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Abstract

Apart from their commonly known, almost exclusive role in nutrient absorption and cholesterol homeostasis, there is now
empirical evidence to suggest that bile acids exert pleiotropic effects on the host immune system. Here, bile acids serve as
ligands for various evolutionarily conserved nuclear hormone and G-protein-coupled receptors. The wide distribution of these
bile acid-activated receptors among tissues and cells, especially the immune cells of the intestine, facilitates the influence of
bile acids on host gut immune responses. Concurrently, these immune cells are bound to experience endoplasmic reticulum
(ER) stress due to dynamic cellular functions, resulting in the activation of a salvage pathway, the unfolded protein response
(UPR). Severely dysregulated ER stress signaling cascade is found to be associated with many debilitating inflammatory
disorders. Finally, there is growing evidence of the interplay between bile acids and ER stress signaling pathways gearing
towards inflammation-driven intestinal disorders. This review expounds on the enigmatic networking of the triad: bile acids,
ER stress and inflammation—emphasizing on molecular players of the signaling cascades involving the trio, which may offer

a promising therapeutic approach for inflammation-driven disorders in the intestine.
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Introduction

Bile acids are a class of amphipathic steroids that are one
of the primary end-products of cholesterol catabolism. On
one hand they are mainly involved in bile synthesis, nutri-
ent uptake and lipid absorption (Chiang 2009), while on the
other, the microbial community of the intestine metabolizes
these bile acids, imparting them a multifarious role (Ridlon
et al. 2006). Primary bile acids, cholic acid (CA) and che-
nodeoxycholic acid (CDCA) produced by the hepatocytes
are classic examples of the above phenomenon. Conjuga-
tion with glycine or taurine enhances the aqueous solubil-
ity of these bile acids and prevent their permeability across
the intestinal membrane (Hofmann and Mysels 1992). As
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a result, the conjugated forms of the primary bile acids are
actively absorbed and transported in the terminal ileum via
portal circulation. Hence, the bile acids concentrate in the
intraluminal region of the biliary tract and proximal small
intestine, facilitating dietary fat solubilization and absorp-
tion (Setchell et al. 2013). Sequentially, the microbiota of
the digestive tract transforms the unabsorbed primary bile
acids into secondary bile acids, deoxycholic acid (DCA),
lithocholic acid (LCA) and ursodeoxycholic acid (UDCA)
which are passively reabsorbed in the large intestine.

Bile acids also account for landscaping the gut micro-
biota by curbing the growth of pathogenic microbes such
as Clostridium difficile (Savidge and Sorg 2019). The other
functions include bolstering the integrity of the epithelial
barrier and restructuring the epithelial architecture to pre-
vent bacterial overgrowth and translocation (Inagaki et al.
2006). Besides, the bile acids also actively regulate immune-
modulatory effects and partake in fine-tuning the immune
cell functions in the intestine (Guo et al. 2016; Hang et al.
2019) suggesting plausible role of bile acids in regulat-
ing inflammation. On the other hand, reports suggest the
involvement of endoplasmic reticulum stress (ER stress) in
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potentiating inflammation or the causality of inflammation,
implying ER dysfunction as one of the hallmarks of inflamed
cells (Grootjans et al. 2016). Highly functional activated
immune cells in the intestine with a secretory load greater
than the basal rate are generally rich in ER to cope with
ER stress by initiating an adaptive response called unfolded
protein response (UPR). Derailment of ER stress driven-
UPR precedes various pathological conditions including
autoimmunity, metabolic disorders, cancer, and neurode-
generative diseases. Furthermore, bile acids and ER stress
seemingly share a wide range of regulators and effectors of
the inflammatory process, which paves the way for compel-
ling speculation; if bile acids could counteract inflammation
induced by ER stress (Fig. 1). This review hence attempts
at exploring the existing pathways and connecting the dots
to establish possible interactions of bile acids with the ER
stress-UPR signaling and inflammation in the intestine.

