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Ginsenoside Rb1 alleviates colitis in mice via activation
of endoplasmic reticulum-resident E3 ubiquitin ligase
Hrd1 signaling pathway
Jian-yi Dong1, Kai-jun Xia1, Wei Liang1, Lu-lu Liu2, Fang Yang1, Xue-sheng Fang1, Yong-jian Xiong3, Liang Wang1, Zi-juan Zhou1,
Chang-yi Li1, Wei-dong Zhang1, Jing-yu Wang4 and Da-peng Chen1

Endoplasmic reticulum (ER) homeostasis is regulated by ER-resident E3 ubiquitin ligase Hrd1, which has been implicated in
inflammatory bowel disease (IBD). Ginsenoside Rb1 (GRb1) is the major ginsenoside in ginseng with multiple pharmacological
activities. In this study we investigated the role of Hrd1 in IBD and its regulation by GRb1. Two mouse colitis models were
established to mimic human IBD: drinking water containing dextran sodium sulfate (DSS) as well as intra-colonic infusion of 2, 4, 6-
trinitrobenzene sulfonic acid (TNBS). Colitis mice were treated with GRb1 (20, 40 mg·kg−1·d−1, ig) or a positive control drug
sulfasalazine (500 mg·kg−1·d−1, ig) for 7 days. The model mice showed typical colitis symptoms and pathological changes in colon
tissue. In addition to significant inflammatory responses and cell apoptosis in colon tissue, colon epithelial expression of Hrd1 was
significantly decreased, the expression of ER stress markers GRP78, PERK, CHOP, and caspase 12 was increased, and the expression
of Fas was increased (Fas was removed by Hrd1-induced ubiquitination). These changes were partially, or completely, reversed by
GRb1 administration, whereas injection of Hrd1 inhibitor LS102 (50 mg·kg−1· d−1, ip, for 6 days) exacerbated colitis symptoms in
colitis mice. GRb1 administration not only normalized Hrd1 expression at both the mRNA and protein levels, but also alleviated the
ER stress response, Fas-related apoptosis, and other colitis symptoms. In intestinal cell line IEC-6, the expression of Hrd1 was
significantly decreased by LPS treatment, but was normalized by GRb1 (200 μM). GRb1 alleviated LPS-induced ER stress and cell
apoptosis in IEC-6 cells, and GRb1 action was inhibited by knockdown of Hrd1 using small interfering RNA. In summary, these
results reveal a pathological role of Hrd1 in colitis, and provide a novel insight into alternative treatment of colitis using GRb1
activating Hrd1 signaling pathway.
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INTRODUCTION
Inflammatory bowel disease (IBD), a group of autoimmune diseases
characterized by chronic, recurrent inflammation, and ulceration in
one or more parts of the gastrointestinal tract, carries an increased
risk of developing colorectal cancer [1]. Both Crohn’s disease (CD)
and ulcerative colitis (UC), the two primary clinically defined forms of
IBD, can lead to severe symptoms in patients and a consequent
social burden. It is estimated that more than 3.7 million people
worldwide are affected by IBD; both the prevalence and morbidity
of IBD are rapidly increasing [2]. According to statistical data
collected from 2006 to 2016, in China, the prevalence of UC is 11.6/
100,000, while that of CD is 1.4/100,000 [3].
IBD is caused by a complex series of interactions between the

environment and immune system [4, 5]. Multiple signaling
pathways, such as the nuclear factor-κB (NF-κB) pathway,
interleukin (IL)-22 cascade, and Nod-like receptor pathway [6–8],
are involved in these interactions and maintain intestinal balance.
Medications that modulate immune balance have been the main

means of IBD therapy until now [9]. Treatment options for IBD
have been developed over recent years, and more novel biological
therapies, such as antitumor necrosis factor α (TNF-α) antibodies
and the activation of IL-22, are now utilized alongside classic
therapies [10, 11]. Therefore, exploring potential IBD therapeutic
targets to supplement existing therapies is very worthwhile.
The endoplasmic reticulum (ER)-resident E3 ubiquitin ligase

