern the rate of VLDL
synthesis in ruminants (Bauchart, 1993).

Consequently, conditions in ruminants
that promote extensive body fat mobiliza-
tion usually result in accumulation of
triacylglycerol within the liver, potentially
resulting in fatty liver. Problems with fatty
liver in dairy cows are more likely in over-
fattened cows, possibly as a result of high
insulin and its effects on fatty acid
esterification in the liver, and increased
insulin resistance in peripheral tissues
such as adipose tissue. The mechanism of
clearance of accumulated triacylglycerol
has not been determined definitively. No
hormone-sensitive lipase is present in the
liver of farm animals. In rats, the stored
lipid droplets do not contribute appreciably
to synthesis of VLDLs (Wiggins and
Gibbons, 1996). Rather, it appears that the
lipid droplet must be degraded by lysosomal
acid lipases to free fatty acids, which then
can be metabolized by the liver (Cadérniga-
Valifio et al., 1997).

Metabolism of Essential Fatty Acids

Animals can synthesize fatty acids with
double bonds no closer than nine carbons

from the methyl end of the fatty acyl chain.
For example, stearic acid (18:0) can be
desaturated to oleic acid (18:1) by
desaturase enzymes in liver, adipose tissue,
intestinal mucosa and mammary gland.
The convention for nomenclature of the
position of double bonds within the fatty
acyl chain refers to the carbon number
starting from the methyl carbon end of the
fatty acid, with the methyl carbon referred
to as the ‘w-carbon’. Thus, oleic acid is
referred to in shorthand notation as 18:1
-9, because the double bond occurs at the
ninth carbon from the methyl end.
Alternate nomenclature refers to this as the
‘n-9’ or ‘A9’ position. Likewise, the enzyme
activity responsible for conversion of
stearic to oleic acid is usually referred to as
A9-desaturase.

Polyunsaturated fatty acids with
double bonds nearer to the end of the chain
are required for normal formation of cell
membranes and synthesis of other key
regulatory molecules such as prosta-
glandins (Sardesai, 1992). These fatty acids
fall into two groups, the w-6 series and -3
series. Because animal tissues are unable to
synthesize fatty acids with double bonds in
the -6 or »-3 positions, such fatty acids
must be supplied in the diet. In most
species, the parent compounds of these
families, linoleic acid (18:2 ®-6) and
linolenic acid (18:3 w-3), respectively, are
the only fatty acids that are required from
dietary sources. Consequently, these are
referred to as dietary essential fatty acids.
These fatty acids can be elongated and
desaturated to produce longer chain fatty
acids that are more highly unsaturated. For
example, linoleic acid can be converted to
arachidonic acid (20:4 w-6) beginning with
A6-desaturation, followed by elongation
and A5-desaturation (Fig. 5.4). However,
because the position of the final double
bond in the chain is always fixed from the
methyl end, linoleic acid cannot be con-
verted to eicosapentaenoic acid (20:5 w-3)
or docosahexaenoic acid (22:6 w-3). Cats
and some other carnivores have very limited
activities of the A6-desaturase enzyme, and
thus require dietary arachidonic acid as
well as linoleic and linolenic acid.
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-6 Series -3 Series
LA 18:2 »-6 18:3 -3 ALA
* A-6-Desaturase *
GLA 18:3 »-6 18:4 -3
* Elongase *
20:3 ®-6 20:4 »-3
* A-5-Desaturase *
AA 20:4 »-6 20:5 -3 EPA
* Elongase *
22:4 »-6 22:5 -3
* A-4-Desaturase *
22:5 »-6 22:6 -3 DHA

Fig. 5.4. Metabolism of essential fatty acids of the w-6 (linoleic) and w-3 (linolenic) series. LA, linoleic acid;
GLA, v-linolenic acid; AA, arachidonic acid; ALA, a-linolenic acid; EPA, eicosapentaenoic acid; DHA,

docosahexaenoic acid.

The enzymes for elongation and
desaturation are found in the microsomal
fraction of cells. The distribution of
enzyme activity varies among organs of
animals, with the greatest activity in the
liver and the adrenal glands and only
limited activity in tissues such as the heart,
kidneys and brain (Bézard et al., 1994).

One function of the essential
unsaturated fatty acids is in maintaining
the appropriate fluidity of cell membranes
(Sardesai, 1992). Because unsaturated fatty
acids have lower melting points than
saturated fatty acids, their presence in
membranes makes the membranes more
fluid. Changes in the fluidity of cell
membranes can affect the degree to which
integral membrane proteins such as
receptors are assembled into and diffuse
laterally in the membrane. Such changes
can also affect the activity of membrane-
associated enzymes, change the expression
and function of receptors and alter the
transport of molecules across the
membrane.

While the biochemical basis of the
requirement for linoleic acid and its

metabolites in animal metabolism has been
relatively well understood for some time,
functions of the w-3 family of fatty acids
have been harder to delineate (Sardesai,
1992). Docosahexaenoic acid is a com-
ponent of lipids in the grey matter of the
cerebral cortex of the brain and of the
photoreceptor membranes of the rod outer
segment of the retina. As a result, depriva-
tion of linolenic acid in pregnant female
rats leads to impairments in cognitive func-
tion, learning and vision in the rat pups.
Thus, the presence of adequate linolenic
acid during fetal and neonatal develop-
ment is critical.

Arachidonic acid in cell membrane
phospholipids can be released in response
to various signals that activate phospho-
lipase activity. Arachidonic acid can then
become a substrate for conversion to the
eicosanoids of the so-called series 2 type
(prostaglandin  E,, thromboxane A,,
12-hydroxyeicosatetraenoic  acid  and
leukotriene B,), which have strong pro-
inflammatory and pro-aggregatory actions.
In contrast, the series 3 products pro-
duced from eicosapentaenoic  acid
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released from cell membrane phospholipids
(prostaglandin E,, thromboxane A, and
leukotriene B.) have anti- or weakly
inflammatory effects and only weak
aggregation-promoting effects. Because
linoleic and linolenic acid compete for
the same pathways of elongation and
desaturation, an increased supply of one
will decrease the elongation—desaturation
products of the other that are incorporated
into membrane phospholipids (Sardesai,
1992). In this way, the fatty acid composi-
tion of cell membranes can be altered by
the type of dietary fat. Interest has grown
in whether sources of w-3 fatty acids such
as fish oil could be used to confer

advantages to animals by increasing
eicosapentaenoic acid and decreasing
arachidonic acid in cell membranes,

thereby decreasing the influence of the
series 2 eicosanoid products. Numerous
questions remain about the effectiveness
of such approaches, and to date few con-
clusive data are available.

Several fundamental questions remain
about the metabolism of essential fatty
acids in farm animal species. One of these
is how these fatty acids are transferred in
utero to the fetus, given the complex
nature of the placenta in ruminants and
pigs. A second issue is how ruminants are
able to obtain sufficient essential fatty
acids in the face of extensive rumen
microbial  hydrogenation of dietary
unsaturated fatty acids (Noble, 1984). A
small, and evidently at least marginally
sufficient, amount of the essential fatty
acids escapes hydrogenation in the rumen
and is absorbed. Nearly all of the linoleic
(and presumably linolenic) acid that
reaches the small intestine is incorporated
into phospholipids (through reacylation of
lysophosphatidic acid) and cholesterol
esters (via the ACAT reaction). These
lipids have a very slow turnover in the
body, so that the essential fatty acids are
retained for their critical functions (Noble,
1984). Very few essential fatty acids
normally are incorporated into the triacyl-
glycerol fraction, which has a very rapid
turnover in the body. However, if pro-
tected unsaturated lipids are fed or the

rumen is by-passed experimentally to
allow absorption of large amounts of
unsaturated fatty acids, essential fatty
acids can be incorporated into lymph
triacylglycerols, which will then be trans-
ferred to tissues and milk (LaCount et al.,
1994). An additional factor in conserva-
tion of essential fatty acids by ruminants is
that they oxidize linoleic acid less
efficiently than other more abundant fatty
acids such as oleic, and less efficiently
than do non-ruminants (Reid and
Husbands, 1985).

Role of Lipids in Cell Signalling and
Signal Transduction

Cells within and among tissues of animals
must communicate with one another to
ensure coordinated growth, differentiation,
metabolism and apoptosis (regulated cell
death). A variety of endocrine (hormonal),
paracrine and autocrine factors communi-
cate such information to the surface of
neighbouring or distant cells. During the
last two decades, research has exploded on
the ways in which receptor-borne messages
are translated into intracellular function.
These processes, which are referred to as
signal transduction mechanisms, have
profound effects on both normal growth
and carcinogenesis (Eyster, 1998). One of
the most exciting current areas of research
in lipid metabolism relates to the role of
lipids as signalling compounds.

Recent evidence has shown that
various polyunsaturated fatty acids can
serve directly as second messengers or
modulators of enzymes. Polyunsaturated
fatty acids play a key role in regulating
expression of genes for lipid-metabolizing
or lipogenic enzymes in both lipogenic
and non-lipogenic tissues (Sessler and
Ntambi, 1998). Other lipids, such as
platelet-activating factor and the eico-
sanoids, have regulatory effects on the
inflammatory response. Platelet-activating
factor is a type of ether-linked lipid called
a plasmalogen.

The first discovery of the involvement
of phospholipids was of the agonist-



J.K. Drackley

induced hydrolysis of phosphatidylinositol
4,5-bisphosphate by phospholipase C to
produce inositol-1,4,5-trisphosphate and
diacylglycerols. In turn, the diacylglycerols
and the calcium mobilized by inositol
trisphosphate activate protein kinase C,
which has many diverse effects on cellular
growth and metabolism. Many hormones
and growth factors activate isoforms of
phospholipase C, including epinephrine and
norepinephrine, serotonin, thromboxane
A,, histamine, cholecystokinin, epidermal
growth factor, nerve growth factor and
platelet-derived growth factor (Exton,
1997).

During the last decade, phosphatidyl-
choline also has been found to participate
in cell signalling mechanisms, through
agonists that stimulate phospholipase D
activation. The products of this reaction
are choline and phosphatidic acid, which
may in itself serve as a signalling
mechanism as well as being converted
rapidly to diacylglycerol by phospha-
tidate phosphohydrolase. Phosphatidic
acid also may be converted by a specific
phospholipase A, to form lysophospha-
tidic acid, which is recognized as an
important intercellular messenger, parti-
cularly in stimulating growth. As dis-
cussed earlier, hydrolysis of arachidonic
acid from phosphatidylcholine by
phospholipase A, leads to formation of
the eicosanoids.

Recently, a new pathway of cell signal-
ling has been discovered that works
through sphingomyelin (Exton, 1997).
Activation of sphingomyelinase by
agonists such as tumour necrosis factor-a,
interferon-y and 1,25-dihydroxychole-
calciferol causes hydrolysis of sphingo-
myelin to produce ceramide and
phosphocholine. Ceramide is a potent
intracellular signalling factor that has
widespread effects on cellular growth,
differentiation and viability. Furthermore,
ceramide can be converted by removal of
its fatty acyl group to sphingosine, which
is an inhibitor of protein kinase C.
Sphingosine in turn can be phosphorylated
to form sphingosine-1-phosphate, which

has different cell signalling properties.
Progress in this exciting area is extremely
rapid (Eyster, 1998) and it is likely that
additional information on these pathways
in farm animals will be forthcoming.

Future Perspectives

Although much is known about the basic
pathways of lipid metabolism and their
regulation in farm animals, the processes of
lipid accretion and lipid secretion in milk
will continue to assume great importance
in future research. This prominence is
stimulated by the tremendous impact that
lipid synthesis has on the efficiency, or
inefficiency, of meat and milk production.
In turn, this directly affects profitability of
livestock enterprises. Lipid metabolism
also plays a key role in development of
metabolic disorders such as fatty liver,
ketosis and pregnancy toxaemia, which
continue to plague livestock producers.
Supplemental fats are now standard
components of diets fed to high-producing
dairy cows, and are common in both swine
and beef diets. Continued efforts to
enhance the digestibility and utilization of
dietary fatty acids will improve the
energetic efficiency of milk and meat

production.
Increased understanding of lipid
metabolism should lead to practical

approaches to enhance the productivity
and health of farm animals. Various
biotechnological approaches to manipulate
the process of growth or milk production,
such as somatotropin, target key aspects of
lipid synthesis. Development of transgenic
livestock may be able to exploit desirable
pathways or overcome limitations in others
to alter lipid metabolism. Finally, unravel-
ling the roles and metabolism of the lipid-
derived cell signalling mechanisms will
have a huge impact on understanding the

cellular processes of growth in farm
animals, as well as on the cellular
mechanisms  underlying  homeostatic

actions of circulating hormones and growth
factors.
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Introduction

Glucose is the sugar that is central to carbo-
hydrate metabolism in all vertebrates. It is
the carbohydrate that circulates throughout
the body via blood plasma and/or cells, the
concentration of which is tightly con-
trolled. Failure of control in either direc-
tion has dire physiological consequences,
e.g. coma, energy ‘spillage’, dehydration
and vascular damage. Although the scheme
of metabolism is constant throughout
nature, the strategies of procuring and
metabolizing carbohydrates vary markedly,
even among farm animals.

Classification of animals by feeding
types yields three categories: (i) herbivores,
consumers of plants; (ii) carnivores, con-
sumers of animals; and (iii) omnivores,
consumers of both plants and animals. The
majority of farm animals are herbivores,
e.g. cattle, sheep, goats, rabbits, horses and
catfish; or omnivores, e.g. swine and
poultry. Carnivores have not been
prominent farm animals, although fur-
bearing animals are predominantly carni-
vores. The increase in aquaculture has also
increased the number of farm animal carni-
vores, e.g. trout, salmonoids and alligators.

Aquaculture has also challenged traditional
animal scientists to expand their under-
standing of metabolism to include that of
carnivores and poikilotherms, cold-
blooded animals.

There are three major routes by which
animals procure glucose.

1. Direct enzymatic digestion and absorp-
tion of dietary carbohydrates. Non-glucose
dietary carbohydrates that are absorbed are
processed to glucose before passage from
the liver such that extrahepatic metabolism
of carbohydrate is restricted to glucose
metabolism.

2. Fermentation of dietary carbohydrates
by enteric microbial ecosystems. Glucose is
synthesized by the host, primarily from
end-products of the microbial ecosystem.
Typically, fermentation chambers are
located near the beginning or end of the
alimentary canal, or both.

3. Direct enzymatic digestion of dietary or
enteric microbial protein with absorption
of peptides and amino acids. Selected
amino acids from the absorbed peptides
and amino acids then become substrate for
gluconeogenesis, the synthesis of glucose
from non-carbohydrate precursors.
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The various farm animals use different
routes or combination of routes to obtain
blood glucose. Even within a species, the
route of obtaining glucose may vary with
physiological state or husbandry system.
Poultry, growing swine and mnewborn
ruminants typically will use primarily
route 1. Functional ruminants will use
route 2. Horses and grazing, mature swine
will use a combination of routes 1 and 2.
Carnivores will use primarily route 3.

Different routes of obtaining glucose
are also related to different types of dietary
carbohydrates. Some carbohydrates are
present in the diet in an absorbable form,
but most require at least some digestion for
conversion to an absorbable form. Some
carbohydrates can be digested only with
microbial assistance. Carbohydrates of this
sort are of minimal nutritional value to
animals that rely on route 1 for obtaining
blood glucose.

Classification of Dietary
Carbohydrate

There are four major categories in classifica-
tion of carbohydrates by dietary form (see
Van Soest, 1994): free; intracellular; cell
wall carbohydrates; and chitin (Table 6.1).
From the standpoint of the plant or animal
forming the food, free and intracellular
carbohydrates can be considered together as
non-structural carbohydrates. Cell wall
carbohydrates would only be found in plant
tissue and often are referred to as structural
carbohydrates. Free carbohydrates are those
carbohydrates that are not associated with
the cellular structure of the food. They are
in an absorbable form or require minimal
digestion for absorption. Generally these
are minor components of the diet, but there
are important exceptions. Lactose in milk is
included in this category and is the sole
dietary carbohydrate for many newborn
animals. Trehalose is a mnon-reducing
disaccharide of glucose found in the
haemolymph of insects and is a readily
available form of dietary carbohydrate of
insect-eating animals. Fructose in honey is
another example in a natural food.

Table 6.1. Classification of carbohydrate by dietary
form.

I. Free — not associated with the cellular structure
of food
A. Lactose — milk
B. Fructose — honey
C. Trehalose — haemolymph
Il Intracellular — inside the cell
A. Soluble — dissolved in the cytosol of cell
B. Storage polysaccharide
a. Starches
1. Amylose, a1-4 glucose polymer
2. Amylopectin a1-4 and a1-6 glucose
polymer
3. Glycogen, a1-4 and a1-6 glucose
polymer
b. Fructans
1. Levans, B2-6 fructose polymer
2. Inulins, B2-1 fructose polymer
Cell wall
A. Cellulose, B1-4 glucose polymer
B. Hemicellulose, B1-4 xylose polymer
C. Pectin, a1-4 galacturonic acid
D. Gums, B1-4 and B1-3 polymers of various
sugars
Lignin, phenylpropenoid polymers (not
carbohydrate)
IV. Chitin, B1-4 N-acetylglucosamine polymer
A. Exoskeleton
B. Cell wall

m

Intracellular carbohydrate is divided
into two subcategories: soluble and storage
polysaccharide. =~ Soluble  intracellular
carbohydrate includes those carbohydrates
that are soluble in the cytoplasm of cells.
Most common feed ingredients contain
<5% soluble sugars (Webster and Hoover,
1998), but some ingredients contain much
more. Citrus pulp contains ~300g kg1,
and soybean meal and hays harvested in an
early vegetative stage contain ~100 g kg™?
of the dry matter (DM) as free sugars. Maize
plants harvested for silage are rich in
soluble sugars but these sugars serve as
substrates for fermentation and very few
remain after ensiling. Care must be taken in
interpretation of these data because some
analyses may include fructans in the
soluble sugars.

Storage polysaccharides are also
divided into two major subcategories:
starches and fructans. Starches include
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glycogen, also referred to as animal starch,
and various mixtures of amylose and
amylopectin. Amylose is a linear polymer
of glucose linked by a1-4 glycosidic bonds.
There are typically 1000-2000 glucose
monomers per molecule of amylose.
Amylopectin also is a polymer made solely
of glucose. It differs from amylose because
it is branched and it is larger. The general
structure of amylopectin resembles that of
a tree. There is a single trunk with a reduc-
ing end (free carbon 1 hydroxyl) elongated
with other glucose monomers attached by
al-4 glycosidic bonds. From this single
trunk, branch points are formed by a1-6
glycosidic bonds. The branches are
elongated by glucose monomers linked by
al-4 glycosidic bonds. On average, there
are branch points every 20-25 glucose
residues. There may be up to 200,000
glucose monomers per molecule of amylo-
pectin. Glycogen is similar to amylopectin
but is more branched. Glycogen contains a
branch point approximately every 10-12
glucose residues. There is no reducing end
on glycogen. The ‘trunk’ of glycogen is
anchored on a specific glycoprotein,
glycogenin.

Starches make up ~700 g kg™! of the
DM of cereal grains, and ~300 g kg~?! of the
DM of fruits, roots and tubers, and are the
principal storage polysaccharide of tropical
grasses. Starches, therefore, are a principal
constituent of the diet of many farm
animals, and at least potentially are
digestible by enzymes produced by
animals. The properties of the starch are
determined primarily by the proportions of
amylose and amylopectin in the starch, the
degree of crystallinity of the starch and the
degree of interaction of starch and protein.
This is obvious to the baker who will select
different types of flour (starch) depending
on whether he is making bread, pastries or
pizza crust. Digestion is also influenced by
the type of starch. Starches may be rapidly
and completely digested, slowly but
completely digested, partially digested or
resistant to digestion. Knowledge of these
properties and how the properties can be
altered by processing is important in
formulating diets.

Fructans are a second group of intra-
cellular storage polysaccharides. Fructans
are polymers of fructose attached by p2-6
(levans) or B2—1 (inulins) to each other and
to a sucrose primer. Fructans, therefore,
have no reducing end. There are ~30
fructose monomers in a molecule of
fructan. The fructans are the principal
storage  polysaccharide of temperate
grasses. Levans are typical of grasses and
are more soluble than inulins. Fructans are
soluble in water and are digested rapidly
by enteric microorganisms but are not
digested by digestive enzymes produced by
animals. The glycosidic linkages of
fructans are hydrolysed easily by acid.
This, along with their water solubility, may
include fructans in the intracellular soluble
carbohydrate category.

Cell wall carbohydrates are also
referred to as structural carbohydrates.
There are four major types of carbohydrates
in this group: cellulose; hemicellulose;
pectins; and gums. All of the carbohydrates
in this group require microbial enzymes for
digestion. Cellulose is a linear polymer of
glucose linked by B1-4 glycosidic bonds.
Cellulose is the most abundant organic
compound on earth. There are ~10,000
glucose monomers per molecule of
cellulose. The B1-4 linkages of cellulose
versus the a1-4 linkages of amylose cause
marked differences in the properties of the
two polymers. Cellulose has a flat, straight
structure. This allows cellulose molecules
to align tightly together in straight, parallel
rows to provide structural rigidity. Despite
the rather simple chemical definition of
cellulose, the nutritional characteristics of
cellulose vary from indigestible to com-
pletely digestible by enteric microbes
independently of a host. Cellulose interacts
with other cell wall components such as
hemicellulose, lignin, pectin, cutin and
minerals to various extents. The extent and
nature of the interactions alter the nutri-
tional characteristics of the cellulose.

Hemicellulose is more heterogeneous
than cellulose, with the overall composi-
tion of hemicellulose differing from one
plant species to another. Generally, the
base polymer is xylose linked by p1-4
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glycosidic bonds. The degree of branching
varies from nearly linear to highly
branched. The branches usually are
polymers of arabinose or uronic acid, but
both types of branches will not be present
on the same molecule of hemicellulose.
The interactions of hemicellulose and
lignin are numerous and varied. Exposure
of hemicellulose to gastric digestion
improves its digestibility by enteric
microorganisms.

Pectin is a water-soluble polymer com-
posed primarily of galacturonic acid linked
by a1-4 glycosidic bonds. Pectin serves as
a ‘cement’ that holds the various com-
ponents of the cell wall together. The
carboxyl moieties of galacturonic acid are
cross-linked by Ca?*. Phosphates in the
lumen of the alimentary canal chelate the
Ca?* and solubilize the pectin. Enteric
microorganisms rapidly ferment pectin, but
the a«1-4 bonds are not a substrate for
amylases. Galactose, being a C4-epimer of
glucose, makes the C4-hydroxy of pectin
axial rather than equatorial as in glucose.
Thus the a1-4 galactosidic bond is similar
in character to a B1-4 glucosidic bond.
Pectin, however, is not a flat molecule like
cellulose but tends to coil like amylose.
Interspersed in the galacturonic chains are
rhamnose moieties inserted with a1-4 and
2—4 rhamnosyl galacturonate linkages. The
vicinal linkages with rhamnose cause
sharp bends in the pectin polymer.

Various gums are found in the cell
wall of the seeds of many plants. The gums
are polymers of various sugars linked B1-4
with B1-3 branch points. The branching
prevents these molecules from packing
together, rendering them as open structures
that are soluble in water or form viscous
gels in water. The gums are indigestible by
mammalian enzymes but are fermented
readily by enteric microorganisms.

Another important component of the
cell wall is lignin. Lignin is not a carbo-
hydrate and is, for the most part, indigest-
ible, but lignin does affect the digestion of
cell wall carbohydrates. Lignin is an
extremely variable structure made primarily
of polymers of phenylprope(a)noid
monomers. Phenylpropenoid compounds

are strong electron sinks that polymerize
by free-radical condensation. Lignin
influences digestion by encrustation of
potentially digestible cell wall carbo-
hydrates. Lignins can also complex with
digestive enzymes or glycoprotein sub-
strate to inhibit digestion.

Chitin is the second most abundant
organic compound on earth. Chitin forms
the cell walls of lower plants and the
exoskeleton of arthropods. Chitin is a
linear polymer of N-acetyl-glucosamine
linked by B1-4 glycosidic bonds.
Chitinase, the hydrolytic enzyme for
chitin, is found in a wide variety of
animals as well as being produced by
enteric microflora (Stevens and Hume,
1995).

Procurement of Carbon
Direct absorbers

Direct digestion and absorption of dietary
carbohydrate is the most efficient method
of obtaining carbohydrate if large quanti-
ties of substrate are available in the diet
(Table 6.2). Swine and poultry are the
major groups of farm animals that rely pre-
dominantly, but not solely, on the direct
digestion and absorption of dietary carbo-
hydrates. Rabbits and grain-fed fish would
also be included in this category. This
group contains wide diversity in the struc-
ture of the alimentary canal.

Swine
We will begin with a discussion of swine
because the structure of the alimentary
canal in swine most closely resembles that
of humans. The natural diet of swine
consists primarily of starch foods such as
roots, tubers and nuts that are harvested by
rooting with their rigid snout (Ensminger,
1991) and chewed thoroughly prior to
swallowing. Grains are the source of starch
for the Western swine industry, although
swine are still used as a part of the ‘garbage
disposal’ system in China and developing
countries. While being chewed, ingesta is
insalivated with a mixture of mucus and
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Table 6.2. Summary of carbohydrate digestion in direct absorbers.

Extracellular Intermatrate
Dietary substrate enzymes products/substrates Intestinal mucosal enzymes Absorbed form
Carbohydrates
a-Amylase Maltose Maltase
Amylose (salva pgncreas) > {Isomaltqsef ] lsomaltase > g:ucose
;;\x/l1 —|t4 Oligosaccharides Glucoamylase ucose
Amylopectin ( IfX-Amylase - Isgmc:aslfose} : Maltise » Glucose
Glycogen saliva, pancreas e . somaltase -
o-Limit dextrins lsomaliase Glucose
Maltose,
Maltotriose } Maltase
o.1-4 Oligosaccharides Glucoamylase Glucose
o-Limit dextrinase
> Glucose
Isomaltase
Isomaltose » Glucose
Sucrose Sucrase ,. [ Glucose
Fructose
Lactose Lactase » | Glucose
Galactose
Trehalose Trehalase » Glucose
. iti itobi Glucosamine
Chitin Chitinase Chitobiose Chitobiase . {N—acetyl-

(Gastric mucosa, microbial) |

Chitobiase

glucosamine

(Microbial)

serous saliva containing a-amylase from
the parotid salivary glands. Swine, like
most farm species, do not have an
abundant supply of salivary amylase (Vonk
and Western, 1984). The ingesta is formed
into a bolus by the tongue and swallowed.
The importance of salivary amylase in
those species that posses it is poorly
defined and probably under-appreciated.
Typically, it is assumed that salivary
amylase is inactivated rapidly by the acid
environment in the stomach. It requires a
measurable time for boli entering the
stomach to be disrupted by the churning
action of the stomach and, hence, stomach
acid slowly penetrates the boli. In humans
consuming a starchy meal, 40% of the
starch is digested in the stomach (Vonk and
Western, 1984). Salivary amylase activity
eventually is overpowered by pancreatic
amylase in terms of starch digestion per se.

The extent of salivary amylase activity
expressed in the stomach, however, would
be expected to affect the viscosity of
digesta in animals consuming starchy
feeds. Viscosity is a factor in rates of
passage and digestion. Thus salivary
amylase could affect practical factors as the
glycaemic index and feed intake.

There are no other carbohydrases added
to the ingesta until the digesta enters the
small intestine. Thus the acidic material
entering the small intestine from the
stomach will contain native starch, dextrins
resulting from partial digestion of starch and
other saccharides contained in the feeds, e.g.
sucrose, lactose, mannose, fructose, glucose,
trehalose, chitin and cellulose. The carbo-
hydrates must be digested to their mono-
saccharide units for absorption.

