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Pregnane X receptor (PXR, NR1I2), a prototypical member of the nuclear

receptor superfamily, has been implicated in various processes including

metabolism, immune response, and inflammation. The immune system is

made up of many interdependent parts, including lymphoid organs, cells, and

cytokines, which play important roles in identifying, repelling, and eliminating

pathogens and other foreign chemicals. An impaired immune system could

contribute to various physical dysfunction, including severe infections, allergic

diseases, autoimmune disorders, and other inflammatory diseases. Recent

studies revealed the involvement of PXR in the pathogenesis of immune

disorders and inflammatory responses. Thus, the aim of this work is to review

and discuss the advances in research associated with PXR on immunity and

inflammatory diseases and to provide insights into the development of

therapeutic interventions of immune disorders and inflammatory diseases by

targeting PXR.
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Introduction

Pregnane X receptor (PXR) is a member of the nuclear receptor superfamily with highly

conserved structures, that have an activation domain (AF), a central DNA-binding domain

(DBD), a hinge region, a ligand-binding domain (LBD), and an activation function 2 (AF2)

(1). Numerous studies have revealed human PXR to be commonly expressed in the small

intestine, colon, and liver (2), with a small amount of expression in CD4+ and CD8+ T

lymphocytes, CD19+ B lymphocytes, and CD14+ monocytes (3). It is widely reported that

PXR undergoes conformational changes when an array of ligands, ranging from exogenous

clinical medications to endogenous active compounds (4), bind to its LBD. The

conformational changes of PXR facilitate the recruitment of coactivators and the
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dissociation of corepressors, leading to the subsequent initiation of

PXR-targeted-gene transcription (5). It is known that PXR

predominantly regulates the expression of genes related to drug

transport and clearance (4, 6, 7).

Generally, human bodies defend against xenobiotic substances

through both the innate response and acquired immunity (8, 9).

Innate immunity consists of physiological barriers and innate

immune cells such as macrophages, granulocytes, and natural

killer cells, while acquired immunity involves immune organs, T

and B lymphocytes, and T/B cell-derived molecules (10, 11).

Despite the differences in modes of action, the two types of

immune responses coordinate with each other to protect the

body from pathogenic invasion through xenobiotic identification,

external chemical repulsion, and noxious substance elimination (12,

13). It has been demonstrated that crosstalk between PXR and

several innate immune signalings such as NF-kB, TLRs, and
inflammasomes contributed to PXR-modulated innate immune

responses, which further facilitated the adaptative immune

responses to infections caused by microbes such as bacteria (14–

16), viruses (17, 18), fungi (19, 20), and parasites (21, 22).

Biopsies from patients with immune-associated diseases as

well as animal research with PXR ligands suggest a clear

correlation between the biology of PXR and pathology of

immune disorders and inflammation (23–31); however, the

precise mechanisms are still unknown. Our document not

only reviews the relationship between PXR and the immune

system, but also summarizes the potential mechanisms through

which PXR regulates immune disorders and inflammatory

diseases, which will provide guidance for the development of
Frontiers in Immunology 02
therapeutic interventions targeting PXR and for the

advancement of further investigations on PXR.
PXR in immune cells

Macrophages play critical roles in regulating immunity and

inflammation. Recent research indicates a pivotal role of PXR in

macrophages by regulating NLRP3 inflammasome activation.

Using rodent-specific PXR agonist PCN, Hudson and his

colleagues observed that up-regulation of PXR induced the

secretion of IL-1b from primed mouse macrophages, which was

abrogated in PCN-treated primed macrophages isolated from

PXR-/- mice (32). They also reported that PXR promoted the

oligomerization of NLRP3 within activated macrophages under

conditions of infection or cellular dysfunction through the

stimulation of P2X7 receptor and the efflux of K+ via Pannexin-1

channel-and-Src kinase-dependent ATP release. Following NLRP3

oligomerization, the activation of caspase-1 subsequently induces

Gasdermin D cleavage and IL-1b release (33). Cleaved Gasdermin

D is reported to have the ability to punch holes in cell membranes

(34, 35), which is an underlying prerequisite for pyroptosis (35–37)

(Figure 1). Therefore, PXR induced NLRP3 inflammasome

activation in activated macrophages might be associated with a

large number of inflammatory diseases, such as inflammatory

bowel disease (38), atherosclerosis (39), and allergic contact

hypersensitivity (40). Moreover, the increased expression of PXR

in high-fat diet-treated mice (41), as well as the high levels of

NLRP3 inflammasome in macrophages in NAFLD (42), suggested
FIGURE 1

The role of PXR in the regulation of immune cells.
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a feedback loop in which NAFLD microenvironments upregulated

the expression of PXR and its downstream activation of NLRP3

inflammasome in macrophages, aggravating the severity

of NAFLD.

PXR has also been demonstrated to inhibit T cell immunity.

Using anti-CD3/CD28 or PMA to activate T lymphocytes and LPS

or CpG to induce Th1 immune response, Dubrac, et al. (3) found

that Th1 immune response (as opposed to Th2 immune response)

contributed to the expression of PXR. The overexpressed PXR, in

turn, blocked the proliferation signals of T lymphocytes in a PXR-

dependent fashion through inhibition of the MEK1/2 and NF-kB
pathways (3). Moreover, the inhibitory effects of PXR agonists on

CD25 expression and IFN-g production were observed both inmice

and human T lymphocytes (3) (Figure 1). All these effects were

abolished when PXR was deficient (3). Thus, the inhibitory role of

PXR in restraining T cell immunity might shed light on novel

therapeutic strategies for inflammatory diseases.

