
Rocz. Nauk. Zoot.,  43,  2 (2016) 113–123 

 

 

THE  ROLE  OF  BUTYRIC  ACID  IN  THE  FUNCTIONAL  

DEVELOPMENT  OF  RUMEN  EPITHELIUM  IN  CALVES
*
 

 
B a r b a r a  N i w i ń s k a

1
,  R e n a t a  K l e b a n i u k

2
,  K r z y s z t o f  B i l i k

1
 

 
1National Research Institute of Animal Production, Department of Animal Nutrition and Feed 

Science, 32-083 Balice n. Kraków, Poland 
2Uniiversity of Life Sciences, Department of Bromathology and Food Physiology,  

Akademicka 12, 20-934 Lublin, Poland 

 
W pierwszych tygodniach życia prawidłowo żywionych cieląt rozwojowi trawienia 

mikrobiologicznego pasz w żwaczu towarzyszy rozwój funkcjonalny tkanki 

nabłonkowej żwacza. Tkanka nabłonkowa żwacza aktywnie pośredniczy między 

bogatym w produkty fermentacji mikrobiologicznej środowiskiem żwacza a 

krwioobiegiem. Aby spełnić te funkcje, w pierwszych tygodniach życia zwierząt 

przeżuwających tkanka nabłonkowa żwacza podlega procesom rozwoju 

funkcjonalnego, obejmującym rozwój morfologiczny zwiększający powierzchnię 

chłonną i rozwój zdolności metabolizowania produktów fermentacji 

mikrobiologicznej pasz w żwaczu. Aktualne wyniki badań wskazują, że kwas 

masłowy, jeden z produktów fermentacji, hamuje apoptozę, przyspiesza cykl 

podziału komórkowego oraz reguluje pokrywanie potrzeb energetycznych komórek 

tkanki nabłonkowej żwacza. W wyniku tych procesów wzrasta powierzchnia 

chłonna rozwijającego się żwacza. Wykazano także, że kwas masłowy stymuluje 

absorpcję i metabolizm produktów fermentacji mikrobiologicznej, reguluje 

aktywność białek uczestniczących w utrzymaniu homeostazy wewnątrzkomórkowej 

oraz białek uczestniczących w przepływie międzykomórkowym metabolitów w 

obrębie tkanki nabłonkowej żwacza. W wyniku współdziałania tych procesów 

następuje rozwój metaboliczny tkanki nabłonkowej żwacza. W poniższym artykule 

przeglądowym przedstawiono aktualny stanu wiedzy na temat roli kwasu 

masłowego jako czynnika żywieniowego przyspieszającego rozwój funkcjonalny 

tkanki nabłonkowej żwacza u cieląt.  
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Rumen, the largest of the 4 chambers of ruminants’ stomach is the place of 

microbiological digestion of consumed feeds. As a result of such transformation, 

the feed’s chemical components are converted into nutrients that satisfy the 

energy and protein needs of an organism. The products of  microbiological 

digestion of feeds’ carbohydrates and proteins by anaerobic microorganisms 

populating the rumen are volatile fatty acids (VFAs), mainly the acetic, 

propionic, and butyric acids which satisfy about 75% of energy needs of adult 

ruminants (Bergman, 1990). Gland-free, flat multilayer epithelium (squamous 
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epithelium), lining the inner rumen wall (on the lumen side), acts as an active 

interface between the rumen environment rich in microbiological fermentation 

products and the blood circulation (Graham & Simmons, 2005; Niwińska, 2015). 

The rumen is sterile in newborn ruminants, and the development of 

microbiological digestion depends on the age and the used feeds. The VFAs 

concentration in the rumen in 8-week old calves fed with solid feeds reaches 120 

mM l
-1 (Suárez et al., 2006). In the functioning “adult” rumen the  epithelial 

tissue absorbs from 65 to 85% of produced VFAs, about 10% flows to the small 

intestine, and the remaining part is absorbed in the reticulum and omasum 

(Harfoot, 1978; Noziére et al., 2010). As the microbiological digestion develops 

in the rumen, butyric acid becomes the basic substrate of epithelial cells’ 

metabolism, and the products of this transformation is energy satisfying the 

needs of  epithelial tissue (20%) and β-hydroxybutyric (45%) and acetoacetic 

(15%) acids transported to the host’s blood circulation system (Kristensen et al., 

2000). 

