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Abstract

Inflammatory bowel disease (IBD) is considered a chronic inflammatory and multifactorial disease of the gastrointestinal
tract. Crohn’s disease (CD) and ulcerative colitis (UC) are two types of chronic IBD. Although there is no accurate informa-
tion about IBD pathophysiology, evidence suggests that various factors, including the gut microbiome, environment, genetics,
lifestyle, and a dysregulated immune system, may increase susceptibility to IBD. Moreover, inflammatory mediators such
as interleukin-6 (IL-6) are involved in the immunopathogenesis of IBDs. IL-6 contributes to T helper 17 (Th17) differentia-
tion, mediating further destructive inflammatory responses in CD and UC. Moreover, Th1-mediated responses participate
in IBD, and the antiapoptotic IL-6/IL-6 receptor (IL-6R)/signal transducer and activator of transcription 3 (STAT3) signals
are responsible for preserving Th1 cells in the site of inflammation. It has been revealed that fecal bacteria isolated from UC-
active and UC-remission patients stimulate the hyperproduction of several cytokines, such as IL-6, tumor necrosis factor-o
(TNF-a), IL-10, and IL-12. Given the importance of the IL-6/IL-6R axis, various therapeutic options exist for controlling
or treating IBD. Therefore, alternative therapeutic approaches such as modulating the gut microbiome could be beneficial
due to the failure of the target therapies so far. This review article summarizes IBD immunopathogenesis focusing on the
IL-6/IL-6R axis and discusses available therapeutic approaches based on the gut microbiome alteration and IL-6/IL-6R axis
targeting and treatment failure.
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Introduction

Inflammatory bowel disease (IBD) is known as a chronic
inflammatory disorder of the gastrointestinal (GI) tract (Wal-
lace et al. 2014). IBD is categorized into two main subtypes,
including Crohn’s disease (CD) and ulcerative colitis (UC)
(Xavier and Podolsky 2007; De Souza and Fiocchi 2016).
The mechanisms involved in immunopathogenesis and IBD
development have not been fully elucidated. However, dys-
regulated responses of the mucosal immune system against
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intestinal microorganisms play a significant role in develop-
ing the disease in genetically predisposed individuals (Xu
et al. 2014). Because lifestyle and diet significantly change
the gut microbiota pattern, these alterations can predispose
people to IBD (Neuman and Nanau 2012). In IBD patients,
it has been shown that the diversity of microorganisms that
make up the gut microbiome has considerably decreased,
and dysbiosis has occurred (Swidsinski et al. 2002; Man-
ichanh et al. 2006; Round and Mazmanian 2009). Further-
more, genetics and environmental factors could be involved
in the overall pathogenesis of IBD (De Souza and Fiocchi
2016).

Evidence revealed that inflammatory mediators such
as cytokines and chemokines play a pivotal role in the
pathogenesis of inflammatory-based disorders such as IBD
(Marafini et al. 2019). In patients with IBD, mucosal den-
dritic cells (DCs) and macrophages (MQs) increase the
expression of pattern recognition receptors (PRRs) such
as toll-like receptor 2 (TLR2), TLR4 as well as CD40
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and chemokine receptor C—C motif chemokine receptor 7
(CCR7) all of which initiate inflammatory responses by
inducing the release of proinflammatory cytokines, includ-
ing tumor necrosis factor-o (TNF-ar), IL-1, IL-6, and IL-18
(Ahluwalia et al. 2018). Among these cytokines, IL-6, as
a pro-inflammatory cytokine, could mediate various physi-
ologic and pathologic phenomena (Mihara et al. 2012). It has
been well-documented that IL-6 contributes to the differen-
tiation of T helper 17 (Th17) (Kimura and Kishimoto 2010).
Th17, along with Thl, are involved in the pathogenesis of
IBD (Lavoie et al. 2019; Kojima et al. 2022). In CD and UC,
the persistence of CD4*% T cells at the site of inflammation
is censoriously dependent on the antiapoptotic IL-6/IL-6R/
STATS3 axis signals, inducing the expression of BCL2 and
BCLXL. Accumulating apoptosis-resistance T cells in this
milieu leads to chronic inflammation (Mudter and Neurath
2007).

Evidence revealed an association between the gut micro-
biome and the immune system (Smith et al. 2019). The fer-
menting bacteria metabolites such as short chain fatty acids
(SCFA), butyrate, and acetate inhibit the release of inflam-
matory cytokines such as IL-6 and interact with regulatory
B and T cells to ameliorate colitis (Smith et al. 2013).

On the other hand, the gut microbiota can stimulate mac-
rophages and DCs to release IL-1f and IL-6, leading to Th17
differentiation (Wu et al. 2010; Rosser et al. 2014). Fur-
thermore, indole, another bacterial metabolite, induces the
expression of IL-22, producing anti-microbial peptides and
protecting the intestine against pathogens damage (Zelante
et al. 2013). Therefore, the gut microbiome is involved in
proinflammatory and regulatory responses (Federico et al.
2009; Rosser et al. 2014). Consequently, manipulating the
gut microbiome and its-induced IL-6 could be a potential
therapeutic purpose for treating IBD (Ahluwalia et al. 2018;
Kang et al. 2019).

This review highlights the role of the gut microbiome
in regulating the IL-6/IL-6R axis in IBD. Additionally, the
targeted therapy of the IL-6/IL-6R axis in IBD and the rea-
sons for the failure of this therapeutic approach have been
investigated.

Inflammatory bowel disease

IBD is mainly employed to define two long-range pathologic
conditions, UC and DC, characterized by gut inflammation
(Glassner et al. 2020). Basically, UC only affects the colon
or large intestine, while CD can influence any part of the
digestive system, from the anus to the mouth. People of all
ages are usually susceptible to IBD, but it has been reported
most often between the ages of 15 and 40. The symptoms
of IBD include weight loss, abdominal pain, swelling or
cramps in the tummy, bloody or recurring diarrhea, and
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tiredness (Inflammatory bowel disease2022). Furthermore,
severe symptoms such as vomiting, anemia, and high tem-
perature may occur in some patients. It has been reported
that uveitis, arthritis, erythema nodosum and jaundice are
less commonly IBD-associated symptoms. IBD symptoms
can fluctuate; for example, these symptoms may be severe
at times (flare-up) or may occur little or not at all over long
periods (remission) (Inflammatory bowel disease 2022).
It is unknown what causes IBD, but based on information
from patients and their records, a combination of factors,
including environmental factors, genetics, immune system
disorders, and smoking, increases the risk of developing IBD
(Molodecky and Kaplan 2010; Ananthakrishnan 2015).

To the best of our knowledge, there is currently no
cure for UC and DC. Existing treatments include lifestyle
changes, specific diets, surgery, and medications generally
used to relieve IBD symptoms and prevent recurring symp-
toms (Nakase et al. 2021). Medications used to treat CD or
UC include anti-inflammatory drugs (aminosalicylates or
mesalazines), immunosuppressive drugs (steroids and aza-
thioprine), biological and biosimilar medicines (monoclo-
nal antibodies [mAb] and antagonist inhibitors). However,
1 in 5 UC patients do not respond to these treatments, and
surgery should be performed to remove the inflamed tissue
in the severe stages of the disease. These patients are also
prone to gastrointestinal cancers, especially colorectal can-
cer (CRC), and should periodically undergo endoscopy and
other screening tests (Clarke and Feuerstein 2019).

Evidence shows that the risk of CRC is 2- to 3-fold higher
in IBD patients and the severity, extent and persistence of
the inflammatory responses are principally responsible for
CRC development in patients with IBD (Fantini and Gua-
dagni 2021). Patients with IBD and CRC have been doc-
umented to have a worse prognosis than those without a
history of IBD, so the effectiveness of existing treatments
for IBD can reduce the chance of colitis-associated cancer
(CAC). According to existing studies, chronic intestinal
inflammation increases the risk of developing CAC in UC
and CD, and controlling inflammation can be imperative in
preventing CAC (Fantini and Guadagni 2021).

