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Abstract: Inflammatory bowel diseases (IBD) are a group of chronic, incurable diseases of the diges-
tive tract, the etiology of which remains unclear to this day. IBD result in significant repercussions on
the quality of patients’ life. There is a continuous increase in the incidence and prevalence of IBD
worldwide, and it is becoming a significant public health burden. Pharmaceuticals commonly used
in IBD management, for example, mesalamine, sulfasalazine, corticosteroids, and others, expose
patients to diverse, potentially detrimental side effects and frequently do not provide sufficient
disease control. The chronic inflammation underlies the etiology of IBD and closely associates with
oxidative/nitrosative stress and a vast generation of reactive oxygen/nitrogen species. Relative
to this, several substances with antioxidant and anti-inflammatory properties are now intensively
researched as possible adjunctive or independent treatment options in IBD. Representatives of several
different groups, including natural and chemical compounds will be characterized in this dissertation.

Keywords: inflammatory bowel diseases; oxidative/nitrosative stress; antioxidant therapy;
antioxidants; inflammation; reactive oxygen/nitrogen species

1. Introduction

Inflammatory bowel diseases (IBD) are chronic, incurable diseases of the gastrointesti-
nal tract, whose etiology is largely unknown. Factors that contribute to the development
of IBD include genetic susceptibility, disturbed gut microflora, environmental influences,
and an abnormal immune response. There are two principal types of IBD–the first is ulcer-
ative colitis (UC), the second is Crohn’s disease (CD). The spectrum of IBD symptoms is
broad and can extend beyond the digestive tract, but the most frequent symptoms include
diarrhea with blood and stomach ache. It is disturbing that the incidence of UC and CD
occurrence is subject to constant rise worldwide, also in the regions with previously low
incidence and morbidity rates, such as Asia [1–3].

The primary aim of the IBD therapy is to achieve and sustain remission, as well as to
influence the life quality through the alleviation of symptoms, but due to the chronic course
of the above-mentioned diseases, the majority of medications applied in the therapy must
be taken regularly over a long period of time. Long-term treatment significantly increases
the risk of appearance of dangerous side-effect actions, which may pose a potential threat
to the patient’s life. According to these facts, there is an intense search for new alternative
therapeutic options without side effects or minimizing their risk [4–6].
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Chronic inflammation is the pathophysiological process typical of IBD. In the course
of inflammation, as well as other pathological conditions, such as hypoxia or infection, an
increase in the intensity of oxidative stress markers is observed. Oxidative stress (OS), as
well as nitrosative stress (NS), are phenomena based on the excessive formation of reactive
oxygen species (ROS) and reactive nitrogen species. (RNS), which leads to the advantage
of oxidants over antioxidants. One of the main places of these reactive species production
is the digestive system, and the formation of them is continuous and not always harmful.
These are highly reactive molecules taking part, among others, in the wound healing
processes or pathogen neutralization. Nevertheless, both their excessive production and
insufficient removal lead to the damage of the cell’s structural elements–proteins, lipids,
or DNA. The core of the inflammatory process during IBD is ROS/RNS stimulating the
excessive production of pro-inflammatory cytokines, which secondarily leads to increasing
ROS/RNS production and oxidative/nitrosative stress intensification [7–9].

Scientific studies confirm that oxidative/nitrosative stress plays an important role
in the pathophysiology of inflammatory bowel diseases. The currently used medications
applied in the IBD treatment can cause multiple side effects as well, as they do not provide
sufficient control over the illness (Figure 1). Thus, new antioxidant substances are constantly
being searched for. These substances are supposed to express a high safety profile as well as
to influence the course of disease positively. The present dissertation aims to summarize the
current scientific knowledge on the topic of antioxidants in inflammatory bowel diseases
therapy.
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Figure 1. The connection between oxidative stress (OS) and inflammatory bowel diseases (IBD) and
the key role of the antioxidants. ROS—reactive oxygen species.
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2. Oxidative/Nitrosative Stress in IBD

Free radicals (FR) are particles that have at least one unpaired electron on O (reactive
oxygen species) or N (reactive nitrogen species) atom. These reactive species are character-
ized by high reactivity and ease of chemical interaction with cellular components. They
are generated during the natural course of metabolic processes, and the principal place
of their formation is the mitochondrial respiratory chain. Both internal and exogenous
factors can contribute to the unrestrained generation of reactive oxygen/nitrogen species
and the accumulation of the oxidative/nitrosative stress. Enzymes involved directly in
the reactions leading to ROS/RNS formation are, for example, myeloperoxidase, nitrogen
oxide synthase, and others. Inducible nitrogen oxide synthase (iNOS), through the influ-
ence on the increased production of nitrogen oxide (NO) in the foci of the inflammatory
process, plays a central role in initiating the disease process in UC and influences its in-
tensity. The consequence of NO overproduction is increased production of tumor necrosis
factor α (TNF-α), which stimulates the influx of neutrophils, activates the cascade of pro-
inflammatory cytokines, and thus mimics the acceleration of ROS/RNS, exacerbation of
oxidative/nitrosative stress, and intestinal damage. Another key factor contributing to the
destruction of cellular structures is the activation of the transcriptional factor, e.g. nuclear
factor-kappa B (NF-kB) [10,11].

The living organisms are equipped with the antioxidant protection system, the main
purpose of which is to balance the adverse effects and protect against free radicals. It
works through the enzymatic and non-enzymatic mechanisms. The non-enzymatic ones
are reduced glutathione, vitamins C and E, and selenium, while the enzymatic ones are
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). Lipid
peroxidation is the first and main effect of oxidative stress because ROS act firstly on cell
membranes, and the polyunsaturated fatty acids are the most susceptible molecules to
radicals’ attack. This process leads to the disintegration of cell membranes, increases their
permeability, infiltration, and activation of neutrophils, and—as a result—increases cell
damage. The final product of lipid peroxidation is the malondialdehyde (MDA), which
is one of the oxidative stress markers. Other markers of OS are the reduced activities of
antioxidant enzymes, such as SOD, CAT, GPx, as well as the total antioxidant capacity
(TAC) [12–15].

It has been proved that oxidative/nitrosative stress is one of the main pathophys-
iologic factors, initiating and contributing to the development of inflammatory bowel
diseases. According to undeniable relation of the aforementioned phenomena, the in-
tense search is being conducted to find the substances which have both antioxidant and
anti-inflammatory properties and which could be used in the therapy with the hope of
minimizing the side effects, improving the quality of patients’ life and, perhaps, allowing
also the reduction or total replacement of essential drugs. This article presents synthetic
(Table 1), natural (Table 2), and micronutrient (Table 3) antioxidants that due to their prop-
erties and promising research results, may be useful in the therapy of IBD, as supportive or
independent treatment options (Table 1).

Table 1. Synthetic antioxidants used in IBD therapy.

Antioxidant Clinical Studies/Animal Model Reference

3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA)

reductase inhibitors

patients with UC or CD
TNBS-induced ulcerative colitis in rats

DSS-induced colitis in mice
[16–20]

Angiotensin-converting-
enzyme (ACE)

inhibitors

TNBS-induced colitis in rats
DSS-induced colitis in mice

AA-induced ulcerative colitis in rats
[21–24]
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Table 1. Cont.

Antioxidant Clinical Studies/Animal Model Reference

Melatonin (MEL)

patients with UC in remission
AA-induced colitis in rats

DSS-induced colitis in mice
TNBS-induced colitis in mice

[25–28]

N-acetylcysteine (NAC) TNBS-induced colitis in rats [29]

Modified superoxide
dismutase (SOD)

TNBS-induced colitis in mice
patients with UC

DSS-induced colitis in mice
[30–32]

Propionyl-L-carnitine (PLC)

patients with mild-to-moderate UC or CD
TNBS-induced colitis in rat

TNF-α-stimulated human intestinal
microvascular endothelial cells

[33–35]

3. Antioxidant Therapy in IBD
3.1. Synthetic Antioxidants

Synthetic antioxidants used in IBD therapy include medications, hormones, enzymes,
and other biochemical substances that are presented in Table 1.

3.1.1. Inhibitors of 3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase

Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase. This group of drugs has an antioxidant effect and is widely used in pharmacological
treatment due to their hypolipidemic properties. In clinical practice, especially in cardiovas-
cular diseases, their influence on other processes is used, for example in the prevention of
atherosclerotic tissue formation and its stabilization in the blood vessels. Retrospective re-
search reveals that taking statins prevents both UC and CD, especially in older age groups.
However, in patients diagnosed with IBD, the risk of colorectal cancer is significantly
lower, as is the probability of hospitalization or surgical intervention. It has also been
observed that patients with IBD taking statins less frequently require biological treatment
or immunosuppressive drugs [16,17,36].

The statins most frequently analyzed in animal models are rosuvastatin, simvastatin,
and atorvastatin. In addition to the known antioxidant and anti-inflammatory activities of
statins, new properties are systematically being discovered, e.g., inhibition of apoptosis
and modulation of the immune system. The research reveals that rosuvastatin efficiently
prevents the effects of colon inflammation caused by dextran sodium sulfate (DSS). It is
expressed by a reduction in damage at the histopathological level, preventing shortening
the bowel length and body weight loss, as well as the significantly lower DAI (disease
activity index), assessing the clinical activity of the disease. The level of pro-inflammatory
cytokines and granulocyte colony-stimulating factor in the blood is also decreased. Rosu-
vastatin lowers the expression of oxidative stress markers in the tissue and also inhibits
the apoptosis process, e.g., by the reduction in the protein level of enzymes from caspase
group. Simvastatin in the experimental rat model of colitis has a similar alleviating effect
in terms of clinical symptoms and histopathological lesions. Both simvastatin and rosu-
vastatin effectively increase the antioxidant capacity by raising SOD activity and reduced
glutathione concentration and lowering the MDA level. They also reduce levels of inflam-
matory markers. Comparing the effect and the potency of simvastatin and rosuvastatin,
the research reveals the advantage of rosuvastatin in an animal model of colitis [18,19].
The ability of statins to suppress the immune system response has been the subject of
intense research in recent years, and therefore, in the future, they may be used to treat
autoimmune diseases, including IBD. The mechanism of action of HMG-CoA inhibitors
seems to be very promising and can be used in the therapy of many diseases, including
also IBD. Nevertheless, it requires further research [20].
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3.1.2. Angiotensin-Converting-Enzyme Inhibitors

Angiotensin-converting enzyme inhibitors (ACEI) constitute a group of drugs lower-
ing the blood pressure, also expressing antioxidant and anti-inflammatory properties. The
influence on colon inflammation is the subject of intense research on many medicines in
this group, including telmisartan, captopril, and valsartan.

