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Preface

Inflammatory bowel disease (IBD) is the term used to describe a group of chronic and relapsing

inflammatory diseases of the gastrointestinal tract. Crohn’s disease (CD) and ulcerative colitis (UC)

are the two main clinical forms. Although the specific etiopathogenesis of IBD is unknown, it is

widely recognized that immunological, genetic, and environmental factors are involved. A greater

understanding of the multiple signaling pathways involved in the pathophysiology of IBD has

led to the development of different therapies in recent decades. Although these treatments have

dramatically transformed the course of IBD, to date, there is still no permanent cure. Individuals

treated with the available therapies do not always respond satisfactorily to treatment, and when

they do, eventual adverse effects limit the use of such therapies. The present Special Issue of

the journal Pharmaceuticals, “Drug Treatments for Inflammatory Bowel Diseases”, features original

research articles and review articles on management strategies and therapeutic alternatives for the

treatment of IBD. The Special Issue published one editorial, eight original research articles, and three

review articles, involving the contributions of nearly seventy authors. The objective was to provide

possible new treatment alternatives to address needs not yet met by clinical practice. We appreciate

the significant contributions of all authors to this Special Issue and hope that the readers enjoy the

content.

Anderson Luiz-Ferreira and Carmine Stolfi

Editors
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Inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and ulcerative
colitis (UC), are chronic idiopathic, relapsing and remitting inflammatory diseases that
affect the gastrointestinal tract, causing significant morbidity and loss of quality of life
in affected individuals [1]. In UC, inflammation is mainly restricted to the mucosa and
involves only the colon, although the extent of colic involvement may vary among patients
and over time [2]. In CD, the inflammatory process is transmural and affects any portion
of the gastrointestinal tract, from the mouth to the anus, and may be associated with
penetrating phenomena such as intraperitoneal abscesses or fistulas [3]. Although the
etiology is unknown, it is believed that the interaction between environmental factors and
the gut microbiota of a genetically susceptible host leads to the abnormal immune response
of the colic mucosa observed in these diseases [4].

Traditionally, the process of drug development for the treatment of IBD involves the
discovery and selection of targets, followed by biological confirmation in cellular and
animal models. When promising results are found at this stage, phase I, II and III clinical
studies are carried out to investigate the safety, pharmacokinetics, clinical efficacy, and
dosage of the drug [5].

Conventional therapies such as aminosalicylic acid, corticosteroids, immunomodu-
lators and anti-tumor necrosis factor agents continue to demonstrate therapeutic efficacy,
particularly when used in combination. However, despite the variety of therapeutic com-
pounds available and the improved management strategies, a portion of IBD patients with
moderate to severe degrees of the disease do not benefit from the existing treatments or
experience side effects caused by the drugs used [6,7]. This has been a driving force for the
intensive search for new drugs aimed at IBD therapy as well as the evaluation of potential
IBD-related adverse effects [7].

In fact, aiming to increase the range of therapeutic options, new strategies with other
biological agents and, more recently, with small-molecule drugs have been explored. Based
on more accurate and targeted management of the disease, treatments with fewer ad-
verse effects have been sought. In recent efforts, new inhibitors, whose targets include
cytokines (such as IL-12/23 inhibitors, PDE4 inhibitors) [8,9], integrins (such as integrin
inhibitors) [10], cytokine signaling pathways (such as Janus Kinases—JAK inhibitors) [11],
and cell signaling receptors (such as Sphingosine 1-Phosphate Receptor—S1p modula-
tors) [12], have become potentially promising therapeutic choices for many IBD patients.

Computational methods have also been employed in the development of drugs for the
treatment of IBD, aiming to discover drugs in a more sustainable and economical way. These
methods, together with the traditional drug development process, have contributed not
only to the identification of more specific therapeutic targets, but also to novel applications
of existing drugs [13].

This Special Issue included eight current research articles and three review articles
with contributions to therapeutic decision-making and propositions of new therapeutic
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targets for IBD. We emphasize that it is not the objective of this Editorial to make a detailed
description of each of the works, but rather to encourage the reader to explore them.

Two research studies published in this Special Issue aimed to investigate how two
antidiabetic drugs of the thiazolidinedione class of agonists of the nuclear hormone re-
ceptor ‘peroxisome proliferator-activated receptor gamma’ (PPARγ), rosiglitazone and
pioglitazone, can affect the risk of IBD.

In the first of these studies, Tseng (contribution 1) demonstrated that the use of
rosiglitazone does not affect IBD risk, based on information from the reimbursement
database of Taiwan’s National Health Insurance. However, as this was an observational
study with a small number of cases of UC, it was not possible to exclude the benefit of
rosiglitazone for patients affected specifically by this pathology. In the second study, using
the same database, Tseng further observed that pioglitazone had no effect on IBD at the
doses used for the Taiwanese population (contribution 2).

With the objective of improving disease management strategies, two articles published
in this Special Issue addressed strategies that can, in some way, assist in therapeutic
decision-making: one related to the gene expression of mediators in the colic mucosa and
the other related to changes in the form of drug administration.

Alafarj et al. (contribution 3) investigated changes in gene expression in the colic
mucosa of IBD patients treated with 5-amino salicylic acid or biological therapy (anti-
TNF drugs), IBD patients receiving no medication, and individuals without IBD. The
study showed the importance of molecular analysis of biomarkers in the evaluation of
inflammation, contributing to therapeutic decision-making.

Oršić Frič et al. (contribution 4) compared the vedolizumab serum trough concentra-
tion, efficacy and safety before and six months after changing the route of administration
from intravenous to subcutaneous, but in a low number of patients. The authors demon-
strated that the mean trough serum concentration of subcutaneous vedolizumab was
significantly higher than that of intravenous vedolizumab, with the efficacy and safety
previously established for patients on maintenance therapy with intravenous vedolizumab.

Four articles addressed the search for therapeutic alternatives for the treatment of IBD
(contributions 5 to 8).

Lebish et al. (contribution 5) used inhibitors of the MAPK-activated protein kinase
2 (MK2) pathway, an important pathway in the regulation of cytokines in IBD and highly
expressed and activated in tissues of patients affected by CD, to study a new therapeutic
alternative. It was identified that MK2 regulates the expression of specific matrix metal-
loproteinases, and its inhibition decreases not only T-cell activity, but also the production
of inflammatory cytokines. In view of previously published data on the safety of MK2
inhibitors in humans and the results presented in this study, Lebish et al. suggested that
MK2 could be a new therapeutic target for CD.

Saber et al. (contribution 6) introduced a new therapeutic approach in order to
improve the treatment of chronic UC. In this study, (R,R)-BD-AcAc2, a type of ketone ester
(KE), improved the macroscopic and microscopic characteristics of the colon, exhibiting
anti-inflammatory properties by reducing the production of pro-inflammatory cytokines.
Although the use of an animal model cannot fully capture the intricate complexities of
human pathophysiology, the authors concluded that this preclinical study indicated a
potential therapeutic benefit of ketosis and ketone production in the treatment of IBD.

Assuming that the transforming growth factor-β/Smad (TGF-β/Smad) signaling
pathway is inactivated in CD patients by Smad 7 overexpression and that clinical studies
using oral Smad 7 antisense oligonucleotides were discontinued, Tsujimura et al. (con-
tribution 7) tested the complex formed by microRNA (miR-497a-5p) and apatite super
carbonate nanoparticle (sCA-miR-497a-5p) in the DSS-induced colitis model. Through
the regulation of multiple genes rather than a single molecule, sCA-miR-497a-5p exerted
a potent anti-inflammatory effect through the activation of the TGF-β/Smad signaling
pathway and the inhibition of secretion inflammatory cytokines. Therefore, the authors
suggested that this complex may have a therapeutic ability against IBD.
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Jin et al. (contribution 8) investigated the activity of Ren-Shen-Bai-Du powder (RSBDP),
which is already currently used for the treatment of IBD in China. RSBDP protected the
colic mucosa of DSS-challenged animals by reducing the concentration of pro-inflammatory
cytokines and promoting apoptosis of intestinal epithelial cells. The authors attributed the
pharmacological effects shown by RSBDP to the main specialized metabolites (quercetin,
kaempferol, luteolin, naringenin, and sitosterol) present in its constitution and provided
contributions regarding the anti-inflammatory mechanisms of the currently used RSBDP in
IBD therapy.

In addition to research articles, three interesting review articles were published in this
Special Issue.

In the first, Blagov et al. (contribution 9) conducted a review of studies published
with experimental models and clinical studies and described in detail the involvement of
oxidative stress, with the accumulation of reactive oxygen species (ROS), in the chronic
inflammation observed in IBD. The effects and mechanism of action of several natural
antioxidants, as well as other antioxidants that have not yet been tested in the treatment of
IBD, were also considered in this work.

The second review article (contribution 10) assembled the major targets and agents cur-
rently directed at the production of pro-inflammatory cytokines and lymphatic trafficking
in order to contribute to the development of new drugs for IBD.

Finally, Imbrizi et al. (contribution 11) carried out a narrative review that elegantly
presented the therapeutic advances in the treatment of IBD, the mechanisms of action,
and the challenges facing the therapeutic goals in the treatment of IBD. Interestingly, the
authors showed that despite the different mechanisms of action of the different classes of
drugs, the general rates of effectiveness are similar, including the latest therapeutic classes
approved for the treatment of IBD, JAK inhibitors and S1p modulators.

In conclusion, conventional therapies are still widely used, especially in the treatment
of mild and moderate levels of IBD. However, the variable responses of IBD patients
can lead to relapses, and this highlights the need to explore new treatment alternatives
capable of addressing unmet needs and reducing adverse effects. The development of new
therapeutic classes, as well as the combination of biological agents and small molecules, can
bring substantial benefits for the therapeutic management of IBD. Finally, computational
approaches have been used to identify metabolite–target interactions, providing several
new drug targets for potential immune therapies.

We hope that the articles and reviews in this Special Issue meet the expectations of
readers in the field and further promote investigations on the treatment of IBD by the
scientific community.
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Abstract: Human studies on the effect of rosiglitazone on inflammatory bowel disease (IBD) are still
lacking. We investigated whether rosiglitazone might affect IBD risk by using the reimbursement
database of Taiwan’s National Health Insurance to enroll a propensity-score-matched cohort of ever
users and never users of rosiglitazone. The patients should have been newly diagnosed with diabetes
mellitus between 1999 and 2006 and should have been alive on 1 January 2007. We then started to
follow the patients from 1 January 2007 until 31 December 2011 for a new diagnosis of IBD. Propensity-
score-weighted hazard ratios were estimated with regards to rosiglitazone exposure in terms of ever
users versus never users and in terms of cumulative duration and cumulative dose of rosiglitazone
therapy for dose–response analyses. The joint effects and interactions between rosiglitazone and risk
factors of psoriasis/arthropathies, dorsopathies, and chronic obstructive pulmonary disease/tobacco
abuse and the use of metformin were estimated by Cox regression after adjustment for all covariates.
A total of 6226 ever users and 6226 never users were identified and the respective numbers of
incident IBD were 95 and 111. When we compared the risk of IBD in ever users to that of the never
users, the estimated hazard ratio (0.870, 95% confidence interval: 0.661–1.144) was not statistically
significant. When cumulative duration and cumulative dose of rosiglitazone therapy were categorized
by tertiles and hazard ratios were estimated by comparing the tertiles of rosiglitazone exposure to
the never users, none of the hazard ratios reached statistical significance. In secondary analyses,
rosiglitazone has a null association with Crohn’s disease, but a potential benefit on ulcerative colitis
(UC) could not be excluded. However, because of the low incidence of UC, we were not able to
perform detailed dose–response analyses for UC. In the joint effect analyses, only the subgroup of
psoriasis/arthropathies (-)/rosiglitazone (-) showed a significantly lower risk in comparison to the
subgroup of psoriasis/arthropathies (+)/rosiglitazone (-). No interactions between rosiglitazone and
the major risk factors or metformin use were observed. We concluded that rosiglitazone has a null
effect on the risk of IBD, but the potential benefit on UC awaits further investigation.

Keywords: Crohn’s disease; inflammatory bowel disease; pharmacoepidemiology; rosiglitazone;
Taiwan; type 2 diabetes mellitus; ulcerative colitis

1. Introduction

Inflammatory bowel disease (IBD) is a chronic relapsing inflammatory disease of the
intestinal tract mediated by immunity. It may have varying courses and complications, and
both the innate immune system and the adaptive immune system can be involved [1–3].
Proinflammatory immune mediators such as interleukin 17, interleukin 23, interferon
gamma, and tumor necrosis factor alpha are always excessively expressed [4–6].
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IBD is generally classified as Crohn’s disease (CD) and ulcerative colitis (UC) [7] and
the clinical manifestations may include watery diarrhea, fatigue, weight loss, abdominal
pain, and bleeding [4]. Diarrhea may be insidious and episodic and can occur intermittently
for many years before IBD is diagnosed, and patients may have suffered from significant
body weight loss and malnutrition at the time of its diagnosis [4]. Intestinal fistulas to
adjacent structures such as bowel, vagina, bladder, or skin can happen in 20–40% of the
patients with CD [4]. Perianal fistula is associated with a more aggressive phenotype of the
disease [4]. Chronic inflammation may lead to the development of strictures and intestinal
obstruction [4]. Fever is usually low grade but higher fever may indicate more severe
inflammation or is a sign of abscess formation or perforation [4]. Sometimes IBD can be
life-threatening because of severe bleeding in 1–2% of the patients [4,8].

Extraintestinal involvement of skin, joints, eyes, liver, bile ducts, kidney, bone, and
cardiovascular system can be seen in up to half of the patients [4,9–11]. Furthermore, IBD
may increase the risk of colorectal cancer [12,13] and patients with IBD may have a higher
incidence of atherosclerotic cardiovascular diseases, heart failure, atrial fibrillation [14],
psoriasis [15], Alzheimer’s disease [16,17], depression, and anxiety [18–20].

Because biomarkers, such as C-reactive protein, fecal calprotectin, interleukins, tumor
necrosis factor alpha, antibodies, etc., are nonspecific and clinical presentations always
have difficulty differentiating between the two disease entities of CD and UC, laboratory ex-
aminations such as colonoscopy, ultrasonography, computed tomography enterography, or
magnetic resonance enterography are necessary for aiding in the diagnosis of IBD [4,21,22].

Some type of colitis may occur in approximately 10–15% of the population [8]. The
highest prevalence rates of IBD (approximately 0.3%) are reported in Europe and North
America, but its incidence seems to be stable or decreasing in these countries [23]. The
incidence and prevalence of IBD in Asia, South America, and Africa are usually lower than
those observed in Western countries [2,23–26]. However, the incidence of IBD has been
increasing in these newly industrialized countries since 1990s [2,23–26]. In South Korea,
IBD prevalence and incidence in 2015 were approximately 108.4 per 100,000 population
and 9 per 100,000 population, respectively [27]. IBD increased by approximately 2.3%
from 2010 to 2019 in South Korea [28]. In Taiwan, the respective prevalence and incidence
rates were 16.7 and 1.4 per 100,000 population in 2015 [27], and the annual percentage
change in the increasing incidence of IBD from 1998 to 2008 has been estimated to be 4%
to 5% [23]. In China, it was reported that the age-standardized incidence and prevalence
both increased by approximately 2.5-fold within a period of 30 years from 1990 to 2019 [29].
Asian immigrants to Western countries also experience an increasing incidence of IBD [30].

Though not fully elucidated, the etiology of IBD involves the interplay among host,
microbiota, and environmental factors [1,2,8,31–36]. Researchers have identified more
than 230 genetic loci associated with IBD. These genes are primarily involved in major
histocompatibility complex, pattern recognition, inflammation, and apoptosis [4,37–39].
Environmental risk factors relating to industrialization and excessive sanitation and hygiene
have been reported. More specifically, risk factors may include metabolic syndrome, lack of
exercise, work shift, psychological stress, vitamin D deficiency, and dietary patterns (more
consumption of calorically dense diet, animal protein, high-fat diet and high-sugar diet and
less intake of fiber-containing vegetables, fruits, cereals, and nuts) [2,37,40–43]. In addition,
milk formula feeding, history of childhood infection and vaccination, and medications such
as antibiotics, nonsteroidal anti-inflammatory drugs, and oral contraceptives have also
been reported [2,37,40–43]. On the other hand, breastfeeding is protective against IBD [2].
Studies also suggested that cigarette smoking and appendectomy both aggravate CD but
may alleviate UC [2]. Gut microbiota are pivotal in the development of IBD because they
may produce metabolites that affect the hosts’ immune response and control the release of
inflammatory cytokines [44].

The peroxisome proliferator–activator receptors (PPARs) belong to the nuclear hor-
mone receptors’ superfamily which contains three isoforms, i.e., PPARα, PPARβ/δ, and
PPARγ [1,8]. They act as transcription factors that activate the expression of various
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genes [1]. PPARγ is abundantly expressed in colonic epithelial cells and exerts antiprolif-
erative, anti-inflammatory, and immune modulating effects [1,8,45,46]. The usefulness of
PPARγ in the treatment of IBD has long been investigated in preclinical studies [1,8,47–52].
Emodin is a Chinese herb drug that has been used to treat IBD. Its potential mode of action
is through the activation of PPARγ-related signaling [53].

A class of oral antidiabetic drugs known as thiazolidinedione (TZD) improves insulin
resistance by targeting PPARγ. In Taiwan, only two drugs in the class, i.e., rosiglitazone
and pioglitazone, have been marketed [54]. However, rosiglitazone has been withdrawn
from the market in many countries, including Taiwan, following the publication of a meta-
analysis in 2007 that suggested a significantly higher risk of cardiovascular disease [55].
Pioglitazone survived the market even though a signal of increased risk of bladder cancer
was raised in 2011 [56].

To our knowledge, there are scanty population-based studies investigating the poten-
tial role of antidiabetic drugs in the class of TZD in the prevention of IBD in humans. In
our recent study, we found a null association between pioglitazone (the only TZD currently
available in Taiwan) exposure and IBD risk in Taiwanese patients with type 2 diabetes
mellitus [57]. Although rosiglitazone is not currently used in clinical practice in Taiwan, it
remains a clinically important issue to look into the potential usefulness of rosiglitazone
in the prevention of an intractable disease of IBD. In the present study, we investigated
IBD risk with regard to rosiglitazone exposure in a cohort of patients with type 2 diabetes
mellitus matched on propensity score by using the reimbursement database derived from
the nationwide National Health Insurance (NHI) in Taiwan.

2. Results

As shown in Table 1, ever users and never users of rosiglitazone derived from the
NHI database and matched on propensity score (PS) are well balanced in all characteristics
because none of the variables showed a value of standardized difference between ever
users and never users of rosiglitazone > 10%.

Table 1. Characteristics of enrolled subjects with regard to rosiglitazone exposure in a propensity-
score-matched cohort.

Variable

Never Users of
Rosiglitazone

Ever Users of
Rosiglitazone

p Value Standardized
Difference(n = 6226) (n = 6226)

n % n %

Basic information
Age * (years) 63.83 12.13 63.85 11.92 0.9488 −0.03

Sex (men) 3392 54.48 3330 53.49 0.2649 −2.10
Diabetes duration * (years) 5.69 2.18 5.69 2.07 0.9845 0.15

Occupation
I 2638 42.37 2643 42.45 0.9402
II 1276 20.49 1250 20.08 −1.01
III 1123 18.04 1127 18.10 0.32
IV 1189 19.10 1206 19.37 0.64

Living region
Taipei 2531 40.65 2472 39.70 0.5279

Northern 575 9.24 593 9.52 0.97
Central 1671 26.84 1734 27.85 2.42

Southern 644 10.34 659 10.58 0.87
Kao-Ping and Eastern 805 12.93 768 12.34 −1.85
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Table 1. Cont.

Variable

Never Users of
Rosiglitazone

Ever Users of
Rosiglitazone

p Value Standardized
Difference(n = 6226) (n = 6226)

n % n %

Major comorbidities associated with diabetes mellitus
Hypertension 5295 85.05 5290 84.97 0.9001 −0.25
Dyslipidemia 5168 83.01 5150 82.72 0.6686 −0.76

Obesity 319 5.12 340 5.46 0.4006 1.48
Diabetes-related complications

Ischemic heart disease 3209 51.54 3153 50.64 0.3154 −1.87
Stroke 2185 35.09 2167 34.81 0.7351 −0.70

Peripheral arterial disease 1785 28.67 1785 28.67 0.6492 0.74
Diabetic polyneuropathy 2042 32.80 2093 33.62 0.3318 1.67

Eye disease 2480 39.83 2498 40.12 0.7419 0.61
Nephropathy 1942 31.19 1959 31.46 0.7426 0.48

Factors that might affect exposure/outcome
Gingival and periodontal diseases 5393 86.62 5396 86.67 0.9370 0.22

Pulmonary tuberculosis 262 4.21 293 4.71 0.1782 2.26
Pneumonia 1106 17.76 1187 19.07 0.0611 3.27
Head injury 242 3.89 236 3.79 0.7796 −0.47

Dementia 502 8.06 521 8.37 0.5352 0.99
Parkinson’s disease 204 3.28 207 3.32 0.8804 0.32

Hypoglycemia 446 7.16 470 7.55 0.4100 1.40
Osteoporosis 1295 20.80 1338 21.49 0.3453 1.67

Human immunodeficiency virus infection 6 0.10 5 0.08 0.7629 −0.63
Cancer 1091 17.52 1093 17.56 0.9624 −0.01

Alcohol-related diagnoses 344 5.53 346 5.56 0.9376 0.22
Tobacco abuse 183 2.94 189 3.04 0.7521 0.47

Chronic obstructive pulmonary disease 3070 49.31 3111 49.97 0.4624 1.08
Heart failure 1379 22.15 1386 22.26 0.8800 0.18

Valvular heart disease 704 11.31 745 11.97 0.2519 2.03
Dorsopathies 4789 76.92 4790 76.94 0.9830 −0.02

Arthropathies and related disorders 4949 79.49 4913 78.91 0.4267 −1.50
Psoriasis and similar disorders 173 2.78 176 2.83 0.8706 0.26

Organ transplantation 44 0.71 43 0.69 0.9143 −0.15
Hepatitis B virus infection 250 4.02 234 3.76 0.4582 −1.27
Hepatitis C virus infection 294 4.72 268 4.30 0.2617 −1.89

Liver cirrhosis 247 3.97 212 3.41 0.0960 −2.86
Other chronic nonalcoholic liver diseases 553 8.88 583 9.36 0.3505 1.72

Antidiabetic drugs
Insulin 259 4.16 260 4.18 0.9642 0.33

Sulfonylureas 4495 72.20 4432 71.19 0.2101 −2.43
Metformin 4111 66.03 4068 65.34 0.4170 −1.28
Meglitinide 419 6.73 432 6.94 0.6443 0.76

Acarbose 708 11.37 748 12.01 0.2646 2.15
Other commonly used medications

Angiotensin converting enzyme
inhibitors/Angiotensin receptor blockers 4932 79.22 4878 78.35 0.2366 −2.17

Calcium channel blockers 3863 62.05 3828 61.48 0.5187 −1.21
Statins 4672 75.04 4635 74.45 0.4454 −1.38

Fibrates 2676 42.98 2717 43.64 0.4584 1.29
Aspirin 4183 67.19 4201 67.48 0.7309 0.59

Corticosteroids 251 4.03 241 3.87 0.6455 −0.67

* Age and diabetes duration are expressed as continuous variables in mean and standard deviation.

Table 2 shows the incident case numbers, incidence rates, and hazard ratios of IBD
in never users of rosiglitazone and in different subgroups of ever users in the primary
analyses. All results suggested a nonsignificant association between rosiglitazone and
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IBD. In secondary analyses, when IBD was analyzed separately for CD and UC, we found
that most of the IBD cases were diagnosed as CD (97 cases in never users and 92 cases
in ever users) and only 18 cases were diagnosed as UC (15 cases in never users and
3 in ever users). The estimated hazard ratios for CD and UC were 0.964 (95% confidence
interval: 0.725–1.282, p = 0.8016) and 0.203 (95% confidence interval: 0.059–0.700, p = 0.0116),
respectively. For the dose–response analyses for cumulative duration and cumulative dose,
none of the tertiles reached statistical significance for the CD analyses. Because there
were only three cases of UC among ever users, we actually did not have sufficient case
numbers for the dose–response analyses for UC in terms of cumulative duration and
cumulative dose.

Table 2. Incident case numbers, incidence rates, and hazard ratios of inflammatory bowel disease in
never users and in different subgroups of ever users of rosiglitazone.

Rosiglitazone Use
Number of

Incident
Case

Number of
Cases

Followed
Person-Years

Incidence Rate
(per 100,000

Person-Years)
Hazard
Ratio

95%
Confidence

Interval
p Value

Never users 111 6226 27,597.94 402.20 1.000
Ever users 95 6226 27,235.66 348.81 0.870 (0.661–1.144) 0.3174

Tertiles of cumulative duration of rosiglitazone therapy (months)
Never users 111 6226 27,597.94 402.20 1.000

<12.4 29 2056 8782.12 330.22 0.826 (0.549–1.244) 0.3605
12.4–25.3 28 2054 8999.12 311.14 0.776 (0.513–1.174) 0.2301

>25.3 38 2116 9454.43 401.93 0.996 (0.689–1.440) 0.9843
Tertiles of cumulative dose of rosiglitazone therapy (mg)

Never users 111 6226 27,597.94 402.20 1.000
<1624 30 2044 8875.26 338.02 0.844 (0.564–1.263) 0.4090

1624–3596 32 2065 9179.81 348.59 0.866 (0.584–1.283) 0.4723
>3596 33 2117 9180.59 359.45 0.897 (0.608–1.323) 0.5844

Table 3 shows the results that investigated the joint effects of and interactions be-
tween rosiglitazone use and major risk factors of IBD/metformin after adjustment for
all covariates listed in Table 1. In the analyses of joint effects, except for the subgroup
of psoriasis/arthropathies (-)/rosiglitazone (-) that showed a significantly lower risk in
comparison to the subgroup of psoriasis/arthropathies (+)/rosiglitazone (-), none of the
other hazard ratios was statistically significant. There was a lack of significant interaction
between rosiglitazone and the risk factors/metformin use in any of the models.

Table 3. Joint effects of and interactions between rosiglitazone and risk factors/metformin use.

Risk Factor/Rosiglitazone Use Incident
Case Number

Cases
Followed

Person-
Years

Incidence Rate
(per 100,000

Person-Years)
Hazard
Ratio

95%
Confidence

Interval
p Value

Psoriasis/Arthropathies
(+)/Rosiglitazone (-) 98 4979 22,081.13 443.82 1.000

Psoriasis/Arthropathies
(+)/Rosiglitazone (+) 81 4948 21,709.31 373.11 0.828 (0.616–1.112) 0.2097

Psoriasis/Arthropathies
(-)/Rosiglitazone (-) 13 1247 5516.81 235.64 0.523 (0.287–0.954) 0.0345

Psoriasis/Arthropathies
(-)/Rosiglitazone (+) 14 1278 5526.35 253.33 0.571 (0.319–1.023) 0.0595

P-interaction 0.3103
Dorsopathies (+)/Rosiglitazone (-) 92 4789 21,291.34 432.10 1.000
Dorsopathies (+)/Rosiglitazone (+) 73 4790 21,003.45 347.56 0.796 (0.584–1.083) 0.1463
Dorsopathies (-)/Rosiglitazone (-) 19 1437 6306.60 301.27 0.846 (0.508–1.410) 0.5214
Dorsopathies (-)/Rosiglitazone (+) 22 1436 6232.21 353.00 0.986 (0.608–1.597) 0.9533

P-interaction 0.2777
COPD/Tobacco abuse
(+)/Rosiglitazone (-) 62 3143 13,853.61 447.54 1.000

COPD/Tobacco abuse
(+)/Rosiglitazone (+) 46 3181 13,834.35 332.51 0.733 (0.500–1.076) 0.1125
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Table 3. Cont.

Risk Factor/Rosiglitazone Use Incident
Case Number

Cases
Followed

Person-
Years

Incidence Rate
(per 100,000

Person-Years)
Hazard
Ratio

95%
Confidence

Interval
p Value

COPD/Tobacco abuse
(-)/Rosiglitazone (-) 49 3083 13,744.33 356.51 0.788 (0.534–1.163) 0.2304

COPD/Tobacco abuse
(-)/Rosiglitazone (+) 49 3045 13,401.32 365.64 0.802 (0.544–1.182) 0.2647

P-interaction 0.7492
Metformin (-)/Rosiglitazone (-) 40 2115 9177.49 435.85 1.000
Metformin (-)/Rosiglitazone (+) 34 2158 9383.34 362.34 0.789 (0.495–1.258) 0.3201
Metformin (+)/Rosiglitazone (-) 71 4111 18,420.45 385.44 0.798 (0.535–1.191) 0.2694
Metformin (+)/Rosiglitazone (+) 61 4068 17,852.32 341.69 0.718 (0.477–1.081) 0.1128

P-interaction 0.6761

COPD: chronic obstructive pulmonary disease.

3. Discussion
3.1. Main Findings

The findings of this study did not support any effect of rosiglitazone use on the risk of
IBD (Table 2). Furthermore, no interaction was observed between rosiglitazone and any of
the risk factors and between rosiglitazone and metformin (Table 3).

3.2. Explanations for the Discrepant Findings in Preclinical Studies

In in vitro and in vivo studies, PPARγ may have a potential benefit on IBD through
the crosstalk with metabolism and inflammation [1,8,47–53]. However, there is a lack of
evidence to support such a benefit in humans. Our previous study on pioglitazone [57]
and the present study on rosiglitazone do not support such a benefit of either TZD on the
occurrence of IBD in humans. There are some possible explanations for such discrepancies
between preclinical studies and the observational studies conducted in humans.

First, it should be mentioned that colitis in animal models of IBD in preclinical studies
is induced mainly by chemicals. Commonly used chemicals include oxazolone, dextran
sodium sulphate, dinitrobenzene sulfonic acid, trinitrobenzene sulfonic acid, and intra-
colonic instillation of acetic acid [8]. Because the pathogenesis of the colitis induced by
these chemicals might not be the same as that seen in human IBD, findings derived from
in vitro and animal studies should not be directly applied to humans. Colitis induced by
chemicals might lead to inflammation following the toxic damages to the colon, which
is different from what we know about human IBD that is characterized by inflammation
mainly induced by the induction of autoantibodies and the destruction by cytokines.

Second, the doses of rosiglitazone used in in vitro and in vivo studies and the con-
centrations of rosiglitazone in the medium or in the animals’ blood derived from such
administered doses might not be corresponding to the clinically used doses and the blood
concentrations that might have been derived in patients with type 2 diabetes mellitus. In
clinical trials, rosiglitazone is generally used in a daily dose of 2 to 12 mg [58]. In Taiwan,
the generally prescribed daily dose of rosiglitazone is either 4 mg or 8 mg. Whether these
clinically used doses of rosiglitazone can be translated to the concentrations used in in vitro
or in animal studies [59–61] remains to be investigated.

Third, the blood concentration of rosiglitazone derived from oral administration
while used for the treatment of hyperglycemia in humans does not guarantee a delivery
of sufficient rosiglitazone to the colon for the activation of PPARγ locally. Recent drug
development by using nanotechnology [59] or topical administration of rosiglitazone [61]
may provide more specific delivery of rosiglitazone to the target organ and tissue and is
worthy of more in-depth investigation. Novel PPARγ activators are also being investigated
for the treatment of colitis in animals [46].

Fourth, the effects of rosiglitazone and pioglitazone may differ among different species,
and the activation of PPARγ by rosiglitazone and pioglitazone in different cells may result
in different biological functions, some even counteracting each other, resulting in a variety
of different clinical effects. These may explain the different clinical effects of rosiglitazone
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and pioglitazone observed in different cancer and noncancer diseases in humans. For
example, rosiglitazone may adversely affect lipid profile [62] and we did observe a lack
of association between rosiglitazone and bladder cancer [63] and dementia [64] but a
significantly lower risk of thyroid cancer [65]. On the other hand, pioglitazone improves
lipid profiles [62], is associated with a significant risk reduction of dementia [66], and shows
a null association with thyroid cancer [67]. Though controversial, a potentially higher risk
of bladder cancer associated with pioglitazone use [56] should be cautiously attended.
Therefore, rosiglitazone and pioglitazone should be viewed as different entities and they
should be investigated separately and not together.

Fifth, though not statistically significant, the overall hazard ratio of 0.870 (95% con-
fidence interval: 0.661–1.144) in Table 2 favored a risk reduction of approximately 13%
associated with rosiglitazone use. We could not exclude the possibility of a lack of statistical
power and a lack of adjustment for some unmeasured confounders such as microbiota and
nutritional and dietary factors in the primary analyses. In secondary analyses, when CD
and UC were separately analyzed, although the risk for CD associated with rosiglitazone
use was not significant, we did observe a significantly lower risk of UC associated with
rosiglitazone. Because there were only three cases of UC among ever users, we did not
have sufficient incident case numbers for dose–response analyses for UC. We recognize
that the currently available database is not competent to answer whether the effects of
rosiglitazone might not be the same for CD and UC, and we cannot completely exclude a
possible benefit of rosiglitazone on UC. Future analyses based on an additional request for
a larger database from the NHI should be considered to answer these questions.

3.3. Potential Explanations for the Discrepant Findings between Metformin and TZDs

The discrepant findings between metformin [68], which shows a significantly reduced
risk of IBD, and TZDs including pioglitazone [57] and rosiglitazone (the findings of the
present study), which show a null association with IBD, implied some clues to the patho-
genesis of IBD in patients with type 2 diabetes mellitus and deserved discussion.

PPARγ is abundantly expressed in the intestinal epithelium, where it plays important
roles in maintaining a healthy intestinal tract by inhibiting the expression of inflammatory
cytokines activated via either the innate or adaptive immune system [1–3]. However,
environmental factors such as obesity [42] and compositional changes of the gut microbiota
by diet or medications [1] are crucial in the development of IBD. The emergence of these en-
vironmental risk factors following the industrialization of our societies and Westernization
of our lifestyle may contribute to the increasing trends of IBD in recent years in developing
countries, including Taiwan [2,23–30], because genetic mutations may not be responsible
for the rapid evolving change of the disease.

Downregulation of PPARγ expression may be triggered by these environmental risk
factors, resulting in the activation of the immune-mediated inflammatory processes seen in
IBD [1]. Although TZDs used in patients with type 2 diabetes mellitus may theoretically
alleviate inflammation via the activation of PPARγ [69], such a benefit has not been well
demonstrated in humans. TZDs may significantly increase body weight when used for
glycemic control [70] and they do not significantly change the composition of gut microbiota
either by rosiglitazone [71,72] or by pioglitazone [73]. Therefore, the anti-inflammatory
effect of TZDs might have been offset by the body weight gain following their use.

On the other hand, metformin has some pleiotropic effects that TZDs do not pos-
sess. First, metformin does not increase body weight and it may even have a mild weight
reduction effect [74]. Second, patients with IBD show a reduced relative abundance of
Akkermansia muciniphila, and administration of this bacterial species has shown some
promising results in the treatment of IBD [75–77]. A recent study suggests that metformin
significantly increases the relative abundance of Akkermansia but pioglitazone fails to do
so [78]. Another study shows that rosiglitazone treatment cannot restore the microbiota
composition in mice fed with a high-fat diet [72]. Akkermansia muciniphila may produce
metabolites including propionate and butyrate [76,79–81], which are important in amplify-
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ing the PPARγ transcriptional activities involving in the alleviation of the inflammatory
processes of IBD [1].

In addition, metformin has an additional benefit of inhibiting the mammalian target of
rapamycin (mTOR) [74], which is activated in patients with IBD and may be responsible for
triggering the inflammatory process in IBD [82]. An early study showed that rosiglitazone
might activate the mTOR signaling pathway, which mediates its adipogenic effect [83].
Another recent study confirmed the involvement of mTOR in rosiglitazone’s regulation
of adiponectin production and secretion and the oxidative metabolism of branched-chain
amino acids [84]. Therefore, the anti-inflammatory benefits following the use of TZDs
might have further been mitigated by their activation of the mTOR pathway which is
actually inhibited by the use of metformin.

Our recent study suggested that metformin plays an important role in the inhibition
of immune-mediated skin diseases including urticaria, allergic contact dermatitis, and
psoriasis [85]. This observation provides a clue that metformin might also be able to
modulate the autoimmune processes of IBD.

Because metformin [74] and TZDs [86] share similar effects on the improvement
of insulin resistance and reduction of blood glucose, these metabolic actions may not
satisfactorily explain the discrepant findings between these two classes of drugs.

Taken together, it seems reasonable to suggest that rectifying the PPARγ signaling
pathways by TZDs, even if they really work, would not actually prevent the development
of IBD clinically. On the other hand, the use of metformin may affect the development of
IBD, probably through its exceptional ability to change the gut microbiota, to maintain or
reduce body weight, to modulate autoimmunity, and to inhibit the mTOR pathway. All
of these pleiotropic effects of metformin may collectively contribute to a significant and
sustained alleviation of the inflammatory processes of IBD. The improvement in insulin
resistance and glycemic control associated with the use of either metformin or TZDs may
not be responsible for the discrepant findings observed in the development of IBD between
these two classes of antidiabetic drugs.

3.4. Implications

There are several clinical implications from the present study. First, the potential
benefits of rosiglitazone on IBD derived from preclinical studies should not be immediately
interpreted as a potential usefulness in the treatment of human IBD; at least, our present
study did not favor such a benefit of rosiglitazone. Together with the finding of a null
association with pioglitazone [57], the usefulness of TZDs in the prevention or treatment of
IBD in humans is not very optimistic, at least in their current formulations.

Second, because we found a potential benefit of rosiglitazone on UC but not on
CD in the secondary analyses when IBD was analyzed for UC and CD separately, we
were interested to know whether similar findings could be seen in patients treated with
pioglitazone. We additionally analyzed the data in association with pioglitazone use (this
was not conducted in our previously published paper [57]) and found that pioglitazone had
a null effect on either UC or CD (data not shown). Therefore, future research should focus on
more detailed analyses on the potential benefit of rosiglitazone on UC by enrolling enough
case numbers of UC and with more adequate consideration of potential confounders.

Third, although rosiglitazone does not cause hypoglycemia and may have some
potential benefits in the risk reduction of some cancers [65], it potentially increases the risk
of heart failure [87] and cardiovascular disease [55]. Therefore, the reuse of rosiglitazone as
an antidiabetic drug for treating hyperglycemia in patients with type 2 diabetes mellitus
needs additional research to balance the potential risk and benefit.

3.5. Strengths

The use of a nationwide database that covers >99% of Taiwan’s population may have
some inherent merits. First, because of a lower risk of selection bias, we believe that the
generalization of the findings to the whole population might be more confident. Second,
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the risk of information bias resulting from self-reporting was minimal because of the
use of the objective medical records documented in the database. Third, it is less likely
to have detection bias as a result of different socioeconomic status in the study because
the healthcare services provided in the NHI system require very low drug cost-sharing
and the copayment can even be waived when the patients receive prescription refills for
chronic disease or when the patients have a low-income household or when the patients
are veterans. Finally, we considered the timeframes of enrollment of patients and follow-
up period by taking into account the potential psychological impacts of the attending
physicians leading to their behavioral changes in the prescription of the drug and the
possible nonadherence to the drug by the patients even when it had been prescribed when
the issue of a potential risk of cardiovascular disease might be induced by rosiglitazone
was brought up [55].

3.6. Limitations

The following study limitations must be considered. First, most confounders in the
database were not collected primarily and we did not have measurement data such as
family history, genetic parameters, lifestyle, smoking, alcohol drinking, anthropometric
factors, dietary pattern, and nutritional status.

Second, biochemical data of levels of inflammatory cytokines, C-reactive protein, fecal
calprotectin, glucose, and insulin were not available for analyses in the database.

Third, it should be mentioned that unmeasured confounders can never be statistically
adjusted for. Therefore, we could not exclude the possible existence of some important
confounders that might have influenced the results.

Fourth, because the average follow-up time was approximately 4.4 years in either the
never users or the ever users (Table 2), we did not know whether such a relatively short
period of time would be sufficient to capture the long-term effects of rosiglitazone on the
risk of IBD.

Fifth, we did not have clinical information and laboratory data to investigate the
severity of IBD in the patients.

Sixth, because of the lack of colonoscopic examination for the diagnosis of the outcome,
misdiagnosis in some patients was possible. However, if the misclassification was not
differential, we would expect a bias toward the null in the estimated hazard ratios [88,89].

Seventh, as mentioned earlier, we could not exclude the possibility of a lack of statisti-
cal power and the potential benefit of rosiglitazone on UC in secondary analysis. We think
that future investigation with a request of a larger database of the NHI is warranted.

Finally, because this is a retrospective matched cohort study, the interpretation of the
results in terms of causal inference should be cautious and future prospective cohort studies
or clinical trials are needed to confirm our findings.

Because of these potential limitations, the conclusions of the present work may not be
directly extrapolated to clinical situations.

4. Materials and Methods
4.1. Taiwan’s National Health Insurance

Taiwan has implemented a nationwide and compulsory healthcare insurance since
1 March 1995. This healthcare insurance is called the NHI and it covers more than 99.6% of
Taiwan’s population. To provide comprehensive and equal medical care to the insurants,
the Bureau of the NHI has contracted with all hospitals and more than 93% of all medical
settings in Taiwan. All medical records and reimbursement information, including disease
diagnoses, medication prescriptions, and performed procedures, are stored in computerized
files before submitting for reimbursement. Researchers can apply for academic use of the
database after ethics review and approval. This study was approved by the Research
Ethics Committee of the National Health Research Institutes with an approval number
NHIRD-102-175.
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Throughout the research period, the disease coding system used in the database was the
International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM).
We used the codes of 250.XX as a diagnosis of diabetes mellitus. The codes of 555 (regional
enteritis or CD) and/or 556 (ulcerative enterocolitis or UC) were used for IBD diagnosis, as
previously used in our study investigating the effect of pioglitazone [57].

4.2. Enrollment of Study Subjects

This was a retrospective cohort study. We enrolled from the NHI database a cohort
of 1:1 matched pairs of ever users and never users of rosiglitazone based on PS. The
flowchart in Figure 1 shows the procedures that we followed in the enrollment of the
subjects used for analyses. At first, we identified 444,984 new-onset diabetes patients
within the period from 1999 to 2006. We did not include patients who had a diagnosis of
diabetes mellitus between 1996 and 1998 to ensure that the patients’ diagnosis of diabetes
mellitus was made after 1999. To confirm a correct diagnosis of diabetes mellitus, the
enrolled patients should have received prescriptions of antidiabetic drugs for at least
two times at the outpatient clinics. We tried to maximize from the available database as
many eligible patients as possible for follow-up and therefore we restricted the exclusion
criteria to a minimum without unnecessary exclusions of eligible patients according to
the steps shown in Figure 1. As a result, we identified an unmatched cohort consisting of
6226 ever users and 284,300 never users of rosiglitazone. Logistic regression that included
all characteristics listed in Table 1 as independent variables was then used to create PS. The
Greedy 8→ 1 digit match algorithm proposed by Parson [90] was then used to create a
matched cohort consisting of 6226 ever users and 6226 never users.

In Taiwan, we have had only two drugs, namely, rosiglitazone and pioglitazone, mar-
keted in the class of TZD. Following the challenge of a potential risk of cardiovascular
disease associated with the use of rosiglitazone in a meta-analysis published in 2007 [55],
rosiglitazone has been withdrawn from the markets of many countries, including Taiwan.
To avoid the potential impact of some unknown factors following the publication of this
meta-analysis, we restricted our analyses by enrolling patients of ever users of rosiglita-
zone based on the prescription of the drug before 2007 and excluding those who had a
prescription of rosiglitazone after 2007 (Figure 1).

Users of pioglitazone were deliberately excluded for analyses (Figure 1) because of
the following reasons:

Besides the glucose lowering effect, very different safety profiles in terms of car-
diovascular disease, cancer, and dementia have been shown between rosiglitazone and
pioglitazone. For example, rosiglitazone may have a potential risk of myocardial infarction
and cardiovascular death [55]. On the other hand, pioglitazone may significantly improve
lipid profiles [62], reduce cardiovascular events in patients with type 2 diabetes melli-
tus [91], and prevent secondary stroke in patients with insulin resistance and a previous
ischemic stroke [92]. With regard to cancer, a potential risk of bladder cancer has been re-
ported in patients who had been treated with pioglitazone, as shown in the interim analysis
of the Kaiser Permanente Northern California study published in 2011 [56]. Furthermore,
rosiglitazone significantly reduces the risk of thyroid cancer [65], but pioglitazone shows a
null association with thyroid cancer [67]. Pioglitazone and rosiglitazone also show different
effects on their association with dementia. As shown in our previous observational studies,
a significantly lower risk of dementia was associated with pioglitazone [66] but not with
rosiglitazone [64]. Therefore, rosiglitazone and pioglitazone should be viewed as two
different entities when we intend to analyze the safety profile or the risk associated with
cancer or noncancer diseases.
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disease.

4.3. Potential Confounders and Statistical Analyses

Potential confounders are shown in Table 1. The ICD-9-CM codes for the related
diagnoses have been reported previously [57].

The matched cohort was used for statistical analyses with the aid of the SAS statistical
software, version 9.4 (SAS Institute, Cary, NC, USA). A p < 0.05 was used as a cutoff for
indicating statistical significance.

Standardized difference was calculated for each covariate listed in Table 1 to examine
the potential risk of confounding by indication. We used a cutoff value of >10% to indicate
the potential existence of such a confounding from the variable. This is the generally
recommended cutoff value by most investigators [93].

We calculated the cumulative duration in months and cumulative dose in mg of rosigli-
tazone therapy and categorized ever users according to the tertiles of these parameters
for the assessment of a dose–response relationship. We calculated incidence density of
IBD with regard to rosiglitazone exposure in never users, ever users, and subgroups of
ever users categorized by the tertiles of cumulative duration and cumulative dose. We
identified newly diagnosed cases of IBD during follow-up with regard to the different
subgroups of rosiglitazone exposure. The numerators of the incidence density were the
case numbers of newly diagnosed IBD in the respective subgroups. The denominators of
the incidence density were the person-years of follow-up in the respective subgroups. We
set the date of start of follow-up as 1 January 2007 and the patients were then followed up
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until 31 December 2011 when a new diagnosis of IBD was made, or the last reimbursement
record, or the date of death, whichever occurred first.

For primary analyses, we estimated hazard ratios and their 95% confidence inter-
vals for IBD by Cox proportional hazards regression model incorporated with the inverse
probability of treatment weighting using the PS. In comparison to the never users, haz-
ard ratios were estimated for ever users and for each tertile of cumulative duration and
cumulative dose. In consideration that CD and UC may have different characteristics
and clinical patterns, we also estimated the hazard ratios for CD and UC separately as
secondary analyses.

We also evaluated the joint effects of rosiglitazone and some major risk factors of
IBD by using the traditional Cox regression after adjustment for all covariates listed in
Table 1. These major risk factors included psoriasis/arthropathies, dorsopathies (ankylosing
spondylitis is associated with IBD [94]), and chronic obstructive pulmonary disease/tobacco
abuse (as a surrogate marker for smoking that can affect IBD [2,95]). The joint effects were
evaluated by estimating hazard ratios with regard to the presence and absence of risk
factors and rosiglitazone use in the following subgroups: (1) risk factor (+)/rosiglitazone (-)
as the referent group; (2) risk factor (+)/rosiglitazone (+); (3) risk factor (-)/rosiglitazone
(-); and (4) risk factor (-)/rosiglitazone (+). We also estimated the value of P-interaction for
each model.

Because we previously showed that metformin may reduce the risk of IBD [68], we addi-
tionally investigated the joint effect of and interaction between metformin and rosiglitazone.

5. Conclusions

The findings of the present study suggest that rosiglitazone does not affect the risk
of IBD and that rosiglitazone does not interact with major risk factors or metformin in
the development of IBD in patients with type 2 diabetes mellitus. However, we cannot
exclude the possible benefit of rosiglitazone on UC in secondary analyses. Because this is an
observational study that may have potential limitations including a lack of sufficient power
(especially the small case numbers of UC) and an inability to consider all confounders, we
acknowledge that further confirmation of the null effect of rosiglitazone on IBD observed
in the present study is recommended. Personalized medicine [27] and application of
nanotechnology [59,96,97] and artificial intelligence [98] may help to identify patients at
a high risk of developing IBD and its related complications, and to identify subgroups of
patients who can benefit from rosiglitazone treatment. These novel technologies should be
incorporated in future research.
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Abstract: Pioglitazone shows potential benefits in inflammatory bowel disease (IBD) in preclinical
studies, but its effect in humans has not been researched. We used a nationwide database of Taiwan’s
National Health Insurance to investigate whether pioglitazone might affect IBD risk. We enrolled
12,763 ever users and 12,763 never users matched on a propensity score from patients who had a new
diagnosis of type 2 diabetes mellitus between 1999 and 2008. The patients were alive on 1 January
2009, and they were followed up for a new diagnosis of IBD until 31 December 2011. Propensity
score-weighted hazard ratios were estimated, and the interactions between pioglitazone and ma-
jor risk factors of IBD (i.e., psoriasis, arthropathies, dorsopathies, chronic obstructive pulmonary
disease/tobacco abuse, and any of the above) and metformin were investigated. At the end of the
follow-up, 113 ever users and 139 never users were diagnosed with IBD. When compared to never
users, the hazard ratio for ever users was 0.809 (95% confidence interval: 0.631–1.037); and none of
the hazard ratios for ever users categorized by tertiles of cumulative duration and cumulative dose
reached statistical significance. No interactions with major risk factors or metformin were observed.
Our findings suggested a null effect of pioglitazone on IBD.

Keywords: diabetes mellitus; inflammatory bowel disease; pharmacoepidemiology; pioglitazone;
Taiwan

1. Introduction

Inflammatory bowel disease (IBD), generally classified as Crohn’s disease (CD) and
ulcerative colitis (UC) in clinical practice, is characterized by chronic and relapsing colitis
due to excessive expression of various inflammatory mediators. Clinical manifestations
include watery diarrhea, fatigue, weight loss, abdominal pain, and bleeding, and sometimes
it can be life-threatening [1,2]. It is difficult to differentiate between CD and UC from clinical
presentations, and laboratory examinations, including colofibroscope, are necessary for
more accurate diagnosis [1]. It has been estimated that 10–15% of the population may have
some type of colitis [2]. The prevalence of IBD is approximately 0.3% in North America,
Oceania, and Europe, and its incidence is either stable or decreasing in these countries.
However, since the 1990s, an increased incidence has been observed in newly industrialized
countries in Asia, South America, and Africa [3,4]. In Taiwan, the incidence is increasing,
and the annual percentage change has been estimated to be 4% to 5% [3].

The etiology of IBD remains to be investigated, but the interplay among the host, mi-
crobiota, and environmental factors is important [2,5,6]. More than 230 genetic loci relating
to major histocompatibility complex, pattern recognition, inflammation, and apoptosis
have been identified [1,7]. However, environmental risk factors relating to industrialization,
sanitation, and hygiene are important, and specific risk factors may include metabolic
syndrome, lack of exercise, work shift, dietary patterns (less intake of fiber-containing
vegetables, fruit, cereal, and nuts, and more intake of calorically dense diet, elaborate
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meat, high-fat diet, and high-sugar diet), animal protein, milk formula feeding, vitamin
D deficiency, excessive sanitation, psychological stress, history of childhood infection and
vaccination and use of oral contraceptives, non-steroidal anti-inflammatory drugs and
antibiotics [4,7,8]. On the other hand, breastfeeding may provide protection against IBD [4].
Cigarette smoking and appendectomy both seemed to aggravate CD but might alleviate
UC [4]. Metabolites derived from gut microbiota play important roles in mediating the
hosts’ immune response and release of inflammatory cytokines and, thus, are pivotal in the
development of IBD [9].

Thiazolidinedione (TZD) activates the peroxisome proliferator-activator receptor
gamma (PPARγ) and improves insulin resistance and has been used for lowering blood
glucose in patients with type 2 diabetes mellitus. In in vitro and in vivo preclinical studies,
PPARγ activation has been shown to play a role in the regulation of inflammation and
immune response in the colon [10], and the role of PPARγ in the treatment of IBD has long
been under investigation [2,5,11–15]. Emodin, a Chinese herb-drug used to treat IBD, may
act through its activation of PPARγ-related signaling [16]. A recent study showed that
the attenuation of IBD by pioglitazone in cellular and animal studies might act through
the prevention of cleaving of annexin A1 in macrophages, leading to reduced secretion
of inflammatory cytokines [17]. However, evidence of the use of PPARγ agonists in the
treatment of human IBD remains to be explored.