Biology and signaling of the IL-6/IL-6R axis

Interleukin-6 (IL-6), a glycosylated protein, comprises
184 amino acids. This cytokine can produce and release
by various immune and non-immune cells such as T cells,
monocytes, macrophages, endothelial cells, and fibroblasts
(Schaper and Rose-John 2015). The receptor of IL-6 is
IL-6R with a size of 80 kDa and belongs to the type I trans-
membrane proteins (Yamasaki et al. 1988). As a second
transmembrane protein signal transducer, the dimerization
of glycoprotein 130 (gp130, CD130) is essential for the IL-6/



Role of interleukin-6-mediated inflammation in the pathogenesis of inflammatory bowel disease:... 57

IL-6R binding and initiating various intracellular signaling
pathways (Taga et al. 1989; Hibi et al. 1990). It has been
revealed that in the IL-6 cytokine family, gp130 is a com-
mon subunit receptor (Kishimoto 2010). Almost all cells
express gp130; nevertheless, IL-6R is expressed by CD4*
T cells, monocytes, neutrophils, and hepatocytes express
(Atreya et al 2000; Borghini et al. 2021). Interestingly, IL-6
does not have a binding affinity for gp130 alone, and only in
cells that express the IL-6R along with gp130 does effective
binding occur and lead to signaling (Taga et al. 1989). The
IL-6R can have two forms; attached to the cell membrane
(mIL-6R) and the soluble (sIL-6R). The soluble form of
IL-6R is created by mRNA splicing as well as the proteolytic
cleavage of the mIL-6R (Lust et al. 1992; Miilberg et al.
1993; Dimitrov et al. 2006). In the IL-6R biostructure, the
cytoplasmic part could be detached without any signaling
disruption, and the transmembrane domain is not required
for IL-6 activity (Taga et al. 1989). The two main signaling
types are known depending on the type of IL-6R. Signals
of sIL-6R are routed through trans-signaling, and mIL-6R
signals are routed through classic signaling (Rose-John and
Heinrich 1994; Garbers et al. 2012). The homodimerization
of IL-6, IL-6R, and gp130 complex activates Janus kinases
(JAKS), resulting in tyrosine residues phosphorylation of
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the cytoplasmic domain of gp130. Following these occur-
rences, various pathways, including mitogen-activated
protein kinases (MAPK), signal transducer and transcrip-
tion-3 (STAT3), phosphoinositol-3 kinase (PI3K)/AKT,
and nuclear factor kappa-light-chain-enhancer of activated
B cells (NFKB) could trigger (Dolcet et al. 2005; Brad-
ham and McClay 2006) (Fig. 1). Augmented IL-6 levels
are detected in several human inflammatory disorders, such
as rheumatoid arthritis (RA), systemic juvenile idiopathic
arthritis, Castleman's disease, IBD, colorectal cancer and
autoimmune diseases (Mihara et al. 2012).

IL-6 supports the proliferation and regeneration of intesti-
nal epithelial cells (IECs). It has been revealed that IL-6-de-
ficient mice are highly sensitive to dextran sulfate sodium
salt (DSS)-induced colitis (Grivennikov et al. 2009). Inter-
estingly, following the DSS challenge, mucosal regenera-
tion needs concomitant initiation of Yes-associated protein
(YAP) and Notch (Okamoto et al. 2009; Cai et al. 2010).

As a transcriptional co-activator, YAP can be involved
in tissue growth. However, in normal conditions, YAP is
inactive in the cytoplasm via serine phosphorylation by
the Hippo effector kinase LATS and is activated following
tyrosine phosphorylation by Yes (a member of Src family
kinase) or suppression of Hippo signaling (Rosenbluh et al.
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Fig. 1 The IL-6/IL-6R axis. Dimerization of gp130, IL-6R, and IL-6
is essential for the initiation of signal transduction and activation of
various pathways such as NFKB and STAT3. IL-6R can be in two
forms; mIL-6R and sIL-6R. The soluble form of IL-6R is created
by mRNA splicing as well as the proteolytic cleavage of the mIL-6R

by ADAMI10 or ADAM17. STAT; signal transducer and activator of
transcription, NFKB; nuclear factor-kappa B, ADAM; A disintegrin
and metalloprotease, sIL-6R; soluble IL-6R, mIL-6R; membrane
IL-6R
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2012; Yu and Guan 2013). Moreover, Jagged 1 (JAG-1),
JAG-2 and delta-like 1 (DLL1), DLL2, DLL3, and DLL4
are ligands of Notch and responsible for Notch cleavage trig-
gering by c-secretase, activating target gene transcription
(Bray 2006). Nevertheless, how YAP and Notch are acti-
vated following intestinal injury is still not fully understood.
In this context, it has been reported that gp130, with the
support of Src family kinases, can activate YAP and Notch in
a STAT3-independent mechanism following mucosal dam-
age. Therefore, activating the gp130/YAP/Notch pathway is
crucial for inflammation-mediated regeneration of intestinal
epithelium in DSS-induced colitis and human IBD (Tanigu-
chi et al. 2015).

Role of the IL-6/IL-6R axis in immune system
Innate immunity and acute phase response

Amplified levels of acute-phase proteins (APPs), including
serum amyloid A, C-reactive protein (CRP), ferritin, fibrino-
gen, and haptoglobin, are considered the hallmark of inflam-
mation, and measurement of these proteins could be helpful
in the monitoring of inflammatory states (Pincus and Sokka
2009). In this context, released IL-6 by hepatocytes leads
to instigating the acute phase response and release of APPs
(Gabay and Kushner 1999). To prove the role of IL-6 in the
initiation of acute-phase responses, tocilizumab, an anti-IL-
6R mAb, was used, and the results showed that by inhibiting
the IL-6/IL-6R axis signals, the CRP level was normalized
(Genovese et al. 2008).

In innate immunity, it has been revealed that several
immune and stromal cells are able to release and respond
to IL-6 (Calabrese and Rose-John 2014; Mauer et al. 2014).
Therefore, IL-6 can be essential in inducing innate immune
responses and stromal cell interactions (West 2019). As the
rate of inflammation increases in an autocrine manner, IL-6
can lead to the switching of acute to chronic inflammatory
responses (Caiello et al. 2014). Endothelial cells, monocytes,
and macrophages are responsible for releasing IL-6 through-
out acute inflammation, resulting in the expression of some
adhesion molecules and chemokines by smooth muscle
cells, fibroblasts, and endothelial cells involved in neutro-
phils recruitment (Fielding et al. 2008; Mauer et al. 2014).
Another important role of IL-6 in the innate immune system
is to increase the survival of neutrophils by reducing their
apoptosis, which leads to chronic inflammation (Asensi et al.
2004). Some stromal cells, despite expressing gp130, cannot
respond to IL-6 due to the lack of IL-6R expression (Modur
et al. 1997; Hurst et al. 2001). During chronic inflammation,
the shedding of mIL-6R from neutrophils gives them the
ability to respond to IL-6 and release chemokines involved in
monocyte recruitment, such as CCL2, leading to monocyte
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infiltration in the site of inflammation (Hurst et al. 2001;
Gabay 2006). Like numerous cells, human endothelial cells
express gp130 in the absence of IL-6R, whereas sIL-6R-me-
diated trans-signaling upsurges the expression of adhesive
molecules by endothelial cells, resulting in neutrophil rolling
and adhesion to migrate into the inflamed tissue as well as
vascular inflammation (Modur et al. 1997; Romano et al.
1997; Rose-John 2012).

Adaptive immunity

Based on available knowledge, activated T and B lympho-
cytes are the main arms of cellular and humoral immunity,
involved in inflammation induction and antibody production
(Park et al. 2014). In adaptive immunity, IL-6 plays a pivotal
role in activating T and B cells (Boe et al. 1999).

