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The enhanced atorvastatin 
hepatotoxicity in diabetic rats was 
partly attributed to the upregulated 
hepatic Cyp3a and SLCO1B1
Nan Shu, Mengyue Hu, Zhaoli Ling, Peihua Liu, Fan Wang, Ping Xu, Zeyu Zhong, Binbin Sun, 
Mian Zhang, Feng Li, Qiushi Xie, Xiaodong Liu & Li Liu

Liver injury is a common adverse effect of atorvastatin. This study aimed to investigate atorvastatin-
induced hepatotoxicity in diabetic rats induced by high-fat diet combined with streptozotocin. The 
results showed that 40 mg/kg atorvastatin was lethal to diabetic rats, whose mean survival time 
was 6.2 days. Severe liver injury also occurred in diabetic rats treated with 10 mg/kg and 20 mg/kg 
atorvastatin. The in vitro results indicated that atorvastatin cytotoxicity in hepatocytes of diabetic 
rats was more severe than normal and high-fat diet feeding rats. Expressions and activities of hepatic 
Cyp3a and SLCO1B1 were increased in diabetic rats, which were highly correlated with hepatotoxicity. 
Antioxidants (glutathione and N-Acetylcysteine), Cyp3a inhibitor ketoconazole and SLCO1B1 inhibitor 
gemfibrozil suppressed cytotoxicity and ROS formation in primary hepatocytes of diabetic rats. In 
HepG2 cells, up-regulations of CYP3A4 and SLCO1B1 potentiated hepatotoxicity and ROS generation, 
whereas knockdowns of CYP3A4 and SLCO1B1 as well as CYP3A4/SLCO1B1 inhibitions showed the 
opposite effects. Phenobarbital pretreatment was used to induce hepatic Cyp3a and SLCO1B1 in rats. 
Phenobarbital aggravated atorvastatin-induced hepatotoxicity, while decreased plasma exposure of 
atorvastatin. All these findings demonstrated that the upregulations of hepatic Cyp3a and SLCO1B1 in 
diabetic rats potentiated atorvastatin-induced hepatotoxicity via increasing ROS formation.

Diabetes mellitus is often accompanied by hypercholesterolemia which is thought to promote the development of 
atherosclerotic complications1. Statins are frequently prescribed to diabetic patients to reduce the cardiovascular 
risk2. However, clinical evidences have demonstrated that hepatotoxicity is one of the serious adverse effects of 
statins3–5. Previous studies have demonstrated that deficiency of coenzyme Q10 and selenoprotein modulation 
may be involved in statin-associated liver dysfunction6,7. Phosphorylation of Akt was reported to be a key indica-
tor of susceptibility to statin-induced toxicity8.

Atorvastatin is metabolized to ortho- and para-hydroxy atorvastatin by Cyp3a/CYP3A4 in rat/human9,10, and 
it is also a substrate of SLCO1B1, whose important roles in hepatic elimination of atorvastatin have been identi-
fied11. Several reports demonstrated that CYP450 catalyzed substrate oxidation, accompanied by substantial for-
mation of reactive oxygen species (ROS)12,13. Cyp3a2, the major Cyp450 enzyme isoform in rat liver, is reported to 
produce more ROS per amount than any other Cyp450 isoforms do14. Both clinical trials and animal experiments 
demonstrated that the expressions and activities of hepatic CYP450s15,16 and drug transporters16,17, may increase 
under diabetic condition leading to the alterations in hepatic drug dispositions. Thus we hypothesized that the 
upregulated hepatic Cyp3a and SLCO1B1 by diabetes may increase atorvastatin uptake and metabolism leading 
to massive ROS formation, which resulted in the enhanced atorvastatin-induced hepatotoxicity in diabetic rats.

The aims of the study were to investigate atorvastatin-induced liver injury in diabetic rats, and to illustrate the 
correlation between hepatotoxicity and the alterations of hepatic Cyp3a and SLCO1B1. Primary rat hepatocytes 
and HepG2 cells were used to verify the in vivo findings. Moreover, phenobarbital pre-treated rats were con-
structed to further demonstrate the coupling roles of Cyp3a and SLCO1B1 in atorvastatin-induced hepatotoxicity.
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Results
Atorvastatin-induced hepatotoxicity in diabetic rats. The developed diabetic rats exhibited high 
levels of glucose, insulin, triglyceride and cholesterol in serum, accompanied by increased HOMA-IR. These 
syndromes were similar to those in type 2 diabetes patients, inferring that the developed diabetic rats may reflect 
the natural history and metabolic characteristics of human type 2 diabetes (Table 1). Atorvastatin treatment 
decreased serum levels of TC and TG, but following 5-day treatment, DM-AH rats began to die. On day 8, 
DM-AH rats all died accompanied by hepatomegaly and hepatorrhagia. The survival time of DM-AH rats was 
only 6.2 ±  0.9 days. Severe liver damage also occurred in DM-AL and DM-AM rats. As shown in Table 1, the liver 
weight (% of body weight) of DM-AM rats almost doubled than that of DM rats.

There were slightly increases in the levels of serum hepatotoxic biomarkers in DM rats, and atorvastatin treat-
ment further elevated the levels of these biomarkers in a dose-dependent manner (Fig. 1a–f). Compared with 
DM rats, ALT, AST and AKP levels approximately doubled, TBIL and DBIL levels almost tripled in DM-AM 
rats. A significant decrease in level of Alb was observed in DM-AM rats. Histopathological examination showed 
that atorvastatin treatment aggravated fatty degeneration and vacuolization. DM-AL rats and DM-AM rats also 
showed karyopyknosis, necrosis, inflammatory cell infiltration and diffused hemorrhage (Fig. 2). Higher histo-
pathological damage scores were observed in DM-AL rats and DM-AM rats, which was consistent with altera-
tions in hepatotoxic biomarkers. All these results verified that atorvastatin could induce severe hepatic injury in 
diabetic rats.

