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Abstract

The present study focused on lithocholic acid (LCA), a secondary bile acid that contributes to cholestatic pruritus. Although re-
cent studies have found that LCA acts on MAS-related G protein-coupled receptor family member X4 (MRGPRX4) in humans,
it is unclear which subtypes of MRGPRs are activated by LCA in mice since there is no precise ortholog of human MRGPRX4
in the mouse genome. Using calcium imaging, we found that LCA could activate mouse Mrgpra1 when transiently expressed in
HEK293T cells. Moreover, LCA similarly activates mouse Mrgprb2. Importantly, LCA-induced responses showed dose-dependent
effects through Mrgpra1 and Mrgprb2. Moreover, treatment with QWF (an antagonist of Mrgpra1 and Mrgprb2), YM254890 (Goy
inhibitor), and U73122 (an inhibitor of phospholipase C) significantly suppressed the LCA-induced responses, implying that the
LCA-induced responses are indeed mediated by Mrgpra1 and Mrgprb2. Furthermore, LCA activated primary cultures of mouse
sensory neurons and peritoneal mast cells, suggesting that Mrgpra1 and Mrgprb2 contribute to LCA-induced pruritus. However,
acute injection of LCA did not induce noticeable differences in scratching behavior, implying that the pruritogenic role of LCA may
be marginal in non-cholestatic conditions. In summary, the present study identified for the first time that LCA can activate Mrgpra1
and Mrgprb2. The current findings provide further insight into the similarities and differences between human and mouse MRGPR
families, paving a way to understand the complex roles of these pruriceptors.
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INTRODUCTION unexpected symptom since it is not known how cholestasis
can induce pruritus for years. Fortunately, recent advances

Lithocholic acid (LCA) or 3a-hydroxy-5p-cholan-24-oic acid have elucidated the underlying mechanisms of cholestatic
is a hydrophobic secondary bile acid that is mostly produced pruritus, emphasizing the role of bile acids in the pathogenesis

by the 7a-dehydroxylation of chenodeoxycholic acid (CDCA), of cholestatic pruritus (Sanjel and Shim, 2020). Importantly, it
a primary bile acid. (Ridlon et al., 2016). LCA is often regarded was recently revealed that MRGPRX4 is a bile acid receptor
as a toxic compound since the administration of LCA induces responsible for human cholestatic itch (Meixiong et al., 2019c;
intrahepatic cholestasis (Fisher et al., 1971; Woolbright et Yu et al., 2019). Deoxycholic acid (DCA) is the most potent
al., 2014). Moreover, LCA levels are significantly elevated in bile acid that can activate MRGPRX4 (Meixiong et al., 2019c;

patients with chronic cholestatic liver disease (Carey et al., Yu et al., 2019). Remarkably, LCA can also marginally activate
1966). Likewise, administration of LCA into mice also induced MRGPRX4, leading to a weak, albeit evident, itch sensation
liver injury, which is often found in cholestatic liver diseases in humans (Yu et al., 2019). Therefore, LCA is also a bile acid
(Fickert et al., 2006). responsible for cholestatic pruritus.

Cholestasis is defined as an impairment of bile flow that Mas-related G protein-coupled receptor (MRGPR) is a fam-
accompanies various indications related to the liver, such as ily of G-protein coupled receptors (GPCRs) that encodes a
detoxification, excretion, and/or digestion. The major symp- receptor required for mostly chronic, histamine-independent
toms of cholestasis include fatigue, jaundice, dark urine, light- pruritus. Strangely enough, MRGPRs are not well conserved
colored stool, steatorrhea, and pruritus. Pruritus may be an across different species, especially between mice and hu-
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mans. Studies have found that mice have numerous distinct
subfamilies of MRGPR known as Mrgpra (a1-a12, a14, a16,
a19), Mrgprb (b1-b6, b8, b10, b11), and Mrgprc (c11) (Dong
et al., 2001), whereas humans only have four corresponding
MRGPR genes (MRGPRX1-4). This indicates that there is
no simple one-to-one ortholog of human MRGPRX in mice.
Rather, mice are likely to have many functionally similar, and
even overlapping “counterpart” genes that play comparable
roles compared to MRGPRX. Indeed, mouse Mrgprb2 is func-
tionally analogous to human MRGPRX2 in mast cells (Sub-
ramanian et al., 2016). Mouse Mrgprc11 is often regarded as
a counterpart of human MRGPRX1 for similar reasons (Mrg-
prc11 is also called mouse Mrgprx1). For human MRGPRX4,
mouse Mrgpral may be a functional ortholog since both hu-
man MRGPRX4 and mouse Mrgpra1 are activated by bilirubin
(Meixiong et al., 2019b; Lay and Dong, 2020). Sequence simi-
larity indicates that mouse Mrgprb2 shares high similarities
with human MRGPRX4 (Supplementary Fig. 1), suggesting a
possible overlap in functions.

Although it was previously reported that LCA activates hu-
man MRGPRX4 (Yu et al., 2019), it has not been investigated
whether LCA can activate MRGPRs in mice. Therefore, in
the present study, we have specifically focused on determin-
ing whether LCA can activate mouse Mrgpra1 and Mrgprb2,
which are similar to MRGPRX4. As activation of both Mrgpra1
and Mrgrpb2 can lead to transient elevation of intracellular cal-
cium levels (Azimi et al., 2016), responses to LCA were mea-
sured using the calcium imaging technique. Furthermore, we
checked whether LCA can activate itch-related sensory neu-
rons and mast cells in an MRGPR-dependent manner in mice.

