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Osteopontin Deficiency Alters 
Biliary Homeostasis and Protects 
against Gallstone Formation
Jing Lin*, Ming Lu*, Wei-qing Shao*, Zong-you Chen, Wen-wei Zhu, Lu Lu, Hu-liang Jia, 
Duan Cai, Lun-xiu Qin & Jin-hong Chen

The precipitation of excess biliary cholesterol as solid crystals is a prerequisite for cholesterol gallstone 
formation, which occurs due to disturbed biliary homeostasis. Biliary homeostasis is regulated by an 
elaborate network of genes in hepatocytes. If unmanaged, the cholesterol crystals will aggregate, 
fuse and form gallstones. We have previously observed that the levels of osteopontin (OPN) in bile and 
gallbladder were reduced in gallstone patients. However, the role and mechanism for hepatic OPN in 
cholesterol gallstone formation is undetermined. In this study, we found that the expression of hepatic 
OPN was increased in gallstone patients compared with gallstone-free counterparts. Then, we observed 
that OPN-deficient mice were less vulnerable to cholesterol gallstone formation than wild type mice. 
Further mechanistic studies revealed that this protective effect was associated with alterations of bile 
composition and was caused by the increased hepatic CYP7A1 expression and the reduced expression of 
hepatic SHP, ATP8B1, SR-B1 and SREBP-2. Finally, the correlations between the expression of hepatic 
OPN and the expression of these hepatic genes were validated in gallstone patients. Taken together, 
our findings reveal that hepatic OPN contributes to cholesterol gallstone formation by regulating biliary 
metabolism and might be developed as a therapeutic target for gallstone treatments.

Gallstone disease is a major health problem worldwide, and its associated complications and comorbidities 
impose a substantial financial burden on the health care economy1–4. Gallstone disease is a multifactorial disease 
influenced by a complex interaction of genetic and environmental factors5. The precipitation of excess cholesterol 
in bile as solid crystals is a prerequisite for cholesterol gallstone formation6,7. Additionally, some biliary proteins, 
namely pro-nucleation and anti-nucleation proteins, could also influence cholesterol crystals and stone forma-
tion. The critical balance between these proteins determines the predisposition of bile to form cholesterol crystals 
or prolong the process of crystal formation8. The solubility of cholesterol in aqueous solutions is extremely lim-
ited. However, cholesterol could be made soluble in bile through mixed micelles composed of bile salts and phos-
pholipid5. Cholesterol precipitation results from excessive cholesterol, deficiency in bile salts or phospholipid, or 
a combination of these factors5. The metabolism of bile salts and lipids is regulated by an elaborate network of 
transporters. Briefly, cholesterol secretion is regulated by the ABC binding cassette (ABC) transporters ABCG5, 
ABCG8 and Scavenger receptor class, B1 (SR-B1)9–11. The secretion of phospholipid is controlled by ABCB4, 
a P-glycoprotein member of the multi-drug resistance gene family12. Then, bile acids are secreted into the bile 
by ABCB11 and ABCB1a/b13. If the function of these transporters is disturbed, resulting in unbalanced biliary 
homeostasis, the cholesterol crystals will aggregate, fuse, and ultimately form pathologic gallstones.

Osteopontin (OPN) is a soluble cytokine and a matrix-associated protein expressed in the majority of tissues 
and body fluids14 and is able to control tumour progression and metastasis15. Our previous studies demonstrated 
that OPN can inhibit cholesterol gallstone formation as an anti-nucleation factor in gallbladder bile16,17. Another 
study showed that OPN was highly expressed in the epithelium of stone-laden intrahepatic bile ducts, intramural, 
extramural glands and stones, indicating that OPN is involved in hepatolithiasis18. However, the role of hepatic 
OPN in cholesterol gallstone formation is undetermined. Chapman J. et al. found that OPN-deficient (OPN−​/−​) 
mice were completely protected from hepatic insulin resistance which developed in wild type (WT) controls 
when fed a high-fat diet for 2–4 weeks19. Biddinger S.B. et al. observed that hepatic insulin resistance directly pro-
moted the formation of cholesterol gallstones by increasing the expression of the biliary cholesterol transporters 
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ABCG5 and ABCG8 and decreasing that of the bile acid synthetic enzymes in mice20. These studies suggest that 
OPN may regulate hepatic bile salts and lipid metabolism and affect cholesterol gallstone formation.

