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Abstract: Gallic acid (GA) is a polyhydroxy phenolic compound that has been detected in 

various natural products, such as green tea, strawberries, grapes, bananas, and many other 

fruits. In inflammatory bowel disease, inflammation is promoted by oxidative stress. GA is 

a strong antioxidant; thus, we evaluated the cytoprotective and anti-inflammatory role of GA 

in a dextran sulfate sodium (DSS)-induced mouse colitis model. Experimental acute colitis 

was induced in male BALB/c mice by administering 2.5% DSS in the drinking water for  

7 days. The disease activity index; colon weight/length ratio; histopathological analysis; mRNA 

expressions of IL-21 and IL-23; and protein expression of nuclear erythroid 2-related factor 2  

(Nrf2) were compared between the control and experimental mice. The colonic content of 

malondialdehyde and the activities of superoxide dismutase, catalase, glutathione peroxidase, 

and glutathione reductase activity were examined as parameters of the redox state. We deter-

mined that GA significantly attenuated the disease activity index and colon shortening, and 

reduced the histopathological evidence of injury. GA also significantly (P,0.05) reduced the 

expressions of IL-21 and IL-23. Furthermore, GA activates/upregulates the expression of Nrf2 

and its downstream targets, including UDP-GT and NQO1, in DSS-induced mice. The findings 

of this study demonstrate the protective effect of GA on experimental colitis, which is probably 

due to an antioxidant nature of GA.
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Introduction
Ulcerative colitis (UC), one of the two primary subtypes of inflammatory bowel disease 

(IBD), is a chronic relapsing and remitting inflammatory disorder of the gastrointes-

tinal tract.1 Although the precise molecular basis and pathophysiology of UC remain 

unclear, it is generally accepted that interactions between genetic susceptibility and 

environmental triggers cause hyperactivation of the mucosal immune system, result-

ing in chronic intestinal inflammation.2 Currently, a specific causal treatment of IBD 

is not available, and the best treatment regimen involves regulation of the oxidant/

antioxidant balance.

Dextran sulfate sodium (DSS)-induced colitis is a well-established experimental 

model in rodents that resembles many of the signs and symptoms of human UC, 

including bloody feces, diarrhea, weight loss, mucosal ulceration, and shortening of 

the colon. Although the mechanisms through which DSS induces colitis are unknown, 

one study revealed that it increases intestinal permeability and causes injury to the 

epithelium, suggesting that DSS causes dysfunction of the mucosal defense systems.3 In 

this model system, leukocytes, including neutrophils, lymphocytes, and macrophages, 

have been reported to infiltrate inflamed tissues.4 The production and release of reactive 

oxygen species by immune cells seem to play a crucial role in the physiopathology of 

UC.5 Increased accumulation of tissue injury produced by neutrophils and macrophages 
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has been attributed to their ability to release reactive oxygen 