Casey, et al. (43) found that PXR and its target genes

perturbed the development and function of B-1 lymphocytes

in the fetal liver (Figure 1). They showed that the number of B-1

cells as well as the immune capacity of neonates was reduced

after their exposure to PXR agonists during the fetal period. In

contrast, gestational exposure to PXR antagonists could elevate

the level of B cells (43). Together, these results highlight the

pivotal role of PXR as a modulator of the immune response.
PXR in inflammatory diseases

PXR and IBD

Inflammatory bowel diseases (IBD), including ulcerative

colitis, and Crohn’s disease, are chronic relapsing disorders
Frontiers in Immunology 03
characterized by dysregulation of intestinal homeostasis,

disruption of intestinal epithelial barriers, and an increase of

intestinal permeability (44). IBD was previously regarded as a

disease that mainly occurred in western populations. However,

recent studies have reported that its prevalence is rising rapidly

and it has become increasingly life-threatening worldwide (45).

A large group of investigations has revealed the crucial role of

PXR in the pathogenesis of IBD.

PXR has been demonstrated to serve as a modulator to

maintain intestinal homeostasis. Multidrug resistance gene

(MDR) 1, mainly regulated by PXR and highly expressed in

intestinal epithelial cells, has been categorized as a transporter of

the ABC family (46). MDR1 regulates the expression of

transmembrane protein P-glycoprotein (P-gp), which drives out

toxins from the mucus layer to the gut lumen in the presence of

ATP, thus reducing the accumulation of multidrug-resistant drugs

in cells and maintaining intestinal homeostasis (46, 47). It has been

reported that reduced P-gp expression, attributable to Mdr1a gene

polymorphism, was observed in both patients with IBD andmouse

models with spontaneous colitis (48); and this effect was

ameliorated by rifaximin. Incubating three different intestinal

model cell lines (Caco2, HT-29, and LS174T) with various

concentrations of human recombinant TNF-a, Langman et al.

showed that the downregulation of PXR might be the most likely

cause of the downstream reduction of Mdr1a expression under

conditions of intestinal inflammation (49) (Figure 2). Evidence

from previous study has indicated that IL-1b decreased the

expression and functionality of P-gp in the human intestinal

epithelial cell line Caco-2 (50). Down-regulation of PXR by

imidacloprid (IMI) treatment exhibited high levels of TNF-a
and IL-1b both in vivo and in vitro (51).. In addition, previous

work also showed that PCN prevented dextran sulfate sodium

(DSS) -induced colitis through inhibition of TNF-a and IL-1b in a
FIGURE 2

Mechanisms underlying the role of PXR in the pathogenesis of IBD.
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PXR-dependent manner (52), suggesting a negative correlation

between PXR and IL-1 in modulating intestinal homeostasis under

the context of IBD. Taken together, PXR reduction in

inflammatory intestinal epithelial cells decreases the expression

of the Mdr1a gene and downstream P-gp, contributing to

dysregulated intestinal homeostasis.

PXR deficiency is the preliminary driving force for disrupted

intestinal epithelial barriers and increased intestinal permeability

in IBD. In one study, Nr1i2-/- mice exhibited enhanced

ultrastructural defects as characterized by a significant reduction

in villus-crypt ratio, loosely packed shorter microvilli, and

increased electron density of tight-junction (Tj) and adherens-

junction (Aj) complexes in the intestinal epithelium (28). These

pathological changes were significantly ameliorated in Nr1i2+/+

mice. Furthermore, the Nr1i2-/- mice also exhibited enhanced

intestinal permeability as confirmed by the researchers’ finding

that the change of mean levels of FITC-dextran in the serum of

Nr1i2-/- mice (488.9%) was nearly three times larger than that of

Nr1i2+/+ mice (193%). Their results suggested that PXR

deficiency exacerbated the disruption of intestinal barrier

function. The mechanism underlying the effect of PXR on

intestinal barrier and permeability is likely through TLR4. A

negative-related expression of PXR and Tlr4 mRNA was

observed both in Caco-2 cells and primary human intestinal

mucosa. It was observed that inhibition of TLR4 (as opposed to

TLR2) in Nr1i2-/- mice could decrease TNF-a and IL-6 levels,

which is consistent with the result that Pxr-/-Tlr4-/- mice

(compared with Pxr-/-Tlr2-/- mice) could effectively protect

against Listeria monocytogenes infection (53) (Figure 2).

Therefore, TLR4 plays a central role in PXR deficiency-

mediated impaired intestinal epithelial barriers and permeability.

It is universally recognized that PXR can inhibit NF-kB
pathway-related inflammatory responses in a ligand-dependent

manner (54, 55). Moreover, several effective PXR agonists such

as rifaximin (25, 32), curcumin (56), and Solomonterol A (29,

57–59), which have extended our understanding of the anti-

inflammatory role of PXR, are expected to be leveraged as

potential therapeutic drugs for clinical treatment of IBD.

