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ABSTRACT Ruminant liver has a quantitatively unique
array of substrates presented to it because of the ex-
tensive fermentation of dietary carbohydrate to organic
acids in the gastrointestinal tract. The single largest
input of dietary energy to the extrasplanchnic tissues
is acetic acid derived from fermentation, which is
largely unused by hepatic parenchyma. The other vol-
atile fatty acids derived from fermentation, primarily
propionate, are cleared extensively, but not completely.
by the liver. This results in a marked concentration
gradient for these acids across the liver lobule. L-lactate,
derived from tissue metabolism, as well as variable
amounts from rumen fermentation, is used by the liver
at a rate lower than for propionate and below the pre-
dicted capacity based on in vitro enzymatic and intact
cell capacity data. The net result of this selective uti-
lization by the liver results in peripheral blood contain-
ing significant concentrations of L-lactate and acetate,
but little of the other organic acids. Propionate carbon
metabolized by liver cells is converted to glucose with
little true loss of carbon, but the same is not true of
lactate carbon. The energetic efficiencies by which pro-
pionate and lactate carbon are converted to glucose
may be much less than optimal because of extensive
cycling through pyruvate kinase, pyruvate carboxylase
and phosphoenolpyruvate carboxykinase. Inhibition of
this futile cycling may represent one avenue by which
energetic costs of maintenance and production can be
lowered in ruminants. J. Nutr. 122: 838-842, 1992.
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The major purpose of this paper is to review relevant
data about hepatic metabolism that has been obtained
in the last decade, to integrate them with previous
data and to identify important questions and oppor-
tunities related to domestic ruminants. Duplication
with the most recent reviews of hepatic metabolism
of propionate (1), both lactate isomers (2) and other
aspects of splanchnic glucose and energy metabolism
(3) has been avoided.
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The primary techniques used in this research had
been applied to the study of ruminant liver function
before 1980, with the exception of hepatocyte mono-
layer cultures, which have been applied only recently
to cattle and sheep (4-6). The latter technique has re-
cently proved valuable in providing an in vitro system
responsive to protein hormones at physiological con-
centrations, thereby allowing the direct effects of in-
sulin and glucagon on hepatic metabolism of specific
substrates to be determined (7). Monolayer cultures
should also be useful for studying processes that re-
quire incubations of more than a few hours and pro-
cesses that may be strongly influenced by the insta-
bilities inherent in freshly isolated hepatocytes. Dili-
gent application, refinement and improvement of
existing in vivo techniques, including isotope dilution,
trans-organ balance and their combination, has pro-
vided new information on in vivo metabolic rates in
both cattle and sheep. Although this review focuses
on hepatic metabolism, the interplay of the gut and
liver as an integrated splanchnic unit providing nu-
trients to extrasplanchnic tissues should not be ig-
nored.

Net portal appearance (NPA3) of a substance is the
concentration difference between arterial and portal
blood multiplied by portal blood flow. This measure-

! Presented as part of the 32nd Annual Ruminant Nutrition
Conference: Hepatic Metabolism of Organic Acids in Ruminants,
given at the 75th Annual Meeting of the Federation of American
Societies for Experimental Biology, Atlanta, GA, April 21, 1991.
This conference was sponsored by the American Institute of Nu-
trition and supported by grants from Nutrena Feed Division, Farm-
land Research Farm, Monsanto Agriculture Company, American
Cyanamid Company, Eli Lilly and Company, SmithKline Beecham
Animal Health, The Upjohn Company, and Carolina By-Products
Co. Organizer of this conference was L. E. Armentano, Department
of Dairy Science, University of Wisconsin, Madison, WT; guest editor
was D. C. Beitz, Department of Animal Science, Iowa State Uni-
versity, Ames, IA