mediators, nitrogen metabolites, and proinflammatory cytok-

ines, and to disrupt epithelial integrity.6–8

Numerous studies have indicated that oxidative stress 

is a key causative of UC. Reactive oxygen metabolites are 

generated as byproducts of cellular metabolism, primarily 

in the mitochondria. When the cellular production of these 

metabolites overwhelms the antioxidant capacity of cells, 

cellular macromolecules are damaged. This state of “oxida-

tive stress” is thought to contribute to the pathogenesis of a 

number of human diseases, including UC.9,10 The end product 

of lipid peroxidation, malondialdehyde (MDA), is harmful 

and may be responsible for some of the overall effects of 

oxidative stress, including the release of cell contents and 

cell death, which cause tissue and organ damage.10

Nuclear erythroid 2-related factor 2 (Nrf2) is a basic leu-

cine zipper redox-sensitive transcriptional factor that plays a 

central role in transcriptional regulation of antioxidant and/or  

detoxifying genes. Nrf2 is sequestered in the cytoplasm by 

Keap1 under normal conditions, which results in its prote-

osomal degradation.11,12 Under certain conditions, such as 

oxidative stress, Nrf2 is released from Keap1 and translocates 

into the nucleus where it acts in combination with other tran-

scription factors to activate the transcription of genes contain-

ing the antioxidant response element in their promoter regions, 

and this results in a cytoprotective adaptive response.13,14 

This adaptive response is characterized by upregulation of a 

battery of antioxidative enzymes and decreased sensitivity to 

oxidative damage and cytotoxicity.15,16

Gallic acid (GA) is a polyhydroxy phenolic compound 

that has been found in various natural products, such as 

green tea, strawberries, grapes, bananas, and many other 

fruits.17–19 GA exhibits a variety of biological activities, 

including antioxidant,20 antibacterial,21 antitumor,22 and 

anti-inflammatory23 activities. Ho et al24 reported that GA 

inhibits gastric cancer cell metastasis and invasive growth via 

upregulation of RhoB, downregulation of AKT/small GTPase 

signals, and inhibition of NF-κB activity. GA induces apopto-

sis via caspase-3 and mitochondrion-dependent pathways in 

vitro, and suppresses lung xenograft tumor growth in vivo.25 

In this study, we investigated the protective effects of GA 

against DSS-induced colitis in a BALB/c mouse model. In 

addition, we examined GA’s ability to enhance enzymic 

antioxidants (superoxide dismutase [SOD], catalase [CAT], 

glutathione peroxidase [GPx], and glutathione reductase 

[GR]) and activate the redox sensitive transcription fac-

tor Nrf2 and its downstream targets, including NQO1 and 

UDP-GT.

Materials and methods
Animals
In this study, male BALB/c mice weighing 25–30 g were 

purchased from Sapphire Enterprises (Seri Kembangan, 

Malaysia). They were housed individually in plastic cages 

at a constant temperature (21°C±2°C) with an alternating 

12-hour light/dark cycle, and animal chow and water were 

provided ad libitum. All animal treatments adhered strictly 

to institutional and international ethical guidelines of the care 

and use of laboratory animals. The experimental protocol 

was approved by the Institutional Animal Care and Use 

Committee, Universiti Putra Malaysia, Malaysia, for the use 

of animal subjects.

Experimental design
Animals were randomly divided into three experimental 

groups. Group 1 served as the control and received normal 

drinking water. In group 2 (DSS), acute colitis was induced 

by administering 2.5% (w/v) DSS (molecular weight: 

35,000–50,000; MP Biomedicals, LLC, Santa Ana, CA, 

USA) through the drinking water for 7 days.26 In group 3, 

acute colitis was induced in the same manner as in group 2, 

and the animals also received GA orally at 10 mg/kg body 

weight for 7 days. During the experimental period, body 

weight, stool consistency, and gross bleeding scores were 

recoded to calculate disease activity index (DAI).27 The 

method for scoring of DAI is illustrated in Table 1.

After the experimental period, each animal was sacri-

ficed, its colon was excised, and the length and weight of 

the colon was measured. Then, the colon was washed with 

phosphate-buffered saline (PBS), a portion of it was fixed 

in 10% buffered formalin, and the other portion was stored 

in dry ice for further analyses.

Histopathology of the colon
Formalin-fixed colons were paraffin embedded and then cut into 

5 μm sections on a glass slide. Sections were stained with hema-

toxylin and eosin for the histopathology analysis. The sections 

Table 1 Scoring system to calculate DAI

Score Weight loss Stool consistency Visible blood in feces

0 None Normal None
1 1%–5% Normal None
2 6%–10% Loose Slightly bleeding
3 11%–20% Loose Slightly bleeding
4 .20% Diarrhea Gross bleeding

Note: The DAI value is calculated as the sum of the scores for weight loss, stool 
consistency, and blood in feces.
Abbreviation: DAI, disease activity index.
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were photographed using a Nikon 80i ECLIPSE microscope 

(Nikon Corporation, Tokyo, Japan) at 20× magnification.