In conclusion, the effect of PXR on IBD pathogenesis is

sophisticated and more investigations are needed to further

illuminate its novel functions and potential molecular mechanisms.
PXR and atherosclerosis

Atherosclerosis is considered a chronic inflammatory disease

of blood vessel walls. The main lesions are located in the

subendothel ia l space, where the chemokine-driven

mononuclear cells recruit and differentiate into macrophages,

a prerequisite for atherosclerosis (60). Macrophage and

endothelial cell (ECs)-mediated proinflammatory cytokine

release, as well as foam cell formation in subendothelial

lesions, have close associations with the pathogenesis of
Frontiers in Immunology 04
atherogenesis (61). Regarded as a leading cause of vascular

disease, atherosclerosis is gaining extensive attention

worldwide (62).

In animal models, myeloid-specific deficiency of PXR

decreased atherosclerosis in LDL receptor-deficient mice (63).

In addition, Sui et al. reported that exposure to perinatal

Bisphenol A, a potential agonist for human PXR, increased

atherosclerosis both in adult male PXR-humanized mice (64)

and PXR-humanized ApoE-deficient mice (65). Consistent with

these results, Zhou et al. demonstrated that activation of PXR

induced hypercholesterolemia in wild-type mice and accelerated

atherosclerosis in ApoE deficient mice (66). In contrast,

deficiency of PXR decreased atherosclerosis in ApoE-deficient

mice (67). At the molecular level, it has been documented that

the detrimental effect of PXR was mediated by decreased levels of

hepatic ApoA-IV, which has anti-atherogenic properties (67).

Furthermore, PXR deletion can reduce the formation of foam

cells and the accumulation of lipids in macrophages (63), which

contributes to atherosclerotic pathogenesis (68–73). PXR

ablation also decreased the expression of CD36, a well-known

scavenger receptor (63), by decreasing the levels of H3K4me3,

which is responsible for gene activation, and by increasing the

levels of H3K27me3, which is responsible for gene suppression,

in the promoter of CD36, resulting in the reduction of ox-LDL

uptake (64) (Figure 3). Furthermore, RNA-Seq analysis indicates

that PXR ligands influenced the expression of many genes

related to atherosclerosis in macrophages in vitro. For

example, genes involved in lipid metabolism and inflammatory

responses are modulated by the PXR agonist PCN

(Pregnenolone-16a-carbonitrile, a rodent-specific pregnane X

receptor activator) in a PXR-dependent manner (63).

Treatment with PXR ligands can inhibit platelet function,

such as platelet aggregation and adhesion, and granule secretion,

reduce thrombus formation (74). Additionally, the human-

specific ligand, SR12813, was observed to attenuate the

formation of thrombi in vivo in humanized PXR transgenic

mice through the inhibition of Src-family kinases (SFKs) (74). It

seems plausible that the anti-thrombotic effects of PXR ligands

may provide additional anti-atherosclerotic properties.

Although the contradictory results can be explained by the

different conditions and animal models used. Because foam

cells formation is the driving force behind atherosclerosis, the

anti-thrombotic function of PXR may not play a decisive role in

the pathologic processes of atherosclerosis.

Overall, these results suggest that antagonizing PXR activity

may provide therapeutic benefits in the management

of atherosclerosis.
PXR and Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD), which encompasses

steatosis with or without mild inflammation and non-alcoholic
frontiersin.org
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steatohepatitis (NASH), has a global prevalence of 25% (75).

Accumulating evidence has indicated an association between PXR

and the molecular mechanism of NAFLD pathogenesis.

Activation of PXR in both mouse models and human primary

hepatocytes has been shown to increase lipogenesis while

decreasing lipid oxidation, thus promoting the accumulation of

lipids in the liver (76–79). Mechanically, it has been revealed that

PCN downregulates the expression of CPT1A (b-oxidation) and
mitochondrial HMGCS2 (ketogenesis) but upregulates the

expression of SCD1 (lipogenesis) in a PXR-dependent manner

partly through the interaction between PXR and the insulin

response forkhead factor FoxA2 (77). It has also been revealed

that both genetically and pharmacologically activated PXR in the

liver induce fatty acid translocase (FAT)/CD36 proteins other

than SREBP-1c, which is responsible for the transcription of

lipogenic genes (76). Another possible mechanism is the

induction of SLC13A5, which can transport circulatory citrate

to the hepatocyte under the control of PXR, thus facilitating de

novo lipogenesis (79) (Figure 4).

Although severe spontaneous hepatic steatosis has also been

observed in PXR-/- mice (77), He et al. (80) indicated that PXR

ablation protected mice from both high fat diet-induced and gene

mutation-induced insulin resistance and hepatic steatosis. These

contradictory findings, which have added yet another layer of

complexity to our understanding of the role of PXR in lipid

metabolism homeostasis and NAFLD, may be explained by

different genetic backgrounds of mice used and PCN treatment

dosage and schedules. Whether targeting PXR can be used as a

therapeutic strategy for NAFLD and its associated diseases

requires further validation.
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Others

In addition to the role of PXR in IBD, atherosclerosis, and

NAFLD, PXR has also been demonstrated to act as a critical

regulator in other inflammatory diseases including acute kidney

injury, ascending placentitis, and atopic dermatitis. PXR has recently

been found to target AKR1B7, a member of the AKR superfamily, to

improve mitochondrial function and to protect against renal

dysfunction in acute kidney injury (81, 82). Furthermore, Ali et al.