Bile acids and bile acid receptors (BARs)

The gastrointestinal tract hosts a plethora of microorgan-
isms inclusive of all three domains: bacteria, archeae, and
eukarya, which live in a symbiotic relationship with the host
(Bickhed et al. 2007). A recent study reported the ratio of
human to bacterial cells in the body as close to unity (Sender
et al. 2016). This is perhaps responsible for the production

Fig.1 An overview of ER stress
and bile acids in inflammatory
response
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of a wide array of bioactive metabolites including bile
acids. Microbial activities of the gut include deconjugation,
7a-dehydroxylation, oxidation, epimerization, esterifica-
tion, and desulfation of primary bile acids (Ridlon et al.
2006), resulting in an expansion of their molecular reper-
toire. As a result, modified bile acids exert pleiotropic effects
on host intracellular networks through bile acid-activated
receptors (BARs). The predominant BARs are farnesoid X
receptor (FXR) (Wang et al. 1999), pregnane X receptor
(PXR) (Staudinger et al. 2001) vitamin D3 receptor (VDR)
(Makishima et al. 2002) and Takeda G receptor 5 (TGRS/
GPBARI1) (Kawamata et al. 2003).

Farnesoid X receptor is the master regulator of bile acid-
mediated signaling. In contrast to cell-surface receptors,
nuclear receptor FXR requires transporters such as api-
cal sodium-dependent bile acid transporter (ASBT) for its
activation. Interestingly, the endogenous perino agonists/
ligands of FXR are found to be: CDCA >DCA >LCA >CA
in decreasing order of their affinity (Makishima et al. 1999).
FXR plays a cardinal role in enterohepatic circulation by
which 95% of the bile acids are recirculated to the liver.
FXR upholds bile acid homeostasis by stimulating fibroblast
growth factor (FGF 15/FGF19) that represses the expression
of CYP7AL1, a rate-limiting enzyme required for de novo
bile acid synthesis (Kliewer and Mangelsdorf 2015). FXR
activation upregulates bile acid CoA: amino acid N-acetyl-
transferase (BAAT) that facilitates bile acid conjugation
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(Pircher et al. 2003), and bile salt export pump (BSEP), and
organic solute transporter (OSTo/p) that aids bile salt secre-
tion and elimination (Ananthanarayanan et al. 2001; Boyer
et al. 2006) altogether preventing bile acid toxicity.

Takeda G receptor 5 or G protein-coupled bile acid
receptor 1 (GPBAR1) is the only cell surface expressed
bile acid GPCR. TGRS is located on cells that participate
in enterohepatic circulation as well as in neurons, adipo-
cytes, and muscle (McMillin et al. 2015; Sasaki et al. 2018),
which implies these tissues and cells are also the targets
of bile acid signaling. TGRS signaling ensures glucose
homeostasis and energy expenditure (Thomas et al. 2009;
Watanabe et al. 2006). The natural endogenous agonists/
ligands of TGRS in the descending order of affinity are:
LCA>DCA>CDCA > CA (Kawamata et al. 2003).

Vitamin D3 receptor (VDR) is known to function as
receptor for vitamin D. Interestingly, VDR is also shown to
interact with LCA in regulating hepatotoxicity. VDR is also
sensitive to many bile acid metabolites. However, CA and
LCA along with their conjugates are not effective ligands for
VDR. LCA binding to VDR activates a feed forward cata-
bolic pathway leading to an increase in CYP3A expression,
finally culminating in its own detoxification. Such findings
suggest a differential role of BARs and associated bile acids
in regulating bile acid homeostasis in the intestine. (Mak-
ishima et al. 2002).

Pregnane X receptor (PXR) is also an intracellular bile
acid receptor regulating the expression of CYP3A in the
liver. PXR can also be activated by LCA at higher con-
centration (Wen Xie et al. 2001) in addition to its 3-keto
metabolites (Staudinger et al. 2001). It was also proposed
that PXR serves as a physiological sensor of LCA contrib-
uting to reduction in the concentration of toxic bile acid by
regulating its own gene expression suggesting their utility in
the treatment of human cholestatic liver diseases.

