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Kotlo K, Anbazhagan AN, Priyamvada S, Jayawardena D,
Kumar A, Chen Y, Xia Y, Finn PW, Perkins DL, Dudeja PK,
Layden BT. The olfactory G protein-coupled receptor (Olfr-78/
OR51E2) modulates the intestinal response to colitis. Am J Physiol

Cell Physiol 318: C502–C513, 2020. First published January 8, 2020;
doi:10.1152/ajpcell.00454.2019.—Olfactory receptor-78 (Olfr-78) is
a recently identified G protein-coupled receptor activated by short-
chain fatty acids acetate and propionate. A suggested role for this
receptor exists in the prostate where it may influence chronic inflam-
matory response leading to intraepithelial neoplasia. Olfr-78 has also
been shown to be expressed in mouse colon. Short-chain fatty acids
and their receptors are well known to modulate inflammation in the
gut. Considering this possibility, we first explored if colitis regulated
Olfr-78 expression in the gut, where we observed a significant
reduction in the expression of Olfr-78 transcript in mouse models of
dextran sodium sulfate (DSS)- and 2,4,6-trinitrobenzenesulfonic acid
(TNBS)-induced colitis. To more directly test this, mice deficient in
Olfr-78 were administered with DSS in water for 7 days and were
found to have increased expression of IL-1� and inflammatory signs
in colon compared with control mice. Next, we explored the expres-
sion of its human counterpart olfactory receptor family 51, subfamily
E, member 2 (OR51E2) in human intestinal samples and observed that
it was in fact also expressed in human colon samples. RNA sequence
analysis revealed significant changes in the genes involved in
infection, immunity, inflammation, and colorectal cancer between
wild-type and Olfr-78 knockout mice. Collectively, our findings
show that Olfr-78 is highly expressed in colon and downregulated
in DSS- and TNBS-induced colitis, and DSS-treated Olfr-78 null
mice had increased colonic expression of cytokine RNA levels,
suggesting a potential role for this receptor in intestinal inflamma-
tion. Future investigations are needed to understand how Olfr-78/
OR51E2 in both mouse and human intestine modulates gastroin-
testinal pathophysiology.

inflammation; intestine; Olfr-78

INTRODUCTION

Short-chain fatty acids (SCFA) are produced by microbial
fermentation of dietary fiber and have long been appreciated to
play an essential role in colonic health. The most commonly
studied SCFAs are acetate, propionate, and butyrate (28). A
growing body of evidence indicates that SCFAs collectively
mediate their important cellular processes, such as prolifera-
tion, differentiation, apoptosis, and immune response, at least
in part via activation of G protein-coupled receptors (GPCRs;
see Refs. 12 and 50). Thus far, SCFAs have been described to
activate three GPCRs: free fatty acid receptors 2 and 3 [FFA2
and -3, also referred to as G protein-coupled receptor (GPR)-43
and -41], and niacin/butyrate receptor GPR109A, where ace-
tate and propionate activate GPR-43 and -41 while butyrate is
the ligand for GPR109A (37). GPR-43 and -41 are expressed in
colonic epithelial cells and peripheral blood mononuclear cells
(18). Additional studies have demonstrated the expression of
GPR-43/41 mainly in L-type enteroendocrine cells and sug-
gested a role in regulation of glucagon-like peptide-1 (GLP-1)
and peptide YY-1 (PYY-1) production (13, 31, 39, 48). Al-
though knockout (KO) mouse models of GPR-43 and -41
suggested the importance of these receptors in chronic inflam-
matory conditions such as colitis, asthma, obesity, and arthritis,
there is a lack of consensus as to whether GPR-43, in partic-
ular, is pro- or anti-inflammatory with contradictory findings
from different studies. These data raise the possibility that
compensatory mechanisms involving other SCFA-activated
GPCRs might play a role (3).

Importantly, one of the olfactory receptors, a subclass of
GPCRs, olfactory receptor 78 (Olfr-78; in humans referred to
as OR51E2, olfactory receptor family 51, subfamily E, mem-
ber 2), is expressed in multiple tissues, including intestinal
tissue, including enteroendocrine cells, and activated by acetate
and propionate (38, 42, 52). Olfactory receptors, the largest in
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the genome (7, 22), are more commonly recognized for sensing
odorant molecules in the nose to initiate a neuronal response
that triggers the perception of a smell. In more recent years, the
functional role of olfactory receptors in nonolfactory organs has
been reported by others. Interestingly, this receptor, Olfr-78, has
been implicated in blood pressure regulation (38) and inhibition of
prostate cancer cell proliferation (30). Ligand-induced activation
of OR51E2 (the human isoform) inhibits melanocyte prolifera-
tion, differentiation, and melanogenesis (15). Although the ex-
pression of Olfr-78 is reported in enteroendocrine cells and epi-
thelial cells of the colon by immunofluorescence and RT-PCR,
respectively (13), its functional significance in gastrointestinal
pathophysiology has yet to be investigated.