(83) revealed significant downregulation of PXR and several other

steroid hormone receptors during equine ascending placentitis in the

chorioallantois and/or endometrium. Moreover, it has also been

observed that lipophilic components of environmental pollutants

penetrated the impaired skin barrier and activated PXR in the basal

layer, inducing the release of cytokines by keratinocytes and skin T

cells. Cytokines, which were derived from Th2 and Th17 cells,

further mediated skin inflammatory responses similar to atopic

dermatitis (24). However, no research has shown the relationship

between PXR and trained immunity to date, which needs

investigation in the future.

Accumulating evidence has indicated the involvement of

PXR in the development of cancer. It has been described that

PXR activation was protective in hepatocellular carcinoma

(HCC), as evidenced by the fact that the PXR level was

decreased in mice with HCC, while the migration, adhesion,

and invasion were reduced in HepG2 cells transfected with PXR

(84). In addition, Zsanett and collaborators reported that

indolepropionic acid (IPA), a bacterial metabolite, inhibited

cell growth in breast cancer through the activation of PXR and

AHR receptors. And breast cancer patients with higher
FIGURE 3

Mechanisms underlying the role of PXR in the pathogenesis of atherosclerosis.
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expression of PXR and AHR exhibited a better prognosis (85).

However, it has also been revealed that PXR conferred colon

cancer cells the ability to tolerate the genotoxicity of

chemotherapeutic agents through MDR1/CYP3A4-mediated

drug metabolisms, contributing to drug resistance (86). In

conclusion, these results suggest that tissue-specific regulation

of PXR may play an important role in tumor growth and the

discovery of the pleiotropic role of PXR in cancers may open the

door for novel approaches treating malignant tumors.

It was also revealed that the bile acid-activated receptor PXR

modulated the communications between the intestinal immune

system and intestinal microbiota (87). Moreover, additional

studies reported the increased infiltration of inflammatory cells

accompanied with the decreased expression of PXR in the liver

of colitis mice treated with DSS (88). Collectively, these studies

provided a preliminary hint that PXR may serve as a mediator in

the “gut-liver” axis.
Summary and future perspectives

Considered as a pivotal nuclear receptor, PXR has been

reported to be involved in regulating several immune cells and

modulating the process of immune responses. As mentioned

above, the activation of PXR promotes the NLRP3-mediated

pyroptosis, inhibits T cell proliferation, and represses the

development and function of B-1 lymphocytes in the fetal

liver. PXR has also been demonstrated to participate in the
Frontiers in Immunology 06
pathogenesis of inflammatory diseases. The sophisticated roles

of PXR, such as the protective effect of PXR in IBD, the

pathogenic role of PXR in atherosclerosis, and the

bidirectional functions of PXR in NAFLD, provide us with a

profound understanding of the immune system and immune

response-associated diseases. However, the detailed mechanisms

underlying the PXR-mediated pathologic processes of

inflammatory diseases need to be further explored and more

investigations targeting on clinical cases are needed. Our

document illuminates the multiple roles of PXR in immune-

and inflammation-related diseases, which not only unravels the

potential molecular mechanisms of these pathologic events but

also provides insights into the development of therapeutic

interventions targeting PXR and for the advancement of

further investigations on PXR.
Author contributions

LS wrote the manuscript. ZS and QW revised the text. ZJ and

YZ supervised the work. All authors contributed to the article

and approved the submitted version.
Funding

This work was supported by grants from the National Natural

Science Foundation of China (82070701, 81873599, 82170754,
FIGURE 4

Mechanisms underlying the role of PXR activation in the pathogenesis of NAFLD.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.969399
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sun et al. 10.3389/fimmu.2022.969399
81700651) and Science and Technology Development Foundation

of Nanjing Medical University (NMUB2020038).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Frontiers in Immunology 07
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Giguère V. Orphan nuclear receptors: From gene to function. Endocr Rev
(1999) 20(5):689–725. doi: 10.1210/edrv.20.5.0378

2. Zhang B, Xie W, Krasowski MD. Pxr: A xenobiotic receptor of diverse
function implicated in pharmacogenetics. Pharmacogenomics (2008) 9(11):1695–
709. doi: 10.2217/14622416.9.11.1695

3. Dubrac S, Elentner A, Ebner S, Horejs-Hoeck J, Schmuth M. Modulation of T
lymphocyte function by the pregnane X receptor. J Immunol (2010) 184(6):2949–
57. doi: 10.4049/jimmunol.0902151

4. Gao J, Xie W. Pregnane X receptor and constitutive androstane receptor at
the crossroads of drug metabolism and energy metabolism. Drug Metab Dispos
(2010) 38(12):2091–5. doi: 10.1124/dmd.110.035568

5. Aranda A, Pascual A. Nuclear hormone receptors and gene expression.
Physiol Rev (2001) 81(3):1269–304. doi: 10.1152/physrev.2001.81.3.1269

6. Xing Y, Yan J, Niu Y. Pxr: A center of transcriptional regulation in cancer.
Acta Pharm Sin B (2020) 10(2):197–206. doi: 10.1016/j.apsb.2019.06.012

7. Kim CH. Immune regulation by microbiome metabolites. Immunology
(2018) 154(2):220–9. doi: 10.1111/imm.12930

8. Sun L, Wang X, Saredy J, Yuan Z, Yang X, Wang H. Innate-adaptive
immunity interplay and redox regulation in immune response. Redox Biol (2020)
37:101759. doi: 10.1016/j.redox.2020.101759

