Farnesoid X Receptor | Encyclopedia.pub

Farnesoid X Receptor

Subjects: Pathology | Cell Biology | Biochemistry & Molecular Biology
Contributor: Anca Petrescu

Farnesoid X receptor (FXR) has a central role in Bile Acids (BA) homeostasis and recent publications revealed that
changes in autophagy due to BA-induced reactive oxygen species and increased anti-oxidant response via nuclear
factor E2-related factor 2 (NRF2), result in dysregulation of FXR signaling. Several mechanistic studies have
identified new dysfunctions of the cholestatic liver at cellular and molecular level, opening new venues for

developing more performant therapies.

FXR liver cholestasis obeticholic acid rifampicin autophagy

| 1. Introduction

Cholestasis is a clinical syndrome with intra- or extra-hepatic etiology, resulting from the obstruction of bile
secretion and flow from the liver into the gall bladder and duodenum [l Cholestasis can be caused by mutations of
genes encoding for proteins with roles in bile transport from hepatocytes into cholangiocytes and bile ducts,
resulting in the retention of BA in the liver. The bile flow can also be obstructed by gall stones due to metabolic
dysfunctions (cholelithiasis), by tumors (hepatocellular carcinoma, cholangiocarcinoma), or by parasitic infections
(1. Other causes of cholestasis include immune-mediated conditions such as primary sclerosing cholangitis (PSC),
primary biliary cirrhosis (PBC), and also exposure to certain medications which negatively affect the liver (non-
steroidal anti-inflammatory drugs, anti-diabetic medications). Numerous cholestatic disorders are chronic and may
lead to liver fibrosis and cirrhosis if left untreated.

Cholestatic liver injury is a complex disease with a multitude of dysfunctions including not only BA metabolism and
transport, but also excessive cell proliferation especially of cholangiocytes and hepatic stellate cells (HSC) which
become activated and initiate signaling pathways involving anti-oxidant and immune responses. Therefore, the
mechanistic studies on cholestasis encompass a very large area starting with dysregulation of BA metabolism,
transport, and signaling on parenchymal and non-parenchymal cells and expanding to inflammation, fibrosis, and

eventually carcinogenesis.

BA have critical roles in the regulation of a multitude of physiological processes related to nutrition and digestion,
mediating the transport and metabolism of lipids, influencing glucose and insulin sensitivity and modulating the
overall energy expenditure in the body 28], BA are signaling molecules acting on receptors that have been defined
as BA sensors, and are from two different classes of receptors: (i) nuclear receptors such as farnesoid X receptor
(FXR; also known as NR1H4), pregnane X receptor (PXR), constitutive androstane receptor (CAR), and vitamin D

receptor (VDR), that become activated by BA and bind to specific response elements on target genes influencing
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the rate of their transcription; and (ii) membrane-bound G-protein coupled receptors such as Takeda G-protein

receptor 5 (TGR5) or G protein-coupled BA receptor 1 (GPBARL1) and spingosine-1-phosphate receptor 2 (S1PR2).

| 2. FXR

The role of FXR in the regulation of hepatic triglyceride and glucose homeostasis =l has been well described
and several FXR agonist drugs have been developed for treating dyslipidemia, nonalcoholic fatty liver disease
(NAFLD), nonalcoholic steatohepatitis (NASH), and to improve liver functions 4. However, the beneficial effects of
FXR agonists in the treatment of liver fibrosis caused by biliary cholestasis, have been controversial. In cholestasis,
the activation of FXR by excessive amounts of BA accumulated in the liver, is at a maximum, and it was
demonstrated that administration of CDCA or DCA in their natural form, does not improve liver fibrosis in animal
models of hepatic cholestasis 4. Semi-synthetic BA and non-steroidal agonists of FXR have been developed and
tested for therapies of liver and pancreas-related diseases 4. Thus, INT747 or obeticholic acid (OCA), a 6-a-ethyl
derivative of CDCA were proposed to have hepatoprotective effects on certain types of cholestasis based on
animal model experiments &l Non-steroidal agonists of FXR such as GW4064 and WAY-362450, which may
modulate multiple G protein-coupled receptors besides directly activating FXR, have been proposed to be used to