In the present study, we observed that the expression of Olfr-78
mRNA was significantly reduced in the colon of mouse models of
dextran sodium sulfate (DSS)- and 2,4,6-trinitrobenzenesulfonic
acid (TNBS)-induced colitis and TNF-�-treated HT-29 cells.
Therefore, we investigated the effect of DSS colitis (3% DSS in
water for 7 days) in mice deficient of Olfr-78. These studies
showed that, in response to DSS colitis, Olfr-78 KO mice exhib-
ited higher levels of IL-1� expression, epithelial cell destruction,
and inflammatory infiltration compared with their wild-type (WT)
counterparts, implying a role in immunomodulatory function of
this receptor in intestinal inflammation. Because this receptor has
not been reported to be expressed in the human intestine, we also
examined the expression of its human counterpart OR51E2 along
the length of the human intestine. Our data showed that there was
marginal increase in the expression of Olfr-78/OR51E2 mRNA
levels in the colon compared with ileum and jejunum of both the
mouse and the human intestine.

MATERIALS AND METHODS

Olfr78�/� Mice

Heterozygous (Olfr78�/�) mice purchased from Jackson Labora-
tory were bred at the Biological Resources Laboratory, University of
Illinois at Chicago. All animal experiments performed were approved
by the animal care committees of the University of Illinois at Chicago
and Jesse Brown Veterans Affairs Medical Center (Chicago, IL). WT
(Olfr78�/�) and Olfr-78 KO (Olfr�/�) mice were generated by
breeding Olfr-78 heterozygous mice. Eight- to ten-week-old mice
were used in the studies. Genotyping was carried out on tail clippings.

Mouse and Human Tissues/Cells

Colonic cell lines. All of the cell lines used in the study were
purchased from ATCC and free of mycoplasma contamination. Mouse
intestinal tissues were obtained from 8- to 10-wk-old C57BL/6J black
mice. Human intestinal samples were obtained from human organ
donors. Specifically, RNA was extracted from the mucosal scrapings
of five healthy organ donor intestines. The intestinal tissue was
obtained through the Gift of Hope organ and tissue donor network of
Illinois after the harvest of transplantable organs. These investigations
were approved by an exempt protocol from the Institutional Review
Board of the University of Illinois at Chicago and Jesse Brown
Veterans Affairs Medical Center. Briefly, the intestine was divided
into nine sections separating the different segments as duodenum,
jejunum, ileum, cecum, ascending colon, transverse colon, descending
colon, sigmoid colon, and rectum. The intestinal segments were
cleaned with an ice-cold 0.9% NaCl solution, and scraped mucosa was
frozen at 80°C in RNAlater solution. RNA was extracted from these
tissues with the use of an RNAeasy kit (Qiagen, Valencia, CA), and
purity of RNA was determined with the Agilent Bioanalyzer 2100.

Purified RNA was reverse transcribed and amplified with the gene-
specific primers using Syber green master mix (Qiagen).

PCR Primers

All of the primers used in the study are presented in Table 1.

TNF Treatment of HT-29 Cells

HT-29 cells were cultured in 12-well Transwell inserts in McCoy’s
media with 10% fetal bovine serum and 20 mM HEPES, 100 IU/mL
penicillin, 100 �g/mL streptomycin, and 2 �g/mL gentamicin for 12
to 14 days. Monolayers were treated with and without TNF (100
ng/mL) for 6–24 h in culture medium supplemented with 0.2% BSA.

Cecal Contents and Microbiome Analysis

Whole cecal contents collected from six WT and five KO mice
were stored at �80°C until further use. Microbiome analysis was
performed using the shotgun whole genome sequencing as described
earlier (40). Sequencing files were filtered for low-quality reads (�25
on Phred quality score), short reads (�100 bp), or any mouse reads.
The remaining high-quality microbial reads were assembled into
longer contigs using MetaVelvet (29). Each sample taxonomic profile
was annotated using the ensemble classifier WEVOTE (27), with
basic classifiers Kraken (51), Clark (34), and BLASTN (1). Statistical
analysis was performed in R (version 3.6.0). The phyloseq package
(26) was used to agglomerate microbiome abundance data, taxonomic