Continued processing of the carbo-
hydrates requires interaction of the digesta
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with gut tissues. The presence of acid in
the duodenum sensitizes the mucosa to
release the hormone, secretin. Secretin
stimulates the exocrine pancreas to secrete
approximately isotonic bicarbonate solu-
tion into the lumen of the intestine. A pH-
neutral environment is essential to
maintain the activity of the digestive
enzymes present in the intestinal tract and
to allow the fragile surface necessary for
absorption. Peptides generated by gastric
digestion of dietary proteins or lipids are
necessary in the digesta to stimulate the
intestinal mucosa to release the hormone,
cholecystokinin (CCK). CCK stimulates the
exocrine pancreas to release digestive
enzymes, some in the form of zymogens,
into the lumen of the intestine. The
pancreatic secretions are carried to the
intestine via the pancreatic duct and
common bile duct. CCK also causes relaxa-
tion of the sphincter of Oddi, an area of
increased tonation where the common bile
duct enters the duodenum, and which
prevents backflux of intestinal contents
into the liver and pancreas.

Pancreatic amylase enters the intestinal
lumen in an active form where it mixes
with the digesta and continues catalysing
hydrolysis of the a1—4 glycosidic bonds in
starch and dextrins in a random manner as
initiated by salivary amylase. The end-
products of starch digestion by amylase are
maltose (disaccharide of glucose with a1-4
linkage), maltotriose (trisaccharide of
glucose with a1-4 linkage) and «-limit
dextrins. The a-limit dextrins have various
structures. They contain the a1-6 linkage
of the branch points of amylopectin. The
number of glucose units before and after
the branch point and the length of the
branch vary. a-Amylase does not hydrolyse
the glucose unit immediately before or
until two glucose units after branch points
(Newsholme and Leech, 1989). The
minimum size, therefore, of a-limit dextrin
is five glucose units, but the average size is
eight glucose units. No free glucose is
released by a-amylase-catalysed hydrolysis
of starch (Alpers, 1987).

Completion of starch digestion is
catalysed by saccharidases attached to the

brush border of the small intestine. There
is some disagreement as to the relative
importance of the saccharidases (Gray et
al., 1979; Taraval et al., 1983; Rodriguez et
al., 1984), but for swine it appears that
a-limit dextrinase is most active in
hydrolysing oligosaccharides. Limit dextrins
are hydrolysed to multiple units of glucose
and isomaltose (disaccharide of glucose
linked by a al1-6 bond). The isomaltose
then is hydrolysed to glucose by isomaltase,
although isomaltase could cleave the a1-6
bond first, generating substrate for maltase
and glucoamylase. Maltose and maltotriose
are hydrolysed to glucose by maltase.
Longer al-4 oligosaccharides are hydro-
lysed one glucose unit at a time from the
non-reducing end by glucoamylase.

Dietary disaccharides are hydrolysed
by brush border disaccharidases. Sucrose,
plentiful in fruits and cell solubles, is
hydrolysed by sucrase to fructose and
glucose. Sucrose should not be included in
the diet of neonatal pigs and most other
animals because sucrase activity is not
expressed in most young animals (Kidder
and Manners, 1980). Lactose, the sugar
found in milk, is hydrolysed to galactose
and glucose by lactase. Trehalose, plentiful
in algae and fungi and the main circulating
carbohydrate of insects, is hydrolysed to
glucose by trehalase.

The pH optimum for these enzymes is
~6.0. Intestinal pH is maintained near
neutral by the secretin—pancreas system
described above. The K of the enzymes
for sugars range from ~1 to 20 mm (Alpers,
1987). The difference in K s for o-limit
dextrins between isomaltase and o-limit
dextrinase may explain some of the contro-
versy concerning their importance. The
difference is about an order of magnitude,
so isomaltase activity may appear more
important when a-limit dextrin is plentiful
and «-limit dextrinase more important
when substrate is less plentiful.

With the exception of lactase in
mature animals and sucrase in young
animals, the capacity for digestion exceeds
the capacity for absorption. After a meal
containing disaccharides, monosaccharides
accumulate in the intestinal lumen (Alpers,
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1987). The activities of the intestinal
saccharidases vary along the length of both
the intestine (Vonk and Western, 1984) and
the villus (Alpers, 1987). There are a
number of factors that affect enzyme
activity along the length of the villus. Cells
differentiate as they migrate from the crypt
to the villus tip and change their pattern of
proteins synthesized. Different enzymes
also have different half-lives on the brush
border. This is due primarily to pancreatic
proteases hydrolysing the glycoprotein
anchors of the disaccharidases and releas-
ing them into the lumen. In some species,
including swine, the activities of some
membrane saccharidases such as sucrase
and maltase are modified differentially, but
lactase activity is rather constant (Karasov
and Hume, 1997). The distinction between
luminal and membrane digestion becomes
blurred. Membrane enzymes are released
into the lumen by proteases and cell
sloughing; in contrast, pancreatic amylase
adheres, to some extent, to the enterocyte
membrane (Alpers, 1987).

In the scheme of digestion of dietary
carbohydrates, most of the absorbable
monosaccharides are generated on the
surface of the absorptive enterocytes.
Logically, this would enhance the
efficiency of absorption (Ugolev, 1968), but
this logic is questioned (Alpers, 1987).
Glucose is the major monosaccharide avail-
able for absorption from most practical
diets. It is believed that glucose is absorbed
by both transcellular and paracellular
routes. The paracellular route, however, is
dependent on the transcellular route.

The major transcellular route is
the Nat*-dependent co-transport system
(SGLT1). There are several reviews on the
mechanism of SGLT1 (Semenza et al.,
1984; Hopfer, 1987; Baly and Horuk, 1988;
Widdas, 1988; Wright, 1993). Na* is the
primary solute transported. Glucose is a co-
solute. In the absence of Na*, glucose
cannot be transported. Under in vitro
conditions, other cations may substitute for
Na* although less effectively, but Na* is
virtually the sole binding cation in vivo.
The preponderance of data suggest a single
SGLT1 in the intestine with a 2:1

Na*:glucose stoichiometric ratio. There is
some support, however, for two Na*-
dependent transporters in the intestine
with different affinities for glucose and 1:1
and 2:1 or even 3:1 Na*:glucose stoichio-
metric ratios, more similar to renal
proximal tubule glucose transporters.
Apical membrane events of the SGLT1
transport system appear to follow an
ordered mechanism. The first Na* binds to
a luminal portion of the SGLT1 protein
referred to as the gate. The gate has a
valence of —1 or —2. Binding of the first
Na* causes the gate to extend and expose
the binding site for glucose to the luminal
contents. Binding of Na* also decreases the
K, for glucose. Glucose binds, followed by
binding of a second Na*, causing the gate
to be neutralized or changed to a positive
charge. The gate snaps back, translocating
the binding sites to the cytosolic surface of
the enterocyte. The intracellular concentra-
tion of Na* is much lower than the extra-
cellular concentration and therefore Na*
dissociates from SGLT1. Dissociation of
Na* increases the K for glucose and the
glucose dissociates. The second Na*
dissociates, returning a negative valence to
the ‘gate’. The electrical gradient of the cell
membrane (inside negative) slowly returns
the ‘gate’ of SGLT1 to the luminal surface.
Return of protein with empty binding sites
from the interior to the exterior of the
apical membrane is the rate-limiting step.
The affinity of SGLT1 for Na* is
dependent on the electrical potential of the
membrane. At 0 and —150 mV, the K for
Na* is 50 and 5mm Na*, respectively.
Under physiological conditions, the elec-
trical potential is estimated to be approxi-
mately —120 mV. Luminal, intracellular and
extracellular concentrations of Na* typic-
ally are 150, 10 and 150 mMm Na*, respec-
tively (Guyton, 1971; Ferraris et al., 1990).
Likewise, the affinity of SGLT1 for glucose
is dependent on Na* concentration. At 2
and 100 mm Na*, the K| for glucose is >10
and <0.1 mM glucose, respectively. The
luminal and intracellular concentrations of
glucose vary and are difficult to measure.
Both increase during the absorptive state.
The intracellular concentration increases
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from <0.4 mMm in the non-absorptive state to
several mMm during the absorptive state. The
range in concentration will be even more
for luminal glucose concentration, con-
servatively estimated from 0.2 to ~50 mMm
(Ferraris et al., 1990). Glucose concentra-
tion in the unstirred layer can be estimated
only with uncertainty, and may exceed
several hundred mm (Pappenheimer, 1993).
Measurements of K_s were made for
luminal substrates. Assuming the K s are
similar on the cytosolic surface, SGLT1
will be loaded with substrate on the
luminal surface and substrates unloaded
on the cytosolic surface. A summary
diagram is provided in Fig. 6.1.

The SGLT1 system for glucose transport
is active, requiring expenditure of ATP. The
events on the apical membrane that bring
glucose into the enterocyte do not involve
direct hydrolysis of ATP. Na* is the primary
solute and is transported down an electro-
chemical gradient requiring no energy. The
secondary solute, glucose, can be carried up
a concentration gradient with no immediate
expenditure of ATP. Energy must be used,
however, to maintain the electrochemical
gradient for Na*. The Na* gradient is main-
tained by the Na*/K*-exchange ATPase
pump on the basolateral membrane of the
enterocytes. Exchange of intracellular Na*
for extracellular K* requires hydrolysis of an
ATP. Inhibition of the exchange pump
quickly stops active absorption of glucose.

A second means for transepithelial
transport of sugars is the GLUT5
transporter protein. GLUT5 catalyses
insulin-independent facilitated diffusion of
monosaccharides across the apical
membrane of enterocytes. Carbohydrate-
facilitated diffusion transporters,
GLUT1-GLUTS5, have been reviewed (Baly
and Horuk, 1988; Widdas, 1988; Birnbaum,
1992; Elsas and Longo, 1992; Pessin and
Bell, 1992; Thorens, 1992, 1993; Bird et al.,
1996; Olson and Pessin, 1996). Despite the
name GLUTS5, glucose is not transported by
GLUT5. GLUT5 is the major route of
uptake for fructose, and fructose uptake is
not inhibited by the presence of glucose.
The transporter is present on the apical
membrane of enterocytes from approxi-

mately mid-villus to the tip. Other sugars
not actively transported, such as ribose,
mannose, arabinose, glucosamine, N-
acetylglucosamine and xylose, are probably
transported by GLUT5. Galactose shares
SGLT1 with glucose.

Transport of glucose across the baso-
lateral membrane of the enterocyte is an
important component of the paracellular
route of glucose absorption. Thus, baso-
lateral glucose transport will be presented
before discussing paracellular absorption.
GLUT2 is the transporter that catalyses
transport of glucose across the basolateral
membrane. The process is insulin-
independent facilitated diffusion. GLUT2 is
expressed on the basolateral membranes of
mature enterocytes, i.e. from the sides of the
villi to the tip but not at the base or in the
crypts. GLUT2 is characterized by a high K |
and high V__ . The intestinal GLUT2 dis-
plays slight asymmetry with regard to trans-
port kinetics. The K for glucose efflux is
23 mM glucose, approximately half that of
the K of influx (48 mm glucose); favouring
glucose efflux from the enterocyte. Transport
asymmetry is not unique. GLUT1, the
erythrocyte glucose transporter, has a differ-
ence between efflux and influx K s of
approximately an order of magnitude,
favouring influx. The GLUT2 expressed in
hepatocytes and pancreatic islet cells is sym-
metrical. GLUT2 transports glucose, galac-
tose and fructose, the major sugars absorbed
by a transcellular route. Other absorbed
sugars are probably transported by GLUT2.

Accumulation of solutes of active
transport (Na*, glucose, amino acids)
stimulates paracellular absorption (for
reviews, see Madara, 1988; Pappenheimer,
1993; Ballard et al., 1995; Pappenheimer,
1998). Paracellular transport cannot occur
in the absence of active transport. Thus
active transport provides most of the
driving force for paracellular transport.
What is clear is that during the rapid
absorptive state in vivo, the SGLT1 system
is saturated. The mechanisms for the
connections are not determined fully and
the hypothesis itself is not accepted
universally (Ferraris et al., 1990; Fine et al.,
1993). It appears that absorbed solutes
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establish a standing osmotic gradient in the
epithelial interstitium that increases water
transport from the lumen to the interstitium.
There is no debate on this part of the
hypothesis. What is not established is the
proportion of water entering the interstitium
by transcellular versus paracellular routes.
The Pappenheimer hypothesis suggests that
the intracellular Na* induced by active
transport triggers a contraction of the
cytoskeleton that causes a rearrangement of
the tight junction proteins and making the
junction more porous. This is a point of
contention, but has good support.
Cytochalasin D, which also stimulates con-
traction of the cytoskeleton of enterocytes,
increases tight-junction permeability to an
extent similar to that observed concomitant
with active glucose absorption. In large
animals, the proportion of glucose absorbed
via the paracellular route may be much
greater than carrier-mediated absorption. It
cannot be construed, however, that the para-
cellular route is more important because the
paracellular route will not operate in the
absence of an active transport system.
Generally, most of the a-linked glucose
polymers, lactose and sucrose (except in
neonates) are digested and absorbed during
the transit time of the digesta through the
small intestine. Starches that are resistant
to the digestive process are not common in
feedstuffs fed to swine. Digestion-resistant
starches are those that form crystalline
starch granules. Sorghum harvested as high
moisture, then dried and fed without
further processing, contains some resistant
starch. The quantity of resistant starch in
legume seed is significant. The resistant
starch and fibre (fructans and cell wall
carbohydrates) will pass into the caecum
and large intestine to provide substrate for
the enteric microorganisms. Fermentation
by the microorganisms does not provide an
important source of energy for growing and
finishing swine, but hindgut fermentation
can provide a substantial energy source for
the breeding herd. Independently of the
magnitude of energy supply to the host,
hindgut fermentation is an important
process. Details of hindgut fermentation
will be discussed in a subsequent section.

Poultry

Much of the previous discussion on swine
is also applicable to poultry, but there are
important differences in poultry (Duke,
1986a,b). The beak replaces the lips and
teeth. Feed is consumed, one peck at a
time; hence there is very little residence
time per peck in the oral cavity. Lacking a
soft palate, poultry raise their heads to
swallow in order to prevent ingesta from
filling the nasal cavity. Dry, non-pelleted
feeds often are moistened prior to ingesting
with saliva or water carried in the beak and
dumped on the feed. This practice causes
practical problems in maintaining feed
intake and freshness of the feed. Most
poultry feeds are pelleted. Pellets more
closely resembling the natural diet of
seeds, insects, worms, berries and carrion
are easier for the birds to ingest and the
pellets are not moistened before ingestion.

The lumen of the oesophagus is very
large relative to the size of the animal in
order to accommodate the lack of physical
breakdown of ingesta in the oral cavity. The
oesophagus is divided into three distinct
sections: the pre-crop oesophagus; the crop;
and the post-crop oesophagus. The crop is a
distensible pouch in the oesophagus that
stores the ingesta during meals. Between
meals, the crop meters ingesta to the post-
crop oesophagus and gastric digestion.
Salivary and oesophageal secretions, mostly
mucus, are added to the ingesta during its
retention in the crop. The saliva of poultry
lacks amylase, although that of some wild
birds, e.g. sparrows, contains amylase.
Amylase is present in the crop contents of
poultry. The sources are primarily bacteria
ingested with the feed and the feed itself.
As much as 25% of the ingested starch may
be converted to sugars in the crop, and
~10% of the starch disappears during
storage in the crop. Disappearance is due to
microbial fermentation and absorption of
glucose through the crop wall.

As material is metered from the
crop through the post-crop oesophagus,
it traverses the proventriculus. The
proventriculus is the secretory portion of
the stomach releasing HCl, pepsinogen,
intrinsic factor and chitinase. Chitinase
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activity in poultry is much less than in
insectivorous birds, but adequate to hydro-
lyse approximately one-third of purified
shrimp chitin added to normal diets (Vonk
and Western, 1984). Its lumen is approxi-
mately the same size as the oesophagus. The
ingesta is mixed thoroughly with gastric
secretions in the ventriculus (gizzard). The
ventriculus is the site where both physical
and chemical digestion is initiated as a
major effort. Each batch of digesta entering
the ventriculus is churned into a pulpy
consistency by muscular contractions.

The digesta passes into the small
intestine and is processed similarly to what
was discussed for swine. Poultry, however,
lack lactase. No chitinobiase is found in
either the small intestine or the pancreas.
The function of chitinase, therefore, is
mainly to solubilize chitin in order to
enhance digestion of other nutrients in the
feedstuff, rather than to obtain energy from
chitin itself. Relative to body size, the
length of the small intestine is short. There
is some question of the completeness of
starch digestion and absorption in the
small intestine. The proximal caeca has
SGLT1 activity similar to that expressed in
mid-small intestine (Planas et al., 1986;
Vinardell et al., 1986). The extent of
glucose absorption from the caeca in com-
mercial production systems is unknown.

Other

Hindgut fermenters and carnivores will also
process digesta similarly to direct absorbers.
They too are direct absorbers but have
alternative routes for obtaining a substantial
portion of their carbohydrate carbon. Very
strict carnivores have a reduced capacity for
digesting carbohydrate, and excess carbo-
hydrate in their diet may impede their
ability to digest protein.

Fermenters

Pre-gastric fermentation

Ruminant animals rely on pre-gastric
fermentation for initial processing of
ingesta. Ruminants actually harvest

nutrients to supply a complex microbial

ecosystem inhabiting their forestomach.
The ruminant obtains its nutrients from the
wastes and effluent from the fermentation.
There are ~20-25 billion bacteria and
200,000-2 million protozoa ml™' of
ruminal fluids. The population of fungi is
more variable and the role of fungi defined
less accurately. The rumen of an adult
dairy cow has a capacity of ~2101. The
number of microorganisms inhabiting the
rumen of a single cow exceeds the world’s
human population by 1 million-fold! The
fundamentals of this complex system were
established by the classic work of Hungate
(1966), and this has been updated recently
(Hobson and Stewart, 1997). More general
reviews are available (Church, 1988; Van
Soest, 1994).

To ruminate means to chew again,
hence the name ruminant. The process of
rumination is essential for efficient meta-
bolism of fibrous feeds. Ruminants are
meal-feeding animals, eating twice per day
each morning and evening. The ruminal
ecosystem is most efficient if fermentation
is continuous at a constant rate.
Microorganisms do not have the ability to
store nutrients during times of abundance
for use when nutrients are limited; they
grow by dividing and their metabolism is
most efficient during the exponential
growth phase. Cycling of nutrient avail-
ability causes surges in microbial growth
followed by periods of maintenance meta-
bolism with little cell division. Rumination
converts the meal-feeding habits of the
ruminants into a continuous feeding
regimen for the microorganisms. Ruminants
consume large quantities of coarse feeds
rapidly. As the feeds are ingested, not all of
the material is available immediately as a
substrate for the microorganisms. The
waxy cuticle on the surface of plants
impedes microbial digestion. The micro-
organisms attack the broken ends and
places where there are nicks in the cuticle.
The nearly continual process of rumination
continues to provide ‘new substrate’ to the
microorganisms long after the meal has
been consumed. The digestion by micro-
organisms causes loci of structural weak-
ness in the plant material that are fractured
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by the mixing contractions of the rumen
(Ulyatt et al., 1986). Rumination is also a
potent stimulus for salivation. The con-
tinual addition of saliva to the fermenta-
tion helps neutralize acids generated by
fermentation. This is important because
acid inhibits fermentation.

The feeds consumed by ruminants to
be digested by the microbial ecosystem are
physically much larger than the micro-
organisms  themselves. The  micro-
organisms, therefore, must solubilize the
feeds by secreting enzymes to digest the
feed chemically into soluble components.
There are many different enzymes manu-
factured intracellularly by the micro-
organisms for excretion into the ruminal
environment in various forms. These
enzymes include cellulases,  hemi-
cellulases, pectinases, amylases, proteases
and lipases. There are multiple enzymes
within each class that act concurrently in
hydrolysing the substrate into a soluble,
absorbable form. The enzymes may be
released altruistically into the environment
of the microorganism, i.e. whatever effect
the released enzyme has in making soluble
substrate available to the microorganisms
by catalysing hydrolysis of substrate, the
soluble products of hydrolysis are available
to any microorganism in the area. The
released enzyme may remain attached to
the exterior surface of the secreting micro-
organism similarly to the brush border
enzymes described previously. As the
microorganism comes in contact with sub-
strate, the solubilized products are gener-
ated in very close proximity to the cell that
manufactured the enzyme. Many micro-
organisms attach themselves to the ‘surface’
(keep in mind this is an inner surface of
the substrate to which the microorganism
gained access via a nick in the outer sur-
face, i.e. the substrates are digested from
the inside to the outside) of the substrate
by means of a glycoprotein matrix between
the cell wall of the substrate and the cell
wall of the microorganism. This is the pre-
dominant mode of digestion (Cheng et al.,
1991). Enzymes are secreted into the space
enclosed by the glycoprotein matrix. As
substrate is solubilized, the products are

captured by the glycoprotein matrix, mak-
ing these nutrients available only to the
microorganism that secreted the enzyme.
Some microorganisms secrete enzymes that
hydrolyse the structural components of
plant material but do not use the solubilized
products as an energy substrate. Like the
chitinase activity in poultry, this hydrolysis
is necessary to gain access to more desir-
able substrate. The solubilized structural
components, however, are used as substrate
by other species of microorganisms.

Not all microorganisms have the same
complement of enzymes in the same propor-
tions. Ruminal microorganisms can be
organized into 11 groups by substrate and
product  preferences (Yokoyama and
Johnson, 1988), though there is considerable
overlap of species among the substrate/
product-grouping scheme.

1. Cellulolytic, e.g. Bacteroides succinogens,
Ruminococcus flavefaciens, Ruminococcus
albus and Butyrivibrio fibrisolvens.

2. Hemicellulolytic, e.g.  Butyrivibrio
fibrisolvens, Bacteroides ruminicola and
Ruminococcus sp.

3. Pectinolytic, e.g. Butyrivibrio fibrisolvens,
Bacteroides ruminicola, Lachnospira multi-

parus, Succinivibrio dextrinosolvens,
Treponema bryantii and Streptococcus
bovis.

4. Amylolytic, e.g. Bacteroides amylophilus,
Streptococcus bovis, Succinimonas amylo-
Iytica and Bacteroides ruminicola.

5. Ureolytic, e.g. Succinivibrio dextrino-
solvens, Selenomonas sp., Bacteroides
ruminicola, Ruminococcus bromii,
Butyrivibrio sp. and Treponema sp.

6. Methanogens, e.g. Methanobrevibacter
ruminantium, Methanobacterium  formi-
cicum and Methanomicrobium mobile.

7. Sugar-utilizing, e.g. Treponema bryantii,
Lactobacillus vitulinus and Lactobacillus
ruminus.

8. Acid-utilizing, e.g. Megasphera elsdenii
and Selenomonas ruminantium.

9. Proteolytic, e.g. Bacteroides amylophilus,
Bacteroides ruminicola, Butyrivibrio
fibrisolvens and Streptococcus bovis.

10. Ammonia-producing, e.g. Bacteroides
ruminicola, Megasphera elsdenii and
Selenomonas ruminantium.
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11. Lipolytic, e.g. Anaerovigrio lipolytica,
Butyrivibrio  fibrisolvens, Treponema
bryantii, Eubacterium sp., Fusocillus sp.
and Micrococcus sp.

After solubilizing substrates, the
soluble nutrients are transported across the
plasma membrane of the microbial cell.
The major soluble substrates derived from
dietary carbohydrates are glucose, cello-
biose, xylose and galacturonic acid. The
soluble carbohydrates enter microbial cells
via an ATP-driven active transport system
similar to that described previously or via a
phosphoenolpyruvate (PEP)-dependent
phosphotransferase system (PTS) (Fig. 6.2)
(Konings et al., 1986; Erni, 1992). High-
energy phosphate is transferred from PEP
in glycolysis through a series of phospho-
protein intermediates to a sugar being
transported across the plasma membrane.
The first two proteins, EI and HPr, are
cytosolic and are intermediates common to
all sugars being transported. The other two
protein intermediates are sugar-specific,
EIIsugarx and EIUsa, EIIl may be either
cytosolic or membrane-bound. The dephos-
phorylated form of EIII (dephosphorylated
because sugar x is being transported
rapidly from the medium into the cell)
binds to ATP-driven permeases in the cell
membrane inhibiting them. The EII~P
form (which accumulates when sugar x is
unavailable in the medium) activates
adenylate cyclase to generate cAMP to turn
on synthesis of other sugar transport pro-
teins. EII is a transmembrane protein that
binds sugar x on the outside surface of the
membrane, phosphorylates the sugar, and
releases the phosphorylated sugar into the
cytosol of the cell. Coupling transport with
phosphorylation conserves ATP. If the
sugar is cellobiose, even more ATP savings
are realized. The PTS will release
cellobiose phosphate (on C-6 of the reduc-
ing sugar) on the interior of the cell.
Phosphorylysis then will yield glucose-6-
phosphate and a glucose-1-phosphate.

The ATP-dependent systems usually
are symport transporters, with the specific
sugars being the co-solute as in SGLT1. The
primary solute is a proton or Na*. As with
SGLT1, both solutes must bind on the

exterior prior to protein conformational
change in order to bring the solutes to the
interior. The K_s of solutes when the bind-
ing sites are on the interior of the mem-
brane are high, causing release of the
solutes and preventing transport to the
exterior. The primary solute is pumped out
of the cell at the expense of ATP.

The Embden—Meyerhof-Parnas glyco-
lytic pathway is the basis for metabolism of
the phosphorylated sugars under anaerobic
conditions (Fig. 6.3) to pyruvate. Pentoses,
dietary and derived from decarboxylation
of galacturonic acid of pectins, enter
glycolysis via the pentose phosphate shunt.
An alternative route of metabolism of
pentoses is the pentose phosphate phospho-
ketolase reaction. In this reaction, ribulose-
5-phosphate (an intermediate of the
pentose phosphate shunt) is phosphory-
lated (cleavage of a carbon—carbon bond by
addition of phosphate) to glyceraldehyde-
3-phosphate (an intermediate in glycolysis)
and acetyl-phosphate. With this exception
noted, virtually all carbon entering the
ruminal anaerobic fermentation is con-
verted to pyruvate. In conversion of 1 mol
of hexose to pyruvate there are 2—5 mol of
ATP generated by substrate-level phos-
phorylation, depending on the transport
system used in getting the carbohydrate
into the cells, and 2 mol of reducing
power generated (NAD*—NADH,H*). The
NADH,H* must be oxidized for glycolysis
to continue. Thus reactions that produce
NADH,H* must be balanced with reactions
that consume NADH, H*.

The secondary degradation of pyruvate
in ruminal fermentation differs from that of
mammalian glycolysis. Lactate, although
an intermediate in ruminal fermentation, is
not an end-product of a normal, healthy
fermentation. The major end-products of a
normal fermentation are acetate, propionate,
butyrate, CO, and CH,. A typical molar
ratio of acetate:propionate:butyrate 1is
66:20:14. Balancing this molar production
ratio of volatile fatty acids (VFAs) for redox
potential (Wolin, 1960), the molar ratio for
major end-products is 34:10:8:30:18, for
acetate, propionate, butyrate, CO, and CH,,
respectively. Expressing these values as
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Fig. 6.3. Summary of ruminal fermentation (modified from Czerkawski, 1986).

percentage carbon fermented yields 38, 17,
17, 17 and 11%. Management practices
such as diet and meal frequency influence
these ratios: grains increase propionate and
decrease methane, forages increase acetate
and methane. The important thing to
remember is that the production of end-
products is linked such that, overall, there
must be a redox balance. Feeding forages

versus concentrates causes divergent
ecological changes in the ruminal eco-
system. Both are stable, although grain
feeding taken to extreme may collapse, but
are not compatible.

To see how the end-products are
linked, we shall examine how each is
produced. They all start from pyruvate and
in the production of pyruvate there is a
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redox imbalance. The redox could be
balanced by reducing pyruvate to lactate as
occurs in mammalian metabolism. This
works chemically, but such metabolism
eliminates many places where micro-
organisms can gain production of ATP.
Keep in mind that due to management
errors, the ruminal ecosystem may switch
to generating lactate as its major end-
product. When this happens, the ruminant
is likely to be dead within hours.

