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Abstract
Inflammatory bowel disease (IBD) is a chronic inflammatory disease occurring in the gut causing chronic diarrhea and 
abdominal pain with severe complications. Sesame cake is a by-product of sesame oil production, possessing various ben-
eficial properties; however, little is known about the effect of sesame cake extract (SCE) against IBD. The aim of this study 
was to investigate the protective effect of SCE against dextran sulfate sodium (DSS)-induced colitis in mice. Administration 
of SCE was first performed at 7 days before treating mice with 2.5% DSS to induce colitis for 7 days. SCE pretreatment 
improved symptoms of DSS-induced colitis. In addition, SCE ameliorated histopathological damages of the mucus layer in 
colon tissues and decreased pro-inflammatory cytokines in colitis-induced mice. SCE also suppressed apoptosis and oxida-
tive stress in colitis-induced colon tissues. Together, these findings suggest that SCE could be potential nutraceuticals for 
treating colitis.
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Introduction

Chronic inflammatory bowel disorder (IBD) such as Crohn’s 
disease and ulcerative colitis is a condition that causes 
severe inflammation in the intestine, leading to abdominal 
pain, diarrhea, and loss of weight (Griffiths, 1998). A variety 
of factors such as environmental, immune, and microbial 
factors contributing with the incidence of IBD have been 

elucidated (Kaser et al., 2010). These factors can exert aber-
rant barrier function and immune reaction, consequently 
provoking inflammatory response in the gut mucosa (Khor 
et al., 2011). The pathological inflammatory response is 
caused by numerous inflammatory mediators, such as pro-
inflammatory cytokines and chemokines, causing serious 
damage to the intestinal epithelium (Neurath, 2014). Indeed, 
pro-inflammatory cytokines such as interleukin (IL)-6, 
IL-1β, and tumor necrosis factor (TNF)-α have been found 
to be increased in the gut mucosa of IBD patients (Sanchez-
Munoz et al., 2008), indicating that they have a key role in 
the pathogenesis of IBD.

Therapeutic approaches for anti-inflammation, immuno-
suppression, anti-adhesion, cell signaling kinase inhibitors, 
microbiota transplantation, and stem cell therapy have been 
introduced or currently being evaluated in clinical trials 
for IBD (Verstockt, 2018). Natural compounds and their 
derivatives have been spotlighted as alternative substitutes 
for treating IBD due to their safeness and effectivity (Duan 
et al., 2021). Various natural products derived from plants, 
such as catechins, anthocyanins, and terpenes, exhibit anti-
inflammatory effects and have been successfully employed 
to treat IBD (Gupta et al., 2022).

Sesame (Sesamum indicum L.) seed oil has long been 
used as a health food and an herbal remedy worldwide 
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(Morris et al., 2021). It contains many bioactive substances 
such as tocopherol, several lignans (sesamin, sesamolin, 
and sesaminol), and several phenolic compounds (ferulic, 
vanillic, and cinnamic acids) known to possess potential 
biological properties (Ben Othman et al., 2015). It exhib-
its preventive effects against a variety of diseases, such as 
hypercholesterolemic (Chen et al., 2005), inflammatory 
(Hsu and Parthasarathy, 2017), atherosclerotic (Wang et al., 
2021), neuronal (Chung et al., 2010), and cardiovascular 
diseases (Dalibalta et al., 2020).

Sesame cake is a by-product of oil extraction in sesame 
oil industry and has been utilized as animal feeds or dis-
carded (Elleuch et al., 2007). However, previous studies have 
revealed that sesame cake extract (SCE) contains numer-
ous active compounds such as antioxidants, phytochemi-
cals, phenolic acids, and lignans with beneficial functions 
(Esmaeilzadeh Kenari et al., 2014; Mekky et al., 2019). 
Especially, previous studies have demonstrated that SCE can 
improve brain functions including cognition and memory. A 
study using a mouse model with accelerated aging has dem-
onstrated that sesaminol glucosides from SCE can attenuate 
cognitive deficits caused by aging due to their antioxidant 
activities (Um et al., 2009). Another recent clinical study on 
older adults with memory impairment has reported that sup-
plement of SCE for 12 weeks can enhance verbal memory 
abilities and diminish plasma β-amyloid levels (Jung et al., 
2021). However, advantageous effects of SCE on other dis-
eases remain unclear.