9. Xu X, Jiang Y. The yin and yang of innate immunity in stroke. BioMed Res Int
(2014) 2014:807978. doi: 10.1155/2014/807978

10. Cui B, Lin H, Yu J, Yu J, Hu Z. Autophagy and the immune response. Adv
Exp Med Biol (2019) 1206:595–634. doi: 10.1007/978-981-15-0602-4_27

11. Nicholson LB. The immune system. Essays Biochem (2016) 60(3):275–301.
doi: 10.1042/ebc20160017

12. Koenderman L, Buurman W, Daha MR. The innate immune response.
Immunol Lett (2014) 162(2 Pt B):95–102. doi: 10.1016/j.imlet.2014.10.010

13. Parkin J, Cohen B. An overview of the immune system. Lancet (2001) 357
(9270):1777–89. doi: 10.1016/s0140-6736(00)04904-7

14. Sun M, Cui W, Woody SK, Staudinger JL. Pregnane X receptor modulates
the inflammatory response in primary cultures of hepatocytes. Drug Metab Dispos
(2015) 43(3):335–43. doi: 10.1124/dmd.114.062307

15. Sakai J, Cammarota E, Wright JA, Cicuta P, Gottschalk RA, Li N, et al.
Lipopolysaccharide-induced nf-kb nuclear translocation is primarily dependent on
Myd88, but tnfa expression requires trif and Myd88. Sci Rep (2017) 7(1):1428.
doi: 10.1038/s41598-017-01600-y

16. Beigneux AP, Moser AH, Shigenaga JK, Grunfeld C, Feingold KR.
Reduction in cytochrome p-450 enzyme expression is associated with repression
of car (Constitutive androstane receptor) and pxr (Pregnane X receptor) in mouse
liver during the acute phase response. Biochem Biophys Res Commun (2002) 293
(1):145–9. doi: 10.1016/s0006-291x(02)00196-1

17. Planès R, BenMohamed L, Leghmari K, Delobel P, Izopet J, Bahraoui E. Hiv-
1 tat protein induces pd-L1 (B7-H1) expression on dendritic cells through tumor
necrosis factor alpha- and toll-like receptor 4-mediated mechanisms. J Virol (2014)
88(12):6672–89. doi: 10.1128/jvi.00825-14

18. Ronaldson PT, Bendayan R. Hiv-1 viral envelope glycoprotein Gp120
triggers an inflammatory response in cultured rat astrocytes and regulates the
functional expression of p-glycoprotein. Mol Pharmacol (2006) 70(3):1087–98.
doi: 10.1124/mol.106.025973

19. Bulgaru CV, Marin DE, Pistol GC, Taranu I. Zearalenone and the immune
response. Toxins (Basel) (2021) 13(4):1–20. doi: 10.3390/toxins13040248
20. Ding X, Lichti K, Staudinger JL. The mycoestrogen zearalenone induces
Cyp3a through activation of the pregnane X receptor. Toxicol Sci (2006) 91(2):448–
55. doi: 10.1093/toxsci/kfj163

21. Aldieri E, Atragene D, Bergandi L, Riganti C, Costamagna C, Bosia A, et al.
Artemisinin inhibits inducible nitric oxide synthase and nuclear factor nf-kb
activation. FEBS Lett (2003) 552(2-3):141–4. doi: 10.1016/s0014-5793(03)00905-0

22. Shimamoto Y, Sasaki M, Ikadai H, Ishizuka M, Yokoyama N, Igarashi I,
et al. Downregulation of hepatic cytochrome P450 3a in mice infected with babesia
microti. J Vet Med Sci (2012) 74(2):241–5. doi: 10.1292/jvms.11-0036

23. Noreault-Conti TL, Fellows A, Jacobs JM, Trask HW, Strom SC, Evans RM,
et al. Arsenic decreases rxralpha-dependent transcription of Cyp3a and suppresses
immune regulators in hepatocytes. Int Immunopharmacol (2012) 12(4):651–6.
doi: 10.1016/j.intimp.2012.01.008

24. Elentner A, Schmuth M, Yannoutsos N, Eichmann TO, Gruber R, Radner
FPW, et al. Epidermal overexpression of xenobiotic receptor pxr impairs the
epidermal barrier and triggers Th2 immune response. J Invest Dermatol (2018) 138
(1):109–20. doi: 10.1016/j.jid.2017.07.846

25. Mencarelli A, Renga B, Palladino G, Claudio D, Ricci P, Distrutti E, et al.
Inhibition of nf-kappab by a pxr-dependent pathway mediates counter-regulatory
activities of rifaximin on innate immunity in intestinal epithelial cells. Eur J
Pharmacol (2011) 668(1-2):317–24. doi: 10.1016/j.ejphar.2011.06.058

26. Chazouilleres O. Novel aspects in the management of cholestatic liver
diseases. Dig Dis (2016) 34(4):340–6. doi: 10.1159/000444544

27. Hu G, Xu C, Staudinger JL. Pregnane X receptor is sumoylated to repress the
inflammatory response. J Pharmacol Exp Ther (2010) 335(2):342–50. doi: 10.1124/
jpet.110.171744

28. Venkatesh M, Mukherjee S, Wang H, Li H, Sun K, Benechet AP, et al.
Symbiotic bacterial metabolites regulate gastrointestinal barrier function Via the
xenobiotic sensor pxr and toll-like receptor 4. Immunity (2014) 41(2):296–310.
doi: 10.1016/j.immuni.2014.06.014