In animal models of colitis, studies have been carried out on the effect of the way of
administration of telmisartan (TLM) on individual parameters of the antioxidant system in
order to determine the safest route of administration–oral or rectal. The research reveals
that the anti-inflammatory properties of orally administered TLM are manifested by faster
completion of the early, acute phase of the pathological process in the intestine. It has been
proved by discovering the lowered levels of TNF-α, MPO, MDA, NO, and increased level
of anti-inflammatory cytokine IL-10 in biopsy material. The study reveals that TLM reduces
the mRNA level and proteins of the key factors promoting the inflammatory process, such
as NF-κB, cyclooxygenase-2 (COX-2), iNOS. Telmisartan also reduces damages on the
macroscopic and histopathologic level, as well as alleviates the symptoms of the diseases
measured on the DAI scale. In addition to anti-inflammatory properties, TLM also enables
adequate protection against free radicals by strengthening intestinal defense mechanisms–
it increases the levels of GSH and TAC and the activity of antioxidant enzymes such as
SOD and GPx. On the other hand, rectal administration of TLM as a retention enema in
increasing the dose maximizes the local effect on the mucosa. Additionally, it significantly
reduces the risk of serious side effects, which can be used especially in the left-sided form
of UC in people. Moreover, TLM modulates the process of apoptosis. The relatively few
possible side effects, long-term presence in the blood and favorable price are some of the
features of TLM that distinguish it from other representatives of this group. As a result,
TLM remains of interest to researchers as the main or additional drug in the treatment of
inflammatory bowel disease [21–23]. Further examination compares the effect of captopril
and valsartan administered prophylactically before the induction of chemical intestine
inflammation or as a therapy in the control group. There are no important differences
between these two pharmaceutical substances. Nevertheless, both exhibit powerful anti-
inflammatory properties and enhance the antioxidant defense. Both captopril and valsartan
reduce the micro- and macroscopic damage to the intestine. It has also been proved that
they exhibit the immunomodulatory effects, and their combined implementation with
drugs used in IBD therapy, which have the same mechanism, may lead to a reduction in
the doses necessary to achieve a therapeutic effect [24].

3.1.3. Melatonin

Melatonin (MEL) is an organic substance, synthesized mainly in pinealocytes, but
other organs, such as the retina and the ovary, also have the ability to produce this natural
hormone. The reduction in the intensity of oxidative stress by MEL has been proved in
scientific studies. Due to its high antioxidant capacity, it remains the focus of scientists.
It has unique and intriguing properties that prove its uniqueness in comparison to other
antioxidants. First of all, it is soluble both in water and lipids. Thus, MEL easily penetrates
cell membranes and reaches all cellular compartments, but simultaneously is selective
towards mitochondria. It is a relatively safe substance, the described side effects of which
are usually harmless. MEL is also characterized by the intensity of action, its antioxidant
properties, compared to other known antioxidants, are more intense than those of vitamins
C and E [37,38]. MEL directly diminishes the level of free radicals, which together with
its metabolites, start the cascade capable of neutralizing up to 10 oxygen free radicals.
Moreover, it can bind heavy metals (e.g., iron), and through this, it prevents the formation
of ROS. MEL strengthens the antioxidant defense mechanisms of cells by increasing the
activity of enzymes such as superoxide dismutase, catalase, and others. It has also im-
munomodulatory properties and limits the production of pro-inflammatory cytokines and
enhances the formation of anti-inflammatory cytokines (such as IL-10) [39–41].
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Many valuable conclusions have been drawn based on the examination of patients
suffering from UC, being in remission, who had been administered orally, apart from
mesalazine, 5 mg of melatonin a day for 12 months. The clinical activity of the disease
was marked in Microscopic Colitis Disease Activity Index (MCDAI) score. In addition,
the severity of the inflammatory process was monitored with CRP and hemoglobin levels.
Furthermore, the focus has been shifted to the fact that the levels of anxiety and depression
as mental disorders often accompany IBD. According to the group taking a placebo, the
improvement has been observed regarding all marked parameters. Based on the data
analysis, it was concluded that MEL can be used as an additional therapy in maintaining
remission in ulcerative colitis [25].

Antioxidant and anti-inflammatory effect of MEL is observed in research on experi-
mental animal models. The result of melatonin activity via different ways of administering
has been compared, using intraperitoneal injection (IP) and a rectal route in the form of
specially designed gel formula including MEL, which, thanks to its qualities, was intended
to adhere tightly to the places affected by the disease process. Tissue material from rat
intestines has been examined to assess the oxidative stress markers (MDA, NOx, and GSH
levels). It has been proved that melatonin administered systemically acts more effectively
on lowering MDA level. Both IP administering and the gel form result in the lowering of
the NOx level, but none of them affects the GSH level. No significant advantage of gel
formula over IP administering has been proved [26]. Other examinations on rodents reveal
that melatonin prevents weight loss and prolongs the lifetime in the process of colitis,
as well as lowering the degree of histopathologic damages. It also reduces the level of
pro-inflammatory cytokines in blood, such as interleukin-1β, -6, -17, TNF-α, and interferon
gamma, and the activity of MPO in tissue material. Currently, research is being conducted
concerning the melatonin activity mechanisms, and new findings reveal that other ways
than stimulating melatonin receptors are possible because its anti-inflammatory effect is
also present while MT receptors are blocked by antagonists (e.g., luzindole) [27,28]. MEL
significantly raises the total antioxidant capacity measured in plasma. Additionally, the
analysis of the variety and composition of the intestinal microbiome in the group of mice
with artificially induced IBD receiving melatonin shows, that it raises the abundance of
bacteria Firmicutes. New scientific research shows that dysbiosis based on the lowered
variety of bacteria and reduced amount of bacteria belonging to Firmicutes and increased
amount of Gammaproteobacteria in the digestive tract is related to the etiology of IBD. Ac-
cording to this fact, the ability of melatonin to modify the intestinal microflora seems to
be promising and shows another advantage of its application, apart from antioxidant and
anti-inflammatory activity in IBD therapy [42,43].

3.1.4. N-Acetylcysteine

N-acetylcysteine (NAC) is a derivative of L-cysteine, which has a significant influence
on the oxidative stress phenomenon in the form of hampering the production of free
radicals, increasing the activity of antioxidant enzymes, and decreasing the expression of
heat shock proteins, which are OS markers. NAC is converted into cysteine, and in in-
testines acts as a substrate for the production of reduced glutathione. Its anti-inflammatory
activity is well-known, and it is based on lowering the level of cytokines necessary for the
development of an inflammatory process, e.g., TNF-α. NAC prevents the activation of
NF-κB, which is a transcriptional factor driving the cycle of chemical reactions resulting
in the activation of pro-inflammatory cytokine genes through positive feedback. NAC
also contributes to the increase in the level of a chemical energy carrier, which is ATP,
inhibits the apoptosis process by affecting caspases, and also promotes the processes of
proliferation, development, and regeneration of intestinal cells. Furthermore, it contributes
to the tightening of the intestinal barrier by influencing the proteins of claudin and oc-
cludin groups. NAC has a positive effect on the intestinal microflora, and is of significant
importance according to connecting dysbiosis with IBD etiology [44,45].
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Interesting conclusions have been drawn in the study analyzing the effect of the
combined action of NAC and mesalamine (which is one of the primary drugs in IBD
therapy) administered rectally in chemically-induced colon inflammation in rats. It turned
out that the treatment with combined application of both substances had a better effect
on parameters such as iNOS, COX-2, prostaglandin E2 than using each of the drugs
separately. This suggests the possibility of using NAC as a drug supporting the treatment
of inflammatory bowel disease, in addition to those used so far [29].

3.1.5. Modified Superoxide Dismutase

The human organism has been equipped with a broad spectre of mechanisms prevent-
ing oxidative stress. Among the enzymes with strong antioxidant properties is superoxide
dismutase (SOD). Nevertheless, it has no application in diseases connected with a high
level of OS, because it is an enzyme with a short half-life and is characterized by a lack of
stability in the gastrointestinal tract. Genetic engineering comes to the rescue, thanks to
which it was possible to achieve recombinant bacterial strains acting as SOD donors—for
example, a recombinant strain Lactobacillus fermentum, which on a mouse IBD model causes
the improvement within the scope of clinical symptoms and reduces the mortality. Its
influence on oxidative stress is expressed by the inhibition of lipid peroxidation and the
reduction in MPO level in the intestine. The inflammation in a gut is alleviated by reducing
the cytokine synthesis, e.g., IL-1β, IL-8, and the activity of transcriptional factor NF-kB [30].

Clinical trials devoted to the influence of lecithinized superoxide dismutase (PC-SOD)
are being conducted in patients suffering from respiratory diseases such as interstitial
pneumonia and in patients with ulcerative colitis. This new form of SOD removes the
restrictions of superoxide dismutase when it comes to the duration length of its activity
and the half-life. PC-SOD administered intravenously in the dosage of 40 or 80 mg a day
for four weeks causes the clinical improvement within the scope of a number of stools, the
presence of blood in feces, lesions of the mucous membrane in the intestine, and the general
medical evaluation (UC-DAI score). The study revealed that PC-SOD might cause specific
adverse effects, but they are harmless (i.e., nausea, the feeling of being unwell), and its
presence does not depend on the administered dosage of the drug. According to the lack of
additional benefits while administering a higher dosage and with comparable effectiveness,
an optimal dosage has been determined in the amount of 40 mg/day. Scientific research
reveals that the lack of additional effect in higher dosages of PC-SOD comes from the
accumulation of hydrogen peroxide, and concurrent supply of catalase, which degrades
hydrogen peroxide to oxygen and water, restores the activity effect of high dosages of
PC-SOD. Administered intravenously in mice with intestinal inflammation induced with
DSS causes the reduction of histopathological damages and affects the lowering of ROS
level [31,32,46].