2 To whom correspondence should be addressed: 1675 Obser-
vatory Drive, Madison, WI 53706.

3 Net portal absorption (NPA), pyruvate dehydrogenase (PDH),
volatile fatty acids (VFA).

0102 ‘6T aunc uo Ag 6o uonuinu-ul wolj papeojumoq


http://jn.nutrition.org

JN THE JOURNAL OF NUTRITION

CONFERENCE: HEPATIC METABOLISM OF ORGANIC ACIDS 839

ment reflects the net contribution of the gastrointes-
tinal tract to the liver and extrasplanchnic tissues. It
includes total absorption from the lumen, plus any
production (as for L-lactate) by the gastrointestinal tis-
sues, minus metabolism by these same tissues of the
substance derived from either the arterial blood or the
lumen. Acetate and propionate account for the ma-
jority of the NPA of energy in sheep fed 800 g of al-
falfa/d (68 and 18 mmol/h) (8) and in lactating dairy
cattle fed 178 MJ/d of metabolizable energy (1880 and
790 mmol/h or 40% of metabolizable energy intake)
(9). Actual contribution of acetate from the gastroin-
testinal lumen to turnover of blood acetate, as mea-
sured by isotope dilution, will be greater than NPA
because of metabolism of blood acetate by the gut (8),
and such metabolism is probably much less for the
other volatile fatty acids (VFAs) that occur at low ar-
terial concentration.

Acetate is poorly oxidized by liver cells in vitro (10),
and liver has no mitochondrial, and only limited cy-
tosolic, acetyl-CoA synthase activity (11, 12). Despite
this, in vivo trans-hepatic measurements indicate some
uptake of labeled acetate in sheep (8, 13). This minor
amount of utilization may be for biosynthetic, rather
than oxidative, purposes or may represent uptake by
nonparenchymal cells. In any event, acetate produc-
tion by liver usually exceeds any possible utilization,
so that the liver is a net producer of acetate (8, 9).
Hepatic acetate production is presumed to function
as a means of converting long-chain fatty acid energy
into a water-soluble form, thereby mimicking keto-
genesis. However, although starvation increases pro-
duction of ketones, it decreases net hepatic production
of acetate (14).

Net hepatic uptake of other VFAs reflects total me-
tabolism because these compounds presumably are not
produced by mammalian tissues. Hepatic clearance of
propionate is extensive, accounting for 85% of pro-
pionate flow to liver and 93% of propionate net portal
appearance (9). The former clearance results in low
peripheral arterial concentration, whereas the latter
indicates that only 7% of propionate NPA is used by
extrasplanchnic tissues. Clearance of n-butyrate is
somewhat lower, 68% of total butyrate flow to liver
and 84% of butyrate NPA (9). In vitro measurements
indicate that hepatocytes have over twice the capacity
for propionate uptake as for butyrate (15). This com-
parison suggests that the liver contains considerable
reserve capacity to clear propionate in vivo.

The effect of propionate concentration on propio-
nate uptake and metabolism to glucose and CO, has
been determined in vitro in hepatocytes (7, 16, 17). In
vitro saturation is reached at concentrations between
2 and 5 mmol/L. As in vivo concentrations of portal
blood are usually <2 mmol/L, even the periportal he-
patocytes are probably not functioning at maximum
capacity to metabolize propionate. These kinetic data
further support the concept that the liver has reserve

capacity to metabolize propionate. However, on high
barley diets there is apparently increased incorporation
of propionate carbon into fat depots due to high pro-
pionate production (18). Also, the capacity for propio-
nate metabolism can be reduced during fatty infiltra-
tion of the liver caused by negative energy balance (19).

Ruminal production and NPA of the branched VFA
and valerate are minor in terms of energetic impor-
tance and perform no known unique function. In vivo
hepatic clearance of isobutyrate and 2-methyl butyrate
are similar to that for propionate and valerate (9). He-
patic removal of valerate is similar to that for propi-
onate both on a percentage basis in vivo and total up-
take at 1.25 mmol/L in vitro (9, 15). Uptake of iso-
valerate by hepatocytes in vitro exceeded that of
butyrate, each at 1.25 mmol/L, but clearance in vivo
was highly variable, perhaps because of the very low
concentrations of these minor VFAs in both portal and
arterial blood (9, 15). As these minor VFAs seldom
exceed 0.05 mmol portal blood/L, it is unlikely that
increased ruminal production would lead to hepatic
saturation in vivo.

