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HMG CoA reductase inhibitors, or statins, are widely prescribed for the treatment of
dyslipidemias. Physicians who prescribe these drugs are well aware of the small risk of
increased transaminase levels that is seen in 1–3% of patients. This side effect is usually
asymptomatic and reversible after dosage reduction or drug withdrawal [1]. The clinical
insignificance of this side effect is underscored by retrospective analyses that support the use
of statins in patients with chronic viral hepatitides and non-alcoholic fatty liver disease [2].
In the vast majority of patients using statins, therefore, clinically significant liver injury does
not arise.

The relationship between statins and cholestastic liver disease, however, is not as
straightforward. Cause and effect are difficult to discern and disentangle. Statins have been
rarely associated with cholestatic liver injury manifesting with jaundice and histologic
abnormalities [3]. Such cholestatic liver disease has been described in association with the
use of pravastatin [4, 5] and atorvastatin [6–9]. In each case, symptoms resolved after drug
withdrawal.

Is statin therapy safe to use in patients with cholestatic liver disease? Retrospective analyses
of patients with primary biliary cirrhosis (PBC) prescribed statins show that these drugs are
well tolerated, effective in improving serum lipid profiles, and without adverse effects in
terms of biochemical parameters of cholestasis. For example, in a retrospective analysis of
58 PBC patients on statin therapy for variable periods of time, with the mean duration of
treatment of 41 months (range 3–125 months), statins were well tolerated and induced
reductions in serum cholesterol levels as anticipated [10]. Thus, safety does not appear to be
a significant issue for the majority of patients with PBC with cardiovascular risk factors in
addition to dyslipidemia for whom statins are prescribed [11].

Statins have also been associated with beneficial effects on markers of cholestasis in patients
with cholestaticliver disease. A report described lower cholesterol and serum total bile acid
levels in PBC patients after the initiation of pravastatin [12]. Another case report described
marked improvements in cholestasis and hypercholesterolemia with simvastatin in a patient
with PBC [13]. In six patients with PBC treated with simvastatin, alkaline phosphatase, γ-
glutamyltransferase (GGT), and IgM levels were reduced significantly [14]. More recent
reports, however, have not corroborated these observations [15]. Liver biochemistries were
not significantly changed in 15 PBC patients [16]. In PBC patients with an incomplete
biochemical response to ursodeoxycholic acid, treatment with atorvastatin did not show
improvements in parameters of cholestasis [17]. Thus, whether statins improve cholestasis
remains unclear, with the preponderance of the evidence suggesting that they do not.

What can animal models of cholestasis tell us about the effects of statins on cholestasis? The
most commonly used animal model of cholestasis is that of bile duct ligation (BDL) in
rodents, which causes obstructive jaundice and cholestasis which over time leads to
histological changes in the liver including the development of cirrhosis. This model has been
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widely used to study the effects of cholestasis on hepatobiliary transport mechanisms, bile
formation, inflammation, and fibrogenesis [18].

Cholestasis induced by BDL induces a myriad of physiologic effects on hepatobiliary
physiology, especially with respect to bile acid and cholesterol homeostasis. Under
cholestatic conditions, when intrahepatic and systemic bile acid levels rise, an orchestrated
adaptive response occurs which is coordinated by a complex interplay of nuclear receptors
that attempt to counteract the liver injury induced by cholestasis. These adaptive responses
are centered in the liver, but also involve physiological alterations in transport pathways in
the small intestine, biliary epithelia and kidneys [19].

The rodent BDL model has been used to investigate whetherstatins can have beneficial
effects on the cholestatic liver. Rosuvastatin ameliorated hepatic injury, inflammation, and
lipid peroxidation; and increased antioxidant enzyme activity in rats subjected to BDL [20].
Simvastatin decreased aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) in mice after BDL. Simvastatin also reduced hepatic formation of CXC chemokines
and restored sinusoidal perfusion in the liver, and decreased cholestatic liver injury and
inflammation [21]. Fluvastatin decreased high levels of AST, ALT, and GGT induced by
BDL in rats and ameliorated hepatic inflammation, lipid peroxidation and tissue injury [22].
Thus, studies in animal models of obstructive cholestasis induced by BDL have shown
beneficial effects of statins on various markers of liver injury, including markers of
inflammation. While the mechanisms whereby statins induce these beneficial effects on the
liver remain to be defined, the myriad effects observed suggest that these might not depend
solely on the inhibition of HMG CoA reductase.

