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Abstract 

Isovaleric Acid (IVA) is a 5-carbon branched chain fatty acid present in fermented foods 

and produced by the fermentation of leucine by colonic bacteria. IVA activates G-protein 

coupled receptors such as FFAR2, FFAR3, and OR51E1 known to be expressed on enteric 

neurons and enteroendocrine cells. We previously reported that the shorter, straight chain fatty 

acids acetate, propionate and butyrate, differentially affect colonic propulsion; however, the 

effect of branched chain fatty acids on gastrointestinal motility is unknown. We hypothesize that 

IVA relaxes smooth muscle in a cAMP/PKA dependent manner by direct action on smooth 

muscle cells. IVA will also decrease peristalsis and encourage retention of luminal contents. This 

thesis investigates the effect of IVA on smooth muscle tension and peristaltic activity in isolated 

colon and individual smooth muscle cells.  

Colon segments from C57BL/6J mice were placed in a longitudinal orientation in organ 

baths in Krebs buffer and fastened to force transducers. Segments were contracted with 10 μM 

acetylcholine (ACh) and the effects of IVA at several concentrations were measured in the 

absence and presence of Nitric Oxide Synthase inhibitor L-N-nitroarginine (L-NNA), neuronal 

action potential inhibitor tetrodotoxin (TTX), and adenylate cyclase inhibitor SQ22536. To study 

individual live cells, mouse smooth muscle was isolated from colon, suspended in smooth 

muscle buffer, and after contraction with ACh were relaxed with micromolar concentrations of 

IVA. For peristalsis studies, whole colonic segments isolated from C57BL/6J were catheterized 

and placed horizontally in organ baths with circulating Krebs buffer. The colon was clamped on 

the anal end, and a solution (5 μL per mm of colon length) of either Krebs buffer or 50 mM IVA 

was delivered from the oral end to the lumen. Video of the peristalsis was then analyzed for 
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diameter, changes in diameter, velocity of diameter changes along the length of the colon, 

normalized to the anatomical changes in the proximal region. 

IVA in concentrations of 10 mM to 50 mM relaxed the ACh-induced contraction in a 

sigmoidal fashion. In separate studies, L-NNA nor TTX affected the ability of IVA to inhibit 

relaxation. SQ22536 inhibited IVA induced relaxation in longitudinal colon compared to vehicle 

control. In isolated cells, SQ22536 and PKA inhibitor H-89 inhibited IVA-induced relaxation. In 

peristalsis studies, 50 mM IVA in Krebs buffer changed the character of the peristaltic action by 

increasing proximal diameter, inhibiting contractions in the proximal end of the colon, and 

decreasing overall velocity of peristaltic contractions in the proximal region.  

The data indicate that the branched chain fatty acid IVA causes a concentration-

dependent relaxation of colonic smooth muscle that is direct to the smooth muscle and 

independent of neuronal activity. This relaxation is cAMP/PKA dependent. In addition to the 

direct relaxation of smooth muscle, intraluminal IVA decreased overall colonic propulsive 

activity and encouraged retention of the luminal contents. We conclude that the ingestion and 

production of branched chain fatty acids could affect overall GI motility and is an area for study 

in dietary and therapeutic control of bowel activity. 
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Introduction 

Fatty Acids 

Definition, Types, and Sources of Fatty Acids 

Fatty acids are carboxylic acids with an alkyl tail. With some variation between sources, 

the designation “short chain” fatty acid (SCFA) is assigned to fatty acids (FA’s) with 2 to 5 (or 

8) carbons. “Medium chain” fatty acids (MCFA) are 6 (or 8) to 12 carbons in length, “long 

chain” fatty acids (LCFA) are 13 to 21 carbons long. Very long chain fatty acids are longer than 

22 carbons.1,2 The shorthand for a fatty acid is C#C:#D, where #C is the number of carbons and #D 

is the number of double bonds. Much research and popular culture focus has been placed on 

unsaturated fatty acids, which have double bonds within the carbon chain and may be oriented in 

a cis or trans position, and their comparison to saturated fats which have no double bonds 

(“saturated” with hydrogen)2. Branched chain fatty acids (BCFA) possess a fork in the carbon 

chain at least a methyl-group or longer. Less research attention exists for BCFA; however, what 

research there is focuses on the most common symmetrical methyl group substitutions either at 

the end of the carbon chain (iso- substituted) or a methyl- and ethyl- group fork at the end 

(anteiso- substituted) as opposed to no fork at the end for a normal fatty acid (n-FA)3.  

The LCFAs are important structural molecules, either directly incorporated into the 

plasma membranes of cells or forming the building blocks of other molecules such as 

triglycerides, which serves as the primary long-term energy storage for animals4. A fatty acid is 

catabolized for energy by β-oxidation, which leaves a fatty acid 2 carbons shorter than the 

original5. While n-FA are the most common in eukaryotes and most prokaryotes, BCFA do form 

a significant portion of the cell membrane of species Bacilli, Lactobacilli, and Bifidobacterium. 
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In humans, long chain BCFA are rare with exceptions: approximately 15% of skin6, and 29% of 

the vernix caseosa7 are medium and long BCFA. Because the vernix is consumed by the fetus in 

utero, this is of interest to gastrointestinal development; by comparison, only 500 mg of mean 

human intake (1/10th a teaspoon) is a BCFA3.   

The primary source of dietary SCFA is fermentation by the resident bacteria of the colon 

of hydrolysis-resistant starches which pass unabsorbed through the small intestine8,9. BCFA are 

produced when proteins pass through the small intestines unabsorbed, and the branched amino 

acids valine, isoleucine, and leucine are respectively fermented to isobutyric acid, 2-

methylbutyric acid, and isovaleric acid10. The Stickland reaction is performed by gastrointestinal 

bacteria, and is the primary metabolic pathways for some members of the genus Clostridium11–13. 

The Stickland reaction involves the reciprocal oxidation-reduction of two amino acids to produce 

NH4+, CO2, and two fatty acids14. The oxidized amino acid is the source of CO2, and thus the 

fatty acid is one carbon shorter. Glycine, proline, and hydroxyproline are comparatively efficient 

electron acceptors and are usually reduced; alanine, isoleucine, and leucine are efficient electron 

donors and are thus usually oxidized11. Acetate is also a reduction partner for valine and 

leucine15. 

Fermentation of carbohydrates are predominantly in the cecum and proximal colon 

because substrate has yet to be fermented and absorbed, and water is more available9. In pigs, the 

range of three common SCFA (acetate, propionate, butyrate) in the colon was found to be 70 to 

140 mM at the proximal end, falling to 20 to 70 mM at the distal end16. The quantity of BCFA 

along the length of the colon is not as well studied. In one study using an in vitro model of 

fermentation of samples from the deceased, SCFA believed to be derived from fermented protein 

(BCFA) was 38% of the distal colon fermentation products, compared to 17% of SCFA from 
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proximal colon fermentation products17. The potential for complex interplay of diet, bacteria, and 

SCFA and BCFA composition leaves plenty of opportunity for physiological application. Cancer 

has been associated with changes to the microbiome18,19 and to the fatty acid composition of 

stool19, and changes to high protein diets20,21. Changes to diet also affect changes to the 

microbiome22–25 and to SCFA composition21, which begs the question of whether one event 

comes first, or if it is a cascade that can be started by a drastic change of any origin.  

Absorption and Metabolism of Fatty Acids 

There are questions whether absorption of short, medium and long chain fatty acids into 

the body is either through active transport of passive diffusion, with conflicting sources as to the 

degree each mechanism contributes2,26. The pKAs of SCFAs are close to 4.727; in an intestinal 

lumen with a pH of from 5.5 to 6.5, the SCFA will be over 99% in ionic form28,29. The charge 

would inhibit diffusion across a non-polar membrane and necessitate the use of a Na+ exchange 

pump to get into the cell. Known transporters of SCFA include member of the monocarboxylate 

transporter family MCT1 (SLC16A1)30 and SLC5A831, and the presence of fatty acids appear to 

upregulate at least some MCT family transporters32. The presence of a basolateral transporter, 

with the potential of moving SCFA from the mucosa to the submucosa is also reported33. Other 

sources say the primary mechanism of absorption appears to be diffusion; in rat colon, the 

removal of Na+ or the use of oubain to inhibit ion exchange did not inhibit SCFA transport34. 

Some early papers making the argument for a primarily ion exchange mechanism of transport 

acknowledged some diffusion35. For the last step crossing a cellular membrane, desorption, there 

is a logarithmic increase in the desorption rate constant of a fatty acid for every 2 carbons 

removed or 2 double bonds removed from a long or medium chain fatty acid36, which implies a 

quicker transit for smaller fatty acids.   
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Cells in the colonic mucosa rapidly metabolize the SCFA for energy, with butyrate as the 

preferred source and sparing other such as acetate and propionate9,37. Branched chain fatty acids 

are not as well studied in colonocyte oxidation, but some organ systems tested showed decreased 

oxygen consumption when the BCFA isovaleric acid was used as the energy source38 and 

inhibition of mitochondrial metabolic function39,40. If BCFAs do delay metabolism, increased 

time for cross-membrane transport to the submucosa and to the blood stream adds relevance to 

BCFA’s potential role as a signaling molecule. While larger fatty acids often make it into the 

lymphatic system while in transit through the small intestines, over 90% of short chain fatty 

acids entering the stomach are absorbed to the portal vein41,42. 

Isovaleric Acid 

For many foods, beverages, and even body odors, fatty acids provide part of the 

characteristic smell; for example, butyric acid (C4:0) has a rancid-butter smell and valeric acid 

(C5:0) has a cheesy smell.  Fatty acids are frequently produced by bacterial fermentation of 

carbohydrates and proteins during the production of foods such as cheeses43 and alcoholic 

beverages44.  

Isovaleric acid (IVA; IUPAC: 3-methylbutanoic acid) is a 5-carbon branched saturated 

fatty acid with two symmetrical methyl groups forking off the third carbon. Its odor is described 

as “cheesy” or “stinky feet” which lingers†45. The production of IVA has been described in 

cheeses by Propionibacterium freudenreichii43 and Lactococcus Lactis46, and in beers and wines 

by yeast of the Brettanomyces family44. 

                                                 
† According to “The Good Scents Company” website, IVA’s “substantivity” is described to last for 400 hours. For 
comparison, DL-menthol (IUPAC: 5-methyl-2-propan-2-ylcyclohexan-1-ol) has a substantivity of 32 hours. While 
not tested directly, this author and records of complaints to the VCU Office of Environmental Health and Safety can 
attest to the longevity of the pungency. 
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 IVA is produced in the metabolism of, both fermentation and non-fermentation, the amino 

acid L-leucine, a branched amino acid with an isobutyl R-group (leucine is one carbon longer than 

IVA). Amino acids not used for anabolic protein building can be catabolized for use in the citric 

acid cycle. In a eukaryotic reaction, after leucine is converted to an α-keto acid by an amino 

transferase, a branched chain α-keto acid dehydrogenase enzyme complex converts it to a 

isovaleryl-CoA complex. A key step is converting the isovaleryl-CoA complex by isovaleryl-CoA 

dehydrogenase to 3-methylcrotonyl-CoA.47 Genetic conditions are known to divert the normal 

leucine metabolism pathway to the production of isovaleric acid. In isovaleric acidemia, the gene 

for isovaleryl-CoA dehydrogenase produces either a reduced efficiency or ineffective enzyme, 

leading to a buildup of isovaleryl-CoA, which is then converted to isovaleric acid by removal of 

the CoA (likely by a reversible CoA transferase). A symptom of isovaleric acidemia, in addition 

to aversion to foods, seizures, and eventual brain damage, is the characteristic stinky feet smell 

emanating from the person. Treatment is limiting leucine in the diet.48 

 Even without a genetic disorder of metabolism, IVA is one of the most prominent fatty 

acids in human blood. Most analysis of SCFA in blood ignore the branched fatty acids, and there 

appears to be drastic differences in measured concentrations potentially based on the methods, 

time period and the location of the measurements. In fasting patients in Denmark, Jakobsdottir et 

al. found that IVA in venous blood ranked second at 40 μM, behind C2:0 acetic acid (245 μM), 

and ahead of C3:0 propionic acid and the other prevalent BCFA isobutyric acid (13 μM)49‡. That 

study did not see increases with microscopic colitis or celiac disease. A study in Armenia found 

much lower concentrations (of all SCFA compared to the Denmark study), but also showed a 5 to 

                                                 
‡ In Arthur and Hommes’ 1995 paper in the Journal of Chromatography, a method measuring just IVA and 
propionic acid in plasma found IVA at 0.89 μM and proprionic acid at 0.54 μM173. This paper lacks the perspective 
of having other SCFA’s, but demonstrated that IVA is still more prevalent in blood than a prototypical SCFA. 
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20 fold increase of venous SCFA after bowel inflammation by either salmonella or Familial 

Mediterranean Fever50. In isovaleric acidemia, a case study in Japan found up to 8 μg/mL (78 μM) 

IVA in a stable patient and up to 813 μg/mL (7960 μM) during a patient crisis (compared to below 

0.6 μg/mL or 5.9 μM IVA in their controls)51§. IVA is present in feces in significant amounts, 

approximately 5% of SCFA in feces19 and by another measurement 3.2 mmol/kg (wet weight)52, 

but is behind most straight SCFA in concentration. 

