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ABSTRACT: Feed and energy intake of ruminant an-
imals can change dramatically in response to changes in 
diet composition or metabolic state, and such changes 
are poorly predicted by traditional models of feed in-
take regulation. Recent work suggests that temporal 
patterns of fuel absorption, mobilization, and metabo-
lism affect feed intake in ruminants by altering meal 
size and frequency. Research with nonruminants sug-
gests that meals can be terminated by signals carried 
from the liver to the brain via afferents in the vagus 
nerve and that these signals are affected by hepatic 
oxidation of fuels and generation of ATP. We find these 
results consistent with the effects of diet on feed in-
take of ruminants. Of fuels metabolized by the rumi-
nant liver, propionate is likely a primary satiety signal 
because its flux to the liver increases greatly during 
meals. Propionate is utilized for gluconeogenesis or 
oxidized in the liver and stimulates oxidation of acetyl 
CoA. Although propionate is extensively metabolized 
by the ruminant liver, there is little net metabolism of 
acetate or glucose, which may explain why these fuels 
do not consistently induce hypophagia in ruminants. 

Lactate is metabolized in the liver but has less effect on 
satiety, probably because of greater latency for reach-
ing the liver within meals and because of less hepatic 
extraction compared with propionate. Hypophagic ef-
fects of fatty acid oxidation in the liver are likely from 
delaying hunger rather than promoting satiety because 
β-oxidation is inhibited during meals by propionate. A 
shortage of glucose precursors and increased fatty acid 
oxidation in the liver for early lactation cows lead to 
a lack of tricarboxylic acid (TCA) cycle intermediates, 
resulting in a buildup of the intracellular acetyl-CoA 
pool and export of ketone bodies. In this situation, 
hypophagic effects of propionate are likely enhanced 
because propionate entry into the liver provides TCA 
cycle intermediates that allow oxidation of acetyl-CoA. 
Oxidizing the pool of acetyl-CoA rather than exporting 
it increases ATP production and likely causes satiety 
despite the use of propionate for glucose synthesis. A 
better understanding of metabolic regulation of feed 
intake will allow diets to be formulated to increase the 
health and productivity of ruminants.
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INTRODUCTION

The idea that the liver is involved in the control of 
food intake was introduced by Russek (1963), who pro-
posed that feeding behavior of dogs was influenced by 
glucoreceptors in the liver following Mayer’s suggestion 
that food intake is regulated by changes in blood glu-
cose concentration (Mayer, 1953). As several research 

groups contributed to our understanding over time, 
the idea of hepatic glucoreceptors has evolved into the 
theory that food intake is controlled by a signal from 
the liver to the brain that is stimulated by oxidation 
of a variety of fuels. We call this the hepatic oxidation 
theory (HOT) of the control of food intake, which is 
supported by a large body of work with rats and other 
nonruminant laboratory species (see reviews by Forbes, 
1988; Langhans, 1996; Friedman, 1998; Sharrer, 1999). 
Application of this theory to ruminants presents some 
challenges because ruminal fermentation alters the type 
and pattern of absorbed fuels, fuels oxidized in the liver 
of ruminants differ from nonruminants, and feed intake 
of ruminants consuming roughage is sometimes limited 
by gut distension. However, the complication of under-
standing metabolic control of feed intake with ruminal 
fermentation has been addressed by experiments that 
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infused various fuels directly into the abomasum or the 
bloodstream (Allen et al., 2005).

It is important to note that the pattern of oxidation 
of fuels (minute to minute) is what affects feeding be-
havior because the amount of oxidation over longer pe-
riods of time (hours or days) is relatively constant and 
determined by the energy requirements of the liver. Ac-
cording to HOT, energy intake of ruminants will be in-
creased when energy consumed per unit of ATP gener-
ated in the liver over time is maximized. Our objective 
is to review and give evidence for the basic concepts of 
HOT and discuss its application to ruminant animals, 
including the extent to which control of feed intake by 
hepatic oxidation might vary with diet and physiologi-
cal state of animals.

CONTROL OF FOOD INTAKE  
BY HEPATIC OXIDATION

Infusion of glucose decreases food intake in a variety 
of nonruminant species (Forbes, 1995). Niijima (1969) 
observed that the firing rate of hepatic vagal afferent 
nerves in guinea pigs was inversely related to the con-
centration of glucose in the blood and the firing rate de-
creased when glucose was infused into the hepatic por-
tal vein (Niijima, 1981b). The firing rate of these nerves 
as well as food intake in rabbits increased when glucose 
metabolism was blocked with 2-deoxyglucose (Novin et 
al., 1973). More recently, α-cyano-4-hydroxycinnamic 
acid, which inhibits pyruvate transport across the mi-
tochondrial membrane, decreased glucose oxidation 
and stimulated feeding in rats (Del Prete et al., 2004). 
Blocking fat oxidation has also been shown to stimulate 
feeding in rats. Mercaptoacetate, which inhibits the 
acyl CoA dehydrogenases, enzymes that catalyze the 
initial step in each cycle of fatty acid (FA) β-oxidation, 
stimulated feeding in rats fed a high fat diet (Scharrer 
and Langhans, 1986). In addition, methyl palmoxirate, 
an inhibitor of carnitine palmitoyltransferase (CPT) 
that transports FA into mitochondria, stimulated feed-
ing in rats fed a diet rich in long-chain triglycerides 
(TG; Friedman et al., 1986) but not in those fed a 
diet rich in medium-chain TG (Friedman et al., 1990), 
likely because medium-chain FA do not require CPT 
for transport into the mitochondria. Medium-chain TG 
also reduced food intake of rats with a shorter latency 
than long-chain TG (Satabin et al., 1991); this might 
be because of their ability to bypass CPT for transport, 
a faster and more complete hydrolysis and rapid portal 
delivery to the liver compared with lymphatic system 
for long-chain TG (Langhans, 1996).

Integrated Mechanism

Inhibition of glycolysis and FA oxidation by com-
bined treatment with 2-deoxyglucose and methyl 
palmoxirate (Friedman and Tordoff, 1986), or inhibi-
tion of glycolysis and lipolysis by combined treatment 
with 2-deoxyglucose and nicotinic acid (Friedman et 

al., 1986), synergistically increased food intake in rats. 
Langhans et al. (1985b) reported that a variety of other 
fuels metabolized in the liver including lactate, pyru-
vate, and glycerol caused hypophagia in rats, which 
was eliminated by hepatic vagotomy. When rats were 
fed a high-fat diet, lactate and pyruvate failed to cause 
hypophagia, likely because high-fat diets are known to 
decrease pyruvate dehydrogenase activity and therefore 
oxidation of these fuels (Langhans et al., 1985a). Thus, 
oxidation of all fuels in the liver might provide a com-
mon integrated mechanism for the control of feeding 
behavior (Friedman and Tordoff, 1986).

Hepatic Energy Status

Evidence that hepatic energy status is related to 
feeding behavior of rats was provided by a series of ex-
periments by Friedman and coworkers. Ji and Friedman 
(1999) reported that the time course of compensatory 
hyperphagia upon refeeding after fasting paralleled res-
toration of hepatic energy status. Research involving 
metabolic inhibitors demonstrated a cause-and-effect 
relationship between hepatic energy status and feeding 
behavior. Administration of the fructose analog 2,5-an-
hydro-D-mannitol (2,5-AM) to rats caused a dose-
related increase in food intake by creating a metabolic 
state that resembled fasting (Tordoff et al., 1988). Sub-
sequent research showed that the effect is likely in the 
liver because the latency for the eating response was 
less for portal compared with jugular infusion, hepatic 
vagotomy blocked the eating response, and significant 
radioactivity was found in the liver but not the brain 
after administration of radioactive 2,5-AM (Tordoff et 
al., 1991). Rawson et al. (1994) used 31P nuclear mag-
netic resonance to show that 2,5-AM is rapidly phos-
phorylated in the liver, but is not metabolized beyond 
the 1,6 bisphosphate stage, thereby trapping inorganic 
phosphate and reducing ATP concentration. Phosphate 
loading prevented the decrease in hepatic ATP and 
eliminated the stimulatory effects of 2,5-AM on feeding 
(Rawson and Friedman, 1994).