Oxidative stress can be a major factor in the pathogenesis 
of IBD (Bourgonje et al., 2020). Overproduction of reac-
tive oxygen species (ROS) further gives rise to imbalance 
between production of ROS and antioxidant activity, which 
in turn can lead to oxidative stress (Schieber and Chandel, 
2014). Oxidative stress is known to cause mucosal layer 
damage in the intestine and lead to bacterial infection, which 
can stimulate immune responses, cause inflammation, and 
initiate colitis (Tian et al., 2017). Indeed, a clinical study has 
shown that colitis patients exhibit increased levels of ROS 
but decreased levels of antioxidants in the colonic mucosa 
(Sturniolo et al., 1998).

Nuclear factor E2-related factor2 (Nrf2) is a sensor pro-
tein that has an important role in protecting cells against 
oxidative stress. Upon oxidative stress, Nrf2 translocates to 
the nucleus from the cytosol to increase the expression of 
several antioxidative enzymes, such as NADPH: quinone 
oxidoreductase 1 (Nqo1), heme oxygenase1 (Hmox1), and 
glutamate-cysteine ligase catalytic subunit (Gclc), which 
confers protection of cells against oxidative stress, inflam-
mation, and apoptosis (Jaramillo and Zhang, 2013). Much 
evidence has been accumulated that Nrf2 has a preven-
tive effect of colitis through regulation of inflammatory 
cytokines and oxidative stress (Zhang et al., 2008).

DSS is a water-soluble, negative charged sulfated polysac-
charide. It induces intestinal inflammation resulting from the 
damage to the epithelial monolayer lining the large intestine 
(Chassaing et al, 2014). The DSS-induced colitis model is 
very popular due to the advantages, such as rapidity, simplic-
ity, and reproducibility. The objective of the present study 
was to determine whether SCE could prevent DSS-induced 
ulcerative colitis in mice and whether inhibition of oxidative 
stress was involved in such preventative effect.

Materials and methods

Reagents

DSS (colitis grade; molecular weight, 36,000–50,000) was 
purchased from MP bio-medicals (Santa Ana, CA, USA). 
Enzyme-Linked Immunosorbent Assay (ELISA) kits for 
TNFα, IL-1β, and IL-6 were obtained from Cusabio (Hou-
ston, TX, USA). Hematoxylin & Eosin (H & E) staining 
kit was purchased from Sigma (Burlington, MA, USA). 
Periodic Acid-Schiff (PAS)-Alcian blue staining kit was 
purchased from Abcam (Cambridge, UK). Terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) 
staining kit was purchased from Roche Diagnostics (Man-
heim, Germany). Dichloro-dihydro-fluorescein diacetate 
(DCFH-DA) dye was purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA). Western blotting-related 
reagents were purchased from LPS Solution Co. (Daejeon, 
Korea), Thermo Fisher Scientific, or Roche Diagnostics. 
Primary and secondary antibodies were obtained from Cell 
Signaling Technology (Danvers, MA, USA), Santa Cruz 
Biotechnology (Santa Cruz, CA, USA), or Jackson Immuno 
Research Labs (West Grove, PA, USA). Detailed informa-
tion of antibodies is listed in Table S1. Quantitative real-time 
(qRT)-PCR-related kits were purchased from New England 
Biolabs (NEB, Ipswich, MA, USA), Promega (Madison, WI, 
USA), or Kapa Biosystems (Boston, MA, USA).