Because other fatty acids are preferred for metabolism9,37, and the potential to slow down 

metabolic activity38–40, branched chain fatty acids like IVA are attractive to study as a signaling 

molecule. Known effects of BCFA such as IVA on physiological systems is scattered. IVA has 

been shown to inhibit cAMP-mediated lipolysis and inhibit new lipogenesis stimulated by 

insulin.53 IVA in diet has been associated with changes in gestation time and birth weight.54  

High IVA in stool is associated with depression55, which may be mediated crossing the blood-

brain barrier and causing the inhibition of Na+/K+ ATP pumps.56 There are even musings that 

chewing plants of the Valeriana family and consuming IVA may have been an early 

anticonvulsant.57 The stool levels of IVA and isobutyric acid (as well as the amino acid 

precursors leucine and valine) were found higher in colorectal cancer patients19. With changes in 

the colonic microbiome with cancer patients18,19, how the changing bacterially-produced 

metabolites effect cancer progression is a natural question being studied. The branched chain 

amino acids leucine and valine were also found in circulation at higher levels in pancreatic ductal 

adenocarcinoma patients58, which begs the question whether circulating branched chain amino 

acids affect circulating BCFA levels. 

                                                 
§ Certain fish have normal blood level of IVA at 4.4 mM174 
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Fatty Acid Receptors and Signaling 

Free Fatty Acid Receptor Family 

There are at least four known members of the Free Fatty Acid Receptor (FFAR or FFA in 

some literature) family, labeled FFAR 1 through 4 (or in older literature, referred to as their pre-

characterization generic GPR number). They are all G-protein coupled receptors (GPCR), of 

which FFARs 1,2, and 4 couple to Gαq, while FFARs 2 and 3 couple to Gαi. FFAR2 (GPR43) 

and FFAR3 (GPR41) have SCFA as their natural ligands, while FFAR1 (GPR40) and FFAR4 

(GPR120) are activated by longer fatty acids. FFAR1,2, and 3 (and GPR42, closely related to 

FFAR3 and once considered a pseudogene59) are all located on human chromosome 19q13; 

FFAR4 is located on 10q2360. 

FFAR4 is the least similar by amino acid of the group (10%) but shares a similar LCFA 

ligand profile as FFAR1, preferring LCFA60. FFAR4 is expressed in the intestines, and induces 

Glucagon-Like Peptide-1 (GLP-1) secretion by enteroendocrine cells61. 

The FFAR1 gene is expressed comparatively high in the brain, pancreas, and monocytes; 

FFAR1 is coupled to Gαq/11 and in humans identified ligands include both unsaturated fatty acids 

such as linoleic and oleic acid and saturated fatty acids from C6 to C23 while ruling out Formic 

acid (C1)62. Most literature does not investigate its activation with shorter fatty acids; however, 

at least one paper identifies butyric acid (C4) as a ligand of exogenously expressed murine 

FFAR1 while ruling out acetic (C2) and propionic (C3) acids63 and leaves open the question of 

whether short BCFA activate FFAR1. The availability of specific agonists and antagonists of 

FFAR1 allow for easier investigation of the physiological effects64. FFAR1 has been shown to 

promote contractility in trachea-derived smooth muscle65, as well as promote smooth muscle cell 

(SMC) proliferation via ERK and PI3K pathways66. 
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FFAR2 is highly expressed in cells of the immune system, including lymphocytes, 

neutrophils, and monocytes.67 One example of FFAR2 function includes neutrophil chemotaxis  

with concentration-dependent increase in activity.68 This lends itself to suspecting a role of 

FFAR2 in inflammation; however, there are multiple examples of contradictory results with 

FFAR2/GPR43 gene knockout mice. This is further complicated by examples of differences in 

mouse and human responses to GPR43 agonists in β-islet cells and adipocytes.69 In the colon, 

FFAR2 is present in enteroendocrine cells positive for GLP-1, but not 5-HT70. FFAR2 is 

preferentially activated by the shortest chain fatty acids, such as C1 formate and C2 acetate, 

while still showing some affinity for all SCFA including some BCFA.71 Among the four 

FFAR’s, FFAR2 is unique in being characterized as coupling to both pertussis toxin (PTX)-

sensitive Gαi and PTX-insensitive Gαq
67,72. There is one known antagonist of FFAR2, GLP0974, 

which has been in human safety trials for ulcerative colitis patients73; however, a downside for 

investigative purposes is that a single amino acid polymorphism common in wildtype rodents 

negates the effectiveness of this drug74. 

FFAR3 is closely related to FFAR2, with which substitutions of specific amino acid 

residues can change the selectivity of either receptor for specific fatty acids to be more like its 

sibling receptor.75 FFAR3 also has another closely related receptor, GPR42, which was once 

believed to be an unexpressed “pseudogene”, has some evidence of transcription and differs from 

FFAR3 by as few as one amino acid in certain haplotypes.76 FFAR3 is more selective for SCFA 

C3 to C5 and for BCFA such as isovaleric acid and 2-methylbutyrate.71   

FFAR3 tissue expression is varied, with very prominent expression in adipose, but also 

standout in the pancreas, spleen, placenta, and other organs.62 FFAR3 is expressed on the 

neurons and enteroendocrine cells of the gut. In rats, nerve fiber endings of the myenteric and 
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submucosal plexus of the proximal colon stained positive for FFAR3. Some cell bodies of the 

myenteric plexus were also positive for FFAR3.77 In proximal colon, FFA3-specific agonists 

inhibit circular muscle contraction induced by high dose nicotine, as well as inhibit the loss of 

circular muscle rhythm caused by low dose nicotine or 5-HT, but does not inhibit contraction 

caused by non-neuronal muscarinic receptor 3 agonist bethanechol.78 This implies that FFAR3 

mediated effects on circular smooth muscle are neuronal, not direct to the smooth muscle. 

FFAR3 was expressed in enteroendocrine L cells positive for peptide YY (which induces 

relaxation), but not positive for 5-HT or FFAR2.79  

FFAR2 and FFAR3 have the ability to heterodimerize, changing the degree of its Ca2+ 

and cAMP signaling.80 While this is important to consider, this may not be relevant in 

gastrointestinal motility physiology outside immune systems effect on motility because of the 

segregation of FFAR2 and FFAR3 positivity among enteroendocrine cells. 

Olfactory Receptor Family 

 SCFA are volatile and often associated with a characteristic smell. It is no surprise that 

olfactory receptors would be sensitive to fatty acids. Olfactory receptors are GPCRs which 

interact with the Gαs-like Gαolf. Adenylate Cyclase III is essential for smell, and once activated 

by Gαolf produces the second messenger cAMP.81,82 This smell can vary from person to person, 

as exemplified by an allele of OR11H7P, which is associated with a stronger sensation for 

isovaleric acid.83 The olfactory receptor family is large and diverse. The complex interplay of a 

multitude of receptors for a wide diversity of volatile ligands to produce the sense of smell is 

beyond the scope of this writing; however, olfactory receptors sensitive to the BCFA isovaleric 

acid have been found outside the olfactory organs and recycled as chemical sensors for a 

multitude of organs such a heart84, kidneys85, colon86, and even the eye87. 



10 
 

 The olfactory receptor OR51E1 (Olfr558 in mice) is sensitive to a number of medium and 

short chain fatty acids, and reportedly fatty acid agonism is antagonized by one BCFA, 2-

Ethylhexanoic acid.84 Isovaleric acid induces a Ca2+ current in enterochromaffin cells to release 

5-HT, is more potent than isobutyric acid or straight chain fatty acids, and the effect is ablated by 

the knock-out of Olfr558.88 

Potassium Channel Activation by Fatty Acids 

 TWIK-related K+ channels (TREK) are part of the two-pore domain potassium channel 

family (K2P) and when activated TREK-1 creates an outward rectifying K+ current. TREK-1 is 

activated by stretch, and by the unsaturated LCFA arachidonic acid (AA). AA activation of 

TREK-1 is mediated by the internal carboxy terminus of the channel, as determined by deletion 

of that domain and patch-clamp experiments exposing the intracellular portion to TREK-1.89 AA 

is produced by hydrolysis of phosphatidylcholine by cPLA2, and induces an increase in Ca2+ in 

longitudinal smooth muscle to cause contraction, and low doses of exogenous AA induces 

membrane depolarization to cause contraction.90 TREK-1 is also inhibited through cAMP/PKA-

dependent pathways91 and cAMP/PKA-independent Popdc-domain containing proteins92. 

 TREK-1 is located throughout the smooth muscle in mouse ileum and colon. TREK-1 

activators Riluzole and BL-1249 induced relaxation in longitudinally-oriented mouse ileum and 

colon, and this effect was inhibited by K+-channel blocker Barium, and resistant to TTX 

treatment implying that neurons were not the effector.93 TREK-1 has been studied as a target of 

drugs of psychology, and the mood stabilizer drug and short BCFA valproic acid (trade name 

Depakote) activates TREK-1 currents (while antipsychotics and anti-depressants such as 

fluoxetine and citalopram inhibit TREK-1).94 Like other short BCFA, valproic acid has been 

seldom studied in smooth muscle with only one study; this study found contraction at low 
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concentrations and relaxation at higher concentrations in rat and guinea pig stomach and taenia 

coli.95 

Peristalsis 

Definition and Basic Mechanism 

Peristalsis is a contraction which moves in a wave down a tube to push the contents of the 

tube’s lumen in a direction. In the context of physiology, peristalsis is the organized muscular 

contraction around a segment of a tube-like organ which propagates like a wave forward with 

further contraction, often while relaxing tension ahead of the wave-like contraction, to push the 

contents of the organ in the direction the wave of contraction is moving. Propagating 

contractions move contents, in contrast to stationary contractions which churn the contents in 

place. While normal peristaltic contractions move contents from the oral to the aboral/anal end, 

anti-peristaltic contractions move contents in the opposite direction. The combination of normal 

contractility patterns in the small intestines which maintain homeostasis are called the migrating 

motor complex; a three-phase process beginning with relative calmness, followed by low 

amplitude contractions, and ending with larger propagating contractions. In the colon, more 

stationary churning patterns and anti-peristaltic movements occur, fitting its role as storing food 

before defecation and providing the last opportunity for digestion and absorption of the 

contents.96 

The mechanism for peristalsis in the intestine has numerous complexities, but there are 

some basic concepts. An intrinsic neuron, such as a multipolar Dogiel type II AH (after-

hyperpolarizing) neuron with projections from the myenteric plexus to the mucosa, detects 

stretching in the region it covers97,98. These cells project to inter-neurons behind and ahead of the 

region of stretch, which in turn project to circular smooth muscle99. The adjacent smooth muscle 
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are connected by gap junctions, allowing an electrochemical signal to travel from muscle cell to 

muscle cell to work together as a single unit100. Projections to neurons towards the oral end are 

usually excitatory, and release neurotransmitters acetylcholine or tachykinin in the synapse with 

the circular smooth muscle to induce contraction101. Projections to neurons towards the anal end 

are usually inhibitory (to open up the lumen) and release neurotransmitters such as ATP, 

vasoactive intestinal peptide (VIP), and pituitary adenylyl cyclase activating peptide 

(PACAP)102,103. Gaseous messengers such as nitric oxide (NO)104 and hydrogen sulfide (H2S) are 

also produced to cause relaxation105,106.  

Longitudinal muscle is less understood, but there appears to be coordinated excitation 

and relaxation. While one group claims that the longitudinal and circular muscle contractions and 

relaxations are roughly the same response in the same region107,108, Grider showed that 

longitudinal smooth muscle is relaxed when the circular muscle is contracting and vice-versa109. 

Maintaining the integrity of the tissue is essential for these types of studies; improvements in 

techniques to measure these physiological phenomena are necessary to improve our 

understanding of peristalsis physiology. 

Enteroendocrine cells are specialized epithelial cells along the gastrointestinal tract 

secrete signaling molecules of various types, and are categorized by what is released such as K 

cells (secrete gastric inhibitory peptide), L cells (secrete GLP-1 or PYY), or Enterochromaffin 

cells (ECs).96 ECs are relatively rare sensory cells in the mucosa, which also have sub-

populations of specifically secreting cells with different signaling molecules and distributions 

that differ between large and small intestine110,111.  EC’s signal to neurons via the signaling 

molecule 5-hydroxytryptamine (5-HT, serotonin) and are important for sensing changes within 

the lumen. ECs are chemosensors which respond to glucose112, fatty acids88,113, nicotine114, and 
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more115. EC’s respond to mechanical stimulation of the mucosa by releasing 5-HT, which excites 

sensory neurons to release calcitonin gene related peptide (CGRP) to excite interneurons to begin 

peristaltic activity.116–118 

To test effects of neuronal activity on peristalsis, inhibitors are useful. The use of 

tetrodotoxin (TTX), which inhibits sodium channels, prevents action potential conduction along 

axons; TTX exposes latent or hidden pacemaker activity in colon tissue119,120. L-N-nitroarginine 

(L-NNA), prevents Nitric Oxide Synthase (NOS) from producing NO; L-NNA causes CMMC 

amplitude and frequency to increase121. The use of either on colon induces smooth muscle 

activity. This implies a tonic inhibition of smooth muscle activity by neurons or an endocrine 

inhibitor. 