Table 1. Primers used in the study

Sequence

Human primers
OR51E2 (F) 5=-GTCTTACTGCCATTCTGCTGGT-3=

(R) 5=-TGACACACAGGTTCCAAAGG-3=

GAPDH (F) 5=-GAAATCCCATCACCATCTTCC-3=

(R) 5=-AAATGAGCCCCAGCCTTCT-3=

Mouse primers
Olfr78 (F) 5=-GGCATTTGGGACTTGTGTGT-3=

(R) 5=-AGCACCGTAGATGATGGGATT-3=

Cyp2d12 (F) 5=-TGCTGTTGACCTGTGGAGAG-3=

(R) 5=-GCCCAGCCTGAGTAGTGAAG-3=

St6galnac1 (F) 5=-CCTTTCCTGGTTCAGGCATA-3=

(R) 5=-GGGGCGGTATATTCTCCAAT-3=

TRIM12a (F) 5=-CCTGTGAGTGCAGATTGTGG-3=

(R) 5=-TGTTGGCCACATTTCGATTA-3=

TRIM30d (F) 5=-AGAGCTGACTGGGAGAACCA-3=

(R) 5=-GCTCCAACTGATGCTGAACA-3=

Abca5 (F) 5=-TGGTAGCCGCAAGTCTTTCT-3=

(R) 5=-CGATGCCTGCAGAACTGTAA-3=

St8sia5 (F) 5=-CTTGTCCAGGTGCTGCAATG-3=

(R) 5=-AGGGCATTTCCTTGGGAAACA-3=

CXCL-12 (F) 5=-GCTCTGCATCAGTGACGGTA-3=

(R) 5=-TAATTTCGGGTCAATGCACA-3=

IL-1� (F) 5=-GCAACTGTTCCTGAACTCAACT-3=

(R) 5=-ATCTTTTGGGGTCCGTCAACT-3=

CXCL-1 (F) 5=-GCAACTGTTCCTGAACTCAACT-3=

(R) 5=-AATTGTATAGTGTTGTCAGAAGCCA-3=

CCL-3 (F) 5=-TTCTCTGTACCATGACACTCTGC-3=

(R) 5=-CGTGGAATCTTCCGGCTGTAG-3=

GAPDH (F) 5=-TGTGTCCGTCGTGGATCTGA-3=

(R) 5=-CCTGCTTCACCACCTCTTGAT-3=

OR51E2, olfactory receptor family 51, subfamily E, member 2; Olfr78,
olfactory receptor-78; cyp2d12, cytochrome P-450, family 2, subfamily d,
polypeptide 12; st6galnac1, ST6 N-acetylgalactosaminide �2,6-sialyltrans-
ferase 1; TRIM12a, tripartite motif containing protein 12a; TRIM30d, tripartite
motif-containing protein 30d; abca5, ATP-binding cassette transporter A5;
st8sia5, ST8 �-N-acetyl-neuraminide �2,8-sialytransferase 5; CXCL-12, C-
X-C motif chemokine 12; CXCL-1, C-X-C motif chemokine 1; F, forward; R,
reverse.
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data, and metadata. Normalization was performed by edgeR (41) for
differential species analysis.

DSS and TNBS Mouse Models

For the studies related to evaluating Olfr-78 mRNA expression, 8-
to 10-wk-old C57BL/6J black mice received either 3.5% DSS (MP
Biomedicals, Solon, OH) in drinking water for 7 days or no DSS in
water (control group). For the TNBS-induced colitis model, mice
were first presensitized with 3.75 mg of TNBS in 100 �L of 50%
ethanol by applying on the shaved dorsal skin, and the following day
100 �L of 3.5 mg TNBS in 40% ethanol was slowly administered
intrarectally under anesthesia using a lubricated 3.5-Fr silicon catheter
(Harvard Apparatus, Holliston, MA; see Ref. 46).

DSS-induced colitis in WT and Olfr-78 KO mice. Eight- to ten-
week-old wild-type (WT) and OLFR-78�/� KO mice (n � 11 WT
and 15 KO/both sexes) were administered with DSS (3.0%) in
drinking water for 7 days. Next, mice were euthanized, colon tissues
were collected for histopathological and myeloperoxidase (MPO)
assay, and RNA isolated from mucosal scrapings of distal colon were
used for RT-PCR to evaluate cytokine and chemokine levels.

Hematoxylin and Eosin Staining and Histopathological Score

To study the histology of the distal colon and to understand the
extent of inflammation, hematoxylin and eosin (H&E) staining was
employed. Staining was conducted on formalin-fixed paraffin-embed-
ded distal colonic tissue sections of 5 �m thickness. The tissues were
deparaffinized as follows. First slides were heated to 60°C and
immersed in xylene (Fisher) for 20 min. These slides were then
gradually immersed in solutions of ethanol of decreasing concentra-
tions (100%, 90%, 70%, and 50% vol/vol ethanol) to rehydrate the
tissues. Finally, slides were immersed in distilled water. Following the
rehydration process, slides were stained with the H&E staining kit
(Scytek Laboratories) per the manufacturer’s protocol. Histopatholog-
ical score was determined in a blinded manner for parameters listed,
inflammatory infiltrate, epithelial damage, edema, crypt destruction,
erosion and ulceration, and goblet cell damage. A score of 1�3 was
assigned where 1 was mild, 2 was moderate, and 3 was severe, based
on previously published scoring systems (14).

Periodic Acid-Schiff Staining

Periodic acid-Schiff (PAS) staining was used to determine the
levels of mucus and goblet cells in mice distal colonic tissues.

Paraffin-embedded distal colonic tissue sections were stained with
PAS staining (Sigma) per the manufacturer’s protocol after deparaf-
finization as described in the section above. PAS reagent binds to
glycoproteins (neutral and acidic mucins) and lipids in the secreted
mucus and stains goblet cells in magenta.

Cytokine and Chemokine Analysis

RNA was extracted from mouse colonic mucosal samples using a
Qiagen RNeasy mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. The quality and quantity of total RNA
were measured using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE). Extracted RNA was amplified by
a Brilliant SYBR Green qRT-PCR Master Mix kit (Agilent, Santa
Clara, CA) using mouse gene-specific primers for IL-1�, C-X-C motif
chemokine (CXCL)-1, and CCL-3. The relative mRNA levels were
expressed as a percentage of control normalized to GAPDH used as an
internal control gene.