In the production of acetate, pyruvate
is first oxidatively decarboxylated to yield
CO,, a reducing equivalent, and acetyl-
CoA. Formate also could be released
instead of CO,, but the reducing equiva-
lent eventually would be generated as
the formate was oxidized to CO,.
Transesterification of acetyl-CoA yields
acetyl-phosphate and CoA. A phospho-
transferase catalyses formation of acetate
and ATP from acetyl-phosphate and ADP.
The production of acetate from pyruvate
produces one unit each of CO,, ATP and
reducing power per acetate.

Butyrate is produced by the condensa-
tion of two units of acetyl-CoA forming
CoA and acetoacetyl-CoA and consuming
an ATP. The acetoacetyl-CoA is reduced
to B-hydroxybutyryl-CoA followed by
dehydration to crotonyl-CoA. Crotonyl-
CoA serves as a terminal electron acceptor
of an electron transport chain coupled to
phosphorylation of ADP (Fig. 6.4). The
electron transport chain transfers reducing
power from NADH,H*/FADH, and reduces
crotonyl-CoA to butyryl-CoA. The energy
of the butyryl-CoA thioester is captured
in the form of ATP via transesterification
and phosphotransferase, similarly to that
described for the acetate pathway. The
production of butyrate from acetyl-CoA
produces an ATP and consumes two units
of reducing power per unit of butyrate
formed.

Propionate is produced by two path-
ways, the randomizing and acrylate
pathways. The randomizing pathway pre-
dominates, producing 90-95% of the
propionate when ruminants are fed forage-
based diets and 60-70% of the propionate
when fed mixed diets. The acrylate pathway

predominates in grain-fed ruminants,
accounting for 70-90% of the propionate
produced after a meal of grain. The acrylate
pathway is more tolerant of the acid condi-
tions induced by grain feeding (more rapid
production of acid coupled with reduced
stimulus for rumination and therefore less
buffer from saliva) with increases in
propionate and decreases in methane
production.

The randomizing pathway is initiated
by a carboxytransphosphorylase reaction in
which PEP reacts with CO, and P, forming
oxaloacetate (OAA) and PP,. This may or
may not be equivalent to expenditure of an
ATP, depending on the efficiency of
coupling, because phosphofructokinase in
propionate-producing bacteria can use PP,
as the phosphate donor in forming fructose-
1,6-bisphosphate. The OAA is reduced to
malate, consuming a unit of reducing
power. The malate is dehydrated to
fumarate. Fumarate, like crotonyl-CoA, is
the terminal electron acceptor in an
electron transport chain, resulting in the
reduction of fumarate to succinate and
production of ATP. Initially, the succinate is
converted to succinyl-CoA by a thiokinase,
consuming an ATP. Once succinyl-CoA is
formed, the pathway becomes autocatalytic,
eliminating the need for the thiokinase and
carboxytransphosphorylase reactions. These
reactions are necessary only for priming
the pathway. The succinyl-CoA is mutated
to methymalonyl-CoA by a vitamin B, ,-
catalysed reaction. Methylmalonyl-CoA is
epimerized from the (R) to the (S) stereo-
isomer. The next reactions, catalysed by
a Dbiotin-containing transcarboxylase, are
central to the randomizing pathway.
Methylmalonyl-CoA donates a CO,, forming
carboxybiotin on the enzyme and propionyl-
CoA. The carboxybiotin form of the en-
zyme reacts with pyruvate, carboxylating
pyruvate to OAA and reforming the uncar-
boxylated enzyme. Thus the initial CO, of
the transcarboxyphosphorylase becomes
catalytic, and pyruvate rather than PEP is
the subsequent source of propionate carbon.
Conversion of PEP to pyruvate captures
energy in the form of ATP when the trans-
carboxyphosphorylase is eliminated. The
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propionyl-CoA formed in the transcarboxy-
lase reaction undergoes transesterification
with succinate yielding succinyl-CoA and
propionate. The transesterification reaction
eliminates the thiokinase reaction. Once
primed, the randomizing pathway produces
an ATP and consumes two NADH,H* per
propionate produced.

The acrylate pathway converts
pyruvate to propionate and acetate in a
coordinated and stoichiometric manner.
Pyruvate is reduced to lactate, consuming a
reducing equivalent. The lactate is
energized to lactyl-CoA by a transesterifica-
tion reaction with acetyl-CoA. The acetyl-
CoA generation was discussed in the
acetate section. The lactyl-CoA is phos-
phorylated using acetyl-phosphate as the
donor. The phosphate is a much better
leaving group than a hydroxyl, and sets up
the next reaction which is phosphate
elimination. In effect, the phosphoryla-
tion/phosphate  elimination dehydrates
lactyl-CoA to acrylyl-CoA. Acrylyl-CoA is a
terminal electron acceptor of an electron
transport chain, and an ATP is generated as
acrylyl-CoA is reduced to propionyl-CoA.
The propionyl-CoA is transesterified with
acetate yielding propionate and acetyl-
CoA. Overall, two pyruvates are converted
to a propionate, a CO, and an acetate while
generating an ATP and consuming an
NADH,H*. Considering the pathway with-
out the contribution of pyruvate to acetate,
there are two units of reducing power
consumed per propionate produced and no
change in ATP.

Production of CO,, in effect, was
described concurrently with the pathways
of VFA production. Glycolysis and produc-
tion of acetate generate reducing power,
and production of propionate and butyrate
consumes reducing power. Acetate is
the dominant end-product of ruminal
fermentation. The VFA ratios normally
encountered produce more reducing power
than is consumed by VFA production
alone. Species that generate excess reduc-
ing power balance the excess by using a
proton as a terminal electron acceptor,
which in combination with a hydride ion
generates H, gas. This system can only be

effective if there is a means of consuming
the H,. The methanogens use H, to reduce
CO, to methane. The methanogenic path-
way is a series of oxidation-reduction reac-
tions of a series of electron transport chains
that ultimately use CO, or its reduction
products as terminal electron acceptors.
ATP is generated concurrently with
electron transport. A branch from the
methanogenic pathway also fixes carbon
for anabolic processes (Fig. 6.5). In addi-
tion to fumarate, crotonyl-CoA, acrylyl-
CoA, H* and CO,, other compounds that
serve as significant terminal electron
acceptors are SO, and NO,. Methanogens
generate virtually all of the ATP from
electron transport-coupled phosphoryla-
tion, but there is a wide range in non-
methanogenic species, e.g. B. succinogens,
50%; B. ruminicola, 33%; B. fibrisolvens,
25%, and S. bovis, ~0%.

The summary in Fig. 6.3 represents
the whole of the ruminal ecosystem and
not the metabolism of individual species.
There is interspecies metabolite transfer.
End-products of the metabolism of one
species are used as substrates for meta-
bolism of another species. The inter-
species hydrogen transfer to methanogens
may prove to be quite interesting. There
are indications that methanogens physic-
ally attach themselves to the cells of larger
microorganisms. Typically, the metabolic
characteristics  expressed by micro-
organisms in monoculture are quite
different from those in mixed culture. This
effect is very dramatic in ruminal micro-
organisms grown in the absence of
methanogens. Although methanogens may
be politically incorrect, they are vital to
the ruminal ecology. Methane produced by
ruminants worldwide is significant (~12%
of total world production) but must be
kept in context. Ruminants produce the
same amount of methane as rice fields.
Methane production from landfills is half
that from ruminants. The major generator
of methane is natural wetlands (42%)
(Crutzen, 1995).

Organic acid end-products of meta-
bolism of individual microbes (VFAs and
metabolic intermediates for interspecies
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metabolite transfer) must exit the cell into
the fluid environment of the rumen. Exit
is by diffusion and by permeases (Fig.
6.2).

Most of the VFAs, the waste products
of the fermentation, are removed from the
fermentation by absorption through
the rumen epithelium. Not all details of the
absorption process are understood but the
process has been reviewed recently (Gabel,
1995; Rechkemmer et al, 1995; von

Engelhardt, 1995). It had been thought
previously that the major route of absorp-
tion was by passive diffusion of the
undissociated acids through the epithelium.
The absorption rate is influenced by
luminal pH and chain length of the acids in
the direction consistent with passive
diffusion, but the magnitude of influence is
very small relative to differences in absorp-
tion rates observed at different concentra-
tions of VFAs. A schematic diagram
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Fig. 6.6. Epithelial transport of VFAs. Stratified rumen epithelium shown (anatomy based on Steven and
Marshall, 1970). Caecal and colonic epithelia are only one cell thick.

garnered from the cited references is
presented in Fig. 6.6. Although passive
diffusion of the undissociated acid does
occur, uptake of the anion predominates.
Anion uptake is coupled with exchange of
intracellular bicarbonate with luminal
anion. The VFA anions compete with
chloride directly on the same exchange
permease, or the competition is indirect for

the same pool of intracellular bicarbonate
and the presence of a separate luminal
chloride/intracellular bicarbonate exchanger.
The anions of VFAs are weaker bases than
bicarbonate and the exchange acidifies the
cytosol of the epithelial cell. Na*/H*
exchangers in both the apical and basolateral
membranes diminish the change in cytosolic
pH. The apical exchanger enhances Na*
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uptake that is extruded on the basolateral
membrane by the Na*/K* ATPase. The
stoichiometry has not been determined.
The acetate anion is a significant source of
energy for the epithelial cells and is a
source of CO, for intracellular bicarbonate.
Transport of the anions across the baso-
lateral membranes is less certain, but intra-
cellular  anion/basolateral extracellular
bicarbonate exchange is likely.

The strategy of ruminants is to retain
materials in the rumen for extensive
fermentation. The mechanisms causing this
are not defined clearly (Mathison et al.,
1995). Physical characteristics of the feed
have an influence, but are not the only
factor. There is a ‘threshold’ size for parti-
culate passage through the reticulo-omasal
orifice. The rate at which feeds break into
particles smaller than the threshold is
important, but many particles less than
threshold size are retained in the rumen.
Particulates to be passed into the omasum
appear to concentrate in the honeycomb
pattern of epithelia folds in the reticulum
and migrate toward the orifice during
reticular contractions. Liquid passage rate
and omasal ‘fill’ influence the rate at which
these particulates are transferred into the
omasum. Generally, slowly digested feeds
remain in the rumen longer than rapidly
digested feeds, but there are exceptions.
Very fibrous feeds with minimal available
protein, i.e. straw, may be digested and
passed from the rumen so slowly that they
reduce nutrient intake below requirements.
On the other hand, extremely nutritious
forage, i.e. spring pasture, which is
digested rapidly, may pass from the rumen
too rapidly for significant digestion. As
a consequence, animal performance
declines. The decline in performance can
be avoided by providing a small amount of
coarse roughage to slow the rate of passage.
Although many farmers have known this
for generations, scientists are beginning to
understand the reasons. Grains, which are
digested rapidly, have a relatively long
retention time because they are less
stimulatory of rumen motility than forages,
and the rapid generation of fermentation
acids is inhibitory to motility.

The relationship between a ruminant
and its ruminal microbial ecosystem is
symbiotic. The ruminant provides sub-
strate, a warm anaerobic space (with some
assistance by  facultative  anaerobes
attached to the rumen epithelium), buffers
to help maintain a desirable pH and
systems for removal of microbial wastes
(eructation to eliminate CO, and methane;
passage to eliminate undigestable residue;
absorption to eliminate VFAs and
ammonia). The VFAs are a waste product
of microbial metabolism, but are an
important fuel for ruminants, providing
60-80% of total energy. The micro-
organisms also are an important source of
protein for the ruminant, providing up to
2.5 kg of microbial protein per day to the
ruminant (lactating dairy cow; Clark et al.,
1992) as the microorganisms pass from the
stomach to be digested by the ruminant.
Much of the microbial protein is derived
from non-protein N from the feed and
metabolic waste N from the ruminant’s
metabolism. Microorganisms have the
ability to synthesize B vitamins and with
rare exception do so to the extent that there
is no need to supplement the ruminant’s
diet with B vitamins.

There are costs associated with this
relationship. Generally, ~25% of the
energy of the carbohydrates fermented is
lost, i.e. the VFAs retain ~75% of the
energy. Most (90% or more) of the carbo-
hydrate carbon that becomes available for
metabolism by the ruminant is in the form
of VFAs, thus very little glucose is avail-
able for absorption and the micro-
organisms ferment carbohydrates that
potentially would be available to the
ruminant directly (starches) as well as or
rather than the structural carbohydrates
that are unavailable directly. Ruminants,
therefore, are very dependent on gluco-
neogenesis for maintaining blood glucose
concentrations. Of the VFAs, only
propionate is a major source of carbon
for gluconeogenesis. Conversion of
propionate to glucose also costs metabolic
energy (4 ATP mol! glucose). Combining
the costs of fermentation and gluco-
neogenesis (ignoring the costs of the futile
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cycle embedded in the gluconeogenic
pathway from propionate), complete
oxidation of glucose yields only 65% of
the energy that would have been available
if the dietary carbohydrates were digested
and metabolized directly.

This may appear to be a high price.
Most carbohydrates that ruminants eat
during their lifetime, however, are totally
unavailable by the direct route. The micro-
bial ecosystem gives ruminants the advan-
tage of being able to thrive on feeds that
would not sustain other animals, including
humans. There is lots of good news in this
good news/bad news story. Of the solar
energy captured by the earth’s biomass,
only 5% potentially is available for human
food directly, leaving lots of feed for
ruminants.

Attempts to improve the efficiency of
ruminant metabolism by providing a post-
ruminal source of starch have been
unsuccessful. Unlike the case in direct
absorbers, starch entering the small
intestine of ruminants does not disappear
rapidly. Typically, only half the starch that
enters the duodenum disappears during
transit through the small intestine (Owens
et al., 1986; for discussion see Hill et al.,
1991). Huntington (1997) concluded that
enzymatic capacity, both luminal and
membrane, is the limiting factor in dis-
appearance of starch. Another factor to
consider is that after weaning, ruminants
stop expressing SGLT1 (Shirazi-Beechey et
al., 1995). Expression of SGLT1 has been
induced in adult ruminants by infusing the
intestine with 30 mm glucose for 4 days. It
has not been determined whether practical
conditions can generate the combination of
starch supply and intestinal enzymatic
activity necessary to achieve the threshold
concentration of free glucose for induction
of SGLT1. There is a wide range of indivi-
dual variability, making it probable that
rapid changes could be made by genetic
selection. Intestinal starch disappearance
ranged from 10 to 93% in beef steers
(Harmon, 1992) and intestinal glucose
absorption ranged from 10 to 100% in
dairy steers (Russell and Schmidt, 1984;
and unpublished).

Hindgut fermentation
Fermentation in the hindgut is similar to
that described for the ruminal ecosystem in
most species incorporating the process into
their digestive strategy. Most species use
hindgut fermentation, at least to some
extent. Even in species, such as humans,
where the fermentation is an insignificant
source of energy, the VFAs produced are
important in maintaining a healthy
intestinal epithelium (Cummings et al,
1995). Fermentation is combined with
direct absorption, but the host animal has
the first access to available substrate. Feed
consumed by the animal is processed
initially as described for direct absorbers.
Much of the starches and non-structural
carbohydrates is digested and absorbed
prior to exposure to fermentation.
Absorption of VFAs differs slightly from
that described for the rumen, with varia-
tions depending on the location in the
hindgut (von Engelhardt, 1995).

Ruminants expose digesta to hindgut
fermentation as well as to pre-gastric
fermentation. Most of the hindgut
fermentation in ruminants occurs in the
caecum. The caecum is a blind pouch at
the junction of the small and large intestine
and functions like a small rumen with a
steady flow of material in and out. Hindgut
fermentation in ruminants provides <10%
of the VFAs relative to ruminal production
(Bergman, 1990).

Equids and swine are colon
fermenters; most of the fermentation
occurs in the colon. The caecum,

although quite large, operates function-
ally as an extension of the proximal
colon. In these animals, the large, distinct
haustrations of the colon retain the
digesta for fermentation. There is good
mixing of material within each haustra-
tion but minimum mixing of contents
among the haustrations. From a func-
tional viewpoint, this is analogous to
many small, ‘closed” (exchange of
material only with epithelium) rumens in
series passing down the tract. A distinct
and important difference between colonic
and ruminal fermentation is that aceto-
genesis largely replaces methanogenesis
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in colonic fermentation (Miller, 1995). For
a comprehensive review of acetogenesis
see Drake (1994). The acetogenic and
methanogenic pathways are parallel,
differing primarily in substrate specificity.
Replacing methanogenesis with aceto-
genesis in the rumen would increase
carbohydrate energy retained as VFAs
from 75% to ~95%. A worthy project for
industrious students.

Colonic fermentation has advantages
over ruminal fermentation when feeds are
either of very high quality or very low
quality, if available in abundance. The
advantage when fed high-quality feeds is
obvious. The host has first access to the
feed, and non-structural carbohydrates can
be digested and absorbed directly by the
host without fermentation losses. The
hindgut microorganisms then provide
additional energy to the host by digesting
structural carbohydrates. When there is an
abundance of poor-quality feeds, colonic
fermenters perform better than ruminants.
Colonic fermenters adapt to poor-quality
feeds by increasing the transit rate through
the tract. Digestibility decreases but
nutrient availability increases by increas-
ing intake. The ruminant strategy of
maximizing  digestibility = becomes a
liability because passage rate slows, filling
the rumen with undigestible material,
which limits intake.

Poultry are caecal fermenters. The
process in poultry differs from that in
ruminants. The caeca are filled by anti-
peristaltic flow. The contents of the caeca
ferment, followed by emptying of the
caeca. Thus in poultry, it is a ‘batch’
process rather than a continuous flow
process as in ruminants. Because poultry
feeds are digested very well in the small
intestine and urine mixes with the digesta,
we hypothesized that caecal micro-
organisms would have an abundance of
available nitrogen relative to energy.
Supplementing the  hindgut micro-
organisms with an energy source in the
form of lactose fed to young turkeys
(poultry lack lactase) increased weight
gains by 50% relative to control turkeys
(Russell, 1999, unpublished).

Coprophagic strategy

Rabbits are hindgut, caecal fermenters and
are the only wanted farm animals (rats in
the granary do not count) with a
coprophagic feeding strategy. Their diges-
tive strategy differs markedly from that of
other farm animals. Like poultry, the
caecal fermentation is a ‘batch-type’
fermentation, but differs in function.
Excellent reviews of rabbit physiology
and nutrition are available (Cheeke, 1987;
McNitt et al., 1996). The initial ingesta is
chewed to a very fine consistency in the
mouth. Upon swallowing, the digesta is
processed as described for direct
absorbers. A significant difference is that
the digesta is acidified to ~pH 1.5 in the
stomach. This is 5- to 10-fold more acidic
than that of most animals. The conse-
quence is that there are very few species
of microorganisms that survive these
conditions to eventually inhabit the
hindgut. As a result, the ecology in the
hindgut is much more fragile.

Rabbits are paradoxical. They require
fibre in their diet but, contrary to popular
belief, they are poor digesters of fibre.
Fibre is essential to maintain motility in
the hindgut. As digesta enters the caecum,
the particulates are separated from the
solubles. Solubles are retained in the
caecum for fermentation and the large
particulates are propelled down the tract,
with solubles and small particulates
captured in the haustrations, and pushed
toward the caecum by antiperistalsis. The
large particulates are evacuated from the
tract as ‘hard’ or ‘day’ faeces. These faeces
are not recycled. The solubles and small
particulates are retained in the caecum for
fermentation. Excretion of the hard faeces
precedes excretion of the ‘soft’ or ‘night’
faeces, called caecotrophs. Approximately
8h after feeding, the caecal contents
become coated with mucus. The mucus-
coated caecal contents (caecotrophs) are
evacuated via the anus directly into the
mouth and swallowed. The caecotrophs
remain in the stomach for up to 12h
where a lactate-producing fermentation
occurs until the acid stomach fluids pene-
trate the caecotrophs. The fermentation in
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the caecum is similar to that described for
the rumen. In rabbits, the VFA ratio is still
dominated by acetate, but butyrate
generally is increased and propionate
decreased.

Feeds such as maize that can provide a
source of readily fermentable carbohydrate
to the caecum without a supply of fibre to
maintain motility can have devastating
effects on rabbits. Rapid fermentation
increases the acidity of the caecum which
inhibits motility. Reduced motility allows
the fermentation to continue in the
caecum, producing more acids. The acids
cause irritation and damage to the epithe-
lium, allowing a large influx of tissue water
into the lumen. A severe and potentially
lethal diarrhoea ensues. This is an important
practical problem. Nearly 20% of all
rabbits born alive in commercial rabbit
production die as a result of this type of
situation. A second paradox of rabbit
physiology is that constipation induces
diarrhoea. The constipation can be
initiated by many factors: lack of water,
inadequate fibre, resistant starch in the
diet, genetics, stress and antibiotics.

Carnivores

Carnivores have not been a significant
farm animal raised for human food. Until
recently, commercial production of
carnivores was restricted to fur-bearing
animals. Recently there has been
increased interest in raising fish, some of
which are carnivores, alligators, and in
some parts of the world, dogs. Of these
species, only some fish and alligators are
true carnivores. The less strict carnivores
can obtain 30-50% of their glucose need
by the process described for direct
absorbers. Strict carnivores have very little
carbohydrate in their diet and lack the
capacity for significant digestion of carbo-
hydrate. Carnivores are direct absorbers,
but not of carbohydrates.

Protein must provide the carbon for
gluconeogenesis necessary to supply blood
glucose. Dietary protein is processed
analogously to carbohydrates as described

for direct absorbers. The enzymes, substrates
and products differ. Luminal proteases are
secreted as inactive zymogens that are
activated by specific cleavage. There also
are several brush border peptidases. Active
transporters similar to SGLT1 absorb free
amino acids. Many amino acids are
absorbed in the form of short peptides. The
mechanisms for peptide transport are less
well defined. Paracellular transport is also
probable.

The dietary protein  hydrolysis
products that are absorbed are carried to
the liver by the hepatic portal vein. The
mechanisms that determine which and
how many amino acids are used as pre-
cursors of glucose synthesis, surprisingly,
have not been determined. It has been
observed that carnivores clear excesses of
dietary non-essential amino acids more
rapidly than dietary essential amino acids
(Coulson and Hernandez, 1983).

This does not do justice to carnivores,
but there appears to be very little known
about where their glucose carbon comes
from specifically. The area of fish nutrition
is fascinating, with much diversity in their
anatomy and feeding habits. Fish warrant a
separate chapter on their own.

Concluding Comments

The purpose of this chapter was to trace
the routes of carbon from the diet to
glucose available to farm animals. It is
important for students to see beyond this
context to the overall challenge to agricul-
tural scientists. Examination of the human
population curve reveals that we as a
society must produce as much food for
human consumption during the next 40
years as we have produced since the begin-
ning of time. The driving force for all of
agriculture is solar radiation that must be
captured and converted to food for
humans. Of the biomass captured by
photosynthesis, most of which is carbo-
hydrate, 95% 1is unavailable as a direct
source of food for humans. Animals can
convert much of this non-food biomass
into high-quality food.
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Introduction

All animals start life as a single cell from
which complex organisms develop by
processes of cell multiplication, cellular
differentiation and cellular growth. For
mammals, there is an enormous diversity
in final body size and shape, yet all share
similar body constructive architecture. At a
cellular level, these widely differing
animal species are remarkably similar. For
example, cell size in comparable organs or
tissues does not vary appreciably between
animals of widely differing size when
compared at similar stages of maturity.
What does differ is the number of cells
each organism possesses.

In order to develop from a single
fertilized egg into a complex organism, the
supply of considerable quantities of
nutrients is required. One need for
nutrients is to provide a supply of energy
for survival. When considering the energy
requirements of farm animals, it is conven-
tional to divide the total energy require-
ment into those for different processes or
factors such as maintenance, growth,
pregnancy and lactation. At this holistic
level, empirical equations have been

developed that enable the quantification of
these requirements. Further subdivision of
these factors is necessary in order to gain
more understanding of requirements and
how these might change over the course of
an animal’s life. For example, maintenance
costs are quantitatively the most important
— in an animal living out its full life-span
they will make up around 98% of total
lifetime energy requirements. Even in
animals slaughtered before they reach
maturity, maintenance costs can be around
50% of total nutrient requirements.
Maintenance includes many functions.
Firstly, it includes the basal metabolic rate
(BMR) which is the energy required in
order to maintain cells within an animal’s
body in a functional state, together with
minimal activity such as respiration and
circulation enabling the animal to survive.
It is measured as the heat production in a
rested animal in the post-absorptive state,
i.e. when there is minimal processing of
food within the digestive tract. Next,
maintenance includes energy costs of
muscular activity above those included in
BMR (such as beating of the heart, expan-
sion of the chest wall). These might
include locomotory costs or muscular
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activity associated with eating and pro-
cessing of food within the digestive tract.
Other maintenance functions include
operation of the immune system and
fighting infection, as well as costs of
thermoregulation should environmental
factors result in the rate of heat loss from
an animal’s body exceeding the rate of
heat production. In such cases, heat pro-
duction is increased by shivering or non-
shivering thermogenesis to maintain body
temperature, resulting in increased energy
usage.

Components of Cellular Energy
Requirements

In order to understand the requirements for
energy and how they change across an
animal’s life, or between animals of different
sexes or different species, we need to
consider energy requirements at the level
of the cell. The overall requirement of an
animal is the sum of the requirements of all
individual cells. By considering such
processes at a cellular level, we can begin
to understand what factors influence these
requirements.

Maintenance costs have  been
estimated by many authorities (e.g. AFRC,
1993; NRC, 1996) to be a function of the
weight of an animal. Since body composi-
tion can vary widely and since adipose
tissue is metabolically relatively inactive
when compared with other tissues, fat-free
mass or protein weight is a better deter-
minant (Emmans, 1994). Table 7.1 shows
early proposals of how maintenance costs
can be subdivided further, although this
relates principally to subdivision of BMR.
The broad division is in terms of energetic
costs of organ systems, termed service
functions, and those of individual cells.
However, the former constitute the addi-
tional cellular costs of a particular organ or
tissue. For example, circulation or heart
work is the additional energy requirement
of the muscle cells of the heart above those
termed cell maintenance. At a cellular
level, many experiments have supported
these proposals.

Table 7.1. Apportionment of BMR (from Baldwin et
al., 1980).

Function % BMR

Service functions

Kidney work 6-7
Heart work 9-11
Respiration 6-7
Nervous functions 10-15
Liver functions 5-10
Total 36-50
Cell maintenance
lon transport 30-40
Protein synthesis 9-12
Lipid synthesis 2-4
Total 41-56

lon Transport

These estimates come from experiments
performed in vitro in which the proportion
of a cell’s rate of oxygen use required for
sodium pump (Nat,K*-ATPase, EC 3.6.1.3)
activity is measured. This enzyme is pre-
sent in the plasma membrane of all animal
cells and serves to maintain the observed
ionic gradient of Na* between intra- and
extracellular space at the expense of ATP
(see also Chapters 1 and 6). Such measure-
ments make use of the specific inhibitor of
the sodium pump, ouabain. Isolated cells
are suspended in appropriate incubation
medium in a closed and temperature-
regulated chamber of a Clark-type oxygen
electrode. The oxygen content of the
medium is recorded continuously and falls
as the cells consume oxygen. The rate of
oxygen use is linear and depends on the
type and quantity of tissue being studied.
During the course of the incubation (after a
sufficient period of time that allows the
rate of oxygen use to be measured),
ouabain is added to the medium. Sodium
pump activity is inhibited and thus ATP,
and hence oxygen, usage declines. The pro-
portional decrease in the rate of oxygen
consumption is assumed to represent the
ATP, and hence oxygen, use of the sodium
pump.

