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C E L L  B I O L O G Y

Discoveries of GPR39 as an evolutionarily conserved 
receptor for bile acids and of its involvement in biliary 
acute pancreatitis
Zhentao Zi1,2 and Yi Rao1,2,3*

Acute pancreatitis (AP) is one of the most common gastrointestinal diseases. Bile acids (BAs) were proposed to be 
a cause of AP nearly 170 years ago, though the underlying mechanisms remain unclear. Here, we report that two 
G protein–coupled receptors, GPR39 and GHSR, mediated cellular responses to BAs. Our results revealed GPR39 as 
an evolutionarily conserved receptor for BAs, particularly 3-O-sulfated lithocholic acids. In cultured cell lines, 
GPR39 is sufficient for BA-induced Ca2+ elevation. In pancreatic acinar cells, GPR39 mediated BA-induced Ca2+ el-
evation and necrosis. Furthermore, AP induced by BAs was significantly reduced in GPR39 knockout mice. Our 
findings provide in vitro and in vivo evidence demonstrating that GPR39 is necessary and sufficient to mediate BA 
signaling, highlighting its involvement in biliary AP pathogenesis, and suggesting it as a promising therapeutic 
target for biliary AP.

INTRODUCTION
Acute pancreatitis (AP) is one of the top two reasons for gastrointes-
tinal hospitalization (1), and gallstones are the most common etiol-
ogy of AP (2). Experiments with dogs by the great French physiologist 
Claude Bernard first hinted at the possibility of bile induction of 
pancreatitis (3). Observations in patients supported the idea that bile 
reflux into the pancreas could be the cause of AP (4, 5). In Opie’s 
common channel hypothesis, gallstones at the papilla of Vater ob-
struct bile excretion into the duodenum, causing bile reflux into the 
pancreas leading to AP (4, 6, 7). More support for the bile reflux hy-
pothesis has been obtained over the years (8–11), and it remains a 
predominant hypothesis today (1, 12). AP is presently thought to be 
initiated by injuries of acinar cells (13, 14), a group of exocrine cells 
in the pancreas susceptible to pathological stimuli, and biliary AP is 
thought to be caused by bile acids (BAs) (13, 15–17).

BAs, the major organic components in the bile, are amphipathic 
steroids synthesized from cholesterol in the liver. After being dis-
charged into the intestines, primary BAs are further metabolized 
into secondary BAs by the gut microbiota (18). Because of their de-
tergent properties, BAs in the intestinal tract facilitate the digestion 
and absorption of fat-soluble nutrients, such as lipid and lipophilic 
vitamins (19). However, the traditional view of BAs functioning 
purely by their physicochemical properties as surfactants encapsu-
lating nutrients and facilitating their absorption has been challenged 
(20–25). BAs have been proposed to be biologically active signals or 
hormones after they were found to activate either nuclear receptors 
(21–23, 26) or G protein–coupled receptors (GPCRs) on the cell 
membrane (24, 25). Specific BAs may act as hormones to regulate 
multiple metabolic pathways via GPCRs and/or nuclear receptors 
(18, 27–29). BA signaling through receptors has implications for the 

treatment of diseases such as diabetes (30) or nonalcoholic steato-
hepatitis (31).

BAs can directly injure pancreatic acinar cells, in a Ca2+-dependent 
manner (14, 32). Taurolithocholic acid 3-sulfate (TLCAS) is a natural 
3-O-sulfated and amidated secondary BA derived from lithocholic 
acid (LCA), which was first identified by thin-layer chromatography 
in 1967 (33). In acinar cells, TLCAS can cause elevation of cytoplas-
mic Ca2+ (34–36), secretion of amylase (37), depolarization of plasma 
membrane potential (38), activation of zymogen (15, 37), dysfunction 
of mitochondria (39), cell injury, and death (15, 16, 40). TLCAS at a 
low concentration triggered Ca2+ elevations in isolated acini, while 
TLCAS at higher levels induced sustained Ca2+ transients which are 
thought to be involved in AP pathogenesis (34, 37). The implication of 
TLCAS in AP pathogenesis highlights the significance of finding its 
receptor in pancreatic acinar cells.

GPCRs are the largest family of transmembrane receptors in-
volved in cellular communications. GPCRs are the most preferred 
drug targets, with approximately 130 GPCRs as the targets of ~35% 
of drugs approved by the U.S. Food and Drug Administration and 
more than 300 additional drugs currently in clinical trials (41). 
There are still more than 100 GPCRs without ligands (42, 43). These 
“orphan” GPCRs are widely expressed throughout the human body 
(44, 45) and account for ~17% of all non-sensory GPCRs (46). Iden-
tifying ligands for GPCRs is important for understanding physiology, 
uncovering pathology, and discovering drugs (47–49).

GPR39 is one of the Gαq-coupled GPCRs, belonging to the ghre-
lin receptor subfamily (50). GPR39 is highly expressed in the gastro-
intestinal tracts, the liver, and the pancreas (51, 52) and is involved in 
regulating gastrointestinal motility, cholesterol metabolism (52), 
epithelial integrity (53), and neovascularization (54). GPR39 was re-
ported to be activated by zinc (Zn2+) (55–57) though it was unclear 
whether there are other endogenous ligands for GPR39.

We now present evidence that GPR39 is a receptor for BAs, espe-
cially for 3-O-sulfated lithocholic acids, and that GPR39 is the mem-
brane receptor for TLCAS in pancreatic acinar cells. Genetic deletion 
of the gene encoding GPR39 in mice ameliorated pancreatic injuries 
in BA-induced AP. Our results also show that GPR39 ortholog in fish 
and its mammalian paralog GHSR responded to BAs but not to Zn2+, 
suggesting that GPR39 evolutionarily first responded to BAs before 
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its mammalian version responded also to Zn2+. We have therefore 
found receptors for BAs, established an important role for GPR39, 
and suggested a target for the potential treatment of biliary AP.

RESULTS
GPR39 activation by taurolithocholic acid 3-sulfate
The elevated intracellular Ca2+ induced by TLCAS in pancreatic 
acinar cells was from the endoplasmic reticulum and depended on 
inositol trisphosphate receptors (IP3Rs) (34, 36). Treatment of aci-
nar cells with a Gαq inhibitor YM254890 (58) eliminated Ca2+ eleva-
tion induced by TLCAS (Fig. 1, A to C), indicating that the effect of 
TLCAS was Gαq-dependent.