Stimulation of eating by inhibiting FA oxidation with 
methylpalmoxirate (Friedman et al., 1999) or etomoxir 
(Horn et al., 2004) was also associated with reduced 
hepatic energy status as measured by liver ATP con-
centration, ATP-to-ADP ratio, and phosphorylation 
potential ([ATP]/[ADP][Pi]). The synergistic stimula-
tion of feeding from the combined treatment of 2,5-AM 
and methylpalmoxirate was also related to decreased 
hepatic ATP/ADP ratio and phosphorylation poten-
tial when rats were fed a diet with equal energy (38%) 
from carbohydrate and fat (Ji et al., 2000). Feeding 
response to metabolic inhibitors depends upon the 
basal diet; administration of 2,5-AM stimulated eating 
in rats fed a low-fat high-carbohydrate diet, but not 
a high-fat low-carbohydrate diet; however, methylpal-
moxirate stimulated eating in rats fed a high-fat low-
carbohydrate diet, but not a low-fat high-carbohydrate 
diet (Horn and Friedman, 1998). Subsequent research 
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indicated that the interactions among the metabolic 
inhibitors and diets were consistent with their effects 
on hepatic energy status (Friedman et al., 2002; Ji et 
al., 2002). In addition, the AA analog ethionine stimu-
lated eating and decreased hepatic ATP concentration 
by trapping adenosine as S-adenosyl-l-ethionine (Raw-
son et al., 1994). This body of work shows that feeding 
behavior of rats is related to hepatic energy status from 
oxidation of fuels.

Signal to Brain Feeding Centers

The splanchnic bed is highly innervated by the au-
tonomic nervous system, primarily through the vagus 
nerve. The liver itself is associated with afferent and 
efferent hepatic vagal fibers, allowing for substantial 
crosstalk with the central nervous system (Berthoud, 
2004), and the hepatic vagus is the most likely mode 
of communication allowing for hepatic energy status to 
be transmitted to CNS loci controlling feeding behav-
ior. Hepatic vagotomy has blocked the stimulation of 
satiety by a variety of fuels (Langhans et al., 1985b) 
and stimulation of eating by the metabolic inhibitors 
2,5-AM (Tordoff et al., 1991) and mercaptoacetate 
(Langhans and Scharrer, 1987b). Intraportal infusion 
of 2,5-AM in anaesthetized rats dose-dependently in-
creased the firing rate of the hepatic vagal afferents at 
doses previously shown to stimulate food intake (Lutz 
et al., 1996). Additionally, stimulation of eating by 
metabolic inhibitors resulted in activation of neuronal 
activity in rat brain stem, hypothalamus, and forebrain 
when measured by Fos-like immunoreactivity (Horn 
and Friedman, 1998).

Although evidence suggests that information regard-
ing hepatic energy status is transmitted via the vagus 
nerve, the exact mechanism by which energy status of 
hepatocytes affects the firing rate of the hepatic vagal 
afferents has not been determined. One possibility is 
that hepatocyte depolarization leads to the release of 
compounds that activate nearby vagal afferents (Fig-
ure 1). Ouabain, which inhibits the plasma membrane 
sodium/potassium pump, blocked the reduction in fir-
ing rate of hepatic vagal afferents by glucose (Niijima, 
1981a), leading Niijima (1983) to propose that glucose 
metabolism inside receptor cells in the liver reduces ac-
tivity of hepatic vagal afferents by activation of the en-
ergy-dependent sodium/potassium pump. Intraportal 
infusion of ouabain stimulated eating, but intrajugular 
infusion did not (Langhans, 1996); and ouabain stimu-
lated feeding in intact rats but not in rats with hepatic 
vagotomy (Langhans and Scharrer, 1987a), relating the 
activity of the sodium/potassium pump of liver cells 
to control of feeding behavior. Administration of 2,5-
AM, which stimulated eating in rats, decreased ATP 
concentration in isolated hepatocytes and increased in-
tracellular sodium concentration measured using 23Na 
nuclear magnetic resonance spectroscopy (Friedman et 
al., 2003), providing further evidence that changes in 

sodium/potassium pump activity might be involved in 
the transduction of a hunger signal associated with en-
ergy status of hepatocytes.

Scharrer and colleagues (Rossi et al., 1995; Rossi and 
Scharrer, 1995; Lutz et al., 1998) provided evidence 
that potassium channels are involved in the hyperpo-
larization of the hepatocyte plasma membrane from 
oxidation of fuels. Rossi et al. (1995) reported that 
palmitate hyperpolarized mouse liver plasma mem-
brane in a concentration-dependent manner and that 
the hyperpolarization was greater when mice were fed 
a high-fat diet compared with a low-fat diet. Hyper-
polarization was reversed by inhibiting FA oxidation 
and blocking the sodium/potassium pump and potas-
sium channels, indicating that hyperpolarization was 
because of FA oxidation, activation of the sodium/po-
tassium pump, and opening of potassium channels. In 
addition, hyperpolarization of the mouse liver plasma 
membrane by lactate (Rossi and Scharrer, 1995) or by 
lactate, pyruvate, and fructose (Lutz et al., 1998) was 
prevented by the potassium channel blocker tetra-ethyl-
ammonium. Another potential candidate is adenosine-
5′-monophosphate-activated protein kinase (AMPK) 
because AMPK may phosphorylate ion channels and 
other proteins involved in signal transduction path-
ways. The AMPK is activated in response to increased 
adenosine-5′-monophosphate concentration and is in-
hibited by ATP, and direct activation of AMPK in the 
hypothalamus increased food intake of rats (Andersson 
et al., 2004).

Energy status of hepatocytes might be conveyed to 
the nervous system through close coupling or neuro-
modulators (Langhans, 1996). Alternatively, commu-
nication might be through a calcium-mediated secre-

Figure 1. Proposed mechanism for control of feed intake by hepat-
ic oxidation. Pathways that are involved in signal transduction from 
the liver to the forebrain are shown. Potential mediators are listed to 
the right for components of the mechanism that remain unresolved. 
AMPK = adenosine-5′-monophosphate-activated protein kinase; NTS 
= nucleus tractus solitarius.
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tion event because intracellular calcium concentration 
of isolated hepatocytes increased quickly and markedly 
after exposure to 2,5-AM (Rawson et al., 2003). He-
patocytes secrete numerous compounds that serve as 
signaling molecule, including glutamate (Häussinger et 
al., 1989; Remesy et al., 1997), which is known to acti-
vate some vagal afferents (Niijima, 2000).

In toto, this body of work with rats and other nonru-
minant species suggests that 1) hepatic vagal afferent 
nerves are connected to brain feeding centers, 2) sati-
ety is associated with a decreased firing rate of these 
nerves, 3) the signal is stimulated by a variety of fuels, 
4) oxidation of fuels is required to generate this signal, 
and 5) the mechanism involves high energy phosphate 
bonds of adenosine.

HEPATIC OXIDATION IN RUMINANTS

Long-chain FA, lactate, AA, and glycerol are fuels 
oxidized in the ruminant and nonruminant liver. How-
ever, unlike the liver of nonruminants, plasma glucose 
is not used by the adult ruminant liver as an ener-
gy source. Hepatic uptake of glucose from the blood 
is negligible in mature ruminants (Stangassinger and 
Giesecke, 1986) because glucokinase activity is very low 
(Ballard, 1965). Although glucose infusion has been 
shown to be hypophagic in a variety of nonruminants 
(Forbes, 1995), glucose infusion did not reduce food in-
take when infused intravenously in cows (Dowden and 
Jacobson, 1960), intraperitoneally in heifers (Simkins 
et al., 1965), intracerebroventricularly in calves (Peter-
son et al., 1972), abomasally in lactating cows (Clark 
et al., 1977; Frobish and Davis, 1977), or intraportally 
or various other locations in sheep (Baile and Forbes, 
1974). Thus, differences in hepatic glucose metabolism 
and hypophagic responses to infused glucose between 
ruminants and nonruminants are consistent with HOT. 
Because glucose infused abomasally is partially oxidized 
by enterocytes (Huntington et al., 2006), a satiety sig-
nal from gut oxidation is unlikely.

Propionate is the primary glucose precursor for ru-
minants, accounting for as much as 80% of glucose pro-
duced in lactating cows (Steinhour and Bauman, 1988). 
Although propionate can be converted to glucose, it 
can also be oxidized in the tricarboxylic acid (TCA) 
cycle (Aiello and Armentano, 1987; Steinhour and Bau-
man, 1988; Knapp et al., 1992) as well as stimulate 
oxidation of acetyl CoA derived from other fuels (Allen, 
2000). This is another major difference from nonrumi-
nants; although propionate can also be metabolized in 
nonruminant liver, its supply to the liver is at least 10-
fold less than in ruminants, minimizing its importance 
as an oxidative fuel. Ruminant liver has high activity 
of propionyl CoA synthetase but not acetyl CoA syn-
thetase (Ricks and Cook, 1981) necessary for activation 
and subsequent metabolism of the respective VFA. As 
a result, propionate is extensively metabolized by the 
ruminant liver, but there is little net metabolism of ac-
etate (Reynolds, 1995). Butyrate is almost completely 

removed from portal blood and oxidized in the liver 
(Reynolds, 1995).