As the calf grows and the microbiological digestion develops in the rumen, 

the more expensive liquid feeds (milk, drink mixture from a milk replacer) are 

being replaced with less expensive solid foods (nutritive mixtures, roughage) 

(Baldwin et al., 2004). This economic effect justifies studies aiming at finding 

nutrients which enhance the rumen growth and functioning. Because already in 

the 1960s it was proved that both the presence and concentration of butyric acid 

affect the development of ruminal epithelial tissue (Sander et al., 1959), the use 

of butyric acid as a stimulator of functional development of ruminal epithelial 

tissue has become the object of studies. Recent studies conducted using research 

methods based on molecular analyses have confirmed and explained some 

mechanisms of this interaction (Baldwin et al., 2012; Malhi et al., 2013; Connor 

et al., 2013). In the light of current results of studies, butyric acid seems to be a 

promising nutrient accelerating the functional development of ruminal epithelial 

tissue in calves. This review article presents the current state of knowledge on 

the impact of butyric acid on the morphological and functional development of 

ruminal epithelium.  

 

 Sources of butyric acids in feeding calves 

Butyric acid (systematic name: butanoic acid, chemical formula CH3(CH2)2 

COOH), is a natural substance present in all biological fluids and tissues as 

a natural component of cellular metabolism. It is present in the digestive track 

content, in milk, and also in sweat and faeces of most mammals. Due to higher 

pH (except fort the glandular stomach) than the butyric acid dissociation 

constant (pKa = 4.82) in 90–99%, in the gastrointestinal tract it appears as 

butyrate anions. 

In the first days of life, the source of butyric acid is colostrum, then milk. 

Colostrum (dry solids) contains about 2.1%, and milk about 1.2% of butyric acid 

(Ceballos et al., 2009; Garcia et al., 2014). However, milk replacers widely used 

in calf feeding, without bovine fat, do not contain even the slightest amount of 
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butyric acid. The source of butyric acid may be fermentation of liquid feeds 

flowing to the rumen as a result of an incomplete closing of reticular groove 

or a reflux of content from  the abomasum. It has been found that in the first 

week of life this phenomenon appears in about 25% of calves (Súarez et al., 

2007). The butyric acid concentration significantly increases between birth and 

the 7
th
 day of life. The concentration increased twofold from 0.002 mM l

–1 to 

0.004 mM l
–1 in the first week of lives of the lambs (Lane et al., 2000). During 

the next weeks, the butyric acid concentration in the rumen content is regulated 

by the chemical composition of the feed, both liquid and solid. The calves fed 

with milk had the butyric acid concentration approximately three times higher 

than calves fed with a milk replacer, and also the rumen content of calves fed 

with nutritive mixture in comparison to those fed with meadow hay (Niwińska & 

Strzetelski, 2005; Laarman et al., 2012). A similar increase was observed as a 

result of replacing oats starch with corn starch in the nutritive mixture (Khan et 

al., 2008). The butyric acid concentration depends also on the amount of solid 

feed intake. In calves from the 2
nd

 to the 6
th
 week of life the increase of solid 

feed intake from 10 to 978 g daily (dry matter – DM) was accompanied by the 

concentration increase from 0.002 to 0.008 mM l
–1 in the ruminal liquid 

(Lesmeister & Heinrichs, 2004). It has also been proved that in 8-week old 

calves fed with solid feeds, acetic, propionic, and butyric acids comprise about 

92–95% of all VFAs and appear in proportions from 63:27:10 to 53:30:17, and 

these values are close to the values in an adult ruminant (Suárez et al., 2006). 

The source of butyric acid is also feed additives in the form of water-soluble 

and odourless Na, K, Mg or Ca butyrates, usually added as powder or capsules. 

A 25–35% increase of butyric acid concentration was observed in the rumens of 

5-week old calves as a result of adding about 0.3% of sodium of calcium 

butyrate to the feed (Gorka et al., 2009; Nazari et al., 2012). 