MATERIALS AND METHODS

Reagents

Lithocholic acid (LCA), deoxycholic acid (DCA), tauro-
lithocholic acid (TLCA), compound 48/80, IL-3, U-73122,
SKF-96365, and 4-Nitrophenyl N-acetyl-B-D-glucosaminide
(PNAG) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). YM-254890 was purchased from FUJIFILM Wako
(Osaka, Japan). QWF (Boc-GIn-D-Trp(Formyl)-Phe benzyl
ester trifluoroacetate) was obtained from Tocris Bioscience
(Bristol, UK). Murine stem cell factor (SCF) was purchased
from Peprotech (Cranbury, NJ, USA).

Gene cloning

Total RNA from mouse dorsal root ganglia (DRG) and skin
was isolated using the Easy-spin™ Total RNA Extraction Kit
(iNtRON Biotechnology Inc., Seongnam, Korea). First-strand
cDNA was then produced from total RNA from both DRG and
skin using the PrimeScript™ 1st strand cDNA Synthesis Kit
(Takara, Shiga, Japan).

The full-length coding sequence of mouse Mrgpral was
cloned by PCR from mouse DRG cDNA using the forward (5'-
CAG CAC AGT GGC GGC CAC CAT GGG GGA AAG CAG
CAC C-3') and reverse (5-GGG CCC TCT AGA CTC GAG
CGG CCT CAT GGC TCT GAT TTG CTT CT-3') primers. Simi-
larly, the full-length coding sequence of mouse Mrgprb2 was
cloned from mouse skin cDNA using the forward (5-ATA TCC
AGCACAGTG GCG GCCACCATGAGT GGAGATTTC CTA
ATC AAG-3') and reverse (5'-GCC CTC TAG ACT CGA GCG
GCC TCA GCT GCA GCT CTG AAC AGT TT-3') primers. The
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PCR products of Mrgpra1 and Mrgprb2 were subcloned into
pcDNA3.1 using the modified protocol of single step ligation
independent cloning (SLIC) (Jeong et al., 2012; Islam et al.,
2017). Sequencing of both Mrgpra1 and Mrgprb2 cDNA re-
sulted in 100% identity with sequences registered in NCBI
GenBank (NM_153095 and NM_175531, respectively). Hu-
man MRGPRX2 (plasmid #66440) and MRGPRX4 (plasmid
#66442) cDNAs were purchased from Addgene (Watertown,
MA, USA) and subcloned into pcDNA3.1.

Cell culture and gene transfection

HEK293T cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, Life Technologies, Grand Island, NY,
USA) containing 10% fetal bovine serum (FBS, Gibco) and
1% ZellShield® (Minerva Biolabs, Berlin, Germany). Cells
were transfected with genes using FUGENE® HD Transfection
Reagent (Promega, Madison, WI, USA) according to the man-
ufacturer’s instructions. Twenty-four h after gene transfection,
calcium imaging experiments were performed.

Primary culture of DRG neurons

DRG neurons were isolated and cultured as previously
described (Pradhananga and Shim, 2015). In detail, DRG
neurons were incubated for 40 min at 37°C with 1.2 mg/mL
collagenase (Worthington Biochemical, Lakehold, NJ, USA),
followed by an additional 40 min incubation at 37°C with 2.5
mg/mL trypsin (Gibco). After incubation, cells were centrifuged
at 30 g for 10 min and resuspended in neurobasal medium
(Gibco, Life Technologies) containing 10% FBS, 50-100 ng/
mL nerve growth factor (Invitrogen, Gaithersburg, MD, USA),
and 100 U/mL ZellShield®. Cells were then plated on poly L-
lysine-treated 8-well Lab-Tek chambers (Thermo Fisher Sci-
entific, Waltham, MA, USA) and incubated for 48 h in the pres-
ence of 95% humidity and 5% CO, at 37°C.

Isolation and culture of peritoneal mast cell (PMCs)

PMCs were isolated by washing the peritoneal cavity us-
ing the peritoneal lavage technique (Tsvilovskyy et al., 2018).
Briefly, cells were centrifuged at 300 g and resuspended in
RPMI 1640 medium (Gibco, Life Technologies) supplemented
with 20% FBS, 1% penicillin-streptomycin (Pen-Strep, Gibco),
10 ng/mL murine IL-3 (Sigma-Aldrich, St. Louis, MO, USA),
and 30 ng/mL murine stem cell factor (SCF; Peprotech). The
cells were further cultured in 5% CO; at 37°C. On day 2 of cul-
tivation, all non-adherent cells were discarded, and the medi-
um was changed. The cells were split and plated in T25 flasks
and poly L-lysine-treated 8-well Lab-Tek chambers (Thermo
Fisher Scientific) on day 9. PMCs were used for calcium imag-
ing and B-hexosaminidase release assay on days 11 and 13,
respectively.