As illustrated in Fig. 1D, to identify the GPCRs mediating the 
intracellular response of Ca2+ elevation to TLCAS in pancreatic aci-
nar cells, we analyzed the single-cell RNA sequencing (RNA-seq) 
dataset (ArrayExpress, E-MTAB-5061) of the human pancreas (59), 
from which we obtained a list of highly expressed orphan GPCRs 
with fragments per kilobase of transcripts per million (FPKM) larg-
er than 1 in acinar cells and found 20 orphan GPCRs (fig. S1). To 
investigate whether any of these GPCRs could mediate cellular re-
sponses to TLCAS, we transfected cDNAs encoding each of the 
20 human GPCRs into human embryonic kidney (HEK) 293 T cells 
expressing Gα15 and GCaMP6s. Cellular responses to 200 μM TLCAS 
were examined by confocal microscopic imaging of intracellular 
Ca2+ concentration. We found that HEK293T cells transfected with 
GPR39 responded robustly to TLCAS (Fig. 1E).

GPR39 was previously reported to be a Zn2+ receptor (55–57). 
We used Ca2+ imaging to compare the cellular response to TLCAS 
with that to Zn2+. GPR39-expressing cells exhibited Ca2+ responses 
to 200 μM TLCAS and 200 μM Zn2+ (Fig. 1F), whereas mock-
transfected HEK293T cells responded to neither TLCAS nor Zn2+ 
(Fig. 1G). The response to TLCAS lasted longer than that to Zn2+ 
(Fig. 1F).

We constructed HEK293T cell lines stably expressing the mouse 
GPR39 receptor (if not specially indicated, hereafter we used the 
mouse GPR39). GPR39 was activated by TLCAS in a dose-dependent 
manner (Fig. 1, H and J). Previous studies have demonstrated that 
Zn2+ has a positive allosteric effect on the activation of GPR39 by 
synthetic exogenous agonists (60, 61). We examined the effect of 
Zn2+ on GPR39 activation by TLCAS. Our results showed that Zn2+ 
potentiated the GPR39-mediated calcium response to TLCAS, as 
shown by a leftward shift of the dose-response curve in the presence 
of 4 μM Zn2+ (Fig. 1, I and J).

Specific BAs as GPR39 agonists
BAs share a similar molecular backbone (Fig. 2A). To investigate 
GPR39 activation by different BAs, we examined 30 BAs (Fig. 2B), cov-
ering the major primary and secondary BAs such as cholic acid (CA), 
chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), 
deoxycholic acid (DCA) and LCA, as well as their sulfated and/or ami-
dated derivatives.

In the absence of Zn2+, three 3-O-sulfated LCAs, TLCAS, 
glycolithocholic acid 3-sulfate (GLCAS), and lithocholic acid 3-sulfate 
(LCAS), activated GPR39 notably (Fig. 2, B and G, and fig. S2A), 
with LCAS being the most potent (Fig. 2, C and G). To a lesser ex-
tent, taurolithocholic acid (TLCA), tauro/glyco-DCA (T/G-DCA), 
and tauro/glyco-chenodeoxycholic acid (T/G-CDCA) could also ac-
tivate GPR39 in the absence of Zn2+ (Fig. 2, B and H, and fig. S2A). 

In the presence of 4 μM Zn2+, all of the tested BAs, except LCA, 
could activate GPR39 (Fig. 2B and fig. S2A). LCAS, TLCAS, and 
GLCAS were still the most efficacious BAs in the presence of Zn2+, 
while BAs derived from CA were less potent (Fig. 2, G to L). Human 
GPR39 receptor (fig. S3) shows a BA profile of activation similar to that 
of the mouse GPR39 receptor (Fig. 2B). Although similar in structure 
to 3-O-sulfated LCAs, cholesterol (Fig. 2F), cholesterol-S (Fig. 2, D and 
F), and cholic acid 7-sulfate (CA7S) (Fig. 2, E and F) could not activate 
GPR39, even in the presence of 4 μM Zn2+. Although there was a 
report for GPR39 activation by 15(S)-hydroxyeicosatetraenoic acid 
(HETE) and blocked by 14(15)-epoxyeicosatrienoic acid (EET) re-
cently (62), we observed neither 15(S)-HETE activation nor 14(15)-
EET blockade of GPR39 (fig. S2, C and D).

GPBAR1 (also known as TGR5 or M-BAR) is the most studied 
membrane receptor for BAs, which is reported to be Gαs-coupled 
(24, 25). To compare BA activation of the GPR39 and GPBAR1 re-
ceptors, we tested GPBAR1 activation by all 30 BAs using a cAMP 
response element (CRE) luciferase assay (fig. S4A) for detecting in-
tracellular cyclic adenosine monophosphate (cAMP) changes (63). 
GPBAR1 was activated by certain BAs (fig. S4, D to H), but not by 
Zn2+ (fig. S4C). Meanwhile, the Gαs-coupled GPBAR1 could not in-
duce intracellular Ca2+ mobilization (fig. S4I). We normalized the 
Emax/EC50 value of individual BA for each receptor by the maximum 
Emax/EC50 value among 30 BAs, which gave relative intrinsic activity 
(RAi) values (64). As shown in the heatmap of LogRAi (Fig. 2M), 
the profile of BAs that were able to activate GPR39 was different 
from that of BAs activating GPBAR1. LCA, DCA, and their T/G 
conjugates were potent agonists of GPBAR1, while 3-O-sulfation 
reduced the ability of BAs to activate GPBAR1 (Fig. 2M and fig. S4, 
D and E) (65). Although both GPR39 and GPBAR1 preferred LCA-
related BAs, GPBAR1 barely responded to three 3-O-sulfated LCAs 
which were the most potent agonists of GPR39. Our results suggest 
that 3-O-sulfation changed the preference of LCA and its T/G con-
jugates from GPBAR1 to GPR39. In addition, CA7S, a 7-O-sulfated 
BA that did not activate GPR39 (Fig. 2E), was recently reported to 
be a potent agonist of GPBAR1 (66), but this was not observed by us 
(fig. S4B).

Mutual potentiation of GPR39 activation between specific 
BAs and Zn2+

Zn2+ potentiated GPR39 activation by most BAs (Fig. 2B); we exam-
ined whether BAs could enhance GPR39 activation by Zn2+. We 
measured GPR39 activation by Zn2+ in the presence of individual 
BAs, and we found that only LCA derivatives, such as LCA, LCAS, 
and their T/G conjugates, enhanced GPR39 activation by Zn2+ 
(Fig. 3, A to C), with LCAS the most effective (Fig. 3C). Other BAs 
(Fig. 3C and fig. S5, A to H) did not notably enhanced GPR39 acti-
vation by Zn2+.