Measurement of MDA
The level of MDA in the colon was determined as an indica-

tor of lipid peroxidation and was estimated by the method 

of Ohkawa et al.28 The colon tissue was homogenized in 

1.15% KCl solution. The sample consisted of 0.2 mL 8.1% 

sodium dodecyl sulfate, 1.5 mL 20% acetic acid, 1.5 mL 0.8% 

thiobarbituric acid, and 0.7 mL distilled water. The samples 

were boiled for 1 hour at 95°C and centrifuged at 3,000× g for  

10 minutes. The absorbance of the supernatant was measured 

spectrophotometrically at 650 nm.

Assay of enzymic antioxidants
The assay of SOD was performed following the method of 

Kakkar et al29 based on 50% inhibition of the formation of 

reduced nicotinamide adenine dinucleotide (NAD)–phenazine 

methosulphate–nitroblue tetrazolium (NBT) formazan at 

520 nm.The amount of enzyme required for 50% inhibition 

of NBT reduction/minute/mg protein was considered one 

unit of enzyme activity. CAT activity was determined fol-

lowing the method of Sinha.30 The values of CAT activity are 

expressed as micromoles of H
2
O

2
 utilized/minute/mg protein. 

GR activity was assayed following the method of Carlberg and 

Mannervik,31 and the values are expressed as μmol of reduced 

NAD phosphate (NADPH) oxidized/minute/mg protein. GPx 

activity was assayed by the method of Rotruck et al32 and the 

values are expressed as μmol of reduced glutathione (GSH) 

utilized/minute/mg protein.

Immunohistochemical analysis
The immunohistochemical method of Pandurangan et al33 

was adopted with some modifications. Paraffin-embedded 

tissue sections of 5 µm thickness were rehydrated in xylene 

and then in graded ethanol solutions. Then, the slides were 

incubated with HistoVT (10×, pH 7.0) (Nacalai Tesque, 

Tokyo, Japan) antigen retrieval solution for 20 minutes at 

90°C and then cooled to room temperature. The slides were 

then blocked with 5% bovine serum albumin (BSA) in 

TBS–Tween 20 (TBST) for 2 hours. The sections were then 

incubated with mouse monoclonal Nrf2 antibody (Santa Cruz 

Biotechnology Inc., Dallas, TX, USA) overnight at 4°C for 

immunostaining. After washing the slides thrice with TBST, 

the sections were incubated with the appropriate second-

ary antibodies in TBST with 5% BSA for 2 hours at room 

temperature. The sections were then washed with TBST and 

incubated for 5–10 minutes with a peroxidase stain from a 

peroxidase stain DAB kit following the instructions provided 

by the manufacturer (Nacalai Tesque). Counterstaining was 

performed using hematoxylin (Cell Path, Mochdre, New-

town, UK), and the slides were photographed under a light 

microscope (Nikon ECLIPSE 80i; Nikon Corporation).

Isolation of nuclear and cytosolic 
fractions
Isolation of nuclear and cytosolic fractions was performed 

following the method of Pandurangan et al.34 A small piece 

of colonic tissue in PBS was washed and resuspended in  

1 mL of solution A (250 mM sucrose; 1.5 mM MgCl
2
; 20 mM 

HEPES; 10 mM KCl; 1 mM ethylenediaminetetraacetic acid 

(EDTA), pH 8.0; 1 mM ethylene glycol tetraacetic acid; and 

1× protease inhibitor cocktail; ~300 mOsm) with gently tapping 

and pipetting. Then, the samples were homogenized using an 

electric homogenizer, and the lysates were centrifuged at 720× g  

for 8 minutes at 4°C. The supernatant (cytosolic fraction) 

was transferred into a new 1.5 mL tube, and the remaining 

cell pellet was washed twice with 0.5 mL solution A and 

resuspended in 50 µL of solution B (20 mM HEPES, pH 7.9; 

420 mM NaCl; 1.5 mM MgCl
2
; 0.2 mM EDTA, pH 8.0; 0.5 mM  

phenylmethanesulfonyl fluoride or phenylmethylsulfonyl 

fluoride (PMSF); 0.5 mM dithiothreitol; 25% glycerol; and 

1× protease inhibitor cocktail; ~3,860 mOsm). The samples 

were incubated on ice for 1 hour and then centrifuged at 9,300× g  

for 10 minutes at 4°C. The resulting supernatant was the nuclear 

fraction and was isolated and kept at -80°C until use.

