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Abstract 

Intestinal fibrosis is a prevalent complication of IBD that that can frequently be triggered by prolonged inflamma-
tion. Fibrosis in the gut can cause a number of issues, which continue as an ongoing challenge to healthcare systems 
worldwide. The primary causes of intestinal fibrosis are soluble molecules, G protein-coupled receptors, epithelial-
to-mesenchymal or endothelial-to-mesenchymal transition, and the gut microbiota. Fresh perspectives coming 
from in vivo and in vitro experimental models demonstrate that fibrogenic pathways might be different, at least 
to some extent, independent of the ones that influence inflammation. Understanding the distinctive procedures 
of intestinal fibrogenesis should provide a realistic foundation for targeting and blocking specific fibrogenic path-
ways, estimating the risk of fibrotic consequences, detecting early fibrotic alterations, and eventually allowing therapy 
development. Here, we first summarize the inflammatory and non-inflammatory components of fibrosis, and then 
we elaborate on the underlying mechanism associated with multiple cytokines in fibrosis, providing the framework 
for future clinical practice. Following that, we discuss the relationship between modernization and disease, as well 
as the shortcomings of current studies. We outline fibrosis diagnosis and therapy, as well as our recommendations 
for the future treatment of intestinal fibrosis. We anticipate that the global review will provides a wealth of fresh 
knowledge and suggestions for future fibrosis clinical practice.

Highlights 

1. Since the intestinal tract is an extremely complex organ of immune regulation, the occurrence and development 
of intestinal fibrosis are more complex, as well as cardiovascular system, it has received more attention.

2. Fibrosis triggered by prolonged chronic inflammation is an immensely complicated disorder. Considering there 
is an abundance of inflammatory variables involved, fibrosis therapy becomes challenging

3. Disturbance of the intestinal milieu and cytokines in gut are potential fibrogenesis routes as well.
4. Intestinal fibrosis can substantially impede bodily function, so fibrosis relief is crucial.
5. The bidirectional regulation of cytokines in the cellular route, inflammatory response and fibrosis has attracted 

wide attention.
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Graphical Abstract

Introduction
Fibrosis can cause harm to any organ and accounts for up 
to 45% of all fatalities in countries with advanced econo-
mies.  Fibrogenesis is a physiological, reparative process 
that might be damaging whenever a hazardous substance 
persists in the healing process for an extended period 
of time. Intestinal fibrosis is characterized  by excessive 

deposition of collagens and other extracellular matrix 
(ECM) components, with gut smooth muscle cells serving 
as one of the primary mesenchymal cell sources.  Fibro-
sis was long assumed to be a persistently progressing 
and irreparable process, but preclinical experiments and 
clinical trials in numerous systems of organs have dem-
onstrated that it is an extremely unpredictable one.  It 
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has been viewed as a model of intestinal fibrosis linked 
with persistent inflammation, as shown in IBD, particu-
larly Crohn’s disease (CD). The approach also included 
an appropriate investigation of cytokine production dur-
ing the inflammatory phase. Inflammatory bowel disease 
(IBD) is now widely recognized as a common chronic 
immune-mediated disease that occurs predominantly in 
the intestine, and it remains a prevalent ailment putting a 
substantial strain on the healthcare system. According to 
the research survey, the morbidity is the highest in North 
America and Europe, but in recently grown in emerging 
nations such as Asia, Africa, and South America [1]. Sev-
eral investigations have corroborated that the pathogene-
sis of ulcerative colitis (UC) is restricted to the symptoms 
of chronic persistent inflammation of the colon, and 
the mucosa and submucosa, whereas CD is more likely 
to occur in the terminal ileum and ascending colon [2]. 
Excessive accumulation of ECM accumulation leads to 
recurrent injury, and hardening of tissues in the process 
of chronic persistent inflammation, eventually leading to 
intestinal fibrosis, which is a typical natural outcome of 
IBD. Fibrosis-related disorders affect more than 30% of 
CD patients, while UC patients also have moderate fibro-
sis [3]. Current research has revealed that pulmonary and 
myocardial fibrosis occurs during the COVID-19 epi-
demic, although its pathogenesis and anti-fibrosis mech-
anism remain unknown [4, 5]. The formation of fibrosis 
is an extremely complex regulatory process involving 
inflammatory factors and immunological reactions. 
Other experimental evidence has hinted that hyperten-
sion may directly affect digestive tract immunity, thereby 
affecting the degree of fibrosis, or indirectly regulate 
sympathetic nerve and intestinal flora, lower intestinal 
mucosal barrier, and reduce the occurrence of intestinal 
digestion [6, 7]. Although receiving widespread attention, 
the anti-inflammatory treatment routinely employed in 
clinic is mostly ineffectual in the fight against intestinal 
fibrosis [8]. Thereby, it is critical to explore the mecha-
nism of fibrosis and identify the mediator involved in the 
process. We summarize the latest evidence on inflam-
matory factors and immunological response in fibro-
sis. Simultaneously, we also emphasize the relationship 
between fibrosis and inflammatory variables, as well 
as non-inflammatory factors and products, in order to 
elucidate the research progress, which provides a novel 
approach for future clinical practice.

Current viewpoint in the pathogenesis of IBD
Although the etiology of IBD remains largely unknown, 
it involves a complex interaction between genetic, envi-
ronmental, and microbial factors [9]. Currently, the 
pathogenesis of IBD is multifactorial and involves the 
presence of pathogenic factors, are making significant 

advancements in figuring out the molecular etiology  of 
IBD [10].

Microbiota and IBD
The gut microbiota is a complex ecosystem that plays a 
crucial role in the maintenance of intestinal homeosta-
sis and the regulation of the immune system. Abnormal 
gut microbiota is one of the pathogenic factors in IBD. 
Firstly, of the 163 loci discovered, CD occupied 30 loci, 
UC inhabited 23, and both occupied 110 loci. NOD2, 
ATG16L1, CARD9, and IL23R were among the genes 
studied [10]. According to studies on the fibrosis-related 
genes have depicted that C-X-C motif chemokine ligand 
9 (CXCL9), Thrombospondin 2 (THBS2), Matrix Gla 
protein (MGP), Protein tyrosine phosphatase receptor 
type C (PTPRC), CD52 molecule (CD52, similar to CD24 
molecule CD52), Granzyme A (GZMA, also CTLA3, 
HFSP), Dermatopontin (DPT), and Decorin (DCN, 
DSPG2, SLRR1B) may have the function of changing 
the expression of fibrosis. They are not only significantly 
expressed in UC and CD, but also in liver and kidney 
fibrosis [11]. WWOX (WW domain-containing oxidore-
ductase), on the other hand, is a non-negligible factor in 
fibrotic stenosis in CD [11].

Environmental factors
There is no doubt that the variable factors of the envi-
ronment, such as smoking, diet, drugs, geography, social 
pressure and psychological disorders are crucial in the eti-
ology of IBD. A study has shown that the deficiency vita-
min B can aggravate the occurrence of IBD, but lower the 
occurrence of intestinal fibrosis [12]. The increased preva-
lence UC may be associated with a continuous duration 
of high dosages of nonsteroidal anti-inflammatory agents 
[10], as well as the environmental pollution [13]. Several 
hypotheses on the underlying causes of IBD include a dys-
functional immune host response to normal luminal com-
ponents, infection with a particular pathogen, and/or an 
inadequate mucosal barrier to luminal antigens.

The etiology of IBD has been linked to dysbiosis or an 
imbalance in the composition of the gut microbiota. The 
disturbance of intestinal microenvironment is a potential 
cause that could not be ignored in the onset of IBD, for 
example, the diversity of fecal flora in patients with IBD 
is considerably lowered. Studies have also shown that 
intestinal adherent invasive Yersiniabactin generated by 
Escherichia coli (AIEC) has been found to induce granu-
loma and granulomatous colitis in vitro, which is directly 
linked to enteritis and intestinal fibrosis [14]. At present, 
there is universal concern that dietary habits and fiber 
have direct or indirect impacts on the intestinal tract, 
potentially altering the function of intestinal microbes 
[15].
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Immune response
Existing evidence implies that inappropriate activa-
tion  in both acquired immunity and unacquired immu-
nity responses exacerbate intestinal inflammation. 
Innate immunity generates related immune responses 
via the recognition of various antigens. Pattern recogni-
tion receptors (PRRs) are made up of Toll-like receptors 
(TLRs) in the membrane and NOD-like receptors (NLRs) 
in the cytoplasm [16]. Due to its abundant and diversity 
of T cells, adaptive immunity is more complex link in 
the specific immune regulation [10]. The immunological 
abnormalities associated with T helper 1  (Th1) cells are 
considered to be a major cause of enteritis. IFN-γ derived 
from Th1 is primary cytokines that mediates the onset 
of UC and CD, particularly their modulation of immune 
function as well as targeting of epithelial cells impacted 
by disease have attracted the most attention. IL-12 also 
effectively promotes Th2 production with IL-4 as well 
IL-5/13 [17]. These evidence imply that cytokines inter-
act strongly, exhibiting reciprocal regulation, and even 
antagonism.

Hypertension accompanied by intestinal fibrosis
At present, it is generally accepted that hypertension is 
the leading cause of cardiovascular disease [18], upon 
growing understanding that there is a probable tight 
association between hypertension and the pathologi-
cal alterations of intestinal inflammation. The gut is 
innervated by peripheral and autonomic nerves, as well 
as a complex microbial flora that influences the intesti-
nal immune response and mucosal barrier under the 
intricate regulation of blood pressure [7]. First of all, 
the tension disorder of hypertension plays an extremely 
potential role in the onset of hypertension [19]. The 
hypothalamic paraventricular nucleus detects hyperten-
sion signals, conducts them to hypothalamus and regu-
lates neurohormones within the digestive system [7], 
which may result in higher permeability of the intestines 
along with lowered tight junctions. Secondly, autonomic 
nerves can alter intestinal permeability, inflammatory 
status, and microecological environment in enteritis 
[7, 20] with the precise process given in Fig. 1. Notably, 
several researches have corroborated the use of RAS 
system inhibitors in spontaneously hypertensive rats 
(SHRs) to verify their antihypertensive, as well as anti-
inflammatory and antifibrotic effects. Candesartan, an 
angiotensin type 2 receptor blocker, has been demon-
strated to prevent ileal and colonic lesions in rats as well 
as enhance intestinal expression of tight junction pro-
tein coding genes such as cingulate protein, occludin, 
and tight junction protein 1(TJP1). Surprisingly, cande-
sartan may alleviate the intestinal mucosal barrier dam-
age based on an increase in serum LPS-binding protein 

levels [21]. Furthermore, ACEI inhibitors can ameliorate 
the elevation of SHR blood pressure via retarding the 
sympathetic nerves tonicity, thereby reversing intestinal 
dysfunction [7]. Nevertheless, some evidence has indi-
cated that the improvement of intestinal tract by inhib-
iting renin–angiotensin–aldosterone  system (RAAS) is 
mainly related to intestinal epithelial apoptosis and Th17-
mediated immune response rather than directly related 
to the regulation of blood pressure [22]. So, determin-
ing whether the pathogenic alterations in the digestive 
tract are primarily caused by hypertension, sympathetic 
nerve activity produced by hypertension signals, or both 
is challenging. Lastly, hypertension leads to a decrease in 
the abundance, diversity, and evenness of gut microbes, 
as well as an increase in the Firmicutes/Bacteroidetes 
ratio (F/B) [23], which is linked to the decline in acetate 
and butyrate, along with the cytokine alternation. There 
is currently a scarcity of research on hypertension-related 
enteritis. As a consequence of the foregoing experimental 
findings, we can definitely infer that alleviating the pro-
gress of hypertension and sympathetic tone performs a 
vital part in the occurrence of enteritis as well as gastro-
intestinal fibrosis and the underlying mechanism is illus-
trated in Fig. 1.

Unraveling the underlying mechanisms of fibrosis 
formation
Given that emergence of fibrosis in the intestinal tract is 
an elaborate procedure involving multiple elements and 
mechanisms, we are going to concentrate on the course 
of fibrosis formation and its underlying mechanism of 
cytokine shifting within this section.

The fibrotic process of intestinal inflammation
Fibrosis in IBD has a profound impact on clinical out-
comes, including motor abnormalities, anal dysfunc-
tion, rectal urgency, and urinary incontinence [24]. Acute 
inflammation is a key driver of multi-organ fibrosis. 
The use of bleomycin-induced pulmonary fibrosis and 
carbon tetrachloride-induced hepatic fibrosis models 
demonstrated that short-term drug exposure induced 
epithelial cell apoptosis and hepatocyte necrosis. The 
aforementioned processes stimulated inflammatory trig-
gers and wound healing responses, which in turn led to 
the deposition of ECM in the tissues and the genera-
tion of fibrosis [25]. In a study on the establishment of a 
mouse model of enteritis, dextran sulfate (DSS)-mediated 
epithelial damage and epithelial repair were produced in 
acute colitis. Following a prolonged dosing cycle, chronic 
non-self-limiting colitis resulted in intestinal fibrosis due 
to the combined effects of sustained injury and physi-
ological repair. Chronic 2,4,6-trinitrobenzene sulfonic 
acid (TNBS)-mediated colitis is characterized by the 
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persistent development of lamina propria fibrosis [26]. A 
review of the literature indicates that submucosal fibrosis 
and thickening of the mucosal muscular layer are asso-
ciated with chronic persistent injury, rather than active 
inflammation. This indicates that fibrosis and mucosal 
muscular layer thickening are common complications 
of progressive ulcerative colitis. The innate and adap-
tive immune response facilitates the proliferation and 
differentiation of myofibroblasts, which is of significant 
benefit for the generation of ECM, a central step in fibro-
sis. Indeed, the chronic process of tissue repair resulting 
from a persistent inflammatory response is a key factor 
in the development of fibrosis. Conversely, the direct 
removal of inflammatory factors is the most effective 
method of interrupting the tissue remodeling process and 
facilitating the gradual transformation of the affected tis-
sue into normal tissue. This is because the dissipation of 
inflammatory factors leads to the suppression of the con-
tinuously increasing ECM and promotes matrix metallo-
proteinase (MMP)-induced fibrous matrix degradation. 
Furthermore, it has been demonstrated that the reduc-
tion of inflammation is associated with an increase in the 

deposition of fibrous matrix and a decrease in the degra-
dation of MMPs, resulting in the accumulation of ECM 
[27]. The fibrotic process described above is the result 
of a multifactorial combination of factors, including the 
activation of the coagulation cascade and the combined 
effects of chemokines and cytokines released by plate-
lets and injured endothelial cells [28]. Four distinct sub-
populations of fibroblasts have been identified in the UC, 
including an activated fibroblast population expressing 
interleukin (IL)- 33, lysyl oxidase, TNFSF14, and fibro-
blast reticulocyte-related genes [29]. A full-thickness 
single-cell RNA atlas report of stenotic ulcerative colitis 
revealed the heterogeneity of fibroblasts in stenotic CD. 
The majority of transcriptional changes were observed in 
the mucosal and submucosal layers of stenotic CD, with 
fewer changes observed in the lamina propria compared 
to controls. In particular, specific fibroblast populations, 
such as  CXCL14+ and MMP/WNT5A+ fibroblasts, 
exhibited either increased numbers or enhanced tran-
scriptional activity in stenotic CD compared with non-
stenotic but inflamed and non-inflamed tissue from the 
same patients [30]. Nevertheless, clinical observations 

Fig. 1 Pathophysiological alterations of cardiovascular and intestinal tract in humans during stress. The pressure signals sensed 
by the paraventricular nucleus of the hypothalamus go via the sympathetic nervous to thicken the endothelium and intima, increase collagen 
in the media, and thicken the left ventricle. The expression of occludin, connexin, and ZO-1 was found to be increased, as well as the of  CD68+ 
and  CD163+ Mφs in the intestine



Page 6 of 25Xin et al. European Journal of Medical Research          (2024) 29:335 

have indicated that chronic intestinal inflammation does 
not invariably result in intestinal fibrosis. Celiac disease 
and lymphocytic enteritis do not appear to be associated 
with the development of fibrosis or stenosis [31]. This 
diagram illustrates the various mechanisms by which dif-
ferent inflammatory conditions progress to recovery or 
fibrosis. In the case of a common clinical condition such 
as intestinal inflammation, it is of great importance to 
explore the specific mechanisms that occur and thus pro-
vide targets for clinical treatment.

During acute intestinal inflammation, fibrogenesis 
is a necessary physiological process that assists in tis-
sue regeneration and wound healing. Inflammatory cells 
release cytokines and growth factors, which stimulate 
mesenchymal cells including fibroblasts and myofibro-
blasts to create ECM components such as collagen [32]. 
This short-lived ECM deposition serves as a provisional 
scaffold for tissue healing and aids in the restoration of 
intestinal wall integrity [9]. Once the acute inflammation 
has subsided, MMPs destroy the extra ECM, and the tis-
sue recovers to its normal structure [32].

Chronic inflammation, such as IBD, causes dysregu-
lated fibrogenesis and excess ECM deposition, culmi-
nating in pathological intestinal fibrosis. Pro-fibrotic 
cytokines such as TGF-β, IL-13 and other soluble media-
tors activate mesenchymal cells over a sustained period 
[33]. The contribution of additional cell types, such 
as epithelial cells (EMT), endothelial cells (EndoMT), 
and bone marrow-derived fibrocytes. Impaired ECM 
breakdown caused by an imbalance of MMPs and their 
inhibitors (TIMPs). The fibrotic process becomes self-
perpetuating and inflammation-independent, resulting in 
excessive ECM build-up, intestinal wall thickening, and 
strictures development [34]. Other variables that pro-
mote fibrosis include the gut microbiota, TLRs, and plas-
minogen activator inhibitor-1 (PAI-1) [35].