Hepatotoxicity of atorvastatin in primary rat hepatocytes. As shown in Fig. 3a,b, atorvastatin-induced  
hepatotoxicity was dependent on pathophysiologic status of rats. Atorvastatin concentration-dependently 
induced hepatotoxicity in primary hepatocytes of DM rats, the cell viability after 30 μ M treatment had a 50% 
decrease compared with vehicle treatment. Atorvastatin also induced hepatotoxicity in primary hepatocytes of 
CON and HFD rats, but the extent was slighter. These results demonstrated that atorvastatin-induced hepatotox-
icity aggravated under diabetic status.

Atorvastatin uptake and metabolism in primary rat hepatocytes. As illustrated in Fig. 4d, the 
uptake of atorvastatin by hepatocytes of DM rats was significantly higher than those by CON and HFD rats. 
Intrinsic clearances (CLint) of uptake in hepatocytes of CON, HFD and DM rats were estimated to be 29.89 ±  5.53, 
24.61 ±  2.35 and 54.62 ±  6.73 μ l/min/106 cells, respectively (Fig. 4g). Atorvastatin metabolism was also evaluated 
(Fig. 4e,f). As expected, formations of the two metabolites in hepatocytes of DM rats were markedly higher 
than those of CON rats and HFD rats. The estimated total intrinsic clearances of the two metabolites in CON 
rats, HFD rats and DM rats were 3.95 ±  0.76, 3.51 ±  0.39 and 12.47 ±  2.20 μ l/min/106 cells, respectively (Fig. 4g). 
Activities of hepatic Cyp3a and SLCO1B1 were verified using the metabolism of midazolam and uptake of repa-
linide, respectively (Fig. 4c). Expressions of corresponding proteins were also measured (Fig. 4a,b). The results 
demonstrated that both expressions and activities of hepatic Cyp3a and SLCO1B1 siginificantly upregulated in 
diabetic rats.

Significant correlations between hepatotoxicity and Cyp3a activity (r =  0.955, p =  0.047) as well as SLCO1B1 
activity (r =  0.970, p =  0.029) were observed (Fig. 4h,i), suggesting that the upregulated Cyp3a and SLCO1B1 may 
be responsible for the aggravated atorvastatin-induced hepatotoxicity under diabetic status.

To study whether the cytotoxic effects of atorvastatin resulted from its metabolites, cytotoxic effects of the 
two metabolites on primary hepatocytes of CON rats were investigated. As shown in Fig. 3d, the two metab-
olites showed no cytotoxicity high up to 10 μ M. This excluded the contributions of the two metabolites to the 
atorvastatin-induced hepatotoxicity.

Effect of atorvastatin on oxidative stress-related biomarkers. Oxidative stress-related parameters 
were measured (Fig. 1g–l). It was observed that atorvastatin dose-dependently lowered SOD, CAT, GSH-pX and 
SDH activities and increased MDA levels in liver. A significant increase in the level of GSSG/T-GSH was also 
observed in the liver of DM-AM rats when compared with DM rats. These results indicated that oxidative stress 
may be involved in the atorvastatin-induced hepatotoxicity in diabetic rats.

Parameter CON HFD DM DM-AL DM-AM

Body weight (g) 239.3 ±  12.2 305.3 ±  10.2** 290.2 ±  20.6** 269.3 ±  5.3** 250.8 ±  22.4

Liver weight (% of body 
weight) 2.85 ±  0.16 4.71 ±  0.22** 5.46 ±  0.27** 6.94 ±  0.95**## 10.60 ±  2.25**##

Spleen weight (% of 
body weight) 0.198 ±  0.027 0. 215 ±  0.010 0.218 ±  0.024 0.264 ±  0.027**# 0.392 ±  0.033**##

FBG (mM) 7.53 ±  0.34 7.76 ±  0.65 16.92 ±  1.35** 18.38 ±  1.75** 18.34 ±  1.60**

FINS (mIU/L) 29.20 ±  3.06 30.12 ±  2.41 34.42 ±  3.99 32.65 ±  2.15 32.51 ±  4.45

HOMA-IR 9.56 ±  1.05 10.32 ±  1.25 25.51 ±  1.79** 27.56 ±  2.01** 26.92 ±  2.52**

TC (mM) 1.88 ±  0.14 2.82 ±  0.72* 7.98 ±  1.64** 4.02 ±  0.71**## 3.42 ±  0.52**##

TG (mM) 1.23 ±  0.14 2.56 ±  0.30** 7.00 ±  1.76** 5.40 ±  0.50** 3.75 ±  0.70**##

Table 1.  Physiological and biochemical characteristics in experiment rats. Data are represented means ±  SD 
(n =  5) *p <  0.05, **p <  0.01 vs. CON, #p <  0.05, ##p <  0.01 vs. DM rats. Symbols: CON, normal rats; HFD, 
high-fat diet fed rats; DM, diabetic rats; DM-AL, diabetic rats treated with 10 mg/kg atorvastatin and DM-AM, 
diabetic rats treated with 20 mg/kg atorvastatin.
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To further investigate the role of oxidative stress in hepatotoxicity, ROS level in primary hepatocytes was 
measured using DCFH-DA as a fluorescent probe. As depicted in Fig. 3c, atorvastatin concentration-dependently 
increased the generation of ROS. The strongest production of ROS occurred in hepatocytes of diabetic rats, which 
was in parallel to hepatotoxicity. These results suggested that excess production of ROS resulted in the hepatotox-
icity. Antioxidants, GSH (0.5 and 2 mM) and N-Acetylcysteine (0.5 and 2 mM), SLCO1B1 inhibitor, gemfibrozil 
(10 and 50 μ M) concentration-dependently reversed the atorvastatin-induced cytotoxicity and the production of 
ROS in primary hepatocytes of DM rats. Cyp3a inhibitor, ketoconazole (2 μ M) showed similar effects (Fig. 3e,f). 