Hrd1 has received much attention because of its regulatory role in
immune cell function. Hrd1 has been identified as a positive
regulator of T-cell immunity [12]. Hrd1 also protects peripheral B
cells from activation-induced cell death through degradation of
the death receptor Fas [13]. Hrd1 promotes dendritic cells to
activate CD4+ T cells during inflammatory processes [14]. Hrd1 is
also involved in many autoimmune diseases, such as multiple
sclerosis, type-1 diabetes, and rheumatoid arthritis. In multiple
sclerosis patients, Hrd1 expression in CD4+ T cells is increased,
which promotes CD4+ T-cell autoimmunity [12]. In type-1
diabetes, Hrd1 promotes proinsulin degradation, after which the
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degradation products are processed into autoantigens that are
recognized by CD8+ T cells [15]. In synovial cells from rheumatoid
arthritis patients, Hrd1 expression is increased, which can suppress
synovial cell apoptosis [16]. In contrast with the role of Hrd1 in the
above mentioned diseases, the expression of Hrd1 in the inflamed
intestine of patients with IBD is significantly downregulated [17].
The specific function and mechanisms of Hrd1 in intestinal
epithelial cells in IBD are only partially understood.
In IBD, the imbalance of intestinal homeostasis triggers ER

stress, and excessive ER stress in turn promotes IBD development
[18–20]. In ER stress, Hrd1 can help to induce the degradation of
misfolded proteins through ER-associated degradation (ERAD).
During ERAD, misfolded proteins bind chaperones such as BiP,
which are then retrotranslocated into the cytosol to be
ubiquitinated by Hrd1 [21]. Hrd1-mediated degradation of
misfolded proteins plays a protective role against a variety of
diseases, such as pathological cardiac hypertrophy, diabetic
retinopathy, and lung epithelial damage caused by tobacco
smoking [22–24]. Therefore, activation of Hrd1 may be a potential
target to treat IBD.
In recent years, herbal medicines have been widely used by IBD

patients as complementary and alternative medicines. The
ginsenoside Rb1 (GRb1), mainly derived from the stem, root,
and flower bud of Panax ginseng, has received much attention
because of its anti-inflammatory, antioxidant, and neuroprotective
activities [25–27]. In particular, GRb1 has demonstrated anti-
inflammatory effects in colitis [28]. The potential mechanisms
through which GRb1 treatment ameliorates colitis are partially
understood. In our study, mouse models of colitis induced by both
dextran sulfate sodium (DSS) and 2,4,6-trinitrobenzene sulfonic
acid (TNBS) were used to investigate the effects of GRb1 activation
on Hrd1 signaling pathways in colitis.

MATERIALS AND METHODS
Reagents
GRb1 (purity ≥ 98%) was obtained from Chengdu Must Biotechnol-
ogy Co., Ltd. (Chengdu, China). Sulfasalazine (SASP) was obtained
from Tianjin Kingyork Group Co., Ltd. (Tianjin, China). Antibodies
against Hrd1(13473-1-AP), CHOP(15204-1-AP), Fas (13098-1-AP),
caspase 8(13423-1-AP), caspase 3 (19677-1-AP), cleaved-caspase 3
(cl-caspase 3) (19677-1-AP), and iNOS (14142-1-AP) were purchased
from Proteintech Co., Ltd. (Wuhan, China). Antibodies against
caspase 12 (WL03000), GRP78 (WL02372), PERK (WL03378), NF-κB-
p65 (66535-1-Ig), and phosphorylated NF-κB-p65 (p-NF-κB-p65)
(WL02169) were obtained from Wanleibio Co., Ltd. (Shenyang,
China). Antibody against COX2 (12282) was purchased from Cell
Signal Co., Ltd. (Boston, MA, USA). A Cell Counting Kit-8 (CCK-8)
(WLA074b) was obtained from Wanleibio Co., Ltd. (Shenyang,
China). Chemicals were obtained from Sigma–Aldrich (St. Louis,
MO, USA), unless otherwise indicated.