In this study, we analysed the correlation between hepatic OPN expression and gallstone formation both in 
patients and in mice. We reveal that hepatic OPN contributes to cholesterol gallstone formation by regulating 
biliary metabolism in mice.

Results
Clinical characteristics and hepatic expression of OPN in gallstone patients (GS) and gall-
stone-free patients (GSF).  To investigate the role of hepatic OPN in gallstone formation, we first analysed 
the expression of OPN in liver tissue samples of GS and GSF by quantitative real-time PCR. The messenger RNA 
(mRNA) expression of hepatic OPN was higher in GS than in GSF (Fig. 1a). The results from quantitative immu-
nohistochemistry also showed that the protein expression of hepatic OPN was increased in GS (Fig. 1b–d). No 
significant difference in age, gender, body mass index or fasting glucose was observed between the GS and GSF 
groups (Supplementary Table S1). These results suggest that hepatic OPN plays an important role in the forma-
tion of pathologic gallstones.

OPN deficiency reduces diet-induced cholesterol gallstone formation in mice.  Next, OPN−​/−​ 
mice were used to further investigate the role and mechanism of hepatic OPN in gallstone formation. When 
fed a chow diet (CD), neither WT mice nor OPN−​/−​ mice showed crystals or gallstones (Table 1). Eighty per 
cent (4 of 5 males and 4 of 5 females) of WT mice developed gallstones when fed a lithogenic diet (LD) for 
8 weeks whereas the penetrance in OPN−​/−​ mice was 10% (1 of 5 males and 0 of 5 females) (Table 1). Compared 
with that of OPN−​/−​ mice, the gallbladder bile of WT mice appeared turbid and full of precipitates and stones 
(Fig. 2a). Microscopic examination of the gallbladder bile revealed cholesterol crystals in WT mice, whereas 
OPN−​/−​ mice were largely free of cholesterol precipitates (Fig. 2b). Gallbladder and liver histology was similar 
in mice fed a LD (Supplementary Fig. S1).

Figure 1.  Expression of hepatic OPN in gallstone patients (GS) and gallstone-free patients (GSF).  
(a) Quantitative real-time PCR analysis of hepatic OPN mRNA levels in the liver tissues of GS and GSF. The 
mRNA expression of hepatic OPN was log-transformed, prior to analysis. The mRNA expression of hepatic 
OPN was higher in GS than in GSF. (b) The OPN immunohistochemical mean optical density (MOD) 
differed significantly between the GS and female GSF. The data are expressed as the mean ±​ SD (GS: n =​ 21, 
GSF: n =​ 14). (c) Hepatic specimens shown are from GS that were immunohistochemically stained for OPN 
(magnification, ×​100). (d) Hepatic specimens shown are from GSF that were immunohistochemically stained 
for OPN (magnification, ×​100). Statistical analysis was performed using unpaired Student’s t test, *​P <​ 0.05,  
*​*​P <​ 0.01.
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OPN deficiency alters the biliary composition and cholesterol saturation index (CSI) in mice.  
OPN−​/−​ mice fed a CD exhibited increased bile acid levels (Fig. 2e, left column) but similar biliary cholesterol 
and phospholipid levels compared with WT mice (Fig. 2c,d, left columns). However, OPN−​/−​ mice fed a LD 
for 8 weeks showed an increase in phospholipid and bile acid levels (Fig. 2d,e, right columns) but a reduction in 

Diet Genotypes Gallstones

Chow Diet

WT 0%(0/9)

male 0%(0/5)

female 0%(0/4)

OPN−/− 0%(0/9)

male 0%(0/5)

female 0%(0/4)

Lithogenic Diet for 8 weeks

WT 80%(8/10)

male 80%(4/5)

female 80%(4/5)

OPN−/− 10%(1/10)

male 20%(1/5)

female 0%(0/5)

Table 1.   Incidence of cholesterol gallstone formation in WT and OPN−/− mice. The data are expressed as 
the percentage. WT, wild type; OPN−​/−​, OPN deficient.