IL-6 and transforming growth factor-beta (TGF-p) par-
ticipate in the differentiation of Th17 cells, which are the
main producer of IL-17 (Chonov et al. 2019). On the other
hand, CD4* CD25" Foxp3™ regulatory T (Treg) cells are
the controller of Th17 cells, especially in an autoimmune
condition. Because TGF-f is essential for Tregs differen-
tiation, the presence of IL-6 in the environment prevents
TGF-dependent Tregs differentiation, which leads to an
increase in Th17 destructive responses (Bettelli et al. 2006).
Interestingly, in addition to IL-17, Th17 can also produce
IL-6, which helps induce differentiation and enhance Th17
responses in an autocrine manner (Ogura et al. 2008). More-
over, IL-6 and IL-17 produced by Th17 affect fibroblasts to
release IL-6 and further inflammatory responses (Ota et al.
2015). Produced IL-6 by T cells induces the B cell's matura-
tion into plasma cells (Muraguchi et al. 1988). Furthermore,
IL-21 producer T cell subsets induced by IL-6 are involved
in B cell maturation (Diehl et al. 2012; Yang and Rincon
2016). As a result, IL-6 is indirectly involved in antibody
production. In this regard, it has been shown that antibody-
mediated responses in animals with IL-6 deficiency are sig-
nificantly reduced, associated with increased susceptibility
to infection (Kopf et al. 1994). On the other hand, IL-6 may
also induce regulatory and anti-inflammatory responses
because this cytokine can induce regulatory B cells (Bregs)
(Rosser et al. 2014; Jansen et al. 2021). IL-6 can also link
adaptive and innate immunity because IL-6-producing
B cells stimulate stromal and innate immune cells to pro-
duce pro-inflammatory mediators, promoting inflammation
(Hunter and Jones 2015).

Another imperative biological activity of IL-6 is partici-
pation in fibrosis processes, a common feature of chronic
inflammatory diseases (Barnes et al. 2011; Chen et al. 2019).
IL-6, during the initial phases of inflammation, induces epi-
thelial and mesenchymal cells to stimulate polymorphonu-
clear leukocytes (PMNs) recruitment, which is important
for wound healing (Hunter and Jones 2015). Activated M2
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macrophages and fibroblasts have been shown to induce
fibrosis by releasing IL-6 and TGF-f as profibrotic cytokines
(O'Reilly et al. 2014; Maier et al. 2017). Trans-IL-6 sign-
aling increases collagen 1 synthesis by activating STAT3
and SMAD3 pathways and producing Gremlin-1 (O’Reilly
2021).

Role of the IL-6/IL-6R axis in inflammatory
bowel diseases

Evidence demonstrated that numerous pro-inflammatory
cytokines and chemokines, including IL-1p, IL-4, IL-6,
IL-13, IL-17, IL-18, IL-33, IL-10, TNF-a, CCL2, and
TGF-p are involved in the pathogenesis and development of
IBD (McAlindon et al. 1998; Dinarello 1999, 2009; Pizarro
et al. 1999; Kanai et al. 2001; Maerten et al. 2004; Schmitz
et al. 2005; Beltran et al. 2010; Kobori et al. 2010). IL-6
activates STAT3 signal transducer and activator, inducing an
inflammatory response. It has been reported that the expres-
sion of IL-6 and its sIL-6R are amplified in CD and UC
patients and reduced in IBD remission (Gross et al. 1992;
Mitsuyama et al. 1995; Reinisch et al. 1999; Atreya and
Neurath 2008; Bouguen et al. 2011; Pawtowska-Kamieniak
et al. 2021). In addition, cohort studies showed higher lev-
els of IL-6-mediated high-sensitivity CRP in patients with
IBD (Lochhead et al. 2016). In patients with CAC, IL-6 also
plays a crucial role in the pathogenesis and progression of
CRC (Li et al. 2010). The clinical severity of CD and UC
is associated with serum levels of TNF-a in patients with
IBD patients. Moreover, TNF-a inducing the expression of
IL-6, IL-1f, and IL-33 plays a significant function in the
pathogenesis of IBD (Murch et al. 1993; Sanchez-Muifioz
et al. 2008). The IL-6 level is positively associated with the
severity of histopathological and endoscopic manifestations,
relapse frequency, and clinical disease activity in patients
with CD (Reinisch et al. 1999; Van Kemseke et al. 2000;
Atreya and Neurath 2008).

It appears that the major source of IL-6 in IBD are intes-
tinal epithelial cells (IELs) and lamina propria mononuclear
phagocytes (MNPs), mesenchymal cells, and T cells (Kusug-
ami et al. 1995; Atreya and Neurath 2008). Another function
of IL-6 is the regulation of intestinal epithelial tight junc-
tions (Suzuki et al. 2011). In this context, [L-6, by inducing
claudin-2 in intestinal epithelial cells and pore formation,
upsurges paracellular permeability for cations in a selective
manner. It has been reported that signals of downstream IL-6
pathways such as MEK/ ERK and PI3K/AKT are responsi-
ble for initiating the pore formation processes (Lee 2015).

Most cell types can respond to IL-6 by shedding the
sIL-6R and trans-signaling (Hunter and Jones 2015). T

cell-mediated responses (Th1, Th2, and Th17) are impor-
tant in the pathogenesis of IBD. IL-6 can induce cytokine
secretion and survival of T cells by inducing antiapoptotic
signals and molecules (Atreya et al. 2000). Moreover, it
has been reported that intestinal T cell-mediated inflam-
mation and T cell expansion could be attenuated by IL-6
blocking (Atreya et al. 2000; Yamamoto et al. 2000).

Nonetheless, this is not the whole story because IL-6
can be involved in regulating the integrity of the intestinal
epithelial barrier and mucus secretion (Zhou and Sonnen-
berg 2018). In this regard, it has been shown that innate
lymphoid cells (ILCs), which are equivalent to Th17 in
innate immunity, contribute to the integration of the intes-
tinal epithelial barrier and homeostasis by secreting IL-6,
IL-17, and IL-22 in response to commensal gut micro-
biota (Fung et al. 2016; Zhou and Sonnenberg 2018). The
gut microbiome also can stimulate the secretion of IL-1p,
IL-6, and IL-23 by MNPs, resulting in IL-22 secretion by
ILC3s and IL-6 production by IELs (Kuhn et al. 2018).
Furthermore, IL-6 controls the balance between Tregs and
pro-inflammatory T cells (Ye et al. 2020). As a result,
intervention through IL-6/IL-6R inhibitors may not always
be beneficial to treatment.

It has been revealed that stress can trigger the hypo-
thalamus-pituitary axis (HPA) and activate the autonomic
nervous system. Additionally, stress elevates cortisol
levels and proinflammatory cytokines, including IL-1p,
IL-6, IL-8, and TNF-a, resulting in chronic inflammation
and IBD development. Increased IL-6 following acute or
chronic stress increases intestinal permeability by weaken-
ing tight junctions. After increasing the permeability of
the intestinal epithelial barrier, the translocation of patho-
genic bacteria to the colonic tissue increases and leads to
infection, excessive cytokine release, and dysregulated
inflammatory responses, which can be associated with the
pathogenesis of IBD (Brzozowski et al. 2016). IL-6 also
plays a role in the activation of colonic natural cytotoxic-
ity receptor-positive (NCR*), CD4~ ILC3s in TRUC mice
(mice with chronic inflamed intestine) by upregulation of
IL-1a-induced production of IL-17A and IL-22 as well as
IL-23 and interferon-y (IFN-y). Therefore, this axis might
be targeted for treating patients with IBD (Powell et al.
2015).

Collectively, the production and secretion of TNF-a,
IL-1P, and IL-18 by IECs and MNPs can lead to chronic
inflammation and the onset of colitis (Fig. 2). However, in
the case of IL-6 and IL-33, due to the dual role of these
cytokines depending on the environmental signals and the
stage of the disease, they may not be definitively involved
in the pathogenesis and progression of IBD. Although IL-6
prevents T cell apoptosis in colitis and contributes to chronic
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inflammation, it also mediates repair mechanisms through its
positive effects on the epithelial barrier. This beneficial and
harmful dual behavior of IL-6 in the gut poses challenges for
targeting clinical therapeutic purposes. As a result, further
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structure—function analysis and understanding of cellular/
signal interactions in the intestinal tract may effectively
advance IL-6/IL-6R inhibition-based therapies (Friedrich
etal. 2019).
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«Fig. 2 Role of IL-6 in the pathogenesis of IBD. Several mediators are
involved in causing chronic intestinal inflammation, the most impor-
tant of which are IL-1p, IL-6, and IL-17. Among these cytokines,
IL-6 is produced by T cells, MNPs, and MSCs. IL-6 plays a dual
role in causing inflammation or intestinal homeostasis. Increasing
differentiation to Th17, increasing survival of T cells, and increased
intestinal epithelial barrier permeability are the most important func-
tions of IL-6, resulting in chronic inflammation. The gut microbi-
ome dysbiosis by increasing harmful bacteria spices and decreasing
beneficial spices also can increase the expression of inflammatory
cytokines such as IL-6. However, IL-6 can also improve the integrity
of the intestinal epithelial barrier and create a balance between Tregs
and Th17 to preserve intestinal homeostasis. MSC mesenchymal stem
cell, MNP mononuclear phagocytes, /EL intestinal epithelial cell, ILC
innate lymphoid cell, MQ macrophage, DC dendritic cell, 7TGF tumor
growth factor, TNF tumor necrosis factor, Treg regulatory T cell