Animals
Sixty male C57BL/6 mice (6–8 weeks old, weighing 18–20 g) were
obtained from the Laboratory Animal Center of Dalian Medical
University (certificate of conformity: No. SYXK (Liao) 2018-0007).
The experimental protocol was approved by the Dalian Medical
University Animal Care and Ethics Committee. The animals were
acclimatized to laboratory conditions (23 °C, a 12/12-h light/dark
cycle, 50% humidity, and ad libitum access to food and water) for
2 weeks prior to the experiments. The animal protocol was
designed to minimize pain and discomfort to the animals. Mice
were housed one per cage and deprived of food for 12 h before
the experiments. All mice were euthanized by barbiturate
overdose (intravenous injection, 150-mg/kg pentobarbital sodium)
for intestinal tissue collection. All animal experiments were carried
out in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Animal studies were

reported in compliance with the ARRIVE guidelines [29]. All
applicable institutional and/or national guidelines for the care and
use of animals were followed.

Cell culture
IEC-6 rat intestinal epithelial cells were purchased from the Cell
Bank of the Shanghai Institute (Shanghai, China). The cells used in
this study were evaluated before the experiments were con-
ducted, and no significant interspecies variations in Hrd1 signaling
that might have affected the results of the current study were
observed by preliminary experiments. The cells were maintained
at 37 °C in a 5% CO2 environment. The culture medium consisted
of DMEM (Invitrogen, Waltham, MA, USA) with 4.5-mg/mL glucose,
50-U/mL penicillin, 50-U/mL streptomycin, 4-mM glutamine, 25-
mM HEPES, and 10% fetal bovine serum (Invitrogen).

Experimental design
For the experiment in the DSS-induced colitis model, mice were
randomly divided into five groups of six mice each. The mice
were treated as follows: group I, sham-operated control mice
administered saline by gavage; group II, mice given colitis; and
groups III–V, mice treated with SASP (500-mg/kg body weight
dissolved in saline, administered by gavage), low-dose GRb1
(20-mg/kg body weight dissolved in saline, administered by
gavage), and high-dose GRb1 (40-mg/kg body weight dissolved
in saline, administered by gavage), respectively, at 1 day after
colitis induction with DSS. SASP is an anti-inflammatory drug
widely used for the clinical treatment of diseases such as IBD;
therefore, it was used as a positive control for the effects of GRb1
on colitis. Mice in groups III–V were administered SASP or GRb1
by gavage once a day for 7 successive days. Mice in groups II–V
were given drinking water containing DSS (4% w/v) dissolved in
autoclaved distilled water to induce colitis symptoms. Mice in the
control group were given autoclaved distilled water but other-
wise treated in the same way as the other mice. No mice showed
abnormalities or became moribund during the study. Food intake
and the body weight of the mice were recorded once a day. On
the seventh day, distal colon samples were harvested from mice
in groups I–V for biochemical studies. Mice in the Hrd1 inhibition
group were intraperitoneally injected with 50-mg/kg LS102
per day for 6 consecutive days with the experimental designs
described above.
For the experiment in the TNBS-induced colitis model, mice

were randomly divided into five groups of six mice each. The mice
were treated as follows: group I, sham-operated control mice
administered saline by gavage; group II, mice in the colitis group;
and groups III–V, mice treated with SASP (500-mg/kg body weight
dissolved in saline administered by gavage), low-dose GRb1 (20-
mg/kg body weight dissolved in saline administered by gavage),
and high-dose GRb1 (40-mg/kg body weight dissolved in saline
administered by gavage), respectively, at 1 day after colitis
induction. Mice in groups III–V were administered SASP and
GRb1 by gavage once a day for seven successive days. Colitis was
induced with TNBS as described previously [30]. A catheter was
inserted through the anus to approximately the level of the
splenic flexure under urethane anesthesia. The colon was then
infused with 0.1 mL of TNBS dissolved in ethanol (50% v/v) at a
dose of 125mg/kg. The mice were allowed to eat and drink ad
libitum from 1 h after the operation. On the seventh day, distal
colon samples were harvested from mice in groups I–V for
biochemical studies.