To our knowledge, a population-based study investigating the potential role of PPARγ
agonists in the development of IBD in humans is still lacking. In the present study, we
aimed to investigate the effect of pioglitazone, a PPARγ agonist in the class of TZD, on the
risk of IBD in patients with type 2 diabetes mellitus in Taiwan.

2. Results

Table 1 shows the characteristics of never users and ever users in the matched cohort.
The two groups were balanced in the distributions of all variables because none of the
values of standardized difference was >10%.

Table 1. Characteristics of pioglitazone never users and ever users.

Characteristics

Never Users Ever Users
Standardized

Difference
(n = 12,763) (n = 12,763)

n % n %

Basic data
Age * (years) 61.01 12.17 60.95 11.50 −0.68
Diabetes duration * (years) 6.51 2.74 6.50 2.59 −0.40
Sex (men) 7219 56.56 7218 56.55 −0.03
Occupation

I 4966 38.91 4920 38.55
II 2814 22.05 2800 21.94 −0.25
III 2505 19.63 2533 19.85 0.50
IV 2478 19.42 2510 19.67 0.68

Living region
Taipei 5068 39.71 5097 39.94
Northern 1326 10.39 1327 10.40 0.10
Central 2044 16.02 15.69 −0.84
Southern 1574 12.33 1609 12.61 0.78
Kao-Ping and Eastern 2751 21.55 2727 21.37 −0.48

Major comorbidities associated
with diabetes mellitus

Hypertension 10,370 81.25 10,422 81.66 0.97
Dyslipidemia 10,915 85.52 10,907 85.46 −0.17
Obesity 715 5.60 785 6.15 2.32
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Table 1. Cont.

Characteristics

Never Users Ever Users
Standardized

Difference
(n = 12,763) (n = 12,763)

n % n %

Diabetes-related complications
Nephropathy 3290 25.78 3245 25.43 −0.91
Eye disease 4302 33.71 4352 34.10 0.85
Diabetic polyneuropathy 3610 28.28 3617 28.34 0.08
Stroke 3113 24.39 3175 24.88 1.02
Ischemic heart disease 5419 42.46 5479 42.93 0.84
Peripheral arterial disease 3116 24.41 3090 24.21 −0.49

Factors that might affect
exposure/outcome

Head injury 436 3.42 440 3.45 0.12
Parkinson’s disease 286 2.24 272 2.13 −0.81
Hypoglycemia 473 3.71 496 3.89 0.85
Chronic obstructive pulmonary

disease 5759 45.12 5812 45.54 0.76

Tobacco abuse 486 3.81 504 3.95 0.65
Alcohol-related diagnoses 702 5.50 698 5.47 0.02
Heart failure 1932 15.14 1948 15.26 0.25
Gingival and periodontal diseases 11,232 88.00 11,181 87.60 −1.16
Pneumonia 1576 12.35 1595 12.50 0.29
Pulmonary tuberculosis 388 3.04 444 3.48 2.40
Osteoporosis 2108 16.52 2195 17.20 1.74
Human immunodeficiency virus

infection 12 0.09 8 0.06 −1.31

Cancer 1579 12.37 1657 12.98 1.80
Dementia 677 5.30 653 5.12 −0.99
Valvular heart disease 1025 8.03 1043 8.17 0.51
Arthropathies 9628 75.44 9685 75.88 1.02
Psoriasis 419 3.28 374 2.93 −2.19
Dorsopathies 9777 76.60 9792 76.72 0.25
Liver cirrhosis 360 2.82 352 2.76 −0.45
Other chronic non-alcoholic liver

diseases 1171 9.17 1210 9.48 0.99

Hepatitis B virus infection 452 3.54 465 3.64 0.52
Hepatitis C virus infection 419 3.28 451 3.53 1.32
Organ transplantation 33 0.26 24 0.19 −1.57

Antidiabetic drugs and drugs that
are commonly prescribed to
diabetes patients or drugs that
might affect exposure/outcome

Insulin 380 2.98 388 3.04 0.43
Sulfonylureas 8849 69.33 8894 69.69 0.58
Metformin 9381 73.50 9389 73.56 0.15
Meglitinide 905 7.09 879 6.89 −1.00
Acarbose 1702 13.34 1742 13.65 0.89
Angiotensin converting enzyme

inhibitors/Angiotensin receptor
blockers

9404 73.68 9487 74.33 1.38

Calcium channel blockers 7273 56.99 7358 57.65 1.27
Statins 9457 74.10 9505 74.47 0.91
Fibrates 5736 44.94 5728 44.88 −0.15
Aspirin 7594 59.50 7587 59.45 −0.21
Corticosteroids 359 2.81 331 2.59 −1.48

* Age and diabetes duration are shown as mean and standard deviation.
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Table 2 shows the incidence rates of IBD and the hazard ratios comparing pioglitazone-
exposed patients to unexposed patients. The overall hazard ratios and the hazard ratios
estimated for each tertile of pioglitazone exposure all favored a null association between
pioglitazone use and IBD risk.

Table 2. Incidence rates of inflammatory bowel disease and hazard ratios comparing pioglitazone
exposed groups to the unexposed group.

Pioglitazone
Use

Incident
Case

Number

Cases
Followed Person-Years

Incidence
Rate (per
100,000
Person-
Years)

Hazard
Ratio

95%
Confidence

Interval
p Value

Never users 139 12,763 33,988.31 408.96 1.000
Ever users 113 12,763 34,154.60 330.85 0.809 (0.631–1.037) 0.0937
Tertiles of cumulative duration of pioglitazone therapy (months)
Never users 139 12,763 33,988.31 408.96 1.000
<11.0 32 4147 10,833.86 295.37 0.727 (0.495–1.068) 0.1044
11.0–19.7 35 4282 11,466.87 305.23 0.745 (0.514–1.079) 0.1191
>19.7 46 4334 11,853.86 388.06 0.942 (0.675–1.315) 0.7253
Tertiles of cumulative dose of pioglitazone therapy (mg)
Never users 139 12,763 33,988.31 408.96 1.000
<7980 31 4155 10,897.90 284.46 0.700 (0.474–1.033) 0.0726
7980–14,940 37 4266 11,435.47 323.55 0.790 (0.550–1.135) 0.2018
>14,940 45 4342 11,821.23 380.67 0.925 (0.661–1.294) 0.6478

The joint effects of and the interactions between pioglitazone and the major risk factors
of IBD are shown in Table 3. The joint effect of and the interaction between pioglitazone
and metformin are shown in Table 4. All models suggested a null association without any
interaction.

Table 3. Joint effects and interactions between pioglitazone and major risk factors of inflammatory
bowel disease.

Risk Factor/Pioglitazone Use
Incident

Case
Number

Cases
Followed

Person-
Years

Incidence
Rate

(per 100,000
Person-
Years)

Hazard
Ratio

95%
Confidence

Interval
p Value

Psoriasis (+)/Pioglitazone (−) 3 419 1124.62 266.76 1.000
Psoriasis (+)/Pioglitazone (+) 6 374 994.22 603.49 2.329 (0.581–9.332) 0.2325
Psoriasis (−)/Pioglitazone (−) 136 12,344 32,863.69 413.83 1.602 (0.509–5.043) 0.4206
Psoriasis (−)/Pioglitazone (+) 107 12,389 33,160.38 322.67 1.250 (0.396–3.947) 0.7042
P-interaction 0.1286

Arthropathies (+)/Pioglitazone (−) 117 9628 25,741.21 454.52 1.000
Arthropathies (+)/Pioglitazone (+) 90 9685 25,978.83 346.44 0.763 (0.580–1.005) 0.0546
Arthropathies (−)/Pioglitazone (−) 22 3135 8247.10 266.76 0.687 (0.427–1.107) 0.1228
Arthropathies (−)/Pioglitazone (+) 23 3078 8175.77 281.32 0.731 (0.457–1.169) 0.1906
P-interaction 0.3149

Dorsopathies (+)/Pioglitazone (−) 113 9777 26,118.94 432.64 1.000
Dorsopathies (+)/Pioglitazone (+) 93 9792 26,258.73 354.17 0.820 (0.623–1.079) 0.1558
Dorsopathies (−)/Pioglitazone (−) 26 2986 7869.37 330.39 0.942 (0.603–1.471) 0.7920

Dorsopathies (−)/Pioglitazone (+) 20 2971 7895.87 253.30 0.726 (0.444–1.188) 0.2026
P-interaction 0.8522

COPD/Tobacco abuse
(+)/Pioglitazone (−) 72 5960 15,908.15 452.60 1.000
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Table 3. Cont.

Risk Factor/Pioglitazone Use
Incident

Case
Number

Cases
Followed

Person-
Years

Incidence
Rate

(per 100,000
Person-
Years)

Hazard
Ratio

95%
Confidence

Interval
p Value

COPD/Tobacco abuse
(+)/Pioglitazone (+) 56 6038 16,163.84 346.45 0.760 (0.536–1.079) 0.1252

COPD/Tobacco abuse
(−)/Pioglitazone (−) 67 6803 18,080.16 370.57 0.860 (0.609–1.215) 0.3932

COPD/Tobacco abuse
(−)/Pioglitazone (+) 57 6725 17,990.76 316.83 0.744 (0.520–1.066) 0.1074

P-interaction 0.9709

Any of the four (+)/Pioglitazone (−) 130 11,333 30,243.27 429.85 1.000
Any of the four (+)/Pioglitazone (+) 104 11,370 30,483.71 341.17 0.797 (0.615–1.031) 0.0843
All of the four (−)/Pioglitazone (−) 9 1430 3745.04 240.32 0.660 (0.332–1.310) 0.2347
All of the four (−)/Pioglitazone (+) 9 1393 3670.88 245.17 0.668 (0.336–1.327) 0.2492
P-interaction 0.6240

COPD: chronic obstructive pulmonary disease.

Table 4. Joint effect and interaction between metformin and pioglitazone on inflammatory bowel
disease.

Metformin/Pioglitazone Use
Incident

Case
Number

Cases
Followed

Person-
Years

Incidence
Rate

(per 100,000
Person-
Years)

Hazard
Ratio

95%
Confidence

Interval
p Value

Metformin (−)/Pioglitazone (−) 33 3382 8911.51 370.31 1.000
Metformin (−)/Pioglitazone (+) 27 3374 8986.75 300.44 0.840 (0.503–1.402) 0.5043
Metformin (+)/Pioglitazone (−) 106 9381 25,076.80 422.70 1.186 (0.793–1.771) 0.4061
Metformin (+)/Pioglitazone (+) 86 9389 25,167.85 341.71 0.950 (0.630–1.433) 0.8074
P-interaction 0.6002

3. Discussion
Main Findings

There was a lack of any association between pioglitazone use and IBD (Table 2), and
no interaction was observed between pioglitazone and any of the risk factors (Table 3) or
pioglitazone and metformin use (Table 4).

a. Discrepancies with preclinical studies

Although PPARγ can play a role in the treatment of IBD through the crosstalk between
metabolism and inflammation [5] and preclinical studies favor a potential usefulness of
pioglitazone in the treatment of IBD [2,5], such a benefit of pioglitazone could not be
observed in humans in this observational study. The discrepancies between preclinical
in vitro and in vivo studies and this human observational study require some discussion.

First, animal models of colitis are mainly induced by chemicals such as dextran
sodium sulfate, trinitrobenzene sulfonic acid, dinitrobenzene sulfonic acid, oxazolone, and
intracolonic instillation of acetic acid [2]. It remains to be explored whether colitis induced
by these chemicals can completely mimic human IBD. Furthermore, the administered doses
of pioglitazone in in vitro and in vivo studies might be much higher than the available
concentrations of pioglitazone derived from the clinical doses used for the treatment of
hyperglycemia. In Taiwan, the generally accepted maximum dose of pioglitazone is 30 mg,
and we rarely use a dosage of up to 45 mg as has been used in Caucasians [18].

Second, the blood concentration of pioglitazone derived from oral administration
does not guarantee a sufficient level of pioglitazone to be delivered to the colon for local
activation of PPARγ. Recent drug development for the treatment of IBD focuses on more
specific delivery of the drugs by using nanotechnology [19] or topically applied PPARγ
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agonists [20]. Whether these may improve the efficacy of pioglitazone on IBD prevention
or treatment are interesting research topics worthy of investigation.

Third, pioglitazone can target multiple organs and tissues, and activation of PPARγ
that acts jointly with retinoid X receptor in different types of cells may result in different
biological functions, some even counteracting each other. These may explain the various
clinical effects observed for different types of cancer and non-cancer diseases in patients
treated with pioglitazone. For example, we did observe an improvement in lipid profiles
after pioglitazone treatment in a small clinical trial [21] and a significant risk reduction
in dementia [22] and chronic obstructive pulmonary disease [23] in observational stud-
ies. However, a potentially higher risk of bladder cancer [24] should be attended to in
clinical practice.

However, though not statistically significant, the overall hazard ratio of 0.809 (Table 2)
favored an approximately 20% risk reduction in association with pioglitazone use. We could
not exclude the possibility of lack of power and the confounding by some unmeasured
variables such as microbiota and nutrients.

b. Implications

At least two clinical implications can be derived from the present study. First, findings
observed in preclinical studies suggesting potential usefulness in the treatment of IBD by
pioglitazone should never be immediately extrapolated to a clinical implication. At least,
our present study did not favor such a benefit of pioglitazone.

Second, pioglitazone does not cause hypoglycemia and shows benefits for cardio-
vascular diseases [18], especially ischemic stroke [25], and is minimally excreted by the
kidney [26]. It should be a candidate drug for glucose lowering in patients who fail their
treatment by the first-line drug of metformin, especially when the patients have renal insuf-
ficiency or are at a high risk of stroke, dementia, and/or chronic obstructive pulmonary
disease. However, pioglitazone should better be avoided in patients with a previous diag-
nosis of bladder cancer or who are at a high risk of developing bladder cancer, such as a
positive family history.

c. Strengths

The study has several merits. First, because of the use of a nationwide database of the
National Health Insurance (NHI) that has high coverage of >99% of Taiwan’s population,
it is reasonable to generalize the findings to the whole population. Second, because we
used objective medical records, potential recall bias relating to self-reporting could be
avoided. Third, detection biases resulting from different socioeconomic statuses could be
minimized because the drug cost-sharing in the NHI is low and can always be waived in
veterans, in patients with low income, and in patients who receive prescription refills for
chronic disease.

d. Limitations

This study also has some limitations. First, we did not have measurement data of
some confounders such as anthropometric factors, lifestyle, physical activity, exposure
history to some chemicals, history of childhood infection, stress in life, smoking, alcohol
drinking, dietary pattern, nutritional status, micronutrient supplementation, family history,
and genetic parameters. Second, we did not have biochemical data such as levels of
inflammatory cytokines, glucose, insulin, and lipid profiles. Neither did we have indicators
of insulin resistance or β-cell function and gut microbiota information for analyses. Third,
the outcome of IBD was defined by the International Classification of Diseases, Ninth
Revision, Clinical Modification (ICD-9-CM) codes and not by colofibroscopic examinations.
Therefore, we could not exclude the potential risk of misdiagnosis in some patients. Because
the misclassification was expected to be non-differential, the estimated hazard ratios were
supposed to bias toward the null [27,28]. Finally, because the daily dose of pioglitazone
used in the Taiwanese and probably also in other Asian populations rarely exceeds 30 mg,
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whether the clinical use of 45 mg in the Caucasian people [18] would exert a different effect
on IBD is an interesting issue that requires additional studies.

4. Materials and Methods
4.1. The National Health Insurance in Taiwan

Taiwan started to implement the so-called NHI on 1 March 1995. The NHI is compul-
sory and covers >99.6% of Taiwan’s population. The Bureau of NHI signs contracts with all
in-hospitals and more than 93% of all medical settings in Taiwan to provide medical care to
the insurants. For reimbursement purposes, computerized medical records, including dis-
ease diagnoses, medication prescriptions, and performed procedures, have to be submitted
to the Bureau of the NHI. The database can be used for academic research after ethics review
and approval. The present study was approved (approval number NHIRD-102-175) by the
Research Ethics Committee of the National Health Research Institutes. The readers may
refer to our previously published paper for a more detailed description of the database [29].

4.2. Enrollment of Study Subjects

Throughout the research period, the ICD-9-CM was used as the disease coding sys-
tem. Accordingly, diabetes mellitus was coded 250.XX and IBD were coded 555 (regional
enteritis) and/or 556 (ulcerative enterocolitis).

We created a cohort consisting of propensity score (PS)-matched pairs of ever users
and never users of pioglitazone from the NHI database. Figure 1 shows the stepwise
procedures. First, we excluded patients whose diagnosis of diabetes mellitus was made
during 1995–1998 and then enrolled 477,207 patients who had a first diagnosis of diabetes
mellitus made between 1999 and 2008 with a prescription of antidiabetic drugs for at least
two times at outpatient clinics. We then excluded step-by-step the following ineligible
patients: (1) patients who died before 1 January 2009 (n = 188), (2) patients who used
pioglitazone for the first time after 2009 (n = 58,835), (3) patients who were diagnosed of
type 1 diabetes mellitus (n = 2534), (4) patients who had ever been treated with rosiglitazone
(n = 51,017), (5) patients who had used pioglitazone for a short period of <180 days
(n = 6399), (6) patients who had a diagnosis of IBD before entry or within 6 months of
diabetes diagnosis (n = 27,374), and (7) patients who had a short follow-up duration of
<180 days (n = 13,692). As a result, we identified an unmatched cohort consisting of 12,763
ever users and 304,405 never users. We then created PS-matched pairs consisting of 12,763
ever users and 12,763 never users (the matched cohort) based on the Greedy 8→1 digit
match algorithm. The PS was created by logistic regression from independent variables
that included all characteristics listed in Table 1, as described in more detail previously [29].

We deliberately excluded users of rosiglitazone in the analyses for the following rea-
sons. In Taiwan, only rosiglitazone and pioglitazone in the class of TZD have ever been
marketed. In addition to their glucose-lowering effects, these two drugs show different
safety profiles in several clinical aspects. For example, the meta-analysis published in
2007 that suggested a potential link between rosiglitazone and myocardial infarction and
cardiovascular death [30] has led to the withdrawal of rosiglitazone from the markets or
the discontinuation of its use in many countries, including Taiwan. On the contrary, clinical
trials suggest that pioglitazone significantly improves lipid profiles [21] and reduces cardio-
vascular diseases in patients with type 2 diabetes mellitus [18] or in patients with ischemic
stroke and insulin resistance [25]. Therefore, in the analyses of the safety profile and the
risk association with cancer or other non-cancer diseases, pioglitazone and rosiglitazone
should be viewed as two different entities.
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4.3. Potential Confounders

Potential confounders included in the analyses are listed in Table 1. The occupation
was classified as class I (civil servants, teachers, employees of governmental or private
businesses, professionals and technicians), class II (people without a specific employer,
self-employed people or seamen), class III (farmers or fishermen), and class IV (low-income
families supported by social welfare, or veterans). We defined the use of corticosteroids as
a consistent use of ≥ 90 days. The ICD-9-CM codes for the disease diagnoses have been
reported previously [22].

4.4. Statistical Analyses

We used the SAS statistical software version 9.4 (SAS Institute, Cary, NC, USA),
as a tool for analyses being conducted in the matched cohort. p < 0.05 was considered
statistically significant.

We calculated the standardized difference for each covariate and defined a value >
10% as an indicator of potential confounding from the variable, which is generally adopted
by many investigators [31].

We calculated two parameters for the assessment of a potential dose-response relation-
ship, i.e., the cumulative duration of pioglitazone therapy (expressed in months) and the
cumulative dose of pioglitazone therapy (expressed in mg). The incidence density of IBD
was calculated with regard to pioglitazone exposure. The numerator of the incidence was
the number of new cases of IBD identified during follow-up, and the denominator was the
follow-up duration in person-years. We set the follow-up starting date on 1 January 2009
and ended the follow-up on a date no later than 31 December 2011 when whichever of the
following events occurred first: a new diagnosis of IBD, death, or the last reimbursement
record. We ended follow-up by the end of 2011 because the concern of a potential risk of
bladder cancer associated with pioglitazone was raised in that year [24], which might have
led to changes in prescription behavior in the attending physicians and nonadherence to
the treatment on the side of the patients.
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We estimated hazard ratios and their 95% confidence intervals that compared pi-
oglitazone exposure to non-exposure by applying Cox proportional hazards regression
incorporated with the inverse probability of treatment weighting using the PS.

Psoriasis, arthropathies, dorsopathies, and chronic obstructive pulmonary disease/
tobacco abuse were viewed as potential risk factors for IBD. To evaluate the joint effects of
and the interactions between pioglitazone and these risk factors, we estimated hazard ratios
in subgroups categorized by the presence and absence of risk factors and pioglitazone, i.e.,
(1) risk factor (+)/pioglitazone (−) as the referent group; (2) risk factor (+)/pioglitazone
(+); (3) risk factor (−)/pioglitazone (−); and (4) risk factor (−)/pioglitazone (+). The value
of P-interaction was also estimated for each model.

Metformin use is associated with a reduced risk of IBD in our previous study [32].
Therefore, we also investigated the joint effect of and interaction between metformin and
pioglitazone on the risk of IBD.

5. Conclusions

There is a lack of association between pioglitazone use and IBD risk in Taiwanese
patients with type 2 diabetes mellitus, and there are no significant interactions between
pioglitazone and major risk factors or metformin. Because of the observational design,
the potential risk of lack of sufficient power, and the inability to include all potential con-
founders, further confirmation of our finding is warranted. The daily dose of pioglitazone
in Taiwan is generally not more than 30 mg. Whether the use of a higher dose of 45 mg of
pioglitazone in Caucasians may exert a clinical benefit on IBD requires further investigation.
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Abstract: Individual differences in IBD illness severity, behavior, progression, and therapy response
are evident. Since a break in the intestinal epithelial barrier causes IBD to begin, mucosal gene
expression in IBD is crucial. Due to its high sensitivity and dynamic nature, molecular analysis of
biomarkers in intestinal biopsies is feasible and provides a reliable means of evaluating localized
inflammation. The goal of this investigation was to discover alterations in gene expression in
the inflamed mucosa of IBD patients undergoing treatment with 5-amino salicylic acid (5ASA)
(N = 39) or anti-TNF drugs (N = 22). The mucosal expression of numerous IBD-related genes was
evaluated using qPCR. We discovered that the levels of the proteins Lipocalin-2 (LCN2), Nitric Oxide
Synthase 2 (NOS2), Mucin 2 (MUC2), Mucin 5AC (MUC5AC), and Trefoil factor 1 (TFF1), which
are overexpressed in untreated IBD patients compared to non-IBD subjects, are decreased by both
therapy regimens. On the other hand, anti-TNF medicine helped the levels of ABCB1 and E-cadherin
return to normal in IBD patients who were not receiving treatment.

Keywords: 5-ASA; anti-TNF; gene expression; Crohn’s disease; ulcerative colitis

1. Introduction

Inflammatory bowel disease is a long-term inflammatory condition of the gut that
can present clinically as Crohn’s disease (CD), ulcerative colitis (UC), or IBD undefined
(IBD-U) [1–3].

The intensity, behavior, progression, and response to therapy for IBD disease show
significant individual diversity [2,4–6]. Both clinical factors and molecular signatures
have been linked to many elements of disease progression. Previous studies dealing with
molecular investigations have been demonstrated and are used for clinical practice and
therapeutic decision-making in IBD patients [7–9].

In the past 20 years, numerous innovative therapeutic agents targeting different
immune pathways have also been developed, in addition to tumor necrosis factor (anti-
TNF) inhibitors [10]. Taking these medications has improved the long-term results for
both CD and UC, despite a significant increase in the expense burden on many health care
systems [11].

The current therapy goals for IBD now include steroid-free remission, endoscopic
remission, and lowering surgery rates [12]. Although the primary therapeutic purpose
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was to alleviate patient symptoms, in addition to the fact that over 30% of IBD patients
do not respond to treatment, among those who do, the response vanishes in 23–46% of
instances after a year of medication use [13]. In order to improve the overall IBD disease
management, a treatment plan based on molecular perturbations and the detection of
predictors of nonresponse can be chosen [14].

In IBD patients, mucosal gene expression is particularly significant because a breach
in the intestinal epithelium barrier is thought to be the source of the disease’s development.
Due to their high sensitivity and dynamic nature, various molecular biomarkers in intestinal
biopsies are feasible and offer a reliable approach to evaluating localized inflammation.

Mucosal genes play an essential role in mucosal integrity and play an important role
in the pathogenesis of IBD. Genes within several IBD-associated loci indicate a position for
barrier integrity in disease predisposition [15].

Another difficulty in controlling IBD disease is monitoring the pathophysiological
mechanisms behind the chronic inflammatory process and the effects of treatment. Studies
on molecular mucosal profiling are scarce in this area [15].

This study aimed to find differences in the gene expression between the mucosa of IBD
patients receiving 5-aminosalicylic acid (5ASA) or biological therapies in the form of anti-
TNF treatment and IBD patients receiving no medication or control subjects without IBD.

2. Results
2.1. Histological Changes

At the time of enrolment, 22 patients (27.5%) were receiving anti-TNF (anti-TNF) ther-
apy, 39 patients (48.75%) were receiving (5-ASA), and 19 patients (23.75%) were drug-free.
Among the treated patients, 59 were still in the active phase, and 21 showed endoscopically
as being in remission. Clinical response for all patients was performed using the A MAYO
partial score and Crohn’s Disease Activity Index (CDAI) score (Figures 1–4).
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Figure 1. Moderate diffuse active colitis consistent with IBD (ulcerative colitis).

Multiple snips of colonic mucosa. Lamina was widened by dense mixed inflammatory
cellular infiltrate involving muscularis mucosa. The infiltrate was mainly lymphoplasma-
cytic with mixed neutrophils and eosinophils. There was crypt irregularity with branching
and a reduction in mucin production. There was detected cryptitis and crypt abscesses
(Left: 200×/Right: 400×, H&E staining).

Multiple snips of colonic mucosa with focal ulceration. Lamina was widened by dense
mixed inflammatory cellular infiltrate involving muscularis mucosa. The infiltrate was
mainly lymphoplasmacytic with mixed neutrophils and eosinophils. There was crypt
irregularity with branching and a reduction in mucin production. Cryptitis and crypt
abscesses were detected (Left: 200×/Right: 400×, H&E staining).
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Figure 3. Mild focal colitis (quiescent stage of IBD)/(known case of ulcerative colitis).

Multiple snips of colonic mucosa with preserved mucin production and no signif-
icant crypt irregularity. Lamina propria was the seat of chronic inflammatory cellular
infiltrate with some eosinophils about 15/HPF. No detected cryptitis or crypt abscesses
(Left: 200×/Right: 400×).
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Figure 4. Moderate diffuse colitis with non-caseating epithelioid granulomatous inflammatory lesion
highly suggestive of Crohn’s disease.
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Snips of colonic mucosa. Crypts were regular. The lamina propria was the seat of
moderate inflammatory cellular infiltrate. The infiltrate was formed of lymphocytes and
neutrophils with focal cryptitis. Multiple epithelioid granulomas were detected, which
were non-caseating (Left: 200×/Right: 400×, H&E staining).

2.2. Patients’ and Non-IBD Control Participants’ Characteristics

The IBD patients’ age, gender distribution, and smoking habits did not differ from
those of the non-IBD control subjects. When patients were taken into account, there was no
discernible difference in the length of the treatments for the 5-ASA and anti-TNF groups
(Table 1).

Table 1. Characteristics of the IBD and control participants.

IBD Patients N = 80

Age (mean ± SD) 46.75 ± 6.648

Sex (%M) (N = 56) 70%

Sex (%F) (N = 24) 30%

Smoking Behavior

Non-smokers (N = 62) 77.5%

Mild (N = 12) 15%

Moderate (N = 3) 3.75%

Severe (N = 3) 3.75%

Type of Disease

(%UC) (N = 62) 77.5%

(%CD) (N = 18) 22.5%

Disease Activity

% Active (N = 59) 73.75%

% Remission (N = 21) 26.25%

Treatment Duration

Drug-free 23.75% (19 patients)

5-ASA treatment 48.75% (3–24 months) (31 UC patients & 8 CD patients)

Anti-TNF treatment 27.5% (3–24 months) (12 UC patients & 10 CD patients)

Non-IBD subjects N = 80

Age (mean ± SD) 49.78 ± 4.352

Sex (%M) (N = 55) 68.75%

Sex (%F) (N = 25) 31.25%

Smoking Behavior

Non-smokers (N = 70) 87.5%

Mild (N = 5) 6.25%

Moderate (N = 2) 2.5%

Severe (N = 3) 3.75%
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2.3. Gene Expression among Studied Groups

The results are displayed in Table S1 and Figure 5.
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Figure 5. Gene expression in different groups. This shows the gene expression of various genes
among the other studied groups (* significant at p < 0.05, ** at p < 0.01, *** at p < 0.001, **** at
p < 0.0001).

2.3.1. ABCB1 Gene Expression

Regarding ABCB1 gene expression, there was a statistically substantial difference
between patients receiving anti-TNF-α and those receiving 5-ASA (p < 0.0001). There was
also a significant difference between participants receiving anti-TNF-α and those who
received no treatment (p < 0.0001). There was no statistical difference between patients
obtaining anti-TNF-α and the control group (p = 0.4361).

2.3.2. LCN2 Gene Expression

Regarding LCN2 gene expression, there was a statistically marked difference between
participants receiving anti-TNF-α and those receiving 5-ASA (p = 0.0012). There was a
statistically substantial difference between patients receiving anti-TNF-α and those who
received no treatment (p < 0.0001). There was a statistically marked difference between
patients obtaining anti-TNF-α and the control group (p = 0.0139).

2.3.3. NOS2 Gene Expression

There was a statistically significant difference between participants receiving anti-
TNF-α and those receiving 5-ASA in NOS2 gene expression (p = 0.0095). There was
no statistically significant difference between patients receiving anti-TNF-α and those
receiving no treatment (p > 0.9999). There was a statistically significant difference between
the anti-TNF-α treated patients and the control group (p < 0.0001).
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2.3.4. TFF1 Gene Expression

Regarding TFF1 gene expression, patients receiving anti-TNF-α and those receiving
5-ASA differed statistically significantly (p = 0.0016). There was a statistically significant
difference between the patients taking anti-TNF-α and those who received no treatment
(p < 0.0001). There was a statistically marked difference between patients taking anti-TNF-α
and the control group (p = 0.0188) [16].

2.3.5. MUC2 Gene Expression

Regarding MUC2 gene expression, there was a statistically substantial difference
between patients receiving anti-TNF-α and those receiving 5-ASA (p = 0.0003). There was a
statistically significant difference between patients receiving anti-TNF-α and those who
received no treatment (p < 0.0001). There was no statistically significant difference between
patients receiving anti-TNF-α and the control group (p = 0.2564).

2.3.6. MUC5AC Gene Expression

There was a statistically marked variation in MUC5AC gene expression between pa-
tients receiving anti-TNF-α and those receiving 5-ASA (p < 0.0001). There was a statistically
marked difference between the patients receiving anti-TNF-α and those who received no
treatment (p < 0.0001). There was no statistically significant difference between patients
receiving anti-TNF-α and the control group (p > 0.9999).

2.3.7. E-Cadherin Gene Expression

Regarding E-cadherin gene expression, there was a statistically substantial variation
between those receiving anti-TNF-α and 5-ASA (p < 0.0001). There was a statistically
marked difference between patients obtaining anti-TNF-α and those who received no
treatment (p < 0.0001). There was no statistically substantial difference between patients
taking anti-TNF-α and the control group (p > 0.9999) [17].

2.4. ROC Curve Analysis for Different Gene Expression

The results are displayed in Figure 6.
For discrimination between the IBD patients and controls, ROC curve analysis was

performed for different genes. The ABCB1 gene’s cutoff value was <1.45, with a sensitivity
of 100%, a specificity of 100%, and an AUC of 1. The AUC was 1, a sensitivity oof 100%,
specificity was 100%, and >0.95 was the cutoff value for the LCN2 gene. The NOS2 gene’s
cutoff value was >0.85, with a sensitivity of 100%, a specificity of 76.3%, and an AUC of
0.981. The TFF1 gene’s cutoff value was >1.45, with a sensitivity of 100%, a specificity of
100%, and an AUC of 1. The MUC2 gene’s cutoff value was >1.45, with a sensitivity of 100%,
a specificity of 100%, and an AUC of 1. The MUC5AC gene’s cutoff value was >1.45, with a
sensitivity of 100%, a specificity of 100%, and an AUC of 1. The E-cadherin gene’s cutoff value
was <2.5, with a sensitivity of 94.7%, a specificity of 100%, and an AUC of 0.0997.
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2.5. Correlation between Different Genes

The correlation between different genes is explained in Figure 7 and Table S2. There
was a strong negative relationship between the ABCB1 gene and E-cadherin gene, LCN2
gene, MUC2 gene, MUC5AC gene, and TFF1 gene (r = −0.73, −0.77, −0.76, −0.77, and
−078 respectively). There was a negligible relationship between the ABCB1 gene and the
NOS2 gene (r = −0.14).
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There was a strong positive relationship between the LCN2 gene and E-cadherin gene,
MUC2 gene, MUC5AC, and TFF1 gene (r = 0.88, 0.88, 0.87, 0.91, respectively). On the other
hand, there was a moderate positive relationship between the LCN2 gene and the NOS2
gene (r = 0.31). There was a strong positive relationship between the MUC2 gene and both
the E-cadherin gene and the MUC5AC gene (r = 0.9 and 0.88, respectively).

There was a strong relationship between the MU5AC gene and E-cadherin (r = 0.88).
There was a weak positive relationship between the NOS2 gene, MUC2 gene, MUC5AC

gene, and TFF1 gene (r = 0.28, 0.26, and 0.23, respectively). On the other hand, there was a
moderate positive relationship between the NOS2 gene and E-cadherin (r = 0.3).
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There was a strong positive relationship between the TFF1 gene and the E-cadherin
gene, MUC2 gene, and MUC5AC gene (r = 0.88, 0.83 and 0.91, respectively).

3. Discussion

In order to assess changes in the colonic mucosa of IBD patients under various therapy
modalities, we used a bull’s eye gene expression approach to look at genes implicated in
inflammation, apoptosis, immunological response, cellular adhesion, and tissue remodel-
ing. Previous studies comparing the molecular signature of patients undergoing various
medications remain underrepresented, despite the extensive use of the transcriptional
analysis of intestinal tissues comparing IBD patients and non-IBD controls to uncover
new biomarkers.

Following anti-TNF medication, ABCB1 was increased after being downregulated
in drug-free patients. P-Glycoprotein 1, an ATP-dependent transmembrane pump that
transfers drugs from the intracellular to the extracellular area, is encoded by the ABCB1
gene, commonly known as the MDR1 gene. It has been proposed that reduced gut ex-
pression levels and ABCB1′s lack of function are factors in the genesis of IBD. The typical
gastrointestinal system expresses ABCB1 extensively [18].

Additionally, inconsistent results have been found in several genetic studies exam-
ining the connection between IBD susceptibility and the three SNPs (G2677T/A, C3435T,
and C1236T) regarded to be the most clinically significant [19]. Numerous research has
evaluated ABCB1′s role in the responsiveness to anti-TNF medications. There was no sig-
nificant correlation between the ABCB1 gene alternates and infliximab response in Italian
and Hungarian patients with IBD [11,20,21]. In this study, we found that the low levels
of ABCB1 in patients were markedly increased by anti-TNF medication, bringing them
to levels that were equivalent to the non-IBD controls. One in vitro study using Caco-2
cell lines displayed that in vitro TNF reduced the MDR1 mRNA levels. However, the
possible alteration of ABCB1 in the mucosa of IBD patients by anti-TNF therapy has not
been studied [22].

Additionally, we found that ABCB1 expression was significantly increased by anti-
TNF medication, reaching levels comparable to those seen in the control subjects free of
IBD. These results were consistent with the earlier research by Milanesi et al. (2019) [14].

Our findings demonstrate that 5-ASA and anti-TNF medications can lower the mucosal
expression levels of NOS2, TFF1, and LCN2, which were excessive in untreated cases
relative to the controls. Interestingly, anti-TNF medicine had a more significant effect on
TFF1 and LCN2; nonetheless, treatment returned their levels to normal for individuals who
were not affected. The impacts of 5-ASA on NOS2 expression also seem more favorable,
despite the differences from the non-IBD controls being noticeably different. These results
were in line with those of an earlier investigation by Milanesi et al. (2019) [14]. The NOS2
and LCN2 genes encode two antimicrobial peptides (AMPs): nitric oxide synthase 2 and
the neutrophil gelatinase-associated lipocalin (NGAL) system.

LCN2/NGAL prevents bacterial development by securing iron-containing siderophores,
while NOS2 produces nitric oxide, a reactive free radical that is a biological moderator in
antibacterial, neurotransmission, and anti-tumor effects.

Numerous studies have demonstrated that the mucosa of IBD patients has both highly
elevated LCN2/NGAL and NOS2 levels [23,24]. Notably, the NGAL protein has been
proposed as a potential biomarker in IBD patients since, if present in high concentrations,
it is positively connected with the severity and activity of the disease. The LCN2/NGAL
levels were shown to be higher in patients with active UC, and infliximab treatment resulted
in a decrease in these levels [24].

A single high infliximab dosage effectively lowered the elevated LCN protein concen-
tration in the urine of CD patients. This intriguing result was also shown in our research,
where the treated group’s LCN2 expression was lower [25].

Nitric oxide (NO) is produced by the enzyme NOS2, activated through a concoction
of lipopolysaccharide and specific inflammatory mediators. Nitric oxide controls bowel
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epithelial cells, preserves the barrier’s integrity, and supports tight junctions. Additionally,
it starts the oxidation of proteins and lipids through a free radical process that causes a
redox imbalance. It has been demonstrated that the colon mucosa of both UC and CD
patients exhibit enhanced nitric oxide synthase activity [26,27].

Higher gene expression levels were found by Senhaji et al. in 2017 in the colonic
mucosa of CD patients compared to the controls and in patients with active UC compared
to patients with passive UC [28]. Numerous populations have demonstrated a relationship
between NOS2 gene variations and IBD risk [28,29]. Luther and colleagues discovered
that the colonic expression of NOS2 was higher in non-responders than responders in
individuals who lost response to the TNF-antagonist [30].

TFF1 is another increased gene in untreated individuals, and 5-ASA and anti-TNF
treatments impact it. It is related to the same family as the trefoils TFF1, TFF2, and
TFF3 [31]. It has been demonstrated that these persistent secretory proteins contribute to
the upkeep and restoration of epithelial surfaces because they are highly expressed in the
gastrointestinal mucosa [32].

While chronic inflammation encourages TFF expression to limit the course of the
disease, acute mucosal damage stimulates TFFs to expedite cell migration to seal the
wounded zone from luminal contents. TFF1 was expressed in individuals with severe UC
in immunohistochemical studies on colon biopsy specimens but not in normal tissue [33].

Shaoul et al. (2004) found that this trefoil protein was also expressed in the colons of
patients with IBD [34]. The serum levels of the trefoil factors have also been investigated,
and those with IBD had higher concentrations of TFF1 and TFF3 [35].

Additionally, in UC patients, the serum TFF3 concentration was associated with the
clinical and biochemical indicators of disease activity [36].

In the inflamed IBD colon, E-cadherin gene expression was dramatically reduced. The
loss and destruction of epithelial cells in the colon affected by IBD are likely to blame for
the reduced expression.

Additionally, IBD responders to anti-TNF medication showed normalized expression
of this gene, and these results were consistent with those of an earlier study conducted by
Arijs et al. in 2011 [37].

Both the MUC2 and MUC5AC genes were found to be significantly expressed in
the current study’s untreated IBD patients, and their expression returned to normal after
receiving anti-TNF medication.

MUC2 is the prominent colonic mucin in IBD, although it is not just found in healthy
goblet cells. Clamp et al. [38] discovered that granular MUC2 is expressed by not pheno-
typical goblet cells in IBD and other inflammatory conditions of the colon. Contrary to the
goblet cells of healthy people and IBD patients, who keep mature granular mucin and do
not express immature mucin outside the Golgi, these cells express weakly glycosylated
mucin present in secretory granules. This mucin is likely secreted as a juvenile, sparsely
glycosylated product. This abnormal pattern of mucin glycosylation in IBD patients has
also been proposed by others [38,39].

To make up for the loss of barrier and repair function caused by MUC2 and perhaps
ITF expression alterations during inflammation, MUC5AC and TFF1 expression may be
upregulated. It has been hypothesized that TFF1 aids in healing and regeneration [40].

Goblet cells that express MUC5ACTFF1 are frequently found in inflammatory condi-
tions, indicating that this is a generic response to inflammation and may not always signify
dysplastic alterations [34]. The cross-sectional nature of this study could be a possible draw-
back. Furthermore, the small size of our study prevented us from conducting additional
subgroup analysis (UC and CD separately).
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4. Materials and Methods
4.1. Patients

Eighty IBD patients and 80 healthy control participants from the Tropical Medicine
Department at the Mansoura Faculty of Medicine were recruited for this study out of
1974 patients who underwent colonoscopy over three years (Figure 8).
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Figure 8. Flowchart of the study.

Multiple colonoscopic biopsies were taken from the inflamed mucosa in patients
with active IBD, those IBD patients who were in remission, and from the healthy colonic
mucosa from healthy control individuals. Before biopsy sampling, all individuals provided
written informed consent. The Mansoura Faculty of Medicine’s Institutional Review Board
(MFM-IRB) authorized the study (Code number R.22.08.1786).

Crohn’s disease (CD) and ulcerative colitis (UC) were identified in accordance with
suggestions made by the European Crohn’s and Colitis Organization (ECCO), which
preclude that the diagnosis of CD or UC is based on a combination of clinical, biochemical,
stool, endoscopic, cross-sectional imaging, and histological investigations [3]. According
to Dobre et al. (2018) [14], the following exclusion criteria were applied to the non-IBD
control subjects: the presence of gastrointestinal symptoms, current or previous use of
non-steroidal anti-inflammatory drugs (within the last three months), and current or prior
use of anticoagulants/antiplatelet drugs (within the last three months).

Monoclonal antibodies directed against TNF-α are fast-acting and potent anti-
inflammatory agents. Anti-TNF therapies approved for treating IBD include infliximab,
adalimumab, and certolizumab [3].

4.2. Total RNA Isolation and qPCR

For qPCR, a 7500 Fast Real-Time PCR system was used. The total RNA was extracted
from fresh-frozen tissues using the RNeasy Mini Kit (Qiagen, Venlo, Germany), and the
RNA quantity and quality were assessed using a spectrophotometric approach (NanoDrop
2000, Thermo Scientific™ ND2000USCAN, Waltham, MA, USA). The total RNA was then
converted to complementary DNA (cDNA) using the SensiFASTTM cDNA Kit (Bioline,
London, UK). As an internal control gene, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was employed along with the SensiFASTTM SYBR Green PCR Master Mix from
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Bioline. We applied the 2CT approach to determine the fold change in gene expression.
Table S3 shows the primer sequences of different genes, and the GAPDH gene was used as
the control gene.

4.3. Statistical Analysis

Continuous variables were tested using the t-test, while categorical variables were tested
using the Chi-square test. The gene expression data are displayed as the mean ± standard
deviation (SD). To ascertain each gene’s appropriate cutoff value and diagnostic accuracy,
receiver operating characteristic (ROC) curves were built.

The differences in gene expression were estimated using Kruskal–Wallis and Dunn’s
multiple comparisons tests. The statistical analysis of each gene’s expression was verified
for normality using the Shapiro–Wilk normality test. The Spearman correlation test was
used to examine the relationship among genes. GraphPad Prism was used for statistical
analysis (version 9.3.1). At p < 0.05, significance was accepted.

5. Conclusions

Considering the potential drawbacks of our investigation, we identified a configuration
of genes whose ectopic expression in IBD mucosa appears to be better controlled by
biological therapy (anti-TNF therapy) than by 5-ASA medications. Lipocalin-2 (LCN2),
Nitric Oxide Synthase 2 (NOS2), Mucin 2 (MUC2), Mucin 5AC (MUC5AC), and Trefoil
factor 1 (TFF1) were overexpressed in the untreated IBD patients compared to the non-IBD
patients and that 5ASA and anti-TNF-a treatment reduced these expressions. Anti-TNF
therapy helped the levels of ABCB1 and E-cadherin in the untreated IBD patients return
to normal. To find the gene expression profiles useful for assisting therapeutic decision-
making, more extensive studies of treatment naive IBD with standardized sampling and
the prospective follow-up of clinical outcomes are pertinent.
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//www.mdpi.com/article/10.3390/ph16020324/s1, Table S1. Gene expression analysis among
different groups, Table S2. Explanation of correlation between different genes, Table S3. Primer
sequences of different genes.

Author Contributions: Conceptualization, A.M.E.N. and W.A.N.; Data curation, M.E.; Formal analy-
sis, S.J.A.; Funding acquisition, T.A.E.-M.; Investigation, S.A.M., M.E., and A.M.E.N.; Methodology,
S.A.M., M.K., and A.M.E.N.; Project administration, S.J.A.; Resources, S.J.A., and M.K.; Software,
W.A.N., and M.K.; Supervision, T.A.E.-M. and W.A.N.; Writing—original draft, S.A.M., M.E., and
A.M.E.N.; Writing—review & editing, W.A.N., M.K., S.J.A., and A.M.E.N. All authors have read and
agreed to the published version of the manuscript.

Funding: This project was funded by Princess Nourah bint Abdulrahman University Researchers
Supporting Project Number (PNURSP2023R167), Princess Nourah bint Abdulrahman University,
Riyadh, Saudi Arabia.

Institutional Review Board Statement: The present study was permitted and approved by Mansoura
Faculty of Medicine’s Institutional Review Board (MFM-IRB) (Code number R.22.08.1786).

Informed Consent Statement: Written informed consent was obtained from all 160 participants in
this study, and the study was approved by the ethical committee of the Mansoura Faculty of Medicine
(Code number R.22.08.1786).

Data Availability Statement: The data presented in this study are available on request.

Acknowledgments: We greatly appreciate the support of Princess Nourah bint Abdulrahman Uni-
versity in funding this research through Princess Nourah bint Abdulrahman University Researchers
Supporting Project Number (PNURSP2023R167), Princess Nourah bint Abdulrahman University,
Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

43



Pharmaceuticals 2023, 16, 324

References
1. Gomollón, F.; Dignass, A.; Annese, V.; Tilg, H.; Van Assche, G.; Lindsay, J.O.; Peyrin-Biroulet, L.; Cullen, G.J.; Daperno, M.;

Kucharzik, T., 3rd European evidence-based consensus on the diagnosis and management of Crohn’s disease 2016: Part 1:
Diagnosis and medical management. J. Crohns Colitis 2017, 11, 3–25. [CrossRef] [PubMed]

2. Thia, K.T.; Sandborn, W.J.; Harmsen, W.S.; Zinsmeister, A.R.; Loftus Jr, E.V. Risk factors associated with progression to intestinal
complications of Crohn’s disease in a population-based cohort. Gastroenterology 2010, 139, 1147–1155. [CrossRef] [PubMed]

3. Magro, F.; Gionchetti, P.; Eliakim, R.; Ardizzone, S.; Armuzzi, A.; Barreiro-de Acosta, M.; Burisch, J.; Gecse, K.B.; Hart, A.L.;
Hindryckx, P. Third European evidence-based consensus on diagnosis and management of ulcerative colitis. Part 1: Definitions,
diagnosis, extra-intestinal manifestations, pregnancy, cancer surveillance, surgery, and ileo-anal pouch disorders. J. Crohns Colitis
2017, 11, 649–670. [CrossRef] [PubMed]

4. Beaugerie, L.; Seksik, P.; Nion–Larmurier, I.; Gendre, J.P.; Cosnes, J. Predictors of Crohn’s disease. Gastroenterology 2006,
130, 650–656. [CrossRef]

5. Monstad, I.; Hovde, Ø.; Solberg, I.C.; Moum, B.A. Clinical course and prognosis in ulcerative colitis: Results from population-
based and observational studies. Ann. Gastroenterol. Q. Publ. Hell. Soc. Gastroenterol. 2014, 27, 95.

6. Alarfaj, S.J.; Mostafa, S.A.; Abdelsalam, R.A.; Negm, W.A.; El-Masry, T.A.; Hussein, I.A.; El Nakib, A.M. Helicobacter pylori
Infection in Cirrhotic Patients with Portal Hypertensive Gastropathy: A New Enigma? Front. Med. 2022, 9, 902255. [CrossRef]

7. Martin, J.C.; Chang, C.; Boschetti, G.; Ungaro, R.; Giri, M.; Grout, J.A.; Gettler, K.; Chuang, L.-s.; Nayar, S.; Greenstein, A.J.
Single-cell analysis of Crohn’s disease lesions identifies a pathogenic cellular module associated with resistance to anti-TNF
therapy. Cell 2019, 178, 1493–1508.e1420. [CrossRef]

8. Marigorta, U.M.; Denson, L.A.; Hyams, J.S.; Mondal, K.; Prince, J.; Walters, T.D.; Griffiths, A.; Noe, J.D.; Crandall, W.V.; Rosh, J.R.
Transcriptional risk scores link GWAS to eQTLs and predict complications in Crohn’s disease. Nat. Genet. 2017, 49, 1517–1521.
[CrossRef]

9. Lee, J.C.; Lyons, P.A.; McKinney, E.F.; Sowerby, J.M.; Carr, E.J.; Bredin, F.; Rickman, H.M.; Ratlamwala, H.; Hatton, A.; Rayner, T.F.
Gene expression profiling of CD8+ T cells predicts prognosis in patients with Crohn disease and ulcerative colitis. J. Clin. Investig.
2011, 121, 4170–4179. [CrossRef]

10. Reinisch, W.; Sandborn, W.J.; Rutgeerts, P.; Feagan, B.G.; Rachmilewitz, D.; Hanauer, S.B.; Lichtenstein, G.R.; De Villiers, W.J.;
Blank, M.; Lang, Y. Long-term infliximab maintenance therapy for ulcerative colitis: The ACT-1 and-2 extension studies. Inflamm.
Bowel Dis. 2012, 18, 201–211. [CrossRef]

11. Reinglas, J.; Gonczi, L.; Kurt, Z.; Bessissow, T.; Lakatos, P.L. Positioning of old and new biologicals and small molecules in the
treatment of inflammatory bowel diseases. World J. Gastroenterol. 2018, 24, 3567. [CrossRef]

12. Atreya, R.; Neurath, M.F. Current and future targets for mucosal healing in inflammatory bowel disease. Visc. Med. 2017,
33, 82–88. [CrossRef]

13. Ben-Horin, S.; Chowers, Y. loss of response to anti-TNF treatments in Crohn’s disease. Aliment. Pharmacol. Ther. 2011, 33, 987–995.
[CrossRef]

14. Milanesi, E.; Dobre, M.; Manuc, T.E.; Becheanu, G.; Tieranu, C.G.; Ionescu, E.M.; Manuc, M. Mucosal gene expression changes
induced by anti-TNF treatment in inflammatory bowel disease patients. Drug Dev. Res. 2019, 80, 831–836. [CrossRef]

15. D’Amico, F.; Netter, P.; Baumann, C.; Veltin, M.; Zallot, C.; Aimone-Gastin, I.; Danese, S.; Peyrin-Biroulet, L. Setting up a virtual
calprotectin clinic in inflammatory bowel diseases: Literature review and nancy experience. J. Clin. Med. 2020, 9, 2697. [CrossRef]

16. Mostafa, S.A.; Mohammad, M.H.; Negm, W.A.; Batiha, G.E.S.; Alotaibi, S.S.; Albogami, S.M.; De Waard, M.; Tawfik, N.Z.;
Abdallah, H.Y. Circulating microRNA203 and its target genes’ role in psoriasis pathogenesis. Front. Med. 2022, 9, 988962.
[CrossRef]

17. Muise, A.M.; Walters, T.D.; Glowacka, W.K.; Griffiths, A.M.; Ngan, B.; Lan, H.; Xu, W.; Silverberg, M.; Rotin, D. Polymorphisms in
E-cadherin (CDH1) result in a mis-localised cytoplasmic protein that is associated with Crohn’s disease. Gut 2009, 58, 1121–1127.
[CrossRef]

18. Borg-Bartolo, S.P.; Boyapati, R.K.; Satsangi, J.; Kalla, R. Precision medicine in inflammatory bowel disease: Concept, progress and
challenges. F1000Research 2020, 9, 54. [CrossRef]
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Abstract: Little is known about how the change from intravenous to subcutaneous vedolizumab in a
real-life setting in inflammatory bowel disease patients on stable maintenance therapy affects clinical
outcomes. We compared the data on vedolizumab serum trough concentration, efficacy, and safety
prior to and six months after the switch from intravenous to subcutaneous vedolizumab. In total,
24 patients, 13 with ulcerative colitis (UC) and 11 with Crohn’s disease (CD), were included. Mean
serum trough concentration of intravenous vedolizumab was significantly lower than mean serum
trough concentration of subcutaneous vedolizumab (p = 0.002). There was no significant difference
between C-reactive protein levels, fecal calprotectin levels or clinical scores (Harvey–Bradshaw
index or Partial Mayo score) prior to transition to subcutaneous vedolizumab and after 6 months.
In four (16.7%) patients, two CD and two UC, therapy was discontinued during the follow-up period
with a median of 5 months (minimum–maximum: 4–6). In all patients, therapy was discontinued due
to loss of response. In total, 13 adverse events were reported by 11 patients, and the most common
adverse event was COVID-19. No serious adverse events were reported. In conclusion, subcutaneous
vedolizumab has shown to be effective and safe in patients on previously established maintenance
therapy with intravenous vedolizumab.