Extraction of sesame cake

The sesame cakes used in this study were obtained from 
Queensbucket Co. (Iksan, Korea) and powdered with a mixer 
from Osaka Chemical Co. (Osaka, Japan). Sesame cake was 
extracted with ultrasound extraction method as previously 
described (Eom et al., 2021). Briefly, 500 mL water and 
100 g sesame cake powder were mixed in a container and 
stirred. An ultrasound apparatus (AMMM-1000 W, MPI-
ultrasonic Co., Ltd., Le Locle, Switzerland) powered by a 
constant frequency of 20 ± 0.05 kHz with a maximum power 
of 1000 W was used for extraction at room temperature for 
16 h. Extracts were filtered to produce filtrates which were 
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then concentrated and freeze-dried. The extraction yield was 
2.97%. Dried extracts were stored at − 20 °C.

Animals

Male C57BL/6 mice aged 6 weeks (20–22 g) were purchased 
from Saeronbio Co. (Uiwang, Korea) and maintained under 
controlled environmental conditions (12 h light & dark 
cycle, 23 ± 2 °C, and humidity 60 ± 10%). The mice were 
fed with normal diet from Purina (Sungnam, Korea). All 
animals were allowed to access food and water freely. Pro-
tocols of animal experiments were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Jeon-
buk National University (Ethics No. JBNU 2022–084). For 
euthanasia, the mice were anesthetized with  CO2 inhalation 
to minimize suffering.

Experimental design

After mice were acclimated for 7 days, they were randomly 
divided into seven groups: (1) control group, (2) SCE 
alone-treated group (300 mg/kg/day), (3) DSS alone-treated 
group, (4) DSS + 50 mg/kg/day SCE treated group, (5) 
DSS + 100 mg/kg/day SCE treated group, (6) DSS + 300 mg/
kg/day SCE treated group, and (7) DSS + 200 mg/kg/day 
chlorogenic acid (CA)-treated group. Colitis was induced by 
2.5% DSS for 7 days. For combined administration of SCE 
and DSS, SCE was first orally administrated by gavage for 
14 days and 2.5% DSS was simultaneously given for 7 days 
by drinking water at day 8 after starting SCE administration 
(Fig. 1). CA as a positive drug was orally administrated at 
200 mg/kg/day by gavage for 14 days.

Determination of disease activity index (DAI)

The colon length was measured when the mice were sac-
rificed at 7 days after starting DSS treatment. The mice 
were observed for loss of body weight stool consistency 

and fecal bleeding to access the severity of colitis. DAI was 
further calculated by scoring the degree of these three major 
clinical signs. The formula of DAI scoring is as follows: 
DAI = (combined score of weight loss, stool consistency and 
fecal bleeding)/3. The criteria of DAI score are shown as 
Table S2.

Histological analyses

The histological change of colon tissue was evaluated by H 
& E and PAS-Alcian blue staining. The colon tissues were 
embedded with paraffin and cut into 7 µm thickness after 
fixing with 4% paraformaldehyde. After that, they were 
stained with H & E staining. Histological injury score was 
calculated by the degree of pathological changes of crypts 
and inflammatory cell infiltration as shown in Table S3. The 
value was calculated the average value for each parameter. 
PAS-Alcian blue staining was conducted by the manufac-
turer’s protocols. Briefly, paraffin sectioned samples were 
immersed in 3% acetic acid solution for 2 min followed 
by incubation of Alcian blue (pH 2.5) for 20 min. They 
were then incubated with 1% periodic acid for 5 min and 
Schiff’s solution for 20 min. Finally, the tissue sections were 
immersed in hematoxylin for nuclear staining. The goblet 
cells were counted and normalized to crypt numbers.