Figure 1. The levels of ALT (a), AST (b), AKP (c), Alb (d), TBIL (e), DBIL (f), SOD (g), CAT (h), GSSG/T-GSH 
(i), MDA (j), GSH-pX (k) and SDH (l) in normal rats (CON), rats fed with high-fat diet (HFD), diabetic rats 
(DM), DM rats treated with 10 mg/kg of atorvastatin (DM-AL) and 20 mg/kg of atorvastatin (DM-AM) for 10 
days. Data are represented as means ±  SD (n =  5) *p <  0.05, **p <  0.01 vs. CON, #p <  0.05, ##p <  0.01 vs. DM.
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Higher concentration of ketoconazole (10 μ M) was not used because of the cytotoxicity. These observations 
revealed that Cyp3a and SLCO1B1 were critical in the production of ROS.

Contributions of CYP3A4 and SLCO1B1 to atorvastatin hepatotoxicity in HepG2 cells. The con-
tributions of hepatic CYP3A4 and SLCO1B1 to atorvastatin hepatotoxicity were further investigated in HepG2 
cells. Results showed that although 10 μ M atorvastatin little affected the cell viability, 72-h pre-incubation with 
CYP3A4/SLCO1B1 inducers phenobarbital (0.5 and 2 mM) or rifampicin (10 and 25 μ M) significantly increased 
atorvastatin-induced hepatotoxicity and ROS generation. On contrast, co-incubation with SLCO1B1 inhibitors 
(gemfibrozil and rifampicin) and CYP3A4 inhibitor ketoconazole concentration-dependently alleviated the 
atorvastatin-induced hepatotoxicity and ROS generation (Fig. 5a,b).

Atorvastatin uptake and metabolism in HepG2 cells were assessed. Midazolam and repaglinide were used 
to index the activities of CYP3A4 and SLCO1B1 (Fig. 5c–e), respectively. It was consistent with our expecta-
tion that 72-h pre-treatment with phenobarbital or rifampicin significantly increased atorvastatin uptake and 
metabolism in HepG2 cells in a concentration-dependent manner, while co-incubation with ketoconazole 
concentration-dependently inhibited atorvastatin metabolism in HepG2 cells. Similarly, co-incubation with 
SLCO1B1 inhibitors gemfibrozil or rifampicin concentration-dependently inhibited atorvastatin uptake by 
HepG2 cells. Significant correlations between atorvastatin hepatotoxicity and activities of CYP3A4 (r =  0.968, 
p =  0.0003) and SLCO1B1 (r =  0.781, p =  0.0131) in HepG2 cells were also found (Fig. 5f,g).

Effects of siRNA-mediated knockdown of CYP3A4 and SLCO1B1 on atorvastatin hepatotoxicity in HepG2 
cells were further performed to verify contributions of CYP3A4 and SLCO1B1 to atorvastatin hepatotoxicity. 
Efficiencies of knockdowns were confirmed by analyses of CYP3A4 and SLCO1B1 protein levels (Fig. 5i,j). It was 
consistent with our expectation that CYP3A4 and SLCO1B1 knockdown attenuated atorvastatin hepatotoxicity 
in HepG2 cells, as well as the increased ROS level (Fig. 5h,k). Together with previous induction and inhibition 
studies, all the results demonstrated the pivotal roles of CYP3A4 and SLCO1B1 in atorvastatin hepatotoxicity.

Atorvastatin-induced hepatotoxicity in rats pre-treated with phenobarbital. Rats pre-treated 
with phenobarbital(PB rats) were constructed to further verify the coupling roles of Cyp3a and SLCO1B1 in 
atorvastatin-induced hepatotoxicity (Fig. 6). The in vivo results demonstrated that atorvastatin exhibited mild 
hepatotoxicity in normal rats, while co-administrated with phenobarbital markedly potentiated the hepatotoxic-
ity, significant increases in serum hepatotoxic biomarkers, production of ROS and liver weight were observed in 
PB-AL, PB-AM and PB-AH rats.

The in vitro study further demonstrated that atorvastatin induced severe cytotoxicity in primary hepatocytes 
of PB rats. The cell viability showed a concentration-denpendent decrease, the change was supported by the activ-
ity of LDH release (Fig. 3a,b). ROS level showed the same tendency as the cell viability (Fig. 3c). Co-incubated 
with antioxidants, SLCO1B1 inhibitors and Cyp3a inhibitor raised the cell viability and suppressed the produc-
tion of ROS (Fig. 3g,h).

Activities and expressions of hepatic Cyp3a and SLCO1B1 in PB rats were also measured (Fig. 4). Treatment 
with phenobarbital significantly increased the activities and expressions of hepatic Cyp3a and SLCO1B1, which 
led to the enhanced uptake and metabolism of atorvastatin. These findings confirmed the contributions of the 
increased hepatic Cyp3a and SLCO1B1 activites to the enhanced atorvastatin-induced hepatotoxicity.

Figure 2. Histological analyses of livers from normal rats (CON), rats fed with high-fat diet (HFD), 
diabetic rats (DM), diabetic rats treated with 10 mg/kg atorvastatin (DM-AL) and 20 mg/kg atorvastatin 
(DM-AM). All sections were stained with hematoxylin-eosin (magnification, 200× ). Scale bar represented 
500 μ m. Histopathological damage scores for all experiment rats (a). Data were represented as means ±  SD 
(n =  5). *p <  0.05, **p <  0.01 vs. DM.
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To further investiagte effects of atorvastatin exposure on atorvastatin-induced hepatotoxicity, pharmackinetics 
of atorvastatin and its two metabolites following single and multiple doses of atorvastatin were measured (Fig. 7).  