The activity of the sodium pump is
responsive to the intracellular concentration
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of sodium ions, and hence serves to main-
tain intracellular sodium ion concentration
within  certain  limits (Smith and
Rozengurt, 1978). It has been reported that
the activity of the sodium pump varies
between different tissues and between
different physiological states.

The research group of Milligan and
McBride have made extensive measure-
ments of ion transport costs, mainly that of
the sodium pump. It has been shown that
the activity of this pump utilizes a substan-
tial proportion of the cell’s ATP production
and that this cost varies with physiological
state, hormonal status, environmental tem-
perature and diet. Gregg and Milligan
(1982b) measured O, consumption and the
percentage of this inhibited by ouabain in
muscle from calves of different ages and
breeds. In the youngest animals (2—3 weeks
old), total O, consumption was higher than
in older animals (7 months old) and breed
was found to have little effect. Sodium
pump activity accounted for 40% of total O,
consumption and did not vary with age or
breed. McBride and Milligan (1984, 1985a)
made similar measurements in duodenal
mucosa taken from cows at different stages
of lactation or from sheep on different
planes of nutrition. In both cases, total O,
consumption varied relatively little between
treatments, but Na*K*-ATPase activity
increased from 35% in non-lactating or end
of lactation cows to 55% during the peak of
mid-lactation. With sheep, sodium pump
activity accounted for 28, 50 and 61% of
total O, consumption at feeding levels of
zero, maintenance and twice maintenance,
respectively. In studies with liver, McBride
and Milligan (1985b) again found no
difference in total O, consumption between
samples taken from sheep that were starved
or fed and non-lactating, at peak lactation or
at a late stage of lactation. However, Na*,K*-
ATPase activity was lowest (at 18% of total)
for starved animals and highest (at 45% of
total) for animals at peak lactation.

Other reported measurements of
sodium pump activity vary widely,
accounting for between 60 and 10% of total
cellular energy production. One cause of
this variation is the nature of the incuba-

tion medium used (Milligan and Summers,
1986; Jessop, 1988), with higher activities
observed when HCO, /CO,-buffered, simple
salt solutions were used and lower
activities when more complex, HEPES-
buffered cell culture media were used.
There has been one reported study in
which Na*K*-ATPase activity has been
measured in vivo (Swaminathan et al.,
1989). In this study, guinea-pigs were
injected intraperitoneally with ouabain
which caused a 40% reduction in whole-
body metabolic rate.

The studies reviewed above have all
been observational in nature, often termed
empirical. They illustrate that variation in
such processes occurs, but they do not
provide any understanding of the causes of
such variation. For example, changes in
Na* K*-ATPase activity imply that the rate of
sodium ion entry into cells differs accord-
ingly. Why might this be so? One major
problem might be that of in vitro measure-
ment, in that tissues or cells have been
removed from the environment in vivo.
Hormonal levels will be different, as might
the concentration of substrates and other
ions. Care has to be taken in order to ensure
that the plasma membranes of the cell sus-
pensions have not been damaged by the
isolation procedure, as any changes in mem-
brane permeability will give rise to large
changes in sodium pump activity. In many
cases, cell viability is assessed by means of
dye exclusion. What causes sodium to enter
cells? Figure 7.1 shows the major causes of
Na* entry into a cell across its plasma mem-
brane. As each Na* ion enters, so it must be
removed by the sodium pump in order to
maintain the intracellular Na* concentra-
tion. Since one mole of ATP is hydrolysed
for every 3 moles of Na* pumped, every Na*
entering the cell costs one-third of an ATP.

Consider a cell in its environment. It
contains within its plasma membrane,
nucleic acids (DNA and RNA) and many
proteins. Proteins and nucleic acids are
negatively charged when hydrated and
these molecules, because of their size,
cannot pass across the cell membrane.
Hence they are often referred to as the
cell’s fixed negative charge. The negative
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Fig. 7.1. Schematic diagram illustrating how various factors represented along the bottom row can influence
the rate at which Na* enters a cell across the plasma membrane. To maintain steady-state concentrations of
Na* within the cell, the rate at which Na* is pumped from the cell by Na*,K*-ATPase must equal the rate of
entry of Na*. The energetic cost of such pumping is one-third of a molecule of ATP per Na* expelled.

charge has to be balanced with positive
charges in order to maintain electro-
neutrality, and potassium ions are used for
this. The plasma membrane is relatively
permeable to potassium ions but sodium
ions are actively extruded by the sodium
pump. Thus a gradient is maintained, with
extracellular and intracellular concentra-
tions of Na* being 120 and 10 mM, respec-
tively, and of K* being 2.5 and 140 mm,
respectively. This gradient or disequilib-
rium of sodium ions provides the driving
force that cells are able to use to control
and alter their intracellular environment.
Maintenance of this Na* gradient in the
face of both active and passive influx of
Na* into the cell is energetically expensive.
Additionally, the concentration gradient of
K*, together with the relative permeability
of the plasma membrane to K*, generates
the resting electrochemical gradient across
the plasma membrane of cells as K* dif-
fuses out more quickly than other posi-
tively charged ions can diffuse in (Eckert
and Randall, 1983).

Sodium/Proton Exchange
All cell membranes contain embedded

proteins that exchange sodium ions for
protons across the plasma membrane in a

fixed ratio of one Na* for one H*. It is
accepted that the main mechanism for
proton extrusion is the Na*/H* antiporter
which uses energy stored in the Na*
gradient to pump protons out from the
intracellular space (Graf et al., 1988). The
activity of this antiporter is determined by
the intracellular pH (pH,) and it serves to
protect cells against acidification of the
cytosol (Pouyssegur et al., 1988). At pH;
>7.4, this antiporter is virtually inactive
but, as the pH; decreases from 7.4, the
activity of the antiporter increases, reach-
ing a maximum at a pH, of 6.0.

Hormones

Many of the hormones which stimulate
anabolic processes in cells (mitogens or
growth factors) have been shown to cause
an increase in pH,. This change is typically
0.15-0.3 pH units, representing a consider-
able decrease in the intracellular proton
concentration. Such a change will, by itself,
influence the activity of many metabolic
pathways due to the pH sensitivity of many
key enzymes. Pouyssegur et al. (1988)
proposed a mechanism whereby binding of
these hormones to receptors on the cell
surface caused activation of protein kinase
C (in the case of thrombin, bombesin,
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vasopressin and bradykinin) or activation
of tyrosine kinase (in the case of epidermal
growth factor and fibroblast growth factor),
both resulting in modification to the Na*/H*
antiporter, changing its pH sensitivity.
Insulin and insulin-like growth factor also
cause similar changes in pH; (Moore, 1983),
probably through similar mechanisms
(Bryer-Ash, 1988). The increase in sodium
ions entering the cell is met by an increase
in the rate of Na* extrusion by the sodium
pump. There is an inhibitor of Na*/H*
exchange, amiloride, which has enabled
studies of the activity of this process,
although it has been reported that its
inhibitory action is not specific for this
antiporter but that it may inhibit Na*,K*-
ATPase activity as well (Park et al., 1992).
Such studies have been undertaken in a
similar manner to those described above for
the sodium pump. Instead of ouabain being
added to the cell suspension, amiloride is
added and the reduction in oxygen con-
sumption observed is assumed to be due to
a decrease in sodium pump activity brought
about by a decrease in Na*/H* exchange.
Thyroid hormone levels have been
shown to alter the rate of ion transport
across the cell membrane. Gregg and
Milligan (1987) measured Na*K*-ATPase
activity in sheep that had their thyroid
gland removed surgically. Supplementation
of the thyroid hormone T, to these animals,
increased the activity of this enzyme by
one-third. Gregg and Milligan (1982a)
showed increases in Na*,K*-ATPase activity
in muscle of cold-exposed sheep when
compared with animals kept in warmer
conditions. Cold stress causes increased
thyroid hormone levels (Park et al., 1992),
and increasing the energy use for sodium
pumping would be one mechanism
whereby heat production could be
increased. It is not clear how these
hormones exert their effect, but they must
increase Na* entry into cells substantially.

Weak acids

Intracellular pH can be affected directly by
weak acids. Weak acids, such as acetic and

carbonic acids, exist in equilibrium in
aqueous solution:

Acetic acid:

CH,COOH = H* + CH,COO0~
Carbonic acid:

CO, + H,0 = H,CO, = H* + HCO,"

The undissociated (and uncharged) forms of
these acids can cross biological membranes
readily by diffusion. Ketelaars and Tolkamp
(1992) proposed that weak acids such as
acetic and carbonic acids can act as proton
ionophores, and thus their presence in
extracellular media would incur an energy
cost to the cell in counteracting acidification
of the cytosol in the manner depicted for
acetic acid in Fig. 7.2. Increased activity of
Na*/H* exchange will lead to an increase in
the intracellular concentration of Na*, stim-
ulating Na*,K*-ATPase activity (Smith and
Rozengurt, 1978). What is new about the
explanation put forward by Ketelaars and
Tolkamp is that it requires the plasma mem-
brane to be permeable to small anions, e.g.
acetate™, to a significant degree. It has been
argued that the plasma membrane is perme-
able to HCO,~ and NH,* (Boron and De
Weer, 1976) with permeabilities of 5 X 1077
and 107®cm s7!, respectively (compared
with the much greater permeabilities of 6 X
10~*cm s~! for both CO, and NH, — mole-
cules which carry no charge and therefore
cross biological membranes relatively
easily), and that leakage of HCO,™ occurs
independently of carrier-mediated transport
(Boron, 1983).

Jessop and Leng (1993) examined the
effect of nutrient balance on Na*,K*-
ATPase activity. Sheep were fed on poor-
quality diets limiting in rumen-degradable
nitrogen (the effective rumen-degradable
protein to fermentable metabolizable
energy ratio, eRDP:FME, was 6.0), which
were either supplemented with additional
rumen-undegradable protein (UDP) or not.
Thus the protein to energy ratio of
absorbed nutrients was expected to vary
between the two dietary treatments.
Hepatocytes were prepared and incubated
over a range of acetate concentrations from
0 to 2.5mMm. Total respiration was
unchanged, but the proportion of total
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Fig. 7.2. Representation of acetate cycling across the plasma membrane. AcH refers to acetic acid in its
undissociated form, Ac™ the acetate anion, membrane protein 1 is the Na*/H* antiporter and membrane

protein 2 is Na*,K*-ATPase.

respiration inhibited by ouabain (and
hence assumed to represent Na*,K*-ATPase
activity) varied with both dietary treatment
and acetate concentration. Supplying addi-
tional UDP (at constant eRDP:FME)
lowered (P < 0.01) the proportion of total
respiration attributable to sodium pump
activity by a constant amount at each acetate
level whilst increasing acetate increased it
linearly such that the percentage inhibition
could be described by the following
equation: %inhibition = 16.6 + 4.05 X
acetate concentration (mmM) (R? = 0.65,
P < 0.001). This represents a change in the
pattern of use of energy by liver tissue
since, as total respiration rate did not alter
as acetate level increased, so a greater
proportion of energy production had to be
diverted towards sodium pump activity.
From these results, it can be calculated
that for acetate to cause an increase in
sodium pump activity via the mechanism
shown in Fig. 7.2, the rate of efflux of
acetate” would have to be 4.3 nmol min™!
mg~! protein, equivalent to a permeability
of 1 X 1077 cm s~ . This value is very close
to those calculated for HCO,~ and NH,*
and is in good agreement with one report
of a measured permeability of the plasma
membrane to acetate” of 3.4 X 1077 cm s~?
(Sharp and Thomas, 1981; Hume and

Thomas, 1989). For efflux of acetate™ to
take place, there must be a suitable ‘driving
force’; this would be provided by the
substantial electrochemical gradient (posi-
tively charged on the extracellular surface
and negatively charged on the intracellular
one, thus repelling negatively charged ions
from the cell) that exists across the plasma
membrane (equivalent to a concentration
gradient of ~100 mM for acetate ™).

Carbon dioxide is produced continually
within mitochondria from oxidative meta-
bolism. It diffuses down its concentration
gradient to the extracellular fluid. The
potential exists for hydration of CO, to
carbonic acid and then dissociation to H*
and HCO,”. Many tissues possess the
enzyme catalase which greatly speeds up
attainment of this equilibrium. The pro-
duction of protons and bicarbonate from
CO, results in what is termed facilitated
diffusion of CO, from tissues (Gros et al.,
1988). The HCO,~ anion exchanges for C1~
across the plasma membrane and the H* is
pumped out of the cell by the Na*/H*
antiporter. In studies with muscle tissue,
where the rate of CO, production can
increase substantially during exercise, this
process of facilitated diffusion has been
estimated to account for 70% of CO,
removal from the tissue (Gros et al., 1988).
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As noted earlier, measured activities of
Na* ,K*-ATPase were higher when the main
pH buffer of the incubation medium was
HCO,~/CO,. In such studies, the CO, con-
centration in the extracellular fluid would
be relatively high, reducing the concentra-
tion gradient of CO, between the incuba-
tion medium and intracellular fluid. Since
CO,, diffuses out of cells down this concen-
tration gradient, this results in lower rates
of CO, loss from cells and would increase
the potential for facilitated diffusion of
CO,, increasing Na*,K*-ATPase activity.
Extracellular CO, levels will be lower
when alternative pH buffers, such as
HEPES, are used.

Sies et al. (1973), from measurements
of the change in pH of media draining
perfused rat liver, have shown that addi-
tion of acetate (0-5 mm) to the perfusate
(pH 7.4) caused a rapid change in proton
uptake into hepatocytes, and using data
supplied in this and an earlier publication
(Sies and Noack, 1972) it can be calculated
that the rates of proton uptake observed
would cause changes in Nat*,K*-ATPase
activity similar to those reported above,
assuming the previously discussed linkage
between proton wuptake and sodium
pumping. The data from Sies’ group do not
differentiate between rapid initial extru-
sion of protons caused by equilibration of
acetate across the plasma membrane and
the proposed steady-state efflux of protons
caused by acetate cycling. A similar
response was seen when the perfused liver
was exposed to differing levels of
CO,/HCO,".

The ability of acetate to act as a proton
ionophore will depend on the concentra-
tion of acetate in the extracellular fluid
relative to the cell’s ability to metabolize it.
Thus the balance of nutrients available will
determine metabolic efficiency, and it is to
be expected that the optimal balance of
nutrients will vary from tissue to tissue.
Scollan and Jessop (1995) showed that in
sheep given diets which would result in an
imbalance of ingested nutrients (and would
be expected to be used with a lower
efficiency), blood acetate was markedly
higher than in those fed on a more balanced

diet. Cronjé et al. (1991) have shown that
nutrient balance has a marked effect on
acetate clearance, and Leng (1990) has
discussed the influence of nutrient balance
on the efficiency of use of metabolizable
energy, pointing out the importance of the
protein:energy ratio on the overall
efficiency of energy use, as well as on the
level of feed consumption.

Leakage

Biological membranes are composed of
lipid bilayers in which many different
proteins are embedded. Due to their
arrangement, they have a hydrophobic
inner layer which is presumed to be imper-
meable to charged or ionic species (or more
specifically to molecules with high charge
densities). As discussed above, this is not
strictly true and many detailed electro-
physiological studies have shown that the
permeabilities of cell membranes to
various ions, whilst low, are not zero (e.g.
Hume and Thomas, 1989). It is not clear to
what extent such permeabilities are due to
the presence of specific ion channels or to
non-specific leakage of ions across the lipid
bilayer — maybe at regions where the lipid
bilayer interacts with embedded proteins —
or indeed to the processes outlined above.
Studies from Hulbert’s group in Australia
have made detailed, comparative studies of
the leakiness of biological membranes.
They have studied the leakiness of both the
plasma membrane to Na* and the mito-
chondrial membrane to H* and have shown
that it varies markedly between cold-
blooded reptiles and mammals (e.g. Else
and Hulbert, 1987; Brand et al., 1991). This
may be due to much higher levels of unsat-
urated fatty acids in the mammal’s mem-
branes and differences in levels of thyroid
hormones (Hulbert, 1987). This group have
proposed that it is the higher rate of both
Na* flux across the plasma membrane and
H* leak across the mitochondrial mem-
brane in warm-blooded animals that is
important for maintaining higher rates of
heat production, and hence the ability to
keep body temperature at constant levels.
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Thus there will be the potential for ionic
flux across cell membranes which will be
proportional to the surface area of the
membrane, the difference in concentration
of that ion across the membrane and the
permeability of the membrane to the partic-
ular ion.

Coupled Transport

For many nutrients, e.g. glucose and some
amino acids, transport into a cell is
coupled to sodium entry. The transport
mechanism only allows transport of the
particular nutrient together with a sodium
ion and thus utilizes the large concentra-
tion gradient of sodium ions to drive
uptake of these nutrients from the extra-
cellular water to the intracellular compart-
ment. The sodium ions that are drawn into
the cell in this manner are then pumped
out on the sodium pump.

Adeola et al. (1989) measured Na*,K*-
ATPase activity in muscle of pigs given
diets that varied in protein content such
that the rates of protein synthesis were
altered. They reported an increase in
Na*,K*-ATPase activity in direct proportion
to increases in protein synthesis. Part of
this increase may have been due to
increased uptake of amino acids and
glucose into muscle cells but part may also
have been due to hormonal influences on
pH;,, as discussed earlier.

Cell Volume Regulation

Plasma membranes do not provide any
rigidity, and changes in the ionic environ-
ment can cause movement of water across
the cell membrane. Within narrow limits,
cells are able to compensate for this by
altering the intracellular Na* concentration,
thereby changing their osmolarity with
respect to the extracellular environment.
Thus, rates of ion transport are essen-
tially dependent on the hormonal and
ionic environment together with the cell
surface area. In vivo, the ionic environment
is tightly controlled, although in vitro there

is the potential for it to vary more widely
and it may change appreciably over time in
a closed system (e.g. as end-products of
metabolism accumulate). As cells grow, it
is predicted that the cost of ion pumping
will increase. This is due to both the
hormonal environment necessary to
mediate growth (increased pH,) and the
fact that cell surface area and hence Na*
leakage per cell will also be increasing. The
extent to which this might influence the
rate at which cells grow is considered
below and will depend on the rate at
which energy in the form of ATP can be
produced, i.e. the metabolic rate of the cell.

Energy Production

Across species of widely differing body
size (e.g. mouse to elephant), cell size does
not vary appreciably whereas cell number
does. Therefore, species of larger mature
size are characterized by having a greater
number of cells than animals of smaller
mature size. It has long been recognized
that BMR varies with animal size. As
animal size increases so does BMR,
although not in direct proportion to the
increase in size. From experimental observa-
tions, it has been shown that BMR increases
in proportion to body weight raised to the
power 0.73. Therefore as animal size
increases across species, cell number
increases in direct proportion to weight but
metabolic rate increases in proportion to
weight to the power 0.73. Thus metabolic
rate per cell decreases as animal size
increases (cellular metabolic rate will
change in proportion to weight raised to
the power of minus 0.27). Does this mean
that cells from a large animal are incapable
of metabolizing at rates equivalent to those
from a small animal? Studies by Wheatley
and Clegg (1994) suggest that this is not the
case. They compiled data from a number of
sources which compared metabolic rates of
isolated cells or tissue slices taken from
animals varying in size from 0.012 (mouse)
to 780 (horse) kg. Whilst there was some
reduction in metabolic rate measured in
vitro as animal size increased, the
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magnitude of the differences in vitro were
relatively small when compared with the
differences in metabolic rates in vivo.
Indeed, in the studies of O, consumption
and sodium pump activity referred to
earlier (Gregg and Milligan, 1982; McBride
and Milligan, 1984, 1985a, b), there were
few if any treatment effects on total O, con-
sumption of different tissues incubated in
vitro. Coulson (1993) argues that the differ-
ences in metabolic rates in vivo on a per
cell basis are due to differences in the rate
of supply of oxygen to these cells. For
many metabolic pathways, the supply of
oxygen is the rate-limiting step and deliv-
ery of it depends primarily on blood flow
(oxygen extraction rates as tissues are per-
fused are remarkably similar across
species). His argument, which he refers to
as the ‘Flow Theory’, is based on certain
physical constraints imposed on animal
design (Coulson, 1993). Firstly, that blood
pressure has to be maintained within cer-
tain limits (high enough to ensure that red
blood cells can pass through capillary beds
and plasma can perfuse cells, but not so
high as to cause damage to blood vessels).
Secondly, since blood volume is approxi-
mately 6.5% of body weight in animals
(Schmidt-Nielsen, 1984), as animals
increase in size, for blood volume to
remain a fixed proportion of size, the diam-
eter of the major blood vessels must
decrease. As the diameter of blood vessels
decreases, then the rate of flow of blood
through them must also decrease in order
to prevent blood pressure increasing dra-
matically.

Coulson uses the Flow Theory to argue
that the rate of oxygen supply to tissues
thus decreases as animal size increases,
resulting in lower metabolic rates,
expressed on a per cell basis, in larger
animals. He uses this argument to explain
differences between species of differing
mature size and also to explain changes in
the rate of growth as an animal matures. In
this case, the cells within an animal’s body
will have a certain requirement for energy
in order to meet their basal costs. Whilst
oxygen supply is sufficient to ensure rates
of energy production in excess of this fixed

cost, the potential exists for the cells or
tissues to grow. Therefore, as the animal
grows, the diameter of major blood vessels
must decrease in order to maintain blood
volume at a fixed proportion of body
weight. As this happens, so blood flow
rates decrease, and hence the rate of
oxygen supply to the tissues within the
animal’s body also falls. The resting meta-
bolic rate of cells and thus their potential
to produce ATP will decline, reducing the
rate of growth. Additionally, as cells grow,
their surface area increases, causing higher
rates of Na* leakage. Therefore, as fixed
costs increase and the potential metabolic
rate of the cells decreases, the excess
energy production over the fixed costs
decreases, and hence the potential for
growth reduces. Mature size is reached for
a particular animal when fixed costs and
potential energy supply coincide.

The potential for growth will depend
on the difference between fixed costs of
cells and their metabolic rate. Since fixed
costs are determined in part by cell size
(and this does not vary appreciably across
species) and metabolic rate declines as
mature size increases (as discussed above),
the fractional or proportional rate of
growth also declines across species as
mature size increases. The fractional rate of
growth is effectively the rate of growth on a
per cell basis. Although this is lower in an
animal of larger mature size than it is in a
smaller one, the absolute rate of growth of
the whole animal will be greater as larger
animals contain many more cells than
smaller ones do.

Conclusions

Care needs to be taken in the interpretation
of measurements of Na*,K*-ATPase activity
made in vitro. The incubation medium
used, whether it employs CO,/HCO,™ as
the main buffer or not (increasing the
potential for cycling of carbonic acid across
the plasma membrane), whether it contains
a single energy substrate or a more
balanced set of nutrients, and how tightly
controlled pH and osmolarity can all
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influence the rate of Na* entry into the cell,
and hence Nat*,K*-ATPase activity. Nearly
all measurements of ion transport have
been made on isolated cells or pieces of
tissue removed from the animal and
incubated in vitro. The incubation medium
used is usually devoid of hormones and
contains standardized (and often high)
levels of substrate. The differences
observed indicate that some intrinsic
property of cells has been altered and that
this persists for the period of time between
tissue removal and the measurements
being made.

Consideration of physiological pro-
cesses at the level of individual cells
enables the understanding of energy use. It
can be appreciated that many energetic
costs are consequences of particular meta-
bolic or physical processes, and thus the
opportunity to manipulate them is limited.
High rates of metabolic activity equate with
increased basal metabolic requirements of
individual cells. For example, high rates of
CO,, production will increase the rate of H*
efflux from cells as part of facilitated
diffusion of CO,, in turn increasing energy
use by Na*,K*-ATPase. The ability of cells
to divide or to grow is dependent on
hormonal stimuli that increase pH, as part
of the sequence of events they trigger. This
increases basal energy use by increasing
the rate of H* efflux, again increasing
Na* K*-ATPase activity.

Ensuring that the balance of nutrients
is optimal will ensure that the potential for
wasteful cycling of acetate across the cell
membrane is minimized. Acetate cycling
will be greater when the concentration of

acetate in blood is high relative to the cell’s
ability to metabolize it. The availability of
other nutrients can influence this (Illius
and Jessop, 1996).

Therefore, the ability of weak acids
such as acetic and carbonic acids to act as
proton ionophores is worthy of further
investigation as a new concept which
might offer the possibility of a unifying
theory to account for previously contradic-
tory observations. It may explain the
changes in efficiency of use of metaboliz-
able energy with differing diets, the causes
of which have not yet been elucidated
satisfactorily. Understanding the causes of
reduced metabolic efficiency and the
associated heat increment would be of
tremendous advantage, for example in
developing improved feeding strategies
when combating heat stress. The possi-
bility of metabolic energy dissipation as a
result of a physical transmembrane
influence of metabolites could yield a very
profound new insight into the energy
metabolism of many species beyond
ruminants. Such information will be
required in order to assess the causes of
differences in energy use between animals
of differing genotype. Taylor et al. (1987)
reported that maintenance needs of cattle
varied with breed. Such differences cannot
be accounted for by changes in the propor-
tions of metabolically active tissues (Taylor
et al., 1991; Webster, 1993), thus indicating
that differences in metabolic efficiency
exist. Identification of nutrients and
hormones that have a direct influence on
metabolic efficiency will be necessary to
understand the causes of such variation.
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Chapter 8
Trace Element Dynamics

W.T. Buckley
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Introduction

Trace element dynamics in animals refers
to the quantitative metabolism and kinetics
of trace element absorption, distribution,
storage and excretion. Control of these
processes normally yields a reasonably
constant and optimum internal environ-
ment with respect to trace element func-
tions in metabolism. Within a range of
conditions, trace element homeostasis may
be achieved and maintained. Trace element
dynamics may be viewed as the shifting or
maintenance of trace element status, which
depends on numerous factors including the
element and species in question, and the
influence of homeostatic mechanisms. It is
the objective of this chapter to summarize
current knowledge of trace element
dynamics with respect to the responses of
whole-body trace element metabolism to
changes in dietary intake. The reader is
also referred to other reviews on the topic
(Miller, 1973; Kirchgessner, 1993).

Trace elements can be divided into two
groups with respect to their route of endo-
genous excretion: those for which homeo-
stasis is partially dependent on endogenous
faecal excretion, controlled by the intestinal

tract, liver and pancreas, and those for
which homeostasis is dependent upon renal
excretion, controlled by resorption in the
proximal renal tubule. Cationic elements
including Cu, Mn and Zn fall into the first
category while elements present in the body
as anions including Cr, F, Mo and Se fall
into the second category. In the cation
group, control of homeostasis through varia-
tion in absorption usually is the most signifi-
cant factor, although variation in excretion is
also important. Iron, though, is unique
because its homeostasis is dependent essen-
tially, if not entirely, on control of absorp-
tion. In the anionic group, control of
excretion predominates and absorption
plays a minor role. In this chapter, we will
discuss Zn, Cu, Mn, Fe and Se.

The trace element content of tissues
may respond in basically two ways to
changes in a dietary trace element intake:
(A) no change over a range of intakes,
beyond which a decrease or increase of
tissue content occurs; or (B) a continuous
change in tissue content over a range of
intakes. In case A, a homeostatic plateau
occurs, which is not apparent in case B.
There are various combinations of tissue
responses within individuals because some
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tissues maintain homeostasis more readily
than others. Furthermore, there is a large
variation among species. Responses to
changes in dietary intake usually vary with
level of intake, and several elements have
specific storage tissues while others do not.
One objective of this chapter is to identify
the variations in homeostatic responses of
trace elements among tissues and species.

Many studies of trace element
dynamics, especially in larger animals and
humans, have given little consideration to
the dietary intake prior to the experimental
period and to the effect of previous diet on
body stores at the time of initiating the
study. The effect of previous history on Zn
metabolism was investigated by Johnson et
al. (1988). By studying rats for two sequen-
tial dietary periods, it was shown that Zn
absorption was affected only by the current
dietary Zn intake, but that endogenous
excretion was influenced by both current
and past intake. Rats previously fed a
deficient Zn diet, 1.5 pg Zn g~*, had lower
rates of endogenous excretion over a range
of Zn intakes than rats previously fed 12.5
or 50.3pg Zn g ! diet (Johnson et al,
1988). The differences in endogenous
excretion allowed the previously deficient
rats to recover body Zn more rapidly
during the second dietary period.