Myeloperoxidase Activity

Myeloperoxidase (MPO) activity in distal colons of WT and
Olfr-78 KO mice was measured as described earlier (16). Briefly,
distal colonic tissue from DSS-treated WT and Olfr-78 KO mice was
homogenized in hexadecyltrimethylammonium bromide (HTAB) buf-
fer containing 0.5% wt/vol HTAB in potassium phosphate buffer, pH
6.0. The tissue homogenate was centrifuged at 13,000 rpm for 5 min,
and clear supernatant was collected. MPO activity was measured by a
colorimetric assay involving hydrogen peroxide-dependent oxidation
of o-dianisidine dihydrochloride (Sigma) catalyzed by MPO (6).
Absorbance was read at 450 nm using a microplate reader (FLUOstar;
BMG Labtech, Cary, NC). MPO activity was expressed as units per
mg of tissue.

RNA Seq Analysis

Seq analysis was performed at the Northwestern University core
facility.

RNA seq library construction. To generate RNA-sequencing librar-
ies, RNA quality was determined with the Agilent Bioanalyzer 2100,
accepting RNA integrity numbers (RIN) of 	7 and quantified using
Qubit. Directional mRNA libraries were prepared using the Illumina
TruSeq mRNA Sample Preparation Kits per the manufacturer’s in-
structions. Briefly, polyadenylated mRNAs were captured from total
RNA using oligo(dT) selection. Next, samples were converted to
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Fig. 1. Olfactory receptor-78 (Olfr-78)/olfactory receptor family 51, subfamily E, member 2 (OR51E2) expression in mouse and human intestinal samples and colon
cancer cell lines. A: total RNA isolated from mucosal scrapings of different regions of mouse intestine was analyzed for Olfr-78 expression by real-time RT-PCR and
normalized with GAPDH mRNA (n � 3; *P � 0.05, **P � 0.01, ***P � 0.001, ****P � 0.0001, $$P � 0.01, and $$$$P � 0.0001). B: RNA from different regions
of human intestine was extracted and analyzed for OR51E2 expression by real-time RT-PCR and normalized with GAPDH RNA. C: RNA from Caco-2, T-84, and
HT-29 colonic epithelial cells was isolated and subjected to real-time RT-PCR using OR51E2-specific primers and normalized with GAPDH mRNA.
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cDNA by reverse transcription, and each sample was ligated to
Illumina-sequencing adapters containing unique barcode sequences.
Barcoded samples were then amplified by PCR and the resulting
cDNA libraries were quantified using qPCR. Finally, equimolar con-
centrations of each cDNA library were pooled and sequenced on the
Illumina HiSeq 4000.

RNA seq analysis. The quality of DNA reads, in FASTQ format,
was evaluated using FastQC. Reads were trimmed to remove Illumina
adapters from the 3=-ends using cutadapt. Trimmed reads were aligned
to the Mus musculus genome (mm10) using STAR (11). Read counts
for each gene were calculated using htseq-count (2) in conjunction
with a gene annotation file for mm10 obtained from Ensembl (http://
useast.ensembl.org/index.html). Normalization and differential ex-
pression were calculated using DESeq2 (20). The cutoff for determin-
ing significantly differentially expressed genes was an false discovery
rate-adjusted P value �0.05.

Statistical Analysis

Data are presented as means 
 SE. Differences between groups
were analyzed by Student’s t test or one-way analysis of variance
(ANOVA) followed by Tukey’s test. P value � 0.05 was considered
statistically significant.

RESULTS

Olfr-78/OR51E2 RNA is Highly Expressed in Colon of
Mouse and Human Intestine

Expression of Olfr-78 RNA in enteroendocrine L cells and
mouse intestine has previously been reported by immunostain-
ing and RT-PCR, respectively (13). However, the distribution
of Olfr-78 counterpart OR51E2 mRNA along the length of the
human intestine has not been investigated. Therefore, we first
examined the expression of OR51E2 transcript levels along the
length of the human intestine and compared with the Olfr78
mRNA levels in the mouse intestine. We observed that Olfr78
mRNA levels along the length of the mouse intestine were
greater in cecum and colon compared with small intestine
(duodenum, jejunum, and ileum; see Fig. 1A). In human
intestine, almost uniform OR51E2 mRNA levels were ob-
served throughout the intestinal segments (Fig. 1B). Overall,
the results of PCR indicated that Olfr-78/OR51E2 is present in
both the murine and the human intestine, but in mouse intestine
the expression was predominantly higher in colon. Considering
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Fig. 2. Olfactory receptor-78 (Olfr-78) ex-
pression in colitis models. A: colonic Olfr-78
expression is reduced in mouse models of
2,4,6-trinitrobenzenesulfonic acid (TNBS)-
induced colitis, where real-time RT-PCR was
performed on total RNA extracted from
mucosal scrapings of distal colons from
control and TNBS-treated mice using Olfr-
78-specific primers and normalized with
GAPDH RNA (n � 4, **P � 0.01). B:
colonic Olfr-78 expression is reduced in
mouse model of dextran sodium sulfate
(DSS)-induced colitis, where real-time RT-
PCR was performed on total RNA ex-
tracted from mucosal scrapings of distal
colons from control and DSS-treated mice
using Olfr-78 gene-specific primers and
normalized with GAPDH mRNA (n � 4,
**P � 0.01). C and D: G protein-coupled
receptor (GPR) 43/41 expression is not al-
tered in TNBS- and DSS-induced mouse
colitis models. Real-time RT-PCR was per-
formed on RNA isolated from proximal and
distal colons of control and DSS- and TNBS-
treated mice using GPR-43/41 gene-specific
and GAPDH primers (n � 4, *P � 0.05).
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Fig. 3. A: increased expression of IL-1� in
colons of olfactory receptor-78 (Olfr-78)
knockout (KO) mice treated with dextran
sodium sulfate (DSS). Wild-type (WT) and
Olfr-78 KO male mice were administered 3%
DSS in water for 7 days and RNA from distal
colon was isolated for the analysis of proin-
flammatory cytokine IL-1� expression by
real-time RT-PCR (n � 5 for WT and 7 for
Olfr-78 KO; *P � 0.05). B: increased myelo-
peroxidase (MPO) activity in Olfr-78 KO
mice treated with DSS compared with WT
mice treated with DSS.
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these findings, we analyzed OR51E2 levels in Caco-2, T-84,
and HT-29 human colonic cancer cell lines to explore the
feasibility of using these cells in Olfr-78/OR51E2 signaling
studies. Compared with Caco-2 cells, HT-29 and T-84 cells
displayed significantly greater levels of OR51E2 transcript
(Fig. 1C).