Figure 3. Cell viability (a) and LaDH release (b) following 96-h incubation with atorvastatin (AT) in primary 
hepatocytes of normal rats (CON), high-fat diet fed rats (HFD), diabetic rats (DM), phenobarbital pre-treated 
rats (PB). Effects of atorvastatin on the formation of ROS in primary rat hepatocytes (c); Effects of ketoconazole 
(Ket, 2 μ M), gemfibrozil (Gem, 10 and 50 μ M), glutathione (GSH, 0.5 and 2 mM) and N-Acetylcysteine (NAC, 
0.5 and 2 mM) on the ROS formation and cytotoxicity induced by atorvastatin (10 μ M) in primary hepatocytes 
of DM rat (e,f) and PB rats (g,h); The hepatotoxicity of ortho-hydroxy atorvastatin (o-AT) and para-hydroxy 
atorvastatin (p-AT) in primary hepatocytes of CON rats (d). Data were represented as means ±  SD (n =  4). 
*p <  0.05, **p <  0.01 vs. vehicle, #p <  0.05, ##p <  0.01 vs. AT.
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It was was in line with atorvastatin-induced dose-denpendent hepatotoxicity that, the plasma exposure of 
atorvastatin and its metabolites increased along with the dose in PB rats. It was also noticed that the plasma 
exposure of atorvastatin in PB rats was lower than those in normal rats, accompanied by increases in expo-
sure of its two metabolites. The estimated areas under the curve (AUC) of atorvastatin in PB rats following 11th 
dose of atorvastatin (40 mg/kg) was significantly lower than that of normal rats (80.92 ±  9.09 μ g*min/mL in PB 
rats versus 125.32 ±  20.00 μ g*min/mL in normal rats, p =  0.021). Cmax (194.09 ±  24.85 ng/mL in PB rats versus 
277.01 ±  71.22 ng/mL in rats) of atorvastatin in PB rats showed a trend to increase, although no significance was 
observed. On contrast, Cmax (114.35 ±  13.27 ng/mL p =  0.019) and AUC (37.64 ±  4.94 μ g*min/mL, p =  0.0011) of 
ortho-atorvastatin following 11th dose of atorvastatin (40 mg/kg) to PB rats were significantly higher than those of 
normal rats (Cmax 60.25 ±  22.32 ng/mL and AUC 17.30 ±  2.97 μ g*min/mL). Similar phenomena were observed in 
first dose study, but no significance was obtained. All these results demonstrated that both the decrease in plasma 
exposure of atorvastatin and the increases in plasma exposure of its metabolites may be partly attributed to the 
induction of hepatic Cyp3a and SLCO1B1.

Discussion
The main finding of this study was that atorvastatin exhibited severe hepatotoxicity in diabetic rats. The in vivo 
toxicological experiment indicated that 40 mg/kg atorvastatin treatment was lethal to diabetic rats, whose mean 
survival time was 6.2 days. DM-AL and DM-AM rats also showed severe hepatic injury, as evidenced by signif-
icant alterations in serum hepatotoxic biomarkers (Fig. 1). The atorvastatin-induced hepatotoxicity was further 
confirmed by histological examination (Fig. 2).

In vivo findings were confirmed using primary rat hepatocytes, a reliable model for the toxicity study18. The 
results showed that atorvastatin-induced hepatotoxicity was dependent on physiological status. Atorvastatin 
induced hepatotoxicity in a concentration-dependent manner in primary hepatocytes of DM rats that is accom-
panied by a significant increase in ROS level. However, only high concentration of atorvastatin (30 μ M) showed 
obvious hepatotoxicity in primary hepatocytes of CON rats.

Hepatic uptake of atorvastatin in rats is mediated by SLCO1B1, then it undergoes extensive metabolism by 
Cyp3a19. Several studies demonstrated that the expressions and activities of hepatic Cyp3a16,20 and SLCO1B116,17 

Figure 4. Relative protein levels (a,b) of Cyp3a and SLCO1B1 in normal rats (CON), rats fed with high-fat 
diet (HFD), diabetic rats (DM), normal rats treated with phenobarbital (PB); Repaglinide (20 μ M) uptake 
and formation of 1-hydroxymidazolam from midazolam (10 μ M) in hepatocytes of CON, HFD, DM and PB 
rats (c); Atorvastatin (0.5, 2, 10, 40, 100 μ M) uptake (d) and formation of ortho-hydroxylation (e) and para-
hydroxylation (f) in primary hepatocytes of CON, HFD, DM and PB rats; Uptake and metabolism intrinsic 
clearance of atorvastatin in primary hepatocytes of CON, HFD, DM and PB rats (g). Correlations between  
(h) Cyp3a activity (1-hydroxymidazolam formation), (i) SLCO1B1 activity (repaglinide uptake) and cell 
viability in primary hepatocytes of normal rats (CON), high-fat diet fed rats (HFD), diabetic rats (DM) and 
phenobarbital pre-treated rats (PB). Full-length blots are presented in the Supplement. Data are represented as 
mean ±  SD (n =  4) *p <  0.05, **p <  0.01 vs. CON. Symbol: AT, atorvastatin, RE: repaglinide, MI: midazolam.
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significantly upregulated in diabetic rats. Therefore, our study further investigated the coordinate activity of 
Cyp3a and SLCO1B1 in the aggravated hepatotoxicity of atorvastatin under diabetic status.

The uptake and metabolism experiment in primary rat hepatocytes demonstrated that the activity of Cyp3a 
and SLCO1B1 enhanced in DM rats, and the uptake and metabolic intrinsic clearance of atorvastatin increased by 
2 folds and 3 folds, respectively (Fig. 4g). The Western blot analysis further illustrated that the protein expressions 
of hepatic Cyp3a and SLCO1B1 also increased in DM rats. In addition, co-incubation with SLCO1B1 inhibi-
tor gemfibrozil and Cyp3a inhibitor ketoconazole significantly alleviated atorvastatin-induced hepatotoxicity in 
primary hepatocytes of DM rats (Fig. 3e). A high degree of correlation between hepatotoxicity and the activity 
of Cyp3a and SLCO1B1 were found and provided support for the roles of Cyp3a and SLCO1B1 in atorvastatin 
hepatotoxicity (Fig. 4h,i).