Regular Movement and Patterns 

Outside of mechanical or chemical stimulation, regular, rhythmic waves of contraction, 

colonic migrating motor complexes (CMMCs), called high amplitude propagating contractions 

(HAPCs) in humans, ensure the eventual movement of colonic contents to make room for new 

sustenance. Human HAPC’s and murine CMMC’s appear to have similar frequencies ex vivo, 

approximately every 3 to 4 minutes. In vivo, Human mass waves of peristalsis appear to be much 

rarer; HAPC’s happen 7 to 10 times a day.120,122 

These regular waves appear to be regulated by myenteric neurons and are inhibited by 

muscarinic antagonists98,123,124. A set of central pattern generator (CPG) neurons in the myenteric 

plexus which signal via 5-HT through at least 7 types 5-HT receptors with more 

subtypes120,125,126 are most likely responsible for the timing of the waves127,128. The network of 

Interstitial Cells of Cajal (ICC) include these pacemaker cells. The ICC run along the myenteric 

plexus (ICC-MY) which generate fast electrical waves called myenteric potential oscillations 
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(MPOs) and run along submucosal border (ICC-SM) which generate slow electrical waves. The 

ICC-MY generated MPO’s and the ICC-SM generated slow waves, together with release of tonic 

inhibition of contraction provided by neurons129, combine to form the contractile patterns of the 

colon97,122.  

Smooth Muscle Contraction and Relaxation 

There is a diversity of ligands and target receptors for smooth muscle action, and multiple 

pathways to achieve contraction or relaxation. Understanding a few possibilities for how 

nutrients could signal smooth muscle requires some basic knowledge of the major players in 

smooth muscle contraction and relaxation. 

 In circular smooth muscle of the colon, the most abundant receptor to induce smooth 

muscle contraction is the muscarinic cholinergic receptor M3130,131. M3 is coupled to Gαq, which 

binds the carboxy terminus of PLC-β1 to activate the enzyme132. This enzyme hydrolyzes 

phosphatidylinositol 4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and inositol 1,4,5-

triphosphate (IP3)133.  An activated IP3 receptor (IP3R-I) on the sarcoplasmic reticulum causes 

the release of stored Ca2+134,135. Ca2+/calmodulin-dependent myosin light-chain kinase (MLCK) 

is phosphorylated and activated, which then phosphorylates 20-KDa myosin light chain 

(MLC20). MLC20 Ser19-P then forms a crossbridge with actin, and myosin ATPase (on the head 

of the myosin filament) induces the increased overlap of myosin and actin to cause 

contraction100. 

There are some differences with colonic longitudinal smooth muscle. In longitudinal 

smooth muscle, PLC-β1 primarily hydrolyzes phosphatidylinositol 4-phosphate (PIP), creating 

1,4,-bisphosphate (IP2)133, which does not cause the release Ca2+ with the same efficiency136. 

Longitudinal muscle requires calcium influx from outside the cell 135,137, and uses the enzyme 
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cPLA2 to produce arachidonic acid which activates membrane Ca2+ channels137,138. Longitudinal 

muscle may also have a different receptor make-up compared to circular muscle, as such 

demonstrated by its comparative non-response to somatostatin-14139. 

Alternative receptor/ligand pairs incorporate other G-protein coupled receptors such as 

using Gαi via natriuretic peptide clearance receptor140, and/or take advantage of the Gβγ subunit 

activating PLC-β3 to achieve contraction141. Caveolae (small inwardly-directed cell membrane 

pouches) created primarily in smooth muscle by the protein caveolin-1, when activated can block 

the muscarinic receptors142, but have also been shown to facilitate enhanced contraction through  

Gαq-coupled Muscarinic receptor M3 (but not Gαi3-coupled M2)143. Eventually, G-protein 

coupled receptors are desensitized to the ligands, and G-protein Coupled Receptor Kinases 

(GRKs) or other protein kinases inhibit the receptors90,144. 

Well characterized mechanisms for smooth muscle relaxation are through the receptors 

for the homologous ligands VIP and PACAP, and through the gaseous signaling molecules NO 

and H2S. VIP/PACAP signal through Gαs coupled receptors, which activate adenylate cyclase V 

and VI, to generate cAMP, which activates Protein Kinase A (PKA), which inhibit Rho-Kinase 

mediated contraction145. PKA also inhibits Ca2+ mediated contractions by decreasing 

intracellular Ca2+ levels in the cytosol by inhibiting either the formation of IP3 or IP3 mediated 

Ca2+ release mechanisms, and by inhibiting influx of extracellular Ca2+.90,134,141 NO, which can 

be generated by the neuron or by the smooth muscle in response to VIP/PACAP Gαi1/2 coupled 

natriuretic peptide clearance receptors by activating Nitric Oxide Synthase (NOS) III, activates 

soluble guanylate cyclase, creating cGMP, which activates PKG, which activates myosin 

phosphatase, which deactivates myosin cross-linking140. H2S induces relaxation by inhibiting 
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phosphodiesterase (PDE) 5, thereby slowing cGMP breakdown105, and inhibits RhoA activity by 

sulfhydrating it106. 

Less-well characterized mechanisms for smooth muscle add to the complexity of 

peristaltic activity. The descriptively named “Exchange protein directly activated by cAMP”, or 

Epac. activates Rac1 and decreases RhoA activation, leading to MLC kinase inhibition146,147. 

Independent of cAMP, potassium-channels have been shown to act as mediators of smooth 

muscle contraction148; opening K+ channels hyperpolarize the membrane to cause the closure of 

Ca2+ channels149. In the trachea, fundus, and duodenum, Gs-coupled β3-adrenenoreceptor 

mediated relaxation independent of cAMP via voltage-gated potassium channels have been 

observed150,151. 

These differences allow for differential signaling between longitudinal and circular 

smooth muscle. Activation or inhibition of a pathway in one group of smooth muscle that is not 

as pertinent in the other can allow for different responses to the same ligand. 

Ca2+-Independent Sustained Contraction  

After the initial smooth muscle contraction, which is regulated by Ca2+, contraction 

independent of Ca2+ signaling takes over to sustain the contraction in a “latch state”152 with less 

than 30% of the phosphorylated cross-bridges, thus using less ATP100. Activation of Gq/G13 

coupled receptors leads to the activation of RhoGEF, which exchanges a GDP with a GTP to 

activate RhoA. RhoA activates Rho Kinase (ROCK) and Phospholipase D (PLD). Ca2+-

independent sustaining of contraction now has at least two paths. Activated ROCK 

phosphorylates Myosin phosphatase target subunit 1 (MYPT1) at T696, which causes the 

disassociation of MLC phosphatase catalytic subunit (PP1c), which normally would have caused 

MLC dephosphorylation and relaxation.90 ROCK also phosphorylates Zipper Interacting Protein 
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Kinase (ZIPK), which maintains MYPT1-T696 phosphorylation153. In parallel, PLD hydrolyzes 

phosphatidylcholine to phosphatidic acid, which activates diacylglycerol, leading to activation of 

protein kinase C (PKC). PKC phosphorylates PKC-potentiated inhibitor 17 (CPI-17), which also 

inhibits PP1c. Another pathway for Ca2+-independent sustained contraction is Gβγi/PI3K 

activation of Integrin-Linked Kinase which phosphorylates MLC and CPI-17.154 

Straight-Chain SCFAs’ Effect on Peristalsis 

 In flat preparations of rat colon stimulated by stroking the mucosa with a brush where the 

colon was compartmentalized into oral, central, and anal compartments, addition of acetate (C2), 

propionate (C3), and butyrate (C4) to the central compartment increased the ascending 

contraction and descending relaxation in a dose-dependent fashion approaching 100 mM.  5-HT 

and CGRP (but not BDNF) release was increased by the fatty acid, and 5-HT4 receptor 

antagonism decreased the release of CGRP and the contraction and relaxation responses.113 

Differential effects have been observed with acetate and propionate versus butyrate in 

peristalsis. Spatiotemporal maps generated from videos of proximal guinea pig colons infused 

with propionate or acetate have shown a decrease in propagating contractions, while infusion 

with butyrate increased the number of propagating contractions. In particular, butyrate increased 

the number of full-length propagations, while all three fatty acids decreased the number of short-

length propagations.155  

Methods of Analysis 

There are both advantages and hurdles to understanding an internal organ that is not only 

biologically and biochemically dynamic, but also has mechanical activity. While maintaining 

proper physiological and anatomical context can be more complicated when studying a dynamic 



18 
 

organ, measuring the mechanical changes themselves provide another assay by which 

physiological effects can be studied. 

Imaging of the internal shape and organization of live small intestines and colon has been 

possible since the use of x-ray imaging. Computed tomography (CT) and magnetic resonance 

imaging (MRI) provide 3-dimensional information about bowel shape156; however, MRI is the 

modality of choice for imaging humans in vivo because of the lack of ionizing radiation allows 

for more long-term study and longer sessions allowing for temporal resolution in the range of 2 

frames per second157. For current medical practice, motility is often pharmacologically inhibited 

before MRI because movement introduces artifacts when a static image is the current standard158. 

Live video of the movement is improving in vivo. Video fluoroscopy and lower radiation 

requirements for imaging enhances x-ray technology. Cameras can be swallowed159 or inserted 

(endoscopy). Specialized manometers can measure pressure with improving resolution as 

manometers become smaller and more can be fit into a device160. While these techniques are 

great at determining anatomical normal and detecting abnormalities for patients, their use as a 

tool to study peristalsis may require more invasiveness than practical. Removing sections of 

digestive organs and studying them ex vivo is more practical. 

One of the earliest, and still relevant, measurements of gastrointestinal response is the 

measurement of tension generated by the organ, either as strips of organ, or measured along the 

length of the organ161. This allowed for real-time measurement by “enterograph” (or less specific 

term polygraph) which could be easily quantified. As video became more practical, measured 

diameters were reported. The diameter map (DMap) or also called spatiotemporal maps (ST 

Map), was an accident of using images to store diameter data, which then became an easy way to 

visualize changes in ex vivo intestine diameter along the length of the organ. With information 
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about time and distance, other information such as change in diameter, velocity, and frequency 

can be calculated, much of this automated by image analysis techniques.162 Overlaying 

increasingly higher resolution manometry data allows for better understanding of the dynamics 

in the lumen163. While a very useful tool, this has to be balanced against artifacts caused by the 

actual measuring instrument. The future is likely in completely automated analysis of 3D 

imagery, maintaining the spatial position information as well as the temporal and length 

information. 
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Materials and Methods 

Materials 

Chemicals not specified were acquired from Sigma-Aldrich (St. Louis, MO). Aqueous 

solutions were made with ultrapure water produced by Millipore Milli-Q Reference (Burlington, 

MA). Krebs buffer was prepared as follows: 118 mM NaCl, 4.75 mM KCl, 1.19 mM KH2PO4, 

1.2mM MgSO4, 2.54 CaCl; a 10x concentration of the preceding was diluted to 1x and the 

following solutes added to make the concentrations: 25 mM NaHCO3, 11 mM Glucose. Unless 

otherwise specified, bubbled Krebs buffer is with 95% O2 and 5% CO2 and is adjusted to pH 7.4 

before use as a control solution or as a solution to maintain the whole organ. 

HEPES-buffered smooth muscle media (SMM) contains 25 mM HEPES, 120 mM NaCl, 

4 mM KCl, 2.6 mM KH2PO4, 0.6 mM MgCl2, 14 mM glucose and 2.1% Eagle's essential amino 

acid mixture (ThermoFisher). 

Fatty acids tested include Isovaleric Acid (IVA), Valeric Acid, and 2-Ethylhexanoic Acid 

(2-EHA) in Krebs buffer both unadjusted and adjusted to pH 7.2 in stock solution. Other 

chemicals used were Acetylcholine (ACh), Tetrodotoxin (TTX; Tocris Bio-Techne, Minneapolis, 

Minnesota), L-N-nitroarginine (L-NNA; Tocris Bio-Techne), SQ22536 (Tocris Bio-Techne), and 

H-89 (Tocris Bio-Techne). 

Animal Preparation 

 Mus muscularis C58Bl/6 were purchased from Charles River Laboratories (Wilmington, 

MA) and housed in the Division of Animal Resources facility, Virginia Commonwealth 

University. Mice were euthanized by CO2 asphyxiation under protocols approved by VCU 

Institutional Animal Care and Use Committee. The colon was dissected out and placed in a 
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silicone bottom petri dish with bubbled Krebs buffer warmed to 37°C. Extraneous mesenteric 

tissue was carefully removed while avoiding unnecessary tearing or stretching of the colon. 