IL-6 and the gut microbiome

Mucosal immune cells are responsible for the release of
IL-6. This cytokine could induce inflammatory responses,
gastric homeostasis, and post-damage regeneration of the
intestine. Studies also suggested an association between
the content of the gut microbiome, dysbiosis, and the
expression of IL-6 (Wu et al. 2022). A study on IL-6
gene knockout (KO) and wild-type (WT) C57BL/6 J mice
demonstrated that gut microbiome diversity was consid-
erably changed in IL-6 KO compared with the WT. It
was observed that the frequency of Verrucomicrobia and
Akkermansia increased while the number of Firmicutes
and Lactobacillus spices decreased in the IL-6 KO group.
Moreover, in the absence of IL-6, intestinal expression
of defensins a3 and a4, as well as the frequency of natu-
ral isolated TCRy8* intraepithelial lymphocytes (IELs),
was remarkably increased, inducing mucosal immune
responses. Consequently, it is possible that the absence
of IL-6 remodels gut microbiome structure and changes
the maintenance of IELs (Wu et al. 2022). As a pleio-
tropic cytokine, IL-6 is elevated in IBD. In parallel with
these findings, a study on //6™~ mice with UC showed
that IL-6 deficiency leads to colitis development. Further-
more, IL-6 deficiency pointedly amplified the colon tis-
sue expression of Ccl2/Ccr2, increasing the recruitment of
Ly6Chigh monocytes, 716~ macrophages, and neutrophils
to the inflamed colon of the studied mice (Cao et al. 2021).
It has been reported that the intestine's various popula-
tions of Escherichia coli increased during DSS-mediated
inflammation and induced strain-specific disease phe-
notypes and immunopathological alterations. Following
treatment with DSS, the levels of the inflammatory media-
tors, including IFN-vy, IL-6, and granulocyte—macrophage
colony-stimulating factor (GM-CSF), were increased,
which is considered a characteristic of the severe inflam-
mation induced by ST129 and ST375 strains of E. coli.

Interestingly, data mining and in vivo neutralization
revealed that IL-6 plays an important role in causing inflam-
matory responses in different phases of the disease. This
is despite the fact that colonization of DDS-treated mice
with ST150 and ST468 E. coli strains led to a negligible
increase in inflammatory responses (Kittana et al. 2018). It
has been reported that the gut microbiota induced the differ-
entiation of regulatory B cells (Breg cells) in the mesenteric
lymph nodes and spleen. As mentioned, IL-6 is involved in
gut homeostasis. A study reported that IL-6 could reduce
excessive inflammation caused by microbiome alteration
by inducing differentiation and expansion of Bregs (Rosser
et al. 2014). In patients with type 2 diabetes (T2D), the
prevalence of gram-negative bacteria such as Prevotella.
copri and Bacteroides vulgatus species in the gut and the
elevated plasma levels of IL-6 could be associated with
insulin resistance and mild inflammation. Therefore, gut
microbiota signature might accompany T2D development
(Leite et al. 2017).

Collectively, IL-6 may have a dual role depending on the
gut microbiota pattern. With the increase of bacterial patho-
gen species and the disturbance of the microbiome balance,
increased inflammatory responses can be seen that IL-6 is
involved in these destructive responses. On the other hand,
when the normal intestinal flora and beneficial bacterial spe-
cies are sufficiently present in the intestine, IL.-6 is more
involved in homeostasis and the reduction of pathologic
inflammation.

Targeting the IL-6/IL-6R axis in inflammatory
bowel diseases

According to the reviewed studies, local release of a wide
range of non-specific inflammatory mediators, including leu-
kotrienes, free radicals, cytokines, and chemokines, could
cause IBD development. The production and secretion of
the mentioned cytokines and chemokines such as TNF-a,
IL-1B, IL-6, IL-12, IL-17, IL-18, IL-23, TGF-, and CCL2
could lead to the recruitment of inflammatory cells into the
intestinal tissue (Monteleone et al. 2006). Therefore, tar-
geting these pro-inflammatory cytokines and chemokines
or their receptors via various inhibitors could effectively
treat IBD (Guan 2019). For instance, using mAbs against
IL-12/23 p40 in morin models of colitis could reduce disease
severity (Becker et al. 2006; Yen et al. 2006). Moreover, in
DSS-induced colitis mice treated with anti-IL-21 antibody,
colonic T cells' infiltration and release of IL-6 and IL-17A
were significantly decreased in inflamed intestinal tissue
(Stolfi et al. 2011). A major challenge in treating IBD via
IL-6 targeting is the dual role of this cytokine in the patho-
genesis of IBD. IL-6 can participate in both IBD progres-
sion and mucosal repair (Choi et al. 2015). To confirm this
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issue, previous studies have shown that IL-6-deficient mice
had moderated inflammatory responses after the induction
of colitis, while the mucosal healing phase in the animals
was impaired (Naito et al. 2004; Gay et al. 2006). These
findings suggest that targeting IL-6 may affect and disrupt
the mucosal healing stage during recovery (Fattori et al.
1994; Tebbutt et al. 2002). As a result, optimizing thera-
peutic methods based on inhibition of IL-6 in the stages of
hyperinflammation where IL-6 production is dysregulated,
and selective induction of IL-6 in the mucosal healing stage
can be useful in the treatment of IBD (Choi et al. 2015).
However, the diagnosis of these stages and treatment opti-
mization need more studies. In this section, according to the
purpose of the study, IL-6/IL-6R axis inhibitors and their
effect on the treatment of IBD and CAC are investigated
(Table 1).

Inflammatory bowel disease

Corticosteroids are anti-inflammatory agents used to induce
remission in UC patients and can inhibit inflammatory tran-
scription factors such as activator protein 1 (AP-1) and
NFKB and repress the release of IL-1 and IL-6 (Oakley and
Cidlowski 2013; Rezaie et al. 2015). A double-blind, rand-
omized, parallel-group study used beclomethasone dipropi-
onate and prednisone in patients with mild-to-moderate UC,
and the findings demonstrated promising clinical outcomes
with a respectable safety profile (Assche et al. 2015).

However, some patients become resistant to corticoster-
oid therapy, and the treatment fails. In this type of patient,
administering intravenous infliximab (a chimeric, IgG-1
monoclonal anti-TNF-a antibody) can be useful in patients
with moderate to severe DC and UC as well as patients with
corticosteroid-refractory acute UC (Hanauer et al. 2002;
Rutgeerts et al. 2005; Kevans et al. 2018). As mentioned,
TNF-a induces the production of IL-6 by macrophages,
and treatment with infliximab may indirectly control the
overproduction of IL-6 (McGee et al. 1995). Fascinatingly,
soluble gp130 may act as a natural inhibitor of IL-6 in IBD,
which may be due to the IL-6 co-elution of IL-6 with solu-
ble gp130. Moreover, soluble gp130, the serum levels are
elevated in UC and to a lesser extent in CD than in healthy
subjects (Mitsuyama et al. 2006).

Antibodies blocking the IL-6/IL-6R axis include tocili-
zumab, clazakizumab, olokizumab, PF-04236921, Clazaki-
zumab (BMS-945429), C326, and other inhibitors may be
effective in the treatment of IBD. Although some of these
inhibitors have entered phases I and II of clinical trials, these
studies were incomplete or terminated for various reasons.
Among these drugs, tocilizumab and PF-04236921 are
well-studied IL-6/IL-6R axis inhibitors in IBD (Coskun
et al. 2017). Tocilizumab is a human anti-IL-6R antibody
that was first used in 2004 in a phase I clinical trial on CD
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patients, but although patients well-tolerated tocilizumab,
only 20% of patients attained clinical remission, and no dif-
ference was observed between the findings of endoscopy or
histology in patients treated with tocilizumab and placebo
(Ito et al. 2004). A study on a T cell transfer murine colitis
model demonstrated that blocking the IL-6/IL-6R axis sig-
nals with tocilizumab reduced lamina propria T cells apop-
tosis, repressed the expression of vascular adhesion mol-
ecules, and effectively decreased intestinal inflammation (Ito
2005). To evaluate the safety and efficacy of tocilizumab, the
researchers of this study performed a clinical trial in patients
with CD. The outcomes showed that 12 weeks of adminis-
tration of tocilizumab (dose of 8 mg/kg) could significantly
increase the clinical response rate in 80% of undertreatment
CD patients. This dose of tocilizumab was safe and well-
tolerated by patients.