The concentration of 4 μM Zn2+ that we used is much higher 
than the free Zn2+ concentrations in serum (0.09 to 0.42 nM) (67) 
while slightly lower than the total zinc concentration in serum (9 to 
18 μM) (68). To further quantify the mutual potentiation of GPR39 
activation between LCAS and Zn2+, we analyzed the synergistic 
effects of different concentrations of Zn2+ and LCAS. Activation of 
GPR39 by LCAS was notably shifted by Zn2+ at concentrations 
above 1 μM and vice versa (Fig. 3, D and E). Lower concentrations 
of ligands could activate GPR39 in the presence of LCAS and Zn2+, 
and the mutual potentiation between LCAS and Zn2+ broadened 
the dynamic range of GPR39 (Fig. 3F).
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Fig. 1. Search for a TLCAS receptor. (A and B) Ca2+ imaging in isolated pancreatic acinar cells treated with Gαq-inhibitor YM254890 (A) or vehicle dimethyl sulfoxide 
(DMSO) (B). Acinar cells were stimulated with two applications of 500 μM TLCAS. Before the second stimulation, the cells were incubated with 10 μM YM254890 (or DMSO) 
for 10 min. Red traces represent the average responses. Scale bars, 50 μm. (C) Gαq-inhibitor YM254890 totally diminished the Ca2+ elevation induced by TLCAS in acinar 
cells. The values represent the responses of the second stimulation, which normalized to responses of the first stimulation. Two-tailed unpaired Student’s t test was used 
(***P < 0.001, n = 8 in each group). (D) A schematic diagram of our GPCR screening strategy. Orphan GPCRs highly expressed in pancreatic acinar cells were cloned and 
expressed in human embryonic kidney (HEK) 293T cells expressing Gα15-GCaMP6s, and possible activation of each receptor by TLCAS was measured by Ca2+ imaging. 
(E) Results of the intracellular Ca2+ changes mediated by candidate GPCRs in response to 200 μM TLCAS. (F and G) Real-time FLIPR fluorescence curves of intracellular Ca2+ 
changes induced by 200 μM TLCAS or 200 μM Zn2+ in GPR39-expressing cells (F) or the sham-transfected cells (G). The dotted line indicates the time points for the admin-
istration of agents or vehicles. (H) Concentration-dependent activation of GPR39 by TLCAS. Results from a stable HEK293T cell line expressing the GPR39 are shown 
here. (I) Zn2+ enhancement of GPR39 activation by TLCAS. Cells were incubated with 4 μM Zn2+ in the recording buffer for 5 min before the FLIPR assay, and the concentra-
tions of TLCAS were similarly color-indicated as those in (H), except that 4 μM Zn2+ was included for all concentrations of TLCAS. (J) Dose curves of TLCAS and Zn2+ in 
GPR39 activation.
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Evolution of GPR39 from a BA receptor to a BA and 
Zn2+ receptor
Amino acid residues histidine (H) at positions 17 (H17) and 19 
(H19) of the GPR39 protein have been found previously to be re-
quired for its mediation of cellular responses to Zn2+ and that H17A/
H19A double mutant with histidine changed to alanine (A) could 
not mediate any Ca2+ response to Zn2+ (69). We tested whether 

GPR39 required H17 and H19 to respond to BAs by expressing 
H17A/H19A mutant in HEK293T cells.

While H17A/H19A mutations abolished GPR39 mediation of 
Zn2+-induced Ca2+ elevation, they did not reduce GPR39 mediation 
of BA-induced Ca2+ elevation in the absence of Zn2+ (Fig. 4A). Ca2+ 
elevation mediated by the H17A/H19A mutant GPR39 to LCAS, 
TLCAS, GLCAS (Fig. 4B), and TLCA (Fig. 4C) were not notably 
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Fig. 2. Characterization of GPR39-mediated activation by BAs. (A) Structures of cholesterol and BAs. BAs are synthesized from cholesterol and can be modified by 
sulfate, and amidated by taurine (or glycine). (B) Efficacy of BAs in activating GPR39 in the presence or absence of 4 μM Zn2+ (means ± s.e.m.; n = 3 or 4 in each group). All 
values were normalized to that of 200 μM Zn2+. Potency values of 200 μM deoxycholic acid (DCA) and chenodeoxycholic acid (CDCA) in the absence of Zn2+ were set to 
zero. Detailed values are shown in fig. S8. (C to E) Real-time FLIPR fluorescence curves of intracellular Ca2+ changes induced by LCAS, cholesterol-S, and CA7S in GPR39-
expressing cells in the presence or absence of 4 μM Zn2+. All compounds are 200 μM and dotted lines indicate the time points for administration of agents. (F) Efficacy of 
cholesterol, LCAS, cholesterol-S, and CA7S in the presence or absence of 4 μM Zn2+ (means ± s.e.m.; n = 4 in each group). All values were normalized to that of 200 μM 
Zn2+. (G and H) Dose-response curves of LCA derivatives in the presence or absence of 4 μM Zn2+. Dose-response curves of DCA derivatives (I), UDCA derivatives (J), CDCA 
derivatives (K), and CA derivatives (L) in the presence of 4 μM Zn2+. Responses were normalized to 200 μM Zn2+. Median effective concentration (EC50) values are shown 
in fig. S8. (M) Heatmap of the LogRAi (logarithm base 10) values for GPR39- and GPBAR1-mediated activation by BAs. Values are shown in fig. S8.
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different from that mediated by the wild-type (WT) GPR39 (Fig. 2, G 
and H). Moreover, responses mediated by the H17A/H19A mutant 
to DCA and CDCA derivatives (Fig. 4A) were larger than those me-
diated by the WT GPR39 (Fig. 2B).

Zn2+ potentiation of cellular responses to BAs was reduced in the 
H17A/H19A mutant. In H17A/H19A-transfected cells, CA deriva-
tives and UDCA derivatives barely triggered Ca2+ elevation even in 
the presence of Zn2+ (Fig. 4A). As shown in Fig. 4 (B and C), only 
the dose-response curves of LCAS and TLCA among eight BAs 
showed a notable left shift in the presence of Zn2+. These results in-
dicated that H17 and H19 were required for GPR39 mediation of 
cellular responses to Zn2+ alone and Zn2+ potentiation of GPR39 
responses to BAs (except LCAS and TLCA), but not required for 
GPR39 mediation of signaling by BAs alone or Zn2+ potentiation of 
GPR39 responses to LCAS or TLCA.

Analysis of GPR39 protein sequences in different species indicated 
that H17 and H19 were not conserved in all species (Fig. 4D): They 
were not present in fish, but emerged in amphibians, and present in 
reptiles, birds, and mammals. We cloned GPR39 receptors from dif-
ferent species and expressed them in HEK293T cells. The GPR39 
from the chicken (Gallus Gallus), the gecko (Gekko japonicus), and 
the frog (Xenopus laevis) showed strong dose-dependent responses to 
both LCAS and Zn2+ (Fig. 4, E to G). The zebrafish (Danio rerio) 
GPR39 (zfGPR39 for short) could be activated by BAs robustly, while 
it mediated little response to Zn2+ (Fig. 4H). Similar to the H17A/
H19A mutant, zfGPR39 mediated responses to DCA and CDCA 
derivatives in the absence of Zn2+ (Fig. 4H), which showed a much 
broader BAs preference than mouse and human GPR39 (Fig. 2B and 
fig. S3A). On the other hand, different from the H17A/H19A mutant, 
BA activation of zfGPR39 could be enhanced by Zn2+ as the dose 
curves of all eight BAs were shifted to the left (Fig. 4, I and J).

