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Abstract

Purpose Given the increased incidence of ulcerative colitis

worldwide, the current study was designed to investigate

the coloprotective potential of CoQ10 against experimen-

tally induced ulcerative colitis (UC) and specify the

implicated mechanisms.

Methods Ulcerative colitis was induced by intracolonic

instillation of [2 ml, 3% v/v acetic acid (AA)]. Rats in the

different experimental groups received CoQ10 (10 or 30

and 100 mg/kg, orally) for eight consecutive days, either in

a protective or curative regimen.

Results Intracolonic AA instillation significantly increased

colon/body weight index, colon weight/colon length ratio,

clinical evaluation and macroscopic scoring of UC, serum

LDH, C-reactive protein and decreased the serum total

antioxidant capacity. Colon MDA, TNF-a and calcium

content significantly increased as well, with concomitant

reduction in colon GSH, SOD, CAT, Nrf2 and HO-1

contents. Moreover, immunohistochemical staining of

colon specimen revealed increased expression of caspase-3

with significant histopathological changes. Coenzyme Q10

suppressed the release of inflammatory biomarkers and

restored oxidants/antioxidants hemostasis. In a dose-de-

pendent manner, CoQ10 significantly decreased

colon/body weight index, colon weight/colon length ratio,

clinical evaluation and macroscopic scoring of UC, serum

LDH, C-reactive protein, colon MDA, TNF-a, caspase-3
expression and increased the serum total antioxidant

capacity. Colon GSH, SOD, CAT, Nrf2 and HO-1 contents

significantly increased. Moreover, coenzyme Q10 signifi-

cantly preserved tissue histopathological architecture. It

appears that the coloprotective effect of CoQ10 was cal-

cium-independent.

Conclusion Coenzyme Q10 dose-dependently protects

against AA-induced UC mainly via modulation of Nrf2/

HO-1 and caspase-3 pathways. Antioxidant, anti-inflam-

matory and anti-apoptotic properties of CoQ10 are

implicated in its observed therapeutic benefit.
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Introduction

Ulcerative colitis (UC) is a major phenotype of inflam-

matory bowel diseases (IBD), characterized by extensive

colon damage involving mucosal and submucosal layers

and bloody diarrhea as a primary symptom (Hao et al.

2014; Malago and Sangu 2015). Alternating periods of

intense intestinal inflammation and prolonged intervals of

remission are considered the major characteristics of the

disease (de Melo et al. 2015). Millions of patients all over

the world have been reported to be suffering from UC (Liu

et al. 2011; Parmar et al. 2014). Inpatient admissions due to

UC have been estimated to be around 50.6 per 100,000

populations from 1999 to 2007 (Al-Rejaie et al. 2013).

Hence, the etiology of UC remains enigmatic, with no

specific treatment (Vochyanova et al. 2015); current ther-

apies are not completely successful. Dissatisfactory
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adverse effects and poor adherence usually decrease patient

compliance (Biasi et al. 2011; Vochyanova et al. 2015).

Moreover, the associated high risk of developing colorectal

cancer urges prompt treatment (Kawabata et al. 2012).

More importantly, early events of UC usually occur long

before symptoms appear making susceptible individuals at

higher risk. Such events necessitate studies specifying early

events in the pathogenic pathway of the disease and testing

new potential therapies (Brito et al. 2014). Sulfasalazine,

mesalamine and dietary modification including specific

fiber are amongst current treatment options for UC patients.

Even though the exact pathophysiology of UC is still not

yet fully elucidated, both reactive oxygen species (ROS)

and excessive expression of inflammatory cytokines have

been reported to be implicated in the pathogenic pathway

of UC (Yao et al. 2010; El Morsy et al. 2015).

Acetic acid (AA)-induced colitis is a well-adopted

experimental model for induction of UC (Mustafa et al.

2006). Moreover, it has been reported to closely resemble

human colitis (Randhawa et al. 2014) in several aspects

including histological changes, inflammatory pathway

implicated and response to conventional treatments (Ke-

shavarzian et al. 1992).

Coenzyme (Co) Q10 is a naturally occurring compound.

It is a cofactor in the mitochondrial respiratory chain and

plays an important role in the production of ATP. More-

over, its reduced hydroquinone form, ubiquinol has been

reported to be a potent lipophilic antioxidant capable of

recycling and regenerating several antioxidants (Bhagavan

and Chopra 2006). Coenzyme Q10 has been appreciated

for its antioxidant, anti-inflammatory and ATP-regenera-

tive properties in several experimental models of gastric

ulcer, osteoarthritis and diabetes mellitus (Kucharska et al.

2000; El-Abhar 2010; Lee et al. 2013). Interestingly,

coenzyme Q10 has an excellent safety record (Bhagavan

and Chopra 2006).

The current study protocol was designed and conducted

to evaluate the potential therapeutic role of CoQ10 against

experimentally induced UC. Several aspects of CoQ10

activity were investigated including its antioxidants, anti-

apoptotic and anti-inflammatory potentials.

Materials and methods

Experimental animals

Eighty male Sprague–Dawley rats, weighing 180–220 g,

were used. Rats were purchased from ‘‘Urology and

Nephrology Experimental Research Center’’, Mansoura

University, Mansoura, Egypt. Rats were maintained under

standard environmental and nutritional conditions

throughout the experimental period. Of notice, rats were

also individually housed and were fasted overnight before

induction of UC. The experimental protocol is in accor-

dance with the ethical guidelines for experimental research

and was approved by ‘‘Research Ethics Committee’’, Fac-

ulty of Pharmacy, Mansoura University, Egypt.

Drugs and chemicals

Coenzyme Q10 was a generous gift from Arab Company

for Pharmaceuticals and Medicinal Plants (Giza, Egypt)

and was suspended in (0.5%) carboxymethylcellulose

(CMC), which served as the vehicle for oral administration.

Acetic acid was supplied by Chemajet chemical company

for intracolonic instillation (Alexandria, Egypt).

Induction of colitis

Animals were fasted with free access to water, the night

before induction of colitis. Rats were anaesthetized by I.P

injection of (20 mg/kg) thiopental sodium. Using a

polypropylene tube of 2 mm diameter inserted slowly

through the rectum into the colon to a distance of 8 cm,

2 ml of acetic acid in normal saline (3% v/v) was slowly

instilled into the colon. Then, the rats were maintained in a

supine Trendelenburg position for 30 s. to prevent early

leakage of the intracolonic instillate (El Morsy et al. 2015).