Assessment of disease activity index
Mouse body weights were monitored daily. Disease activity
indexes were assessed on the last day by an observer blinded
to the treatments as previously described; scores for weight loss,
stool bleeding, and stool consistency were added [31]. The loss of
body weight was calculated as the percent difference between the
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original body weight (day 1) and the body weight on a particular
day and scored as follows: 0: no change; 1: ≤5%; 2: 6%–10%; 3:
11%–20%; and 4: ≥20%. The stool bleed score was assessed
according to the following criteria: 0: none; 2: trace visible blood in
stool; and 4: total rectal bleeding. Stool consistency scores were
determined as follows: 0: normal; 1: soft but still formed; 2: very
soft; 3: half diarrhea; 4: and diarrhea.

Isolation of colonic epithelial cells
The distal colons of the euthanized mice were isolated and
immediately rinsed with ice-cold phosphate-buffered saline (PBS)
to clear the luminal contents. The distal colons were then opened
longitudinally along the mesenteric border. Tissue was then cut
into ~2-mm long pieces that were then submerged in 40mL of
ice-cold PBS with 5 mM EDTA in a 50-mL Falcon tube. The pieces
of tissue in PBS-EDTA were then incubated at 37 °C with gentle
rocking for 30 min. Following incubation, the colonic tissue was
vigorously shaken to disperse colonic crypts and the surface
epithelium into solution. The supernatant was then loaded into
1.5-mL microcentrifuge tubes and spun at 1 × 103 g for 5 min to
pellet the suspended cells [32]. The isolated epithelial cells were
used in downstream applications.

Hematoxylin-eosin staining and immunohistochemical and
immunofluorescent analyses
The colon tissues were fixed with 4% paraformaldehyde at 4 °C.
The samples were dehydrated, embedded in paraffin, and
sectioned into 3-µm thick transverse sections. For hematoxylin-
eosin staining, the sections were dewaxed, dehydrated, and
stained with hematoxylin and eosin. After being washed with
distilled water and dehydrated, the sections were treated with
xylene. For immunohistochemical staining, the sections were
dewaxed, dehydrated, and washed with distilled water three
times. The sections were then treated with 3% H2O2 for 10 min,
washed in PBS containing Tween-20 (PBST), treated with 5% BSA,
and then incubated with rabbit anti-Hrd1 (1:100 dilution) over-
night at 4 °C. After three washes with PBST, the sections were
incubated with secondary antibody for 30min at 37 °C. After being
rinsed, the sections were incubated with diaminobenzidine. After
counterstaining with hematoxylin, washing with distilled water
and dehydration, the sections were treated with xylene. For
immunofluorescent staining, the cells were washed three times
with PBS, fixed with paraformaldehyde, permeabilized in 0.1%
Triton X-100 (Amresco, 100219-910) in PBS, and stained with anti-
Hrd1 (Bioss, bs-0679R) at a dilution of 1:100 in 1% BSA (Solarbio,
A8020) overnight at 4 °C. The cells were then incubated with
secondary antibody (Proteintech, SA00013-2) for 60min. Glass
slides were used to mount the cells on coverslips with Prolong
Gold antifade reagent with DAPI (Invitrogen, P36941). The surface
areas of single cells were determined by measuring Hrd1 staining
with a quantitative digital image analysis system (Leica,
version 4.5).

Enzyme-linked immunosorbent assay (ELISA)
Levels of myeloperoxidase (MPO) and the proinflammatory
cytokines IL-1β, IL-6, and TNF-α were determined using ELISA kits
(Shang Hai Lengton Bioscience Co., Ltd., China) according to the
manufacturer’s instructions.