To test the activation of GPR39 by the physiological BAs, we 
extracted total BAs from pig and carp raw bile using solid-phase 

extraction (SPE) (Fig. 4K). Diluted bile extracts were applied to 
GPR39-expressing HEK293T cells. Despite the presence of back-
ground fluorescence in mock-transfected cells, 1/400 diluted pig 
(Fig. 4L) and carp (Fig. 4M) bile extracts were observed to notably 
increase the cytosolic Ca2+ in cells expressing mouse GPR39, its 
H17A/H19A mutant, and zfGPR39 (Fig. 4, L to N). GPR39 activa-
tion by bile extracts was also dose-dependent and potentiated by 
Zn2+ (fig. S6, A to J).

Apart from C24 BAs, C27 bile alcohols are commonly found in 
fish bile (70). We examined the activity of 5b-cholestanpentol, a C27 
bile alcohol, on zfGPR39. 5b-cholestanpentol had minimal effects on 
zfGPR39 activation, even in the presence of 4 μM Zn2+ (fig. S6, N and 
O). By contrast, 5b-cholestanpentol robustly activated mouse GPR39, 
regardless of the presence or absence of Zn2+ (fig. S6, L, M, and P).

Thus, the evolutionarily earlier GPR39 does not mediate re-
sponses to Zn2+ alone. Zn2+ could modulate BAs stimulation of 
zfGPR39. Later in evolution, GPR39 mediates responses to fewer 
types of BAs but gains responses to Zn2+ alone. In other words, 
GPR39 was primarily a BA receptor to begin with but can also serve 
as a Zn2+ receptor later.

GHSR activation by BAs
GPR39 belongs to the ghrelin receptor subfamily (50) that contains re-
ceptors for ghrelin, motilin, neuromedin U, and neurotensin (Fig. 5A). 
Although GPR39 shows structural similarities to these homologs, four 
endogenous peptides did not activate GPR39 (Fig. 5, B and C).

We tested whether receptors in the phylogenetic tree close to 
GPR39 could be activated by BAs. We expressed them in HEK293T 
cells to detect intracellular Ca2+ signaling changes. GHSR, the ghrelin 
receptor (71), was activated by BAs including LCA, TLCA, GLCA, 
DCA, TDCA, GDCA, UDCA, and CDCA (Fig. 5, D and E).

By pretreating with the GHSR-specific antagonist JMV-2959 (72), 
the Ca2+ responses induced by ghrelin (Fig. 5F), UDCA (Fig. 5G), 
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G) Activation of G. Gallus GPR39 (E), G. japonicus GPR39 (F), and X. laevis GPR39 (G) by LCAS and Zn2+. (H) Efficacy of BA activation of the zfGPR39 in the presence or absence 
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were employed to assess the responses of GPR39 to both pig and fish bile. (L and M) FLIPR fluorescence curves of intracellular Ca2+ changes induced by 1/400 diluted pig 
(L) and carp (M) bile extracts in HEK293T cells expressing mouse GPR39, zfGPR39, H17A/H19A mutant or mock-transfected cells. Dotted lines indicate the time points for 
the administration of agents. (N) Ca2+ imaging of GPR39-expressing HEK293T cells responding to 1/400 diluted pig and carp bile extracts. Scale bars, 100 μm.
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and TLCA (Fig. 5H) were totally abolished. In GHSR-expressing 
HEK293T cells, Ca2+ elevations induced by 200 μM DCA and CDCA 
were characterized by a rapid rise (Fig. 5, I and J). In the presence of 
the GHSR blocker JMV-2959, Ca2+ elevations were characterized by 
a slow rise (Fig. 5, I and J), which were similar to nonspecific Ca2+ 
elevations induced by 200 μM DCA and CDCA in mock-transfected 
cells (fig. S2, A and B). Ca2+ mobilization induced by LCA in GHSR-
expressing cells could be moderately but not fully inhibited by JMV-
2959 (Fig. 5K). All eight BAs activated GHSR in a dose-dependent 
manner (Fig. 5, L to N), and the maximal efficacy of UDCA, DCA, 
and CDCA was comparable to ghrelin, while TLCA and LCA 
showed a relatively higher sensitivity but a lower efficacy compared 
with UDCA, DCA, and CDCA.

We examined whether BAs could potentiate GHSR activation by 
its endogenous peptide ligand ghrelin. Ten micromolar of UDCA 

and DCA did not potentiate or attenuate the action of ghrelin 
(Fig. 5O). Pretreating GHSR-expressing cells with 10 μM LCA at-
tenuated the effect of ghrelin (Fig. 5O). This may result from the 
activation and desensitization of GHSR by 10 μM LCA, and there 
was no effect on the activation of GHSR using 1 μM LCA (Fig. 5O).

Requirement of GPR39 in pancreatic acinar cells for Ca2+ 
elevation induced by BAs
Results shown above indicate that the exogenous GPR39 introduced 
to HEK293T cells could mediate Ca2+ elevation in response to BAs. 
While these results support that GPR39 is sufficient for BA activa-
tion, they do not answer the question of whether GPR39 is neces-
sary in normal cells for mediating cellular responses to BAs.

Gpr39 expression has been found in the pancreas (51, 52, 73). We 
have generated hemagglutinin (HA)-tagged GPR39 mice (Gpr39HA) 
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Fig. 5. GHSR is activated by BAs. (A) The phylogenetic tree of the ghrelin receptor subfamily. The tree was constructed by MEGA11 and the accession number of each 
sequence is shown in table S1. (B and C) Testing the activation of GPR39 by peptides using FLIPR. (B) Typical real-time FLIPR fluorescence curves in the presence of 4 μM 
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(Fig. 6A). Immunostaining of Gpr39HA pancreatic cryosections 
stained with anti-HA antibody revealed that GPR39 was localized 
on the plasma membrane of acinar cells (Fig. 6B). To investigate the 
role of GPR39 in pancreatic acinar cells, we have generated Gpr39 
knockout mice (Gpr39KO) (Fig. 6A). After backcrossing, we ob-
tained mice with the WT (Gpr39+/+), heterozygous (Gpr39+/−), or 
homozygous mutant genotypes (Gpr39−/−). In freshly isolated acinar 
cells from Gpr39+/+ mice, intracellular Ca2+ elevation was observed 

after the application of either LCAS (Fig. 6, C and E, top) or TLCAS 
(fig. S7, A and C, top). Acinar cells from GPR39+/− mice showed 
attenuated responses to LCAS (Fig. 6, C and E, middle) and TLCAS 
(fig. S7, A and C, middle). In acinar cells from Gpr39−/− mice, little 
response to LCAS (Fig. 6, C and E, bottom) or TLCAS (fig. S7, A and 
C, bottom) was observed.