L-lactate flow to the liver is roughly equivalent to
propionate flow, but much of this flow represents a
continuously circulating pool of lactate and produc-
tion by extrasplanchnic tissues. In lactating cows, L-
lactate delivery to the liver is 765 mmol/h, with 28%
of this derived from NPA (20); in pregnant sheep these
values were 104 mmol/h and 8%, respectively, and in
lactating sheep, 173 mmol/h and 9%, respectively (21).
Hepatic clearance (% of total lactate flow to liver) was
33% in lactating cows, 28% in pregnant sheep and
12% in lactating sheep. Propionate and L-lactate total
flow to liver, and therefore average portal plus arterial
concentration, are similar in vivo, yet uptake of lactate
is less than half that for propionate, even though pro-
pionate uptake appears to be well below capacity.

Net hepatic uptake of pyruvate is negligible in fed
cattle and low but measurable in starved cattle, with
pyruvate uptake seldom exceeding 10% of L-lactate
uptake (14). Ruminant liver can be supplied with D-
lactate produced by microbes in the gastrointestinal
lumen, and D-lactate is metabolized to glucose and
CO, at half the rate of L-lactate in vitro (2).

In vitro metabolism by plated bovine calf hepato-
cytes indicate a capacity for L-[U-!“C]lactate conver-
sion to glucose approximately half that for [2-'*C]pro-
pionate over physiological and supraphysiological
concentrations of each substrate (7). Previous experi-
ments in our lab with freshly isolated goat hepatocytes
suspended in Krebs-Ringer buffer (22) indicated lactate
conversion to glucose was <10% of propionate con-
version to glucose (7 and 85 nmol-h™! - mg dry cell ™).
In these earlier experiments, the utilization of lactate
was increased, and propionate decreased, when NH,Cl
was added to the media (22), resulting in a ratio
approaching that found in plated bovine hepatocytes.
Short-term exposure of plated bovine hepatocytes to
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physiological concentrations of insulin reduced pro-
pionate, but not lactate, conversion to glucose, but
even in the presence of insulin, lactate was converted
to glucose at a lower rate than propionate (7). These
comparisons suggest that lactate metabolism is a
function of undefined regulators maintaining lactate
metabolism below maximum capacity in vivo, that at
least some of the factors that limit lactate utilization
do not limit propionate utilization and that the specific
gluconeogenic rates inhibited by insulin are not the
rate-limiting steps for lactate in vitro.

Ruminants show little NPA of glucose (20), and
therefore hepatic gluconeogenesis provides the glucose
needed for maintenance, support of the fetus and syn-
thesis of milk lactose. An examination of rumen pro-
pionate production versus blood glucose irreversible
loss (1) suggests that propionate is produced just at or
below a rate sufficient to provide the sole source of
carbon to meet glucose demands, but because 33% of
rumen propionate is metabolized during absorption
(23), other sources of glucose carbon must exist. When
liver uptake of propionate and lactate is compared with
glucose output, they may account for a maximum of
55% and 17% of glucose output, respectively, assum-
ing complete conversion to glucose (9). Therefore, it
is apparent that ruminants, especially lactating dairy
cattle and goats, and pregnant sheep and goats, have
a real need to effectively transfer carbon from glucose
precursors into glucose. The energetic efficiency with
which this process is conducted is a separate matter,
which can affect both the maintenance energy re-
quirements of the animal and the partial efficiency of
production.