In conclusion, whereas fibrogenesis is a natural repara-
tive process during acute inflammation, dysregulated and 
persistent fibrogenesis caused by chronic inflammation 
eventually results in pathological intestinal fibrosis in 
conditions such as IBD.

Potential mechanisms for the development of intestinal 
fibrosis
Fibrosis is described as abnormal accumulation of ECM 
and ongoing accumulation of collagen, resulting in com-
promised cell integrity and healing. Numerous studies 
have revealed that chronic enteritis with IBD patients, 
particularly CD, leads to repeated and sustained epithe-
lial cell damage, as well as long-term immune response 
characterized  by tissue overgrowth, sclerosis and scar-
ring to cope with the damage, which eventually leads to 
chronic progressive fibrosis [2, 24, 36]. ECM components 

such as collagen and fibronectin can also be secreted by 
intestinal mesenchymal cells, albeit in tiny amounts. The 
amount of mesenchymal cells of diverse sources aggran-
dizes locally throughout the course of fibrosis induced 
by multiple factors [31]. The most important elements 
influencing fibrosis include inflammatory substances 
from several sources, such as transforming growth factor 
(TGF), tumor necrosis factor (TNF), growth factors, as 
well as different interleukins. These mediators generally 
promote the fibroblast activity, as well as proactive dif-
ferentiation and dedifferentiation of mesenchymal cells. 
This type of fibroblast activity results in three related 
cell phenotypes: fibroblasts, subepithelial myoblasts, and 
smooth muscle cells, all of which can lead to prolifera-
tion both fibroblasts and myofibroblasts [31, 37]. When 
the stability of MMP and TIMP is disrupted, the colonic 
wall undergoes morphological remodeling. The former 
are proteolytic enzymes capable of cleaving ECM com-
ponents, whereas the latter counteracts their hydrolytic 
activity and maintains the two enzymes’ balanced home-
ostasis [38]. Fibroblasts and myofibroblasts are trans-
formed from epithelial and endothelial cells via the EMT 
or EndoMT processes to repair intestinal mucosal barrier 
abnormalities and restore tissue integrity up until recov-
ery, which is another mechanism depicted in Fig. 2. EMT, 
on the other hand, is the process through which epithelial 
cells convert into fibroblasts and take on their functions. 
Similarly, several of the aforementioned proinflammatory 
factors can promote fibrosis by stimulating EMT and 
EndoMT [36]. Current research in fibrosis involves filling 
information gaps, which might improve understanding of 
the fibrosis mechanism. Although inflammation is essen-
tial for the onset of fibrosis, it does not always impact the 
progress of fibrosis due to the additional variables associ-
ated with the data processor.

Multiple factors affect intestinal fibrosis
In addition to EMT and EndoMT, intestinal fibrosis 
is most likely to be linked to intestinal microecology, 
oxidation–reduction (REDOX) imbalance, and intesti-
nal cell apoptosis [39]. As depicted in Fig. 2, IBD fibro-
blasts have been revealed to be directly modulated by 
the microflora [40], for example, Streptococcus and lac-
tobacillus were shown to be prevalent in ileum fibro-
sis, while sulfite-reducing bacteria were found to be 
negatively associated with ileal fibrosis [39]. TGF-β is 
elevated in IBD fibrotic tissues due to an imbalance in 
gut flora. Antibiotic medication or outright suppres-
sion of the TGF-β signaling cascade can avoid fibrosis 
caused by excessive ECM accumulation [41]. Despite 
ongoing study, the underlying mechanism by which 
intestinal flora promotes the progression of intestinal 
fibrosis remains elusive. Oxidative stress is defined as 
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an imbalance in oxidation and antioxidation that modi-
fies the equilibrium of reactive oxygen species (ROS) 
/ reactive nitrogen species (RNS) and, consequently, 
weakens the intestine’s oxidative defense of the system 
[39]. In the colon of IBD patients, researchers uncov-
ered increased oxidants and reduced Nrf2 enzyme 
activity, indicating that oxidative stress contributes to 
fibrosis. When exposed to ROS, and Nrf2 products may 
eliminate ROS, hence lowering oxidative stress [42]. 
Scavenging ROS can suppress TGF-β1-mediated EMT, 
illustrating the diverse function of oxidative stress in 
modulating inflammation-related fibrosis across sev-
eral signaling pathways. Multiple studies have dem-
onstrated that the BCL2 family proteins, which have 
been shown to stabilize mitochondrial membranes and 
prolong cell life, can improve fibrogenesis by improv-
ing fibroblast survival and facilitating fibroblast differ-
entiation [39, 43]. The content of α-SMA and COL1A1 

were considerably lowered in fibroblasts treated with a 
modest dosage of BCL2 antagonist in a control set of 
assays, corroborating the results presented above [43]. 
In practical, fibrosis remains a challenging to cure. The 
high prevalence of inflammation in patients’ bodies 
facilitates to generate fibrosis, which is a major impedi-
ment to patient rehabilitation [2]. Despite the absence 
of a full understanding of non-inflammatory fibrosis, 
ongoing research into the underlying processes can 
considerably advance the targeted therapy for intestinal 
fibrosis.

Cytokines serve as a crucial bridge 
between the immune response and fibrosis
The digestive tract is the body’s most potent immune 
system. Due to long-term exposure to food antigens and 
complex and diverse microbial flora, the intestinal tract 
not only needs to protect the integrity of its mucosa 

Fig. 2 Pathophysiological diagram of intestinal fibrosis. Inflammation is triggered by distinctive inflammatory and associated non-immune 
cells, as well as microbiota that enhance epithelial and endothelial EMT and EndoMT and catalyze myoblast activation through pathways such 
as cytokines, growth factors, and oxidative stress. This process ultimately results in the formation of fibrosis
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and barrier to maintain daily digestion and absorp-
tion function, but also needs to maintain the state of 
"inflammation preparation" to respond to the invasion of 
various antigens. When there is inflammation, the intes-
tinal microenvironment becomes extremely complicated, 
and many different types of cells release cytokines, such 
as interleukin (IL) and TNF, which can trigger inflam-
matory response via the action of complicated cellular 
subnets and accelerate, postpone, or even reverse the 
process of intestinal fibrosis. However, it is unresolved 
how this process is generated by the combined activity of 
various parts or the mutual influence of different compo-
nents [44]. Therefore, in this section, we will further pro-
vide extend insight into the role of cytokines involved in 
fibrosis and summarize the pertinent signaling pathways 
in Table 1 in order to propose novel recommendation for 
future clinical practice.

TGF‑β
TGF-β is ubiquitous, adaptable, and essential for survival. 
They are essential for growth and development, as well 
as inflammation and repair. The role of TGF-β in home-
ostatic and pathological processes hints that it could 
potentially be beneficial for both the detection and man-
agement of inflammatory and fibrotic ailments.

General biological characteristics of TGF‑β
TGF-β has long been considered as the essential media-
tor of intestinal inflammation and fibrosis, as well as a 
primary contributor to enteritis fibrosis [45].TGF-β1/2/3, 
bone morphogenetic protein, and several growth- and 
differentiation-promoting factors belong to the TGF-β 
family [46]. TGF-1 receptor 1 (TR1) is transmembrane 
receptor with serine/threonine kinase activity, as well as 
TR2 [47]. TGF-β1 pathway malfunction or overexpres-
sion can cause gastrointestinal inflammatory, fibrotic 
hyperplasia, and cancer cell mutation [48]. The ongoing 
expansion of the ECM is one of the reasons for the con-
stant high production of TGF-β1 in sick organs [49].

TGF‑β involved in the proliferation of multiple types of cells
Cell surface serine/threonine kinases and Smad fam-
ily effector predominantly hinder TGF-βdownstream 
proliferation. TGF-β promotes carcinogens in the  late 
stages of tumor  formation by suppressing the immune 
system and altering the epithelial tumor cell differen-
tiation, thereby known as EMT [50]. Malfunction of the 
TGF-β cascade can lead to tumor development. GDF10 
is muted due to promoter hypermethylation, which may 
operate as a tumor suppressor gene in NPC via TGF-β/
Smad/NF-κB signaling pathways [51]. TGF-β restricts 
the majority of cells, including upper skin cells and 

endothelial cells. IGFBP-3 and TGF-β are antagonized by 
the V-type TGF-β receptor (t-β-V). The reason why can-
cer cells are able to escape TGF-β regulation and become 
more aggressive may be related to TGF-β inhibition of 
epithelial and endothelial cells [52]. TGF-β limits differ-
ent cell proliferation, notably fibroblasts. Cyclosporine 
promotes gingival fibroblast proliferation via the TGF-β 
and Sonic hedgehog  (Shh) pathways [53]. According 
to a substantial body of research, TGF-β1 has a power-
ful inhibitory impact on hepatocytes proliferation either 
in vivo or in vitro study as well as in normal, regenerative, 
neoplastic, and preneoplastic liver nonparenchymal cells. 
Fausto’s group evaluated high-affinity binding sites for 
TGF-β1 binding to rat hepatocyte membranes and dis-
cover that the mRNA transcription of TGF-β1 in patients 
with persistent hepatic disorders was closely matched to 
the expression of pro-fibrotic proteins or nucleic acids 
[54]. TGF-β receptor signaling may also be required 
for the pancreas to prevent β-cell death following prolif-
eration, and the TGF-β pathway is beneficial to the reg-
ulation of β-cell homeostasis [55]. Inhibition of TGF-β 
signaling, for another, extends the β-cell lineage. Espe-
cially in the classical TGF-β signaling pathway, Smad3 
inhibits the secretion of islet β cells to maintain the 
homeostasis of insulin in the body [56]. TGF-β1 inhibits 
keratinocyte proliferation by inhibiting c-myc transcrip-
tion, acts as a chemotactic factor for fibroblasts, has indi-
rect mitogen for certain mesenchymal cells, and induces 
ECM deposition [57, 58]. Similarly, TGF-β1 pathway also 
has an impact on reproductive system proliferation, as 
well as to uterine epithelial cells and prostatic duct cells 
[59, 60]. Through the TGF-β signaling route pathway, 
zoledronic acid can suppress fibroblasts proliferation and 
migration [61, 62]. TGF-β possesses two type I receptors, 
ALK-1 and ALK-5. Due to current research, the proper-
ties of TGF-β/ALK5 pathway and TGF-β/ALK1 pathway 
are diametrically opposite, the former has an inhibitory 
effect on stimulating endothelial cell proliferation and 
metastasis, while the latter has a promoting effect [63]. 
In another investigation, ALK-5 has been shown to be 
involved in growth stimulation, and the novel ALK4/5/7 
kinase inhibitor SB-431542 reduced TGF-β induced 
growth activation, as well as Gleevec and AG1296 [64]. 
TGF-β1 might promote the MSCs proliferation while 
hindering the osteogenic differentiation, which may be 
related to the Smad3-dependent swift nuclear translo-
cation of β-catenin in MSCS [65].In particular, TGF-β1, 
has a multidimensional effect in promoting tumor pro-
gression, which is a tumor suppressor in its initial phases 
of tumor and becomes a carcinogenic factor in the ter-
minal phases. When the PDGF-B gene is not methyl-
ated, TGF-β/Smad signaling can induce the expression 
of PDGF-B and promote the proliferation of glioma [66]. 
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TGF-β inducing cytostasis is demonstrated in many cell 
types, but it may also influence proliferation, apoptosis, 
dormancy, and autophagy in others. This dual role of 
TGF-β is vital in the future therapeutic practice, and it 
additionally implies a bright future for cancer patients.

TGF‑β fibrosis‑related downstream pathway expression 
and influencing factors
Aside from what has already mentioned above, the Smad 
protein is the primary intracellular effector of TGF-β1, 
which can activate Smad for signaling, thus raising the 
expression of pro-fibrotic genes. Numerous investiga-
tions have revealed that aberrant TGF-β1/Smad trans-
duction is the primary cause of fibrosis. Among them, 
TGF-β1 receptor complex phosphorylates Smad2/3/4 
then coupled with phosphorylated products, and the 
complex may then primarily control and express target 
genes, which is finished in the nucleus [49]. Meng’s Team 
explored the function of Smad4 in regulating TGF-β 
signaling in mice with unilateral ureteral obstruction and 
noticed that Smad4 activates Smad3, which leads to the 
activation of downstream promoters and promotes the 
co-ligation of Smad3 with the COL1A2 promoter, con-
firming the Smad3 and Smad4 play a promoting role in 
liver fibrosis [67]. Tsuchida K’s group revealed that delet-
ing smad4 in mesangial cells suppresses TGF-β1-induced 
ECM deposition, supporting the fibrotic crucial role 
of Smad3 and Smad4 [68]. Smad2 and Smad7, on the 
other hand, possess a protective role in fiber  develop-
ment. Smad3 inhibition caused lower level of type I col-
lagen and blocked epithelial–myofibroblast transition as 
well as Smad2. Furthermore, research on the influence of 
Silibinin on the expression of Col I revealed that inhibit-
ing the Smad2/3-dependent signaling pathway alleviated 
Col I upregulation [69], as well as Smad4 via enhancing 
Smad3 responsiveness and promoter activity. An experi-
ment employing doxycycline induction in a  mink lung 
epithelial (Mv1Lu) cell line demonstrated that Smad7, a 
negative feedback regulator, decreased activation of TGF-
β1/Smad signaling, more particularly, Smad7 inhibited 
PAI-1 as TGF-β target genes [70]. As depicted in Fig. 3, 
Smad7, which has a negative feedback regulatory func-
tion, would protect against TGF-β1-mediated fibrosis 
[49, 71]. Smad6 antagonizes the Smad pathway activated 
by bone morphogenetic protein (BMP) type I receptors 
ALK-3 and ALK-6, whereas Smad7 inhibited Smad sign-
aling via TGF-β and BMP [72]. In various disease mod-
els, TGF-β1 or its downstream signaling pathways can 
be suppressed to slow the advancement of renal fibrosis, 
whereas the overexpression of TGF-β1 accelerates the 
progression. According to the data shown above, we have 
reason to believe that TGF-β1 signaling pathways, both 
Smad-based and non-Smad-based, can cause fibrosis 

and be linked to myofibroblast activation, ECM forma-
tion, and degradation of ECM [45]. TGF-β, phosphoryl-
ated Smad2-Smad3 (PSMad2-3), and TIMP-1 expression 
were considerably greater in the stenotic area than in 
the non-stenotic area. TGF-β transcripts were greater 
and the PSMad2-3 response to TGF-β was stronger in 
stenotic intestinal mucosa myofibroblasts than in non-
stenotic locations. These evidence revealed that TGF-β 
pathway inhibition promotes MMP-12 myofibroblast for-
mation and migration [73]. In one research, Smad7 anti-
sense oligonucleotide treatment alleviated colitis along 
with reduced collagen deposition and stopped fibrosis 
in mice, which was associated with lower TGF-β1 pro-
duction and p-Smad3 protein expression [74]. With the 
rapid development of biological technology, the role of 
vaccines has attracted wide attention.TGF-1 vaccination 
has been proven in tests to lower excessive TGF-1 bioac-
tivity, which may aid in the prevention and treatment of 
intestinal fibrosis [75]. TGF-β1 caused a dose-dependent 
pro-fibrotic response in organoids. According to immu-
nofluorescence evidence, spironolactone reduces the 
occurrence of intestinal fibrosis by inhibiting the migra-
tion of colonic myofibroblasts [76], which is a crucial 
element in wound healing [77]. Furthermore, intestinal 
microecological circumstances might improve immu-
nological homeostasis by modulating TGF-β production 
[41]. Inhibition of AXL signaling, for example, blocks 
TGF-β1, thereby relieving the fibrotic process of myofi-
broblasts in the colon [78]. GRP78 protein overexpres-
sion can activate TGF-β1 signaling and induce fibrosis 
[79]. Nrf2 inhibits enteritis and fibrosis via negatively 
regulating the ROS/TGF-1/SMADs pathway [42], FnE 
can catalyze the growth and differentiation of fibroblasts 
and influence the development of myofibroblasts via acti-
vating TGF-β. It is particularly noteworthy that integrins 
is indispensable in this process [80]. The role of TGF-β 
in the pathogenesis of fibrosis has also been documented 
in some clinical trial reports. The antifibrotic drug colchi-
cine was found to significantly reduce TGF-β expression 
[81]. Tissue nonspecific alkaline phosphatase (TNAP) has 
been identified as a potential anticardiac fibrosis drug, 
exhibiting the capacity to exert an inhibitory effect on 
fibrosis by inhibiting the AMPK-TGF-β1/Smads path-
way [82]. In the context of patients with systemic scle-
rosis, transforming growth factor beta (TGF-β) induces 
the expression of DNA methyltransferase 3A (DNMT3A) 
and DNMT1 in fibroblasts in a SMAD-dependent man-
ner. This results in the repression of cytokine signaling 
inhibitory factor 3 (SOCS3) expression via promoter 
hypermethylation. The downregulation of SOCS3 pro-
motes the activation of STAT3, which in turn facilitates 
the transformation of fibroblasts to myofibroblasts and 
fibrogenesis in  vitro and in  vivo. The downregulation 



Page 10 of 25Xin et al. European Journal of Medical Research          (2024) 29:335 

of SOCS3 facilitated the activation of STAT3, which, 
in  vitro and in  vivo, promoted the transformation of 
fibroblasts into myofibroblasts, collagen release, and 
fibrosis [83]. From the above evidence, the regulation of 
TGF-β on fibrosis is an extremely complex process, in 
which many related signaling pathways are involved.