Immunoblot analysis
Immunoblot analysis was performed according to the method 

of Ashokkumar and Sudhandiran,35 with some modifications. 

Briefly, colonic tissues were removed and washed in ice cold 

PBS. The whole colonic tissue was cut into pieces and homog-

enized in five volumes of ice-cold homogenizing buffer (0.1 

mM NaCl, 0.1 M Tris Cl, 0.001 M EDTA, 1 mM PMSF, 1 

mg/mL aprotonin, and 0.1 mM leupeptin) and centrifuged at 

3,000× g for 1 hour at 4°C. The protein contents of the super-

natants were estimated using BSA as the standard. The extracts 

were heated in a boiling water bath for 5 minutes, and 40 µg 

protein samples were subjected to sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and transferred to poly-

vinylidene difluoride membranes using a transfer apparatus 

(Bio-Rad Laboratories Inc., Hercules, CA, USA). The mem-

branes were blocked overnight at 4°C with blocking reagent  

(20 mM Tris (pH 7.4), 125 mM NaCl, 0.2% [v/v] Tween 20, 

4% [w/v] nonfat dry milk, and 0.1% [w/v] sodium azide). 

Then, the membranes were incubated with the Nrf2 and 

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3926

Pandurangan et al

β-actin (Santa Cruz Biotechnology Inc.) primary antibodies 

diluted according to the recommendations of the supplier 

overnight. They were then incubated with the corresponding 

horseradish peroxidase-conjugated secondary antibody (Santa 

Cruz Biotechnology Inc.) for 1 hour. The protein–antibody 

complexes were detected using the Clarity Western ECL 

substrate (Bio-Rad Laboratories Inc.). The quantification of 

the respective blots was performed using ImageJ software 

(NIH, Bethesda, MD, USA).

RNA isolation and quantitative 
polymerase chain reaction
Isolation of RNA from colonic tissue and real-time poly-

merase chain reaction (RT-PCR) were performed following 

the method described by Pandurangan et al.34 Total RNA from 

colonic tissue was extracted using a QIA shredder and RNeasy 

Kit (Qiagen NV, Venlo, the Netherlands) following the manu-

facturer’s instructions. Quantitative RT-PCR was performed 

using an Eppendorf PCR system with QuantiFast SYBR Green 

PCR Master Mix (Qiagen NV), primers (1 mM; Table 2),  

and 1 µg cDNA in a 25 mL reaction mixture. All target cDNAs 

and the standard β-actin cDNA were analyzed in duplicate 

in three independent RT-PCR assays. Thermal cycling was 

initiated with an activation step at 95°C for 30 seconds, 

followed by 40 cycles of 95°C for 5 seconds and 60°C for  

30 seconds. Immediately after amplification, melt curves were 

generated to ensure the primer dimers and other nonspecific 

products had been minimized. The relative expressions of the 

target genes were analyzed by the ΔΔCt method.

Statistical analysis
The data are expressed as means and standard deviation. The 

data were processed using the statistical analysis software 

SPSS version 16.0 (SPSS Inc., Chicago, IL, USA). All 

P-values were two-tailed, and a P-value 0.05 was consid-

ered to indicate a statistically significant difference.

Results
Effect of GA on clinical signs
In the present study, the mice in the DSS-induced group 

showed body weight loss, bloody diarrhea, and severe 

colitis without mortality. As shown in Figure 1A, DSS-

induced mice had an increased DAI score (body weight 

loss, stool consistency, and blood in the stool) compared to 

the control mice. DSS-induced mice that received oral GA 

treatment had obviously less weight loss and lower DAI 

scores than the untreated DSS-induced mice. In addition, 

the GA-treated DSS-induced mice showed a significant 

reduction in colonic weight/length ratio (Figure 1B), an 

index of colonic edema that is increased significantly as a 

consequence of the inflammatory process, compared with 

the untreated DSS-induced mice. Figure 1C shows the 

percentage of hematocrit in control and experimental ani-

mals. We observed that there was a decreased hematocrit in 

DSS-induced mice when compared to control mice. Admin-

istration of GA showed significantly (P,0.05) increased 

hematocrit in DSS-induced mice.