Longitudinal Colon Segment Force Measurement 

Setup  

Colon segments approximately 4 mm were cut from the colon, and tied at both ends with 

surgical silk string, while not occluding the lumen. One end of string was tied in a loop and 

placed around a glass hook, and the other end was tied to a ring. The glass hook was submerged 

in bubbled Krebs buffer in an organ bath of volume 3 to 6 mL (Radnoti, Monrovia, CA) with 

water jacket attached to circulator (Julabo MC-12; Seelbach, Baden-Württemberg, Germany) set 

to 40°C (Figure 1). Krebs buffer was removed through a turn valve at the bottom and replaced by 

pipette from above opening. The ring was hooked to a model FT03C Force Transducer (Grass 

Technologies, Quincy, MA), which was attached to a Powerlabs 8/35 with Octal Bridge Amp 

(ADInstruments, Colorado Springs, CO). Continuous data was collected with LabChart 8 

(ADInstruments) software. 

The colon tension was adjusted by moving the force transducer with a mounting rack and 

pinion, and oscillating tension kept between 0.5 g and 1.1 g for the initial setup. After tension 

adjustment, the Krebs buffer was replaced at 15 minute intervals 3 times before initial 

experiment. Volume of treatment was calculated based off volume of buffer in the organ bath 

and treatment added by pipette to reach target concentration in bath. Between treatments with 

fatty acids, the bath was rinsed with at least 3 bath volumes of Krebs buffer, and left for 15 

minutes before drug treatment. Dose response curve was created from the initial fatty acid 

treatments and before subsequent treatment with drugs or their vehicle controls. 
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The following treatments and concentrations were tested: ACh at 10 μM at least 10 

minutes before dosing with IVA in Krebs buffer at concentrations of 0.1 mM to 50 mM at pH 6.8 

and pH 7.4, 10 μM TTX in citrate buffer pH 4.8, 100 μM L-NNA in ultrapure water, 10 μM and 

500 μM SQ22536 (Tocris Bio-Techne) in DMSO, 10 mM pH 6.8 and 20 mM pH 7.4 Valeric 

Acid in Krebs buffer, 10 mM pH 6.8 2-EHA and 25 mM 2-EHA + 25 mM IVA pH 7.4 in Krebs 

buffer. 

LabChart data files were converted by LabChart 8 to individual MATLAB data files per 

channel and analyzed by a custom-created MATAB (Version R2018a; Mathworks; Natick MA) 

script (see Appendix 1). The script analyzed maximum and minimum points of tension averaged 

over 15 seconds within the first 300 seconds after addition of the dose, and a 30 second average 

after 300 seconds, and compared it to a 60 second baseline average ending 1 second before 

dosing. Relaxation and contraction data, as well as relative relaxation compared to contraction 

caused by preceding 10 μM ACh dose, were compared. Statistical analysis was performed in 

Microsoft Excel 2016 and MATLAB R2018a. 
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Figure 1) Diagram of vertical force measurement organ bath for colon segments. 
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Peristalsis and Spatiotemporal Maps 

Setup 

Colon was placed in a water jacketed glass petri dish (Radnoti) with silicone bottom 

filled with bubbled Krebs Buffer and heated by water circulator. Approximately 10 mm of 

polyethylene tube 1.7 mm OD 1.19 mm ID (Becton Dickinson) was placed in each end of the 

colon and tied with surgical silk. The open end of the tube was then inserted into Tygon 5/32 

inch OD 3/32 inch ID tubing (Fisher Scientific) which was threaded into a custom designed and 

printed organ bath. The bath was designed using OpenSCAD 2017.01.20 (Figure 2 - See 

Appendix 2) and printed using Formlabs (Somerville, MA) Form 2 with Clear Resin GPCL04 

with the assistance of the Virginia Commonwealth University Innovative Media department. 

Bubbled Krebs buffer was circulated with a peristaltic pump at 10 mL/min through a glass 

jacketed coiled condenser with 46 °C water before entering the organ bath at approximately 35 

°C and actively bubbled in bath when not recording. Vacuum suction maintained organ bath 

volume during continuous circulation. Baths were back-lit with adjustable blue LED surface 

(GIMM-100; Catamount Research and Development, St. Albans, Vermont), and cameras were 

operated with GI Motility Monitor (GIMM Ver. 2.0.2.14; Catamount Research and 

Development). Washout before each infusion before imaging was with at least 15 mL of bubbled 

Krebs buffer. The colons and viewing dimensions were measured using the GIMM software. 

Before imaging, colons were flushed of the previous contents with the control or experimental 

solution and allowed to relax to a baseline. Solutions were Krebs buffer pH 7.4 (control), Krebs 

buffer pH 4.8, 10 mM IVA in Krebs buffer pH 6.8, 50 mM IVA in Krebs buffer pH 4.8. The 

distal end was clamped, and then a pipette containing the same solution as just flushed into the 

colon was adjusted to 5 μL per mm length of the colon and tip placed in the tube leading to the 
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proximal end. The pipette plunger was pressed, pushing the contents into the colon inflating the 

colon, and the proximal end immediately clamped. Video was recorded for at least 25 minutes. 

Analysis 

The cameras (Med Associates Inc; St. Albans, Vermont; Lenses: FA Mega Pixel M084-

MP f=8mm F1.; Computar, Cary, NC) filmed at 320 pixel width by 240 pixel height and were 

saved by GIMM in WMV format. The video files, dimensions of the field of view measured in 

mm, and identifying information were entered into custom scripts (see Appendix 3) designed in 

MATLAB R2018a. Briefly, frames were analyzed for pixels containing colon or background by 

thresholding a value as background, and changing the background value to 1 and the colon value 

to 0. Pixels inside the colon which were erroneously set to background due to camera lighting 

and contrast issues were detected and changed by MATLAB’s “imfill(…,‘holes’)” function 

(Figure 3)  

Spatiotemporal Maps (ST Maps) were created as follows: The diameter along the length 

of the colon per frame was determined by counting the number of pixels in the Y-axis direction 

along the colon in an area set to contain only colon or background and using the view area 

dimension to calculate the mm per pixel (Diameter ST Map). Change in diameter (Dy/Dt ST 

Map) was calculated by setting a threshold time (10 seconds) and calculating the difference 

between the calculated diameter then and threshold time prior. The wave velocity was calculated 

by taking the Dy/Dt ST Map and applying the MATLAB gradient function, which takes the 

partial derivative with respect to the X and Y axis of a 2D matrix to find the vector in the 

direction of greatest change (normal to the direction of the peristalsis). The x and y value signs of 

the gradient vector values generated were used to determine if relaxations or contractions were 
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moving in directions which showed peristalsis or anti-peristalsis, and the magnitude of the 

vectors determined relative velocity (Figure 4 and Figure 5). 

  



28 
 

Figure 2) Diagram of custom gastrointestinal motility monitor organ bath. 
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Figure 3) Example Frame of Colon Video Color-Coded for Regions. A) Individual frame of 

video of a colon. B) Frame after analysis by ST Map software. The area inside the blue box is the 

part of the video to be analyzed. The area in green is detected as background. The area in purple 

is originally detected as colon. The area is red was initially detected as background based on 

color but determined to be colon based on its location completely surrounded by colon. The 

purple regions outside the box are parts of the organ bath. 
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Figure 4) Example and Description of ST Map Calculation. A) The first column shows a 

frame (a) with an analysis region selection the width of the eventual ST Map. The frame is 

converted to black-and-white by detecting background and colon and compressed from top to 

bottom of the analysis region into a single line of the ST Map. The derivative of the diameter 

with respect to time creates the change in diameter ST Map. The partial derivative of the change 

ST Map in both the X (length) and Y (time) axis creates the Wave Velocity ST Map. B). The 

partial derivative of an ST Map in both directions creates an X and Y value of a vector indicating 

the direction of maximum change of diameter. A right angle to that is the lack of change of 

diameter. Lack of changes of diameter with a negative value slope are peristaltic waves, and lack 

of changes of diameter with a positive value are anti-peristaltic.   

  



33 
 

 

 

  

A) 

B) 



34 
 

Figure 5) Explanation of ST Maps of change in diameter and wave velocity. A) In a change 

of diameter ST map, orange indicates no change in the diameter of the colon between then and 

10 seconds later, yellow a contraction, and red a relaxation. The x axis is the length of the colon 

and the y axis is time. A change in contraction that moves along both the x and y axis is a 

peristaltic wave. A peristaltic wave frequently starts with a contraction, and frequently ahead of 

the contraction is a relaxation. A tonic contraction or relaxation is a change in diameter that does 

not move along the x axis. B) In a wave relative velocity ST map, Black indicates no change, and 

green (peristaltic) or red (anti-peristaltic) indicates the slope of the wave. Along the length of the 

wave at any there is usually a mixture of both detected, but a predominant pattern is usually 

apparent. 
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Single Cell Contraction and Relaxation 

Smooth muscle cells were isolated from colon after dissection by gently scraping off the 

mucosa and placing strips of colon in SMM. After washing the strips with SMM, strips were 

incubated for 30 minutes at 31 °C in 10 mL 0.1% collagenase II and 0.1% soybean trypsin 

inhibitor in SMM. Cell solution was filtered through 500 μM Nitex mesh to harvest cells and 

centrifuged twice at 350 g for 10 minutes to remove debris. 

A cell suspension containing 104 muscle cells/mL was dosed with 1 μM ACh to induce 

contractions for 1 minute and 5 minutes. Along with ACh, experimental groups were treated with 

the following: 1 μM ACh; 1 μM, 10 μM, and 100 μM IVA; 1 and 10 μM SQ22536 (Tocris Bio-

Techne), 1 and 10 μM H-89 (Tocris Bio-Techne). 

After the timepoint was finished, cells were fixed with 1% acrolein. Cell lengths were 

measured with a micrometer (Lasico Digital Filar Eyepiece 1602N-10, and M2 Processor; Los 

Angeles, CA) on a Nikon Optiphot microscope. 

Immunofluorescence Staining and Imaging 

To fix samples, colon and ilium were placed in 4% paraformaldehyde in PBS for 2 hours, 

then for antigen retrieval were submerged in a solution of 10 mM sodium citrate and 0.05% 

Tween 20 at pH 6.0 overnight at 4 °C before a 3 minute boil under gentle stirring before 

submersion in 30% sucrose in PBS overnight at 4 °C. Tissue was embedded in OCT compound 

(Tissue-Tek) and frozen at -80 °C before 10 μM sections created with a cryo-microtome. 

Sections were dried for 1.5 hours at room temperature before keeping at 4 °C. Sections were 

washed 4 times with PBS-Tween 0.5%, twice with PBS, then 30 minute incubation with 5% 

normal goat serum (Jackson ImmunoResearch, West Grove, PA) in PBS. Sections were then 
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incubated overnight with 1:200 Thermo PA5-35298 OR51E1 Antibody in 5% normal goat serum 

(or no-antibody control) at 4 °C. Slides were washed again 4 times with PBS-Tween 0.5%, twice 

with PBS, then incubated 1 hour at room temperature with Goat anti-Rabbit Alexafluor 594 

1:100 in 2.5% normal goat serum in PBS, washed 4 times with PBS-Tween 0.5% and twice with 

PBS before covering with Fluoroshield DAPI (Abcam).  

STC-1 cells cultured on glass slides in DMEM with 1.0 g/L and 4.5 g/L glucose were 

rinsed with PBS and fixed with 4% formaldehyde 15 minutes, and left overnight 4 °C in 10 mM 

sodium citrate and 0.05% Tween 20 at pH 6.0. Cells were then left in 5% normal goat serum at 4 

°C overnight. Cells were incubated overnight with 1:200 Thermo PA5-35298 OR51E1 Antibody 

in 5% normal goat serum (or no-antibody control) at 4 °C. Cells were washed 3 times with PBS, 

the incubated 1 hour with Goat anti-Rabbit Alexafluor 594 1:300 in 5% normal goat serum in 

PBS. Cells were rinsed 3 time with PBS before addition of Fluoroshield DAPI before imaging. 

Slides were imaged with a Zeiss Imager Z1 controlled with ZEN software and using an 

EXFO X-Cite Series 120 fluorescence illumination source. Whole organs and STC-1 cells were 

imaged with 400 ms exposure for rhodamine filter, 200 ms for DAPI filter. Channels were 

combined using ImageJ164 (NIH) with FIJI165, and contrast and brightness kept constant between 

images with command “setMinAndMax(70, 150)”. 
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Results 

Tracings of Longitudinal Colon Force 

Each preparation of colon had some variances in degree of response and frequency of 

some rhythmic activity, but generally followed the same response pattern to the treatments. 

Other than the maximal and minimal responses to ACh and fatty acids, descriptions of the 

qualities and characteristics of the tracings of force generated by longitudinal colon in response 

to drugs are informational observations not quantified. In general, before an agonist there was 

usually either a smooth rhythmic contraction and relaxation period of seconds, or a pattern of 

abrupt spikes of contraction (usually less than a gram) which relaxed either immediately or after 

several seconds (Figure 6). Once ACh was added, there was an initial spike in tension (usually 

over 1 gram force), sometimes followed by a quick relaxation to a baseline higher than pre-ACh 

which gradually relaxed more, but frequently the transition from rise in tension to the new 

baseline was closer to a 90° angle than a spike. The patterns of relaxation and contraction might 

sometimes change amplitude when ACh was added, but usually would not stop (Figure 7). 