Keywords: inflammatory bowel disease; vedolizumab; treatment outcome

1. Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are chronic inflammatory diseases
of the digestive tract, and anti-inflammatory drugs, whether conventional or biologics,
have a central role in their treatment [1,2]. Vedolizumab is approved for the induction
and maintenance of remission in patients with CD and UC. It is a humanized monoclonal
antibody which binds to α4β7 protein on the surface of helper T lymphocytes and prevents
its binding to mucosal vascular addressin cell adhesion molecule 1 (MadCAM1) on endothe-
lial cells of blood vessels in the intestinal wall. This prevents lymphocyte migration and
inflammatory response in the intestinal wall [3,4]. In Croatia, vedolizumab was approved
in 2016 as a drug for intravenous application. From June 2021, a subcutaneous form of
vedolizumab was approved as a maintenance therapy after the induction with at least
two intravenous doses. In VISIBLE 1 and VISIBLE 2 studies, subcutaneous vedolizumab
has proven to be more effective than placebo in the treatment of moderately to severely
active UC and CD [5,6]. In both studies, subcutaneous vedolizumab was studied as a
maintenance therapy in patients who responded to two intravenous doses of vedolizumab
300 mg at week 0 and 2. The primary endpoint was clinical remission in week 52. In
VISIBLE 1, 46.2% of UC patients on subcutaneous vedolizumab achieved clinical remission
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vs. 14.3% of patients on placebo (p < 0.001). In VISIBLE 2, clinical remission at week 52
was achieved in 48.0% of CD patients receiving subcutaneous vedolizumab compared to
34.3% of patients on placebo (p = 0.008). Moreover, in the VISIBLE 1 study, the efficacy of
the subcutaneous and intravenous forms of vedolizumab has proven to be comparable,
as clinical remission at week 52 was achieved in 42.6% of patients receiving intravenous
vedolizumab. In both studies, subcutaneous vedolizumab has proven to be safe and tol-
erable, with a safety profile comparable to that of intravenous vedolizumab (except for
injection site reactions) [5,6].

Therapeutic drug monitoring (TDM) is used regularly in the treatment of patients
with anti-tumor necrosis factor alpha (anti-TNF) drugs, but its role in treatment with newer
biologics, including vedolizumab, is not completely clear [7]. Although pharmacokinetic
data show that vedolizumab serum concentrations during induction and maintenance
therapy correlate with clinical outcomes, it is probably not as evident as for anti-TNF
drugs [7]. Moreover, there is no clear cut-off for vedolizumab serum concentration, neither
for induction nor for maintenance therapy, with which positive clinical outcomes would be
associated [8]. In the VISIBLE 1 clinical study, average steady state vedolizumab trough
concentration in patients with UC treated with subcutaneous vedolizumab was 35.8 mg/L
(SD ± 15.2), which is comparable to average vedolizumab through concentration for
intravenous dosing every 4 weeks [9]. It has been shown, for both subcutaneous and
intravenous vedolizumab, that with higher serum trough concentrations, more patients
achieve clinical remission and endoscopic response [10].

Little is known about how the change from intravenous to subcutaneous vedolizumab
in patients that are on stable maintenance therapy affects clinical outcomes. Recent real-
world studies [11–14] showed that clinical outcomes did not significantly change in patients
who changed to subcutaneous vedolizumab, but more data are still needed. In this study,
we present data on vedolizumab serum concentration, efficacy, and safety in patients that
transitioned from maintenance therapy with intravenous vedolizumab to the subcutaneous
form of the drug.

2. Results

Thirty-two patients entered the study, but only patients that finished the 6-month
visit were included in the further analysis. The study’s algorithm is shown in Figure 1. In
total, 24 patients, 13 with UC and 11 with CD, were included in the final analysis. Among
CD patients, most patients had an inflammatory phenotype and ileocolonic localization,
and among UC patients, most had left-sided colitis. A little over half of the patients
were biologic-naïve prior to the beginning of the vedolizumab therapy (54.2%). Only
one patient was taking corticosteroids (prednisone) at the time of transition to subcutaneous
vedolizumab, but it was at a low dose and due to arthritis and not inflammatory bowel
disease (IBD). Patients’ baseline characteristics are presented in Table 1.

Mean steady-state serum trough concentration of intravenous vedolizumab was sig-
nificantly lower than mean steady-state serum trough concentration of subcutaneous
vedolizumab (p = 0.002) (Table 2). There was no significant difference between median
C-reactive protein (CRP) and fecal calprotectin values or clinical scores (Harvey–Bradshaw
index, HBI, or Partial Mayo score, PMS) prior to transition to subcutaneous vedolizumab
and 6 months after the transition (Table 2). All patients were in clinical remission at the
time of transition to subcutaneous vedolizumab, and 16 (66.7%) were in biochemical re-
mission prior to transition. At follow-up, 87.5% (21/24) of patients were in clinical, and
54.2% (13/24) were in biochemical remission. In five patients who had fecal calprotectin
>250 µg/g at follow-up, endoscopy was performed to confirm relapse. Endoscopic signs
of disease flare were found in three patients (12.5%). There was no significant difference
in the proportion of patients in clinical remission, biochemical remission or remission
defined by fecal calprotectin <250 µg/g before and after the transition to subcutaneous
vedolizumab (p = 0.250, p = 0.453, and p = 1.000, respectively; Figure 2). In four (16.7%)
patients, two CD and two UC, therapy was changed during the follow-up period with
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a median of 5 months (minimum–maximum 4–6) from the transition to subcutaneous
vedolizumab. In all patients, therapy was changed due to the loss of response. In two CD
patients, vedolizumab dosing was optimized to every 4 weeks intravenously, and two UC
patients started corticosteroids and were planned to switch to another biologic. No patient
had surgery or was hospitalized due to IBD during the follow up period.
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Figure 1. Algorithm of patients’ enrolment in the study.

Table 1. Baseline patients’ characteristics.

Patient Characteristics (N = 24)

Female, n (%) 8 (33.3)
Age, years, median (minimum, maximum) 50 (25, 77)
Body mass, kilograms, median (minimum, maximum) 85 (55, 116)
Currently smoking, n (%) 2 (8.3)
Diagnosis, n (%)

CD 11 (45.8)
UC 13 (54.2)

Duration of IV vedolizumab therapy, months, median
(minimum, maximum) 11 (5–58)

Age at onset, CD, N = 11 (n, %)
A1: <16 years 1 (9.1)
A2: 17–40 years 5 (45.45)
A3: >40 years 5 (45.45)

Disease location of CD, N = 11 (n, %)
L1: Ileal 2 (18.2)
L2: Ileocolonic 7 (63.6)
L3: Colonic 2 (18.2)
L4: Upper gastrointestinal tract 1 (9.1)

CD behaviour, N = 11 (n, %)
B1: Inflammatory 7 (63.6)
B2: Stricturing 3 (27.3)
B3: Fistulizing 1 (9.1)
P: Perianal disease 1 (9.1)
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Table 1. Cont.

Patient Characteristics (N = 24)

Age at onset, UC, N = 13 (n, %)
A1: <16 years 0 (0)
A2: 17–40 years 6 (46.2)
A3: >40 years 7 (53.8)

Disease location of UC, N = 13 (n, %)
E1: Proctitis 0 (0)
E2: Left-sided colitis 8 (61.5)
E3: Extensive colitis 5 (38.5)

Therapy prior to beginning of IV vedolizumab, n (%)
Biologic-naïve 13 (54.2)

ASA, corticosteroids 8 (33.3)
AZA, MTX 5 (20.8)

Biologic-experienced 11 (45.8)
1 5 (20.8)
2 or more 6 (25.0)

Prior surgery due to IBD, (n, %)
CD patients

Bowel resection 5 (20.8)
Perianal disease 1 (4.2)
Liver transplantation due to PSC 1 (4.2)

UC patients 0 (0)
Concomitant therapy for IBD

Corticosteroids, n (%) 1 (4.2)
AZA or MTX, n (%) 1 (4.2)

Disease activity
HBI, n (median, minimum–maximum) 11 (0, 0–3)
PMS, n (median, minimum–maximum) 13 (0, 0–0)
Clinical remission, n (%) 24 (100)
CRP, mg/L, n (median, minimum–maximum) 23 (3.6, 0.4–23.1)
FC, µg/g, n (median, minimum–maximum) 16 (67, 16–772)
Biochemical remission, n (%) 16 (66.7)

Serum vedolizumab trough concentration during IV therapy
(mg/L), mean (SD) 22.57 (15.42)

Abbreviations: IV—intravenous, CD—Crohn’s disease, UC—ulcerative colitis, IBD—inflammatory bowel disease,
ASA—aminosalycilates, AZA—azathioprine, MTX—methotrexate, PSC—primary sclerosing cholangitis, HBI—
Harvey–Bradshaw index, PMS—Partial Mayo score, CRP—C-reactive protein, FC—fecal calprotectin, SD—
standard deviation.

Table 2. Change in vedolizumab trough concentration, fecal calprotectin level, C-reactive protein
level, Harvey–Bradshaw index, and Partial Mayo score before and after transition from intravenous
vedolizumab to subcutaneous vedolizumab.

Outcome Baseline After 6 Months p Value

Vedolizumab serum trough
concentration (mg/L),

n = 22, mean (SD)
22.86 (15.66) 35.62 (15.46) 0.002 *

Fecal calprotectin (µg/g), n = 15,
median (minimum–maximum) 67 (16–772) 58.5 (16–1230) 0.570 **

C-reactive protein (mg/L), n = 19,
median (minimum–maximum) 3.6 (0.4–23.1) 6.8 (0.6–34.5) 0.126 **

Harley-Bradshaw index, n = 11,
median (minimum–maximum) 0 (0–3) 0 (0–3) 0.317 **

Partial Mayo score, n = 13,
median (minimum–maximum) 0 (0) 0 (0–4) 0.102 **

Abbreviations: SD—standard deviation. * Student’s t-test. ** Wilcoxon signed ranks test.
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Figure 2. Proportion of patients in clinical remission, remission defined by fecal calprotectin
(FC) < 250 µg/g, and biochemical remission, defined as C-reactive protein (CRP) ≤ 5 mg/L and/or
FC < 250 µg/g, prior to transition to subcutaneous vedolizumab and after the transition.

In total, 13 (54.2%) treatment-emergent adverse events (TEAE) were reported by 11
patients, and the most common TEAE was COVID-19 (Table 3). One patient reported
injection site reaction (erythema around the injection site), and no serious adverse events
were reported.

Table 3. Incidence of treatment-emergent adverse events by system organ class and preferred term.

Treatment-Emergent Adverse Events (n, %) All Patients (N = 24)

Infections and infestations 5 (20.8)
COVID-19 4 (16.6)
Fungal foot infection 1 (4.2)

Neoplasms benign, malignant and unspecified (incl
cysts and polyps) 2 (8.4)

Anogenital warts 1 (4.2)
Bowen’s disease 1 (4.2)

General disorders and administration site conditions 2 (8.4)
Pyrexia 1 (4.2)
Injection site erythema 1 (4.2)

Skin and subcutaneous tissue disorders 2 (8.4)
Urticaria 1 (4.2)
Pruritus 1 (4.2)

Blood and lymphatic system disorders 1 (4.2)
Iron deficiency anaemia 1 (4.2)

Musculoskeletal and connective tissue disorders 1 (4.2)
Arthritis 1 (4.2)

3. Discussion

Subcutaneous vedolizumab is a novel formulation of vedolizumab that can be used
as a maintenance therapy in IBD patients as an alternative to the intravenous formulation.
It is administered in a dosage of 108 mg every other week, compared to a dosing scheme
of 300 mg every 8 weeks (or 4 weeks in optimized dosing) for intravenous formulation.
Subcutaneous therapy has many advantages over intravenous administration of drugs. It
requires less frequent visits to the hospital, and it is less time-consuming and therefore more
convenient for patients. It also reduces the use of staff resources and the financial burden
on a healthcare system. Subcutaneous therapy can also have some disadvantages, such
as less control over patient’s adherence to the therapy or potential local allergic reactions.
As well, there is a possibility of an inappropriate storage of the drug at home, which can
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lead to lower effectiveness or adverse events. Some patients, moreover, dislike the idea
of self-injecting or more frequent dosing of subcutaneous formulations [15]. In recent
studies on patient acceptance of switching from intravenous infliximab or vedolizumab to
subcutaneous formulations of the drug, the majority (58–78%) of the patients accepted the
switch, and the main motivation was saving time [16,17].

Phase III trials, VISIBLE 1 and 2, presented data on the efficacy and safety of sub-
cutaneous vedolizumab in patients with UC and CD in a controlled setting of a clinical
trial. Our real-world study is assessing vedolizumab serum trough concentration, efficacy,
and safety after the transition from intravenous to subcutaneous vedolizumab in patients
that were on a prior stable maintenance therapy with intravenous vedolizumab. Median
duration of prior intravenous vedolizumab therapy in our cohort is 11 months, with some
patients receiving intravenous vedolizumab for almost 5 years (maximum of 58 months)
prior to transition.

In our cohort, mean steady state serum vedolizumab trough concentration increased
from 22.86 mg/L (±15.66 mg/L) for intravenous vedolizumab to 35.62 mg/L (±15.46 mg/L)
for subcutaneous vedolizumab. Higher serum vedolizumab trough concentration after
the transition to subcutaneous vedolizumab is comparable to data from the VISIBLE 1
and VISIBLE 2 studies. Initial pharmacokinetic modelling in the VISIBLE 1 trial estimated
median serum trough concentration for subcutaneous vedolizumab at 34.6 mg/L (90% CI,
15.5–72.8 mg/L) [5]. In the VISIBLE 2 trial, median serum trough concentration at week 52
was 30.2 mg/L (0.78–70.1 mg/L) [6]. Our results are also in line with published real-world
data. Volkers et al. [11] reported median serum vedolizumab trough concentration of
36 mg/L (IQR 29–39 mg/L) 24 weeks after transition from intravenous vedolizumab,
although data on trough concentration were available from only eight patients. In the
study by Wiken et al. [12], median vedolizumab plasma concentration was even higher,
at 44 mg/L (IQR 28.9–64.7), but some patients were on a shorter dosing interval than the
recommended 2-week dosing, and it is not evident whether the reported concentration
is trough concentration. Two other studies [13,14] reported lower serum vedolizumab
trough concentration in patients on subcutaneous vedolizumab (22.7 mg/L and 19 mg/L,
respectively); in both, however, a comparable increase in serum vedolizumab trough
concentration was seen after the switch from intravenous vedolizumab (∆12.7 mg/L and
∆10.9 mg/L, compared to ∆12.8 mg/L in our study). As vedolizumab concentration in
our and other real-life studies was measured using different ELISA-assays, differences
in absolute values are probably due to low reproducibility and accuracy of the method.
Although studies consistently show elevated trough levels of subcutaneous vedolizumab,
the clinical significance of higher trough concentrations is not yet clear. Subcutaneous
drugs have lower bioavailability, lower peak concentrations, and differences between
peak and trough concentrations are smaller [18]. Therefore, two formulations cannot be
directly compared. Total drug exposure for intravenous 8-week dosing and subcutaneous
2-week dosing of vedolizumab is shown to be similar [9], so increased trough levels for
subcutaneous formulation are not expected to lead to better clinical outcomes. Further
studies are needed to confirm or dismiss this statement. The exposure–response relationship
was observed in studies for both formulations of vedolizumab [10,19,20]; however, exact
cut-off values of vedolizumab trough levels for achieving positive clinical outcomes are
still unknown [21].

A study by Ventress et al. [13] reported a significant, but not clinically important, rise
in fecal calprotectin 12 weeks after the transition from intravenous vedolizumab. On the
contrary, Bergqvist et al. [14] showed a decrease in median fecal calprotectin in all cohort
subjects and in CD patients after the drug application type switch. In our patients, there
was no significant difference between CRP, fecal calprotectin, or clinical scores prior to and
after the transition to subcutaneous vedolizumab. Our results also showed that there was
no significant difference in the proportion of patients in clinical and biochemical remission
before and after the switch, implicating that patients on established vedolizumab therapy
could be switched to subcutaneous vedolizumab without compromising the drug’s efficacy.

51



Pharmaceuticals 2023, 16, 239

Similar results were shown by two other real-life studies [11,12] further confirming the
previous statement. During the 6 months follow-up, four patients (16.7%) discontinued
subcutaneous vedolizumab because of loss of response, showing that drug persistence
in our study is slightly lower than in patients on long-term maintenance therapy with
intravenous vedolizumab [22,23]. In patients who switched to subcutaneous vedolizumab
in other real-life studies, drug persistence was also slightly higher than in our cohort
(88.1–95.5% at 6 months) [11,14].

No serious adverse events were reported during the follow-up, with COVID-19 being
the most reported adverse event by patients. Injection site reactions are probably underre-
ported due to predominantly mild reactions, as only one patient reported mild erythema
around an injection site.

The main limitation of this study is the low number of patients included. However, as
there are only a few real-world studies published so far, it will add valuable data to overall
knowledge on efficacy and safety of subcutaneous vedolizumab as a maintenance therapy
in a real-world setting, especially in patients that are already on established vedolizumab
therapy. Due to the low number of patients included, we did not group our results according
to diagnosis (CD and UC); instead, data are presented collectively. Moreover, there is no
control group, as the study was designed to follow a cohort of patients prior to and after
the switch to subcutaneous vedolizumab. Another potential limitation of this study is
that we did not present data on vedolizumab immunogenicity, as there is no commercially
available kit for detection of antidrug antibodies for vedolizumab. According to data from
previous studies, immunogenicity of vedolizumab is low, so we do not expect that this data
would be of clinical importance. Finally, endoscopy data prior to and after the switch were
not presented, as only a few patients had data on endoscopy findings available.

4. Materials and Methods
4.1. Patients and Protocol Description

We approached CD and UC patients treated with vedolizumab at the Department
of Gastroenterology and Hepatology in the University Hospital Centre Osijek. At our
department, all patients that had a stable disease (based on clinical symptoms, fecal cal-
protectin, or endoscopy) and were not on corticosteroid therapy due to IBD or optimized
vedolizumab dosing (every 4 weeks), were planned to transition to a subcutaneous form
of vedolizumab after its approval in Croatia. Inclusion criteria for this study were: signed
informed consent, diagnosis of IBD, age > 18 years, transition from intravenous to subcuta-
neous vedolizumab (prior or current), and at least four intravenous doses of vedolizumab
received. Exclusion criteria were unwillingness to sign informed consent and continuation
of intravenous vedolizumab. Data on age, gender, body mass, diagnosis, previous therapy
for IBD, previous surgery due to IBD, comorbidities, concomitant therapy, CRP (at the
time of the last intravenous dose of vedolizumab), HBI or PMS were gathered either from
patients or from the electronic medical records. In patients that were still on intravenous
vedolizumab, on the day of infusion, blood was taken for serum vedolizumab trough level.
If patients were included in the study after they had already transitioned to subcutaneous
vedolizumab, serum trough level of intravenous vedolizumab was taken from their medical
records. The fecal calprotectin level was also collected from patients’ medical records if it
was recorded within six months prior to transition to subcutaneous vedolizumab, and only
values from the Department of Laboratory Diagnostics of the University Hospital Centre
Osijek were considered valid.

Patients were followed prospectively for 6 months from transition to subcutaneous
vedolizumab or until a change in therapy. Data on a change in therapy (introduction of
corticosteroids, vedolizumab optimization to every 4 weeks intravenously, or vedolizumab
cessation), hospitalizations, surgery due to IBD, TEAE, CRP, and fecal calprotectin level,
were taken at the 6-month visit. Data for HBI or PMS calculation were also taken. A
four-week window was allowed around this timeline, as it was a real-world study. On the
day of the dosing, blood was collected for subcutaneous vedolizumab serum trough level.
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4.2. Outcomes

The primary outcome in this study was the change in serum vedolizumab trough level
after the transition from intravenous to subcutaneous vedolizumab. The secondary out-
comes were proportion of patients with change of therapy, change in CRP and fecal calpro-
tectin level, change in clinical scores (HBI or PMS), remission rate, rate of hospitalizations or
surgery due to IBD, and TEAE incidence after the transition to subcutaneous vedolizumab.

A change in therapy was defined as vedolizumab cessation, change to intravenous
vedolizumab with a dosing schedule of every 4 weeks, or initiation of corticosteroids, due
to loss of response or an adverse event. Clinical remission was defined as HBI < 5 and PMS < 2,
and biochemical remission as CRP level ≤ 5 mg/L and/or fecal calprotectin < 250 µg/g [24,25].
TEAE were presented by system organ class and preferred term (Medical Dictionary for
Regulatory Activities, MedDRA, version 25.1).

4.3. Vedolizumab Serum Trough Concentration

For vedolizumab serum concentration venous blood was sampled in a 4 mL tube
without anticoagulant (BD Vacutainer, Becton, Dickinson, and Company, Franklin Lakes,
NJ, USA). All blood samples for vedolizumab serum trough concentration were processed
at the Department of Laboratory Diagnostics of University Hospital Centre Osijek. A
blood sample from each patient was centrifuged for 10 min at 1370× g, and 2 mL of serum
was separated and stored at −20 ◦C until analysis. In the serum sample, vedolizumab
trough concentration was measured using a Promonitor VDZ sandwich enzyme-linked
immunosorbent assay (ELISA) method (Progenika Biopharma S.A., Grifols, Barcelona,
Spain) according to the manufacturer’s protocol on an ELISA processor ETI-Max 3000
(DiaSorin S.p.A, Saluggia, Italy).

4.4. Statistics

Categorical variables are presented with absolute and relative frequencies. Numerical
variables are presented as mean and standard deviation in case of normal distribution, or
as a median and min-max range if data were not normally distributed. Differences between
numerical variables of two dependent groups were calculated using paired Student’s t-test
or Wilcoxon test. Missing data are shown by presenting numbers of data points included
in analysis in figures and tables. Differences between categorical variables were calculated
using McNemar’s test. All testing was two-tailed, and p < 0.05 was considered statistically
significant. For statistical analysis, the MedCalc program was used (version 17.9.0, MedCalc
Software, Osted, Belgium).

4.5. Ethical Considerations

The study was performed in accordance with the principles of the Declaration of
Helsinki. The study was approved by the Ethics Committee of the Faculty of Medicine of the
J. J. Strossmayer University of Osijek (602-04/22-08/02, 30 April 2022). Patients that agreed
to participate in this study were included after they had signed the informed consent.

5. Conclusions

In conclusion, subcutaneous vedolizumab has been shown to be effective and safe in
patients on previously established maintenance therapy with intravenous vedolizumab.
Higher trough concentration of subcutaneous vedolizumab in our cohort did not lead
to significant changes in clinical scores, CRP or fecal calprotectin level; however, further
research is needed to establish whether it can lead to better clinical outcomes.
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MK2 Inhibitors as a Potential Crohn’s Disease Treatment
Approach for Regulating MMP Expression, Cleavage of
Checkpoint Molecules and T Cell Activity
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Abstract: Crohn’s Disease (CD) and Ulcerative Colitis (UC) are the two major forms of inflammatory
bowel disease (IBD), which are incurable chronic immune-mediated diseases of the gastrointestinal
tract. Both diseases present with chronic inflammation that leads to epithelial barrier dysfunction
accompanied by loss of immune tolerance and inflammatory damage to the mucosa of the GI tract.
Despite extensive research in the field, some of the mechanisms associated with the pathology in
IBD remain elusive. Here, we identified a mechanism by which the MAPK-activated protein kinase
2 (MK2) pathway contributes to disease pathology in CD by regulating the expression of matrix
metalloproteinases (MMPs), which cleave checkpoint molecules on immune cells and enhance T
cell activity. By utilizing pharmaceuticals targeting MMPs and MK2, we show that the cleavage
of checkpoint molecules and enhanced T cell responses may be reduced. The data presented here
suggest the potential for MK2 inhibitors as a therapeutic approach for the treatment of CD.

Keywords: inflammatory bowel disease; Crohn’s Disease; MK2; MAPKAPK2; checkpoint molecules;
Lag3; PD-L1; matrix metalloproteinases (MMPs)

1. Introduction

The two major types of inflammatory bowel disease (IBD), Crohn’s Disease (CD) and
Ulcerative Colitis (UC), are incurable chronic immune-mediated diseases, but understand-
ing the mechanisms of pathologic immune responses remains elusive. CD may affect the
GI tract anywhere from the mouth to the anus, while UC is limited to the colon. These are
life-long diseases that afflict over 1.6 million people in the US and have been increasing
over the past decade worldwide [1]. Thus, in order to move forward in developing new
effective treatment approaches, a better understanding of the mechanisms of inflammation
are needed, with a focus on how CD and UC may differ in inflammatory mechanisms
leading to pathogenesis of the GI tract.

One of the immune cell types that are known to be pathogenic, but are thought to
differ between CD and UC, are CD4+ T cell responses [2]. Specifically, CD is known
to have increased Th1 and Th17 responses, which may not be as prominent in UC [3].
Checkpoint molecules are key regulators of the immune response and are critical for
maintaining tolerance to keep the immune system in check. In IBD, there is a loss of
tolerance and overactive immune responses to normal flora and other factors in the GI
tract. In a hyperactive immune state, inhibitory checkpoint molecules may be dysregulated,
leading to various pathologies. While the most well-studied inhibitory checkpoint molecule
on T cells is the programmed cell death protein 1 (PD-1), there are other less well studied
negative regulators of T cell responses. In particular, lymphocyte-activation gene 3 (Lag3)
is expressed on activated T cells and binds to Class II MHC on antigen-presenting cells [4].
Lag3 plays a known role in negatively regulating T cell activation and has also been reported
to promote the inhibitory activity of regulatory T cells (Tregs) [5]. During colitis, Lag3 is
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thought to be expressed by regulatory T cells and can restrain gut resident macrophages
and innate lymphoid cells [6]. Thus, its regulation could be an important factor in IBD,
and dysregulation of this molecule could lead to increased inflammatory damage. Another
inhibitory checkpoint molecule expressed on T cells is B and T lymphocyte attenuator
(BTLA), which is in the B7 family of checkpoint molecules. Upon BTLA binding to its
receptor, herpes virus entry mediator (HVEM), which is expressed on a variety of cell
types, this interaction plays an important role in regulating T cell proliferation and cytokine
production [7]. In the intestine, BTLA has been suggested to play a critical role in preventing
intestinal inflammation [8].

Other inhibitory checkpoint molecules may be expressed on antigen-presenting cells,
fibroblasts, and epithelial cells of the GI tract. The programmed death-ligand-1 (PD-L1) has
been a major focus for various diseases for maintaining tolerance in the intestine, inhibiting
T cell responses, and promoting Tregs [9]. We previously found a difference in regulation
of this molecule by fibroblasts in CD vs. UC, which directly affected T cell responses. In
CD, PD-L1 was downregulated in association with increased Th1- and Th17-promoting
cytokines [10], which may be partially responsible for the pathogenic CD4+ T cell responses
seen in CD.

Matrix metalloproteinases (MMPs) are enzymes that are critical in degrading proteins
in the extra cellular matrix and play a major role in tissue remodeling and repair [11,12]. In
IBD, MMPs 1, 2, 3, 7, 8, 9, 10, 12, and 13 have been documented to be produced and sus-
tained during the disease course at multiple timepoints [13,14]. In CD in particular, MMPs
are known to be increased in expression and play a role in fibrosis [15,16]. However, their
overall effects and potential mechanisms associated with disease are not fully understood.
We previously showed that several MMPs are produced by CD-derived fibroblasts and led
to decreased PD-L1 expression in fibroblast cultures [10]. In particular, MMP7, MMP9, and
MMP10 were found to be produced by CD-derived fibroblasts and have effects on PD-L1
expression, leading to increased Th1 and Th17 activity. Expression of MMPs are generally
thought to be regulated by tissue inhibitors of metalloproteinases (TIMPs); however, here
we found a novel regulator of MMP expression by the MK2 pathway. The MK2 pathway is
known for the regulation of cytokine production and plays a critical role in inflammation
and cancers [17,18]. Here, we found a novel function of this pathway in regulating MMP
expression in CD tissues.

For this study, we sought to uncover the underlying mechanisms of MMP production
and regulation of checkpoint molecules in IBD tissues. Their overall expression in IBD
tissues was examined, resulting in observed differences between CD and UC, with multiple
MMPs produced at significantly higher levels in CD than in UC tissues. MMP expression
was further associated with the cleavage of several critical checkpoint molecules, including
Lag3, BTLA, and PD-L1, which was specific to CD. We found these processes to rely on
MMP1, MMP2, and MMP12. Furthermore, we found the MK2 pathway, an important
pathway in cytokine regulation and colitis [19,20], to be highly expressed and activated
in CD tissues, and found that MK2 inhibitors decreased MMP expression and checkpoint
molecule cleavage. Finally, we identified that MMP1, MMP2, and MMP12 can cleave
Lag3 and BTLA from T cells and PD-L1 from monocytes, suggesting that MK2 is a novel
regulator of MMP expression and is a potential therapeutic target for CD.

2. Results
2.1. MK2 Expression and Activity Are Increased in CD

Because we have found the MK2 pathway to regulate inflammation, we examined
its expression in CD tissues compared to normal tissues. Biopsies from patients with no
known GI disease and from patients with active CD (visibly inflamed tissues) were stained
for p-MK2 from multiple areas of the colon. Staining of p-MK2 was found to be very low in
normal patient ascending colon (AC), descending colon (DC), and ileum, but drastically
higher in active CD biopsies (Figure 1A). MK2 gene expression was also examined in
panels of 12 samples where non-active CD showed a 1.78-fold increase compared to the
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mean of the panel of normal tissues, and active CD was found to have a mean of 7.52-fold
increase (Figure 1B). UC tissues were found to have the same level of MK2 as normal
tissues, suggesting that the MK2 pathway of inflammation may be specific to CD in IBD.
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Figure 1. MK2 expression and activity are increased in CD tissues where (A) biopsies stained for
p-MK2 show drastically increased staining in CD tissues compared to normal tissues and (B) MK2
gene expression is increased slightly in non-active CD tissues and much higher in active CD tissues,
but not increased in active UC tissues. N = 12 for gene expression, * p < 0.05.
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2.2. Checkpoint Molecules Are Cleaved from CD Tissues in an MK2-Dependent Manner

In IBD, there is evidence of soluble PD-L1 due to cleavage from fibroblasts [10], which
led us to further examine this phenomenon. Tissues from CD and UC patients along with
normal controls were divided into 4 mg sections and incubated with MK2i or vehicle
control for 18 h. Supernatants were collected for analysis of checkpoint molecules by
multiplex bead array. As shown in Figure 2A–D, BTLA, Lag3, PD-L1, and PD-L2 were
found in supernatants in a soluble form from CD samples, but they were not significantly
changed in supernatants from active UC tissues. To note, PD-1 was also examined, but not
detected at significant levels in supernatants. These molecules were significantly decreased
in supernatant from tissues incubated with MK2i in CD for BTLA, Lag3, and PD-L1, but
not PD-L2, suggesting that MK2 may play a role in the regulation of checkpoint molecules
in CD.
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Figure 2. Checkpoint molecules are cleaved from CD tissues in an MK2-dependent manner where
supernatants from 4 mg tissues pieces were incubated with MK2i or vehicle control and supernatants
run on checkpoint multiplex array indicating that (A) BTLA, (B) Lag3, (C) PD-L1, and (D) PD-L2
were measured and shown to be cleaved into supernatants, which was reversed by MK2i treatment,
but not with UC tissues. N = 23 for control, 29 for CD, and 27 for UC, * p < 0.05.

2.3. MMP Production Is Increased by CD Tissues in an MK2-Dependent Manner

Previous work has suggested that MMPs are able to cleave checkpoint molecules [10,21],
so we sought to investigate a potential link between MMPs and MK2. Supernatants from
normal, CD, and UC tissues mentioned above were also examined for MMP production
by multiplex bead array. MMPs were found to be produced by both CD and UC tissues at
higher levels than normal tissues (Figure 3A), with MMP1, MMP2, MMP10, and MMP12
produced at significantly higher levels in CD tissues than in UC tissues. These MMPs were
decreased in the supernatants of samples that had been incubated with MK2 inhibitors
compared to control. At the gene level, CD samples incubated with MK2i also showed
decreased gene expression of these MMPs compared to control: MMP1 at 23-fold, MMP2 at
8-fold, MMP10 at 16-fold, and MMP12 at 28-fold (Figure 3B). Thus, taken together, we have
demonstrated there is an MMP expression difference between CD and UC tissues, which
may be directly regulated by MK2 activity.
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Figure 3. MMP production is increased in IBD tissues, but some are decreased by MK2 inhibition
where (A) multiplex arrays of tissue supernatants indicate the MMP1, MMP2, MMP10, and MMP12
are produced by CD tissues and significantly decreased when tissues are treated with MK2 inhibitors
and (B) gene expression of these MMP2 is also decreased by tissues incubated with MK2 inhibitors.
N = 23 for control, 29 for CD, and 27 for UC, and 8 for gene expression * p < 0.05.

2.4. Checkpoint Molecules Are Cleaved from CD Tissues in an MMP-Dependent Manner

To investigate the direct role of MMPs in cleaving checkpoint molecules, a panel of CD
tissues were incubated with the MMP inhibitor drug GM6001, in a similar approach as MK2
inhibitor described above and compared to the control. Supernatants were collected for
analysis of checkpoint molecules. BTLA, Lag3, and PD-L1 were all found to be drastically
decreased in the supernatants of tissues treated with GM6001 (Figure 4A–C), indicating
that these molecules are cleaved in an MMP-dependent manner from CD tissues.
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Figure 4. Checkpoint molecule cleavage from CD tissues is inhibited by GM6001 MMP inhibitor
where the multiplex array of tissue supernatants indicates that (A) BTLA, (B) Lag2, and (C) PD-L1
are decreased when tissues are treated with GM6001. N = 8, * p < 0.05.

2.5. Recombinant MMPs Cleave Checkpoint Molecules from T Cells and Monocytes

In order to model the cell types involved in the pathogenesis of CD, Jurkat and THP-1
cells were utilized to examine the specific effect of the MMPs found in CD tissues, as
shown in Figure 3A. Recombinant MMPs were incubated in an APMA-containing buffer
for activation as previously described [21] and added to Jurkat cells treated with a cell
stimulation cocktail for 24 h or THP-1 activated with LPS for 24 h to maximize checkpoint
molecule surface expression. MMPs were added to cultures for 3 h for MMP1, MMP2, and
MMP10 and 24 h for MMP12. Supernatants were analyzed for BTLA and Lag3 for Jurkat
cells where MMP1, MMP2, and MMP12 were found to cleave these molecules (Figure 5A,B),
but not MMP10. For THP-1 cells, PD-L1 was significantly increased in the supernatants by
all four MMPs tested, which are specific to CD in our studies (Figure 5C). Taken together,
these data show that MMPs have checkpoint cleavage capabilities on various immune
cell types.
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Figure 5. MMPs cleave checkpoint molecules from T cells and monocytes where cells are treated
with recombinant MMPs activated in AMPA buffer and (A) BTLA and (B) Lag3 are cleaved from
Jurkat T cell line, and (C) PD-L1 is cleaved from THP-1 cells in supernatants. N = 6, * p < 0.05.

2.6. T Cell Activation and Cytokine Production Are Dependent on MMPs

As checkpoint molecules are critical in T cell activation, proliferation, and cytokine
production, the impact of MMPs on Jurkat cell activity was investigated. Jurkat cells were
activated with a cell stimulation cocktail, and THP-1 cells were activated with LPS for 24 h.
Supernatants from each cell type and co-cultures were examined for MMPs by multiplex
array. MMP1, MMP2, and MMP10 (but not MMP12) were produced in cultures, with
Jurkat cells treated with cell stimulation cocktail produced MMP2 and MMP10, but MMP1
required co-culture with THP-1 cells (Figure 6A). Furthermore, these cells were stained
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for CD69 as a marker of activation and found to express CD69 alone and in co-culture
with THP-1 cells, which was decreased when exposed to the MMP inhibitor (Figure 6B).
The supernatants from these cultures also showed increased IL-2 and IFNγ, which were
significantly decreased in cultures with MMP inhibitors (Figure 6C,D). These data suggest
an important role for MMPs in the regulation of T cell responses that are important in CD.
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Figure 6. Activated T cells and T cells in co-culture with monocytes produce MMPs and are activated,
which are decreased by GM6001 MMP inhibitor where (A) MMPs are produced and activated by
Jurkat cells activated with a cell stimulation cocktail (CS) or activated in co-culture with THP-1 cells
activated with LPS and (B) express CD69 as an activation marker that is decreased by cells treated
with MMPi, as are (C) IL-2 and (D) IFNγ production. N = 6, * and ** p < 0.05.

2.7. CD Tissues Treated with MK2i or MMPi Have Decreased T Cell Activation Markers

In order to confirm the findings with Jurkat cells, indicating that MMPs cleave check-
point molecules and increase activation and cytokine production, human 4 mg CD tissues
were incubated with vehicle control, MK2i, or MMPi for 18 h. Tissues were examined for
CD69 gene expression and MK2i was found to decrease expression by 3.64-fold, and MMPi
similarly decreased expression by 4.03-fold, suggesting that the inhibitors may have an
impact on T cell activation in tissue (Figure 7A). Furthermore, when supernatants were
examined for cytokine production, IL-2 was significantly decreased as a marker of T cell
activity (Figure 7B), and IL-17A and IFNγ were also decreased as markers of pathologic T
cells in CD (Figure 7C,D). The known MK2 downstream cytokines IL-1β, IL-6, and TNFα,
which also may be pathogenic in CD, were also significantly decreased with MK2i, but
only IL-6 was decreased with MMPi (Figure 7E–G). Thus, confirming in vitro studies, T cell
activity and inflammatory cytokine production were decreased ex vivo in CD tissues with
inhibitors, suggesting that MK2i has therapeutic potential for CD.
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Figure 7. T cell activation markers are increased in active CD tissues but decreased when incubated
with MK2i and MMPi where (A) CD69 gene expression is decreased in samples incubated with MK2i
and MMPi compared to vehicle control and (B) IL-2, (C) IL-17A, (D) IFNγ, (E) IL-1β, (F) IL-6, and
(G) TNFα are decreased in tissue supernatants incubated with inhibitors. N = 8, * p < 0.05.

3. Discussion

Although CD and UC are both diseases of chronic inflammation, there continue to
be questions about differences in these two diseases that are puzzling. One difference
in the immune response between the two diseases may be in the T cell responses, with
CD having a stronger Th1 signature with IFNγ, but Th17 are also thought to play a
role [22]. T cell responses in general are regulated by checkpoint molecules. Checkpoint
molecules are in place to maintain tolerance, which is particularly important in the GI
tract because of the vast microbial community. However, in CD, there is a loss of tolerance
and an overactive T cell response, which leads to pathologies. Thus, dysregulation of
checkpoint molecules is one area that needs further examination in order to understand
IBD inflammatory pathologies.

The most well-studied checkpoint molecule expressed on antigen presenting cells
and other cell types, such as fibroblasts, is PD-L1 [23]. Studies have shown that dysregu-
lation of expression of PD-L1 promotes hyperactive T cell responses in IBD [9,24,25]. In
previous work, we showed that PD-L1 expression by fibroblasts in CD could be cleaved by
MMPs [10]. Here, we confirmed that this may also occur on monocytes/macrophages by ex-
amining the THP-1 cell line. Our work is in agreement with a study by Dezutter-Dambuyant
et al. that showed MMP cleavage of PD-L1 by mesenchymal stromal cells. However, this
study also indicated that PD-L2 was regulated by MMP9 and MMP13. We found soluble
PD-L2 in CD tissue supernatants but did not examine this further because PD-L2 appeared
to be regulated differently than PD-L1 in our system, in a non-MK2-dependent manner.
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Checkpoint molecules expressed by T cells are also critical in regulating T cell activa-
tion, proliferation, and function. Lag3 is known to bind to class II MHC and suppress T
cell function [4]. Early studies of Lag3 suggested that Lag3 inhibited T cell activation and
that blocking Lag3 with antibodies led to increased CD69 expression and the production of
Th1-associated cytokines [26]. Our study is in agreement with this study where we showed
that, after incubation with MMPs, Lag3 was cleaved into supernatants and expression of
CD69 and production of IL-2 and IFNγ were increased by Jurkat cells. Soluble Lag3 has
also been shown in cancer studies to activate antigen-presenting cells [27]. Thus, there is
potential that soluble Lag3 released from CD tissues could go on to exacerbate inflamma-
tion by activating macrophages and other APCs and thus promote further inflammation
in IBD. Lag3 has also been suggested to be expressed by regulatory T cells and able to
suppress gut macrophages and mucosal T cells in colitis [6], further suggesting that the
cleavage of Lag3 in IBD is detrimental. BTLA is the other checkpoint molecule expressed
by T cells that we investigated here. Less is known about the impact of the cleavage of
this molecule from CD tissues; however, it has been suggested that is a critical molecule in
protecting against mucosal damage in IBD [8]. In sepsis, soluble BTLA has been associated
with disease severity [28], thus, more studies are needed to understand the impact of this
molecule in IBD.

We have been examining the MK2 pathway for its role in inflammation and colitis-
associated cancer [18]. Previous work by us and others has shown that MK2 regulated
cytokine production implicated in CD inflammation, such as IL-1β, IL-6, and TNFα [17–19].
Here, we also show in ex vivo studies that treatment of tissue with MK2i leads to decreased
IL-1β, IL-6, and TNFα, which is in line with our previous work as they are known to be
involved in chronic inflammation in IBD. However, we also found a previously unrecog-
nized role for MK2 in regulating MMP expression. We found that incubating CD tissues
with MK2 inhibitors led to decreased MMP1, MMP2, MMP10, and MMP12, but other
MMPs were not significantly changed. We also found this regulation to be at the gene
level where tissues incubated with MK2 inhibitors had decreased MMP gene expression.
Although this is the first study to suggest that MK2 may directly regulate expression of
some MMPs, one group demonstrated that MK2 inhibition attenuated MMP2-dependent
cancer cell migration [29]. Another group further confirmed the association of MK2 with
MMP2 by transfecting cancer cells with constitutively active MK2, demonstrating that this
was associated with high MMP2 activity [30], and one more study also suggested that
MK2 is associated with MMP2 and MMP9 activity in bladder cancer [31]. However, to
our knowledge this is the first study to suggest that MK2 is associated with MMP activity
in CD.

The consequences of checkpoint cleavage were investigated by examining macrophage
and T cell responses by cytokine production and the activation marker CD69. In culture
with MMP inhibitors, THP-1 cells showed decreased PD-L1 cleavage, and Jurkat cells
showed decreased BTLA and Lag3 cleavage. Furthermore, Jurkat cells also showed de-
creased CD69 expression and decreased production of IL-2 as T cell activation markers,
and IFNγ indicative of a Th1 response. These responses are an important part of the
pathogenesis seen in CD by contributing to the elevated levels of inflammatory cytokine
production in active disease that disrupt barrier function. A limitation of the study is that
cell lines had to be used as a tool to model T cell responses in CD. However, in our previous
work, CD4+ T cells from patient donors were examined, suggesting that the cell line model
follows that Th1 and Th17 responses from the previous study [10]. We also performed
experiments in an ex vivo approach, which may have some limitations and tissue may
change over time, but because we were able to see cytokine changes that mimicked cell
culture changes, the two approaches complement one another.

Our previous work also showed that MMP inhibition led to decreased Th1 and Th17
development from naïve CD4 T cells in primary cultures with fibroblasts from CD pa-
tients [10]. Furthermore, in ex vivo experiments, we showed that incubation of CD tissues
with MK2i or MMPi have decreased T cell activity through CD69 expression and cytokine
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production. Thus, taken together, MMP inhibition has the potential to limit inflammation
in CD, and overall MMPs have clearly been shown to promote pathogenesis in IBD [32,33].
However, drugs targeting MMPs have not shown much progress in clinical trials [13,34].
Despite those findings, MK2 inhibition may be a mor effective treatment approach because
MK2 regulates MMP production and cytokine production. Here, we present evidence that
MK2 regulates specific MMPs in CD and show that the cleavage of checkpoint molecules
by specific MMPs (1, 2, 10, and 12) increases T cell activation and Th1-associated cytokine
production. Given our data and the published information on MK2 regulation of inflam-
matory cytokine production and MMP expression, and the safety information on MK2
inhibitors in human trials [35,36], these pharmaceuticals should be considered as a novel
therapeutic approach for CD.

4. Materials and Methods
4.1. Tissue Collection and Processing

CD and UC tissues were collected under IRB-approved protocols at the University of
New Mexico (10-513) for discarded surgical resections and 00127500 for the use of biopsy
samples from the GI and IBD Tissue Bank at the University of Utah. Samples were collected
from patients with no GI pathologies or CD with active disease or in remission. Sample
data are provided in a de-identified manner in Table 1. Tissue samples were divided into
4 mg +/− 0.3 mg and incubated in RPMI complete media for 18 h. Some samples were
incubated with MK2 inhibitor (PF-3644022, Sigma Aldrich) at 50 µM, the MMP inhibitor
GM6001 at 200 µM, or vehicle (DMSO) control for 18 h, and supernatants were collected
for multiplex analysis.

Table 1. Sample number per location.

Normal UC CD

Ileum 6 0 10

AC/transverse 6 7 6

DC/sigmoid 6 6 3

Rectum 5 5 6

Mixed 0 9 5

Total 23 27 29

4.2. Cell Lines

Jurkat and THP-1 cells were obtained from ATCC and maintained in RPMI sup-
plemented with 10% FBS, 1% L-glutamine, and 1% Penicillin/Streptomycin (RPMI 10%
complete media).

4.3. Immunofluorescence

Biopsy samples were snap frozen in optimal cutting temperature compound (OCT)
and sliced to a 10-micron thickness using a cryostat. Sections were fixed with 4% PFA for
15–20 min at room temperature (RT) and left to air dry. After drying, sections were blocked
with 2% BSA for 1 h and stained with anti-human MK2 overnight at 4 ◦C, followed by
AF488 for 1 h at RT. Mounting media with DAPI was added to the section, and slides were
imaged using an EVOS Auto2 microscope (ThermoFisher Scientific).

4.4. Multiplex Arrays

Tissue and cell supernatants were run in Milliplex arrays for soluble immune check-
point molecules (Human Immune Oncology Panel), cytokines (Human Cytokine Panel
1), and MMPs (Human MMP1 and MMP2 panels) from MilliporeSigma according to the
manufacturer’s instructions. Plates were analyzed on a Luminex MagPix instrument.
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4.5. Quantitative Real Time PCR

Tissue pieces were homogenized in TRIzolTM reagent (cat. 15596026, ThermoFisher
Scientific, Waltham, MA, USA), and RNA extraction was performed according to the
manufacturer’s instructions. The quality and quantity of RNA were measured with a
NanoDropTM Lite Spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). Total
RNA (100 ng/µL) was reverse transcribed using High-Capacity cDNA Reverse Transcrip-
tion Kit (cat. 4368814, ThermoFisher Scientific, Waltham, MA, USA) with the following
PCR settings: 25 ◦C for 10 min, 37 ◦C for 120 min, and 85◦C for 5 min. Quantitation of
mRNA was performed using real-time PCR with validated FAM dye-labeled TaqMan®

probes (Applied Biosystems, Foster City, CA, USA) for ACTB, MK2, MMP1, MMP2, MMP10,
MMP12, and CD69. The reaction mixture consisted of cDNA, TaqMan® Fast Advanced
Master Mix (Applied Biosystems, Foster City, CA, USA), TaqMan® Assays, and RNase-free
water in a total volume of 10 µL. Cycle parameters for TaqMan® assays were as follows:
initial denaturation at 95 ◦C for 3 min, followed by 40 cycles of sequential incubations at 95
◦C for 15 s and 60 ◦C for 1 min. Results were normalized to the expression of Actb gene,
i.e., housekeeping gene. All experiments were performed as duplicates on QuantStudio™
5 Real-Time PCR System (ThermoFisher Scientific, Waltham, MA, USA). The endpoint
used in real-time PCR quantification, Ct parameter, was defined as the PCR cycle number
that crossed the signal threshold. Quantification of gene expression was performed using
the comparative CT method (Sequence Detector User Bulletin 2; Applied Biosystems) and
reported as the fold change relative to the mRNA of the mouse housekeeping gene, ACTB.

4.6. MMP Cleavage Assays

Jurkat cells were stimulated with Cell Stimulation Cocktail (ThermoFisher Scientific)
for 48 h in 10% RPMI complete media, while THP-1 cells were stimulated with 1 µg of
LPS for 48 h. Cells were then fixed with 2% PFA for 15 min at RT then washed with 1X
PBS. Human MMP1, 2, 10, and 12 were purchased from AnaSpec (Fremont, CA, USA)
and resuspended in assay buffer containing 50 mM Tris, 10 mM CaCl2, 150 mM NaCL,
and 0.05% w/v Brij-35 (TCNB) at pH 8.0 in a flat-bottom 96-well plate. MMPs were
added to the cells to a final concentration of 200 ng/mL, along with 1 mM APMA, and
MMPs 1, 2, and 10 were incubated for 3 h, while MMP12 was incubated for 24 h at 37 ◦C.
Following the appropriate incubation period, the cells and TCNB media were centrifuged,
and supernatants were collected and stored at −80 ◦C for further analysis.

4.7. Jurkat and THP-1 Co-Culture Assays

A total of 1 × 105 Jurkat and THP-1 cells were added at a 1:1 ratio in RPMI 10%
complete media in flat-bottom 96-well plates. Jurkat cells were stained with Cell Trace
Violet (CTV) (ThermoFisher Scientific) according to the manufacturer/s instructions. Some
cells were added to media containing GM6001, a broad MMP inhibitor (MilliporeSigma),
and incubated for 15 min at RT. Cell Stimulation Cocktail (ThermoFisher Scientific) and
LPS (Enzo Life Sciences) were then added to cells, and media containing GM6001 and
cells were incubated individually and in co-culture conditions at 37 ◦C for 24 h. Following
24 h incubation, media was collected for multiplex array analysis and cells were stained
for CD69-APC clone FN50 (ThermoFisher Scientific) for flow cytometry. Flow cytometry
analysis was performed using an AttuneTM NxT Flow Cytometer and analyzed with
AttuneTM NxT Software (ThermoFisher Scientific, Waltham, MA, USA).