reduce hepatic inflammation in the context of cholestasis [£I[0IL1],

Besides its ability to control the transactivation of genes involved in BA biosynthesis and transport along the
enterohepatic tract, and to contribute to liver regeneration and growth, FXR has been proved to counterbalance
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)—mediated transcription of proinflammatory
cytokines, having a role in hepatic repair in liver fibrosis 121311141 Even though FXR is expressed also in HSC and
cholangiocytes, it is critical in hepatocytes since BA-induced hepatocyte death activates profibrogenic factors such
as transforming growth factor beta 1 (TGF-B1), platelet derived growth factor (PDGF), connective tissue growth
factor (CTGF) which then act on quiescent HSC inducing their activation to proliferate and produce excessive
extracellular matrix proteins and fibrosis [22/l16] Several published studies revealed that semi-synthesis and non-
steroid agonist of FXR, e.g., GW4064 and WAY-362450, were able to mitigate liver inflammation and fibrosis in

animal models of cholestasis [2I[171[18]

Cholestatic liver diseases are characterized by chronic hepatic and systemic accumulation of total BA and
especially hydrophobic bile salts due to a dramatic dysregulation of BA homeostasis 2. Most of the cholestasis
syndromes are correlated with dysfunctions of genes encoding for transporters of BA along the hepato-biliary tract,
such as ATP8B1 coding for phospholipid flippase 29, and ABCB11 for bile salt export pump or BSEP 211122 Egrly
studies on the role of excessive BA in liver injury, pointed out that hydrophobic BA such CDCA and GCDC are toxic

and induce hepatocellular death by apoptosis [23124],

3. Targeting FXR in Portal Hypertension Associated with
Cholestasis-Induced Cirrhosis
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Cirrhosis is the final stage of chronic cholestasis, in which hepatic fibrosis is very advanced so that most of the liver
functions are impaired 23, Thus, advanced hepatic inflammation, biliary and periportal fibrosis, loss of tissue
homeostasis followed by abnormal remodeling are conducive to late permanent dysfunctional state of cirrhosis 28],
Portal hypertension (PHT) is commonly seen in patients with cholestatic liver cirrhosis especially in the stage of
decompensation when liver injury is associated with complications such as ascites, hepatic encephalopathy, or
variceal bleeding [ZZ. FXR has been found to be a promising target for the treatment of portal hypertension. Thus,
in liver fibrosis, the blood vessels are more constricted compared to normal liver due to a significant decrease of
FXR activation caused by ROS and proinflammatory cytokines, resulting in suppressed endothelial nitric oxide
synthase (eNOS) and nitric oxide (NO) [28 Vascular FXR in general was demonstrated to be an important
regulatory factor, since pharmacological and genetic activation of FXR stimulated eNOS promotor activity 28, For
the treatment of portal hypertension in particular, Mookerjee et al. studied the effect of an FXR agonist, OCA, on
dimethylarginine-dimethylaminohydrolasel (DDAH-1), a marker of portal pressure that is expressed in hepatocytes
and downregulated in cirrhosis 22, It was shown that asymmetric-dimethylarginine (ADMA), an eNOS inhibitor
which is metabolized by DDAH-1 was significantly reduced upon treatment with OCA in an animal model of

cholestatic cirrhosis, due to rescue of DDAH-1 expression via activation of FXR 22,

Another interesting study was performed on PX20606 (PX), a nonsteroidal agonist of FXR, in regard to its effect on
portal hypertension besides liver fibrosis in experimental models of non-cirrhotic (partial portal vein ligation or
PPVL) and cirrhotic (carbon tetrachloride, CCl4) models B9, PX was able to decrease portal pressure markers in
both non-cirrhotic and cirrhotic rats, confirming that FXR has critical role in the regulation of eNOS and portal

pressure in the liver.