Addition of the nitric oxide synthase inhibitor L-NNA, after a rise in tension of a few tenths of a 

gram, would either accentuate a pre-existing pattern, induce a smooth rhythmic pattern, or induce 

rhythmic spikes of tension in the longitudinal colon preparations when it was not there before 

(Figure 8). TTx would usually induce a short rise in tension (unlike the vehicle control) but 

would only mildly change the basal pattern in frequency or amplitude, if at all (Figure 9). Both 

the adenylate cyclase inhibitor SQ22536 and the vehicle DMSO would induce a slow relaxation 

in tension. SQ22536, for several minutes at 10 μM and longer for 500 μM, would inhibit 

amplitude of rhythmic contractions either somewhat or completely (Figure 10). 
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Isovaleric acid consistently produces a relaxation of contracted smooth muscle. 

Frequently, there would be a spike in tension of a few tenths of a gram immediately after the 

addition of IVA, or sometimes in the seconds following and during the relaxation phase. The 

relaxation phase would begin seconds after the addition of IVA, and peak relaxation would occur 

within a minute. Over a period of 20 minutes, tension would recover somewhat, usually to a new 

baseline lower than pre-IVA but not always (Figure 7). If the IVA was not pH buffered, there 

usually is no contraction (Figure 11), and the relaxation curve shifts to a lower concentration 

(compare Figure 12 to Figure 18). 
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Figure 6) Representative tracing of two female mice colons without any treatments. Colons 

exhibit varying amplitudes, frequency, and character of contraction patterns. 
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Figure 7) Representative tracings of mouse colons treated with 10 μM ACh followed by 50 

mM IVA. While the general response is the same, some differences between colon segment 

preparations include how pre-ACh treatment patterns change (or don't change) after treatment. 

All IVA treatments here demonstrated some increase in tension before or during the relaxation 

phase before reaching a low point in tension. Some preparations demonstrated a slow recovery of 

some tension. 
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Figure 8) Representative tracings of two male mice colon segments treated with L-NNA. 

Treatment with L-NNA usually induces a rise in tension of a few tenths of a gram. The L-NNA 

would either accentuate a pre-existing pattern, induce a smooth rhythmic pattern, or induce 

rhythmic spikes of tension in the longitudinal colon preparations where not present beforehand. 
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Figure 9) Representative tracings of two male mice colon segments treated with TTx. Most 

colon segments responded to TTx with a rise of tension of a few tenths of a gram. Change in 

amplitude or frequency of pre-existing patterns of contraction and relaxation were present but 

usually not a strongly distinguishing feature. 
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Figure 10) Representative tracings of two female mice colon sections treated with adenylate 

cyclase inhibitor SQ22536. In addition to a slight relaxation of tension, the amplitude of 

rhythmic contractions decreases before recovering over time.  
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Figure 11) Representative tracing of a female mouse colon treated with pH-unadjusted 

IVA, increasing IVA concentration to 10 mM and dropping bath pH from 7.6 to 6.7. The 

biggest differences between the pH adjusted and unadjusted IVA is that the response curve is 

shifted leftward (lower concentration produces a stronger result) and there is rarely an increase in 

tension before or during the drop in tension. 
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Isovaleric Acid Induces Smooth Muscle Relaxation 

Dose-Dependent Relaxation of Longitudinal Smooth Muscle Tissue and Dispersed Cells 

Mice colon segments with force measured longitudinally demonstrate a sigmoid dose-

response or relaxation to IVA (minimum point of relaxation normalized to the maximum 

contraction by ACh). Standard deviation indicated by ‘±’. The linear response is for 

concentrations under 30 mM, with means of 22%±3% for 10 mM IVA and 49%±10% for 30 

mM IVA (*** p < 0.001, maximum IVA relaxation compared to the max ACh contraction). 

From 30 mM to 50 mM, the amount of relaxation increases on average only slightly and the 

standard deviation is also increases (Figure 12).  

The values for experiments using 20 mM IVA were not included with the calculation for 

the standard curve because this data was acquired at a different timepoint during the 

experiments. The predicted average relaxation for 20 mM IVA is 37% (Figure 12), and 

experiments using 20 mM IVA averaged 40%±10% relaxation n=6. 

At 5 minutes out, the relaxation generally sustains itself. A 30 second average of force 5 

minutes from application of IVA (normalized to a 30 second average of ACh-induced 

contraction) shows a linear response to IVA dosing (Figure 13).   

Individual smooth muscle cells respond at μM concentrations in a logarithmic 

relationship with measurements at both 1 minute after treatment (Figure 14) and 5 minutes after 

treatment (Figure 15), with increasing concentrations of IVA increasingly reversing ACh-

induced contraction (or put another way, increasingly relaxing the ACh-contracted cells). While 

the average percent length (of untreated smooth muscle cells) decreases slightly from 1 minute to 
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5 minutes (i.e. a slight increase in contraction from 1 to 5 minutes), there is no statistical 

difference between the lengths at 1 minute and 5 minutes.  

While different in concentration and the type of linear dose relationship, the general 

pattern remains for both cell response and tissue response to IVA: increasing concentration of 

IVA increasingly relaxes colon smooth muscle, and this relaxation is sustained. 
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Figure 12) Dose-response curve of longitudinal smooth muscle maximum relaxation to IVA. 

Points indicate the mean of several sections of colon (n = 5, 7, 32 and for 10 mM, 30 mM and 50 

mM respectively). The linear portion is below 30 mM, and above 30 mM the response becomes 

more erratic (as evidenced by the increase in standard deviation). One-Way ANOVA 

F(2,43)=7.7; p < 0.01. Post-Hoc Fisher's least significant difference ** p <0.01, *** p<0.001. 

Bars indicate standard deviation. 
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Figure 13) Dose-response curve of longitudinal smooth muscle 5 minutes out relaxation to 

IVA. Average IVA relaxation 5 minutes from application of IVA normalized to ACh contraction 

(30 second average force for each). Dose response is linear, but with increasing standard 

deviation as dose increases. One-Way ANOVA F(2,43)=9.81; p < 0.001. Post-Hoc Fisher's least 

significant difference # p <0.05 vs 30 mM IVA, *** p<0.001 vs control. Bars indicate standard 

deviation. 
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Figure 14) Smooth Muscle Cell length after contraction and relaxation by IVA (1 minute). 

Values are a percentage of the basal (untreated) cell length. Dose response fits a logarithmic 

curve f(x) = a(log10(bx+1))+c where a = 0.108, b = 3.86, c = 0.615. One-Way ANOVA of ACh 

treated groups F(3,240)=188.62, p << 0.0001. Post-Hoc analysis of all groups Tukey’s HSD p 

<< 0.001 between all groups. 
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  General model: 
     f(x) = a*log10(b*x+1)+c 

Coefficients (with 95% confidence 
bounds): 
       a =      0.1079  (0.08935, 0.1265) 

       b =        3.86  (0.1747, 7.544) 

       c =      0.6152  (0.5952, 0.6353) 

Goodness of fit: 
  SSE: 0.9772 

  R-square: 0.6914 

  Adjusted R-square: 0.6881 

  RMSE: 0.07209

A) B) 
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Figure 15) Smooth Muscle Cell length after contraction and relaxation by IVA (5 minute). 

Values are a percentage of the basal (untreated) cell length. Dose response fits a logarithmic 

curve f(x) = a(log10(bx+1))+c where a = 0.121, b = 0.763, c = 0.631. One-Way ANOVA of ACh 

treated groups F(3,299)=9.81, p << 0.0001. @ Post-Hoc Tukey’s HSD analysis vs ACh p<0.05; 

comparison of all other groups p << 0.0001. 
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General model: 
     f(x) = a*log10(b*x+1)+c 
Coefficients (with 95% confidence bounds): 
       a =      0.1205  (0.09049, 0.1505) 
       b =      0.7634  (-0.09023, 1.617) 
       c =      0.6306  (0.6112, 0.6501) 
Goodness of fit: 
  SSE: 0.7978 
  R-square: 0.6474 
  Adjusted R-square: 0.6434 
  RMSE: 0.06714 

@ 
@ 

A) B) 
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Gender and Region in Longitudinal Muscle Relaxation 

Each colon segment was marked as the proximal end, the distal end, a middle portion or a 

piece between the middle and proximal or distal side. At 50 mM IVA, segments not on ends 

relaxed on average 51%±18% of the max ACh contraction. In male mice, the most proximal 

segment of colon (mean 30%±8% relaxation) was statistically less sensitive to IVA at 50 mM 

compared to other segments (53%±18% to 49%±17% in middle segments, 68%±8% in the distal 

segment, Figure 16) by Student’s t-test. 

In IVA strips where pH was controlled for, there was no evidence that female mice 

shared this difference between proximal colon segments and other segments. In aggregate of all 

segments tested at 50 mM IVA, there was no statistical difference between male and female 

colon relaxation at 50 mM, although the female colons did respond to 50 mM IVA more on 

average (49%±17% vs 60%±19%). 
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Figure 16) Male mouse 50 mM IVA Induced Relaxion of Longitudinal Smooth Muscle by 

Colon Region. In male mice, the proximal colon was on average relaxed 30% from max ACh 

contraction, statistically significantly less than most other regions which relaxed average 

53%±18% to 49%±17% in mid-regions and 68%±8% on average in the most distal segment. 

One-Way ANOVA F(4,22)=3.28, p < 0.05. Post-Hoc Fisher’s least significant difference 

analysis vs Proximal segment *p<0.05, **p<0.01.  
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Figure 17) 50 mM IVA induced relaxation of longitudinal colon smooth muscle by gender. 

Average relaxation was 49%±17% for female mice (n=12) vs 60%±19% for male mice (n=27). 

Comparison of group samples did not meet the threshold p<0.05 by Student’s T-test. 
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IVA’s Effect on Longitudinal Colon When Creating a Low pH Environment 

When not adjusted to a neutral pH, 10 mM in Krebs buffer IVA temporarily decreases the 

pH of CO2-bubbled Krebs buffer to 6.7 in bath with the colon segment. When not controlling for 

pH, the relaxation curve of longitudinal colon for IVA shifts to increase the muscle’s sensitivity 

to the more-acidic IVA solution (Figure 18). The regional differences in colon segment response 

to IVA is not nearly as pronounced; averaging 52%±7%, 54%±16%, and 58%±2% relaxation 

from ACh contraction maximum for proximal, middle, and distal segments, respectively (Figure 

19). The differences in gender for the aggregate of segments is more pronounced with male mice 

averaging 51%±10% relaxation and female mice averaging 66%±17% relaxation (Figure 20). 
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Figure 18) IVA induces relaxation in Longitudinal Colon segments, curve shifts to lower 

concentrations in lower pH conditions compared to pH 7.4. n=4 for 0,1, 10 mM. n=5 for 50 

mM. (**) p < 0.01 compared to 10 mM IVA. One-Way ANOVA F(3,16)=20.19, p << 0.0001. 

Post-Hoc Fisher’s least significant difference analysis vs 1 mM IVA **p<0.001. Bars indicate 

standard deviation. 
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Figure 19) 10 mM IVA with pH reduction to 6.7 induced relaxation in longitudinal colon by 

region. Samples of colon regions did not reach threshold of significance. Average relaxation 

from ACh contraction maximum: proximal 52%±7% n=3, middle segments 54%±16% n=12#, 

and distal 58%±2% n=3. # One outlier segment (relaxation greater than mean – 1.5*Inter-

quartile Range) was removed. 
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Figure 20) 10 mM IVA reducing pH to 6.7 induced relaxation of Longitudinal colon, male 

vs. female. Differences in relaxation of colon segments is more pronounced with male mice 

when pH is reduced by IVA. Males 51%±10% n=14 vs. female 66%±17% n=5. (*) p < 0.05 by 

Student’s T test. 
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Effects of Neural Inhibition (via Tetrodotoxin) 

To determine the effect of neuronal activity on mediating the effects of IVA, colon 

segments were pre-treated with the fast-gated Na2+ channel blocker 10 μM TTx. for at least 30 

minutes prior to the addition of 50 mM IVA. All TTx-treated tissues responded to the addition of 

TTx (Figure 9). The TTx treated groups did not threshold for statistical difference by Student’s T 

test from the citric acid control (average IVA relaxation 57%±17% for TTx n=5 vs 55%±29% 

n=6 for citric acid buffer). The same strips before TTx relaxed 41%±13% vs 57%±17% after 

TTx (Figure 21); however, this is due mostly to changes in ACh contraction (0.905±0.315 g 

before TTx vs 0.583±0.192 g after TTx, p < 0.05) as opposed to changes in relaxation 

(0.369±0.147 g vs 0.343±0.152 g).  