GA improves histological signs of DSS-
induced damage
Figure 2 shows the histology of the colonic tissues of the 

control and experimental mice. The control mice had normal 

colonic architecture with no damage. However, the DSS-

induced mice showed mucosal ulceration, gland distortion, 

and leukocyte infiltration. These observations were more 

severe in the untreated DSS-induced mice than in the GA-

treated DSS-induced mice.

GA suppresses the expressions of IL-21 
and IL-23
Figure 3 shows the mRNA levels of IL-21 and IL-23. The 

DSS-induced mice showed increased expressions of IL-21 

and IL-23, and the administration of GA significantly 

Table 2 List of primers used

Serial number Gene Accession number Primer sequence Primer length

1 IL-21 NM_021782.2 Forward-5′-ACCAGACCAAGGCCCTGTCATCA-3′
Reverse-5′-GGGTCCTCTCCATGCCACCAGA-3′

23
22

2 IL-23 NM_031252.2 Forward-5′-CTCCTCCAGCCAGAGGATCAC-3′
Reverse-5′-ACTAGAACTCAGGCTGGGCAT-3′

21
21

3 NQO1 CT010284.1 Forward-5′-CCCATGAGGCATCACCGTAG-3′
Reverse-5′-GGACGTAGATCTTGCCCTGG-3′

20
20

4 UDP-GT NM_145079.3 Forward-5′-GTGCTCGTAGCAGGATTTGC-3′
Reverse-5′-TCTGGAAAGGACCGTTGTCG-3′

20
20

5 β-actin NM_007393.3 Forward-5′-GGCGGACTGTTACTGAGCTG-3′
Reverse-5′-CTGCGCAAGTTAGGTTTTGTCA-3′

20
22
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Figure 1 GA treatment improved DSS-induced colitis in mice.
Notes: Mice were given 2.5% DSS in drinking water for 7 days and were then sacrificed. GA was given orally from day 1 to day 7. (A) Disease activity index was calculated. 
The statistical significance was tested by Student’s t-test. (B) Colon weight/length ratio. (C) Hematocrit. Values are expressed as mean ± SD for six mice in each group. 
Comparisons: acontrol vs DSS; bDSS vs DSS + GA; (*P,0.05).
Abbreviations: DSS, dextran sulfate sodium; GA, gallic acid.

(P,0.05) suppressed the effects of DSS on the expressions 

of IL-21 and IL-23.

GA attenuates MDA levels in DSS-
induced UC
Figure 4 shows a significant (P,0.05) increase in the level 

of MDA in DSS-induced mice compared with control mice. 

Additionally, treatment of DSS-induced mice with GA 

resulted in a significant reduction in the level of MDA.

GA increases the activities of enzymic 
antioxidants
Figure 5 presents the levels of enzymic antioxidants (SOD, 

CAT, GPx, and GR) in the colonic mucosa of mice in the 

control and experimental groups. The activities of enzymic 

antioxidants were significantly (P,0.05) reduced in DSS-

induced mice compared to the control mice (group 1). DSS-

induced mice administered GA (group 3) showed significantly 

increased enzymic antioxidant activities compared with the 

untreated DSS-induced mice (group 2). We also confirmed 

the expressions of enzymic antioxidants by quantitative RT-

PCR as shown in the Supplementary materials.

GA induces Nrf2 protein expression and 
nuclear translocation
We examined the protein expression and subcellular location 

of Nrf2 in colonic tissue during the exposure of mice to DSS. 