Calcium imaging: measurement of intracellular Ca*
changes

Intracellular Ca?* changes were measured using a fluores-
cence microscope (DMi8, Leica, Wetzlar, Germany). Cells
were loaded with 5 uM Fluo-3/AM (Invitrogen, Eugene, OR,
USA) and incubated for 40 min at 37°C. Then, cells were
washed with normal bath solution (140 mM NaCl, 5 mM KClI,
2 mM CacCl;, 0.5 mM MgCl;, 10 mM glucose, and 5.5 mM
HEPES, adjusted to pH 7.4). After incubation, the medium
was washed out, and compounds were added to increase
intracellular calcium levels. Fluorescence was detected at
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excitation and emission wavelengths of 488 and 515 nm, re-
spectively. Fluorescent microscopic images were recorded on
a computer for 3 min at time intervals of 3.0 s. Image analy-
sis was performed using ImageJ (NIH, Bethesda, MD, USA)
with custom-made scripts for automatic cell count and image
production. Intracellular Ca?* changes were expressed as F/
Fo, where F indicates the intensity of fluorescence, and Fy in-
dicates the initial fluorescence intensity.

B-hexosaminidase release assay with mouse PMCs

Mouse PMCs were centrifuged at 300 g for 5 min and re-
suspended in a normal bath solution (140 mM NaCl, 5 mM
KCI, 2 mM CaCl,, 0.5 mM MgCl,, 10 mM glucose, and 5.5 mM
HEPES, adjusted to pH 7.4). Cells were seeded in a V-bottom
96-well plate. All experiments were performed in duplicate.
Degranulation was induced by incubation of PMCs in the pres-
ence of the agonists for 1 h at 37°C and 5% CO,. Cells were
then centrifuged at 200 g for 5 min at 4°C. The supernatants
were separated, and the cell pellets were lysed in a normal
bath solution supplemented with 1% Triton-X 100 for 5 min at
room temperature. The amount of released -hexosaminidase
enzyme was quantified by spectrophotometric analysis of
pNAG hydrolysis, as previously described (Tsvilovskyy et al.,
2018). Briefly, the cell lysates and supernatants were incubat-
ed separately with 2 mM pNAG for 1 h at 37°C, and the reac-
tion was stopped by adding 200 mM glycine (pH 10.7, with
NaOH). The hydrolysis rate of pPNAG was quantified by colori-
metric measurements at 405 nm using the Synergy H1 Hybrid

Multi-Mode Reader (BioTek, Winooski, VT, USA). For back-
ground correction, the absorbance at 630 nm was subtracted
from that at 405 nm. The percentage of p-hexosaminidase
release was calculated as the absorbance ratio of the super-
natant to the sum of the supernatant and lysate.

In vivo mouse scratching behavior experiments

All animal experimental procedures were performed in ac-
cordance with the animal protocol approved by the Institu-
tional Animal Care and Use Committee of Gachon University,
Incheon, Korea (Approved animal protocol number: GIACUC-
R2020002). Ten-week-old male ICR mice were purchased
from Orient Laboratory Animals (Seoul, Korea). The animals
were allowed free access to food and water under a 12:12
h light:dark cycle. To elicit scratching behavior, 10 uL of LCA
(50 ng/site) was administered via an intradermal (i.d.) injection
into the right cheek. To verify the itch mechanism of LCA, 10
pL of LCA and 500 uM QWF mixture were co-administered
intradermally to the cheek injection model. To minimize irrita-
tion, mice were not shaved before injections. All experiments
were video-recorded, and bouts of scratching using the hind
limbs were counted immediately after the i.d. injection for up
to 30 min.

Statistical analysis

All data are presented as the mean + standard error of the
mean (SEM). The Student’s t-test was used for comparison
between two groups. One-way analysis of variance (ANOVA)
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Fig. 1. Lithocholic acid (LCA) induces an increase in intracellular calcium levels via Mrgpra1. (A, B) HEK293T cells transiently expressing
mouse Mrgpral (Mrgpra1-HEK293T) were treated with either LCA (100 uM) or deoxycholic acid (DCA; 100 uM) (n=2,932 cells and n=2,312
cells, respectively). (C) Representative fluorescent images of Mrgpra1-HEK293T at initial (0) and peak time points. Scale bar=100 um. (D)
Taurolithocholic acid (TLCA; 100 uM) did not induce any noticeable responses in Mrgpra1-HEK293T (n=3,216 cells). (E) A summary of peak
F/F, from Mrgpra1-HEK293T after treatment with various concentrations of LCA. Cells without Mrgpra1 expression did not show an increase
in intracellular calcium levels (pcDNA, n=1,684 cells). (F) Concentration-effect curves with LCA on Mrgpra1-HEK293T (R?=0.9148).
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with Dennett's multiple comparison post-test was used for
comparison among more than three groups. Each concentra-
tion-response curve was fitted, and each ECs, was calculated
using GraphPad Prism® software (GraphPad, San Diego, CA,
USA).

RESULTS

LCA increases intracellular calcium levels via Mrgpra1

Before investigating the effect of mouse Mrgpra1, we first
examined whether Mrgpra1 is functionally active when tran-
siently expressed in HEK293T cells. For this reason, HEK293T
cells expressing Mrgpral (Mrgpra1-HEK293T) were treated
with compound 48/80, a compound that can activate both
mouse Mrgpra1 and Mrgprb2 (Azimi et al., 2016). As expect-
ed, treatment with compound 48/80 (100 uM) significantly in-
creased the intracellular fluorescence intensity (Supplementa-
ry Fig. 2A). Moreover, treatment with compound 48/80 did not
induce any changes in the intracellular fluorescence intensity
in cells expressing the vector plasmid pcDNA3.1 alone (data
not shown). Thus, Mrgpra1-HEK293T was functionally active,
supporting the validity of the following experiments.