ELISA assay of serum inflammatory cytokines

The blood samples from the caudal vena cava were collected 
in lithium heparin-containing tubes. Serum was collected 
by centrifugation of whole blood samples at 3000 rpm for 
10 min and kept at − 80 °C. Serum levels of TNFα, IL-1β, 
and IL-6 were measured with ELISA kits according to the 
manufacturer’s instructions. Blood was obtained from the 
caudal vena cava and then centrifuged at 1,000 xg for 10 min 
to collect serum. Serum samples were incubated with biotin 
antibody followed by incubation with horseradish peroxi-
dase-avidin for 1 h at 37 ℃. Finally, the enzymatic reaction 
was developed by incubating with 3,3′,5,5′-tetramethylben-
zidine substrate for 30 min at 37 ℃. The optical density 
was measured at 450 nm with an ELISA reader (Molecular 
Devices, Sunnyvale, CA, USA).

TUNEL and DCFH‑DA staining of the colon tissue

Colon tissues were cryosectioned to 5 µm in thickness after 
cryopreserving with optimal cutting temperature compound. 
They were then fixed with 4% paraformaldehyde for 10 min 
at room temperature. A TUNEL staining kit was then used 
to detect apoptotic cells with DNA fragmentation. Briefly, 
tissue sections were labelled with TUNEL reaction mixture 
for 1 h at 37 ℃ after permeabilizing with 0.1% Triton-X 
100 for 2 min on ice. They were then incubated with 3 µM 

Water

Water

SCE  300mg/kg/day

SCE 50, 100 or 300 mg/kg/day

CA 200 mg/kg/day

Fig. 1  Experimental design for treatment with SCE or DSS for induc-
tion of colitis. SCE sesame cake extract; DSS dextran sulfate sodium; 
CA chlorogenic acid
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DCFH-DA dye for 20 min at room temperature to measure 
ROS production. Cells were analyzed with a fluorescence 
microscope (Olympus, Tokyo, Japan). Percentages of apop-
totic cells were calculated as the number of TUNEL-positive 
cells over the total number of cells. Fluorescence intensity of 
DCFH-DA was measured at 485 nm excitation and 535 nm 
emission with a spectrophotometer (Molecular Devices, 
Sunnyvale, CA, USA).

qRT‑PCR analysis

Total RNAs were extracted from colon tissues using the kits 
(NEB) and reverse transcribed to cDNAs with a GoScript 
RT kit (Promega). These cDNAs were then used for qRT-
PCR with a Thermal cycler (Takara) and a qPCR kit (Kapa 
Biosystems). Intensities of target genes were normalized 
against the intensity of 18S rRNA. Primer sequences are 
shown in Table S4.

Western blotting

Colon tissues were homogenized with radio-immuno-
precipitation assay (RIPA) buffer contained protease and 
phosphatase inhibitors (Roche). Proteins were separated 
by SDS-PAGE and transferred to polyvinylidene fluoride 
membranes. Membranes were then blocked with 5% BSA 
in Tris buffered saline with Tween 20 (TBST) solution for 
1 h at room temperature. They were then incubated with 
appropriate primary antibodies overnight at 4 ℃ followed 
by incubation with secondary antibodies at room tempera-
ture for 2 h. Finally, proteins were visualized with a com-
mercially available enhanced chemiluminescence (ECL) kit 
(Millipore Corp., Billerica, MA, USA). Primary antibodies 
used in this study are listed in Table S1. β-actin was used as 
an internal control.

Compositional analysis of SCE

Sesamin and sesamolin (Sigma) were purchased, dis-
solved in methanol, and filtered through 0.2 μm filters 
to prepare reference standard solutions. For construc-
tion of calibration curves, seven different concentrations 
(0.01875, 0.0325, 0.075, 0.15, 0.3, 0.6, and 1.2 mg/mL) 
of standard solutions were prepared by diluting stock 
solutions with high-performance liquid chromatogra-
phy (HPLC) grade methanol. These solutions were then 
injected in triplicates. HPLC was used to quantitatively 
analyze the amount of each compound in the extract by 
comparison with commercially available standard com-
pounds. After obtaining calibration curves of sesamin 
and sesamolin, reliable coefficients of determination 
 (R2 > 0.999) were obtained. HPLC was performed on Alli-
ance 2690 HPLC system equipped with Waters 2487 UV/