Although a previous report suggested that GPBAR1 was respon-
sible for the Ca2+ signaling in acinar cells induced by TLCAS (37), 
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Fig. 6. Requirement of GPR39 in pancreatic acinar cells for BA responses. (A) A schematic diagram of the generation of Gpr39HA and Gpr39KO mice. Briefly, Gpr39HA 
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were used (from 10 to 200 μM). ACh (20 μM) was used as a positive control at the end of each experiment to ensure the responsiveness of the acinar cells. Red traces 
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in acini from GPR39 knockout mice. The net amylase release of acini treated with 500 μM LCAS (H), 500 μM TLCAS (I), or 1 nM caerulein (J) was shown as a percentage of 
total amylase. One-way ANOVA with Tukey’s multiple comparisons posttest was made to the WT group (***P < 0.001 and **P < 0.01; means ± s.e.m).
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we observed robust Ca2+ increases induced by 200 μM LCAS (Fig. 6, 
D and F) and TLCAS (fig. S7, B and D) in acinar cells isolated from 
GPBAR1 knockout (Gpbar1−/−) mice, which were comparable to 
that of WT mice. For further comparison, we normalized the peak 
Ca2+ values with that induced by acetylcholine (ACh). Results show 
that the Ca2+ elevation induced by LCAS (Fig.  6G) or TLCAS 
(fig. S7E) at all tested concentrations (50, 100, 150, and 200 μM) was 
basically absent when the Gpr39 gene was deleted. Although Ca2+ 
signaling was decreased in Gpbar1−/− mice, Ca2+ signaling in Gp-
bar1−/− mice was still larger than those in Gpr39+/− mice (Fig. 6G 
and fig. S7E). Furthermore, Ca2+ elevation in acinar cells was not 
observed upon exposure to BAs that have the ability to increase 
cAMP via GPBAR1 or the GPBAR1 agonist INT-777, as shown in 
fig. S7 (F to H). These results support that GPR39 plays an essential 
role in mediating Ca2+ elevation in response to BAs, whereas the 
role of GPBAR1 in this regard is less important.

The secretion of acinar cells is dependent on intracellular Ca2+ 
(74), and the TLCAS-stimulated amylase discharge was reported to 
be Ca2+-dependent but GPBAR1-independent (37). We measured 
the net amylase discharge of acinar cells stimulated by LCAS, 
TLCAS, and another secretagogue caerulein. Deleting Gpr39 sig-
nificantly reduced the amylase release of acinar cells induced by 
LCAS (Fig. 6H) and TLCAS (Fig. 6I) but not caerulein (Fig. 6J). 
Deletion of Gpbar1 did not alter the amylase discharge induced by 
TLCAS and caerulein (Fig. 6, I and J). Amylase release induced by 
LCAS was reduced in pancreatic acinar cells from Gpbar1−/− mice 
but still higher than that of pancreatic acinar cells from Gpr39−/− 
mice (Fig. 6H). Again, the role of GPR39 is more important than 
GPBAR1. These results indicate that GPR39 is necessary for BA 
stimulation of Ca2+ elevation in, and amylase release from, pancre-
atic acinar cells.

Role of GPR39 in BA-induced AP
Intracellular Ca2+ overload and necrosis of acinar cells were thought 
to be the early events of AP (12, 14, 17, 75). We used Gpr39 knock-
out mice to test GPR39’s involvement in BA-induced AP.

First, we tested acinar cells isolated from mice. Cell injuries were 
assessed by propidium iodide (PI) uptake and the release of lactate 
dehydrogenase (LDH). LCAS, TLCAS, or caerulein increased PI up-
take into isolated acinar cells of WT mice (Fig. 7A). LCAS, TLCAS, 
or caerulein increased LDH release from isolated acinar cells of WT 
mice (Fig.  7B). Knockout of Gpr39, but not that of Gpbar1, de-
creased PI uptake and LDH leakage induced by LCAS or TLCAS, 
but did not affect those induced by caerulein (Fig. 7, A and B). 
Cell injuries induced by high concentrations of TLCAS and caeru-
lein were accompanied by cell blebbing (76, 77). These morphologi-
cal changes were observed in acinar cells isolated from WT and 
Gpbar1−/− mice after the stimulation of LCAS and TLCAS, but not 
in acinar cells isolated from Gpr39−/− mice under the same condi-
tions (Fig. 7C).

Next, we used an in vivo AP model with an infusion of BAs into 
the pancreatic duct (Fig. 7D) (78, 79). Serum levels of amylase and 
lipase were significantly increased by LCAS in WT (Gpr39+/+) mice, 
but not in Gpr39−/− mice (Fig.  7E). Histological examinations 
showed increased edema, inflammation, and necrosis induced by 
LCAS in WT mice (Fig. 7, F and G). LCAS-induced inflammation 
and necrosis were both reduced in Gpr39−/− mice (Fig.  7G). Al-
though TLCAS-induced pancreatitis was weaker than that of LCAS 
(fig. S7I), Gpr39−/− mice still exhibited lower histopathology scores 

in TLCAS-induced AP models (fig. S7, J and K). These results indi-
cated that GPR39 was involved in the pathogenesis of biliary AP 
in vivo.

DISCUSSION
A cDNA encoding the GPR39 receptor was cloned in 1997 (80). It 
was found in 2004 that GPR39 could be activated by Zn2+ (56). The 
report of obestatin as the endogenous ligand of GPR39 (81) could 
not be reproduced, so Zn2+ was the only known endogenous ligand 
of GPR39 for a long time (55, 57, 82, 83). Here, we have shown that 
GPR39 is a membrane receptor for BAs. Zn2+ has been demonstrat-
ed to function as an allosteric modulator of various GPCRs (84). For 
GPR39, the binding sites of Zn2+ are located in the N-terminal ex-
tension (H17 and H19), which is distinct from the common ortho-
steric binding pockets in the upper region of the transmembrane 
domain and extracellular loop 2 (69, 85). The finding that the activa-
tion of GPR39 by BAs was independent of Zn2+ binding sites sug-
gests Zn2+ acts as an allosteric ligand of GPR39 and BAs serve as the 
endogenous orthosteric ligands.