Larger animals and humans may take
months or even years to establish a new
steady-state for some trace elements
following a change in intake (Buckley,
1996). Although adaptive changes in rates
of absorption may occur relatively rapidly,
endogenous excretion will be in a state of
flux until a new steady-state has been
established.  Furthermore, steady-state
cannot be achieved in growing animals
with respect to major trace element pools,
which are constantly increasing in size.
Although measurements of endogenous
excretion can be made under non-steady-
state conditions, investigators should be
aware that the results apply only at the
time of making the measurements. A goal
of this chapter is to develop an apprecia-
tion of the rate of change of trace element
status and its impact on interpretation of
tracer and balance studies.

An  isotope dilution technique
(Weigand and Kirchgessner, 1976) has been
used frequently for measuring true

absorption and endogenous faecal excre-
tion in studies of trace element dynamics.
The technique depends on sampling a
reference tissue or fluid which contains the
labelled element assumed to be at the same
specific activity as endogenous secretions.
Endogenous faecal excretion is calculated
from the quantity of tracer in faeces and
the specific activity in the reference tissue
or fluid. The validity of selecting certain
tissues or fluids for the isotope dilution
technique has been tested for several
elements and species. Although support for
acceptable reference tissues and fluids has
been obtained, not all sources of error have
been investigated, and some caution is
required. For example, liver Mn specific
activity has been used to represent specific
activity of endogenous secretions; however,
liver specific activity was shown recently
to be indistinguishable from biliary specific
activity in Mn-replete rats, but it was only
about one-third of biliary-specific activity
in Mn-deficient rats (Malecki et al., 1996).
Since bile is a significant source of endo-
genous Mn secretions, estimates of endo-
genous faecal excretion based on liver
specific activity may be in error in Mn-
deficient rats. On the other hand, endo-
genous secretions of Mn are very low in
deficient rats, and correction for the poten-
tial error would only make the estimates
lower and may have little effect on inter-
pretation of the results. The effect of the
choice of reference tissue and time of
sampling on the accuracy of determina-
tions of endogenous excretion has been
discussed by Weigand et al. (1988a). Some
aspects of trace element dynamics related
to measurement technique are mentioned
in this chapter.

The homeostatic control of Zn in rats
has been studied much more intensively
than other element and species combina-
tions; consequently, Zn dynamics is
emphasized in this chapter. Knowledge of
Zn metabolism in the rat is sufficient to
construct a kinetic simulation of whole-
body and tissue responses to changes in
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dietary intake. Such a simulation of Zn
metabolism was constructed for this
chapter from the results of numerous Zn
metabolism studies. The objective of the
simulation is to compile results of studies
which have addressed different aspects of
Zn metabolism or different ranges of condi-
tions. It is hoped that the whole-body
simulation of Zn metabolism will help to
identify productive areas of investigation
for other elements as well as Zn.
Simulation of whole body metabolism pro-
vides a method of reviewing Zn dynamics
as well as providing unique insight into
trace element dynamics in general.

Zinc
Metabolism

Zinc metabolism in animals and man has
been the subject of extensive reviews (e.g.
Chesters, 1997). Zinc is absorbed mainly by
the small intestine, although the major
section(s) from which absorption takes
place have not been identified. During
absorption, the rate of intramucosal Zn
transport may be controlled by an inter-
action between cysteine-rich intestinal
protein (CRIP), serving as an intracellular
carrier, and metallothionein, which
appears to inhibit intracellular transport
(Chesters, 1997). As a result of desquama-
tion of mucosal cells, more Zn enters the
mucosa than is transported to plasma. This
mechanism appears to be important in the
regulation of Zn absorption. Zinc absorp-
tion determined by the isotope dilution
technique (Weigand and Kirchgessner, 1976)
does not include the fraction of Zn which
enters, but does not cross, the mucosal
lining to the bloodstream. Once in the
plasma, Zn is transported predominantly
in association with albumin and to a lesser
extent with a high-molecular weight
protein fraction. Transfer of Zn to liver
from plasma is 5-6 times faster than
transfer to other major tissues (House and
Wastney, 1997). Although the liver is very
active in Zn metabolism, it represents <5%
of whole-body Zn, while bone and muscle

are normally the largest Zn pools. In small
animals, however, the integument becomes
quantitatively significant. In the rat, the Zn
pool in the pelt (skin plus hair) may exceed
that in the bone or muscle. Sources of
endogenous Zn entering the gastrointestinal
tract include saliva, gastric secretions, pan-
creatic secretions, bile and intestinal secre-
tions. Of these, pancreatic secretions may
be the most quantitatively significant. In
normal pigs, more Zn was secreted in pan-
creatic fluid than in bile, but this order was
reversed in Zn-deficient pigs since pan-
creatic secretion was reduced to a greater
extent than biliary secretion, indicating that
regulation of both pancreatic and biliary
secretion of Zn is important in Zn homeo-
stasis (Sullivan et al., 1981). The quantity of
Zn secreted into the intestine from all
sources may be as much as dietary Zn
intake. Although biliary Cu is known to be
absorbed with much lower efficiency than
dietary Cu, there has been insufficient work
to determine if Zn responds in a similar
manner. A lower rate of resorption of
biliary and/or pancreatic Zn compared with
dietary Zn could be a factor in maintaining
homeostasis.

Growth depression is characteristic of
Zn deficiency in the young of all species
studied. Zinc deficiency normally results
in the loss of Zn from bone and liver, but
not from skeletal muscle. Integument
losses also are a significant fraction of
whole-body loss during Zn deficiency in
rats and presumably other small animals.
Loss of bone Zn has been found as a result
of Zn deficiency in rats, calves, chickens
and quail, but not in monkeys or cows.
Loss of liver Zn has been reported for rats,
calves, chickens, quail and monkeys, but
not cows. Except for the stability of Zn in
skeletal muscle, variable responses to Zn
deficiency have been found in other
tissues.

Above the nutritional requirement,
whole-body Zn and Zn content of tissues
appear to be regulated over a range of Zn
intakes, although homeostatic control
varies with species and physiological state.
A small increase in digestive tract tissue
Zn was observed in rats fed 104 compared
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with 24 pg Zn g~! diet, while there was no
effect on Zn content of liver, kidneys,
spleen, brain, lungs, reproductive tissues,
muscle, skeleton or pelt (Windisch and
Kirchgessner, 1993). These and other
studies have indicated that rats are able to
maintain relatively constant tissue Zn
concentration up to 600 pg Zn g ! diet;
however, higher intakes lead to substantial
increases in Zn content of most internal
organs and bone. Based on limited reports,
the ability to maintain tissue Zn homeo-
stasis with increasing dietary Zn concen-
tration varies considerably among species,
with quail and chickens having little
ability to maintain homeostasis, calves and
rats having moderate ability and mice
having the greatest dietary range of species
reported. Although the congruence is less
than desirable among studies, species and
physiological states with respect to tissues
affected by excess Zn and the dietary range
over which homeostasis can be main-
tained, it is possible to conclude that a
homeostatic plateau exists for some range
of Zn intakes above the nutritional require-
ment for most species.

Tissue Zn turnover varies among
tissues and is a factor in mobilization of Zn
and in its excretion from the body. Rapidly
turning over tissues can respond more
rapidly to a reduction in Zn intake.
Disappearance curve analysis of individual
tissues from sequentially sacrificed rams
following intravenous %Zn administration
showed that liver, heart, pancreas, salivary
glands, kidney cortex and spleen had rapid
Zn turnover >18% day~!, while skeletal
muscle and bone had slow turnover, <2%
day ! and other tissues had intermediate
values (McKenney et al., 1962). Comparison
of Zn kinetics in mice, rats, dogs and
humans shows that the biological half-life
of Zn increases as the size of the species
increases.

Simulation of zinc dynamics - model
development

Model simulation provides a means of com-
piling existing knowledge of metabolism

from numerous studies to yield a more com-
prehensive view than can be provided by
individual investigations. Based on the
results of published studies, a model of Zn
metabolism (Fig. 8.1) was constructed in
order to simulate Zn dynamics. The simula-
tion was prepared with the aid of a compart-
mental modelling program, SAAM II (SAAM
Institute, 1994). The simulation has been
constructed for male, growing rats consum-
ing diets varying in Zn concentration from
deficient to adequate. Although constructed
for rats, similarities with other species are
apparent in the results of the simulation.

Williams and Mills (1970) thoroughly
documented feed intake, body weight
changes and whole-body Zn concentrations
over time with growing rats fed varying Zn
concentrations from deficient (3 pg g 1) to
adequate (12 pg g™ 1!). Much of these data
have been incorporated into the model, pro-
viding basic Zn data for growing rats.
Dietary Zn intake varies with time (body
size) and dietary Zn concentration (Fig.
8.2). Several other studies have shown that
feed intake and growth rate no longer vary
with dietary Zn concentration for a
considerable range above the nutritional
requirement. Thus, feed intakes for 15 and
18 g Zn g ! diet were included in the
model equal to the intake at 12 pg Zn g=?!
diet (Fig. 8.2). Whole-body Zn of young rats
increased with age and dietary Zn concen-
tration up to the nutritional requirement
(Williams and Mills, 1970) (Fig. 8.3). Since
Williams and Mills (1970) and others have
shown repeatedly that whole-body Zn or
tissue Zn does not increase with increases
in dietary Zn above the minimum require-
ment up to relatively high intakes, dietary
concentrations of 15 and 18 pg Zn g~! diet
were included in the simulation with no
increase in whole-body Zn compared with
rats fed 12 pg Zn g ! diet (Fig. 8.3).

Johnson et al. (1988) investigated the
effect of dietary Zn concentration on the
coefficient of absorption of Zn using grow-
ing male rats similar in age to those studied
by Williams and Mills (1970). Their
measurements of Zn absorption included
the dietary Zn range of 3.6-50 pg g~ 1. A
substantial reduction in coefficient of
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Fig. 8.1. Kinetic model of Zn metabolism in rats. Circles represent body Zn compartments, which are
numbered arbitrarily. Arrows are fractional transfer coefficients (day™"), k(i,j), indicating transfer to
compartment i from compartment j; for example, k(2,1) is the fraction of compartment 1 (gut Zn) which

is transferred to compartment 2 (plasma Zn) per day.

absorption occurred with increasing dietary
Zn concentration. Their data (Johnson et al.,
1988) were subjected to non-linear regres-
sion, to yield the following relationship
which was incorporated into the model:

Abs = 0.986 — 0.0233 X Zn p.p.m.

+0.0002 X Zn p.p.m.? (8.1)

where Abs = coefficient of absorption and
Zn p.p.m. = dietary Zn concentration, png
g 1 (Fig. 8.4).

Plasma Zn was held in steady-state in
the simulation because it is only about
0.5% of whole-body Zn in the rat, and
variations in the plasma Zn pool size,
which are observed during deficiency, are
negligible with respect to changes in the
major tissue Zn pools. It was assumed that

the relative distribution of plasma Zn to
tissues in the body of the growing rat
would be similar to that found for mature
rats in a recent compartmental modelling
study (House and Wastney, 1997). Thus,
values for the fractional transfer coefficients
to tissues from plasma (determined by
House and Wastney, 1997) are incorporated
into the current simulation. The values
utilized were 7.1 day~! for transfer of
plasma Zn to muscle (k(5,2) in Fig. 8.1),
5.62 day ! for transfer to skin and hair
(k(6,2)), 35.7 day~! for transfer to internal
organs (k(3,2)) and 7.22 day~! for transfer
to bone (k(4,2)). Thus, Zn transfer from
plasma to internal organs, mainly liver, in
the simulation is relatively rapid, which is
consistent with other observations on the
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Fig. 8.2. Dietary Zn intake in young growing male rats fed a semi-synthetic diet with varying Zn
concentrations. Adapted from Williams and Mills (1970).
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Fig. 8.3. Whole-body Zn accumulation in young growing male rats fed a semi-synthetic diet with varying
Zn concentrations. Adapted from Williams and Mills (1970).
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Fig. 8.4. Absorption of Zn by young growing male rats fed a semi-synthetic diet with varying Zn

concentrations. Adapted from Johnson et al. (1988).

rate of transfer of plasma %%Zn to liver in
humans, rats and cattle.

Tracer studies with rats, cows and
calves show enhanced retention and/or
increased specific activity of tracer in
tissues of Zn-deficient animals compared
with Zn-adequate animals, which indicates
that Zn transfer from tissue to plasma is
decreased in Zn deficiency (e.g. Windisch
and Kirchgessner, 1994). On the other
hand, excessive Zn intake leads to a reduc-
tion in tissue tracer specific activity or
retention. These results indicate that tissue
Zn turnover is decreased in Zn deficiency
and increased when Zn supply is exces-
sive. Thus, variations in tissue Zn mass in
the simulation were accomplished through
changes to tissue Zn egress transfer coeffi-
cients. The value of each coefficient was
controlled by a function designed to adjust
the compartment size, expressed as a
percentage of whole-body Zn, to match
tissue Zn contents obtained from several
studies (Giugliano and Millward, 1984;
Windisch and Kirchgessner, 1994; House
and Wastney, 1997). The tissue egress

coefficients decreased with decreasing Zn
intake in the simulation, as would be
expected from published observations of
changes in tissue Zn turnover. Percentages
of whole-body Zn in muscle and bone of Zn-
adequate growing rats used in the simula-
tion were 26.7 and 27.9%, while
percentages for Zn-deficient growing rats
were 40.0 and 13.4%, respectively (from
Giugliano and Millward, 1984, after
correcting for pelt Zn). The percentage of
whole-body Zn in the internal organs was
fixed at 15.1 (from Giugliano and Millward,
1984, after correcting for pelt Zn). The
percentage of Zn in the pelt was fixed at 30.5
(House and Wastney, 1997). Percentages of
whole-body Zn in internal organs and in the
pelt were fixed in the simulation because
they were unaffected by variations in dietary
Zn (Giugliano and Millward, 1984;
Windisch and Kirchgessner, 1994).
Measurements of urinary Zn excretion
for growing rats at various dietary Zn
intakes from the study of Johnson et al.
(1988) were subjected to non-linear regres-
sion to yield the following relationship:
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Urinary Zn = 7.4

X (1 — @~0-0074 X Zn intake) (8.2)

where units of urinary Zn and Zn intake
are pg day~! (Fig. 8.5). This expression was
utilized in the simulation to describe the
loss of Zn via urine.

All aspects of the model were derived
from published results except for the rate
of endogenous faecal excretion, which was
determined for various nutritional states by
solving the model. The model was solved
for endogenous faecal excretion rather than
using available data from the literature
because endogenous faecal excretion
cannot be varied independently from
changes in whole-body Zn mass, and
changes in whole-body mass were entered
into the model from the data of Williams
and Mills (1970) as discussed above.

Simulation of zinc dynamics — model output

The model was solved for dietary Zn intake
by young growing male rats consuming

diets varying from 3 pg g ! (deficient) to
18 pg g~ ! under conditions in which 12 ng
g~ ! provided adequate Zn. Urinary and
faecal Zn excretion are shown in Figs 8.6
and 8.7. As has been well documented in
animals, the simulation shows that faeces
are the main route of excretion of dietary
Zn. However, at lower dietary Zn intakes,
urinary Zn excretion became a significant
percentage of total Zn excreted (Fig. 8.8).
Similar results have been found in humans
and calves.

As might be expected, Zn balance
varied considerably in response to dietary
intake according to the simulation (Fig.
8.9). Except for the lowest level of dietary
Zn (3 pg g1, Zn balance, expressed as ng
day~?, varied with time in the growing rats,
and was highest for 9-18 pg Zn g~! diet at
28 days. The simulation shows that
measurement of balance alone may not be
sufficient to distinguish an adequate from a
deficient diet. At 28 days, balance for rats
fed 9 pg Zn g ! diet was as great as for
12-18 pg Zn g~ ! diet, even though 9 pg Zn
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Fig. 8.5. Urinary excretion of Zn by young growing male rats fed a semi-synthetic diet with varying Zn

concentrations. Adapted from Johnson et al. (1988).
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Fig. 8.6. Urinary Zn excretion by young growing male rats. The figure is a simulation based on a kinetic
model of Zn metabolism (Fig. 8.1) and published data for rats fed a semi-synthetic diet with varying Zn

concentrations as described in the text.
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Fig. 8.7. Faecal Zn excretion by young growing male rats. The figure is a simulation as described in Fig. 8.6.
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Fig. 8.8. Percentage of total Zn excretion (faeces + urine) excreted in the urine of young growing male rats.
The figure is a simulation as described in Fig. 8.6.

120 1

100 - =2 e N

|
\
\

£

o
M

»

Zn balance (ug day )
[e)]
o

20 A

o

5 10 15 20 25 30
Days

Fig. 8.9. Zinc balance of young growing male rats. The figure is a simulation as described in Fig. 8.6.
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g ! diet was unable to support as rapid
growth as 12-18 pg Zn g~ ! diet during the
full 28-day period. During the last days of
the simulation, whole-body accumulation
of Zn at 9ug Zn g ! diet was nearly
parallel to that at 12 pg Zn g~! diet (Fig.
8.3), leading to nearly equivalent balance
values. Thus, due to observed differences
in feed intake, percentage absorption and
percentage excretion, the simulation
reveals that 9 pg Zn g—?! diet should be able
to meet the nutritional requirement for Zn
at the end of the 28-day period but not at
the beginning.

Control of endogenous faecal Zn
excretion is recognized as an important
mechanism of Zn homeostasis. In the
current simulation, endogenous faecal
excretion was almost negligible at 3, 6 and
9ng Zn g! diet in the growing rat (Fig.
8.10). The whole-body retention of Zn
found by Williams and Mills (1970) was
achieved by the nearly complete inhibition
of endogenous faecal excretion. It shows
that the rat has considerable capacity for

regulating loss of Zn from the body, since
there was very little loss at intakes less
than the nutritional requirement. The
ability of organisms to minimize endo-
genous faecal excretion of Zn in response
to dietary deficiency has been reported in
studies with rats, calves, goats and human
infants.

Although the coefficient of absorption
decreases as dietary Zn concentration
increases (Fig. 8.4), quantitative true
absorption (ng day—!) increases because the
elevated Zn intake is not fully matched by
the reduction in the coefficient of absorp-
tion. This relationship was observed by
Weigand and Kirchgessner (1978) and is
shown by solving the simulation for
dietary concentrations up to 48 pg g~ ! (Fig.
8.11). Since there was no further increase
in whole-body Zn concentration above the
nutritional requirement, the additional
absorbed Zn was excreted in the faeces.
Apparent absorption remained relatively
constant above the nutritional requirement
(Fig. 8.11), while both true absorption (g
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Fig. 8.10. Endogenous faecal excretion of Zn by young growing male rats. The figure is a simulation as

described in Fig. 8.6.
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Fig. 8.11. Consumption, absorption and excretion of Zn in young growing male rats. The figure is a

simulation as described in Fig. 8.6.

day~!) and endogenous faecal excretion
continued to rise, which is the pattern
observed by Weigand and Kirchgessner
(1978). As dietary Zn intake was increased
to 141pg Zn g ! diet in the study of
Weigand and Kirchgessner (1978), the
quantity of endogenous faecal Zn excretion
also increased until it was 90% of the
value of apparent Zn absorption. Thus,
regulation of endogenous excretion plays a
critical role in conservation of body Zn
during Zn deficiency and, also, in the
elimination of Zn when excess Zn is
absorbed.

Although regulation of absorption
alone was not sufficient to maintain
homeostasis in response to elevated dietary
intake (Fig. 8.11), the threefold reduction
in coefficient of absorption over the range
of dietary intakes investigated is substan-
tial (Fig. 8.4). A reduction in the coefficient
of absorption with increasing dietary
consumption of Zn has been observed
repeatedly in rats, and also in calves,
sheep, human infants and human adults.
Changes in absorption may be of greater

significance at higher dietary Zn concentra-
tions in ruminants than in monogastrics.
Studies with ewes and calves indicate that
homeostasis was maintained predomin-
antly by changes in absorption, with very
little if any change in endogenous faecal
excretion when dietary Zn ranged from
adequate to excessive.

Redistribution of Zn within the major
Zn pools of the body has been observed
several times in response to Zn deficiency
in growing rats (e.g. Giugliano and
Millward, 1984) as well as in mature rats
and chicks. Redistribution involves the
relatively greater loss of Zn from bone com-
pared with other tissues during deficiency.
Loss of bone Zn has also been demon-
strated in Zn-deficient young pigs,
although changes in other tissues have not
been measured. Redistribution appears to
be a mechanism of maintaining Zn concen-
tration in preferred tissues at the expense
of others and, as such, may be an important
metabolic strategy influencing the health of
deficient animals. Changes in skin and hair
Zn as well as bone, muscle and internal
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organ Zn were simulated for growing rats
receiving adequate (Fig. 8.12) or deficient
(Fig. 8.13) dietary Zn. Rats fed a deficient
Zn diet accumulated less Zn overall in
tissues, but muscle accumulated relatively
more zinc than the other tissues, mainly at
the expense of bone. The tissue distribu-
tion of Zn shown at day 28 in Figs 8.12 and
8.13 is from Giugliano and Millward
(1984). The redistribution of Zn was
simulated using modelling techniques for
regulating Zn tissue mass as described
above. The rate of redistribution was
assumed to take about one-half of the 28-
day period simulated, which is consistent
with the time course of %Zn redistribution
observed in another study with marginally
deficient rats.

Copper

Copper metabolism has been the subject of

Copper absorption 1is quite variable
depending on species and dietary factors.
Absorption by humans varies from about
12 to 55%, whereas absorption by
ruminants varies from about 1 to 13%. At
low absorption percentages, changes of a
few percent can double or triple absolute
Cu absorption, which can have profound
affects on Cu nutrition. Absorbed Cu is
bound mainly to plasma albumin, and
possibly transcuprein and amino acids. It
is transported to the liver where it is
removed efficiently from circulation.
Within the liver, Cu is incorporated into
the protein ceruloplasmin and released
into the general circulation. Ceruloplasmin
Cu is tightly bound, does not exchange
readily with ionic Cu in plasma and com-
prises 80-97% of plasma Cu in species
surveyed. Tissue Cu turnover leads to
release of Cu to the bloodstream, where it
is assumed to travel in association with
plasma albumin, transcuprein and amino

extensive reviews (e.g. Linder, 1991). acids. Excretion of Cu is mainly via the bile
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Fig. 8.12. Tissue Zn accumulation of young growing male rats fed adequate dietary Zn (12 ygg™") in a
semi-synthetic diet. The figure is a simulation based on a kinetic model of Zn metabolism (Fig. 8.1) and

published data as described in the text.
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Fig. 8.13. Tissue Zn accumulation of young growing male rats fed deficient dietary Zn (3 ugg™") in a
semi-synthetic diet. The figure is a simulation as described in Fig. 8.12.

and other gastrointestinal secretions, with
only a small percentage of endogenous loss
in the urine. Surface losses from sweat,
skin and hair or feathers are small, but
exceed urinary losses, at least in humans.
Biliary Cu 1is reabsorbed poorly in
mammals and chickens, which increases
the efficiency of endogenous excretion.

The liver plays an important role in
the quantitative whole-body metabolism of
Cu, especially in ruminants. Up to 80% of
whole-body Cu is found in the liver of
healthy sheep and cattle, as opposed to 8
or 9% in the liver of monogastrics. Bone
also is a major Cu pool in all species,
varying in Cu content from about 18% of
whole-body Cu in cattle to 40% in humans.
Muscle comprises about 13% of whole-
body Cu in cattle, 23% in humans and
31% in rats. In small animals, the skin also
becomes a major component of whole-body
Cu, about 23% in rats.

There 1is considerable variability
among species in their ability to maintain
liver Cu homeostasis (Fig. 8.14). Sheep

appear to have little or no ability to
regulate liver Cu concentration. Even small
increments in dietary Cu to unsupple-
mented diets yield substantial increases in
liver Cu. Sheep are very susceptible to
chronic Cu poisoning, which is probably a
result of their inability to regulate liver Cu
accumulation. Pre-ruminant calves, which
also are susceptible to chronic Cu poison-
ing, have a limited ability to control liver
Cu accumulation, although that ability
improves after weaning. Although the liver
Cu of adult cattle increases with increasing
Cu supplementation above the nutritional
requirement, the concentration tends to
level off at subtoxic accumulations,
indicating some homeostatic regulation.
Rats, on the other hand, demonstrate the
same characteristic plateau in response to
increasing dietary intake as has been
observed with Zn. Liver Cu increases up to
the nutritional requirement of about
5—10 pg Cu g~ ! diet and thereafter remains
constant up to about 100 pg Cu g~ ! diet,
beyond which a substantial increase in
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liver Cu occurs. Laying hens maintain a
constant liver Cu concentration up to a
relatively high dietary concentration of
600 ng Cu g~ ! diet, above which homeo-
static control breaks down. Ponies also
have an ability to maintain Cu homeostasis
over a range of dietary intake.

Absorption of Cu decreases with
increasing dietary Cu concentration. The
results of a number of studies of dietary Cu
absorption by humans were compiled by
Turnlund (1989) and show an exponential
reduction in absorption from about 55% in
humans consuming 0.8 mg Cu day ! to
about 15% in humans consuming about
7.5 mg day !. Apparent and true absorp-
tion of Cu by rats also decreases with
increasing dietary intake (e.g. Johnson and
Lee, 1988). While the coefficient of true
absorption decreased about twofold in rats
fed 21 compared with 0.4 pg Cu g1 diet,
endogenous Cu excretion increased from 1
to 46 pg g ' (Johnson and Lee, 1988).
These results and others show that rats are

efficient at conserving Cu when fed a defi-
cient diet. The response is similar to that
found with Zn and Mn. The biological half-
life of 57Cu decreased from 2.36 to 1.96
days with increasing dietary Cu concentra-
tion in the study of Johnson and Lee
(1988), indicating that turnover of tissue
Cu accelerated with increasing absorbed
Cu. It appears that only intestinal endoge-
nous losses are important in homeostatic
regulation of Cu, since urinary and salivary
Cu were unaffected by changes in dietary
Cu in humans. Biliary Cu secretion
increases with increasing dietary Cu in
rats, cattle and chickens, but not in sheep.
At adequate Cu intakes, changes in absorp-
tion may play less of a role than endoge-
nous faecal excretion in maintaining Cu
homeostasis. Endogenous excretion of Cu
by humans was reduced from 1.0 to 0.5 mg
day~! when dietary intake was reduced
from 1.4 to 0.9 mg day~?, while there was
no measurable change in percentage
absorption of Cu (Milne et al, 1990).
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Simulations of Cu metabolism in humans
also predict quantitatively greater changes
in endogenous excretion than absorption in
response to changes in dietary intake
(Buckley, 1996).

Manganese

Bone and muscle are the major body pools
of Mn. Manganese concentration in humans,
cattle and rats varies from 1.5 to 2.6 ng g?
fresh weight in bone and from 0.06 to
0.80 pg g~ ! fresh weight in muscle (Hurley
and Keen, 1987). Manganese concentration
in various body tissues is 0.1-0.005 times
that of Zn. The lower tissue concentrations
of Mn compared with Zn appear to be
associated with more rapid tissue turnover,
greater endogenous faecal excretion and
lower percentage absorption. Divalent Mn
entering the portal circulation system is
removed rapidly and efficiently by the liver.
The liver plays a major role in Mn homeo-
stasis, with biliary excretion being the main
route of endogenous loss. Non-biliary secre-
tion, including pancreatic secretion, into the
duodenum, jejunum and, to a lesser extent,
the ileum also occurs. Urinary excretion of
Mn is very small and plays a negligible role
in maintaining homeostasis.