Figure 2.  Loss of OPN alters biliary compositions and protects against gallstone formation in mice. Bile 
was harvested from WT and OPN−​/−​ mice. (a) Gross appearance of representative bile from WT and OPN 
−​/−​ mice fed a LD. (b) Polarizing light microscopic examination of biliary cholesterol crystals (indicated 
by black arrows) from WT and OPN−​/−​ mice fed a LD (magnification, ×​10). (c–f) The biliary cholesterol 
contents (c), phospholipid levels (d), bile acid contents (e) and CSI (f) were measured in OPN−​/−​ mice and 
WT mice fed a CD or LD. The data are expressed as the mean ±​ SD (CD: n =​ 9, LD: n =​ 10). Statistical analysis 
was performed using unpaired Student’s t test, *​P <​ 0.05, *​*​P <​ 0.01. WT, wild type; OPN−​/−​, OPN deficient; 
CD, chow diet, LD, lithogenic diet; CSI, cholesterol saturation index.
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cholesterol content compared with WT mice (Fig. 2c, right column). This combined effect of biochemical alter-
ations led to a decrease of the CSI in LD-fed OPN−​/−​ mice (Fig. 2f, right columns), providing a biochemical 
mechanism for OPN deficiency in protecting mice against cholesterol gallstone formation.

OPN deficiency alters the body weight, liver weight and hepatic lipid and bile acid contents but 
not the serum lipid and bile acid profiles in mice.  There was no difference in body weight, liver weight, 
or the lipid and bile acid profiles of liver and serum between the WT mice and OPN−​/−​ mice fed a CD (Table 2). 
After 8 weeks of being fed a LD, OPN−​/−​ mice showed an increase in body weight but a decrease in their liver 
weight/body weight ratio compared with WT mice (Table 2). The serum lipid profile between the two genotypes 
presented no change after 8 weeks of LD. Though the serum bile acid tended to be increased in OPN−​/−​ mice fed 
a LD, the change was not statistically significant (Table 2). The hepatic lipid contents, including cholesterol and 
triglyceride (TG), and hepatic bile acid levels were higher in OPN−​/−​ mice than in WT mice fed a LD (Table 2). 
These findings suggest that LD is accompanied by distinctive alterations in hepatic lipid and bile acid metabolism 
in OPN−​/−​ mice compared with WT mice.

OPN deficiency alters the expression of hepatic genes involved in cholesterol and bile acid 
metabolism.  To understand the mechanism by which OPN deficiency protects mice from cholesterol gall-
stone formation, we analysed the expression of hepatic genes that are involved in biliary homeostasis. There were 
no significant differences in those genes between the two genotypes fed a CD (Fig. 3a,b). When challenged with 
the LD for 8 weeks, we first measured the expression of hepatic bile acid and lipid transporters. The expression 
of the phospholipid reverse transporters, ATPase, aminophospholipid transporter, class I, type 8B, member 1 
(ATP8B1) was reduced by almost 40% in OPN−​/−​ mice whereas the expression of phospholipid efflux ABCB4 
was unchanged (Fig. 4a). Among bile acid transporters, OPN−​/−​ mice showed no difference in the expres-
sion of Na+ taurocholate cotransporting polypeptide (NTCP), organic anion transporter (OATP), ABCB11 or 
ABCB1a/b (Fig. 4a). Among the cholesterol transporters, the expression of SR-B1 was decreased by almost 50% in 
OPN−​/−​ mice whereas the expression of ABCG5, ABCG8 and ABCA1 was not affected (Fig. 4a). The expression 
of the intracellular cholesterol transporters Niemann pick type C1 (NPC1), Niemann pick type C2 (NPC2) and 
sterol carrier protein 2 (SCP2) showed no difference (Fig. 4a). The expression of low density lipoprotein receptor 
(LDLR) and LDLR-related protein (LRP) was also unchanged, whereas the expression of inducible degrader of 
the low-density lipoprotein receptor, LDLR (IDOL) and proprotein convertase subtilisin/kexin type 9 (PCSK9) 
was significantly reduced in OPN−​/−​ mice fed a LD (Fig. 4a).

The biosynthesis of bile acids in the liver is controlled by multiple CYP enzymes. The mRNA level of cho-
lesterol 7-alpha-monooxygenase (CYP7A1) was markedly increased in LD-fed OPN−​/−​ mice. However, the 
expression of other CYP enzymes was not significantly changed (Fig. 4b). The expression of the CYP7A1 acti-
vator liver X receptor (LXR) showed no difference (Fig. 4e). We then evaluated the expression of farnesoid X 
receptor (FXR), small heterodimer partner (SHP), fibroblast growth factor receptor 4 (FGFR4) and beta-klotho 
(β​-KLOTHO), which play important roles in the negative feedback control of CYP7A1 transcription. The expres-
sion of SHP and β​-KLOTHO was decreased in OPN−​/−​ mice whereas the expression of FXR and FGFR4 was 
not affected (Fig. 4c).