BA signaling through GPR39 may have other functional roles in 
physiological and pathological conditions. For example, GPR39 is 
highly expressed in the liver and the intestine (51, 52). BAs are pres-
ent in hepatobiliary and intestinal tracts, ranging from 1 to 200 mM 
(86). Diluted bile extracts activated the GPR39 (Fig. 4, L to N). The 
overlapping of the GPR39 expression pattern and BA distribution 
supports the possibility that GPR39 senses BA signaling in the intes-
tines. GPR39 is abundantly expressed in the epithelial cells of the 
digestive system which are the key innate immune barrier against 
microbes in the gut (51, 52). GPR39 activation regulates pH homeo-
stasis in colonocytes and enhances epithelial tight junction, which is 
crucial for the integrity of the intestinal mucosal barrier (53, 87). BA 
signaling sensed by the GPR39 receptor may potentially enhance 
the tight junctions of epithelial cells.

The functional significance of BA and Zn2+ potentiation will also 
be an interesting avenue for future studies. In the intestinal epithe-
lium, Zn2+ is co-released with antimicrobial components from Pan-
eth cells through vesicles in response to pathogens (88). In this 
context, does Zn2+ signaling from Paneth cells interact with BAs 
signaling to regulate the integrity of epithelial cells? Here, we have 
found the pathological roles of GPR39 activation by high concentra-
tions of BAs in the context of biliary AP. However, under physiolog-
ical conditions, the concentration of BAs that the pancreas is 
exposed to is much lower (0.2 to 22 μM in the systemic plasma) (86). 
It is worth noting that Zn2+ is co-released with insulin from pancre-
atic β cells and that GPR39 is also expressed in islets (52, 89). It will 
be curious to know whether GPR39 is a Zn2+ sensor in the pancreas 
and whether blood-circulating BAs, especially 3-O-sulfated litho-
cholic acids, play a role in regulating pancreatic islets and exocrine 
acinar cells function during insulin secretion. More broadly, the 
roles of BAs and Zn2+ in other contexts remain to be investigated.

Sulfation was thought to be a pathway for BA detoxification (90) 
with the 3-O-sulfation as the major form in humans (91–93). Sul-
fated BAs have been considered the final metabolites of BAs (90), as 
they are easily excreted from the body. Modification by sulfation can 
improve the electronegativity of BAs and greatly increase their solu-
bility in water. The detergent properties of sulfated BAs are weaker 
than non-sulfated BAs, while the critical micellar concentration of 
sulfated BAs becomes higher (94). The proportion of sulfated BAs 
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varies between different species. In general, the proportion of sul-
fated BAs is higher in humans and other primates, but lower in ro-
dents. Sulfated BAs can reach 20% of the total BAs in the human 
liver, ~30% in the plasma, and ~80% in urine. In mice, the propor-
tion of sulfated BAs is 0.7% in bile, 0.2% in plasma, and 70 to 80% in 
urine (93, 95). The ratio of sulfation is negatively correlated with the 
number of hydroxyl groups in BAs. The sulfation ratio of LCA is the 
highest, followed by DCA, CDCA, and UDCA, with CA being the 
least sulfated. In human plasma, sulfated CA is only 5% of total CA, 
sulfated DCA/CDCA/UDCA is between 30 and 60%, but sulfated 
LCA is 93% of total LCA (91, 92).

The findings of our study indicate that 3-O-sulfated lithocholic 
acids exhibit a greater propensity to stimulate GPR39, a Gαq-coupled 
GPCR, as opposed to GPBAR1, which is Gαs-coupled. GPBAR1 is a 
previously known receptor for BAs (24, 25). GPBAR1 plays impor-
tant roles in enterohepatic recycling of BAs, intestinal motility, en-
ergy homeostasis, and inflammation (28–30, 96, 97). The present 
discovery elucidates a signaling pathway involving 3-O-sulfated 
lithocholic acids, GPR39, and Gαq, which is distinct from the previ-
ously characterized BAs-GPBAR1-Gαs signaling pathway.

If GPR39 is the key in biliary AP pathogenesis, which of the BAs 
are important for AP? That Zn2+ potentiates almost all BAs to acti-
vate GPR39 complicates the prediction as to which BA, or all BAs at 
sufficiently high concentrations, could be involved in AP pathogen-
esis. It will be interesting to test whether one of the 3-O-sulfated 
lithocholic acids is more important than other BAs in AP, or that all 
BAs can contribute to AP. In the latter case, the importance of Zn2+ 
would be increased. Our discovery of GPR39 mediation of BA sig-
naling and its role in AP will stimulate further research into BA 
functions dependent on GPR39 as well as GPR39 functions related 
to BAs, suggesting potential therapeutic value for screening of GPR39 
antagonists. Because knocking out the GPR39 receptor enhances 
acinar cell resistance to BAs in vitro and in vivo, GPR39 antagonists 
may alleviate biliary AP.

MATERIALS AND METHODS
Chemicals and reagents
Details on BAs and pharmacological reagents used in this study are 
provided in table S2. Pig and carp raw bile were extracted by SPE 
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Fig. 7. Deleting GPR39 ameliorates pancreatic injuries by BA-induced AP. (A and B) PI uptake (A) and LDH leakage (B) induced by LCAS and TLCAS required GPR39 but 
not GPBAR1. Acinar cells were incubated with LCAS (500 μM), TLCAS (500 μM), or caerulein (100 nM) for 4 hours. PI fluorescence was normalized to that of vehicle-treated 
control and the net LDH leakage was expressed as a percentage of the total LDH. One-way ANOVA with Tukey’s multiple comparisons posttest was made to the vehicle 
group (**P < 0.01 and ***P < 0.001; means ± s.e.m). (C) Representative images of acinar cell blebbing. Blebbing is denoted by arrows. Scale bars, 100 μm. (D) A sche-
matic diagram of the pancreatic duct infusion-induced AP model. BAs were retrogradely injected into the pancreas through the pancreatic duct to induce AP. (E) Amylase 
and lipase levels in the serum of mice after LCAS-induced AP. Two-tailed unpaired Student’s t test was used (***P < 0.001, **P < 0.01, *P < 0.05, n.s. P > 0.05; means ± 
s.e.m). (F) Representative hematoxylin and eosin staining of pancreatic histology in LCAS-induced AP. Scale bars, 50 μm. (G) Histopathology scores for edema, inflamma-
tory cell infiltration, acinar cell necrosis, and total scores. Two-tailed unpaired Student’s t test was used (***P < 0.001, **P < 0.01, *P < 0.05, n.s. P > 0.05; means ± s.e.m).
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(98, 99). Briefly, 0.5 ml of fresh bile was added into 10 ml of hot 95:5 
(v/v) mixture of ethanol and methanol. After vortex-mixing and 
cooling, the sample was centrifuged at 13,000g at 4°C for 5 min. The 
supernatant was diluted with ultrapure water to attain an alcoholic 
concentration of 10% and the solution was subjected to a C18 solid-
phase cartridge (Supelclean LC-18 SPE Tube, bed wt. 2 g, Merck). 
The cartridge was activated with 10 ml of 100% methanol followed 
by conditioned with 10 ml of 10% methanol. The processed bile 
sample (corresponding to 0.5 ml of bile) was passed through the 
preconditioned cartridge and the cartridge was washed with 10 ml of 
10% methanol. The cartridge was lastly eluted with 20 ml of methanol. 
The eluate was concentrated to dryness with a centrifugal evaporator 
at 30°C, and dissolved in 0.5 ml of water. This extract served as a 
substitute for the raw bile.