Olfr-78 Transcripts Were Significantly Downregulated in
Mouse Models of DSS- and TNBS-Induced Colitis

Because of the presence of higher Olfr-78 levels in the
colon (Fig. 1), we reasoned that its expression may be
regulated in intestinal inflammatory conditions, especially

colitis, considering the role of SCFAs and their receptors in
colitis. Therefore, we first evaluated Olfr-78 mRNA levels
in mouse models of DSS- and TNBS-induced colitis by
RT-PCR. As shown in Fig. 2, A and B, Olfr-78 mRNA levels
were significantly reduced in distal colons of TNBS- and
DSS-treated mice, respectively, compared with control
mice. As Olfr-78-related SCFA receptors GPR-41/43 have
also been shown to play a role in immune modulation in
colitis (24, 45), we also examined their mRNA levels in the
colonic tissue of these mice. Whereas no significant change
in GPR-43 mRNA was noticed (Fig. 2C), GPR-41 levels
were significantly reduced in DSS-induced colitis but not
TNBS-induced colitis (Fig. 2D). These results suggest a
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possible role for Olfr-78 in both DSS- and TNBS-induced
intestinal inflammatory conditions.

Mice Deficient in Olfr-78 Displayed Higher Level of
Intestinal Inflammation

Decreased expression of colonic Olfr-78 transcripts in DSS-
and TNBS-treated mice indicated that Olfr78 KO mice may be
more susceptible to inflammation. Hence, we induced colitis by
administering DSS in drinking water to KO and WT animals.
Colonic mRNA expression of proinflammatory cytokine IL-1�
(one of the key cytokines known to be induced in DSS colitis)
was higher in male Olfr-78 KO mice compared with male WT
mice (Fig. 3A). However, colonic mRNA expression of chemo-
kines CXCL-3 and CCL-1 was not altered (data not shown). As
a surrogate marker of inflammation, myeloperoxidase (MPO)
assay was also performed on these samples to indicate neutro-
phil infiltration. Although there was a marked increase in the
MPO activity in Olfr-78 KO mice compared with WT mice, a
statistical significance was not observed (Fig. 3B). The devel-
opment of colitis was also investigated by histological exam-
ination of colonic sections. Colons from KO mice treated with
DSS displayed intense inflammatory infiltration and crypt
distortion and decreased mucin content (Fig. 4A). Histological
examination and mucin content as determined by PAS staining
of colons from WT and Olfr-78 KO mice not treated with DSS
did not show any differences (Fig. 4B). H&E-stained sections
were scored by a blinded observer to assess the inflammatory
cell infiltration, crypt distortion, edema, goblet cell damage,
and epithelial damage. Colons from KO mice treated with DSS
had higher histological damage scores compared with WT
mice treated with DSS (Fig. 4C). Because there was a signif-
icant reduction of Olfr-78 transcript in mouse models of colitis,
we next evaluated the effect of inflammatory agents such as
TNF-� on Olfr-78 expression. HT-29 cells (human colonic
epithelial cells that express higher levels of OR51E2 compared
with other cells tested; Fig. 1C) were treated with and without
TNF-� for 24 h, and RNA from these cells was analyzed for
OR51E2 expression by RT-PCR. Significantly lower levels of
OR51E2 mRNA were observed in TNF�-treated cells but not
in control cells (Fig. 5).

Microbiome Analysis of Cecal Contents of WT and Olfr-78
KO Mice

Because intestinal commensal microbes play an essential
role in colonic health, we next investigated the microbial
population of cecal contents of Olfr-78 WT and KO mice.
Although �- and �-diversities of microbial populations were
not significantly different between WT and KO groups (data
not shown), there were changes in the abundance of bacteria
from phyla such as Bacteroidetes, Firmicutes, and proteobac-
teria. Increased proportion of Firmicutes to Bacteroidetes and
decreased abundance of microbes belonging to proteobacteria
were noted in the cecal contents of Olfr-78 KO mice compared
with WT mice (Fig. 6). We also observed significant changes
in few bacterial species belonging to phyla Bacteroidetes,
Firmicutes, Actinobacteria, and proteobacteria between WT
and KO mice (as reported in Table 2).