It was contrast to our expectation that two atorvastatin metabolites exhibited no hepatotoxicity, indicating 
that the hepatotoxic effect occurred during the metabolism. Previous reports have demonstrated that ROS pro-
duction was associated with CYP-mediated metabolism21,22. A series of CYPs are susceptible to uncoupling of 
their catalytic cycle thus generating ROS and oxidative stress13. In this study, a significant increase in ROS level 
was observed in primary hepatocytes of DM rats after exposing to atorvastatin for 96 h (Fig. 3c). Antioxidants 
GSH and N-Acetylcysteine, Cyp3a inhibitor ketoconazole and SLCO1B1 inhibitor gemfibrozil suppressed both 
the hepatotoxicity and ROS formation (Fig. 3e,f). In vivo study also suggested that atorvastatin-induced hepa-
totoxicity was associated with oxidative stress, as evidenced by decreases in levels of SOD, CAT and GSH-pX as 
well as increases in levels of MDA and GSSG/T-GSH (Fig. 1g–l). ROS was also considered to be involved in the 
mechanisms of cellular toxicity and apoptosis23. All these results demonstrated that the increased production of 
ROS after Cyp3a and SLCO1B1 induction, at least, partly be responsible for the aggravated atorvastatin-induced 
hepatotoxicity under diabetic condition. Simliar mechanism was also found in other drug-induced hepatic injury, 
amiodarone was reported to induce apoptosis/necrosis in HepG2 cells via triggering the CYP3A4-mediated pro-
duction of ROS24.

The mechanisms underlying the induction of hepatic Cyp3a and SLCO1B1 under diabetic condition has 
not been established. The increased levels of fatty acids were often associated with diabetes. Our previous study 

Figure 5. Effects of 72-h pre-incubation with CYP3A4/SLCO1B1 inducers (phenobarbital, PB and rifampicin, 
Rif) or 24-h co-incubation with CYP3A4 inhibitor (ketoconazole, Ket), SLCO1B1 inhibitors (gemfibrozil, 
Gem and rifampicin, Rif) on atorvastatin hepatotoxicity (a) and ROS generation (b) in HepG2 cells. Effects 
of SLCO1B1 inducers (c) and inhibitors (d) on atorvastatin and repaglinide (RE) uptake by HepG2 cells. 
Influences of CYP3A4 inducers and inhibitor on atorvastatin (AT) and midazolam (MI) metabolism (e). 
Correlations between (f) CYP3A4 activity (1-hydroxymidazolam formation), (g) SLCO1B1 activity (repaglinide 
uptake) and cell viability in HepG2 cells. Expressions of CYP3A4 and SLCO1B1 in HepG2 cells with CYP3A4, 
SLCO1B1 or dual knockdown (i,j). Effects of CYP3A4, SLCO1B1 or dual knockdown on atorvastatin 
hepatotoxicity (h) and ROS formation (k) in HepG2 cells. Full-length blots are presented in the Supplement. 
Data were represented as means ±  SD (n =  4) *p <  0.05, **p <  0.01 vs. control cell, +p <  0.05, ++p <  0.01 vs. 
vehicle.
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Figure 6. The serum levels of ALT (a), AST (b), AKP (c), Alb (d), TBIL (e), DBIL (f), ROS (g) and the liver 
weight (h) in normal rats (CON), normal rats treated with 10 mg/kg atorvastatin (AL), 20 mg/kg atorvastatin 
(AM) and 40 mg/kg atorvastatin (AH); normal rats treated with only phenobarbital (PB), rats co-administrated 
with phenobarbital and 10 mg/kg atorvastatin (PB-AL), 20 mg/kg atorvastatin (PB-AM) and 40 mg/kg 
atorvastatin (PB-AH). Data are represented as means ±  SD (n =  5) *p <  0.05, **p <  0.01 vs. CON, +p <  0.05, 
++p <  0.01 vs. PB, #p <  0.05, ##p <  0.01 vs. AL, AM or AH.
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showed that serum from diabetic rats induced expression of CYP3A4 in HepG2 cells. Further study demon-
strated that oleic acid and palmitic acid induced expressions of CYP3A4 and PXR in HepG2 cells25. Several 
studies demonstrated that PXR activation led to the upregulation of CYP3A4 and SLCO1B126–28. All these results 
indicated that the increased levels of fatty acids upregulated the expressions of CYP3A4 and SLCO1B1 via PXR 
activation under diabetic status, which needed further investigation.

In human, hepatic uptake of atorvastatin and its subsequent metabolism were mainly mediated by SLCO1B1 
and CYP3A4, respectively. Here, the in vitro results from primary rat hepatocytes were extrapolated to human 
using HepG2 cells. It was in line with our expectation that 72-h pre-incubation with CYP3A4/SLCO1B1 induc-
ers rifampicin and phenobarbital significantly enhanced atorvastatin-induced hepatotoxicity, accompanied by 
increases in its metabolism and uptake as well as ROS generation. But, co-incubation with SLCO1B1 inhibi-
tors (rifampicin and gemfibrozil) and CYP3A4 inhibitor (ketoconazole) showed the opposite effects (Fig. 5a,b). 
Further study demonstrated that CYP3A4 or SLCO1B1 knockdown attenuated atorvastatin hepatotoxicity and 
the increased ROS level in HepG2 cells, which was in line with the inhibition study (Fig. 5h,k). All these findings 

Figure 7. Plasma concentrations of atorvastatin (AT), ortho-hydroxyatorvastatin (o-AT) and para-
hydroxyatorvastatin (p-AT) after single (a–c) or mutiple (d–f) oral dose (10 mg/kg ◆, 20 mg/kg ▲ , 40 mg/kg ● ) to 
PB rats and oral dose (40 mg/kg ■ ) to normal rats, respectively. The AUC (g) and Cmax (h) levels of atorvastatin, 
ortho-hydroxyatorvastatin and para-hydroxyatorvastatin in normal and PB rats. Data are represented as 
means ±  SD (n =  5). *p <  0.05, **p <  0.01 vs. AH.
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demonstrated the contributions of CYP3A4 and SLCO1B1 to atorvastatin-induced hepatotoxicity in HepG2 cells, 
which was consistent with the findings in primary rat hepatocytes.