Analysis of orphan GPCR expression in pancreatic 
acinar cells
Single-cell RNA-seq dataset of the pancreas was downloaded from 
ArrayExpress (E-MTAB-5061) (59). This dataset includes 3514 single-
cell transcriptomes, and we extracted 112 of them from healthy hu-
man pancreatic acinar cells. The mean expression level of each GPCR 
among these acinar cells was calculated. The list of orphan GPCRs 
referred to the IUPHAR database (46).

Molecular biology
All 20 candidate GPCRs and 6 GPR39-related receptors are of hu-
man origin and were purchased from GenScript (Nanjing, China). 
Mouse GPR39 (NP_081953.2) cDNA was cloned from the mouse 
pancreas. Human GPR39 (NP_001499.1) cDNA was purchased 
from Vigene Bio (Shandong, China). G. Gallus (NP_001073574.1), 
G. japonicus (XP_015264640.1), X. laevis (XP_041434441.1), and 
zebrafish (NP_956711.1) GPR39 cDNAs were synthesized by Gen-
Script (Nanjing, China). All cDNAs were cloned into the pCMV6-
Entry vector (OriGene), in which the GPCR was fused in frame 
with mCherry by a P2A linker. Site-directed mutagenesis to gener-
ate GPR39 mutants was carried out with the PCR overlap extension 
method, and all constructs were verified by sequencing.

Stable cell lines
Stable HEK293 cell lines expressing the mouse GPR39 gene were 
generated by the lentivirus system. Briefly, mouse GPR39 fused with 
mCherry by a P2A linker was cloned into the pLVX vector (Clontech). 
pLVX-mGPR39-P2A-mCherry plasmid was cotransfected with pack-
aging plasmids pMD2.G (Addgene, 12259) and psPAX2 (Addgene, 
12260) into HEK293T cells using Lipofectamine 3000 (Invitrogen). 
After 24 hours of transfection, the cells were treated with puromycin 
(2 μg/ml) for 2 days, before the selection of GPR39-expressing single 
clones by mCherry fluorescence protein using flow sorting. Stable 
human GPR39-expressing cell lines were obtained similarly.

Animals
GPR39-HA knock-in mice (Gpr39HA) and GPR39 knockout mice 
(Gpr39KO or Gpr39−/−) were created with CRISPR/EGE platform in 
the C57BL/6 strain by Beijing Biocytogen. For GPR39 knockout 
mice, the first 750 bps in exon 1 of the Gpr39 gene was replaced by 
the iCreERT2-WPRE-PA element. All strains were verified by PCR 
sequencing of the targeted region, and Southern blots were per-
formed to rule out random insertions. Gpbar1 knockout mice 
(Gpbar1−/−) in C57BL/6 background were donated by C. Jiang (100). 

All animal procedures performed in this paper were approved by the 
Institutional Animal Care and Use Committee of Peking University.

Ca2+ imaging
HEK293T cells were cultured in Dulbecco’s minimum essential me-
dia (DMEM) supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin/streptomycin at 37°C and 5% CO2. For preliminary 
screening of the 20 candidate GPCRs, HEK293T cells stably express-
ing Gα15 and GCaMP6s were used. HEK293T-Gα15-GCaMP6s cells 
were seeded in poly-​d-lysine (PDL)–coated clear bottom 96-well 
plates. The next day, GPCR expressing constructs were transfected 
before replacement of the culture medium with 50 μl of recording 
buffer [150 mM NaCl, 4 mM KCl, 10 mM Hepes, 11 mM glucose, 
2 mM MgCl2, and 2 mM CaCl2 (pH 7.4)] in each well 16 hours after 
transfection. A Leica TCS SP5 microscope was used to monitor in-
tracellular Ca2+ changes induced by 50 μl of BA, which was added 
into the well by a pipette. If Fluo-8 AM (AAT Bioquest) was used, 
culture media were first replaced by 50 μl of dye loading buffer [Fluo-8 
AM (2 μg/ml) in recording buffer] before incubation for 25 min at 
room temperature (RT). The dye loading buffer was replaced by an 
equal volume of recording buffer for 5 min before recording.

For Fluorescent Imaging Plate Reader (FLIPR) Ca2+ imaging assay, 
cells were seeded in PDL-coated 96-well plates. Dye loading and record-
ing buffers were replaced as described above. Cells were imaged in the 
FLIPR at RT. The reading time interval of FLIPR was set as 1 s and 50 μl 
of the solution was dispensed into the plate at the 30th second, followed 
by 150 s of recording. If stable GPR39-expressing cell lines were used, we 
seeded the cells in PDL-coated 96-well plates directly the day before the 
experiment and ensured that cells reached a 90% density before imaging.

Measurement of GPBAR1 activation
Activation of GPBAR1 by BAs was detected by the CRE and lucifer-
ase reporter system (63). The GPBAR1-expressing reporter cell line 
was a gift from Y. Li. Briefly, when cells reached nearly 100% density 
in 96-well plates, the culture medium was replaced by FBS-free 
DMEM supplemented with indicated BAs. Cells were cultured at 
37°C in 5% CO2 for 10 hours. After which, 10 μl of the medium in 
each well was transferred into a 96-well plate, and 100 μl of coelen-
terazine-h solution [2.5 μg/ml in phosphate-buffered saline (PBS)] 
was added. After 2-min incubation, luminescence was detected by 
an EnVision plate reader. One hundred microliters of TLCA was 
used as the positive control, and the luminescence of TLCA-treated 
wells was set as 100% and the others were normalized.

Calculation of the RAi of receptors
The RAi values (64) were used to quantify the potency and the effi-
cacy of BAs. For each receptor, the efficacy value (Emax) of each BA 
was divided by the EC50, and the Emax/EC50 value was normalized to 
the maximum value among 30 BAs. We took the logarithm (Log10) 
of the normalized Emax/EC50 to give a LogRAi value. To quantify 
BAs that have an ambiguous EC50 (EC50 >  100 μM or EC50 > 
200 μM), we set these EC50 values as 200 μM. To obtain a converged 
LogRAi value, a normalized RAi value smaller than 0.001 was set as 
0.001. For the GPR39 receptor, we calculated the RAi values in the 
presence or absence of 4 μM Zn2+ separately.