Experimental protocols

Evaluation of the protective effect of daily oral coenzyme

Q10 (10 or 30 and 100 mg/kg, orally) for 8 consecutive

days against acetic acid (2 ml, 3% v/v, intracolonic)-

induced ulcerative colitis

Rats were randomly allocated to five groups (8 rats/group)

as follows: Normal control: rats received vehicle orally

once daily for 8 consecutive days and intracolonic normal

saline (0.9% w/v) was instilled on the 8th day of the

experiment; acetic acid control: rats received the vehicle

orally once daily for 8 consecutive days before induction of

colitis; CoQ10 (10 mg/kg), CoQ10 (30 mg/kg) and CoQ10

(100 mg/kg) treated groups: rats received CoQ10 10 or 30

and 100 mg/kg, respectively, for 8 consecutive days with

the last dose administrated 1 h prior to induction of colitis.

Evaluation of the curative effect of daily oral coenzyme

Q10 (10 or 30 and 100 mg/kg, orally) for 8 consecutive

days against acetic acid (2 ml, 3% v/v, intracolonic)-

induced ulcerative colitis

Rats were randomly divided into five experimental

groups as follows: Normal control: rats received vehicle

orally once daily for 8 consecutive days 48 h following
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normal saline (0.9% w/v) instillation into the colon;

acetic acid control: rats received the vehicle once daily

orally for 8 consecutive days 48 h following induction

of colitis; CoQ10 (10 mg/kg), CoQ10 (30 mg/kg) and

CoQ10 (100 mg/kg) treated groups: rats received

CoQ10 10 or 30 and 100 mg/kg, respectively, for 8

consecutive days and treatments began 48 h post

induction of colitis.

Collection of biological samples

Forty eight hours following intracolonic instillation of AA

in the prophylactic protocol or 24 h following the last dose

of CoQ10 in the curative protocol, rats were deeply anes-

thetized by thiopental sodium (40 mg/kg). Blood samples

were collected from retro-orbital plexus. Sera were sepa-

rated by centrifugation for 10 min at 4000 r.p.m. after

leaving blood samples to coagulate and were used imme-

diately to estimate the activities of lactate dehydrogenase

(LDH), C-reactive protein (CRP) and total antioxidant

capacity (TAC).

Body weights, colon weights and colon lengths were

measured for calculation of colon/body weight index and

colon weight/colon length ratio. Colonic segments were

excised, freed of adherent adipose tissue, rinsed with cold

normal saline and 6-cm segment of colon was used for

macroscopic scoring. Another 2 cm was used for prepara-

tion of colon homogenate for assessment of colon GSH

concentration, MDA content, SOD activity, catalase

activity, calcium content, Nrf2 content, tumor necrosis

factor-a (TNF-a) and heme oxygenase-1 (HO-1) activity

and 1-cm colonic segments were stored in 10% neutral-

buffered formalin for further histopathological examination

and immunohistochemical analysis of caspase-3

expression.

Clinical evaluation of UC

To clinically assess AA-induced colitis activity, stool

consistency was examined; loose stool and diarrhea, occult

and/or bleeding, including hemoccult positivity, gross

bleeding and body weight were evaluated. Percentage body

weight change for each individual rat was calculated in

comparison to the day prior to intracolonic instillation of

AA. From these data, a disease activity index was calcu-

lated as follows. Acetic acid-colitis activity index was

calculated by summation of the scores of weight loss, stool

consistency, and bleeding then dividing by 3 (Malago and

Nondoli 2008).

.

Score Weight loss (%) Stool consistency Occult/gross bleeding

0 None Normal Normal

1 1–5

2 5–10 Loose stool Hemoccult-positive

3 10–20

4 [20 Diarrhea Gross bleeding

Normal stool well-formed pellets

Loose stools pasty and semi-formed stools, which do not stick to the

anus

Diarrhea liquid stools that stick to the anus

Macroscopic examination scoring

A postmortem laparotomy was conducted, 6 cm of colon

extending proximally 2 cm above the anal margin was

excised, slit longitudinally, pinned out on a card, and the

macroscopic appearances of the colonic mucosa were

scored on a scale ranging from 0 to 4 as follows according

to Millar et al. (1996).

.

Score Observation

(0) No macroscopic change

(1) Mucosal erythema alone

(2) Mild mucosal edema, slight bleeding or small erosions

(3) Moderate oedema, bleeding ulcers or erosions

(4) Severe ulceration/erosions, edema and tissue necrosis

Preparation of colon homogenate

Homogenization was carried out according to the method

described by Buege and Aust (1978) in ice-cold KCl

(1.15%, pH 7.4) to yield 10% w/v colon homogenate. The

homogenized tissues were centrifuged at 4000 rpm for

30 min at 4 �C. The supernatants were separated and used

for further biochemical assessment.
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Estimation of serum lactate dehydrogenase (LDH)

activity, C-reactive protein (CRP) titre and total

antioxidant capacity (TAC)

Serum LDH levels and TAC levels were determined with

reference to the methods of Vassault et al. (1999) and

Koracevic et al. (2001), respectively, according to the

supplied manufacturer’s instructions (Biomed Diagnostics,

Egypt) and serum C-reactive protein titer was assessed

using CRP-Latex (Chemelex, Spain) as instructed by

manufacturer.

Assessment of colonic oxidants/antioxidant stress

biomarkers; malondialdehyde (MDA) content,

superoxide dismutase (SOD) activity, reduced

glutathione (GSH) concentration and catalase

activity

Colon MDA content was quantified according to the

method described by Ohkawa et al. (1979), SOD activity as

described by Nishikimi et al. (1972) and GSH concentra-

tion as described by Beutler et al. (1963). Colon catalase

activity was assessed as described by Aebi (1984). All

tests’ procedures were conducted according to the provided

manufacturer’s instructions, using commercially available

kit (Biodiagnostic, Giza, Egypt),

Assessment of colon calcium contents

Colon Ca2? contents were colorimetrically assessed

according to the method described by Gindler and King

(1972) using colorimetric assay kit, Biodiagnostic Com-

pany (Giza, Egypt), according to supplied manufacturer’s

instructions.

Assessment of colon tumor necrosis factor-a (TNF-

a), nuclear factor, erythroid derived 2 like protein 2

(Nrf2) and heme oxygenase-1 (HO-1) contents

Colon content of inflammatory cytokine, TNF-a was

quantified using commercially available ELISA assay kits

(eBioscience Inc., San Diego, CA, USA), and colon Nrf2

and HO-1 contents were quantified using ELISA assay kits

(Cloud-Clone Corp., Houston, USA). Test procedures were

carried out according to the provided manufacturer’s

instructions.