4.8. Statistical Analysis

Results were expressed as the mean ± SE of data obtained from at least three indepen-
dent experiments, each performed in triplicate. Differences between means were evaluated
by one-way ANOVA for multiple comparisons and Student’s t-test for the analysis of
the significance between two groups. Values of p < 0.05 were considered statistically sig-
nificant. Association between MK2, MMPs, and cytokines were analyzed using Pearson
correlation analysis.
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5. Conclusions

The MK2 pathway was found to be increased at the gene and phosphorylation level in
CD, but not in UC. MK2 was found to regulate MMP1, MMP2, MMP10, and MMP12 at the
gene level and subsequently checkpoint molecule cleavage from tissues as indicated by
incubating tissues with MK2 inhibitor drug. This cleavage was associated with increased T
cell activation, and cytokine production was decreased by MMP inhibitor drug in culture
and in tissues. Taken together, our data suggest that MK2 could be a novel therapeutic
target for CD.
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Abstract: Ulcerative colitis is a chronic and incurable form of inflammatory bowel disease that can
increase the risk of colitis-associated cancer and mortality. Limited treatment options are available for
this condition, and the existing ones often come with non-tolerable adverse effects. This study is the
first to examine the potential benefits of consuming (R,R)-BD-AcAc2, a type of ketone ester (KE), and
intermittent fasting in treating chronic colitis induced by dextran sodium sulfate (DSS) in rats. We
selected both protocols to enhance the levels of β-hydroxybutyrate, mimicking a state of nutritional
ketosis and early ketosis, respectively. Our findings revealed that only the former protocol, consuming
the KE, improved disease activity and the macroscopic and microscopic features of the colon while
reducing inflammation scores. Additionally, the KE counteracted the DSS-induced decrease in the
percentage of weight change, reduced the colonic weight-to-length ratio, and increased the survival
rate of DSS-insulted rats. KE also showed potential antioxidant activities and improved the gut
microbiome composition. Moreover, consuming KE increased the levels of tight junction proteins that
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protect against leaky gut and exhibited anti-inflammatory properties by reducing proinflammatory
cytokine production. These effects were attributed to inhibiting NFκB and NLRP3 inflammasome
activation and restraining pyroptosis and apoptosis while enhancing autophagy as revealed by
reduced p62 and increased BECN1. Furthermore, the KE may have a positive impact on maintaining
a healthy microbiome. To conclude, the potential clinical implications of our findings are promising,
as (R,R)-BD-AcAc2 has a greater safety profile and can be easily translated to human subjects.

Keywords: ulcerative colitis; ketone esters; (R,R)-BD-AcAc2; NLRP3 inflammasome; pyroptosis;
autophagy; gut dysbiosis

1. Introduction

Ulcerative colitis is a chronic inflammatory bowel disease (IBD) that affects a large
number of people; unfortunately, it is not curable at present. According to an investigation
into the worldwide impact of IBDs, there was a significant 47.45% increase in the estimated
number of cases between 1990 and 2019 [1]. The total number of individuals living with
IBDs globally is estimated to exceed 6.8 million [2]. The reported estimates indicate that
the risk of colorectal cancer (CRC) in patients with ulcerative colitis (UC) is approximately
2% after 10 years, 8% after 20 years, and 18% after 30 years of having the disease [3].
According to a comprehensive cohort study conducted in Denmark, individuals with
severe microscopic colitis were found to have a higher risk of mortality and colorectal
cancer [4].

In addition to reducing the quality of life, patients with this condition are at a higher
risk of colon cancer. While there are treatments available for this debilitating disease, they
only provide temporary relief and patients are likely to experience relapses over time.
Moreover, these treatments can have adverse effects and are often insufficient in achieving
long-term remission without maintenance therapy. For many patients, surgery is also a
reality, underscoring the urgent need for more effective treatments [5]. Risk factors for
ulcerative colitis include genetic susceptibility and factors that influence the gut microbiota,
such as antibiotic use and dietary changes, for example, extensive consumption of processed
foods [6].

The abnormal activation of the nucleotide-binding oligomerization domain-like recep-
tor protein 3 (NLRP3) inflammasome is a major contributor to the development of chronic
colitis, and therapeutic interventions targeting NLRP3 have demonstrated significant effi-
cacy in delaying or preventing disease onset [7]. Inflammasomes are a class of cytosolic
protein complexes that can detect a variety of stressors, exogenous pathogens, and endoge-
nous danger signals, triggering activation of caspase-1, and subsequent production of IL-1β
and IL-18, thereby initiating the inflammatory process. The priming signal required for
inflammasome activation converges on the activation of nuclear transcription factor kappa
B (NFκB) and the transcriptional induction of NLRP3 and pro-IL-1β. The activating signal,
which may be a danger signal, can directly activate inflammasome assembly [8]. Several
mechanisms have been proposed to explain the activation of the NLRP3 inflammasome,
including the generation of reactive oxygen species (ROS) [9]. Moreover, downstream of
the NLRP3 inflammasome activation, gasdermin D (GSDMD) cleavage and membrane
pore-formation has also been observed [10]. The process of pyroptosis, a highly inflam-
matory type of programmed cell death, is largely dependent on the cleavage of GSDMD,
as this cleavage releases the gasdermin D N-terminal fragment (NGSDMD) which carries
inherent pyroptosis-inducing capabilities [11]. In addition, The NLRP3 inflammasome has
been identified as playing a significant role in coordinating host physiology and immunity,
and researchers are actively studying its interactions with the gut microbiota [12]. Recent
studies have suggested that dysregulation of the NLRP3 inflammasome in response to
changes in the gut microbiota could contribute to the development of chronic colitis [13].
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Autophagy is a vital cellular process that removes unnecessary or dysfunctional com-
ponents through a regulated lysosome-dependent mechanism [14]. It is involved in several
pathological processes and plays a significant role in various diseases [15]. Recent research
indicates that autophagy dysregulation in intestinal epithelial cells (IECs) contributes to
the development and progression of IBDs [16]. Additionally, autophagy has emerged as a
potential drug target for managing colitis [17,18] and colitis-associated cancer [19,20]. In
particular, targeting autophagy ablation in IECs increases epithelial apoptosis and aggra-
vates inflammatory pathology [21]. These findings imply that manipulating autophagy
may be a viable therapeutic approach for the management of chronic colitis.

β-hydroxybutyrate is a ketone body metabolite primarily produced by the brain, liver,
heart, and skeletal muscles during caloric restriction, fasting, or a low-carbohydrate keto-
genic diet (KD) [22]. Additionally, β-hydroxybutyrate and its producing stimuli, such as
fasting and KD, have been shown to possess the ability to improve pro-inflammatory re-
sponses. Studies have demonstrated that β-hydroxybutyrate can alleviate pro-inflammatory
responses in Parkinson’s disease both in vitro and in vivo [23]. Several studies have shown
the beneficial effects of intermittent fasting and calorie restriction on mitigating neuroin-
flammation and sickness behavior induced by lipopolysaccharide [24,25]. Moreover, a
low-carbohydrate KD has been found to reduce tissue inflammatory responses in both
juvenile and adult rats [26]. These effects are attributed to the ability of β-hydroxybutyrate
to inhibit the NLRP3 inflammasome, which reduces the production of pro-inflammatory
cytokines [22].

The brief half-life of β-hydroxybutyrate brings up concerns about its practicality as
a potential treatment for humans. Moreover, the therapeutic use of this approach in a
clinical environment may not be financially feasible. There have been cases where β-
hydroxybutyrate was administered orally to two infants aged six months with persistent
hyperinsulinemic hypoglycemia for 5 and 7 months. Despite receiving high doses of up to
32 g/day, these patients reportedly tolerated the treatment well without experiencing any
adverse effects [27].

However, ketone esters (KEs), such as (R,R)-BD-AcAc2, offer an alternative source of
ketones to boost blood β-hydroxybutyrate levels. Once ingested, KEs are broken down
and metabolized, releasing ketone bodies into the bloodstream. This mimics the effects
of fasting or adhering to a KD by increasing plasma β-hydroxybutyrate levels. Notably,
KE supplementation can significantly enhance plasma β-hydroxybutyrate levels, even
when consuming a regular diet. The effects of KEs appear to depend on the dosage
and can endure for several hours after ingestion. Researchers are exploring the potential
therapeutic benefits of KEs in conditions like epilepsy [28] and Alzheimer’s disease [29],
where increasing ketone levels could be advantageous. Some individuals also use KEs to
achieve nutritional ketosis without following a strict ketogenic diet. Thus, consuming KEs
can be an effective pharmacological approach to raising plasma β-hydroxybutyrate levels.

In addition, It has been suggested that β-hydroxybutyrate may regulate the gut
microflora through indirect mechanisms that have yet to be fully understood [30]. While
it is widely believed that β-hydroxybutyrate plays a crucial role in the gut microbiome,
research directly studying its effects on the gut microflora is still very limited and its
mechanism is not well characterized. However, studies have shown that KD can impact
gut microbiota composition [31]. Therefore, it is possible that both intermittent fasting
and KE consumption, as methods to boost β-hydroxybutyrate production, may lead to
β-hydroxybutyrate-induced changes in the microbiome composition. Interestingly, the
present study may help to shed light on the potential implications of these changes.

To avoid the need for dietary changes, supplements like KEs have been developed
to mimic the effects of ketosis, as an alternative to KD. However, the use of exogenous
ketone supplements for treating ulcerative colitis in humans and animals has not been
thoroughly and directly evaluated in trials. Although the current evidence indicates that
KDs can be a feasible approach, further research is urgently needed to determine the
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optimal methods, understand the underlying mechanisms, establish dosage and safety
guidelines, and promote the widespread adoption of this strategy for treating colitis.

In this study, we have introduced a novel approach and potential treatment option
that could improve the chances of long-lasting success against a prevalent type of IBD.
Our research has presented preclinical data and explained the molecular mechanism
behind utilizing the KE known as (R,R)-BD-AcAc2, for the development of a new IBD
therapy. This treatment approach involves targeting the NLRP3 inflammasome and its
downstream signaling molecules, inhibiting pyroptosis and inducing autophagy. We
conducted preliminary trials to determine doses of (R,R)-BD-AcAc2 that successfully elevate
blood levels of β-hydroxybutyrate to mimic a state of nutritional ketosis. Furthermore, 16
h of intermittent fasting in rats succeeded in boosting blood levels of β-hydroxybutyrate,
mimicking a state of early ketosis.

This study is the first to examine the potential advantages of consuming (R,R)-BD-
AcAc2, a type of KE, in comparison to intermittent fasting for treating chronic colitis
induced by dextran sodium sulfate (DSS) in rats. Both protocols were selected to enhance
the levels of β-hydroxybutyrate. Our findings provide important insights into a promising
multi-pronged approach for achieving long-lasting remission in chronic colitis. The poten-
tial clinical implications of our findings are bolstered by the greater safety profile of KEs,
which enhances their translatability to human subjects.

2. Results
2.1. The Impact of KE Ingestion and Intermittent Fasting on the Microscopic Characteristics of
Chronic Colitis Induced by DSS

As depicted in Figure 1, the histopathological assessment of the N, N/F, and N/KE
groups (A, B, and C) revealed regular rounded mucus-secreting colonic glands with goblet
cells, indicating normal mucosal architecture with normal crypt bases and arrangement.
In contrast, sections from the CC and CC/F groups (Dand E) displayed submucosal
edema, inflamed mucosa, distortion of architecture, complete destruction of colonic glands,
and loss of goblet cells. Submucosal congestion and fibrotic tissue deposition were also
observed, along with mucosal and submucosal focal and diffuse inflammatory infiltrates
of lymphocytes, macrophages, eosinophils, and plasma cells. The ulcerated area from
the CC/KE group (F) showed improvement in the structure of the mucosa, with the
appearance of glands and crypts, a lower level of focal inflammatory cell infiltrate, and
a clear submucosa of very low degree of inflammatory cell infiltration, while edema still
existed. Less congestion and collagen deposition in the submucosa were also observed in
this group. These findings were also confirmed upon the assessment of the inflammation
score (G).
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mucosa (light gray arrow), distorted architecture, great destruction of colonic glands, and loss of 
goblet cells (dark gray arrow). Submucosal congestion and deposition of fibrotic tissue are evident 
(dark blue arrows). Furthermore, there are focal and diffuse inflammatory infiltrates of lympho-
cytes, macrophages, eosinophils, and plasma cells in the mucosal and submucosal layers (black ar-
rowheads). Panel (F) indicates an improvement in the structure of the mucosa in the ulcerated area 
of the CC/KE group. The appearance of glands and crypts (red arrowheads) indicates improved 
mucosal structure, with a lower level of focal inflammatory cell infiltration (black arrowhead) and 
clear submucosa with a very low degree of inflammatory cell infiltration (yellow arrowhead), alt-
hough edema persisted (blue arrow). Additionally, there are less congestion and collagen deposition 
in the submucosa (black arrows). The scale bar is 100 µm. The inflammation score is shown in panel 
(G), with significance levels indicated by pairwise comparisons. ****, p < 0.0001; ns, non-significant.  
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groups (A–C, respectively), which demonstrate normal colonic gland structure characterized by
rounded mucus-secreting glands (black arrows), with goblet cells present (red arrows). Additionally,
normal mucosal architecture is observed with normal crypt bases and arrangement (green arrows).
However, CC (D) and CC/F (E) groups exhibit submucosal edema (blue arrow), inflamed mucosa
(light gray arrow), distorted architecture, great destruction of colonic glands, and loss of goblet
cells (dark gray arrow). Submucosal congestion and deposition of fibrotic tissue are evident (dark
blue arrows). Furthermore, there are focal and diffuse inflammatory infiltrates of lymphocytes,
macrophages, eosinophils, and plasma cells in the mucosal and submucosal layers (black arrowheads).
Panel (F) indicates an improvement in the structure of the mucosa in the ulcerated area of the CC/KE
group. The appearance of glands and crypts (red arrowheads) indicates improved mucosal structure,
with a lower level of focal inflammatory cell infiltration (black arrowhead) and clear submucosa with
a very low degree of inflammatory cell infiltration (yellow arrowhead), although edema persisted
(blue arrow). Additionally, there are less congestion and collagen deposition in the submucosa (black
arrows). The scale bar is 100 µm. The inflammation score is shown in panel (G), with significance
levels indicated by pairwise comparisons. ****, p < 0.0001; ns, non-significant.

2.2. The Impact of KE Ingestion and Intermittent Fasting on the Mean Percentage Body Weight
Change and Colon Weight/Length Ratio

The percentage change in body weight in animal models can be a useful measure for
determining the severity of colitis. This is due to the fact that colitis can promote weight
loss through a number of processes, including decreased food intake, malabsorption, and
increased energy expenditure as a result of inflammation. We can quantify the activity and
severity of a disease objectively by tracking changes in body weight over time. Figure 2A
illustrates the progressive body weight changes among different groups during the ex-
perimental period, while Figure 2B shows that both fasting and KE ingestion resulted in
a significant decrease in body weight compared with normal rats. The study found that
fasting resulted in a significant decrease in the percentage of body weight change in rats
with chronic colitis when compared with the CC group. Similarly, the ingestion of KE, and
not intermittent fasting, led to a significant reduction in the percentage of body weight
change in rats with chronic colitis when compared with the CC group. These results suggest
that KE ingestion may be effective in preventing body weight loss induced by chronic DSS
administration. Additionally, the weight-to-length ratio of the colon is commonly used as
an indicator of colitis severity in animal models, particularly in pre-clinical trials of new
drugs for ulcerative colitis. Lower final ratios are associated with greater effectiveness
in reducing severity. The results of the study demonstrated that KE consumption signifi-
cantly decreased the final colon weight-to-length ratio in contrast to the CC group of rats,
demonstrating KE’s efficacy in lowering the severity of colitis (as shown in Figure 2C).

2.3. The Impact of KE Ingestion and Intermittent Fasting on the Disease Activity Index and
Macroscopic Damage Index

The DAI provides a composite score of colitis severity based on the selected parameters
of weight loss, stool consistency, and rectal bleeding. The DAI supplements other metrics
like colon weight-to-length ratio and provides an aggregate quantitative measure of colitis
severity from different perspectives to complement other evaluations. Based on our findings
as shown in Figure 3A, we observed that the DAI significantly increased in the CC group of
rats compared with the normal values. However, the rats from the CC/KE group displayed
a significant reduction in the score compared with the CC group. On the other hand, the
CC/F group did not show a significant change in the DAI compared with that of the CC
group. These results indicate that the KE-induced increases in the β-hydroxybutyrate are
significantly linked to a reduction in the colitis severity. This suggests that boosting ketone
production helps reduce colitis severity as measured by the DAI.
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In addition, the macroscopic damage index provides an additional objective measure
of colonic damage that supplements other metrics. It evaluates colitis severity from the
perspective of macroscopic colon abnormalities. Our findings (Figure 3B) showed that
the MDI in the CC group of rats significantly increased compared with the normal values.
When compared with the CC group, however, the rats from the CC/KE group showed a
significant decline in scores. The MDI did not significantly vary between the CC group and
the CC/F group, on the other hand. These findings suggest that a decrease in the severity
of colitis is highly correlated with KE-induced elevations in the β-hydroxybutyrate.

2.4. The Impact of KE Ingestion and Intermittent Fasting on the Survival Property

Survival analysis is a significant statistical method for assessing the effectiveness
of treatments for colitis. This approach analyzes the time it takes for an event to occur,
and a longer time for the event with the experimental treatment indicates a higher level
of effectiveness. Additionally, hazard ratios derived from survival analysis measure the
risk of experiencing an adverse event, such as death, in one treatment group compared
with another. The log-rank (Mantel–Cox) test was used to compare individual survival
analyses between the DSS-exposed rats (CC group) and the CC/F or CC/KE groups
of rats. The outcomes showed no statistically significant difference in the likelihood of
survival between the CC group and the CC/F group (Figure 4A). Contrarily, our research
showed that the DSS-exposed rats’ survival rate considerably increased after receiving KE
(Figure 4B; p = 0.045). Additionally, the CC and CC/KE groups’ hazard ratio (log-rank)
was 2.92 (95 percent CI of ratio 1.096 to 7.785). The increased survivability in colitic rats of
KE-induced β-hydroxybutyrate plasma levels suggests that increasing ketone availability
may be a viable treatment for colitis. The findings suggest that ketones may have anti-
inflammatory, bioenergetic, and maybe protective cellular effects that could delay disease
progression, lessen the severity, and prolong remission.
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Figure 4. Survival analysis comparisons between the CC group and the CC/F group (A) and the
CC group and CC/KE group (B), show the impact of KE ingestion and intermittent fasting on the
survival property in rats with chronic colitis induced by DSS. The log-rank (Mantel–Cox) test was
used to determine individual survival analyses. Pairwise comparisons indicate significance levels
between groups.

2.5. The Impact of KE Ingestion and Intermittent Fasting on Oxidative Stress Parameters

Oxidative stress indicators can offer important insights into the severity and develop-
ment of colitis. Lipids, proteins, DNA, and other molecules become oxidatively damaged
when oxidants and antioxidants are out of equilibrium. Colitis severity is correlated with
the degree of oxidative stress. Additionally, in colitis, the levels of lipid peroxidation
products such as MDA are elevated. This increase in MDA is indicative of greater oxidative
damage to the membranes, which suggests a more severe inflammatory response and
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compromise to the gastrointestinal barrier. Our results revealed a significant increase in the
levels of ROS (Figure 5A) and MDA (Figure 5B) in response to DSS exposure compared
with those of the normal rats. In contrast, KE ingestion significantly suppressed the DSS-
induced increase in these levels. Enzymatic antioxidants, such as superoxide dismutase
(SOD) play a critical role in regulating oxidant levels. Reduced activity of these enzymes
impairs their ability to control reactive oxygen/nitrogen species levels, thereby worsening
the severity of colitis. Also, during colitis, there is a depletion of the essential antioxidant
glutathione (GSH). This results in increased susceptibility of cells to oxidative damage. We
revealed a significant reduction in the levels of SOD (Figure 5C) and GSH (Figure 5D) in
response to DSS exposure compared with those of the normal rats. In contrast, KE ingestion
significantly suppressed the DSS-induced decrease in these levels.
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Figure 5. Impact of KE ingestion and intermittent fasting on oxidative stress markers: reactive
oxygen species (ROS) (A), malondialdehyde (MDA) (B), superoxide dismutase (SOD) (C), and
reduced glutathione (GSH) (D) in rats with chronic colitis induced by DSS. Pairwise comparisons
indicate significance levels between groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001;
ns, non-significant.

2.6. The Impact of KE Ingestion and Intermittent Fasting on the Plasma Levels of
B-Hydroxybutyrate

At the end of the fasting period, the selected intermittent fasting protocol resulted in
a significant increase in the β-hydroxybutyrate levels compared with normal non-fasting
rats (adjusted p value = 0.043, 95% CI of difference −0.9895 to −0.01063), indicating
a state resembling early ketosis. Conversely, ingestion of KE resulted in a significant
increase in the β-hydroxybutyrate levels compared with normal non-fasting rats (adjusted
p value < 0.0001, 95% CI of difference −3.525 to −2.546) indicating a state resembling
nutritional ketosis. In contrast, chronic administration of DSS in the CC rat group did
not significantly alter β-hydroxybutyrate levels compared with normal rats. Additionally,
intermittent fasting in the CC/F rat group resulted in a significant increase in the levels
of β-hydroxybutyrate compared with those of CC rats (adjusted p value = 0.02). Similarly,
KE ingestion in CC/KE rat group resulted in a significant increase in the levels of β-
hydroxybutyrate when compared with those of CC rats (adjusted p value < 0.0001). Overall,
these findings (illustrated in Figure 6) suggest that both intermittent fasting for 16 h per
day and KE ingestion elevated β-hydroxybutyrate levels beyond normal levels, inducing a
state resembling early and nutritional ketosis, respectively.
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Figure 6. The impact of KE ingestion and intermittent fasting on plasma levels of β-hydroxybutyrate
in rats with chronic colitis induced by DSS. Significance levels are indicated by pairwise comparisons.
*, p < 0.05; ****, p < 0.0001; ns, non-significant.

2.7. The Impact of KE Ingestion and Intermittent Fasting on Different Cytokines as
Inflammation Markers

In the CC group, chronic administration of DSS resulted in a significant increase in the
levels of pro-inflammatory cytokines TNF-α (Figure 7A), IL-6 (Figure 7B), IL-1β (Figure 7C),
and IL-18 (Figure 7D), and a significant increase in the levels of anti-inflammatory cytokines
IL-10 (Figure 7E) and IL-4 (Figure 7F), compared with those in normal rats. However, the
ingestion of KE had a significant impact on the reversal of DSS-induced changes in cytokine
levels in the CC/KE groups, compared with the CC groups. Specifically, TNF-α, IL-6, IL-1β,
IL-18, and IL-4 levels were significantly reduced, while IL-10 levels remained unchanged.
Chronic colitis is known to be associated with an increase in pro-inflammatory cytokines,
which contribute to persistent inflammation and colon tissue damage. The elevation of
IL-1β and IL-18 levels suggests inflammasome activation, which is believed to be involved
in chronic colitis. The higher levels of IL-10 and IL-4 in CC groups indicated a shift
towards a Th2-mediated immune response. These cytokines are produced by various
immune cells, including Th2 cells, Tregs, and macrophages, which are activated in chronic
colitis. It is worth noting that cytokine levels were not significantly altered in rats that
underwent intermittent fasting and were treated with DSS, compared with non-fasting rats
that received DSS treatment.
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Figure 7. The impact of KE ingestion and intermittent fasting on tumor necrosis factor-alpha (TNF-α)
(A), IL-6 (B), IL-1β (C), IL-18 (D), IL-10 (E), and IL-4 (F) levels in rats with chronic colitis induced by
DSS. Significance levels are indicated by pairwise comparisons. *, p < 0.05; **, p < 0.01; ***, p < 0.001;
****, p < 0.0001; ns, non-significant.

2.8. The Impact of KE Ingestion and Intermittent Fasting on the Activities of Each Mpo, Nfκb Dna
Binding, Caspase-1, and the Levels of Active Caspase-3

In chronic colitis, sustained activation of neutrophils leads to the release of MPO,
which contributes to tissue damage by generating ROS and other reactive intermediates.
The increased levels of NFκB in chronic colitis promote the sustained production of pro-
inflammatory cytokines, thereby perpetuating the inflammatory response. NFκB activates
the expression of genes involved in cytokine production, such as TNF-α, IL-6, and IL-1β,
which recruit immune cells and further damage the tissue. In chronic colitis, increased activ-
ity of caspase-1 leads to the production of pro-inflammatory cytokines and the perpetuation
of the inflammatory response. Caspase-1 processes the bioactivation of IL-1β and IL-18,
which stimulate immune cells and promote tissue damage. Similarly, increased activity of
caspase-3 in chronic colitis contributes to tissue damage and disease progression by induc-
ing apoptosis and subsequent loss of epithelial cells. Apoptosis of intestinal epithelial cells
leads to disruption of the intestinal barrier and increased permeability, allowing luminal
antigens and bacteria to enter the mucosa and trigger further inflammation. Additionally,
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caspase-3-mediated apoptosis of immune cells can contribute to the dysregulation of the
immune response and perpetuation of inflammation. Our results revealed that the activities
of MPO (Figure 8A), NFκB DNA binding (Figure 8B), and caspase-1 (Figure 8C), and the
levels of active caspase-3 (Figure 8D) were significantly increased in the chronic colitis rat
group compared with normal rats. However, ingestion of KE significantly reversed the
DSS-induced alterations in their levels, while intermittent fasting did not significantly alter
their levels in the CC/F group compared with the CC group.
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Figure 8. The impact of KE ingestion and intermittent fasting on the activities of each myeloperoxidase
(MPO) (A), nuclear transcription factor kappa B (NFκB) DNA binding (B), caspase-1 (C), and the
levels of active caspase-3 (D) in rats with chronic colitis induced by DSS. Significance levels are
indicated by pairwise comparisons. *, p < 0.05; ***, p < 0.001; ****, p < 0.0001; ns, non-significant.

2.9. The Impact of KE Ingestion and Intermittent Fasting on the mRNA Expression of ASC
and NLRP3

ASC acts as a linker protein, aiding in the assembly and activation of the inflammasome
complex. The protein’s N-terminus contains a caspase recruitment domain (CARD), which
recruits and binds caspase-1 to the inflammasome complex, facilitating its activation. This
process leads to the cleavage of pro-IL-1β and pro-IL-18 into their active forms. Additionally,
ASC comprises a pyrin domain, which interacts with the NLRP3 sensor protein. The
activation of the NLRP3 inflammasome occurs in two steps. First, the inflammasome
undergoes priming through the activation of NFκB, which results in the upregulation of
inflammasome components such as NLRP3. The second step involves the activation of
NLRP3 by specific danger signals. This process leads to the assembly of the inflammasome
complex and subsequent activation of caspase-1. Chronic colitis can be triggered by
various factors that activate the NLRP3 inflammasome. These factors include the release
of damage-associated molecular patterns (DAMPs) by damaged epithelial cells and the
dysbiosis of the gut microbiome. The activation of the NLRP3 inflammasome results in an
increased secretion of IL-1β and IL-18, promoting inflammation, epithelial damage, and
the infiltration of immune cells into the colonic mucosa. This exacerbates the inflammation
in chronic colitis. Our study found that in rats with chronic colitis, the mRNA expression
of ASC (Figure 9A) and NLRP3 (Figure 9B) was significantly higher than in normal rats.
However, ingestion of KE significantly reduced the mRNA expression of NLRP3, while
ASC mRNA expression remained unchanged in the CC/KE group compared with the CC
group. Additionally, there was no significant change in the mRNA expression of ASC and
NLRP3 in the CC/F rat group compared with normal rats. These findings suggest that KE
may have a therapeutic effect on chronic colitis by modulating the expression of NLRP3, a
crucial component of the inflammasome complex.
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Figure 9. The impact of KE ingestion and intermittent fasting on the levels of the mRNA expression
of apoptosis-associated speck-like protein containing a CARD (ASC) (A) and nucleotide-binding
oligomerization domain-like receptor protein 3 (NLRP3) (B) in rats with chronic colitis induced by
DSS. Significance levels are indicated by pairwise comparisons. ****, p < 0.0001; ns, non-significant.

2.10. The Impact of KE Ingestion and Intermittent Fasting on the Levels of NLRP3 and NGSDMD

The NLRP3 inflammasome is involved in activating caspase-1, which in turn cleaves
GSDMD to generate its active N-terminal fragment known as NGSDMD. This fragment
then oligomerizes to form membrane pores leading to cell swelling, membrane rupture, and
pyroptotic cell death that allow the release of inflammatory cytokines. Excessive GSDMD
cleavage has been linked to heightened pyroptosis, a form of programmed cell death, and
inflammation in the colonic mucosa. Our study revealed a significant increase in both
NLRP3 (Figure 10A) and NGSDMD (Figure 10B) levels in the CC group compared with the
N group. However, the CC/KE group exhibited a significant reduction in these levels due
to the consumption of KE compared with the CC group. Notably, intermittent fasting had
no significant effect on these levels.
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Figure 10. The impact of KE ingestion and intermittent fasting on the levels of nucleotide-binding
oligomerization domain-like receptor protein 3 (NLRP3) (A) and gasdermin D N-terminal fragment
(NGSDMD) (B) in rats with chronic colitis induced by DSS. Significance levels are indicated by
pairwise comparisons. *, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns, non-significant.

2.11. The Impact of KE Ingestion and Intermittent Fasting on the Macroautophagy Markers

The activation of macroautophagy in colitis is thought to be an adaptive response to
help limit inflammation and tissue injury, indicating it plays a protective role. stimulating
macroautophagy may have the potential as a treatment strategy. BECN1 is an important
protein involved in the activation of macroautophagy. It forms a protein complex that
is required for the initiation of macroautophagy by recruiting other proteins to form the
isolation membrane that engulfs cellular components for degradation. BECN1 levels
correlate with the activation of macroautophagy. Higher levels of BECN1 generally indicate
more induction of the macroautophagy process. On the other hand, P62 is a protein that
undergoes selective degradation through macroautophagy. Thus, its levels show an inverse
correlation with macroautophagy activation. P62 binds to proteins and organelles that
macroautophagy targets for degradation. It interacts with proteins on the autophagosome
membrane to facilitate degradation. Once engulfed by the autophagosome, lysosomal
enzymes break down p62 and the molecules it binds. Inducing macroautophagy leads to the
degradation of more p62 and its targets, resulting in lower p62 levels in the cell. Conversely,
impaired macroautophagy cannot effectively degrade p62, leading to its accumulation in
the cell. In our study, we detected impaired macroautophagy in the CC rat group compared
with normal rats. However, we observed macroautophagy activation in the CC/F group
compared with the CC group (BECN1, p < 0.02; p62, p < 0.0001), as well as in the CC/KE
group compared with the CC group (BECN1, p < 0.0001; p62, p < 0.0001). These findings
(as shown in Figure 11A for BECN1 and Figure 11B for p62) suggest that both intermittent
fasting and KE consumption induced macroautophagy activation, with KE consumption
demonstrating a particularly strong effect.
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Figure 11. The impact of KE ingestion and intermittent fasting on Beclin-1 (BECN1) (A) and
sequestosome-1 (p62) (B) in rats with chronic colitis induced by DSS. Significance levels are in-
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2.12. The Impact of KE Ingestion and Intermittent Fasting on Tight Junction Proteins

Maintaining the integrity and barrier function of the intestinal epithelium is a critical
function of tight junction proteins. However, chronic colitis can disrupt these proteins,
leading to increased intestinal permeability, bacterial translocation, and the release of in-
flammatory cytokines. In our study, we administered DSS to rats in the CC group, which
resulted in a significant decrease in the levels of tight junction proteins ZO-1 (Figure 12A),
OCLN (Figure 12B), and CLDN5 (Figure 12C) compared with their baseline levels. Interest-
ingly, KE consumption, rather than intermittent fasting, resulted in significant increases in
the levels of these proteins compared with the DSS-treated CC rat group.
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2.13. Correlation Analysis of the Measured Parameters

As shown in Figure 13, our research findings demonstrate a positive correlation be-
tween the levels of β-hydroxybutyrate in rats with chronic colitis and the tight junction
proteins OCLN and CLDN5, with a strong tendency towards a positive correlation with
ZO-1. This suggests that increasing the levels of β-hydroxybutyrate could be beneficial
in reducing gut permeability. In addition, β-hydroxybutyrate may help manage colitis
symptoms by stabilizing or upregulating these key barrier proteins. This potential mech-
anism may explain the beneficial effects of ketogenic diets or ketone supplementation in
managing colitis and other forms of intestinal inflammation.
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by DSS.

In addition, our study revealed a negative correlation between the levels of
β-hydroxybutyrate in rats with chronic colitis and proinflammatory cytokines such as
TNF-α, IL-6, IL-1β, and IL-18, with a strong tendency towards a positive correlation with
IL-10 levels. This suggests that β-hydroxybutyrate may have anti-inflammatory effects in
chronic colitis by reducing the production of proinflammatory cytokines and mitigating
the inflammatory response. Additionally, β-hydroxybutyrate may increase the levels of the
anti-inflammatory cytokine IL-10 to suppress inflammation and facilitate intestinal healing.

Furthermore, our investigation revealed a negative correlation between the levels of
β-hydroxybutyrate in rats with chronic colitis and several inflammatory markers, includ-
ing MPO activity, ROS production, NLRP3 levels, caspase-1 activity, NFκB DNA binding
activity, and the NGSDMD. However, we did not find a significant correlation with ac-
tive caspase-3 levels. These findings suggest that β-hydroxybutyrate may help mitigate
gut inflammation in chronic colitis by inhibiting inflammasome activation and oxidative
stress through various mechanisms. Specifically, MPO activity and ROS production were
negatively correlated with β-hydroxybutyrate levels, implying that β-hydroxybutyrate
may reduce oxidative stress, which is often increased in colitis and contributes to gut
inflammation. Moreover, NLRP3 levels, caspase-1 activity, and NFκB DNA binding activity
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were all negatively correlated with β-hydroxybutyrate levels. These components play a
role in the NLRP3 inflammasome activation, which drives intestinal inflammation in colitis
by consequent production of IL-1β and IL-18. Thus, the negative correlations suggest that
β-hydroxybutyrate may suppress NLRP3 inflammasome activation. In addition, NGSDMD
levels were also negatively correlated with β-hydroxybutyrate. NGSDMD release is associ-
ated with pyroptosis, a proinflammatory form of programmed cell death. Therefore, lower
levels of NGSDMD with higher β-hydroxybutyrate suggest that β-hydroxybutyrate may
inhibit pyroptosis. However, our results did not show a significant correlation between
caspase-3 activity and β-hydroxybutyrate levels. This indicates that β-hydroxybutyrate’s
effects may be specific to inflammasome-related pathways rather than overall apoptosis.

Finally, we revealed a negative correlation between levels of β-hydroxybutyrate and
p62, while there is a positive correlation with BECN1. This suggests that β-hydroxybutyrate
may have a modulating effect on autophagy in chronic colitis. The negative correlation
between β-hydroxybutyrate and p62 indicates that higher levels of β-hydroxybutyrate are
associated with lower levels of p62 protein, which is a marker of autophagic flux. Increased
levels of p62 typically indicate impaired autophagy, so the lower p62 levels observed with
higher β-hydroxybutyrate suggest that β-hydroxybutyrate may enhance autophagy. The
positive correlation between β-hydroxybutyrate and BECN1 further supports this idea,
as BECN1 is important for initiating autophagy and higher levels of BECN1 promote
autophagy. Therefore, the positive correlation between β-hydroxybutyrate and BECN1
suggests that β-hydroxybutyrate may stimulate autophagy by upregulating BECN1. Au-
tophagy helps remove damaged organelles and aggregates to maintain cellular homeostasis,
and its impairment has been linked to chronic inflammation, including colitis. By potentially
enhancing autophagy through reducing p62 and increasing BECN1, β-hydroxybutyrate
may help resolve gut inflammation in colitis. Although the correlations provide insight
into potential mechanisms, the observational nature of the correlation means that causation
cannot be definitively established.

2.14. The Impact of KE Ingestion and Intermittent Fasting on Microbiome Composition

Chronic colitis is associated with elevated levels of Fusobacterium species, which may
contribute to inflammation by invading intestinal cells, activating the NLRP3 inflamma-
some, and dysregulating the microbiome. Additionally, increased levels of Bacteroides
have been implicated in some inflammatory bowel diseases such as chronic colitis. The
overgrowth of certain Clostridium species may also trigger and sustain chronic inflamma-
tion in colitis by affecting the intestinal environment and immune system. On the other
hand, Bifidobacteria are a beneficial bacteria genus that constitutes a significant proportion
of the gut microbiota, particularly in the colon. Reduction in Bifidobacteria is linked to
increased disease severity and poorer outcomes in colitis. Lactobacillus bacteria are gen-
erally considered probiotics that may have potential health benefits. However, patients
with ulcerative colitis and Crohn’s disease often exhibit lower levels of Lactobacillus than
healthy individuals. This observation suggests that lower abundances of Lactobacillus may
be associated with dysbiosis and chronic inflammation in the gut. In our study, we revealed
a significant disruption in the gut composition of the abovementioned bacteria species in
the CC rat group. While both intermittent fasting and KE ingestion caused a significant
reversal in the relative abundance of these bacteria species compared with the CC group
(except for KE in the case of Bacteroides), neither regimen could fully restore the normal
relative abundance of these bacteria, except for Lactobacillus, as depicted in Figure 14A
(Fusobacterium), B (Bacteroides), C (Clostridium), D (Bifidobacteria), and E (Lactobacillus).
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Figure 14. The impact of KE ingestion and intermittent fasting on microbiome composition in rats
with chronic colitis induced by DSS: This figure depicts the changes in the microbiome composition of
five bacterial species, Fusobacterium spp. (A), Bacteroids spp. (B), Clostridium spp. (C), Bifidobacterium
spp. (D), and Lactobacillus spp. (E), in response to KE ingestion and intermittent fasting. The
significance levels are indicated by pairwise comparisons, and the results suggest significant changes
associated with β-hydroxybutyrate boosting on the microbiome composition of these bacterial species.
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, non-significant.
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3. Discussion

Ulcerative colitis is a chronic and incurable form of IBDs that can significantly impair
quality of life and increase the risk of colitis-associated cancer and mortality. One major
challenge associated with ulcerative colitis is the limited treatment options available, which
often come with non-tolerable adverse effects.

In this study, we aimed to shed light on the potential therapeutic value of keto-
sis/ketone production in managing IBD. Specifically, we investigated the benefits of ketone-
based medications or supplements that can increase ketone levels without requiring a
restrictive diet. This approach has the potential to improve compliance and safety in the
treatment of chronic colitis. To examine this novel treatment method, we investigated
the effects of two regimens that increase β-hydroxybutyrate levels: intermittent fasting
and the consumption of a specific type of KE called (R,R)-BD-AcAc2. We evaluated their
effectiveness in managing chronic colitis induced by DSS in rats.

In accordance with our protocol, rats were administered the KE, resulting in elevated
levels of β-hydroxybutyrate, indicating a state resembling nutritional ketosis. Additionally,
16 h of intermittent fasting led to increased levels of β-hydroxybutyrate, suggesting the
onset of early ketosis. Interestingly, despite exhibiting modulation of autophagy and correc-
tion of dysbiosis, rats subjected to 24 days of intermittent fasting did not show significant
coloprotective effects against chronic DSS administration. In contrast, the consumption of
KE demonstrated a notable coloprotective property, primarily by modulating the NLRP3
inflammasome and its downstream inflammatory pyroptotic cell death. These results indi-
cate that achieving a state of nutritional ketosis, as opposed to early ketosis, is necessary to
confer a coloprotective effect.

It is noteworthy that both protocols demonstrated almost the same impact on the
relative abundance of the tested bacteria. This suggests that the correction of dysbiosis is
not the primary mechanism through which β-hydroxybutyrate alleviates colitis. Although
the intermittent fasting protocol induced only a small increase in autophagy, it seems
that this minor change has a negligible effect on colon inflammation. On the other hand,
KE consumption was more effective than the intermittent fasting protocol as it exhibited
stronger autophagy-inducing capabilities in addition to demonstrating the inactivation of
the NLRP3 inflammasome.

In addition to improving disease activity, the consumption of KE resulted in the
improvement of colonic macroscopic and microscopic features, as well as a decrease in
inflammation scores. Furthermore, KE counteracted the DSS-induced decrease in the
percentage of weight change upon experiment completion, reduced the colonic weight-to-
length ratio, and increased the survival rate of DSS-insulted rats. Although oxidative stress
parameters were not normalized, KE ingestion showed potential antioxidant activities.
Along with improving gut microbiome composition, KE consumption improved the levels
of tight junction proteins, which protect against leaky gut. Moreover, KE consumption
exhibited anti-inflammatory properties by reducing proinflammatory cytokine production.

It is worth noting that our results revealed an increase in the levels of IL-10 and
IL-4 in non-treated chronic colitis rats. This result suggests that the body mounts an
immunoregulatory response involving IL-10 and IL-4 against chronic colitis, but this
response is inadequate to resolve the inflammation. Additionally, this result indicated a shift
towards a Th2-mediated immune response, confirming the chronic nature of our model.

The transcriptional regulation of IL-1β and IL-18 is mediated by NFκB, which acts as
the priming signal for the activation of the NLRP3 inflammasome. The assembly of the
inflammasome complex and subsequent activation of caspase-1 leads to the bioactivation
of IL-1β and IL-18, making them key players in the pyroptosis process. The coloprotective
effect of KE can be attributed to its ability to inhibit both the priming and activation signals
of the NLRP3 inflammasome, thus preventing highly inflammatory pyroptotic cell death.
Importantly, KE consumption was found to decrease NFκB DNA binding and downregulate
NLRP3, which is also transcriptionally regulated by NFκB. This results in a reduction in
caspase-1 activity, ultimately leading to the inhibition of IL-1β and IL-18 bioactivation. This
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was further confirmed by a reduction in the gasdermin D N-terminal fragment, which is
indicative of curbed pyroptosis. During pyroptosis, inflammatory cytokines such as IL-1β
and IL-18 are released from the dying cell, which can stimulate the production of ROS
and recruit immune cells such as neutrophils that release MPO during inflammation. The
decrease in MPO activity observed after KE consumption can, therefore, be explained by
the inhibited release of IL-1β and IL-18, which in turn reduces the production of ROS and
the recruitment of immune cells.

Furthermore, the administration of KE has been shown to significantly repress active
caspase-3, confirming its antiapoptotic effects. Specifically, oxidative stress resulting from
excessive ROS production in the damaged colon can overwhelm the cell’s antioxidant
defenses, leading to DNA damage and mitochondrial dysfunction that trigger apoptosis.
The release of cytochrome c from the mitochondria activates caspases and triggers the
apoptotic pathway. Therefore, KE’s anti-apoptotic function may be attributed, at least in
part, to its ability to improve the antioxidant defense machinery in the cell.

Our study shows that increased levels of β-hydroxybutyrate in rats with chronic
colitis are positively correlated with tight junction proteins OCLN and CLDN5, with a
strong tendency towards a positive correlation with ZO-1, indicating that increasing β-
hydroxybutyrate levels could be beneficial in reducing gut permeability. Therefore, β-
hydroxybutyrate may help manage colitis symptoms by stabilizing or upregulating these
key barrier proteins, which may explain the beneficial effects of ketogenic diets or ketone
supplementation in managing colitis and other forms of intestinal inflammation. Our
analysis also revealed that β-hydroxybutyrate is negatively correlated with the measured
proinflammatory cytokines in our study. Indicating that β-hydroxybutyrate may have
anti-inflammatory effects in chronic colitis by reducing the production of proinflamma-
tory cytokines and mitigating the inflammatory response. Furthermore, we found that
β-hydroxybutyrate may help mitigate gut inflammation in chronic colitis by inhibiting
NFκB and NLRP3 inflammasome activation and restraining oxidative stress as revealed also
by correlation analysis. β-hydroxybutyrate may also enhance autophagy as revealed by re-
duced p62 and increased BECN1, which may help resolve gut inflammation in colitis. Finally,
β-hydroxybutyrate may have a positive impact on maintaining a healthy microbiome.

In conclusion, this preclinical study indicates a potential therapeutic benefit of ketosis
and ketone production in the management of various inflammatory diseases, particularly
in the context of IBDs.

Our encouraging results provide a strong rationale for conducting further clinical
research to explore the efficacy of β-hydroxybutyrate boosting compounds such as KEs in
treating these conditions. If successful, these novel treatment approaches could significantly
improve the lives of patients suffering from inflammatory diseases with the greatest safety.
However, our study has limitations, including the use of an animal model that may not
fully capture the intricate complexities of human pathophysiology, potentially limiting
generalizability. The specific experimental conditions and the focus on short-term outcomes
also restrict the applicability and understanding of the long-term effects of (R,R)-BD-AcAc2.
Additionally, despite rigorous methodologies and blinded assessments, uncontrolled con-
founding variables should be considered. Therefore, more investment in clinical research
is needed to fully realize the therapeutic potential of (R,R)-BD-AcAc2 and other KEs or
ketone salts.

4. Materials and Methods
4.1. Drugs and Chemicals

(R)-3-Hydroxybutyl (R)-3-hydroxybutyrate ketone ester known as (R,R)-BD-AcAc2
with the formula C8H16O4 was obtained from MCE (Monmouth Junction, NJ, USA). Dex-
tran sodium sulfate was supplied by Sigma-Aldrich (St. Louis, MO, USA; Mw = ~40,000).
Fine chemicals and reagents were supplied by Sigma-Aldrich unless indicated else.
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4.2. Animals

We obtained male Sprague Dawley (SD) rats from TBRI, aged seven weeks and
weighing 180–200 g. The rats were given a two-week period to acclimate to the laboratory
before the commencement of the experiment. They were kept in controlled environmental
conditions since birth, with a temperature of 22 ± 2 ◦C, a relative humidity of 50 ± 10%,
and a 12 h light/dark cycle (lights on from 09:00 a.m. to 09:00 p.m.). The rats were
provided with ad libitum feeding and drinking. The protocol was approved by the IACUC
at FPDU under FPDU24120,2. All animals were treated and sacrificed according to the
corresponding guidelines.

4.3. Induction of Chronic Colitis in Rats

According to the procedure outlined by Hoffmann, et al. [32], chronic colitis was
induced in the experimental animals by administering 2% DSS for seven days, followed
by 1% DSS for ten days, and finally, another seven days of 2% DSS treatment. Throughout
the experiment, the animals were monitored daily for changes in body weight, and the
percentage of body weight loss was determined relative to their initial body weight on the
first day of the study.

4.4. Experimental Design

Table 1 shows that the rats were randomly divided into six groups. The N group
(n = 8) served as the control group. The N/F group (n = 8) consisted of rats that were
subjected to 16 h of fasting including the dark cycle (from 05:00 p.m. to 09:00 a.m.) while
being fed standard rodent food ad libitum at other times. The N/KE group (n = 8) consisted
of rats that were given a mixture of KE and standard rodent food ad libitum. The CC group
(n = 20) consisted of rats that received DSS. The CC/F group (n = 15) consisted of rats that
received DSS and were subjected to the intermittent fasting protocol. The CC/KE group
(n = 15) consisted of rats that received DSS and the KE/standard food mixture. On the
start of day 25 at 09:00 a.m., all animals were sacrificed while under anesthesia (thiopental
sodium 40 mg/kg).

Table 1. Experimental design.

Exp. Groups Days 1–7 Days 8–17 Days 18–24 Day 25

N group (n = 8) Non-fasting Non-fasting Non-fasting
Sa

cr
ifi

ce
da

y

N/F (n = 8) Fasting—16 h Fasting—16 h Fasting—16 h

N/KE (n = 8) Non-fasting
KE

Non-fasting
KE

Non-fasting
KE

CC (n = 20) Non-fasting
2% DSS

Non-fasting
1% DSS

Non-fasting
2% DSS

CC/F (n = 15) Fasting—16 h
2% DSS

Fasting—16 h
1% DSS

Fasting—16 h
2% DSS

CC/KE (n = 15)
Non-fasting

2% DSS
KE

Non-fasting
1% DSS

KE

Non-fasting
2% DSS

KE

CC, chronic colitis; DSS, dextran sodium sulfate; F, fasting; KE, ketone ester.

In this experiment, blood samples were collected from all animal groups to determine
β-hydroxybutyrate levels after 8 h of the fasting period, which begins at 5:00 p.m. on day
24. This occurred before the end of the day at 1:00 a.m. The animal groups were then
allowed free access to food to prevent discrepancies in disease activity and body weight
changes on the final day of the experiment. One hour after the end of the fasting period (at
10:00 a.m.), disease activity and body weight changes were assessed in all animal groups,
followed by animal sacrifice and tissue sample collection. Throughout the experiment,
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body weight changes were monitored in all animal groups one hour after breakfast (at
10:00 a.m.) on previous days. It is worth noting that our preliminary trials revealed levels
of β-hydroxybutyrate.

4.5. Rational of KE Dosing and Fasting Protocol

The normal control group of rats was given free access to standard rodent food (FPDU
rodent food). In contrast, the groups receiving the KE were given (R,R)-BD-AcAc2 mixed
with their standard rodent food ad libitum. Our pilot experiment showed that a 200 g
SD rat in our lab typically consumes an amount of food equivalent to 7.5% of its body
weight. Therefore, the rats in the KE group were given standard rodent food mixed with
4% (R,R)-BD-AcAc2 and 1% saccharin for palatability, as previously described [33], This
mixture helped prevent food aversion in the rats. After conducting a preliminary trial, it
was determined that the combination of KE and food resulted in increased plasma levels of
β-hydroxybutyrate to >3 mmol/L after one week of continuous feeding. The amount of
KE used in this experiment was then calculated accordingly. A plasma β-hydroxybutyrate
level of >3 mmol/L indicates that the body is in a state of ketosis, this can occur in several
situations, including during prolonged fasting and low-carbohydrate diets (such as the
ketogenic diet). All animal groups received standard rodent food containing 1% saccharin.
It is worth noting that our initial trials showed that the levels of β-hydroxybutyrate,
measured at the end of the fasting period in both the fasting rat groups (N/F and CC/F),
did not exceed 1 mmol/L. Moreover, there was no significant difference between these
levels and those measured 8 h after the start of the fasting period. These findings indicate
that a state of early ketosis was maintained until the end of the fasting period.

4.6. Assessment of the Weight/Length Colonic Ratio

To effectively evaluate the severity of colitis progression, one commonly used method
is to calculate the weight/length colonic ratio. This approach involves measuring the
entire colon that has been well-evacuated of feces and calculating the ratio of its weight to
length. The resulting colon weight/length ratio is expressed in grams per centimeter of
colonic tissue.

4.7. Assessment of the Disease Activity Score (DAI)

The Disease Activity Index (DAI) is an important tool used to evaluate the severity
of colitis in preclinical studies. It provides a quantitative assessment of clinical signs
associated with colitis, including alterations in body weight, consistency of stool, and blood
in the stool. On the 25th day of the experiment, a blinded gastroenterologist determined
the DAI. For each rat, the DAI was calculated as the average score for percentage body
weight loss, diarrhea, and bloody stool. The evaluation criteria for body weight changes
were: 0 for no weight loss, 1 for 1–5% loss, 2 for 6–10% loss, 3 for 11–15% loss, and 4 for
16–20% loss. For diarrhea, the evaluation criteria were: 0 for normal stool, 1 for soft stool,
2 for very soft stool, and 3 for watery diarrhea. The criteria for evaluating bloody stool
were: 0 for negative hemoccult, 1 for positive hemoccult, 2 for traces of blood, and 3 for
gross rectal bleeding.

4.8. Assessment of the Macroscopic Damage Index (MDI)

A blinded pathologist experienced in gastroenterology visualized the macroscopic
features of colon tissue injury in the longitudinally opened colon segments. The MDI was
determined for each rat using the following scoring criteria: a score of zero indicated no
damage, a score of one indicated hyperemia without ulcers, a score of two indicated the
presence of a linear ulcer without significant inflammation, a score of three indicated a
linear ulcer with inflammation at one site, a score of four indicated the presence of two or
more sites with inflammation or ulceration, a score of five indicated the presence of two or
more major sites of inflammation or ulceration or one site with inflammation or ulceration
extending ≥ 1 cm along the length of the colon, and a score of six-ten was assigned if the
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damage covered ≥ 2 cm along the length of the colon, with the score increasing by one for
each additional centimeter of involvement.

4.9. Sample Collection and Preparation

After completing the experiment, the colons were weighed after being dissected and
measured for length. Blood collected was used to isolate plasma for β-hydroxybutyrate
analysis. The fresh colons were cleaned using ice-cold saline and dried using sterile towels.
The colons were then partitioned into two parts. The first one, which included specimens
from the distal colon, was kept in 4% neutral-buffered formalin to be histopathologically
examined. The second part was instantly frozen in liquid nitrogen and stored at −80 ◦C for
qRT-PCR, ELISA, and colorimetry. Additionally, 300 mg stool samples from the cecum were
collected from each rat promptly after dissecting colons. DNA was extracted from the stool
samples using the QIAamp DNA Stool Mini Kit (Qiagen Inc., Hilden, Germany) following
the guidelines of the manufacturer. The extracted DNA was analyzed for concentration
using a NanoDrop instrument (OPTIZEN NanoQ, Mecasys) via spectrophotometry.