Western blot analysis
Colon segments were isolated from mice and immediately
stored in liquid nitrogen. The total protein was isolated
from colonic epithelial cells using a total protein extraction kit
(P0012 Beyotime Biotechnology, China). Proteins were trans-
ferred to nitrocellulose filters and probed with the correspond-
ing antibodies overnight at 4 °C with gentle shaking. Bands were
detected and quantified using a Bio-Rad ChemiDoc XRS+

imaging system (Bio-Rad, Hercules, CA, USA).

Cell transfection
IEC-6 cells were transfected using Lipofectamine 2000 (Invitrogen)
with Hrd1-targeted or control small interfering RNA (siRNA) oligos
(GenePharma, China) according to the manufacturer’s instructions
(Takara Biotechnology (Dalian) Co., Ltd.). The siRNA sequence
targeting Hrd1 was 5′-GCACACAUUUCCGCUCUUUTTAAAGAGCGG
AAAUGUGUGCTT-3′. The efficiency of gene silencing was con-
firmed by Western blotting.

CCK-8 viability assay
The effects of GRb1 on the viability of IEC-6 cells were measured
by the CCK-8 assay. Briefly, a total of 5 × 103 cells in logarithmic
growth phase in 100 μL of DMEM with 10% FBS were plated in
each well of a 96-well plate. Cells were treated with GRb1 at the
indicated concentrations for the indicated durations. There-
after,10 μL of CCK-8 solution was added to the cells, which were
incubated for 4 h at 37 °C. The absorbance at 450 nm was
measured using an automated microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA) to evaluate cell viability.

Electron microscopy
Transmission electron microscopy was used to examine the
morphology of the tight junctions between epithelial cells. The
colon tissue samples were exposed to 3% glutaraldehyde in 0.2-
mol/L PBS for at least 2 h at 4 °C. After rinsing three times with
sucrose-PBS, the samples were fixed in 1% osmic acid for 2 h at 4 °
C, dehydrated through a graded series of acetone solutions and
embedded in EPON epoxyresin. Ultrathin sections were prepared
with an ultramicrotome and stained with uranyl acetate and lead
citrate. Images were collected on a JEM-2000EX electron micro-
scope (JEM, Japan) with an AMT 2K digital camera.

Annexin V assay
Apoptosis was determined by flow cytometry analysis (BD
Pharmingen, Heidelberg, Germany). After the different treatments,
IEC-6 cells were harvested, lysed in 0.25% cold trypsin without
EDTA, washed with PBS, and stained with fluorescein isothiocya-
nate (FITC)-Annexin V and propidium iodide (PI) according to the
manufacturer’s protocol (Annexin V-FITC Apoptosis Detection Kit,
BD Pharmingen, USA). Apoptotic cells (Annexin V-positive and PI-
negative) were then quantified by flow cytometry using the BD
analysis program.

Real-time PCR
Total RNA was isolated from colonic epithelial cells using RNAiso
Plus (9108, Takara) and reverse-transcribed to single-stranded
cDNA using a reverse transcription system (KR116, Tiangen). Real-
time PCR was performed using SuperReal PreMix Plus (SYBR
Green, FP205, Tiangen) with an Applied Biosystems StepOnePlus
Real-Time PCR System, according to the manufacturer’s instruc-
tions. The primers used to detect the expression of Hrd1 target
genes were as follows: forward, 5′-CCCGCTTTGTTGCACTCTTC-3′;
reverse, 5′-GCAGTGAAAGAGCCAGGAGA-3′. Separate real-time
PCR using primers for the detection of GAPDH was used as a
control. The primers used to detect the expression of Hrd1 target
genes were as follows: forward, 5′-GCATTGTGGAAGGGCTCATG-3′;
reverse, 5′-CAGGGATGATGTTCTGGGCA-3′.