ER stress and UPR signalling

ER stress is an intrinsic mechanism exhibited by almost
all secretory cells in an attempt to conserve protein quality
and normal functioning of the cells. The UPR tackles ER
stress in three possible ways: (1) translational attenuation,
(2) transcriptional induction, and (3) ER associated degrada-
tion (So 2018). However, prolonged stress demolishes the
efforts made to salvage the stressed cell. At this stage, the
UPR redirects from pro-survival mode to pro-death mode,
and eventually, the cell undergoes apoptosis (Walter and
Ron 2011). Under such scenario, homeostatic conditions
are established via three ER stress sensors: transmembrane
kinases inositol requiring enzyme la (IREla) and PKR-like
ER kinase (PERK), and membrane-bound transcription fac-
tor precursor activating transcription factor (ATF6) (Walter

and Ron 2011). The accumulation of misfolded protein is
sensed by the cytosolic domain of IREla, which leads to
oligomerization followed by autophosphorylation of the
kinase domain. Phosphorylation of the kinase domain acts
as an activation switch for the inactive endonuclease that
splices 26nt intron from the Xbp/ transcript. Subsequently,
the spliced Xbp! transcript translates into an active tran-
scription factor that translocates to nucleus and transcribe
UPR genes (Gardner et al. 2013). Similar to IREla, the
binding of unfolded protein leads to dimerization of PERK
followed by autophosphorylation of the kinase domain. The
active kinase domain phosphorylates elF2«, which results
in selective translation of the transcription factor ATF4 and
inhibition of general translation of proteins. ATF4 translo-
cate to nucleus and transcribes UPR and ER stress response
elements (Gardner et al. 2013). On the other hand, ATF6
in its inactive form is bound to BiP, an ER chaperone. BiP
dislodges in the presence of unfolded proteins, leading to
trafficking of ATF6 from ER to Golgi, where it is cleaved by
site 1 protease and site 2 protease releasing a 50 kDa active
transcription factor that moves into the nucleus and tran-
scribe ER chaperones, along with Xbp1 transcripts (Gardner
et al. 2013).

The enigmatic triad: bile acids, ER stress,
and inflammation

The GI tract encompasses the largest mucosal surface in the
human body fortified with a fine layer of intestinal epithelial
cells and lamina propria, comprising an intricate network
of the immune system. The environment that prevails in the
intestine is both nurturing and hostile; tightly regulated to
maintain gut homeostasis by various factors. Considering
the continual exposure to a myriad of gut microflora, dietary
metabolites, exogenous antigens and toxins, the indispensa-
ble mission to support normal functioning of the intestinal
epithelial cells and the arsenal of immune cells becomes a
challenging task. In such a scenario, the cells are required to
maximize their functioning capacity, ultimately burdening
the endoplasmic reticulum and imperiling the cells to con-
stant stress. Although, there are mechanisms such as UPR in
place to fend off impediments, the cells that cannot handle
the secretory demands or the impairment of essential UPR
genes can fail the attempt to salvage the cells from ER stress.
Prolonged activation of UPR is detrimental to the system as
opposed to its initial stages of the adaptive response and is
regarded as one of the primary pathological contributors of
inflammatory disorders.

Recent studies have extended a clear understanding of
the relationship between UPR signaling and inflammation
(Fig. 1a). The IRE1a sensor is well known for its bifunc-
tional role as kinase and endoribonuclease. That being said,
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the IREla cleaves mRNAs in addition to Xbpl transcripts
such as miR-17, a micro RNA that represses the expression
of thioredoxin-interacting protein (TXNIP) (Lerner et al.
2012; Oslowski et al. 2012). TXNIP is essential for the acti-
vation of the NLRP3 inflammasome, which in turn helps
in the maturation of IL-1p. Thus, IREla stabilizes TXNIP
mRNAs by dicing miR-17 (Lerner et al. 2012). The findings
from Talty et al. (2019) showed that blocking the RNase
activity of IREla by MKC8866, a small molecule inhibitor
efficiently reduced the assembly of NLRP3 inflammasome
and IL-1f processing in both human monocytic THP1 cells
and PBMCs. Moreover, PERK, another ER stress sensor,
contributed to the upregulation of TXNIP via ATFS. The
study by Oslowski et al. (2012), demonstrated that Irela or
Perk knockdown in INS-1 832/13 cells and Irela or Perk
knockdown in MEFs affected TXNIP expression during ER
stress. In summary, the study highlights the importance of
IREla and PERK-elF2a in regulating the TXNIP expression
under ER stress. Furthermore, Zhao et al. (2017), showed
blocking PERK with GSK2656157 lead to suppression of
TXNIP. On the other hand, even in the absence of stress, the
kinase domain of IREla interacts with TRAF2 to maintain
the basal activity of NF-xB through IKK that phosphorylates
IxBa for proteasomal degradation. In the event of ER stress,
in addition to IRE1la, PERK also contributes to NF-kB acti-
vation by inhibiting global translation, which brings down
the levels of IkBa ensuing massive activation of NF-xB.
However, the Irel ™~ MEFs proved that activation of PERK
alone is not sufficient but IREla-mediated basal IKK activ-
ity is also required for NF-kB activation (Tam et al. 2012).
The study conducted by Yamazaki et al. (2009), demon-
strated that the subtilase endotoxin induces NF-«xB activation
during early exposure via transient phosphorylation of Akt
by ATF6.