4.10. Histological Examination

The colon tissues were washed with distilled water and then dehydrated using serial
dilutions of alcohol. After that, the sections were washed in xylene and embedded in paraf-
fin at 56 ◦C. Paraffin beeswax tissue blocks were then cut into 4–5-µm thicknesses using a
microtome. The specimens were deparaffinized, rehydrated, and stained with hematoxylin
and eosin stain. The standard histology procedures were performed blindly by a histologist,
and the specimens were examined using a Leica DFC camera. The microscopic criteria of
the histological scoring system of inflammation were applied as follows: 0 represented
normal colonic tissue, 1 represented inflammation or focal ulceration limited to the mucosa,
2 represented focal or extensive ulceration and inflammation limited to the mucosa and
submucosa, 3 represented focal or extensive ulceration and inflammation with involvement
of the muscularis propria, 4 represented focal ulceration and transmural inflammation with
involvement of the serosa, 5 represented extensive ulceration and transmural inflamma-
tion with involvement of the serosa, and 6 represented focal or extensive ulceration and
transmural inflammation and perforation.

4.11. Determination of ROS, Malondialdehyde (MDA), Superoxide Dismutase (SOD), and
Reduced Glutathione (GSH)

To investigate the presence of ROS in colon tissues, we followed a previously described
methodology [13]. Initially, we homogenized 200 mg of fresh colon samples in ice-cold
Tris-HCl buffer (40 mM, pH = 7.4) at a 1:10 w/v ratio. Afterward, we mixed 100 µL of
homogenates with 1 mL of Tris-HCl buffer and added 10 µM of 2′,7′-dichlorofluorescin
diacetate (Sigma). The reaction mixtures were incubated at 37 ◦C for 30 min, followed by
measuring fluorescence intensity (FI) using a SpectraFluor Plus Microplate Reader (Tecan,
Mainz, Germany) with excitation at 485 nm and emission at 525 nm.

To determine the concentration of MDA in colon tissue homogenate, a reaction was
carried out with thiobarbituric acid (TBA) at 95 ◦C for 30 min under acidic conditions.
This reaction produced a thiobarbituric acid reactive product, which was measured colori-
metrically at 534 nm to determine the absorbance of the resulting pink product. For this
procedure, a kit was utilized which was obtained from Bio-diagnostic (Giza, Egypt), and
the analysis was conducted following the instructions provided by the manufacturer.

The SOD assay was performed by following the manufacturer’s instructions (Bio-
diagnostic). This assay involved inhibiting the reduction of nitroblue tetrazolium dye
mediated by phenazine methosulphate through the enzyme’s activity.

The method employed to determine GSH levels involved the reduction of 5,5′ dithiobis
(2-nitrobenzoic acid) (DTNB) using GSH to yield a yellow-colored compound. The concen-
tration of GSH was determined by measuring the absorbance of the reduced chromogen at
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405 nm. The absorbance was directly proportional to the GSH concentration. All assays of
oxidative stress markers were determined in duplicate.

4.12. Determination of Plasma β-Hydroxybutyrate

Plasma samples were centrifuged at 10,000× g for 10 min followed by centrifuging
the supernatants at 10,000× g with a 50 KD ultrafiltration tube for 15 min. In this assay
(Elabscience, Wuhan, China), β-hydroxybutyrate dehydrogenase catalyzes the oxidative
dehydrogenation of β-hydroxybutyrate. Meanwhile, NAD+ is reduced to NADH which
under the action of the hydrogen transmitter, transfers electrons to WST-8 to produce a
yellow product. The content of β-hydroxybutyrate can be calculated by measuring the
change of absorbance value at 450 nm. The β-hydroxybutyrate assay was determined
in duplicate.

4.13. Determination of Tumor Necrosis Factor-Alpha (TNF-α), IL-6, IL-1β, IL-18, IL-10, and IL-4
Levels in Colon Tissue

The TNF-α and IL-10 levels were determined using ELISA kits purchased from LifeS-
panBioSciences, Inc. (Seattle, WA, USA), while the IL-6 and IL-4 levels were assessed by
kits from R&D System (Minneapolis, MN, USA). The IL-1β levels were measured by an
ELISA kit obtained from BioLegend (San Diego, CA, USA), while the measurement of IL-18
was conducted using a kit obtained from eBioscience (Vienna, Austria). All protocols used
in the assays strictly adhered to the manufacturer’s instructions. All cytokine assays were
determined in duplicate.

4.14. Determination of Myeloperoxidase (MPO) Activity, NFκB DNA Binding Activity, Caspase-1
Activity, and Active Caspase-3

Myeloperoxidase is predominantly expressed in neutrophil granulocytes and is be-
lieved to mirror the level of neutrophil activation and infiltration into tissues. To determine
the activity of MPO in the colonic tissue, we used an MPO assay obtained from Sigma-
Aldrich. In this assay, hypochlorous acid produced by MPO reacts with taurine to form
taurine chloramine, which subsequently reacts with TNB to produce DTNB. The activity of
MPO was quantified as the amount of MPO enzyme required to hydrolyze the substrate
and generate taurine chloramine that could consume 1.0 µmole of TNB per minute at 25 ◦C.
We conducted the MPO assay in duplicate.

To evaluate the nuclear translocation of the p65 subunit, we utilized an assay kit
obtained from Abcam that allowed for the analysis of nuclear extracts. The kit contained
a specific double-stranded DNA sequence with the NFκB p65 consensus binding site
(5′–GGGACTTTCC–3′) to selectively bind to active NFκB p65. We then used a primary an-
tibody to detect an epitope of NFκB p65, which is only accessible when the protein is active
and bound to its target DNA [34]. The NFκB p65 activity was determined in duplicate.

To assess the activity of caspase-1, we employed a caspase-1 colorimetric assay kit
obtained from R&D Systems. This involved detecting the chromophore p-nitroanilide
(p-NA) following its cleavage from the labeled substrate YVAD-p-NA, and quantifying the
resulting p-NA light emission at 405 nm with a microtiter plate reader. Cytosolic extracts
were obtained by preparing tissue lysates with chilled lysis buffer and then centrifuging
them at 10,000× g. The protein concentration of the cytosolic extracts was determined, and
100 mg of protein was diluted in 50 µL of lysis buffer. Then, 50 µL of 2× reaction buffer
(containing 10 mM DTT) and 5 µL of YVAD-p-NA substrate were added to each sample,
and they were incubated at 37 ◦C for 1–2 h. Finally, we performed duplicate assays of the
samples and read them at 405 nm in a microtiter plate reader.

We measured the levels of active caspase-3 using a kit obtained from MyBioSource
Inc. (San Diego, CA, USA). The kit utilized a polyclonal anti-active caspase-3 antibody
and an active caspase-3-HRP conjugate, and the color intensity obtained was inversely
proportional to the amount of active caspase-3 present in the samples. The competition
between the active caspase-3 from the samples and the active caspase-3-HRP conjugate for
binding sites on the anti-active caspase-3 antibody was restricted by the limited number of
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available binding sites. As a result, as more binding sites were occupied by active caspase-3
from the sample, fewer binding sites remained available for active caspase-3-HRP conjugate
to bind [35]. The determination of active caspase-3 was conducted in duplicate.

4.15. qRT-PCR Analysis for the mRNA Expression of Apoptosis-Associated Speck-like Protein
Containing a CARD (ASC) and NLRP3

The extraction of total RNA from colonic tissues was performed using a Qiagen kit
(Venlo, The Netherlands), following the supplier’s recommendations. RNA quality and
purity were evaluated at 260 nm using a NanoDrop (Thermo Fisher Scientific, Waltham,
MA, USA). To reverse transcribe RNA, the RevertAid First Strand cDNA synthesis kit was
utilized. We conducted qRT-PCR using the StepOne™ Real-Time PCR System (Thermo
Fisher Scientific). To determine relative expression, we calculated using the comparative cycle
threshold (Ct) (2−∆∆CT) method, normalized to the GAPDH gene. The PCR primer pairs
used are described below: For ASC, F: 5′-CTCTGTATGGCAATGTGCTGAC-3′ and R: 5′-
GAACAAGTTCTTGCAGGTCAG-3′. For NLRP3, F: 5′-GAGCTGGACCTCAGTGACAATGC-
3′ and R: 5′-ACCAATGCGAGATCCTGA
CAACAC-3′. For GAPDH, F: 5′-TCAAGAAGGTGGTGAAGCAG-3′R: 5′-AGGTGGAAGAAT
GGGAGTTG-3′.

4.16. Determination of NLRP3 and NGSDMD

Kits supplied by MyBioSource Inc. (San Diego, CA, USA) were used for the determina-
tion of NLRP3 and NGSDMD in colon tissue homogenates according to the manufacturer’s
instructions. The NGSDMD ELISA kit utilizes a competitive enzyme immunoassay tech-
nique. The assay involves incubating the assay sample and buffer with an NGSDMD-HRP
conjugate and an anti-NGSDMD antibody in a pre-coated plate for one hour. Following
incubation, the wells are decanted and washed five times before adding a substrate for the
HRP enzyme. The enzyme-substrate reaction produces a blue-colored complex, which is
stopped by the addition of a stop solution, resulting in a yellow solution. The intensity
of the color is measured spectrophotometrically at 450 nm in a microplate reader. The
intensity of the color is inversely proportional to the concentration of NGSDMD, as both
the NGSDMD from the sample and NGSDMD-HRP conjugate compete for binding sites
on the anti-NGSDMD antibody. Since the binding sites are limited, the more NGSDMD
from the sample that binds to the antibody, the fewer sites are available for NGSDMD-HRP
conjugate to bind. By plotting a standard curve relating the intensity of the color to the
concentration of standards, the NGSDMD concentration in each sample can be interpolated.

4.17. Determination of Beclin-1 (BECN1) and Sequestosome-1 (p62)

BECN1 and p62 colon tissue levels were determined using ELISA kits supplied by
CUSABIO (Wuhan, China) and MyBioSource, respectively. All protocols followed the
manufacturer’s instructions.

4.18. Determination of Zonula Occludens-1 (ZO-1), Occludin (OCLN), and Claudin-5 (CLDN5)

ZO-1, OCLN, and CLDN5 levels were determined following instructions given
by CUSABIO.

4.19. Detection of Gut Microbiota Using Conventional PCR

To prepare the DNA samples for thermal cycling, we followed a protocol that involved
creating reaction mixtures of 25 µL. The mixtures were prepared by combining 12.5 µL of
my Taq red mix (Bioline Co., UK), 1 µL of each primer (10 µM each), 2.5 µL of DNA, and
nuclease-free water. The PCR amplification protocol consisted of an initial denaturation
step at 94 ◦C for 5 min, followed by 35 cycles at 94 ◦C for 30 s, annealing at a temperature
that was calculated for each primer mix (as indicated in Table 2) for 30 s, extension at
72 ◦C for 45 s, and a final termination step at 72 ◦C for 3 min. To detect the expected PCR
amplicons, we conducted electrophoretic separation on a 1.5% agarose gel and compared
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the results with a GeneRuler 100 bp plus DNA ladder (Thermo Scientific, USA). The gels
were then stained with ethidium bromide and visualized using a UV transilluminator. For
each type of bacteria, specific primer sequences are listed in Table 2.

Table 2. Primer sequences for the detection of different species of bacteria.

Primer Name Primer Sequence Ta (◦C) bp

(16S)
F GAGTTTGATCCTGGCTCAG

51 312
R GCTGCCTCCCGTAGGAGT

Fusobacterium
F GGATTTATTGGGCGTAAAGC

51.5 162
R GGCATTCCTACAAATATCTACGAA

Bacteroides spp.
F AAGGGAGCGTAGATGGATGTTTA

55 193
R CGAGCCTCAATGTCAGTTGC

Clostridium spp.
F CGGTACCTGACTAAGAAGC

50 429
R AGTTTGATTCTTGCGAACG

Bifidobacterium
F CTCCTGGAAACGGGTGG

51 551
R GGTGTTCTTCCCGATATCTACA

Lactobacillus spp.
F AGCAGTAGGGAATCTTCCA

50 334
R CACCGCTACACATGGAG

4.20. qRT-PCR for the Detection of the Relative Abundance of Fusobacteria, Bifidobacteria,
Bacteroides, Clostridium, and Lactobacillus

In order to evaluate the quantity of specific bacteria in the gut, we employed primers
for the 16S rDNA housekeeping gene. Fecal DNA (40–80 ng) was extracted and combined
with 12.5 µL (2 × SYBR Green PCR master mix (Willowfort Co., Birmingham, UK), 1.5 µL
of each forward and reverse primer (10 µmol), and 7.5 µL of nuclease-free water, resulting
in a final volume of 25 µL. Real-time PCR was performed on a MyGo machine using the
following cycling protocol: an initial 5 min denaturation step at 95 ◦C, followed by 45 cycles
of 95 ◦C for 20 s, annealing for 20 s, and 72 ◦C for 40 s. The Ct values and melting curves
were obtained using MyGo software. The relative abundance of each bacterial species was
calculated as a relative unit normalized to the total bacteria in the corresponding sample,
using the 2−∆∆Ct method (where ∆Ct represents the average Ct value of each target minus
the average Ct value of total bacteria). The primer sequences for detecting the various
bacterial strains are listed in Table 2.

4.21. Statistical Analysis

The statistical analysis was carried out using the GraphPad Prism software version 9
(GraphPad Software Inc., La Jolla, CA, USA). The results were expressed as mean ± standard
deviation (SD). One-way analysis of variance (ANOVA) was performed followed by Tukey’s
post hoc test to determine the differences between groups. To investigate the correlation be-
tween multiple variables, Pearson correlation analysis was conducted. Survival probability
was assessed by survival analysis comparisons, and survival curves were generated using
the log-rank (Mantel–Cox) test. All statistical tests were performed at a significance level of
less than 0.05.
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Abstract: The incidence of inflammatory bowel disease (IBD) is increasing worldwide. It is reported
that TGF-β/Smad signal pathway is inactivated in patients with Crohn’s disease by overexpression
of Smad 7. With expectation of multiple molecular targeting by microRNAs (miRNAs), we currently
attempted to identify certain miRNAs that activate TGF-β/Smad signal pathway and aimed to
prove in vivo therapeutic efficacy in mouse model. Through Smad binding element (SBE) reporter
assays, we focused on miR-497a-5p. This miRNA is common between mouse and human species
and enhanced the activity of TGF-β/Smad signal pathway, decreased Smad 7 and/or increased
phosphorylated Smad 3 expression in non-tumor cell line HEK293, colorectal cancer cell line HCT116
and mouse macrophage J774a.1 cells. MiR-497a-5p also suppressed the production of inflammatory
cytokines TNF-α, IL-12p40, a subunit of IL-23, and IL-6 when J774a.1 cells were stimulated by
lipopolysaccharides (LPS). In a long-term therapeutic model for mouse dextran sodium sulfate (DSS)-
induced colitis, systemic delivery of miR-497a-5p load on super carbonate apatite (sCA) nanoparticle
as a vehicle restored epithelial structure of the colonic mucosa and suppressed bowel inflammation
compared with negative control miRNA treatment. Our data suggest that sCA-miR-497a-5p may
potentially have a therapeutic ability against IBD although further investigation is essential.

Keywords: inflammatory bowel disease; miR-497a-5p; TGF-β; macrophage

1. Introduction

Inflammatory bowel disease (IBD) such as ulcerative colitis (UC) and Crohn’s disease
(CD) is an intractable chronic inflammatory disease, and the number of patients is increasing
in the world year by year [1–3]. Medical treatments such as 5-aminosalicylic acid (5-ASA),
corticosteroids, and anti-tumor necrosis factor-α (TNF-α) antibody are first line-therapies
against IBD, but remissions and relapses are often repeated [4,5]. In recent years, anti-
interleukin 12/23 antibody, JAK inhibitors, and anti-α4β7 integrin antibody emerged as
new molecular-targeted drugs [6–9], but they carry the risk of immunocompromise, allergy
and other side effects and they still cannot cure IBD. Therefore, continuous effort to develop
novel therapy is required against IBD.
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Although the cause of IBD has not been fully clarified, involvement of genetic factors
and environmental factors is suggested [10–12]. When the barrier mechanism of the intesti-
nal mucosa is destroyed, food residues and intestinal bacteria are phagocytosed by antigen
presenting dendritic cell which present antigen to Naïve T cells and induce differentiation
into regulatory T lymphocytes (Treg) and inflammatory T lymphocytes (Th17) [13,14]. In
IBD patients, Th17 becomes dominant and Treg declines, so that inflammatory cytokines,
TNF-α, and interferon-γ (IFN-γ) increase, and an anti-inflammatory cytokine transforming
growth factor-β (TGF-β) decreases [15]. It is reported that TGF-β/Smad signal pathway
is suppressed in IBD patients [16–18]. Smads involved in this pathway are classified
into three types: Inhibitory Smads (I-Smad: Smad 6/7) that inhibit the signal pathway,
Common mediator Smad (Co-Smad: Smad 4) that forms a complex with Smad 2/3, and
Receptor-regulated Smads (R-Smads: Smad 2/3 and others) that activate the signal path-
way [19,20]. It is reported that Smad 7 was highly expressed in mononuclear cells at
intestinal lamina propria in patients with IBD [17,18,21]. Intestinal macrophages also play
an important role in IBD [22–24]. It is reported that intestinal-specific macrophages subset
CD14+ macrophages produce a large amount of inflammatory cytokines IL-23, TNF-α and
IL-6, leading to chronic inflammation in Crohn’s disease [25].

MicroRNA (miRNA) is a single-stranded non-cording RNA of 21 to 25 bases MiRNA
that binds to the 3′ UTR of the target mRNA to suppress translation, or control gene
expression by cleaving mRNA [26,27]. Although limited numbers of siRNA- and miRNA-
based therapeutic options have advanced to clinical stages [28–35], venous infusion of
nucleic acid medicine is expected as a powerful therapeutic option especially against severe
IBD at acute exacerbation. Using IBD models considerable efforts have been made for
systemic delivery of various miRNAs [36–43], but it still remains an unsolved clinical
challenge mainly due to lack of suitable delivery system. Thus, miRNA and siRNA are
rapidly degraded when administered to the blood stream, which made it difficult to supply
sufficient amount of nucleic acid to target lesions.

sCA nanoparticle is a pH-sensitive in vivo delivery system for miRNA and siRNA
with no significant immune activation based on modified calcium phosphate method [44].
We had previously reported that systemic administration of sCA incorporating siRNA and
miRNA showed antitumor effects in various carcinomas and anti-inflammatory effects in
IBD model [44–55].

A phase II clinical trial showed that oral Smad 7 antisense oligonucleotides improved
clinical symptoms in patients with Crohn’s disease [21], but the phase III clinical study was
unfortunately discontinued [56]. Some reports suspect insufficient quality of nucleic acid
prepared in the phase III study [56–59]. Unlike antisense oligonucleotides, miRNA can bind
to and regulate multiple genes [26,27]. Instead of single molecule targeting, we currently
attempted to identify certain miRNAs based on TGF-β/Smad signal activity, which should
exert multiple function. Finally, we investigated therapeutic efficacy of miR-497a-5p in
mouse dextran sodium sulfate (DSS)-induced colitis using super carbonate apatite as a
systemic delivery vehicle.

2. Results and Discussion
2.1. Selection of microRNAs That Up-Regulate TGF-β/Smad Signal Pathway

Using a public database TargetScan [60] miRbase [61], 18 mmu miRNAs were selected
as candidates which may potentially bind and inhibit expression of negative regulators in
TGF-β/Smad signal pathway such as Smad 6, Smad 7, SMURF1, SMURF2, LTBP1, TGIF
(Supplementary Figure S1, Point 1). Among 18 miRNAs we chose 13 miRNAs which
conserve identical sequences also in human species (Supplementary Figure S1, Point 2).
Potential binding combination between 3′ UTR mRNA of the negative regulators and mmu
miRNAs are summarized in Table 1.
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Table 1. Potential binding combination between inhibitors of TGF-β/SMAD signal pathway and
mmu miRNAs.

Gene mmu miRNA Position in the UTR Seed Match Count

SMURF1

125a-5p 2315–2322 8mer

125b-5p 2315–2322 8mer

15a-5p 2628–2634 7mer-m8

15b-5p 2628–2634 7mer-m8

16-5p 2628–2634 7mer-m8

19a-3p 642–649 8mer

19b-3p 642–649 8mer

SMURF2

497a-5p 205–211 7mer-1A

322-5p 205–211 7mer-1A

15a-5p 205–211 7mer-1A

15b-5p 205–211 7mer-1A

16-5p 205–211 7mer-1A

195a-5p 205–211 7mer-1A

19b-3p 2572–2578 7mer-m8

19a-3p 2572–2578 7mer-m8

148a-3p 2574–2580 7mer-m8

152-3p 2574–2580 7mer-m8

186-5p 2441–2447 7mer-m8

LTBP1

152-3p 37–43 7mer-m8

148a-3p 37–43 7mer-m8

148b-3p 37–43 7mer-m8

SMAD6

196b-5p 102–108 7mer-1A

196a-5p 102–108 7mer-1A

186-5p 248–254 7mer-m8

SMAD7

15a-5p 69–76 8mer

497a-5p 69–76 8mer

195a-5p 69–76 8mer

15b-5p 69–76 8mer

16-5p 69–76 8mer

322-5p 69–76 8mer

TGIF

19a-3p 625–632 8mer

19b-5p 543–549 7mer-1A

6965-5p 192–198 7mer-m8

7075-5p 195–202 8mer

148b-3p 126–132 7mer-m8

148a-3p 126–132 7mer-m8

15a-5p 1709–1715 7mer-m8

16-5p 1709–1715 7mer-m8

152-3p 1678–1685 8mer

195a-5p 1709–1715 7mer-m8

322-5p 1709–1715 7mer-m8

497a-5p 1709–1715 7mer-m8

All mmu miRNAs except for miR-15b-5p-, miR-125b-5p, miR-322-5p-, miR-6965-5p, miR-7075-5p are identical to
human hsa miRNAs.
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To find certain miRNAs that activate TGF-β/Smad signal pathway, SBE reporter
assays were performed using the two different systems (Supplementary Figure S1, Point
3,4). Supplementary Figure S2 shows the principle of this reporter assay. Thus, once Smad
3/Smad 4 binds to SBE together with various transcriptional factors, luciferase signal comes out.

In the first screening, we examined the ability of 13 miRNAs in activation of TGF-
β/Smad signal pathway using HEK293 cells where the SBE reporter plasmid was initially
transduced. The experimental time schedule is shown in Figure 1A. Thus, cells were
exposed with TGF-β at 0.5 ng/mL for 18 h in the assay medium (DMEM supplemented
with 0.5% FBS, 1% non-essential amino acids, 1 mM Na pyruvate), and SBE reporter assay
was performed. Treatment with TGF-β significantly enhanced SBE activity in parental cells
and miR-NC-treated cells (* p < 0.05 for each, Figure 1B). We found that 7 of 13 miRNAs
activated the TGF-β/Smad signal pathway by TGF-β treatment when compared with
miR-NC (* p < 0.05, Figure 1B).
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Figure 1. The first-round screening. (A) The experimental time schedule is shown here. (B) Of
the 13 candidate miRNAs, 7 miRNAs significantly activated SBE reporter activity when compared
to miR-NC (** p < 0.01,* p < 0.05, miR-NC vs. miR-125a-5p, p = 0.043; miR-NC vs. miR-148b-3p,
p = 0.005; miR-NC vs. miR-152-3p, p = 0.005; miR-NC vs. miR-16-5p, p = 0.005; miR-NC vs. miR-497a-
5p, p = 0.003; miR-NC vs. miR-186-5p, p = 0.001; miR-NC vs. miR-195a-5p, p = 0.016).
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In the second screening, we employed a dual luciferase assay system in which SBE ac-
tivity is normalized by expression of co-transfected Renilla luciferase vector, thus providing
more accurate data. Seven miRNAs selected in the first-round screening were transfected
24 h prior to transfection of the plasmids. Then cells were exposed in the assay medium
containing 0.5 ng/mL TGF-β for 24 h (Figure 2A). As results, we found that 3 miRNAs
(miR-497a-5p, miR-186-5p, miR-195a-5p) again significantly activated the SBE activity when
compared with miR-NC (* p < 0.05) (Figure 2B). Because miR-195a-5p had already been re-
ported as a potential treatment option for IBD by promoting intestinal barrier integrity and
restoration of the intestinal epithelium [62,63], we focused on miR-479a-5p and miR-186-5p
in the subsequent experiments.
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Figure 2. The second-round screening. (A) The experimental time schedule is shown here. (B) Of the
7 miRNAs, 3miRNAs (miR-497a-5p, miR-186-5p, miR-195a-5p) significantly activated SBE reporter
activity when compared to miR-NC (** p < 0.01, * p < 0.05, miR-NC vs. miR-497a-5p, p = 0.016;
miR-NC vs. miR-186-5p, p = 0.001; miR-NC vs. miR-195a-5p, p = 0.001).

2.2. Effect of miRNA Treatment on Smad Expression

The sequences of miR-186 and miR-497a-5p were conserved between mouse and
human species [60]. HEK 293 cells were transfected with miR-NCs, miR-186, and miR-
497a-5p, grown for 24 h or 48 h under treatment with TGF-β at 0.5ng/mL for 1 h, as
previously reported [17,64–66] (Figure 3A). MiR-497a-5p treatment increased the expres-
sion of phosphorylated-Smad 2 (p-Smad 2) and decreased Smad 7 expression compared
with parental HEK293 cells, miR-NC1, and miR-NC2-treated cells 48 h after transfection
(Figure 3B). By contrast, treatment with miR-186 did not affect p-Smad 2 or Smad 7 expres-
sion. In colorectal cancer (CRC) cell line HCT116 under TGF-β treatment, miR-497a-5p
up-regulated p-Smad 2 largely and p-Smad 3 to some extent, and decreased Smad 7 24 h
after transfection (Figure 3C). In mouse macrophage J774a.1 cells, miR-497a-5p treatment
decreased Smad 7 expression 48 h after transfection, although p-Smad 2 and p-Smad 3
levels were maintained as well (Figure 3D).
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Figure 3. Western blot analyses for Smads in TGF-β/Smad signal pathway. (A) Experimental time
schedule is shown here. (B) In HEK293cells, miR-497a-5p suppressed the expression of Smad 7 and
increased the expression of p-Smad 2 48 h after transfection. The expression of p-Smad 3 was not
detected. (C) In CRC line HCT116, miR-497a-5p suppressed the expression of Smad 7 and increased
the expression of p-Smad 2 and p-Smad 3 24 h after transfection. (D) In mouse macrophage cell
line J774a.1, miR-497a-5p suppressed the expression of Smad 7 miR-NC 48 h after transfection. The
expressions of p-Smad 2 and p-Smad 3 were not affected much.

2.3. Smad 7 Is a Direct Target of miR-497a-5p

Based on the findings of western blots, we preferentially focused on miR-497a-5p. It is
reported that miR-497-5p indirectly activated latent TGF-β via reversion-inducible cysteine-
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rich protein (Reck) in lung fibrosis model [67]. Here we show that miR-497a-5p directly
inhibit Smad 7 expression. In silico survey showed that mouse Smad 7 mRNA has the
binding site of miR-497a-5p in its 3′ UTR (Figure 4A). Seed sequence of human miR-497-5p
and its binding site in 3′ UTR of human Smad 7 mRNA are both well conserved between
mouse and human species (Supplementary Figure S3). We constructed a luciferase reporter
plasmid containing the miR-497a-5p binding sites in the 3′ UTR of Smad 7 (Figure 4B).
When luciferase assay was performed using HCT116 cells, it was revealed that miR-497a-5p
significantly suppressed luciferase activity compared with miR-NC (p < 0.05), indicating
the direct binding between miR-497a-5p and the 3′ UTR of Smad 7 (Figure 4C).
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Figure 4. Binding assay of miR-497a-5p and 3′ UTR of Smad 7. (A) TargetScan was used to identify
a binding site at position 69–76 of the Smad 7 mRNA 3′ UTR that was complementary to the seed
sequence of miR-497a-5p. (B) Schematic illustration for binding assay. PmirGLO plasmid vector
expresses luminescence according to luciferase activity. When miR-497a-5p binds to the cloning
site of the 3′ UTR of Smad 7, luciferase luminescence reduces. At 24 h after transfection, firefly and
Renilla luciferase activities were measured. (C) In CRC cell lines HCT116, miR-497a-5p significantly
suppressed the luciferase activities as compared to miR-NC or parental cells (** p < 0.01, miR-NC vs.
miR-497a-5p, p = 0.0007), indicating a direct binding of miR-497a-5p to the sequence of 3′ UTR of
Smad 7.
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2.4. MiR-497a-5p Suppressed Expression of Inflammatory Cytokines in Mouse Macrophage J774a.1

It is reported that Smad 7 was highly expressed in mononuclear cells in lamina pro-
pria of intestinal mucosa in patients with IBD [16–18,21]. A part of mononuclear cells turns
into macrophages which produce a large number of inflammatory cytokines such as IL-23,
TNF-α, and IL-6 by stimulation of intestinal bacteria, leading to chronic inflammation [23–25].
Co-culture of macrophages and intestinal epithelial cells is also used as a colitis model
in vitro [68]. Therefore, we examined whether miR-497a-5p would suppress the production
of inflammatory cytokines TNF-a, IL-6, and IL-12p40 (a subunit of IL-23), when lipopolysac-
charides (LPS) at 100 ng/mL was added to mouse macrophage cell line J774a.1 according
to the time schedule shown in Figure 5A. qRT-PCR assays showed that miR-497a-5p
suppressed the production of TNF-α, IL-6, and IL-12p40 compared with miR-NC at the
indicated time points with asterisks (* p < 0.05, Figure 5B).

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 9 of 21 
 

 

production of inflammatory cytokines TNF-a, IL-6, and IL-12p40 (a subunit of IL-23), 
when lipopolysaccharides (LPS) at 100 ng/mL was added to mouse macrophage cell line 
J774a.1 according to the time schedule shown in Figure 5A. qRT-PCR assays showed that 
miR-497a-5p suppressed the production of TNF-α, IL-6, and IL-12p40 compared with 
miR-NC at the indicated time points with asterisks (* p < 0.05, Figure 5B). 

 
Figure 5. miR-497a-5p suppressed the production of inflammatory cytokine from mouse macro-
phage cell line J774a.1. (A) Time course schedule is shown here. Cells were stimulated by LPS at 100 
ng/mL. (B) qRT-PCR revealed that miR-497a-5p suppressed the production of inflammatory cyto-
kine, TNF-α, IL-6, and IL-12p40 compared with miR-NC (** p < 0.01, * p < 0.05. TNF-α: miR-NC vs. 
miR-497, 4 h p = 1.45E-07, 24 h p = 0.003, 48 h p = 0.033; IL-6: miR-NC vs. miR-497, 4h p = 0.0006, 24 h 
p = 0.003, 48 h p = 2.36E-09; IL-12p40: miR-NC vs. miR-497, 4 h p = 0.496, 24 h p = 0.006, 48 h p = 
0.0005). 

  

Figure 5. miR-497a-5p suppressed the production of inflammatory cytokine from mouse macrophage
cell line J774a.1. (A) Time course schedule is shown here. Cells were stimulated by LPS at 100 ng/mL.
(B) qRT-PCR revealed that miR-497a-5p suppressed the production of inflammatory cytokine, TNF-α,
IL-6, and IL-12p40 compared with miR-NC (** p < 0.01, * p < 0.05. TNF-α: miR-NC vs. miR-497, 4 h
p = 1.45E-07, 24 h p = 0.003, 48 h p = 0.033; IL-6: miR-NC vs. miR-497, 4h p = 0.0006, 24 h p = 0.003,
48 h p = 2.36E-09; IL-12p40: miR-NC vs. miR-497, 4 h p = 0.496, 24 h p = 0.006, 48 h p = 0.0005).
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2.5. sCA Delivered miRNA to Macrophages in Colonic Mucosa

In our previous study, we showed that sCA incorporating miR-NC tagged with Alexa
Fluor 647 was largely co-localized with CD11c+ dendritic cells in the inflamed colon [46].
In this study, we performed in vivo uptake test of miRNA into macrophages. To visualize
the extent and localization of miRNA in the normal and inflamed colon, sCA incorporating
miR-NC tagged with Alexa Fluor 647 was administered via tail vein, and the colon was
excised 4 h after administration. Fluorescence microscopy showed that the red fluorescence
of the Alexa 647 conjugate miR-NC was present in the mucosa and submucosa of the colonic
epithelium. Immunostaining of macrophages with the anti-F4/80 antibody showed that
co-localization of miRNA with the F4/80 positive macrophages was often found (Figure 6A)
and the percentage of uptake of miRNA in macrophages was 47.12 ± 8.27 in inflamed
colon and 38.23 ± 2.79 in normal mucosa, respectively (Figure 6B). There was no significant
difference between the two groups.

Anti- TNF-a antibodies such as infliximab and adalimumab are already used in the
treatment of IBD [69]. Because miR-497a-5p was able to suppress IL-6 and IL-12p40 in
addition to TNF-α in J774a.1, sCA-miR-497a-5p complex targeting macrophages at inflamed
colon may have a clinical benefit.

1 

 

 Figure 6. Co-localization of miRNA with macrophages in colonic mucosa. DSS-induced colitis was
produced by free drinking of 2% DSS for 7 days in female mice (n = 2). sCA incorporating miR-NC
tagged with Alexa Fluor 647 (25 µg) was administered via tail vein, and the colon was excised 4 h
after administration. Immunostaining of macrophages with the anti-F4/80 antibody showed that
co-localization of miRNA with the F4/80 positive-macrophages was noted 47.12 ± 8.27 in inflamed
colon by DSS treatment and 38.23 ± 2.79 in normal mucosa, respectively (n = 6 per mice). Scale bar,
50 µm. Red: miR-NC tagged with Alexa Fluor 647, Green: F4/80 positive-macrophages. Yellow:
merged signals, indicated by arrows.
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2.6. Therapeutic Efficacy of Systemic Administration of sCA-miR-497a-5p on Mouse
DSS-Induced Colitis

Mice were treated with 1.5% DSS in drinking water for 16 days. sCA-miR complexes
were injected to tail vein 8 times on days 9, 11, 13, 15, 17, 19, 21, and 23. On day 24,
mice were sacrificed (Figure 7A). Here we attempted a long-term experiment to evaluate
the therapeutic efficacy of miR-497a-5p; 1.5% DSS for 16 days followed by therapeutic
treatments from day 9 to day 23 every two days. Because most studies were performed to
assess preventive effect of drugs or gene manipulation in DSS-induced colitis [69–73], we are
not aware of any reports that assessed the therapeutic effect of miRNA in DSS-induced colitis
especially in such a long-term schedule. As a result, a drastic inflammatory change was noted
as early as on day 5 in the inflamed rectum and colon (Supplementary Figure S4). Compared
with normal colon epithelium, DSS treatment alone or DSS and sCA-miR-NC destroyed
normal epithelial structures, and numerous inflammatory cells infiltrated into the lamina
propria of colonic mucosa (Figure 7B). By contrast, DSS and sCA-miR-497a-5p treatment
restored epithelial structures of the colonic mucosa and infiltration of inflammatory cells
rather decreased (Figure 7B). The colon length was significantly longer in mice treated
with DSS and sCA-miR-497a-5p as compared to those treated with DSS alone or DSS and
sCA-miR-NC (* p < 0.05, Figure 7C). There was no significant difference in body weight loss
among the DSS-treated groups (Figure 7D). Significantly worse histological scores in mice
treated with DSS alone or DSS and sCA-miR-NC were noted, whereas sCA-miR-497a-5p
treatment significantly improved the histological damages (Figure 7E, * p < 0.05).
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here. Normal mice (n = 3), DSS-treated mice (n = 3), DSS and sCA-miR-NC-treated mice
(n = 4), DSS and sCA-miR-497a-5p-treated mice (n = 3). (B) H&E staining of distal colon in each group.
The mucosal structure was destroyed and many inflammatory cells were noted in DSS-treated mice
or DSS and sCA-miR-NC-treated mice. By contrast, DSS and sCA-miR-497a-5p-treated mice had the
notable therapeutic effect. Scale bars, 100 µm for each. (C) The colon length was significantly longer
in mice treated with DSS and sCA-miR-497a-5p as compared to those treated with DSS alone or DSS
and sCA-miR-NC (** p < 0.01, * p < 0.05, DSS alone vs. DSS and miR-497a-5p, p = 0.002; DSS and
miR-NC vs DSS and miR-497a-5p, p = 0.022). (D) There was no significant difference in body weight
loss among the DSS-treated groups. (E) Significantly worse histological scores in mice treated with
DSS alone or DSS and sCA-miR-NC were noted, whereas sCA-miR-497a-5p treatment significantly
improved the histological damages (** p < 0.01, * p < 0.05, DSS alone vs DSS and miR-497a-5p,
p = 0.046, DSS and miR-NC vs DSS and miR-497a-5p p = 0.034).

2.7. Therapeutic Efficacy of Systemic Administration of sCA-miR-186-5p on Mouse DSS-Induced Colitis

Finally, we compared the in vivo efficacy of miR-186-5p and miR-497a-5p loaded
on sCA. Studies have shown anti-tumor effect of miR-186-5p in carcinomas of colon,
breast, bladder, prostate, and osteosarcoma through maintaining NK cell stability and
suppressing epithelial-mesenchymal transition (EMT) [74–79], but its role in IBD has not
been investigated. A shorter time course study, where 2% DSS in drinking water was given
for 8 days and sCA-miRNAs were injected to tail vein 6 times (Figure 8A), indicated that
miR-186-5p had similar therapeutic efficacy to miR-497a-5p in terms of histological score
(Figure 8B–E). Our current data with regard to selected three miRNAs acting at activation
of TGF-β/Smad signal pathway support the notion that this pathway is an important factor
to suppress IBD.
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was administered in drinking water for 8 days. sCA loaded with miRNA (50 µg) was injected on
days 8,9, 10, 12, 13, and 14. Mice were sacrificed on day 15. The mice were divided into four groups
as follows: Normal mice (n = 3), DSS-treated mice (n = 3), DSS and sCA-miR-497a-5p-treated mice
(n = 3), and DSS and sCA- miR-186-5p-treated mice (n = 3). (B) H&E staining. The mucosal structure
was destroyed in DSS-induced colitis on day 8, only partially regenerated on day 15. On the other
hand, the colonic mucosa was largely reconstructed in DSS and sCA-miR-497a-5p and DSS and
sCA-miR-186-5p-treated groups. Scale bars, 100 µm. (C) Compared with DSS-induced colitis mice,
colon length was significantly longer in DSS and sCA-miR-497a-5p or DSS and sCA-miR-186-5p
treatment groups compared with DSS-induced colitis mice (* p < 0.05, DSS-induced colitis mice vs.
DSS and sCA-miR-497a-5p, p = 0.029; DSS-induced colitis mice vs. DSS and sCA-miR-186-, p = 0.196).
(D) Changes in body weight. No significant differences were observed among the groups. (E) The
histological score was significantly improved in DSS and sCA-miR-497a-5p or DSS and sCA-miR-186-
5p-treated mice compared with DSS-induced colitis mice (* p < 0.05, ** p < 0.01, DSS-induced colitis
mice vs DSS and sCA-miR-497a-5p p = 0.026; DSS-induced colitis mice vs DSS and sCA-miR-186-5p,
p = 0.026).

2.8. Limitation and Future Perspective

There are several limitations in this study. (i) TGF-β activation and production of
cytokines from mouse macrophages had not been examined in the in vivo model yet. (ii) It
remains to be clarified how miR-186-5p acts against IBD. (iii) In vivo experiments for miR-
186-5p should be repeated although in vivo efficacy of miR-497a-5p was confirmed by two
different experiments. During preparation of this manuscript, Zhang M et al. demonstrated
a preventive role of miR-497 in DSS-induced colitis using knockout mice and inhibition of
Wnt/β-catenin pathway was suggested as one possible mechanism [80]. Collectively it is
considered that miR-497 exerts multiple functions such as activation of TGF-β signaling
pathway through targeting Smad 7 and inhibition of Wnt/β-catenin pathway. Our study
proved therapeutic efficacy of miR-497a-5p using sCA as a delivery tool. Recent review
articles introduce sCA nanoparticle as a hopeful non-viral systemic strategy [81–84].

3. Materials and Methods
3.1. Cell Lines and Cell Culture

Human colon cancer cell line HCT116 and human embryonic kidney HEK293 cells
were obtained from the American Type Culture Collection (Rockville, MD, USA). Mouse
macrophage cell line J774a.1 was purchased from JCRB (Japanese Cancer Research Re-
sources Bank) (Ibaragi, Osaka, Japan). HCT116 and J774a.1 cells were cultured in Dul-
becco’s modified Eagle medium (Sigma-Aldrich, Cat. No. D6404, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL
streptomycin at 37 ◦C. HEK293 cells were cultured in DMEM supplemented with 10%
FBS, 1% non-essential amino acids (Hyclone, Cat. No. SH30238.01, Tokyo, Japan), 1 mM
Na pyruvate (Hyclone, Cat. No. SH30239.01), and 100 U/mL penicillin, and 100 µg/mL
streptomycin. Cells were cultured in a humidified incubator at 37 ◦C in an atmosphere
containing 5% CO2.

3.2. miRNAs

The specific miRNAs (mmu miR-125a-5p, mmu miR-148a-3p, mmu miR-148b-3p,
mmu miR-152-3p, mmu miR-15a-5p, mmu miR-16-5p, mmu miR-497a-5p, mmu miR-186-
5p, mmu miR-195a-5p, mmu miR-19a-3p, mmu miR-19b-3p, mmu miR-196a-5p, and mmu
miR-196b-5p), and the two negative control miRNAs (NC-miR-1and NC-miR-2) were used
in in vitro experiments.

The specific miRNAs (mmu miR-497a-5p) and the negative control miRNA-1 (NC-
miR-1) were used in in vivo experiments. The specific miRNAs and NC-miR-1 were
purchased from Gene Design Inc. (Ibaragi, Osaka, Japan) and NC-miR-2 was purchased
from Sigma-Aldrich. The sequences of miRNAs used are listed in Supplementary Table S1.
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3.3. TGF-β Pathway-Responsive Reporter Assays

The first round screening was performed using HEK293 cells where SBE reporter
plasmid was introduced (BPS Bioscience, Cat. No. 60653, Court West, Suite E San Diego,
CA, USA). The cells were maintained with 400 µg/mL of Geneticin (Invitrogen, Cat. No.
10131035, Carlsbad, CA, USA). Cells were seeded in 96-well plates at a density of 2.5 × 104

per well and transfected with miR-NC and candidate miRNAs at a final concentration of
50 nM. The second round screening was performed using SBE Reporter Kit (BPS Bioscience,
Cat. No. 60654). The kit contains transfection-ready SBE luciferase reporter vector. This
reporter contains a firefly luciferase gene under the control of multimerized SBE responsive
element located upstream of a minimal promoter. The SBE reporter is premixed with
constitutively expressing Renilla-Sea Pansy luciferase vector that serves as internal control
for transfection efficiency. Luciferase assay was performed using Dual-Luciferase® Reporter
Assay System (Promega, Cat, No. E1910, Madison, WI, USA) and luminescence was
measured by a luminometer (TriStar2 LB942).

3.4. Transfection

Plasmid DNAs were transfected by LipofectamineTM 2000 Transfection Reagent (Invit-
rogen, Cat, No. 11668019) and miRNAs were transfected by LipofectamineTM RNAiMAX
Transfection Reagent (Invitrogen, Cat, No. 13778150). At transfection, Opti-MEM™ I
Reduced Serum Medium (Thermo Fisher Scientific, Cat. No. 31985062, Wilmington, DE,
USA) was used.

3.5. Western Blotting

Cells were seeded in six-well plates at a density of 1 × 105–2 × 105 per well and
transfected with miR-NC, miR-497a-5p and miR-186-5p at a final concentration of 50 nM.
After 24 h and 48 h, cell lysates were extracted by lysis buffer (0.05 M Tris-HCl pH8.0,
0.15 M NaCl, 0.5 % Nonidet P-40) with 1% proteinase inhibitor cocktail (Nacalai Tesque,
Inc. Kyoto, Kyoto, Japan. Cat, No. 04080-24). The protein samples (30 µg/lane) were
electrophoresed by SDS-PAGE using 9% acrylamide gel and transferred to PVDF transfer
membranes (Bio-Rad Laboratories, Inc. Hercules, CA, USA. Cat, No. #1620177). The
membranes were blocked with 5% non-fat dry milk (Cell Signaling Technology, Inc. Cat,
No. #9999, Beverly, MA, USA) in TBS with Tween-20 (TBS-T; 50 mM Tris, 158 mM NaCl,
2.7 mM KCl, pH 7.5, 0.1% Tween-20) or Blocking One (Nacalai Tesque, Inc. Cat, No. 03953-
66) or Blocking One-p (Nacalai Tesque, Inc. Cat, No. 05999-84) for 1 h at room temperature
and incubated with the following primary antibodies overnight at 4 ◦C:

Antibodies and dilution used were as follows:
Phospho-Smad 2 (Ser465/467) (138D4) Rabbit mAb (1:1000, Cell Signaling Technology,

Cat, No. #3108,), Phospho-Smad 3 (Ser423/425) (C25A9) Rabbit mAb (1:1000, Cell Signaling
Technology, Cat, No. #9520), Smad 7 Polyclonal Antibody (1: 500, Invitrogen, Cat, No.
10466413), β-Actin (13E5) Rabbit mAb (1:3000, Cell Signaling Technology, No. #4970),
and anti-Rabbit IgG, HRP-Linked Whole Ab Donkey secondary antibody (1: 3000, GE
Healthcare, Cat, No. NA934, Chicago, IL, USA). The bands were visualized by the ECL
Detection System (GE Healthcare Life Sciences, Cat, No. 89168-782) and analyzed using
ImageJ 1.52v software (National Institutes of Health).

3.6. Binding Assay Using pmirGLO Plasmid Vector

RT-PCR was performed to amplify parts of the 3′ UTRs of Smad 7 miRNA. The primer
sequences were as follows: insert of Smad 7, forward 5 5′-GCTCGCTAGCCTCGACTGAGC
AGGCCACACTTCAAAC-3′, reverse 5′-ATGCCTGCAGGTCGAGGTGTCCTGCCGA
TCATACCTG-3′. The amplified product (304 bp) was subcloned and ligated into the
multi-cloning site between Sal I and Xho I in the pmirGLO Dual-Luciferase miRNA Target
Expression Vector (Promega, Cat, No. E1330) using the In-Fusion HD Cloning Kit (Clontech,
Cat, No. 639650, Mountain View, CA, USA).

The sequences of inserts and vectors were confirmed by Sanger sequencing.
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Cells were seeded in 96-well plates at a density of 1 × 104 cells per well and were
co-transfected with 50 ng pmirGLO plasmid vector containing the insert and either miR-
negative control (5 pmol) or miR-497a-5p (5 pmol). At 24 h after transfection, firefly and
Renilla luciferase activities were measured using the Dual- Luciferase Reporter Assay
System (Promega, Cat, No. E1910). All experiments were conducted in triplicate.

3.7. qRT-PCR

Total RNA was extracted using TRIzolTM Reagent (Invitrogen, Cat, No. 15596018).
RNA quality was assessed with a NanoDrop ONE spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA). About 2 µg of RNA was reverse transcribed with the high-capacity
RNA to cDNA Kit (Applied Biosystems, Cat, No. 4388950, Foster City, CA, USA).

qPCR analysis was performed using THUNDERBIRD SYBR qPCR Mix (TOYOBO
LIFE SCIENCE, Cat, No. QPS-201). The qPCR was performed on the LightCycler® 480
real-time PCR system (Roche Diagnostics, Basel, Switzerland). The qPCR conditions were
as follows: 95 ◦C for 30 s; followed by 40 cycles of 95 ◦C for 10 s, 60 ◦C for 10 s and 72 ◦C for
30 s. The expression of the target gene was normalized to endogenous GAPDH expression.
Relative expression was quantified by the 2−∆∆Cq method.

The primers used were as follows:

TNF-α: 5′-CGTCAGCCGATTTGCTATCT-3′ (forward) and 5′-CGGACTCCGCAAAGTCTAAG-
3′ (reverse).
IL-6: 5′-AGTTGCCTTCTTGGGACTGA-3′ (forward) and 5′-CAGAATTGCCATTGCACAAC-3′

(reverse).
IL-12p40: 5′-AGGTGCGTTCCTCGTAGAGA-3′ (forward) and 5′-AAAGCCAACCAAGCA
GAAGA-3′ (reverse).
GAPDH: 5′-AGGTCGGTGTGAACGGATTTG-3′ (forward) and 5′-TGTAGACCATGTA
GTTGAGGTCA-3′ (reverse).

3.8. Therapeutic Model for DSS-Induced Mouse Colitis

Eight-week-old BALB/c mice (female) which retain intact immune system were pur-
chased from CLEA (Tokyo, Japan). DSS (MW 36,000–50,000) was purchased from MP
Biomedicals (Cat, No. 9011-18-1, Santa Ana, CA, USA). For producing therapeutic model
of DSS-induced colitis, drinking water at a concentration of 1.5% DSS was given to mice for
16 days with reference to previous studies [46,81]. MiR-497a-5p loaded on super carbonate
apatite nanoparticle was injected eight times on the tail vein from day 9 to day 23 every
two days. Mice were sacrificed on day 24. For a comparative therapeutic study between
sCA-miR-497a-5p and sCA-miR-186-5p, 2% DSS in drinking water was given to mice for
8 days [82–84]. MiR-497a-5p or miR-186-5p loaded on super carbonate apatite nanoparticle
was injected on days 8, 9, 10, 12, 13, and 14. Mice were sacrificed on day 15. The study
protocol was in accordance with the Declaration of Helsinki, and the Ethical Guidelines
for Medical and Health Research Involving Human Subjects in Osaka University. Animal
experiments were approved by the Institutional Animal Care and Use Committee of Osaka
University Graduate School of Medicine and by the Committee for the Ethics of Animal
Experiments of Osaka University (Permit Number: 30-02-5, 20 June 2018).

3.9. Histological Inflammation Scoring of DSS Colitis Mice

Based on previous reports [46,69], the extent of inflammation in colon and intestinal
wall was scored as follows: Mucosal damage: 0, normal; 1, focal damage and 3–10 intraep-
ithelial lymphocytes (IELs)/high power field (HPF); 2, rare crypt abscesses plus >10 IELs
/HPF; 3, multiple crypt abscesses and erosion/ulceration plus >10 IELs /HPF. Submucosal
damage: 0, normal or widely scattered leukocytes; 1, focal aggregates of leukocytes; 2,
diffuse leukocyte infiltration with expansion of the submucosa; 3, diffuse leukocyte infil-
tration. Muscularis damage: 0, normal or widely scattered leukocytes; 1, widely scattered
leukocyte aggregates between muscle layers; 2, leukocyte infiltration with focal effacement
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of the muscularis; 3, extensive leukocyte infiltration with transmural effacement of the
muscularis.

3.10. Production of sCA

sCA was prepared as described previously [44]. Briefly, 50 µg miR-497a-5p or miR-
negative control 1 (NC1) was incubated in 25 mL of inorganic solution (44 mM NaHCO3;
0.9 mM NaH2PO4; 1.8 mM CaCl2 pH 7.5) at 37 ◦C for 30 min. The solution was centrifuged
at 12,000 rpm for 3 min. The pellets from two tubes were dissolved in 200 µL saline contain-
ing 0.5% albumin, and sonicated (38 kHz, 80 W) in a water bath for 10 min. Approximately
50 µg miRNA per one administration was injected into the tail vein.

3.11. Fluorescent Immunostaining of Macrophages at Propria Muscularis of Colon Mucosa

DSS-induced colitis was produced by free drinking of 2% DSS for 7 days in female mice
(n = 2). Non-treated mice (n = 2) served as a comparative reference. The Alexia 647-tagged
NC-miRNA (25 µg) encapsulated in sCA was injected into the tail vein and the distal colon
was collected 4 h later, and frozen in OCT compound. About 8 µm sections were cut and
fixed in 4% paraformaldehyde. The frozen sections (n = 6 per mouse) were incubated
overnight with rat anti-mouse F4/80 antibody (BIO RAD, Cat, No. MCA497G, Hercules,
CA, USA) at a concentration of 1:100. As a secondary antibody, FITC-conjugated goat anti-
rat IgG was used (Jackson ImmunoResearch, Cat, No. 112-095-167, West Grove, PA, USA).
The nuclei were stained with ProLong Gold anti-fade reagent with DAPI (Invitrogen, Cat,
No. #8961). Sections were observed using a fluorescence microscope (BZ-X 700, Keyence
Corporation, Osaka, Japan).