Immunostaining of mouse pancreases
Freshly isolated pancreases were fixed in 4% paraformaldehyde and 
dehydrated by 30% sucrose. Then, cryosections (40 μm) were cut 
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using a freezing microtome (Leica CM 3050). For detecting the ex-
pression of HA-tagged GPR39 in pancreas slides, rabbit anti-HA 
antibody (1:500 dilution; CST, catalog no. 3724S) was used, and the 
secondary antibody was Alexa Fluor 488 anti-rabbit immunoglobu-
lin G (1:2000 dilution; Life Technology). Slides were mounted with 
DAPI Fluoromount-G (SouthernBiotech, catalog no. 0100-20) and 
imaged by a confocal microscope (Zeiss LSM880).

Acinar cell isolation and Ca2+ imaging
Acinar cells were prepared according to previous reports (101, 102). 
Briefly, Hepes-buffered DMEM (Macklin, D6512) with SBTI (0.1 mg/
ml; Sigma-Aldrich, T9128) bubbled with O2 was used as the dis-
section buffer. The freshly dissected pancreas was digested with 
collagenase IV (2 mg/ml; Sigma-Aldrich, V900893) dissolved in 
the dissection buffer containing BSA (2.5 mg/ml). Five milliliters of 
collagenase solution was repeatedly injected into the pancreas be-
fore the pancreas was cut into small pieces and transferred into a 
flask. After gassing with O2, the flask was incubated at 37°C with 
shacking at 120 rpm for 10 min, and then collagenase was replaced 
with 5 ml of fresh solution, and the pancreas was digested for an-
other 30 min. The pieces were dissociated into acini by gently pipetting 
and the suspension was then filtered through 50-μm nylon cloth 
into a 50-ml centrifuge tube. Acini were further separated and col-
lected from the suspension by centrifugation as described (102) and 
maintained in the dissection buffer containing BSA (1 mg/ml) before 
imaging. Cells were imaged in the acinus recording buffer [95 mM 
NaCl, 4.7 mM KCl, 20 mM Hepes, 10 mM glucose, 2 mM gluta-
mine, 0.6 mM MgCl2, 1.3 mM CaCl2, and 1 × nonessential amino 
acids (pH at 7.4)]. Freshly isolated acinar cells were loaded with 
Fluo-8 AM (4 μg/ml) for 30 min at RT in the acinus recording buf-
fer. Cells settled on a Cell-Tak (Corning) treated φ12-mm slide be-
fore the slide was placed in a perfusion chamber. Intracellular Ca2+ 
changes were monitored by a Zeiss LSM 710 microscope.

Cell death detection
Acini used in cell injury/death assay were isolated in a protocol 
slightly modified from what was described above. The concentration 
of collagenase IV solution was 1 mg/ml and 150-μm nylon cloth was 
used to collect larger acini. Isolated acini were resuspended in Hepes-
buffered DMEM/F12 [with BSA (1 mg/ml)] (103) and distributed 
into a 48-well plate. Acini were incubated with test compounds at 
37°C for 4 hours and LDH activities in the supernatant were quanti-
fied using an LDH cytotoxicity assay kit (Roche, 4744934001). Total 
LDH activities were measured after cells were lysed by 0.5% Triton 
X-100, and the LDH release was expressed as a percentage of the total 
LDH activity.

For PI uptake assay, acini were incubated with BAs for 4 hours at 
37°C in a 48-well plate. After removing the supernatant gently, acini 
were resuspended in a medium containing PI (2 μg/ml). Then, 100 
μl of the cell suspension was applied to a 384-well plate, and PI fluo-
rescence was measured by a BioTek Cytation5 microplate reader 
(bottom reading mode; excitation, 536 nm; emission, 617 nm). PI 
fluorescence in the acini was normalized to that of vehicle control.

Amylase release detection
Acini used in amylase release detection were isolated and main-
tained in a protocol similar to that described for LDH leakage detec-
tion. Acini were incubated with BAs at 37°C for 30 min and the 
amylase activity in the supernatant was measured with an amylase 

activity assay kit (Sigma-Aldrich, MAK009). Amylase release of 
acini treated with the vehicle was measured as basal leakage and total 
amylase activity was measured after acini were lysed by 0.5% Triton 
X-100. The net amylase release was calculated by subtracting basal 
leakage in each group and expressed as a percentage of the total 
amylase activity.

Retrograde infusion of BA-induced acute 
pancreatitis models
Ten- to 12-week-old male mice (of 25 to 28 g in weight) were anes-
thetized with isoflurane. BA solution (or saline) containing methyl 
blue (1 mg/ml) was retrogradely infused into the pancreatic duct via 
a microsyringe pump at a flow rate of 5 μl/min for 10 min as de-
scribed (78). TLCAS (5 mM) was used and dissolved in 0.9% NaCl 
solution. For LCAS, due to its poor solubility in 0.9% NaCl solution, 
3 mM LCAS was used and dissolved in PBS (pH 7.4). All BA solu-
tions should be freshly prepared to avoid precipitation. The severity 
of pancreatitis was monitored 24 hours after the induction. Serum 
was collected to determine the amylase and lipase levels using com-
mercially supplied kits (Nanjing Jiancheng, C016 for amylase, A054 
for lipase). For histopathology, a fresh pancreas colored with methyl 
blue was dissected and trimmed to a size of 5 mm by 5 mm. After 
sample fixation, paraffin sections were prepared and stained with 
hematoxylin and eosin, and scored blindly (edema grade as 0 = absent, 
1 = focally increased between lobules, 2 = diffusely increased be-
tween lobules, 3 = acini disrupted, 4 = acini separated; inflamma-
tory cell infiltration grade as 0 = absent, 1 = around ductal margins 
in ducts, 2 = in <20% of the lobules of the parenchyma, 3 = in 20 to 
50% of the lobules of the parenchyma, 4 = in >50% of the lobules of 
the parenchyma; and acinar necrosis grade as 0 = absent, 1 = <5% 
periductal necrosis, 2 = 5 to 20% focal parenchymal necrosis, 3 = 20 
to 50% diffuse parenchymal necrosis, 4 = > 50% diffuse parenchy-
mal necrosis) according to previous reports with slight modifica-
tions (104, 105).

Statistics
All statistical analyses were carried out with Prism 8 (GraphPad 
Software). Student’s t test was used to compare two columns of data. 
One-way analysis of variance (ANOVA) followed by Tukey’s multi-
ple comparison posttest was used to compare multiple columns of 
data. Statistical significance is denoted by asterisks: n.s. P > 0.05, 
*P < 0.05, **P < 0.01, and ***P < 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 and S2
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