We next evaluated the expression of 3-hydroxy-3-methylglutaryl coenzyme A synthase (HMGCS) and 
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR), the two key enzymes in hepatic cholesterol syn-
thesis. The expression of HMGCR was reduced by 40% in OPN−​/−​ mice whereas the expression of HMGCS 
showed no difference. We then measured two upstream transcriptional factors, sterol regulatory element binding 
protein 1c (SREBP-1c) and sterol regulatory element binding protein 2 (SREBP-2). The expression of SREBP-2 
was reduced in OPN−​/−​ mice whereas the expression of SREBP-1c was not affected (Fig. 4d). We also profiled 
the expression of other nuclear receptors that may affect the biliary homeostasis, but they showed no significant 
change (Fig. 4e). The change in expression of SR-B1 and CYP7A1 protein was confirmed by Western blot analysis 
(Fig. 5).

Parameters

Chow Diet Lithogenic Diet

WT OPN−​/−​ WT OPN−​/−​

Body weight (g) 20.1 ±​ 1.06 21.2 ±​ 1.47 20.1 ±​ 0.80 23.9 ±​ 2.90*​*​

Liver weight (% body weight) 4.90 ±​ 0.31 4.54 ±​ 0.39 4.59 ±​ 0.24 4.33 ±​ 0.20*​

Hepatic cholesterol (mg/g liver) 2.04 ±​ 0.33 1.91 ±​ 0.41 3.44 ±​ 0.97 4.64 ±​ 0.82*​*​

Hepatic TG (mg/g liver) 8.15 ±​ 3.09 7.41 ±​ 2.05 9.63 ±​ 1.98 13.5 ±​ 4.00*​

Hepatic phospholipid (mg/g liver) 10.6 ±​ 2.34 12.4 ±​ 1.96 15.2 ±​ 1.67 19.0 ±​ 4.61

Hepatic bile acid (μ​mol/g liver) 0.51 ±​ 0.26 0.57 ±​ 0.24 0.75 ±​ 0.19 1.14 ±​ 0.36*​*​

Serum cholesterol (mmol/L) 1.84 ±​ 0.21 1.96 ±​ 0.28 2.68 ±​ 0.90 2.37 ±​ 0.52

Serum TG (mmol/L) 0.35 ±​ 0.17 0.38 ±​ 0.17 0.46 ±​ 0.73 0.29 ±​ 0.03

Serum phospholipid (mmol/L) 1.97 ±​ 0.22 2.07 ±​ 0.38 2.09 ±​ 0.75 2.41 ±​ 0.29

Serum bile acid (μ​mol/L) 4.54 ±​ 4.27 3.82 ±​ 2.79 10.3 ±​ 8.03 18.17 ±​ 10.4

Table 2.   Body weight, liver weight, serum lipids and hepatic lipids of WT and OPN−/− mice. The data are 
expressed as the mean ±​ SD (n =​ 8 per group). Statistical analysis was performed using unpaired Student’s t test, 
*​P <​ 0.05, *​*​P <​ 0.01. WT, wild type; OPN−​/−​, OPN deficient; TG, triglyceride.
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Finally, we validated the correlations between the expression of hepatic OPN and the related hepatic genes in 
GS. As expected, the mRNA expression of hepatic OPN had a strong positive correlation with the expression of 
hepatic SHP, ATP8B1, SR-B1 and SREBP-2 in GS (Fig. 6). The results above indicate that hepatic OPN alters the 
biliary compositions by regulating the expression of the key genes involved in hepatic cholesterol and bile acid 
metabolism.

Discussion
In this study, we demonstrated that hepatic OPN is involved in biliary homeostasis by regulating the expression 
of hepatic key genes, and plays an important role in cholesterol gallstone formation.

Our previous research revealed that OPN can inhibit cholesterol gallstone formation as an anti-nucleation fac-
tor in gallbladder bile, and OPN in gallbladder bile is probably from gallbladder tissues16,17. In the current study, 
we found that the expression of hepatic OPN was increased in GS, and OPN deficiency altered biliary homeosta-
sis and protected against gallstone formation in mice. It is most likely that hepatic OPN plays a more important 
role in the process of gallstone formation than gallbladder bile OPN. The increased expression of hepatic OPN in 
GS confirms that OPN plays a role in the pathogenesis of gallstone disease.