We also verified whether LCA and DCA were chemically
active. Since human MRGPRX4 can be activated by LCA and
DCA (Yu et al., 2019), MRGPRX4 as a positive control was
transiently expressed in HEK293T cells, and both LCA and
DCA were applied. As a result, we also observed the exact
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same responses, as DCA and LCA both activated MRGPRX4
(Supplementary Fig. 3A, 3B), demonstrating that LCA and
DCA were effective. We also expressed human MRGPRX2 in
HEK293T cells and found that LCA and DCA were not potent
agonists of MRGRPX2 (Supplementary Fig. 3C, 3D).

When 100 uM LCA was added to Mrgpra1-HEK293T, as
shown in Fig. 1A and 1C, a significant increase in intracellular
fluorescence intensity levels was observed, implying that LCA
activates Mrgpra1. Treatment with DCA (Supplementary Fig.
2D), a structurally similar bile acid, also elevated the fluores-
cence intensity in Mrgpra1-HEK293T, but to a lesser extent
(Fig. 1B, 1C). Intriguingly, 100 uM taurolithocholic acid (TLCA)
failed to activate Mrgpra1 (Fig. 1D), indicating the specificity of
response to bile acids by Mrgpra1.

To further verify whether the LCA-induced responses were
indeed mediated by Mrgpra1, dose-response experiments
were performed. Results showed that LCA induced dose-de-
pendent responses in Mrgpra1-HEK293T (Fig. 1E), with ECs
value as 290.4 uM (Fig. 1F). Again, cells transfected with the
pcDNA3.1 alone did not show any changes when incubated
with 100 uM LCA (pcDNAin Fig. 1E). Taken together, LCA can
evoke intracellular calcium increase in Mrgpra1-HEK293T,
suggesting that LCA can activate Mrgpra1.

Mrgpra1 specifically mediates the LCA-induced response
To clarify whether the response is due to Mrgpra1 activa-

tion, 1 uM QWF, a peptide that can block Mrgpra1 activation

(Azimi et al., 2016), was pretreated 5 min before LCA appli-
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Fig. 2. Lithocholic acid (LCA)-induced response is specifically mediated by Mrgpra1. (A) The LCA-induced intracellular calcium increase
(n=1,342 cells) was suppressed by pretreatment with 1 uM QWF (n=1,767 cells) in Mrgpra1-expressing HEK293T cells (Mrgpra1-
HEK293T). (B) A comparison of relative responses between LCA vs. QWF pretreatment. ***p<0.001. (C) Representative fluorescent images
of Mrgpra1-HEK293T at initial (0 s) and peak time points for QWF pretreatment before LCA application. Scale bars=100 um. (D) LCA failed
to evoke an increase in intracellular calcium levels in calcium-free media (n=3,900 cells). (E-G) Responses from various inhibitors on LCA
treatment in Mrgpra1-HEK293T. LCA-induced responses were significantly suppressed by SKF96365 (E; a non-specific TRPC blocker,
1028 cells), U73122 (F; an inhibitor of PLC, n=969 cells), and YM254890 (G; a Ga, inhibitor, n=914 cells). (H) A summary of relative re-
sponses of pretreatment effects with various inhibitors in the Mrgpra1-HEK293T. ***p<0.001.
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cation. As shown in Fig. 2A, 2B, and 2C, QWF pretreatment
almost completely abolished the increase in the LCA-induced
calcium levels, indicating that the observed calcium increase
by LCA is likely mediated by Mrgpra1.

To further verify the source of intracellular calcium increase,
external media lacking calcium (Ca?*-free) was prepared. As
shown in Fig. 2D, the calcium-free condition did not evoke any
noticeable intracellular calcium increase by LCA in Mrgpra1-
HEK293T. This result suggests that the LCA-induced intracel-
lular calcium increase is due to an influx from extracellular
media, implying the involvement of certain calcium-permeable
ion channels endogenously expressed in HEK293T cells.

Mrgpra1 is activated via the Goqq1 signaling pathway (Han
et al., 2002). Hence, activation of Mrgpra1 leads to phospho-
lipase C (PLC) stimulation. To confirm this, pretreatment with
U73122, an inhibitor of PLC, was applied before LCA treat-
ment in Mrgpra1-HEK293T. As expected, pretreatment with
U73122 significantly blocked the LCA-induced calcium influx
in Mrgpra1-HEK293T (Fig. 2E, 2H). Moreover, pretreatment
with YM254890, a Ga, inhibitor, also significantly abolished
the LCA-induced calcium influx in Mrgpra1-HEK293T (Fig. 2F,
2H). Furthermore, pretreatment with SKF96365, an inhibitor of
store-operated Ca?* entry such as calcium-permeable TRPC
ion channels, also blocked the LCA-induced calcium influx in
Mrgpra1-HEK293T (Fig. 2G, 2H), implying that Mrgpra1 may
take advantage of TRPC for calcium influx, at least in the cur-
rent experimental setup. Overall, it was confirmed that LCA
could stimulate Mrgpra1, which leads to calcium influx in a

Mrgprb2 C
100 uM DCA

Gogii- and PLC-dependent manner.