3.12. Statistics

F-test was performed to find out if there were equal variances between the two
groups. Statistical significance of the difference between two groups was then calculated by
Student’s t-test or Welch’s t-test, and data are presented as means ± standard deviations
unless specifically otherwise indicated. When more than two groups were compared,
one-way ANOVA was used followed by Bonferroni correction to determine the statistical
significance of the differences. Statistical analyses were performed using the JMP13 program
(SAS Institute, Cary, NC, USA). Differences with p < 0.05 were considered significant (File S1).

4. Conclusions

In conclusion, we have demonstrated that sCA-miR-497a-5p complex exerts a potent
anti-inflammatory effect through activation of TGF-β/Smad signal pathway and inhibition
of secretion of inflammatory cytokines from macrophages in IBD therapeutic mice model.
These results suggest that sCA-miR-497a-5p may potentially have a therapeutic ability
against IBD although further investigation is essential.
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Abstract: Ren-Shen-Bai-Du Powder (RSBDP) is currently used for inflammatory bowel disease (IBD)
therapy in China. However, its potential mechanism against IBD remains unknown. In this study, we
initially identified potential targets of RSBDP against IBD through network pharmacology analysis
and molecular docking. Afterwards, the DSS-induced colitis mice model was employed to assess
the effects of RSBDP. The results of network pharmacology indicated that a total of 39 main active
ingredients in RSBDP generated 309 pairs of drug-ingredient and ingredient-target correspondences
through 115 highly relevant targets of IBD. The primary ingredients (quercetin, kaempferol, luteolin,
naringenin, and sitosterol) exerted functions through multiple targets that include CYP1B1, CA4/7,
and ESR1/2, etc. GO functional enrichment analysis revealed that the targets related to IBD were
significantly enriched in the oxidation-reduction process, protein binding, and cytosol. Per the KEGG
pathway analysis, pathways in cancer, adherens junction, and nitrogen metabolism were pivotal in
the RSBDP’s treatment of IBD. Additionally, molecular docking demonstrated that a set of active
ingredients and their targets displayed good bonding capabilities (e.g., kaempferol and AhR with
combined energy < 5 kcal/mol). For the animal experiment, oral RSBDP promoted weight recovery,
reduced intestinal inflammation, and decreased serum IL-1, IL-6, and IL-8 concentrations in the
DSS + RSBDP group. Meanwhile, oral RSBDP significantly up-regulated the mRNA levels of CA7,
CPY1B1, and PTPN11; in particular, the expression level of CYP1B1 in the DSS + RSBDP group was
up-regulated by as high as 9-fold compared to the DSS group. Western blot results indicated that
the protein levels of AKR1C1, PI3K, AKT, p-AKT, and Bcl-2 were significantly down-regulated, and
Bax was significantly up-regulated in the DSS + RSBDP group. Compared to the DSS and control
groups, the Bax/Bcl-2 value in the DSS + RSBDP group increased 4-fold and 8-fold, respectively,
which suggested that oral RSBDP promotes apoptosis of intestinal epithelial cells. In short, this
study established quercetin, kaempferol, luteolin, naringenin, and sitosterol as the primary key active
ingredients of RSBDP that exert synergistic therapeutic effects against IBD through modulating the
AhR/CYP1B1 and AKR1C1/PI3K/AKT pathways.

Keywords: Ren-Shen-Bai-Du Powder (RSBDP); inflammatory bowel disease; network pharmacology;
molecular docking; underlying mechanism

1. Introduction

Inflammatory bowel disease (IBD) is characterized by an idiopathic chronic inflamma-
tory state of the gastrointestinal tract and encompasses 2 distinct disease states: ulcerative
colitis (UC) and Crohn’s disease (CD) [1]. Since officially naming the disease in 1875, the
number of people subjected with IBD has progressively increased each year. Currently, IBD
has become a globalized disease, with five million IBD patients globally and a prevalence of
0.5% in some developed countries [2]. Clinically, it is a heterogeneous disease with numer-
ous phenotypes that commonly characterized by abdominal pain, diarrhea, mucus-like pus,
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blood in the stool, and damage of the mucosal barrier [3,4]. However, there is no official
name for IBD in Chinese medicine. Its clinical features can be classified as “dysentery”
and “diarrhea” and are mainly induced by damp-heat and a diet that damages the spleen
and stomach.

Drugs used frequently to treat IBD tend to be expensive and have high side effects,
rendering their consistent application challenging [5]. Conversely, traditional Chinese
medicine (TCM) has fewer toxic side effects and is endowed with a variety of biological
activities and pharmacological effects, including anti-inflammatory, antibacterial, and im-
munomodulatory effects with its multi-targeted action characteristics distinctively superior
in the treatment and prevention of IBD [6]. The earliest known use of Ren-Shen-Bai-Du
Powder (RSBDP) can be traced back to Qian Yi’s “Direct formula for children’s drug
syndrome” in the Northern Song Dynasty, which consisted of 12 herbs (weight ratio
2:4:2:3:2:2:2:2:2:2:1:1): Panax ginseng (Renshen, RS), Radix bupleuri (Chaihu, CH), Radix
Peucedani (Qianhu, QH), Rhizoma Ligustic Chuanxiong (Chuanxiong, CX), Fructus Aurantii
(Zhike, ZK), Rhizoma et Radix Notopterygii (Qianghuo, QH), Radix Angelicae Pubescentis
(Duhuo, DH), Poria (Fuling, FL), Radix Platycodonis (Jiegeng, JG), Radix Glycyrrhizae (Gancao,
GC), Rhizoma Zingiberis Recens (Shengjiang, SJ), and Herba Menthae (Bohe, BH). RSBDP has
also shown notable therapeutic properties against infantile diarrhea and has been demon-
strated to improve the intestinal mucosal barrier in UC rats [7]. However, the current
situation is different from the use of single-target drugs with a specific mechanism, and
the potential mechanism of RSBDP for treating IBD is still unclear, which requires further
systematic analysis.

The network pharmacology approach includes the use of systems biology, network
analysis, connectivity, and multiple effects [8]. It is in line with the holistic and systemic
characteristics of TCM and the principles of diagnosis and treatment, which can elucidate
the complex network of interactions between disease-specific genes and compounds in
TCM herbal medicines. Their association with one another helps reveal the possible
molecular mechanism of TCM prescriptions and provides relevant scientific evidence for
clinical research [9]. Therefore, the present study aimed to systematically elucidate the
mechanism of RSBDP in the treatment of IBD by analyzing the interactional relationships
between drug molecules and IBD-related targets through network pharmacology and
molecular docking. We also sought to provide a theoretical basis for clinical research. To
achieve our objectives, we implemented the technology roadmap in Figure 1.

Figure 1. The technology roadmap of network pharmacology in this study.
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2. Results
2.1. Screening for Key Active Ingredients of RSBDP and Prediction of Important Targets

Primary bioactive ingredients in RSBDP and corresponding ADME information were
extracted from the TCMSP data server. In this study, a total of 39 main bioactive ingredients
were identified in RSBDP and obtained the drug targets for the corresponding ingredients
utilizing the SwissTargetPrediction database (Table 1). After de-duplication and elimination
of invalid gene IDs, we intersected targets with those downloaded from the GeneCards
and Open Targets databases to acquire 115 potential targets of RSBDP against IBD. Data
collation yielded 309 pairs of drug-ingredient and ingredient-target correspondences.

Table 1. The primary active ingredients of RSBDP.

Drug Mol ID Molecule Name OB (%) DL

ChaiHu

MOL000354 Isorhamnetin 49.60 0.31
MOL000422 Kaempferol 41.88 0.24
MOL000098 Quercetin 46.43 0.28
MOL000449 Stigmasterol 43.83 0.76
MOL004718 α-spinasterol 42.98 0.76

ChuanXiong MOL000359 Sitosterol 36.91 0.75

DuHuo MOL000358 β-sitosterol 36.91 0.75

FuLing

MOL000287 3β-Hydroxy-24-methylene-8-lanostene-21-oic acid 38.70 0.81
MOL000282 Ergosta-7,22E-dien-3β-ol 43.51 0.72
MOL000283 Ergosterol peroxide 40.36 0.81
MOL000296 Hederagenin 36.91 0.75
MOL000275 Trametenolic acid 38.71 0.80

GanCao

MOL001792 DFV 32.76 0.18
MOL004806 Euchrenone 30.29 0.57
MOL000392 Formononetin 69.67 0.21
MOL004996 Gadelaidic acid 30.70 0.20
MOL004910 Glabranin 52.90 0.31
MOL004828 Glepidotin A 44.72 0.35
MOL004811 Glyasperin C 45.56 0.40
MOL004835 Glypallichalcone 61.60 0.19
MOL004949 Isolicoflavonol 45.17 0.42
MOL000354 Isorhamnetin 49.60 0.31
MOL004814 Isotrifoliol 31.94 0.42
MOL000422 Kaempferol 41.88 0.24
MOL003656 Lupiwighteone 51.64 0.37
MOL000211 Mairin 55.38 0.78
MOL004328 Naringenin 59.29 0.21
MOL000098 Quercetin 46.43 0.28
MOL004891 Shinpterocarpin 80.30 0.73
MOL000359 Sitosterol 36.91 0.75

JieGeng MOL001689 Acacetin 34.97 0.24
MOL000006 Luteolin 36.16 0.25

QianHu

MOL005100 5,7-dihydroxy-2-(3-hydroxy-4-
methoxyphenyl)chroman-4-one 47.74 0.27

MOL000358 β-sitosterol 36.91 0.75
MOL000098 Quercetin 46.43 0.28
MOL013083 Skimmin (8CI) 38.35 0.32
MOL007154 tanshinone IIa 49.89 0.40

RenShen

MOL005320 Arachidonate 45.57 0.20
MOL000358 β-sitosterol 36.91 0.75
MOL000422 kaempferol 41.88 0.24
MOL000449 Stigmasterol 43.83 0.76
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Table 1. Cont.

Drug Mol ID Molecule Name OB (%) DL

ZhiKe

MOL000358 β-sitosterol 36.91 0.75
MOL002341 Hesperetin 70.31 0.27
MOL004328 Naringenin 61.67 0.52
MOL005828 Nobiletin 61.67 0.52

BoHe MOL005190 Eriodictyol 71.79 0.24

ShengJiang MOL008698 Dihydrocapsaicin 47.07 0.19
MOL001771 Poriferast-5-en-3β-ol 36.91 0.75

Note: OB: oral bioavailability; DL: drug-likeness.

2.2. The Construction of the Drug-Ingredient-Target Relationship Network

We imported drug–ingredient–target relationships into the Cytoscape (v3.7.2, Paul
Shannon, CA, USA) software (containing 12 drugs, 39 active ingredients, and 115 targets) to
construct a drug–ingredient–target network diagram for the treatment of IBD with RSBDP
(Figure 2). The dark blue color represents the drug composition of RSBDP, the light purple
color denotes the main active ingredients of the drug, and the yellow color signifies the
common targets of the active ingredients and IBD-related targets. The size of the ingredient
node correlates positively with the degrees.

Figure 2. The drug–ingredient–target network for RSBDP in the treatment of IBD. The dark blue
diamond the drug; the light purple triangle the pharmaceutical ingredients; the yellow rectangle the
potential targets. Node size represents degree value.

We performed topological analyses of the drug-ingredient-target network in the Cy-
toscape 3.7.2 software using “degree value” as a screening parameter for the active ingredi-
ents. Our results suggest that quercetin, kaempferol, luteolin, naringenin, and sitosterol
were the potential key molecules for RSBDP’s treatment of IBD (Table 2).
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Table 2. Key molecules and topological parameters of RSBDP against IBD (Top 5).

Ingredients Betweenness Centrality Closeness Centrality Degree

Quercetin 0.55011787 0.49848943 76
Kaempferol 0.15632436 0.39568345 40

Luteolin 0.1629187 0.3724605 37
Naringenin 0.04758899 0.33199195 23
Sitosterol 0.11861359 0.3674833 13

We also analyzed the core targets of RSBDP for IBD treatment in the same way in
the Cytoscape 3.7.2 software. The top 10 targets, namely cytochrome P4501B1 (CYP1B1),
carbonic anhydrase 7 (CA7), cytochrome P45019A1 (CYP19A1), carbonic anhydrase 4
(CA4), protein tyrosine phosphatase 1 (PTPN1), estrogen receptor 2 (ESR2), multidrug
resistance-associated protein 1 (ABCC1), ATP-binding transporter protein G family mem-
ber 2 (ABCG2), estrogen receptor 2 (ESR1), and cyclin-dependent kinase 1 (CDK1), are also
listed in Table 3.

Table 3. Topological analysis of key targets of RSBDP against IBD (Top 10).

Targets Betweenness Centrality Closeness Centrality Degree

Cytochrome P450 1B1 (CYP1B1) 0.03810726 0.38461538 11
Carbonic anhydrase 7 (CA7) 0.021592 0.37931034 9

Cytochrome P450 19A1 (CYP19A1) 0.01553419 0.35031847 8
Carbonic anhydrase 4 (CA4) 0.01578918 0.37757437 8

Protein-tyrosine phosphatase 1 (PTPN1) 0.03389732 0.264 6
Estrogen receptor 2 (ESR2) 0.00985945 0.35791757 6

Multidrug resistance-associated protein 1 (ABCC1) 0.01345788 0.37585421 6
ATP-binding cassette sub-family G member 2 (ABCG2) 0.01657 0.37078652 5

Estrogen receptor 1 (ESR1) 0.01515971 0.2519084 4
Cyclin-dependent kinase 1 (CDK1) 0.00317045 0.36423841 4

2.3. The Construction and Topological Analysis of the PPI Network

This study imported the 115 obtained common targets into the SRING database to cre-
ate a PPI network diagram (Figure 3), in which the larger the “degree value”, the larger the
node. The top 10 targets based on their degree values were retained (Table 4): they included
tyrosine kinase Src (SRC), epidermal growth factor receptor (EGFR), serine/threonine-
protein kinase AKT (AKT1), phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1),
tyrosine-protein phosphatase non-receptor type 11 (PTPN11), estrogen receptor 1 (ESR1),
androgen receptor (AR), Aldo-keto reductase 1C3 (AKR1C3), tyrosine-protein phosphatase
non-receptor type 1 (PTPN1), and cyclin-dependent kinase 1 (CDK1).

Table 4. Topological analysis of the protein-protein interaction of RSBDP against IBD (Top 10).

Targets Betweenness Centrality Closeness Centrality Degree

Tyrosine kinase Src (SRC) 0.27275215 0.48369565 29
Epidermal growth factor receptor (EGFR) 0.1388039 0.44278607 22

Serine/threonine-protein kinase AKT (AKT1) 0.17437856 0.45641026 21
Phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1) 0.05651908 0.41588785 20

Tyrosine-protein phosphatase non-receptor type 11 (PTPN11) 0.0334887 0.38695652 19
Estrogen receptor α (ESR1) 0.15395677 0.41588785 15

Androgen receptor (AR) 0.2042839 0.41784038 12
Aldo-keto reductase 1C3 (AKR1C3) 0.20965192 0.33584906 11

Tyrosine-protein phosphatase non-receptor type 1 (PTPN1) 0.01003103 0.35742972 11
Cyclin-dependent kinase 1 (CDK1) 0.07792777 0.38864629 11
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Figure 3. The PPI network of targets. Node size represents degree value.

2.4. GO and KEGG Enrichment Analyses

To further illustrate the biological functions of the 115 intersecting targets, we imported
them into the DAVID database for GO and KEGG enrichment analyses. GO examination
consisted of three modules: Biological process (BP), Molecular function (MF), and Cellular
component (CC). We sorted the top 15 GO items in each module according to the count
number (from the largest to the smallest) and then drew the GO function enrichment
map (Figure 4). The targets in BP were mainly involved in the oxidation–reduction pro-
cess, signal transduction, and negative regulation of apoptotic process; the targets in MF
mostly took part in protein binding, ATP binding, and zinc ion binding; the targets in CC
participated primarily in the cytosol, nucleus, and plasma membrane.
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Figure 4. The GO analysis of key targets.

The KEGG pathway analysis returned 74 items, and we selected the top 20 for a visual
analysis based on gene count number rank (Figure 5). The analysis revealed that these
targets were predominantly enriched in pathways in cancer, proteoglycans in cancer, focal
adhesion, insulin resistance, and adherens junction.
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Figure 5. The KEGG pathway analysis of key targets.

2.5. Molecular Docking of Vital Active Ingredients and Core Targets

This study selected a portion of the molecular docking results for display in this
study (Figure 6). Five vital active ingredients (quercetin, kaempferol, luteolin, naringenin,
and sitosterol) and ingredient-related targets (CYP1B1, SRC, ESR2, ABCG2, CYP19A1,
AhR, CA4, ALOX5, ABCC1, ESR1, and NOS2) were designated as ligands and receptors,
respectively. A binding energy score of the ligand and receptor less than −5 kcal/mol
indicates a strong affinity, as reported previously [10].
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Figure 6. Molecular docking model of vital active ingredients and core targets. (a) Quercetin-
CYP1B1; (b) Quercetin-SRC; (c) Quercetin-ESR2; (d) Kaempferol-ABCG2; (e) Kaempferol-CYP19A1;
(f) Kaempferol-AhR; (g) Luteolin-ABCG2; (h) Luteolin-CA4; (i) Luteolin-ALOX5; (j) Luteolin-ABCC1;
(k) Naringenin-ESR1; (l) Ergosterol peroxide-NOS2.

124



Pharmaceuticals 2022, 15, 1038

2.6. Validation of RSBDP Treatment Effectiveness and Targets

To further study the therapeutic effect of RSBDP on treating IBD, we constructed the
experimental colitis model using 3% DSS and treated it with RSBDP (Figure 7a). Firstly,
we found that the body weight of DSS-induced mice started to decrease from the seventh
day. After RSBDP treatment on the ninth day, the body weight of the DSS + RSBDP group
gradually recovered, while the body weight of the DSS group still decreased (Figure 7b).
Afterward, the intestinal tissues from the mice were removed, and the length of their
intestines were measured. The intestines of the DSS group were significantly shorter than
the DSS + RSBDP group and still showed signs of congestion and inflammation (Figure 7c).
Histological analysis further indicated the remarkable attenuation of inflammatory cell
infiltration and mucosal damage in DSS + RSBDP (Figure 7d). Moreover, the ki67 expression
level was higher in the DSS + RSBDP group than in the DSS and control groups (Figure 7e).
Figure 7f showed that three genes related to the intestinal barrier (ZO-1, Occludin, and
Claudin-1) were up-regulated in the DSS + RSBDP group but not statistically different
from the DSS group. Serum concentrations of IL-1, IL-6, and IL-8 were lower in the
DSS + RSBDP group than in the DSS group, among which the level of IL-8 was significantly
lower (Figure 7g). Similarly, the protein level of TNF-α was also declined in DSS + RSBDP
group (Figure 7i).

In order to further reveal the underlying mechanism of RSBDP in the treatment of IBD,
we performed qRT-PCR to quantify the mRNA abundance of the key targets of RSBDP
against IBD in Table 3. As expected, these key targets, such as CA7, CPY1B1, and PTPN11,
were significantly up-regulated in the DSS + RSBDP group. In particular, the expression
level of CYP1B1 in the DSS + RSBDP group was up-regulated by as high as 9-fold compared
to the DSS group (Figure 7h). Finally, we detected the protein levels of key targets (as
shown in Table 4) and their downstream targets. Western blotting results indicated that the
protein levels of AKR1C1, PI3K, AKT, p-AKT, Bax, and Bcl-2 were significantly up- and
down-regulated in the DSS + RSBDP group. The quantitative analysis of western blot is
shown in Figure 7j. Altogether, RSBDP affects the development of IBD by pro-apoptosis
and remodeling the intestinal epithelial barrier in the DSS-induced IBD model.
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Figure 7. Experimental validation in DSS-induced colitis model. (a) An illustration of the mouse
model of colitis used in this study. (b) Changes in body weight of mice after DSS and RSBDP
treatment. (c) The intestines from control and IBD mice with RSBDP therapy. (d) H&E staining of
the colon from control, DSS, and DSS + RSBDP groups. (e) The immunohistochemical results of the
proliferation-associated maker gene Ki67. (f) qRT−PCR results of ZO−1, Occludin, and Claudin−1.
(g) The concentrations of IL−1, IL−6, and IL−8 in serum. (h) qRT−PCR detection of the partial
targets in Tables 3 and 4. (i) Western blot analysis of AKR1C1, PI3K, AKT, p−AKT, Bax, Bcl−2, and
TNF−α. (j) The quantitative analysis of western blot. Data were shown as means ± SEM (n = 3–5 per
group). * p < 0.05, ** p < 0.01.
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3. Discussion

IBD is a chronic, relapsing, non-specific inflammatory disease of the intestine and is
recognizable in two forms, UC and CD. It is persistent and destructive and can cause a
variety of complications, including abscesses, fistulas, bleeding, and colitis-related tumors,
and cancers [11]. Therefore, finding effective treatments is a high clinical imperative for
patients subjected with IBD. While there is no official name for IBD in Chinese medicine,
its clinical features are often identified as “dysentery”, “diarrhea”, and “hemorrhoidal
hamorrhage”. RSBDP, a well-known formula in Chinese medicine for dysentery therapy, is
currently being used to treat IBD and has yielded decent clinical results [12]. To elucidate
the potential molecular mechanism of RSBDP’s treatment of IBD, we quarried the TCMSP
database and screened for the main active ingredients of RSBDP against IBD, obtaining
a total of 39 active compounds, comprised predominantly of quercetin, kaempferol, lute-
olin, naringenin, and sitosterol (Top 5). This is not unexpected, as several studies have
demonstrated that these active ingredients (Top 5) relieve symptoms of drug-induced colitis
and maintain the integrity of the intestinal epithelium [13–18]. Remarkably, among the
39 main active ingredients, those with similar effects but available in lower quantities, like
tanshinone IIa [19], eriodictyol [20], arachidonate [21], acacetin [22], and nobiletin [17], have
also displayed acceptable clinical effects in the colitis model. Therefore, RSBDP possibly
exerts its therapeutic influence against IBD through the synergy of multiple ingredients.

It is recognized that IBD is a complex immune disease affected by genetic and environ-
mental factors, and a deeper understanding of the unique role of the intestinal epithelium
in its pathogenesis appears key to discovering potential targets for drug therapy [23].
Therefore, genes involved in pathways, such as intestinal barrier integrity [24], adaptive
immunity [25], inflammation and fibrosis [23], and inflammasome signaling [26], could all
be potential therapeutic targets. Therefore, topological, PPI, GO, and KEGG analyses of
key targets could provide some insights into RSBDP’s actions against IBD.

The aryl hydrocarbon receptor (AhR) is one of the potential targets of RSBDP’s treat-
ment of IBD, exerting various regulatory effects through binding to flavonoids or natural
drugs and influencing the transduction of downstream signaling pathways [27,28]. Evi-
dence suggests that AhR can induce the regulation of the expression of a series of CYP
enzymes [29], pointing to flavonoid-related ingredients of RSBDP’s ability to regulate and
maintain the homeostasis of the intestinal epithelium by activating the AhR/CYP pathway.
Consistent with these reports, our molecular docking results indicated that kaempferol
bound well with AhR (Figure 6f). The qRT-PCR results showed that oral administration of
RSBDP significantly promoted the expression of CYP1B1 (Figure 7h). Particularly, members
of the CYP family participate in the activation and suppression of inflammation via the
synthesis and breakdown of bioactive mediators (e.g., converting fatty acids into pro- or
anti-inflammatory factors) [29,30]. The CYP family is also involved in the synthesis and
metabolism of various hormones in organisms, and certain hormones (e.g., estrogen and
progesterone) promote the wound healing of intestinal epithelium, alleviate the endoplas-
mic reticulum stress, reduce the pro-inflammatory factors secretion, and improve intestinal
epithelial cell barrier [31].

To further reveal the mechanism of RSBDP against IBD, we integrated and analyzed the
results of PPI, GO, and KEGG, focusing on the AKR1C1/PI3K/AKT pathway. Although the
gene and protein sequences of mouse AKR1C3 were not available in the NCBI database, a
previous study analyzed the homology of human AKR1C3 with mouse AKR1C family, and
suggested that the mouseAKR1C1 (also known as AKR1C6 in mouse) and human AKR1C3
has higher homology and the similar functions [32]. Interestingly, several studies pointed
out that the decreased levels of AKR1C1/AKR1C3 protein can inhibit the phosphorylation
of AKT [33,34]. In this study, oral RSBDP decreased the protein concentration of AKR1C1,
PI3K, AKT, and p-AKT, which hinted that RSBDP regulates the intestinal epithelial barrier
through inhibition of the AKR1C1/PI3K/AKT pathway in the DSS-induced mice. In
addition, research shows that PI3K/AKT signaling pathway plays an essential role in
cellular processes and apoptosis [35]. Hence, Bax and Bcl-2, two apoptosis-related proteins,
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were detected in this study. Some evidence suggested that sodium selenite, melatonin,
and dapagliflozin alleviate IBD by anti-apoptosis in experimental IBD model [36–38].
Unexpectedly, our study indicated that the protein concentrations of Bax and Bcl-2 were
up- and down-regulated after oral RSBDP, respectively. Thus, our results demonstrate that
RSBDP displays a unique role in leading to the alleviation of IBD by promoting apoptosis
in intestinal epithelial cells. Similarly, several reports suggested that pro-apoptosis may be
a new approach to treating colitis [39–41].

In this study, we confirmed the positive effect of RSBDP on DSS-induced mice at the
molecular level. However, the ingredients of RSBDP are pretty complex, and it would
be fascinating to explore the therapeutic effects of critical ingredients of RSBDP in IBD.
As the vital natural flavonoid ingredients of RSBDP, quercetin, kaempferol, luteolin, and
naringenin have all been demonstrated to resist IBD through anti-inflammatory and an-
tioxidant pathways [13–17]. Consistent with these studies, our results confirmed that
RSBDP exerts its anti-inflammatory effects (significantly reduces serum IL-1, IL-6, and
IL-8 concentrations) through these critical ingredients in the IBD model. Remarkably, the
natural flavonols are important ligands for AhR, and the activation of AhR plays a pivotal
role in the development of IBD [24,42]. Here, the molecule docking results revealed that
kaempferol and AhR had an excellent bonding capability (−6.8 kcal/mol), which hints that
the major active ingredients of RSBDP might act as ligands of AhR to activate downstream
signaling pathways. Moreover, a few studies demonstrated that quercetin cannot alleviate
the symptoms of colitis in AhR−/− mice [13]. Hence, the critical ingredients of RSBDP
might combat IBD by activating AhR pathway. A recent study indicated that the aromatic
compounds in coffee could promote the expression of CYP1A1 and CYP1B1 by activating
AhR, which alleviates experimental colitis [43]. Our results also demonstrated that RSBDP
promotes CYP1B1 expression through AhR, reducing inflammation in IBD models. RSBDP
also promotes the apoptosis of intestinal epithelial cells via AKR1C1/PI3K/AKT and, thus,
against IBD. Although there is no direct evidence that the critical ingredients of RSBDP can
alleviates the symptoms of IBD by affecting the concentration of AKR1C1, indirect evidence
suggests that the addition of kaempferol inhibited the mRNA level of AKR1C1 and induced
apoptosis in non-small cell lung cancer cells [44]. Finally, RSBDP alleviation of IBD may
function, but is not limited to, through the five major ingredients (quercetin, kaempferol,
luteolin, naringenin, and sitosterol).

4. Materials and Methods
4.1. Screening for the Main Active Ingredients of RSBDP

Data on the main active compounds of RSBDP were retrieved from the Traditional
Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, https:
//lsp.nwu.edu.cn/tcmsp.php, accessed on 4 September 2021) [45]. Oral bioavailability
(OB) and drug likeness (DL) indices were used to evaluate drug feasibility. In this study,
molecules with OB of ≥30% and DL of ≥0.18 were considered as the potential active
compounds based on screening parameters. The chemical structural formula of ingredi-
ents of RSBDP were obtained from the PubChem database (https://pubchem.ncbi.nlm.
nih.gov/, accessed on 6 September 2021) by importing the unique IDs of the retrieved
compounds [46].

4.2. The Target Prediction of RSBDP Ingredients for IBD Therapy

The collated structural formulae of the main active ingredients were imported into
the SwissTargetPrediction database [47] (http://www.swisstargetprediction.ch/, accessed
on 15 September 2021) for molecular docking and screened potential targets using a prob-
ability threshold ≥0.5. Meanwhile, the keywords “inflammatory bowel disease” were
input into GeneCards [48] (https://www.genecards.org/, accessed on 15 September 2021)
and OpenTargets [49] (https://www.opentargets.org/, accessed on 15 September 2021)
databases to search for IBD-related proteins. The IBD targets obtained from both databases
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were first merged and then overlapped with the potential targets acquired by prediction
from the SwissTargetPrediction database for subsequent analysis.

4.3. The Construction and Analysis of a “Drug-Ingredient-Target” Network

We verified the results from Section 2.2, removing ineffective targets and importing
effective targets into Cytoscape 3.7.2 to construct a drug-ingredient-target network and
perform topological analysis [50].

4.4. The Construction and Analysis of the Protein-Protein Interaction Network

The screened 115 targets were introduced into the STRING database [51] (https://
string-db.org/, accessed on 15 September 2021) and set the “minimum required interaction
score” for the protein-protein interaction network (PPI) analysis to 0.7 [10]. The PPI network
was mapped using the Cytoscape software.

4.5. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Signal Pathway
Enrichment Analysis

We performed the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) enrichment analyses on the targets from Section 2.3 using the DAVID
database. After downloading and collating the relevant data, we visualized them using the
ggplot2 package in the R software.

4.6. Molecular Docking Analysis

Molecular docking analyses of the screened key ingredients and their targets were
conducted. The 3D molecular structures of the vital active ingredients and their targets were
obtained from the Pubchem [46] and PDB [52] databases, respectively, and the Autodock
software was employed for the removal of the water molecules of target proteins and
generation of PDBQT format files. Molecular docking and importation of the downstream
files into the Pymol software to create visual images were carried out using the Autodock
Vina program.

4.7. Animal Experiment
4.7.1. Drug

In this study, Panax ginseng, Radix bupleuri, Radix Peucedani, Rhizoma Ligustic
Chuanxiong, Fructus Aurantii, Rhizoma et Radix Notopterygii, Radix Angelicae Pubescen-
tis, Poria, Radix Platycodonis, Radix Glycyrrhizae, Rhizoma Zingiberis Recens, and Herba
Menthae were purchased from the outpatient department of Chengdu University of tra-
ditional Chinese medicine (Chengdu, China), and they were conformed to the quality
standards of Chinese Pharmacopoeia (2015 edition). Afterward, these herbs were authenti-
cated by Prof. Jin Pei (Department of Pharmacognosy, Chengdu University of traditional
Chinese medicine). Finally, all herbs were crushed separately and mix the above herbs
according to the ratio 2:4:2:3:2:2:2:2:2:2:1:1, then added 750 mL (1:10 g/v) of pure water and
boiled for 20 min. Subsequently, the drug solution was filtered through a 0.45um filter and
concentrated to 75 mL (stored at −20 ◦C).

4.7.2. Animals and Experimental Design

Six-week-old male C57BL/6 mice were maintained with five to six animals per cage
and house in specific pathogen-free facility with a 12-h light and 12-h dark cycle at 22 ◦C.

All mice were randomly divided into three groups, control group (n = 5), DSS group
(n = 6) and RSBDP+DSS group (n = 6). 3% dextran sodium sulfate (DSS, MP Biomedicals)
was added to drinking water for 9 days. For the next 5 days, 0.308 mL of saline was
gavaged daily in the control and DSS groups, and 0.308 mL of drug solution was gavaged
daily in the RSBDP + DSS group. All mice were euthanized at the end of the experiment.
Tissues or serum were frozen in liquid nitrogen, and colon specimens were fixed in 4%
paraformaldehyde.
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4.7.3. Histological Analysis

Hematoxylin and eosin (H&E) was used to measure the degree to which the colon
had been damaged and inflamed, and the epithelial proliferation was detected using Ki67
(1:500, Servicebio, Wuhan, China).

4.7.4. Enzyme-Linked Immunosorbent Assay

IL-1, IL-6, and IL-8 were performed on serum using the ELISA Kit according to the
manufacturer’s instructions (HYCEZMBIO, Wuhan, China).

4.7.5. RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

RNA extraction was performed using EASYspin Plus Kit (Aidlab, Beijing, China)
following the manufacturer’s instructions, and the HiScript II qRT SuperMix R223 (Vazyme,
Nanjing, China) was used to transcribe total RNA into cDNA. The ChamQ Universal SYBR
qPCR Master Mix Q711 (Vazyme, Nanjing, China) was used for qRT-PCR. The primer
sequences are listed in Table S1.

4.7.6. Western Blotting

Tissues were lyzed in RIPA buffer (Biosharp, Hefei, China) containing phenylmethyl-
sulfonyl fluoride (PMSF) and phosphatase inhibitors, and the extracts were centrifuged
at 14,000 rpm for 10 min at 4 ◦C. The 10% SDS-PAGE was used to separate total protein,
then transferred onto the polyvinylidene fluoride (PVDF) membrane. Primary antibodies
include AKR1C1 (A13004), PI3K (A11526), Bax (A19684), Bcl-2 (A20736), TNF-α (A11534),
and β-actin (AC028) were purchased from ABclonal (Wuhan, China); AKT (AF6261) was
purchased from Affinity (Cincinnati, OH, USA); p-AKT (80455-1-RR) was purchased from
Proteintech (Wuhan, China). Anti-rabbit or -mouse IgG conjugated to horseradish peroxi-
dase was applied after secondary antibody incubation for protein detection.

4.7.7. Statistics

The experimental results are presented as means ± SEM for each group with at least
three independent experiments. Data analysis using one-way ANOVA followed by LSD
test. The p < 0.05 was considered statistically significant.

5. Conclusions

In summary, we firstly performed the network pharmacology combined with molecular
docking approach to elucidate that the anti-IBD effects and the underlying mechanism of
RSBDP, and the key targets of RSBDP against IBD were partially identified by experiments,
including CA7, CYP1B1, and PTPN11. In addition, western blotting results revealed multiple
functions of RSBDP in the DSS-induced colitis which were exerted by anti-inflammatory and
pro-apoptotic activities, relying on the AhR/CYP1B1 and AKR1C1/PI3K/AKT pathways.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15091038/s1, Table S1: Sequences of primers used for qRT-PCR.
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Abstract: Since inflammatory bowel diseases (IBDs) are chronic, the development of new effective
therapeutics to combat them does not lose relevance. Oxidative stress is one of the main pathological
processes that determines the progression of IBD. In this regard, antioxidant therapy seems to be
a promising approach. The role of oxidative stress in the development and progression of IBD is
considered in detail in this review. The main cause of oxidative stress in IBD is an inadequate response
of leukocytes to dysbiosis and food components in the intestine. Passage of immune cells through the
intestinal barrier leads to increased ROS concentration and the pathological consequences of exposure
to oxidative stress based on the development of inflammation and impaired intestinal permeability.
To combat oxidative stress in IBD, several promising natural (curcumin, resveratrol, quercetin, and
melatonin) and artificial antioxidants (N-acetylcysteine (NAC) and artificial superoxide dismutase
(aSOD)) that had been shown to be effective in a number of clinical trials have been proposed. Their
mechanisms of action on pathological events in IBD and clinical manifestations from their impact
have been determined. The prospects for the use of other antioxidants that have not yet been tested
in the treatment of IBD, but have the properties of potential therapeutic candidates, have been
also considered.

Keywords: IBD; ulcerative colitis; Crohn’s disease; oxidative stress; ROS

1. Introduction

Inflammatory bowel disease (IBD) is characterized by recurrent episodes of inflamma-
tion of the gastrointestinal tract caused by an abnormal immune response to the intestinal
microflora [1]. Inflammatory bowel disease includes two types of idiopathic bowel disease,
which differ in the location and depth of damage to the intestinal wall. Ulcerative colitis
(UC) involves diffuse inflammation of the lining of the colon. Ulcerative colitis most com-
monly affects the rectum (proctitis) but can spread to the sigmoid colon (proctosigmoiditis),
and it can also spread out of the sigmoid colon (distal ulcerative colitis) or may cover the
entire colon (pancolitis) [2]. Crohn’s disease (CD) is characterized by transmural lesions of
any part of the gastrointestinal tract (GIT), with the most common pathologies occurring in
the ileum and colon [2].

High mortality is typical for patients with Crohn’s disease, while the main causes of
death are the direct progression of the disease itself, concomitant infections, complications
from surgery, and multiple organ failure. IBD is one of the main risk factors for colorectal
cancer [3]. At present, the etiology of IBD is not fully understood. Various causes of IBD
have been considered, including smoking and diet, but none of them is dominant [4]. It is
reliably known that the highest risk of developing IBD is in people who have mutations
that determine their predisposition to IBD, the state of dysbacteriosis, and the disruption of
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the immune tolerance caused by it. Thus, a number of both hereditary and acquired factors
are likely to be involved in the occurrence of IBD.

The average incidence of IBD is about 10 cases per 100,000 people in UC and about
7 cases per 100,000 people in CD [5]. The highest incidence of IBD occurs in the United
States, Canada, and European countries, while developing countries in Asia and Africa
show a lower incidence [5]. On an age scale, young people between the ages of 15 and 30
have the greatest risk of developing IBD. Crohn’s disease is somewhat more common to
women than in men, but ulcerative colitis is equally present in both sexes [6].

The gut immune system plays a key role in the pathogenesis of IBD. The intestinal
epithelium prevents the penetration of bacteria or antigens into the bloodstream due to
hermetic intercellular connections. In IBD, these junctions are damaged either due to
the disruption of the primary barrier functioning, or as a result of the development of
inflammation. Additional defense mechanisms are based on the production of mucus
by goblet cells and the production of antimicrobial proteins alpha-defensins by Paneth
cells. Increasing inflammation causes even more damage to the structure of the epithelium,
which leads to the spread of microbial populations in the intestinal wall, which in turn is a
signal for a further increase in inflammation [1].

The basis of IBD treatment is the use of oral drugs based on 5-aminosalicylic acid
(5-ASA) with the addition of steroids during an exacerbation of the disease and the transi-
tion to tumor necrosis factor inhibitors and immunomodulatory drugs in the absence of
remission. Despite tremendous advances in IBD therapy in recent years, approximately
30% of patients do not respond to anti-TNFα therapy in the first place, and even among
those who respond, up to 10% lose their response to the drug each year [7]. Additionally,
the disadvantage of using current drugs for the treatment of IBD is the risk of developing
severe side effects associated with the occurrence of infectious, as well as neoplastic pro-
cesses [7]. Based on this, it becomes clear that the creation of new effective and safe drugs
for the treatment of IBD is an important task for the pharmaceutical industry.

It is known that oxidative stress is a concomitant factor in the pathogenesis of various
inflammatory diseases, since reactive oxygen species are direct modulators and initiators of
the inflammatory response. Understanding the role of oxidative stress in the pathophysiol-
ogy of IBD is important for evaluating the relevance of using antioxidants in the treatment
of IBD. In most cases, antioxidants are natural compounds and do not cause serious side
effects. In addition, the popularity of many of these compounds and methods due to their
production from plant materials make the development of therapeutic agents based on
them faster and the production less resource-intensive.

Increased oxidative stress with a pronounced weakening of antioxidant protection
in IBD was identified in the 1990s [8,9]. This prompted the consideration of antioxidants
as potential therapeutic agents in the treatment of CD and UC. Initially, such compounds
were investigated in combination with already-registered drugs for the treatment of IBD.
Thus, in one study [10], it was demonstrated that combination therapy with sulfasalazine
or prednisolone with the addition of one of the antioxidants (allopurinol or dimethyl
sulfoxide) led to a greater reduction in relapses among patients with UC than therapy with
sulfasalazine or prednisolone alone. Better efficacy of allopurinol in combination with
5-ASA than 5-ASA alone during a 6-month but not a 12-month UC treatment period was
shown in a study [11]. Thereby, the primary issues remain the long-term effectiveness of
antioxidant therapy against IBD and the possibility of using antioxidants as monotherapy
agents in the treatment of CD or UC.

2. The Role of Oxidative Stress in IBD
2.1. Mechanisms of the Formation of Reactive Oxygen Species in the Cell

ROS (reactive oxygen species) are chemical molecules containing one oxygen atom,
which, as a result of cellular and extracellular reactions, becomes more reactive than oxygen
itself. ROS include both free radical and non-free radical oxygen intermediates (peroxides),
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such as superoxide radicals (O2
−), hydrogen peroxide (H2O2), hydroxyl radicals (OH), and

singlet oxygen (1 O2) [12].
Oxidative stress is defined as an imbalance between the production of oxidants or

ROS and their removal by defense mechanisms or antioxidants. Disruption of this redox
balance can result in damage to important cellular components, including proteins, lipids,
and DNA, with potential whole-body effects and an increased risk of mutagenesis. ROS
are also involved in the initiation and development of pathological processes, including
aging, cancer, insulin resistance, diabetes mellitus, cardiovascular disease, Alzheimer’s
disease, etc. [13].

ROS are formed in two ways. The first is based on the redox reactions occurring
in the ETC (electron transport chain) on the mitochondrial membrane during oxidative
phosphorylation. ROS generated by this method are the main ROS concentrated in cells [14].
The second is associated with the protective response of immune cells to a bacterial infection
or other pathological processes leading to inflammation [15]. These ROS play the role of
signaling molecules in the body’s immune response.

During respiration, electrons donated from NADH in complex I and FADH2 in com-
plex II pass to complex III through ubiquinone, then through cytochrome C to complex IV,
and then the electrons are transferred to molecular oxygen with the formation of water.
During oxidative phosphorylation, ETC protein complexes are involved in the process of
creating a proton gradient, which is based on an increase in the concentration of protons in
the mitochondrial intermembrane space and a decrease in their concentration in the matrix.
As a result of the reverse flow of protons into the matrix, ATP is generated [16]. ROS,
namely, superoxide, is a by-product of the reaction during electron transfer in the ETC to
molecular oxygen [17]. Superoxide is produced by complex I and complex II into the mito-
chondrial matrix, while complex III additionally directs superoxide into the intermembrane
space [18].

As noted, the second way to generate ROS is associated with a protective reaction
of immune cells. In this case, ROS are produced by the enzyme nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase [15]. NADPH oxidase is associated with the
cytoplasmic membrane and is a complex of proteins. The main stimuli that activate the
work of NADPH oxidase are foreign microorganisms, increased inflammation, induction of
calcium signaling, and an increase in the concentration of growth factors [14]. In addition
to the superoxide radical, NADPH oxidase also produces hydrogen peroxide [19].

The tubular network of the endoplasmic reticulum (ER) has a unique oxidative envi-
ronment, and during stressful conditions, redox signaling mediators are the main initiators
of ROS production and directly affect protein folding and secretion [20]. The microsomal
cytochrome P450-dependent monooxygenase system, whose role is associated with the
metabolism of xenobiotics, is the dominant source of ROS production in hepatocytes [21].

Peroxisomes also contain ROS-producing enzymes, such as xanthine oxidase, which
provides the formation of hydrogen peroxide [22]. The catalase enzyme is responsible for
the neutralization of peroxide, catalyzing the decomposition of hydrogen peroxide into
water and oxygen. The lysosomal electron transport chain, which facilitates the movement
of protons to maintain an optimal pH for acid hydrolases, generates OH radicals [16].

2.2. Development of Oxidative Stress in IBD

In the human body, the gastrointestinal tract (GIT) contains a significant number of
both stimuli and sources leading to the production of ROS. The epithelial layer, which
performs a protective function, cannot provide complete protection against irritants, which
include absorbed food components and those coming from outside, as well as microor-
ganisms living in the intestine itself. It can cause an inflammatory reaction leading to the
activation of neutrophils and macrophages that produce inflammatory factors, including
ROS, which further enhance inflammation [23].

Impaired intestinal barrier function, leading to increased intestinal permeability, is a
hallmark of the pathogenesis of IBD. Increased intestinal permeability is determined by
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the disruption of tight junctions, which leads to the release of pro-inflammatory agents,
including ROS, which contribute to the progression of the pathological cascade [24]. As
described above, the main ROS producers in IBD are macrophages and neutrophils. With
increased inflammation, increased infiltration of these types of immune cells through the
intestinal mucosa was noted, accompanied by the release of a large amount of ROS, which
in turn play the role of attractants for immune cells [25]. Increased production of ROS in the
inflammatory microenvironment of the intestine contributes to enterocyte damage caused
by the ability of ROS to cause the destruction of biological macromolecules: proteins, lipids,
and DNA. Cell damage leads to the release of cellular components into the extracellular
space, where they can act as DAMPs, causing an additional increase in inflammation,
including increased production of tumor necrosis factor (TNF)-α and interleukins IL-6 and
IL-1β [26]. Dendritic cells play an important role, recognizing the formed DAMPs and then
activating naive T-cells, which stimulate their proliferation and maturation and lead to the
development of an adaptive immune response [27]. Both main groups of T-lymphocytes
take part in IBD, namely, CD8+ T-lymphocytes and CD4+ T-lymphocytes, and the latter
can be conditionally divided into two subgroups: effector and regulatory. If effector T-
lymphocytes contribute to the further development of inflammation, then regulatory T-cells
weaken it. The degree of development of IBD depends, in particular, on the ratio of these
cell types [27].

Along with a direct role in the pathogenesis of IBD, oxidative damage to macro-
molecules, such as DNA damage and actin carbonylation with tubulin nitration, can be
initiating factors in the development of colorectal cancer [28]. The relationship of IBD with
cancer can also manifest itself when common signaling pathways are activated, including
those associated with increased production of the p53 oncogene. Activation of p53 is closely
associated with the development of oxidative stress through the expression of the p85
protein, which is a signal molecule in ROS-related p53-dependent apoptosis [29].

A noteworthy fact is the change in the concentration of cellular antioxidant enzymes
in the gut mucosa in IBD. The expression of most of the genes of these enzymes, including
SOD and CAT, decreases with an increase in inflammation associated with the pathogenesis
of IBD, while the expression of the GPx2 gene (a form of GPx specific to the gastrointestinal
tract) increases [30]. In studies of tissues of UC patients, it was shown that GPx2 is located
in the ER, where it is able to modulate COX-2 activity through the utilization of peroxides
and, as a result, reduce the level of prostaglandin E2, which is one of the main mediators
of inflammation [31]. Thus, GPx2 is one of the last lines of defense to curb inflammation
and carcinogenesis in IBD. Among the pathological effects of ROS, specific for IBD, one can
note the effect of nitric oxide (NO•) on chloride anions, which, as a result of such an effect,
are released into the intercellular space. It leads to a decrease in the amount of water in the
intestinal lumen, and results in the development of osmotic diarrhea [32]. A brief diagram
showing the role of oxidative stress in IBD is shown in Figure 1.
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Figure 1. The role of oxidative stress in IBD. 
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SOD is the most important enzyme protecting against O2− radicals. The SOD enzyme 
family is named after the cofactors used to detoxify excess O2, such as Cu/Zn-SOD, Fe-
SOD, Ni-SOD, and Mn-SOD. SOD is involved in the transformation of the superoxide 
radical into oxygen and hydrogen peroxide [33]. Thus, SOD can act as an initial defense 
against ROS as a result of rapid initiation under oxidative stress. Cu/Zn-SOD is presented 
in a dimeric form and is located in the cytosol, where Cu and Zn are associated with two 
subunits [34]. 

It is now well known that mitochondria are the main producers of ROS, as well as 
the main targets of ROS. Massive accumulation of ROS and free radicals in mitochondria 
is the reason for the induction of increased expression of Mn-SOD, which suppress oxida-
tive damage in mitochondria. The presence of specific SOD isoforms in different subcel-
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3. Natural Antioxidant Cellular Protection
3.1. Superoxide Dismutase (SOD)

SOD is the most important enzyme protecting against O2
− radicals. The SOD enzyme

family is named after the cofactors used to detoxify excess O2, such as Cu/Zn-SOD, Fe-SOD,
Ni-SOD, and Mn-SOD. SOD is involved in the transformation of the superoxide radical into
oxygen and hydrogen peroxide [33]. Thus, SOD can act as an initial defense against ROS as
a result of rapid initiation under oxidative stress. Cu/Zn-SOD is presented in a dimeric
form and is located in the cytosol, where Cu and Zn are associated with two subunits [34].

It is now well known that mitochondria are the main producers of ROS, as well as the
main targets of ROS. Massive accumulation of ROS and free radicals in mitochondria is
the reason for the induction of increased expression of Mn-SOD, which suppress oxidative
damage in mitochondria. The presence of specific SOD isoforms in different subcellular
compartments ensures control of the ROS level in the cell [35].

3.2. Catalase (CAT)

The molecular structure of CAT and its function are based on iron atoms in the
composition of the enzyme molecule, which form four heme groups around themselves [33].
The main function of CAT is to clean cells from hydrogen peroxide, which has toxic
properties. Peroxisomes are the predominant localization site of CAT in the cell. The rate
at which CAT converts hydrogen peroxide into molecular oxygen and water is 6 million
hydrogen peroxide molecules per minute. CAT is highly active in hepatocytes, kidney cells,
and erythrocytes [36].

3.3. Glutathione Peroxidase (GSH-Px)

The main function of GSH-Px is associated with the protection of the cell under
oxidative stress and under normal physiological conditions from hydrogen peroxide,
reducing it to water, while simultaneously reducing lipid peroxide. Another extraordinary
role of GSH-Px is associated with the inhibition of tumor growth as a result of modulation
of the signaling pathways of lipoxygenase and cyclooxygenase [37]. In the human body,
there are eight types of GSH-Px, which can be in the form of selenoproteins, which are
associated with selenium. Each of the GSH-Px types has a predominant localization in a
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certain tissue, where it performs its antioxidant function by reducing hydrogen peroxide
and other organic peroxides [36].

Thus, GSH-Px1 or cellular GSH-Px (cGSH-Px) is localized in all cell types. GSH-Px2
or gastrointestinal GSH-Px (GSH-Px-GI) is present in human organs such as the stomach,
liver, and intestines, but it is not expressed in the heart and lungs [38]. GSH-Px3 or
plasma GSH-Px (pGSH-Px) is expressed in the kidney, and more specifically in proximal
tubular epithelial cells. GSH-Px4 is a phospholipid localized in various cell types. Its key
feature is the ability to reduce phospholipid hydroperoxides to alcohols, thus protecting
cell membranes from peroxidation, which is one of the main consequences of oxidative
stress leading to cell death [39].

3.4. Glutathione Reductase (GR)

GR promotes an increase in the stores of reduced glutathione, which is the most
abundant thiol compound in most cells. Reduced glutathione is directly involved in the
control of oxidative stress, being a GSH-Px cofactor. The catalytic function of GR is based
on the transformation of glutathione disulfide (GSSG) into reduced GSH via the energy of
reduced NADP [40].

3.5. Thioredoxin (Trx)

The Trx antioxidant system, consisting of NADP, thioredoxin reductase (TrxR), and Trx,
is very important in combating oxidative stress as an endogenous antioxidant system. Trx
antioxidants are involved in DNA and protein repair by reducing ribonucleotide reductase
and methionine sulfoxide reductase [41]. Trx systems in cells contribute to the reduction of
oxidative stress in the cell due to the presence of thiol and selenol groups. Trx, together
with TBP2 and ASK1 proteins, may be involved in the modulation of cell apoptosis, as well
as regulate lipid and carbohydrate metabolism. Both the GSH system and the Trx system
can protect against oxidative stress by efficiently removing various ROS [42]. Cytosolic
Trx1 and mitochondrial Trx2 are major redox proteins that regulate cell proliferation and
viability. The reduced/dithiol form of Trxs binds to ASK1 and inhibits its activity, causing
blockage of apoptosis. When Trx is oxidized, it dissociates from ASK1, and apoptosis is
launched [43].