 

 Functional development of rumen epithelium 
The ruminal epithelial tissue acts as an active interface between the rumen 

environment rich in microbiological fermentation products and the blood 

circulation. This function includes the processes of absorption, transport and 

metabolism of VFAs, transport of the metabolism product to the blood, and 

maintaining the intracellular homeostasis (Gálfi et al., 1991; Steele et al., 

2009). The ruminal epithelial tissue  in newborn ruminants is not capable of 

performing these functions, and the functional development includes 

morphological and metabolic changes that occur in the first few weeks after 

birth. The morphological development is characterized by the increase of 

absorptive surface area as a result of increase of the number and dimensions of 

digitate histological structures, defined as ruminal papillae (Graham et al., 

2007). The metabolic development includes most of all the increase of capability 

of ketogenic transformation, i.e. the capability of transforming VFAs to ketone 

bodies, mainly β-hydroxybutyrate and acetoacetate, used in tissues as a substrate 

of energy transformations (Hegardt, 1999; Allen, 2014). In adult ruminants, the 
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ruminal epithelial tissue is the main source of ketone bodies circulating in the 

organism (Baldwin, 2000). 

As histological structures, the ruminal papillae in the forestomach wall are 

identified already in 100-day old calf foetus, but the functional development of 

epithelial tissue takes place after birth (Stallcup et al., 1990). In the first 6 weeks 

of life, the rumen weight increases threefold, whereas the body weight only by 

33% (Baldwin & Jesse, 1992). The weight increase of epithelium itself was not 

specified, but in adult ruminants epithelium comprises 40 to 60% of the total 

rumen weight (Heitmann et al., 1987). It can be assumed that the epithelial 

tissue grows at the same intensive rate in the first weeks of life. Its structure, on 

the rumen lumen side, has four morphologically and physiologically 

differentiated layers: stratum corneum built of corneous keratinocites 

(a protective barrier between the rumen content and the epithelium); stratum 

granulosum built of granular cells with multiple intercellular connections; 

stratum spinosum which comprises two layers of cells with multiple intercellular 

connections; and stratum basale built of cells rich in mitochondria (Graham &  

Simmons, 2005). During the development and functioning of the epithelial 

tissue, the cells from stratum basale migrate through successive intermediate 

layers and change their metabolic properties in the course of migration. They 

contain fewer and fewer mitochondria and more and more keratin aggregates 

(Stumpff et al., 2011). 

 

 Impact of butyric acid on morphological development of rumen 

epithelium  

Increase of the rumen absorptive surface in calves before the end of butyric 

acid concentration growth in the rumen was described already in the 1970s 

(Sakata & Tamata, 1978). Later studies have shown that the butyric acid 

concentration increase from 30 to 100% in the rumen content has a significant 

impact on the increased size of ruminal papillae in calves (Mentschel et al., 

2001; Gorka et al., 2009; Górka et al., 2011 a,b; Kato et al., 2011) and in lambs 

(Cavini et al., 2015). A similar impact on the papillae size and density and total 

the total rumen absorptive surface (increase by about 82%) was noticed in goat 

kids after intra-ruminal infusion (Malhi et al., 2013). The results of cited studies 

have confirmed the impact of butyric acid on the increase of the rumen 

absorptive surface, however application of the molecular biology methods 

formed the foundation to explain this process. It was proved that butyric acid 

stimulates the absorptive surface growth by intensifying the multiplication of 

epithelial tissue cells, and the multiplication rate is controlled by the balance 

between the tissue mitosis and apoptosis on one hand, and on the other hand by 

the speed of the cell division cycle. It was determined that butyric acid is a 

specific inhibitor of the cell apoptosis, thus affecting the content of mitotic cells 

in the tissue (Mentschel et al., 2001). Changes during one or a few cell division 

cycles affect the cell proliferation rate. The cellular cycle includes the following 

successive phases: rest (G0), growth (G1), synthesis (S), pre-mitosis (G2), and 
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mitosis (M). It was found that an increased butyric acid concentration in the 

rumen reduces in the epithelial tissue the number of cells in phases G0 and G1, 

while simultaneously increasing the number of cells in phase S (in the evaluated 

10,000 epithelial cells, the butyric acid concentration increase in the rumen by 

approximately 110% has increased the number of cells in phase S from 9 to 

15%) (Malhi et al., 2013). Based on those data it was estimated that an increased 

butyric acid concentration shortens the transition time from phase G0 / G1 to 

phase S. Responsible for that stage of cell division are proteins from the cyclin 

family, particularly D-type cyclin (CCND), their cyclin-dependent kinases 

(CDK), and cyclin-dependent kinase inhibitors (CDKN) (King & Cidlowski, 

1998). The CCND1 isoform bonds with the CDK4 isoform, forming a complex 

that stimulates a cell to cross the “border point” of transition from phase G1 to 