LCA induces intracellular calcium increase via Mrgprb2

A similar approach was applied to mouse Mrgprb2. As
shown in Supplementary Fig. 2B, Mrgprb2 was also found to
be functionally active when transiently expressed in HEK293T
cells (Mrgprb2-HEK293T), as verified by treatment with com-
pound 48/80, which is also an agonist for Mrgprb2 (McNeil et
al., 2015; Azimi et al., 2016).

Surprisingly, 100 uM LCA also evoked a strong intracellular
calcium level increase in Mrgprb2-HEK293T, which was not
expected initially (Fig. 3A, 3C). Similar to Mrgpra1, DCA treat-
ment also induced a marginal increase (Fig. 3B, 3C), whereas
TLCA barely showed noticeable responses (Fig. 3D).

Similar to Mrgpra1-HEK293T, the intracellular calcium rise
by LCA in Mrgprb2-HEK293T also showed a dose-dependent
manner (Fig. 3E) with an ECs, value of 183.3 uM (Fig. 3F). In
contrast, cells transfected with pcDNA3.1 alone did not show
any intracellular calcium changes to 100 uM LCA (pcDNA in
Fig. 3E). Taken together, these results indicate that LCA can
also activate Mrgprb2.

Mrgprb2 specifically mediates the LCA-induced response
To further verify whether the LCA-induced response is due
to Mrgprb2 activation, QWF was used because it suppresses
Mrgprb2 activation (Azimi et al., 2016). Pretreatment with 10
uM QWEF significantly inhibited the LCA-induced responses
in Mrgprb2-HEK293T (Fig. 4A-4C), indicating that the LCA-
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Fig. 3. Lithocholic acid (LCA) increases intracellular calcium levels through Mrgprb2. (A, B) HEK293T cells transiently expressing mouse
Mrgprb2 (Mrgprb2-HEK293T) were treated with either LCA (100 uM) and DCA (100 uM). (n=2,350 cells and n=3211 cells, respectively) (C)
Representative fluorescent images of Mrgprb2-HEK293T at initial (0 s) and peak time points. Scale bars=100 um. (D) Taurolithocholic acid
(TLCA; 100 puM) induced marginal responses in Mrgprb2-HEK293T. (n=3,164 cells) (E) A summary of peak F/F, from the Mrgprb2-HEK293T
after treatment of different concentration ranges of LCA. Cells without Mrgprb2 expression did not show an increase in intracellular calcium
levels (pcDNA, n=1,684 cells). (F) Concentration-effect curves with LCA on Mrgprb2-HEK293T (R?=0.9546).
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Fig. 4. The lithocholic acid (LCA)-induced response is specifically mediated by Mrgprb2. (A) LCA-induced increase in intracellular calcium
(n=2,350 cells) was suppressed by pretreatment with 10 uM QWF (1,470 cells) in Mrgprb2-expressing HEK293T cells (Mrgprb2-HEK293T).
(B) A comparison of relative responses between LCA vs. QWF pretreatment. ***p<0.001. (C) Representative fluorescent images of Mrgprb2-
HEK293T at initial (0 s) and peak time points for QWF pretreatment before LCA application. Scale bars=100 um. (D) LCA did not evoke a
noticeable increase in intracellular calcium levels in calcium-free media (n=3,393 cells). (E-G) Responses from various inhibitors on LCA
treatment in Mrgprb2-HEK293T. LCA-induced responses were significantly suppressed by SKF96365 (E; a non-specific TRPC blocker,
n=2,276 cells), U73122 (F; an inhibitor of PLC, n=1,078 cells), and YM254890 (G; a Ga, inhibitor, n=1,314 cells). (H) A summary of relative
responses of pretreatment effects with various inhibitors in the Mrgprb2-HEK293T. ***p<0.001.

induced response is indeed mediated by Mrgprb2. Similar
to Mrgpra1, the same inhibitors used in Fig. 2 were applied
again, and the response in Mrgprb2-HEK293T also showed
an identical pattern. In detail, LCA did not induce responses
in calcium-free media in Mrgprb2-HEK293T (Fig. 4D), and
the activation of Mrgprb2 by LCA was completely abolished
by pretreatment with U73122 (a PLC inhibitor, Fig. 4E, 4H),
YM254890 (a Goyq inhibitor, Fig. 4F, 4H), and SKF9665 (a
TRPC inhibitor, Fig. 4G, 4H). Thus, these data strongly sug-
gest that LCA can specifically activate Mrgprb2 as well.

LCA can activate mouse sensory neurons probably via
Mrgpra1l

Considering that LCA activates Mrgpra1, we further investi-
gated whether LCA can activate mouse sensory neurons be-
cause Mrgpra1, but not Mrgprb2, is expressed in sensory neu-
rons (Meixiong et al., 2019a, 2019b). Thus, we used primary
cultures of mouse DRG neurons to investigate whether LCA
can excite sensory neurons in a Mrgpra1-dependent manner
using calcium imaging techniques.