Carbon transfer, as measured by isotope incorpo-
ration, is underestimated by exchange of labeled car-
bon for unlabeled carbon in processes that cause no
net loss of carbon for gluconeogenesis, such as oxa-
loacetate cycling through the tricarboxylic acid cycle.
Conversely, carbon transfer is overestimated due to
the incorporation of any nonglucogenic carbon, usu-
ally from acetyl-CoA or CO,, which may arise from
the labeled substrate and then be incorporated into
glucose. The underestimation appears to be the dom-
inant error when measuring the conversion of propi-
onate carbon into glucose. Only one experiment has
used adequate correction for these effects in vivo, and
this experiment contains complete data for only one
sheep (24). This work suggests that over 95% of pro-
pionate appearing in the mesenteric vein is converted
into glucose. This approximates the hepatic removal
of propionate, indicating that 100% of hepatic pro-
pionate uptake is metabolized to glucose. Failure to
correct for label dilution in this data set would result
in an estimate of 63%, rather than 95%, of propionate
converted to glucose. Most experiments calculate a
transfer quotient, the fraction of glucose arising from
propionate, and this value is 54% in reference 24. This
number is actually smaller than the mean of 43% of

glucose from ruminal propionate calculated from four
steers (25) once the former is adjusted downward to
correct for the 33% loss of propionate carbon during
metabolism by the nonglucogenic gut tissues (0.67
X 54% = 36%, compared with 43% in steers) and is
similar to values summarized in reference 26. Also,
the increased incorporation of labeled carbon from
propionate into glucose after exogenous propionate
infusion was similar in these two experiments (24, 25).
It is clear that the techniques suggested in reference
24 must be applied in more animals; however, the data
from this paper are supported by other isotope dilution
data sets where comparisons can be made.

In addition to showing complete efficiency of pro-
pionate carbon use for glucose, the work of Steinhour
and Bauman (24) indicates that ~50% of total oxa-
loacetate turnover is cycled through phosphoenol-py-
ruvate, pyruvate and returns to oxaloacetate, while
~30% cycles through the tricarboxylic acid cycle,
leaving at most 20% of total entry to go directly to
glucose. This final number of 20% is not inconsistent
with the assessment that most of the net formation of
oxaloacetate formed from propionate is used for glu-
cose formation, provided that none of these cycles has
a large nonglucogenic efflux. In order for this cycle to
be active with no net loss of glucogenic carbon, py-
ruvate carboxylase and pyruvate kinase must have ac-
tivity exceeding net gluconeogenic rates and pyruvate
dehydrogenase (PDH) activity must be low. Analysis
of sheep liver reveals that pyruvate kinase activity is
roughly ten times that of phosphoenolpyruvate car-
boxykinase and pyruvate carboxylase, although the
activity of pyruvate kinase drops to thrice pyruvate
carboxylase in late pregnancy (27). In cattle the activity
of phosphoenolpyruvate carboxykinase (combined
mitochondrial and cytosolic) and pyruvate carboxylase
are approximately equal (28). Although total PDH ac-
tivity in sheep liver is lower than in rats, the proportion
in active form was higher, resulting in similar amounts
of active PDH in sheep and rat liver (29). An active
pyruvate kinase and PDH in ruminant liver, which
oxidizes essentially no glucose, is puzzling but may
account for what appears to be extensive oxidation of
lactate discussed below. Experiments with bovine liver
in vitro also support extensive cycling of propionate
carbon through oxaloacetate, phosphoenolpyruvate
and pyruvate, because 20% of labeled propionate is
recovered in lactate (30) and lactate carbon is recovered
in glucose (7).

The energetic cost of this futile cycling in domestic
ruminants can be estimated. First, we assume all of
the net glucose output by the liver arises from oxa-
loacetate and set the ratio of oxaloacetate going
through this cycle versus going to glucose as 0.5/0.2
= 2.5; this ratio being derived from sheep near
maintenance as discussed above. We then use values
of hepatic oxygen uptake of 3061 mmol/h (9) and glu-
cose production of 713 mmol glucose/h measured si-
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multaneously in lactating cows (20). This implies 1426
mmol of oxaloacetate/h flowing to glucose and 3565
mmol oxaloacetate/h passing through the futile cycle.
At a cost of 1 ATP per cycle and 6 ATP per oxygen
consumed, this cycle alone accounts for 19.4% of he-
patic oxygen consumption. If liver accounts for 22%
of whole-body energy metabolism in lactating cows
(31), then elimination of this cycle would decrease
whole-animal energy utilization by 4.3%. Most ad-
vances in gross animal efficiency have been based on
increases in production, which dilute maintenance
costs over a larger return. In an animal using 33% of
its metabolizable intake energy for maintenance and
the rest for productive purposes, production would
have to increase by ~10% to give the same improve-
ment in gross efficiency as a 4.3% decrease in oxygen
consumption. This cycle can also affect the energetic
efficiency of nonproductive or slowly growing animals
(dairy replacements, dry cows and wintering brood
animals), which form a large portion of the herd’s
maintenance costs and whose individual efficiency
cannot be altered by increased production but can be
altered by lowering maintenance costs. Glucose output
and oxygen consumption data from steers (Reynolds,
USDA Ruminant Nutrition Laboratory, Beltsville MD
personal communication) gives a value of 17%, rather
than 229%, of hepatic oxygen consumption attributable
to this cycle. Therefore this cycle represents a possible
target for improving utilization of feed energy in a
wide range of domestic ruminants by a significant, al-
beit finite, amount.