Histopathological examination

and immunohistochemical analysis of caspase-3

expression

A 3-cm segment of the lower colon was separated and fixed

in 10% neutral-buffered formalin solution (pH 7.4). After

fixation, 3-lm-thick sections were prepared and stained

with haematoxylin and eosin (H&E) for light microscopic

evaluation of AA-induced damage especially to colonic

mucosal and submucosal layers and response to CoQ10

administration. For immunohistochemical analysis, coated

slides were prepared and stained with rat anticaspase-3

antibody (Sigma Aldrich, MO, USA) to assess the extent of

caspase-3 expression within colon. The tissues were

examined under a microscope in a random order using

Olympus CX21 microscope and the histopathologist was

blinded to experimental groups.

Statistical analysis

The results are expressed as mean ± SE. Statistical anal-

yses were performed using ANOVA followed by Tukey–

Kramer multiple comparison tests for statistical compar-

ison between parametric data and Kruskal–Wallis test

followed by Dunn’s multiple comparison tests for statisti-

cal comparison between non-parametric data. Linear

regression analysis for the best fitting line of all the stan-

dard points was also performed. p\ 0.05 was accepted as

being statistically significant.

Results

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 consecutive days

on acetic acid-induced changes in colon/body weight

index and colon weight/colon length ratio

Colon/body weight index and colon weight/colon length

ratio of AA control was significantly high compared to

normal control group by approximately 2.34- and 4.8-folds,

respectively, for prophylactic regimen and approximately

2.31- and 6.3-folds, respectively, for curative regimen

(Fig. 1a, b).

In a dose-dependent way, coenzyme Q10 (10 mg/kg)

significantly reduced colon/body weight index and colon

weight/colon length ratio by 32.2 and 46.8%, respectively,

for prophylactic regimen and by 25.6 and 49.2%, respec-

tively, for curative regimen compared to the AA-control

group, (Fig. 1a, b). However, 30 mg/kg CoQ10 signifi-

cantly reduced colon/body weight index and colon

weight/colon length ratio by 41.2 and 61%, respectively,

for prophylactic regimen and by 60.5 and 69.2%, respec-

tively, for curative regimen compared to the AA control,

(Fig. 1a, b). 100 mg/kg CoQ10 induced further significant

decrease in colon/body weight index and colon weight/-

colon length ratio by 47 and 76%, respectively, in the

prophylactic regimen and by 76.3 and 80.4%, respectively,

in the curative regimen compared to AA-control group, so
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that, almost, values observed with normal control were

restored (Fig. 1a, b).

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days on acetic

acid-induced change in macroscopic scoring

and clinical evaluation of ulcerative colitis

In both the prophylactic and curative regimens, macro-

scopic scoring and clinical evaluation of colitis were

strongly correlated. Intracolonic AA instillation forced a

significant increase in macroscopic scoring and clinical

evaluation of colitis in the prophylactic and curative AA-

controls compared to normal control as shown in (Fig. 2a,

b).

Prophylactic and curative daily administration of 10 and

30 mg/kg CoQ10 induced a non-significant reduction in

macroscopic scoring and clinical evaluation compared to

AA control, (Fig. 2a, b). 100 mg/kg CoQ10 significantly

decreased both macroscopic scoring and clinical evaluation

by 68 and 90%, respectively, in prophylactic regimen and

95 and 94%, respectively, in curative regimen compared to

the AA control as shown in (Fig. 2a, b).

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days on acetic

acid-induced change in serum LDH activity

and CRP titer

Serum LDH activity significantly increased by approxi-

mately 2.4- and 3.2-folds and serum CRP titer also

significantly increased by approximately 3.3- and 5.1-folds

compared to normal control in prophylactic and curative

protocols, respectively, following intracolonic AA instil-

lation (Table 1).

Prophylactic and curative daily oral CoQ10 (10 and

30 mg/kg) for 8 days significantly reduced serum LDH
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Fig. 1 Effect of either prophylactic or curative CoQ10 (10 or 30 and

100 mg/kg, orally) for 8 days on acetic acid-induced change in

colon/body weight index and colon weight/colon length ratio. Data

are expressed as mean ± SEM, n = 8. Statistical analysis was

performed using one-way ANOVA followed by Tukey–Kramer

multiple comparison test (p\ 0.05). *Significantly different from

normal control group. #Significantly different from AA-control group
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Fig. 2 Effect of either prophylactic or curative CoQ10 (10 or 30 and

100 mg/kg, orally) for 8 days on acetic acid-induced change in

macroscopic scoring and clinical evaluation. Data are expressed as

mean ± SEM, n = 8. Statistical analysis was performed using

Kruskal–Wallis test followed by Dunn’s multiple comparison test

(p\ 0.05). *Significantly different from normal control group.
#Significantly different from AA-control group
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activity by approximately 22 and 38%, respectively, in

prophylactic regimen and by approximately 40.8 and 50%,

respectively, in curative regimen in comparison to AA

control, but LDH activity was still significantly high in

comparison to normal control. On the other hand, (100 mg/

kg) CoQ10 significantly reduced serum LDH activity by

52.6% in prophylactic regimen and by 66.66% in curative

regimen compared to AA control (Table 1).

Likewise, prophylactic and curative daily oral CoQ10

(10 and 30 mg/kg, orally) for 8 days significantly reduced

serum CRP titer in comparison to AA control by approx-

imately 36.5 and 41.4%, respectively, in prophylactic

regimen and 25 and 57%, respectively, in curative regimen,

but titer was still significantly high in comparison to nor-

mal control. On the other hand, CoQ10 (100 mg/kg)

significantly reduced serum CRP titer by 66% in prophy-

lactic regimen and by 79% in curative regimen compared

to the AA control; normal titer was restored (Table 1).

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days on acetic

acid-induced change in serum TAC and catalase

activity

A-Serum TAC

In either prophylactic or curative regimen, AA (2 ml, 3%

v/v, and intracolonic) triggered significant reduction in

serum TAC in comparison to normal control. Serum TAC

was reduced to about one-third capacity in both prophy-

lactic and curative regimens compared to normal control

(Table 2).

Coenzyme Q10 (10 mg/kg) induced a non-significant

increase in serum TAC compared to AA control in both

prophylactic and curative regimens (Table 2). As

demonstrated in Table 2, CoQ10 (30 mg/kg) induced

further improvement with a significant increase in serum

TAC level by 117 and 130% compared to AA control.