Effects of Nitric Oxide Inhibition (via L-NNA) 

To determine whether Nitric Oxide mediates the relaxant effects of IVA, colon segments 

were pre-treated with the L-Arginine analogue and NOS inhibitor 100 μM L-NNA. for at least 

25 minutes prior to the addition of IVA. All L-NNA-treated tissues responded to the addition of 

L-NNA (Figure 8). The L-NNA treated groups did not meet statistical threshold for difference 

from the untreated control (50 mM IVA relaxation post-L-NNA 70%±21% n=6 vs. 43%±22% 

n=3 for no treatment, 53%±13% before L-NNA treatment) and in fact the average relaxation as a 

percentage of ACh increased (Figure 22). Average quantity of relaxation was similar for before, 

after, and untreated groups (0.478±0.321 g, 0.409±0.163 g, 0.365±0.169 g. respectively), but 

maximum ACh contraction was significantly less after L-NNA (0.835±0.351 g before, 

0.614±0.208 g after, Student’s T-test p < 0.05). 
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Figure 21) Relaxation induced by 50 mM IVA is not mediated by TTx. Colon segments 

treated with axonal action potential inhibitor 10 μM TTx relaxed similarly to 50 mM IVA 

(57%±17%, n=5) compared to segments treated with just the citric acid buffer vehicle 

(55%±29%, n=6). Pairwise, before and after treatments were not statistically different 

(41%±13% vs 57%±17%, n=5). Bars indicate standard deviation. 

 

  



76 
 

  



77 
 

Figure 22) Relaxation induced by 50 mM IVA is not inhibited by L-NNA. Colon segments 

treated with NO synthase inhibitor 100 μM L-NNA relaxed 70%±21% as opposed to 53%±13% 

before treatment, n=6 colon segments. No treatment relaxed 43%±22% n=3 colon segments. 

Bars indicate standard deviation. 
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Effects of 2-Ethylhexanoic Acid on IVA Relaxation 

2-EHA is a purported inhibitor of OR51E1, a known receptor for IVA. 2-EHA is also a 

BCFA. In colon segments, on average 25 mM IVA plus 25 mM 2-EHA was nearly identical to 

50 mM IVA (51% vs 49%%, n=8) as a percentage of ACh contraction; and the addition of 10 

μM TTx (52%±16%) did not affect the relaxation as a percent of ACh contraction (Figure 23A). 

As a percentage of each colon segment’s 50 mM IVA response, the means did not significantly 

differ from no change (Figure 23B). 

Comparison of BCFA Isovaleric Acid and Straight Chain Valeric Acid 

The C5:0 SCFA Valeric Acid was compared to IVA in the same colon strips after 

washing out the IVA. Colon segments treated with 20 mM Valeric Acid on average relaxed 15% 

more than 20 mM IVA (45%±3% vs 60%±7%, n=5 paired Student’s t-test p < 0.01) (Figure 24).   
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Figure 23) BCFA's 2-EHA and IVA affect Colon Segments Similarly, not Affected by TTx. 

A) 50 mM IVA relaxation was 49%±27% vs. 25 mM IVA+25mM 2-EHA 51%±23% n=8. 

Relaxation for TTx-pretreated 25 mM IVA + 25 mM 2-EHA was 52%±16% n=5. B) As a 

percentage of each segment’s respective 50 mM IVA relaxation response, the without TTx-

response was 103%±13% n=6 and with 10 μM TTx was 91%±8% n=5. Bars indicate standard 

deviation. 
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Figure 24) 20 mM Valeric acid induces more relaxation than 20 mM IVA. As a percentage of 

maximum % ACh contraction, 20 mM IVA 45%±3% relaxation vs 60%±7% for 20 mM Valeric 

Acid. n=5 (**) p < 0.01 by Student’ T-test. Bars indicate standard deviation. 
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Effects of Adenylate Cyclase & Protein Kinase A inhibition (via SQ22536 and H-89)  

Relaxation through cAMP-mediated pathways can be inhibited through various means. 

Inhibition of adenylate cyclase with SQ22536 prevents the production of cAMP, inhibiting all 

cAMP-pathways. With the addition of 500 μM SQ22536 to colon segments, average relaxation 

as a percentage of max ACh contraction decreased before and after by 11% (48%±9% to 

37%±6% n=4), but did not reach statistical significance. Comparing SQ22536 treated strips to 

DMSO vehicle-only controls, there was a 17% difference in average relaxation (53%±6% to 

37%±6%, n = 3 and 4 respectively, unpaired Student’s T-test p < 0.05) ( 
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Figure 25). Average ACh contraction also decreased 22% after SQ22536 treatment 

(compared to a 3% increase after DMSO), while average grams of tension relaxation dropped 

35% after SQ22536 (compared to an 8% increase for DMSO). 

Relaxation induced by IVA in ACh contracted dispersed smooth muscle cells was 

considerably inhibited by SQ22536 and by the PKA inhibitor H-89 at both 1 minute and 5 

minutes of incubation. At 1 minute, while 100 μM IVA-treated ACh-contracted cells were on 

average only 89%±6% of control length compared to 62%±6% for ACh-only treated cells, 

ACh+100 μM IVA-treated cells pre-treated with 10 μM H-89 were 67%±7% and pre-treatment 

with 10 μM SQ22536 were 63%±6% of the basal cell length (Figure 26). There is a dose 

response to SQ22536; for 100 μM IVA treated cells, the length was 77%±7% of control for 1 

μM SQ22536. 

At the 5 minute timepoint, the same groups as 1 minute timepoint trend similarly, with 

the largest difference in means between the same group at 1 minute and 5 minute being 5% 

(Figure 27).  
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Figure 25) 500 μM SQ22536 decreases average 30 mM IVA-induced relaxation of 

longitudinal colon segments. The average 30 mM IVA relaxation before SQ22536 was 

49%±10%  n=7 for all segments (48%±9% for pre-SQ22536 segments). Post-SQ22536 treated 

segments relaxed by 30 mM IVA 37%±6% n=4, and DMSO-vehicle-only treated segments 

relaxed 53%±6% n=3. One-Way ANOVA F(2,1)=4.09, p < 0.05. Post-hoc Fisher's least 

significant difference * p <0.05 vs. before treatment, + p<0.05 vs. SQ22536. Bars indicate 

standard deviation. 
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Figure 26) Adenylate Cyclase Inhibitor SQ22536 and PKA Inhibitor H-89 Inhibit 

Relaxation Induced by IVA at 1 Minute. Cells respond in a dose-dependent fashion to 10 μM 

and 100 μM IVA (increasing relaxation), and responds to 10 μM H-89 and to 1 μM and 10 μM 

SQ22536 (inhibiting relaxation). Multi-way ANOVA of SQ22536 treated and untreated groups 

F(2,380)=152.98, p << 0.0001, and of H-89 treated and untreated groups F(2,578)=103.14. Post-

Hoc Tukey’s HSD p << 0.0001 for all IVA treated groups compared to equivalent SQ22536 or 

H-89 treated groups. Groups marked @ p > 0.05 not statistically different from 1 μM ACh-only 

group. 

  



89 
 

 

 



90 
 

Figure 27) Adenylate Cyclase Inhibitor SQ22536 and PKA Inhibitor H-89 Inhibit 

Relaxation Induced by IVA at 5 Minutes. One-Way ANOVA of all groups (all groups not 

shown) F(22,1068)=152.75, p << 0.0001. Post-Hoc Tukey’s HSD **** p << 0.0001 compared to 

all other groups. 
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Isovaleric Acid Changes Peristaltic Patterns in Whole Colon 

Luminal IVA Changed Mean Diameter along Length of Colon 

The physiological relevance of smooth muscle relaxation in the colon can go in opposite 

directions (metaphorically and literally). Relaxation anally-ahead of a bolus of nutrients opens 

the path for the bolus to move forward, while relaxation at the site of or behind the bolus would 

encourage stasis or even reversed direction. Observation of actual colonic peristalsis provides 

medically relevant information about how molecular mechanism plays into physiological 

function. 

In a still photo of a mouse colon filled with Krebs Buffer (Figure 28A) or with Krebs 

buffer with 50 mM IVA (Figure 28B), we can see the regional differences in the colon, with 

cross-hatched striations of muscle at the proximal end giving way to the more uniform 

appearance distally. Looking for differences between Krebs buffer alone and Krebs plus 50 mM 

IVA, there is a widening of the proximal end where the striations are in the IVA colon. 

Diameter over time can be demonstrated in spatiotemporal maps (ST maps) where the 

darker color indicates a wider diameter of the colon, and the lighter color indicates a narrowing 

of the colon (Figure 29). Here we can see demonstrated the change in colors at the proximal and 

distal ends when going from Krebs buffer, to 50 mM IVA, and back to Krebs buffer. Also 

apparent are the periodic changes in diameter running along the colon, which indicate peristalsis. 

Usually in the ST maps with Krebs buffer, the highest point (earliest point in time) in the change 

of diameter is at the proximal end, and the change in diameter travels distally (towards the anus) 

over time (Figure 29 A1 and B1). In the 50 mM IVA group (Figure 29 A2 and B2), the high 

points can be seen in the middle of the colon, and changes in diameter propagate in both 
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directions. Also, instead of contractions (darker to lighter) propagating, relaxations (lighter to 

darker) appear to propagate middle-to-proximal in the IVA groups. Just after the striation mark, 

an anomaly caused by the transitioning muscle anatomy sometimes occurs, where during the 

traveling contractions the colon twists perpendicular to the direction of the colon, causing the 

reported value to be wider than true (See Figure 29 B1 and B3).  

These findings are quantified as averages of diameter at specific points along the colon. 

When each point on the colon in intervals of 0.2 mm distance from the striations is compared, 

the colon with 50 mM IVA intraluminally is wider at the striations (Figure 30). At the distal/anal 

end, there may be a slight narrowing caused by IVA, but this finding is not as consistent as the 

proximal widening. Comparing pH 7.4 Krebs buffer to pH 4.8 Krebs buffer (without IVA), there 

was no consistent change in diameter (Figure 31).  
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Figure 28) Still frames of a mouse colon filled with A) Krebs buffer or B) 50 mM IVA in 

Krebs buffer. In both frames the colon was filled with 5 μL per mm length. The striations of 

smooth muscle on the proximal end (near the cecum) were used as a marker to align the position 

of the colon to other colons in comparison. 
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Figure 29) Spatiotemporal mapping of mouse colons before and after 50 mM Intraluminal 

IVA. Orange line indicates the end of the striations in the colon. Orange arrows indicate 

approximately whether the contractions begin near the oral end (in the Krebs buffer groups) or in 

the middle (in 50 mM IVA). Arrows correlate to the same features in other ST Maps. 
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Figure 30) Intraluminal IVA has increases proximal colon diameter. n=6 colons, A) paired 

Student’s T test compares diameters at that particular point in the colon as a distance in intervals 

of 0.2 mm from the approximate end of the striations. Colons varied in length and extremes 

without n=6 were not compared. B) Mean and 95% confidence interval of the difference between 

Krebs Buffer and 50 mM IVA. 
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Figure 31) Mean Diameter of Colon at Different Intraluminal pH. Average diameter of the 

colon was found along the length of the colon over 20 minutes, n=3. There was no discernable 

change in diameter when changing from pH 7.4 to pH 4.8 intraluminally. 
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Luminal IVA Disrupts Orad-to-Anal Peristalsis 

 To analyze the peristalsis itself without regard for differences in diameter, the change in 

diameter over a period of 10 seconds was calculated and mapped just like the ST map of 

diameter-alone (Figure 32). The decreases in diameter (in yellow) demonstrate the propulsive 

action of radially contracting segments of colon, which can be seen to travel from proximal to 

distal end in colons with intraluminal Krebs. A widening of the colon (red and black) can be seen 

ahead of the contractions, as well as rebound widening of the colon after the contraction. 

Mirroring the ST maps of diameter, these maps show the contractions with intraluminal IVA 

starting in the middle, and radiating from there, with propagating relaxation instead of 

contractions at the proximal end for some anti-peristaltic waves.  

To quantify where the contractions were occurring, the quantity of contractions over 1 

mm were counted along the colon (Figure 33), and the centroid of the contractions calculated 

(Figure 34 A-B). A shift in the centroid of contractions from the proximal end to more distally in 

the IVA group quantifies the disappearance of the proximally contractions, and a shift back 

proximally when IVA is washed out. To show how much of the colon was experiencing 

contractions, the mean of contractions over 1 mm was calculated per colon, and the percent of 

that colon that experienced at least half the mean of those contractions calculated (Figure 34 C-

D). From this it is apparent that a much shorter length of the colon with intraluminal IVA 

experienced contractions, and contractions lengthen when IVA is washed out. When comparing 

intraluminal pH 7.4 Krebs to pH 4.8 Krebs, these trends do not exist (Figure 34 A and C). 

Although lengths of the contraction were significantly smaller in the IVA group versus control, 

the number of any type of waves over a 20-minute period were not significantly different (Table 

1). Full propagations from proximal to distal colon were uncommon with 50 mM IVA, with a 
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decrease in the average number of these propagating contractions from 7 to 3 over a 20 minute 

period (Table 2). 