Vis detector with a Waters Sunfire C18 column (5 µm, 
4.6 × 250 mm; Milford, MA, USA). SCE was dissolved 
in HPLC grade methanol, sonicated for 30 min, and fil-
tered through a 0.2 μm polytetrafluoroethylene membrane 
filter (Millipore, USA). The mobile phase A was water 
and mobile phase B was methanol. The flow rate was 
adjusted to 0.7 mL/min. The detection wavelength was set 
at 285 nm. The temperature was held constant at 25 ℃. 
The injection volume was 10 μl. The analysis was carried 
out thrice using three independent samples.

Statistical analysis

Multiple comparisons were performed with one-way analy-
sis of variance and Bonferroni post hoc test using a Prism 
software (GraphPad Software Inc., San Diego, CA, USA). 
Values are shown as mean ± standard error of the mean. 
P < 0.05 was considered statistically significant.

Results and discussion

SCE ameliorates symptoms of colitis in DSS‑induced 
colitis

To induce colitis in this study, the colitis mouse model 
induced by DSS was utilized, which is the most widely 
used due to its high similarity to human colitis (Chassa-
ing et al, 2014). To determine the protective effect of SCE 
on DSS-induced colitis, parameters related to symptoms of 
colitis, including weight, colon length, and rectal bleeding 
after treating with 50 mg/kg/day SCE, 100 mg/kg/day SCE, 
or 300 mg/kg/day SCE followed by 2.5% DSS treatment 
of mice were evaluated. The DAI score was also calcu-
lated by comprehensively evaluating parameters including 
weight loss, stool consistency, and fecal bleeding followed 
by criteria as shown in Table S2. DSS alone-treated mice 
showed significantly decreased body weights, whereas the 
loss of weight was dramatically inhibited by administration 
of SCE (Fig. 2A). Additionally, DSS treatment decreased 
fecal weight. It also induced diarrhea as a main symptom 
of colitis. Notably, administration of SCE suppressed the 
decrease of fecal weight caused by DSS treatment (Fig. 2B). 
The length and weight of colon were also significantly pre-
served when SCE was administrated to DSS-treated mice, 
which exhibited decreases of colon length and weight 
(Fig. 2C, D and E). DSS-alone-treated mice displayed high 
DAI score with a mean value of 3.3. Administration with 
100 or 300 mg/kg/day SCE lowered the DAI score (1.0 and 
0.67, respectively) than DSS alone-treatment (Fig. 2F). CA 
has proven to possess various pharmacological activities, 
especially anti-inflammation and anti-oxidation effects in 
colitis (Gao et al., 2019; Wan et al., 2021). CA treatment, 
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Fig. 2  SCE attenuates symptoms of DSS-induced colitis. (A) 
Changes of body weights of mice with DSS-induced colitis with or 
without SCE treatment (n = 10). (B) Colon lengths, (C) Representa-
tive photographs of colons, (D) Colon weights, (E) Weight of feces, 
(F) Disease activity index (DAI) for mice with DSS-induced colitis 

with or without SCE treatment. *p < 0.05 and ***p < 0.001 vs. con-
trol group. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. DSS alone-
treated group. Cont control; SCE sesame cake extract; DSS dextran 
sulfate sodium; CA chlorogenic acid
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as a positive drug, also inhibited the symptoms of colitis. 
Interestingly, 100 and 300 mg/kg/day SCE-treated groups 
were more protective than those in CA-treated group. These 
results indicate that SCE can effectively protect mice against 
DSS-induced colitis.