As shown in Fig. 5A, 5B, and 5C, 100 uM of LCA induced
significantly increased responses in mouse DRG neurons.
More importantly, the calcium increase by LCA was signifi-
cantly inhibited by pretreatment with 10 uM of QWF, indicat-
ing that LCA-induced intracellular calcium increase is prob-
ably due to the activation of Mrgpra1 (Fig. 5A-5C). To further
verify the effect of LCA on DRG rigorously, LCA was applied
twice: the first treatment was to verify if the cultured cells were
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functionally sensitive to LCA while the second treatment was
to investigate if the responses could be inhibited by QWF pre-
treatment. Consequently, all cultured DRG neurons showed
comparable responses after the first treatment with 100 uM
LCA (data not shown). After verifying the responses to the
first LCA treatment, DRG neurons were pretreated with 10 uM
QWEF, followed by a second treatment with 100 uM LCA. As
shown in Fig. 5D, QWF pretreatment significantly inhibited the
response induced by the second LCA application, resulting in
more than 50% inhibition compared to the control (Fig. 5E).
Therefore, these data strongly imply that LCA can activate
mouse DRG neurons in a Mrgpra1-dependent manner.

LCA induces intracellular calcium increase in mouse PMCs
Since Mrgprb2 is specifically found in mast cells (Meixiong
et al., 2019a), we further investigated whether LCA can stimu-
late PMCs in an Mrgprb2-dependent manner. Calcium imaging
experiments showed that LCA could evoke an increase in in-
tracellular calcium levels in PMCs (Fig. 6A-6C). Moreover, the
calcium increase induced by LCA was inhibited by pretreat-
ment with QWF (Fig. 6A-6C), suggesting that LCA-induced
responses in mast cells are mediated by Mrgprb2 activation.
To further verify the effect of LCA on mast cell degranula-
tion, a B-hexosaminidase assay was performed. Although LCA
induced mast cell degranulation in a dose-dependent manner
(Fig. 6D), co-treatment with 10 pM QWF and 100 uM LCA did
not induce any changes (data not shown). Therefore, although
LCA can activate Mrgrpb2, mast cell degranulation in mouse
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Fig. 5. Mrgpra1 mediates the effects of lithocholic acid (LCA) in sensory neurons. (A) Mouse dorsal root ganglia (DRG) neurons were treat-
ed with LCA (100 uM). An LCA-induced increase in intracellular calcium (n=2,558 cells) was suppressed by pretreatment of 10 uM QWF
(n=701 cells) in mouse DRG neurons. (B) A comparison of relative responses between LCA vs. QWF pretreatment. ***p<0.001. (C) Repre-
sentative fluorescent images of the mouse DRG neurons at initial (0 s) and peak time points for QWF pretreatment before LCA application.
Scale bars=100 um. (D) DRG neurons responded to subsequent LCA exposure (n=155 cells). QWF (10 uM) blocked LCA-induced (100 uM)
calcium increase in LCA-responding DRG neurons (n=169 cells). KCI (100 mM) solution was also used to identify viable cells (data not
shown). (E) QWF (10 uM) significantly blocked second stimulation of LCA-induced (100 uM) calcium flux in DRG neurons. ***p<0.001.
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Fig. 6. Mrgprb2 mediates the effects of lithocholic acid (LCA) in peritoneal mast cells (PMCs). (A) Mouse PMCs were treated with LCA (100
uM). An LCA-induced increase in intracellular calcium (n=2038 cells) was suppressed by pretreatment with 100 uM QWF in mouse PMCs
(n=877 cells). (B) A comparison of relative responses of cells treated with LCA alone (left), LCA pretreated with 10 uM QWF (middle), or 100
uM QWF (right). (C) Representative fluorescent images of the PMCs at initial (O s) and peak time points for 100 uM QWF pretreatment be-
fore LCA application. Scale bars=50 um. (D) Results from pB-hexosaminidase assay on PMCs treated with various LCA concentrations. Cp
48/80 indicates treatment of 100 pg/mL compound 48/80. **p<0.01 and ***p<0.001.

PMCs might occur via unknown LCA-mediated pathway(s)
other than via Mrgprb2.

Mrgpra1/b2 antagonist affects LCA-induced scratching
behavior in mice

Finally, the pruritogenic effect of LCA was tested by in vivo
mouse scratching behavior test. As shown in Fig. 7A, acute
intradermal injection of LCA into the cheek of mice did not
significantly increase the total bouts of scratching (Fig. 7A),
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suggesting that LCA per se is not a potent pruritogen in mice.
However, when the bouts of scratching were analyzed at
1-min intervals, a difference was noted at a specific time point
that showed a difference (Fig. 7C). Thus, the data imply that
LCA might be a weak pruritogen since the pruritogenic effect
was only recorded at certain time points.