| 4. FXR Involvement in Autophagy during Cholestasis

Recent studies on hepatic autophagy revealed an important function of this process in maintaining the overall
homeostasis of the liver. Autophagy is an evolutionary conserved mechanism of lysosome-dependent degradation
of intracellular components, with multiple functions including cell energy homeostasis, organelle turnover,
clearance of aggregated materials inside cells and defense against intracellular pathogens 1. Deficiencies in
autophagy result in several pathologies associated with hepatomegaly, liver inflammation and fibrosis and even
carcinogenesis Bl |t was first demonstrated that in BDL mice, cholestasis was associated with hepatocyte
autophagy activation B2, In these studies, suppression of autophagy with chloroquine increased hepatocyte
apoptosis, while activation of autophagy with rapamycin decreased cholestatic liver injury, and it was concluded
that autophagy benefited hepatocyte survival via modulation of reactive oxygen species (ROS) 22, Later on, it was
found that the accumulation of a protein p62/SQSTM1 (sequestosome 1) disabled the ubiquitination and
degradation of nuclear factor-erythroid 2-related factor 2 (NRF2), leading to liver injury [33I34135] Generally, NRF2
is known as a transcription factor that targets genes with role in adaptive protection against oxidative stress in cells
(361 |t was also suggested that NRF2 is involved in the regulation of autophagic processes in response to oxidative
stress, functioning in a negative feedback loop in opposition to AMP-activated protein kinase (AMPK), which is

critical for autophagy induction via mTOR downregulation (nTOR or mammalian target of rapamycin, has role in
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cell growth and autophagy) 7. Recently, it was determined that increased NRF2 due to defective autophagy,
causes a larger release of high mobility group box 1 (HMGBL1), a protein released during necrosis) from
hepatocytes and consequently, enhanced the ductular reaction 221, Moreover, NRF2 is related to the dysfunction of
BA synthesis, secretion and regulation, affecting the expression of FXR, the main nuclear receptor that regulates
BA metabolism and transport within the liver 31 Thus, Khambu et al. Bl demonstrated that mice deficient in
autophagy due to a lack of Atg7 and Atg5 genes, exhibited hepatic cholestasis characterized by increased serum
and liver BA loads, biliary hyperplasia, and suppressed BA transporters such as BSEP which are transactivated by
FXR. Interestingly, deletion of Nrf2 gene in autophagy-deficient mice, rescued FXR suppression and reversed the
cholestatic injuries BY. The authors concluded that there is a regulatory loop between FXR and autophagy, in
which BA can suppress autophagy, and deficiency in autophagy downregulates FXR via NRF2 expression 1. This
study suggests that several targets including AMPK, NRF2, autophagy regulators and FXR are to be considered for
developing novel therapies for liver cholestatis and fibrosis. Thus, betulinic acid (28 (a natural pentacyclic
triterpenoid), 5-aminoimidazole-4-carboxamide-1p-D-ribofuranoside (AICAR) B2, metformin “J41 and GSK621
(42 3re AMPK activators known for beneficial effects related to several diseases including diabetes, obesity, chronic
inflammation, and cancer, and deserve to be investigated in the context of cholestasis 3. In fact, recent studies
identified the AMPK/FXR axis as having critical role in cholestatic liver injuries 4. NRF2 transcription factor has
been considered to be almost exclusively positive in promoting cell survival under detrimental conditions due to
increased reactive oxygen radicals, via activation of target genes bearing antioxidant response element (ARE) in
their promoters 8. However, there are also negative effects related to NRF2, for example, excessive upregulation
of NRF2 pathway can result in cell dysfunction or help cancer cell survival and chemotherapy resistance 481, A
guest for NRF2 antagonists led to the identification of brusatol, a quassinoid isolated from an evergreen shrub
Brucea javanica , to decrease the level of NRF2 in a series of cancer cell lines 4847, The effect of such NRF2

inhibitors on models of cholestatic liver injuries, are still to be tested.