  



104 
 

Figure 32) DyDt Spatiotemporal mapping of mouse colons before and after 50 mM 

Intraluminal IVA. Images show change in colon diameter over 10 second period. Orange is no 

change, yellow is a decrease in diameter, red is an increase in diameter. Green arrows indicate 

approximately whether the contractions begin near the oral end (in the Krebs buffer groups) or in 

the middle (in 50 mM IVA). Arrows correlate to the same features in other ST Maps. In 50 mM 

IVA, contractions start near the middle, and waves propagate from there; some anti-peristaltic 

waves are relaxation-only. 
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Figure 33) Example measurement of contractions in ST Map. Graphs below each figure show 

the number of frames of video (at 15 frames per second) of contractions over 1000 μm counted at 

that location. Graphs demonstrate a disappearance of contractions in the 50 mM IVA group, and 

the reappearance of those contractions once IVA was replaced intraluminally with Krebs buffer-

only.  
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Figure 34) Length and Center of Contractions Along Colon Comparing Krebs Buffer vs 50 

mM IVA, or Changes in pH. Contractions over 1000 μm along the length of the colon over 20 

minutes were counted. A) The centroid of the contractions demonstrate a shift towards the distal 

end when 50 mM IVA in buffer is added to the lumen. The centroid shifts back proximally when 

the IVA is washed out by control Krebs buffer. One-Way ANOVA F(2,14) = 11.37 p<0.01. 

Post-hoc Fisher's least significant difference * p <0.05 vs. control, ++ p<0.001 vs 50 mM IVA. 

n=5, # One outlier colon (centroid less than mean – 1.5*Inter-quartile Range) was removed; 

outlier value was caused by complete ablation of all contractions by IVA for most of 

measurement period followed by late recovery of small contractions at proximal end. B) Changes 

in intraluminal pH did not cause a significant shift in the centroid of contractions. C) The mean 

of the number of contractions over 100 μm was calculated per colon, and the length of the colon 

experiencing at least half the mean calculated. While approximately 70% of the colon meets this 

threshold for contraction in the control, less than 50% meets this with 50 mM IVA in the lumen. 

Washing out the IVA from the lumen recovers this to nearly 60%. n=6, One-Way ANOVA 

F(2,17) = 6.76 p<0.01. Post-hoc Fisher's least significant difference ** p <0.01 vs. control. Bars 

indicate standard deviation. D) Between colons with just the pH adjusted, there was not 

difference (n=3). Bars indicate standard deviation. 
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Table 1) All Full Waves of Contraction and/or Relaxation Counted Over 20 Minutes. ST 

Change in Diameter Maps were counted for (anti-)peristaltic contractions and/or relaxations that 

spanned the full width of the colon and had discernable relaxation between them before the next 

wave started.   
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Total Counted Waves Over 20 Minutes 

 Sex Pre IVA IVA Post IVA 

1 M 8 7 6 

2 M 5 6 4 

3 M 12 9 10 

4 M 7 6 3 

5 F 8 8 8 

6 F 7 8 7 

 Average 7.833333 7.333333 6.333333 

 St Dev 2.316607 1.21106 2.581989 
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Table 2) All Proximal-to-Distal Contractile Propagations Counted Over 20 Minutes. ST 

Change in Diameter Maps were counted for contractions that spanned from the proximal end to 

the distal end of the colon and had discernable relaxation between them. One-Way ANOVA 

F(2,17) = 6.79 p<0.01. Post-hoc Fisher's least significant difference * p <0.05, ** p <0.01 vs. 

Pre-IVA control.  
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Luminal IVA Slows Proximal Colon Peristalsis 

 To quantify the (anti-)peristaltic wave velocity (without respect to whether it is a 

relaxation or contraction wave), the partial derivative of the change in diameter ST map with 

respect to length and time was taken (using the MATLAB “gradient” function) to show the 

relative difference in velocity of the peristaltic movements along the length of the colon. In the 

example ST wave velocity map (Figure 35), where green indicates peristaltic movement at that 

point and red indicates anti-peristaltic movement at that point, you can see a decrease in the 

amount of green on the proximal end going from Krebs to 50 mM IVA, and an increase in green 

going from IVA to the washout. The average relative wave velocity in the proximal region was 

greater for colon with luminal Krebs compared to 50 mM IVA, both at specific points and the 

regions in general (Figure 36). Washout of the IVA only recovered the velocity slightly in the 

proximal region. There was no noticeable change in velocity in the distal half of the colon. 
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Figure 35) Example ST Wave Velocity Maps showing relative change of velocity of changes 

in diameter. The ST Wave Velocity map shows general forward peristaltic movement (green), 

but a decrease in forward movement with 50 mM IVA in the lumen. Anti-peristaltic movement, 

denoted in red, appears to occur at the demarcation of the striations, and after the peristaltic wave 

in the Krebs buffer control A. Black is no velocity. Arrows correlate to the same features in other 

ST Maps. 
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Figure 36) Mean relative contraction wave velocity of contraction along colon over 20 

minutes. The average relative contraction wave velocity at intervals 0.2 mm from the striation 

mark was calculated and averaged together by treatment group. The 50 mM IVA group was 

significantly slower then Krebs buffer in the area of the striations. This proximal area of the 

colon was on average at a higher velocity than the distal portion in the control groups. 
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Colonic Smooth Muscle, Enteroendocrine Cells Possess OLF Receptor 

Murine Colon, Ileum, and Cultured STC-1 cells, Stain Positive for Olfr558 

Tissue cryosections 10 μM thick of mouse colon (Figure 37 A and C) and ileum (Figure 

37 E) were cut perpendicular to the axis of the tube (creating rings of tissue, not long strips). 

Sections were then incubated overnight with 1:200 Thermo PA5-35298 OR51E1 Antibody in 5% 

normal goat serum at 4 °C. Sections stain positive for the olfactory receptor Olfr558 (murine 

analog to OR51E1), with the strongest staining on the outer longitudinal layer of muscle. Control 

slides prepared the same way but with the OR51E1 primary antibody not present (Figure 37 

B,D,F) did not show evidence of OR51E1 staining. Tissue cultured STC-1 cells also stained 

positive for OR51E1 (Figure 38 A-B). 
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Figure 37) 40x Images of fluorescent staining of mouse Olfr558 (A,C,E) or Control (B,D,F) 

on 10 μM cryosections of mouse colon (A-D) and ileum (E-F). The outer smooth muscle layer 

of both colon and ilium stained positive for OR51E1 throughout. Some mild staining was in the 

circular muscle layer and in the mucosa. Primary antibody deletion from staining steps as a 

control did not demonstrate any staining for the protein.  
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Figure 38) Cultured STC-1 cells stained with OR51E1 (A-B) or no Primary Antibody (C-D). 

The enteroendocrine-derived mouse cell line stained positive for OR51E1 throughout the cell. 

Deletion of the primary antibody step from staining showed no positive staining. 

  



123 
 

 

 

A)                                                                                  B) 

C)                                                                                 D) 



124 
 

Discussion 

Direct Signaling of Smooth Muscle by Fatty Acids 

Response to IVA 

The multitude of possible receptors, and the wide distribution of their expression, make 

pinpointing specific physiologically relevant targets tricky at the organ level. The response at the 

cellular level provides an idea of the potential physiological response at the tissue and organ 

level, but which cells are the gold standard for correlation to physiological organ response? 

There is no rule that if the smooth muscles respond to a molecule by relaxing, that neuro-

epithelial mechanisms can’t respond by trying to induce contraction. In fact, disparate responses 

are key to coordinating action in mechanical organs such as the colon. 

At the cellular level, IVA concentrations between 1 μM and 100 μM at physiologically 

buffered pH cause individual colonic smooth muscle cells to relax from ACh-induced 

contraction in a dose-dependent manner. These IVA concentrations are physiologically relevant 

in human circulation for homeostatic patients49 and for pathologic patients51; also, the relaxation 

response covers most of the possible range from minimal relaxation to 3/4ths of complete 

recovery. The relaxation is present in the short-term at 1 minute (Figure 14) and lasts at least 5 

minutes (Figure 15). Thus, absent any external neurological or immune influences, the most 

likely response of smooth muscle to IVA is relaxation. 

Relaxation of the longitudinal smooth muscle to IVA in a dose-response fashion (Figure 

12, Figure 13) similar to the cellular response is the first piece of evidence that physiologically 

relevant BCFA signaling to the colon occurs directly to the smooth muscle. While IVA 

concentrations to elicit a response from the tissue are several magnitudes higher than in the 
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dispersed cells, the delivery to cells within tissue must account for diffusion to cells as opposed 

to something closer to direct delivery, which capillaries approximate. Also, the concentrations 

which elicit a response from whole tissue (around 10 mM to 50 mM), are close to physiological 

relevance in the lumen of the colon as concentration in stool52. Also of physiological relevance is 

the increased response to IVA when IVA is allowed to change the environmental pH (Figure 18). 

A relatively acidic pH of 6.7 is at the extreme end of possible human pathology for serum166, but 

a reasonable pH to be found in the colon lumen28. While changes in environmental pH itself will 

cause relaxation independent of the fatty acid167, it is worth noting that fatty acids are the reason 

for the lower pH in the colon lumen and the cause for organic acidosis in several inherited 

pathologies, including isovaleric acidemia. 

The second piece of evidence for direct BCFA signaling to smooth muscle is the tissue’s 

response to IVA after TTx treatment, which inhibits the ability of neurons to elicit an action 

potential. At concentrations of TTx which elicit a response from the tissue, the colon segment’s 

response to IVA is not changed relative to the vehicle control (Figure 21). The lack of change in 

response is even more evident when considering that only the response to ACh is decreased by 

TTx, not the relaxation induced by IVA. 

The next piece of evidence is the lack of effect of the Nitric Oxide Synthase inhibitor L-

NNA on IVA-induced relaxation (Figure 22). NOS signaling could be autocrine; however, it is 

also a potential signaling mechanism mediated by epithelial cells and neurons105,120. Regardless, 

there was no significant decrease in IVA-induced relaxation. It could be argued that an increase 

in relative relaxation seen with L-NNA and IVA could be caused by inhibition of NOS (or of 

neurons by TTx) unmasking an example of NOS-induced contraction.168 However, like TTx, the 
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effect of the NOS inhibitor was more to decrease ACh-induced contraction than to decrease 

IVA-induced relaxation. 

cAMP/PKA Pathway Signaling 

 Understanding the second-messenger system used by the signaling molecule provides 
crucial information about the potential upstream and downstream mechanisms. Evidence against 
Nitric Oxide’s participation in the relaxation (Figure 22) is evidence against cGMP/PKG system 
pathways. Another key second messenger is cAMP, and the classical cAMP/PKA signaling 
pathway. The evidence at the cellular level that cAMP is a primary effector of IVA-induced 
relaxation is demonstrated by the strong inhibition of cell relaxation by SQ22536, an adenylate 
cyclase inhibitor (Figure 26 and Figure 27). The use of SQ22536 in colon segments to inhibit 
relaxation does not demonstrate as drastic an effect as seen with the individual cells; however, 
the decreased relaxation of the SQ22536 treated colon segments vs. the DMSO-only vehicle is 
present and statistically relevant (  
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Figure 25); more evidence of a physiological correlation to the cell data. 

Inhibiting cAMP can affect multiple pathways such as EPac-related pathways146,147, 

PKA145, or cAMP-interacting domains of other proteins92. Relaxation of smooth muscle by 

cAMP via PKA is one of the most well-characterized pathways for smooth muscle relaxation. 

Almost complete reversal of IVA-induced relaxation via inhibition of PKA by treatment with H-

89 in dispersed cells (Figure 26 and Figure 27) is a strong indication that this is the primary 

mechanism by which IVA induces relaxation in those cells.  Combined with the evidence that the 

relaxation is not dependent on neuronal activity or uses a common paracrine signaling 

mechanism of generating NO, the evidence strongly upholds the hypothesis that IVA’s 

relaxation effect is mediated directly by the smooth muscle cell, and that it is cAMP/PKA 

dependent (Figure 39). 
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Figure 39) Diagram of a cAMP/PKA-Mediated Pathway for Smooth Muscle Relaxation. A 

ligand, such as a GPCR, for a Gαs-linked GPCR, such an olfactory receptor, can cause Gαs-

mediated activation of adenylate cyclase (AC). AC mediates production of cAMP from ATP. 

cAMP acts as a messenger for numerous pathways, such as PKA, which can phosphorylate 

MYPT1. The kinase domain of MYPT1, PP1C, phosphorylates the myosin head of MLC, 

releasing the filamentous actin and causing relaxation. The compount SQ22536 inhibits AC, and 

H-89 inhibits PKA. 
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Presence of IVA Sensitive Receptors 

The presence of a receptor capable of mediating the response seen is an important piece 

of evidence that a signaling molecule is in fact mediating that response. OR51E1 (and mouse 

analog Olfr558) is an enticing receptor for IVA to investigate as a mediator of BCFA fatty acid 

response because as a GPCR its action is mediated by Gαolf (similar in most ways to Gαs) which 

activates adenylate cyclase III to produce the second messenger cAMP. The presence of a 

receptor for IVA on colonic smooth muscle which activates an adenylate cyclase fits the data 

showing that IVA-induced smooth muscle relaxation is adenylate cyclase-dependent. If the 

receptor mediating smooth muscle relaxation was FFAR3, a Gαi linked receptor, inhibition of 

adenylate cyclase would have been expected, causing an increase in contraction. Adenylate 

cyclase inhibitors such as SQ22536 would not have mediated Gαi linked receptor activity. If 

FFAR3 mediated this relaxation in longitudinal muscle by activating relaxation-inducing 

neurons, TTx would have inhibited the relaxation. 

