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Abstract

Rumen fermentation of carbohydrates produces volatile fatty acids (VFA),
which are transported across the rumen epithelium via passive diffusion, anion
exchange between volatile fatty acid anions (VFA-) and bicarbonate (HCO3-),
nitrate-sensitive VFA absorption, proton-coupled VFA- transport, and electro-
genic pathways, thereby providing energy for ruminants. Concurrently, VFA
stimulates adaptive changes in the rumen epithelium, promoting rumen papillae
growth and enhancing the expression of genes related to VFA absorption in
the rumen epithelium. This review summarizes the absorption and transport
mechanisms of VFA in the rumen epithelium and the associated genes, aiming
to provide a theoretical foundation for further research on rumen nutritional
regulation.
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Abstract: Volatile fatty acids (VFAs) produced by ruminal fermentation of di-
etary carbohydrates are translocated across the ruminal epithelium through mul-
tiple pathways including passive diffusion, anion exchange between VFA and
bicarbonate (HCO ), nitrate-sensitive VFA absorption, proton-coupled VFA
transport, and electrogenic-mediated mechanisms, providing energy for rumi-
nants. Simultaneously, VFAs stimulate adaptive changes in the ruminal epithe-
lium, promoting papillae growth and upregulating gene expression associated
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with VFA absorption. This review synthesizes current understanding of VFA
absorption and transport mechanisms in the ruminal epithelium and examines
the related gene expression patterns, aiming to provide a theoretical foundation
for further research on ruminal nutritional regulation.

Keywords: ruminant; rumen volatile fatty acid; absorption mechanism; gene
expression

Ruminal absorption of volatile fatty acids (VFAs) represents a crucial energy
source for animals, supplying approximately 75% of total metabolizable energy.
VFAs produced through ruminal fermentation are partially absorbed by the
ruminal epithelium, partially neutralized by saliva, and the remainder passes
into the small intestine with digesta. The ruminal epithelium plays a pivotal
role in VFA uptake, metabolism, and transport into the bloodstream. VFAs
enter ruminal epithelial cells and associated tissues through various absorption
mechanisms, a process that stimulates adaptive changes in the rumen and is es-
sential for ruminant physiological functions across all life stages. As weak acids,
VFAs dissociate hydrogen ions that affect ruminal pH. Under high-concentrate
feeding conditions, elevated VFA concentrations cause ruminal pH to decline.
If pH remains chronically low, it alters ruminal microbiota and fermentation
patterns, potentially damaging ruminal epithelial barrier function and conse-
quently impairing VFA absorption. Therefore, investigating the mechanisms of
VFA absorption in the ruminal epithelium and the associated genes is critical
for developing ruminal nutritional regulation systems in ruminants and holds
significant practical implications for production.

1. Production of VFAs in the Rumen

Dietary carbohydrates fermented by rumen microbes produce VFAs as usable
end products, as illustrated in [Figure 1: see original paper][2]. The primary
VFAs—acetate, propionate, and butyrate—constitute 40-70%, 15-40%, and 10-
20% of total VFAs (TVFAs), respectively, serving as the main energy source that
provides over 75% of metabolizable energy for ruminants. Research indicates
that differences in VFA concentration and composition in the rumen fundamen-
tally stem from dietary composition variations, primarily neutral detergent fiber
content, which affects microbial populations, species diversity, and the activity
and proportions of various microbes, ultimately influencing intraruminal VFA
concentrations. Kolver et al. reported that increasing dietary concentrate pro-
portion elevates VFA concentration and improves ruminant performance metrics
such as milk yield. However, as weak acids, most VFAs dissociate in the rumen,
releasing H and lowering ruminal pH. When VFA concentrations exceed the
rumen’ s capacity for neutralization, subacute ruminal acidosis may occur.

The main metabolic pathways for carbohydrate fermentation to VFAs by rumen
microbes are shown in [Figure 1: see original paper][2].
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2. Absorption of VFAs by the Rumen Epithelium