Understanding the underlying mechanisms between
ER stress and inflammation has opened the floodgates to
research in intestinal inflammation (Fig. 2). As a result,
many of the UPR and inflammatory genes have been targeted
and several potential therapeutic options have been explored
in the past few decades in an effort to treat inflammatory
disorders. Accordingly, bile acids are proposed as a tangible
option for treating metabolic disorders for their ability to

Fig. 2 Pathophysiological
model for gut dysbiosis, bile-
acid dysmetabolism and ER
stress in inflammatory disorders
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maneuver immune cells and other signaling networks of the
host system. Nevertheless, studies also recommend looking
out for the dual nature of bile acids. Despite their beneficial
role in digestion, nutrient absorption, and intestinal homeo-
stasis, bile acids can be detrimental due to their hydropho-
bicity and detergent-like activity. At higher concentrations,
bile acids can have cytotoxic and genotoxic effects on cells
inducing oxidative stress and they could promote DNA and
membrane damage (Jean-Louis et al. 2006; Rosignoli et al.
2008). Thus, bile acid synthesis is tightly regulated to main-
tain cholesterol homeostasis and a functional bile acid pool
(Franzosa et al. 2015). According to a recent study, inflam-
matory bowel disease (IBD)-mediated gut dysbiosis is estab-
lished as the causal link between bile acid dysmetabolism
and gut inflammation. The study indicated perturbations in
the microbiota impaired transformation, deconjugation, and
desulfation of bile acids that lead to exacerbation of inflam-
matory response (Duboc et al. 2013).

A significant amount of research has been done over dec-
ades to appreciate the anti-inflammatory effects of secondary
bile acids. The secondary bile acids are present in uM con-
centrations in the colon, where they promote colonization of
beneficial microbes (Ridlon et al. 2006). As mentioned ear-
lier, the secondary bile acids reach the mucosal region after
passive diffusion. The secondary bile acids have a high affin-
ity for TGRS receptor. Unlike FXR, TGRS is also distributed
across hematopoietic cell lineages such as monocytes and
macrophages (Perino and Schoonjans 2015). Hence, TGR5
is known to suppress pro-inflammatory effects and potentiate
anti-inflammatory effects in both systemic and resident mac-
rophages in the lamina propria (Fig. 1b). Wang et al. (2011),
demonstrated activation of TGRS inhibited NF-kB medi-
ated inflammatory response due to interaction of -arrestin2
with IkBa in HEK293 cells and mouse livers. Reports also
indicate the induction of cAMP signaling when mice were
treated with semisynthetic bile acid (6-EMCA/INT-777),
leading to activation of the CREB transcription factor, which
in turn suppresses LPS-induced NF-kB mediated pro-inflam-
matory gene expression (Pols et al. 2011). Moreover, bile
acid-dependent TGRS activation modulated macrophage
phenotype with increased IL-10/IL-12 ratio suggesting anti-
inflammatory and immunosuppressive effects of bile acids
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(Haselow et al. 2013). TGRS activation was also shown to
inactivate the formation of the multiprotein complex such
as NLRP3 inflammasome by PKA-induced phosphorylation
of NLRP3 at Ser 291 (Guo et al. 2016) as it is one of the
prerequisites for the maturation of pro-IL-1f to IL-1f. Nota-
bly, LCA among other BAs demonstrated a potent inhibi-
tory effect on NLRP3 inflammasome activation via TGRS
signaling (Guo et al. 2016). In addition, TGRS activation
by a small molecule agonist, BAR501 promotes phenotype
reversal of intestinal macrophages from M1 to M2, which
produces high concentrations of anti-inflammatory cytokine
IL-10. The anti-inflammatory phenotype favors the induc-
tion of Treg cells, driving the suppression of pro-inflamma-
tory cytokines and chemokine expression. Sequentially, the
reduced chemokine (CCL2) expression halts the recruitment
of monocytes from the bloodstream to the colonic lamina
propria (Biagioli et al. 2017).