METABOLIC CONTROL OF FEED 
INTAKE IN RUMINANTS

Ruminal digestion kinetics determine the site and 
extent of nutrient digestion, which can greatly affect 
the type and pattern of fuels absorbed over time, there-
by affecting the temporal pattern of fuel oxidation in 
the liver and feeding behavior. Retention of digesta in 
the rumen functions to supply a more consistent flow 
of starch, long-chain FA (LCFA), and protein to the 
small intestine, delaying absorption relative to meals, 
but VFA are rapidly produced and absorbed during 
meals and are likely responsible for stimulating satiety.

Ruminally Degraded Starch

Rates of ruminal starch digestion and passage vary 
greatly among grains fed to ruminants and depend 
upon the type of cereal grain, conservation method, 
and processing (NRC, 2001). Cereal grains that are 
highly digestible in the rumen can depress DMI of lac-
tating cows; intake was depressed nearly 3 kg of DM/d 
(~13%) when more fermentable grains were substituted 
in diets of lactating cows in several studies reported 
in the literature (Allen, 2000). Oba and Allen (2003b) 
demonstrated that a more rapidly fermented starch 
source reduced meal size 17%, causing an 8% reduction 
in feed intake despite a 10% decrease in intermeal in-
terval. The more fermentable treatment nearly doubled 
the fractional rate of starch digestion in the rumen, 
increasing the contribution of VFA as fuels, especially 
propionate, and decreasing glucose from starch digested 
in the small intestine and lactate from glucose metabo-
lism in intestinal tissues.

Diets utilized in the feedlot industry result in reg-
ulation of feed intake primarily by metabolic signals 
rather than ruminal distention, and diet fermentabil-
ity can clearly influence DMI of feedlot cattle. In a 
meta-analysis, Galyean and Defoor (2003) found that 
decreasing dietary starch concentration by increasing 
dietary roughage (range: 0 to 30% of DM) in feedlot 
diets consistently increased DMI across 11 studies. Ef-
fects of additional roughage on DMI were not explained 
by relative changes in dietary NEg; therefore, effects of 
roughage concentration could not be attributed exclu-
sively to an energy dilution effect (Galyean and Defoor, 
2003). Similarly, decreasing diet starch concentration 
by substituting up to 40% of steam-flaked corn in a 
feedlot diet with wet corn gluten feed increased DMI 
by as much as 9%, resulting in greater ADG despite 
decreased feed efficiency (Parsons et al., 2007). Chang-
es in starch fermentability have consistent effects on 
DMI as well. Wheat (Fulton et al., 1979) and barley 
(Bengochea et al., 2005) depress DMI compared with 
corn, and corn decreases DMI compared with sorghum 
(Gaebe et al., 1998); these DMI responses are inversely 
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related to the relative availability of starch across grain 
types (Huntington, 1997). Increases in starch digest-
ibility due to more extensive grain processing (Brown 
et al., 2000; Bengochea et al., 2005) or increased grain 
moisture (Owens et al., 1997; Sindt et al., 2006) also 
decrease DMI. Besides increasing the amount of VFA 
produced per kilogram of OM consumed, increasing ru-
minal starch fermentation also increases propionate as 
a proportion of VFA absorbed. A signal to terminate 
meals is most likely caused by propionate for ruminants 
consuming high-starch diets (Allen, 2000) because its 
flux to the liver increases greatly during meals (Ben-
son et al., 2002), it is rapidly metabolized in the liver 
(Reynolds, 1995), and it can stimulate hepatic oxida-
tion.

Propionate. Hypophagic effects of propionate infu-
sions have been documented extensively for ruminants 
(Allen, 2000). The liver is likely involved in regulation 
of feed intake by propionate because hypophagic effects 
of portal infusions of propionate were eliminated by 
splanchnic blockade with anesthetic, bilateral splanch-
notomy, and hepatic vagotomy, as well as with total 
liver denervation in sheep (Anil and Forbes, 1988). 
Propionate was more hypophagic than acetate and bu-
tyrate when infused into the portal vein of sheep (Anil 
and Forbes, 1980), and infusion of propionate into the 
mesenteric vein of steers reduced feed intake, whereas 
acetate infused at similar rates did not (Elliot et al., 
1985). This is consistent with HOT because propionate 
can be oxidized (Knapp et al., 1992) and stimulate oxi-
dation in the liver, whereas hepatic acetate oxidation is 
negligible (Knapp et al., 1992).

Although propionate might be expected to decrease 
DMI compared with acetate because it has greater en-
ergy concentration, propionate linearly decreased ME 
intake compared with acetate in lactating cows when 
infused intraruminally as iso-osmotic mixtures (Oba 
and Allen, 2003f). As the proportion of propionate in-
creased, the reduction in ME intake from the diet ex-
ceeded that supplied from the infusate. Feed intake was 
reduced primarily through a linear reduction in meal 
size from 2.5 to 1.5 kg of DM as propionate increased 
from 0 to 100% of infusate, which indicates increased 
satiety. These studies suggest that the depression of 
feed intake by propionate cannot be explained simply 
by the additional energy supplied as propionate. It is 
unlikely that animals consume feed to meet their en-
ergy requirements per se but rather have fuel-specific 
mechanisms regulating feeding behavior.

Lactate. Formulation of diets to shift starch diges-
tion to the small intestine not only decreases propionate 
production, but also increases lactate absorption from 
glucose metabolism in the gut (Reynolds et al., 2003). 
This shift often results in greater feed intake, which 
is inconsistent with the hypothesis that feed intake is 
regulated to meet energy requirements (NRC, 2001). 
In contrast, HOT predicts increased feed intake in re-
sponse to shifting the site of starch digestion postrumi-
nally. Starch digested in the small intestine likely stim-

ulates hepatic oxidation less than ruminally fermented 
starch, especially within the timeframe of meals, be-
cause of the greater lag for starch passing the rumen, 
and because extraction of lactate from the blood by 
the liver is much less than propionate (Reynolds et al., 
2003). Extraction of lactate by the liver is probably less 
because metabolism of lactate to pyruvate is thermody-
namically unfavorable when cellular NAD/NADH is re-
duced. Therefore, because of differences in metabolism, 
HOT predicts that more energy can be absorbed in the 
form of lactate than propionate.

FA Oxidation

Dietary FA can reduce DMI and energy intake of 
dairy cows (Allen, 2000), but a role for hepatic oxi-
dation in the hypophagic effects of FA has not been 
demonstrated for ruminants. We know of only 2 experi-
ments with ruminants using metabolic inhibitors, likely 
because of the limited supply, cost, and quantities of 
agents required. In those experiments, mercaptoacetate 
(which blocks β-oxidation) failed to elicit an eating re-
sponse in goats (Scherrer, 1986) or in heifers fed a high-
fat diet (Choi et al., 1997). Differences in the ability of 
mercaptoacetate to elicit an eating response between 
ruminants and nonruminants is likely because activity 
of acetyl CoA synthetase is less in the ruminant liver 
(Ash and Baird, 1973) compared with nonruminants 
(Hanson and Ballard, 1967). Activation of mercaptoac-
etate to mercaptoacetyl CoA by acetyl CoA synthetase 
is likely required for competitive inhibition of acyl CoA 
dehydrogenases blocking β-oxidation (Bauché et al., 
1983).

Greater hypophagic effects of unsaturated C18 FA 
compared with saturated C18 FA, infused abomasally 
(Drackley et al., 1992) or fed in diets (Harvatine and 
Allen, 2006), is consistent with HOT because unsatu-
rated FA are more rapidly oxidized than SFA in rats 
(Leyton et al., 1987) and unsaturated FA were oxidized 
to a greater extent than stearic acid in bovine hepa-
tocytes (Mashek et al., 2002; Mashek and Grummer, 
2003). In addition, greater hypophagic effects of me-
dium-chain FA compared with LCFA (Dohme et al., 
2004; Hollmann and Beede, 2008) are consistent with 
HOT because of faster absorption and transport of me-
dium-chain FA into the mitochondria for oxidation as 
previously mentioned (Langhans, 1996). However, there 
are several other mechanisms likely contributing to hy-
pophagic responses to dietary FA, including decreased 
palatability of diets and release of satiety-inducing gut 
peptides. The most compelling indirect evidence to link 
the hypophagic effects of FA in ruminants to hepatic 
oxidation is the persistent depression of intake for ru-
minants in a lipolytic state, such as transition cows and 
stressed receiving calves. In these situations, hunger is 
likely suppressed from elevated liver energy status driv-
en by oxidation of NEFA mobilized from fat depots.