Optimum improvement was observed with CoQ10

(100 mg/kg) where a significant increase in serum TAC

by 191 and 168% compared to the AA control was

observed without any significant difference compared to

normal control.

B-Catalase

Intracolonic AA (2 ml, 3% v/v) significantly reduced

serum catalase activity in comparison to normal control by

about 50.7 and 51.9%, respectively, with both regimens as

shown in (Table 2).

CoQ10 (10 mg/kg) triggered a significant increase in

catalase activity by 40.8 and 41.6% compared to respective

AA control. Prophylactic and curative CoQ10 (30 and

100 mg/kg) significantly restored serum catalase activity;

serum catalase increased by 88 and 93% in the prophylactic

regimen and 76 and 92.3% with curative regimen,

respectively, compared to respective AA control without

any significant difference in comparison to respective

normal control as seen in (Table 2).

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days on acetic

acid-induced change in colonic oxidants/antioxidant

stress markers; malondialdehyde (MDA) content,

superoxide dismutase (SOD) activity and reduced

glutathione (GSH) concentration

A-Prophylactic regimen

Intracolonic AA instillation (2 ml, 3% v/v) induced a

threefold increase in colon MDA content with significant

reduction in colon SOD activity and GSH concentration to

about one-third (0.32) and (0.17) values observed with

either respective normal controls as shown in (Table 3).

Table 1 Effect of either prophylactic or curative CoQ10 (10 or 30 and 100 mg/kg, orally) for 8 days on acetic acid-induced change in serum

LDH activity and CRP titre

Groups LDH (U/L) CRP (mg/L)

Prophylactic Treatment Prophylactic Treatment

Normal control 1414 ± 71.1 1444 ± 71.2 2.317 ± 0.08 2.317 ± 0.08

AA control 3357 ± 75.1* 4652 ± 70.6* 7.333 ± 0.33* 12.0 ± 0.51*

AA/CoQ10 (10 mg/kg orally) 2622 ± 68.5*,# 2754 ± 90.5*,# 4.65 ± 0.27*,# 9.00 ± 0.447*,#

AA/CoQ10 (30 mg/kg orally) 2081 ± 75.6*,# 2322 ± 76.8*,# 4.294 ± 0.14*,# 5.167 ± 0.401*,#

AA/CoQ10 (100 mg/kg orally) 1589 ± 44.1# 1551 ± 67.6# 2.483 ± 0.16# 2.503 ± 0.18#

Data are expressed as mean ± SEM, n = 8. Statistical analysis was performed using one-way ANOVA followed by Tukey–Kramer multiple

comparison test (p\ 0.05) for LDH and using Kruskal–Wallis test followed Dunn’s multiple comparison test (p\ 0.05) for CRP

* Significantly different from normal control group
# Significantly different from AA-control group
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Coenzyme Q10 (10 or 30 and 100 mg/kg, orally) signif-

icantly amelioratedAA-induced damage to different extents.

Coenzyme Q10 (10 mg/kg) reduced colonic MDA content

and restored SOD activity by 17 and 57%, respectively, but

without significant increase in GSH concentration compared

to AA control, while CoQ10 (30 mg/kg) significantly

reduced colonic MDA content and increased SOD activity

andGSH concentration by 20, 156.6 and 175%, respectively,

compared to AA control. Optimum improvement was

observed with CoQ10 (100 mg/kg) with significant reduc-

tion in colonic MDA content and increase of SOD activity

and GSH concentration by 56, 196 and 455%, respectively,

compared to AA control (Table 3).

B-Curative regimen

Intracolonic AA instillation (2 ml, 3% v/v,) induced a 3.4-

fold increase in colon MDA content with significant

reduction in colon SOD activity and GSH concentration to

about one-third (0.3) and by (0.06) values observed in

either respective normal controls (Table 3).

Coenzyme Q10 (10 mg/kg) reduced colonic MDA

content and restored SOD activity with significant increase

in GSH concentration by (0.7), (1.8) and (5) values

observed in either respective AA control (Table 3), while

CoQ10 (30 mg/kg) significantly reduced colonic MDA

content and increased SOD activity and GSH concentration

by (0.65), (2.7) and (10) values observed in either respec-

tive AA control (Table 3). Further improvement was

observed with CoQ10 (100 mg/kg) with a significant

reduction in colonic MDA content and increase in SOD

activity and GSH concentration by (0.36), (3.4) and (15)

values observed in either respective AA control, without

any significant difference from normal control (Table 3).

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days on acetic

acid-induced change in Colon TNF-a content

and Ca21 levels

In either prophylactic or curative regimens, intracolonic

AA instillation (2 ml, 3% v/v) induced a significant

Table 2 Effect of either prophylactic or curative CoQ10 (10 or 30 and 100 mg/kg, orally) for 8 days on acetic acid-induced change in serum

TAC and catalase activity

Groups TAC (mM) Catalase (U/mg tissue)

Prophylactic Treatment Prophylactic Treatment

Normal control 1.667 ± 0.04 1.667 ± 0.04 8.75 ± 0.37 8.75 ± 0.37

AA control 0.518 ± 0.017* 0.565 ± 0.03* 4.43 ± 0.35* 4.53 ± 0.4*

AA/CoQ10 (10 mg/kg orally) 0.732 ± 0.026* 0.80 ± 0.04*,# 6.24 ± 0.48*,# 6.42 ± 0.39*,#

AA/CoQ10 (30 mg/kg orally) 1.129 ± 0.06*,# 1.303 ± 0.05*,# 8.10 ± 0.52# 7.98 ± 0.28#

AA/CoQ10 (100 mg/kg orally) 1.513 ± 0.08# 1.517 ± 0.04# 8.55 ± 0.43# 8.73 ± 0.26#

Data are expressed as mean ± SEM, n = 8. Statistical analysis was performed using one-way ANOVA followed by Tukey–Kramer multiple

comparisons test (p\ 0.05)

* Significantly different from normal control group
# Significantly different from AA-control group

Table 3 Effect of either prophylactic or curative CoQ10 (10 or 30

and 100 mg/kg, orally) for 8 days on acetic acid-induced change in

colonic oxidants/antioxidant stress markers; malondialdehyde (MDA)

content, superoxide dismutase (SOD) activity and reduced glutathione

(GSH) concentration

Groups MDA (lmol/g tissue) SOD (U/mg tissue) GSH (lmol/g tissue)