RNA seq Analysis Revealed Gene Expression Changes in WT
and Olfr-78 KO Mice

Finally, we explored for genes differentially expressed
between WT and Olfr-78 KO mice by RNA-sequencing
analysis of distal colon isolated from these mice. The
expression of 	400 genes was found to be significantly
different between the two groups. The key genes that were
significantly (log2) changed and are known to have a po-
tential role in intestinal inflammation, immunity, infection,
and colorectal cancer (CRC) included: tripartite motif con-
taining protein 12a (Trim12a), tripartite motif containing
protein 30d (Trim30d), ST6 N-acetylgalactosaminide �2,6-
sialyltransferase 1 (st6galnac1), ATP-binding cassette trans-
porter A5 (abca5), cytochrome P-450, family 2, subfamily d,
polypeptide 12 (cyp2d12), chemokine ligand Cxcl12, and ST8
�-N-acetyl-neuraminide �2,8-sialytransferase 5 (st8sia5). Confir-
mation of these gene expression patterns by real-time PCR is
presented in Fig. 7, A–G.

DISCUSSION

Despite the fact that Olfr-78 is primarily detected in olfac-
tory tissues, recent reports documented its expression in di-
verse tissues, such as kidney, lungs, prostate, melanocytes,
endothelium, and enteroendocrine L cells of colon (13, 15, 38,
53). However, its functional role in most of these tissues is
largely unknown. In this study, we studied differential expres-
sion of Olfr-78/OR51E2 mRNA along the length of the mouse
and human intestines, respectively. While we observed that
Olfr-78/OR51E2 RNA is expressed along the entire length of
the mouse and human intestines, Olfr-78 expression in mouse
was significantly higher in the colon rather than in small
intestine. In addition, OR51E2 also appears to be expressed in
colonic epithelial cells as is evident by their expression in
Caco-2, HT-29, and T-84 cells (Fig. 1C). However, empirical
data on protein expression could not be generated because of
lack of reliable antibodies against this receptor. We tested
several commercial antibodies using protein extracts from
human cell lines and mouse intestinal segments with proper
controls and our KO mice, and none were confirmed to be
specific. There is a consensus opinion in the field of GPCRs
that lack of reliable antibodies against these receptors is a
major impediment in the detection of endogenous proteins.

Control TNF-α

0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
e

la
ti

v
e

 m
R

N
A

 E
x

p
re

s
s

io
n

(O
R

5
1

E
2

/G
A

P
D

H
)

*

Fig. 5. TNF-� treatment reduced olfactory receptor family 51, subfamily E,
member 2 (OR51E2) RNA expression in the human colonic cell line. RNA was
extracted from control and TNF-�-treated (100 ng/mL) HT-29 colonic cells
and analyzed for the expression of OR51E2 by real-time RT-PCR and
normalized with GAPDH (n � 3, *P � 0.05).
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The identification and localization of Olfr-78 receptor in
mouse colon is intriguing, since colonic epithelial cells are
challenged by a variety of external stimuli that are capable of
triggering immune inflammatory responses that could alter the
epithelial barrier function. We detected significant reduction in
Olfr-78 but not GPR-43 mRNA levels in both DSS- and
TNBS-induced mouse models of colitis and significantly lower
GPR-41 mRNA levels in DSS-induced but not in TNBS-
induced colitis (Fig. 2, A–D). This could be interpreted as
Olfr-78 playing a more important role in both chemical (DSS)-
induced and immune-based (TNBS) inflammatory conditions
in contrast to involvement of GPR-41 in chemical-induced
colitis only. Moreover, Olfr-78 KO mice administered with
DSS showed increased intestinal inflammatory response, since
histological scores revealed marked intestinal epithelial de-

struction, edema, goblet cell damage, and intense inflammatory
infiltration compared with WT mice (Fig. 4, A and C). We also
observed significantly higher levels of IL-1� and elevated but
not statistically significant MPO activity in colons of these KO
mice (Fig. 3, A and B). In this regard, it has been shown that
proinflammatory cytokines are elevated in DSS- and TNBS-
induced colitis (17), a feature commonly noticed in the in-
flamed gut of ulcerative colitis patients. Moreover, RNA seq
data showed significant reduction in TRIM proteins (which
play a role in innate immunity) in Olfr-78 KO mice compared
with WT (Fig. 7, C and D). Collectively, these findings suggest
that Olfr-78 might play a role in the regulation of immune
responses in inflammatory conditions.

The majority of previous studies used GPR-41/43 KO mice
to investigate the significance of GPR-41/43 in inflammatory
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response. For example, Maslowski et al. reported that, in DSS-
and TNBS-induced mouse colitis models, GPR-43�/� but not
WT mice showed increased morbidity and inflammation as
evaluated by histological score of colonic tissue, greater MPO
activity, increased CD44�IL17� T cells in the mesenteric
lymph nodes, and elevated levels of proinflammatory cytokines
in colon tissue (24). Smith et al. used DSS-induced and T cell
transfer models of colitis, respectively, to show that colonic
tissue of GPR-43 KO mice harbored elevated proinflammatory
and reduced anti-inflammatory markers and decreased T-reg
cells (45). Taken together, these studies established that
GPR-43 reduces the severity of acute and chronic colitis-
induced inflammatory response while GPR-43 KO mice show
exacerbated inflammation under these conditions. However,
two studies reported contradictory findings with lower immune
response and colonic inflammation but increased mortality in
knockout mice compared with the control group (25, 44).