3.1.6. Propionyl-L-Carnitine

Propionyl-L-carnitine (PLC) is a derivative substance of L-carnitine, which presence is
required for the transport of fatty acids in the mitochondrial matrix. It is attributed to the
ability to prevent the destructive influence of oxidative stress. It reduces damages arising
due to the hypoxia of tissues and related to the blood flow in the process of reperfusion
in organs such as heart, kidneys, or liver. By restricting the production of ROS and anti-
inflammatory activity, PLC influences the healing processes positively and counteracts
the damages on the vascular endothelium, which is also observed in IBD [33,47,48]. The
study of Merra and colleagues [34] has been conducted in patients suffering from UC and
CD with the mild or moderate course, in which 2 g/day of PLC were administered orally
for four weeks. It has been proved that PLC causes the improvement within the scope of
clinical symptoms, endoscopic and histopathologic image, especially in ulcerative colitis,
whereas the influence on Crohn’s disease requires further examination [34]. Clinical study
of the second phase conducted concurrently in many centers compared the effect of 1 g
and 2 g dosages of PLC administered orally with placebo in group suffering from a mild
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or moderate form of ulcerative colitis. It has been proved that the application of higher
dosage does not lead to achieving an additional therapeutic effect. The PLC showed an
excellent safety profile and the observed adverse effects were mild and mainly related to
the digestive system. In one case the patient has been noticed an increased heart rate. The
best outcome has been achieved in patients with mild UC, the improvement was observed
both clinically and endoscopically in comparison to the patients receiving placebo. Based
on this examination the conclusions have been made that PLC may be used as an additional
therapy, but further testing is compulsory in order to determine appropriate dosage and to
learn extensively about the potential adverse effects [35].

3.2. Natural Antioxidants

Polyphenols constitute a vast group of various organic substances present in a natural
way in plants. They are described to have antioxidant, anti-inflammatory, and immunomod-
ulatory properties. The analysis of scientific data reveals that diets rich in polyphenols may
alleviate the course of diseases, which pathogenesis is related to the excessive production of
ROS [49,50]. Polyphenols and other substances of plant origin with antioxidant properties
are presented in Table 2.

Table 2. Natural antioxidants used in IBD therapy.

Antioxidant Clinical Studies/Animal Model Reference

Resveratrol (RSV)

TNBS-induced colitis in rats
PG-PS model of Crohn’s disease in rats
TNBS-induced ulcerative-colitis in rats

patients with mild-to-moderate UC

[51–55]

Curcumin

AA-induced colitis in rats
DSS-induced colitis in mice
TNBS-induced colitis in rats
TNBS-induced colitis in mice

patients with mild-to-moderate UC

[56–61]

Quercetin (QCT) TNBS-induced colitis in rats [62,63]

Catechines

patients with mild-to-moderate UC
human intestinal epithelial cells

DSS-induced colitis in mice
TNBS-induced colitis in rats

[64–69]

Anthocyanins patients with mild-to-moderate UC [70]

Silymarin patients with UC in remission
pediatric CD patients in remission [71,72]

3.2.1. Resveratrol

The activity of resveratrol (RSV) as an antioxidant commonly present in fruit (espe-
cially in grapes) has been tested mainly on experimentally-induced IBD models in rodents.
Prophylactic intraperitoneal administration of RSV for five days before inducing colitis
in rats reduces the damages on the histological level, reduces the intensity of the lipid
peroxidation process marked via lowering MDA level, and strengthens the antioxidant
protection system by raising the activity of GPx enzyme. The study conducted on a rat
model of Crohn’s disease reveals that RSV has anti-inflammatory properties and it restricts
fibrosis. It lowers the mRNA level of pro-inflammatory cytokines in the intestinal tissue,
such as IL-1β, IL-6, and TGF-β1 and it reduces the mRNA level of procollagen I and III and
IGF-1. Anti-inflammatory activity of RSV is also revealed by hampering the production
of cell adhesion molecules [51–53]. Similar results within the scope of antioxidant and
anti-inflammatory activities of RSV are proved on studies in humans. For six weeks the
patients with diagnosed ulcerative colitis were administered 500 mg of RSV a day orally. It
occurred that RSV in comparison to placebo causes an increase in SOD activity and total
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antioxidant status values and a decrease in MDA level in blood. It also influences positively
the clinical activity of disease, reducing its scoring system in the DAI score. Moreover, RSV
improves the life quality of patients. Decreasing the activity of the inflammatory process
has also been noticed, expressed by CRP and TNF-α reduction in plasma. The results are
highly promising. Nevertheless, further research is vital concerning the determination of
optimal dosage or the way of administration for RSV [54,55].

3.2.2. Curcumin

According to copious properties, among other things antioxidant, anti-inflammatory,
and hampering the carcinogenesis, curcumin is being examined in the field of its application
in prevention and treatment of many diseases with inflammatory etiology over the recent
years. It has been used for ages in folk medicine. It is obtained from rhizomes of Curcuma
longa, and it is very prevalent especially in Asia [73,74].

Many scientific studies have shown the curcumin’s activity in animal models of colitis
and seem to be promising when it comes both to the prevention and the treatment of
inflammatory diseases of intestines. Curcumin impairs the intensity of the disease process
marked in DAI score, reduces the damages on the histopathological and macroscopic
levels, hampers the inflow of neutrophils to the diseased parts of the intestine measured
by the MPO activity as well as lowers the intensity of the lipid peroxidation process. The
mechanisms of the action are still examined intensely. One of them may be the influence
on hampering the activation of transcriptional factor NF-κB and STAT3 and, related to
it, the expression of proteins (among other things COX-2 and iNOS). Their excessive
stimulation has a direct connection with the development of inflammation and promoting
the process of carcinogenesis, whereas using the drugs which inhibit these factors acts
chemopreventive. The influence of curcumin on hampering the process of apoptosis has
also been described [56–59,75].

The studies focused on curcumin’s influence on the course of UC in people unani-
mously show that it causes the reduction of clinical symptoms of the disease, increases the
percentage of patients achieving remission, as well as improves the image measured in the
endoscopic examination. The most frequently analyzed is the activity of curcumin as an ad-
dition to mesalamine, standardly used in therapy, comparing its effect to mesalamine with
the addition of placebo. Curcumin may be administered orally in the dosage of 3 g a day
or in the form of retention enema. Concurrently, curcumin is characterized by a relatively
good safety profile, and the advantage of a topical therapy over the oral one may be based
on the possibility of triggering the dyspepsia by oral administration [60,61]. Analyzing
the clinical examinations conducted hitherto in the amount excessing 40, none of them
revealed the severe adverse effect of curcumin. Taking this fact into consideration, as well
as the low price of this medicament and encouraging results of studies, curcumin should
be taken into account as a possible additional therapy of IBD in the future. Nevertheless,
there is a need for further clinical trials to determine the most appropriate dosage and the
way of administration, in order to formulate the specific recommendations [76–78].

3.2.3. Quercetin

Quercetin (QCT) is a chemical substance of plant origin belonging to the group of
flavonols. According to the ability to minimize the destructive results of oxidative stress,
described in numerous scientific publications, the influence of QCT on diseases related to
OS, including IBD, is being studied.

Numerous investigations on animal models of ulcerative colitis provide data concern-
ing the application of this natural substance in the therapy of IBD. Quercetin administered
orally in increasing dosage from 25 to 100 mg/kg for 11 days influences the course of
disease significantly, apart from the lowest dosage. It is manifested by lower body weight
loss, reduction of intensity of bleeding from the rectum and alleviating the damages in the
intestine on the macroscopic and biochemical levels. QCT lowers the activity level of MPO
in the mucous membrane of the large intestine, it boosts the level of GSH, diminishes the
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intensity of lipid peroxidation and damages related to the oxidative stress by influencing
the level of nitrites and nitrates. Other studies on the animal models show that one of the
QCT activity mechanisms is lowering the expression of TNF-α. The positive influence
of intestinal macrophages’ ability to destroy the bacteria is also described. Moreover, it
contributes to restoring the appropriate balance between the organism and its intestinal mi-
croflora [62,63,79]. New research concerning the influence of QCT on the transportation of
5-amino-salacylic acid (5-ASA) by cell membranes shows that using QCT as an additional
therapy may contribute to the reduction of dosages of sulfasalazine vital for therapeutic
effect, achieving at the same time a better control over the disease course with concurrent
minimization of adverse effects [80].

3.2.4. Catechins

Catechins are natural organic substances belonging to the group of polyphenols,
present in abundant amounts in tea, especially in green tea. The representatives of this
group, according to their potential therapeutic properties in IBD, are given full attention,
and the most frequently described are especially epicatechin (EC) and epigallocatechin-3-
gallate (EGCG). Catechins are characterized by the antioxidant activity, and the ability to
alleviate the inflammatory process’ intensity as well as to hamper the process of neoplastic
cells’ growth [81,82].

The research conducted in patients affected by a mild or moderate form of UC, whose
response to the treatment applying 5-ASA or azathioprine was not sufficient, provides
encouraging information. In patients receiving EGCG orally in the dosage of 400 or 800 mg
a day, in comparison to the group receiving placebo, after 56 days the lower activity of
the disease marked in DAI score has been observed as well as the higher percentage of
remission [64].

In vitro tests reveal that EC influences the lowering of the intestinal mucous mem-
brane’s permeability caused by TNF-α, which process is crucial in developing the disease.
It prevents the dysfunction of cellular connections and, thanks to this, provides the tight-
ness of a cellular barrier. The influence of EGCG on reducing the level of IL-8 and NO
lowering the expression of iNOS and COX-2 have also been described [65,83].

The research on mice models of ulcerative colitis reveals that EGCG improves the
clinical course of UC, causes weight loss to a lesser extent, and lowers the risk of death
as a result of the disease. It also reduces the damages in the large intestine marked
histopathologically, such as ulceration or inflammatory infiltration. It reduces the MPO
activity and the MDA level in the intestinal tissue as well as boosts the expression of
antioxidant enzymes such as SOD and GPx. Moreover, EGCG lowers the expression of
mRNA of pro-inflammatory cytokines such as IL-6 or TNF-α, and it reaches its effects,
among other things, by influencing the NF-κB pathway. Scientific reports within the scope
of affecting the body mass are ambiguous. Some of them provide that it is necessary to
remain cautious in applying catechins in IBD treatment, because apart from the strong
anti-inflammatory properties they may cause the hampering of digestion and absorption
of some nutrients, through which it can lead to the more intense body mass weight loss.
This may have a positive effect in obese patients, but may be detrimental in malnutrition,
which is often present in IBD. In IBD treatment, it is vital to apply the iron preparations
according to the anemia imitatively ascertained to IBD. The research shows that EGCG in
the environment abounding in iron may act as a pro-oxidant and contribute to boosting the
ROS level, which may cause exacerbation of disease. According to the ambiguous research
results, it is vital to conduct an in-depth analysis of catechins’ activity depending on the
way of administering and its dosage [66–69].