Intraperitoneal administration of phenobarbital could induce the expressions and activities of hepatic Cyp3a 
and SLCO1B1 in rat21,29. Therefore, this model was used to further confirm above results. It was consistent with 
the findings in DM rats that the hepatotoxicity, metabolism and uptake of atorvastatin and ROS formation in pri-
mary hepatocytes of PB rats were significantly increased (Figs 3 and 4). GSH and N-Acetylcysteine, gemfibrozil 
and ketoconazole all reversed the cytotoxicity and ROS level (Fig. 3g,h). The in vivo study showed that atorvas-
tatin induced mild hepatic injury in normal rats, coadministration with phenobarbital significantly potentiated 
atorvastatin-induced hepatotoxicity. The alterations in serum hepatotoxic biomarkers by coadiministrated with 
phenobarbital were similar to those in DM rats, although the extent was less (Fig. 6). Further study showed that 
althouth plasma exposure of atorvastatin in PB rats were lower than those in normal rats (Fig. 7), atorvastatin 
showed stronger hepatotoxicity in PB rats than that in normal rats. All these results indicated that phenobarbital 
aggravated atorvastatin hepatotoxicity via inducing expression of Cyp3a and SLCO1B1 and increasing atorvas-
tatin metabolism, which further demonstrated the roles of the upregulated hepatic SLCO1B1 and Cyp3a in the 
enhanced atorvastatin-induced hepatotoxicity.

Skeletal muscle toxicity was another severe side-effect of atorvastatin. SLCO1B1 and SLCO2B1 were 
reported to be expressed in skeletal muscles30. A report demonstrated involvement of muscular SLCO1B1 in 
fluvastatin-induced muscle toxicity30. However, whether SLCO1B1 was also induced by diabetes was not iden-
tified. In addition, clinical trials showed that statins-induced myopathy was also related to the system exposure 
of statins31. Our previous reports showed that diabetes decreased system exposure of atorvastatin in rats32. Here 
we also reported that phenobarbital treatment decreased plasma exposure of atorvastatin in rats via inducing 
expressions of hepatic Cyp3a and SLCO1B1, but it still aggravated atorvastatin hepatotoxicity. Therefore, whether 
the decrased plasma exposure of atorvastatin affected atorvastatin-induced myopathy under diabetic condition 
needed to be further investigated.

In conclusion, the present study clearly demonstrated that the increased expressions and activities of hepatic 
Cyp3a and SLCO1B1 under diabetic status markedly enhanced the hepatotoxicity of atorvastatin via increasing 
formation of ROS during metabolism. Although the data cannot be directly extrapolated to human, attentions 
should still be paid to the higher susceptibility of atorvastatin-induced hepatotoxicity in diabetic patients.

Materials and Methods
Reagents. Repaglinide and midazolam from the National Institute for the Control of Pharmaceutical 
and Biological Products (Beijing, China). Atorvastatin calcium and gemfibrozil from Dalian Meilun Biology 
Technology Co, Ltd (Dalian, China). Ketoconazole and rifampicin from J&K Chemical (Shanghai, China). 
1-hydroxymidazolam from Cayman Chemical (Ann Arbor, MI, USA). Phenobarbital from New Asia 
Pharmaceutical Company (Shanghai, China). Streptozotocin (STZ) and 2′,7′-dichlorofluorescin diacetate 
(DCFH-DA) from Sigma Chemical Co (St Louis, MO, USA). Para-hydroxy atorvastatin calcium and ortho-hy-
droxy atorvastatin calcium from TLC PharmaChem Inc. (Canada). Glutathione (GSH) and N-acetylcystiene from 
Sunshine Biotechnology Co. Ltd (Nanjing, China). Mouse monoclonal Cyp3a, CYP3A4 and SLCO1B1 antibodies 
from Santa Cruz Technology (Santa Cruz, CA, USA). GAPDH antibody from Bioworld (Louis Park, MN, USA).  
Silencer® Pre-Designed siRNA (CYP3A4), Silencer® Pre-Designed siRNA (SLCO1B1), Silencer® Negative 
Control siRNA, Lipofectamine1 RNAiMAX Transfection Reagent and Opti-MEM® I Reduced Serum Medium 
were purchased from Molecular Probes (Invitrogen, Burlington, Ontario, Canada). All the other reagents were 
commercially available.

Animals. Male Sprague-Dawley rats (weighing 100–120 g), purchased from Sino-British Sipper & BK 
Lab Animal Ltd. (Shanghai, China), housed in an environment of controlled temperature (22 ±  2 °C) and rel-
ative humidity (50% ±  5%) with 12 h light/darkness cycle. Water and food were allowed ad libitum. Use of 
animals and experimental procedures were conducted in accordance with the Guide for the Care and Use 
of Laboratory Animals published by the US National Institutes of Health (NIH publication 86-23, revised 
1986), and their use was approved by the Animal Ethics Committee of China Pharmaceutical University  
(No. CPU-PCPK-13211010345).

Induction of diabetic rats and drug treatment. Diabetic rats were induced by the combination of 
high-fat diet feeding and low-dose STZ injection according to method described previously with some modi-
fications33,34. Briefly, experimental rats were assigned randomly to three groups: control (CON) group (n =  5), 
high-fat diet (HFD) group (n =  5) and diabetic (DM) group (n =  20). The CON rats were fed on normal chow 
while both HFD rats and DM rats were fed on high-fat diet (TROPHIC Animal Feed High-tech Co. Ltd, Nantong, 
China). After six-week of dietary manipulation, DM rats intraperitoneally (i.p.) received a single dose of STZ 
(35 mg/kg). On day 7 after vehicle or STZ injection, Only rats with FBG level higher than 11.1 mM were consid-
ered as successful diabetic models and were selected for following studies33.