29. Mencarelli A, D'Amore C, Renga B, Cipriani S, Carino A, Sepe V, et al.
Solomonsterol a, a marine pregnane-X-Receptor agonist, attenuates inflammation
and immune dysfunction in a mouse model of arthritis. Mar Drugs (2013) 12
(1):36–53. doi: 10.3390/md12010036

30. Wallace K, Cowie DE, Konstantinou DK, Hill SJ, Tjelle TE, Axon A, et al.
The pxr is a drug target for chronic inflammatory liver disease. J Steroid Biochem
Mol Biol (2010) 120(2-3):137–48. doi: 10.1016/j.jsbmb.2010.04.012

31. Folwaczny M, Tengler B, Glas J. Variants of the human Nr1i2 (Pxr) locus in
chronic periodontitis. J Periodontal Res (2012) 47(2):174–9. doi: 10.1111/j.1600-
0765.2011.01417.x

32. Hudson G, Flannigan KL, Venu VKP, Alston L, Sandall CF, MacDonald JA,
et al. Pregnane X receptor activation triggers rapid atp release in primed
macrophages that mediates Nlrp3 inflammasome activation. J Pharmacol Exp
Ther (2019) 370(1):44–53. doi: 10.1124/jpet.118.255679

33. Woolbright BL, Jaeschke H. Role of the inflammasome in acetaminophen-
induced liver injury and acute liver failure. J Hepatol (2017) 66(4):836–48.
doi: 10.1016/j.jhep.2016.11.017

34. Hu JJ, Liu X, Xia S, Zhang Z, Zhang Y, Zhao J, et al. Fda-approved disulfiram
inhibits pyroptosis by blocking gasdermin d pore formation. Nat Immunol (2020)
21(7):736–45. doi: 10.1038/s41590-020-0669-6

35. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin d causes pyroptosis by forming membrane pores. Nature
(2016) 535(7610):153–8. doi: 10.1038/nature18629
frontiersin.org

https://doi.org/10.1210/edrv.20.5.0378
https://doi.org/10.2217/14622416.9.11.1695
https://doi.org/10.4049/jimmunol.0902151
https://doi.org/10.1124/dmd.110.035568
https://doi.org/10.1152/physrev.2001.81.3.1269
https://doi.org/10.1016/j.apsb.2019.06.012
https://doi.org/10.1111/imm.12930
https://doi.org/10.1016/j.redox.2020.101759
https://doi.org/10.1155/2014/807978
https://doi.org/10.1007/978-981-15-0602-4_27
https://doi.org/10.1042/ebc20160017
https://doi.org/10.1016/j.imlet.2014.10.010
https://doi.org/10.1016/s0140-6736(00)04904-7
https://doi.org/10.1124/dmd.114.062307
https://doi.org/10.1038/s41598-017-01600-y
https://doi.org/10.1016/s0006-291x(02)00196-1
https://doi.org/10.1128/jvi.00825-14
https://doi.org/10.1124/mol.106.025973
https://doi.org/10.3390/toxins13040248
https://doi.org/10.1093/toxsci/kfj163
https://doi.org/10.1016/s0014-5793(03)00905-0
https://doi.org/10.1292/jvms.11-0036
https://doi.org/10.1016/j.intimp.2012.01.008
https://doi.org/10.1016/j.jid.2017.07.846
https://doi.org/10.1016/j.ejphar.2011.06.058
https://doi.org/10.1159/000444544
https://doi.org/10.1124/jpet.110.171744
https://doi.org/10.1124/jpet.110.171744
https://doi.org/10.1016/j.immuni.2014.06.014
https://doi.org/10.3390/md12010036
https://doi.org/10.1016/j.jsbmb.2010.04.012
https://doi.org/10.1111/j.1600-0765.2011.01417.x
https://doi.org/10.1111/j.1600-0765.2011.01417.x
https://doi.org/10.1124/jpet.118.255679
https://doi.org/10.1016/j.jhep.2016.11.017
https://doi.org/10.1038/s41590-020-0669-6
https://doi.org/10.1038/nature18629
https://doi.org/10.3389/fimmu.2022.969399
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sun et al. 10.3389/fimmu.2022.969399
36. Wang Y, Gao W, Shi X, Ding J, Liu W, He H, et al. Chemotherapy drugs
induce pyroptosis through caspase-3 cleavage of a gasdermin. Nature (2017) 547
(7661):99–103. doi: 10.1038/nature22393

37. Kovacs SB, Miao EA. Gasdermins: Effectors of pyroptosis. Trends Cell Biol
(2017) 27(9):673–84. doi: 10.1016/j.tcb.2017.05.005

38. Zhen Y, Zhang H. Nlrp3 inflammasome and inflammatory bowel disease.
Front Immunol (2019) 10:276. doi: 10.3389/fimmu.2019.00276

39. Grebe A, Hoss F, Latz E. Nlrp3 inflammasome and the il-1 pathway in
atherosc leros i s . Circ Res (2018) 122(12) :1722–40. doi : 10.1161/
circresaha.118.311362

40. Sebastião AI, Ferreira I, Brites G, Silva A, Neves BM, Teresa Cruz M. Nlrp3
inflammasome and allergic contact dermatitis: A connection to demystify.
Pharmaceutics (2020) 12(9):1–16. doi: 10.3390/pharmaceutics12090867