The signaling pathways initiated by BA through FXR, HNF4a, and other transcription factors and the effects of BA
on various homeostatic processes such as autophagy are still to be understood (i.e., how increased BA in the liver
due to biliary obstruction, influence cell energy homeostasis, autophagy and lysosome functions). Data from
studies on the effect of FXR agonist on liver cholestasis, have been controversial, probably due to a poor

understanding of the FXR role in autophagy.

In summary, recent studies show that increased ROS as result of BA toxicity in cholestasis, have negative effects
on autophagy, and more drugs are to be designed to address the signaling pathways of FXR in connection to

autophagy.

References

1. Samant, H.; Manatsathit, W.; Dies, D.; Shokouh-Amiri, H.; Zibari, G.; Boktor, M.; Alexander, J.S.
Cholestatic liver diseases: An era of emerging therapies. World J. Clin. Cases 2019, 7, 1571—

https://encyclopedia.pub/entry/13242 4/8



Farnesoid X Receptor | Encyclopedia.pub

10.

11.

12.

13.

1581.

. Hofmann, A.F.; Hagey, L.R. Bile acids: Chemistry, pathochemistry, biology, pathobiology, and

therapeutics. Cell Mol. Life Sci. 2008, 65, 2461-2483.

. Keitel, V.; Kubitz, R.; Haussinger, D. Endocrine and paracrine role of bile acids. World J.

Gastroenterol. 2008, 14, 5620-5629.

.Jiao, Y.; Lu, Y.; Li, X.Y. Farnesoid X receptor: A master regulator of hepatic triglyceride and

glucose homeostasis. Acta Pharmacol. Sin. 2015, 36, 44-50.

. Chiang, J.Y.L.; Ferrell, J.M. Bile acid receptors FXR and TGR5 signaling in fatty liver diseases

and therapy. Am. J. Physiol. Gastrointest. Liver Physiol. 2020, 318, G554-G573.

. Watanabe, M.; Houten, S.M.; Wang, L.; Moschetta, A.; Mangelsdorf, D.J.; Heyman, R.A.; Moore,

D.D.; Auwer, J. Bile acids lower triglyceride levels via a pathway involving FXR, SHP, and
SREBP-1c. J. Clin. Investig. 2004, 113, 1408-1418.

. Fiorucci, S.; Clerici, C.; Antonelli, E.; Orlandi, S.; Goodwin, B.; Sadeghpour, B.M.; Sabatino, G.;

Russo, G.; Castellani, D.; Willson, T.M.; et al. Protective effects of 6-ethyl chenodeoxycholic acid,
a farnesoid X receptor ligand, in estrogen-induced cholestasis. J. Pharmacol. Exp. Ther. 2005,
313, 604-612.

. Kowdley, K.V.; Vuppalanchi, R.; Levy, C.; Floreani, A.; Andreone, P.; LaRusso, N.F.; Shrestha, R.;

Trotter, J.; Goldberg, D.; Rushbrook, S.; et al. A randomized, placebo-controlled, phase Il study of
obeticholic acid for primary sclerosing cholangitis. J. Hepatol. 2020, 73, 94-101.

. Flatt, B.; Martin, R.; Wang, T.L.; Mahaney, P.; Murphy, B.; Gu, X.H.; Foster, P.; Li, J.; Pircher, P.;

Petrowski, M.; et al. Discovery of XL335 (WAY-362450), a highly potent, selective, and orally
active agonist of the farnesoid X receptor (FXR). J. Med. Chem. 2009, 52, 904-907.

Ma, Y.; Huang, Y.; Yan, L.; Gao, M.; Liu, D. Synthetic FXR agonist GW4064 prevents diet-induced
hepatic steatosis and insulin resistance. Pharm. Res. 2013, 30, 1447-1457.