OPN−​/−​ mice showed an increase in body weight than WT mice when fed with LD for 8 weeks. It may be a 
result of the reduced expression of hepatic β​-KLOTHO in LD-fed OPN−​/−​ mice (Fig. 4c), which could result 
in attenuated hepatic FGF15 signalling21. It has been reported that activation of hepatic FGF15 signalling could 
reduce body weight and promote metabolic rate22–24. In addition, we found that the expression of acetyl CoA 
carboxylase 2 (ACC2)25,26 and stearoyl CoA desaturase 1 (SCD1)27,28, which are FGF15 target genes regulating 
fatty acid oxidation and synthesis, was higher in LD-fed OPN−​/−​ mice than LD-fed WT mice (Supplementary 
Fig. S2). Thus the increased body weight in LD-fed OPN−​/−​ mice may be partially due to the attenuated hepatic 
FGF15 signalling, while the detailed mechanism requires further investigation.

It has been reported that male C57BL/6J mice are more susceptible to diet-induced gallstones than female 
C57BL/6J mice29. In our study, equal number of male and female mice were used in two genotypes. And the 
incidence of gallstone formation in male and female WT mice fed a LD for 8 weeks were the same. Furthermore, 
the CSI of LD-fed male and female mice showed no significant difference (Supplementary Table S2). These results 
suggest that the gallstone formation was not affected by the gender of C57BL6/J strain mice under our experiment 
conditions. By comparing the experiment conditions between our study and the previous study21, we found that 
the LD using in our study contained higher cholesterol contents than the diet (mainly contained 19.4% butter, 
3.4% corn oil, 0.38% cholesterol, and 0.5% cholic acid) in previous study21. It is likely that under higher choles-
terol levels, the influence of gender on diet-induced gallstone disease is reduced.

Figure 3.  Expression of cholesterol and bile acid metabolism-related genes in mice fed a chow diet. 
Quantitative real-time PCR analysis of mRNA levels for genes involved in cholesterol metabolism and bile acid 
metabolism in liver tissues from WT mice and OPN−​/−​ mice fed a chow diet. The data are expressed as the 
mean ±​ SD (n =​ 8 per group). Statistical analysis was performed using unpaired Student’s t test, *​P <​ 0.05,  
*​*​P <​ 0.01. WT, wild type; OPN−​/−​, OPN deficient.
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In the gallbladder bile, the cholesterol solubility is maintained by the balance among cholesterol, bile acid and 
phospholipid30. Thus, LD-fed OPN−​/−​ mice were protected against gallstone formation due to the remarkably 
lower cholesterol concentration, with higher levels of bile acid and phospholipid in the gallbladder bile and con-
sequently the decreased CSI.

Although the expression of phospholipid efflux ABCB4 was unchanged, the increased biliary phospholipid 
content in LD-fed OPN−​/−​ mice might be relevant to the reduced expression of ATP8B1, which plays a role in 
the transport of phospholipid from the outer to the inner canalicular membrane31,32. Unfortunately, there was no 
difference in hepatic phospholipid content between the two genotypes.

Regarding the mechanisms of the increased biliary and hepatic bile acid in LD-fed OPN−​/−​ mice, we meas-
ured the hepatic genes involved in the metabolism and transportation of bile acid and found that among the 
genes measured, only the CYP7A1 gene, the rate limiting enzyme of bile acid synthesis33, was up-regulated in 

Figure 4.  Expression of cholesterol and bile acid metabolism-related genes in mice fed a lithogenic diet. 
Quantitative real-time PCR analysis of mRNA levels for genes involved in cholesterol metabolism and bile acid 
metabolism in liver tissues from WT mice and OPN−​/−​ mice fed a lithogenic diet. The data are expressed as 
the mean ±​ SD (n =​ 8 per group). Statistical analysis was performed using unpaired Student’s t test, *​P <​ 0.05,  
*​*​P <​ 0.01. WT, wild type; OPN−​/−​, OPN deficient.
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Figure 5.  Western blot analysis of expression of SR-B1 and CYP7A1 in mice. (a,c) Hepatic proteins were 
isolated from WT and OPN−​/−​ mice and analysed by Western blotting for SR-B1 and CYP7A1 protein 
expression. The gender of mice was labelled above the bands. β​-Actin was selected as a control for gel loading. 
(b,d) Quantification of Western blots. The relative average protein level was determined by densitometry. 
The data are expressed as the mean ±​ SD (n =​ 6 per group, 3 female and 3 male mice). Statistical analysis was 
performed using unpaired Student’s t test, *​P <​ 0.05, *​*​P <​ 0.01. WT, wild type; OPN−​/−​, OPN deficient; M, 
male; F, female.