Prophylactic Treatment Prophylactic Treatment Prophylactic Treatment

Normal control 0.33 ± 0.01 0.33 ± 0.01 5.07 ± 0.26 5.07 ± 0.26 4.17 ± 0.38 3.98 ± 0.44

AA control 0.98 ± 0.05* 1.123 ± 0.05* 1.65 ± 0.006* 1.56 ± 0.07* 0.71 ± 0.06* 0.25 ± 0.019*

AA/CoQ10 (10 mg/kg orally) 0.81 ± 0.02*,# 0.77 ± 0.03*,# 2.59 ± 0.12*,# 2.93 ± 0.12*,# 1.07 ± 0.06* 1.34 ± 0.08*,#

AA/CoQ10 (30 mg/kg orally) 0.78 ± 0.03*,# 0.74 ± 0.05*,# 4.23 ± 0.08*,# 4.29 ± 0.09*,# 1.96 ± 0.18*,# 2.60 ± 0.13*,#

AA/CoQ10 (100 mg/kg orally) 0.43 ± 0.01# 0.41 ± 0.03# 4.88 ± 0.21# 5.25 ± 0.08# 3.97 ± 0.26# 3.96 ± 0.26#

Data are expressed as mean ± SEM, n = 8. Statistical analysis was performed using one-way ANOVA followed by Tukey–Kramer multiple

comparison test (p\ 0.05)

* Significantly different from normal control group
# Significantly different from AA-control group
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increase in colon TNF-a content by about 3.1- and 4-folds,

respectively, compared to normal control (Table 4). How-

ever, CoQ10 (10 or 30 and 100 mg/kg, orally) for 8 days in

both prophylactic and curative regimen resulted in a dose-

dependent reduction in colon TNF-a content compared to

AA control; colon TNF-a content significantly declined by

approximately 43, 59, 67% in prophylactic regimen and 20,

63, 74% in curative regimen, respectively, compared to AA

control, (Table 4).

In either prophylactic or curative regimens, intracolonic

AA instillation (2 ml, 3% v/v,) induced a significant

increase in Ca2? content by about 1.9- and 1.8-folds,

respectively, compared to normal control (Table 4).

Coenzyme Q10 (10 or 30 and 100 mg/kg, orally) in both

prophylactic and curative regimens failed to induce any

significant reduction in Ca2? content compared to AA

control.

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days on acetic

acid-induced changes in colon Nrf2 and HO-1

contents

As demonstrated in Table 5, colon Nrf2 and HO-1 contents

significantly declined following intracolonic instillation of

AA (2 ml, 3% v/v) compared to normal control. Colon

Nrf2 content significantly declined to about one-third

(0.35) and one-fifth (0.21) of normal contents in prophy-

lactic and curative regimens, respectively, compared to

normal control (Table 5). Likewise, HO-1 content signifi-

cantly declined to about (0.44) and one-fifth (0.2) of

normal contents in prophylactic and curative regimens,

respectively, compared to normal control (Table 5).

Coenzyme Q10 (10 or 30 and 100 mg/kg, orally) for

8 days either in prophylactic or curative regimen induced a

Table 4 Effect of either prophylactic or curative CoQ10 (10 or 30 and 100 mg/kg, orally) for 8 days on acetic acid-induced change in colon

TNF-a content and Ca2? levels

Groups TNF-a (pg/mg colon) Ca2? content (mg/mg colon)

Prophylactic Treatment Prophylactic Treatment

Normal control 0.090 ± 0.01 0.090 ± 0.01 1.950 ± 0.12 1.950 ± 0.12

AA control 0.282 ± 0.11* 0.352 ± 0.06* 3.683 ± 0.25* 3.70 ± 0.26*

AA/CoQ10 (10 mg/kg orally) 0.158 ± 0.03*,# 0.28 ± 0.06*,# 3.533 ± 0.18* 3.583 ± 0.17*

AA/CoQ10 (30 mg/kg orally) 0.114 ± 0.03# 0.128 ± 0.02*,# 3.233 ± 0.12* 3.217 ± 0.1*

AA/CoQ10 (100 mg/kg orally) 0.092 ± 0.02# 0.094 ± 0.01# 3.217 ± 0.07* 3.233 ± 0.06*

Data are expressed as mean ± SEM, n = 8. Statistical analysis was performed using one-way ANOVA followed by Tukey–Kramer multiple

comparison test (p\ 0.05)

* Significantly different from normal control group
# Significantly different from AA-control group

Table 5 Effect of either prophylactic or curative CoQ10 (10 or 30 and 100 mg/kg, orally) for 8 days on acetic acid-induced change in colon

Nrf2 and HO 1 content levels

Groups Nrf2 (pg/mg colon) HO1 (pg/mg colon)

Prophylactic Treatment Prophylactic Treatment

Normal control 0.895 ± 0.3 0.895 ± 0.3 0.816 ± 0.35 0.816 ± 0.35

AA control 0.318 ± 0.14* 0.19 ± 0.12* 0.353 ± 0.21* 0.167 ± 0.07*

AA/CoQ10 (10 mg/kg orally) 0.598 ± 0.13*,# 0.536 ± 0.31*,# 0.383 ± 0.10* 0.208 ± 0.06*

AA/CoQ10 (30 mg/kg orally) 0.703 ± 0.2*,# 0.712 ± 0.28*,# 0.462 ± 0.20*,# 0.294 ± 0.07*,#

AA/CoQ10 (100 mg/kg orally) 1.13 ± 0.4# 1.001 ± 0.38# 0.753 ± 0.16# 0.747 ± 0.31#

Data are expressed as mean ± SEM, n = 8. Statistical analysis was performed using one-way ANOVA followed by Tukey–Kramer multiple

comparisons test (p\ 0.05)

* Significantly different from normal control group
# Significantly different from AA-control group
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dose-dependent restoration of colonNrf2 and HO-1 contents

compared to AA control; colon Nrf2 contents significantly

increased by 87, 120, 254% in prophylactic regimen and 182,

274, 428% in curative regimen. Also, HO-1 significantly

increased by 8.5, 31, 113% in prophylactic regimen and 24,

75, 345% in curative regimen (Table 5).

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days on acetic

acid-induced histopathological changes

in hematoxylin and eosin (H&E)-stained colon

specimen

A-Prophylactic regimen

As shown in (Fig. 3), colon sections from the normal control

stained with H&E revealed normal colon architecture with

normal mucosa and submucosa without any evidence of any

necro-inflammatory damage or tissue injury (Fig. 3a).