Moreover, remission was observed in 20% of CD patients
treated with tocilizumab disease, and the acute-phase
responses were regularized (Ito 2005). Despite the thera-
peutic benefits of tocilizumab in IBD, there are reports of
challenges and limitations in using this drug. In this con-
text, some investigations have reported that tocilizumab may
exacerbate pre-existing UC or cause de novo drug-induced
IBD, which may be due to the inability to suppress IL-6
production in the inflamed gut (Borghini et al. 2021). Addi-
tionally, tocilizumab can lead to severe colitis in patients
with Takayasu arteritis. A recent study reported bacteremia,
colonic perforation, and wide lesions in the sigmoid colon
were detected in some patients with Takayasu arteritis under
treatment with tocilizumab (Ishii et al. 2022). Since IL-6
plays a significant role in intestinal biological processes such
as recovery from ischemic injury and infection control, inhi-
bition of IL-6R with tocilizumab may be associated with
adverse effects such as infection, and this is one of the major
challenges in utilizing this inhibitor in the treatment of auto-
immune/inflammatory diseases such as Takayasu arteritis
and IBD.

A fully human anti-IL-6 mAb termed PF-04236921 is
used in a phase I clinical trial conducted on patients with
CD who failed anti-TNF therapy (NCT01345318). The
outcomes of this study showed that PF-04236921 induced
clinical response and remission in refractory patients with
CD (Danese et al. 2019). Nevertheless, perforation and gas-
trointestinal abscesses were detected as adverse effects of
PF-04236921 therapy, which may be due to the restorative
role of IL-6/IL-6R signals in IEC. Clazakizumab is a fully-
humanized mAb that is able to inhibit free IL-6 and IL-6/
sIL-6R complex (Semerano et al. 2014; Rossi et al. 2015a,
b). A phase II trial (NCT01545050) was designed to evalu-
ate the efficacy of Clazakizumab in patients with moderate
to severe CD who had an unsatisfactory response to con-
ventional therapy or failed anti-TNF therapy (Rogler 2015).
However, more information about this study is unavailable
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Table 1 Effective probiotics and natural compounds in treating colitis mice models

Compound

Outcomes

Ref.

Moringa oleifera

Ginger

Water-soluble garlic polysaccharide (WSGP)

Butyrate

Dehydroepiandrosterone (DHEA)

Evodiamine (EVO)

Shenling Baizhu San (SLBZS)

Resveratrol

Polysaccharide (SP) extracted from Gracilaria Lemanei-
formis

Egg white peptides (EWPs)

Food incidental NPs

Restoration of the number of Bifidobacteria and Lactoba-
cilli

L IL-6

| colitis-associated pathological alterations

| IL-6 mRNA expression

| Muribaculaceae

Regulating the gut microbiome structure in DDS-induced
colitis mice

| Colonic damage and levels of IL-6 in DSS-induced colitis
mice models

1 The production of SCFAs

Enhancing the mucosal barriers and the gut microbiome
composition

| The signs of colitis and improved colonic histological
injury

| The expression of inflammatory cytokines such as IL-6
and increasing the expression of CCR9

1 MDSCs recruitment

| IL-1B, IL-6, and TNF-a

Improving colon barrier integrity and modulated gut micro-
biota composition

| Inflammatory responses in the intestine

| Tumor formation

| Tumor cell proliferation

1 Tumor cell apoptosis

| Escherichia coli and Enterococcus faecalis

1 Lactobacillus, Campylobacter, and Bifidobacterium
| The IL-6/STAT3/P65 pathway

Improving the function of the intestinal barrier and modu-
lating the gut microbiome

1 The number of Oscillospira and Prevotella, which pro-
duce SCFA

| The number of Bilophila and Desulfovibrio

| The expression of IL-6 and MPO

Balancing the gut microbiota composition

| The production of IL-1p, IL-2, IL-6, TNF-a, IFN-y, GM-
CSF, and CXCL1

| The number of Bilophila, Sutterella, Akkermansia, and
Dorea

1 The abundance of Bifidobacterium

Recovering physical conditions of the studied mice

| Weight loss and suppressing appetite

| The release of IL-1p, IL-6, and TNF-a in inflamed colon
tissue

Improving the expression of tight junction proteins

Enhancing the intestinal barrier

Regulating the content of microbiota

1 The number of Candidatus Saccharimonas and Lactoba-
cillus

| The number of Akkermansia and Ruminiclostridium

| IL-1p, IL-6, and TNF-a

Modulating the composition of the gut microbiome

1 The abundance of Alloprevotella, Muribaculaceae, and
Alistipes

| The number of harmful spices such as Helicobacter

Balancing the production of inflammatory cytokines such
as [L-6

Elabd et al. (2018)

Guo et al. (2021)

Shao et al. (2020)

Xiao et al. (2021)

Cao et al. (2020)

Zhu et al. (2021)

Gu et al. (2020)

Li et al. (2020)

Han et al. (20204, b)

Ge et al. (2021)

Wang et al. (2022)
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Table 1 (continued)

Compound

Outcomes

Ref.

Lactobacillus helveticus KLDS 1.8701, Lactobacillus
plantarum KLDS 1.0318, and Lactobacillus acidophilus
KLDS 1.0901

| DAI

| The colon shortening

Shi et al. (2021)

| IL-1p, IL-6, PGE2, TNF-«

| MPO activity
1 Production of SCFAs
Improving intestinal barrier

Lactobacillus reuteri F-9-35

| MPO activity

Sun et al. (2018)

| The expression of IL-6, COX-2, and TNF-a
Modulating the gut microbiota dysbiosis

Bifidobacterium longum

Producing CLA

(Chen et al. 2021)

1 Goblet cells, mucin2, a-catenin, ZO-1, and claudin-3
| The release of IL-6 and TNF-a
1 The production of IL-10

SEL001

| IL-6 and TNF-«

Rather et al. (2020)

| The number of Firmicutes

Desmethylbellidifolin

Modulating the gut microbiome

Zelante et al (2013)

| DAI was reduced, and colonic inflammation
| The expression of IL-6 and TNF-a

Saccharomyces boulardii

Modulating the gut microbiome

Wang et al. (2019)

| UC tumorigenesis

| Tumor load

| The IL-6 and TNF-a

| The number of Lachnoclostridium and Lachnospiraceae

NK4A136
| The symptoms of DSS-induced acute colitis

Akkermansia muciniphila

Qu et al. (2021)

| Colon histological inflammatory score, body weight loss,
and colon length shortening

1 The expression of the mucin family

L IL-1p, IL-6, TNF-a, and CCL2

and has been terminated due to the sponsor's decision (CSL
Behring).

Moreover, a study on IL-10~"~ mice demonstrated that
complete blockade of IL-6 significantly worsens gut inflam-
mation. The exact mechanism of this outcome is not yet
fully understood; nevertheless, intestinal inflammation may
develop following Treg/CD152 inhibition and induction of
the IL-1p/Th2 pathway. It has also been shown that more
severe inflammatory conditions are seen in the intestines
of double-mutant mice (IL-10~~, IL-67'7), indicating the
importance of IL-6 in the homeostasis of mucosal immune
responses. As a result, blockade of the IL-6/IL-6R axis com-
ponents in IBD patients should be associated with greater
caution as it may worsen the patient's condition (Ye et al.
2020).