In studies with growing rats, the
deposition of Mn in body tissues, including
liver and skeletal muscle, increased moder-
ately up to 35 pg Mn g~! diet and thereafter
remained relatively constant up to the high-
est dietary concentration tested, 100 pg Mn
g1 (Weigand et al., 1986). Exceptions were
bone Mn (femur), which appeared to reach
a plateau sooner at 4.5 or 11.2 ug Mn g?
diet, and serum Mn, which reached a
plateau at 4.5 pg Mn g~! and also increased
again at 100 pg Mn g ! (Weigand et al.,
1986). Other studies at higher Mn intakes
show that rats are able to maintain a homeo-
static plateau with respect to liver and bone
Mn from the minimum dietary requirement
up to at least 600 pg Mn g~! diet.

Early work in Mn dynamics was
interpreted mistakenly to indicate that
percentage absorption of dietary Mn
remained relatively constant and homeo-

static control was established predomin-
antly by variation in endogenous faecal
excretion. Later work, though, showed that
variation in percentage absorption with
changes in dietary Mn intake was quantita-
tively significant, especially at lower
dietary concentrations (Weigand et al,
1986). True Mn absorption in the growing
rat decreased exponentially with increas-
ing dietary Mn concentration from 29% at
1.5 ug Mn g~! diet to 2.0% at 100 pg Mn
g~! (Weigand et al., 1986). At adequate
dietary intake, true absorption is greater
than apparent absorption, indicating that
endogenous excretion is also significant.
Turnover of Mn, estimated by loss of 3*Mn
from various tissues or the whole body,
increases with increasing dietary intake.
Serum and liver show the greatest change
in turnover with increasing intake, and
skeletal muscle and bone the least. The
increase in tissue Mn turnover is consistent
with a nearly threefold increase in excre-
tion of *Mn by rats consuming 100 pg Mn
g1 diet compared with 1.5ug Mn g?!
(Weigand et al., 1986). Studies of direct
collection of biliary Mn as well as tracer
investigations show that variations in
absorption as well as endogenous excretion
are important in Mn homeostasis in the rat.
Regulation of Mn homeostasis in calves
appears to be similar to that in rats. Calves
with higher Mn intake have greater tissue
and whole-body Mn turnover, reduced
percentage absorption and increased
biliary excretion.

Studies with the chick show a linear
relationship between dietary and tibia Mn
concentration with dietary levels up to
3000 pg Mn gt diet (Henry et al., 1989).
This relationship has been used in an assay
to determine availability of dietary Mn
supplements. Manganese can be stored in
avian bone and other tissues to be available
during a subsequent period of deficiency.
Linear accumulation of Mn in liver, kidney,
pancreas and muscle with increasing
dietary Mn in the chick has also been
observed. While these results might be
interpreted to indicate that there is no
homeostatic plateau in chicks with respect
to Mn metabolism, the Mn levels
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investigated were high and the steps
between successive dietary concentrations
were large. On the other hand, chick liver
Mn concentrations remained relatively
constant at dietary Mn levels of 9.1, 25.8
and 59.7 pg g~!, compared with reduced
concentrations at 2.8pg Mn g ! diet
(Weigand et al., 1988b), indicating a home-
ostatic plateau in liver over a small range
of dietary concentrations.

Manganese in other tissues, including
bone and skin, feathers, head and feet,
increased significantly. Endogenous Mn
excretion in chicks increases with increas-
ing dietary intake, indicating that regula-
tion of endogenous excretion plays a role
in Mn metabolism.

Iron

Although Fe metabolism has been studied
extensively, including various indirect
methods of measuring absorption and
status, there has been relatively little work
done on the quantitative dynamics of Fe
(for reviews of Fe metabolism, see
Bothwell, 1995; Beard and Dawson, 1997).
Iron deficiency is of limited practical
importance in farm animals except for
suckling pigs, whereas it is one of the most
common deficiencies in humans. Iron
absorption takes place mainly in the
duodenum and upper jejunum. Haem Fe is
absorbed more readily than non-haem Fe,
the absorption of which is affected by
many factors. Mucosal ferritin appears to
act as an iron sink in enterocytes and plays
a major role in the regulation of Fe absorp-
tion. Absorbed Fe is distributed to tissues
bound predominantly to the plasma trans-
port protein, transferrin. Most body iron is
cycled continuously from plasma to
erythroid marrow to red cells, and from
senescent red cells back to plasma. Most of
the body pool of iron is in the form of
haemoglobin in red cells and represents
85-90% of non-storage Fe. The main
storage form of Fe is ferritin, of which
about 60% is found in the liver and about
40% in muscles and the reticuloendothelial
system. The amount of storage Fe can vary

considerably. Typically, the adult human
male has a body Fe content of 4 g of which
about 25% is in storage (Bothwell, 1995).
The rate of absorption of dietary Fe is
an inverse function of the size of body Fe
stores. However, when Fe stores are
depleted and anaemia is present, a further
increase in efficiency of absorption occurs,
which suggests that iron absorption is
regulated by demands for erythropoiesis in
addition to the level of stores (Bothwell,
1995). It has been well established,
although mostly by indirect procedures,
that Fe homeostasis is determined by
changes in rate of absorption. Fe absorp-
tion can vary considerably. Absorption of
Fe by 126 subjects consuming wheat rolls
with varying levels of Ca varied from 2.4 to
30% as determined by whole-body count-
ing of %°Fe (Hallberg et al., 1991). The same
subjects given %°Fe with ascorbic acid
while fasting absorbed 23-45% of the dose.
The body has limited ability to excrete
iron, and endogenous Fe loss is derived
mainly from normal gastrointestinal blood
loss, desquamated cells and bile. Such
losses are small and represent only about
0.025% of body Fe per day in healthy
human males. From this figure, a biological
half-life of Fe in humans of about 7.6 years
can be calculated. Other losses from
menses, pregnancy, wounds and parasite
infestation are significant and reduce the
half-life. Although some correlation of Fe
losses with Fe status has been observed,
the changes in loss are small, and it has
been proposed that the variations in loss
simply reflect variations in the Fe content
of desquamated cells rather than a regula-
tory process (Bothwell, 1995). Early tracer
studies indicated no relationship between
endogenous Fe loss and dietary intake in
rats, indicating the absence of a role for
endogenous excretion in the homeostasis
of iron. More recently, increases in endo-
genous faecal Fe excreted per day (deter-
mined by the isotope dilution method)
were negligible compared with the reduc-
tion in the percentage true absorption of
Fe by young, growing male rats fed a high-
Fe diet (400 pg g ') compared with an
adequate-Fe diet (40 pg g 1) (Kreuzer and
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Kirchgessner, 1991). Thus, it appears that
Fe is unique among the essential trace
elements in that endogenous excretion by
either faeces or urine does not play a
significant role in homeostasis.

Selenium

The metabolism of Se varies with its
chemical form (Sunde, 1997). Se in animal
tissue is predominantly in the form of
protein-bound selenocysteine, whereas
plant Se is predominantly seleno-
methionine. Selenium in inorganic supple-
ments is normally selenite or selenate.
Circulating selenite is taken up by erythro-
cytes and rapidly reduced to selenide,
which is a common intermediate in the
metabolism of both inorganic and amino
acid forms of Se. Selenocysteine and
selenomethionine may be incorporated
directly into proteins or also converted to
selenide prior to incorporation of Se as
selenocysteine into Se-specific seleno-
proteins such as glutathione peroxidase.
Since animals are able to synthesize
selenocysteine but not selenomethionine
and since dietary selenomethionine may be
incorporated into protein (mainly muscle
protein), there are two kinetically distinct
components of Se metabolism in animals:
selenite-exchangeable Se and seleno-
methionine Se (Sunde, 1997). Since the
selenomethionine pool cannot be labelled
with selenite, the kinetics of labelled
selenomethionine differ from those of
labelled selenite. A selenite-exchangeable
metabolic pool has been found to be highly
correlated with whole-body Se in rats and
to respond to dietary Se restriction by
decreasing in size in humans. Most whole-
body Se is found in muscle. Analysis of 12
major tissues of lactating dairy cows
showed that 61% of Se in tissues analysed
was in skeletal muscle, 7% in the hide, 6%
in the liver, 5% in the udder, 4% in bone,
4% in smooth muscle of the reticulorumen
and 3% or less in each remaining tissue.
Stable isotope tracer studies with
selenite and selenomethionine in humans
have helped to elucidate certain aspects of

Se metabolism (Patterson et al.,, 1989;
Swanson et al., 1991). According to kinetic
models developed from the tracer experi-
ments, 84% of orally administered selenite
Se was absorbed and 90% of absorbed
selenite Se was taken up by the liver. More
than half, 58%, of the Se taken up by the
liver was secreted into the gastrointestinal
tract via the bile, from where most of it was
reabsorbed. Selenium tracer released from
the liver into plasma was taken up by a
peripheral tissue compartment which
eventually released the tracer for excretion
into the urine without further recycling to
liver or other tissues. Within 12 days, 18%
of ingested dose was recovered in the faeces,
including unabsorbed tracer, and 17% was
recovered in the urine. Metabolism of
selenomethionine Se differed from selenite
Se in the kinetic model. Ninety-eight per
cent of orally administered seleno-
methionine was absorbed and it was
removed more rapidly from the blood by
the liver than selenite Se. Slightly less
tracer was returned to the gastrointestinal
tract via the bile. Forty-three per cent of the
selenomethionine Se released from the
liver to plasma was taken up by a slowly
turning over peripheral tissue compart-
ment not accessed by the selenite tracer.
Virtually all of the selenomethionine Se
released from tissue compartments was
recycled back to the liver. Over 12 days,
4% of ingested selenomethionine tracer
was recovered in faeces and 11% was
recovered in urine. In both the selenite and
selenomethionine models, endogenous Se
was excreted predominantly in the urine,
which agrees with other studies. The
combined effect of the differences in
metabolism of the two Se forms was that
the whole-body half-life of seleno-
methionine Se was 252 days while that of
selenite selenium was 102 days. The
percentage absorption and differences in
endogenous faecal excretion of selenite and
selenomethionine in rats are similar to the
results obtained with humans.

Absorption of Se can be high, but it
varies considerably among species. Se
absorption by rats is >90% (Kirchgessner et
al., 1997), whereas measurements of



Trace Element Dynamics

179

absorption in humans vary between 53 and
98%, and absorption by ruminants is some-
what lower, between 11 and 46%.
Homeostatic regulation of Se retention
has been investigated in rats (Kirchgessner
et al., 1997). Growing rats fed 40-3000 ng
Se g1 diet absorbed 93-97% of Se, which
showed that there was no homeostatic
regulation of Se metabolism at the site of
gastrointestinal absorption. Endogenous
faecal excretion played a relatively minor
role and was responsible for elimination
of only 6.4-9.0% of Se consumed.
Homeostatic control of Se retention was
achieved mainly by regulation of urinary
excretion. Urinary excretion was small
(75-140 ng day ') up to 100 ng Se g~ ! diet
and then jumped to 671 ng day~?! for rats
fed 150 ng Se g ! diet, which was inter-
preted as a transition from deficient to
sufficient Se intake. Thereafter, urinary Se
excretion increased from 32 to 63% of
dietary intake, or 671-26,700 ng day .
However, urinary elimination was not
100% efficient and dietary retention varied
from 55% of intake at 150 ng Se g~! diet to
26% at 3000ng Se g~! diet, leading to
excessive whole-body retention especially
at the highest dietary concentrations.
Nevertheless, whole-body Se increased
only 20% over the range of 150—600 ng Se
g1 diet, indicating reasonably effective
homeostatic control. The selenium concen-
tration of most tissues, especially the liver,
increased with increasing dietary intake.
As has been observed with other elements
(Zn, Mn), whole-body turnover of the
element increased, which indicated that
excessive Se intake exchanged with tissue
Se prior to elimination from the body.
Selenium dynamics in ruminants is
poorly understood and research reports to
date have been somewhat conflicting.
Ruminants excrete a higher proportion of
dietary Se in the faeces than the urine,
possibly due to the formation of unavail-
able forms of Se in the gastrointestinal
tract, which may explain the lower absorp-
tion of Se by ruminants compared with
monogastrics. Sheep responded to changes
in dietary Se concentration with changes in
urinary excretion, while faecal excretion

remained relatively constant (Langands et
al., 1986), which is consistent with mono-
gastric metabolism. Examination of gastro-
intestinal contents of sheep showed that
two to three times the quantity of Se
ingested entered the anterior portion of the
small intestine each day, indicating that
endogenous secretions of Se were sub-
stantial, although the secretions were
reabsorbed in lower sections of the small
intestine (Langands et al., 1986). On the
other hand, biliary secretion of 7°Se
measured directly in cattle following intra-
venous injection of labelled selenite was
<10% of that recovered in urine, suggesting
that endogenous secretions are small
(Symonds et al., 1981). Recent studies
revealed a significantly higher percentage
absorption of dietary Se by ewes fed Se-
deficient hay (46%) compared with ewes
fed Se-adequate hay (18%) (Krishnamurti
et al., 1997), which does not agree with the
constant percentage absorption observed in
rats. Further work will be required to
clarify the roles of absorption and excre-
tion in the homeostasis of Se.

Concluding Remarks

The study of trace element dynamics
provides insight into the significance of
various body pools of elements as well as
the regulation of their routes of absorption
and excretion. It is apparent that the large
pools of an element, often in muscle, bone
or liver, play an important role in homeo-
stasis and whole-body  metabolism.
However, except for Zn and Fe, the meta-
bolism of the major body pools of trace
elements has received little attention. Large
pools may serve as a source or sink during
periods of dietary insufficiency or excess.
On the other hand, as in the case of muscle
Zn in rats, the body attempts to maintain a
constant concentration of the element at
the expense of other pools during periods
of deficiency. Compartmental modelling is
an effective tool for compiling information
on trace element dynamics. It also serves as
a planning assistant in the design of studies
and greatly facilitates understanding the
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complexities of whole-body metabolism. A
fairly complete picture of the dynamics of
Zn metabolism in young rats receiving
deficient to adequate diets is now available,
although the upper ranges of the homeo-
static plateau for individual tissues and the
whole animal have not been well estab-
lished. Much work yet needs to be done on
Cu, Mn and Se, particularly with respect to
the regulation of body compartments and,
especially for Se, the roles of absorption and
endogenous excretion in homeostasis. The
effects of various physiological states, other
than growth, on trace element dynamics

however, research on the affects of ageing,
gestation and lactation shows that these are
productive areas of research in trace
element dynamics. For all the elements
discussed in this chapter, the quantity of
research conducted in dynamics with rats
and humans exceeds that performed with
farm animals, but an effort was made to
include farm animal results as much as
possible. Until a greater body of knowledge
is accumulated, extrapolation of the prin-
ciples to farm animals will be necessary,
although caution is required because of
substantial differences in the metabolism of

were not addressed in this chapter; some elements among species.
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Introduction

Most of us are familiar with the use of
spectrometers for quantitative determina-
tions. In these applications, one generally
runs a set of standards containing various
concentrations of the analyte, for example
protein, and then compares the results of
unknowns with the standard results using
a standard curve. In such cases, the
assumption is made that only the concen-
tration of the analyte of interest (protein, P,
etc.) is changing, and that the absorbance
changes linearly with the changing concen-
tration of the analyte according to Beer’s
Law, which states that:

A =abc (9.1)

where A = absorbance or (log,,(1/transmit-
tance)), b = the cell pathlength, ¢ = concen-
tration and a = the molar extinction
coefficient for the analyte at the wavelength
used (constant telling how strongly the
analyte absorbs at the wavelength chosen).
In such determinations, the wavelengths
used are generally in the ultraviolet (UV) or
visible portion of the electromagnetic
spectrum (EMS), and the wavelength
needed for each determination is known.

The near infrared (NIR, 1100—-2500 nm)
portion of the EMS occurs at wavelengths
longer than the visible (VIS, 400-760 nm)
and shorter than the mid-infrared (MIDIR,
2500-25,000 nm) regions. Although the
MIDIR is again very familiar, being used to
identify unknown materials by comparing
their MIDIR spectra with published works
on group absorptions, i.e. ketone carbonyl at
5800—6100 nm, etc. (Colthup et al., 1990),
the NIR region has only gained prominence
in the last 20 years or so. There is also a
region (760-1100 nm) between the visible
and NIR which has sometimes been
included in the NIR and is used similarly.
This region will be considered as the short-
wave-NIR (SWNIR) for the discussion at
hand. It should be noted that this region is
often at least partially available on many
UV-VIS or VIS spectrometers designed to
use test tubes and cuvettes; however, these
are not NIR spectrometers as used to per-
form feed analysis.

Near infrared spectroscopy (NIRS) is
based on the absorptions of C-H, N-H and
O-H groups found in organic constituents.
These absorptions are the overtones and
combination bands of the much stronger
absorptions found in the MIDIR spectral
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region (Murray and Williams, 1987). Since
NIR absorptions are weaker, longer path-
lengths can be used for liquids (particularly
where water is involved) and for solids;
unlike the MIDIR, dilution with KBr or
preparation of KBr pellets is unnecessary.

The NIR spectral region, in various
spectroscopic forms (diffuse reflectance,
transmission, etc.) over the last decade has
been used increasingly to determine the
composition and quality of many products
and to monitor the progress of various
biological or chemical processes (Marten et
al., 1989; Kemeny, 1992). With solids, NIRS
in the reflectance mode has been used
extensively to determine the composition/
quality of materials such as hays (Marten et
al., 1989), silages (Reeves et al, 1989;
Reeves and Blosser, 1991), grains (Osborne
et al., 1987; Tkachuk, 1987) and food
products (Osborne and Fearn, 1986). In the
pharmaceutical industry, NIRS has also
being used to monitor the identity of the
raw materials arriving at loading docks
(Ciurczak, 1992b). Transmission NIRS has
been used extensively to monitor biological
processes, such as fermentations and
chemical reactions (Kemeny, 1992).

The successful application of NIRS to
problems in such diverse areas is due to the
nature of the absorptions in the spectral
region, and the variety of instrumentation
available. Near infrared spectrometers based
on the use of filters, gratings, acoustics,
interferometers and crystals are in use
(McClure, 1987; Williams, 1987; Workman
and Burns, 1992). Sampling devices include
rotating and stationary sample cups and
fibre optic probes (Kemeny, 1992).

Despite the widespread acceptance and
use of NIRS, there is still a great deal of mis-
understanding about its use and a need for
more research on the basis of NIR spectra.
On the spectroscopic side, decades of work
have been carried out to identify spectral
bands in the MIDIR (Colthup et al., 1990)
and programs are even available which
automate the process (Sadtler IR Mentor,
Bio-Rad Sadtler Division, Philadelphia,
Pennsylvania). Conversely, NIR spectral
interpretation can be described as prelimin-
ary at best (Murray and Williams, 1987;

Ciurczak, 1992a). This can be largely traced
to the fact that most of the work in NIR has
been done by non-spectroscopists who were
and are more interested in the final results
than in theory.

In Fig. 9.1, a diagram of a diffuse
reflectance accessory for a NIR spectrometer
is shown. For animal feed samples, this is
one of the primary methods used to obtain
spectral information. Although work is per-
formed using transmission spectroscopy, the
majority of feed analysis is performed using
this diffuse reflectance method. As shown in
Fig. 9.1, several types of events occur when
light is shone on a sample contained in a
sealed sample cell. Only the NIR radiation
which penetrates fragments of the sample, is
scattered randomly from particle to particle
(diffuse reflectance) and eventually leaves
the sample cell in various directions is of
interest. Depending on the composition of
the sample, energy at various wavelengths
will be absorbed to various degrees, and it is
this absorption which provides information
on the composition of the sample. Unlike
the determinations previously discussed, to
determine the composition of feedstuffs by
NIR, a half dozen to hundreds of wave-
lengths are used, depending on the samples,
instrument used and constituent in question.
Thus, instead of a data set of absorbances at
a specific wavelength, one obtains an array
of absorbances for each sample, where each
element of the array consists of an
absorbance at a given wavelength. When
data are collected over a range of wave-
lengths at specific intervals and the
absorbances are plotted against the range of
wavelengths, the result is a spectrum, as in
Fig. 9.2 for lucerne hay and wheat straw.
While not all NIR determinations require a
complete spectrum as shown in Fig. 9.2, this
is the place where calibration development
begins.

Calibration Development

General aspects

Just as a calibration curve is necessary for
determining the protein or P content of a
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Fig. 9.1. Diffuse reflectance for a ground solid showing: (a) reflection from the cell cover; (b) specular
reflection from the sample; (c) absorption and diffuse reflection from the sample; and (d) total absorption

by the sample.

sample, it is necessary to develop a calibra-
tion for the determination of solid feed
composition by NIRS. However, the two
procedures are as different as the samples
in question. In the case of protein or P in
solution, for all intents and purposes one
has a single analyte (protein or P content)
changing in an otherwise constant media
(water, buffers, etc.). Also, the analyte at
best represents a very small percentage of
the total system. When using NIRS to
determine feed composition (i.e. neutral
and acid detergent fibre (NDF and ADF),
crude protein (CP), lignin, etc. (Van Soest,
1994)), one has a solid medium (feed itself)
in which the analyte (NDF, etc.) is not only
the object of the determination, but also
constitutes a significant fraction of the
medium itself. Also, unlike the earlier
calibrations for protein or P in which the
media (water, buffers, etc.) are generally
non-absorbing at the wavelength chosen,

with feeds the media consists of other com-
ponents of the feedstuff which also have
absorption bands in the NIR, and generally
at the same wavelengths as the component
of interest. This can be seen in Fig. 9.3,
where the NIR spectra of casein and cellu-
lose are shown. For a hay or silage, the NIR
spectrum thus consists of overlapping
spectra of the many different constituents
present, each one different, but, like cellu-
lose and casein, often having absorptions
in the same or similar regions. Except for
pure and simple materials such as acetone,
spectra do not consist of sharp, individual
peaks. Thus, developing a calibration
becomes a very complicated process. As
a result, calibration development has
resulted in NIRS becoming almost synony-
mous with the terms multivariate statistics
and chemometrics.

Multivariate simply means that there
are multiple variables (wavelengths in the
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Fig. 9.2. NIR spectra of high-quality lucerne hay and wheat straw.

case of NIRS) involved in finding a calibra-
tion equation for the constituent of interest.
The field of using multivariate statistical
procedures for the quantitative and qualita-
tive analysis has come to be known as
chemometrics, and is an integral part of
utilizing NIRS.

Since the constituent of interest is both
the analyte being determined and part of
the media or matrix, and since all the other
constituents in the sample are most
probably also changing in relative amounts
from sample to sample, it is extremely
important that the proper samples be used
when developing a calibration. Because all
the organic constituents in a feed sample
are likely to absorb NIR radiation at all
wavelengths to at least some degree, and
because all or most of the constituents will
vary simultaneously in relative amounts
present, one determines the values for a
given constituent not only in terms of
itself, but also in terms of everything else
present. As a result, the structure of a data
set is probably the most important part of
developing and utilizing NIRS, and the

misunderstanding of this point probably
leads to more problems and disillusion-
ment with NIRS than anything else.

Sample sets and calibration development

In using a single wavelength, it is easy to
see that anything (other than changes in
the analyte) that might alter the absorbance
will result in some error in the determina-
tion of the analyte. For example, in Fig.
9.4, if spectrum A were to be shifted to the
right to give the results in B (temperature
changes can easily cause such peak shifts),
then the absorbance value read at the
wavelength where the peak should be
would result in an incorrect value for the
analyte. In Fig. 9.4C and D, we see the
effects of two kinds of baseline shift. In Fig.
9.4C, the entire spectrum has shifted
upwards (this is very common in NIR spec-
tra due to particle size differences between
samples), resulting in higher absorbance
values, although a simple baseline correc-
tion can be made. In Fig. 9.4D, the baseline
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Fig. 9.3. Baseline-corrected NIR spectra of cellulose and casein.
is tilting from left to right, also resulting in ally anything different about samples

incorrect absorbance values, but, in this
case, the error varies in intensity from 0 on
the left to a maximum on the right side of
the peak. This type of error is called multi-
plicative scatter (Isaksson and Kowalski,
1993) and is also common among ground
feed samples due to particle size and
absorbance differences, but requires more
than a simple baseline shift for correction.
In reality, as opposed to this simplification,
multiplicative scatter is a function of the
absorbance values (i.e. the greater the
absorbance the larger the shift). Finally, in
Fig. 9.4E, we see the result when a second
component is present (F), and the resulting
spectrum E is a combination of the two
component spectra (A and F). In this case,
using the absorption at the peak also gives
incorrect results. This could occur if, for
example, a sample was tested using a cali-
bration built from samples which had no
component F. Since no F was ever present
in the calibration set, there would be no
compensation built into the calibration for
it. This, combined with the fact that virtu-

(physical or compositional) or the condi-
tions under which spectra were obtained
(instrumental, environmental, etc.) can
alter NIR spectra and thereby influence the
accuracy of a calibration, probably explains
more about the nature and problems of NIR
calibration development, maintenance and
use than anything else. Since NIR calibra-
tions often use many wavelengths, one can
imagine the total effect of many such spec-
tral alterations on a calibration.

Although developing a calibration or
equation to determine the composition of
feed samples from their NIR spectra, one is
trying to find relationships between the
spectra obtained and the component of
interest (NDF, ADF, etc.) in order to deter-
mine the composition of new samples
using only their spectra. Therefore, any-
thing which is different between the
spectra used to develop the calibration
initially, and the spectra of future samples,
which is not due only to compositional
variations which have been included in the
calibration, can result in errors. A list of
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Fig. 9.4. Hypothetical effects of peak shift (B), baseline shifts (C and D) and a second component (E and F)

on an NIR spectrum (A).

those things which commonly cause prob-
lems is shown in Table 9.1.

While any of these factors can vary
from one sample to the next, the problem
arises when they vary between the samples
used to develop a calibration, and new
samples on which the calibration is used.
Ultimately, the objective in developing a
calibration is to find a set of samples whose
spectra/composition are representative of a
larger set of samples, i.e. one does not want
any systematic differences. Thus, one does
not want to develop a calibration using
samples ground to one mesh size or
scanned at one temperature, and then use
that calibration to determine the values for
samples ground to a different mesh (or even
ground on a different type of grinder) or
scanned at a different temperature. While it
may not be possible to take into account the
repair of an instrument, one can avoid the
problems caused by the other factors by
scanning the calibration samples over a
range of temperatures or scanning each
sample at several different temperatures,
and so forth. Thus, to a large degree,
variations likely to influence spectra can be

built into the calibration set. The calibra-
tion process will then avoid those wave-
lengths where, for example, variations due
to temperature have too great an influence.
Also, spectral pre-treatments, such as
multiplicative scatter correction (Isaksson
and Kolwalski, 1993), can be used to
eliminate some effects, such as those due to
particle size differences. The real problems
occur with differences in spectrometers and
samples. Spectrometer to spectrometer
variation is difficult and expensive to build
into a calibration because it requires
running the same samples on many
different instruments and using all the
spectra obtained to develop the calibration.
Even then, another spectrometer may vary
too greatly from those used for the calibra-
tion for it to work properly. Therefore,
generally, the problem is handled outside
the calibration development process in
what is called ‘Calibration Transfer’.
Sample differences lie at the heart of
calibration development, and revolve
around ‘Sample Populations’. In developing
calibrations, many effects (temperature
variations, etc.) can be eliminated or
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Table 9.1. Some factors (as differences between samples) which can alter spectra and influence calibration

accuracy.

Factor Spectral effect Solution

Particle size Baseline shifts, multiplicative Mathematical pre-treatments of spectra
scatter

Temperature Spectral peak shifts Include temperature differences in

Sample packing
Sample homogeneity
Constituent out of range

Different feed or samples
Spectrometer repaired or
changes somehow

Different spectrometer used

Stray light in instrument

Spectra do not represent sample
Non-representative sample
Inappropriate for calibration

Inappropriate for calibration

Peak shifts, absorbance changes,
multiplicative effects, etc.