On the other hand, the primary bile acids are found in
abundant (in mM) concentrations in the ileum restricting the
growth of microbes (Hofmann and Eckmann 2006; Inagaki
et al. 2006). The conjugated primary bile acids are reab-
sorbed via active bile acid transporters to avoid cytotoxicity.
Before entering the portal circulation, the bile acids interact
with the resident immune cells of lamina propria. The FXR
shows a greater affinity for primary bile acids and is pri-
marily expressed on hepatocytes and ileal IECs. However,
reports also suggest that FXR is also expressed by cells of
innate immunity (Vavassori et al. 2009). The study con-
ducted on murine IBD models, DSS- and TNBS-induced
colitis, suggested FXR activation by a specific agonist INT-
747 (obeticholic acid) protected the integrity of the intestinal
epithelial barrier and prevented bacterial translocation by
decreasing the intestinal permeability. Furthermore, FXR
activation prevented goblet cell loss, a classic characteristic
of colitis. Besides, FXR activation prevented the infiltration
of macrophages and other immune cells by inhibiting the
expression of pro-inflammatory cytokines and macrophage
chemoattractant protein-1 (Mcp-1) (Gadaleta et al. 2011b).
The LPS-induced pro-inflammatory expression in the innate
immune cells was reduced with FXR activation by INT-747
(Gadaleta et al. 2011b; Vavassori et al. 2009). The intestinal
epithelial cells act in concert with the immune cells in order
to keep the mucosal inflammatory activities to a bare mini-
mum and maintain a homeostatic environment. Recent find-
ings indicate that bile acids beyond physiological concen-
tration acts as DAMPs and promote NLRP3 inflammasome
activation independent of FXR, which aggravates the inflam-
matory response. However, FXR activation prevents NLRP3
inflammasome assembly and activation by interacting with
NLRP3 inflammasome and caspase-1 (Fig. 1b). Surpris-
ingly, LPS-induced inflammation represses FXR expres-
sion and activity. The ensuing accumulation of bile acids
ultimately potentiates NLRP3 inflammasome activation

in inflammatory macrophages (Hao et al. 2017). The find-
ings from Wang et al. (2008), substantiated the antagonistic
effects of FXR activation on NF-kB mediated inflammation
in HepG2 cells. However, NF-kB activation repressed the
transcriptional activity of FXR. Overexpression of NF-xkB
subunits p50 and p65 inhibits FXR activity by interact-
ing with FXR, thereby preventing FXR from binding to its
responsive element in the DNA (Gadaleta et al. 2011a; Wang
et al. 2008). Although FXR shows potential in alleviating
inflammation, the conflicting findings from the research
imply chronic intestinal inflammation affects FXR activity
and exacerbates the condition creating a vicious cycle. How-
ever, inflammation does not affect TGRS activity, hinting at
its potential as an effective target for inflammatory disorders.