Regarding the role of ILCs in IBD pathogenesis, these
cells might be potential therapeutic targets for IBD treatment
(Goldberg et al. 2015). For instance, depletion of ILCs as
well as targeting IL-6, IL-23, and JAK signaling can lead
to inhibition of ILCs and Th17 (Buonocore et al. 2010).
Consequently, inhibiting Th17 and ILCs as IL-6 produc-
ers in the inflamed intestinal tissue can suppress the IL-6/
IL-6R/STAT3 signals, reducing inflammatory responses and
enhancing apoptosis of effector T cells. Filgotinib is a JAK
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inhibitor that impairs downstream signals of IL-6, IL-10,
and interferon (IFN) family cytokines via hindering JAK1.
Findings of a clinical trial study (NCT02048618) demon-
strated that using this inhibitor in patients with CD had a
promising clinical outcome. This study reported that fol-
lowing 20 weeks of treatment of CD patients with filgotinib
(200 mg once a day), patients achieved significantly clinical
remission, defined as Crohn's disease activity index (CDAI)
of less than 150. Advantageous effects of filgotinib therapy
were also realized on D'Haens histopathology scores, simple
endoscopic score for Crohn's disease (SES-CD) responses,
and inflammatory biomarkers activity (Vermeire et al. 2017).

Evidence shows that tryptanthrin (TRYP) with anti-
inflammatory properties has been successful in DSS-induced
colitis by improving the histopathological structure of the
inflamed colon tissue and reducing IL-6, STAT3, and
TNF-a. Additionally, the phosphorylation of STAT3 was
repressed by TRYP. These findings demonstrated that TRYP
could regulate the IL-6/STAT3 and TNF-o/NFKB p56 sign-
aling pathways by hindering STAT3 phosphorylation and
degradation of IxkBa (Wang et al. 2018).

It has been shown that Sphaerophysa salsula, honey bee
propolis, and Pterocarpus marsupium contain 3'-Hydroxypter-
ostilbene (trans-3,5-dimethoxy-3’,4'-hydroxystilbene), which
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can efficiently ameliorate the number of tumors and colon
shortening in AOM/DSS-induced colitis. Molecular analysis
disclosed that 3'-hydroxypterostilbene has anti-inflammatory
properties because this compound significantly decreases
the levels of IL-6, inducible nitric oxide synthase (iNOS),
and cyclooxygenase-2 (COX-2). Furthermore, dietary
3'-hydroxypterostilbene could markedly reduce IL-6/STAT3
signals in the inflamed colonic tissue (Lai et al. 2017).

Sesbania grandiflora is a herbal plant containing polyphe-
nol, flavonoid, and flavanone with antitumor and anti-inflam-
matory characteristics used in treating UC. In this regard, an
experimental investigation reported that the IL-6 and TNF-a
levels were reduced following treatment with hydroalcoholic
extract of Sesbania grandiflora in an acetic acid-induced UC
mouse model (Gupta et al. 2018). This study claimed that
200 mg of hydroalcoholic extract of Sesbania grandiflora
could be as effective as 2 mg of prednisolone. The presence
of highly polymerized polyphenols and flavonoids, particu-
larly quercetin, in this plant may be the reason for its anti-
oxidant and anti-inflammatory activities (Gupta et al. 2018).

Gegen Qinlian decoction (GQ) is a traditional Chinese
herbal medicine broadly utilized to treat enteric typhoid
fever and bacterial dysentery. Recently, clinical studies
have revealed that GQ could be a potential therapeutic
option for UC treatment. Experimental investigations dem-
onstrated that GQ significantly alleviated UC symptoms in
DSS-induced mice models of UC and repressed myelop-
eroxidase (MPO) activity. Additionally, the production of
TNF-a, IL-1f, IL-6, IL-17, and TGF-f1, as well as infiltra-
tion of Th17 and Treg cells into the colons, was reduced fol-
lowing administration of GQ. The findings also showed that
phosphorylation of STAT3 and JAK?2 was decreased after
treatment (Zhao et al. 2021). Therefore, GQ can reduce the
dysregulated inflammatory responses in the inflamed tissue
of the colon by inhibiting IL-6/IL-6r/STAT3 axis signaling,
which can be beneficial for treatment.

Another anti-inflammatory alkaloid compound found in
the Boldo tree is Boldine. It has been reported that Boldine
can decrease inflammatory-associated colon injury. The
mechanism of this anti-inflammatory action has not yet
been fully elucidated, but there is evidence of decreased
TNF-a, IL-6, IL-17, pSTAT3, and p65 NFKB levels, as
well as decreased inflammatory cell infiltration into colon
tissue (Pandurangan et al. 2016). Pien Tze Huang (PZH) is
a famous traditional Chinese formula used in inflammatory
diseases. An investigation reported that PZH could notice-
ably alleviate DSS-induced colitis symptoms, such as stool
consistency, rectal bleeding, and body weight loss. Further-
more, PZH could prevent DSS-induced colon shortening
and improve colonic histopathological alterations, including
crypt distortion, infiltration of immune cells, hyperplastic
epithelium, and mucosal ulceration.

Moreover, PZH treatment pointedly repressed the DSS-
induced expression of IL-6 in colon tissues and inhibited the
IL-6/IL-6r/STAT3 signals (Li et al. 2018). An open-label,
prospective phase 2a trial was conducted on patients with
active IBD undertreatment with the olamkicept (a trans-
signaling inhibitor) to block IL-6 trans-signaling in vivo.
Findings showed that olamkicept significantly reduced phos-
phorylated STAT3 and noticeable transcriptional alterations
in the inflamed mucosa. These data proposed that blockade
of IL-6 trans-signaling could be a promising and novel strat-
egy for treating IBD (Schreiber et al. 2021).

Previous studies reported that oleuropein could reduce the
production of IL-6 and increase the release of anti-inflam-
matory cytokines in colitis and colorectal cancer models
(Giner et al. 2016; Larussa et al. 2017; Deiana et al. 2018).
An investigation explored the effect of administration of ger-
minated barley foodstuff (GBF) on inflammatory mediators,
including IL-6, IL-8, and TNF-a. The findings showed that
IL-6 and IL-8 were significantly reduced in the GBF-treated
group compared with baseline (Faghfoori et al. 2011). Cla-
dosiphon fucoidan, a dietary substance, also might help treat
colitis. An investigation revealed that DAI, MPO, and IL-6
were significantly decreased following administration of
Cladosiphon fucoidan in DDS-induced mice models (Mat-
sumoto et al. 2004). A study on DDS-induced colitis mice
models suggested that Lizhong Decoction (LZD) could be
used to treat UC. After treatment, colonic inflammation
was remarkably alleviated via inhibiting the production of
inflammatory mediators, including IL-1, IL-6, IFN-y, TNF-
a, nitric oxide (NO) and suppressing the activity of MPO
and superoxide dismutase (SOD). Fascinatingly, the levels
of anti-inflammatory cytokines such as IL-4 and IL-10 were
significantly decreased following LZD treatment. Further-
more, LZD significantly reduced the mRNA level of toll-like
receptor 4 (TLR4) and NF-xB and increased the expression
of claudin-1, zonula occluden-1, and occludin to reduce gut
inflammation and improve the intestinal barrier (Shen et al.
2020). It has been reported that other compounds, such as
tilapia head glycolipids (TH-GLs) and Jiangxiangru (JXR),
had beneficial effects on reducing gut IL-6-mediated inflam-
mation (Gu et al. 2021; Wang et al. 2021).

Colitis-associated cancer

One of the reasons that researchers have increasingly con-
sidered IBD is to provide the appropriate conditions for
CRC and the development of this malignancy in humans.
A study on mice models of colitis revealed that administra-
tion of Rho-associated protein kinase inhibitor (Y-27632)
could pointedly improve colitis severity which was proved
by histological damage, colon length, and the disease activ-
ity index (DAI) scores. Moreover, treatment by Y-27632 sig-
nificantly reduced CD68 and pro-inflammatory mediators

@ Springer



66

A. Shahini, A. Shahini

such as TNF-a, IL-16, IL-6, and IL-17F. Y-27632 effectively
repressed NFKB and STAT3 activation and prosurvival gene
activity associated with these transcription factors. These
outcomes indicated that Y-27632 inhibition of the NF-xB
and IL-6/STAT3 pathways could ameliorate colonic inflam-
mation and be an effective anti-inflammatory drug to treat
UC and prevent CAC (Wang et al. 2020a, b).