Although these studies implicated GPR-43 in inflammatory
diseases, their exact role as to whether protective or causative
is not clear, and findings are inconsistent between the studies
(3). In this context, our identification of significant reduction in
Olfr-78 but not GPR-43 mRNA levels in mouse models of
colitis bears considerable importance and suggests a number of
interesting possibilities. Notably, inflammatory stimuli such as
TNF-�, LPS, and granulocyte macrophage-colony-stimulating
factor activate GPR-43 promoter leading to its increased ex-
pression (4). However, we did not notice any change in
GPR-43 RNA levels in colitis, and, in contrast, Olfr-78 levels
were downregulated. Our findings imply that there is a nega-
tive correlation between Olfr-78 expression and inflammation
associated with colitis, and it is likely because of the down-
regulation of Olfr-78 by inflammatory stimuli. To investigate
further whether reduced Olfr-78 expression is a cause or effect
of colitis, we analyzed its expression in vitro in the HT-29
colonic cell line treated with inflammatory stimuli such as
TNF-�, and, consistent with colitis models, we observed a
reduction in the levels of OR51E2 (Fig. 5). In addition, our
studies with Olfr78 KO with DSS colitis show enhanced gut
inflammation. Therefore, overall our results bear considerable
significance and highlight the importance of Olfr-78/OR51E2
in gut inflammation.

Recent evidence suggests that changes in the composition of
the gut microbiota are linked to multiple systemic disorders (8,
23). In the current study, sequencing of cecal microbiomes of
WT and Olfr-78 KO mice revealed alterations in gut microbial
composition (Fig. 6). Olfr-78 KO mice had greater abundance
of Firmicutes compared with their WT counterparts. Elevated
levels of Firmicutes have been shown to be associated with
obesity, diabetes, and inflammation (5, 49). Thus, our data
showing increased Firmicutes levels support the increased
DSS-induced intestinal inflammatory changes in Olfr-78KO
mice. Recently, metagenomic analysis using different cohorts
involving normal and colon cancer human subjects indicated
that abundance of Gordinobacter bacteria is elevated in normal
human subjects, whereas levels of Desulfovibrio species are
higher in colon cancer patients. Desulfovibrio bacteria produce
choline converting enzyme (Cutc), which converts dietary
tryptophan and choline to trimethylamine N-oxide, which is
linked to metabolic disorders (47). In this regard, we observed
significant decrease in Gordinobacter and significant increase
in Desulfosporosinus species of bacteria in KO mice compared
to WT mice (Table 2). This probably might explain the in-
creased susceptibility of KO mice to DSS-induced colitis. We
have not performed microbiome analysis of cecal samples
isolated from DSS-treated WT and Olfr-78 KO mice. How-
ever, an interesting study by Lee et al. (19) demonstrated that
DSS-treated mice had more abundance of bacteria belonging to
phylum Firmicutes over phylum Bacterioidetes. These data
correlate with our finding that Olfr-78 KO (not treated with
DSS) mice had more Firmicutes than Bacetrioidetes compared
with WT mice not treated with DSS. In our future studies, we
will investigate the microbiome analysis of cecal contents
isolated form WT and Olfr-78 KO mice treated with DSS.

Olfr-78 is similar to GPR-41 and -43, which are also ex-
pressed in colonic epithelial and immune cells (18), and GPR-
41/43 are also in enteroendocrine L cells (48). GPR-41 and -43
are more well-characterized SCFA receptors than Olfr-78 and
have been shown to play essential roles in regulating various
cellular physiological processes. For example, GPR-41 and -43
regulate the production of GLP-1 in L cells. Acetate and
propionate, agonists of GPR-41/43, reduced GLP-1 secretion
in mixed primary cultures from colon of GPR-43 KO mice but

Table 2. Significant changes in bacterial species from WT and Olfr-78 KO

No. Phylum Species WT Mean KO Mean P Value

1 Bacteroidetes Bacteroidetes helcogenes 4,671.98 2,161.13 0.044
2 Bacteroidetes Prevotella ruminicola 4,474.86 1,762.32 0.043
3 Actinobacteria Gordonibacter pamelaeae 4,053.04 222.62 0.034
4 Actinobacteria Olsenella uli 1,605.21 702.95 0.003
5 Chlorobi Pelodictyon luteolum 1,016.37 270.01 0.015
6 Actinobacteria Streptosporangium roseum 907.35 331.49 0.014
7 Proteobacteria Alicycliphilus denitrificans 841.12 373.1 0.013
8 Proteobacteria Thiocystis violascens 822.39 340.17 0.016
9 Proteobacteria [Enterobacter] aerogenes 822.37 423.34 0.008