However, colon specimen from AA control revealed widely

ulcerated mucosa with multiple epithelial erosions and sev-

ere inflammatory cells infiltration (Fig. 3b) (Table 6).

Coenzyme Q10 (10 mg/kg) elicited mild improvement;

mucosal ulcers with epithelial loss and severe inflamma-

tory cells infiltrate were detected (Fig. 3c). CoQ10 (30 mg/

kg) induced further recovery; mucosal epithelial injury was

downregulated with fewer inflammatory cells (Fig. 3d). On

the other hand, (100 mg/kg) CoQ10 for 8 days induced

optimal improvement where reparative epithelial changes

were observed, healed ulcer (Fig. 3e) (Table 6).

B-Curative regimen

As shown in (Fig. 4), colon sections from the normal control

groups stained with H&E revealed normal colon architecture

and normal mucosa, submucosa without any evidence of any

necro-inflammatory damaged or tissue injury (Fig. 4a). But

colon specimen following intracolonic instillation of AA

(2 ml, 3% v/v) revealed massive ulcerative hemorrhagic

Fig. 3 Haematoxylin-and-

eosin-stained colonic sections

showing the effect of

prophylactic CoQ10 (10 or 30

and 100 mg/kg, orally) for

8 days on AA-induced

ulcerative colitis (9200).

a Normal control group

showing normal mucosa and

underlying submucosa. b AA

control showing widely

ulcerating mucosa and severe

inflammatory cells infiltrate.

c AA/CoQ10 (10 mg/kg orally)

showing mucosal ulceration

with epithelial loss and severe

inflammatory cells infiltrate.

d AA/CoQ30 (30 mg/kg orally)

showing repairing mucosal

epithelial injury with mild

inflammatory cells infiltrate.

e AA/CoQ100 (100 mg/kg

orally) showing healing mucosa

with minimal inflammatory

infiltrate. mu mucosal

epithelium, u ulceration,

I infiltration
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Table 6 Effect of either prophylactic or curative CoQ10 (10 or 30 and 100 mg/kg, orally) for 8 days on acetic acid-induced change in count of

inflammatory cells for Hx and E and integrated density for caspase-3

Groups Inflammatory cells count (cells/lm2) Integrated density (9103)

Prophylactic Treatment Prophylactic Treatment

Normal control 18.20 ± 1.41 25.20 ± 2.03 0.153 ± 0.01 0.363 ± 0.01

AA control 174.2 ± 4.34* 148.6 ± 4.98* 5059 ± 52.9* 5079 ± 192.7*

AA/CoQ10 (10 mg/kg orally) 147.7 ± 5.75*,# 134.4 ± 6.78* 4046 ± 117.9*,# 4643 ± 142.2*

AA/CoQ10 (30 mg/kg orally) 126.7 ± 6.14*,# 58.40 ± 3.96*,# 3909 ± 136.6*,# 4060 ± 133.9*,#

AA/CoQ10 (100 mg/kg orally) 29.50 ± 2.10# 32.50 ± 1.14# 1503 ± 46.4*,# 1858 ± 116.5*,#

Data are expressed as mean ± SEM, n = 8. Statistical analysis was performed using one-way ANOVA followed by Tukey–Kramer multiple

comparisons test (p\ 0.05)

* Significantly different from normal control group
# Significantly different from AA-control group

Fig. 4 Hematoxylin–and-eosin-

stained colonic sections

showing the effect of curative

CoQ10 (10 or 30 and 100 mg/

kg, orally) for 8 days on AA-

induced UC (9200). a Normal

control group showing normal

mucosa and underlying

submucosa. b AA control

showing mucosal ulceration and

severe inflammatory cells

infiltrate. c AA/CoQ10 (10 mg/

kg orally) showing ulcerated

mucosa and severe

inflammatory cells infiltrate.

d AA/CoQ30 (30 mg/kg orally)

showing repairing mucosal

epithelial injury with mild

inflammatory cells infiltrate.

e AA/CoQ100 (100 mg/kg

orally) showing healed mucosal

epithelium with minimal

inflammatory infiltrate. mu

mucosal epithelium,

u ulceration, I infiltrate
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colitis, loss of entire necrotic mucosa with significant

inflammatory infiltrate (Fig. 4b) (Table 6).

Coenzyme Q10 (10 mg/kg) resulted in minimal improve-

ment; mucosal ulcers, epithelial loss and severe inflammation

were detected (Fig. 4c). Coenzyme Q10 (30 mg/kg) amelio-

rated mucosal epithelial injury; only mild inflammatory cells

infiltration was detected (Fig. 4d). Finally, (100 mg/kg)

CoQ10 for 8 days induced complete mucosal ulcers healing

with minimal inflammatory infiltration (Fig. 4e) (Table 6).

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days on acetic

acid-induced activation of colon apoptosis;

immunohistochemical analysis of caspase-3

expression

Normal control in either prophylactic or treatment regi-

men revealed negative immunostaining for caspase-3

(Figs. 5a, 6a), respectively. On the contrary, intracolonic

Fig. 5 Effect of prophylactic

CoQ10 (10 or 30 and 100 mg/

kg, orally) for 8 days on AA-

induced activation of colon

apoptosis;

immunohistochemical analysis

of caspase-3 expression (9200).

a Normal control showing

negative immunostaining. b AA

control showing strong caspase-

3 expression. c AA/CoQ10

(10 mg/kg orally) showing

severe to moderate caspase-3

expression. d AA/CoQ30

(30 mg/kg orally) showing

moderate caspase-3 expression.

e AA/CoQ100 (100 mg/kg

orally) showing mild caspase-3

expression
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instillation of AA (2 ml, 3% v/v) either in prophylactic

or curative regimen induced strong caspase-3 expression

confirming significant apoptotic activity in colon tissue

(Figs. 5b, 6b).

Prophylactic and curative daily oral CoQ10 (10 or 30

and 100 mg/kg) dose-dependently downregulated colon

caspase-3 expression. Severe to moderate caspase-3

expression was detected in colonic specimen from rats

treated with (10 mg/kg) CoQ10 either in prophylactic or

curative regimens (Figs. 5c, 6c). Coenzyme Q10 (30 mg/

kg) in prophylactic and curative regimens downregulated

caspase-3 expression; only moderate expression (Figs. 5d,

6d) was detected in the examined specimen. Only mild

caspase-3 expression was detected in specimen isolated

Fig. 6 Effect of curative

CoQ10 (10 or 30 and 100 mg/

kg, orally) for 8 days on acetic

acid-induced activation of colon

apoptosis;

immunohistochemical analysis

of caspase-3 expression (9200).

a Normal control group

showing negative

immunostaining. b AA control

showing strong caspase-3

expression. c AA/CoQ10

(10 mg/kg orally) showing

severe to moderate caspase-3

expression. d AA/CoQ30

(30 mg/kg orally) showing

moderate caspase-3 expression.

e AA/CoQ100 (100 mg/kg

orally) showing negative

caspase-3 expression
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from rats treated with CoQ10 (100 mg/kg) in both pro-

phylactic and curative regimens (Figs. 5e, 6e).