Figure 6.  Correlations of expression of cholesterol and bile acid metabolism-related genes and the OPN 
gene in liver tissues of gallstone patients. Relative mRNA levels were analysed by quantitative real-time PCR. 
The mRNA expression of the genes was log-transformed, prior to analysis. A correlation between hepatic SHP 
and OPN mRNA levels (n =​ 21) (a) hepatic ATP8B1 and OPN mRNA levels (n =​ 21) (b) hepatic SR-B1 and 
OPN mRNA levels (n =​ 21) (c) and hepatic SREBP-2 and OPN mRNA levels (n =​ 21) (d). The correlations were 
performed using Pearson’s test.
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LD-fed OPN−​/−​ mice. It has been reported that mice overexpressing hepatic CYP7A1 had higher bile acid 
secretion rates than WT mice34. Then we measured the bile acid pool size and the faecal bile acid excretion and 
found that both were increased in LD-fed OPN−​/−​ mice (Supplementary Fig. S3). In addition, we also exam-
ined the expression of intestinal genes involved in bile acid enterohepatic cycling but revealed no statistically 
significant difference between the genotypes (Supplementary Fig. S4). The increased levels of bile acid pool and 
faecal bile acid excretion in the setting of none alterations in expression of related intestinal genes suggest that 
the synthesis and secretion of bile acid in LD-fed OPN−​/−​ mice liver may be increased. However, it is a pity that 
we did not measure the bile acid secretion rates during the mice experiments, which is a limitation of our study. 
Taken together, the increase of biliary and hepatic bile acids in LD-fed OPN−​/−​ mice may be mainly due to the 
up-regulated expression of CYP7A1.

The expression of CYP7A1 is reciprocally regulated by bile acid via the FXR-SHP pathway and by oxysterols 
via the LXR pathway. LXR combines with retinoid X receptor (RXR) to form a heterodimer. Then, the LXR–RXR 
heterodimer promotes the expression of CYP7A1 by binding to the promoter region of CYP7A133. Unfortunately, 
we found no difference in the expression of LXR or RXR. Moreover, it has been shown that the effects of FXR 
modulating the expression of CYP7A1 are dominant over those of LXR35. In the liver, SHP decreases the recruit-
ment of coactivators to the CYP7A1 gene promoter, thus inhibiting the expression of CYP7A136,37. Meanwhile, 
fibroblast growth factor 15 (FGF15) from the intestine could bind to FGFR4 and β​-KLOTHO causing a loss of 
coactivator binding to the CYP7A1 gene promoter and subsequently inhibiting the expression of CYP7A138. We 
found that the expression of SHP and β​-KLOTHO, which is required for the FGF15 signalling39,40, was decreased 
in OPN−​/−​ mice fed with LD. These results indicate that the higher expression of CYP7A1 in OPN−​/−​ mice is 
due to the suppression of SHP. SHP is one target gene of FXR41. However, the expression of FXR was not affected 
in LD-fed OPN−​/−​ mice. These data suggest that loss of OPN results in attenuated SHP signalling. In addi-
tion, we confirmed the relevance of our findings in human conditions, observing a strongly positive correlation 
between the mRNA expression of OPN and SHP in the liver of GS. There are only a few studies of the relationship 
between OPN and SHP. OPN can induce a significant increase in the level of tumour necrosis factor α​ (TNFα​) 
in mice42. TNFα​ can also activate the c-Jun N-terminal kinase (JNK) pathway43. Moreover, the activation of the 
JNK pathway can induce SHP expression44. These studies suggest that OPN may affect SHP through the TNFα​ 
and JNK pathways. Thus, we analysed the hepatic mRNA expression of TNFα​ in the two mouse genotypes and 
found that the expression of TNFα​ was significantly decreased in OPN−​/−​ mice compared with WT mice fed a 
LD (Supplementary Fig. S5), suggesting that OPN deficiency could suppress the expression of TNFα​ and results 
in a reduced expression of SHP. The mechanism by which OPN knockout leads to SHP suppression needs further 
study.