Immunofluorescence stains of mouse colon demonstrate positive staining for 

OR51E1/Olfr558, with the most prominent staining on the outer layers of the colon and ileum, 

where the longitudinal smooth muscle lies (Figure 37). Circular muscle and the mucosa also 

demonstrate moderate staining. Controls without the OR51E1-antibody did not stain for the 

secondary antibody. Positive staining of STC-1 cells (Figure 38), an immortalized cell line of 

mouse enteroendocrine cells, also confirms previously reported presence of IVA-sensitive 

OR51E1/Olfr558 in enteroendocrine cells of other GI tracts88. Small molecule inhibitors for the 

numerous olfactory receptors are uncommon, which made the single report of 2-EHA as a 

negative modulator of OR51E1 interesting.84 Unfortunately, the BCFA 2-EHA did not inhibit the 
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relaxation effect of IVA and instead appeared to act like IVA in terms of potency (Figure 23). 

Specific investigation in future study can definitively show whether OR51E1/Olfr558 mediates 

this relaxation effect; other receptors which activate adenylate cyclase could be the potential 

target mechanism by which IVA induces smooth muscle relaxation. The presence of a receptor 

like OR51E1/Olfr558 that fits the description of the required mechanisms for IVA-induced 

relaxation warrants further investigation. 

SCFA and BCFA Response 

The SCFA valeric acid was about 15% more potent a colonic longitudinal muscle 

relaxant than IVA (Figure 24) at one investigated concentration. This finding contradicts the 

assertion that BCFA are more relevant as signaling molecules than unbranched SCFA’s which 

serve a role as nutrients; if BCFA were more important, one thought might be that receptors 

respond more for BCFA than the straight chain equivalents. Valeric Acid is about as prevalent as 

IVA in stool52, which is likely important for the mucosa in immediate contact, but, there is more 

than an order of magnitude more IVA in human blood serum49. This could be because IVA can 

be derived from the amino acid leucine47 whereas valeric acid does not have an immediate 

common molecular derivative, but could also be due to differences in how SCFA and BCFA are 

metabolized and transported which allows more BCFA to arrive to the smooth muscle. If the 

physiological purpose of colon peristalsis reacting to IVA is in response to protein in the GI tract 

being fermented, there may not have been enough selective pressure to differentiate the IVA 

response from response to valeric acid because valeric acid has a shorter biological half-life. Or, 

valeric acid may also occur in roughly the same dietary environments that produce IVA in the 

colon. Valeric acid (also known as C5:0 pentanoic acid) is a ligand of OR51E184; propionic and 
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acetic acid, which are the only other SCFA present in serum at a similar magnitude as IVA49, are 

not OR51E1 ligands84. 

Regionally-Specific Inhibitions of Peristalsis 

Differences in Colon Diameter 

The physiological relevance of smooth muscle relaxation in the colon can go in opposite 

directions (metaphorically and literally). Relaxation distally-ahead of a bolus of nutrients opens 

the path for the bolus to move forward, while relaxation at the site of or behind the bolus would 

encourage stasis or even reversed direction. There is also some question whether different layers 

of smooth muscle (circular and longitudinal) relax and contract together or opposite of each other 

to achieve optimal peristalsis107–109. 

Observation of actual colonic peristalsis provides relevant information about how 

molecular mechanism plays into physiological function. It is mildly apparent from the still 

frames of colon intraluminally-filled with either plain Krebs buffer (Figure 28 A) or IVA (Figure 

28 B) that the proximal end of the colon (behind the point where the striations ends) is slightly 

wider when equally filled with 50 mM IVA buffer than with control buffer. Looking at the ST 

map measuring the diameter of the colon over time (Figure 29) it is even clearer that the 

proximal end is wider after administration of IVA to the lumen (Figure 30).  

While it is difficult to parse-out the individual mechanisms when looking at whole-organ, 

direct relaxation of smooth muscle, as seen in the experiments in individual cells and colon 

segments, would fit with the widening of the proximal end. But relaxation mediated by FFAR3 

positive PYY-positive enteroendocrine cells79 or neutrally mediated relaxation through FFAR3 

positive neurons 78 would also fit. Regardless of mechanism, both findings of proximal 
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relaxation and distal constriction support the hypothesis that IVA inhibits forward movement of 

the luminal contents by normal peristalsis. 

In the analysis of longitudinal relaxation by colon segments, the proximal end of male 

colons demonstrated a decreased response to IVA (Figure 16). While at first this doesn’t fit the 

narrative of proximal-end relaxation, there are possible explanations. The arrangement of the 

circular muscle could cause a dampening of the measured response depending on their 

orientation, assuming the response for longitudinal and circular muscle is the same (but that is 

not a given), making that measured difference an artifact of the anatomy. Another reason could 

be differences in regional neuronal responses. What may not be apparent in the longitudinal 

muscle when testing colon segments, may be different when looking at the circular muscle. For 

example, another study showed that 10 μM nicotine induced a cessation of proximal colon 

circular muscle rhythmic contraction for several minutes in rats (a net relaxation), and this effect 

is inhibited by FFAR3 specific agonists78 (IVA is an FFAR3 agonist). In combination with 

anatomical arrangement differences, this difference may explain the decreased relative relaxation 

in proximal colon segments measured longitudinally but does not affect the net physiological 

result of increased luminal diameter in the proximal colon. 

Differences in Peristaltic Waves 

The most drastic difference manifested by intraluminal IVA was changes to the character 

of the peristaltic activity. The example maps showing the change in diameter over time show 

classical forward-moving peristaltic waves in the initial Krebs buffer-only control groups (Figure 

32 A). In the 50 mM IVA group, most of the contractions at the first half of the length of the 

colon disappears. This is evidenced by the shift in the center of the contractions towards the 

distal end with IVA, and a shift proximally when IVA is removed (Figure 34). Relaxations 
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moving in an anti-peristaltic fashion (from mid-colon to the cecal end) are apparent (Figure 32 

B). Removal of the IVA returns most of the proximal-sided contractions and there are fewer anti-

peristaltic-appearing waves (Figure 32 C). Changing pH of intraluminal Krebs buffer from 7.4 to 

4.8, without adding IVA, does not cause the same changes in the peristaltic wave activity, and 

proximal-sided contractions remain (Figure 34 B).  

Finally, there is a quantifiable change in the velocity and direction of the (anti-)peristaltic 

waves. Wave direction ST maps, which show the relative velocity of the change in diameter at a 

point, demonstrate a decrease of peristaltic (i.e. forward) movements, and an increase in anti-

peristaltic (i.e. backward) movements when going from Krebs-only to 50 mM IVA, and a 

recovery when the IVA is washed out (Figure 36). On average, the region around the cecal-

ended striations of the proximal colon were close to standstill with intraluminal 50 mM IVA 

compared to the Krebs-only control before IVA. Differences were not apparent on the distal-half 

of the colon. 

Surprisingly, there was no evidence of a change in the actual period of peristaltic waves 

(Table 1). Assuming the period of the waves is controlled by central pattern generating neurons 

in the ICC97,122, the changes in peristalsis appears not to be with the timing of the wave 

generators, but where the waves begin. IVA-influenced peristaltic waves begin in the middle and 

have fewer contractions on the proximal end.  

Differences in IVA sensitivity regionally could explain a change in where the peristaltic 

wave starts. This sensitivity could be mediated by differences in distribution of receptors on the 

smooth muscle cells, or by distribution of IVA-sensitive enteroendocrine cells. However, it is 

also likely that neurons of the myenteric plexus are activated by IVA-sensitive FFAR3 and 

inhibit peristalsis. This is supported by a previous study showing FFAR3 positive neurons in the 
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proximal colon which inhibit nicotinic activity by FFAR3 agonists, as well as decreased fecal 

pellet output with intraperitoneal FFAR3 agonists.78 Direct action of IVA on smooth muscle is 

more likely to change non-periodic characteristics such colon diameter and the strength (and 

perhaps speed of propagation) of the contractions, whereas the period of contractions is more 

likely to be controlled by neuronal cell actions or the ICC. 

Conclusions 

 The branched chain fatty acid isovaleric acid relaxes longitudinal colonic smooth muscle 

cells in a dose-dependent manner by direct interaction with those cells through a receptor 

activating an adenylate cyclase and activating PKA, and not mediated by neurons or 

enteroendocrine cells. This activity is part of an IVA-induced decrease in peristaltic activity and 

increase in luminal content retention due to an increase in proximal colon volume and a decrease 

in contractility and peristaltic velocity in the proximal end. 

Physiological Applications 

 The interplay of nutritional and microbiome interactions for fatty acid signaling, 

particularly of BCFA signaling, makes this research particularly relevant not just for 

pharmacological applications but in everyday homeostasis. 

 The non-pathological primary source of IVA is bacterial fermentation of the amino acid 

leucine. Controlling the intake of leucine or controlling the microbiome’s ability to produce IVA 

from leucine are two controllable mechanisms which can increase or decrease the physiological 

quantity of IVA. From this study, we know that IVA relaxes colonic smooth muscle and 

decreases forward peristaltic movement in the proximal end of the colon, increasing retention of 
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contents. Applications where increased retention is bad include surgical and pharmacological 

causes of constipation. Diseases causing diarrhea is where increased retention is desired.  

There is also the opportunity for a feedback loop: increased retention time caused by 

BCFA mean increased opportunity for bacterial fermentation to occur, which means increased 

fatty acid production. While this study only addresses colonic motility caused by IVA, there is 

increasing awareness of digestive issues and the gastrointestinal microbiome being connected to 

psychological issues.55 Also, fatty acid production and absorption’s effect on adipose169, 

inflammation170, or oncogenesis19,171 is poorly understood. Whether to increase or decrease fatty 

acid concentration to treat a problem anywhere in a body starts in the gut.  

This study also does not address long-term effects on colonic motility by branched chain 

amino acid fermentation. The production of ammonia by amino acid fermentation could oppose 

the effects of the BCFA. Increased retention of luminal contents could also increase the 

fermentation of carbohydrates and produce other SCFA opposing the effects of BCFA. Increased 

retention of colonic luminal contents could become increased evacuation of contents as the 

contents are changed by fermentation and the balance tilts in another direction. 

Current pharmacological options for potential receptors of BCFA or their receptors are 

limited. FFAR3 agonists exist but not antagonists. 2-EHA was used as an inhibitor of OR51E1 

mediated effects in one study84, but if OR51E1 mediates IVA-induced relaxation the effect of 2-

EHA appears to be like that of an agonist. The widespread expression of fatty acid sensitive 

receptors makes specific targeting difficult, but the role of the microbiome and diet is a non-

pharmacological avenue for the development of a plan of action to modulate BCFA-mediated 

roles. 
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A possible pharmacological intervention to modulate the effect of BCFA that would not 

require the development of specific receptor-mediated inhibitors are enzymes that better utilize 

BCFA as substrates for oxidation. The enzymes of bacteria which can subsist entirely on 

branched chain fatty acids172 could serve as a template for treatments that decrease BCFA 

concentration for a desired result.  

Directions for Further Study 

 There are a number of possible directions for future study, but there are specific 

immediate questions that could shed considerable light on the mechanism. 

1. Does an olfactory receptor mediate IVA induced relaxation in smooth muscle? siRNA 

inhibition of olfactory-specific ADCY3 (adenylate cyclase III) or GNAL (Gαolf) could 

narrow or eliminate olfactory receptors as the effector of BCFA-induced smooth muscle 

relaxation before specific olfactory receptors are targeted. 

2. Are regional differences in effects a result of differences in IVA receptor distribution? 

The distribution of FFAR3, and olfactory receptors such as Olfr558/OR51E1 (or Gαolf for 

general olfactory receptor distribution) as determined by qualitative comparison of 

immunohistochemistry, qPCR, and western blotting could shed light on regional 

differences in response. 

3. Are there gender differences in response to fatty acids? Data on the relaxation of colon 

segments hinted at the possibility of gender-specific differences, but the power in most 

experiments was not enough to definitively say so.  

4. Are there more uniquely specific BCFA-induced relaxation mechanisms mediated by 

PKA? While PKA works to sequester and remove Ca2+ to induce relaxation, the activity 

of the BCFA valproic acid on TREK-194 hints at a possible ion channel involved in the 
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mechanism of smooth muscle relaxation93. Better understanding this relationship could 

have applications in the tie between psychological issues, treatments, and the 

gastrointestinal system. 
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