Transition Cows. Hyperlipidemia in the peripar-
turient period is caused by a reduction in insulin sensi-
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tivity of adipose tissues combined with a reduction in 
plasma insulin concentration; plasma insulin concen-
trations decline several weeks before parturition with 
a nadir below 6 µIU/mL at 4 d postpartum (Doepel et 
al., 2002). Cytokines, as well as GH and other homeor-
hetic signals, reduce insulin sensitivity and responsive-
ness of extrahepatic tissues and increase catecholamine 
responsiveness (Bell and Bauman, 1997). It is likely 
that lipolysis contributes to hypophagia rather than the 
reverse because plasma NEFA concentrations increase 
preceding periparturient hypophagia (Vasquez-Anon et 
al., 1994). These multiple metabolic changes result in 
plasma NEFA concentrations up to 10-fold greater in 
early lactation than during gestation (Ingvartsen and 
Andersen, 2000). Uptake of NEFA by the liver increases 
greatly (Reynolds et al., 2003), resulting in increased 
FA oxidation and triglyceride storage (Drackley and 
Andersen, 2006). Gluconeogenic capacity is compro-
mised by the increasing triglyceride concentration in 
the liver (Piepenbrink and Overton, 2003; Murondoti 
et al., 2004), increasing the time required to restore 
plasma glucose concentration.

Support for the role of FA oxidation in hypophagia 
of periparturient cows is provided by research that has 
focused on increasing hepatic FA oxidation, with the 
intent of preventing esterification and hepatic accumu-
lation of TG. Carnitine palmitoyltransferase transports 
FA into mitochondria, the step that is considered to 
be rate-limiting for β-oxidation, and carnitine supple-
mentation has been tested for its ability to increase 
the rate of mitochondrial transport. Feeding 100 g/d of 
carnitine to transition cows increased in vitro palmitate 
oxidation (Carlson et al., 2006) and decreased feed in-
take during the first 2 wk of lactation (Carlson et al., 
2007). Others have demonstrated that dietary inclusion 
of trans octadecenoic acids increases mRNA abundance 
of PPAR-α that serves as a master switch for hepatic 
oxidation of FA (Selberg et al., 2005); trans octade-
cenoic acids also depressed feed intake during wk 4 to 
6 of lactation (Selberg et al., 2004). Consistent with 
HOT, these methods of increasing hepatic FA oxidation 
depress feed intake of early lactation cows. Additional 
support is provided by responses of prepartum cows 
to 2,4 thiazolidinedione, a potent ligand for PPAR-γ 
that potentiates the action of insulin in peripheral tis-
sues (Smith et al., 2007). Administration of the agent 
for the final 25 d of gestation decreased plasma NEFA 
prepartum, decreased β-hydroxybutyric acid (BHBA)
as parturition approached, and tended to increase DMI 
in the peripartum period (Smith et al., 2007).

Hypophagia during the periparturient period is likely 
caused or exacerbated by stimulation of acetyl CoA oxi-
dation and generation of ATP during meals. We showed 
that propionate was more hypophagic for cows in a li-
polytic state in a dose-response experiment; low rates 
of propionate infusion decreased feed intake in early 
lactation cows, but not in mid-lactation cows (Oba and 
Allen, 2003a). Infusion of propionate at smaller doses 
increased plasma glucose concentration in both stages 

of lactation, suggesting that this rate of infusion did 
not overwhelm gluconeogenic capacity and likely did 
not greatly increase propionate oxidation. However, 
propionate likely stimulated oxidation of acetyl CoA, 
increasing ATP production in early lactation cows de-
spite the use of propionate for glucose production. This 
is supported by the observed decrease in plasma BHBA 
concentration in early lactation cows at lesser infusion 
rates, whereas NEFA remained elevated.

Stressed Receiving Calves. It is common for 
calves to exhibit depressed DMI for up to 3 wk af-
ter entering the feedlot (Hutcheson and Cole, 1986), 
which decreases performance and may have negative 
effects on the marbling potential of cattle (Gardner et 
al., 1999). Even under the best management conditions, 
newly received calves undergo substantial stress. Load-
ing and transport, even for only 30 min, results in ele-
vated plasma concentrations of cortisol and epinephrine 
(Locatelli et al., 1989; Agnes et al., 1990), and simply 
regrouping acclimated feedlot cattle increases plasma 
cortisol concentrations (Gupta et al., 2005). Additional 
stressors such as weaning (Hickey et al., 2003) and cas-
tration (Fisher et al., 1997) further stimulate release 
of stress hormones. Cortisol, epinephrine, and norepi-
nephrine are pleiotropic hormones, but each acts as a 
lipolytic agent. Therefore, the stress responses observed 
in receiving cattle typically result in lipolysis and el-
evated plasma NEFA concentrations (Reynaert et al., 
1976; Locatelli et al., 1989; Gupta et al., 2005). Al-
though DMI can be depressed by an adrenergic mecha-
nism independent of hepatic oxidation of FA (Brandt et 
al., 2007), this stress-induced increase in NEFA release 
might contribute to DMI depression in newly received 
cattle. Similar to the situation in the early lactation 
cow, elevated plasma NEFA provides a new oxidative 
substrate for the liver, generating additional ATP and 
suppressing feeding behavior.

Glycerol

Glycerol released from TG during lipolysis or ab-
sorbed from the gastrointestinal tract is metabolized 
in the liver to glycerol 3-phosphate and used in the 
gluconeogenic or glycolytic pathways. Like propionate, 
it can be converted to acetyl CoA and oxidized in the 
TCA cycle. However, unlike propionate, it can enter 
the gluconeogenic pathway without entering the TCA 
cycle, thereby increasing plasma glucose without stimu-
lating oxidation of acetyl CoA. Increased availability of 
glycerol from the biofuel industry has increased interest 
in feeding glycerol in diets. Experiments reported in the 
literature generally substituted glycerol for corn at feed-
ing rates of less than 5% of DM and reported no effect 
on feed intake. Failure of dietary glycerol to stimulate 
feed intake according to HOT is likely because of the 
low feeding rate and because glycerol is metabolized by 
ruminal microbes primarily to propionate (Bergner et 
al., 1995), resulting in little glycerol absorption.
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Efficacy of Ketosis Treatments

Among the most popular treatments for ketosis are 
oral drenches of gluconeogenic precursors, including 
propylene glycol and calcium propionate. Although 
both can theoretically increase plasma glucose and 
decrease plasma ketones by stimulating oxidation of 
acetyl CoA in the liver, their efficacy at doing so varies. 
Propylene glycol consistently decreases plasma NEFA 
concentrations and usually decreases plasma ketones, 
whereas calcium propionate does not (Overton and 
Waldron, 2004). Propylene glycol likely depresses feed 
intake to a lesser extent than propionate because it is 
converted to lactate in the liver and metabolized more 
slowly (Kristensen and Raun, 2007), and it is less likely 
to stimulate oxidation in the liver and cause satiety. 
Thus, calcium propionate may be a less effective treat-
ment because it depresses feed intake by stimulating 
hepatic oxidation of fuels.

Nitrogen Metabolism

Propionate and NEFA are primary fuels that cause 
hypophagia in ruminant animals (Allen, 2000), but AA 
are also extensively metabolized in the ruminant liver, 
especially with excess dietary protein intake and subse-
quent greater ammonia absorption. Lobley et al. (1995) 
reported that infusion of NH4Cl into the mesenteric 
vein increases leucine oxidation by splanchnic tissues. 
Ammonia detoxification via urea synthesis requires 
α-amino nitrogen removal (Reynolds, 1992; Parker et 
al., 1995), and carbon from AA catabolism is available 
for oxidative metabolism in the liver.

Hypophagic effects of urea and ammonium are docu-
mented in the literature. Wilson et al. (1975) supplied 
urea to dairy cows from diets or by dosing directly into 
the rumen and showed that feeding urea depresses DMI 
regardless of administration method. However, they did 
not detect treatment effects on blood ammonia concen-
tration. These observations indicate that hypophagia 
caused by ammonia or urea cannot be fully attributed 
to undesirable taste or ammonia toxicity. Ammonia 
metabolism is likely responsible for the hypophagia. 
Oba and Allen (2003d) showed that intraruminal infu-
sion of ammonium salt of VFA decreased feed intake of 
lactating dairy cows compared with that of sodium or 
potassium salts of VFA by decreasing meal frequency 
without affecting meal size, indicating that ammonium 
delays the sense of hunger.