The biliary cholesterol content was reduced whereas the hepatic cholesterol level was increased in LD-fed 
OPN−​/−​mice. This phenomenon may be a result of cholesterol transporter dysfunction. Unexpectedly, the 
expression of ABCG5 and ABCG8 showed no difference between the genotypes. A previous study suggested that 
pathways independent of ABCG5 and ABCG8 also exist and contribute to cholesterol secretion into bile45. SR-B1 
contributes to ABCG5/G8-independent biliary cholesterol secretion, which is localized in the bile canaliculus10,46. 
As expected, the expression of SR-B1 mRNA was decreased in OPN−​/−​ mice compared with WT mice. Thus, 
the main reason for decreased biliary cholesterol profile in LD-fed OPN−​/−​mice may be the reduced expression 
of SR-B1. However, SR-B1 also localizes to the hepatocyte membrane as a high density lipoprotein receptor46,47, 
taking up cholesterol from serum. Additionally, the LD-fed OPN−​/−​ mice showed an increased hepatic cho-
lesterol level and a decreased expression of the cholesterol synthesis enzyme HMGCR. To further explain this 
phenomenon, we found that the expression of IDOL and PCSK9, which are SREBP target genes promoting the 
degradation of LDLR48,49, were significantly decreased in LD-fed OPN−​/−​ mice, accompanied by the increased 
protein level of LDLR in LD-fed OPN−​/−​ mice (Supplementary Fig. S6. These results may partially explain the 
increased hepatic cholesterol level in LD-fed OPN−​/−​ mice.

Unexpectedly, we observed an increased content of hepatic TG in LD-fed OPN−​/−​ mice. We measured the 
expression of the genes involved in hepatic TG metabolism and found that the mRNA and protein levels of apo-
lipoprotein B (ApoB) were decreased in LD-fed OPN−​/−​ mice (Supplementary Figs S7 and S8). ApoB is used 
for the constitutive formation of VLDL, which carries both TG and cholesterol in hepatocytes50. A previous study 
showed that the reduction of ApoB lowered the assembly and secretion of VLDL into the circulation, resulting in 
an increased hepatic TG content51. Thus, the increased content of hepatic TG in LD-fed OPN−​/−​ mice may be 
partially due to the reduced expression of hepatic ApoB.

In conclusion, we have described a previously unknown function of OPN regulating biliary homeostasis, thus 
affecting the formation of gallstones both in mice and humans. Our results suggest that new therapeutic strategies 
designed to modulate OPN activity may be beneficial for preventing the formation of cholesterol gallstones.

Materials and Methods
Human liver samples.  Human liver tissue samples were collected from 21 GS scheduled for laparoscopic 
cholecystectomy and 14 GSF undergoing other abdominal operations. All gallstone specimens were classified as 
cholesterol gallstones because all the stones contained greater than 65% cholesterol. No gallstone was found in 
any of the GSF controls via ultrasonography. None of the patients had shown any clinical or laboratory evidence 
of diabetes mellitus, hyperlipoproteinaemia, obesity, alcohol abuse, hepatic carcinoma or other conditions that 
could affect the function of the liver. In addition, none of them took any medications known to affect lipid metab-
olism. Informed consent was obtained from all participants prior to enrolment in the study, including permission 
to collect a liver biopsy. The study protocol was approved by the Ethics Committees of Huashan Hospital, Fudan 
University. The procedures were performed in accordance with the approved guidelines.
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Animals and sample collection.  C57BL/6J WT mice were purchased from Fudan University (Shanghai, 
China). OPN−​/−​ mice in a congenic background were purchased from Jackson Laboratory (Bar Harbor, Maine, 
USA). WT and OPN−​/−​ mice were fed a CD or LD (CD supplemented with 15% fat, 2% cholesterol, and 0.5% 
cholic acid) for up to 8 weeks. All experiments were performed on mice between 8 and 10 weeks of age (the gender 
of the mice is shown in Table 1). All animals received humane care, and their use was approved by the Animal 
Ethics Committee of Fudan University. All procedures were performed in accordance with the approved guide-
lines. Bile was collected, and crystal analysis was immediately performed. Blood was collected via right ventricle 
heart puncture. The gallbladder and liver were harvested and then snap-frozen in liquid nitrogen for protein and 
RNA isolation or fixed in 4% paraformaldehyde overnight for histological analysis.