TNF‑α
At early stages of intestinal inflammation, the proinflam-
matory effect of TNF-α is more potent, albeit its exact 
mechanism is unknown [84]. TNF-α induces tissue inhi-
bition of metalloproteinase-1 (TIMP-1) expression while 
limiting matrix metalloproteinase-2 activity and collagen 
degradation with activating ERK1/2. TNF-α may, to dif-
ferent degrees, promote the secretion of IL-8, McP-1, 
MMP-1 and MMP-2 [85]. In particular, TNF-α also cause 
inflammatory and fibrotic via the IRAK–NFκB pathway. It 
influences affects chemokine secretion and ECM metab-
olism accumulation of IL-1β [85]. TNF-α has a fibrotic 
impact mainly completed through the encoding TNFR2 
gene, which drives fibroblast proliferation via ERK1/2 
and inhibits collagen degradation via TIMP-1 generated 

through STAT3 [84]. TNF-α reduced mRNA expression 
of SATB2 and MUC5B in intestinal epithelial cells and 
goblet cells, also promoted mucosal damage and junc-
tion disintegration in the human generated pluripotent 
embryonic stem cell-driven gastrointestinal organoids 
(HIO) model [86]. Furthermore, TNF-α can also stimu-
late colonic myofibroblast migration [87]. In a rat model 
of IBD, anti-TNF-α antibodies reduced intestinal inflam-
matory symptoms and fibrosis [88]. Similarly, various 
investigations have been carried out to lower TNF-α for 
anti-inflammatory and antifibrotic in patient purposes. 
Nonetheless, the mechanisms are still being addressed 
[89]. TNF-α-induced epithelium damage can be mitigated 
by probiotics, which is an interesting phenomena to con-
sider [90]. Some individuals who received anti-TNF-α 
therapy early had a lower incidence of intestinal stenosis 
[91]. In the infliximab trial, it was found that anti-TNF-α 
medications might stimulate TIMP-1production and fur-
ther improve the migration capacity of myofibroblasts 
in CD, resulting in the reduction of MMP activity and 
wound healing [92]. Clinical trials have demonstrated that 
rifaximin-α administration to patients for 30 consecutive 

Fig. 3 Diagram illustrating putative IL-6 and TGF-β signaling processes involved in intestinal fibrogenesis and interaction with other 
signaling outlets. The processes behind the TGF-β and IL-6 signaling pathway in fibrosis depicted schematically
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days results in a significant reduction in peripheral blood 
TNF-α expression, while simultaneously promoting the 
growth of gut microorganisms enriched in TNF-α and 
IL-17, with the aim of reducing systemic inflammation, 
particularly in the gut, and preventing fibrosis [93]. Based 
on the evidence presented above, we may infer that the 
anti-TNF-α therapy has substantially ameliorated the 
incidence of stenosis and fibrosis.

TL1A
Tumor necrosis factor like cytokine 1A (TL1A), as a part 
of the TNF superfamily of members (TNFSF15) [94], is a 
vita cytokine that modulates the positioning and inflam-
matory process of intestinal epithelial inflammation, 
which eventually leads to fibrous stenosis [95]. Domi-
nant TL1A expression directly induced the production 
of the TNFSF15 haplotype but also enhance the risk of 
small intestinal stenosis [96]. TL1A attaches to the death 
domain receptor 3 (DR3) and performs as a costimula-
tory of IFN-γ secretion [18], and this relationship may 
be detected in a range of cells with diverse degrees of 
differentiation, including cells of the immune system, 
epithelial cells, and fibroblasts. In the context of immu-
nological reactions, endothelial responses to IL-1β and 
TNFα can promote TL1A production, which is also pro-
duced in Mφs and dendritic cells that conduct signals to 
recognize TLR [97]. The amount of TL1A-positive cells, 
mRNA and proteins in inflammatory cells are all altered 
by inflammation and the pathological proceedings of CD. 
The proliferation of  DR3+T cells in the lamina propria of 
intestinal mucosa was correspondingly increased [18]. In 
inflamed intestinal mucosa, TL1A may operate on a large 
number of DR3-expressing lymphocytes, such as  CD4+ 
and  CD161+ lymphocytes, and eventually activate IFN-γ 
and IL-17 pathways [98]. In patients with IBD, increased 
expression of the E-cadherin was associated with the 
decreased TL1A expression, whereas the opposite was 
observed for the mesenchymal markers (FSP1 and 
α-SMA). TL1A-induced EMT may be related to TGF-
β1/Smad3, which leads to the increased expression of 
IL-13 and EMT-related transcription molecules (ZEB1, 
Snail1). Simultaneously, anti-TL1A antibody or BMP-7 
might both alter TL1A-induced EMT [16]. Other inves-
tigations have identified a relationship between TGF-β1 
and Smad3. In a chronic colitis T cell transfer model, 
anti-TL1A antibodies inhibit intestinal fibroblast acti-
vation and reduce collagen synthesis, resulting in anti-
inflammatory and antifibrotic effects [94]. Preclinical 
research suggest that targeting the TL1A pathway may be 
an effective therapeutic method for intestinal fibrosis in 
IBD, such as CD. A phase 2a clinical trial (TUSCANY) 
demonstrated that an anti-TL1A antibody PF-06480605 

minimized fibrosis gene expression in patients with 
ulcerative colitis (UC), including genes involving extra-
cellular matrix remodeling and fibrosis [99]. However, 
there are also research results that are inconsistent with 
the above conclusions. Overexpression of TL1A causes 
fibrosis that is reliant on certain microbial populations 
[97]. Modulation of TL1A-DR3 can independently influ-
ence fibrosis [96, 100, 101].

IL‑1
Seven of members within the IL-1 group either pro-
inflammatory properties (IL-1α, IL-1β, IL-18, IL-33, 
IL-36α, IL-36β and IL-36γ), while the additional four are 
antagonistic (IL-1RA, IL-36RA, IL-38) or anti-inflamma-
tory properties (IL-37) [102].

IL‑1α significantly mediates the inflammatory response 
of fibroblasts
IL-1α not only modulates inflammatory process, but it 
also initiates traditional the classic cytokine activity via 
membrane receptors and impacts the transcription and 
translation program of genes [102]. Different cell types 
involving epithelial cells, Mφs, monocytes, and endothe-
lial cells, elevate or release IL-1α in response to diverse 
factors [102], although IL-1 dominates innate immunity, 
it may also be involved in acquired immunity.  All IL-1 
receptors possess the Toll-IL-1 receptor (TIR) domain. 
IL-1α can exacerbate intestinal inflammation by induc-
ing cytokine production in mesenchymal cells.  In the 
interaction between intestinal epithelial cells (IEC) with 
fibroblasts, IL-1α may be involved in the amplification 
and maintenance of inflammation [103]. TLRs, on the 
other hand, promote inflammation via bacteria, micro-
bial products, viruses, nucleic acids, and closely related 
damage-associated molecular patterns (DAMPs) [104]. 
The costimulation of TLR3 ligands in the presence of 
IL-1α in medium derived from injured lung epithelial 
cells greatly improves the inflammatory phenotype of 
primary human lung fibroblasts (PHLFs).  This evidence 
depicts that IL-1α is particularly crucial in eliciting pro-
inflammatory responses in fibroblasts, and this impact 
is heightened in the presence of double-stranded RNA 
[105]. Bleomycin resistance resulted in neutropenia and 
decreased collagen deposition in IL-1-deficient model 
[105]. This provides essential insight into how inflamma-
tion may cause fibrosis in a variety of tissues, neverthe-
less, there are numerous routes involved in inflammation 
and fibrosis, making its participation and management a 
highly difficult subject.

Indirect role of the IL‑1β pathway in fibrosis generation
IL-1 is not ordinarily produced in healthy cells, instead, 
it is usually secreted and acted upon by substances 



Page 13 of 25Xin et al. European Journal of Medical Research          (2024) 29:335  

generated by damaged cells or pathogenic bacteria, as 
well as TLRs and other pattern recognition receptors 
(PRRs) that are activated to cause protein accumulation 
in cells [102]. IL-1r1 /MyD88 is a typical inflammatory 
pathway downstream of the IL-1R family [106]. Fluindi-
one, as an anti-inflammatory agent, has no direct impact 
on IL-1β expression but exerts two effects. Firstly, it 
inhibits NLRP3 inflammasome and down-regulates 
caspase-1, lowering the level of IL-1β pro-cleavage into 
IL-1β [107]. Furthermore, the IL-1β/IL-1R1/MyD88/
NF-κB pathway was blocked, and IL-1β was suppressed 
in a dependent manner [108]. What is more noteworthy 
is that recent studies corroborate that IL-1β can induce 
the generation and secretion of the pro-fibrotic factor 
osteopontin (OPN) and upregulate the release of down-
stream factors like as IL-6 [109]. IL-1β enhanced the 
production of type I and type IV collagen while boosting 
IL-8, McP-1, MMP-1 and MMP-2 secretion [85]. There is 
a large number of experiments to prove that the increas-
ing the expression of IL-1β can cause myofibroblast accu-
mulation, and extracellular accumulation of collagen and 
fibronectin [110], or even cause fibrosis in many organs, 
such as heart [111], liver [112, 113], kidney [114], lung 
[108, 115]. In clinical studies, IL-1β was identified as a 
pivotal cytokine that sensitizes Th17 cells to IL-12 and 
effectively induces the differentiation of cells that pro-
duce proinflammatory factors, including IL-17, IFN-γ, 
and granulocyte–macrophage colony-stimulating factor 
(GM-CSF) [116]. Despite preclinical research suggest 
that IL-1α/β have an involvement in intestinal fibrosis, 
there is insufficient information on the current state of 
clinical trials assessing IL-1 inhibition as a treatment for 
the condition [117].

IL‑4 and IL‑13
Cytokines IL-4 and IL-13 have a plenty of overlapping 
physiological and immunoregulatory impacts on B cell 
population [118]. The varieties of IL-4 receptors have 
been uncovered in recent years. One is composed of 
IL-4Rα and γc chains, and the other is constructed up 
both IL-4Rα and IL-13R1. Both of which could simul-
taneously react with IL-4 and IL-13, marking a new 
breakthrough in the research of IL-4 and IL-13 recep-
tor complex, which contributes to fibrotic progression 
in various tissues.  IL-4, produced by T lymphocytes 
and mast cells, accumulates ECM by specifically rais-
ing the steady-state levels of type I and III procol-
lagen and fibronectin mRNA. Then, fibroblasts were 
activated to produce more type I collagen transcripts 
[119]. According to several research, the mRNA expres-
sion of collagen type I, III, and IV increased in human 
liver fibroblasts treated with IL-4 [120]. Inhibiting 
IL-4 in oxazolone-induced colonic inflammation may 

significantly alleviate symptoms of intestinal fibrosis 
[121]. IL-13 is a cytokine that is largely involved in the 
progression of fibrosis becoming more widely acknowl-
edged [122]. There is evidence to suggest that IL-13 
has a positive effect on collagen deposition in intesti-
nal smooth muscle of CD patients. The receiving effect 
of IL-13Rα2 is indispensable for the positive activa-
tion of TGF-β1 promoter by IL-13. The mechanism by 
which IL-13 promotes fibrosis in UC involves the direct 
induction of collagen expression and the activation of 
TGF-β1 promoter through IL-13Rα2 signaling. Dispari-
ties in the impacts of IL-13 on inflammation and fibro-
sis have been documented. IL-13 promotes collagen 
accumulation within the muscle microenvironment of 
Crohn’s disease. In CD, IL-13 induces tissue remodeling 
and fibrosis. The IL-13 signal transduction pathway 
and IL-13Rα2 are driving factors in the comprehen-
sive colon fibrosis. Collagen synthesis in myofibroblasts 
during fibrosis is derived from TGF-β1 roused, which 
promotes the downstream release of IGF-I and EGR-
1[123, 124]. IL-13 transcript expression was higher in 
was greater in persons with CD fibrosis. CD activates 
the IL-13 pathway, which can create IL-13 by infiltrat-
ing IL-13Rα1+ and  KIR+ innate lymphoid cell popula-
tion, restrict MMP synthesis in fibroblasts, and lead to 
matrix breakdown and excessive collagen deposition 
[125].  Preclinical models of fibrotic disease indicate 
that the activity of IL-13 on multiple cell types, includ-
ing Mφs and fibroblasts, is associated with the initiation 
and perpetuation of pathological fibrosis. In controlled 
experiments of clinical treatment, the expression lev-
els of IL-13, IL-4, IL-13Rα2, and IL-13-induced target 
genes were found to be significantly higher in lung tis-
sues of idiopathic pulmonary fibrosis compared with 
controls. This suggests that IL-4 and IL-13 may exert a 
fibrotic effect at the genetic level [126]. Currently, the 
status of clinical trials exploring TL1A inhibition for 
intestinal fibrosis is ambiguous. Preclinical testing indi-
cates that IL-4 and IL-13 enhance fibrosis in a variety 
of organs, including the lungs and gut. Several clini-
cal trials have evaluated IL-4/IL-13 antagonists in IPF 
patients, with inconsistent results. The search results 
do not provide any definitive details on the current 
state of clinical studies testing these cytokines as thera-
peutic targets for intestinal fibrosis in IBS [127]. Over-
all, the evidence suggests that targeting IL-13 may be 
an intriguing approach for the treating UC fibrosis.

Box 1 Comparing the similarities and differences 
pathways activated by IL‑4/IL‑13 in fibrosis
Both IL-4 is vital fibrosis mediators in many tissues, as 
well as IL-13. IL-4/IL-13 signaling promotes megakaryo-
cyte proliferation and transforming growth factor surface 
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expression, which contributes to the fibrotic develop-
ment of myeloproliferative neoplasms (MF). IL-13 has 
been demonstrated in certain studies to induce fibro-
sis by boosting autocrine CTGF signaling  in fibroblasts 
and inducing the pro-fibrotic transcription factor Snail, 
although IL-4 has not been proven to activate similar 
pathways.  In numerous animal models of pulmonary 
fibrosis, IL-13 is considered to be more pro-fibrotic than 
IL-4.

Intersectionality of the functions of IL‑6 and IL‑11 
in the progress of fibrosis
IL-6 and IL-11 are two related cytokines that share some 
similarities but also have unique functions. The IL-6 
signaling has been categorized into three types includ-
ing classic signaling, trans-signaling, and cluster sign-
aling [128]. The conventional  IL-6 signaling pathway 
encompasses the identification of IL-6 by IL-6 receptor 
α (IL-6Rα) element and glycoprotein 130 (gp130) signal 
transduction subunit. This type of signaling is primar-
ily limited to hepatocytes, Mφs, neutrophils, and resting 
T cells, as these cells express membrane-bound IL-6Rα, 
control inflammation and immunity [129, 130]. IL-6 acti-
vates the JAK/STAT and MAPK cascades, which preserve 
mucosal integrity via the gp130, LIF, and OSM receptors 
[128, 131] as more details depicted in Fig. 3. In response 
to IL-1β or LPS stimulation, intestinal glia in the mouse 
gut released more of IL-6 [128], which has been proven 
in studies to aggravate inflammation in two ways: directly 
driving the proliferation and differentiation of lympho-
cytes, and indirectly/directly catalyzing inflammation 
via the nervous system. Until now, its anti-inflammatory 
and mediating properties, notably in the mucosal bar-
rier, have increasingly been understood [128]. Multiple 
IL-6 targeting therapeutic strategies are being exploited, 
mostly notably cancer, inflammation, and fibrosis [132]. 
Compared to IL-6, IL-11 plays a more substantial role 
in advancing gastrointestinal carcinogenesis via IL-11/
STAT3 signaling, making IL-11 signaling a viable thera-
peutic target for treating [133].

Under physiological settings, myofibroblasts and 
injured epithelial cells release IL-11, a pro-fibrotic 
cytokine, but under pathological conditions, smooth 
muscle cells (SMCs) IL-11R express enhancement [134]. 
IL-11 activates colonic fibroblasts and epithelial cells via 
phosphorylating STAT3. Fibroblast markers and genes 
related to cell proliferation and tissue healing were clearly 
visible in IL-11-positive cells. This evidence suggests that 
IL-11 might serve as a precursor route in both the fibrotic 
and tumor microenvironments [135]. Intestinal inflam-
mation, fibrosis, and intestinal wall thickening were seen 
in IL-11+ SMC mice, as well as ERK and STAT3 activa-
tion [134]. IL-11 has been shown in studies to cause 

fibrosis in certain lung cancer cells, mostly through 
enhancing cell motility, invasion, and EMT. This is an 
essential function in pathological tissue fibrosis and 
tumor development [136]. Moreover, the article reported 
both IL-6 and IL-11 may promote adipocyte prolifera-
tion in cystic ovary syndrome (PCOS) rats by activating 
AKT/STAT3 signaling pathway [137]. Although the rea-
son behind it is unresolved, it provides novel challenge 
for dealing with the obesity-related disorders in the clini-
cal practice. A clinical study has identified IL-6-mediated 
collagen-induced signaling pathways. The trans-signaling 
of IL-6 is dependent on STAT3 and indirectly enhances 
signaling from TGF-β and the downstream mediator 
Smad3 [138]. In the treatment of idiopathic pulmonary 
fibrosis, it was demonstrated that protease-mediated 
lysis of lung Mφs is a crucial step in the production of 
sIL-6Rα (sIL-6Rα). In  vivo neutralization of sIL-6Rα 
resulted in attenuation of pulmonary fibrosis, as evi-
denced by reductions in lung myofibroblasts, fibronectin, 
and collagen. In  vitro activation of IL-6 trans-signaling 
has been demonstrated to promote fibroblast prolifera-
tion and extracellular matrix protein production, effects 
that are associated with the progression of pulmonary 
fibrosis [139]. A phase 2 trial of the anti-IL-6 antibody 
PF-04236921 or IL-6 pathway blockage in Crohn’s dis-
ease patients showed reduced disease activity. Neverthe-
less, the investigation was discontinued due to possible 
hazards of gastrointestinal perforations [140]. Clinical 
research clearly indicates IL-11 is a significant cause of 
fibrosis in various organs, including the gut, via activating 
stromal cells [141]. The search results show no current or 
completed clinical studies explicitly testing IL-11 inhibi-
tion for intestinal fibrosis. Overall, IL-6 and IL-11 have 
the function of regulating immune response, inflamma-
tion, fibrosis, and tissue integrity. While they share some 
similarities in their activities, they also have diverse roles 
in different tissues and physiological contexts.