3.2.5. Other Substances Derived from Plants

During recent years, the analysis concerning the activity of other substances derived
from plants in IBD has been conducted using numerous clinical studies. The extract
containing the high concentration of anthocyanins had been administered to the patients
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with UC for six weeks, achieving the reduction of clinical symptoms marked in the Mayo
score, the improvement of the endoscopic and histopathological images as well as the
lowering the level of calprotectin in the stool. Nevertheless, after the withdrawal of therapy,
the deterioration within the scope of the activity of disease and calprotectin have been
observed. Other study reveals the action of silymarin in patients with diagnosed ulcerative
colitis being in remission. Administered orally in the dosage of 140 mg for six months,
in comparison to placebo, it causes significant improvement in biochemical parameters–
lowering the ESR and rise of the hemoglobin level and it reduces the activity of a disease
marked in the DAI score. In the view of the present reports, silymarin may be helpful in
keeping up remission in patients with UC [70,71]. On the other hand, in children with
the Crohn’s disease being in remission, the polyphenolic formula administered for ten
weeks influences the marked parameters of oxidative stress positively within the scope of
antioxidant defense (SOD and GPx enzymes) and the intensification of inflammation [72].

In animal models of IBD, many natural substances derived from plants are being
researched according to their positive influence on inflammatory bowel diseases (e.g., rutin,
diosmin, hesperidin, and others). The mentioned research constitute the basis for imple-
menting further clinical trials with the use of plant-based components as additional therapy
in IBD. Nevertheless, it is vital to take into consideration the reports about possible inter-
actions with other drugs applied in IBD treatment, such as steroids, immunosuppressive
agents, or biological therapy [84,85].

Table 3. Micronutrient antioxidants used in IBD therapy.

Antioxidant Clinical Studies/Animal Model Reference

Vitamin E (alpha-tocopherol)
patients with mild-to-moderate UC
AA-induced ulcerative colitis in rats

TNBS-induced colitis in rats
[86–88]

Vitamin C (ascorbic acid) DSS-induced ulcerative colitis in mice [89,90]

Selenium DSS-induced colitis in mice [91,92]

3.3. Micronutrient Antioxidants

Micronutrient antioxidants used in IBD therapy (Table 3) include inter alia vitamins E
and C, reduced glutathione, and selenium.

Vitamin E is a natural substance present in plants and having a robust antioxidant
activity. Moreover, it can reduce the level of free radicals, inhibit the process of lipid peroxi-
dation and modulate the immune system. A clinical study has been conducted in a dozen
of patients with a mild or moderate course of ulcerative colitis, who were administered
d-alpha tocopherol rectally in the dosage of 8000 U a day as a supplementary therapy apart
from conventionally applied drugs. The study revealed that after 12 weeks of treatment
the improvement in all patients had been observed. The vast majority achieved remission,
which was marked in the DAI score [86,93]. Unfortunately, not all scientific studies provide
such unanimous results. Some of them failed to prove a positive influence of vitamin E
administered orally on colitis, and marked parameters comprised the intensification of
the inflammatory process and micro- and macroscopic damages. According to the fact
that the part of scientific researches applying significant amounts of vitamin E reveals
a positive influence on these parameters, the administered dosage should be subject to
detailed analysis, as the final effect of activity, in this case, may be dependent on it [87,88].

Vitamin C (ascorbic acid) is a natural, exogenous, water-soluble compound with
antioxidant properties. It has an omnidirectional functioning in the organism. Ascorbic
acid influences, among other things, the iron absorption as well as limits cell damage
caused by oxidative stress through the elimination of free radicals. Vitamin C helps to
restore vitamin E and reduced glutathione levels. What is more, it boosts the adequate
functioning of the immune system [94,95]. Biopsy specimens from a large intestine both in
case of Crohn’s disease and ulcerative colitis reveal a distinct decrease of vitamin C levels in
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the tissues affected by the inflammation in comparison to healthy tissues [96]. The research
on the animal models shows that vitamin C expresses an anti-inflammatory property, it
decreases the DAI scale scoring system, reduces the extent of intestinal shortening and
weight loss in case of colitis course. It lowers the expression of mRNA of the inflammatory
process mediators as well as pro-inflammatory cytokines (iNOS, cyclooxygenase-2, TNF-α,
interleukin-1β, -6, -17). Ascorbic acid also alleviates the parameters of oxidative stress
through the reduction of MDA level and the enhancement of the SOD, CAT and GPx
enzymes’ activity [89,90]. The research focused on the influence of a multicomponent
formula (including vitamins C, A, D, E, K, fish oil, oligosaccharides, and minerals such as
selenium, iron, zinc, copper) on patients with mild or moderate CU activity (rated for 3–9
points in the DAI scale). Patients qualified for the examination consumed placebo or the
formula administered orally for six months. As a result, the downsizing of the total scoring
in DAI scale and the histological index has been achieved. Moreover, it has been noticed
that the dose of the corticosteroids needed for the proper control of the disease has been
subject to reduction [97].

Reduced glutathione (GSH) is an organic chemical compound, one of the key antiox-
idants in the organism. It prevails in the organism cells in various concentrations, the
highest in the hepatocytes. Under physiological conditions, glutathione occurs mainly
in the reduced thiol form (GSH), while the oxidized disulfide form (GSSG) is a small
part. The GSH/GSSG ratio is a very good indicator of oxidative stress. As a co-substrate
of glutathione peroxidase (GPx) and glutathione S-transferase (GST), GSH participates
in the reduction reactions of H2O2 and lipid peroxides as well as the coupling reactions
with reactive oxidative damage products, e.g., 4-hydroxy-2-nonenal (HNE). The GSSG
produced in these reactions is transformed in GSH in the reaction catalyzed by glutathione
reductase (GR) in the presence of NADPH. Apart from powerful antioxidant properties, it
is vital, among other things, for neutralizing the toxic substances as well as influences the
immunological processes, regulates the processes of natural cell death and proliferation.
There is a relation between the reduced GSH level and the dysfunctions of the chemical
processes vital for its synthesis with various diseases, e.g., diabetes or cirrhosis [98,99].
GSH also plays an essential role in the transformation of pro-drug azathioprine—used
in IBD treatment—into the biologically active metabolite, whereas the activity decline of
glutathione-S-transferase resulting from genetic polymorphism may refer to the worsened
response to the therapy using this drug. Multicausal and unclear IBD etiology dictate
the search for potential causes, also among genetic factors. It has been established that
the specified genotype leading to the decrease of the glutathione-S-transferase activity
increases the probability of getting UC or CD considerably [100].

Selenium (Se) is a microelement responsible for a proper course of physiological and
biochemical processes in the organism. It is vital for the synthesis of many enzymes,
including glutathione peroxidase, responsible directly for the antioxidant defense of cells.
Selenium supplementation exerts the immunomodulatory effect by promoting the for-
mation of macrophages population with anti-inflammatory properties (M2 phenotype).
The studies in animal models of colitis are not unanimous. On the one hand, they reveal
that the application of selenium contributes to decreasing the intensity of inflammation,
alleviates the course of IBD, and reduces the risk of death. Other scientific works prove
that the supplementation of selenium before the induction of colitis does not affect the
parameters of an inflammatory process and the course of disease significantly, whereas the
supply of selenium in the acute phase of the illness may contribute even to the exacerbation
of its course. A crucial factor influencing the therapeutic activity of selenium in IBD may
be the severity of a disease, the dosage, the length of therapy, and also the level of selenium
deficit before the beginning of symptoms, which requires further research [91,92,101,102].

3.4. Probiotics

One of the possible reasons IBD is a disturbed functioning of the immune system
is because it reacts improperly with the proper microflora of the gastrointestinal tract.
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The phenomenon associated with IBD etiology is dysbiosis, which is based both on the
decreased abundance of some bacteria and the reduced variety of bacterial flora. It is related
also to the activity of the disease process because during the exacerbation of a disease the
composition of a microbiome differs from the one observed during remission [103,104].

The research conducted in people affected with UC reveals that oral supplementation
with Bifidobacterium longum for eight weeks lowers the clinical activity of a disease, and the
severity of its course. Moreover, it improves significantly the image marked during the
endoscopic examination [105].

During recent years the researchers have been focused on the VSL#3 preparation
which constitutes a mix of 450 billion bacteria per one gram, and these bacteria belong
to 8 different strains. There are reports that the treatment using VSL#3 in comparison
to the group obtaining placebo contributes to maintaining remission in children affected
with ulcerative colitis. According to the binding UC ECCO Guideline, VSL#3 causes the
maintenance of remission in chronic pouchitis, which appears as a complication in patients
who undergo the surgery of a large intestine due to UC. More and more publications emerge
confirming the positive influence of this preparation, claiming that it induces remission
in UC as a therapy accompanying the drugs applied conventionally. Nevertheless, ECCO
Guideline currently does not formulate official recommendations related to the application
of VSL#3. When it comes to Crohn’s disease, it is not advised to apply probiotics in
maintaining remission [106–110].

Another strain of bacteria being intensely tested in the context of a supplementary
therapy in IBD is Escherichia coli Nissle 1917 (EcN). Meta-analyses of clinical tests conducted
until now reveal that EcN prevents the return of UC in the inactive phase, and its effective-
ness in preventing the recurrence of quiescent UC in comparison to 5-ASA may be similar.
Currently, the therapy using EcN to induce remission is not advised. Nevertheless, there
are some reports about its positive influence, especially in the forms affecting the ending
sections of the gastrointestinal tract [111–113].

The use of probiotics as an additional treatment for IBD appears to be feasible in the
near future, according to the encouraging results of studies. Nevertheless, there is a need
to establish the exact dosages, route of administration, and identification of the strains that
are the most effective in IBD.