When 500 uM of QWF, an antagonist of Mrgpra1 and Mrg-
prb2, was intradermally administered along with LCA, the total
bouts of scratching did not change as well (Fig. 7A). Neverthe-

44



(30 min)

Scratching bouts >
(30 min)

Scratching bouts

(o0]
(@]

+QWF (responder)-| I U

+QWF (non-responder)

Song and Shim. Lithocholic Acid Activates Mrgpral and Mrgprb2

Vehicle I ‘ r
LCAA i

13 5 7 9 11131517 19 21 23 25 27 29

oON RO

oONR~O

13 5 7 9 11131517 19 21 23 25 27 29
Scratching bouts (1-min interval)

Fig. 7. Lithocholic acid (LCA) induces mild scratching behavior in both cheek models. (A) Intradermal injection of LCA into the cheek (50
ng/site, n=5) did not induce significant changes in total bouts of scratching compared to vehicle (n=5). Additionally, co-administration of LCA
and QWF (500 uM, n=6) did not affect the total bouts of scratching. (B) QWF induced mixed responses in mice when co-treated with LCA,
resulting in decreased scratching bouts in one group (responder) or no responses in the other group (non-responder). Heatmap data of
scathing bouts per 1-min interval showing the time course of scratching behavior induced by intradermal injection of LCA alone (C) or co-
treatment with QWF (D). Different scratching profiles among groups, which are not easily detected when the data are only presented as to-

tal bouts of scratching. *p<0.05.

less, two different groups of mice showed drastically different
sensitivities to LCA. In other words, “responder” mice showed
decreased scratching bouts after QWF treatment, whereas
“non-responder” mice did not show any difference (Fig. 7B).
Moreover, when the bouts of scratching were analyzed at
1-min intervals, these two groups showed dramatically differ-
ent patterns of scratching bouts (Fig. 7D). Despite the discrep-
ancy, some groups of mice responded to QWF co-treatment
against LCA-induced scratching behavior. Thus, it was found
that Mrgpra1/b2 antagonist QWF may affect LCA-induced
scratching behavior in mice.

In conclusion, the present study is the first to show that LCA
can activate both Mrgpra1 and Mrgprb2. We further verified
that LCA can activate both sensory neurons and mast cells via
Mrgpra1 and Mrgprb2, respectively. Although the pruritogenic
role of LCA in non-cholestatic conditions could be minimal,
the current findings clearly provide an insight into the similari-
ties and differences of MRGPR families between humans and
mice, paving a way to understand the complex roles of these
pruriceptors.

DISCUSSION

Generally, LCA is regarded as a toxic compound that can
induce liver damage. Oral administration of LCA into mice
causes cholestatic liver injury via the JNK/STAT3 signaling
pathway (Xu et al., 2020). Due to its detrimental effects, con-
ventional LCA-related studies have focused on LCA-induced
hepatotoxicity, which may account for the pathogenesis of
liver injury and/or bile duct obstruction under cholestatic con-
ditions (Fickert et al., 2006; Woolbright et al., 2014). Thus,
various LCA studies have focused on the mechanisms and/
or pathways of LCA required for its elimination, excretion, and
detoxification. The detoxification of bile acids, including LCA,
is mostly achieved by CYP3A4, a major cytochrome P450
(Chen et al., 2014). Furthermore, the LCA-induced liver dam-
age can be protected by activation of pregnane X receptor
(PXR) (Staudinger et al., 2001). Similarly, Nrf2 plays a crucial
cytoprotective role against LCA-induced liver injury (Tan et al.,

2010). Overall, these reports indicate LCA as a hepatotoxic
bile acid that must be readily eliminated.

The present study, however, started on the premise that LCA
may play a role as a pruritogen, especially under cholestatic
conditions. Indeed, bile acids are recognized as pruritogens in
cholestasis. In detail, bile acids such as CA, CDCA, tauroche-
nodeoxycholic acid (TCDCA), and LCA induced a marginally
increased, albeit significant, itch sensation in humans (Yu et
al., 2019). Most importantly, the best example of pruritogenic
bile acid is DCA, since it induces significantly enhanced itch
sensation in both mice and humans (Alemi et al., 2013; Yu et
al., 2019). Moreover, the underlying molecular entities nec-
essary for pruritus were also identified. Indeed, TGRS (also
known as G protein-coupled bile acid receptor 1 [GPBAR1]),
a G-protein coupled receptor expressed in sensory neurons,
mediates DCA-induced itch in mice (Alemi et al., 2013). The
intradermal injection of TLCA and oleanolic acid induced itch-
ing in a TGR5-dependent manner since the responses were
markedly reduced in TGR5 knockout mice (Alemi et al., 2013).
However, it is unclear whether the activation of TGRS direct-
ly induces pruritus at the sensory neuronal level, since hu-
man TGR5 was found to be expressed in satellite glial cells,
contrary to the specific expression of mouse TGR5 in DRG
neurons (Yu et al., 2019). Moreover, betulinic acid, which is
a selective TGR5 agonist, failed to elicit an itch response in
mouse cholestasis models induced by a-naphthyl isothiocya-
nate (ANIT) (Cipriani et al., 2015), increasing the uncertainty
of TGRS as a pruriceptor expressed in sensory neurons.

Recently, several studies have determined that bile acids
can also activate MRGPRX4, a member of the MRGPR re-
sponsible for cholestatic pruritus in humans (Meixiong et al.,
2019c; Yu et al., 2019). Interestingly, DCA is the most potent
bile acid that can activate MRGPRX4 (Meixiong et al., 2019c;
Yu et al., 2019). Meanwhile, LCA can also weakly activate
MRGPRX4, which may explain why LCA induces a weak,
albeit evident, itch sensation in humans (Yu et al., 2019).
However, unlike DCA, no details of molecular underpinnings,
through which LCA contributes to itch sensation in mice, were
found. Although Mrgpra1 has been considered as a functional
counterpart of human MRGPRX4, the present study is the first
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to confirm that Mrgpra1 indeed reacts with LCA. Surprisingly,
LCA can also activate Mrgrpb2, which is acknowledged as a
functional counterpart of human MRGPRX2, but not of MRG-
PRX4.