Another nuclear receptor, pregnane X receptor (PXR), is
abundantly present in the liver and also found in the intes-
tines during xenobiotic stress. Apart from drug metabo-
lism and detoxification, PXR also regulates inflammatory
responses. Xenobiotic stress is one of the characteristics of
IBD, and it is also known to modulate ER stress and UPR
(Lafleur et al. 2013). PXR activation, on the other hand,
is shown to have anti-inflammatory effects via suppression
of mucosal NF-kB activation in IBD. Rifampicin treatment
of colonic biopsies of patients with active CD indicated
upregulation of colonic epithelial PXR expression levels and
suppression of NF-kB activation leading to downregulation
of cytokines IL-8 and IL-1p (Deuring et al. 2019). The find-
ings of Okamura et al. (2020) demonstrated pregnenolone
16a-carbonitrile (PCN) treatment, a PXR agonist, repressed
AP-1 and NF-kB dependent Nos2, Ccl2, and Cxcl2 expres-
sion in CCl4-induced liver injury mice model. In summary,
PXR activation negatively regulates NF-kB and AP-1 acti-
vation thereby serves as a potential target for inflammation.
Besides, PXR is also found to interact with SUMO proteins
to repress pro-inflammatory gene regulation (Alleyne 2019).
Similarly, reports also suggest vitamin D3 receptor (VDR)
dysfunction can cause chronic metabolic and inflammatory
disorders, such as Crohn s disease, Rheumatoid arthritis, and
Type 1 diabetes (Nagpal et al. 2005). Moreover, VDR signal-
ing plays a critical role in regulating inflammatory responses.
VDR activation is shown to constrain NF-xB activation by
regulating the NF-«xB inhibitor, IkBa (Wu et al. 2010a, b).
Several studies also support the anti-inflammatory role of
VDR agonists and the significance of VDR expression in
ablating inflammation (McNally et al. 2011; Donate-Correa
et al. 2014; Garg et al. 2019). On the contrary, VDR regu-
lates T-cell activation, and overexpression of VDR results
in T-cell dependent inflammatory response antagonizing the
anti-inflammatory role of VDR agonists (Fernandez Lahore
et al. 2020). However, the bile acid activation of these recep-
tors and the resulting downstream effects on inflammation is
yet to be explored to a large extent.
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The findings from Hang et al. (2019), indicated the role
of bile acid metabolites in regulating two classes of adaptive
immune cells: Treg and Th17. Generally, a balance between
the population of Treg and Th17 cells is crucial to maintain
tolerance without compromising immunity against patho-
gens. However, the balance is disrupted during autoimmune
disorders such as IBD. The naive T cells were treated with
derivatives of LCA: 3-0xoLCA and isoalloLCA, one at a
time. It was found that 3-oxoLCA inhibited Th17 differen-
tiation and isoalloLCA promoted Treg differentiation (Hang
et al. 2019). Another study led by Song et al. (2020), demon-
strated a three-dimensional relationship between gut micro-
biota, bile acids, and the host immune system. The microbes
and diet play a critical role in influencing the levels of Treg
cells by modifying the bile acid pool, and dysregulation of
bile acids leads to inflammatory colitis (Song et al. 2020).
The findings from these studies serve as a significant piece
of the puzzle in delineating a pathway for adaptive immune
regulation by bile acid metabolites. In summary, the general
idea of this review is to identify common regulators and
effectors among ER stress—inflammation—BARs pathways
to explore various targets in inflammatory disorders.

Conclusion

ER-stress induced inflammation can be either beneficial or
detrimental. The inflammatory response initially embarks on
a rescue mission, but under certain circumstances, it mani-
fests into a disease/disorder. Both the harmful and benefi-
cial inflammation coexist during pathological conditions that
make it difficult to target. Most of the existing therapeu-
tic strategies for inflammatory disorders targets and quells
the proinflammatory response as a whole, endangering the
patients to side effects, such as sepsis, opportunistic infec-
tions due to the dampened immune response. Accordingly,
the current research is steered towards an alternative thera-
peutic approach that has specificity without any overlapping
adverse effects. This review attempted to analyze the possi-
bility of bile acids to counter-regulate the signaling pathways
involved in ER stress-mediated inflammation and eligibil-
ity as an alternative therapy. Nevertheless, at this stage of
research non-specificity cannot be dismissed with bile acid
therapeutics, as it interacts and affects various signaling
pathways. Further fine-tuning the research could possibly
provide a deeper understanding of the enigmatic networking
of the triad: bile acids, ER stress, and inflammation.
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