SCE attenuates injury of colon tissue in DSS‑induced 
colitis

Histological examination of colon tissues revealed that 
severe inflammation was induced in DSS alone-treated 
mice. That is, infiltration of inflammatory cells into the 
submucosal layer and submucosal edema were observed. 
In addition, the morphology of the mucosal layer was not 
maintained due to severe damage of crypt (Fig. 3A). On 
the other hand, pretreatment with SCE dramatically pre-
vented damage to colon tissues caused by DSS treatment 
as indicated by decreased infiltration of inflammatory cells, 
edema, and damage of crypt (Fig. 3A). These results were 
also shown in histological injury score, which displays high 
value in DSS alone treated group and decreased values in 
SCE pretreatments (Fig. 3B).

Since mucins secreted by goblet cells in the colon play 
an essential role in gut defense mechanisms (Bankole 
et al., 2021), PAS-Alcian blue staining was next performed 
to detect neutral and acidic mucins in SCE with or with-
out DSS-treated mice. PAS-Alcian blue staining showed 
that mucins (blue color) were significantly depleted in 
DSS alone-treated mice. SCE administration dramatically 

inhibited the depletion of mucins caused by DSS treatment 
(Fig. 3C and D). Especially, 300 mg/kg/day SCE treatment 
preserved the secretion of mucins to a level similar to that in 
the control group. CA treatment also ameliorated the path-
ological changes in colon tissues from DSS-treated mice. 
Collectively, these results suggest that SCE can effectively 
prevent pathological changes and defects in secretion of 
mucins induced by DSS treatment.

SCE attenuates the production of proinflammatory 
cytokines in DSS‑induced colitis.

One of the classic symptoms of IBD disease is an increase 
in proinflammatory cytokines (Strober and Fuss, 2011). 
To evaluate inhibitory effects of SCE on the production of 
proinflammatory cytokines involved in colitis induced by 
DSS, serum levels and gene expression of typical proin-
flammatory cytokines such as TNFα, IL-1β, and IL-6 were 
determined. ELISA was performed to determine serum 
levels of these cytokines. Results showed increased levels 
of these cytokines in DSS alone-treated mice in compari-
son with those in control mice (Fig. 4A, B and C). Nota-
bly, these increased levels were significantly attenuated by 
SCE pretreatment. Similarly, gene expression levels of these 
cytokines in colon tissues were significantly increased by 
DSS treatment. However, those increased levels were attenu-
ated by SCE pretreatment (Fig. 4D, E and F). These preven-
tive effects of SCE were similar to those of CA. These results 

Fig. 3  SCE ameliorates histopathological damages in colitis-induced 
colon tissues. (A) Hematoxylin and eosin (H&E) staining and (B) 
histological injury score. (C) periodic acid-Schiff (PAS)-Alcian blue 
staining and (D) number of goblet cells of colon tissues of mice with 

DSS-induced colitis with or without SCE treatment (n = 10). Cont 
control; SCE sesame cake extract; DSS dextran sulfate sodium; CA 
chlorogenic acid. White and black scale bars, 50 and 200 µm, respec-
tively
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demonstrated protective effects of SCE on the production of 
proinflammatory cytokines in DSS-induced colitis.

SCE inhibits apoptosis of colonic cells 
in DSS‑induced colitis

Since previous studies have suggested that apoptotic cell 
death in intestinal cells contributes to the progression of 
IBD (Liu et al., 2022), we further investigated whether SCE 
could inhibit apoptotic cell death in colonic cells when coli-
tis was induced by DSS. For this purpose, TUNEL staining 
was performed to detect apoptotic cells using colon tissues 
from SCE with or without DSS-treated mice. Apoptotic cells 
detected by green fluorescence were dramatically increased 
in colon tissues from DSS alone-treated mice. On the other 
hand, these apoptotic cells gradually decreased as the con-
centration of SCE became higher (Fig. 5A). Moreover, 
apoptotic index calculated by percentage of the number of 
apoptotic cells over total number of cells was shown to be 
68% for DSS alone-treated group. In the SCE group, the 
percentage of apoptotic cells was 47% at 50 kg/mg/day, 24% 
at 100 kg/mg/day, and 14.2% at 300 kg/mg/day. In the CA 
and DSS cotreated group, the percentage was 14% (Fig. 5B), 
indicating that SCE could effectively inhibit apoptotic cell 
death induced by DSS treatment. In patients with IBD, an 
increase in apoptosis-induced colon cells has been observed 
(Ramachandran et al., 2000). This apoptotic process could 
cause a breakdown of balance between cellular prolifera-
tion and cell death for maintaining the intestinal barrier 
(Edelblum et al., 2006). Subsequently, it can result in a 