Hegade, V.S.; Speight, R.A.; Etherington, R.E.; Jones, D.E. Novel bile acid therapeutics for the
treatment of chronic liver diseases. Therap. Adv. Gastroenterol. 2016, 9, 376-391.

Gadaleta, R.M.; Oldenburg, B.; Willemsen, E.C.; Spit, M.; Murzilli, S.; Salvatore, L.; Klomp, L.W.;
Siersema, P.D.; van Erpecum, K.J.; van Mil, S.W. Activation of bile salt nuclear receptor FXR is
repressed by pro-inflammatory cytokines activating NF-kappaB signaling in the intestine. Biochim.
Biophys. Acta 2011, 1812, 851-858.

Wang, Y.D.; Chen, W.D.; Wang, M.; Yu, D.; Forman, B.M.; Huang, W. Farnesoid X receptor
antagonizes nuclear factor kappaB in hepatic inflammatory response. Hepatology 2008, 48,
1632-1643.

https://encyclopedia.pub/entry/13242 5/8



Farnesoid X Receptor | Encyclopedia.pub

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cariello, M.; Piccinin, E.; Garcia-Irigoyen, O.; Sabba, C.; Moschetta, A. Nuclear receptor FXR, bile
acids and liver damage: Introducing the progressive familial intrahepatic cholestasis with FXR
mutations. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1308-1318.

Mederacke, I.; Hsu, C.C.; Troeger, J.S.; Huebener, P.; Mu, X.; Dapito, D.H.; Pradere, J.P,;
Schwabe, R.F. Fate tracing reveals hepatic stellate cells as dominant contributors to liver fibrosis
independent of its aetiology. Nat. Commun. 2013, 4, 2823.

Fickert, P.; Fuchsbichler, A.; Moustafa, T.; Wagner, M.; Zollner, G.; Halilbasic, E.; Stoger, U.;
Arrese, M.; Pizarro, M.; Solis, N.; et al. Farnesoid X receptor critically determines the fibrotic
response in mice but is expressed to a low extent in human hepatic stellate cells and periductal
myofibroblasts. Am. J. Pathol. 2009, 175, 2392-2405.

Fiorucci, S.; Rizzo, G.; Antonelli, E.; Renga, B.; Mencarelli, A.; Riccardi, L.; Orlandi, S.; Pruzanski,
M.; Morelli, A.; Pellicciari, R. A farnesoid x receptor-small heterodimer partner regulatory cascade
modulates tissue metalloproteinase inhibitor-1 and matrix metalloprotease expression in hepatic
stellate cells and promotes resolution of liver fibrosis. J. Pharmacol. Exp. Ther. 2005, 314, 584—
595.

Liu, H.M.; Lee, T.Y.; Liao, J.F. GW4064 attenuates lipopolysaccharideinduced hepatic
inflammation and apoptosis through inhibition of the Tolllike receptor 4mediated p38
mitogenactivated protein kinase signaling pathway in mice. Int. J. Mol. Med. 2018, 41, 1455-
1462.

Geerts, A. History, heterogeneity, developmental biology, and functions of quiescent hepatic
stellate cells. Semin. Liver Dis. 2001, 21, 311-335.

Dawson, P.A. Liver disease without flipping: New functions of ATP8B1, the protein affected in
familial intrahepatic cholestasis type 1. Hepatology 2010, 51, 1885-1887.

Stieger, B. Role of the bile salt export pump, BSEP, in acquired forms of cholestasis. Drug Metab.
Rev. 2010, 42, 437-445.

Soroka, C.J.; Boyer, J.L. Biosynthesis and trafficking of the bile salt export pump, BSEP:
Therapeutic implications of BSEP mutations. Mol. Asp. Med. 2014, 37, 3—14.