4. Conclusions and Prospects for Future Research

IBD is a group of multifactorial, debilitating, incurable diseases, which precise etiol-
ogy remains unclear. The process underlying the etiology of IBD is chronic inflammation,
which is associated with oxidative/nitrosative stress and excessive production of ROS/RNS.
Redox imbalance can disturb cell homeostasis and it lasts a long time can lead to its destruc-
tion. Therefore, various substances that possess antioxidant properties are now intensively
studied as a possible treatment alongside classic medication or as an independent treatment
option in IBD. Natural and chemical compounds with antioxidant and anti-inflammatory
properties exhibit many effects that may be beneficial in UC treatment, such as scavenging
of free radicals, acting as immunomodulators, increasing antioxidant defense capacity,
influencing multiple signaling pathways, inhibiting pro-oxidative enzymes and cytokine
levels. Based on the fact that traditional treatment in IBD exposes patients to various
potentially harmful side effects, while the above-mentioned natural and chemical sub-
stances are well tolerated and have mild side effects, it is therefore one possible route and a
promising direction for future studies. The research on animal models and clinical studies
reveal promising results. Some substances are already being recommended in therapy, for
example, VSL3# in chronic pouchitis. Despite the promising results, some studies have
failed to disclose the advantageous effects of antioxidants compared to placebo, and some
safety-related questions arose due to toxicity. The accurate dosage, best administration
route, and new forms of delivery that overcome a clinical limitation of substances are being
developed to treat IBD more effectively. Animal studies are a valuable starting point for
clinical trials in humans, but so far relatively little data from these clinical trials have been
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obtained. In conclusion, additional well-designed clinical trials are needed to make official
recommendations for therapy.

In summary, based on the current scientific knowledge, it can be assumed that fu-
ture therapy with antioxidants as an add-on therapy or independent medical options of
treatment will become the strategy of choice in IBD.

Author Contributions: Conceptualization, M.S. and K.D.-G.; Writing—Original Draft Preparation,
K.D.-G., M.S., P.Z., M.C., K.K., S.S., P.K., W.B. and K.S.; Writing—Review and Editing, M.S., K.D.-G.
and K.S.; Funding acquisition, M.S. and K.S.; Supervision, M.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding. The APC was funded by M.S. and K.S.

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

References
1. De Lange, K.M.; Barrett, J.C. Understanding inflammatory bowel disease via immunogenetics. J. Autoimmun. 2015, 64, 91–100.

[CrossRef]
2. Molodecky, N.A.; Soon, I.S.; Rabi, D.M.; Ghali, W.A.; Ferris, M.; Chernoff, G.; Benchimol, E.I.; Panaccione, R.; Ghosh, S.; Barkema,

H.W.; et al. Increasing incidence and prevalence of the inflammatory bowel diseases with time, based on sys-tematic review.
Gastroenterology 2012, 142, 46–54. [CrossRef]

3. Zhang, Y.-Z.; Li, Y.-Y. Inflammatory bowel disease: Pathogenesis. World J. Gastroenterol. 2014, 20, 91–99. [CrossRef]
4. Beaugerie, L.; Brousse, N.; Bouvier, A.M.; Colombel, J.F.; Lemann, M.; Cosnes, J.; Hébuterne, X.; Cortot, A.; Bouhnik, Y.; Gendre,

J.P.; et al. CESAME Study Group. Lymphoproliferative disorders in patients receiving thiopurines for inflammatory bowel
disease: A prospective observational cohort study. Lancet 2009, 374, 1617–1625. [CrossRef]

5. Connor, V. Anti-TNF therapies: A comprehensive analysis of adverse effects associated with immunosuppression. Rheumatol. Int.
2011, 31, 327–337. [CrossRef]

6. Ransford, R.A.J.; Langman, M.J.S. Sulphasalazine and mesalazine: Serious adverse reactions re-evaluated on the basis of suspected
adverse reaction reports to the Committee on Safety of Medicines. Gut 2002, 51, 536–539. [CrossRef] [PubMed]

7. Bhattacharyya, A.; Chattopadhyay, R.; Mitra, S.; Crowe, S.E. Oxidative stress: An essential factor in the pathogenesis of
gastrointestinal mucosal diseases. Physiol. Rev. 2014, 94, 329–354. [CrossRef]

8. Federico, A.; Morgillo, F.; Tuccillo, C.; Ciardiello, F.; Loguercio, C. Chronic inflammation and oxidative stress in human
carcinogenesis. Int. J. Cancer 2007, 121, 2381–2386. [CrossRef]

9. Sies, H. Oxidative stress: A concept in redox biology and medicine. Redox Biol. 2015, 4, 180–183. [CrossRef] [PubMed]
10. Piechota-Polanczyk, A.; Fichna, J. Review article: The role of oxidative stress in pathogenesis and treatment of inflammatory

bowel diseases. Naunyn Schmiedebergs Arch. Pharmacol. 2014, 387, 605–620. [CrossRef] [PubMed]
11. Zuo, L.; Zhou, T.; Pannell, B.K.; Ziegler, A.C.; Best, T.M. Biological and physiological role of reactive oxygen species—The good,

the bad and the ugly. Acta Physiol. 2015, 214, 329–348. [CrossRef]
12. Alzoghaibi, M.A. Concepts of oxidative stress and antioxidant defense in Crohn’s disease. World J. Gastroenterol. 2013, 19,

6540–6547. [CrossRef] [PubMed]
13. Balmus, I.M.; Ciobica, A.; Trifan, A.; Stanciu, C. The implications of oxidative stress and antioxidant therapies in Inflam-matory

Bowel Disease: Clinical aspects and animal models. Saudi J. Gastroenterol. 2016, 22, 3–17. [CrossRef]
14. Rezaie, A.; Parker, R.D.; Abdollahi, M. Oxidative stress and pathogenesis of inflammatory bowel disease: An epiphenomenon or

the cause? Dig. Dis. Sci. 2007, 52, 2015–2021. [CrossRef] [PubMed]
15. Spirlandeli, A.L.; Deminice, R.; Jordao, A.A. Plasma malondialdehyde as biomarker of lipid peroxidation: Effects of acute exercise.

Int. J. Sports Med. 2014, 35, 14–18. [CrossRef]
16. Ananthakrishnan, A.N.; Cagan, A.; Cai, T.; Gainer, V.S.; Shaw, S.Y.; Churchill, S.; Karlson, E.W.; Murphy, S.N.; Liao, K.P.;

Kohane, I. Statin Use Is Associated With Reduced Risk of Colorectal Cancer in Patients With Inflammatory Bowel Diseases. Clin.
Gastroenterol. Hepatol. 2016, 14, 973–979. [CrossRef]

17. Ungaro, R.; Chang, H.L.; Cote-Daigneault, J.; Mehandru, S.; Atreja, A.; Colombel, J.-F. Statins Associated With Decreased Risk of
New Onset Inflammatory Bowel Disease. Am. J. Gastroenterol. 2016, 111, 1416–1423. [CrossRef] [PubMed]

18. Maheshwari, R.A.; Balaraman, R.; Sailor, G.U.; Sen, D.B. Protective effect of simvastatin and rosuvastatin on trinitroben-zene
sulfonic acid-induced colitis in rats. Indian J. Pharmacol. 2015, 47, 17–21. [CrossRef]

19. Shin, S.K.; Cho, J.H.; Kim, E.J.; Kim, E.-K.; Park, D.K.; Kwon, K.A.; Chung, J.-W.; Kim, K.O.; Kim, Y.J. Anti-inflammatory and
anti-apoptotic effects of rosuvastatin by regulation of oxidative stress in a dextran sulfate sodium-induced colitis model. World J.
Gastroenterol. 2017, 23, 4559–4568. [CrossRef] [PubMed]

20. Lei, A.; Yang, Q.; Li, X.; Chen, H.; Shi, M.; Xiao, Q.; Cao, Y.; He, Y.; Zhou, J. Atorvastatin promotes the expansion of mye-loid-
derived suppressor cells and attenuates murine colitis. Immunology 2016, 149, 432–446. [CrossRef]

21. Arab, H.H.; Al-Shorbagy, M.Y.; Abdallah, D.M.; Nassar, N.N. Telmisartan attenuates colon inflammation, oxidative per-turbations
and apoptosis in a rat model of experimental inflammatory bowel disease. PLoS ONE 2014, 9, e97193. [CrossRef]

http://doi.org/10.1016/j.jaut.2015.07.013
http://doi.org/10.1053/j.gastro.2011.10.001
http://doi.org/10.3748/wjg.v20.i1.91
http://doi.org/10.1016/S0140-6736(09)61302-7
http://doi.org/10.1007/s00296-009-1292-x
http://doi.org/10.1136/gut.51.4.536
http://www.ncbi.nlm.nih.gov/pubmed/12235076
http://doi.org/10.1152/physrev.00040.2012
http://doi.org/10.1002/ijc.23192
http://doi.org/10.1016/j.redox.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25588755
http://doi.org/10.1007/s00210-014-0985-1
http://www.ncbi.nlm.nih.gov/pubmed/24798211
http://doi.org/10.1111/apha.12515
http://doi.org/10.3748/wjg.v19.i39.6540
http://www.ncbi.nlm.nih.gov/pubmed/24151379
http://doi.org/10.4103/1319-3767.173753
http://doi.org/10.1007/s10620-006-9622-2
http://www.ncbi.nlm.nih.gov/pubmed/17404859
http://doi.org/10.1055/s-0033-1345132
http://doi.org/10.1016/j.cgh.2016.02.017
http://doi.org/10.1038/ajg.2016.233
http://www.ncbi.nlm.nih.gov/pubmed/27296939
http://doi.org/10.4103/0253-7613.150311
http://doi.org/10.3748/wjg.v23.i25.4559
http://www.ncbi.nlm.nih.gov/pubmed/28740344
http://doi.org/10.1111/imm.12662
http://doi.org/10.1371/journal.pone.0097193


Antioxidants 2021, 10, 412 15 of 18

22. Arumugam, S.; Sreedhar, R.; Thandavarayan, R.A.; Giridharan, V.V.; Karuppagounder, V.; Pitchaimani, V.; Afrin, M.R.; Miyashita,
S.; Nomoto, M.; Harima, M.; et al. Telmisartan treatment targets inflammatory cytokines to suppress the pathogenesis of acute
colitis induced by dextran sulphate sodium. Cytokine 2015, 74, 305–312. [CrossRef]

23. Guerra, G.C.B.; Araujo, A.A.; Lira, G.A.; Melo, M.N.; Souto, K.K.O.; Fernandes, D.; Silva, A.L.; Araújo Júnior, R.F. Telmisartan
decreases inflammation by modulating TNF-alpha, IL-10, and RANK/RANKL in a rat model of ulcerative colitis. Pharmacol. Rep.
2015, 67, 520–526. [CrossRef] [PubMed]

24. El-Medany, A.H.; Guemei, A.A.; Hagar, H.; El-Medany, J.H.; Baraka, A.M. Comparative study between effect of angiotensin
converting enzyme inhibitors and angiotensin receptor blockers on acetic acid-induced ulcerative colitis in rats. Int. Res. J. Pharm.
Pharmacol. 2011, 1, 100–108.