Statistical analysis
The animal experiments, in vitro experiments, and data analysis
were conducted according to a single-blind study design. Data
were compared between three or more groups using one-way
ANOVA and between two groups using Student’s t test. Data are
expressed as the mean ± standard deviation. Data were normally
distributed, and each group showed similar variances. Further
evaluations were carried out using the Kruskal–Wallis rank sum
test. All experiments were repeated at least three times, and a P
value < 0.05 was used to indicate statistical significance.
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RESULTS
Effect of GRb1 on colitis symptoms
The chemical structure of GRb1 is shown in Fig. S1a. The effects of
GRb1 on the proliferation of IEC-6 cells were analyzed to
determine the effective concentration of GRb1 with no toxicity
for subsequent experiments. Exposure to 50, 100, 150, and 200-μM
GRb1 for 12 h did not affect the viability of IEC-6 cells (Fig. S1b).
Gavage administration of GRb1 to the mice for 7 consecutive days
had no effect on body weight (Fig. S1c), food intake (Fig. S1d), or
cytokine profiles in the colon tissue (TNF-α, IL-1β, and IL-6;
Fig. S1e–g). Gavage administration of GRb1 to the mice had no
significant effect on the expression of Hrd1 (Fig. S1h). Based on
these preliminary experiments and previous reports [33, 34],
maximum GRb1 treatment doses of 40mg/kg for in vivo
experiments and 200 μM for in vitro experiments were chosen.
Colitis symptoms, including weight loss, decreased food intake,

an increased disease activity index, and an increased colon
weight-to-length ratio (Fig. 1a–e), were observed in the DSS-
induced colitis mouse model. These results confirmed successful
establishment of the colitis model. HE staining showed a variety of
colitis symptoms, including a damaged villous structure (green
ring), the infiltration of inflammatory cells (black arrow), sub-
mucosal edema (blue ring), and muscle fiber separation (blue
arrow) (Fig. 1f). Both GRb1 (20 and 40mg/kg) and SASP reversed
the visible pathological changes in the colitis model after 7 days of
treatment. Electron microscopy was used to assess cell connec-
tions (Fig. S2). A wide gap (yellow ring, red arrow) between cells in
the DSS group was seen. After GRb1 treatment, the gap between
cells decreased in size (yellow ring, red arrow), and button-like
(yellow ring, blue arrow) and thread-like (yellow ring, green arrow)
cell connections were also found, which suggests the restoration
of cell junctions. These results indicate that GRb1 significantly
ameliorated colitis symptoms.

Effect of GRb1 on inflammation and apoptosis in a colitis model
Imbalance between pro- and anti-inflammatory cytokines is
known to be a major contributor to the development of IBD,
leading to a proinflammatory cytokine profile in IBD [35]. In this
study, compared to control mice, colitis model mice had higher
MPO activity and higher levels of the proinflammatory cytokines
IL-1β, IL-6, and TNF-α (Fig. 2a–d). The levels of inflammation-
related proteins (iNOS, COX2, and p-NF-κB-p65) and the
apoptosis-related protein cl-caspase 3 were significantly increased
in colitis mice (Fig. 2e–h). However, these changes were mostly
normalized by GRb1 treatment for 7 days (Fig. 2). These results
suggest that GRb1 had anti-inflammatory and antiapoptotic
activities in the colitis model mice.

Effect of GRb1 on the ER stress response in colitis model mice
The ER stress markers GRP78, PERK, CHOP, and caspase 12 in the
colitis model were measured by Western blotting. The expression
of all four markers was significantly increased in the colitis model,
but these changes were partially or completely reversed by GRb1
(Fig. 3a–d).
As Hrd1 plays an important role in ER stress, we further studied

whether the changes in Hrd1 were related to ER stress inhibition
by GRb1. The levels of Hrd1 were significantly decreased in colitis
model mice (Fig. 3e–g) but partially or completely normalized in
mice treated with GRb1. These results suggest that GRb1 alleviates
colitis through reducing the ER stress response; the changes in
Hrd1 expression were consistent with the involvement of Hrd1 in
the anti-inflammatory effect of GRb1 in the ER.