Silibinin, an antineoplastic and anti-inflammatory used in
a CAC mouse model to determine its impact on IL-6/IL-6R/
STATS3 signaling, revealed that silibinin could reduce the
size and amount of tumors in AOM/DSS mice. Moreover,
scores of colitis and tumor were decreased. Silibinin also
inhibited tumor cell proliferation and induced apoptosis of
tumor cells. Furthermore, the production of IL-6, as well
as STAT3 phosphorylation, were remarkably repressed by
silibinin (Zheng et al. 2018).

Oroxylin A, an O-methylated flavone, is another IL-6
inhibitor that can be used to treat CAC. A study on human
HCT-116 cells treated with oroxylin A showed that this
compound effectively repressed IL-6/IL-6R/STAT3 signal-
ing. Additionally, during the experimental period, dietary
administration of oroxylin A pointedly inhibited tumor cell
proliferation, decreased the tumor burden, and induced apop-
tosis. On the other hand, the expression of IL-6 and IL-1p
was down-regulated in isolated tumor tissues from mice
treated with oroxylin A. Moreover, the IL-6/IL-6R/STAT3
signaling was reduced in the treated animals. Accordingly,
oroxylin A may be a potential option for treating CAC via
regulating IL-6/IL-6R/STAT3 signals in HCT-116 cells and
AOM/DSS mice models (Yang et al. 2013).

Embelin, a small molecule that inhibits X-linked inhibi-
tors of apoptosis protein (XIAP), can also have anti-
inflammatory, antitumor, and antioxidant properties. An
investigation on CAC-bearing mice reported that embelin
considerably reduced tumor size and incidence in the studied
animals. Furthermore, embelin repressed the expression and
release of colonic IL-6 and subsequently activated STAT3 in
vivo. Notably, embelin reduced both the IL-6—induced and
constitutive STAT3 activation in CRC cells via promoting
Src homology domain 2-containing protein tyrosine phos-
phatase (SHP2) activity in vitro. Additionally, embelin
down-regulated the expression of IL-1f, IL-17A, and IL-23,
along with reducing the number of infiltrated macrophages
and CD4" T cells in the inflamed colonic tissues. Accord-
ingly, these outcomes showed that embelin could suppress
CAC tumorigenesis, and its antitumor impact is partly medi-
ated via reducing Th17-mediated responses and the acti-
vation of IL-6/IL-6R/STAT3 signals and immune response
(Dai et al. 2014).

Interestingly, cocoa as a compound enriched with poly-
phenols has anti-inflammatory, antitumor, and antioxidant
activities. A study reported that the cocoa diet significantly
reduced CAC-induced mice's tumor size and incidence by
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inhibiting tumor epithelial cell proliferation and inducing
apoptosis. Cocoa repressed colonic IL-6 expression and
STAT?3 activation (Saadatdoust et al. 2015).

Tea polysaccharides (TPS) isolated from tea leaves are
the main nutraceutical component with anti-inflammatory,
antioxidant, and antitumor activities. A study on AOM/
DSS mouse model and IL-6-induced CT26 CRC line dem-
onstrated that TPS considerably condensed tumor size and
incidence and noticeably repressed the infiltration of pro-
inflammatory immune cells and release of IL-6 matrix met-
alloproteinase-2 (MMP-2), VEGF, cyclin DI, and survivin
in vitro and in vivo. Therefore, TPS can attenuate the CAC
progression by suppressing the IL-6/IL-6R/STAT3 pathway
and the expression of downstream genes (Liu et al. 2018).

Although the mentioned compounds have been studied in
CAQ, it appears that the involvement of colitis in the devel-
opment of CRC and the effect of these compounds on the
IL-6/IL-6R axis can be used in the treatment of IBD.

Modifying the gut microbiome to reduce
IL-6-mediated inflammation

The gut microbiome's content has been considered one of
the main factors associated with inflammatory-based dis-
eases, diabetes, obesity, and metabolic disorders (Tilg and
Kaser 2011; Devaraj et al. 2013; Taneja 2014; Halfvarson
et al. 2017). According to the cross-sectional studies, dys-
regulated immune responses to the gut microbiome could be
involved in the pathogenesis of IBD because the microbiome
pattern of patients with UC, CD and ileal CD is altered more
than in healthy individuals (Halfvarson et al. 2017). There-
fore, therapies aimed at changing the microbiome content
can help treat inflammatory diseases such as IBD (Table 1).

Herbal medicine and other natural compounds

An experimental study conducted a nutritional interven-
tion using Moringa oleifera to modulate inflammation by
affecting the number of caecal Bifidobacteria and Lacto-
bacilli in mice under a high-fat diet. Finding demonstrated
that in mice with a high-fat diet, intestinal levels of Bifido-
bacteria significantly decreased while the number of Lac-
tobacilli pointedly increased compared with normal control
mice. Furthermore, serum levels of IL-6 and body weight
increased in mice fed a high-fat diet. Interestingly, following
treatment with Moringa oleifera, the number of Bifidobacte-
ria and Lactobacilli, as well as IL-6 levels and body weight,
were meaningfully restored in the studied animals feeding a
high-fat diet (Elabd et al. 2018).

Ginger also can affect the regulation of the gut microbi-
ome (Wang et al. 2020a; b). In DDS-induced mice models
of colitis administration, ginger improved colitis-associated
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pathological alterations and reduced the mRNA levels of
IL-6. Lactobacillus murinus, Lachnospiraceae bacterium
615, and Ruminiclostridium KBI18 as pathogenic spices
were found in the gut microbiome of mice with colitis and
treatment with ginger reduced Muribaculaceae, resulting in
regulation of the gut microbiome structure in DDS-induced
colitis mice models (Guo et al. 2021). It has been reported
that treatment with water-soluble garlic polysaccharide
(WSGP) reduces colonic damage and levels of IL-6 in DSS-
induced colitis mice models. Furthermore, WSGP boosted
the production of SCFAs and enhanced the mucosal barri-
ers and the gut microbiome composition (Shao et al. 2020).
Butyrate is a kind of SCFAs and is negatively associated
with colitis development. An investigation demonstrated that
the administration of butyrate pointedly reversed the signs
of colitis and improved colonic histological injury by reduc-
ing the expression of inflammatory cytokines such as IL-6
and increasing the expression of CCR9 chemokine in DSS-
induced colitis mice models. However, it was found that
these therapeutic effects were performed in collaboration
with CCR9" myeloid-derived suppressor cells (MDSCs) as
an immunosuppressive cell. Therefore, butyrate alone could
not have a significant effect on the treatment of colitis (Xiao
et al. 2021).

Dehydroepiandrosterone (DHEA) is another anti-inflam-
matory factor with promising effects in the treatment of
colitis. It has been revealed that DHEA administration in
DSS-induced colitis mice could reduce IL-1p, IL-6, and
TNF-oa. DHEA also improved colon barrier integrity and
modulated gut microbiota composition to decrease inflam-
matory responses in the intestine (Cao et al. 2020).

One of the most important risk factors for colitis and CRC
is high-fat diets, which change the gut microbiome composi-
tion (Zhu et al. 2021). An investigation explored the thera-
peutic effects of Evodiamine (EVO) in DDS-induced mice
models. This study showed that the numbers of Escherichia
coli and Enterococcus faecalis were amplified in patients
with CRC, whereas Bifidobacterium, Campylobacter and
Lactobacillus were reduced. Additionally, the levels of
p-STAT3 were significantly elevated in these patients. Fur-
thermore, treating mice with EVO and 5-aminosalicylic acid
(ASA) could inhibit tumor formation, reduce tumor cell pro-
liferation, and induce tumor cell apoptosis. The numbers of
Escherichia coli and Enterococcus faecalis were reduced,
while the frequency of Lactobacillus, Campylobacter, and
Bifidobacterium was increased in treated mice. Furthermore,
the IL-6/STAT3/P65 pathway was inhibited in treated mice
with EVO (Zhu et al. 2021). Shenling Baizhu San (SLBZS)
is another complementary medical therapy for UC by
improving the function of the intestinal barrier and modu-
lating the gut microbiome pattern by increasing the num-
ber of Oscillospira and Prevotella, which produce SCFA,
and decreasing the number of pathogenic bacteria such as

Bilophila and Desulfovibrio. Furthermore, the expression
of IL-6 and MPO was significantly reduced after therapy
(Gu et al. 2020). Orally administration of resveratrol also
could have therapeutic effects in (DSS)-induced colitis mice
model through balancing the gut microbiota composition
and reducing the production of IL-1f, IL-2, IL-6, TNF-a,
IFN-y, GM-CSF, and CXCL1. Moreover, resveratrol can sig-
nificantly reduce the number of Bilophila, Sutterella, Akker-
mansia, and Dorea. Additionally, resveratrol increases the
abundance of Bifidobacterium in mice with colitis (Li et al.
2020).