It is noteworthy that hypophagic effects of ammo-
nium were exacerbated when infused with propionate 
compared with acetate (Oba and Allen, 2003e). Am-
monia decreases the utilization of propionate carbon for 
gluconeogenesis (Aiello and Armentano, 1987; Demigné 
et al., 1991; Overton et al., 1999) and increases propi-
onate oxidation (Aiello and Armentano, 1987; Overton 
et al., 1999). Therefore, oxidative metabolism in the 
liver may have been increased to a greater extent when 
ammonium was infused with propionate. Alternatively, 

propionate may have negative effects on urea synthesis 
in the liver (Choung and Chamberlain, 1995), which 
allows temporary capture of excess ammonia-N as glu-
tamine in perivenous hepatocytes (Häussinger et al., 
1992) and generation of ammonium from glutamine in 
periportal hepatocytes over time after meals. This ex-
tends urea synthesis and generation of oxidizable car-
bon from AA catabolism in the liver over a longer pe-
riod of time, which may explain delayed hunger caused 
by ammonium. Although several explanations are pos-
sible, the exacerbated hypophagia from propionate and 
ammonium is consistent with HOT.

ALTERNATIVE MECHANISMS

Control of feed intake is very complex, and alter-
native mechanisms have been proposed for control of 
intake by propionate and LCFA. Several of these alter-
natives to HOT are discussed in this section.

Specific Receptors

Receptors in the veins draining the splanchnic bed 
have been proposed for propionate in ruminants (Baile, 
1971), and G protein-coupled receptors (GPR41 and 
GPR43) that are activated by propionate have been 
identified recently (Brown et al., 2003). These receptors 
are also activated by acetate, and activation of GPR43 
was similar for acetate and propionate, but activation 
of GPR41 was ~10 to 35% greater for propionate than 
acetate depending upon concentration (Brown et al., 
2003). However, this is an unlikely mechanism for hypo-
phagia from propionate relative to acetate because ru-
minal production and flux of propionate from the por-
tal-drained viscera are unlikely to approach those for 
acetate, and peripheral concentrations of propionate 
are much less than acetate.

The existence of glucose receptors has been proposed 
(Novin et al., 1973) to explain hypophagia from glucose 
in a variety of nonruminants (Forbes, 1995). However, 
intestinal and intravenous glucose infusions have not 
decreased energy intake of ruminants (Allen, 2000). 
The absence of effects of portal glucose infusion on feed 
intake by sheep (Baile and Forbes, 1974) casts doubt 
on the hypothesis that sensory neurons in the portal 
vein mediate the hypophagic effects of glucose, given 
that mechanisms regulating feed intake are well con-
served across divergent species (Chiang and MacDou-
gald, 2003). There is broad consensus now that portal 
glucose infusions modulate feed intake of nonruminants 
through oxidation of glucose (Mobbs et al., 2005), but 
there is disagreement as to whether this occurs in sen-
sory neurons or hepatocytes. Because ruminant neural 
tissue metabolizes glucose (Lindsay and Setchell, 1976) 
and glucose does not cause hypophagia in ruminants, 
it seems unlikely that glucose oxidation in sensory re-
ceptors induces hypophagia. Rather, differences in hy-
pophagic effects of glucose infusion observed between 
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ruminants and nonruminants are likely because of dif-
ferences in hepatic oxidation of glucose as previously 
discussed. Likewise, the responses attributed to the 
proposed propionate receptor can be explained equally 
well by HOT.

Insulin

Although propionate is an insulin secretagogue and 
insulin is a putative satiety hormone, hypophagic ef-
fects of propionate infusions have been observed with-
out an increase in insulin (Frobish and Davis, 1977; 
Farningham and Whyte, 1993), and mechanisms exclu-
sively involving insulin do not explain the elimination 
of hypophagic effects of portal infusions of propionate 
by hepatic denervation. Insulin might have indirect ef-
fects on feed intake by increasing oxidation of gluco-
neogenic precursors in the liver by speeding clearance 
of fuels from the blood (Allen et al., 2005), and by 
decreasing lipolysis and NEFA supply to the liver. This 
might explain inconsistent intake effects of peripheral 
insulin administration reported in the literature (Hay-
irli et al., 2002); although increased hepatic oxidation 
of fuels likely causes satiety, increased clearance of fuels 
from the blood is expected to cause hunger.

Leptin

Leptin, a peptide hormone produced primarily by 
adipocytes, plays a central role in the regulation of feed 
intake. Propionate was recently shown to increase lep-
tin synthesis in rodents (Xiong et al., 2004). However, 
we reported that neither pulse-dose nor intermediate-
term propionate infusions increased plasma leptin con-
centration in cows (Bradford et al., 2006).

Central Nervous System

Fuels that cross the blood brain barrier might affect 
feeding behavior by mechanisms independent of hepatic 
oxidation. Hypophagia from propionate by direct effects 
on the central nervous system (CNS) rather than (or 
in addition to) peripheral effects are possible because 
propionate (and acetate) crosses the blood-brain bar-
rier by carrier-mediated transport (Oldendorf, 1973). 
Although hypophagic effects of central administration 
of propionate have not been reported to our knowledge, 
central lactate metabolism decreased food intake in rats 
(Lam et al., 2008), and GPR41 and GPR43 (discussed 
above) are expressed in the bovine CNS (Wang et al., 
2009). However, hypophagic effects of propionate from 
its direct effects on the CNS are much less likely than 
peripheral effects because 1) various methods of elimi-
nating vagal communication between the liver and the 
CNS have eliminated the hypophagic effects of infused 
propionate (Allen, 2000); 2) propionate infusions into 
the ruminal vein during spontaneous meals decreased 
feed intake of sheep, but infusions of larger amounts 
into a jugular vein did not (Baile, 1971); and 3) propi-

onate is more hypophagic for early lactation cows with 
much greater plasma ketone concentrations than mid-
lactation cows (Oba and Allen, 2003a), even though 
propionate transport across the blood-brain barrier 
can be inhibited by ketone bodies (Conn et al., 1983). 
Long-chain free FA cross the blood brain barrier in pro-
portion to their concentration in the blood and might 
control feeding behavior (Lam et al., 2005). However, 
stimulation of feeding by inhibition of FA oxidation by 
mercaptoacetate was eliminated by hepatic vagotomy 
(Langhans and Scharrer, 1987b), suggesting that FA 
oxidation in tissues innervated by the hepatic vagus 
controls feeding behavior.

Small Intestine

The hepatic vagus innervates the small intestine as 
well as the liver, and results from experiments with 
hepatic vagotomy must be interpreted with caution 
(Berthoud and Neuhuber, 2000). Langhans (2008) sug-
gested that oxidation of FA in enterocytes might pro-
vide a signal to brain feeding centers because mercap-
toacetate infused into the pancreatico-duodenal artery 
(targeting the proximal duodenum) increased the firing 
rate of single units from the hepatic vagus, and this re-
sponse was blocked by infusion of lidocaine into the in-
testinal lumen. Langhans (2008) further suggested that 
the liver might not be involved in the control of eat-
ing by FA oxidation because inhibition of β-oxidation 
by mercaptoacetate failed to stimulate eating when 
FA oxidation was elevated by fasting or adrenorecep-
tor agonists. However, this evidence is insufficient to 
refute the role of the liver in control of eating by FA 
oxidation because the agent used to inhibit β-oxidation 
stimulates satiety through adrenergic mechanisms as 
discussed by Allen and Bradford (2009). Although FA 
oxidation in enterocytes might contribute to the con-
trol of feed intake, it does not preclude control of feed 
intake by hepatic oxidation.

MODEL OF CONTROL OF FEED INTAKE 
BY HOT IN RUMINANTS

By integrating the effects of various metabolic fuels 
on feeding behavior, we developed a conceptual model 
by which feed intake may be controlled in ruminants 
according to HOT (Figure 2). Hepatic oxidation in-
creases throughout meals, increasing the energy sta-
tus of hepatocytes and decreasing the discharge rate of 
hepatic vagal afferents, causing satiety. Hepatic oxida-
tion then declines after meals, decreasing the energy 
status of hepatocytes, increasing the discharge rate of 
the hepatic vagus, and causing hunger. Signals from 
the hepatic vagal afferents are integrated in the nucleus 
tractus solitarius of the hind-brain before being relayed 
to the hypothalamus (Forbes, 1992).