barrier defect, which can further cause microbial invasion 
and inflammation. Therefore, inhibiting apoptotic cell death 
in colon cells undergoing colitis has an important role for 
maintaining the function of colon. Here, we demonstrated 
that SCE could effectively ameliorate apoptotic responses in 
colon cells with colitis induced by DSS.

SCE inhibits oxidative stress and activates Nrf2 
signaling pathway in DSS‑induced colitis

Antioxidant therapy targeting oxidative stress can be a good 
strategy for treating colitis. Thus, we further investigated 
the anti-oxidative effect of SCE on DSS-induced colitis to 
explore the molecular mechanism involved in the inhibitory 
effect of SCE on the DSS-induced colitis. Immunostaining 
using DCFH-DA dye as an indicator of ROS was performed 
for colon tissue treated with SCE with/without DSS. As 
shown in Fig. 6A, cells with green fluorescence in which 
ROS production was observed were significantly increased 
in DSS alone-treated colon tissues than in the control group. 
However, DCFH-DA-positive cells were markedly decreased 
when SCE was administrated followed by DSS treatment, 
indicating that SCE inhibited ROS production induced by 
DSS (Fig. 6B). Moreover, western blot analysis using anti-
oxidants including superoxide dismutase 1, catalase, and 
glutathione peroxidase demonstrated that expression levels 
of these proteins were significantly increased by SCE admin-
istration, whereas DSS treatment decreased their expression 
compared to the control (Fig. 6C, D, E and F). CA treatment 
also inhibited these oxidative stress responses.

Fig. 4  SCE inhibits production of pro-inflammatory cytokines in coli-
tis-induced mice. (A) TNFα, (B) IL-1β, and (C) IL-6 serum protein 
levels were determined by ELISA. qRT-PCR analysis was per-formed 
for mRNA expression levels of TNFα (D), IL-1β (E), and IL-6 (F) in 
colon tissues. All analyses were conducted thrice using 3–5 samples. 

*p < 0.05 and ***p < 0.001 vs. control group. #p < 0.05, ##p < 0.01, 
and ###p < 0.001 vs. DSS alone-treated group. Cont control; SCE 
sesame cake extract; DSS dextran sulfate sodium; CA chlorogenic 
acid
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Nrf2 has been shown to mediate various cell biological 
outcomes through suppression of oxidation and cellular 
stress (Chang et al., 2021; Mitsuishi et al., 2012). Previ-
ous studies have proven that Nrf2 deficiency exacerbate 
colonic injury in a colitis mouse model (Khor et al., 2008; 
Osburn et al., 2007), whereas activation of Nrf2 protect 
colon tissue against colitis (Wang et al., 2016). These 
protective actions of Nrf2 are mediated by upregulation 
of antioxidative enzymes and inhibition of inflamma-
tion and apoptotic responses (Kim et al., 2010; Xu et al., 
2017). Since Nrf2 has been proven to protect the colon 
tissue from colitis (Liu et al., 2021), we focused on the 
effects of SCE on Nrf2 signaling pathway. Toward this, 
we determined the expression level of Nrf2 protein. The 
western blot analysis showed that Nrf2 protein were dra-
matically preserved by pretreatment of SCE, otherwise, it 
was significantly decreased in colitis-induced colon tissues 
by DSS (Fig. 6G and H). In addition, Nrf2 target genes 
with antioxidant properties, including Nqo1, Hmox1, and 
Gclc, were also increased when SCE was pretreated in 
colitis-induced colon tissues (Fig. 6I, J, and K). Similar 
to the effects of SCE, CA treatment activated the Nrf2-
related signaling pathway. Therefore, SCE has potential 

effects against oxidative stress induced by DSS treatment 
by preserving the expression of antioxidants mediated by 
activation of Nrf2-related signaling pathway.