Effect of GRb1 on Hrd1 expression and the inhibition of ER stress
In vivo, the Hrd1 inhibitor LS102 was used to test the relationship
between Hrd1 and the GRb1 treatment-induced effects on colitis.
As shown in Fig. 4a, Hrd1 expression was significantly inhibited by
LS102, and LS102 significantly exacerbated colitis symptoms.

Colitis symptoms, including increased disease activity (Fig. 4b),
increased colon weight-to-length ratio (Fig. 4c, e), and weight loss
(Fig. 4d), were reversed by GRb1, and this abrogation was
significantly inhibited by the Hrd1 inhibitor LS102. These results
were also confirmed by HE staining (Fig. 4f). The colitis symptoms,
including a damaged villous structure (green ring), the infiltration
of inflammatory cells (black arrow), and submucosal edema (blue
ring), were not alleviated by GRb1 in the presence of LS102. These
results show that the inhibition of Hrd1 could exacerbate colitis
and that Hrd1 may be involved in the mechanism of GRb1
treatment-induced effects on colitis.
The effect of GRb1 on Hrd1 expression was also evaluated

in vitro using IEC-6 cells incubated with LPS. Expression of the
Hrd1 protein was inhibited by 0.1–1 μg/mL LPS in a dose-
dependent manner (Fig. S3a). As determined by CCK-8 analysis,
the viability of IEC-6 cells was also reduced by LPS treatment (Fig.
S3b). In IEC-6 cells incubated with 1 μg/mL LPS, expression of the
Hrd1 protein was also decreased in a time-dependent manner
(Fig. S3c). In IEC-6 cells incubated with 1 μg/mL LPS, the decrease
in Hrd1 protein expression was abrogated by 50–200 μM GRb1 in
a dose-dependent manner and normalized by 200 μM GRb1 (Fig.
S3d, e). Treatment with 50–200 μM GRb1 abrogated the reduction
in IEC-6 cell viability upon incubation with 1 μg/mL LPS in a dose-
dependent manner (Fig. S3f). These findings suggest that GRb1
can stimulate Hrd1 signaling pathways to protect against LPS-
induced cell damage.
Further experiments were carried out to study the effects of

GRb1-activated Hrd1 signaling pathways on ER stress. The ER
stress marker proteins CHOP and caspase 12 were significantly
increased in the presence of LPS, but GRb1 inhibited these
increases (Fig. 4g). The GRb1-induced reduction in ER stress
marker proteins was inhibited by siRNA targeting Hrd1. In
addition, Hrd1 expression was significantly inhibited by siRNA
targeting Hrd1 (Fig. 4h). Brefeldin A (BFA) was also used to induce
ER stress to test the effects of Hrd1 signaling pathways in IEC-6
cells. In IEC-6 cells incubated with BFA at different concentrations,
the expression level of Hrd1 was reduced, but this reduction did
not occur in a dose-dependent manner (Fig. 4i). These findings
indicate that GRb1 can stimulate Hrd1 signaling pathways,
resulting in the inhibition of ER stress.

Effect of GRb1 on apoptosis and the relationship of GRb1 to Hrd1
and the Fas receptor
The effect of GRb1 on the apoptosis of LPS-treated IEC-6 cells
was determined by flow cytometry (Fig. 5). The apoptosis rate in
the LPS-treated cells was significantly increased compared with
that in the sham group, but this increase was mostly abrogated
by GRb1 (Fig. 5a). LPS significantly increased the expression of
both Fas and its downstream activation target, caspase 8
(Fig. 5b–d). The increase in Fas expression resulting from LPS
treatment was inhibited by siRNA targeting Hrd1 (Fig. 5e). These
results indicate that Hrd1 downregulated Fas, thereby inhibiting
intestinal epithelial cell apoptosis. The antiapoptotic effect of
GRb1 was also significantly inhibited by siRNA targeting Hrd1
(Fig. 5f). It appears that GRb1 can inhibit Fas expression by
activating Hrd1, exerting an antiapoptotic effect, in intestinal
epithelial cells.