Propionate is rapidly taken up by the liver within 
meals and is converted to TCA cycle intermediates 
in the mitochondria. Although propionate is used for 
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gluconeogenesis, there is increased flux of carbon from 
propionate through pyruvate kinase (Steinhour and 
Bauman, 1988), allowing oxidation depending upon the 
fate of pyruvate. If energy charge is low, pyruvate is 
oxidized in the TCA cycle as acetyl CoA, and if en-
ergy charge is high, acetyl CoA allosterically activates 
pyruvate carboxylase, converting pyruvate to oxaloac-
etate in a futile cycle that has been shown to occur in 
24-h fasted rats (Petersen et al., 1994). Oxidation of 
propionate within a meal increases the energy state of 
hepatocytes, generating a satiety signal to terminate 
the meal. Hepatic oxidation of NEFA is limited during 
meals because increased insulin release inhibits lipolysis 
in adipose tissue and uptake of NEFA by the liver (Vasi-
latos and Wangsness, 1980) and because propionate in-
hibits β-oxidation of FA by decreasing FA transport 
into mitochondria (Jesse et al., 1986) and by decreasing 
activity of fatty acyl CoA dehydrogenase (Emery et al., 
1992). Hunger is stimulated as gluconeogenesis depletes 
the hepatic ATP pool over time.

Fatty acids are oxidized in the mitochondria by 
β-oxidation to acetyl CoA, which can be further oxi-
dized to CO2 in the TCA cycle or exported as ketones. 
The shortage of glucose precursors from increased glu-
cose demand and increased FA oxidation in the liver 
of transition cows leads to a lack of TCA-cycle inter-
mediates (Zammit, 1990). This environment results in 

a buildup of the intracellular acetyl CoA pool and ex-
port of ketone bodies (Drackley and Andersen, 2006). 
One possible mechanism inhibiting oxidation of acetyl 
CoA is the buildup of NADH from β-oxidation of 
NEFA (Lopes-Cardozo et al., 1975). However, reduc-
ing equivalents are consumed by ketogenesis as well as 
ATP production for basal metabolism and gluconeo-
genesis. Hepatic mitochondrial NADH concentration 
might not be elevated immediately postpartum because 
the ratio of the concentrations of β-hydroxybutyrate 
to acetoacetate in the liver and blood decreases during 
ketosis in ruminants (Bergman, 1971), but conversion 
of acetoacetate to β-hydroxybutyrate would be stimu-
lated by greater concentrations of NADH. Other evi-
dence suggests that cytosolic NADH concentration also 
might not be elevated immediately postpartum because 
extraction of lactate (absolute amount and as a propor-
tion of supply) by the liver was greatest at 11 d in milk 
(DIM; 45.9%) declining to 15.9% by 83 DIM (Reyn-
olds et al., 2003). This would not occur if NADH con-
centration is elevated postpartum because conversion 
of lactate to pyruvate is inhibited by greater concentra-
tions of NADH. Conversion of lactate to pyruvate may 
also be limited by lactate dehydrogenase concentration, 
but gene expression changes were not detected for this 
enzyme through the transition period up to 49 DIM 
(Loor et al., 2006).

Figure 2. Model by which feed intake might be regulated according to the hepatic oxidation theory. Solid lines show the flow of carbon, where-
as dashed lines show stimulation/inhibition of flow. Propionate uptake by the liver can be used for gluconeogenesis, utilizing ATP, or oxidized in 
the tricarboxylic acid (TCA) cycle through acetyl CoA, producing ATP and stimulating satiety. Acetyl CoA produced from β-oxidation of fatty 
acids and other ketogenic fuels is oxidized in the TCA cycle or exported as ketones. Decreased insulin concentration, increased insulin resistance, 
and stress increase lipolysis, thereby increasing the pool of acetyl CoA through β-oxidation of NEFA. Propionate uptake during meals stimulates 
oxidation of acetyl CoA to CO2, rapidly generating ATP and stimulating satiety.
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Even if NADH concentration is elevated from 
β-oxidation of FA in the postpartum period, energy 
charge is likely variable throughout the day because 
oxidative phosphorylation (and ATP generation) might 
be limited if concentrations of CO2 are decreased; oxi-
dative phosphorylation is modulated by CO2 through 
a feed-forward mechanism via the mitochondrial solu-
ble adenylate cyclase signaling cascade (Acin-Perez et 
al., 2009) and CO2 is not produced by β-oxidation of 
FA. However, propionate flux to the liver during meals 
stimulates oxidation of acetyl CoA in the TCA cycle, 
providing CO2 to stimulate oxidative phosphorylation 
(and ATP generation).

Oxidation of acetyl CoA is further enhanced by de-
creasing export as ketones because propionate inhibits 
ketogenesis in the ruminant liver (Faulkner and Pollock, 
1986) by decreasing the activity of HMG-CoA synthase 
(Lowe and Tubbs, 1985). Oxidizing the pool of acetyl 
CoA rather than exporting it dramatically increases 
ATP production; for each cycle of β-oxidation of FA, 
one molecule each of acetyl CoA, FADH2, and NADH 
are produced, potentially yielding ~14 ATP if the acetyl 
CoA is oxidized in the TCA cycle but only ~3 ATP if the 
acetyl CoA is converted to β-hydroxybutyrate. There-
fore, hepatic FA oxidation likely contributes to satiety 
by generating ATP when propionate is absorbed, and 
negative energy balance is further exacerbated because 
intake depression limits insulin secretion and promotes 
continued lipolysis.

APPLICATION TO RUMINANTS

Control of feed intake by hepatic oxidation likely be-
comes more dominant as nutrient requirements and the 
filling effect of diets decrease, diminishing the signal 
from gut distension (Allen, 1996). However, additive ef-
fects of ruminal distension by inflation of a balloon and 
intraruminal infusion of VFA were reported for lactat-
ing cows (Mbanya et al., 1993), suggesting that control 
of feed intake by distension and hepatic oxidation are 
not mutually exclusive. Hepatic oxidation likely con-
trols feed intake to a greater extent for ruminants in 
a feedlot setting consuming high-starch diets, for cows 
with low nutrient requirements, and for animals in a li-
polytic state (e.g., periparturient and stressed animals) 
than for ruminants fed high-forage diets or with very 
high nutrient requirements such as cows at peak lacta-
tion.

Prepartum Cows

The control of feed intake may be dominated by 
signals from gut distension for dry cows greater than 
several weeks before parturition, but the contribution 
from hepatic oxidation likely increases as lipolysis in-
creases and they are switched to a more energy-dense 
diet closer to parturition. However, composition of diets 
fed during this period varies greatly and the relative 
contribution of gut distension to the control of feed 

intake increases as the forage fiber concentration in-
creases. Increasing feeding of grain prepartum has not 
provided consistent benefits for DMI, milk yield, or 
liver triglyceride concentration postpartum (Grummer, 
2008). Although feeding high grain diets might stimu-
late insulin to limit lipolysis, they also decrease the 
filling effect of the diet. Increased rumen fill from high 
forage diets fed prepartum has several potential bene-
fits. Limitation of energy intake prevents excessive lipid 
accumulation during late gestation and may improve 
postpartum feed intake (Agenäs et al., 2003; Murondoti 
et al., 2004; Douglas et al., 2006) by decreasing the pool 
of FA available for lipolysis and subsequent hepatic oxi-
dation, consistent with HOT. In addition, the greater 
pool of ruminal digesta and longer ruminal retention 
time provides energy to sustain animals through calv-
ing and buffering capacity when cows consume the more 
fermentable lactating diet. Although limiting energy 
intake by increasing the forage fiber concentration of 
diets may provide benefits, the optimum fermentability 
of starch in the diet is not clear and requires more re-
search. Limited research suggests benefits of increased 
starch fermentability before calving. Increasing dietary 
starch fermentability during the dry period numerically 
increased plasma insulin concentration and decreased 
plasma NEFA concentration by 42% in the final 10 d 
before calving; this increase in prepartum diet ferment-
ability tended to increase feed intake during the first 63 
d of lactation (Dann et al., 1999).

Lactating Cows

Further increases in lipolysis after parturition, com-
bined with greater starch diets, likely suppress feed in-
take because rapid production and absorption of propi-
onate stimulates oxidation of acetyl CoA. If feed intake 
of fresh cows is controlled primarily by hepatic oxida-
tion, diets with moderate forage fiber concentrations 
might benefit cows. Forage fiber increases rumen fill, 
decreasing the risk of abomasal displacement, and in-
creases acetate production, sparing glucose utilization 
by extrahepatic tissues (Head et al., 1964), although 
acetate might spare glucose to a lesser extent in early 
lactation compared with mid lactation (Oba and Allen, 
2003a). Although research is needed to evaluate effects 
of concentration and fermentability of starch on feed 
intake response, starch sources with moderate ruminal 
fermentability and high digestibility in the small intes-
tine such as dry ground corn will likely provide more 
glucose precursors primarily by increasing feed intake.