25. Chojnacki, C.; Wisniewska-Jarosinska, M.; Walecka-Kapica, E.; Klupinska, G.; Jaworek, J.; Chojnacki, J. Evaluation of melatonin
effectiveness in the adjuvant treatment of ulcerative colitis. J. Physiol. Pharmacol. 2011, 62, 327–334.

26. Esiringu, F.; Tugcu-Demiroz, F.; Acarturk, F.; Coskun Cevher, S.; Bircan, F.; Sari Kilicaslan, S.M. Investigation of the effect of
intracolonic melatonin gel formulation on acetic acid-induced colitis. Drug Deliv. 2016, 23, 2318–2326. [CrossRef]

27. Park, Y.-S.; Chung, S.-H.; Lee, S.-K.; Kim, J.-H.; Kim, J.-B.; Kim, T.-K.; Kim, D.-S.; Baik, H.-W. Melatonin improves experimental
colitis with sleep deprivation. Int. J. Mol. Med. 2015, 35, 979–986. [CrossRef] [PubMed]

28. Zielinska, M.; Jarmuz, A.; Salaga, M.; Kordek, R.; Laudon, M.; Storr, M.; Fichna, J. Melatonin, but not melatonin receptor agonists
Neu-P11 and Neu-P67, attenuates TNBS-induced colitis in mice. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2016, 389, 511–519.
[CrossRef]

29. Ancha, H.R.; Kurella, R.R.; McKimmey, C.C.; Lightfoot, S.; Harty, R.F. Effects of N-acetylcysteine plus mesalamine on
prostaglandin synthesis and nitric oxide generation in TNBS-induced colitis in rats. Dig. Dis. Sci. 2009, 54, 758–766. [CrossRef]

30. Hou, C.L.; Zhang, J.; Liu, X.T.; Liu, H.; Zeng, X.F.; Qiao, S.Y. Superoxide dismutase recombinant Lactobacillus fermentum
ameliorates intestinal oxidative stress through inhibiting NF-kappaB activation in a trinitrobenzene sulphonic ac-id-induced
colitis mouse model. J. Appl. Microbiol. 2014, 116, 1621–1631. [CrossRef]

31. Suzuki, Y.; Matsumoto, T.; Okamoto, S.; Hibi, T. A lecithinized superoxide dismutase (PC-SOD) improves ulcerative colitis.
Colorectal Dis. 2008, 10, 931–934. [CrossRef]

32. Ishihara, T.; Tanaka, K.-I.; Tasaka, Y.; Namba, T.; Suzuki, J.; Ishihara, T.; Okamoto, S.; Hibi, T.; Takenaga, M.; Igarashi, R.; et al.
Therapeutic effect of lecithinized superoxide dismutase against colitis. J. Pharmacol. Exp. Ther. 2009, 328, 152–164. [CrossRef]
[PubMed]

33. Scioli, M.G.; Stasi, M.A.; Passeri, D.; Doldo, E.; Costanza, G.; Camerini, R.; Fociani, P.; Arcuri, G.; Lombardo, K.; Pace, S.; et al.
Propionyl-L-Carnitine is Efficacious in Ulcerative Colitis Through its Action on the Immune Function and Microvasculature. Clin.
Transl. Gastroenterol. 2014, 5, e55. [CrossRef]

34. Merra, G.; Gasbarrini, G.; Laterza, L.; Pizzoferrato, M.; Poscia, A.; Scaldaferri, F.; Arena, V.; Fiore, F.; Cittadini, A.; Sgam-bato,
A.; et al. Propionyl-L-carnitine hydrochloride for treatment of mild to moderate colonic inflammatory bowel diseases. World J.
Gastroenterol. 2012, 18, 5065–5071. [CrossRef] [PubMed]

35. Mikhailova, T.L.; Sishkova, E.; Poniewierka, E.; Zhidkov, K.P.; Bakulin, I.G.; Kupcinskas, L.; Lesniakowski, K.; Grinevich, V.B.;
Malecka-Panas, E.; Ardizzone, S.; et al. Randomised clinical trial: The efficacy and safety of propionyl-L-carnitine therapy in
patients with ulcerative colitis receiving stable oral treatment. Aliment. Pharmacol. Ther. 2011, 34, 1088–1097. [CrossRef] [PubMed]

36. Wang, L.; Yang, T.; Wang, C. Are statins beneficial for the treatment of pulmonary hypertension? Chronic Dis. Transl. Med. 2017, 3,
213–220. [CrossRef]

37. Esposito, E.; Cuzzocrea, S. Antiinflammatory activity of melatonin in central nervous system. Curr. Neuropharmacol. 2010, 8,
228–242. [CrossRef]

38. Sanchez, A.; Calpena, A.C.; Clares, B. Evaluating the Oxidative Stress in Inflammation: Role of Melatonin. Int. J. Mol. Sci. 2015,
16, 16981–17004. [CrossRef]

39. Reiter, R.J.; Mayo, J.C.; Tan, D.-X.; Sainz, R.M.; Alatorre-Jimenez, M.; Qin, L. Melatonin as an antioxidant: Under promises but
over delivers. J. Pineal Res. 2016, 61, 253–278. [CrossRef]

40. Jaworek, J.; Leja-Szpak, A.; Nawrot-Porabka, K.; Szklarczyk, J.; Kot, M.; Pierzchalski, P.; Góralska, M.; Ceranowicz, P.; Warzecha,
Z.; Dembinski, A.; et al. Effects of Melatonin and Its Analogues on Pancreatic Inflammation, Enzyme Secretion, and Tumorigenesis.
Int. J. Mol. Sci. 2017, 18, 1014. [CrossRef]

41. Favero, G.; Franceschetti, L.; Bonomini, F.; Rodella, L.F.; Rezzani, R. Melatonin as an Anti-Inflammatory Agent Modulating
Inflammasome Activation. Int. J. Endocrinol. 2017, 2017, 1835195. [CrossRef] [PubMed]

42. Morgan, X.C.; Tickle, T.L.; Sokol, H.; Gevers, D.; Devaney, K.L.; Ward, D.V.; Reyes, J.A.; Shah, S.A.; LeLeiko, N.; Snapper, S.B.; et al.
Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment. Genome Biol. 2012, 13, R79. [CrossRef]
[PubMed]

43. Zhu, D.; Ma, Y.; Ding, S.; Jiang, H.; Fang, J. Effects of Melatonin on Intestinal Microbiota and Oxidative Stress in Colitis Mice.
BioMed Res. Int. 2018, 2018, 2607679. [CrossRef]

44. Liu, Y.; Wang, X.; Hu, C.-A.A. Therapeutic Potential of Amino Acids in Inflammatory Bowel Disease. Nutrients 2017, 9, 920.
[CrossRef]

45. Hou, Y.; Wang, L.; Yi, D.; Wu, G. N-acetylcysteine and intestinal health: A focus on its mechanism of action. Front Biosci. 2015, 20,
872–891. [CrossRef]

http://doi.org/10.1016/j.cyto.2015.03.017
http://doi.org/10.1016/j.pharep.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25933964
http://doi.org/10.3109/10717544.2014.982773
http://doi.org/10.3892/ijmm.2015.2080
http://www.ncbi.nlm.nih.gov/pubmed/25625560
http://doi.org/10.1007/s00210-016-1214-x
http://doi.org/10.1007/s10620-008-0438-0
http://doi.org/10.1111/jam.12461
http://doi.org/10.1111/j.1463-1318.2008.01487.x
http://doi.org/10.1124/jpet.108.144451
http://www.ncbi.nlm.nih.gov/pubmed/18927353
http://doi.org/10.1038/ctg.2014.4
http://doi.org/10.3748/wjg.v18.i36.5065
http://www.ncbi.nlm.nih.gov/pubmed/23049215
http://doi.org/10.1111/j.1365-2036.2011.04844.x
http://www.ncbi.nlm.nih.gov/pubmed/21929562
http://doi.org/10.1016/j.cdtm.2017.10.001
http://doi.org/10.2174/157015910792246155
http://doi.org/10.3390/ijms160816981
http://doi.org/10.1111/jpi.12360
http://doi.org/10.3390/ijms18051014
http://doi.org/10.1155/2017/1835195
http://www.ncbi.nlm.nih.gov/pubmed/29104591
http://doi.org/10.1186/gb-2012-13-9-r79
http://www.ncbi.nlm.nih.gov/pubmed/23013615
http://doi.org/10.1155/2018/2607679
http://doi.org/10.3390/nu9090920
http://doi.org/10.2741/4342


Antioxidants 2021, 10, 412 16 of 18

46. Kamio, K.; Azuma, A.; Ohta, K.; Sugiyama, Y.; Nukiwa, T.; Kudoh, S.; Mizushima, T. Double-blind controlled trial of lecithinized
superoxide dismutase in patients with idiopathic interstitial pneumonia—Short term evaluation of safety and tolerability. BMC
Pulm. Med. 2014, 14, 86. [CrossRef]

47. Scioli, M.G.; Lo Giudice, P.; Bielli, A.; Tarallo, V.; de Rosa, A.; de Falco, S.; Orlandi, A. Propionyl-L-Carnitine Enhances Wound
Healing and Counteracts Microvascular Endothelial Cell Dysfunction. PLoS ONE 2015, 10, e0140697. [CrossRef]

48. Lapi, D.; Sabatino, L.; Altobelli, G.G.; Mondola, P.; Cimini, V.; Colantuoni, A. Effects of propionyl-L-carnitine on ische-mia-
reperfusion injury in hamster cheek pouch microcirculation. Front. Physiol. 2010, 1, 132. [CrossRef] [PubMed]

49. Biasi, F.; Astegiano, M.; Maina, M.; Leonarduzzi, G.; Poli, G. Polyphenol supplementation as a complementary medicinal
approach to treating inflammatory bowel disease. Curr. Med. Chem. 2011, 18, 4851–4865. [CrossRef]

50. Mattera, R.; Benvenuto, M.; Giganti, M.G.; Tresoldi, I.; Pluchinotta, F.R.; Bergante, S.; Tettamanti, G.; Masuelli, L.; Manzari,
V.; Modesti, A.; et al. Effects of Polyphenols on Oxidative Stress-Mediated Injury in Cardiomyocytes. Nutrients 2017, 9, 523.
[CrossRef]