phase S (Mathew et al., 2010). The formation of such complex stimulating the 

transition from phase G1 to phase S was observed in response to an increased 

butyric acid concentration in the rumen based on the increased amount of 

mRNA coding CCND1 at constant CDK4 expression level in the epithelial tissue 

cells (Malhi et al., 2013). The relationships presented above explain the 

simulation mechanism of the ruminal epithelium cells absorptive surface 

increase by butyric acid. The current results indicate in addition that the 

multiplication of the ruminal epithelium cells (along with the increased butyric 

acid concentration) is accompanied by both the peroxisome proliferator-

activated receptor α isoform (PPAR α), estrogen-related receptor α (ESRRA), 

and the vacuolar-type H
+
 -adenosine triphosphatase (vH

+
 -ATPase) (Naeem et 

al., 2012; Kuzinski et al., 2012; Connor et al., 2014). The results presented 

above confirm the relationship between the proliferation process and the energy 

needs of the rumen epithelium cells during the division process.  

The cited studies proved that the that the increased butyric acid  

concentration stimulates the morphological development of the rumen epithelial 

tissue by inhibiting apoptosis, accelerating the division cycle, and by better 

satisfying the cells’ energy needs during the proliferation process. 

 

 Impact of butyric acid on metabolic development of rumen epithelium 
One of the basic features of metabolically mature ruminal epithelial tissue is 

the ability to effect ketogenic transformations. 75–90% of absorbed butyric acid 

undergoes metabolic transformation in a functioning epithelium (Rémond et al., 

1995). After being absorbed into the cells, in the β-oxidation process butyric 

acid is transformed into acetyl coenzyme A (acetyl-CoA) which in the citric acid 

cycle is a substrate for production of ketone bodies and adenosine triphosphate 

(ATP) with carbon dioxide (CO2) as a by-product (Baldwin & Jesse, 1992; 

Allen, 2014). An active role limiting the process speed in ketogenesis is played 

by acetyl-coenzyme A acetyltransferase (ACAT) and  3-hydroxy-3-methylglu-

taryl-CoA synthase; HMG-CoA synthase) (Lane et al., 2002). These enzymes 

transform acetyl-CoA to 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA), 

the main ketogenesis metabolite (Baldwin,1998). HMG-CoA synthase occurs in 
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cytoplasm as 3-hydroxy-3-methylglutaryl-CoA synthase 1, soluble (HMGCS1) 

and in mitochondria as a 3-hydroksy-3-metyloglutarylo-CoA synthase 2, 

mitochondrial (HMGCS2) (Hegardt, 1999). The main place of ketogenesis 

occurrence is mitochondria-rich stratum basale of ruminal epithelium, stratum 

spinosum to somewhat lesser extent, and no activity of these enzymes was 

noticed  in stratum corneum (Graham i Simmons, 2005). The studies on 5-week 

old calves indicated that a threefold increase of butyric acid concentration in the 

rumen liquid was accompanied by an increased expression of isoform ACAT1, 

HMGCS2 and HMGCS1 (Laarman et al., 2012; Connor et al., 2013). The 

increased activity of main enzymes participating in the ketogenesis as a result of 

increased butyric acid concentration confirms its stimulating role in the 

development of ruminal epithelial tissue ability to produce ketone bodies. This 

relationship indicates the necessary presence of butyric acid during the 

metabolic maturation process of the ruminal epithelial tissue.  

An increased absorption of VFAs and development of metabolic activity is 

accompanied by a  higher risk of upsetting the intracellular homeostasis in the 

epithelial tissue. The cell membrane is an interface between environments with 

varying concentration of hydrogen ions; on the rumen lumen side it contacts the 

liquid with pH between 6 and 7, and on other side it contacts the intracellular 

liquid with pH in the 7.1–7.5 range (Etschmann et al., 2006). Such differences 

cause absorption of VFAs from the rumen content, and butyric acid is quickest 

VFA to be absorbed, and its high absorption rate (about 0.97 hour
–1

) increased 

the pHi at the rate of about 0.45 unit hour
–1 (Etschmann et al., 2006; Storm et 

al., 2012). The processes of VFAs absorption and metabolism and of maintaining 

the intracellular homeostasis are attended by solute carrier transporters family 

(SLC), particularly proton-linked monocarboxylate transporters (MCT) and 

Na
+
/H

+ exchangers (NHE) (Sehested et al., 1996; Hadjiagapiou et al., 2000; 