The diabetic rats were randomly divided into four groups (n =  5 for each group). The first group served as 
control group (DM). The other three groups served as atorvastatin-treated groups, which orally received low-dose 
(10 mg/kg, DM-AL), middle-dose (20 mg/kg, DM-AM) and high-dose (40 mg/kg, DM-AH) of atorvastatin once 
daily for 10 days. The dose of atorvastatin in rats was referenced from previous reports35,36. Meanwhile, CON rats, 
HFD rats and DM rats received vehicle (0.25% CMC-Na).

Following last dose, rats, fasted overnight, were anesthetized with diethyl ether and blood samples were col-
lected for measurement of blood chemistry. Then, the animals were sacrificed; the liver samples were harvested 
for standard histology, hepatic biochemical measurement and Western blot.
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Liver histological examination. The livers were sliced into 0.3–0.5 cm blocks and immersed in 10% for-
malin solution. After dehydration, the liver blocks were embedded in paraffin. Liver sections (4 μ m) were cut, 
stained with haematoxylin-eosin. Each stained section was semi-quantitatively evaluated under light microscope 
(Inverted Microscope ECLIPSE Ti-S, Nikon, Japan) by an investigator blind to the experimental group. The sever-
ity of hepatic injury was assessed according to the extent of: (1) vacuolization, (2) inflammatory cell infiltration, 
(3) pyknotic hepatocyte nuclei, (4) sinusoidal dilatation, which was scored as 0, no response; 1, mild response; 
2, moderate response and 3, severe response. The maximum score was 12, indicating the most severe hepatic 
injury37,38.

Determination of physiological and biochemical parameters. Plasma glucose level, total choles-
terol (TG), triglyceride (TC), serum hepatotoxic biomarkers including alkaline phosphatase (AKP), alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), albumin (Alb), direct bilirubin (DBIL) and total 
bilirubin (TBIL); and hepatic oxidative stress-related biomarkers including succinate dehydrogenase (SDH), 
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-pX), GSSG (oxidized glutathione), 
total glutathione (T-GSH) and malondialdehyde (MDA), were measured by commercial reagent kits (Jiancheng 
Bioengineering Institute, Nanjing, China) according to the instructions.

Cell culture. The HepG2 cells were obtained from Shanghai Cellular Research Institute (Shanghai, China). 
The cells were cultured in DMEM containing 10% FBS (fetal bovine serum), non-essential amino acids, antibiot-
ics (100 IU/ml penicillin and 100 μ g/ml streptomycin), 2 mM L-glutamine, and 3.7 g/L NaHCO3 in a humidified 
incubator of 5% CO2 and 95% air atmosphere at 37 °C.

Another subset of experimental rats (CON, HFD and DM rats) were used for the primary rat hepatocytes iso-
lation. CON rats pre-treated with phenobarbital (PB) were simultaneously obtained via intraperitoneally injected 
phenobarbital (80 mg/kg) for 5 days. Primary hepatocytes were isolated from experimental rats in a modified 
two-step collagenase perfusion method as previously reported17,39. An aliquot of the hepatocyte suspension  
(at a density of 2.5 ×  105/ml) was seeded in collagen-precoated plates. Following 4-h incubation, the medium was 
replaced with 500 μ l fresh cultured medium. Twenty-four hours after plating, the medium was removed and the 
hepatocytes were overlaid with BD matrigel (0.25 mg/ml) in feeding medium (DMEM containing 0.1 mM dex-
amethasone and 1% ITS) and cultured for another 24 h at 37 °C in a humidified atmosphere containing 5% CO2 
for following experiments.

Hepatotoxicity of atorvastatin in primary rat hepatocytes. Our preliminary results showed that the 
hepatotoxicity was time-dependent and the strongest hepatotoxicity occurred after 96 h incubation. Thus, the 
incubation time was set to be 96 h. The primary rat hepatocytes were exposed to atorvastatin (2, 10 and 30 μ M) 
or hydroxy atorvastatin (0.5, 1 and 10 μ M) for 96 h. Cell viability was determined using both the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay40 and lactate dehydrogenase (LDH) release 
measurement. ROS generation was simultaneously measured using DCFH-DA as a fluorescent probe. Effects of 
GSH (0.5 and 2 mM) and N-Acetylcysteine (0.5 and 2 mM), ketoconazole (2 μ M) and gemfibrozil (10 and 50 μ M) 
on the atorvastatin-induced (10 μ M) cytotoxicity and formation of ROS in primary hepatocytes of DM rats and 
PB rats were further investigated.

Uptake and metabolism experiments in primary rat hepatocytes. The primary hepatocytes were 
washed twice with warm Hank’s balanced salt solution (HBSS) and pre-incubated with warm HBSS for 5 min. The 
reaction was initiated by adding 500 μ L HBSS containing various concentrations of atorvastatin (0.1, 0.5, 2, 10 and 
40 μ M). For uptake experiment, the reaction was stopped after 2 min incubation by washing with ice-cold HBSS 
for three times; for metabolism experiment, the reaction was terminated after 30 min incubation by washing with 
ice-cold HBSS for three times.

The intracellular concentrations of atorvastatin, ortho- and para-hydroxy atorvastatin were measured using 
the LC-MS method32. Repaglinide (20 μ M) and midazolam (10 μ M) were used as probe substrates to identify the 
activities of SLCO1B1 and Cyp3a, respectively17.