3.6. Cellular Antioxidant Regulation

The transcription factor nuclear erythroid factor 2 (NRF2) is one of the main mod-
ulators of the redox state of the cell, regulating the expression of antioxidant enzymes.
The resulting oxidative stress is the reason for the activation of NRF2, which leads to the
activation of the expression of heme oxygenase-1, which is an important cytoprotective pro-
tein [44]. Normally, NRF2 is associated with Kelch-like ECH-associated protein 1 (KEAP1).
ROS at elevated concentrations oxidize cysteine residues on KEAP1 in the NRF2–KEAP1
complex, which facilitates the detachment of KEAP1 from NRF2. Free NRF2 then moves
to the nucleus, where it interacts with MAF, resulting in the formation of heterodimers
required for binding to antioxidant-responsive elements (ARE) in the regulatory regions of
several antioxidant genes that coordinate their expression [45]. The level of mitochondrial
ROS is directly related to the likelihood of developing oxidative stress, and, therefore, to
ensure adequate cellular homeostasis, a properly functioning system is required to maintain
the concentration of ROS within acceptable limits. A sharp increase in the level of ROS as a
result of oxidative phosphorylation is the cause of pathological processes in the cell, which
lead to oxidative damage to cellular structures and the triggering of apoptosis. With a lack
of antioxidant enzymes, namely, SOD2, Trx2, peroxiredoxin, and GPx, the clearance of ROS
in the cell is reduced, and the redox balance is disrupted. In addition, the formation of
superoxide near NO molecules is a high-risk factor for the appearance of the toxic radical
peroxynitrite (ONOO−) [46].
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4. Natural Antioxidants in the Treatment of IBD
4.1. Curcumin

Curcumin, isolated from the rhizomes of the Curcuma longa plant, has proven antioxi-
dant and anti-inflammatory effects. Curcumin has been shown to be beneficial in animal
models of IBD. Thus, it was found that curcumin caused a decrease in the DAI index, which
determined the severity of the pathological process. Additionally, it reduces damage caused
by inflammation and inhibits neutrophil infiltration. In addition, it causes a decrease in
lipid peroxidation [15]. The mechanisms associated with its therapeutic activity are not
yet fully understood; however, possible options can be considered, for example, inhibition
of the activation of the transcription factors NF-κB and STAT3, and accordingly the sub-
sequent suppression of the expression of proteins that play the role of pro-inflammatory
factors, including ROS-producing enzymes such as COX-2 and iNOS [47]. Based on a
number of studies, it was shown that the introduction of curcumin reduced the clinical
symptoms of IBD and led to the increased proportion of patients who managed to achieve
remission [48,49]. Its additional advantage is the absence of serious side effects [1]. A
clinical study [50] examined the effect of combination therapy of mesalazine with modified
curcumin, which had better hydrophilic properties in patients with mild to moderate UC.
According to the results of the study, patients receiving combination therapy demonstrated
endoscopic remission, as well as long-term clinical remission, which was assessed at 6 and
12 months, with remission rates of 95% and 84%, respectively.

4.2. Resveratrol

Resveratrol is a polyphenol found in grapes and other fruits. Studies in rat models
of IBD have shown that resveratrol reduced the development of lipid peroxidation dam-
age and caused an improvement in cellular antioxidant activity. It could be caused by
an increase in glutathione peroxidase activity, as well as an anti-inflammatory effect by
inhibiting the expression of pro-inflammatory factors, namely, IL-1β, IL-6, and TGF-β1,
and it reduces fibrosis [51,52]. The antioxidant and anti-inflammatory effects of resveratrol
have also been demonstrated in several clinical studies. Thus, it was found that resveratrol
caused an increase in SOD activity and a decrease in the concentrations of C-reactive
protein and TNF-α [52]. Resveratrol, like curcumin, lowers the DAI value [53]. A clinical
study [54] demonstrated a significant decrease in the level of inflammatory markers TNF-α
and hs-CRP, as well as a decrease in NF-κB activity in patients with mild to moderate UC
after 6 weeks of resveratrol supplementation. The disadvantages of resveratrol include its
low bioavailability due to rapid absorption in the gastrointestinal tract and liver, as well as
poor solubility and low stability [32]. To overcome these shortcomings, a colonic delivery
system was developed for resveratrol [55]. This system was made of composite nanoparti-
cles consisting of zinc, pectin, and chitosan, inside which the active substance, resveratrol,
was enclosed. Several variants of nanoparticles were obtained by changing a number of
parameters, such as cross-linking pH, concentrations of components, cross-linking time,
and drug concentration. The nanoparticles obtained at pH 1.5 with 1% chitosan, 2-hour
cross-linking time, and a ratio of pectin to resveratrol of 3 to 1 had the best specificity for the
colon. Another significant disadvantage of this compound is the possibility of toxicity to
normal cells. In high concentrations, resveratrol cannot be used as a drug, as it is considered
a toxic compound [56].

4.3. Quercetin

Quercetin has shown beneficial effects in animal models of IBD, including reduced
weight loss, rectal bleeding, and bowel injury. In addition, quercetin has an antioxidant
effect by initiating a decrease in the activity of the myeloperoxidase enzyme and an increase
in the concentration of glutathione, as well as inhibition of lipid peroxidation. Its anti-
inflammatory mechanism of action is the inhibition of TNF-α expression [57,58]. An
important effect of quercetin regarding the course of IBD is to improve the composition
of the intestinal microflora, in particular, by activating macrophage activity against a
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number of bacteria [57]. It was found using a mice model that 5 weeks of quercetin
consumption led to the growth of Bacteroidetes and to a proportional decrease in Gram-
negative proteobacteria and Gram-positive actinobacteria concentrations in the colon.
Quercetin has also been shown to reduce intestinal permeability by activating tight junction
repair [59]. Quercetin can be effectively used in combination with 5-aminosalacylic acid
(5-ASA), which allows for a reduction in the dose of 5-ASA, thus minimizing the possibility
of side effects [60].

4.4. Melatonin

Melatonin is an organic substance synthesized mainly in the pineal gland, as well as
in organs such as the retina and ovaries, which have the ability to produce this natural
hormone [61]. Compared to other antioxidants, melatonin has unique properties that prove
its uniqueness compared to other antioxidants. First, it is soluble in both water and lipids.
Due to this property, melatonin easily penetrates through cell membranes and reaches all
cell compartments, but at the same time it is selective towards mitochondria. It is a relatively
safe substance, the reported side effects of which are usually harmless [61]. Melatonin can
bind heavy metals (for example, iron) and thus prevents the formation of ROS. In addition,
melatonin enhances the mechanisms of antioxidant cell defense by activating antioxidant
enzymes such as catalase, superoxide dismutase, and others. Another mechanism of
melatonin action is based on the anti-inflammatory effect, as a result of which the balance
of concentrations of pro-inflammatory and anti-inflammatory cytokines are shifted towards
the second [62]. Melatonin has been shown to be effective in the treatment of UC as an
adjunct to combination therapy with mesalazine [63]. In a clinical study [63], patients with
UC who received adjuvant therapy with melatonin in addition to mesalazine maintained
clinical remission for 12 months, and serum CRP levels remained stable. These results were
very different from the group receiving mesalazine only: remission was not stable, and
CRP levels increased. Another advantage of using melatonin in the treatment of IBD is its
ability to modulate intestinal dysbiosis [64]. This study was conducted on two groups of
mice with DSS-induced colitis: the first group did not receive any therapy, and the second
received melatonin treatment. In the first group, in the plasma of mice, the antioxidant
activity, measured by decolorization of ABTS radical cations, was lower than in the second.
The proportions of intestinal bacterial communities also differed. In the first group, the
percentages of the most common bacteria were as follows: Bacteroidetes (59%), Firmicutes
(31%), and Proteobacteria (8%). In the second group, the most common bacterial group was
Firmicutes (49%), followed by Bacteroidetes (41%); the amount of Proteobacteria did not
change (8%).

5. Artificial Antioxidants in the Treatment of IBD
5.1. N-acetylcysteine

N-acetylcysteine (NAC) is a derivative of L-cysteine, one of the functions of which is
associated with the inhibition of the formation of free radicals, the increase in the activity of
antioxidant defense enzymes, and the suppression of the production of heat shock proteins,
which are considered biomarkers of oxidative stress. NAC can be converted to cysteine,
which is a substrate that is involved in the reduction of glutathione in the intestine [65].
NAC also has an anti-inflammatory effect by inhibiting the activation of the NF-kB sig-
naling pathway, thus preventing increased expression of pro-inflammatory cytokines [66].
NAC also increases ATP levels, inhibits apoptosis by acting on caspases, and promotes
proliferation, development, and regeneration of intestinal cells [67]. NAC may reduce
intestinal barrier permeability by reacting with claudin and occludin proteins [67]. NAC
also has a positive effect on the intestinal microflora [68]. In a model of chemically induced
colitis in rats, the successful use of NAC in combination with mesalamine was shown, as a
result of which the level of inflammatory factors such as iNOS, COX-2, and prostaglandin
E2 decreased to a greater extent than when these compounds were administered alone [69].
In a clinical study [70], it was demonstrated that the use of NAC as an adjuvant therapy
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with simultaneous reduction in the dose of corticosteroids in UC led to an increase in
the period of remission. Combination therapy with mesalazine and NAC, evaluated in
a clinical trial [71], resulted in better clinical remission, accompanied by a decrease in
pro-inflammatory chemokines in UC patients, in contrast to monotherapy with mesalazine.

5.2. Artificial Superoxide Dismutase

One of the enzymes with strong antioxidant properties is superoxide dismutase (SOD),
which has been described in detail in the previous paragraphs. However, in diseases
associated with high levels of oxidative stress, natural SOD is not effective, as it has a short
half-life and is not stable in the gastrointestinal tract. Despite these obstacles, recombinant
bacterial strains have been obtained that express human SOD, for example, a strain of
Lactobacillus fermentum, which has shown an improvement in colitis symptoms and a
decrease in mortality in mice [72]. Its antioxidant function is associated with blocking lipid
peroxidation and reducing the concentration of MPO in the intestine. The inflammatory
response in the gut is reduced as a result of decreased production of pro-inflammatory
cytokines caused by activation of the transcription factor NF-κB. Clinical trials of the action
of lecithinized superoxide dismutase (PC-SOD) were carried out in patients with ulcerative
colitis [73]. This new SOD variant overcomes the shortcomings of the natural version of the
enzyme, having a longer half-life, which contributes to its longer action in the intestine. PC-
SOD administered intravenously at a dose of 40 or 80 mg per day for four weeks improved
the clinical symptoms of IBD and decreased the DAI index. Additionally, according to the
results of the study, minor side effects of PC-SOD were revealed, but their occurrence did
not depend on the dose of the administered enzyme. Summarizing data on the use of the
considered antioxidants for the treatment of IBD are presented in Table 1. Mechanisms of
antioxidant action of described antioxidant compounds are shown in Figure 2.

Table 1. Use of antioxidants for the treatment of IBD.

Compound Chemical Structure Mechanism of Action Clinical Manifestation
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6. Discussion

Based on the fact that traditional IBD treatment can cause a number of severe side
effects, while the aforementioned natural and synthetic antioxidant compounds are well
tolerated and have mild side effects in most cases, this therapeutic strategy is a promising
avenue for IBD therapy. In addition, the effectiveness of antioxidants in the treatment of
IBD also has been shown. The mechanism of antioxidant action is aimed at reducing overall
inflammation through an effect on transcription factors, and in some cases, improving the
composition of the intestinal microbiota and restoring tight junctions, which shows their
high therapeutic specificity with respect to IBD pathogenesis. At the same time, additional
larger-scale studies are required to determine the long-term effectiveness of antioxidant-
based drugs, as well as to assess the possible risks of chronic toxicity. Determining the
best dosage, optimal route of administration, and delivery form that overcome the clinical
limitations of the antioxidant substances under consideration are additional tasks, which by
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solving, the question of the regular use of these compounds in clinical practice can receive
a reliable answer. Animal studies are a valuable starting point for clinical trials in humans,
but relatively few data have been obtained so far, including in the considered preclinical
models of IBD. In view of the fact that IBD is a risk factor for the development of colon
cancer, it is interesting to consider the possible antitumor effects of antioxidant compounds.
Thus, in a number of studies [74,75], it was demonstrated that PAC ((3,5-bis(4-hydroxy-3-
methoxybenzylidene)-N-methyl-4-piperidone)), which is a biological analog of curcumin,
could activate apoptosis in cancer cells without being toxic to normal cells.

7. Conclusions

The use of antioxidants is a promising direction in the treatment of IBD, which, first
of all, will reduce the frequency of severe side effects arising from the use of traditional
therapies. Both natural and artificial antioxidants, in addition to directly affecting oxidative
stress, are also able to reduce inflammation by regulating cytokine expression, affect the gut
microbiota, and reduce tight junction damage. It has been observed that the most effective
clinical use of antioxidants was in combination therapy with an already registered drug for
the treatment of IBD, which gave a synergistic effect. However, more research is needed to
gain a more complete understanding of the effects of antioxidants.

8. Future Perspectives

We propose that an important future step towards the use of antioxidants for the
treatment of IBD is the identification of antioxidants with previously unseen efficacy in the
treatment of IBD. Based on the shown therapeutic effects in relation to other inflammatory
diseases, the use of such compounds in the therapy of CD and UC may have potential
success. In one study [76] it was shown that rosemary extract significantly improved
DAI in mice with DDS-induced colitis and helped restore the integrity of the intestinal
barrier. The pharmacokinetics of the main components of rosemary extract was determined:
carnosic acid (CA) and carnosol (CL). CA had an 11-fold higher serum concentration than
carnosine but a shorter half-life: 3.5 h compared to 7.5 h. The revealed pharmacokinetics
shows the potential regimens of the isolated compounds. CA should have a fast and
powerful therapeutic effect; CL can be used as a drug with a slow but prolonged effect. It
was also found that CL inhibits the expression of sestrin-2, the increased concentration of
which was previously considered a favorable factor in certain diseases [77]. Thus, these
studies also allow scientists to reveal new questions regarding the pathogenesis of IBD that
have not been raised before. Another natural compound, anethole, which has shown early
antioxidant and anti-inflammatory properties in several disease states, also has the potential
to be used in the treatment of IBD. It reduced edema and penetration of immune cells
into the focus of inflammation after it was administered to mice with acetic acid-induced
colitis [78]. It also reduced malonaldehyde levels and gene expression of inflammatory
mediators, including TNF-α, IL-1β, and TLR4.

First of all, researchers should pay attention to antioxidants that exhibit multiple
effects and are considered the “strongest” representatives of antioxidants in their class, for
example, ergothioneine, whose only antioxidant function has three options: preventing the
formation of free radicals, binding ROS, and increasing the activity of natural antioxidants.
Ergothioneine is able to inactivate singlet oxygen at a faster rate than other thiols. It has
also been shown to be effective in a number of pathological conditions, including those
associated with chronic inflammation [79]. Thus, compounds similar to ergothioneine,
according to the described criteria, have great potential to become new drugs in the
treatment of IBD.
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Abstract: Inflammatory bowel diseases (IBDs) are characterized by chronic inflammatory disorders
that are a result of an abnormal immune response mediated by a cytokine storm and immune cell
infiltration. Proinflammatory cytokine therapeutic agents, represented by TNF inhibitors, have
developed rapidly over recent years and are promising options for treating IBD. Antagonizing
interleukins, interferons, and Janus kinases have demonstrated their respective advantages in clinical
trials and are candidates for anti-TNF therapeutic failure. Furthermore, the blockade of lymphocyte
homing contributes to the excessive immune response in colitis and ameliorates inflammation
and tissue damage. Factors such as integrins, selectins, and chemokines jointly coordinate the
accumulation of immune cells in inflammatory regions. This review assembles the major targets
and agents currently targeting proinflammatory cytokines and lymphatic trafficking to facilitate
subsequent drug development.

Keywords: inflammatory bowel disease; cytokines; lymphocyte homing

1. Introduction

Inflammatory bowel diseases (IBDs) are a class of chronic inflammatory disorders
including two main clinical entities: Crohn’s disease (CD) and ulcerative colitis (UC). The
prevalence of IBD is increasing worldwide, imposing a huge socioeconomic burden on soci-
ety and health care systems [1]. However, a thorough comprehension of IBD pathogenesis
remains elusive, and the progression of IBD is widely believed to encompass an intertwin-
ing of environmental, genetic, microbial, and immunological factors [2]. Encouragingly,
considerable advances in the development of drugs targeting the immune system to block
IBD have boosted the efficacy of treatment for IBD in recent decades [3].

Overwhelming cytokine storms and immune cell infiltration impede inflammation
regression in IBD and contribute to disease recurrence and tissue damage. As a chronic
inflammatory disease, CD has been considered to be correlated with the immune response
mediated by type 1 T helper cells (TH1) and TH17, while abnormal TH2 responses are
involved in the development of UC, and the eventual imbalance of interactions with other
T-cell groups (e.g., Treg and TH9) contributes to the complexity of IBD immunopathogen-
esis [2]. A variety of cytokines produced by immune cells are uniquely characteristic of
patients with IBD, including tumor necrosis factor (TNF), interleukin (IL)-6, and IL-1β,
which are critical drivers of inflammatory impairment (Figure 1) [4]. Moderation of such
proinflammatory cytokines in IBD appears to be a sound treatment option, evidenced by
the successful application of TNF inhibitors, and recognition of cytokines could facilitate
IBD therapy. Furthermore, either the innate or adaptive immune response depends pri-
marily on lymphocyte homing to specific tissues, which is mediated by the adhesion of
immune cells to vascular endothelial cells [5]. Thus, modulating immune cell trafficking is
an efficacious approach to remedy tissue lesions and mucosal inflammation in IBD.
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Figure 1. Immune cell homing and cytokine storming drive IBD progression. Lymphocytes roll,
adhere, and transmigrate at the site of the lesion through the combined action of integrins, selections,
and chemokines, with residence in the lamina propria. Excessive immune responses and external
stimulus synergistically lead to a proinflammatory cytokine storm hindering disease recovery.

Given the advanced research on proinflammatory cytokines and lymphatic trafficking
associated with IBD in recent years, therapeutic agents for related targets are burgeoning.
Therefore, a timely review of targeting cytokines and lymphatic trafficking is needed, and
here, the latest relevant studies are collated to facilitate drug developers and clinicians to
catch up on research developments and medication choices.

2. Targeting Proinflammatory Cytokines

Cytokines are pivotal influencers of gut homeostasis and perpetual inflammation [6].
The appearance of anti-TNF drugs has drastically altered the therapeutic algorithm for IBD,
yet a significant proportion of patients receiving anti-TNF therapy suffer from nonresponse
or secondary loss of response. Fortunately, new treatment alternatives have been proactively
explored (Figure 2), among which some have entered clinical practice and some have shown
good efficacy in preclinical studies [7].
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2.1. Tumor Necrosis Factor Superfamily

The tumor necrosis factor superfamily (TNFSF) members are molecules with broad-
spectrum activity and are well known to have pathological effects on IBD, the best known
of which is TNF. The majority of TNFSF members are expressed by immune cells and
modulate the homeostasis of T-cell-mediated immune responses [8]. Numerous recent
studies have demonstrated that certain TNFSF members, including TNF-α, TL1A, FasL,
and others, promote IBD pathogenesis through the enhancement of T-cell proinflammatory
function and through the direct disruption of intestinal epithelial integrity [9].

2.1.1. Anti-TNF-α Agents

Infliximab (IFX) is an immunoglobulin G1 monoclonal antibody (mAb) with a high
affinity for TNF-α that was initially licensed in 1998 by the FDA for treating patients
with refractory active IBD, pioneering the era of biologics for IBD [10,11]. IFX is potent
in both attaining and sustaining clinical remission and is also recommended for patients
with IBD tha are unresponsive to 5-ASAs or corticosteroid therapy. A multiple-center
randomized controlled trial (RCT) of pediatric CD patients [12] showed that first-line IFX
intervention outperformed routine treatment in terms of short-term clinical (59% vs. 34%)
and endoscopic remission (59% vs. 17%). Sequentially, more anti-TNF mAbs, such as
adalimumab, certolizumab pegol, and golimumab, have been developed and licensed,
showing promising clinical efficacy [13]. For example, in a multicenter, prospective cohort
study of CD patients, approximately two-thirds of patients receiving adalimumab had
a good prognosis and long-term maintenance of remission, reducing the incidence of
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colectomy [14]. In addition to intravenous monotherapy, a new oral polyclonal anti-TNF
antibody, AVX-470, prepared from the colostrum of TNF-immune cows, showed efficacy
comparable to that of oral prednisolone and parenteral etanercept in murine experimental
colitis models and minimized systemic exposure to anti-TNF agents [15]. The first RCT
of AVX-470 for UC demonstrated a good safety profile and was beneficial for refractory
UC, with clinical, endoscopic, and biomarker (serum CRP and IL-6) improvements [16].
Additionally, TNF-related biosimilars, such as CT-P13 and SB2, have been developed to
mitigate the surge in therapeutic costs caused by biological treatments [17], increasing the
accessibility of appropriate biologic treatments by patients. Currently, over 20 biosimilars of
infliximab and adalimumab are under development and have been described in detail [18].

2.1.2. Anti-TL1A Therapy

TNFSF member 15 gene (TNFSF15, also named TL1A) variants are correlated with the
risk of IBD, which impacts the production of multiple cytokines to fuel mucosal inflamma-
tion [19]. TL1A is overexpressed in inflamed mucosa and is associated with CD fibrosis [20].
As TL1A is upstream of the proinflammatory process, anti-TL1A regimens may offer an
attractive option for individuals unresponsive to TNF-α inhibitors and are a candidate for
resolving currently nonreversible intestinal fibrosis. TL1A-overexpressing mice developed
idiopathic ileitis with increased proximal colitis-inducing injury and fibrosis, whereas TL1A
receptor-deficient mice exhibited resistance to a transmigration model of colitis and had
reduced inflammation and intestinal fibrosis [21]. A human immunoglobulin G1 mAb
against TL1A, PF-06480605, demonstrated improved endoscopic healing (38.2% at week 14,
p < 0.001, and 95% CI = 23.82–53.68) and a favorable safety profile among individuals
with refractory UC [22], probably in association with inflammatory T cells and fibrosis
pathways [23]. C03V, a high affinity and selective human antibody to TL1A that neutralizes
the biological activity of TL1A, remarkably attenuated the pathology of colitis triggered by
trinitrobenzene sulfonic acid (TNBS) and alleviated fibrosis [24].

2.1.3. Targeting the FasL/FAS System

Mutations in TNFRSF6 (also named FasL) and its receptor FAS cause autoimmune
lymphoid tissue proliferation syndrome and are involved in lymphocyte variation in
IBD [25]. A marked increase in FasL-containing cells was observed in active UC patients in
comparison to either remission or control groups based on immunohistochemistry of the
colonic mucosa [26]. Conversely, a study on an acute colitis rat TNBS model discovered
that isolated dendritic cells from mesenteric lymph nodes of wild-type rats expressed more
FasL than those from colitis rats, and exogenous infusion of DCs genetically engineered
to overexpress FasL decreased T-cell IFN-γ production and enhanced T-cell apoptosis,
effectively reducing colonic inflammation [27]. Osthole restored the downregulation of
Fas and FasL expression in bone marrow mesenchymal stem cells (BMSCs) caused by
immune impairment and restored the ability of BMSCs to induce T-cell apoptosis and
immunosuppressive function over experimental colitis [28].

2.1.4. Other TNFSF Members with Potential Efficacy

We are gaining insight into the value of other members of TNFSF in the IBD process
as research progresses. TNFSF14, also named LIGHT, resides on T cells and participates in
their activation, and its transgenic expression on murine T cells drives pathogenic inflam-
mation in several organs, including the intestine [29]. Mice with Tnfsf14 deficiency were
found to undergo more serious colitis and have lower survival rates than wild-type mice,
suggesting that LIGHT may mediate innate immune activities and the resilience of gut
inflammation by transmitting signals through lymphotoxin β receptors in the colon [30].
Furthermore, single-cell analysis of colonic mesenchymal cells in UC patients also revealed
a subpopulation of activated mesenchymal populations with TNFSF14 expression, which is
assumed to limit colonic epithelial proliferation and impede wound repair responses [31].
TNFSF10, also named TRAIL, mediates autoimmune inflammation and cellular home-

152



Pharmaceuticals 2022, 15, 1080

ostasis by transmitting apoptotic signals to induce apoptosis and was found to suppress
autoimmune colitis by inhibiting colonic T-cell activation [32].

It is worth noting that not every patient responds to anti-TNF therapy and many
suffer from the underlying opportunistic infections that come with treatment. High-dose
administration regimens are recommended by experts to address the insufficient efficacy
of anti-TNFs, and individualized dosing strategies are encouraged to be implemented
with drug monitoring in clinical practice to avoid inadequate blockade of TNF in serum
and tissues [33]. Natural products and herbs have also shown modulation of TNF-α
activity in experimental models and clinical trials, which might be an effective intervention
to bypass the side effects of specific anti-TNF therapy [34]. Natural polyphenols from
plants, such as curcumin [35], mangiferin [36], and catechin [37], have demonstrated anti-
inflammatory effects in TNBS/DSS-induced colitis models and reduced TNF-α expression.
In addition, complementing anti-TNF therapy with nutritional biocompounds, such as
antioxidant-enriched purple corn supplement [38], has exhibited beneficial effects on
the induction and maintenance of IBD remission. While studies on natural products
are currently mostly preclinical, their potential for the treatment and prevention of IBD
deserves constant attention.

2.2. Interleukins

Multiple interleukins secreted by lymphocytes mediate their pro/anti-inflammatory
effects, and inhibition of proinflammatory cytokines (IL-6, IL-1β, IL-12, and IL-23) is
an effective strategy to ameliorate colitis. Presently, agents targeting interleukins have
exhibited some advantages over anti-TNF agents.

2.2.1. Anti-IL-12/IL-23 Agents

IL-12 and IL-23, produced mainly by inflammatory myeloid cells, are highly expressed
in colitis patients and induce differentiation and responses in TH1 cells and IL-17-producing
T helper cells (TH17), respectively [39]. IL-12 and IL-23, as heterodimeric cytokines, are
formed by the homogeneous subunit p40 in conjunction with p35 and p19, respectively.
The roles of IL-12 and IL-23 are temporally distinct in the progression of IBD, where IL-12
is engaged in the early stages of colitis by activating TH1 cells and macrophages, while
IL-23 shapes the chronic exacerbation of the disease [40].

Antagonizing p40, the cosubunit for IL-12 and IL-23, is a potent blockade of disease
development. Ustekinumab (UST), a mAb against the p40 subunit, has already been
licensed for CD treatment. In two 8-week RCTs of intravenous induction therapy for
intermediate-to-severe active CD patients (UNITI-1 and UNITI-2), patients undergoing
either primary or secondary nonresponse to TNF antagonists achieved significantly higher
remission rates in patients receiving intravenous UST than those receiving placebo (in
UNITI-1, 34.3% vs. 21.5%; in UNITI-2, 51.7% vs. 28.7%). A double-blind, active comparative
phase 3b RCT (SEAVUE) involving multiple countries showed that 124 (65%) moderate-
to-severe CD patients (n = 191) without biologic therapy remained in clinical remission
after UST treatment at week 52 [41]. Moreover, patients taking maintenance doses of UST
injections every 8 or 12 weeks achieved prolonged disease remission, and the occurrence
of undesirable events was comparable to the placebo [42]. UST is equally effective in
inducing and sustaining remission for patients with moderate-to-severe UC compared
with placebo [43], and future studies are expected to compare the effectiveness of UST
with existing biologics in treating UC [44]. Briakinumab, an anti-IL-12p40 mAb, has been
terminated from production and follow-up studies due to uncertainty and low confidence
in its actual role in the induction and maintenance of clinical remission in CD patients [45].

IL-23 is a pivotal promoter for chronic intestinal inflammation, and targeting IL-23-specific
p19 subunits has proven to be effective in phase 2 studies of IBD [46], which may facilitate
selective blockade of intestinal lymphatic trafficking without compromising systemic im-
mune defense [47]. There are four mAbs (risankizumab, brazikumab, mirikizumab, and
guselkumab) currently applied in clinical trials for either CD or UC [48]. Risankizumab
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showed curative efficacy and an admissible safety profile in patients suffering moderate-
to-severe CD [49], and subcutaneous risankizumab demonstrated maintenance efficacy
(including >71% clinical relief and >42% endoscopic remission) in a phase 2 study with good
treatment tolerability [50]. Additionally, IL-23/IL-17 axis-related genes were differentially
expressed in the transcriptome profile of the ileum and colon of patients after risankizumab
treatment [51]. Brazikumab treatment was correlated with clinical improvement in patients
with moderate-to-severe CD at 8 and 24 weeks [52]. Mirikizumab exhibited an effective
induction of a positive clinical response following 12 weeks of treatment in UC patients
(22.6% in the 200 mg group vs. 4.8% in the placebo group) and showed lasting benefits
during the entire maintenance period, while it should be noted that the treatment effect of
mirikizumab did not seem to proceed in a dose-dependent manner, and further studies
are required to determine the optimal dose [53]. Comparatively, approximately 50% of
patients initially unresponsive to mirikizumab achieved a clinical response after receiving
a prolonged induction period at an increased dose (600 or 1000 mg [54]). Different doses of
guselkumab had a good safety profile compared to placebo, achieving better clinical and en-
doscopic remission (200 mg: 57.4%, 500 mg: 55.6%, and 1200 mg: 45.9% vs. placebo: 16.4%)
in a phase 2 clinical trial (GLAXI-1). Additionally, tildrakizumab, a high affinity humanized
IgG1κ antibody targeting IL23p19, has proven efficacy in chronic plaque psoriasis and is
expected to be implemented into IBD management [55].

Since the effect of IL-23 blockers in the management of chronic inflammatory diseases
was first confirmed in psoriasis and subsequently revalidated in other inflammatory dis-
eases, such as IBD, learning from the long-term experience of their applications in other
diseases may help to accelerate the optimization of IL-12/23 dosing regimens for IBD
patients by gastroenterologists and avoid drug adverse events [56].

2.2.2. IL-6/IL-6R Inhibitors

The engagement of IL-6 in IBD and colorectal cancer pathogenesis has been well
explored [57], and some anti-IL-6 mAbs have been tested in RCTs against autoimmune dis-
eases. IL-6 is rapidly produced in response to tissue injury and infection and promotes host
immunity by stimulating acute phase responses and immune reactivity, while imbalanced
IL-6 synthesis contributes to the pathological effects on chronic inflammation and immune
action [58]. IL-6 mediates the proliferation of TH17 cells in concert with TGF-β by affecting
signal transducers and activators of transcription (STAT3), which is essential for TH17 cell
maintenance and function [59].

PF-04236921, an antibody against IL-6, was investigated among adult CD patients
(ANDANTE I and II), with an increased remission rate after a 12-week treatment period
(27.4% in PF-04236921 vs. 10.9% in placebo) [60]. PF-04236921 has the potential to induce
clinical responses and palliations for refractory CD patients not responding to anti-TNF
regimens, but its possible side effects (gastrointestinal abscesses and abdominal pain) war-
rant attention during subsequent development. Clone MP5-20F3 (an IL-6 mAb) neutralized
DSS-induced elevated IL-6 concentrations and inhibited Claudin-2 expression in mice,
improving intestinal inflammation and permeability, and its therapeutic effects were fur-
ther amplified upon coadministration with an anti-TNF-αmAb [61]. An intriguing study
on diet and colon cancer demonstrated that a high-calorie diet elevated IL-6 expression
in porcine colonic mucosa and changed the expression of IL-6-associated proteins such
as PI3KR4, IL-1α, and Map2k1, while a whole food diet inhibited HCD-induced alter-
ations in IL-6-related proteins and modulation of IL-6 signaling was strongly associated
with diet-related colitis/cancer [62]. Notably, IL-6 is involved in conditioning critical
pharmacokinetic enzymes, such as cytochrome P450s (CYPs), and receiving anti-IL-6 man-
agement may restrict the AUCs of drugs with CYP substrates [63], which would impair
drug management of many diseases.

Blocking IL-6R also effectively restricts IL-6 complex formation and modulates IL-6-mediated
chronic inflammation. Tocilizumab, a humanized IL-6R blocker, is currently approved as a
treatment for rheumatoid arthritis and has proven effective in other recalcitrant autoim-
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mune diseases, and its therapeutic applications in IBD are promising [64]. Furthermore,
since the chronic proinflammatory activity of IL-6 depends on the gp130 coreceptor for
trans-signaling, the decoy protein sgp130Fc (olamkicept) was developed to specifically
block IL-6 trans-signaling. Olamkicept resulted in a clinical response by 44% of patients
with active IBD in a prospective 2a trial, and its clinical effectiveness was consistent with
transcriptional changes in target inhibition [65].

Overall, IL-6 inhibition is a viable treatment option for IBD, but the benefit of com-
pletely blocking IL-6 or related receptors is restricted by its strong immunosuppression [65].

2.2.3. IL-1β/IL-1R Antagonists

IL-1β is the main proinflammatory mediator of inflammation. Its secretion is triggered
predominantly by macrophages in response to injurious stimuli and it has high expression
in IBD patients. The analysis of intestinal biopsy specimens and circulating cytokine
profiles from 30 UC patients showed that nearly three-quarters of primary nonresponders
to anti-TNF therapy were characterized by hyperexpression of IL-1β in serum and gut
tissue [66]. Despite the fact that IL-1β is considered to be as crucial a cytokine as TNF-α
in the onset of IBD, there are currently few specific antibodies against IL-1β, excluding
canakinumab [67]. The absence of binding to murine-derived IL-1β hindered preclinical
studies of canakinumab [68].

A novel chimeric anti-IL-1β-specific mAb, 7F IgG, with high affinity for various mam-
malian IL-1βs, blocked IL-1β to regulate proinflammatory cytokines and showed anticolitis
activity in a TNBS-induced murine model [68]. Antagonism of the IL-1 receptor (IL-1R)
is a therapeutic alternative to reduce the IL-1β stimulatory response. Endogenous IL-1R
antagonists have been discovered to be important in host defense against overwhelm-
ing endotoxin-induced injury, and they are generated in experimental animal models of
multiple diseases and in human autoimmune inflammatory diseases and are essential
natural anti-inflammatory proteins in colitis [69]. Anakinra (an IL-1R antagonist) treat-
ment ameliorated dinitrobenzene sulfonate (DNBS)-induced colitis in terms of macroscopic
and histological changes, inflammatory cell infiltration, and oxidative stress [70]. Two
IL10R-deficient patients with severe refractory IBD had significant clinical, endoscopic,
and histological responses following 4–7 weeks of anakinra therapy [71]. A phase 2,
multicenter RCT (IASO) of short-term anakinra treatment in patients with acute severe
ulcerative colitis (ASUC) has been approved by the Cambridge Central Ethics Committee,
a clinical trial has been authorized [72], and the prognostic outcome of using anakinra to
intervene in IL-1 signaling in patients with ASUC is of ongoing interest. A proportion
of de-N-acetylated oligomers (13 < dp < 20) were reported to rescue inflammatory im-
pairments via an IL-1Ra-dependent pathway, and water-soluble galactosaminogalactan
oligosaccharides might be therapeutically applicable as new anti-inflammatory glycosides
in IL-1-mediated hyperinflammatory diseases [73].

Indeed, the release of IL-1β is driven by the activated NOD-like receptor family
pyrin domain containing 3 (NLRP3) inflammasome, which is harmful in colitis [74]. In a
comparative preclinical study of NLRP3 inflammasome signaling inhibitors, it was found
that administration of INF39 (an NLRP3 inflammasome irreversible direct blocker), Ac-
YVAD-cmk (a caspase-1 inhibitor), and anakinra to rats with DNBS-induced colitis resulted
in colitis relief and that INF39 was more effective in reducing organizational increments of
myeloperoxidase, TNF, and IL-1β, and attenuating intestinal inflammation [75]. OLT1177,
a selective inhibitor of NLRP3 inflammasomes, was administered during the induction
period of DSS-induced mice to alleviate the disease phenotype, and OLT1177 was effective
in preventing the onset of DSS colitis. However, the administration of OLT1177 during
the recovery phase of colitis did not promote the recovery course or tissue remission [75].
Curcumin potently inhibited NLRP3 inflammasome activation to alleviate colitis in a DSS-
induced murine model, and the therapeutic outcome was partially limited following the
use of MCC950 (a specific NLRP3 blocker) [76].
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2.2.4. Other Interleukin Neutralizers with Potential Efficacy

Experimental animal studies and human genetic studies are gradually revealing the
importance of the interleukin superfamily in regulating inflammation and tissue damage
in the intestinal mucosa [77]. More members of the interleukin family are being noticed in
colitis, and targeted therapies are being explored.

IL-18 is a proinflammatory interleukin matured by NLRP3 inflammasome activation,
and IL-18 equilibrium in the epithelium has been implicated in barrier function in colitis,
where IL-18 coordinates goblet cell maturation transcriptional programs [78]. Mokry con-
ducted a Mendelian randomization study of 12,882 cases and 21,770 controls to examine the
effect of elevated IL-18 on IBD susceptibility, and the results revealed that each genetically
predicted SNP change (rs385076, rs17229943, and rs71478720) in IL-18 was associated with
elevated susceptibility to IBD [79]. GSK1070806, a neo-IgG1 mAb that neutralizes IL-18,
has been tested in a pilot trial in type 2 diabetes and kidney transplantation [80], and a
corresponding RCT based on genomic detection of IL-18 in IBD is warranted.

Overproduction of IL-13 in active UC causes disturbances in the intestinal epithelium
and may promote fibrosis. Anrukinzumab is a humanized IgG1 antibody conjugated to IL-
13 that impedes the binding of IL-13 and IL-4Rαwithout affecting the attachment of IL-13
to IL-13α1/α2. After receiving anrukinzumab intravenously, the total serum level of IL-13
increased (free IL-13 binds to anrukinzumab) in patients with active UC, while changes
in fecal calprotectin at 14 weeks posttreatment were not significantly different compared
to placebo, and the treatment effect did not have a statistically significant difference [81].
Tralokinumab, an IL-13 neutralizing antibody, failed to induce a clinical response when used
as an add-on therapy randomized to ambulatory adult UC patients, whereas tralokinumab
had higher rates of clinical remission (18% vs. 6%) and mucosal healing (32% vs. 20%)
than placebo, suggesting that it may benefit some UC patients and be well tolerated [82].
Likewise, although IL-17A is an active cytokine in gut inflammation, the clinical outcome
of anti-IL-17A therapy (secukinumab and ixekizumab, anti-IL-17A mAbs) in CD patients
is not favorable [83], and a study based on IL-17a-/- mice found that blockade of IL-17A
may cause IL-6 upregulation and RORγt+ ILC recruitment during chronic colitis, leading
to elevated IL-22 and even worsened disease [84].

Apart from the interleukins mentioned above, the role played by other interleukins,
such as IL-5 [85], IL-21 [86], and IL-33 [87], in IBD development is being uncovered as the
disease mechanism comes to be better understood, and subsequent drug development
for them is anticipated. The network of interleukin family actions is intertwined, and a
complete blockade of a singular interleukin may lead to systemic involvement. This may
explain the involvement of some interleukin family members in mediating IBD and the lack
of efficacy in targeted antagonistic therapy [88]. Long-term follow-up after anti-interleukin
control and regular monitoring of relevant therapeutic indicators are necessary to avoid
potential adverse drug effects.

2.3. Anti-Interferon Agents

Interferons (IFNs) are an essential family of immunostimulatory cytokines, classi-
fied broadly into three subtypes: type I (IFN-α, β, ε, κ and ω), type II (IFN-γ), and the
recently defined type III (IFN-λ) [89], among which INF-γ has been extensively studied
in IBD. IFN-γ upregulation is common in IBD, and IFN-γ is vital for mucosal barrier de-
fense function and stimulates immunomodulatory signaling. Increased populations of
INF-γ-secreting cells in the lamina propria were identified as correlating with a higher
disease activity index in CD [90], and a population-based screening cohort study of plasma
samples identified IFN-γ as a potential key regulator of UC [91]. The pathogenic effect
of IFN-γ on IBD may not only involve its immunomodulatory effects but also depend on
its participation in the disruption of the vascular barrier [92]. The profile of serum type I
and type II IFN in IBD patients receiving anti-TNF therapy correlated significantly with
the treatment response in IBD patients and could be regarded as a clinical biomarker [93].
Excess type I interferon signaling in the intestinal epithelium is involved in intestinal pan-
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niculocyte dysfunction, and the Western diet is one of the environmental triggers leading
to this process and ultimately to the pathogenesis of CD [94]. Recently, IFN-λ has also
been proven to be involved in IBD, disrupting colonic epithelial healing and inducing
small intestinal epithelial death, although associated studies are at a preliminary stage with
complex and “paradoxical” effects of IFN-λ [95].

Fontolizumab, an anti-IFN-γ antibody, demonstrated efficacy in individuals with
refractory CD, in which patients received two doses of fontolizumab intravenously followed
by increased treatment response rates and remission on day 56, whereas clinical remission
on day 28 after a single dose of fontolizumab was not significant [96]. Unfortunately, there
have been no subsequent reports of fontolizumab for the treatment of colitis in recent years.
Although quite a few biologics with activity against type I and II interferons are currently
available, such as sifalumumab, rontalizumab, and anifrolumab (some of which have been
approved for treating other immune diseases) [97], very few studies have been performed
for the treatment of colitis. This is inextricably bound up with the double-sided action of
IFN for colitis, and IFN profiling and other biomarkers in the serum of clinical patients
could help to find suitable recipients for such therapies. Alternatively, small molecules
of plant origin could be a potential breakthrough, offering a more “moderate” inhibitory
activity against interferon than monoclonal antibodies. For example, feeding berberine
inhibits IFN-γ and IL-17A in SCID mice administered with CD4+CD45RB high T cells,
reduces lamina propria lymphocyte infiltration, and improves colitis [98].

2.4. Janus Kinase Inhibitors

Activation of Janus kinases (JAKs) is required for cytokine signaling and mediates the
binding of cytokines and receptors. Consequently, blocking JAKs may be an efficient way
to simultaneously modulate the activity of multiple proinflammatory cytokines to improve
colitis [99].

Tofacitinib, a small-molecule JAK suppressor, is currently a promising medication for
IBD and is approved for UC management [99]. Tofacitinib was superior to placebo for
both inducing and maintaining treatment in three phase 3 clinical trials (OCTAVE) for UC.
Clinical remission occurred in 18.5% of patients treated with 10 mg tofacitinib for 8 weeks
and 8.2% of the placebo group, and similar improvements in treatment outcomes were
reached in the other parallel trials. At 52 weeks, the maintenance effect of tofacitinib was
apparent, as the remission rates in the 5 mg tofacitinib, 10 mg tofacitinib, and placebo
groups were 34.3%, 40.6%, and 11.1%, respectively [100]. However, the risk of infection
and cardiovascular events emerging from this study are of ongoing concern for follow-up.
Tofacitinib is a rescue option for TNF inhibitor treatment failures, and an additional 10 mg
of tofacitinib treatment usually leads to positive clinical responses for most patients [101].
In addition, recent studies have provided evidence of endoscopic and tissue remissions
with tofacitinib for patients with refractory UC [102]. Nevertheless, the therapeutic benefit
of tofacitinib on CD was not as pronounced as that on UC, and the results of several
CD-related studies [103,104] demonstrated that the primary efficacy endpoint of tofacitinib
was fundamentally similar to that of a placebo.

3. Targeting Leukocyte Trafficking

Leukocyte trafficking in the gut is strictly coordinated and engaged in maintaining
intestinal immune equilibrium, mediating immune responses, and modulating inflamma-
tion, while in cases of colitis, large numbers of leukocytes migrate through the lymphatic
and blood circulation into the gut and are activated, which is considered a vital step for a
flare-up of IBD [105]. With the success of the anti-α4β7 antibody vedolizumab, the concept
of addressing leukocyte homing for IBD management has been highlighted, which has
become an exciting pillar of IBD therapy [106]. Leukocyte recruitment in inflammation is
a complicated and sophisticated process requiring the binding of chemoattractants and
receptors, the recognition of integrins, and the fastening of adhesion molecules. Thus,
this section presents an overview of IBD agents targeting leukocyte trafficking (Figure 3),

157



Pharmaceuticals 2022, 15, 1080

mainly including integrins, cell adhesion molecules (CAMs), chemokines, selectins, and
sphingosine 1-phosphate (S1P) signaling.
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3.1. Integrins

The integrin family is of particular importance in lymphatic homing, and various
integrins expressed on endothelial cells are fundamental to this process. Integrins ex-
pressed on specific lymphocyte subpopulations are implicated in the onset of IBD [107].
Briefly, integrins are glycoprotein receptors present on the cell surface and are comprised
of heterodimeric α and β subunits, to which CAMs and extracellular matrix bind [108].
Morphological alterations of integrins sparked by external stimuli (e.g., cytokines) boost
their avidity for their corresponding ligands and guide the migration of lymphocytes. As
an example, the integrins α4β1 and α4β7 enhance the translation of proinflammatory
T lymphocytes into the lamina propria. Subsequently, cytotoxic T lymphocytes are pre-
served by the interaction between αEβ7 and E-cadherin once they have entered the lamina
propria [109].

3.1.1. Anti-α4 Antibody

α4 was the first integrin explored as a potential target for the management of UC and
CD, and as a common subunit of α4β1 and α4β7, HP1/2 (an anti-α4 mAb) significantly al-
leviated acute colitis in a cotton-top tamarin spontaneous colitis model [110]. Consequently,
blocking leukocyte–vascular adhesion and other integrin-mediated IBD management op-
tions have been acknowledged and developed rapidly over the past three decades.

Natalizumab (a humanized α4 antibody) induced and maintained remission in re-
fractory CD patients in a phase 3 trial, but its increased risk of progressive multifocal
leukoencephalopathy was unacceptable; therefore, it has basically been withdrawn from
clinical use [111]. Nonintestinal selective anti-α4 mAb impairs leukocyte recycling of the
central nervous system, and the oral small-molecule α4 inhibitor AJM300 is currently the
most promising agent. After receiving oral AJM300, 102 patients with moderately active
UC presented with significantly higher clinical response rates (62.7% vs. 25.5%), clinical
remission rates (23.5% vs. 3.9%), and mucosal healing rates (58.8% vs. 29.4%) at week 8
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compared to the placebo and were free of serious adverse events [112]. The effectiveness
and safety of AJM300 were recently reaffirmed in a double-blind phase 3 study, in which
45% of UC patients who did not respond to mesalazine intervention achieved clinical
remission after AJM300 intervention (compared to 21% in the placebo), while the frequency
of adverse incidents was comparable to placebo [113].

3.1.2. Anti-α4β7 Antibody

α4β7 integrin conjugates with its ligand MAdCAM-1 to accomplish intercellular
anchoring, and since MAdCAM-1 is expressed mostly within the intestine, anti-α4β7
antagonism is deemed to be gut-selective, circumventing the potential risk of systemic
inhibition by anti-α4 therapies.

Vedolizumab, a selective anti-α4β7 integrin mAb, achieved improved and durable
clinical responses in refractory UC patients in a phase 3 double-dummy trial with both
subcutaneous and intravenous administration [114]. In a phase 3b head-to-head clinical
trial, vedolizumab was preferable to adalimumab in terms of attaining clinical remission
and endoscopic improvement [115]. Additionally, vedolizumab had the best safety profile
according to a network meta-analysis of small-molecule drugs and biologics for UC [116].
The efficacy of vedolizumab in CD patients is also remarkable, given that in a prospective
trial, approximately one-third of active CD patients reached endoscopic remission at week
52 after treatment with vedolizumab, and two-thirds of patients attained histological
remission at week 26 [116]. In a phase 3 RCT (VISIBLE 2), a new subcutaneous formulation
of vedolizumab was reported to be active and safe in the maintenance treatment of adults
with active CD [117]. Abrilumab, a fully human anti-α4β7 mAb, was investigated in
a phase 2 trial in Japanese refractory UC patients (receiving conventional therapy) and
exhibited superior clinical remission outcomes relative to placebo at week 8 [118]. PTG-100,
an oral α4β7 antagonist peptide, has shown potential for IBD treatment in both preclinical
models and phase 2a trials in UC patients, effectively inhibiting memory T-cell trafficking
with a good safety profile [119].

3.1.3. Anti-β7 Antibody

Selective antagonism of the cosubunit β7 in α4β7 and αEβ7 integrins is another anti-
integrin strategy being investigated. Etrolizumab, an anti-β7 integrin mAb, markedly
induced clinical remission among patients suffering active UC in an early phase 2 study,
while in a recent phase 3 trial (HICKORY), etrolizumab significantly increased the remission
proportion at week 14 in refractory UC patients who had already received anti-TNF ther-
apy [120]. A double-dummy phase 3 RCT (GARDENIA) involving 397 active UC patients
demonstrated that etrolizumab had similar activity as infliximab in terms of improving
clinical remission from a clinical perspective [121]. The efficacy of etrolizumab in CD
patients was assessed in an RCT (BERGAMOT) and the open-label extension trial JUNIPER.
A higher rate of clinical endoscopic remission was achieved with etrolizumab compared to
placebo, suggesting that blocking α4β7 and αEβ7 may be beneficial in the refractory CD
population [122].

3.2. Inhibitors of Cell Adhesion Molecules

Cell adhesion molecules are overexpressed in inflamed mucosa, and their binding to
integrins is responsible for leukocyte recruitment, making targeting of CAMs attractive [123].

MAdCAM, a member of the immunoglobulin superfamily, influences the adhesion of
circulating leukocytes to inflamed areas and regulates lymphocyte infiltration [124]. Im-
munohistochemical analysis of colonic biopsies from UC patients showed that MAdCAM-1
expression persisted after venous inflammation had subsided and then it increased in sub-
sequent episodes, possibly as a trigger for disease recurrence and as a chronic therapeutic
target [125]. The efficacy and safety of ontamalimab for UC, a fully human mAb against
MAdCAM-1, was preliminarily confirmed, and ontamalimab was well tolerated by patients
in the long term (144 weeks) with acceptable adverse events [126].
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Intercellular adhesion molecule 1 (ICAM-1), as a hyperglycosylated transmembrane
protein, is expressed on nonhematopoietic cells and is rapidly upregulated upon exposure
to inflammatory stimuli [127], whereas the expression pattern of ICAM-1 in IBD implies
a relevant pathological role [128]. Alicaforsen, an anti-ICAM-1 antisense oligonucleotide,
shows only mild efficacy in IBD by inhibiting the translation of ICAM-1 mRNA [128].
Although alicaforsen did not appear therapeutically effective in phase II trials for par-
enteral application, its efficacy in distal UC as a topical enema was improved [129]. In
addition, increased expression of multiple CAMs (PECAM-1, ICAM-3, and VCAM-1) in
colon biopsies from quiescent IBD patients is suspected to be associated with subsequent
disease onset.

Collectively, although CAMs have been progressively confirmed to participate in
IBD pathogenesis, current treatment options for CAMs are limited and do not achieve the
desired results.

3.3. Regulation of Chemokines

Chemokines, namely, chemotactic cytokines, regulate the movement and localization
of peripheral immune cells in tissues, directing activated cells to drain lymph nodes to
initiate and imprint adaptive immune responses [130]. A range of chemokines is distinctly
increased in IBD patients compared with normal healthy donors [131], and chemokines
and related receptors are potential targets for IBD treatment.

CCL20 is a member of the CC chemokine superfamily, constitutively expressed by
intestinal epithelial cells, whose production is markedly increased in CD patients [132].
CCL20 inhibits TGF-β1-induced Treg (iTreg) differentiation and predisposes cells toward
the pathogenic TH17 lineage in a CCR6-dependent manner [133]. The subtle equilibrium
between TH17 and Treg cells maintained by the CCL20/CCR6 axis is disrupted under
inflammatory states, violating mucosal tolerance. Genome-wide association studies in IBD
patients have indicated a robust correlation between CCR6 expression and disease severity,
and blockade of CCR6 or CCL20 with antagonists provides relief by preventing the traf-
ficking of CCR6-expressing lymphocytes at sites of inflammation [134]. Taraxacum officinale
extract significantly reduced the expression of CCL20, CCR6, and CXCL1/5 in DSS-induced
mice and alleviated colitis by modulating fatty acid metabolism and microorganisms [135].
After two weeks of treatment with mongersen (an anti-Smad7 oligonucleotide), a propor-
tion of active CD patients responded with reduced serum levels of CCL20, which may be
a potential treatment modality [132]. PRN694 significantly hindered the development of
T-cell-driven adoptive transfer model colitis and T-cell infiltration in tissues, which may be
associated with impaired CXCL11 and CCL20 migration [136]. BI119, a novel oral RORγt
antagonist, downregulated the expression of CXCL1, CXCL8, and CCL20 in intestinal crypt
cultures in vitro, and BI119 exhibited the same regulatory effect in a T-cell transfer animal
model [137].