Graham et al., 2007). Also participating in the process is the 

adenosinetriphosphatase (ATPase), particularly vH
+ -ATPase (Etschmann et al., 

2006; Kuzinski et al., 2012). The increased butyric acid concentration in the 

rumen content increases the amount and activity of MCT1 and MCT4 located in 

the cell membrane of the epithelial stratum basale on the side of blood vessels 

which confirms the increased transport of the butyric acid transformation 

products and butyrate ions to the blood circulation (Malhi et al., 2013; Laarman 

et al., 2012; Yan et al., 2014). A similar increased activity of 1 and 3 NHE 

isoforms (NHE1 and NHE3) and vH
+
ATPase in the cytosol of stratum basale 

cells indicates a simultaneous increased intensity of metabolic transformations 

(Kuzinski et al., 2012; Laarman et al., 2012; Yan et al., 2014). 

The cited results confirm that an increased butyric acid concentration 

stimulates absorption of VFAs, including butyric acid, activates also protein 

systems which maintain the intracellular homeostasis. In addition, the results 

indicate that presence and increased concentration of butyric acid are factors that 

regulate the energy transformations accompanying the proliferation processes of 

ruminal epithelial tissue cells.  
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 Impact of butyric acid on organization of ruminal epithelial tissue 
The epithelial tissue cells form specialized intercellular connections between 

cells, protecting their integrity and  polarization, and controlling the selective 

interception and intercellular flow of nutrients (Graham & Simmons, 2005). The 

middle epithelium layers have the greatest number of connections (Graham & 

Simmons, 2005). Numerous and various proteins participate in different 

connection types. Occludins (OCLN) and various types of claudins (CLDs) 

participate in adhesion. A 120% increase of butyric acid concentration with 

simultaneous pH reduction from 6.2 to 5.3 causes a significant reduction of 

mRNA protein of claudins and occludin 1 and 4 (Liu et al., 2013). The results 

indicate that butyric acid plays a role of an intercellular connections regulator, 

and thus controls the intercellular flow within the ruminal epithelial tissue.  

 

 

 Conclussions 
Butyric acid in the rumen liquid in calves stimulates the morphological and 

metabolic development of ruminal epithelial tissue. The morphological 

development stimulation mechanism is a combined effect of the apoptosis  

inhibition mechanisms, acceleration of division cycle, and better satisfying of 

energy needs of cells during the proliferation process. The development 

stimulation includes an increased VFA absorption and metabolism and more 

intensive activity of protein systems maintaining the intracellular homeostasis in 

the ruminal epithelial tissue. 

 The positive test results presented above which confirm a simulating effect of 

butyric acid on the functional development of rumen wall epithelial tissue justify 

further studies on use of butyric acid as a feed additive improving the calves 

breeding effectiveness in the first weeks of life. 
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BARBARA NIWIŃSKA,  RENATA KLEBANIUK,  KRZYSZTOF BILIK 
 

Role of butyric acid in the functional development of rumen epithelium in calves 
 

SUMMARY 
 

During the first weeks of life of properly fed calves, the development of microbial 

digestion of feeds in the rumen is accompanied by the functional development of 

ruminal epithelial tissue. The ruminal epithelial tissue actively mediates between 

ruminal environment and bloodstream. In order to meet those functions, during the first 

weeks of life the ruminal epithelial tissue is subjected to the functional development 

processes. They include morphological development, which increases the absorptive 

surface area, and metabolic development, which increases the ability to metabolize the 

products of microbial fermentation in the rumen. Results of current studies indicate that 

the butyric acid, one of the fermentation products, inhibits apoptosis, accelerates the 

cycle of cell division and regulates the covering of epithelial cells energy needs during 

the proliferation processes. It has also been shown that butyric acid stimulates absorption 

and metabolism of microbial fermentation products, regulates the activity of proteins 

involved in maintaining intracellular homeostasis and in intercellular metabolites 

movement across the ruminal epithelial cells and tissue. The interaction of these 

processes leads to metabolic development of the ruminal epithelial tissue. This review 

article presents the current state of knowledge about the role of butyric acid as a 

nutritional factor that accelerates the functional development of ruminal epithelial tissue 

in calves. 
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