Milk yield increases rapidly after parturition, and 
over the next several weeks, increasing plasma glucose 
stimulates insulin secretion, thereby decreasing lipolysis 
and plasma NEFA concentration. Because less NEFA is 
available for oxidation, the acetyl CoA concentration 
in the liver decreases, decreasing ketone output by the 
liver. Lack of acetyl CoA and increased glucose demand 
limit oxidation of fuels in the liver, and satiety signals 
to the brain decrease. As milk yield increases further 
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and feed intake control by hepatic oxidation diminishes, 
control is dominated by distension from gut fill, and 
cows should be offered a diet that is less filling and 
more fermentable. This change in the dominant mecha-
nism of intake regulation might occur only 7 to 10 d 
after calving for some cows in the herd or more than 3 
wk for others; the best signs that hepatic oxidation is 
less limiting are less plasma NEFA and ketone concen-
trations and steadily increasing feed intake.

As energy requirements decrease after peak milk 
yield, control of feed intake by gut distension gradually 
diminishes and control by hepatic oxidation increases. 
Increased insulin concentration and insulin sensitivity 
of tissues affect the feed intake response to highly fer-
mentable diets (Bradford and Allen, 2007). Extent of 
depression in feed intake by a more fermentable diet 
was positively related to plasma insulin concentra-
tion; chronic high plasma insulin concentrations may 
be indicative of adequate nutritional status and may 
provide negative feedback on hepatic gluconeogenesis. 
This relationship is consistent with HOT because de-
creased use of propionate for glucose production leads 
to greater propionate oxidation and decreased feed in-
take. Individual cows with an adequate supply of gluco-
genic precursors may respond to a further increase in 
supply by decreasing DMI. In addition, insulin response 
to glucose infusion was negatively related to the extent 
of depression in feed intake by the more fermentable 
diet, which might be because cows with strong respons-
es to increased plasma glucose concentration are able 
to clear nutrients from the bloodstream more quickly 
after meals, potentially decreasing intermeal interval. 
Although insulin concentration and sensitivity of tis-
sues to insulin increase as lactation progresses, depres-
sion in feed intake from the more fermentable diet was 
not related to days in lactation or milk yield. Thus, 
hypophagic effects of propionate vary greatly and op-
timal diet formulation depends upon the physiological 
state of animals.

Limiting Lipolysis. A wide variety of approach-
es have been used in the attempt to manipulate lipid 
metabolism of dairy cows in the periparturient period. 
Among the most successful and widely adopted practic-
es is the careful management of body condition during 
the dry period (NRC, 2001). Excessive body condition 
at parturition results in dramatically increased plasma 
NEFA concentrations when periparturient lipolysis oc-
curs. Several studies have demonstrated that feed in-
take decreases to a greater extent in overweight cows 
compared with cows managed for moderate BCS at 
calving (Garnsworthy and Topps, 1982; Holter et al., 
1990). The most important hormonal regulators of lipid 
and carbohydrate metabolism are insulin and glucagon, 
and several groups have studied the potential use of 
exogeneous hormone treatment to prevent periparturi-
ent disorders. Despite the fact that adipose tissue in 
early lactation cows is relatively insensitive to insulin, a 
small dose of insulin 3 d postpartum decreased plasma 
NEFA and BHBA and hepatic TG concentrations and 

increased feed intake of dairy cows (Hayirli et al., 2002). 
However, greater doses of insulin caused hypoglycemia, 
failed to decrease plasma NEFA concentration, and did 
not increase feed intake. Administration of exogenous 
glucagon stimulates insulin secretion and offers the ad-
vantage of preventing hypoglycemia because glucagon 
directly stimulates gluconeogenic flux. Subcutaneous 
administration of glucagon decreased plasma NEFA 
concentration and tended to increase feed intake over 
control after 7 d of treatment (Nafikov et al., 2006). 
Potential stressors should be reduced as much as pos-
sible during the periparturient period because cortisol 
and catecholamines act as lipolytic agents as previously 
mentioned.

Feed additives might be options to reduce lipoly-
sis. Although niacin has antilipolytic properties and is 
commonly included in diets to reduce lipolysis in the 
periparturient period, there has been little benefit of 
supplemental niacin for reducing plasma NEFA concen-
trations (NRC, 2001). This is likely because the amount 
supplemented (≤12 g/d) was inadequate to elicit a re-
sponse. Most niacin is degraded in the rumen (Santschi 
et al., 2005) and plasma NEFA concentration of cows 
was decreased by a much larger dose (45 g/d; French, 
2004) or abomasal administration (Pires and Grum-
mer, 2007). Large doses of niacin or ruminally protect-
ed niacin may have promise for reducing lipolysis in the 
peripartum period (Grummer, 2008). Chromium is a 
component of the glucose tolerance factor and potenti-
ates the action of insulin, and supplementing chromium 
may also be an effective method of preventing lipolysis 
(Grummer, 2008).

Feedlot Animals

The effects of diet fermentability on feed intake may 
not be the primary concern in a feedlot setting. Grain 
processing has relatively large effects on total-tract 
starch digestibility, and processing can often improve 
feed efficiency. However, in some cases, greater diet fer-
mentability depresses DMI enough to decrease animal 
performance despite improvements in feed efficiency 
(Zinn, 1993; Owens et al., 1997; Swingle et al., 1999; 
Parsons et al., 2007). The relative economic importance 
of feed efficiency vs. ADG varies with feed and yard-
age costs as well as interest rates, and in some cases, 
maximizing ADG may be worthwhile even in the face 
of reduced feed efficiency. In addition, excessive diet 
fermentability can cause volatile DMI in feedlot cattle 
(Owens et al., 1998), and this fluctuation in DMI is 
associated with decreased performance, feed efficiency, 
and health. Clearly, understanding and predicting in-
take responses to diets are important in the feedlot in-
dustry, whether or not maximizing intake is the goal.

Similar to the situation with periparturient cows, the 
proper dietary approach to promote DMI in receiving 
calves is not simple. Long periods without feed from 
shipping long distances and the stress of shipping in-
crease fat mobilization. Although excessively ferment-
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able diets might further suppress feed intake because 
of propionate stimulating complete oxidation of FA, a 
low-concentrate diet may allow for continued lipolysis 
and the resulting hypophagia because it would not ad-
equately stimulate insulin release. This may explain re-
sponses to monensin inclusion in a receiving ration as 
reported by Burrin et al. (1988). Monensin was fed at 0, 
11, or 33 mg/kg in a diet containing 75% concentrate for 
the first 6 d, followed by a 95% concentrate ration with 
the same monensin treatments. Including monensin at 
11 mg/kg numerically increased DMI over the first 28 
d on feed, but the 33 mg/kg inclusion rate significantly 
decreased DMI by 10% (Burrin et al., 1988). Enhanced 
propionate production by monensin may have benefited 
DMI at the smaller inclusion rate by promoting insulin 
secretion and suppressing lipolysis but may have pro-
vided enough oxidative substrate to directly increase 
hepatic ATP concentration and suppress feeding be-
havior with the greater inclusion rate.

Although it has been clearly demonstrated that feed-
ing 80 to 100% forage to receiving calves decreases DMI 
(Lofgreen et al., 1975; Lofgreen and Kiesling, 1985), 
the optimal energy density for receiving rations is not 
as clear. Berry et al. (2004) found that low-energy di-
ets (55% concentrate) increased DMI compared with 
greater-energy diets (65% concentrate) during the first 
42 d on feed, independent of dietary starch concentra-
tion. In contrast, Fluharty and Loerch (1996) reported 
increased DMI in the first week on feed when calves 
were fed a ration containing 85% concentrate compared 
with a 70% concentrate ration. The reason for these 
conflicting results may be that the metabolic states of 
the calves were different in each study. Of the studies 
in which energy density altered DMI in the receiving 
phase (range of 50 to 85% concentrate), those with the 
greatest morbidity rates (≥50%) found that reduced 
energy density improved DMI (Lofgreen et al., 1981; 
Fluharty et al., 1994; Berry et al., 2004), but those 
groups with lesser morbidity rates (≤43%) responded 
to greater energy density with greater DMI (trials 2 
and 3 in Fluharty and Loerch, 1996). If morbidity is a 
useful indicator of overall stress, these results hint at 
the conclusion that more stressed calves are better able 
to maintain DMI when fed diets with moderate energy 
densities.