10 Proteobacteria Burkholderia cenocepacia 725 243.49 0.018
11 Proteobacteria Burkholderia sp. CCGE1002 687.57 204.01 0.019
12 Proteobacteria Komagataeibacter medellinensis 681.4 195.31 0.044
13 Firmicutes Butyrate-producing bacterium SM4/1 3,089.02 4,667.15 0.022
14 Proteobacteria Ralstonia pickettii 497.22 960.68 0.017
15 Firmicutes Desulfosporosinus orientis 314.98 836.22 0.030
16 Firmicutes Paenibacillus sp. FSL R5-0912 213.1 667.2 0.032
17 Actinobacteria Corynebacterium aurimucosum 244.52 611.99 0.030

WT, wild type; Olfr78, olfactory receptor-78; KO, knockout.
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Fig. 7. Validation of few up- and downregulated genes identified by RNA seq analysis of distal colon tissue of wild-type (WT) and olfactory receptor-78 (Olfr-78)
knockout (KO) mice. Total RNA was extracted from mucosal scrapings of distal colons from WT and Olfr-78 KO mice and real-time RT-PCR was performed
using the gene-specific primers indicated on y-axis and normalized with GAPDH mRNA (n � 3, *P � 0.05 and **P � 0.01).
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not in WT mice. However, with GPR-41 KO mice, the de-
crease in GLP-1 was not as pronounced as that of GPR-43 KO
mice (48). Additionally, GPR-43 KO mice had significantly
reduced GLP-1 protein and reduced glucagon and PYY mRNA
expression in colonic tissue compared with WT. However,
knockout of GPR-41 did not have a significant effect on
colonic glucagon or GLP-1 levels. Because GPR-41/43 and
Olfr-78 are activated by acetate and propionate, Olfr-78 sig-
naling might also play an important role in regulating GLP-1
and PYY-1 secretion. It is worth noting that GPR-41/43 and
Olfr-78 signal through different G protein �-subunits. In con-
trast to activation of the Gi� pathway by GPR-41/43, Olfr-78
stimulates the Gs� pathway, leading to increased cAMP pro-
duction (43). In this regard, notably, Pluznick et al. showed that
Olfr-78 activation increases, whereas GPR-41 activation re-
duces, blood pressure (38). Chang et al. showed that Olfr-78
activation by lactate in carotid body during hypoxic conditions
elevated blood pressure to restore normal blood pressure and
prevent hypotension (9). This interplay of GPR-41 and Olfr-78
signaling might switch physiological effects to maintain ho-
meostasis. Because GPR-41/43 and Olfr-78 couple to different
G� subunits and have opposing effects on blood pressure, it is
plausible that Olfr-78 and GPR-41 may have disparate physi-
ological effects in colon.

RNA seq analysis of distal colon revealed significant changes
in gene expression in KO mice compared with WT mice. Partic-
ularly genes involved in infection and immunity, inflammation,
and colorectal carcinogenesis (Trim12a, TRIM30d, st6galnac1,
st8sia5, cyp2d12, abca5, and cxcl12) were significantly altered
between WT and KO mice as shown in Fig. 7. A significant
increase in chemokine ligand CXCL-12 is noticed in Olfr-78
KO mice than in WT mice (Fig. 7A). In this regard it is worth
noting that CXCL-12 chemokine and its receptor CXCR-4 had
been shown to increase proliferation and metastasis of CRC via
MAPK/PI3K/activator protein-1 signaling (21). We observed
significant increase in ABCA5 RNA in KO mice, which has
been shown to play a role in colon cancer development (Fig.
7B and Ref. 33). Our findings show a significant decrease in
TRIM12a and -30d (Fig. 7, C and D). Tripartite motif contain-
ing proteins (TRIM proteins) belong to the E3 ubiquitin ligase
family, are induced by type I and II interferons, and exhibit
antiviral and antibacterial properties. They also play a crucial
role in innate immunity (35). As shown in Fig. 7E, we ob-
served a significant decrease in st8sia5 levels in KO mice
compared with WT. Interestingly, significant reduction of
st8sia5 in FoxO3 KO mice, which develop colon tumors, and
in mice treated with azoxymethane and dextran sulfate sodium
(AOM/DSS), which induce inflammation-mediated colon can-
cer, was reported (36). Also in this study authors reported that,
in inflammatory bowel disease patients, a significant reduction
in st8sia5 levels was noticed (36). In the same model of
inflammation-induced CRC using AOM/DSS, it has been dem-
onstrated that cyp2d12 levels are significantly elevated, and, in
our study, we noticed an increase in cyp2d12 RNA in KO mice
(Fig. 7F and Ref. 10). Increased expression of st6galnac1 leads
to CRC progression by activating the Akt pathway in conjunc-
tion with galectin3 (32). Importantly, we noticed significantly
elevated levels of st6galnac1 in Olfr-78 KO mice (Fig. 7G).
Thus, cecal microbial changes observed in KO mice correlated
with gene expression changes related to intestinal inflammation
and colorectal cancer.

Collectively, our data suggests that Olfr-78 plays a role in
intestinal inflammation. Moreover, its deficiency leads to al-
tered gut microbial composition and gene expression changes
that enhance the susceptibility to intestinal inflammation and
possibly CRC progression. Next steps will be to explore how
Olfr-78 mediates inflammation and if modulating the receptor
can improve inflammatory conditions.
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