The rumen functions as an anaerobic fermentation vat, producing VFAs, carbon
dioxide, and ammonia simultaneously. As the most important end products of
carbohydrate fermentation, VFAs are primarily absorbed through the ruminal
epithelium into the bloodstream, providing adequate energy substrates for rumi-
nants. Studies show that 50-85% of rumen-produced VFAs are absorbed by the
ruminal epithelium, with the remainder absorbed in the omasum and aboma-
sum. Due to differences in VFA types and molecular sizes, absorption rates vary.
When ruminal pH 7.0, absorption rates follow the order: acetate > propionate
> butyrate; when pH < 7.0, this order reverses. Feng et al. directly infused goats
with acetate solutions at low [0.5 g/(kg+d)], medium [1.0 g/(kg-d)], and high [2.0
g/(kg-d)] doses, measuring VFA concentrations 4 hours post-infusion. All three
doses significantly increased ruminal acetate concentration. Low and medium
doses did not significantly alter propionate or butyrate concentrations, whereas
high-dose infusion caused a dramatic decrease in both. This occurred because
all infusion doses exceeded the epithelium’ s acetate absorption capacity, leading
to acetate accumulation. The high acetate dose lowered ruminal pH, altering
absorption kinetics such that the epithelium preferentially absorbed propionate
and butyrate, thereby reducing their ruminal concentrations.

2.1 Possible Mechanisms of VFA Absorption in the Rumen Epithe-
lium

Extensive research has investigated VFA absorption mechanisms, though the
precise processes remain incompletely understood. [Figure 2: see original pa-
per] illustrates current understanding of VFA absorption and ruminal pH stabi-
lization mechanisms. Five potential mechanisms exist: First, passive diffusion
allows lipophilic VFAs to directly cross ruminal walls into blood, with absorp-
tion extent and rate dependent on concentration gradients between ruminal
fluid and blood. However, passive diffusion has limitations. VFAs can only dif-
fuse through epithelial phospholipid bilayers in their undissociated state. When
ruminal pH decreases, the proportion of undissociated VFAs increases, enhanc-
ing passive diffusion rates. However, under normal ruminal pH conditions, the
undissociated fraction remains low. With a pKa of approximately 4.8, over 90%
of VFAs remain dissociated even at pH 5.8, limiting passive diffusion to a small
fraction. Additionally, while VFAs exhibit lipophilicity in the order butyrate >
propionate > acetate, in vitro studies show similar absorption rates when con-
centrations are equal. Increasing TVFA concentration from 10 to 50 mmol/L
only increased acetate and butyrate absorption rates by 2.1-fold and 2.4-fold,
respectively, indicating passive diffusion plays only a modest role.

Second, anion exchange between VFA and HCO occurs because most VFAs ex-
ist in dissociated form (VFA ) in the rumen. VFA absorption proceeds through
electroneutral processes mediated by multiple potential anion exchangers, pro-
viding HCO to neutralize H via carbonic anhydrase reactions producing CO

and water. HCO -dependent VFA absorption increases with both intraruminal
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VFA concentration and decreasing pH.

Third, nitrate-sensitive VFA absorption involves nitrate (NO ) interacting with
anion exchange mechanisms in the ruminal epithelium, including VFA /HCO
and chloride (Cl )/HCO exchangers on the apical membrane. Dengler et al. val-
idated this mechanism using Ussing chambers by adding NO to the serosal
side to increase VFA flux from mucosa to serosa, supporting the hypothesis
that HCO -dependent transport mechanisms receive VFA (rather than HCO )
at the basolateral membrane. Aschenbach et al. reported this process occurs
with or without bicarbonate present. Laarman et al. found that increased
HCO inhibited acetate absorption but not butyrate, consistent with Kramer
et al., and also observed inhibited propionate and Cl absorption with increas-
ing HCO concentration. However, the specific transporter proteins involved
remain unidentified and require further investigation.

Fourth, proton-coupled VFA transport: passive diffusion removes one H from
ruminal contents, but VFAs rapidly dissociate once in the cytosol, releasing H

that must be expelled to maintain intracellular pH and tissue integrity. Mono-
carboxylate transporters (MCTs) and Na /H exchangers (NHEs) involved in
intracellular pH regulation transport H back to the rumen or into extracellular
space while facilitating removal of VFA metabolites such as ketone bodies and
lactate. The direction of H export is therefore critical for determining whether
passive diffusion contributes to ruminal pH stabilization.

Finally, electrogenic VFA transport is thought to be mediated by large anion
channels, though its contribution to VFA transport remains unclear.

Limited research exists on the relative proportions of these transport processes.
Available data suggest that for acetate, HCO -dependent transport, nitrate-
sensitive transport, and passive diffusion account for 0-14%, 42-57%, and 29-
59%, respectively. For butyrate, these proportions are 24-46%, 0-4%, and 25-
76%, respectively.