41. Li X, Wang Z, Klaunig JE. Modulation of xenobiotic nuclear receptors in
high-fat diet induced non-alcoholic fatty liver disease. Toxicology (2018) 410:199–
213. doi: 10.1016/j.tox.2018.08.007

42. Liu W, Bai F, Wang H, Liang Y, Du X, Liu C, et al. Tim-4 inhibits Nlrp3
inflammasome Via the Lkb1/Ampka pathway in macrophages. J Immunol (2019)
203(4):990–1000. doi: 10.4049/jimmunol.1900117

43. Casey SC, Blumberg B. The steroid and xenobiotic receptor negatively
regulates b-1 cell development in the fetal liver. Mol Endocrinol (2012) 26(6):916–
25. doi: 10.1210/me.2011-1303

44. Zhang YZ, Li YY. Inflammatory bowel disease: Pathogenesis. World J
Gastroenterol (2014) 20(1):91–9. doi: 10.3748/wjg.v20.i1.91

45. Sairenji T, Collins KL, Evans DV. An update on inflammatory bowel
disease. Prim Care (2017) 44(4):673–92. doi: 10.1016/j.pop.2017.07.010

46. Ho GT, Moodie FM, Satsangi J. Multidrug resistance 1 gene (P-glycoprotein
170): An important determinant in gastrointestinal disease? Gut (2003) 52(5):759–
66. doi: 10.1136/gut.52.5.759

47. Panwala CM, Jones JC, Viney JL. A novel model of inflammatory bowel
disease: Mice deficient for the multiple drug resistance gene, Mdr1a, spontaneously
develop colitis. J Immunol (1998) 161(10):5733–44.

48. Schwab M, Schaeffeler E, Marx C, Fromm MF, Kaskas B, Metzler J, et al.
Association between the C3435t Mdr1 gene polymorphism and susceptibility for
ulcerative colitis. Gastroenterology (2003) 124(1):26–33. doi: 10.1053/
gast.2003.50010

49. Langmann T, Moehle C, Mauerer R, Scharl M, Liebisch G, Zahn A, et al.
Loss of detoxification in inflammatory bowel disease: Dysregulation of pregnane X
receptor target genes. Gastroenterology (2004) 127(1):26–40. doi: 10.1053/
j.gastro.2004.04.019

50. Saib S, Hodin S, Mercier C, Paul M, Bin V, Ollier E, et al. Tnf-a and il-1b
exposure modulates the expression and functionality of p-glycoprotein in intestinal
and renal barriers. Mol Pharm (2022) 19(7):2327–34. doi: 10.1021/
acs.molpharmaceut.2c00140

51. Zhao GP, Wang XY, Li JW, Wang R, Ren FZ, Pang GF, et al. Imidacloprid
increases intestinal permeability by disrupting tight junctions. Ecotoxicol Environ
Saf (2021) 222:112476. doi: 10.1016/j.ecoenv.2021.112476

52. Uehara D, Tojima H, Kakizaki S, Yamazaki Y, Horiguchi N, Takizawa D,
et al. Constitutive androstane receptor and pregnane X receptor cooperatively
ameliorate dss-induced colitis. Dig Liver Dis (2019) 51(2):226–35. doi: 10.1016/
j.dld.2018.10.008

53. Qiu Z, Cervantes JL, Cicek BB, Mukherjee S, Venkatesh M, Maher LA, et al.
Pregnane X receptor regulates pathogen-induced inflammation and host defense
against an intracellular bacterial infection through toll-like receptor 4. Sci Rep
(2016) 6:31936. doi: 10.1038/srep31936

54. Shah YM, Ma X, Morimura K, Kim I, Gonzalez FJ. Pregnane X receptor
activation ameliorates dss-induced inflammatory bowel disease Via inhibition of
nf-kappab target gene expression. Am J Physiol Gastrointest Liver Physiol (2007)
292(4):G1114–22. doi: 10.1152/ajpgi.00528.2006

55. Mencarelli A, Migliorati M, Barbanti M, Cipriani S, Palladino G, Distrutti E,
et al. Pregnane-X-Receptor mediates the anti-inflammatory activities of rifaximin
on detoxification pathways in intestinal epithelial cells. Biochem Pharmacol (2010)
80(11):1700–7. doi: 10.1016/j.bcp.2010.08.022

56. Nones K, Dommels YE, Martell S, Butts C, McNabbWC, Park ZA, et al. The
effects of dietary curcumin and rutin on colonic inflammation and gene expression
in multidrug resistance gene-deficient (Mdr1a-/-) mice, a model of inflammatory
bowel diseases. Br J Nutr (2009) 101(2):169–81. doi: 10.1017/S0007114508009847

57. Sepe V, Ummarino R, D'Auria MV, Mencarelli A, D'Amore C, Renga B,
et al. Total synthesis and pharmacological characterization of solomonsterol a, a
potent marine pregnane-X-Receptor agonist endowed with anti-inflammatory
activity. J Med Chem (2011) 54(13):4590–9. doi: 10.1021/jm200241s

58. Sepe V, Ummarino R, D'Auria MV, Lauro G, Bifulco G, D'Amore C, et al.
Modification in the side chain of solomonsterol a: Discovery of cholestan disulfate
Frontiers in Immunology 08
as a potent pregnane-X-Receptor agonist. Org Biomol Chem (2012) 10(31):6350–
62. doi: 10.1039/c2ob25800e