One key to deciphering the mechanisms whereby statins induce beneficial effects on
cholestasis in the rodent BDL model involves a detailed understanding of the role of nuclear
receptors. These mechanistic insights havebeen recently reviewed [19, 23]. Nuclear
receptors serve as key transcriptional regulators controlling an intricate web of transport
pathways that serve to mitigate the effects of cholestasis on the hepatobiliary and intestinal
systems. The key nuclear receptors involved in the adaptive response to cholestasis induced
by BDL are farnesoid × receptor (FXR), liver × receptor alpha (LXRα), short heterodimer
partner (SHP), pregnane × receptor (PXR), constitutive androstane receptor (CAR) and
peroxisomal proliferator-activated receptor alpha (PPAR-α). Of these, FXR is central to the
response as it is the intracellular bile acid sensor regulating the majority of processes
involved in bile acid formation, transport, and detoxification. FXR limits hepatocellular bile
acid overload through several mechanisms. Bile acids bind to FXR and inhibit their own
synthesis by repression of transcription of CYP7A1 by induction of SHP. In the intestine,
FXR induces fibroblast growth factor 15 (FGF-15), which binds to and activates hepatic
fibroblast growth factor receptor 4 (FGFR-4) signaling to inhibit bile acid synthesis in the
liver. FXR inhibits hepatocellular import of bile acids in a feedback loop by repressing
hepatocellular basolateral bile acid uptake via the sodium taurocholate co-transporting
polypeptide (NTCP) in a SHP-dependent manner. FXR also induces the excretion of bile
acids into the biliary canaliculus in a feed-forward fashion by stimulating the bile salt export
pump (BSEP). In addition, FXR stimulatesretrograde bile acid export back into portal blood
via the organic solute transporter alpha and beta (OSTα/β). The canalicular bilirubin pump
MRP2 is also induced by activation of FXR, thereby providing a means to transport
tetrahydroxylated bile acids that accumulate during cholestasis [24, 25]. The nuclear
receptors PXR and CAR contribute to bile acid excretion during cholestasis by activating
phase I and phase II detoxification pathways that render bile acids more hydrophilic and less
toxic, and therefore more amenable to urinary excretion. These pathways are also regulated
by FXR. Other key nuclear receptors that serve in an adaptive role during cholestasis are
LXRα, the key intracellular cholesterol sensor; and PPAR-α, which induces bile acid
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conjugation via UGT2B4 and UGT1A3, represses CYP7A1, and increases biliary
phospholipid secretion [24, 25].

The paper by Kolouchova et al in this issue reports on the effects of pravastatin on
transporters, enzymes, and nuclear receptors involved in cholesterol and bile acid
homeostasis in the setting of BDL-induced cholestasis in rats [26]. This data offers a
glimpse into the complex regulatory networks controlled by nuclear receptors and the
potential roles that statins may play in altering the functions of these master transcriptional
regulators.

Changes in the mRNA expression of a host of transporters and enzymes integral to bile acid
and cholesterol homeostasis were found. Likewise, the mRNA expression levels of key
nuclear receptors involved in bile acid and cholesterol homeostasis were altered with
pravastatin treatment in the BDL compared to sham operated rats. Interestingly, FXR
expression was markedly downregulated in the BDL rats treated with either dose of
pravastatin. This decrease in FXR expression was in contrast to the increase in FXR
expression noted in the BDL animals treated with vehicle or the sham-operated animals
treated with pravastatin. Thus, statin therapy appears to have a depressive effect on FXR
expression in the setting of BDL but not in the sham operated setting. This finding raises
several questions: If FXR upregulation is an adaptive response to cholestasis induced by
BDL, then might not downregulation of FXR by statin therapy in this setting be construed as
counteracting this beneficial homeostatic response? What then does one make of the
decrease in serum bile acid levels in the low dose pravastatin-treated BDL animals but not
the high dose pravastatin-treated BDL animals?