Analysis of lipid and bile acid of bile, plasma, liver and gallstone formation.  The hepatic lipid 
were extracted into chloroform/methanol (2:1)52. The bile acid were extracted from liver as described previ-
ously53. Cholesterol, bile acid and TG levels were measured with assay kits from Kehua Bio-engineering 
(Shanghai, China), and phospholipid content was measured using an assay kit from Wako (Osaka, Japan) accord-
ing to the manufacturers’ instructions. All the biochemical measures were assayed in triplicate 3 times. Gallstones 
were defined as macroscopically visible stones, whereas crystals were defined with polarizing light microscopy 
(Olympus, Tokyo, Japan). The CSI was calculated according to Carey’s critical tables54. These methods were per-
formed in accordance with the approved guidelines from the Animal Ethics Committee of Fudan University.

Quantitative real-time PCR analysis.  Total RNA was obtained from tissue with the RNAprep Pure 
Tissue kit (TianGen, Beijing, China) according to the manufacturer’s instructions. Random primers (Takara, 
Shiga, Japan) were used for the reverse transcription of total RNA to complementary DNA. Quantitative real-time 
PCR was performed using SYBR Green I chemistry (TianGen, Beijing, China) and the ABI 7900HT Fast 
Real-Time PCR System (Applied Biosystem, Shanghai, China). The gene-specific primer sequences are shown 
in Supplementary Tables S3 and S4. The mRNA expression levels were calculated relative to the housekeeping 
gene glyceraldehyde phosphate dehydrogenase (GAPDH) and further normalized to the expression levels of the 
respective controls following the basis of the relative expression method55. These methods were performed in 
accordance with the approved guidelines from the Animal Ethics Committee of Fudan University.

Western blot analysis.  Frozen liver tissue was lysed in ice-cold RIPA. buffer supplemented with protease 
inhibitors. The protein concentration of the extracts was measured using the BCA Protein Assay Kit (Thermo, 
Shanghai, China). The protein was analysed by 8–12% sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to poly (vinylidene fluoride) membranes. Anti-CYP7A1 antibodies (Abcam, 
Shanghai, China) were used at a 1:1000 dilution, anti-SR-B1 antibodies (Abcam, Shanghai, China) were used at 
a 1:2000 dilution. A 1:3000 dilution of anti-rabbit immunoglobulin G-HRP (Santa Cruz, Shanghai, China) was 
used as a secondary antibody. After probing individual antibodies, the antigen-antibody complex was visual-
ized using Enhanced Chemiluminescence Supersignal Reagents (TianGen, Beijing, China). The relative average 
protein level was determined by densitometry. These methods were performed in accordance with the approved 
guidelines from the Animal Ethics Committee of Fudan University.

Immunohistochemistry analysis.  Formalin-fixed human biopsies were embedded in paraffin and cut into 
3 mm sections. Sample slides were incubated with anti-OPN antibodies (Abcam, Shanghai, China) at a 1:75 dilu-
tion, followed by a 30 min incubation with an HRP-labelled polymer secondary antibody (Santa Cruz, Shanghai, 
China). Sections were viewed with a Nikon ECLIPSE E600 microscope (Nikon, Tokyo, Japan) using 10×​ objective 
lenses, and images were acquired with a SPOT INSIGHT™​ digital colour camera, model 3.2.0 (Sterling Heights, 
Michigan, USA). Quantification of immunoreactivity was performed on digitally captured colour images saved as 
TIFF files and analysed using Image-Pro plus 6.0 (Media Cybernetics, Rockville, Maryland, USA). Blind immu-
nohistochemistry analysis was conducted by a pathologist of Fudan University. These methods were performed in 
accordance with the approved guidelines from the Animal Ethics Committee of Fudan University.

Statistical analysis.  The data are presented as the mean ±​ standard deviation (SD) unless otherwise noted. 
The statistical significance of differences between the means of the experimental groups was evaluated with 
unpaired Student’s t test, and correlation was performed with Pearson’s test using Prism 6.00 (GraphPad, La Jolla, 
CA, USA). To meet the criteria of homoscedasticity between variables, the mRNA expression of hepatic OPN was 
log-transformed, prior to analysis. A difference was considered statistically significant at p <​ 0.05.
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