Identification of sesamin and sesamolin as active 
components in SCE by HPLC analysis

Accumulating evidence has shown that SCE contains 
numerous bioactive compounds. Among these bioactive 
compounds, lignans are polyphenolic substances produced 
by plant cells (Durazzo et al., 2018). They possess diverse 
biological or pharmacological activities, including anti-
inflammatory, antitumor, anti-cardiovascular, and anti-
neuronal activities (Adlercreutz, 2007; Hu et al., 2021; 
Rodriguez-Garcia et al., 2019). Since SCE has been shown 
to exert biological activities including anti-oxidation and 
anti-inflammation effects through its bioactive lignans 
including sesamin and sesamolin (Mekky et al., 2019), 
these lignans in SCE were analyzed and quantified using 
commercially available lignans as standards. HPLC anal-
ysis showed that extracts contained 2.54 mg/g of sesa-
min and 1.76 mg/g of sesamolin (Fig. S1 and Table S5). 
Thus, contents of both lignans in SCE could be used for 

Fig. 5  SCE attenuates apoptotic cell death in colitis-induced colon 
tissues. (A) TUNEL staining was performed using colon tissues from 
colitis-induced mice with or without SCE treatment (n = 10). Cells 
showing green fluorescence were apoptotic cells. (B) Percentage 

of apoptotic cells versus total cells is shown as an apoptotic index. 
***p < 0.001 vs. control group. ##p < 0.01 and ###p < 0.001 vs. DSS 
alone-treated group. Cont control; SCE sesame cake extract; DSS 
dextran sulfate sodium; CA chlorogenic acid. Scale bar, 50 µm
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Fig. 6  SCE attenuates oxidative stress in colitis-induced colon tis-
sues. Colon tissues from co-litis-induced mice with or without SCE 
treatment were stained with DCFH-DA for detecting ROS overpro-
duced cells with green fluorescence (A). (B) Measured fluorescence 
intensity. (C, D, E, and F) Protein expression levels of antioxidants 
were analyzed by western blotting (n = 5). (G and H) Western blot 

analysis and band density for Nrf2 protein. (I, J, and K) The mRNA 
expression of Nrf2 target genes including Nqo1, Hmox1, and Gclc 
in colon tissues was performed by qRT-PCR analysis in triplicate. 
***p < 0.001 vs. control group. ##p < 0.01 and ###p < 0.001 vs. DSS 
alone-treated group. Cont control; SCE sesame cake extract; DSS 
dextran sulfate sodium; CA chlorogenic acid. Scale bar, 50 µm
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standardization, further suggesting that their beneficial 
effects against DSS-induced colitis are possibly mediated 
by sesamin and sesamolin, at least in part.

Natural compounds and their derivatives have been spot-
lighted as alternative substitutes for treating IBD due to their 
safeness and effectivity (Duan et al., 2021). Indeed, many 
natural compounds that are effective in IBD treatment have 
been identified (Duan et al., 2021). Various natural products 
derived from plants, such as catechins, anthocyanins, and 
terpenes, exhibit anti-inflammatory effects, and have been 
successfully employed to treat IBD (Gupta et al., 2022).

In this study, we demonstrated that SCE can ameliorated 
symptoms of colitis induced by DSS by inhibiting pathologi-
cal alterations and inflammatory responses in colon tissues 
of mice. Furthermore, the preventive effect of SCE is medi-
cated by suppressing oxidative stress through activation of 
Nrf2-related signaling pathway. Therefore, SCE might be 
utilized to establish a preventive or therapeutic strategy for 
treating colitis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10068- 023- 01367-1.
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