The protective effects of an extracted polysaccharide
(SP) from Gracilaria Lemaneiformis were investigated in
DDS-induced mice models, and results disclosed that this
extract could recover physical conditions of the studied
mice by reducing weight loss and suppressing appetite.
Furthermore, SP also repressed the release of IL-1p, IL-6,
and TNF-« in inflamed colon tissue. The expression of tight
junction proteins is also upregulated following treatment
with SP to enhance the intestinal barrier (Han et al. 2020).

Egg white peptides (EWPs) can regulate the content of
microbiota through their anti-inflammation and anti-oxida-
tion properties. Treatment of mice with colitis with 200 mg/
kg of EWPs showed an increased number of Candidatus
Saccharimonas and Lactobacillus and decreased the number
of Akkermansia and Ruminiclostridium. Moreover, IL-1p,
IL-6, and TNF-a decreased following this treatment in DDS-
induced colitis mice models (Ge et al. 2021).

Self-assembled nanoparticles (NPs) incidentally formed
throughout food processing. The advantage of these food
incidental NPs is that they can directly access the GI and
modulate the composition of the gut microbiome. Food
incidental NPs increased the abundance of beneficial bac-
terial spices such as Alloprevotella, Muribaculaceae, and
Alistipes and decreased the number of harmful spices such
as Helicobacter. Moreover, the correlation analysis showed
that pro-inflammatory cytokines were negatively correlated
with Muribaculaceae, Alloprevotella, and Alistipes but posi-
tively correlated with Helicobacter to balance the production
of inflammatory cytokines such as IL-6 (Wang et al. 2022).
Other studies have shown that compounds such as Berberine,
Rhein, and algal oil rich in docosahexaenoic acid in a similar
behavior reduce inflammation by inhibiting the production
of inflammatory cytokines such as IL-6, as well as improv-
ing intestinal mucosal barrier and microbiome composition
(Yang et al. 2021; Deng et al. 2022; Dong et al. 2022).

Probiotics
Some bacterial species include Lactobacillus helveti-
cus KLDS 1.8701, Lactobacillus plantarum KLDS 1.0318,

and Lactobacillus acidophilus KLDS 1.0901 could have
immunomodulatory, antioxidant, and antibacterial properties
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in DDS-induced colitis mice. The mixture of these strains
significantly reduced colon shortening, disease activity index
(DAI), the levels of inflammatory mediators such as IL-1p,
IL-6, PGE2, TNF-a, and the activity of MPO. In addition,
following supplementation with the lactobacilli mixture,
bacterial diversity, gut microbiota content, production of
SCFAs, and the intestinal barrier significantly improved in
DDS-induced colitis (Shi et al. 2021). Other probiotics such
as Lactobacillus reuteri F-9-35 and its wild type have also
been studied for the treatment of UC, and findings demon-
strated that in the treated animals, MPO activity, and the
expression of IL-6, cyclooxygenase-2 (COX-2), and TNF-a
were decreased in inflamed colonic tissue compared with
control. Additionally, Lactobacillus reuteri F-9-35 modu-
lated the gut microbiota dysbiosis in a protective manner
(Sun, Zhang et al. 2018). Therefore, supplementation with
probiotics can be a decent way to reduce gut inflamma-
tion. Bifidobacterium longum is able to produce conju-
gated linoleic acid (CLA). Treating animals by Bifidobac-
terium longum remarkably amplified goblet cells, mucin2,
a-catenin, ZO-1, and claudin-3. Additionally, the therapy
can reduce the release of IL-6 and TNF-a, while the produc-
tion of IL-10 was increased, and all of these events could
be due to the effects of produced CLA (Chen et al. 2021).
A bioactive product isolated from a probiotic strain Lacto-
bacillus sakei probio65 termed SEL0OO1 was administrated
in TNBS-induced UC mice models. The findings showed
that SELOO1 significantly reduced IL-6 and TNF-a as well
as the number of phylum Firmicutes, which is correlated to
UC development (Rather et al. 2020). Desmethylbellidifo-
lin or balsalazide sodium (isolated from Gentianella acuta)
can have anti-colitis properties via modulation of the gut
microbiome. It has been reported that upon9 days of treat-
ment with desmethylbellidifolin, the DAI was reduced, and
colonic inflammation was ameliorated via inhibiting the
expression of IL-6 and TNF-a in DDS-induced mice mod-
els. Additionally, desmethylbellidifolin could modulate the
gut dysbiosis induced by DDS (Wu et al. 2021).

It has been revealed that periodontal disease could be
associated with IBD via unknown mechanisms. The num-
ber of Porphyromonadaceae significantly increased in fecal
samples isolated from CD patients (Lee et al. 2022). Follow-
ing intrarectal implantation of Porphyromonas gingivalis,
the DAL, as well as infiltration of inflammatory cells, levels
of IL-6 and TNF-a were intensified in DDS-induced coli-
tis mice models. Therefore, concurrent treatment of peri-
odontal disease should be considered for IBD patients (Lee
et al. 2022). Saccharomyces boulardii is another beneficial
bacterium for treating CAC with the capability to reduce
inflammation via modulating the gut microbiome. An inves-
tigation of azoxymethane and DDS-induced colitis models
demonstrated that Saccharomyces boulardii treatment con-
densed UC tumorigenesis in the studied mice, as specified

@ Springer

by the decreased tumor load and reduced the levels of IL-6
and TNF-a. Moreover, the number of Lachnoclostridium and
Lachnospiraceae NK4A136 was elevated in the gut micro-
biome (Wang et al. 2019).

It has been found that the fecal level of Akkermansia
muciniphila was reduced in UC patients compared to healthy
individuals. An experimental study demonstrated that oral
administration of Akkermansia muciniphila BAA-835 strain
pointedly amended the symptoms in DSS-induced acute
colitis, proved by reduced colon histological inflammatory
score, body weight loss, and colon length shortening. Addi-
tionally, the frequency of goblet cells and the expression of
mucin family were improved upon Akkermansia muciniphila
treatment. The levels of other inflammatory mediators such
as IL-1p, IL-6, TNF-a, and CCL2 decreased after the treat-
ment (Qu et al. 2021). Probiotic interventions also treat the
major depressive disorder (MDD) to modulate the gut micro-
biome and inflammatory mechanisms. Results showed that
the expression of the /L-6 gene was significantly decreased
following administration of probiotics than in the placebo
group (Reiter et al. 2020).

Concluding remarks

Based on the existing findings and reviewed studies, chronic
inflammation underlies IBD, and the IL-6/IL-6R axis can
be considered a therapeutic target as an important part of
developing this chronic inflammation. On the other hand,
this chronic inflammation can increase the development of
CAC. A wide range of inhibitors with relatively promising
outcomes, including natural compounds, anti-IL-6/IL-6R
mADs, as well as small molecules, have been used to inhibit
the IL-6/IL-6R axis in IBD and CAC. However, considering
the multiple roles of IL-6 in enhancing the integrity of the
epithelial barrier and intestinal homeostasis and inhibiting
the infection caused by various microorganisms in the intes-
tinal mucosa, the question arises about whether inhibiting
the IL-6/IL-6R axis is always in favor of treatment? The
involvement of a wide range of inflammatory mediators in
developing chronic inflammation complicates treatment, and
monotherapy may not be as successful in the clinic.

For this reason, more studies in this field are needed to
discover novel and optimized therapeutic methods such as
modulation of the gut microbiome composition using pro-
biotics or natural compounds with minimal side effects to
preserve the physiological functions of IL-6. Several of these
compounds and their action against intestinal inflammation
and microbiome Alteration have been introduced in this
study. It is possible that these compounds could be used as
a therapeutic combination with other IL-6/IL-6R axis inhibi-
tors to benefit from their synergistic effects. Because accord-
ing to studies, the effect of microbiome-altering compounds
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is not limited to reducing IL-6 and can affect other inflam-
matory mediators and improve the mucosal barrier.
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