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days

on correlation between TAC and clinical evaluation,

macroscopic scoring or MDA of ulcerative colitis

Prophylactic and curative CoQ10 (10 or 30 and 100 mg/kg,

orally) administration revealed strong significant correlation

between TAC and clinical evaluation, macroscopic scoring

or MDA. In prophylactic regimen, the correlation between

TAC and clinical evaluation, macroscopic scoring or MDA

was -0.98, -0.95 or -0.96, respectively, (Fig. 7). Also, in

curative regimen, the correlation between TAC and clinical

evaluation, macroscopic scoring or MDAwas-0.97,-0.96

or -0.93, respectively (Fig. 8).

Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days

on correlation between MDA and Nrf2, HO-1

or TNF-a

Prophylactic and curative CoQ10 (10 or 30 and

100 mg/kg, orally) showed a strong and significant

correlation between MDA and Nrf2, HO-1 or TNF-a. In
prophylactic regimen, the correlation coefficient

between MDA and Nrf2, HO-1 or TNF-a was -0.89,

-0.98 or 0.82, respectively (Fig. 9). While in the

curative regimen, the correlation between MDA and

Nrf2, HO-1 or TNF-a was -0.95, -0.92 or 0.91,

respectively (Fig. 10).
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Fig. 7 Correlation between TAC and (clinical evaluation, macro-

scopic scoring or MDA) with prophylactic daily oral (8 days) CoQ10

(10 or 30 and 100 mg/kg, orally)
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Fig. 8 Correlation between TAC and (clinical evaluation, macro-

scopic scoring or MDA) with curative daily oral (8 days) CoQ10 (10

or 30 and 100 mg/kg, orally)
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Fig. 9 Correlation between MDA and (Nrf2, HO-1 and TNF-a) with
prophylactic daily oral (8 days) CoQ10 (10 or 30 and 100 mg/kg,

orally)
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Fig. 10 Correlation between MDA and (Nrf2, HO-1 and TNF-a)
with curative daily oral (8 days) CoQ10 (10 or 30 and 100 mg/kg,

orally)
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Effect of either prophylactic or curative CoQ10 (10

or 30 and 100 mg/kg, orally) for 8 days

on correlation between TAC and Nrf2, HO-1

or TNF-a

Prophylactic and curative CoQ10 (10 or 30 and 100 mg/kg,

orally) showed a strong significant correlation between TAC

and Nrf2, HO-1 or TNF-a. In prophylactic regimen, corre-

lation between TAC and Nrf2, HO-1 or TNF-a was 0.94,

0.89 or -0.98, respectively (Fig. 11). In the curative regi-

men, correlation between TAC and either Nrf2, HO-1 or

TNF-a was 0.906, 0.96 or -0.879, respectively (Fig. 12).

Discussion

The current study sheds light on the coloprotective effect of

CoQ10 against experimentally induced UC. Moreover, the

results of the current study highlight dose-dependent pro-

tective effect of CoQ10 and define potential mechanisms

implicated in the observed coloprotective effect. The

observed coloprotective effect was proven to be attributed

to anti-inflammatory, antioxidant and anti-apoptic effects

mainly through modulatory effect on Nrf2/HO-1 pathway.

A well-standardized experimental model was used for

induction of UC. Acetic acid is an important colitis-in-

ducing agent (El Morsy et al. 2015). Progression of AA-

induced UC was associated with significant colonic

macroscopical and biochemical alterations; increased

serum LDH activity, CRP titer and colon content of MDA,

TNF-a and Ca2? with concomitant reduction in serum

TAC, colon SOD activity, CAT activity, GSH concentra-

tion, Nrf2 and HO-1 contents. Ultimately, this was

accompanied by significant histopathological colonic

damage and increased colonic expression of caspase-3.

These results are consistent with previous observations of

Al-Rejaie et al. (2013) and Malago and Sangu (2015).

Giris et al. (2008) reported increased oxidative stress

and apoptotic activity to be implicated in the pathogenesis

of UC with reduced antioxidant capacity and increased free

radical production such as ROS (Lih-Brody et al. 1996).

Free radicals have been detected in colorectal specimens of

animal models of UC (Bitiren et al. 2010). Moreover,

Seidelin (2015) confirmed apoptosis to be implicated in the

pathogenic pathway of UC.

A therapeutic agent, that can significantly interfere with

critical checkpoints within the pathogenic pathway of UC,

of note, increased oxidative stress, inflammatory cytokines

expression and apoptosis, can be expected to offer signif-

icant protection against AA-induced cellular, biochemical

and functional damage of colon.

In the current study, CoQ10 dose-dependently decreased

the colon MDA content, suggesting inhibitory effect on

lipid peroxidation and generation of reactive oxygen spe-

cies (ROS), paralleled with increased serum TAC, colon

content of GSH, SOD and catalase activities suggesting

significant boost of antioxidant defenses. Such improve-

ments in oxidative/antioxidant balance were paralleled

with significant reduction in serum LDH activity and CRP

titer, suggesting concomitant cytoprotective impact.

Significant reduction in colon TNFa content confirms

anti-inflammatory and immune-modulatory effect of

CoQ10 especially at higher doses. The particular anti-in-

flammatory effect of CoQ10 is confirmed by mitigation of

AA-induced histological alterations; of particular impor-

tance is the significant downregulation of apoptic and
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Fig. 11 Correlation between TAC and (Nrf2, HO-1 and TNF-a) with
prophylactic daily oral (8 days) CoQ10 (10 or 30 and 100 mg/kg,

orally)
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inflammatory reaction. Mild caspase-3 expression was

detected with high dose of CoQ10 indicating retraction of

apoptosis. These finding is in line with El-Sheikh et al.

(2012). In context, Papucci et al. (2003) reported CoQ10-

mediated anti-apoptotic activity as an essential mechanism

in its therapeutic merits.