Box 2 Cytokines from the IL‑6 family
The IL-6 family of cytokines, which includes IL-6, IL-11, 
ciliary neurotrophic factor (CNTF), leukemia inhibitory 
factor (LIF), oncostatin M (OSM), myocardial trophin-1 
(CT-1), cardiotrophin-like cytokine (CLC), and IL-27, 
is an ensemble of cytokines with an analogous structure 
and communication route. The IL-6 family of cytokines 
govern body metabolism, handle the hepatic acute phase 
reaction, promote B cells, and influences the connec-
tion between T cells and effector T cells [142]. Assuming 
cognate receptors are present, all members of the IL-6 
family possess a four-helix bundle structure known as a 
hexamer or a tetramer, depending on the cytokine con-
centration and the specific receptor subunits are able to 
recognize and connect gp130.
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Box 3 Cluster signaling in IL‑6 signaling
Cluster signaling, also known as IL-6 transduction, is a 
type of signaling that occurs often between cells. Cluster 
signaling in dendritic cells and T cells has recently been 
discovered in order to connect the gp130 receptor com-
plex, collaborate with IL-6/IL-6Rα complex, undertake 
conduction through associated pathways, and eventually 
modify the immune-related diseases. IL-6 signaling dys-
regulation has been linked to rheumatic arthritis, multi-
ple sclerosis, IBD, and psoriasis.

IL‑33
IL-33 is particular type of cytokine belonging to the IL-1 
category. Its structure is based on the β-trefoil struc-
ture of molecules. It is encoded by the IL-33 gene and is 
expressed in numerous different types of cells. In many of 
these cells, IL-33 has been demonstrated to be a nuclear 
and cytoplasmic in a variety of these cells, indicating that 
it may be released from these cells.  IL-33 is composed 
of  270 residues and possesses a conserved N-terminal 
nuclear domain and a C-terminal IL-1-like cytokine 
domain. ST2 signals are interlinked with IL-33 primarily 
via ST2 orphan IL-1 receptor recognition ligands, with 
which the cross-action was investigated utilizing charac-
terization analysis to simulate the IL-33/ST2 complex in 
solution.

Multiple different types of cells generate IL-33, particu-
larly epithelial cells, endothelial cells, and myofibroblast. 
Being thought to be an alarm protein, IL-33 is promptly 
generated and binds to its corresponding ST2 receptor, 
inducing and propagating type 2 unacquired immune 
response and allergy-related disease [143, 144]. Evi-
dence in vivo experiments reveal that the tissue-derived 
immune cells, such as mast cells, group 2 innate lym-
phoid cells (ILC2), and regulatory T cells (Tregs) [144], 
express the ST2 receptor [145]. The IL-33/ST2 axis exerts 
anti-inflammatory and anti-fibrotic properties in multiple 
organs. It impacts the fibrosis development in two paral-
lel ways (macrophage-dependent mode and independent 
mode), contributes to the hepatic fibrosis and pancreati-
tis, and mediates renal epithelial injury and EMT. Block-
ing the IL-33/ST2 signaling axis has been postulated as 
a potential treatment method, however clinical data are 
currently limited. TLR4 signaling regulates pro-fibrotic 
cytokines such as TNF-α and IL-12p40 in Mφs and 
myofibroblasts, perhaps contributing to intestinal fibrosis 
[146]. Furthermore, IL-33 is an early indication of acti-
vated fibroblasts and myofibroblast trans-differentiation 
in ulcers [147]. In the heart, IL-33 can directly limit the 
inflammatory response of proinflammatory Mφs, post-
poning chronic rejection and fibrosis [148, 149]. IL-33 
has been identified as an attainable pro-fibrotic cytokine, 
with studies demonstrating its role in inducing intestinal 

fibrosis [36]. In the inflammatory gut, pericryptal fibro-
blasts generated substantially greater amounts of IL-33. 
The axis may cause stem cells in gut epithelial precursor 
cells to undergo differentiation into Paneth cells, goblet 
cells, and enteroendocrine cells, as well as higher mucin 
production. To prevent tissue damage and intestinal 
mucosal integrity, IL-33 activates ILC2 to generate bidi-
rectional regulatory protein (AREG), which subsequently 
interacts to epidermal growth factor receptor (EGFR) 
[150]. In rats with dextran sulfate (DSS)-induced damage 
to the gastrointestinal tract, IL-33 can activate ILC2 cells 
to alleviate intestinal inflammation while also modulat-
ing genes to remodel crypt morphology [150]. Notably, 
proinflammatory microorganisms were found in greater 
level in IL-33-/-mice, as well as IgA deficits, which leads 
to chronic colitis-associated bacterial survival [151]. 
AIEC induces intestinal fibrosis by adjusting ST2 expres-
sion in intestinal epithelial cells via flagellin [152]. Inf-
liximab therapy substantially raised IL-33synthesis but 
lowered mRNA within the colon  mucosal of the active 
UC individual [150]. Much of the preceding information 
implies that IL-33 plays a crucial part in the reconstruct 
epithelial cell integrity, reduces inflammation, and has a 
certain correlation with fibrosis.

Novel hints of the diverse capacities of IL‑17 in fibrosis
In humans, IL-17 is produced via CD4 Th17 and CD8 
Tc17 cells known as T helper 17 cells upon disulfide-
linked homodimers being subjected to upstream activa-
tion with IL-23 and comprises IL-17A/B/C/D/E/F. It can 
promote the release of CSFs through downstream reac-
tions and finally complete the mobilization of mature 
neutrophils in bone marrow. The earliest member of 
the IL-17 family, IL-17A, is a critical effector in the fight 
against viral infections, inflammatory lesions, autoim-
mune disorders, and cancer [153]. IL-17 has been linked 
to organ fibrosis via boosting the fibroblasts prolifera-
tion and IL-1 in endothelial cells of the vascular system. 
In  vitro studies show that IL-17 and IL-17-producing 
cells participate in the pathophysiology of the disease 
in hepatic fibrosis by sustaining inflammation and pro-
moting fibroblast proliferation in collaboration with 
IL-1β. Considering increased expression of IL-17 has 
been observed in the intestinal mucosa of patients with 
IBD, IL-17 may facilitate the progression of IBD, which 
is mainly related to intestinal mucosal immune response, 
for using neutralizing antibody, IBD symptoms were 
effectively relieved. Furthermore, IL-17A dominates all 
immune responses and occurs in the gut, including CD, 
whose intestinal mucosa samples were found to have high 
levels of EMT and IL-17A but lower level of E-cadherin 
in EC-6 cells. Induction of IL-17A, led to the hypersecre-
tion of vimentin, snail, and α-SMA [133]. The serum and 
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intestinal IL-17 secretion were enhanced in mice with 
TNBS-induced intestinal fibrosis and TL1A has been 
found to have an unexplored mechanism of inflammatory 
driven fibrosis, which may be connected with local acti-
vation of downstream IL-17A expression in IBD patients. 
Meanwhile, anti-IL-17 antibody therapy substantially 
attenuated intestinal fibrosis, as demonstrated by reduc-
tions in the transcription and translation levels of vari-
ous proteins, such as collagen III, TNF-α, TIMP-1, and 
MMP-2 [154, 155]. These results imply that the fibrotic 
process of CD is mainly regulated by IL-17A rather than 
IL-17E. Clinically, IBD, as well as patients with CD who 
have been treated with anti-IL-17A or anti-IL-17RA 
neutralizing antibodies, did not decrease but increased. 
Current evidence is insufficient to support the effect 
of IL-17A or IL-17RA antagonism in CD, even if CD is 
found to be alleviated by anti-IL-23P40 and p19 mono-
clonal antibodies. A research discovered typical poor 
migration and excessive collagen and TIMP-1production 
in mucosal isolated subepithelial myoblasts (SEMFs) of 
CD patients in HSP47, finding consistent with IL-17A 
receptor expression of SEMF. This implies the immobi-
lization of IL-17A myofibroblasts and the degradation 
of ECM protein by stimulating MMP-3. Similar findings 
were obtained with CCD-18CO cells. Accordingly, inhib-
iting of HSP47 had a deleterious influence IL-17A-in-
duced collagen I secretion [156]. It was proven that 
Il-17a-neutralizing wild-type mice and IL-17A-knockout 
mice had negative effects on bleomycin-induced fibrosis 
and collagen deposition, confirming the characteristics 
of IL-17-mediated inflammation and fibrosis. Another 
study, however, revealed that bleomycin and paraquat-
mediated pulmonary fibrosis is not IL-17 reliant. In a 
mouse model of colitis-associated fibrosis, treatment 
with anti-IL-17 antibodies reduced fibrosis markers like 
collagen III, TIMP-1, and MMP-2, as well as pro-fibrotic 
cytokines IL-1β, TGF-β1, and TNF-α [157]. In the early 
stages of HIV infection, there is a rapid and severe deple-
tion of intestinal  CD4+ T cells. This results in the impair-
ment of the mucosal barrier and the subsequent onset 
of chronic systemic inflammation. The administration 
of panobinostat was observed to result in a decrease in 
the frequency of  CD69+ T cells in the intestinal lamina 
propria and an increase in IL-17A mRNA expression in 
intestinal epithelial cells. This indicates a potential role 
for IL-17 in the ongoing repair of the intestinal barrier 
and its involvement in the process of fibrosis [158].

In vitro studies have shown that IL-17A is pro-fibrotic 
during CD and influences myofibroblasts’ ability to 
produce collagen and TIMP-1 as well as their migra-
tion, upon which have demonstrated that IL-17A directly 
interacts with colonic myofibroblasts, and it is a crucial 
initiating element for stricture development during CD 

[159], all of which are mediated by IL-17A/ IL-17RA axis 
[160]. However, a recent study found that IL-17A can be 
isolated from the induction of myofibroblasts independ-
ent of inflammation in IBD living tissue in vitro. Notably, 
Clinical trials of the drug found that anti-IL-17 therapy 
worsened the enteritis and prognosis of IBD and was dis-
continued. If fecal calprotectin (FC) is elevated, clinical 
evaluation is required to confirm surgery or rediagnosis 
of enteritis. Once active IBD is diagnosed, IL-17 should 
be disabled immediately, whereas in patients with qui-
escent IBD, alternative treatments should be preferred 
[160].

IL‑34
IL-34 in vertebrates is a secreted dimer glycoprotein that 
is more conserved than CSF-1 in mammals and birds. 
IL-34 became known through  an in-depth proteome 
study in 2008 and was initially identified as a related fac-
tor capable of generating multiple tissues and controlling 
monocytes and Mφs via the CSF-1 receptor [161]. IL-34 
and M-CSF-1, despite the low homology in amino acid 
sequences but remarkably comparable tertiary struc-
ture, can bind in the overlapping region of MCSF-1r. Due 
to their hydrophilic/hydrophobic interaction with the 
receptor MCSF-1r, they may activate multidimension-
ally and respond to different biological activity signals in 
diverse forms by affecting two distinct receptor, such as 
protein-tyrosine phosphatase zeta (PTP-ζ) and CD138 
(Syndecan-1) [161, 162]. Due to the fact that IL-34 fre-
quently replicates as mRNA in the body, it can render 
one vulnerable to disease [163].

Considering IL-34 is implicated in an array of patho-
logical processes ranging from inflammation to cancer, 
its concentration has been revealed to rise during fibro-
sis development and might be employed as a particular 
fibrosis diagnostic marker. IL-34 has been found to be 
to be a novel modulator of human and exploratory IBD 
and upregulated or even to sustain inflammatory path-
ways in the gut, especially in lamina propria monocytes 
(LPMCs) taken from a typical colon by TNF-α and toll-
like receptor ligands, but to be decreased after treatment 
with infliximab. IL-34, on the other hand, was predomi-
nantly up in the jejunum and ileum, whereas M-CSF1 
was increased in the ileum and cecum [164]. The infor-
mation presented above suggests that IL-34 has a vari-
ety impact regulated in the development of enteritis by 
gene molecules. TNF promotes the release of IL-34 in 
undivided LPMCS isolated from normal colon samples 
from normal muscle tissue, whereas blockade of TNF 
with TNF-neutralizing antibodies reduced IL-34 synthe-
sis [165]. Through p38 MAP kinase-dependent process 
IL-34 encouraged fibroblasts to express COL1A1 and 
COL3A1, as well as produce collagen in ECM cells. IL-34, 
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which is abundant in CD, promotes the formation of 
intestinal collagen fibers. In celiac disease mucosal sam-
ples, the inflammatory pathological condition caused by 
IL-34 and M-CSFR-1 was shown to be more severe than 
that of CD. Lower collagen synthesis and wound healing 
have been associated with  IL-34 downregulation in CD 
fibroblasts [166]. IL-34 and M-CSF additionally decrease 
the generation of collagenase and MMP1, thereby raising 
the synthesis of collagen [167]. The impact of IL-34 in the 
pathogenesis of pulmonary fibrosis has been examined in 
a rat lung injury model, and it came to light that differ-
entiation of M2Mφs was the dominant factor, and it can 
also induce an increase in the production of pro-fibrotic 
factors and promote collagen I production in hepatic 
stellate cells, indicating its involvement in the progres-
sion of liver fibrosis [167]. Of particular interest is the 
fact that IL-34 is closely associated with the active phase 
of hepatitis and has been found to be an essential indica-
tor of a prediction model of liver fibrosis [168]. Accord-
ing to our learning, IL-34 is implicated in amplifying 
fibrotic processes across many diseases, yet the search 
results do not indicate any current or finished clinical tri-
als assessing IL-34 as a therapeutic target for fibrosis. The 
above evidence further gives fresh proposals regarding 
the mechanism of action of IL-34 in IBD and other dis-
eases is unclear, revealing its biological diversity.

IL‑36
IL-36 belongs to IL-1 family with proinflammatory prop-
erties. The IL-36 binds with matching IL-36 receptor 
to variable degrees (IL1RL2/IL-1Rrp2/IL-36 receptor 
dimer). IL-36A, IL-36B, and IL-36G activate the IL-36 
receptor, whereas IL36-RA inhibits it. Overexpression of 
IL-36 in keratinocytes, respiratory epithelium, and vari-
ous immune cell types has been shown to induce inflam-
mation in both acquired and non-acquired immunity. 
The physiological and pathological roles of IL-36 are still 
under investigation. However, some evidence implies that 
IL-36 may serve as a bridge between inflammation and 
fibrosis.

Intestinal inflammatory fibrosis effect of IL‑36
IL-36 triggers downstream proinflammatory pathways by 
binding to heterodimeric receptor complexes and sign-
aling through intracellular functional domain coding, 
which has been associated to psoriasis, systemic lupus 
erythematosus (SLE), rheumatoid arthritis (RA), and 
IBD. Overactivation of IL-36 is linked to IBD through 
the classical MyD88–IRAK–TRAF–TAK–TAB pathway, 
establishing the classical pathway as primary mechanism. 
MAP kinase and NF-κB pathway are activated, which can 
promote the inflammatory process of IL-36. The specific 
mechanism is shown in Fig.  4. Due to several research, 

the  inflammatory substances Th1 cells are  a potential 
driver of IL-36-induced inflammation. The expression 
of IL-36 receptor antagonist in  vivo is down-regulated, 
which promotes IL-36 action, and the growth of intesti-
nal A. muciniphila is related to it. Similar to other fac-
tors, IL-36R activates fibroblasts and induces tissue 
fibrosis through collagen remodeling, which regulates the 
enzymatic response. Chronic colitis and intestinal fibro-
sis are ameliorated when the IL36R gene is inhibited or 
knockout in mic, hinting that inhibition of IL-36R signal 
may be used as a clinical intervention in patients with 
IBD [178], which are further confirmed by the evidence 
of IL-36 isoforms, as well as the IL-36R/IL-1RAcP com-
plex, being upregulated in IBD [179]. Therefore, IL-36 is 
a crucial cytokine that cannot be ignored in the fibrogen-
esis process. In the subsequent section we are going to 
address the function of IL-36 in fibrosis and present our 
view on how the usage of IL-36 modulates the incidence 
of fibrositis.

The IL-36 genes, which include the agonists IL-36α, 
IL-36β, and IL-36γ, as well as the antagonist IL-36RA, 
can be identified on human  chromosome 2q14.1, and 
are predominantly expressed in keratinocytes, bronchial 
epithelium, brain tissue, and monocytes/Mφs, as are the 
corresponding receptors IL-36R and IL-1RAcP [177]. 
IL-36 is generated by a wide range of cell types [180]. 
Elevated quantities of IL-36α and IL-36γ were detected in 
the intestinal tract of mice as well as mucosal specimens 
from enteritis patients, which may be associated to tissue 
damage and intestinal flora activity [181]. To evaluate the 
involvement of IL-36 in the pathophysiology of enteritis, 
Russell’s team analyzed samples of DSS-induced enteri-
tis from wild-type (WT) and IL-36R −/− mice to investi-
gate the role of IL-36 in the pathophysiology of enteritis. 
According to the results presented above, experimental 
rats missing IL-36R exhibited fewer colitis symptoms and 
less inflammatory cell infiltration of neutrophils and Mφs 
[182]. Similarly, several studies have revealed that indi-
viduals with IL-36R depletion have a considerable defi-
cit in inflammation alleviation and eventually have more 
severe colitis with worse mortality and a larger intesti-
nal ecological burden [183–185]. This might imply that 
inhibiting IL-36R medication may represent a potential 
therapeutic strategy for IBD fibrosis. Due to its different 
affinity, IL-36 has a wide variety of effects, including the 
promotion of pulmonary inflammation and the media-
tion of synovial inflammation [178, 186].