CXCL10 promotes the recruitment of neutrophils, T-cell activation, and secretion of
downstream cytokines. Eldelumab, a fully human anti-CXCL10 mAb, showed a higher
clinical remission and response rate in anti-TNF-primed UC patients, despite not meeting
the primary induction treatment endpoint in a placebo-controlled phase 2b study [138].
Induction therapy with eldelumab in active CD exhibited clinical and endoscopic efficacy
trends, without an observed exposure–remission relationship for eldelumab [139].

Serum CCL11 is significantly increased in IBD patients, considered to be associ-
ated with increased colonic eosinophils, and Ccl11-/- mice were found to be tolerant
to DSS-induced colitis and to reduce the colonic tumor load induced by azomethine
(AOM)-DSS, suggesting that CCL11 antibodies might be valuable for IBD treatment and
cancer prevention [140]. As research progresses, a growing list of chemokines are being
identified as relevant to IBD progression or as disease-monitoring indicators, but the devel-
opment of anti-chemotactic agents still needs further optimization. For instance, the poor
pharmacokinetics of vercirnon (a prototype CCR9 antagonist) might cause invalid clinical
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trial results, and oral CCR antagonists based on the 1,3-dioxoindoline backbone could offer
a possible direction for optimization [141].

3.4. Selectins

Selectins are an adhesion molecule family comprising L-, E-, and P-selectins that
primarily bridge the interactions between leukocytes and the endothelium [142]. L-selectin
is widely represented by leukocytes, whereas E-selectin and P-selectin are mainly expressed
on the surface of endothelial cells exposed to inflammatory stimuli. Selectin deficiency or
dysfunction contributes to inflammatory diseases, and targeting selectins in IBD has been
proven to be feasible. P-selectin exerts its physiological function by binding to P-selectin
glycoprotein ligands (PSGL-1). The serum concentration of soluble PSGL-1 in UC patients
is significantly increased compared with that in controls, and the anti-PSGL-1 antibody
resulted in a short-term blockade of neutrophil trafficking and reduced UC activity [143].
L-selectin is a promising independent predictor of anti-TNF management based on a 5-year
clinical follow-up of IBD, aiding patients in personalizing treatment and reducing the risk
of adverse events [144].

3.5. Modulation of Sphingosine 1-Phosphate Signaling

Sphingosine-1-phosphate (S1P) signaling is a promising target for immune cell homing,
which regulates lymphocyte efflux into recirculation and the accumulation of lymphocytes
in inflamed intestinal segments [145]. Although anti-S1P mAb (Sphingomab) has shown
encouraging therapeutic results in maintaining inflammatory endothelial barrier function,
no study has been conducted for IBD.

Antagonizing S1P receptors is the prevailing research direction for interrupting S1P
signaling. Fingolimod, the first FDA-approved S1P receptor immunomodulator for mul-
tiple sclerosis treatment, has shown symptomatic relief in multiple experimental murine
colitis models [145]. However, fingolimod has been proven to cause lymphopenia and has
potential cardiac and vascular side effects. Currently, of greater interest is a novel class of
oral small-molecule S1P receptor modulators.

Ozanimod, as a selective S1P receptor subtype 1 and 5 modulator, offers great induc-
tion and the maintenance of therapeutic efficacy in IBD treatment. In a multicenter phase 3
study of patients with moderate-to-severe active UC, the proportion of patients achieving
clinical remission with ozanimod treatment in the induction phase was 16% compared
to 6% for placebo, and 37% of patients achieved clinical remission with ozanimod treat-
ment in the maintenance phase compared to 18.5% for placebo [146]. Meanwhile, during
the 52-week trial, the incidence of infection with ozanimod was similar to placebo, with
serious infections occurring in extremely few patients. A 4-year follow-up of the phase 2
TOUCHSTONE trial showed that the tolerability and long-term benefit rates of ozanimod
administration were substantial, with 93.3% and 82.7% clinical response and remission
rates at week 200, respectively, based on Mayo measurements, and no new safety risks were
observed during the follow-up period [147]. Ozanimod has also contributed to treating re-
fractory CD. Endoscopic improvement was observed in 23.2% of patients, clinical remission
in 39.1%, and treatment response in 56.5% of patients at 12 weeks after receiving ozanimod.
In addition, relevant phase 3 placebo-controlled trials are under investigation [148].

Etrasimod, a selective S1P1 receptor modulator, is being evaluated for immune-
mediated inflammatory diseases. Patients with refractory UC met the primary and all
secondary endpoints of the trial when given a daily oral dose of 2 mg of etrasimod at week
12. Endoscopic improvement was reported in 41.8% of patients receiving etrasimod versus
17.8% of patients receiving placebo [149]. A long-term efficacy study on etrasimod for UC
treatment (OASIS) described the favorable therapeutic effect and safety of etrasimod in UC
patients, approximately half of whom had a clinical response and endoscopic remission
over 12 weeks of continuous treatment [150]. Although the vast majority of adverse events
occurring during 52 weeks of etrasimod treatment were acceptably mild/moderate, such
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as anemia and exacerbation of UC, appropriate caution could not be exercised regarding
drug safety monitoring.

Amiselimod, an oral S1P1 receptor modulator, may have a better safety profile than
other S1P receptor modulators, given its lower EC50 value. After 3 days of continuous
amiselimod administration, the expression of the S1P1 receptor on mesenteric lymph
node T cells in mice was almost completely eliminated, and amiseimod inhibited disease
progression and T-cell infiltration in the lamina propria in the T-cell adoptive transfer colitis
model [151]. However, amiselimod did not show a marked advantage over the placebo
group in terms of induction of a clinical response in a recent phase 2a trial on refractory CD
patients [152].

4. Discussion

Cytokines secreted by activated lymphocytes lead to damage to the mucosal bar-
rier and increased inflammation, participating in the pathogenesis of IBD [4]. Targeting
proinflammatory cytokines and lymphocyte trafficking in IBD is a comparatively flawless
therapeutic strategy [5]. Since more biological and small-molecule medications are avail-
able, both patients and clinicians are challenged to choose the “right” drug. Therefore, in
this review, the recent targets and agents aimed at cytokines and immune cell homing in
IBD are summarized to assist in understanding the current status of drug development.

New treatment strategies offer extended options for IBD treatment. Steroid-free remis-
sion is one of the main goals of IBD treatment due to the adverse effects of corticosteroids,
and prolonged usage of corticosteroids is a sign of unsatisfactory care [153]. The annual
use of corticosteroids has indeed declined yearly with the emergence of new biological
therapies [154]. Over the past few decades, anti-TNF agents and vedolizumab have been
adopted for clinical IBD treatment, and facilitate the reduction of corticosteroid use and
improve the response and remission rates [155]. However, no guidance is currently avail-
able on the most suitable second-line treatment after the failure of anti-TNF therapy [156].
The novel therapeutic agents listed herein combined with the monitoring of disease-related
biomarkers during treatment will enlarge our existing therapeutic armamentarium to
achieve deep remission of IBD [157]. Cytokines and cell trafficking blockers have yielded
promising results facilitating individualized treatment of IBD. Head-to-head comparative
trials are now required to supply proof for choosing appropriate medications. Moreover,
a more proactive attitude is needed toward emerging agents. The preference of patients
and providers for “relatively safe and effective” standard therapies has led to a dilemma in
the usage of new medications. The proportion of patients receiving first-line combination
therapy (any biologic therapy with any immunomodulator) was less than 1% [158]. With
the drugs available, there are more opportunities to greatly improve the quality of life of
patients [159].

Overall, selective inhibition of proinflammatory cytokines provides expanded options
for achieving clinical remission in IBD [160], while blockade of lymphocyte homing may
be a more effective option for modulating proinflammatory mediators. Treatment follow-
up and drug safety evaluation will facilitate the subsequent development and clinical
application of these agents.
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Abstract: Inflammatory Bowel Diseases had their first peak in incidence in countries in North
America, Europe, and Oceania and are currently experiencing a new acceleration in incidence,
especially in Latin America and Asia. Despite technological advances, 90 years after the development
of the first molecule for the treatment of IBD, we still do not have drugs that promote disease
remission in a generalized way. We carried out a narrative review on therapeutic advances in the
treatment of IBD, the mechanisms of action, and the challenges facing the therapeutic goals in the
treatment of IBD. Salicylates are still used in the treatment of Ulcerative Colitis. Corticosteroids have
an indication restricted to the period of therapeutic induction due to frequent adverse events, while
technologies with less systemic action have been developed. Most immunomodulators showed a
late onset of action, requiring a differentiated initial strategy to control the disease. New therapeutic
perspectives emerged with biological therapy, initially with anti-TNF, followed by anti-integrins
and anti-interleukins. Despite the different mechanisms of action, there are similarities between the
general rates of effectiveness. These similar results were also evidenced in JAK inhibitors and S1p
modulators, the last therapeutic classes approved for the treatment of IBD.

Keywords: Crohn’s disease; ulcerative colitis; 5-ASA; corticosteroid; immunomodulator; biological
therapy; JAK; s1P

1. Introduction

The history of medicine and the emergence of diseases is intertwined with the history
of humanity. The development of sanitary techniques, with the subsequent knowledge of
antibiotic therapies, led to a partial decline in infectious and contagious diseases, especially
in terms of mortality. Parallel to this event, the socio-environmental changes that occurred
after the first and second industrial revolutions contributed to the occurrence of immuno-
logical and metabolic changes in individuals, and since the 20th century, we have observed
an exponential increase in many diseases, among them, immune-mediated disorders [1,2].

Naturally, a continuous and balanced inflammatory process is observed in the di-
gestive tract, a barrier organ. The interaction between the microbiota and the immune
response (especially innate) is harmonious and self-limiting [3]. An imbalance that occurs in
genetically prone individuals (genome), exposed to a propitious environment (interactome)
causes the modification of the intestinal microbiota (microbiome) and an uncontrolled
immune response (immunome) leading to the emergence of Ulcerative Colitis (UC) and
Crohn’s Disease (CD): Inflammatory Bowel Diseases (IBD) [4–8].

Until the 1930s, no therapy of proven efficacy was used for the treatment of Inflamma-
tory Bowel Diseases. In the first half of the twentieth century, knowledge of these diseases
was as scarce as therapeutic options (Figure 1). The first step towards the attempt to control
IBD with medication was taken by Nanna Svartz with the development of Sulfasalazine and
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until the 90′s, other therapeutic classes were developed: glucocorticoids and immunomod-
ulators. This set of therapeutic modalities is currently called “conventional therapies”.
From the 1990s onwards, the development of monoclonal antibodies, which were already
used in other diseases, (e.g., rheumatologic, and oncologic), showed efficacy in IBD. The
first approved monoclonal antibodies were TNF-alpha antagonists (anti-TNF), followed
by integrin antagonists (anti-integrins) and more recently interleukin antagonists (anti-IL).
The use of monoclonal antibodies in IBD are called “biological therapies”. In the 2010s,
there was the development of new synthetic technologies, called “small molecules”, where
efficacy was observed in Janus Kinase inhibitors (anti-JAK) and sphingosine-1-phosphate
modulators (S1p modulators) [4,6,9].

Pharmaceuticals 2023, 16, x FOR PEER REVIEW  2 of 21 
 

 

these diseases was as scarce as therapeutic options (Figure 1). The first step towards the 

attempt to control IBD with medication was taken by Nanna Svartz with the development 

of  Sulfasalazine  and  until  the  90′s,  other  therapeutic  classes  were  developed: 

glucocorticoids and  immunomodulators. This set of  therapeutic modalities  is currently 

called “conventional therapies”. From the 1990s onwards, the development of monoclonal 

antibodies,  which  were  already  used  in  other  diseases,  (e.g.,  rheumatologic,  and 

oncologic), showed efficacy in IBD. The first approved monoclonal antibodies were TNF-

alpha antagonists (anti-TNF), followed by integrin antagonists (anti-integrins) and more 

recently  interleukin antagonists  (anti-IL). The use of monoclonal antibodies  in  IBD are 

called “biological therapies”. In the 2010s, there was the development of new synthetic 

technologies,  called  “small molecules”, where  efficacy was  observed  in  Janus Kinase 

inhibitors (anti-JAK) and sphingosine-1-phosphate modulators (S1p modulators) [4,6,9]. 

 

Figure 1. Timeline: development of  IBD  therapies by decade.  IBD:  Inflammatory Bowel Disease. 

MMX: Multi-matrix  system. TNF:  tumor necrosis  factor.  JAK:  Janus Kinase. S1p: Sphingosine-1-

phosphate. 

In the field of IBD in pediatrics, the scenario changes due to the longer time to include 

this population  in clinical  trials and, consequently,  its on-label  indication.  In advanced 

therapies, although only some anti-TNF are formally indicated, other therapies, such as 

integrin  antagonists or  anti-interleukin,  are  routinely used pending  the  completion of 

pivotal  studies  in  this  population  [10–12]. Another  differential  concerns  the  greater 

knowledge of dietary therapies such as the Exclusive Enteral Diet and the CD Exclusion 

Diet [10,13,14]. 

Considering almost a century of evolution in drug therapies for IBD, we still observe 

an insurmountable therapeutic ceiling for the drugs approved so far, and we note some 

discrepancies between the therapeutic objectives in clinical trials and in clinical practice 

[15–18]. Based on  this  statement,  the main objective of  this  review  is  to approach  in a 

narrative way the mechanisms of action of each therapeutic class and their results when 

tested in controlled studies. At the same time, we critically evaluated the changes in the 

main outcomes in clinical trials and the lack of data consistent with clinical practice. Thus, 

we intend to point out to IBD professionals, in an objective and contemporaneous way, 

the  indications  and  therapeutic  differentials  proposed  for  the  treatment  of  Crohn’s 

Disease and Ulcerative Colitis. 

2. Methodology 

A  non-systematic  review  of  the  literature was  carried  out with  the  objective  of 

exploring, analyzing, and synthesizing the existing knowledge about the different lines of 

drug treatment for IBD. A bibliographic search was carried out in the databases: PubMed, 

Scopus and Web of Science using  specific keywords:  IBD, Crohn’s Disease, Ulcerative 

Colitis, treatment, and drugs. We use studies of relevance and notorious knowledge, as 

Figure 1. Timeline: development of IBD therapies by decade. IBD: Inflammatory Bowel Disease. MMX:
Multi-matrix system. TNF: tumor necrosis factor. JAK: Janus Kinase. S1p: Sphingosine-1-phosphate.

In the field of IBD in pediatrics, the scenario changes due to the longer time to include
this population in clinical trials and, consequently, its on-label indication. In advanced
therapies, although only some anti-TNF are formally indicated, other therapies, such
as integrin antagonists or anti-interleukin, are routinely used pending the completion
of pivotal studies in this population [10–12]. Another differential concerns the greater
knowledge of dietary therapies such as the Exclusive Enteral Diet and the CD Exclusion
Diet [10,13,14].

Considering almost a century of evolution in drug therapies for IBD, we still ob-
serve an insurmountable therapeutic ceiling for the drugs approved so far, and we note
some discrepancies between the therapeutic objectives in clinical trials and in clinical prac-
tice [15–18]. Based on this statement, the main objective of this review is to approach in a
narrative way the mechanisms of action of each therapeutic class and their results when
tested in controlled studies. At the same time, we critically evaluated the changes in the
main outcomes in clinical trials and the lack of data consistent with clinical practice. Thus,
we intend to point out to IBD professionals, in an objective and contemporaneous way, the
indications and therapeutic differentials proposed for the treatment of Crohn’s Disease and
Ulcerative Colitis.

2. Methodology

A non-systematic review of the literature was carried out with the objective of ex-
ploring, analyzing, and synthesizing the existing knowledge about the different lines of
drug treatment for IBD. A bibliographic search was carried out in the databases: PubMed,
Scopus and Web of Science using specific keywords: IBD, Crohn’s Disease, Ulcerative
Colitis, treatment, and drugs. We use studies of relevance and notorious knowledge, as
well as the use of cross-references. Review, cohort, cross-sectional studies, and clinical
trials were included. Considering the mandatory nature of clinical trials since the advent of
biological therapy, these were the studies selected to address the main outcomes related to
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biological therapy and small molecules, as well as address methodological advances and
their shortcomings.

Once the studies have been selected, we analyze and summarize their results in a
narrative and linear way, providing an overview and evolutionary view of therapies,
therapeutic results, therapeutic indications, and gaps that still exist in the literature.

3. Therapies and Therapeutic Goals

Therapies aimed at the treatment of IBD, as well as the concepts about therapeutic
objectives, are relatively recent. Although the first therapies date back to the first half of
the 20th century, the first blind and randomized trials to assess therapeutic efficacy date
back to the 1990s [19–21]. The drugs recommended for the treatment of IBD are shown in
Table 1. Therapeutic studies demonstrated that the absence of symptoms was not capable
of preventing the natural progression of IBD, thus, studies with an emphasis on clinical
outcomes. Among numerous proposals, the proposal of the International Organization for
IBD (IOIBD) is considered among the most relevant, which proposes target-directed therapy
(Treat to Target—T2T) considering the short-term objectives (such as clinical response),
medium-term (such as reduction in inflammatory markers), and long-term (such as mucosal
healing) [16,22]. The same institution also proposes continuous care to patients with the
proposal of the SPIRIT consensus, which warns about care in the different manifestations
of the disease, even after controlling the inflammatory activity [23].

Table 1. Drugs recommended in the treatment of IBD [24–30].

Class Drug Disease
Dose

Induction Maintenance Dose
Optimization

Aminosalicylates
[26,28,30]

Sulfasalazine UC ≥3 g/d ≥2 g/d -

5-ASA UC

Distal colitis: rectal
5-ASA ≥ 1 g/d

Extensive colitis: rectal
5-ASA ≥ 1 g/d + oral

5-ASA ≥ 2 g/d

≥1 g/d
>2 g/d

-
>4 g/d

Glucocorticoids
[26–29,31,32] Prednisolone CD, UC

0.5–0.75 mg/kg
(maximum daily dose

60 mg)
- -

Budesonide CD 9 mg/day 2–3 months - -
Budesonide

MMX UC 9 mg/day 2–3 months - -

Immunomodulators
[26–30,33]

Azathioprine CD, UC 1.5–2.5 mg/kg/d -
6-

Mercaptopurine CD, UC 1–1.5 mg/kg/d -

Cyclosporine UC 2 mg/kg/d IV 5 mg/kg/d (up to
3 months) -

Methotrexate CD 25 mg/w SC or IM (12w) 15 mg/w SC or IM -

Anti-TNF

Infliximab
[34–37] CD, UC 5 mg/kg IV at 0, 2 and 6

w

5 mg/kg IV every 8w
120 mg SC every

2wfrom w6

10 mg/kg IV every 8w
(label) or 5 mg/kg
every 4w (off-label)

Adalimumab
[38–40] CD, UC 160 mg, then 80 mg after

2w SC 40 mg SC every 2w 80 mg SC every 2w or
40 mg SC weekly

Certolizumab
pegol [41,42] CD 400 mg SC at weeks 0, 2

and 4 400 mg every 4w -

Golimumab
[43,44] UC 200 mg, then 100 mg

after 2w SC
50–100 mg SC every

4w
<80 kg using 50 mg:

100 mg every 4w
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Table 1. Cont.

Class Drug Disease
Dose

Induction Maintenance Dose
Optimization

Anti-Integrin

Natalizumab [45] CD 300 mg IV every 4w

Vedolizumab
[46–48] CD, UC

300 mg IV at weeks 0, 2
and 6. CD: an additional

dose at w10 may
be indicated

300 mg IV every 8w
108 mg SC every 2w

300 mg IV every 4w
-

Anti-Interleukin

Ustekinumab
[49,50] CD, UC

<55 kg: 260 mg, 55–85
kg: 390 mg, >85 kg: 520

mg IV single dose.

90 mg SC every 12 or
8w

90 mg SC every 4w
(off-label)

Risankizumab
[51,52] CD 600 mg IV at weeks 0, 4

and 8
360 mg SC at w12 and

then every 8w -

Mirikizumab *
[53] UC 300 mg IV every 4w for

12w 200 mg IV every 4w

JAK-inhibitors

Tofacitinib [54] UC 10 mg BID PO 8–12w 5 mg PO BID
In loss of response,

consider new
induction

Filgotinib [55] UC 200 mg PO OD 10w 100–200 mg PO OD -
Upadacitinib

[56,57] CD, UC UC: 45 mg PO OD 8w
CD: 45 mg PO OD 12w 15–30 mg PO OD -

S1p modulators Ozanimod [58] UC Day 1–4: 0.92 mg PO
Day 5–7: 0.46 mg PO 0.92 mg PO -

Etrasimod * [59] UC 2 mg PO OD

Doses referring to the treatment of IBD in adults. * Doses used in phase 3 studies. 5-ASA: 5-aminosalicylates.
MMX: multi-matrix system. PO: orally. SC: subcutaneous. IV: intravenous. D: day. W: week.

4. Amino Salicylates

The first medication directed at the treatment of IBD was sulfasalazine (SSZ), which
consists of binding sulphapyridine (active metabolite responsible for most adverse events
related to the use of SSZ) and the 5-ASA portion, which is responsible for the anti-
inflammatory action [6]. Since then, isolated portions of 5-ASA have been developed,
such as mesalamine, olasalazine, and balsalazide [60,61]. The mechanism of action of the
medication is partially known and is presented in Figure 2.

The use of salicylates is currently only recommended for the treatment of UC [26–29].
The meta-analysis performed by Nikfar and colleagues comparing SSZ with 5-ASA showed
no differences in efficacy in the treatment of UC [60]. In addition to the effect of salicylates
on UC, their action in the prevention of colorectal cancer has been highlighted, although
more studies are needed to identify the exact effect on cancer and to identify an ideal model
of chemoprevention [62].

Most patients with UC will have mild to moderate manifestations of the disease and
tend to respond to 5-ASA treatment. Patients with distal disease may benefit from the use
of topical mesalamine therapies alone, while oral therapy is recommended in extensive
disease, preferably in combination with the suppository or enema formulations [63]. A
systematic review and meta-analysis in the network corroborate these data but point out
that there is more evidence that high doses of 5-ASA have more evidence of its effectiveness
than combined therapy in left or extensive UC [64]. However, formulations that require a
greater number of doses or oral and topical associations reduce therapeutic adherence in
approximately 40% of patients. Single daily doses are proven to be better adhered to, even
interfering in the reduction in surgeries and hospitalizations [65].
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Figure 2. Action of salicylates and glucocorticoids in IBD. 5-ASA acts on pro-inflammatory factors
such as molecular adhesion, Natural Killer cell activation, intestinal permeability, nuclear factor
kappa B activation, IL-1β, IL-2, Interferon gamma, prostaglandins, and leukotrienes. Sulfasalazine is
converted by bacterial azo-reductases into 5-ASA, the UC-acting moiety, and into Sulphapyridine,
which is absorbed and is generally associated with adverse events. Glucocorticoids downregulate
the inflammatory cascade by reducing cytokines (represented by the red crosses) such as IL-1 beta,
IL-6, IL-12, TNF-alpha, in addition to allowing the release of regulatory cytokines such as IL-10. DC:
Dendritic cell. GC: glucocorticoids. IL: interleukin. IFN: interferon. NF-κB: nuclear factor kappa B.
NK: Natural Killer cells. SP: sulfapyridine. SSZ: sulfasalazine. TGF-β: transforming growth factor
beta. TH: T helper. TNF: tumor necrosis factor. 5-ASA: 5-aminosalicylate.

The IMPACT, a phase 4 non-interventional study, evaluated the use of oral prolonged-
release mesalamine in patients with mild to moderate UC in a Dutch cohort and found that
mesalamine is effective in inducing clinical and endoscopic remission, regardless of the
extent of the disease and is associated with low recurrence rates [66].

Most recommendations suggest the use of oral 5-ASA at a dose greater than or equal
to 2 g daily, and high doses of mesalamine (greater than or equal to 4g daily) may be
used in diseases with greater inflammatory activity and during therapeutic induction. The
recommended topical dose (suppository or enema) is usually 1 g daily [26,28].
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5. Glucocorticoids

Corticosteroids were the second therapeutic class developed that demonstrated effi-
cacy in the treatment of IBD. [67]. This class is effective for therapeutic induction and quick
disease control in situations of clinical flares; however, long-term use is not recommended
because it is the class with the highest potential for adverse events [28,29].

Glucocorticoids (GC) are endogenous hormones which began to be produced syn-
thetically in the mid-twentieth century. Inflammatory stimuli are one of the mechanisms
that stimulate endogenous GC secretion to regulate inflammatory activity. GCs operate
in genomic and non-genomic pathways in both the innate and adaptive immune systems.
The genomic action acts on genes responsible for pro-inflammatory mediators, such as
activator protein-1 and nuclear factor kappa B. Among the non-genomic actions, GC can
delay the inflammatory process by generating secondary intracellular transmissions and
signal transduction cascades [68]. Figure 2 exemplifies some of the GC action movements.

The first generation of GC is the most used, and the main representatives are pred-
nisone, methylprednisolone, and hydrocortisone [28,29]. There is a consensus among
international recommendations that doses equivalent to 1 mg/kg of prednisone, not ex-
ceeding 40–60 mg daily, are effective for the treatment of IBD [28,29].

Aiming to reduce the severity of adverse events from glucocorticoids, the second
generation of this class was developed to concentrate its action in the gastrointestinal tract
and reduce its systemic action [32,69]. Examples of this generation are ileally acting budes-
onide, budesonide multi-matrix system, and beclomethasone dipropionate. Although the
effectiveness of this class does not parallel that of systemic therapy, some phenotypes of CD
(e.g., mild to moderately active ileal Crohn’s disease) and UC (e.g., mild to moderate ulcer-
ative colitis unresponsive to 5-ASA) show benefit in the use of this therapy [26,28,70]. The
classic study by Campieri et al. compared the action of ileal budesonide with prednisone
in ileal CD or ileum and right colon CD, demonstrating similarity in achieving clinical
remission with lower rates of adverse events in the budesonide group [71]. The CORE II
study randomized, double-blind, double-dummy, placebo-controlled, and parallel-group
evaluation of the efficacy of Budesonide MMX using combined clinical and endoscopic
remission as the primary endpoint. The results of budesonide MMX and its comparators,
the group using ileal budesonide and the placebo group were 17.4%, 12.6%, and 4.5%, the
statistical difference being present only in the comparison between budesonide MMX and
placebo. Interestingly, the study found that although oral budesonide is a locally acting
corticosteroid with poor bioavailability, both ileally acting budesonide and MMX affected
baseline cortisol when compared to placebo [31].

6. Immunomodulators: Thiopurines and Methotrexate

The first immunomodulatory drugs with the possibility of long-term use, in order
to maintain the remission of patients’ refractory to 5-ASA or corticosteroid-dependent or
corticosteroid-refractory, were azathioprine, 6-mercaptopurine, and methotrexate, classi-
cally named immunomodulators (Figure 1) [6,72]. Immunomodulators have a slow onset
of action and should not be used as monotherapy in therapeutic induction [61].

The mechanism of action of thiopurines (azathioprine and 6-mercaptopurine) in IBD
is complex and knowledge is incomplete, where several metabolites are involved in several
immunosuppressive and cytotoxic mechanisms. Telm et al. mention three more relevant
mechanisms: I. The incorporation of 6-thioguanine to DNA or RNA, inhibiting replication,
DNA repair, and protein synthesis; II. the metabolite 6-thioinosine 5′-monophosphate
causes inhibition of de novo purine synthesis, altering replication; III. apoptosis of T cells
via mitochondrial pathway activated by 6-thioguanosine 5′-triphosphate. Several other
mechanisms are studied as well as their genetic and metabolic differentials [73].

Thiopurines show efficacy in monotherapy in maintaining remission, they can be
used in the prevention of postoperative recurrence, and in association with biological
therapies. Studies indicate that the effectiveness of this class is directly related to the levels
of 6-thioguanine (6-TGN) [29]. There is less data in the literature on the use of methotrexate
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in IBD when compared to thiopurines. It is shown to be effective in maintaining remission
in Crohn’s disease, and there are few data that suggest its effectiveness in reducing the
formation of anti-drug antibodies [74,75].

The OPTIC study was a prospective, randomized, double-blind, placebo-controlled
trial that evaluated the efficacy of mercaptopurine in maintaining clinical, endoscopic, and
histologic remission following corticosteroid induction. With a total of 59 participants, the
29 patients in the mercaptopurine group had at the end of 52 weeks, rates of 48.3%, 51.7%,
and 41.4% of clinical, endoscopic, and histological remission, respectively, while only 10%,
13.3%, and 16.7% of the placebo group achieved the same results [33].

Some considerations about immunomodulators should be remembered. In general,
they are safe drugs. However, methotrexate should not be used in pregnant women because
it is teratogenic, and the use of thiopurines increases the risk of lymphoma, especially in
young men, in both sexes over 50 years old, and individuals that have never been infected
by Epstein Barr virus, if they present the first infection [28,29].

7. Biological Therapy

In the 1990s, the advent of immunobiological therapies reached the IBD therapeutic
panel. Infliximab ushered in the era of biologics, medications that achieve higher rates of
disease remission when compared to conventional therapies and that have reduced the rate
of hospitalizations and resections over the past two decades. Technology accompanied the
development of these medications, starting from a chimeric molecule to the development of
humanized and fully human molecules. Three classes of biological therapies are currently
used in the treatment of IBD: (I) anti-TNF, (II) anti-integrins, and (III) anti-interleukins [6,35].
Figure 3 exemplifies an inflammatory process in the intestinal mucosa and the main sites
of action of these therapies. We will cite the efficacy results of each therapy preferably
in the naive population of biological therapies or small molecules, according to the main
outcomes of the pivotal studies.
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8. Anti-TNF

TNFα is part of a wide network of proteins and receptors involved in immune reg-
ulation. This protein is involved in many inflammatory manifestations, such as fever,
activation of T cells, and granulocytes. In IBD, this mediator can recruit inflammatory cells,
causing edema, angiogenesis, and hypervascularization, activating the coagulation cascade,
among others. Specifically in CD, acting in the formation of granuloma [76–78].

Infliximab (IFX) is a chimeric mAb (75% human and 25% murine) with high affinity
and specificity for TNFα. The ACCENT 1 study demonstrated its efficacy in CD by
assessing clinical response at week 2 (achieved by 58% of patients) and clinical remission
at week 30 (39%) and loss of response at week 54, which was low in the group with the
standard dose of IFX [34]. ACCENT 2 indicated its action in perianal CD with fistulas,
where therapeutic response and remission were observed in 46% and 36% of patients [36].
The SONIC trial showed an increase in the effectiveness of IFX when associated with
AZA both in clinical remission and in mucosal healing (44% × 56% and 30% × 43% in
monotherapy or combined therapy, respectively) [79]. The REACH study showed efficacy
and safety of the drug in the pediatric population with CD [80].

In UC, the action of IFX was demonstrated through clinical response and mucosal
healing by the ACT 1 and ACT 2 trials. In ACT 1, the clinical response was 69%, 52%, and
45%, and mucosal healing was 62%, 50%, and 45% at weeks 8, 30, and 54. In ACT 2, the
clinical response was 64% and 47%, and mucosal healing was 60% and 46% at weeks 8 and
30, respectively [81].

In 2021, a study proved the effectiveness of the subcutaneous formulation of infliximab
in the maintenance of therapy in IBD, as well as the safety in switching from the intravenous
to the subcutaneous formulation in patients on remission [37,82].

Adalimumab (ADA) is a fully human recombinant immunoglobulin G1 mAb with
high affinity and specificity to TNFα. The CLASSIC I and II trials demonstrated the efficacy
of ADA in CD reaching 36% clinical remission at week 4 and 79% at the end of 56 weeks
(however, with a small number of patients at the end of the study) [38]. The CHARM study
evaluated the efficacy of ADA in maintaining response and remission in CD, achieving
remission rates of 40% and 36% at weeks 26 and 56, respectively [83].

The action of ADA on UC was evidenced by studies ULTRA 1 and 2. In the ULTRA 1,
a clinical response rate to ADA at week 8 of 54.6% was observed with 18.5% of patients
in clinical remission [40]. Subsequently, ULTRA 2 showed response and clinical remission
at week 52 of 34.6% and 17.3% [40]. The phase 3, double-blind, randomized, multicenter
study entitled SERENE UC researched if high doses of Adalimumab in induction and
maintenance would increase the UC remission rate. However, high doses did not increase
significantly in the therapeutic response rate [84].

Certolizumab pegol is a human monoclonal antibody Fab′ conjugated with polyethy-
lene glycol (PEG), an inert 40-kDa macromolecule. The PRECISE 1 and 2 studies evaluated
the effectiveness of Certolizumab pegol in Crohn’s Disease. The studies indicate a clinical
response rate of 40% in the bio naive population at week 6. The clinical remission rate at
week 6, including patients with previous use of IFX, was 22% [41]. PRECISE-2 evaluated
the response rate and clinical remission up to week 26 in a population containing 24%
of patients with previous use of IFX. Of responders at week 6, 62% maintained clinical
response at week 26. The clinical remission rate at week 26 was 48% in an Intention-to-Treat
assessment [42].

Golimumab is a fully human IgG1 kappa monoclonal antibody, which binds to TNF-α
bound to the membrane and soluble developed through the technique of producing trans-
genic human antibodies and has brought several clinical gains, such as greater affinity for
TNF-α and lower immunogenicity. The action of Golimumab on UC was demonstrated by
PURSUIT SC (induction) and PURSUIT-M (maintenance). Clinical response and remission
were seen in 51% and 17.8% of patients at week 6 [43]. Maintenance of clinical response at
week 54 occurred in 47% of patients while the clinical remission rate was 23.2% [44].
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9. Anti-Integrin

Anti-integrins are molecules expressed by leukocytes that bind to adhesion molecules
(CAM) and allow the trafficking of these cells [85]. The first drug of this class was Natal-
izumab (anti-alpha4), intended for the treatment of CD; however, as it lacks specificity
for the digestive tract, it was associated with the development of progressive multifocal
leukoencephalopathy, and its use is limited or restricted in most countries [86,87]. The
ENCORE trial showed a response and clinical remission rate of 60% and 38% on week 8 [45].

Vedolizumab (VEDO) is a humanized mAb capable of specifically blocking the α4β7
heterodimer causing a selective inhibition of intestinal lymphocyte traffic without interfer-
ing with traffic to the central nervous system (as occurred with Natalizumab). The α4β7
integrin, located on the leukocyte surface (B and T lymphocytes) specifically interacts with
the adhesion molecule CAM-1 (MAdCAM-1) which is predominantly expressed in the
vascular endothelium of the digestive tract [88].

The GEMINI 2 and 3 trials showed the effectiveness of Vedolizumab in the treatment of
CD. In GEMINI 2, a clinical response and remission rate of 31.4% and 14.5% was observed
at week 6. It is important to consider that 67.7% of patients had already used one or more
anti-TNF. At the end of 54 weeks, patients using the standard dose of VEDO achieved
43.5% clinical response and 39% clinical remission [46]. GEMINI 3 separates the population
into anti-TNF failed and anti-TNF naïve, demonstrating the same clinical response at
week 6 (39.2%) but with a higher rate of clinical remission in the anti-TNF naive population
(31.4% × 15.2% in those exposed to anti-TNF) [89].

In the GEMINI 1 trial, where the efficacy of VEDO in UC was tested, 47.1% of response
and 16.9% of clinical remission were observed at week 6. At the end of 52 weeks, 56.6%
and 41.8% of patients were in the response or remission clinic, respectively [47]. The
effectiveness of Vedolizumab in UC patients undergoing proctocolectomy with ileal-pouch
anastomosis with the subsequent development of pouchitis was evaluated in a phase 4,
multicenter, double-blind, randomized, placebo-controlled trial for 34 weeks. The primary
outcome was the remission of the disease assessed by the Modified Pouchitis Disease Activ-
ity Index (mPDAI). Remission was reached by 31% and 35% of patients using Vedolizumab
in weeks 14 and 34, while the placebo group reached 10% and 18%, respectively [90].

Recently, the VISIBLE studies demonstrated the efficacy and safety of the subcutaneous
formulation of Vedolizumab in achieving and maintaining clinical remission after induction
with intravenous doses [48,91].

10. Anti-Interleukin

Interleukins play a prominent role in the pathogenesis of immune-mediated dis-
eases. Specifically, in IBD, interleukins 12 and 23, produced mainly by dendritic cells and
macrophages, are involved in lymphocyte differentiation with Th1 and Th17 responses,
respectively [92].

Ustekinumab (UST) is a human monoclonal antibody that binds to the p40 subunit
of interleukin-12 and interleukin-23. The UNITI-1 trial evaluated the effectiveness of UST
in CD patients who had failed previous biological therapy, while the UNITI-2 trial used
a bio naive population. Response and clinical remission rates at week 6 were 33.7% and
18.5% in the UNITI-1 and 55.5% and 34.9% in the UNITI-2. At the end of 44 weeks, clinical
remission was observed in 41.1% and 62.5% of patients in the UNITI 1 and 2, respectively,
who received doses every 8 weeks [49].

UNIFI Induction demonstrated the efficacy of UST in UC, achieving 52% and 62%
clinical response and 14% and 24% clinical remission at week 8, in populations exposed
to biological therapy and bio naives, respectively. Maintenance of clinical response was
observed in 70% and 78%, while clinical remission rates reached 41% and 49% of the popu-
lation previously exposed or naive to biological therapy at the end of week 44, according to
data from the UNIFI Maintenance trial [50].

Risankizumab (RIZA) is an anti-interleukin 23 Mab directed against its p19 subunit.
The ADVANCE AND MOTIVATE studies evaluated the efficacy of therapeutic induction of
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RIZA in CD. The difference between the studies was that in ADVANCE 42% of patients were
bio naive while in MOTIVATE all patients had already been treated with some biological
therapy. The primary endpoints in the studies were clinical remission and endoscopic
response in week 12. In ADVANCE, 47% and 37% of bio-naive or bio-failure patients
achieved clinical remission, while 43% and 23% demonstrated endoscopic response at week
12. In MOTIVATE, 40% achieved clinical remission and 34% endoscopic response [51].

The assessment of therapeutic maintenance of RIZA in CD was studied in FORTIFY.
In total, 64% of bio-naive and 48% of bio-failures patients experienced clinical remission
at week 52, while endoscopic response was achieved in 53% and 44% in the respective
groups [52].

Mirikizumab is a p19-driven antibody against interleukin-23. Its efficacy and safety
in the treatment of UC were evaluated in the LUCENT-1 (induction) and LUCENT-2
(maintenance) studies. Clinical remission after 12 and 52 weeks using Mirikizumab was
24.2% and 49.9% against 13.3% and 25.1 in the placebo group, respectively [53].

11. Small Molecules

The high rate of non-responders to biologic therapy has prompted research into novel
signaling pathway blocks, including Janus Kinases (JAK) blockers, DNA transcription
activation and transduction signaling (STAT) blockers, and sphingosine-1-phosphate (S1p)
modulators. Because they are synthetic molecules, but with greater immunomodulatory
potential than conventional therapies, this latest therapeutic generation was called “small
molecules” [93].

12. JAK Inhibitors

The JAK family is composed of JAK 1, JAK 2, JAK 3, and tyrosine kinase 2 (TKY2).
An extracellular signal (cytokine) can bind to these receptors and induce their activation
and, consequently, auto-phosphorylation, and/or transphosphorylation with subsequent
interaction of the family composed of seven STATs (STAT 1, 2, 3, 4, 5A, and 5B) with
subsequent translocation of information to the cell nucleus. JAK signaling occurs in pairs,
with different combinations of commands capable of activating and regulating biological
processes, such as apoptosis, cell proliferation and differentiation, among others [94].
Figure 4.

Tofacitinib was the first small molecule released for the treatment of UC, it is a molecule
that acts on all JAK, mainly on JAK 1 and 3. The OCTAVE 1 and 2 studies evaluated the
ability to induce clinical remission at week 8. Previous exposure to anti-TNF occurred in
52% and 53% of groups 1 and 2 and clinical remission was achieved by 18.5% and 16.6%
of patients, respectively [54]. Assessment of maintenance of response was assessed by the
OCTAVE Sustain trial in which clinical remission at week 52 was the primary endpoint and
was achieved by 40.6% of patients not using the standard dose of tofacitinib [54].

Filgotinib is a preferred inhibitor of JAK 1 (blocking potency over JAK 1 five times
greater than the others) and has been evaluated in the treatment of UC through the SE-
LECTION trials. Unlike most IBD therapies, there are no differences in induction or
maintenance doses. Clinical remission in week 10 was achieved by 26.1% of bio-naive
patients and 11.5% of bio-experienced patients. At the end of 58 weeks, 37.2% of patients
(both groups) achieved clinical remission [55].

Upadacitinib (UPA) is a selective JAK-1 inhibitor molecule that had its action on the
UC evaluated by the U-ACHIVE and U-ACCOMPLISH trials, and the main outcome was
clinical remission. Induction of clinical remission was assessed by UC 1 and 2, where 53%
and 50% of the population was previously exposed to biological therapy. Clinical remission
at week 8 was 26% and 33% in the respective trials. In the maintenance study, 42% of
patients using UPA 15mg daily and 52% of patients using UPA 30mg daily achieved clinical
remission at the end of 52 weeks [56]. More recently UPA received its regulatory approval
for the treatment of CD based on the results of the U-EXCEL and U-EXCEED studies for
therapeutic induction, with clinical remission of 49.5% and 38.9% (versus placebo 29.1%
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and 21.1%), respectively, and U-ENDURE for the maintenance phase achieved clinical
remission rates of 37.3% and 47.6% with the 15mg and 30mg doses compared to 15.1% in
the placebo group [57].
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13. S1p Modulators

S1p modulators act as functional antagonists in lymphocytic receptors, inhibiting lym-
phocytes dependent on this receptor from leaving secondary lymph nodes for peripheral
blood, reducing the circulating number of these cells. There are five variants of the S10
receptor (1, 2, 3, 4, and 5) with different actions, and the action of this therapeutic class will
depend on the extent of the blockade [94].

Ozanimod is an oral S1p1 and S1p5 agonist that induces lymphocyte sequestration by
peripheral lymph nodes, potently reducing the number of activated lymphocytes circulating
to the gastrointestinal tract. The TOUCHSTONE study evaluated the effectiveness of
this drug in UC. A total of 19% of the patients in the group using the standard dose
had previously been treated with biological drugs. The primary end point was clinical
remission, achieved at week 8 by 16% of patients and at the end of 32 weeks (maintenance)
by 21% [58].

The ELEVATE UC 12 and ELEVATE UC 52 studies, respectively, evaluated the efficacy
of Etrasimod in inducing clinical remission in patients with UC at weeks 12 and 52. At week
12, 25% of Etrasimod users achieved clinical remission, compared to 15% of the placebo
group. At week 52, 32% of the patients on etrasimod and 7% of the placebo group achieved
clinical remission [59].

14. Advances in the Safety of Immunosuppressive Therapies

With the advent of conventional immunosuppressants and later biological therapy and
small molecules, concerns have arisen, especially related to infectious events and neoplasms.
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In an evaluation of clinical studies on the safety of azathioprine and 6-mercaptopurine in
the treatment of IBD, it was observed that the therapies are safe if patients are regularly
monitored for side effects, especially hepatotoxicity and leukopenia. Although rare, the
incidence of non-melanoma skin cancer is increased in users of these immunosuppressants,
especially when taken in high doses [96]. Methotrexate has been associated with an
increase in respiratory tract infections and is contraindicated in women intending to become
pregnant or pregnant women due to its teratogenic effects [97].

Regarding biologicals, the use of anti-TNF agents has revolutionized the treatment
of IBD, demonstrating significant benefits in most patients. Although therapeutic risks
such as infections, malignancies, and infusion reactions exist, the more than 20 years of
use of anti-TNF in IBD and in other immune-mediated diseases have shown that they are
safer drugs even than conventional immunosuppression [98]. The most prominent serious
adverse events are the risk for tuberculosis disease or latent tuberculosis, the worsening of
cardiac functional status in patients previously diagnosed with heart failure and the onset of
immune-mediated or demyelinating diseases. The most common adverse events of biologic
therapy are injection site reactions and mild infections, such as colds and flu [98–100]. The
classic combination of infliximab and azathioprine proved to be more effective than the
use of the biologic alone, moderately reducing therapeutic safety [79]. Vedolizumab has a
selective immunosuppressive action on the gastrointestinal tract and stands out in terms of
safety [48,101,102]. Similarly, long-term studies of ustekinumab have shown no increase in
the rate of serious infections, as well as no correlation with malignancies [103]. Initial data
for risankizumab point to the same safety profile, although long-term studies in the IBD
population are needed [104,105].

JAK inhibitors have a lower initial safety profile, although more long-term studies
in patients with IBD are needed to corroborate information from other populations, espe-
cially those with Rheumatoid Arthritis (RA). A large retrospective cohort involving RA
patients using JAK inhibitors showed a significant increase in the risk of lung cancer and
lymphoma [95,106–108]. These results were not observed in studies involving patients
with IBD. Differently, population data of patients with RA using tofacitinib increased the
risk of cardiovascular and thromboembolic events and the risk of thrombosis was also
evidenced in patients with CD using the same medication, in addition to serious infections
and death. These risks, although greater than in the general population, are still low and the
therapeutic benefits are greater. It is prudent that patients with this therapeutic indication
be carefully selected and monitored [56,107,109,110]. Some regulatory agencies in some
countries advise that JAK inhibitors be recommended only in case of failure of a previous
biological therapy [111].

Although S1p modulators have shown efficacy in reducing IBD inflammation, there
are concerns regarding the long-term safety of these drugs [112]. Studies addressing the
safety of S1p modulators in the treatment of IBD are still scarce. Although headache,
nasopharyngitis, and elevated liver enzymes were the most common adverse events in the
True North studies, viral infections, especially Herpes zoster, were important events [58]. In
addition, the medication is contraindicated in patients with heart failure or a recent history
of acute myocardial infarction or stroke, patients with cardiac arrhythmias, patients with
severe obstructive sleep apnea, or in use of monoamine oxidase inhibitor [113–115].

Care with the risks associated with the therapy deserves to be adopted, as these are a
major concern for patients, but the therapeutic benefits outweigh the risks of the therapy,
especially the risks related to the disease [116,117]. As well as the evaluation of therapeutic
efficacy, the evaluation of safety is dynamic and changes according to the time of use of
each drug and the continuity of observation of patients included in clinical trials (generally
incorporated into extension studies) and publications of cohorts of the real world. Therefore,
one must consider that the more recent the drugs, the lower the safety data. From this
point of view, a recent review of biologics and small molecules used in IBD points to JAK
inhibitors and S1p modulators as drugs with a greater safety profile than TNF antagonists,
especially considering drugs with greater selectivity [118]. Individualized prescribing can
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select the best therapy for each individual. Figure 5 outlines that, except for corticosteroids,
immunosuppressive therapies go beyond the line of efficacy and therapeutic safety in the
treatment of IBD, although safety differs between classes.
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Figure 5. Immunosuppressive therapies for the treatment of inflammatory bowel diseases. The
therapies currently proposed for treatment are safe and effective, except for corticosteroids, which
in the long term have benefits that are outweighed by the risks. The graph demonstrates a lower
to higher safety profile, considering the authors’ opinion. We consider newly approved therapies
to be at a disadvantage in this review due to fewer studies addressing long-term safety. Safety
between therapies varies by therapeutic class or combination. More importantly, safety varies by
subgroup of patient (characteristics such as age and comorbidities) and disease (characteristics such
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safe therapies that are not ideal for the characteristics of the patient’s disease is also a therapeutic
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15. Future Perspectives

The development of new molecules is a reality both for previously approved classes
and for new therapeutic classes with different targets. As for TNF antagonists, oral formu-
lations such as AVX-470 and OPRX-106 stand out [119].

While the HIBISCUS and GARDENIA trials found that although Etrolizumab (an
anti-integrin monoclonal antibody that binds to the β7 subunit of α4β7 and αEβ7 integrins)
was effective in inducing but ineffective in maintaining clinical remission, further analysis
identified that microRNAs expressed in patients with UC may indicate patients with a
better outcome to this drug [119,120]. Other drugs that act on leukocyte trafficking are
under study, such as PN-943, an orally administered α4β7 antagonist, and PF-00547659, a
human mAb that binds to a mucosal cell adhesion molecule (MadCAM) [119].
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In the class of interleukin blockers, Guselkumab has shown good results in CD treat-
ment in published analyzes of the GALAXI studies [121].

Among small molecules, new therapies with greater selectivity to JAK 1 such as
Izencitinib and Peficitinib are under study, in addition to JAK/TYK2 combinations such as
Brepocitinib [119].

As for the new mechanisms of action with greater progress in the tests, Phosphodi-
esterase 4 Inhibitors stand out, where Apremilast has been shown to cause a cyclic adeno-
sine monophosphate breakdown, leading to the activation of the nuclear factor kappa B
(responsible for the upregulation of proinflammatory cytokines) [122]. Cobitolimode, a
representative Toll-Like Receptor 9 (TLR9) agonist, has demonstrated the ability to induce
the expression of IL-1 and type 1 interferon (INF). Currently, Cobitolimode is undergoing
phase 3 testing in the CONCLUDE trial [123].

Considering the large number of patients refractory to IBD therapies, the therapeutic
combination of biologics and small molecules has been used and disseminated through
small real-life studies. In general, the association between different mechanisms of action
is chosen [124,125]. The VEGA study evaluated the association of the combination of
Golimumab associated with Guselkumab compared to the two drugs in monotherapy
with the main objective of evaluating clinical response at week 12, which was achieved by
83%, 61%, and 75% of the groups of combination therapy, Golimumab and Guselkumab,
respectively [126]. This therapeutic combination is being evaluated in the DUET studies.

It seems that the therapeutical ceiling in IBD is a reality. This may be due to (i) the
inability of novel biologics agents to increase the efficacy of older drugs, (ii) the result
of substandard reporting of clinical outcomes in clinical trials designed to adequately
test the efficacy, (iii) the result of a wrong strategy when compared to treat-to-target or
tight control. Indeed, we need to test new therapeutic strategies such as therapeutic drug
monitoring (TDM), intensive treatment based on inflammatory markers, adjusting drug
sequencing, use of bispecific antibodies, preventing drug resistance and immune escape,
or combination of drugs with different targets, particularly in induction. While the drug
combination shows promising efficacy during induction, further investigation is needed to
determine if monotherapy during the maintenance phase will be sufficient. Hence, there is
a pressing need for innovative strategies that go beyond the development of new drugs,
focusing on the identification of effective interventions with similar safety profiles and the
establishment of precise biomarkers to closely monitor disease burden in inflammatory
bowel disease. These strategies should aim to identify effective targets and strive for
achieving disease clearance. Moreover, exploring new and more ambitious targets, such as
urgency in ulcerative colitis and quality of life in IBD, is essential to meet the needs felt by
the patient.

The limitations of this narrative review of the literature occur due to the authors’
option to describe the launches of therapies for IBD in a linear, temporal way associated
with the mechanism of action. In this way, we involved drugs developed before and after
the era of clinical trials, making a comparative review of results impossible. Compiling
cross-analyses was not intended either.

16. Conclusions

The advancement of therapeutic development for IBD has accelerated in the last two
decades, but conventional therapies are still widely used, with emphasis on 5-ASA, the
first therapeutic class developed, remaining with an important position in the treatment
of mild to moderate UC. Despite the different mechanisms of action already released for
the treatment of CD and UC, many patients remain unable to achieve remission. The wide
phenotypic variation of these diseases may prevent us from identifying individualized
actions of each drug for each phenotype since, so far, few trials have been conducted
for specific IBD phenotypes. The main outcomes of clinical trials are still focused on
clinical remission, while therapy guidelines guide the search for a short-term clinical
response and medium- and long-term clinical remission and mucosal healing. Although
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biological therapies are proven to be safe and effective, the development of small molecules
assumes the combination of similar effectiveness with the therapeutic convenience of oral
administration. Finally, the development of new therapeutic classes, as well as tests aimed
at the combination of biological agents and small molecules, promise to occupy a prominent
position in the publications of the next decade. Advances in other therapeutic modalities,
such as stem cell transplantation and therapies directed at the microbiota, combined with
the introduction of artificial intelligence, can change the scenario of IBD therapy at the end
of this century of innovations.
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