The inflamed colon is related to oxidative stress (Al-

Rejaie et al. 2013). With this in mind, it could be presumed

that downregulation of ROS production and enhancement

of antioxidant defense can contribute to preservation of

cellular integrity and subsequent structural, biochemical

and physiological improvements (Said et al. 2016).

Antioxidant properties of CoQ10 were accompanied by

significant reduction in AA-induced pathological changes

with restoration of normal biochemical balance and cellular

hemostasis. Coenzyme Q10 has been reported to possess a

gastro-protective effect mediated primarily via its antioxi-

dant properties (El-Abhar 2010).

Coenzyme Q10 is a cofactor in the mitochondrial res-

piratory chain and plays an important role in ATP

production (Bhagavan and Chopra 2006). Most ROS are

generated in the mitochondria, which generate ATP and

supply cellular energy requirements. Of notice, mitochon-

dria are a very important target for oxidative stress (Greco

et al. 2011). Increased mitochondrial oxidative stress

increases oxidative injury and suppresses electron transport

of the respiratory chain, ultimately reducing ATP produc-

tion (Chi et al. 2015), driving metabolic failure, oncosis

and apoptosis (Lee et al. 2001). Hence, by replenishing

ATP stores and preserving ATP production, CoQ10 can be

presumed to protect mitochondria against AA-induced

increased ROS production, metabolic failure and apoptosis.

A physiological function of catalase is to counteract

oxidative stress which plays an important role in colitis

induction. Colon catalase activity declined following

intracolonic AA instillation. Several antioxidants, amongst

other substances used as experimental treatments for UC,

are proposed to protect against free radical-induced injury

in various bowel diseases. Enhanced catalase activity

mitigated the harmful effects of free radicals and reduced

the number of reactive metabolites driven by AA (Al-Re-

jaie et al. 2013).

Enzymes such as SOD and CAT, and also non-enzy-

matic antioxidants like GSH, constitute the antioxidant

system, protecting the cell against oxidative damage. GSH

is an essential contributor in cellular antioxidant defenses,

and acts by scavenging free radicals and other ROS. Acetic

acid-induced oxidative stress depleted GSH stores (Cetin-

kaya et al. 2005), and the reduction of GSH may, in turn,

aggravate AA-induced UC, probably via weakening of the

antioxidant defense.

Maintenance of reduced GSH concentration is strongly

believed to block lipid peroxidation and to restore cellular

defense mechanisms and thereby protect against oxidative

damage to the tissues. In accordance with these findings,

the current results verify that CoQ10 maintained and

boosted colonic GSH concentrations. The coloprotective

action of the CoQ10 can be proposed to be mediated, in

part, by replenishing the depleted GSH.

SOD is another key enzyme in cellular antioxidant

defenses. It inactivates superoxide ion by converting it into

its more stable metabolite, hydrogen peroxide (Cetinkaya

et al. 2006). It restrains lipid peroxidation in colon by

eliminating free radicals and ROS. Accumulated researches

indicated that decreased SOD activity in colon tissues

aggravated mucosal injury. Coenzyme Q10 significantly

suppressed lipid peroxidation, prevented AA-induced

reduction of SOD activity and restored MDA levels. The

coloprotective effect of CoQ10 can be attributed to its

ability to inhibit the generation of ROS. This result is in

agreement with previous result reporting similar observa-

tions (El-Sheikh et al. 2012; Kandhare et al. 2013).

Nrf2 is the key transcription factor regulating the

antioxidant response crucial for cytoprotection against

extracellular stresses (Khor et al. 2006). Nrf2 is a cellular

sensor of oxidative stresses. It controls expression and

programmed induction of various defensive genes encod-

ing antioxidant proteins and detoxifying enzymes. Thus,

disruption or loss of Nrf2 signaling is believed to enhance

susceptibility not only to oxidative and electrophilic

stresses but also to tissue injuries (Khor et al. 2006).

Moreover, in vivo study of Rangasamy et al. (2005) proved

Nrf2 implication in the regulation of inflammatory process.

Coordinated expression of cytoprotective and anti-ox-

idative genes by activation of Nrf2 signaling is essential for

body’s protection against various inflammatory tissue

injuries. Recent studies have reported Nrf2/ARE signaling

to be involved in attenuation of inflammation-associated

pathogenesis of several disorders including colitis (Kim

et al. 2010). In the current study, colonic Nrf2 expression

was remarkably restored with CoQ10 administration.

Coenzyme Q10 not only prevented AA-induced reduction

in colon Nrf2 content, but also increased its levels in a

dose-dependent manner.

Interestingly, HO-1 is believed to be amongst enzymes

upregulated post Nrf2 stimulation. HO-1 is believed to

exhibit anti-inflammatory activities by inhibiting the pro-

duction of pro-inflammatory mediators in a variety of cells

(Kim et al. 2014). It has pronounced anti-inflammatory as

well as anti-oxidative properties. Also, it is a critical regu-

lator and modulator of innate immunity and inflammation.

HO-1 has been reported to be upregulated in acute inflam-

matory disorders (Yalniz et al. 2012), specifically intestinal

inflammation (Naito et al. 2004). In the current study, CoQ10

administration restored HO-1 levels in a dose-dependent

manner. This result confirms the previous findings reporting
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HO-1 to mediate important homeostatic pathway with anti-

inflammatory effects in different experimental models of

colitis (Sheikh et al. 2011; Yalniz et al. 2012).

In association with the observed improvement in colonic

Nrf2 and HO-1 contents, colon TNF-a content significantly

declined in a dose-dependent manner with CoQ10 admin-

istration, proving the association between antioxidant and

anti-inflammatory potential of CoQ10 in the observed

therapeutic effect.

In conclusion, coenzyme Q10 significantly ameliorated

AA-induced UC. The observed amelioration of colon

function and physiology with CoQ10 treatment could be

proposed to be mediated via multiple mechanisms includ-

ing: (1) reduction of colitis-induced augmentation of

oxidative stress; (2) blockade of colitis-induced inhibition

of antioxidant activity; (3) blockade of colitis-induced

elevation of pro-inflammatory cytokines TNF-a; (4)

inhibiting colitis-induced depletion of antioxidant defense

cytokines, Nrf2 and HO-1; (5) reduction of colitis-induced

apoptosis and caspase-3 expression. It is worth mentioning

that anti-inflammatory, antioxidant and anti-apoptic

potentials of CoQ10 are dose-dependent. It appears that

modulatory effect of CoQ10 on Nrf2/HO-1 is the major

mechanism implicated in the observed therapeutic potential

(Table 6).
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