Thoroughly mapping the expression of IL-36 isoforms 
throughout time within a given model system, such as IBD 
or another, in order to identify isoforms that are predomi-
nantly present in different stages of disease. Investigat-
ing the potential role of IL-36 modulation as a strategy for 
preventing or treating inflammatory and fibrotic diseases 



Page 18 of 25Xin et al. European Journal of Medical Research          (2024) 29:335 

affecting various organs, including the kidney, lung, and 
intestines. A clinical cross-sectional study involving the 
examination of intestinal tissues from IBD and non-IBD 
patients revealed an increase in mRNA expression of IL-36 
family members in the colonic mucosa of patients with 
active ulcerative colitis. Furthermore, gene expression 
of IL-36Ra was found to be significantly higher in these 
patients when compared with those suffering from Crohn’s 
disease and non-inflammatory control groups [187]. Pre-
clinical studies from IBD patient samples and animal mod-
els substantially support the IL-36 pathway’s pro-fibrotic 
role in the gut; nevertheless, the search findings reveal no 
current status or updates on clinical trials specifically tar-
geting this cytokine for the treatment of intestinal fibrosis. 
This might be a growing area of research and medication 
development, although specific clinical trials may still be 
required to assess the effectiveness and safety of IL-36/
IL-36R inhibition for this particular purpose. Overall, it 
is critical to serve as a bridge between inflammation and 

fibrosis, to make it a potential therapeutic target for fibrotic 
disorders and performing preclinical and clinical research 
to assess the safety and efficacy of targeting IL-36 in diverse 
fibrotic disorders are all extremely important.

Box 4 IL‑36 contribute to the pathogenesis 
of autoimmune diseases
IL-36 cytokines all pertain to the IL-1 family and exhibit 
proinflammatory properties. Inappropriate IL-36 expres-
sion has  been shown associated to an array of autoim-
mune ailments, including psoriasis, rheumatoid arthritis 
(RA), and primary Sjögren’s. IL-36α is associated with 
skin abnormalities such as psoriasis and impetigo her-
petiformis. IL-36β impacts on human synovial fibroblasts 
and articular chondrocytes, indicating a function for 
IL-36 in autoimmune disease inflammatory responses. 
A471T for IL36R, a single nucleotide gene polymor-
phism, leads to  a substitution in the TIR domain that 

Fig. 4 Diagram illustrating the of IL-36 cell signaling pathway in fibrosis process. IL-36 interacts to the IL-36R, which is heterodimerized with IL-1R3 
(IL-1RAcP). The IL-36R/IL-36/IL-1R3 complex recruit MyD88 and interleukin-1 receptor-associated kinases (IRAKs), activating the mitogen-activated 
protein kinase(MAPK) and nuclear factor-κB (NF-κB) pathways. Dendritic cells and fibroblasts are activated and eventually fibrosis occurs. Direct 
induction shown as a solid black line, indirect induction as dotted black lines
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inhibits its interaction with IL-1RacP, and reduces IL-36R 
signaling.

Prospects for the treatment of fibrosis
Fibrosis is principally dependent on the etiology of 
inflammation. While there are several potential targets 
for antifibrotic therapy, but currently no effective thera-
pies. However, various small molecules or compounds 
are now being studied in clinical trials for fibrosis that 
have reported clinical data, as well as certain antifibrotic 
medications are currently within Phase 2, Phase 3 clinical 
trials, or are on the marketed. During the fibrosis process, 
a segment of the intestinal system is visibly decreased, 
affecting the basic function and structure of the intestinal 
tract and resulting in a significant loss in patient quality 
of life and prognosis. As a result, early detection, pre-
vention, and treatment of chronic fibrosis and stenosis is 
critical to disease progression.

Diagnosis
IBD-related chronic enteritis commonly results in intes-
tinal fibrosis. Early detection of intestinal fibrosis is chal-
lenging, as well as stenosis. Fibrosis indicators such as 
fecal  calcarine and C-reactive protein are used in diag-
nostic procedures. Non-invasive imaging techniques, 
such as barium contrast studies and cross-sectional 
imaging, as well as endoscopy and histology, can be ben-
eficial in radiology. Current routine diagnostic tests are 
unable to distinguish between intestinal inflammatory 
and fibrotic alternations. It is also challenging to distin-
guish fibrosis from stenotic enteritis upon CT or MRI, 
since most stenoses exhibit both fibrosis. MRI was dem-
onstrated to have reasonable accuracy in predicting the 
degree of inflammation in ileal CD and distinguishing 
substantial muscle hypertrophy from severe fibrosis with 
severe fibrosis, suggesting its diagnostic usefulness in 
the clinic [188, 189]. These, however, are insufficient for 
early clinical diagnosis. Bowel wall thickness as assessed 
by ultrasound is an effective marker of inflammation in 
small bowel CD, albeit relative enhancement by ultra-
sound or MRE does not distinguish between inflamma-
tory activity and fibrosis [190]. Elastography assesses 
the degree of fibrosis and the extent of stenosis by ultra-
sound techniques [191]. According to glycoproteomics, 
liver growth factor-alpha and cartilage oligomeric matrix 
protein might be blood biomarkers for identifying and 
evaluating intestinal fibrosis [191]. Although CT enter-
ography (CTE) has shown potential in the assessment of 
small intestinal disease, its accuracy in identify CD phe-
notypes remains unclear. Nonetheless, CTE is valuable in 
distinguishing between inflammatory and fibro-stenotic 
lesions. The study of specific CTEs and associated phe-
notypes, as well as PET/MR enterography, still needs to 

be improved in the future [192, 193]. The hallmark bio-
chemical signs of fibrosis have yet to emerge. The best 
diagnostic techniques for detecting and assessing the 
degree of fibrosis in IBD patients in the early stages of 
disease activity, in particular, are not yet available.

Prospective impact of cytokines on the fibrosis
There is currently no therapeutic way to totally prevent 
or reverse fibrosis. However, there are a few options for 
therapy for  persons with IBD who develop intestinal 
fibrosis. Corticosteroids were administered to alleviate 
symptoms in a trial of 26 people with celiac disease and 
acute intestinal obstruction [194]. To assess the efficacy 
of anti-TNF medication in stenosing CD, researchers 
revealed that approximately two-thirds of the 97 patients 
treated with adalimumab had successful responses, with 
nearly half of the replies remaining until the conclusion 
of the follow-up period. Four years after beginning ther-
apy, more than half of the patients had no undergone sur-
gery [195]. Upon plainly ineffective in fibrosis and even 
stricture of the anti-inflammatory pharmaceutical ther-
apy, endoscopic therapy, gastrointestinal stricture plasty, 
or gut resection are all options.

Endoscopic therapy for fibro-stenosing includes endo-
scopic balloon dilation (EBD), intraluminal corticoster-
oid or anti-TNF injections, and metallic biodegradable 
or detachable stents are also treatments for IBD [38]. 
Endoscopic dilation was successful in 90% of 1463 celiac 
disease patients in 32 retrospective studies. Clinical cure 
was achieved in 83% of patients, with short-term cure 
of complications [38], and endoscopic stents were effec-
tively in another 2.7% of patients for other strictures, 
such as esophageal or colonic cancers [196]. Treatment in 
this manner has also been extensively researched in CD. 
Unfortunately, two-thirds of patients experienced serious 
complications, such as stent migration and fistula forma-
tion leading to perforation [197]. Despite the fact that 
they offer an advantage in avoiding stenosis, interchange-
able and metal-removable stents, which are becoming 
popular methods to prevent fibrotic stenosis, are linked 
with a higher overall risk of problems [198, 199]. Thereby, 
clinical research and development of endoscopic therapy 
for the prevention of fibrotic stenosis remain a crucial.

On the one hand, present anti-inflammatory drugs 
cannot effectively prevent and relieve fibrosis because 
the possible hazards, such as increased risk of certain 
forms of cancer and allergic responses, exceed the ben-
efits [38]. Endoscopy, on the other hand, has only a lim-
ited function in diagnosing the kind of stricture since 
fibrotic strictures now need endoscopic balloon dilata-
tion or surgery [200]. As a result, surgical intervention 
for intestinal fibrosis and stricture is now standard prac-
tice [38]. Retrospective studies revealed those with CD 
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who underwent surgery promptly after diagnosis had 
a lower risk of reintervention and less use of hormones 
and immunosuppressants [201], also lower the probabil-
ity of clinical recurrence substantially [202]. In accord-
ance with the above view, surgical resection and stenosis 
replacement can effectively treat stenosis with low risk, 
and low long-term recurrence rate. It is important to note 
that endoscopy and surgery is no substitute for manag-
ing intestinal fibrosis, and focused antifibrotic medicines 
require development.

Limitation, prospects and conclusions
With the deepening of the research on intestinal fibro-
sis, our understanding of intestinal fibrosis and thera-
peutic coping strategies has improved. Intestinal fibrosis 
is intricate and governed by a plethora of inflammatory 
and non-inflammatory variables, including immuno-
logical response, intestinal microecology, environmental 
factors, genes, and oxidative imbalance, all of which inter-
act to cause fibrosis. The heterogeneity in the pattern of 
inflammation and fibrosis within a stricture might cause 
biopsies to be sampled incorrectly, affecting the accuracy 
of diagnosis and therapy, yet this usually occurs in large 
patient cohorts. Despite the fact that people have recog-
nized the pathogenesis and serious consequences of intes-
tinal fibrosis and have made continuous breakthroughs in 
the field of the pathogenic mechanism of fibrosis in vari-
ous organs, its underlying mechanism is still weak, par-
ticularly at the cellular, molecular, and even genetic levels, 
and there is a wide range of research space. Simultane-
ously, antifibrotic therapy remains a challenge. The preva-
lent wisdom that intestinal fibrosis is an unavoidable and 
irreversible ailment  is progressively shifting as we get a 
better knowledge of the cellular and molecular processes 
underlying its etiology. Furthermore, research on imaging 
criteria and biomarkers of intestinal fibrosis is essential 
for an early diagnosis of intestinal fibrosis. Also, with the 
continuous development of high-throughput sequencing 
and other genetic technologies, the number and type of 
IBD-related gene loci have been continuously expanded, 
which is conducive to linking fibrosis with specific cells 
or genes and the disease and promoting the development 
of targeted therapies. More effective and innovative anti-
inflammatory and anti-fibrotic medications will emerge as 
our understanding of fibrosis mechanisms improves.

Abbreviations
CT  CT enterography
CD  Crohn’s disease
DAMPs  Damage-associated molecular patterns
EBD  Endoscopic balloon dilation
EMT  Epithelial–mesenchymal transition
EndoMT  Endothelial-to-mesenchymal transition
F/B  Firmicutes/Bacteroidetes ratio
GM-CS  Granulocyte–macrophage colony-stimulating factor
IL  Interleukin

IBD  Inflammatory bowel disease
IRAKs  Interleukin-1 receptor-associated kinases
LPMCs  Lamina propria monocytes
LPS  Lipopolysaccharides
Mφ  Macrophage
M-CSFR-1  Macrophage colony-stimulating factor receptor-1
MAPK  Mitogen-activated protein kinase
MMP  Matrix metalloproteinases
NLRs  Nod-like receptors
NF-κB  Nuclear factor-κB
PHLFs  Primary human lung fibroblasts
PRRs  Pattern recognition receptors
PSMad2-3  Phosphorylated Smad2-Smad3
TGF-β  Transforming growth factor beta
TLRs  Toll-like receptors
TJP  Tight junction protein
TNF  Tumor necrosis factor
RA  Rheumatoid arthritis
RAAS  Renin–angiotensin–aldosterone system
ROS  Reactive oxygen species
RNS  Reactive nitrogen species
SHRs  Spontaneously hypertensive rats
SLE  Systemic lupus erythematosus
Th  T helper
TIMP  Tissue inhibitors metalloproteinases
TNF  Tumor necrosis factor
TL1A  TNF-like ligand 1A
UC  Ulcerated colitis
WT  Wild-type

Acknowledgements
The sharper figures used in this review were created at BioRender.com.

Author contributions
Shuzi Xin, Chengwei He: writing—original draft preparation. Han Gao, Boya 
Wang, Rongxuan Hua: visualization, investigation. Shuzi Xin, Xiaohui Liu, Lei 
Gao, Hongwei Shang and Fangling Sun: resources, supervision. Fangling Sun 
and Jingdong Xu: project administration and writing—review and editing. All 
authors reviewed the manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
Grant (No. 82174056, JD Xu) and Beijing Natural Science Foundation (No. 
7242211, JD Xu).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Physiology and Pathophysiology, School of Basic Medical 
Sciences, Capital Medical University, Beijing 100069, China. 2 Department 
of Clinical Laboratory, Aerospace Clinical Medical College, Aerospace Central 
Hospital, Beijing 100039, China. 3 Key Laboratory of Carcinogenesis and Trans-
lational Research (Ministry of Education/Beijing), Department of Renal Cancer 
and Melanoma, Peking University Cancer Hospital & Institute, Beijing 100142, 
China. 4 Department of Clinical Medicine, School of Basic Medical Sciences, 
Capital Medical University, Beijing 100069, China. 5 Department of Intelligent 
Medical Engineering, School of Biomedical Engineering, Capital Medical 
University, Beijing 100069, China. 6 Experimental Center for Morphological 
Research Platform, Capital Medical University, Beijing 100069, China. 7 Depart-
ment of Laboratory Animal Research, Xuan Wu Hospital, Capital Medical 
University, Beijing 100053, China. 



Page 21 of 25Xin et al. European Journal of Medical Research          (2024) 29:335  

Received: 21 February 2024   Accepted: 8 June 2024

References
 1. Rieder F, Fiocchi C, Rogler G. Mechanisms, management, and treatment 

of fibrosis in patients with inflammatory bowel diseases. Gastroenterol-
ogy. 2017;152:340-350.e346.

 2. Wang J, Lin S, Brown JM, van Wagoner D, Fiocchi C, Rieder F. Novel 
mechanisms and clinical trial endpoints in intestinal fibrosis. Immunol 
Rev. 2021;302:211–27.

 3. Bamias G, Pizarro TT, Cominelli F. Immunological regulation of 
intestinal fibrosis in inflammatory bowel disease. Inflamm Bowel Dis. 
2022;28:337–49.

 4. Tanni SE, Fabro AT, de Albuquerque A, Ferreira EVM, Verrastro CGY, 
Sawamura MVY, Ribeiro SM, Baldi BG. Pulmonary fibrosis secondary to 
COVID-19: a narrative review. Expert Rev Respir Med. 2021;15:791–803.

 5. Farshidfar F, Koleini N, Ardehali H. Cardiovascular complications of 
COVID-19. JCI Insight. 2021;6(13): e148980.

 6. Jaworska K, Huc T, Samborowska E, Dobrowolski L, Bielinska K, Gawlak 
M, Ufnal M. Hypertension in rats is associated with an increased 
permeability of the colon to TMA, a gut bacteria metabolite. PLoS ONE. 
2017;12: e0189310.

 7. Santisteban MM, Qi Y, Zubcevic J, Kim S, Yang T, Shenoy V, Cole-Jeffrey 
CT, Lobaton GO, Stewart DC, Rubiano A, et al. Hypertension-linked 
pathophysiological alterations in the gut. Circ Res. 2017;120:312–23.

 8. Ma C, Jairath V, Click B, Hirota SA, Lu C, Parker CE, Rieder F. Targeting 
anti-fibrotic pathways in Crohn’s disease - The final frontier? Best Pract 
Res Clin Gastroenterol. 2019;38–39: 101603.

 9. D’Alessio S, Ungaro F, Noviello D, Lovisa S, Peyrin-Biroulet L, Danese S. 
Revisiting fibrosis in inflammatory bowel disease: the gut thickens. Nat 
Rev Gastroenterol Hepatol. 2022;19:169–84.

 10. Zhang YZ, Li YY. Inflammatory bowel disease: pathogenesis. World J 
Gastroenterol. 2014;20:91–9.

 11. Jerala M, Hauptman N, Kojc N, Zidar N. Expression of Fibrosis-related 
genes in liver and kidney fibrosis in comparison to inflammatory bowel 
diseases. Cells. 2022;11(3):314.

 12. Tao Q, Wang B, Zheng Y, Jiang X, Pan Z, Ren J. Vitamin D prevents the 
intestinal fibrosis via induction of vitamin D receptor and inhibition 
of transforming growth factor-beta1/Smad3 pathway. Dig Dis Sci. 
2015;60:868–75.

 13. van Eeden SF, Tan WC, Suwa T, Mukae H, Terashima T, Fujii T, Qui D, 
Vincent R, Hogg JC. Cytokines involved in the systemic inflammatory 
response induced by exposure to particulate matter air pollutants 
(PM(10)). Am J Respir Crit Care Med. 2001;164:826–30.

 14. Ellermann M, Gharaibeh RZ, Fulbright L, Dogan B, Moore LN, Broberg 
CA, LopezLR RAM, Herzog JW, Rogala A, Gordon IO, Rieder F, Brouwer 
CR, Simpson KW, Jobin C, Sartor RB, Arthur JC. Yersiniabactin-Pro-
ducing adherent/invasive escherichia coli promotes inflammation-
associated fibrosis in gnotobiotic Il10(-/-) mice. Infect Immun. 
2019;87(11):e00587-19.