The Western blot analysis results in Figure 6A show a sig-

nificant increase of Nrf2 protein expression in the GA-treated 

group of mice. Western blot analysis of the nuclear protein 

fraction (Figure 6A) and immunohistochemical analysis 

(Figure 6B) show Nrf2 accumulation in the nucleus of colon 

in the GA-treated mice. Additionally, Figure 6C and D  

show the mRNA expressions of NQO1 and UDP-GT, two 

downstream targets of Nrf2. The expressions of NQO1 or 

UDP-GT were not altered in the DSS-induced mice compared 

to the control mice. Administration of GA was shown to 

increase the expressions of NQO1 and UDP-GT. This clearly 

indicates that GA has a cytoprotective role by activating Nrf2 

and its downstream targets.
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Figure 2 GA improves the histological alterations caused by DSS.
Notes: Tissue sections were stained with hematoxylin and eosin to determine the morphological lesions and colonic mucosa changes. Representative histological images 
of control (A), DSS-induced (B), and DSS + GA (C) treated mice are shown at 20× magnification. Arrows indicate the mucosal ulceration, gland distortion, and leukocyte 
infiltration in the DSS-induced group were more severe than those of the GA-treated group of animals.
Abbreviations: DSS, dextran sulfate sodium; GA, gallic acid.

Figure 3 GA suppressed mRNA expressions of IL-21 and IL-23 in DSS-induced mice.
Notes: The mRNA expressions of inflammation-related cytokines (A) IL-21 and (B) IL-23 in colonic tissues were determined by real-time polymerase chain reaction. This 
study was repeated at least three times. Values are expressed as mean ± SD for six mice in each group. Comparisons: acontrol vs DSS; bDSS vs DSS + GA (*P,0.05).
Abbreviations: DSS, dextran sulfate sodium; GA, gallic acid.

Discussion
UC is considered a chronic inflammatory disorder of the 

gastrointestinal tract. UC has a high prevalence worldwide 

and is a well-known risk factor of colitis-associated cancer.36  

Generally, UC is treated as an autoimmune disease, and 

nonsteroidal anti-inflammatory drugs, immunosuppres-

sants, and biological therapies targeting specific compo-

nents of the immune response have been reported to be 

effective in controlling the symptoms of UC. However, 

those treatments also have potential side effects, including 
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Figure 4 GA reduced the level of MDA in DSS-induced mice.
Notes: Values are expressed as mean ± SD for six mice in each group. aControl vs 
DSS; bDSS vs DSS + GA; (*P,0.05).
Abbreviations: DSS, dextran sulfate sodium; GA, gallic acid; MDA, malondialdehyde.

Figure 5 GA increased the activities of enzymic antioxidants in DSS-induced mice.
Notes: (A) Activities of SOD, (B) CAT, (C) GPx, and (D) GR. Values are expressed as mean ± SD for six mice in each group. Comparisons: acontrol vs DSS; bDSS vs DSS + GA;  
(*P,0.05).
Abbreviations: CAT, catalase; DSS, dextran sulfate sodium; GA, gallic acid; GPx, glutathione peroxidase; GR, glutathione reductase; GSH, reduced glutathione; NADPH, 
reduced nicotinamide adenine dinucleotide phosphate; NBT, nitroblue tetrazolium; SOD, superoxide dismutase.

by activating the Nrf2 pathway and inhibiting IL-21 and 

IL-23 expression.

IL-21 is a cytokine that is produced by activated CD4+ 

T-cells and is also one of the major products of Th17 cells 

in mice.40,41 Upregulation of IL-21 was found in mice with 

colitis induced by DSS, in mice with colitis induced by rec-

tal administration of 2,4,6-trinitrobenzene sulfonic acid, and 

in mice with colitis-associated cancer.42,43 Also, increased 

expression of IL-21 has been observed in the inflamed guts 

of IBD patients, and blocking IL-21 expression in cultures 

of lamina propria mononuclear cells (LPMC) isolated from 

the gut of CD patients reduced the production of interferon-γ 

and IL-17A.44,45 We noted that RT-PCR expression of IL-21 

was upregulated in DSS-induced mice compared to control 

mice. Additionally, GA-treated DSS-induced mice showed 

lower IL-21 expression than untreated DSS-induced mice 

(Figure 3A). It has been suggested that IL-21 blockers 

may attenuate the ongoing inflammation present in IBD 

patients.41 IL-23 is a cytokine that stimulates the production 

steroid dependence37 and serious infections.38,39 Therefore, 

new therapeutic options and approaches for UC need 

to be developed. Here, we report that the polyphenolic 

compound GA protects mice against DSS-induced colitis 
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β