51. Yildiz, G.; Yildiz, Y.; Ulutas, P.A.; Yaylali, A.; Ural, M. Resveratrol Pretreatment Ameliorates TNBS Colitis in Rats. Recent Pat.
Endocr. Metab. Immune Drug Discov. 2015, 9, 134–140. [CrossRef] [PubMed]

52. Rahal, K.; Schmiedlin-Ren, P.; Adler, J.; Dhanani, M.; Sultani, V.; Rittershaus, A.C.; Reingold, L.; Zhu, J.; McKenna, B.J.; Christman,
G.M.; et al. Resveratrol has antiinflammatory and antifibrotic effects in the peptidoglycan-polysaccharide rat model of Crohn’s
disease. Inflamm. Bowel Dis. 2012, 18, 613–623. [CrossRef] [PubMed]

53. Abdallah, D.M.; Ismael, N.R. Resveratrol abrogates adhesion molecules and protects against TNBS-induced ulcerative colitis in
rats. Can. J. Physiol. Pharmacol. 2011, 89, 811–818. [CrossRef]

54. Samsamikor, M.; Daryani, N.E.; Asl, P.R.; Hekmatdoost, A. Resveratrol Supplementation and Oxidative/Anti-Oxidative Status in
Patients with Ulcerative Colitis: A Randomized, Double-Blind, Placebo-controlled Pilot Study. Arch. Med. Res. 2016, 47, 304–309.
[CrossRef]

55. Samsami-Kor, M.; Daryani, N.E.; Asl, P.R.; Hekmatdoost, A. Anti-Inflammatory Effects of Resveratrol in Patients with Ulcerative
Colitis: A Randomized, Double-Blind, Placebo-controlled Pilot Study. Arch. Med. Res. 2015, 46, 280–285. [CrossRef]

56. Topcu-Tarladacalisir, Y.; Akpolat, M.; Uz, Y.H.; Kizilay, G.; Sapmaz-Metin, M.; Cerkezkayabekir, A.; Omurlu, I.K. Effects of
curcumin on apoptosis and oxidoinflammatory regulation in a rat model of acetic acid-induced colitis: The roles of c-Jun
N-terminal kinase and p38 mitogen-activated protein kinase. J. Med. Food 2013, 16, 296–305. [CrossRef]

57. Yang, J.-Y.; Zhong, X.; Kim, S.-J.; Kim, D.-H.; Kim, H.S.; Lee, J.-S.; Yum, H.-W.; Lee, J.; Na, H.-K.; and Surh, Y.-J. Comparative
Effects of Curcumin and Tetrahydrocurcumin on Dextran Sulfate Sodium-induced Colitis and Inflammatory Signaling in Mice. J.
Cancer Prev. 2018, 23, 18–24. [CrossRef]

58. Zeng, Z.; Zhan, L.; Liao, H.; Chen, L.; Lv, X. Curcumin improves TNBS-induced colitis in rats by inhibiting IL-27 expression via
the TLR4/NF-kappaB signaling pathway. Planta Med. 2013, 79, 102–109. [CrossRef] [PubMed]

59. Zhao, H.-M.; Xu, R.; Huang, X.-Y.; Cheng, S.-M.; Huang, M.-F.; Yue, H.-Y.; Wang, X.; Zou, Y.; Lu, A.-P.; Liu, D.-Y. Curcumin
Suppressed Activation of Dendritic Cells via JAK/STAT/SOCS Signal in Mice with Experimental Colitis. Front. Pharmacol. 2016,
7, 455. [CrossRef]

60. Lang, A.; Salomon, N.; Wu, J.C.Y.; Kopylov, U.; Lahat, A.; Har-Noy, O.; Ching, J.Y.L.; Cheong, P.K.; Avidan, B.; Gamus, D.;
et al. Curcumin in Combination With Mesalamine Induces Remission in Patients With Mild-to-Moderate Ulcerative Colitis in a
Randomized Controlled Trial. Clin. Gastroenterol. Hepatol. 2015, 13, 1444–1449. [CrossRef] [PubMed]

61. Singla, V.; Pratap Mouli, V.; Garg, S.K.; Rai, T.; Choudhury, B.N.; Verma, P.; Deb, R.; Tiwari, V.; Rohatgi, S.; Dhingra, R.; et al.
Induction with NCB-02 (curcumin) enema for mild-to-moderate distal ulcerative colitis—A randomized, place-bo-controlled,
pilot study. J. Crohn’s Colitis 2014, 8, 208–214. [CrossRef]

62. Dodda, D.; Chhajed, R.; Mishra, J.; Padhy, M. Targeting oxidative stress attenuates trinitrobenzene sulphonic acid induced
inflammatory bowel disease like symptoms in rats: Role of quercetin. Indian J. Pharmacol. 2014, 46, 286–291. [CrossRef]

63. Joo, M.; Kim, H.S.; Kwon, T.H.; Palikhe, A.; Zaw, T.S.; Jeong, J.H.; Sohn, U.D. Anti-inflammatory Effects of Flavonoids on
TNBS-induced Colitis of Rats. Korean J. Physiol. Pharmacol. 2015, 19, 43–50. [CrossRef] [PubMed]

64. Dryden, G.W.; Lam, A.; Beatty, K.; Qazzaz, H.H.; McClain, C.J. A pilot study to evaluate the safety and efficacy of an oral dose of
(-)-epigallocatechin-3-gallate-rich polyphenon E in patients with mild to moderate ulcerative colitis. Inflamm. Bowel Dis. 2013, 19,
1904–1912. [CrossRef] [PubMed]

65. Byun, E.-B.; Kim, W.S.; Sung, N.-Y.; Byun, E.-H. Epigallocatechin-3-Gallate Regulates Anti-Inflammatory Action Through 67-kDa
Laminin Receptor-Mediated Tollip Signaling Induction in Lipopolysaccharide-Stimulated Human Intestinal Epi-thelial Cells. Cell
Physiol. Biochem. 2018, 46, 2072–2081. [CrossRef]

66. Bitzer, Z.T.; Elias, R.J.; Vijay-Kumar, M.; Lambert, J.D. (-)-Epigallocatechin-3-gallate decreases colonic inflammation and perme-
ability in a mouse model of colitis, but reduces macronutrient digestion and exacerbates weight loss. Mol. Nutr. Food Res. 2016,
60, 2267–2274. [CrossRef]

67. Bruckner, M.; Westphal, S.; Domschke, W.; Kucharzik, T.; Lugering, A. Green tea polyphenol epigallocatechin-3-gallate shows
therapeutic antioxidative effects in a murine model of colitis. J. Crohn’s Colitis 2012, 6, 226–235. [CrossRef] [PubMed]

68. Yeoh, B.S.; Aguilera Olvera, R.; Singh, V.; Xiao, X.; Kennett, M.J.; Joe, B.; Lambert, J.D.; Vijay-Kumar, M. Epigallocate-chin-3-Gallate
Inhibition of Myeloperoxidase and Its Counter-Regulation by Dietary Iron and Lipocalin 2 in Murine Model of Gut Inflammation.
Am. J. Pathol. 2016, 186, 912–926. [CrossRef]

http://doi.org/10.1186/1471-2466-14-86
http://doi.org/10.1371/journal.pone.0140697
http://doi.org/10.3389/fphys.2010.00132
http://www.ncbi.nlm.nih.gov/pubmed/21423374
http://doi.org/10.2174/092986711797535263
http://doi.org/10.3390/nu9050523
http://doi.org/10.2174/1872214809666150806105737
http://www.ncbi.nlm.nih.gov/pubmed/26246013
http://doi.org/10.1002/ibd.21843
http://www.ncbi.nlm.nih.gov/pubmed/22431488
http://doi.org/10.1139/y11-080
http://doi.org/10.1016/j.arcmed.2016.07.003
http://doi.org/10.1016/j.arcmed.2015.05.005
http://doi.org/10.1089/jmf.2012.2550
http://doi.org/10.15430/JCP.2018.23.1.18
http://doi.org/10.1055/s-0032-1328057
http://www.ncbi.nlm.nih.gov/pubmed/23250811
http://doi.org/10.3389/fphar.2016.00455
http://doi.org/10.1016/j.cgh.2015.02.019
http://www.ncbi.nlm.nih.gov/pubmed/25724700
http://doi.org/10.1016/j.crohns.2013.08.006
http://doi.org/10.4103/0253-7613.132160
http://doi.org/10.4196/kjpp.2015.19.1.43
http://www.ncbi.nlm.nih.gov/pubmed/25605996
http://doi.org/10.1097/MIB.0b013e31828f5198
http://www.ncbi.nlm.nih.gov/pubmed/23846486
http://doi.org/10.1159/000489447
http://doi.org/10.1002/mnfr.201501042
http://doi.org/10.1016/j.crohns.2011.08.012
http://www.ncbi.nlm.nih.gov/pubmed/22325177
http://doi.org/10.1016/j.ajpath.2015.12.004


Antioxidants 2021, 10, 412 17 of 18

69. Gerges Geagea, A.; Rizzo, M.; Eid, A.; Hajj Hussein, I.; Zgheib, Z.; Zeenny, M.N.; Jurjus, R.; Uzzo, M.L.; Spatola, G.F.; Bonaventura,
G.; et al. Tea catechins induce crosstalk between signaling pathways and stabilize mast cells in ulcerative colitis. J. Biol. Regul.
Homeost. Agents 2017, 31, 865–877.