 15. Marion-Letellier R, Leboutte M, Amamou A, Raman M, Savoye G, 
Ghosh S. Diet in intestinal fibrosis: a double-edged sword. Nutrients. 
2021;13(9):3148.

 16. Wenxiu J, Mingyue Y, Fei H, Yuxin L, Mengyao W, Chenyang L, Jia S, 
Hong Z, Shih DQ, Targan SR, Xiaolan Z. Effect and mechanism of TL1A 
expression on epithelial-mesenchymal transition during chronic colitis-
related intestinal fibrosis. Mediators Inflamm. 2021;2021:5927064.

 17. Miossec P, Kolls JK. Targeting IL-17 and TH17 cells in chronic inflamma-
tion. Nat Rev Drug Discov. 2012;11:763–76.

 18. Bamias G, Martin C 3rd, Marini M, Hoang S, Mishina M, Ross WG, 
Sachedina MA, Friel CM, Mize J, Bickston SJ, et al. Expression, localiza-
tion, and functional activity of TL1A, a novel Th1-polarizing cytokine in 
inflammatory bowel disease. J Immunol. 2003;171:4868–74.

 19. Grassi G, Mark A, Esler M. The sympathetic nervous system alterations in 
human hypertension. Circ Res. 2015;116:976–90.

 20. Straub RH, Wiest R, Strauch UG, Härle P, Schölmerich J. The role of 
the sympathetic nervous system in intestinal inflammation. Gut. 
2006;55:1640–9.

 21. Wu D, Tang X, Ding L, Cui J, Wang P, Du X, Yin J, Wang W, Chen Y, Zhang 
T. Candesartan attenuates hypertension-associated pathophysiological 
alterations in the gut. Biomed Pharmacother. 2019;116: 109040.

 22. Shi Y, Liu T, He L, Dougherty U, Chen L, Adhikari S, Alpert L, Zhou G, Liu 
W, Wang J, et al. Activation of the renin-angiotensin system promotes 
colitis development. Sci Rep. 2016;6:27552.

 23. Yang T, Santisteban MM, Rodriguez V, Li E, Ahmari N, Carvajal JM, Zadeh 
M, Gong M, Qi Y, Zubcevic J, et al. Gut dysbiosis is linked to hyperten-
sion. Hypertension. 2015;65:1331–40.

 24. Gordon IO, Agrawal N, Goldblum JR, Fiocchi C, Rieder F. Fibrosis in ulcer-
ative colitis: mechanisms, features, and consequences of a neglected 
problem. Inflamm Bowel Dis. 2014;20:2198–206.

 25. Fujii T, Fuchs BC, Yamada S, Lauwers GY, Kulu Y, Goodwin JM, Lanuti M, 
Tanabe KK. Mouse model of carbon tetrachloride induced liver fibrosis: 
histopathological changes and expression of CD133 and epidermal 
growth factor. BMC Gastroenterol. 2010;10:79.

 26. Wirtz S, Popp V, Kindermann M, Gerlach K, Weigmann B, Fichtner-Feigl 
S, Neurath MF. Chemically induced mouse models of acute and chronic 
intestinal inflammation. Nat Protoc. 2017;12:1295–309.

 27. Speca S, Giusti I, Rieder F, Latella G. Cellular and molecular mechanisms 
of intestinal fibrosis. World J Gastroenterol. 2012;18:3635–61.

 28. Gordon IO, Agrawal N, Willis E, Goldblum JR, Lopez R, Allende D, Liu X, 
Patil DY, Yerian L, El-Khider F, et al. Fibrosis in ulcerative colitis is directly 
linked to severity and chronicity of mucosal inflammation. Aliment 
Pharmacol Ther. 2018;47:922–39.

 29. Kinchen J, Chen HH, Parikh K, Antanaviciute A, Jagielowicz M, Fawkner-
Corbett D, Ashley N, Cubitt L, Mellado-Gomez E, Attar M, et al. Structural 
remodeling of the human colonic mesenchyme in inflammatory bowel 
disease. Cell. 2018;175:372-386.e317.

 30. Rieder F, Mukherjee PK, Massey WJ, Wang Y, Fiocchi C. Fibrosis in IBD: 
from pathogenesis to therapeutic targets. Gut. 2024;73:854–66.

 31. Latella G, Di Gregorio J, Flati V, Rieder F, Lawrance IC. Mechanisms of 
initiation and progression of intestinal fibrosis in IBD. Scand J Gastroen-
terol. 2015;50:53–65.

 32. Hayashi Y, Nakase H. The molecular mechanisms of intestinal inflamma-
tion and fibrosis in Crohn’s disease. Front Physiol. 2022;13: 845078.

 33. D’Haens G, Rieder F, Feagan BG, Higgins PDR, Panés J, Maaser C, Rogler 
G, Löwenberg M, van der Voort R, Pinzani M, et al. Challenges in the 
pathophysiology, diagnosis, and management of intestinal fibrosis in 
inflammatory bowel disease. Gastroenterology. 2022;162:26–31.

 34. Rieder F, Fiocchi C. Intestinal fibrosis in IBD–a dynamic, multifactorial 
process. Nat Rev Gastroenterol Hepatol. 2009;6:228–35.

 35. Bettenworth D, Rieder F. Pathogenesis of intestinal fibrosis in inflamma-
tory bowel disease and perspectives for therapeutic implication. Dig 
Dis. 2017;35:25–31.

 36. Yang B, Zhang G, Elias M, Zhu Y, Wang J. The role of cytokine and 
immune responses in intestinal fibrosis. J Dig Dis. 2020;21:308–14.

 37. Mortensen JH, Lindholm M, Langholm LL, Kjeldsen J, Bay-Jensen AC, 
Karsdal MA, Manon-Jensen T. The intestinal tissue homeostasis - the 
role of extracellular matrix remodeling in inflammatory bowel disease. 
Expert Rev Gastroenterol Hepatol. 2019;13:977–93.

 38. Wang Y, Huang B, Jin T, Ocansey DKW, Jiang J, Mao F. Intestinal fibrosis 
in inflammatory bowel disease and the prospects of mesenchymal 
stem cell therapy. Front Immunol. 2022;13: 835005.

 39. Zhao JF, Ling FM, Li JR, Chen YD, Huang L, Zhu LR. Role of non-inflam-
matory factors in intestinal fibrosis. J Dig Dis. 2020;21:315–8.

 40. Rooks MG, Veiga P, Wardwell-Scott LH, Tickle T, Segata N, Michaud M, 
Gallini CA, Beal C, van Hylckama-Vlieg JE, Ballal SA, et al. Gut microbi-
ome composition and function in experimental colitis during active 
disease and treatment-induced remission. Isme j. 2014;8:1403–17.

 41. Ihara S, Hirata Y, Koike K. TGF-β in inflammatory bowel disease: a key 
regulator of immune cells, epithelium, and the intestinal microbiota. J 
Gastroenterol. 2017;52:777–87.

 42. Guan Y, Tan Y, Liu W, Yang J, Wang D, Pan D, Sun Y, Zheng C. NF-
E2-Related factor 2 suppresses intestinal fibrosis by inhibiting reactive 
oxygen species-dependent TGF-β1/SMADs pathway. Dig Dis Sci. 
2018;63:366–80.

 43. Weder B, Mamie C, Rogler G, Clarke S, McRae B, Ruiz PA, Hausmann M. 
BCL2 regulates differentiation of intestinal fibroblasts. Inflamm Bowel 
Dis. 2018;24:1953–66.



Page 22 of 25Xin et al. European Journal of Medical Research          (2024) 29:335 

 44. Friedrich M, Pohin M, Powrie F. Cytokine networks in the pathophysiol-
ogy of inflammatory bowel disease. Immunity. 2019;50:992–1006.

 45. Meng XM, Nikolic-Paterson DJ, Lan HY. TGF-β: the master regulator of 
fibrosis. Nat Rev Nephrol. 2016;12:325–38.

 46. Skeen VR, Paterson I, Paraskeva C, Williams AC. TGF-β1 signalling, 
connecting aberrant inflammation and colorectal tumorigenesis. Curr 
Pharm Des. 2012;18:3874–88.

 47. Piek E, Heldin CH, Ten Dijke P. Specificity, diversity, and regulation in 
TGF-beta superfamily signaling. Faseb j. 1999;13:2105–24.

 48. Stolfi C, Troncone E, Marafini I, Monteleone G. Role of TGF-beta 
and smad7 in gut inflammation, fibrosis and cancer. Biomolecules. 
2020;11(1):17.

 49. Xu F, Liu C, Zhou D, Zhang L. TGF-β/SMAD pathway and its regulation in 
hepatic fibrosis. J Histochem Cytochem. 2016;64:157–67.

 50. Moustakas A, Pardali K, Gaal A, Heldin CH. Mechanisms of TGF-beta 
signaling in regulation of cell growth and differentiation. Immunol Lett. 
2002;82:85–91.

 51. He F, Feng G, Ma N, Midorikawa K, Oikawa S, Kobayashi H, Zhang Z, 
Huang G, Takeuchi K, Murata M. GDF10 inhibits cell proliferation and 
epithelial-mesenchymal transition in nasopharyngeal carcinoma by the 
transforming growth factor-β/Smad and NF-κB pathways. Carcinogen-
esis. 2022;43:94–103.

 52. Huang SS, Huang JS. TGF-beta control of cell proliferation. J Cell Bio-
chem. 2005;96:447–62.

 53. Chung Y, Fu E. Crosstalk between Shh and TGF-β signaling in cyclo-
sporine-enhanced cell proliferation in human gingival fibroblasts. PLoS 
ONE. 2013;8: e70128.

 54. Fausto N, Mead JE, Gruppuso PA, Castilla A, Jakowlew SB. Effects of TGF-
beta s in the liver: cell proliferation and fibrogenesis. Ciba Found Symp. 
1991;157:165–74.

 55. Lei C, Zhou X, Pang Y, Mao Y, Lu X, Li M, Zhang J. TGF-β signalling 
prevents pancreatic beta cell death after proliferation. Cell Prolif. 
2015;48:356–62.

 56. Wang HL, Wang L, Zhao CY, Lan HY. Role of TGF-beta signaling in beta 
cell proliferation and function in diabetes. Biomolecules. 2022;12(3):373.

 57. Moses HL, Pietenpol JA, Münger K, Murphy CS, Yang EY. TGF beta regu-
lation of epithelial cell proliferation: role of tumor suppressor genes. 
Princess Takamatsu Symp. 1991;22:183–95.

 58. Moses HL. TGF-beta regulation of epithelial cell proliferation. Mol 
Reprod Dev. 1992;32:179–84.

 59. Gao Y, Li S, Li Q. Uterine epithelial cell proliferation and endome-
trial hyperplasia: evidence from a mouse model. Mol Hum Reprod. 
2014;20:776–86.

 60. Salm S, Burger PE, Wilson EL. TGF-β and stem cell factor regu-
late cell proliferation in the proximal stem cell niche. Prostate. 
2012;72:998–1005.

 61. Zhao Z, Shen W, Zhu H, Lin L, Jiang G, Zhu Y, Song H, Wu L. Zoledronate 
inhibits fibroblasts’ proliferation and activation via targeting TGF-β 
signaling pathway. Drug Des Devel Ther. 2018;12:3021–31.

 62. Morikawa M, Derynck R, Miyazono K. TGF-β and the TGF-β Family: 
Context-Dependent Roles in Cell and Tissue Physiology. Cold Spring 
Harb Perspect Biol. 2016;8(5): a021873.

 63. Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P, ten Dijke 
P. Balancing the activation state of the endothelium via two distinct 
TGF-beta type I receptors. Embo j. 2002;21:1743–53.

 64. Matsuyama S, Iwadate M, Kondo M, Saitoh M, Hanyu A, Shimizu K, Abu-
ratani H, Mishima HK, Imamura T, Miyazono K, Miyazawa K. SB-431542 
and Gleevec inhibit transforming growth factor-beta-induced prolifera-
tion of human osteosarcoma cells. Cancer Res. 2003;63:7791–8.

 65. Jian H, Shen X, Liu I, Semenov M, He X, Wang XF. Smad3-dependent 
nuclear translocation of beta-catenin is required for TGF-beta1-induced 
proliferation of bone marrow-derived adult human mesenchymal stem 
cells. Genes Dev. 2006;20:666–74.

 66. Bruna A, Darken RS, Rojo F, Ocaña A, Peñuelas S, Arias A, Paris R, Tortosa 
A, Mora J, Baselga J, Seoane J. High TGFbeta-Smad activity confers poor 
prognosis in glioma patients and promotes cell proliferation depending 
on the methylation of the PDGF-B gene. Cancer Cell. 2007;11:147–60.

 67. Meng XM, Huang XR, Xiao J, Chung AC, Qin W, Chen HY, Lan HY. Disrup-
tion of Smad4 impairs TGF-β/Smad3 and Smad7 transcriptional regula-
tion during renal inflammation and fibrosis in vivo and in vitro. Kidney 
Int. 2012;81:266–79.

 68. Tsuchida K, Zhu Y, Siva S, Dunn SR, Sharma K. Role of Smad4 on TGF-
beta-induced extracellular matrix stimulation in mesangial cells. Kidney 
Int. 2003;63:2000–9.

 69. Cho JW, Il KJ, Lee KS. Downregulation of type I collagen expression in 
silibinin-treated human skin fibroblasts by blocking the activation of 
Smad2/3-dependent signaling pathways: potential therapeutic use in 
the chemoprevention of keloids. Int J Mol Med. 2013;31:1148–52.

 70. Zhu HJ, Iaria J, Sizeland AM. Smad7 differentially regulates transform-
ing growth factor beta-mediated signaling pathways. J Biol Chem. 
1999;274:32258–64.

 71. Hu HH, Chen DQ, Wang YN, Feng YL, Cao G, Vaziri ND, Zhao YY. New 
insights into TGF-β/Smad signaling in tissue fibrosis. Chem Biol Interact. 
2018;292:76–83.

 72. Miyazawa K, Miyazono K. Regulation of TGF-β family signaling by inhibi-
tory smads. Cold Spring Harb Perspect Biol. 2017;9(3): a022095.

 73. Di Sabatino A, Jackson CL, Pickard KM, Buckley M, Rovedatti L, Leakey 
NA, Picariello L, Cazzola P, Monteleone G, Tonelli F, et al. Transforming 
growth factor beta signalling and matrix metalloproteinases in the 
mucosa overlying Crohn’s disease strictures. Gut. 2009;58:777–89.

 74. Izzo R, Bevivino G, De Simone V, Sedda S, Monteleone I, Marafini I, 
Di Giovangiulio M, Rizzo A, Franzè E, Colantoni A, et al. Knockdown 
of Smad7 with a specific antisense oligonucleotide attenuates 
colitis and colitis-driven colonic fibrosis in mice. Inflamm Bowel Dis. 
2018;24:1213–24.

 75. Ma Y, Guan Q, Bai A, Weiss CR, Hillman CL, Ma A, Zhou G, Qing G, Peng 
Z. Targeting TGF-beta1 by employing a vaccine ameliorates fibrosis in a 
mouse model of chronic colitis. Inflamm Bowel Dis. 2010;16:1040–50.

 76. Rodansky ES, Johnson LA, Huang S, Spence JR, Higgins PD. Intestinal 
organoids: a model of intestinal fibrosis for evaluating anti-fibrotic 
drugs. Exp Mol Pathol. 2015;98:346–51.

 77. Leeb SN, Vogl D, Falk W, Schölmerich J, Rogler G, Gelbmann CM. Regula-
tion of migration of human colonic myofibroblasts. Growth Factors. 
2002;20:81–91.

 78. Steiner CA, Rodansky ES, Johnson LA, Berinstein JA, Cushing KC, Huang 
S, Spence JR, Higgins PDR. AXL Is a potential target for the treatment of 
intestinal fibrosis. Inflamm Bowel Dis. 2021;27:303–16.

 79. Li C, Grider JR, Murthy KS, Bohl J, Rivet E, Wieghard N, Kuemmerle JF. 
Endoplasmic reticulum stress in subepithelial myofibroblasts increases 
the TGF-β1 Activity that regulates fibrosis in Crohn’s disease. Inflamm 
Bowel Dis. 2020;26:809–19.

 80. Fuchs P, Calitz C, Pavlović N, Binet F, Solbak S, Danielson UH, Kreuger J, 
Heindryckx F, Gerwins P. Fibrin fragment E potentiates TGF-β-induced 
myofibroblast activation and recruitment. Cell Signal. 2020;72: 109661.

 81. Tzortzaki EG, Antoniou KM, Zervou MI, Lambiri I, Koutsopoulos A, 
Tzanakis N, Plataki M, Maltezakis G, Bouros D, Siafakas NM. Effects 
of antifibrotic agents on TGF-beta1, CTGF and IFN-gamma expres-
sion in patients with idiopathic pulmonary fibrosis. Respir Med. 
2007;101:1821–9.

 82. Gao L, Wang LY, Liu ZQ, Jiang D, Wu SY, Guo YQ, Tao HM, Sun M, You 
LN, Qin S, et al. TNAP inhibition attenuates cardiac fibrosis induced by 
myocardial infarction through deactivating TGF-β1/Smads and activat-
ing P53 signaling pathways. Cell Death Dis. 2020;11:44.

 83. Dees C, Pötter S, Zhang Y, Bergmann C, Zhou X, Luber M, Wohlfahrt 
T, Karouzakis E, Ramming A, Gelse K, et al. TGF-β-induced epigenetic 
deregulation of SOCS3 facilitates STAT3 signaling to promote fibrosis. J 
Clin Invest. 2020;130:2347–63.