The presence of this futile cycling pathway, and the
assumption of complete conversion of propionate car-
bon to glucose in vivo, imply that treatments that in-
crease flow of phosphoenolpyruvate towards glucose
may not increase the real conversion of propionate
carbon to glucose in vivo, but may increase the ener-
getic efficiency of this process instead. Therefore, glu-
cagon and growth hormone, both of which increase
propionate conversion to glucose in vitro (4, 7, 32),
may improve energetic efficiency of gluconeogenesis
in vivo. Butyrate inhibits propionate conversion to
glucose in vitro (15), and, if it acts at a point beyond
phosphoenolpyruvate, it may decrease the energetic
efficiency of gluconeogenesis.

Although the in vivo quantitation of oxaloacetate
cycling through pyruvate kinase on its way to glucose
is consistent with measured enzyme activities and in
vitro liver metabolic fluxes, several important ques-
tions remain. Ruminant liver may contain active PDH
yet conserve propionate carbon only if there is either
chronic inhibition of PDH in vivo that is not depen-
dent on phosphorylation (33) or some compartmental
separation of the oxidative and gluconeogenic path-
ways. Localization of PDH pericavally in the liver lob-
ule would permit constant gluconeogenesis in the
periportal cells, with no potential for loss of gluco-
neogenic carbon to oxidation in the citric acid cycle.

If such localization did exist, substances that interfere
with propionate removal by the periportal cells of the
lobule could increase the oxidative loss of propionate
carbon by shifting its metabolism pericavally. Another
problem that must be addressed is that, if propionate
carbon passes through pyruvate, differences in rate of
lactate and propionate metabolism must imply a lim-
itation in conversion of extracellular lactate into the
pyruvate pool carboxylated by pyruvate carboxylase.

Lactate conversion to glucose compared with other
fates has not been as carefully corrected for the errors
in label transfer as the data discussed for propionate.
The magnitude of correction required should be sim-
ilar, depending on the label location within lactate,
because oxaloacetate is a common intermediate for
propionate and lactate. The fraction of lactate turnover
being converted to glucose has been calculated to be
30-34% in pregnant sheep and lactating cows, but only
16% in lactating sheep and 27% in pregnant cows (34).
Even the higher numbers are less than the uncorrected
63% calculated for propionate (24) and therefore in-
dicate that a significant portion of lactate is in fact not
used for glucose. If only hepatic metabolism of lactate
is considered, the data indicates that less than one-
fourth of hepatic lactate uptake is used for glucose
synthesis (21). Because lactate is presented to the per-
icaval cells of the hepatic lobule in much greater con-
centration than is propionate and lactate appears to
be more extensively oxidized, it is tempting to spec-
ulate that PDH may be located pericavally, thereby
sparing propionate completely from true oxidation,
but not lactate. Although gluconeogenesis is localized
periportally in other species, neither this nor any other
aspect of lobular zonal heterogeneity has been tested
in ruminant liver. Many of the functions located per-
icavally in those species that have been studied, such
as glycogenolysis and lipogenesis, are not present in
ruminant liver at all. The possible segregation of met-
abolic activities within the liver lobule of ruminants
is clearly an important facet of regulation requiring
research attention.
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