Peak shifts, absorbance changes,
multiplicative effects, etc.

Inaccurate determination

calibration
Pack uniformly, scan a larger sample
Grind more finely or scan a larger sample
Add a sample with wider range of values

Add samples to old or develop new
calibration

Redevelop calibration or use calibration
transfer

Redevelop calibration or use calibration
transfer

Fix instrument or use constant lighting at
all times

reduced by deliberately including the varia-
tion in the calibration; the difficult problem
lies in the nature of the samples themselves
and the variations that occur over a growing
season, between seasons, between growing
locations, between varieties, etc.

Closed and open populations

Closed populations and

calibration development
A closed population is one in which one
has all the samples of interest, e.g. 2000
lucerne samples from a pasture feeding
experiment. After grinding the samples, the
samples should be scanned in a random
order to avoid any pattern between the
samples and the order of scanning, i.e.
avoid scanning all the highest quality
samples on one day, at one temperature, and
the lowest quality samples on another day,
at a different temperature. The more any
differences due to personnel, room condi-
tions, instrument conditions, etc. are
randomly distributed across all the samples,
the better. The next step is to select the
samples for which the analyte of interest

will be measured by the standard technique,
i.e. NDF, ADF by extraction procedures (Van
Soest, 1994). It is these values which will be
used to determine the wavelengths needed
for the NIR-based determination of the
remaining samples. A smaller set of test
samples is also needed in order to test the
calibration after development. These are
only to determine if the calibration/equation
developed works properly on samples not
in the original calibration set.

The question then is how to find
samples in the set which represent all 2000
samples. Several methods have been used
over the years. First, N samples can be
randomly selected. Second, every nth
sample can be used. If this is done, it is
important to avoid a structured data set:
i.e. a set of 2000 samples consisting of 100
sets of 20 samples, each set in order of
increasing NDF content, and every 20th
sample taken for the calibration set. This
would result in only the samples with the
lowest NDF content being included in the
calibration. Under such circumstances, it is
unlikely that the calibration developed
would work on the test set or very many of
the remaining samples. The third method
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and probably the best requires scanning all
the samples first, and then choosing
samples on the basis of their spectral
differences.

Since the spectra are supposed to be
determined by the composition, choosing
the 100 most spectrally different samples
can be a good place to start. This of course
supposes that 100 samples can represent
the remaining 1900 samples. Depending on
the diversity of the samples, this may or
may not be true. For example, if one had a
sample set of 2000 lucerne hays from one
growing season and one farm, it would be
much more likely that 100 samples could
represent the entire group than if one had
2000 samples consisting of 100 different
feedstuffs each collected over 5 years from
four different locations. The diversity in
such a sample set might require many more
(or even all) samples to be tested. The latter
was found to be true for a set of 325
chemically/physically treated samples, in
which no two samples were the same feed-
stuff treated in the same way. The samples
produced were so diverse that even using
all 325 samples did not produce a satis-
factory NIR calibration (Reeves, 1994b).
Unfortunately, only by testing the calibra-
tion can one determine if enough samples
were used. If the results are unsatisfactory,
more samples can be added to the calibra-
tion and the  process repeated.
Unfortunately, it is also true that only
experience and knowledge of one’s
samples can be used for guidance.

Open populations

While in a closed population, one has all
the samples there will ever be at the start of
the process, in an open population, this is
never true. For example, one of the
successes of NIR has been its use to deter-
mine the nutritive value of forages. By
using a van carrying a NIR spectrometer,
and the means to collect and grind hay
samples on the spot, NIRS has even been
used at hay auctions. In such cases, it is
obvious that one can never have all the
possible samples. This is the case for many
of the most useful applications of NIR.

The problems arising from open

populations give rise to the biggest mis-
understanding of NIR and subsequent dis-
illusionment and that is the belief that if
one buys an NIR spectrometer or finds
someone with one, then one never needs to
perform a wet chemical analysis again. On
the contrary, as new samples arise, one
must periodically run a few samples by
both the standard and the NIR methods
and compare the results to determine if the
calibration is performing properly. If not,
then one can add some of the new samples
to the calibration, and perhaps remove
some of the old ones (i.e. a variety or feed
no longer grown), and redevelop the
calibration. This is what the private feed
testing companies utilizing NIR do.
However, even if one out of every ten
samples were to be checked, this would
still reduce the need for the standard
analysis by 90%.

One point about results performed by
commercial feed testing laboratories using
NIRS should be understood: such results
are likely to be accurate only if the firm has
developed equations which cover your
geographic area, your type of samples and
the season of interest.

Research samples

The questions revolving around open and
closed populations probably have a great
impact on the usefulness of NIRS for
research samples. For example, for a
farmer, the ability to get a rapid analysis of
his feedstuff, a matter of minutes at a hay
auction, may outweigh the need for
extreme accuracy, and thus the use of a
general hay calibration may be more than
acceptable. In the research environment,
the problem is that accuracy is generally
paramount, and the samples may represent
rather unique population sets containing
rather small numbers of sample. For such
sample sets, it is unlikely that NIRS will be
of great benefit.

On the other hand, if either a large
sample set is available or will be accumu-
lated over time as a result of repetitive
efforts, developing an NIR calibration may
well be worth the time. As an example,
we recently had 1800 samples which
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contained several forages, treated with
different levels of manure and collected at
four or five cuttings over a 2-year period.
Using only 120 calibrations (based on
spectral diversity) and 24 test samples,
excellent calibrations for NDF and CP were
obtained, resulting in a reduction of almost
95% in the number of chemical determina-
tions.

Two other considerations should be
taken into account when considering NIR
for assaying research samples. The first
relates to the calibration nature of an NIR
spectrometer. An NIR calibration is based
on the reference method used to provide
the assay values needed for building the
calibration. As such, NIR determinations
are often stated to be, at best, no better than
the calibration standards (assays) used to
develop the calibration. While there is
debate about this, many feel this to be
generally true. Thus, if one has the choice
between NIR determinations and accurate
chemically determined values, the latter
may be preferable. On the other hand, it is
highly likely that if several operators are
involved the NIR results may well be more
consistent than will be the reference
method. This is because there are fewer
steps involved in using an existing calibra-
tion than in performing many chemical
procedures, and different individuals
always do things slightly differently, intro-
ducing errors and biases. The second
consideration deals with error distributions
in NIR calibrations. It has been reported
(Buxton and Mertens, 1991) that the errors
in NIR calibrations are not always
randomly distributed across samples. Such
an effect is demonstrated in Fig. 9.5 (hypo-
thetical). If the samples in sets 1 and 2
were matched sets whose true values were
the same, the conclusion that there is a
difference between the sets (i.e. varieties
or treatments) would be incorrect.
Examination of the statistics alone (R% of
0.971, mean value of 5.5 for all samples)
would give no indication of a problem.
Even by examination of the plotted data
(Fig. 9.5) a problem might not be indicated,
unless the samples were labelled in the
plot as to source (A or B). Then, as shown,

one would notice all the As were predicted
high and all the Bs low. In the real world,
one needs to check some test samples to
see that this is not occurring.

The point of this is not to show that
NIR is useless and should not be used, only
that like all procedures, one should not
simply assume that NIR solves all one’s
problems at the press of a button. Finally, it
should be noted that work to improve NIR
calibrations has done a lot to show how
poor the wet chemical procedures, against
which NIR is rated, can be. Many NIR
calibrations have been improved simply by
cleaning up or changing the procedures
used to obtain the calibration values.

Chemometrics and NIR

As previously discussed, the area of
statistics used to develop NIR calibrations
has come to be known as chemometrics and
is a vital part of using NIR spectroscopy.
While a subject unto itself, at least a brief
discussion is needed to understand what
NIR is all about and what is involved in its
use. For a more in-depth discussion, the
reader is advised to check one or more of the
following references or software packages:
Sharaf et al. (1986); Massart et al. (1988);
PLSplus (1992); Shenk and Westerhaus
(1993); or Unscrambler (1994). There is also
a web site at http://newton.foodsci.kvl.
dk/chdb_asc.html which contains a search-
able database containing >1200 references
on chemometrics.

The basic objective of calibration
development is to find a relationship
between spectral information and the
analyte of interest. In the beginning, much
of the NIR data were obtained from filter
instruments, and thus consisted of a dozen
or few dozen wavelengths at most. In addi-
tion, the computers available were limited
in speed and memory which limited the
algorithms which could be used practically.
As a result, most of the early work used
stepwise multiple linear regression (MLR)
techniques. Today, a wide range of tools
and statistical procedures, which serve
three basic functions (data exploration,
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Fig. 9.5. Demonstration of effect of non-random partitioning of NIR errors between two truly identical

sample sets.

regression analysis and calibration valida-
tion and testing) are available for analysing
NIR data.

Data exploration
Once a set of NIR spectra is obtained, one
needs to examine the spectra and see if
there are any apparent problems, as
demonstrated in Fig. 9.6. As can be seen,
one of the five spectra differs in several
ways from the others: first, the peaks are
different, especially in the 400-600 nm
region, and second the baseline is shifted
upwards. Such baseline shifts are often due
to particle size differences between the
samples but, in this case the samples were
scanned on different spectrometers. Since
NIR spectra of a given material tend to be
very similar, such spectral differences
indicate potential problems. The last thing
about all the spectra is the discontinuity

visible at 1100 nm, due to the use of two
detectors: one for 400-1098 nm, and the
second for 1100-2498 nm. By examining
spectra before performing a calibration, bad
spectra can be found and corrective actions
taken, i.e. rerun the sample, do not use the
region around 1100 nm, etc. Although it is
highly likely that such problems will be
discovered during the calibration process
(i.e. a single bad sample will be tagged as
either a spectral or compositional outlier),
they would influence the results and
require redevelopment of the calibration
after removal or replacement of the bad
spectra.

Data exploration can also include
examination of plots showing the correla-
tions at each wavelength between the
spectra and the analyte of interest. Such
‘Correlation Plots’ can be used to select
regions of the spectra to use or avoid when
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Fig. 9.6. Demonstration of the value of examining spectra before calibration development.

developing a calibration, which can some-
times result in improved calibrations. Also,
some chemometric procedures, such as
Neural Networks, still require considerable
computer time even on the fastest personal
computer, and, by reducing the wave-
lengths to be examined, the process can be
sped up considerably (McClure et al,
1992).

Data exploration also includes deter-
mining which samples are to provide the
analyte calibration and test values. As
previously discussed, although random
selection can be used, it is also possible
and best to select samples on the basis of
spectral similarities and differences. Using
a spectrally diverse set of samples offers
the best chance of developing a calibration
which will be applicable to other samples.
The techniques used can be visual (cluster
analysis based on spectral similarity) or
numerical (regressing one spectrum against
the other). The objective is the same: to find
groups of samples that are similar and pick
one to represent each group. Unfortunately,
there is no magical way to know how many

samples will be needed. Most of the
techniques used normalize the data before
starting in such a way that only relative
differences are determined. Thus, the result
might be the 50 most diverse out of 100 or
1000 or 10,000 samples. Whether 50 will be
enough or too many for any of these three
sets depends on how similar the samples
are, something which is very difficult to
determine absolutely a priori.

Regression analysis

Once the samples needed for calibration
development and testing have been deter-
mined, and the analyte values determined
by the reference method, the process
moves to finding the relationship between
the spectral data and analyte. Many proce-
dures have been tried and are being used to
various degrees. While an in-depth discus-
sion would require a book unto itself (see
earlier references), a short discussion is
necessary.

One of the problems with MLR is the
possibility of over-fitting the data. In such a
case, relationships are found between the
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calibration spectra and data, which are
based partially on random correlations and
not true chemical/spectral relationships, or
are very specific to the calibration sample.
This can occur because there are so many
wavelengths available. In theory, if one has
700 wavelengths and only 100 samples, by
using enough wavelengths (100 unknowns
require 100 knowns) one gets a perfect fit.
One solution has been to limit the number
of wavelengths selected (i.e. one for every
ten samples in the calibration to a maximum
of ten or so). The problem then is that there
is a lot of potentially useful spectral
information available which is not being
used. The solution used to address both
problems simultaneously has been to use
what are generally known as ‘whole
spectrum’-based procedures.

As a result, most of the chemometric
efforts over the last 10 years or so have
revolved around procedures such as factor
analysis, principal components (PCR) and
partial least squares (PLS) regression
(Sharaf et al.,, 1986). PCR and PLS, in
particular, have enjoyed great success. In
these two procedures, the entire spectrum
is used. The spectra are decomposed into a
series of factors which represent the
variance in the spectra. In such a manner,
the information in the spectra is com-
pressed into a reduced series of factors
which can then be used in a regression
process to determine the analyte of
interest. Other procedures used include
Neural Networks (McClure et al.,, 1992),
genetic algorithms (Goldberg, 1989, used to
reduce the number of wavelengths to be
considered) and just about any method
ever devised to extract predictive informa-
tion from data. At present, efforts based on
PLS, PCR and Neural Networks seem to be
the most popular, with genetic algorithms
used to select wavelengths. Considerable
theoretical work has been carried out using
factor analysis, but it has not found much
use because one needs to know what the
spectra of the factors (components in the
samples) are before starting and, in
complex samples, such as feedstuffs, that is
virtually impossible.

Calibration validation and testing
Regardless of what method is used to
develop the calibration, there are many
steps which need to be performed in deter-
mining the final calibration. For example,
how many wavelengths in an MLR are
needed. If five are enough, then using more
just results in over-fitting. The same
applies to PLS; the number of factors
possible is one less than the number of
samples, but rarely are more than a dozen
or so needed, even for large data sets. How
does one decide how many to use? For
each procedure, PLS or MLR, and even in
many cases for each software package, a
number of statistical tests are available,
which in essence determine when the
increase in accuracy obtained by adding an
additional factor reaches the point of
diminishing returns.

One simple method used with MLR is
to divide the calibration set into two sets of
data, a calibration and validation set. The
equations are then developed using the
calibration samples and the validation
samples are predicted. In developing
calibrations, it is not uncommon to try
various data pre-treatments (i.e. deriva-
tives, scatter corrections, etc., which are
used to help extract the information from
the spectra); the result is that one often has
many different calibrations to examine and
choose from. Since the validation set is
involved in the development process, it
becomes likely that one will find a set of
terms which also randomly does well on
the validation set, but not on future
samples. By placing restrictions on the
criteria for selecting how many terms one
can use, experience has shown that one
improves the likelihood that the final
equation selected will be valid for future
samples. The final test comes when one
applies the selected equation to a new set
of samples (test set).

Very similar procedures are used for
Neural Net calibrations. For PLS and PCR a
slight variation, called one-out cross-
validation, is used. In this procedure, each
sample is removed from the data set and a
calibration developed using the remaining
samples. This is repeated N times (each
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sample left out once) with the sample left
out used as the validation set. The results
are used to estimate the prediction error
and to provide guidance in selecting the
final number of factors to use. This proce-
dure is felt to provide the best way to find
the optimal equation and avoid over-fitting
to the calibration data, although again an
independent test set should also be used.

An obvious question which arises is,
what happens if everything looks great,
until the equation is used on the test set?
Unfortunately, there is no easy answer to
this question. One of the problems, which
has become more apparent as NIR use has
expanded beyond the laboratory, is that
developing and maintaining NIR calibra-
tions, while economically beneficial, is not
a simple thing to learn. It takes a lot of
experience and knowledge to know both
what to do and what to look for. At a recent
meeting, it was stated that it was felt that a
year working in a chemometrics laboratory
was needed to really know how to develop
calibrations.

Part of the problem arises from the
black box nature of NIR; take the spectra,
apply the statistical procedure and see
what happens. Unlike the case where we
know that proteins absorb in the UV at
280 nm, data on NIR absorption bands are
scattered throughout the literature and are
very fragmented. While there are sections
in various books (e.g. Murray and Williams,
1987), there are no books dedicated to the
subject, as is true in the MIDIR (Colthup et
al., 1990 and many others). Only recently
have efforts turned to the better under-
standing of NIR spectra in an effort to
better understand calibrations.

Black box versus understandable NIR
While black box calibrations may be
adequate when dealing with closed popula-
tions, it can be quite a different matter with
open populations. For example, take the
case of acetone—water mixtures; as the
amount of acetone decreases, there are peak
shifts particularly at 2390 and 2412 nm. A
simple linear regression (percentage
acetone = a + b X wavelength position)
yielded an R? of 0.994 using the position of

the peak at 2390 nm and 0.984 using that at
2414 nm, based on eyeball peak positions.
Therefore, an accurate calibration could be
developed based on peak position alone.
This might be fine, unless the peak posi-
tions shifted for reasons other than water
content, e.g. temperature changes. A
similar effect has been used to determine
salt concentrations in water. Salt does not
have any absorption bands in the NIR, but
does cause changes in the spectra of water,
which can be used to determine the
amount of salt present (Hirschfeld, 1985).
However, it is important to understand that
other salts (KCl, KNO,, etc.) can easily
cause the same effects, and that one is not
determining salt concentration directly.
Therefore, the calibration would not detect
a substitution based on the spectral
information alone. While this may be a
simple case, similar things have occurred
with calibrations, and the more one under-
stands about the process and spectra, the
less likely they are to occur.

For this reason, more and more effort
is going into understanding the spectra and
the basis for calibrations. Such knowledge
can also explain why something does not
work in order to eliminate the waste of
trying something in the first place.

Calibration transfer

The final issue to be discussed dealing
with calibrations is calibration transfer. As
discussed above, almost anything which
differs between the samples used to
develop a calibration and the samples
upon which it is to be used can cause
errors, and this includes differences in the
instrument at the times the samples were
scanned, and applying a calibration to
samples scanned on different machines.
This represents a big problem when, for
example, one wishes to develop a network
of instruments to determine forage quality.
One certainly does not want to scan all the
samples on each instrument, and go
through the calibration procedure for each,
and then to have to repeat the process
periodically due to repairs or even wear
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and tear over time. In reality, the problem
is even worse because, for feedstuffs, it is
difficult to maintain a set of samples over
long periods of time without changes
occurring in the samples.

The area of chemometrics dealing with
this subject has come to be known as
‘Calibration transfer’, or how to transfer (or
use) a calibration developed on one instru-
ment to another, or to the same instrument
after changes have occurred. Many proce-
dures have been tried and considerable
research is still being carried out to solve
this problem (Wang and Kolwalski, 1992).
The two central approaches used are: (i) to
make all the instruments as identical as
possible; and (ii) to alter the spectra so they
look as though they came off the same
instrument.

Approach number one is being used
on many Fourier transform NIR spectro-
meters (FTNIR). One of the big problems
with transferring calibrations is differences
in wavelength accuracy. For example, a
scanning monochromator may be designed
to collect data starting at wavelength
1100 nm. However, due to instrumental
variations, the actual wavelengths being
collected are off a little, so data point one
may be 1100.5 or 1099.5 nm. Only by
scanning a standard and comparing the
results with known values can the actual
wavelengths scanned be known. The
problem is that the wavelengths can be off
by varying degrees from wavelength to
wavelength. Thus, one might be able to
make 1100 exactly 1100, but then 1800
might be 1799.5 nm and 2498, 2498.5 nm,
etc. Instruments based on filters can have
similar problems due to the difficulty of
mass-producing identical filters. Fourier
transform spectrometers (Griffiths and de
Haseth, 1986) have the ability to lock in all
wavelengths accurately using a laser as the
standard. Since wavelength shift is one of
the biggest problems, some feel that
FTNIRs have an advantage with respect to
calibration transfer. At present, however,
their use has been virtually limited to
discriminate analysis of raw materials and
not for quantitative determinations of feed-
stuffs.

The general approach to making
spectra look alike has been to use regression
analysis to determine how the spectra vary
and to correct the variation. One weakness
with this technique is that a set of samples
similar in nature to those being tested is
needed for matching the spectra between
instruments. Even when using sealed
sample cups, it is difficult to produce
samples which do not change over time.
However, this appears to be one of the better
approaches at the present time. The proce-
dure is to run the set of standards periodic-
ally and then the software regresses the
spectra against a master set of spectra, finds
where differences exist and designs a regres-
sion equation to convert the new spectra to
the masters on a point by point basis. Using
this method, not only peak position, but
also changes in band shape and photometric
response (absorbances), etc. can be handled.
Once the equation is determined, the
spectra of all newly scanned samples can be
converted automatically. This procedure
can be used on one instrument, so that
spectra taken next year should look like
spectra taken today. It can also make several
instruments produce the same spectra for a
given set of samples. It is the latter which
has been used in networks of instruments.
The procedure has even been used to
convert spectra across vastly different types
of instruments. Recently, efforts have
concentrated on using a single sample to
perform the same transfer.

The biggest weakness with the proce-
dure mentioned above is its dependence on
a set of standard samples or sample. The
standards need to be similar to the types of
samples being tested since they correct for
band shape, etc. Efforts have been made to
seal forages in plastics, but these efforts
have not been successful. While it is a very
important subject, and research is continu-
ing, it is difficult to determine how much
success has been achieved to date.

Instrumentation

Instrumentation for NIR comes in a wide
variety of sizes, shapes and forms. There



Use of Near Infrared Reflectance Spectroscopy

199

are also several ways to classify such
instruments, which unfortunately often
overlap. For example, instrumentation can
be classified by sampling mechanisms
(fibre optics, rotating cups for ground
samples, bulk samplers for unground
samples, liquid samplers), by function
(general purpose or dedicated to a single
analyte or several similar analytes), by
portability (bench top, luggable, meter), by
optical design (grating, filter, light-emitting
diodes, FTNIR, single detector, integrating
spheres, diode array, charged coupled
devices, etc.), or by wavelength range (NIR,
SWNIR, SWNIR/NIR, MIDIR, etc.). While
there can be considerable overlap, all
possible combinations are not available, at
least not for analysing feedstuffs.

The user of NIR for analysing feed-
stuffs has many options at the present time.
In addition, there are many other instru-
ments still in use which were made by
companies that no longer exist or have
been purchased by other companies. For
example, the model 6500 scanning mono-
chromator presently manufactured by
FOSS-NIRSystems is the successor to
instruments in the 6000 series made by
previous owners of NIRSystems (Perstorp,
Pacific Scientific, Neotec). While some of
these older instruments may be in working
condition and perfectly suitable for a given
project, one should consider that these
instruments may not be repairable without
heroic efforts and, unless precautions are
taken to allow calibration transfer, one may
end up with a useless collection of spectra.
The problem is not with the instrument
manufacturers, so much as with the
advances in electronics which have made
many spare parts impossible to get. Also,
many systems once relied on proprietary
computer systems for which keyboards,
monitors, power supplies, etc. are no
longer available (personal experience).

Finally, in purchasing an instrument for
NIR work, the potential buyer should care-
fully consider future plans in addition to the
immediate needs. Portable instruments
using fibre optic cables might seem a great
overall choice since they can be used in the
laboratory or in the field, but they generally

have very small fibre optic bundles which
means a small area of illumination. This can
be fine for solutions or even finely ground
homogeneous powders or solids, but would
not be optimal for work with bulk quantities
of heterogeneous materials. Also, they are
often limited to the SWNIR or lower part of
the NIR, although this is changing. If one
wants or needs the region from 1800 to
2500 nm, then many of these are not
adequate. The same applies to the LED-
based instruments.

The same type of thinking applies to
dedicated versus general purpose instru-
ments. If all one needs is an instrument to
measure moisture in feedstuffs, why
purchase a general purpose instrument
costing ten times more, which would also
be more difficult to use and maintain?
Alternatively, many general purpose scan-
ning monochromators can be purchased
with accessories to use a wide variety of
cells (liquid, powders, bulk), attachments
(diffuse reflectance, transmission, fibre
optic probes), spectral ranges (visible
through the NIR), software packages and so
on. The only drawbacks are cost and lack
of easy portability.

Finally, while FTNIRs appear to be
making big inroads in the NIR field, they
have not as yet been directed at feedstuff
analysis. The companies producing them
are aiming almost completely at the indus-
trial need for quality checking of incoming
raw material using discriminate analysis
and, since virtually no work has been done
using FTNIRs on feedstuffs, it is difficult to
judge their suitability.

For further information on instrument
designs, advantages, disadvantages, etc. the
reader is referred to some of the following
references: Griffiths and de Haseth (1986);
McClure (1987); Marten et al. (1989);
Workman and Burns (1992) or the Internet,
where many companies provide a wealth
of information.

Applications to Feed Chemistry

In Table 9.2 are listed some of the feedstuff
determinations for which NIR has been
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Table 9.2. Applications of NIR to animal feedstuffs.

Type of feed Determination(s)

Forages and by-products
including those treated
chemically or physically

Dry matter

Total crude protein (CP), acid detergent fibre-CP, heat-damaged protein
Fibre (neutral and acid detergent, cellulose, hemicelluose, crude fibre,

organic cellular content, total non-structural carbohydrates, etc.)
Digestibility (in situ and in vitro, cell wall and dry matter, low and high
digestible fibre fraction)
Lignin (72% H,SO, KMnO,, NaClO,, acetyl bromide, etc.)
Lignin composition (nitrobenzene oxidation products)
Energy (net and other measures)

Intake
Alkaloids

Fungal contaminants (chitin and glucosamine)

Dysprosium marker

Minerals (Ca, Cu, Fe, K, Mg, Na, P, S), Si and ash
Botanical composition determinations

Mixed rations and
feed ingredients,
including poultry and
swine feeds Lysine in swine feeds
Oil

Starch

Sugars

Sulphur

Silages

See forage above as appropriate
Energy (in vitro digestible, metabolizable, net)
Digestible crude protein

See forage above as appropriate
Cellulase digestibility

NH,, acid detergent- and hot-water insoluble N, insoluble N

pH
True dry matter
Volatile fatty acids

Effect of soil contamination on NIR analysis
Fermentation characteristics

Other materials
Oesophageal fistula and
faeces samples

Any of the above as appropriate

used. As can be seen, an entire book could
be written summarizing the results
obtained for feedstuffs alone. The examples
which follow were chosen because, while
demonstrating how NIR can be applied to
the area of feedstuffs, they also demon-
strate many of the important concepts
previously discussed. For the reader who
wishes to know more on a specific deter-
mination, e.g. how well can I expect to
determine NDF in forage samples, there are
several means to get started. The book
by Williams and Norris, Near-Infrared
Technology in the Agricultural and Food

Industries (Williams, 1987), although 10
years old, is excellent, as is the monograph
Analysis of Agricultural and Food Products
by Near Infrared Reflectance Spectroscopy
(Shenk and Westerhaus, 1993). Also, on the
Internet, many companies have web sites
with tutorials and even data sets available,
journals are listing the titles of published
articles and, while there may not be a free
database of NIR articles similar to the
chemometrics database previously listed,
there are many sites with references listed.
As demonstrated in Table 9.2, NIRS has
been used for a wide range of feedstuff



Use of Near Infrared Reflectance Spectroscopy

201

analysis. Basically, it can be said that if
there is a determination presently being
used in the analysis of animal feedstuffs,
then someone has probably investigated the
use of NIR to carry out the determination.

Sample populations and effect on calibrations

The tall fescue results in Table 9.3 (Blosser
et al., 1988) demonstrate the result of some
of these effects. Samples were collected
over three consecutive growing years from
the same fields, ground with the same
grinder, scanned in the same cells, on the
same instrument under similar conditions,
with chemistries performed by the same
technician using the same equipment and
chemicals. Thus, many of the variations
which affect a calibration developed or
used over a period of years did not exist.
Yet as can easily be seen, the equations
developed using samples collected in one
year, often would not work on samples
collected in a different year. One possible
explanation is that if samples from one
year all contain the same percentage of
some constituent, such as hemicellulose,
then the calibration equation does not need
to include wavelengths to account for
variations in hemicellulose concentration.
The result is that if that equation is applied
to samples from a year where the hemi-
cellulose content varies, the values for fibre
will probably be incorrect. It is similar
events which make samples from one year
different from those of another, thus
causing many of the calibration problems.