Our current state of knowledge regarding the effects of statin therapy on nuclear receptor
regulatory networks in cholestasis has not developed to the point where definitive answers
can be given to these and other questions raised by the data presented in the paper by
Kolouchova et al. Caveats to keep in mind in interpreting the data include the fact that these
are gene expression data that may not correspond to protein expression levels or activity of
nuclear receptors and transporters; the use of particular doses and type of statin; and the
duration oftreatment. Nevertheless, one can appreciate the bigger picture that statin therapy
appears to have wide-ranging effects on bile acid and cholesterol transport and nuclear
receptor regulatory networks in the rat BDL model. Whether these changes are relevant to
patients with PBC or to patients given statins who develop cholestatic liver disease remains
to be seen.

Acknowledgments
Grant Support: 5RO1CA114403 from the National Institutes of Health

References
1. Chitturi S, George J. Hepatotoxicity of commonly used drugs: nonsteroidal anti-inflammatory drugs,

antihypertensives, antidiabetic agents, anticonvulsants, lipid-lowering agents, psychotropic drugs.
Seminars Liver Dis. 2002; 22:169–183.

2. Anfossi G, Massucco P, Bonomo K, Trovati M. Prescription of statins to dyslipidemic patients
affected by liver diseases: A subtle balance between risks and benefits. Nutr Metab Cardiovasc Dis.
2004; 14:215–224. [PubMed: 15553600]

3. Chitturi S, Farrell GC. Drug-induced cholestasis. Semin Gastrointest Dis. 2001; 12:113–124.
[PubMed: 11352118]

4. Hartleb M, Rymarczyk G, Januszewski K. Acute cholestatichepatitis associated with pravastatin.
Am J Gastroenterol. 1999; 94:1388–1390. [PubMed: 10235223]

Kuver Page 3

J Gastroenterol Hepatol. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5. Batey RG, Harvey M. Cholestasis associated with the use of pravastatin sodium. Med J Australia.
2002; 176:561–563. [PubMed: 12064992]

6. Merli M, Bragazzi MC, Giubilo F, Callea F, Attili AF, Alvaro D. Atorvastatin-induced prolonged
cholestasis with bile duct damage. Clin Drug Investig. 2010; 30:205–209.

7. Rahier JF, Rahier J, Leclercq I, Geubel AP. Severe acute cholestatic hepatitis with prolonged
cholestasis and bile-duct injury following atorvastatin therapy: a case report. Acta Gastroenterol
Belg. 2008; 71:318–320. [PubMed: 19198578]

8. Ridruejo E, Mando OG. Acute cholestatic hepatitis after reinitiating treatment with atorvastatin. J
Hepatol. 2002; 37:165–166. [PubMed: 12076881]

9. Jiminez-Alonso J, Osorio JM, Gutierrez-Cabello F, Lopez de la Osa A, Leon L, Garcia JDM.
Atorvastatin-induced cholestatic hepatitis in a young woman with systemic lupus erythematosus.
Arch Intern Med. 1999; 159:1811–1812.

10. Rajab MA, Kaplan MM. Statins in primary biliary cirrhosis: Are they safe? Dig Dis Sci. 2010;
55:2086–2088. [PubMed: 19795210]

11. Stojakovic T, Thierry C, Putz-Bankuti C, Fauler G, Scharnagl H, Wagner M, Sourij H, Stauber RE,
Winkler K, Marz W, Wascher TC, Trauner M. Low-dose atorvastatin improves dyslipidemia and
vascular function in patients with primary biliary cirrhosis after one year of treatment.
Atherosclerosis. 2010; 209:178–183. [PubMed: 19782361]