Kwo, P.; Patel, T.; Bronk, S.F.; Gores, G.J. Nuclear serine protease activity contributes to bile
acid-induced apoptosis in hepatocytes. Am. J. Physiol. 1995, 268, G613-G621.

Faubion, W.A.; Guicciardi, M.E.; Miyoshi, H.; Bronk, S.F.; Roberts, P.J.; Svingen, P.A.; Kaufmann,
S.H.; Gores, G.J. Toxic bile salts induce rodent hepatocyte apoptosis via direct activation of Fas.
J. Clin. Investig. 1999, 103, 137-145.

D’Amico, G.; Pasta, L.; Morabito, A.; D’Amico, M.; Caltagirone, M.; Malizia, G.; Tine, F.; Giannuoli,
G.; Traina, M.; Vizzini, G.; et al. Competing risks and prognostic stages of cirrhosis: A 25-year
inception cohort study of 494 patients. Aliment. Pharmacol. Ther. 2014, 39, 1180-1193.

https://encyclopedia.pub/entry/13242 6/8



Farnesoid X Receptor | Encyclopedia.pub

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yokoda, R.T.; Rodriguez, E.A. Review: Pathogenesis of cholestatic liver diseases. World J.
Hepatol. 2020, 12, 423-435.

Schwabl, P.; Laleman, W. Novel treatment options for portal hypertension. Gastroenterol. Rep.
2017, 5, 90-103.

Li, J.; Wilson, A.; Kuruba, R.; Zhang, Q.; Gao, X.; He, F.; Zhang, L.M.; Pitt, B.R.; Xie, W.; Li, S.
FXR-mediated regulation of eNOS expression in vascular endothelial cells. Cardiovasc. Res.
2008, 77, 169-177.

Mookerjee, R.P.; Mehta, G.; Balasubramaniyan, V.; Mohamed Fel, Z.; Davies, N.; Sharma, V.;
Iwakiri, Y.; Jalan, R. Hepatic dimethylarginine-dimethylaminohydrolasel is reduced in cirrhosis
and is a target for therapy in portal hypertension. J. Hepatol. 2015, 62, 325-331.

Schwabl, P.; Hambruch, E.; Seeland, B.A.; Hayden, H.; Wagner, M.; Garnys, L.; Strobel, B.;
Schubert, T.L.; Riedl, F.; Mitteregger, D.; et al. The FXR agonist PX20606 ameliorates portal
hypertension by targeting vascular remodelling and sinusoidal dysfunction. J. Hepatol. 2017, 66,
724-733.

Khambu, B.; Li, T.; Yan, S.; Yu, C.; Chen, X.; Goheen, M.; Li, Y.; Lin, J.; Cummings, O.W.; Lee,
Y.A.; et al. Hepatic Autophagy Deficiency Compromises Farnesoid X Receptor Functionality and
Causes Cholestatic Injury. Hepatology 2019, 69, 2196—-2213.

Gao, L.; Lv, G.; Guo, X.; Jing, Y.; Han, Z.; Zhang, S.; Sun, K.; Li, R.; Yang, Y.; Wel, L. Activation of
autophagy protects against cholestasis-induced hepatic injury. Cell Biosci. 2014, 4, 47.

Komatsu, M.; Kurokawa, H.; Waguri, S.; Taguchi, K.; Kobayashi, A.; Ichimura, Y.; Sou, Y.S.; Ueno,
I.; Sakamoto, A.; Tong, K.I.; et al. The selective autophagy substrate p62 activates the stress
responsive transcription factor Nrf2 through inactivation of Keapl. Nat. Cell Biol. 2010, 12, 213
223.

Ni, H.M.; Woolbright, B.L.; Williams, J.; Copple, B.; Cui, W.; Luyendyk, J.P.; Jaeschke, H.; Ding,
W.X. Nrf2 promotes the development of fibrosis and tumorigenesis in mice with defective hepatic
autophagy. J. Hepatol. 2014, 61, 617—-625.