Although LCA can activate both Mrgpra1 and Mrgprb2, it
seems odd that a certain agonist can activate two different
receptors. However, these dual agonists, especially for both
Mrgpra1 and Mrgprb2, have already been reported. For in-
stance, substance P, an inflammatory neuropeptide and po-
tent endogenous pruritogen, can activate both Mrgpra1 (Azimi
et al., 2016, 2017) and Mrgprb2 (McNeil et al., 2015; Azimi et
al., 2016; Green et al., 2019). Similarly, compound 48/80 is
also known to activate both Mrgpra1 and Mrgprb2 (Azimi et al.,
2016), and the dual activation effect of compound 48/80 was
confirmed in our study (Supplementary Fig. 2). Although the
three-dimensional protein structures of MRGPRs have not yet
been revealed, it is speculated that Mrgpra1 and Mrgprb2 may
have similar binding pockets for agonists since Mrgpra1 and
Mrgprb2 share similar amino acid sequences (Supplementary
Fig. 1A). Hopefully, further structural studies of MRGPR will
reveal the underlying mechanisms of how these receptors can
bind to the same agonist.

While Mrgpra1 and Mrgprb2 share various similarities, the
expression profiles of these receptors are entirely different.
For example, Mrgpra1, but not Mrgprb2, is expressed in bone
marrow-derived dendritic cells (BMDCs) (Perner et al., 2020).
Additionally, Mrgprb2 is specifically expressed in mast cells
(Meixiong et al., 2019a), whereas Mrgpra1 is found in a subset
of sensory neurons that innervate the skin and ramify into lam-
ina | and Il of the spinal cord (Meixiong et al., 2019b). In gener-
al, it appears that Mrgpra1 is mostly found in sensory neurons,
while Mrgprb2 is specifically expressed in mast cells. This is
further supported by the results shown in Fig. 5 and 6 that
LCA activates mouse sensory neurons (DRGs) and mast cells
(PMCs), probably via Mrgpra1- and Mrgprb2-dependent path-
ways, respectively. While DRG activation can directly trigger
itch sensation, mast cell activation leads to its degranulation,
which in turn induces the release of endogenous pruritogens,
such as histamine and tryptase, to cause pruritus. Overall, the
present study supports the idea that LCA can contribute to itch
through sensory neuron activation and/or mast cell degranula-
tion by Mrgpra1 and Mrgprb2 activation, respectively.

Unfortunately, no difference in total bouts of scratching be-
haviors was found when LCA was intradermally administered
into the cheek (Fig. 7). This result is in line with the fact that
LCA-induced scratching behaviors in mice have not been re-
ported to date. One probable reason could be that LCA per
se is not a sufficiently potent pruritogen to evoke changes in
scratching behaviors, at least in normal healthy ICR mice.
However, the 1-min interval analysis in our study indicates
LCA as a pruritogen (Fig. 7C). It is speculated that the putative
pruritogenic role of LCA might be more visible under diseased
conditions, such as cholestasis. Another plausible reason for
the lack of changes in LCA-induced scratching behavior could
be that mice do not show consistent responses to LCA. As
shown in Fig. 7B and 7D, varying groups of ICR mice had
different sensitivities to LCA, complicating the interpretation
of the LCA effect. Although there is no proof, this is consis-
tent with a similar report that not all patients with cholestasis
develop pruritus (Sanjel and Shim, 2020). Further in-depth ex-
periments are warranted to clarify the lack of strong scratching
behavior changes in ICR mice.
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Additionally, a difference in bile acid composition between
humans and mice exists. Specifically, the major primary bile
acids are CA and CDCA in humans, while they are CA and
muricholic acid (MCA) in mice (Thakare et al., 2018). Impor-
tantly, this is further supported by the fact that LCA is rela-
tively abundant in humans (Thakare et al., 2018) because
LCA s a secondary bile acid derived from CDCA. Indeed, LCA
is found to be less than 1% in normal mice (Thakare et al.,
2018). Thus, it is speculated that the role of endogenous LCA
in healthy mice is minimal. This may also explain why LCA
failed to evoke scratching behavior in mice. In contrast, LCA
induced (but not strong) itch sensation in humans.

The current findings warrant further in-depth investigation.
For instance, a cholestasis animal model would be required to
unravel the roles of Mrgpra1 and Mrgprb2 in mice. Moreover,
studies in knockout mice, such as Mrgpra1” or Mrgprb2”, will
help clarify uncertainties related to LCA-induced responses.
We are currently planning to investigate these uncertainties in
the future, which are beyond the scope of the present study.
To the best of our knowledge, this is the first report to reveal
that LCA activates Mrgpra1 and Mrgprb2, both of which con-
tribute to itch sensation in mice. Moreover, the present study
may provide an insight into MRGPR families, especially be-
tween humans and mice, paving the way to understand the
complex roles of MRGPR members as a pruriceptor.
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