2.2 Genes Related to VFA Absorption in the Rumen Epithelium

Three major classes of carrier proteins involved in VFA absorption have been
identified in the ruminal epithelium: (1) VFA /H exchange carriers including
downregulated in adenoma (DRA), putative anion transporter 1 (PAT1), and
anion exchanger (AE); (2) VFA /H cotransport carriers including monocarboxy-
late transporter 1 (MCT1) and MCT4; and (3) cellular homeostasis regulatory
proteins including NHE, vH -ATPase pump, and Na /K -ATPase. The following
sections focus on DRA, AE, MCT, NHE, and Na /K -ATPase.

2.2.1 DRA DRA was initially identified during hybrid cloning for colonic
adenoma pathological genes and later characterized as a gastrointestinal-specific
anion exchanger functioning as a Cl /HCO exchanger. DRA expression is
primarily found in intestinal villus cells and colonic surface absorptive cells.
Studies report that DRA functionally couples with apical NHE2 and NHE3 to
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mediate electroneutral NaCl absorption, regulated by carbonic anhydrase, and
functionally couples with cystic fibrosis transmembrane conductance regulator
(CFTR) to mediate Cl and HCO secretion.

DRA, PAT1, and AE2 are the primary VFA /HCO exchange carriers, with api-
cal VFA absorption capacity depending largely on these exchangers. Acetate is
predominantly absorbed via HCO -dependent mechanisms, with DRA playing
a crucial role in epithelial membrane VFA uptake. Yan and Connor et al. demon-
strated synergistic effects between DRA and MCT1, suggesting that increased
dietary concentrate levels enhance ruminal epithelial VFA absorption capacity
through regulation of transporters including MCT1, MCT4, DRA, PAT1, and
AE2.

2.2.2 AE Four AE isoforms (AE1-AE4) exist in the ruminal epithelium, with
AE2 located on the basolateral membrane exchanging VFA for HCO and play-
ing an important role in regulating homeostasis. Wiirmli et al. first confirmed
proteins directly regulating HCO secretion in ruminal epithelial cells. Bilk et
al. reported that the ruminal epithelium exchanges HCO and Cl through AE
in processes related to VFA absorption and transport. HCO secretion is influ-
enced by intraruminal VFA concentration. Yan et al. showed that increasing
dietary concentrate-to-forage ratio from 4:6 to 7:3 in dairy cows downregulated
AE2 expression by 30% while upregulating DRA and NHE3 by 140% and 60%,
respectively. In vitro cell culture studies revealed that pH 6.6 reduced AE2
expression, while VFA concentration had no effect, suggesting AE2 expression
may be closely related to ruminal fluid pH.

2.2.3 MCT MCTs belong to the solute carrier family 16 (SLC16) and func-
tion as proton-coupled transporters on the basolateral membrane, transporting
intracellular VFA and metabolites including ketone bodies and lactate. Only
MCT1, MCT2, and MCT4 are confirmed to function in VFA transport, with
MCT1 and MCT4 requiring the auxiliary protein CD147 for normal function.
Koho et al. detected MCT1 and MCT4 expression in sika deer ruminal epithe-
lium. Kirat et al. and Graham et al. identified MCT1, MCT2, and MCT3
expression in cattle and goat ruminal epithelium, with MCT1 distributed at
basal and spinous cell margins transporting acetate and propionate into blood
and directly facilitating VFA efflux. Weng et al. found that low-concentrate
diets significantly upregulated MCT1 expression in dairy cow ruminal papil-
lae compared to high-concentrate diets, while MCT2 and MCT3 expression
remained unchanged, suggesting they may not directly participate in VFA trans-
port. However, Yan found that with constant rumen-degradable protein (RDP)
but varying NDF /non-fibrous carbohydrate (NFC) ratios, MCT1 expression was
unaffected while MCT4 expression decreased with lower NDF /NFC ratios, with
highest MCT1 and MCT4 expression occurring when both NDF/NFC and RDP
were relatively high.
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2.2.4 NHE NHEs located on apical and basolateral membranes exchange in-
tracellular H for extracellular Na in a 1:1 ratio, regulating Na transport and
cytoplasmic pH. Multiple NHE family members are expressed in ruminal ep-
ithelium, including NHE1, NHE2, and NHE3, whose activity influences VFA
absorption. VFA absorption is a key mechanism for stabilizing ruminal pH;
when VFAs enter epithelial cells in acidic form, they rapidly dissociate into H

and VFA | increasing intracellular H concentration and activating NHE to regu-
late intracellular pH. Enhanced NHE levels and activity therefore help maintain
epithelial cell stability. Graham et al. demonstrated NHE1, NHE2, NHE3, and
NHES presence in ruminal epithelial cells, with NHE1 and NHE3 at the apical
membrane importing Na and exporting H to the rumen, while NHE2 imports
Na but exports H to extracellular space, making NHE activity a key driver for
pH neutralization.