Hepatotoxicity of atorvastatin in HepG2 cells. The cells were pre-incubated with CYP3A4/SLCO1B1 
inducers phenobarbital (0.5 and 2 mM) or rifampicin (10 and 25 μ M) for 72 h. Following washing twice with fresh 
medium, HepG2 cells were exposed to atorvastatin (10 μ M) for another 24 h, cell viability and ROS generation 
were measured using MTT assay and fluorescent probe, respectively. Effects of CYP3A4 inhibitor and SLCO1B1 
inhibitors on ROS generation and hepatotoxicity by atorvastatin in HepG2 cells were also documented. Briefly, 
HepG2 cells were co-incubated with atorvastatin (30 μ M) and ketoconazole (2 and 10 μ M), gemfibrozil (10 and 
50 μ M) or rifampicin (10 and 25 μ M) for 24 h, the cell viability and ROS generation were measured.

Effect of siRNA-mediated knockdown of CYP3A4 and SLCO1B1 on atorvastatin hepatotoxicity  
in HepG2 cells. HepG2 cells were transfected with siRNA using Lipofectamine RNAiMAX, human CYP3A4 
siRNA and SLCO1B1 siRNA according to the manufacturer’s instructions. After culturing for 48 h, cells 
were incubated with atorvastatin (30 μ M) for another 24 h. LDH release and ROS generation were measured. 
Efficiencies of knockdown on CYP3A4 and SLCO1B1 were confirmed by Western blots.

Atorvastatin uptake and metabolism in HepG2 cells. For effects of CYP3A4/SLCO1B1 inducers on 
atorvastatin uptake and metabolism in HepG2 cells, following 72-h exposure to phenobarbital (0.5 and 2 mM) or 
rifampicin (10 and 25 μ M), 2-min uptake and 30-min metabolism (indexed as the formation of ortho-hydroxy 
atorvastatin) of atorvastatin (30 μ M) in HepG2 cells were assessed32. For effects of CYP3A4 inhibitor and 
SLCO1B1 inhibitors on atorvastatin uptake and metabolism in HepG2 cells, following 5-min pre-incubation 
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with ketoconazole (2 and 10 μ M), rifampicin (10 and 25 μ M) or gemfibrozil (10 and 50 μ M), 2-min uptake and 
30-min metabolism of atorvastatin in HepG2 cells were measured by co-incubation atorvastatin (30 μ M) with the 
tested inhibitors as described above. Repaglinide and midazolam were used to index the activities of SLCO1B1 
and CYP3A4, respectively17.

Effect of phenobarbital on atorvastatin-induced hepatotoxicity. Atorvastatin-induced hepatotox-
icity was further investigated in normal rats and rats pre-treated with phenobarbital. For normal rats, they were 
randomly divided into vehicle (CON) rats, low-dose treatment (AL) rats, middle-dose treatment (AM) rats and 
high-dose treatment (AH) rats (n =  5 for each group). CON rats orally received daily dose of vehicle. AL rats, AM 
rats and AH rats orally received 10 mg/kg, 20 mg/kg and 40 mg/kg of atorvastatin for 10 days. For phenobarbital 
co-treated rats, following 3-day pre-treatment with phenobarbital (i.p. 80 mg/kg), rats co-administrated pheno-
barbital (i.p.80 mg/kg) with oral daily dose of vehicle (PB), 10 mg/kg (PB-AL), 20 mg/kg (PB-AM), and 40 mg/kg 
(PB-AH) atorvastatin for another 10 days, respectively. The serum biochemical parameters, liver weight and ROS 
levels were measured as described above.

Pharmacokinetics of atorvastatin following oral administration to normal and phenobarbi-
tal pretreated rats. Pharmacokinetics of atorvastatin following single and multiple oral administrations 
were documented. Twenty male rats were randomly divided into normal rats and phenobarbital co-treated (PB) 
rats with atorvastatin. For PB rats, following 3-day pre-treatment with phenobarbital (i.p. 80 mg/kg), the PB 
rats co-administrated phenobarbital (i.p. 80 mg/kg) with 10 mg/kg (PB-AL), 20 mg/kg (PB-AM), and 40 mg/kg  
(PB-AH) of atorvastatin for another 11 days (n =  5 for each group), respectively. Normal rats (n =  5) only received 
40 mg/kg of atorvastatin for 11 days. Blood samples were collected under light ether anesthesia via the oculi 
chorioideae vein at 5, 10, 20, 30, 45, 60, 120, 240, 360, and 720 min after first dose and last dose. After 3 or 4 
samplings, the appropriate amount of normal saline was administered to the rats via the tail vein to compensate 
for blood loss. The blood collected was mixed properly with the anticoagulant and centrifuged at 4000 rpm for 
10 min. The plasma was separated and stored at − 80 °C until drug analysis. Plasma concentrations of atorvastatin 
and its metabolites were measured using the LC-MS method as described previously32.

Western blot analysis. Total rat liver extract was prepared in RIPA lysis buffer containing 1 mM PMSF 
to measure protein levels of Cyp3a and SLCO1B1. Protein concentrations were measured by the BCA protein 
assay kit. 50 μ g proteins were separated on a SDS-polyacrylamide gel electrophoresis and transferred onto pol-
yvinylidene fluoride membranes (Millipore Corporation, Billerica, MA, USA). These blots were blocked for 
2 h with 5% non-fat dry milk in 10 mM Tris-buffered saline containing 0.1% Tween 20 and then washed. The 
membranes were then incubated overnight at 4 °C with given primary antibodies, following by HRP-conjugated 
secondary anti-mouse antibody incubation for 2 h. Protein quantification was performed by Tanon 5200 Multi 
Chemiluminescent System (Tanon technology Co., Ltd., Shanghai, China). Intensity values were normalized to 
the quantity of GAPDH for total protein.

Statistical analysis. The pharmacokinetic parameters were calculated using noncompartmental analysis on 
Phenix WinNonlin 6.1 (Pharsight, St. Louis, MO). All values were expressed as mean ±  S.D. Results were analyzed 
using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Differences among groups were 
determined by nonparametric test when necessary. Statistical significance was assumed at P <  0.05.
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