 84. Theiss AL, Simmons JG, Jobin C, Lund PK. Tumor necrosis factor (TNF) 
alpha increases collagen accumulation and proliferation in intestinal 
myofibroblasts via TNF receptor 2. J Biol Chem. 2005;280:36099–109.

 85. Okuno T, Andoh A, Bamba S, Araki Y, Fujiyama Y, Fujiyama M, Bamba T. 
Interleukin-1beta and tumor necrosis factor-alpha induce chemokine 
and matrix metalloproteinase gene expression in human colonic 
subepithelial myofibroblasts. Scand J Gastroenterol. 2002;37:317–24.

 86. Onozato D, Akagawa T, Kida Y, Ogawa I, Hashita T, Iwao T, Matsunaga T. 
Application of human induced pluripotent stem cell-derived intestinal 
organoids as a model of epithelial damage and fibrosis in Inflammatory 
Bowel Disease. Biol Pharm Bull. 2020;43:1088–95.

 87. Saini S, Liu T, Yoo J. TNF-α stimulates colonic myofibroblast migration 
via COX-2 and Hsp27. J Surg Res. 2016;204:145–52.

 88. Adler J, Rahal K, Swanson SD, Schmiedlin-Ren P, Rittershaus AC, 
Reingold LJ, Brudi JS, Shealy D, Cai A, McKenna BJ, Zimmermann EM. 



Page 23 of 25Xin et al. European Journal of Medical Research          (2024) 29:335  

Anti-tumor necrosis factor α prevents bowel fibrosis assessed by 
messenger RNA, histology, and magnetization transfer MRI in rats with 
Crohn’s disease. Inflamm Bowel Dis. 2013;19:683–90.

 89. Torle J, Dabir PD, Korsgaard U, Christiansen J, Qvist N, El-Hussuna A. 
Levels of intestinal inflammation and fibrosis in resection specimens 
after preoperative anti-tumor necrosis factor alpha treatment in 
patients with crohn’s disease: a comparative pilot study. Surg Res Pract. 
2020;2020:6085678.

 90. Resta-Lenert S, Barrett KE. Probiotics and commensals reverse TNF-
alpha- and IFN-gamma-induced dysfunction in human intestinal 
epithelial cells. Gastroenterology. 2006;130:731–46.

 91. Frei R, Fournier N, Zeitz J, Scharl M, Morell B, Greuter T, Schreiner P, Mis-
selwitz B, Safroneeva E, Schoepfer AM, et al. Early initiation of anti-TNF 
is associated with favourable long-term outcome in Crohn’s disease: 
10-year-follow-up data from the swiss IBD cohort study. J Crohns Colitis. 
2019;13:1292–301.

 92. Di Sabatino A, Pender SL, Jackson CL, Prothero JD, Gordon JN, Picariello 
L, Rovedatti L, Docena G, Monteleone G, Rampton DS, et al. Functional 
modulation of Crohn’s disease myofibroblasts by anti-tumor necrosis 
factor antibodies. Gastroenterology. 2007;133:137–49.

 93. Patel VC, Lee S, McPhail MJW, Da Silva K, Guilly S, Zamalloa A, Witherden 
E, Støy S, Manakkat Vijay GK, Pons N, et al. Rifaximin-α reduces gut-
derived inflammation and mucin degradation in cirrhosis and encepha-
lopathy: RIFSYS randomised controlled trial. J Hepatol. 2022;76:332–42.

 94. Li H, Song J, Niu G, Zhang H, Guo J, Shih DQ, Targan SR, Zhang X. TL1A 
blocking ameliorates intestinal fibrosis in the T cell transfer model of 
chronic colitis in mice. Pathol Res Pract. 2018;214:217–27.

 95. Shih DQ, Barrett R, Zhang X, Yeager N, Koon HW, Phaosawasdi P, Song 
Y, Ko B, Wong MH, Michelsen KS, et al. Constitutive TL1A (TNFSF15) 
expression on lymphoid or myeloid cells leads to mild intestinal inflam-
mation and fibrosis. PLoS ONE. 2011;6: e16090.

 96. Shih DQ, Zheng L, Zhang X, Zhang H, Kanazawa Y, Ichikawa R, Wallace 
KL, Chen J, Pothoulakis C, Koon HW, Targan SR. Inhibition of a novel 
fibrogenic factor Tl1a reverses established colonic fibrosis. Mucosal 
Immunol. 2014;7:1492–503.

 97. Jacob N, Jacobs JP, Kumagai K, Ha CWY, Kanazawa Y, Lagishetty V, 
Altmayer K, Hamill AM, Von Arx A, Sartor RB, et al. Inflammation-
independent TL1A-mediated intestinal fibrosis is dependent on the gut 
microbiome. Mucosal Immunol. 2018;11:1466–76.

 98. Bamias G, Jia LG, Cominelli F. The tumor necrosis factor-like cytokine 
1A/death receptor 3 cytokine system in intestinal inflammation. Curr 
Opin Gastroenterol. 2013;29:597–602.

 99. Hassan-Zahraee M, Ye Z, Xi L, Baniecki ML, Li X, Hyde CL, Zhang J, Raha 
N, Karlsson F, Quan J, et al. Antitumor necrosis factor-like ligand 1A ther-
apy targets tissue inflammation and fibrosis pathways and reduces gut 
pathobionts in ulcerative colitis. Inflamm Bowel Dis. 2022;28:434–46.

 100. Zheng L, Zhang X, Chen J, Ichikawa R, Wallace K, Pothoulakis C, Koon 
HW, Targan SR, Shih DQ. Sustained tl1a (tnfsf15) expression on both 
lymphoid and myeloid cells leads to mild spontaneous intestinal 
inflammation and fibrosis. Eur J Microbiol Immunol. 2013;3:11–20.

 101. Jacob N, Kumagai K, Abraham JP, Shimodaira Y, Ye Y, Luu J, Blackwood 
AY, Castanon SL, Stamps DT, Thomas LS, et al. Direct signaling of 
TL1A-DR3 on fibroblasts induces intestinal fibrosis in vivo. Sci Rep. 
2020;10:18189.

 102. Borthwick LA. The IL-1 cytokine family and its role in inflammation and 
fibrosis in the lung. Semin Immunopathol. 2016;38:517–34.

 103. Scarpa M, Kessler S, Sadler T, West G, Homer C, McDonald C, de la Motte 
C, Fiocchi C, Stylianou E. The epithelial danger signal IL-1α is a potent 
activator of fibroblasts and reactivator of intestinal inflammation. Am J 
Pathol. 2015;185:1624–37.

 104. Dinarello CA. Overview of the IL-1 family in innate inflammation and 
acquired immunity. Immunol Rev. 2018;281:8–27.

 105. Suwara MI, Green NJ, Borthwick LA, Mann J, Mayer-Barber KD, Barron 
L, Corris PA, Farrow SN, Wynn TA, Fisher AJ, Mann DA. IL-1α released 
from damaged epithelial cells is sufficient and essential to trigger 
inflammatory responses in human lung fibroblasts. Mucosal Immunol. 
2014;7:684–93.

 106. Deguine J, Barton GM. MyD88: a central player in innate immune sign-
aling. Prime Rep. 2014;6:97.

 107. Zheng L, Zhang J, Yuan X, Tang J, Qiu S, Peng Z, Yuan Q, Xie Y, Mei W, 
Tang Y, et al. Fluorofenidone attenuates interleukin-1β production by 

interacting with NLRP3 inflammasome in unilateral ureteral obstruc-
tion. Nephrology (Carlton). 2018;23:573–84.

 108. Song C, He L, Zhang J, Ma H, Yuan X, Hu G, Tao L, Zhang J, Meng J. 
Fluorofenidone attenuates pulmonary inflammation and fibrosis via 
inhibiting the activation of NALP3 inflammasome and IL-1β/IL-1R1/
MyD88/NF-κB pathway. J Cell Mol Med. 2016;20:2064–77.

 109. Shimodaira T, Matsuda K, Uchibori T, Sugano M, Uehara T, Honda 
T. Upregulation of osteopontin expression via the interaction of 
macrophages and fibroblasts under IL-1b stimulation. Cytokine. 
2018;110:63–9.

 110. Kolb M, Margetts PJ, Anthony DC, Pitossi F, Gauldie J. Transient expres-
sion of IL-1beta induces acute lung injury and chronic repair leading to 
pulmonary fibrosis. J Clin Invest. 2001;107:1529–36.

 111. Shang L, Yue W, Wang D, Weng X, Hall ME, Xu Y, Hou M, Chen Y. Systolic 
overload-induced pulmonary inflammation, fibrosis, oxidative stress 
and heart failure progression through interleukin-1β. J Mol Cell Cardiol. 
2020;146:84–94.

 112. Petrasek J, Bala S, Csak T, Lippai D, Kodys K, Menashy V, Barrieau M, 
Min SY, Kurt-Jones EA, Szabo G. IL-1 receptor antagonist ameliorates 
inflammasome-dependent alcoholic steatohepatitis in mice. J Clin 
Invest. 2012;122:3476–89.

 113. Molyvdas A, Georgopoulou U, Lazaridis N, Hytiroglou P, Dimitriadis A, 
Foka P, Vassiliadis T, Loli G, Phillipidis A, Zebekakis P, et al. The role of the 
NLRP3 inflammasome and the activation of IL-1β in the pathogenesis 
of chronic viral hepatic inflammation. Cytokine. 2018;110:389–96.

 114. Wang M, Wang L, Zhou Y, Feng X, Ye C, Wang C. Icariin attenuates 
renal fibrosis in chronic kidney disease by inhibiting interleukin-1β/
transforming growth factor-β-mediated activation of renal fibroblasts. 
Phytother Res. 2021;35:6204–15.

 115. Wilson MS, Madala SK, Ramalingam TR, Gochuico BR, Rosas IO, Cheever 
AW, Wynn TA. Bleomycin and IL-1beta-mediated pulmonary fibrosis is 
IL-17A dependent. J Exp Med. 2010;207:535–52.

 116. Duhen T, Campbell DJ. IL-1β promotes the differentiation of poly-
functional human CCR6+CXCR3+ Th1/17 cells that are specific for 
pathogenic and commensal microbes. J Immunol. 2014;193:120–9.

 117. Abraham C, Dulai PS, Vermeire S, Sandborn WJ. Lessons Learned from 
trials targeting cytokine pathways in patients with inflammatory bowel 
diseases. Gastroenterology. 2017;152:374-388.e374.

 118. Li J, Ueno A, Fort Gasia M, Luider J, Wang T, Hirota C, Jijon HB, Deane 
M, Tom M, Chan R, et al. Profiles of lamina propria T helper cell subsets 
discriminate between ulcerative colitis and Crohn’s disease. Inflamm 
Bowel Dis. 2016;22:1779–92.

 119. Postlethwaite AE, Holness MA, Katai H, Raghow R. Human fibroblasts 
synthesize elevated levels of extracellular matrix proteins in response to 
interleukin 4. J Clin Invest. 1992;90:1479–85.

 120. Aoudjehane L, Pissaia A Jr, Scatton O, Podevin P, Massault PP, Chouze-
noux S, Soubrane O, Calmus Y, Conti F. Interleukin-4 induces the 
activation and collagen production of cultured human intrahepatic 
fibroblasts via the STAT-6 pathway. Lab Invest. 2008;88:973–85.

 121. Boirivant M, Fuss IJ, Chu A, Strober W. Oxazolone colitis: a murine model 
of T helper cell type 2 colitis treatable with antibodies to interleukin 4. J 
Exp Med. 1998;188:1929–39.

 122. Reinisch W, Panés J, Khurana S, Toth G, Hua F, Comer GM, Hinz M, Page 
K, O’Toole M, Moorehead TM, et al. Anrukinzumab, an anti-interleukin 
13 monoclonal antibody, in active UC: efficacy and safety from a phase 
IIa randomised multicentre study. Gut. 2015;64:894–900.

 123. Fichtner-Feigl S, Young CA, Kitani A, Geissler EK, Schlitt HJ, Strober W. 
IL-13 signaling via IL-13R alpha2 induces major downstream fibrogenic 
factors mediating fibrosis in chronic TNBS colitis. Gastroenterology. 
2013;2008(135):2003–13.

 124. Fichtner-Feigl S, Strober W, Kawakami K, Puri RK, Kitani A. IL-13 signaling 
through the IL-13alpha2 receptor is involved in induction of TGF-beta1 
production and fibrosis. Nat Med. 2006;12:99–106.

 125. Bailey JR, Bland PW, Tarlton JF, Peters I, Moorghen M, Sylvester PA, Prob-
ert CS, Whiting CV. IL-13 promotes collagen accumulation in Crohn’s 
disease fibrosis by down-regulation of fibroblast MMP synthesis: a role 
for innate lymphoid cells? PLoS ONE. 2012;7: e52332.

 126. Chandriani S, DePianto DJ, N’Diaye EN, Abbas AR, Jackman J, Bevers 
J 3rd, Ramirez-Carrozzi V, Pappu R, Kauder SE, Toy K, et al. Endog-
enously expressed IL-13Rα2 attenuates IL-13-mediated responses but 



Page 24 of 25Xin et al. European Journal of Medical Research          (2024) 29:335 

does not activate signaling in human lung fibroblasts. J Immunol. 
2014;193:111–9.

 127. Mannon P, Reinisch W. Interleukin 13 and its role in gut defence and 
inflammation. Gut. 2012;61:1765–73.

 128. Guo Y, Wang B, Wang T, Gao L, Yang ZJ, Wang FF, Shang HW, Hua R, Xu 
JD. Biological characteristics of IL-6 and related intestinal diseases. Int J 
Biol Sci. 2021;17:204–19.

 129. Mihara M, Hashizume M, Yoshida H, Suzuki M, Shiina M. IL-6/IL-6 recep-
tor system and its role in physiological and pathological conditions. Clin 
Sci (Lond). 2012;122:143–59.

 130. Rose-John S. Blocking only the bad side of IL-6 in inflammation and 
cancer. Cytokine. 2021;148: 155690.

 131. Heinrich PC, Behrmann I, Haan S, Hermanns HM, Müller-Newen G, 
Schaper F. Principles of interleukin (IL)-6-type cytokine signalling and its 
regulation. Biochem J. 2003;374:1–20.

 132. Yao X, Huang J, Zhong H, Shen N, Faggioni R, Fung M, Yao Y. Target-
ing interleukin-6 in inflammatory autoimmune diseases and cancers. 
Pharmacol Ther. 2014;141:125–39.

 133. Zhang HJ, Zhang YN, Zhou H, Guan L, Li Y, Sun MJ. IL-17A promotes 
initiation and development of intestinal fibrosis through EMT. Dig Dis 
Sci. 2018;63:2898–909.

 134. Lim WW, Ng B, Widjaja A, Xie C, Su L, Ko N, Lim SY, Kwek XY, Lim S, Cook 
SA, Schafer S. Transgenic interleukin 11 expression causes cross-tissue 
fibro-inflammation and an inflammatory bowel phenotype in mice. 
PLoS ONE. 2020;15: e0227505.

 135. Nishina T, Deguchi Y, Ohshima D, Takeda W, Ohtsuka M, Shichino S, 
Ueha S, Yamazaki S, Kawauchi M, Nakamura E, et al. Interleukin-11-ex-
pressing fibroblasts have a unique gene signature correlated with poor 
prognosis of colorectal cancer. Nat Commun. 2021;12:2281.

 136. Zhao M, Liu Y, Liu R, Qi J, Hou Y, Chang J, Ren L. Upregulation of IL-11, an 
IL-6 family cytokine, promotes tumor progression and correlates with 
poor prognosis in non-small cell lung cancer. Cell Physiol Biochem. 
2018;45:2213–24.

 137. Zhuang Z, Pan X, Zhao K, Gao W, Liu J, Deng T, Qin W. The effect of 
interleukin-6 (IL-6), interleukin-11 (IL-11), signal transducer and activator 
of transcription 3 (STAT3), and AKT signaling on adipocyte prolifera-
tion in a rat model of polycystic ovary syndrome. Med Sci Monit. 
2019;25:7218–27.

 138. O’Reilly S, Ciechomska M, Cant R, van Laar JM. Interleukin-6 (IL-6) trans 
signaling drives a STAT3-dependent pathway that leads to hyperactive 
transforming growth factor-β (TGF-β) signaling promoting SMAD3 acti-
vation and fibrosis via Gremlin protein. J Biol Chem. 2014;289:9952–60.

 139. Le TT, Karmouty-Quintana H, Melicoff E, Le TT, Weng T, Chen NY, 
Pedroza M, Zhou Y, Davies J, Philip K, et al. Blockade of IL-6 Trans signal-
ing attenuates pulmonary fibrosis. J Immunol. 2014;193:3755–68.

 140. Choy EH, De Benedetti F, Takeuchi T, Hashizume M, John MR, Kishimoto 
T. Translating IL-6 biology into effective treatments. Nat Rev Rheumatol. 
2020;16:335–45.

 141. Cook SA, Schafer S. Hiding in plain sight: interleukin-11 emerges as a 
master regulator of fibrosis, tissue integrity, and stromal inflammation. 
Annu Rev Med. 2020;71:263–76.

 142. Rose-John S. Interleukin-6 family cytokines. Cold Spring Harb Perspect 
Biol. 2018;10(2): a028415.

 143. Murdaca G, Greco M, Tonacci A, Negrini S, Borro M, Puppo F, Gangemi S. 
IL-33/IL-31 axis in immune-mediated and allergic diseases. Int J Mol Sci. 
2019;20(23):5856.