Calibration improvement and redevelopment

When an existing calibration fails to
perform satisfactorily on new samples, one
can often correct the problem by including
some of the new samples in the calibration
set, followed by redevelopment of the
calibration. Typically, only a few of the
new samples are needed. An example
using two closed population sets may be
seen in Table 9.4 (Reeves et al., 1991).
These samples were residues of hays from
two nylon bag in situ digestion studies.
While the original hays were the same for
both studies, the animals used and their
diets were different. As can be seen, the
determination of constituents in samples
in study 2 from equations developed using
samples from study 1 often resulted in
reasonable correlations, but extremely
large biases. To correct this, six samples
for each feed (9%) from study 2 were
added to the study 1 samples and new
equations developed, with the results
shown.

It 1is also important to avoid
continually adding new and unique
samples to a calibration set. This produces
not only a very large and therefore
difficult set to work with, but also a set
which may determine all samples equally,
but few samples particularly well.
Therefore, the development and main-
tenance of calibrations is a continuous job,
the reward of which is the reduced time,
waste and costs of performing wet
chemical analyses.

Table 9.3. Analysis of ADF in tall fescue by NIRS using equations prepared from samples of various growing

years (Blosser et al., 1988).

VAL year  Mean SD CAL year N VAL PMean PSD SEA Bias r
1976 34.6 2.07 1976 21 34.2 2.07 0.72 0.40 0.88
1976 34.6 2.35 1977 64 355 2.66 1.66 -0.89  0.61
1976 34.6 2.35 1978 64 33.4 1.94 1.90 125  0.34
1978 37.0 3.30 1978 20 37.1 3.63 0.63 0.14  0.96
1978 36.9 3.63 1976 61 33.9 2.81 1.63 3.00 0.82
1978 36.9 3.63 1977 61 36.1 3.91 1.08 0.81 0.92

VAL = validation set, CAL = calibration set, N = no. of samples, P = predicted, SD = standard deviation, SEA

= standard error of analysis, Bias = mean — Pmean.
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Table 9.4. Results of NIRS determination of study 2 in situ samples using calibration set from study 12

(Reeves et al., 1991).

Calibration Validation
csP Vse
Forage source  source  Assayd R? SEC® R? SEPf Bias
Lucerne Second  None DIG 0.99 1.77
(n=064) CP 0.99 0.42
First Second  DIG 0.69 8.95 28.32
CP 0.97 1.07 —13.74
First+ Second DIG 0.94 3.59 0.95 3.41 —0.01
CP 0.99 0.61 0.98 0.60 -0.12
Orchard-  Second  None DIG 0.99 1.69
grass CP 0.98 0.46
(N=64) " Firgt Second  DIG 0.94 4.52 ~72.35
CP 0.97 0.98 —-1.28
First+ Second DIG 0.98 2.45 0.98 2.91 —-0.70
CP 1.00 0.26 0.98 0.61 -0.13

aStudy 2 samples digested and analysed at the University of Maryland, study 1 at Beltsville.
bCS = calibration set: second = all study 2 samples, first = all study 1 samples, First+ = all of the study 1
samples plus six of lucerne and/or orchardgrass samples from study 2 as appropriate.

“Validation set: second = all samples from study 2.
dDIG = percentage digested, CP = crude protein.
eSEC = standard error of calibration.

fSEP = standard error of performance.

Chemical dependence

At present, NIRS is inherently limited by its
dependence on the calibration process, and
thus the chemically or physically deter-
mined calibration values. This leads to two
basic limits to the use of NIRS. First and
foremost, NIRS-determined values are on
average no more accurate than the chemic-
ally determined values upon which they are
based. The second and more subtle limit
relates to the basis of the chemical values.
Most of the chemistries used for animal
feeds are largely, if not completely, empirical
in nature. Therefore, measures such as NDF
and ADF determine whatever is insoluble
in that particular solution. This leads to the
possibility that only partial extraction of
components occurs. The question of how
this fractional extraction varies among
samples, and whether the fraction extracted
is spectrally the same or different from the
fraction not extracted, is one which has yet
to be answered. At present, the effect of the
empirical nature of many of the presently

used measures of composition and quality
on the accuracy and long-term stability of
calibrations is largely unknown. However, it
is generally felt that better chemical
analyses (more accurate and precise and
less empirical in nature) will lead to better
NIRS calibrations. Support for this exists in
the fact that NIRS calibrations are generally
best for dry matter and protein and decrease
in quality, in order, for measures of fibre,
digestibility and lignin. While lignin is in
fact a definable material composed of poly-
merized propenyl-benzene units, lignin as
measured can be a mixture of true lignin,
protein, waxes and carbohydrates, the exact
combination of which depends on the
sample in question and the procedure being
used (Reeves, 1993).

High moisture samples
While the previously noted effects also

apply to high moisture samples, these
materials have particular  problems.
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Populations of silage samples often contain
samples of high moisture content and
possess a wide range of moisture contents.
Even though NIR radiation is better able
than MIDIR to handle samples containing a
large amount of water, water still causes
considerable problems. In a sample
containing a large amount of water, the
water bands present are quite large and
tend to overlap and obscure other spectral
features. This can also cause non-linear
responses due to instrumental limitations.
Thus doubling the concentration of a
component does not necessarily cause an
absorption doubling. The end result, as
shown in Table 9.5 (Reeves and Blosser,
1991), is that the results found for high
moisture samples, such as silages, are not
as good as those for the same or similar
samples when dried. The former USDA
NIRS Network and former Pacific Scien-
tific Co. (now FOSS NIRSystems, Inc.)
sponsored studies of this problem which
showed that, no matter how wet silages
were ground or scanned (data not shown),
the results were never as good as for the
same samples when dried. However, as
shown in Table 9.6, NIRS is capable of
measuring many, but not all components of
interest in wet samples (Reeves et al.,
1989). The choice seems either to use NIRS
on dried and, therefore, modified samples
(loss of volatiles such as short-chain fatty
acids and ammonia on drying) or to use
wet unmodified samples and accept the

loss in accuracy. Another alternative is to
use NIR to determine some variables using
dry samples, and other methods, such as
titration, on volatiles.

Many researchers are exploring the
SWNIR region for samples containing a
large amount of water. Just as radiation in
the NIR can penetrate deeper than can
radiation in the MIDIR range, so radiation
in the SWNIR penetrates still deeper.
However, as will be shown, penetration
depth is not the only problem when
dealing with silages.

Mixed rations

Compared with forages and silages, mixed
rations have an added problem. For these
samples, in addition to all the other con-
siderations already discussed, it is neces-
sary to account for variations present in all
the ration ingredients, in developing the
calibration equations.

Theoretical Considerations

As previously discussed, because of the
way NIRS has developed, most of the
research efforts have been in the area
of practical applications and ways to
avoid or eliminate problems encountered.
Considerably less effort has been applied to
theoretical aspects of NIRS. Thus, while it

Table 9.5. NIRS results? for acid detergent fibre and total Kjeldahl nitrogen for dried and untreated silages
with 10 nm between wavelengths using a circular cell (Reeves and Blosser, 1991).

Calibration (n = 98)

Validation (n = 47)

Grind® R? SEC r? SEP Bias
Acid detergent fibre
VIT 0.94 2.03 0.94 2.03 —0.04
DRY 0.96 1.49 0.96 1.48 —0.01
Crude protein
VIT 0.98 0.96 0.97 1.05 —0.07
DRY 0.99 0.58 0.99 0.61 0.01

aNIRS results: R? = calibration r-square; SEC = standard error of calibration; r? = validation r-square; SEP =
standard error of prediction; Bias = difference in predicted and actual mean for validation set samples.
bGrinds: VIT = Vita-Mix using dry ice; DRY = ground dried material using a Wiley grinder.
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Table 9.6. Accuracy of NIRS in analysing undried silages? (Reeves et al., 1989).

Calibration set (n = 98)

Validation set (n = 48)

Component R? SECP r SEP® Biasd
Dry matter (DM) 0.97 2.07 0.95 3.15 —0.05
Crude protein 0.97 1.02 0.96 1.25 -0.11
Acid detergent fibre  0.91 2.59 0.90 2.78 0.70
Neutral detergent fibre 0.87 3.18 0.87 3.75 0.83
In vitro digestible DM 0.87 2.39 0.73 3.78 0.28
Ammonia N 0.87 0.35 0.82 0.39 —0.05
Hot water-insoluble N 0.95 0.68 0.82 1.28 —0.42
ADF-insoluble N 0.71 0.65 0.59 1.40 0.31
pH 0.85 0.28 0.55 0.45 0.09
Acetic acid 0.74 0.56 0.57 0.79 —0.05
Butyric acid 0.68 0.18 0.57 0.29 —0.01
Lactic acid 0.71 1.41 0.74 1.30 0.01

aChemical composition expressed on a dry matter basis.

bStandard error of calibration.
¢Standard error of performance.

dDeviation of NIRS mean from chemistry laboratory mean.

is known that the spectra found in the NIR
are due to overtone and combination bands
of absorptions found in the MIDIR (Murray
and Williams, 1987), the consequences of
the overlapping of the many bands present
in a multicomponent system are much less
understood. This overlapping may, for
example, account for the fact that NIRS
does not in general perform well for minor
constituents.

Minerals

One application area for which theoretical
concerns are known to place limits is
determination of minerals by NIRS. While
NIRS can be used to determine analytes
such as K, Na and P in forages, the bases
for these determinations are correlations
between the minerals and organic con-
stituents (Clark, 1989). This is because
these minerals do not have absorptions in
the NIR spectral region. Therefore, the
accuracy of mineral determination by NIRS
depends entirely on the degree of correla-
tion between organic constituents, which
do absorb in the NIR, and the mineral in
question. For example, it has been shown
that one can predict Ca, K, Mg and P from

the ADF and CP content of forages with an
accuracy equal to that achieved using NIRS
(Shenk et al., 1992).

High moisture samples

As shown earlier, NIRS does not perform as
well on high moisture samples as it does
for dried materials, even for the same assay
on the same samples. The question can
then be asked: are there fundamental
reasons why this is so and can they be
addressed? Research using simple systems
of water and single compounds, such as
sugars, amino acids, polysaccharides,
ketones, alcohols, amines, etc., has shown
(Reeves, 1993) that while as dry crystalline
solids, they give spectra which have sharp
peaks and which are unique to each sugar,
in solution, the spectra lack sharp peaks
and look much more alike, resembling
polysaccharides such as cellulose and
starch to a great degree. It was also found
that for ketones and alcohols in particular
that the addition of water caused peak
shifts, the degree of which was dependent
on the water concentration.

A second study (Reeves, 1994a) showed
that variations in pH, ionic strength and



Use of Near Infrared Reflectance Spectroscopy

205

physical state can also have spectral effects
similar to those caused by water. Thus
amorphous and molten sugars look very
much like sugars in solution, indicating a
loss in crystallinity as the cause. The
question then remains as to whether these
effects are the reason that NIRS does not
operate as well on high moisture materials.

Efforts to quantify the loss of spectral
information caused by water were carried
out by comparing water-subtracted spectra
with other water-subtracted spectra and
with spectra of amorphous and dry
crystalline materials (Reeves, 1995). Results
showed that spectra for dry crystalline
materials are in general much less similar
than spectra of dissolved or amorphous
materials. However, the loss of information
typically is so large that the question then
becomes how NIRS operates at all on high
moisture samples. Examining the effects of
water on the various compounds by class
showed that polymeric materials, such as
cellulose, starch, pectins, hemicelluloses
and proteins, were the least effected by
water, pH and physical state variations. The
fact that such polymers make up a large
percentage of the total dry matter in either
dry forages or wet silages may account for
why NIRS works reasonably well with high
moisture materials. Thus, for wet samples,
NIRS may only have trouble determining
the composition of the relatively small frac-
tion of the sample comprised of monomeric
materials.

Solid state matrix effects

Another possible reason why NIRS performs
better with high moisture samples than the
work with model compounds would
indicate, may lie in the nature of spectra
found for dry materials. In reality, dry
samples such as forages are complex
mixtures of the various components, and
may contain compartmentalized fractions
and fractions which behave more like solid
solutions than simple mixtures of pure
components. For example, the soluble
monomers in plant leaves are likely to be
compartmentalized either in vacuoles or in

the sap. In samples which have been
crushed or fermented (silages), the sap or
vacuoles may well be mixed with the more
structural parts of the plant tissue. In either
case, one is unlikely to find an isolated
solution of glucose which can crystallize
well.

The question is what happens to
spectra under these circumstances. If a
solution of glucose is dried in the presence
of cellulose, does the spectrum of the
resulting dry mixture look like the
spectrum obtained if dry cellulose and dry
crystalline glucose are simply mixed
together? Results have shown that it is easy
to see the spectrum of glucose in simple
mixtures of cellulose and glucose using
spectral subtraction. However, when a
solution of glucose is added to cellulose
and the mix dried under vacuum while
being stirred continuously, it becomes
difficult to find the glucose. Thus, even for
dry materials, there are spectral inter-
actions which resemble those found with
high moisture mixtures and solutions.
Only further efforts with both dried and
high moisture samples are likely to answer
the question of how the presence of water
in high moisture samples degrades NIRS
results.

Conclusions

While there is still the need for research on
NIRS and the limits to its use, it is a useful
technique. With proper planning and care,
it can reduce the need and time required
for chemical analysis. At present, NIRS
works best on dried materials and requires
constant checking to maintain the accuracy
of calibration equations. How much the
present limits to analysis by NIRS can be
reduced by improvements in instrumenta-
tion, chemometric techniques and wet
chemical analysis procedures remains to be
seen. If the techniques used to determine
fibre were as precise and as non-empirical
as those used for protein, would the
accuracy for fibre determination by NIRS
be as high as that obtained for protein, and
if not why? These and many other
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questions still remain to be answered. One tion of chemical wastes, there will be a
point is certain: with all the pressure, both  steady increase in the demand for instru-
direct and financial, to reduce the genera- mental methods of analysis, such as NIRS.
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Chapter 10
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Introduction

The energy metabolism of ruminant
animals is based on their ability to digest
plant structural carbohydrates such as
cellulose. This digestion is carried out
under anaerobic conditions in the rumen
by a complex consortium of bacteria, fungi
and protozoa. Cellulose is an exceptionally
stable polymer of glucose units with a
structure resembling reinforced concrete in
some respects. It is therefore digested
slowly. Limitations on the body size of
ruminants mean that fibrous feeds can be
retained in the rumen for only a limited
period of time, 24-48 h for cattle, before
passing to the lower tract where most fibre
digestion ceases. There is thus a continuing
competition between the processes of
ruminal digestion and passage. For this
reason, a study of ruminant nutrition must
include the topics of fibre digestibility and
digestion rates — how they are measured
and interpreted. The goal of this chapter is
to survey the application of in vitro gas
production measurements to the study of
these topics.

We first consider some quantitative
aspects of gas production and their bearing

on the historical development of the
technique. We summarize general factors
that affect gas measurements and discuss
the merits and demerits of alternative
techniques. Following a survey of equip-

ment needs, we examine alternative
models for fitting and interpreting gas
curves and explore the relationship

between the substrate pools hypothesized
by these models and actual plant carbo-
hydrate fractions.

Gas and microbial yields per unit of
substrate digested are considered next. We
survey applications of the gas method
including the detection of plant secondary
compounds that may interfere with diges-
tion, the role of plant soluble carbo-
hydrates in the fermentation process, and
practical applications such as intake pre-
diction. The appendix contains a brief
review of non-linear curve fitting and a
description of pressure sensor structures.

Quantitative Aspects
The process of fermentation involves a

series of energy-yielding reactions catalysed
by microbial cells in which organic
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compounds act as both oxidizable sub-
strates and oxidizing agents. If we ignore
microbial cell production, then fermenta-
tion of glucose in the rumen produces a
stoichiometrically balanced mixture of
acetate, propionate, butyrate, CO, and CH,
(Wolin, 1960). It is helpful, at this stage, to
look at an example of a theoretical
balanced equation for this kind of glucose
fermentation (Baldwin, 1970):

1 glucose — 1.2 acetate
+ 0.4 propionate + 0.2 butyrate

+1CO,+0.6CH, +04H,0  (10.1)

In this example, fermentation of 1 mol of
glucose produces 1.6 mol of gas (CO, +
CH,, direct gas) plus 1.8 mol of volatile
fatty acid (VFA). If the fermentation takes
place in a bicarbonate buffer at pH 6.5,
then the VFA will react with the buffer to
give an equimolar amount of CO, (indirect
gas). The total gas yield will then be
3.4 mol mol~? of glucose.

Let us also review the physical law
that governs gas behaviour. The general gas
law,

PV = nRT (10.2)

tells us that, for an ideal gas, pressure (P)
and volume (V) are inversely related. If one
of these is held constant, the other is
directly proportional to both the molar
amount (n) of a gas and the absolute tem-
perature (T). The universal gas constant (R)
has the units (pressure X volume X moles™?
X temperature!) and the numerical value
of R depends on the units selected for
pressure, volume and temperature. Most
students remember that 1 mol of a perfect
gas occupies 22.4 litres at one atmosphere
pressure and 0°C. We can use this informa-
tion to calculate R from Equation 10.2:

R=(1atm X 22.4 1)/(1 mol X 273°K) =
0.0821 atm 1 mol=1.°K~1

Equation 10.2, or simplified forms of it,
will be needed to convert measured gas
volumes to a standard temperature and
pressure, to derive volumes from pressure
measurements, and to relate gas volumes to
substrate disappearance. The gas law also
reminds us that the volume of a fixed

molar amount of a gas is defined only
when both temperature and pressure are
defined.

If we now apply Equations 10.1 and
10.2 to the fermentation of 1 g of glucose
equivalents (formula weight = 180 — 18 g
mol~1) at 39°C and one atmosphere pres-
sure, the predicted gas volume is:

(1/162) mol X 22.4 1/mol
X 3.4 mol/mol X (312/273) °K/°K
=537 ml

In practice, the gas yield from fibre
substrates such as cellulose and neutral
detergent fibre is always less than this
figure and is approximately 350-400 ml
g~ ! glucose equivalent (Pell and Schofield,
1993). The reasons for this discrepancy
will be discussed later.

The above calculation provides a
useful sense of the size of gas volumes
produced in an in vitro system that
measures the gas output from fibre
fermentation. The design of the equipment
is dictated to some degree by the volume
considerations noted above. Several
different approaches have been taken to
measure the gas produced during in vitro
fermentation. The paper by Bliimmel et al.
(1997b) contains references to the early
history of the gas method. The following
survey is restricted to techniques currently
in use.

Techniques — an Overview

If an in vitro fermentation is carried out in
a syringe, the volume of gas produced at
the prevailing atmospheric pressure is
automatically made evident by plunger
displacement. The syringe technique has
been used extensively by Menke and col-
laborators at the Institute for Animal
Nutrition at the University of Hohenheim
in Germany. The original method was
described in 1974 and revised and
reviewed in 1988 (Menke and Steingass,
1988). Some important features of the
method are:

1. The standard incubation contains 10 ml
of ruminal fluid, 20ml of buffer and
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200 mg of sample. Digestion takes place
within a 100 ml graduated glass syringe
installed on a rotor and maintained at
39°C. Gas volumes are read to +0.5 ml. If a
large volume of gas is to be measured, the
syringe can be emptied after a measured
volume is collected, and the fermentation
can then be continued.

2. The system can be used both for
digestibility measurements (24 h incuba-
tion) and for rate measurements (readings
taken after 4, 8, 12, 24 and 32 h). Recent
work has sometimes used more extensive
sampling.

3. Blanks (four syringes with no substrate)
and standards (three syringes with hay, hay
+ starch, concentrate) are run with each
experiment. The standards each have a
known gas production determined by
averaging many replicates and using
different ruminal fluid inocula. If the
standard included within a run produces
between 90 and 110% as much gas as the
‘average’ value for that standard, then the
ruminal fluid is scored as normal and all
the measured gas volumes are corrected by
the factor ‘average standard volume/run
standard volume’. If, however, the run
standard volume lies outside this 90-110%
range, the run data are discarded on the
grounds that the ruminal fluid was abnor-
mal. The average blank volume is sub-
tracted from all samples. This volume is
normally 6-12 ml or 13-27% of the final
reading, quite a high blank value.

4. The above treatment of blanks and
standards is claimed to correct for atmos-
pheric pressure differences between runs.
As applied, the correction converts gas
volumes to the average pressure at which
the standards were determined. Unless this
pressure is reported, it is difficult to
compare gas volume data from different
laboratories.

Manual methods of recording data,
whether by reading a manometer or a
syringe, necessarily restrict the amount of
data collected. If one is interested in
digestibility values, the problem is manage-
able because only a few readings need be
taken from each sample. However, for a

kinetic analysis of feedstuff digestion,
many timed readings are necessary, and
manual methods become burdensome.
Research workers in this field therefore
looked for an appropriate automatic data
recording system. The first hint of a
possible solution was published in 1974,
well before Menke’s syringe method
appeared. This report described the use of
an electronic pressure sensor and strip
chart recorder to follow the growth of gas
producing bacteria such as Enterobacter
aerogenes and Escherichia coli in closed
test tube cultures (Wilkins, 1974). Taya et
al. (1980) reported an application of this
technique. They studied the use of a
pressure sensor to control the fermentation
of cellulose by Ruminococcus albus on an
industrial scale. These workers showed
that the total gas yield was proportional to
the amount of cellulose digested (480 ml
g1 at 39°C).

When microcomputers became readily
available in the early 1980s, the stage was
set for the electrical signal from a pressure
sensor to be combined with a computer-
based data collector. Beaubien et al. (1988)
described a method to measure gas flow
from a bioreactor. A schematic diagram of
the method is shown in Fig. 10.1.

A three-way solenoid valve is con-
trolled by a separate flow meter circuit
that responds to a voltage signal from the
pressure sensor. The valve is set so that
ports 1 and 2 are normally open and
communicate with the transducer and
ballast. Port 3 is normally closed. When
the pressure in the reactor and ballast
rises to a pre-determined set point, the
controller activates the valve for about 2 s,
closing port 2 and opening port 3 to vent
the ballast and restore atmospheric
pressure. The valve is then deactivated
and the cycle repeated. The computer
records the time of each open—close cycle
and counts the number of cycles. Each
cycle will correspond to a fixed gas
volume that depends on the ballast size
and the pressure sensor trip point. This
incremental volume can be varied over a
wide range, depending upon the experi-
mental need.
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Fig. 10.1. Schematic view of a vented gas measurement system (redrawn from Beaubien et al., 1988).

There are several important advances
in this design:

1. Because the gas is measured in small
increments, then released, we can use
larger amounts of substrate in the reactor
than would be possible in a closed system.
2. The system is very flexible. Its sensi-
tivity can be adjusted by changing the
response range and/or trip point of the
pressure transducer, and by changing the
ballast volume.

3. Data are logged on a computer. Once the
experiment is started, no further human
intervention is required until the experi-
ment is finished.

A pressure sensor was used in a
different way by Theodorou et al. (1994).
The method used a three-way stopcock to
connect a syringe (for gas volume measure-
ment), a pressure sensor linked to a
numerical display and a closed incubation
bottle. The setup resembles that in Fig.
10.1 with the syringe connected to the
ballast port. At pre-determined time
intervals, the pressure was read and was
reset to atmospheric by withdrawing gas
into the syringe. This gas was then vented
and the cycle repeated.

A new phase of equipment design
began when less expensive pressure
sensors and commercial computer software

for data input became available in the
1990s. Pell and Schofield (1993) designed a
closed system in which 16 sample bottles
were each connected to a sensor and the
data sent to a computer via a 16-channel
analogue-to-digital (A/D) card. This system
was novel because it measured the pres-
sure increase in each bottle as a function of
time and calculated the corresponding gas
volumes from calibration curves. Bottle
and sample sizes were chosen such that the
maximum pressure increase was <0.6
atmospheres. Because the sample sizes
were small (€100 mg), these investigators
introduced a micro-method for determin-
ing residual fibre. After digestion, neutral
detergent solution (Goering and Van Soest,
1970) was added to each bottle, the bottles
were sealed and autoclaved, and the
residue was filtered, washed and dried on
glass fibre filters (Pell and Schofield, 1993).
The most recent automated gas produc-
tion apparatus was described by Cone et al.
(1996). This apparatus is essentially a refine-
ment of the design in Fig. 10.1. The article
contains a detailed description of the
apparatus, sources for parts and a useful
discussion of experimental procedures. A
similar system was developed indepen-
dently in the UK (Theodorou et al., 1998).
Summarizing the current state of
affairs, there are three different approaches
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to measuring in vitro gas production for
feedstuff evaluation. The early Menke
syringe method is still used in many parts
of the world, most notably at Hohenheim,
Germany, its birthplace (Blimmel et al.,
1997a). Computer-linked electronic pressure
sensors have been applied in two different
ways. In the first of these, gas is allowed to
accumulate in the digestion vessel and
changes in gas pressure are recorded (Pell
and Schofield, 1993). In the second, gas is
vented at intervals determined by the pres-
sure sensor and recorded by the computer.
The volume/time profile is then calculated
from the venting data.

Factors Affecting Gas Measurements

Before attempting to evaluate the respec-
tive merits and demerits of these different
approaches, let us step back for a moment
and consider some of the factors that must
be taken into account in any protocol for
gas measurement.

Sample size, physical state

As we have seen, the gas volume
produced by complete digestion of 1 g of
fibre is about 350 ml. Digestibility (rather
than digestion rate) measurements will
therefore require the use of either small
samples or equipment able to handle
large gas volumes. Many early studies
using the syringe method were concerned
with comparing rates of gas production
from different substrates and, therefore,
did not have to deal with large gas
volumes. Gas volumes are proportional to
sample size.

Because many animal feedstuffs are
not homogeneous, they present sampling
problems. These problems can be reduced
by grinding the feedstuff. However, we
must also remember that the digestion
rates we measure in vitro may depend
upon particle size. This dilemma is not
peculiar to the gas technique but underlies
any in vitro method involving an insoluble
substrate. In practice, the usual approach

is to grind the feedstuff to pass a 1 mm
sieve, to ferment multiple samples and to
discount the particle size effect on the
grounds that chewing and rumination in
the animal will produce a result similar to
grinding.

Ruminal fluid (RF)

There are two questions to be answered
here, namely pre-treatment and amount.
RF contains both the microorganisms
(bacteria, fungi, protozoa) and soluble
factors (VFAs, vitamins) needed for fibre
digestion. The composition of this fluid
will vary from day to day and from animal
to animal, and these variations may affect
in vitro digestion profiles. One way to
reduce this variation is to filter the fluid
through glass wool, pellet the micro-
organisms by centrifugation and resuspend
them in a defined medium (Doane et al.,
1997b).

Ruminal fluid is usually diluted with a
buffered salt solution before use. Previous
in vitro studies (Hungate et al., 1955; Tilley
and Terry, 1963) showed that a buffered
medium containing 20-25% RF gave the
best results. A higher content of RF will
produce higher blanks (samples incubated
with RF but without substrate).

pH control
The standard buffer has been based on
McDougal’s analysis of sheep saliva
(McDougal, 1949) and contains both

bicarbonate and phosphate. Some varia-
tions on the exact buffer composition are
seen among different laboratories. The
primary buffering agent, bicarbonate, is
consumed as VFAs are released during
digestion and thus the pH declines. For
quantitative gas measurements using this
buffer, it is important that the pH be held
within the range 6.8-6.2. At a lower pH,
the cellulolytic bacteria become less active
(Russell and Dombrowski, 1980) and the
yield of CO, per mole of VFAs declines
(Beuvink and Spoelstra, 1992).
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Temperature control

Microbial activity, and gas volumes and
pressures all change with temperature.
Close temperature control, using either a
water bath or an incubator maintained at
39°C, is therefore needed for in vitro diges-
tion studies.

Atmospheric pressure changes

The amount of a gas in moles is defined by
the volume, the temperature and the pres-
sure (Equation 10.1), and all three of these
quantities must be known or measured in a
gas production experiment. We return later
to the problem posed by changes in atmos-
pheric pressure during the course of an
experiment.

Sti