Khambu, B.; Huda, N.; Chen, X.; Antoine, D.J.; Li, Y.; Dai, G.; Kohler, U.A.; Zong, W.X.; Waguri,
S.; Werner, S.; et al. HMGBL1 promotes ductular reaction and tumorigenesis in autophagy-
deficient livers. J. Clin. Investig. 2018, 128, 2419-2435.

Ma, Q. Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401—
426.

Kapuy, O.; Papp, D.; Vellai, T.; Banhegyi, G.; Korcsmaros, T. Systems-Level Feedbacks of NRF2
Controlling Autophagy upon Oxidative Stress Response. Antioxidants 2018, 7, 39.

https://encyclopedia.pub/entry/13242 7/8



Farnesoid X Receptor | Encyclopedia.pub

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Song, T.J.; Park, C.H.; In, K.R.; Kim, J.B.; Kim, J.H.; Kim, M.; Chang, H.J. Antidiabetic effects of
betulinic acid mediated by the activation of the AMP-activated protein kinase pathway. PLoS ONE
2021, 16, e02491009.

Rattan, R.; Giri, S.; Singh, A.K.; Singh, I. 5-Aminoimidazole-4-carboxamide-1-beta-D-
ribofuranoside inhibits cancer cell proliferation in vitro and in vivo via AMP-activated protein
kinase. J. Biol. Chem. 2005, 280, 39582-39593.

Viollet, B.; Foretz, M.; Guigas, B.; Horman, S.; Dentin, R.; Bertrand, L.; Hue, L.; Andreelli, F.
Activation of AMP-activated protein kinase in the liver: A new strategy for the management of
metabolic hepatic disorders. J. Physiol. 2006, 574, 41-53.

Guigas, B.; Bertrand, L.; Taleux, N.; Foretz, M.; Wiernsperger, N.; Vertommen, D.; Andreelli, F.;
Viollet, B.; Hue, L. 5-Aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside and metformin
inhibit hepatic glucose phosphorylation by an AMP-activated protein kinase-independent effect on
glucokinase translocation. Diabetes 2006, 55, 865-874.

Wu, Y.H.; Li, Q.; Li, P; Liu, B. GSK621 activates AMPK signaling to inhibit LPS-induced TNFalpha
production. Biochem. Biophys. Res. Commun. 2016, 480, 289—-295.

Li, X.; Liu, R.; Zhang, L.; Jiang, Z. The emerging role of AMP-activated protein kinase in
cholestatic liver diseases. Pharmacol. Res. 2017, 125, 105-113.

Li, T.; Zheng, R.; Xu, L.; Zhou, M.; Wang, X.; Guo, Q.; Ji, H.; Li, L. Picroside Il alleviates liver
injury induced by alpha-naphthylisothiocyanate through AMPK-FXR pathway. Toxicol. Appl.
Pharmacol. 2020, 408, 115248.

Zhang, D.D. Mechanistic studies of the Nrf2-Keapl signaling pathway. Drug Metab. Rev. 2006,
38, 769-789.

Ren, D.; Villeneuve, N.F.; Jiang, T.; Wu, T.; Lau, A.; Toppin, H.A.; Zhang, D.D. Brusatol enhances
the efficacy of chemotherapy by inhibiting the Nrf2-mediated defense mechanism. Proc. Natl.
Acad. Sci. USA 2011, 108, 1433-1438.

Ye, R.; Dai, N.; He, Q.; Guo, P.; Xiang, Y.; Zhang, Q.; Hong, Z.; Zhang, Q. Comprehensive anti-
tumor effect of Brusatol through inhibition of cell viability and promotion of apoptosis caused by
autophagy via the PI3K/Akt/mTOR pathway in hepatocellular carcinoma. Biomed. Pharmacother.
2018, 105, 962-973.

Retrieved from https://encyclopedia.pub/entry/history/show/35462

https://encyclopedia.pub/entry/13242 8/8