12. Kurihara T, Akimoto M, Abe K, Ishiguro H, Niimi A, Maeda A, Shigemoto M, Yamashita K,
Yokoyama I, Suzuki Y, et al. Experimental use of pravastatin in patients with primary biliary
cirrhosis associated with hypercholesterolemia. Clin Ther. 1993; 15:890–898. [PubMed: 8269456]

13. Kamisako T, Adachi Y. Marked improvement in cholestasis and hypercholesterolemia with
simvastatin in a patient with primary biliary cirrhosis. Am J Gastroenterol. 1995; 90:1187–1188.
[PubMed: 7611234]

14. Ritzel U, Leonardt U, Nather M, Schafer G, Armstrong VW, Ramadori G. Simvastatin in primary
biliary cirrhosis: effects on serum lipids and distinct disease markers. J Hepatol. 2002; 36:454–
458. [PubMed: 11943414]

15. Balmer ML, Dufour J-F. Treatment of hypercholesterolemia in patients with primary biliary
cirrhosis may be more beneficial than indicated. Swiss Med Wkly. 2008; 138:415–419. [PubMed:
18654866]

16. Stanca CM, Bach N, Allina J, Bodian C, Bodenheimer H, Odin JA. Atorvastatin does not improve
liver biochemistries or Mayo risk score in primary biliary cirrhosis. Dig Dis Sci. 2008; 53:1988–
1993. [PubMed: 18392679]

17. tojakovic T, Putz-Bankuti C, Fauler G, Scharnagl H, Wagner M, Stadlbauer V, Gurakuqi G,
Stauber RE, Marz W, Trauner M. Atorvastatin in patients with primary biliary cirrhosis and
incomplete biochemical response to ursodeoxycholic acid. Hepatology. 2007; 46:776–784.
[PubMed: 17668874]

18. Rodriguez-Garay EA. Cholestasis: human disease and experimental animal models. Ann Hepatol.
2003; 2:150–158. [PubMed: 15115953]

19. Wagner M, Zollner G, Trauner M. Nuclear receptor regulation of the adaptive response of bile acid
transporters in cholestasis. Semin Liver Dis. 2010; 30:160–177. [PubMed: 20422498]

20. Awad AS, Kamel R. Effect of rosuvastatin on cholestasis-induced hepatic injury in rat livers. J
Biochem Mol Toxicol. 2010; 24:89–94. [PubMed: 20146376]

21. Dold S, Laschke MW, Lavasani S, Menger MD, Jeppsson B, Thorlacius H. Simvastatin protects
against cholestasis-induced liver injury. Br J Pharmacol. 2009; 156:466–474. [PubMed:
19154429]

22. Demirbilek S, Tas E, Gurunluoglu K, Akin M, Aksoy RT, Emre MH, Aydin NE, Ay S, Ozatay N.
Fluvastatin reduced liver injury in rat model of extrahepatic cholestasis. Pediatr Surg Int. 2007;
23:155–162. [PubMed: 17086424]

23. Claudel T, Zollner G, Wagner M, Trauner M. Role of nuclear receptors for bile acid metabolism,
bile secretion, cholestasis, and gallstone disease. Biochim Biophys Acta. 2011; 1812:867–878.
[PubMed: 21194565]

24. Wagner M, Zollner G, Trauner M. Nuclear receptors in liver disease. Hepatology. 2011; 53:1023–
1034. [PubMed: 21319202]

Kuver Page 4

J Gastroenterol Hepatol. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



25. Trauner M, Halilbasic E. Nuclear receptors as new perspective for the management of liver
diseases. Gastroenterology. 2011; 140:1120–1125. [PubMed: 21334334]

26. Kolouchova G, Brcakova E, Hirsova P, Sispera L, Tomsik P, Cermanova J, Hyspler R, Slanarova
M, Fuksa L, Lotkova H, Micuda S. Pravastatin modulates liver bile acid and cholesterol
homeostasis in rats with chronic cholestasis. J Gastro Hepatol. 2011; 26 [xx this issue].

Kuver Page 5

J Gastroenterol Hepatol. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