Figure 6 GA activates the expression of Nrf2 and its downstream targets, NQO1 and UDP-GT.
Notes: (A) Immunoblotting analysis with anti-Nrf2 antibody was performed on lysates from colonic tissues. Representative results from three independent experiments.  
(B) Immunohistochemical analysis of Nrf2. (i) Control animals exhibited lower expression of Nrf2. (ii) DSS-induced mice showed low Nrf2 expression in nuclei. (iii) GA-
treated mice (10 mg/kg body weight) showed increased accumulation of Nrf2 in nuclei. Values are expressed as mean ± SD for six mice in each group. Real-time PCR 
expression of (C) NQO1 and (D) UDP-GT. Total RNA was extracted from colonic tissues, and PCR was performed. The data presented here was obtained from three mice 
each in duplicate experiments. Values are expressed as means ± SD for three mice in each group. Comparisons: acontrol vs DSS; bDSS vs DSS + GA (*P,0.05).
Abbreviations: DSS, dextran sulfate sodium; GA, gallic acid; ns, nonsignificant; PCR, polymerase chain reaction; Nrf2, Nuclear erythroid 2-related factor 2; SD, standard 
deviation.

of IL-17, TNF-α, and IL-6 by T-cells. Therefore, IL-23 has 

been proposed to play an integral role in the pathogenesis 

of IBD.46 The expression of IL-23 has been shown to 

be upregulated in both rodents and humans affected by 

UC.47–49 In our study, we showed an increase in the mRNA 

expression of IL-23 in DSS-induced mice. Additionally, 

administration of GA suppressed the expression of IL-23 

(Figure 3B).

Previous studies have indicated that oxidative stress 

is one of the most important causative factors of UC.50,51 

Oxygen metabolites are produced in large amounts by 

infiltrating leukocytes in the inflamed mucosa6 and are cru-

cial contributors to mucosal and, eventually, submucosal 

tissue destruction.52 The end product of lipid peroxidation, 

MDA, is harmful and may be responsible for some of the 

overall effects of oxidative stress, including the release of 

cell contents and cell death, which cause tissue and organ 

damage.10,50,51 In our study, a markedly increased level 

of MDA was observed in DSS-induced mice. However, 

treatment with GA reduced the level of MDA in DSS-induced 

mice (Figure 4). This finding indicated that GA treatment of 

mice with colitis reduced the extent of colonic mucosal injury 

through its strong antioxidant effect.

Antioxidant enzymes that scavenge intermediates of oxy-

gen reduction provide the primary defense against cytotoxic 

oxygen radicals.53 It is well-known that SOD, CAT, GPx, 

and GR play important roles as protective enzymes against 

lipid peroxidation in tissues. Specifically, SOD and CAT are 

considered primary enzymes because they are involved in the 

direct elimination of reactive oxygen species.54 Conversely, 

CAT and GPx catalyze the transformation of H
2
O

2
 to harm-

less byproducts to prevent cellular destruction. During H
2
O

2
 

scavenging, GSH is oxidized to oxidized glutathione by the 

enzyme GPx.55 The reduction of oxidized glutathione to 

GSH is catalyzed by GR, which uses NADPH as a reducer. 

Numerous reports have suggested that enzymic antioxidants 

are depleted during the exposure of rodents to DSS.33,50,51 

Consistent with the results of previous studies, we observed a 
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depletion of enzymic antioxidants in DSS-induced mice. This 

study also showed that GA increased the levels of enzymic 

antioxidants in DSS-induced mice (Figure 5). Therefore, GA 

can strengthen the enzymatic defense system and reduce free 

radicals to subsequently alleviate inflammation.

Previous studies have confirmed that Nrf2-deficient 

mice are more susceptible to DSS-induced inflammation/

colitis and azoxymethane-/DSS-induced colitis-associated 

cancer.55,57 This increased susceptibility has been shown 

to be associated with decreased expression of antioxidant/

phase II detoxifying enzymes and concomitant increases in 

proinflammatory cytokines and other biomarkers.55 Trivedi 

and Jena58 reported that exposure to DSS results in decreased 

expression of Nrf2. In our study, the nuclear expression of 

Nrf2 was decreased in DSS-induced mice (Figure 6A and B). 