 144. Cayrol C, Girard JP. Interleukin-33 (IL-33): a nuclear cytokine from the 
IL-1 family. Immunol Rev. 2018;281:154–68.

 145. Vasanthakumar A, Kallies A. Interleukin (IL)-33 and the IL-1 family of 
cytokines-regulators of inflammation and tissue homeostasis. Cold 
Spring Harb Perspect Biol. 2019;11(3): a028506.

 146. Jun YK, Kwon SH, Yoon HT, Park H, Soh H, Lee HJ, Im JP, Kim JS, 
Kim JW, Koh SJ. Toll-like receptor 4 regulates intestinal fibrosis via 
cytokine expression and epithelial-mesenchymal transition. Sci Rep. 
2020;10:19867.

 147. Kotsiou OS, Gourgoulianis KI, Zarogiannis SG. IL-33/ST2 axis in organ 
fibrosis. Front Immunol. 2018;9:2432.

 148. Li T, Zhang Z, Bartolacci JG, Dwyer GK, Liu Q, Mathews LR, Velayutham 
M, Roessing AS, Lee YC, Dai H, et al. Graft IL-33 regulates infiltrat-
ing macrophages to protect against chronic rejection. J Clin Invest. 
2020;130:5397–412.

 149. Drake LY, Kita H. IL-33: biological properties, functions, and roles in 
airway disease. Immunol Rev. 2017;278:173–84.

 150. Hodzic Z, Schill EM, Bolock AM, Good M. IL-33 and the intestine: the 
good, the bad, and the inflammatory. Cytokine. 2017;100:1–10.

 151. Malik A, Sharma D, Zhu Q, Karki R, Guy CS, Vogel P, Kanneganti TD. IL-33 
regulates the IgA-microbiota axis to restrain IL-1α-dependent colitis 
and tumorigenesis. J Clin Invest. 2016;126:4469–81.

 152. Imai J, Kitamoto S, Sugihara K, Nagao-Kitamoto H, Hayashi A, Morhardt 
TL, Kuffa P, Higgins PDR, Barnich N, Kamada N. Flagellin-mediated 
activation of IL-33-ST2 signaling by a pathobiont promotes intestinal 
fibrosis. Mucosal Immunol. 2019;12:632–43.

 153. Brevi A, Cogrossi LL, Grazia G, Masciovecchio D, Impellizzieri D, Lacan-
fora L, Grioni M, Bellone M. Much more than IL-17A: cytokines of the 
Il-17 family between microbiota and cancer. Front Immunol. 2020;11: 
565470.

 154. Li J, Liu L, Zhao Q, Chen M. Role of interleukin-17 in pathogenesis of 
intestinal fibrosis in mice. Dig Dis Sci. 2020;65:1971–9.

 155. Latella G, Viscido A. Controversial contribution of Th17/IL-17 toward the 
immune response in intestinal fibrosis. Dig Dis Sci. 2020;65:1299–306.

 156. Honzawa Y, Nakase H, Shiokawa M, Yoshino T, Imaeda H, Matsuura M, 
Kodama Y, Ikeuchi H, Andoh A, Sakai Y, et al. Involvement of interleukin-
17A-induced expression of heat shock protein 47 in intestinal fibrosis in 
Crohn’s disease. Gut. 2014;63:1902–12.

 157. Latella G. Concise commentary: controversial interaction of interleu-
kin-17 with intestinal fibrosis. Dig Dis Sci. 2020;65:1980–1.

 158. Bjerg Christensen A, Dige A, Vad-Nielsen J, Brinkmann CR, Bendix M, 
Østergaard L, Tolstrup M, Søgaard OS, Rasmussen TA, Randel Nyengaard 
J, et al. Administration of panobinostat is associated with increased 
il-17a MRNA in the intestinal epithelium of HIV-1 patients. Mediators 
Inflamm. 2015;2015: 120605.

 159. Lei L, Zhao C, Qin F, He ZY, Wang X, Zhong XN. Th17 cells and IL-17 
promote the skin and lung inflammation and fibrosis process in a 
bleomycin-induced murine model of systemic sclerosis. Clin Exp Rheu-
matol. 2016;34(Suppl 100):14–22.

 160. Yanagisawa H, Hashimoto M, Minagawa S, Takasaka N, Ma R, Moermans 
C, Ito S, Araya J, Budelsky A, Goodsell A, et al. Role of IL-17A in murine 
models of COPD airway disease. Am J Physiol Lung Cell Mol Physiol. 
2017;312:L122-l130.

 161. Monteleone G, Franzè E, Troncone E, Maresca C, Marafini I. Interleu-
kin-34 mediates cross-talk between stromal cells and immune cells in 
the gut. Front Immunol. 2022;13: 873332.

 162. Guillonneau C, Bézie S, Anegon I. Immunoregulatory properties of the 
cytokine IL-34. Cell Mol Life Sci. 2017;74:2569–86.

 163. Lin W, Xu D, Austin CD, Caplazi P, Senger K, Sun Y, Jeet S, Young J, 
Delarosa D, Suto E, et al. Function of CSF1 and IL34 in macrophage 
homeostasis, inflammation, and cancer. Front Immunol. 2019;2019:10.

 164. Zwicker S, Martinez GL, Bosma M, Gerling M, Clark R, Majster M, 
Söderman J, Almer S, Boström EA. Interleukin 34: a new modulator of 
human and experimental inflammatory bowel disease. Clin Sci (Lond). 
2015;129:281–90.

 165. Franzè E, Monteleone I, Cupi ML, Mancia P, Caprioli F, Marafini I, Colan-
toni A, Ortenzi A, Laudisi F, Sica G, et al. Interleukin-34 sustains inflam-
matory pathways in the gut. Clin Sci (Lond). 2015;129:271–80.

 166. Franzè E, Dinallo V, Laudisi F, Di Grazia A, Di Fusco D, Colantoni A, 
Ortenzi A, Giuffrida P, Di Carlo S, Sica GS, et al. Interleukin-34 stimu-
lates gut fibroblasts to produce collagen synthesis. J Crohns Colitis. 
2020;14:1436–45.

 167. Preisser L, Miot C, Le Guillou-Guillemette H, Beaumont E, Foucher ED, 
Garo E, Blanchard S, Frémaux I, Croué A, Fouchard I, et al. IL-34 and 
macrophage colony-stimulating factor are overexpressed in hepatitis 
C virus fibrosis and induce profibrotic macrophages that promote col-
lagen synthesis by hepatic stellate cells. Hepatology. 2014;60:1879–90.

 168. Shoji H, Yoshio S, Mano Y, Kumagai E, Sugiyama M, Korenaga M, Arai T, 
Itokawa N, Atsukawa M, Aikata H, et al. Interleukin-34 as a fibroblast-
derived marker of liver fibrosis in patients with non-alcoholic fatty liver 
disease. Sci Rep. 2016;6:28814.

 169. Wu Q, Miao X, Zhang J, Xiang L, Li X, Bao X, Du S, Wang M, Miao S, 
Fan Y, et al. Astrocytic YAP protects the optic nerve and retina in an 
experimental autoimmune encephalomyelitis model through TGF-β 
signaling. Theranostics. 2021;11:8480–99.



Page 25 of 25Xin et al. European Journal of Medical Research          (2024) 29:335  

 170. Amrani Y, Panettieri RA Jr, Frossard N, Bronner C. Activation of the TNF 
alpha-p55 receptor induces myocyte proliferation and modulates 
agonist-evoked calcium transients in cultured human tracheal smooth 
muscle cells. Am J Respir Cell Mol Biol. 1996;15:55–63.

 171. Prehn JL, Thomas LS, Landers CJ, Yu QT, Michelsen KS, Targan SR. The 
T cell costimulator TL1A is induced by FcgammaR signaling in human 
monocytes and dendritic cells. J Immunol. 2007;178:4033–8.

 172. Arend WP, Palmer G, Gabay C. IL-1, IL-18, and IL-33 families of cytokines. 
Immunol Rev. 2008;223:20–38.

 173. Dinarello CA, van der Meer JW. Treating inflammation by blocking 
interleukin-1 in humans. Semin Immunol. 2013;25:469–84.

 174. Agrawal S, Townley RG. Role of periostin, FENO, IL-13, lebrikzumab, 
other IL-13 antagonist and dual IL-4/IL-13 antagonist in asthma. Expert 
Opin Biol Ther. 2014;14:165–81.

 175. Heichler C, Scheibe K, Schmied A, Geppert CI, Schmid B, Wirtz S, 
Thoma OM, Kramer V, Waldner MJ, Büttner C, et al. STAT3 activation 
through IL-6/IL-11 in cancer-associated fibroblasts promotes colorectal 
tumour development and correlates with poor prognosis. Gut. 
2020;69:1269–82.

 176. Jiang W, Lian J, Yue Y, Zhang Y. IL-33/ST2 as a potential target for tumor 
immunotherapy. Eur J Immunol. 2021;51:1943–55.

 177. Yuan ZC, Xu WD, Liu XY, Liu XY, Huang AF, Su LC. Biology of IL-36 signal-
ing and its role in systemic inflammatory diseases. Front Immunol. 
2019;10:2532.

 178. Bassoy EY, Towne JE, Gabay C. Regulation and function of interleukin-36 
cytokines. Immunol Rev. 2018;281:169–78.

 179. Murrieta-Coxca JM, Rodríguez-Martínez S, Cancino-Diaz ME, Markert 
UR, Favaro RR, Morales-Prieto DM. IL-36 cytokines: regulators of inflam-
matory responses and their emerging role in immunology of reproduc-
tion. Int J Mol Sci. 2019;20(7):1649.

 180. Elias M, Zhao S, Le HT, Wang J, Neurath MF, Neufert C, Fiocchi C, Rieder 
F. IL-36 in chronic inflammation and fibrosis—bridging the gap? J Clin 
Invest. 2021;131(2): e144336.

 181. Leon G, Hussey S, Walsh PT. The diverse roles of the IL-36 family in 
gastrointestinal inflammation and resolution. Inflamm Bowel Dis. 
2021;27:440–50.

 182. Russell SE, Horan RM, Stefanska AM, Carey A, Leon G, Aguilera M, 
Statovci D, Moran T, Fallon PG, Shanahan F, et al. IL-36α expression 
is elevated in ulcerative colitis and promotes colonic inflammation. 
Mucosal Immunol. 2016;9:1193–204.

 183. Scheibe K, Backert I, Wirtz S, Hueber A, Schett G, Vieth M, Probst HC, 
Bopp T, Neurath MF, Neufert C. IL-36R signalling activates intestinal 
epithelial cells and fibroblasts and promotes mucosal healing in vivo. 
Gut. 2017;66:823–38.

 184. Medina-Contreras O, Harusato A, Nishio H, Flannigan KL, Ngo V, Leoni 
G, Neumann PA, Geem D, Lili LN, Ramadas RA, et al. Cutting edge: 
IL-36 receptor promotes resolution of intestinal damage. J Immunol. 
2016;196:34–8.

 185. Ngo VL, Abo H, Maxim E, Harusato A, Geem D, Medina-Contreras 
O, Merlin D, Gewirtz AT, Nusrat A, Denning TL. A cytokine network 
involving IL-36γ, IL-23, and IL-22 promotes antimicrobial defense 
and recovery from intestinal barrier damage. Proc Natl Acad Sci USA. 
2018;115:E5076-e5085.

 186. Byrne J, Baker K, Houston A, Brint E. IL-36 cytokines in inflammatory and 
malignant diseases: not the new kid on the block anymore. Cell Mol 
Life Sci. 2021;78:6215–27.

 187. Fonseca-Camarillo G, Furuzawa-Carballeda J, Iturriaga-Goyon E, 
Yamamoto-Furusho JK. Differential expression of IL-36 family members 
and IL-38 by immune and nonimmune cells in patients with active 
inflammatory bowel disease. Biomed Res Int. 2018;2018:5140691.

 188. Wagner M, Ko HM, Chatterji M, Besa C, Torres J, Zhang X, Panchal H, 
Hectors S, Cho J, Colombel JF, et al. Magnetic resonance imaging pre-
dicts histopathological composition of ileal Crohn’s disease. J Crohns 
Colitis. 2018;12:718–29.

 189. Punwani S, Rodriguez-Justo M, Bainbridge A, Greenhalgh R, De Vita E, 
Bloom S, Cohen R, Windsor A, Obichere A, Hansmann A, et al. Mural 
inflammation in Crohn disease: location-matched histologic validation 
of MR imaging features. Radiology. 2009;252:712–20.

 190. Wilkens R, Hagemann-Madsen RH, Peters DA, Nielsen AH, Nørager 
CB, Glerup H, Krogh K. Validity of contrast-enhanced ultrasonography 
and dynamic contrast-enhanced mr enterography in the assessment 

of transmural activity and fibrosis in Crohn’s disease. J Crohns Colitis. 
2018;12:48–56.

 191. Higgins PD. Measurement of fibrosis in Crohn’s disease strictures with 
imaging and blood biomarkers to inform clinical decisions. Dig Dis. 
2017;35:32–7.

 192. Chiorean MV, Sandrasegaran K, Saxena R, Maglinte DD, Nakeeb A, John-
son CS. Correlation of CT enteroclysis with surgical pathology in Crohn’s 
disease. Am J Gastroenterol. 2007;102:2541–50.

 193. Catalano OA, Gee MS, Nicolai E, Selvaggi F, Pellino G, Cuocolo A, 
Luongo A, Catalano M, Rosen BR, Gervais D, et al. Evaluation of quan-
titative PET/MR enterography biomarkers for discrimination of inflam-
matory strictures from fibrotic strictures in Crohn disease. Radiology. 
2016;278:792–800.

 194. Kisseleva T, Brenner DA. Anti-fibrogenic strategies and the regression of 
fibrosis. Best Pract Res Clin Gastroenterol. 2011;25:305–17.

 195. Bouhnik Y, Carbonnel F, Laharie D, Stefanescu C, Hébuterne X, Abitbol 
V, Nachury M, Brixi H, Bourreille A, Picon L, et al. Efficacy of adalimumab 
in patients with Crohn’s disease and symptomatic small bowel stricture: 
a multicentre, prospective, observational cohort (CREOLE) study. Gut. 
2018;67:53–60.

 196. Mangiavillano B, Pagano N, Arena M, Miraglia S, Consolo P, Iabichino G, 
Virgilio C, Luigiano C. Role of stenting in gastrointestinal benign and 
malignant diseases. World J Gastrointest Endosc. 2015;7:460–80.

 197. Levine RA, Wasvary H, Kadro O. Endoprosthetic management of refrac-
tory ileocolonic anastomotic strictures after resection for Crohn’s dis-
ease: report of nine-year follow-up and review of the literature. Inflamm 
Bowel Dis. 2012;18:506–12.

 198. Lorenzo-Zúñiga V, Moreno-de-Vega V, Marín I, Boix J. Biodegrad-
able stents in gastrointestinal endoscopy. World J Gastroenterol. 
2014;20:2212–7.

 199. Attar A, Maunoury V, Vahedi K, Vernier-Massouille G, Vida S, Bulois P, 
Colombel JF, Bouhnik Y. Safety and efficacy of extractible self-expanda-
ble metal stents in the treatment of Crohn’s disease intestinal strictures: 
a prospective pilot study. Inflamm Bowel Dis. 2012;18:1849–54.

 200. Bettenworth D, Bokemeyer A, Baker M, Mao R, Parker CE, Nguyen T, Ma 
C, Panés J, Rimola J, Fletcher JG, et al. Assessment of Crohn’s disease-
associated small bowel strictures and fibrosis on cross-sectional imag-
ing: a systematic review. Gut. 2019;68:1115–26.

 201. Latella G, Cocco A, Angelucci E, Viscido A, Bacci S, Necozione S, Caprilli 
R. Clinical course of Crohn’s disease first diagnosed at surgery for acute 
abdomen. Dig Liver Dis. 2009;41:269–76.

 202. Aratari A, Papi C, Leandro G, Viscido A, Capurso L, Caprilli R. Early versus 
late surgery for ileo-caecal Crohn’s disease. Aliment Pharmacol Ther. 
2007;26:1303–12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Inflammation accelerating intestinal fibrosis: from mechanism to clinic
	Abstract 
	Highlights 
	Introduction
	Current viewpoint in the pathogenesis of IBD
	Microbiota and IBD
	Environmental factors
	Immune response
	Hypertension accompanied by intestinal fibrosis

	Unraveling the underlying mechanisms of fibrosis formation
	The fibrotic process of intestinal inflammation
	Potential mechanisms for the development of intestinal fibrosis
	Multiple factors affect intestinal fibrosis

	Cytokines serve as a crucial bridge between the immune response and fibrosis
	TGF-β
	General biological characteristics of TGF-β
	TGF-β involved in the proliferation of multiple types of cells
	TGF-β fibrosis-related downstream pathway expression and influencing factors

	TNF-α
	TL1A
	IL-1
	IL-1α significantly mediates the inflammatory response of fibroblasts
	Indirect role of the IL-1β pathway in fibrosis generation

	IL-4 and IL-13

	Box 1 Comparing the similarities and differences pathways activated by IL-4IL-13 in fibrosis
	Intersectionality of the functions of IL-6 and IL-11 in the progress of fibrosis

	Box 2 Cytokines from the IL-6 family
	Box 3 Cluster signaling in IL-6 signaling
	IL-33
	Novel hints of the diverse capacities of IL-17 in fibrosis
	IL-34
	IL-36
	Intestinal inflammatory fibrosis effect of IL-36


	Box 4 IL-36 contribute to the pathogenesis of autoimmune diseases
	Prospects for the treatment of fibrosis
	Diagnosis
	Prospective impact of cytokines on the fibrosis

	Limitation, prospects and conclusions
	Acknowledgements
	References