70. Biedermann, L.; Mwinyi, J.; Scharl, M.; Frei, P.; Zeitz, J.; Kullak-Ublick, G.A.; Vavricka, S.R.; Fried, M.; Weber, A.; Humpf, H.-U.;
et al. Bilberry ingestion improves disease activity in mild to moderate ulcerative colitis—An open pilot study. J. Crohn’s Colitis
2013, 7, 271–279. [CrossRef]

71. Rastegarpanah, M.; Malekzadeh, R.; Vahedi, H.; Mohammadi, M.; Elahi, E.; Chaharmahali, M.; Safarnavadeh, T.; Abdollahi, M.
A randomized, double blinded, placebo-controlled clinical trial of silymarin in ulcerative colitis. Chin. J. Intergr. Med. 2015, 21,
902–906. [CrossRef] [PubMed]

72. Kolacek, M.; Muchova, J.; Dvorakova, M.; Paduchova, Z.; Zitnanova, I.; Cierna, I.; Orszaghova, Z.; Szekyova, D.; Jajcaio-va-
Zednickova, N.; Kovacs, L.; et al. Effect of natural polyphenols (Pycnogenol) on oxidative stress markers in children suffering
from Crohn’s disease—A pilot study. Free Rad. Res. 2013, 47, 624–634. [CrossRef]

73. Vecchi Brumatti, L.; Marcuzzi, A.; Tricarico, P.M.; Zanin, V.; Girardelli, M.; Bianco, A.M. Curcumin and inflammatory bowel
disease: Potential and limits of innovative treatments. Molecules 2014, 19, 21127–21153. [CrossRef] [PubMed]

74. Pulido-Moran, M.; Moreno-Fernandez, J.; Ramirez-Tortosa, C.; Ramirez-Tortosa, M. Curcumin and Health. Molecules 2016, 21,
264. [CrossRef] [PubMed]

75. Kadri, C.J.; Pereira, J.A.; Campos, F.G.; Ortega, M.M.; Bragion, C.B.; Martinez, C.A.R. Anti-inflammatory effects of enemas
containing an oily extract of curcumin in an experimental model of diversion colitis. Histol. Histopathol. 2017, 32, 161–169.
[CrossRef]

76. Cunha Neto, F.; Marton, L.T.; de Marqui, S.V.; Lima, T.A.; Barbalho, S.M. Curcuminoids from Curcuma Longa: New ad-juvants
for the treatment of Crohn’s disease and ulcerative colitis? Crit. Rev. Food Sci. Nutr. 2019, 59, 2136–2143. [CrossRef]

77. Fadus, M.C.; Lau, C.; Bikhchandani, J.; Lynch, H.T. Curcumin: An age-old anti-inflammatory and anti-neoplastic agent. J. Tradit.
Complement. Med. 2016, 7, 339–346. [CrossRef]

78. Simadibrata, M.; Halimkesuma, C.C.; Suwita, B.M. Efficacy of Curcumin as Adjuvant Therapy to Induce or Maintain Re-mission
in Ulcerative Colitis Patients: An Evidence-based Clinical Review. Acta Med. Indones. 2017, 49, 363–368.

79. Ju, S.; Ge, Y.; Li, P.; Tian, X.; Wang, H.; Zheng, X.; Ju, S. Dietary quercetin ameliorates experimental colitis in mouse by remodeling
the function of colonic macrophages via a heme oxygenase-1-dependent pathway. Cell Cycle 2018, 17, 53–63. [CrossRef]

80. Kamishikiryo, J.; Matsumura, R.; Takamori, T.; Sugihara, N. Effect of quercetin on the transport of N-acetyl 5-aminosalicylic acid.
J. Pharm. Pharmacol. 2013, 65, 1037–1043. [CrossRef]

81. Fan, F.-Y.; Sang, L.-X.; Jiang, M. Catechins and Their Therapeutic Benefits to Inflammatory Bowel Disease. Molecules 2017, 22, 484.
[CrossRef] [PubMed]

82. Pan, M.-H.; Chiou, Y.-S.; Wang, Y.-J.; Ho, C.-T.; Lin, J.-K. Multistage carcinogenesis process as molecular targets in cancer
chemoprevention by epicatechin-3-gallate. Food Funct. 2011, 2, 101–110. [CrossRef] [PubMed]

83. Contreras, T.C.; Ricciardi, E.; Cremonini, E.; Oteiza, P.I. (-)-Epicatechin in the prevention of tumor necrosis alpha-induced loss of
Caco-2 cell barrier integrity. Arch. Biochem. Biophys. 2015, 573, 84–91. [CrossRef] [PubMed]

84. Martin, D.A.; Bolling, B.W. A review of the efficacy of dietary polyphenols in experimental models of inflammatory bowel
diseases. Food Funct. 2015, 6, 1773–1786. [CrossRef]

85. Salaritabar, A.; Darvishi, B.; Hadjiakhoondi, F.; Manayi, A.; Sureda, A.; Nabavi, S.F.; Fitzpatrick, L.R.; Nabavi, S.M.; Bishayee, A.
Therapeutic potential of flavonoids in inflammatory bowel disease: A comprehensive review. World J. Gas-troenterol. 2017, 23,
5097–5114. [CrossRef]

86. Mirbagheri, S.-A.; Nezami, B.-G.; Assa, S.; Hajimahmoodi, M. Rectal administration of d-alpha tocopherol for active ulcerative
colitis: A preliminary report. World J. Gastroenterol. 2008, 14, 5990–5995. [CrossRef]

87. Tahan, G.; Aytac, E.; Aytekin, H.; Gunduz, F.; Dogusoy, G.; Aydin, S.; Tahan, V.; Uzun, H. Vitamin E has a dual effect of
anti-inflammatory and antioxidant activities in acetic acid-induced ulcerative colitis in rats. Can. J. Surg. 2011, 54, 333–338.
[CrossRef] [PubMed]

88. Minaiyan, M.; Mostaghel, E.; Mahzouni, P. Preventive Therapy of Experimental Colitis with Selected iron Chelators and
Anti-oxidants. Int. J. Prev. Med. 2012, 3, S162–S169.

89. Jeon, H.-J.; Yeom, Y.; Kim, Y.-S.; Kim, E.; Shin, J.-H.; Seok, P.R.; Woo, M.J.; Kim, Y. Effect of vitamin C on azoxymethane
(AOM)/dextran sulfate sodium (DSS)-induced colitis-associated early colon cancer in mice. Nutr. Res. Pract. 2018, 12, 101–109.
[CrossRef]

90. Yan, H.; Wang, H.; Zhang, X.; Li, X.; Yu, J. Ascorbic acid ameliorates oxidative stress and inflammation in dextran sulfate
sodium-induced ulcerative colitis in mice. Int. J. Clin. Exp. Med. 2015, 8, 20245–20253.

91. Hiller, F.; Oldorff, L.; Besselt, K.; Kipp, A.P. Differential acute effects of selenomethionine and sodium selenite on the se-verity of
colitis. Nutrients 2015, 7, 2687–2706. [CrossRef] [PubMed]

92. Kaushal, N.; Kudva, A.K.; Patterson, A.D.; Chiaro, C.; Kennett, M.J.; Desai, D.; Amin, S.; Carlson, B.A.; Cantorna, M.T.; Prabhu,
K.S. Crucial role of macrophage selenoproteins in experimental colitis. J. Immunol. 2014, 193, 3683–3692. [CrossRef] [PubMed]

93. Xue, H.; Ren, H.; Zhang, L.; Sun, X.; Wang, W.; Zhang, S.; Zhao, J.; Ming, L. Alpha-tocopherol ameliorates experimental
autoimmune encephalomyelitis through the regulation of Th1 cells. Iran. J. Basic Med. Sci. 2016, 19, 561–566. [PubMed]

http://doi.org/10.1016/j.crohns.2012.07.010
http://doi.org/10.1007/s11655-012-1026-x
http://www.ncbi.nlm.nih.gov/pubmed/22528757
http://doi.org/10.3109/10715762.2013.807508
http://doi.org/10.3390/molecules191221127
http://www.ncbi.nlm.nih.gov/pubmed/25521115
http://doi.org/10.3390/molecules21030264
http://www.ncbi.nlm.nih.gov/pubmed/26927041
http://doi.org/10.14670/HH-11-783
http://doi.org/10.1080/10408398.2018.1456403
http://doi.org/10.1016/j.jtcme.2016.08.002
http://doi.org/10.1080/15384101.2017.1387701
http://doi.org/10.1111/jphp.12062
http://doi.org/10.3390/molecules22030484
http://www.ncbi.nlm.nih.gov/pubmed/28335502
http://doi.org/10.1039/c0fo00174k
http://www.ncbi.nlm.nih.gov/pubmed/21779554
http://doi.org/10.1016/j.abb.2015.01.024
http://www.ncbi.nlm.nih.gov/pubmed/25795020
http://doi.org/10.1039/C5FO00202H
http://doi.org/10.3748/wjg.v23.i28.5097
http://doi.org/10.3748/wjg.14.5990
http://doi.org/10.1503/cjs.013610
http://www.ncbi.nlm.nih.gov/pubmed/21933527
http://doi.org/10.4162/nrp.2018.12.2.101
http://doi.org/10.3390/nu7042687
http://www.ncbi.nlm.nih.gov/pubmed/25867950
http://doi.org/10.4049/jimmunol.1400347
http://www.ncbi.nlm.nih.gov/pubmed/25187657
http://www.ncbi.nlm.nih.gov/pubmed/27403263


Antioxidants 2021, 10, 412 18 of 18

94. Ioannidis, O.; Varnalidis, I.; Paraskevas, G.; Botsios, D. Nutritional modulation of the inflammatory bowel response. Digestion
2011, 84, 89–101. [CrossRef] [PubMed]

95. Oudemans-van Straaten, H.M.; Spoelstra-de Man, A.M.; de Waard, M.C. Vitamin C revisited. Crit. Care 2014, 18, 460. [CrossRef]
96. Sorice, A.; Guerriero, E.; Capone, F.; Colonna, G.; Castello, G.; Costantini, S. Ascorbic acid: Its role in immune system and chronic

inflammation diseases. Mini Rev. Med. Chem. 2014, 14, 444–452. [CrossRef]
97. Seidner, D.L.; Lashner, B.A.; Brzezinski, A.; Banks, P.L.C.; Goldblum, J.; Fiocchi, C.; Katz, J.; Lichtenstein, G.R.; Anton, P.A.; Kam,

L.Y.; et al. An oral supplement enriched with fish oil, soluble fiber, and antioxidants for corticosteroid sparing in ulcerative colitis:
A randomized, controlled trial. Clin. Gastroenterol. Hepatol. 2005, 3, 358–369. [CrossRef]

98. Hakuna, L.; Doughan, B.; Escobedo, J.O.; Strongin, R.M. A simple assay for glutathione in whole blood. Analyst 2015, 140,
3339–3342. [CrossRef]

99. Lu, S.C. Glutathione synthesis. Biochim. Biophys. Acta 2013, 1830, 3143–3153. [CrossRef] [PubMed]
100. Qian, J.; Song, Z.; Lv, Y.; Huang, X.; Mao, B. Glutathione S-Transferase T1 Null Genotype is Associated with Susceptibility to

Inflammatory Bowel Disease. Cell Physiol. Biochem. 2017, 41, 2545–2552. [CrossRef] [PubMed]
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