Polyphenols are known to increase the expression of Nrf2.16,34 

Similarly, in this study, GA activated Nrf2 expression due to 

its polyphenolic nature. In the present study the downstream 

targets of Nrf2 such as UDP-GT and NQO1 were analyzed 

by quantitative RT-PCR. In particular, we noticed no sig-

nificant change in the expressions of NQO1 and UDP-GT 

in DSS-induced mice when compared to control mice. But 

administration of GA leads to increase in the expressions of 

NQO1 and UDP-GT. Khor et al56,59 reported that decreased 

expression of the detoxifying enzymes NQO1 and UDP-GT, 

coupled with enhanced inflammation, could be important 

events that accelerate neoplastic transformation in the colonic 

tissues of Nrf2-deficient mice, further suggesting that these 

defensive enzymes are important for protecting colonic 

mucosa against UC and colitis associated cancer.

Conclusion
In conclusion, our data strongly suggest that GA is a poly-

phenol that is effective for the treatment of UC and is a new 

therapeutic alternative to corticosteroids, immunosuppres-

sants, and anti-TNF-α agents. This compound exerts colonic 

antioxidant and anti-inflammatory activities in DSS-induced 

colitis through downregulation of IL-21 and IL-23 expression 

levels, and it also offers cytoprotection by activating enzymic 

antioxidants through the Nrf2 pathway.
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Supplementary materials
Real-time polymerase chain reaction 
analysis of superoxide dismutase, catalase, 
glutathione peroxidase, and glutathione 
reductase
Materials and methods
The method of quantitative real-time-polymerase chain reac-

tion was mentioned in detail in the “Materials and methods” 

section. The primer details are listed below in Table S1.

Results
Gallic acid upregulates the enzymic antioxidants
Figure S1 shows the real-time-polymerase chain reaction 

analysis of enzymic antioxidants such as SOD, CAT, GPx, 

and GR in control and experimental animals. We observed 

a significantly (P,0.05) decreased expression of enzymic 

antioxidants in dextran sulfate sodium-induced mice when 

compared to control mice. But administration of gallic acid 

showed significant increase in the expression of enzymic 

antioxidants in dextran sulfate sodium-induced mice. So, 

we confirm that gallic acid potentially restores the enzymic 

antioxidants due to its strong antioxidant potential.

Figure S1 GA increased the expression of enzymic antioxidants.
Notes: Real-time PCR expression of (A) SOD, (B) CAT, (C) GPx, and (D) GR. Total RNA was extracted from colonic tissues, and PCR was performed. The data presented 
here was obtained from three mice each in duplicate experiments. Values are expressed as mean ± SD for three mice in each group. Comparisons: acontrol vs DSS; bDSS vs 
DSS + GA; (*P,0.05).
Abbreviations: CAT, catalase; DSS, dextran sulfate sodium; GA, gallic acid; GPx, glutathione peroxidase; GR, glutathione reductase; PCR, polymerase chain reaction; 
SOD, superoxide dismutase; SD, standard deviation.
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Table S1 List of primers used

Serial number Gene Primer sequence Primer length

1 SOD Forward-5′-TGCTTTCCTCCCACGGTTTA-3′
Reverse-5′-GCCAACATGGCTGAGGTTCT-3′

20
20

2 CAT Forward-5′-TCCCGAGTCTCTCCATCAGG-3′
Reverse-5′-GTGACCATCGGGAATCCCTC-3′

20
20

3 GPx Forward-5′-CTGGAAGATCCCCGCCTAAG-3′
Reverse-5′-TGGTCTAGCTCCTGTAGCACT-3′

20
21

4 GR Forward-5′-AAGTGGTGACTTCTGTACCTGG-3′
Reverse-5′-GCAGTCAACATCTGGAATCACA-3′

22
22

5 β-actin Forward-5′-GGCGGACTGTTACTGAGCTG-3′
Reverse-5′-CTGCGCAAGTTAGGTTTTGTCA-3′

20
22
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