Laarman et al. found that feed restriction upregulated NHE3 expression, provid-
ing evidence for its pH-regulating function. Increased NHE3 expression during
fermentation may enhance H export from epithelial cells, helping regulate pH.
Recent studies support these findings, showing enhanced NHE expression and
activity in goats fed high-concentrate diets, with NHE1, NHE2, and NHE3 ex-
pression increasing with dietary concentrate levels.

2.2.5 Na /K -ATPase Na /K -ATPase located on the basolateral membrane
regulates Na efflux from cells and is essential for maintaining electrochemical
gradients. This transporter is ubiquitous in eukaryotic cell membranes, using
energy from one ATP molecule to pump three Na ions out and two K ions
in, maintaining ionic balance, regulating membrane potential, and preserving
cell volume. The Na gradient generated by Na /K -ATPase is necessary for
Na absorption and indirectly related to Na /H exchange transport. Yan et
al. reported highest Na /K -ATPase expression at dietary NFC/NDF ratio of
0.66, with lower expression at both lower and higher ratios. Metzler-Zebeli
et al. showed that goats fed 60% grain diets had significantly higher Na /K -
ATPase expression than those fed 30% grain, with regression analysis revealing
negative correlations between Na /K -ATPase expression and ruminal stratum
corneum thickness and ruminal pH. McLeod et al. also found that increasing
dietary concentrate levels enhanced Na /K -ATPase activity.

3. Factors Influencing VFA Absorption
3.1 Ruminal Fluid pH

Based on VFA absorption mechanisms, elevated ruminal pH is not conducive to
VFA absorption. Li investigated pH effects on VFA absorption, finding that low
ruminal pH favors VFA absorption only within the rumen’ s tolerable pH range;
excessively high or low pH impairs absorption capacity, and overly acidic condi-
tions damage epithelial integrity. Melo et al. demonstrated that high pH (pH >
7.0) inhibits VFA absorption, while low pH (4.9 < pH < 7.0) enhances absorp-
tion by increasing protonated VFA concentrations, favoring passive diffusion.
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Ruminal pH can influence absorption capacity by regulating gene transcription;
under in vitro conditions, pH 6.8 increased MCT1 expression while decreasing
AE2 expression in goat ruminal epithelial cells compared to pH 7.4.

3.2 Rumen Epithelial Morphology

The ruminal epithelium maintains a dynamic equilibrium that adjusts according
to digestive and metabolic conditions. Jia found that high-concentrate diets
significantly increased ruminal papillae projections in dairy cows, which expand
the effective absorption surface area and enhance VFA absorption capacity. Yan
et al. controlled for rumen-reticulum epithelial surface area and found VFA
absorption affected by epithelial permeability and blood flow. VFA absorption is
also linked to barrier function; subacute ruminal acidosis damages the epithelial
barrier, increasing permeability and enhancing VFA absorption.

3.3 Dietary Composition

Diet type is a fundamental factor influencing VFA concentration, composi-
tion, and absorption. Increasing dietary concentrate levels upregulates VFA
absorption-related gene expression in goat ruminal epithelium, enhancing ab-
sorption capacity, likely related to increased VFA concentrations and decreased
pH. Reports indicate that adding readily fermentable carbohydrates to diets
enhances VFA absorption capacity by up to 1.7-fold. Schurmann et al. showed
that continuously increasing dietary carbohydrate content reduces ruminal ep-
ithelial barrier function while enhancing Na and VFA absorption, with passive
diffusion being the primary VFA absorption pathway. However, Weng found
that low-concentrate diets (MF group) promoted acetate fermentation patterns
while high-concentrate diets (CS group) favored propionate patterns, yet dietary
concentrate levels did not affect VFA absorption rates (15.9% in MF group
vs. 13.7% in CS group), consistent with Junior et al.

4. Summary

Dietary carbohydrates fermented by rumen microbes produce VFAs that enter
ruminal epithelial cells or other metabolic tissues through various absorption
mechanisms to provide energy. While substantial research has investigated VFA
absorption mechanisms, studies on interactions between different mechanisms,
among various VFAs (acetate, propionate, and butyrate), and effects of factors
such as diet type and physiological morphological changes remain limited. The
application of molecular biology techniques in ruminant nutrition has identified
key genes related to VFA absorption, significantly advancing mechanistic un-
derstanding. Future research should explore deeper connections between VFA
absorption/metabolism genes and various signaling pathways to achieve efficient
VFA utilization and improve ruminant production efficiency.
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