59. De Marino S, Ummarino R, D'Auria MV, Chini MG, Bifulco G, D'Amore
C, et al. 4-methylenesterols from theonella swinhoei sponge are natural
pregnane-X-Receptor agonists and farnesoid-X-Receptor antagonists that
modulate innate immunity. Steroids (2012) 77(5):484–95. doi: 10.1016/
j.steroids.2012.01.006

60. Denison MS, Pandini A, Nagy SR, Baldwin EP, Bonati L. Ligand binding
and activation of the ah receptor. Chem Biol Interact (2002) 141(1-2):3–24.
doi: 10.1016/s0009-2797(02)00063-7

61. Vogel CF, Sciullo E, Wong P, Kuzmicky P, Kado N, Matsumura F. Induction
of proinflammatory cytokines and c-reactive protein in human macrophage cell
line U937 exposed to air pollution particulates. Environ Health Perspect (2005) 113
(11):1536–41. doi: 10.1289/ehp.8094

62. Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt MS,
et al. Atherosclerosis. Nat Rev Dis Primers (2019) 5(1):56. doi: 10.1038/s41572-019-
0106-z

63. Sui Y, Meng Z, Park SH, Lu W, Livelo C, Chen Q, et al. Myeloid-specific
deficiency of pregnane X receptor decreases atherosclerosis in ldl receptor-deficient
mice. J Lipid Res (2020) 61(5):696–706. doi: 10.1194/jlr.RA119000122

64. Sui Y, Park SH, Wang F, Zhou C. Perinatal bisphenol a exposure increases
atherosclerosis in adult Male pxr-humanized mice. Endocrinology (2018) 159
(4):1595–608. doi: 10.1210/en.2017-03250

65. Sui Y, Park SH, Helsley RN, Sunkara M, Gonzalez FJ, Morris AJ, et al.
Bisphenol a increases atherosclerosis in pregnane X receptor-humanized apoe
deficient mice. J Am Heart Assoc (2014) 3(2):e000492. doi: 10.1161/
jaha.113.000492

66. Zhou C, King N, Chen KY, Breslow JL. Activation of pxr induces
hypercholesterolemia in wild-type and accelerates atherosclerosis in apoe
deficient mice. J Lipid Res (2009) 50(10):2004–13. doi: 10.1194/jlr.M800608-
JLR200

67. Sui Y, Xu J, Rios-Pilier J, Zhou C. Deficiency of pxr decreases atherosclerosis
in apoe-deficient mice. J Lipid Res (2011) 52(9):1652–9. doi: 10.1194/jlr.M017376

68. Pryma CS, Ortega C, Dubland JA, Francis GA. Pathways of smooth muscle
foam cell formation in atherosclerosis. Curr Opin Lipidol (2019) 30(2):117–24.
doi: 10.1097/mol.0000000000000574

69. Orekhov AN. Ldl and foam cell formation as the basis of atherogenesis. Curr
Opin Lipidol (2018) 29(4):279–84. doi: 10.1097/mol.0000000000000525

70. Poznyak AV, Wu WK, Melnichenko AA, Wetzker R, Sukhorukov V,
Markin AM, et al. Signaling pathways and key genes involved in regulation of
foam cell formation in atherosclerosis. Cells (2020) 9(3):1–11. doi: 10.3390/
cells9030584

71. Liu X, Wu J, Tian R, Su S, Deng S, Meng X. Targeting foam cell formation
and macrophage polarization in atherosclerosis: The therapeutic potential of
rhubarb. BioMed Pharmacother (2020) 129:110433. doi : 10.1016/
j.biopha.2020.110433

72. Chistiakov DA, Melnichenko AA, Myasoedova VA, Grechko AV, Orekhov
AN. Mechanisms of foam cell formation in atherosclerosis. J Mol Med (Berl) (2017)
95(11):1153–65. doi: 10.1007/s00109-017-1575-8

73. Maguire EM, Pearce SWA, Xiao Q. Foam cell formation: A new target for
fighting atherosclerosis and cardiovascular disease. Vascul Pharmacol (2019)
112:54–71. doi: 10.1016/j.vph.2018.08.002

74. Flora GD, Sahli KA, Sasikumar P, Holbrook LM, Stainer AR, AlOuda SK,
et al. Non-genomic effects of the pregnane X receptor negatively regulate platelet
functions, thrombosis and haemostasis. Sci Rep (2019) 9(1):17210. doi: 10.1038/
s41598-019-53218-x

75. Powell EE, Wong VW, Rinella M. Non-alcoholic fatty liver disease. Lancet
(2021) 397(10290):2212–24. doi: 10.1016/s0140-6736(20)32511-3

76. Zhou J, Zhai Y, Mu Y, Gong H, Uppal H, Toma D, et al. A novel pregnane X
receptor-mediated and sterol regulatory element-binding protein-independent
lipogenic pathway. J Biol Chem (2006) 281(21):15013–20. doi: 10.1074/
jbc.M511116200

77. Nakamura K, Moore R, Negishi M, Sueyoshi T. Nuclear pregnane X
receptor cross-talk with Foxa2 to mediate drug-induced regulation of lipid
metabolism in fasting mouse liver. J Biol Chem (2007) 282(13):9768–76.
doi: 10.1074/jbc.M610072200
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