The proposed role of NEFA as an intake suppressant 
in stressed receiving calves may also explain the ben-
eficial effects of supplemental chromium in these situ-
ations. High dietary chromium increases insulin sensi-
tivity in cattle (Sumner et al., 2007), which would be 
expected to promote lipogenesis and suppress lipolysis, 
resulting in reduced plasma NEFA concentration. In-
clusion of high-chromium yeast in a receiving diet tend-
ed to increase DMI by 10% relative to controls in one 
study (Moonsie-Shageer and Mowat, 1993), although 
plasma NEFA response to treatment was not reported.

Considering responses to monensin and chromium 
inclusion as well as energy density, it seems clear that 
stressed receiving calves are more susceptible to diet-

induced DMI depression than acclimated feedlot cattle. 
The negative energy balance experienced by many of 
these newly received animals results in greater deliv-
ery of FA to the liver, and if this is combined with an 
excess of propionate or diet-derived FA, hepatic oxida-
tion of these fuels may induce a suppression of feeding 
behavior.

Altering Propionate Flux to the Liver

Dietary Starch Concentration. Decreasing pro-
pionate production and absorption will likely increase 
meal size and possibly feed intake because propionate 
is likely the primary fuel stimulating hepatic oxidation 
within meals. Propionate is a primary end product of 
starch fermentation, and production rates vary greatly 
among diets fed to ruminants because of large differ-
ences in starch concentration and fermentability (Allen, 
2000). Therefore, the rate of propionate production and 
absorption within meals can be manipulated by diet 
formulation to alter feed intake of ruminants. Rate of 
propionate production can be decreased by reducing 
starch concentration and fermentability and by increas-
ing efficiency of microbial protein production from OM, 
and absorption rate is likely to be reduced by inhibiting 
ruminal motility (Allen et al., 2006).

Starch concentration of diets is often reduced by sub-
stituting forage or nonforage fiber sources (NFFS) such 
as beet pulp or soyhulls for cereal grains. Dilution of 
starch in the diet has the added benefit of reducing the 
fermentation rate of the starch remaining when starch 
concentration is decreased by adding forage (Oba and 
Allen, 2003c) or NFFS (Voelker and Allen, 2003), re-
ducing the rate of propionate production. The optimal 
strategy depends upon the relative cost of ingredients, 
efficiency of feed utilization, and animal production 
response. Longer fiber particles from forage compared 
with NFFS might increase dietary fiber digestibility by 
increasing ruminal pH through stimulation of rumina-
tion and by increasing ruminal retention of fiber (Allen, 
1997); however, forage fiber is very filling and forages 
might limit feed intake compared with NFFS (Allen, 
2000). Therefore, when ruminal distension contributes 
to the control of feed intake, substitution of NFFS for 
grain might be a better choice than substitution of for-
age.

Site of Starch Digestion. Substitution of a less 
fermentable starch source is an option when feed intake 
is depressed by a rapidly fermented starch source. Al-
though ME concentration can be greater when starch 
is ruminally fermented (Huntington, 1997), DMI can be 
depressed, decreasing energy intake. Barley increased 
ruminal starch digestibility with no effect on total tract 
digestibility of organic matter, but feed intake of lac-
tating cows was decreased 13% compared with ground 
corn (McCarthy et al., 1989). Altering dietary starch 
fermentability will likely be more desirable than replac-
ing starch with fiber for ruminants with high glucose 
demand, such as early lactation cows, because small 

Allen et al.3328

 at Univ of Kentucky on December 10, 2009. jas.fass.orgDownloaded from 

http://jas.fass.org


intestinal starch digestion yields more glucose precur-
sors than ruminal fermentation of fiber. It is important 
to note that the fraction of glucose precursors provided 
by starch fermentation in the large intestine is much 
less than in the rumen or small intestine because car-
bon used to produce microbial cells is lost in the feces. 
Therefore, careful consideration of site of starch diges-
tion is very important to maximize the yield of glucose 
precursors over time. Starch sources with less ruminal 
digestibility should be very digestible in the small intes-
tine to provide the greatest yield of glucose precursors. 
For instance, dry ground and cracked corn slow the rate 
of propionate production in the rumen compared with 
high-moisture corn, but the ground corn will provide 
more glucose precursors because of greater digestibility 
in the small intestine and total tract.

Rate of Propionate Absorption. Ruminal mo-
tility affects the rate of propionate absorption because 
mixing of ruminal contents is required to replenish its 
supply at the ruminal epithelium where it is absorbed 
(Allen, 1996). Therefore, ruminal motility likely af-
fects the rate at which propionate stimulates oxida-
tion within meals. Ruminal motility is affected by diet 
and is likely increased by physically effective fiber and 
decreased by LCFA, butyrate, and bioactive peptides. 
Long fiber particles increase distension and likely in-
crease ruminal motility by stimulation of mechanore-
ceptors in the reticulum and cranial sac (Leek, 1969). 
Infusion of unsaturated LCFA inhibited motility in 
sheep (Nicholson and Omer, 1983), possibly via re-
lease of cholecystokinin (CCK), because CCK inhibits 
gastric emptying (Reidelberger, 1994) and LCFA in-
creased plasma CCK in lactating cows (Choi et al., 
2000). Although decreased motility might increase meal 
size by slowing the rate of propionate absorption, fat 
can depress feed intake by other mechanisms including 
increasing gut distension (Moran and McHugh, 1982). 
Ruminal contractions are inhibited by undissociated 
VFA (Crichlow, 1988) and butyrate has greater effects 
than propionate or acetate (Shinozaki, 1959; Crichlow, 
1988). Effects of buytyrate on rate of propionate flux 
to the liver are difficult to predict because butyrate is 
preferentially oxidized by ruminal epithelium, sparing 
propionate (Ash and Baird, 1973) and counteracting 
the effect of butyrate on rate of propionate absorption. 
Finally, bioactive peptides called exorphins, released 
from digestion of feed proteins and absorbed intact, 
modulate gastrointestinal motility (Froetschel, 1996) 
and abomasal infusion of casein decreased ruminal mo-
tility in steers (Kil and Froetschel, 1994).

Nitrogen Metabolism. The role of N metabo-
lism in feed intake regulation has important practical 
implications. In early lactation, when glucose demand 
increases substantially, AA from body protein catabo-
lism contribute to gluconeogenesis to a greater extent 
(Overton et al., 1999). Although the majority of AA 
carbon is utilized for gluconeogenesis, carbon from ke-
togenic AA needs to be oxidized, which may decrease 
the threshold for metabolic fuels from diets to cause 

hypophagia. Although greater dietary protein intake is 
associated with enhanced ammonia-N flux, it is diffi-
cult to evaluate specific hypophagic effects of ammonia 
as greater dietary protein intake can delay satiety in-
directly. For example, increasing protein concentration 
of diets is achieved by decreasing the dietary concen-
tration of readily fermentable carbohydrates or forage 
fiber, which reduces propionate flux from the rumen 
and rumen fill, respectively. Greater distension can also 
be caused if rumen undegraded protein reduces ruminal 
motility as discussed above. Conversely, greater dietary 
protein intake may promote DMI in some cases via de-
creased energy spilling by ruminal microbes, increasing 
efficiency of microbial protein production (Van Kessel 
and Russell, 1996) and decreasing yield of propionate 
and other VFA from fermented organic matter (Allen, 
1997).

SUMMARY AND CONCLUSIONS

Control of food intake is multifaceted with alternate 
and redundant mechanisms that are integrated in brain 
feeding centers. Contribution of signals from hepatic 
oxidation of fuels to the control of feed intake has been 
demonstrated in nonruminants, and this HOT is ap-
pealing because of its simplicity and broad explanatory 
power (Friedman, 1995). The HOT model is consistent 
with 1) differences in hypophagic effects of glucose infu-
sions between ruminants and nonruminants, 2) greater 
hypophagia from propionate compared with acetate 
infusion, 3) elimination of hypophagic effects of propi-
onate by hepatic vagotomy, 4) depression of feed intake 
by increased ruminal starch fermentation, 5) efficacy 
of ketosis treatments, 6) hypophagia during the peri-
parturient period (especially for overconditioned cows), 
7) effects of insulin and glucagon on feed intake, 8) 
hypophagic effects of stimulating hepatic FA oxidation 
in transition cows, and 9) stimulation of feed intake 
by inhibiting hepatic FA oxidation in transition cows. 
Therefore, HOT provides a unifying mechanism for 
explaining behavioral responses to changes in nutrient 
digestion and metabolism. Although more research is 
needed to better understand animal response to diets, 
we believe that HOT can help to formulate diets to 
improve animal health and farm profitability.
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