Effect of GRb1 on TNBS-induced colitis in mice
To validate the protective effects of GRb1 against colitis, another
colitis model induced by TNBS was established. Compared with
the sham group, the TNBS-treated group had a lower body
weight, lower food intake, higher colon weight-to-length ratio,
higher MPO activity, and higher proinflammatory cytokine (IL-1β,
IL-6, and TNF-α) levels. In agreement with the results from our
DSS-induced colitis model, GRb1 significantly alleviated the above
colitis symptoms (Fig. 6). These results were also confirmed by HE
staining (Fig. 6e). The colitis symptoms, including a damaged
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Fig. 2 Effects of the ginsenoside Rb1 (GRb1) on inflammation and apoptosis in a DSS-induced mouse model of colitis. Expression levels of the
colonic cytokines aMPO, b IL-1β, c IL-6, and d TNF-α were determined by ELISA. Western blot analysis of the inflammation-related proteins e iNOS,
f COX2, and g p-NF-κB-p65 (calculated as p-NF-κB-p65/NF-κB-p65) and the apoptosis-related protein h cleaved-caspase 3 (cl-caspase 3), calculated
as cl-caspase 3/caspase 3. Data are expressed as the mean ± SD. Values in the sham group were set to 100%, and other values are given relative to
those in the sham group, **P < 0.01 compared with the sham group; ##P < 0.01 compared with the DSS control group; n= 3 samples for Western
blot experiments; n= 6 samples for other experiments.

Fig. 1 Effects of the ginsenoside Rb1 (GRb1) on colitis symptoms in a DSS-induced mouse model of colitis. Colitis symptoms were recorded
after 7 days of GRb1 treatment. Effects of GRb1 on a body weight, b food intake, c disease activity index, and d, e colon weight-to-length ratio.
f Hematoxylin-eosin staining of mouse colonic tissue. Scale bars, 100 μm (upper panel) and 50 μm (lower panel). The green ring indicates damage
to the villous structure; the black arrow indicates the infiltration of inflammatory cells; the blue ring indicates submucosal edema; the blue arrow
indicates muscle fiber separation. Data are expressed as the mean ± SD. **P < 0.01 compared with the sham group; ##P < 0.01 compared with the
DSS-induced colitis group; n= 6 samples.
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villous structure (green ring), the infiltration of inflammatory cells
(black arrow), and submucosal edema (blue ring), were alleviated
by GRb1.
Expression of the ER stress-related proteins CHOP and GRP78,

the apoptosis marker protein cl-caspase 3, and the inflammation
marker protein p-NF-κB-p65 was significantly increased by TNBS
treatment, and the expression of all was reduced by GRb1
treatment. In addition to the changes in colitis symptoms, the
expression of Hrd1 was significantly decreased in TNBS-induced
colitis, and this decrease was inhibited by GRb1 treatment (Fig. 7).
Overall, these results suggest that GRb1 alleviates TNBS-induced
colitis and that modulation of the Hrd1 signaling pathways is
involved in this effect.

DISCUSSION
In colitis model mice, intestinal epithelial Hrd1 production was
significantly decreased compared with that in the normal
control mice. Gavage administration of GRb1 significantly
alleviated colitis symptoms in both DSS- and TNBS-induced
colitis mouse models. The DSS-induced colitis model is a classic
colitis model initiated by intestinal barrier dysfunction. In the
TNBS-induced colitis model, inflammation persists for a longer
time and can transform from acute inflammation into chronic
inflammation [36]. GRb1 significantly alleviated ER stress in the
colitis models. In vivo and in vitro blockade of Hrd1 significantly
inhibited the effects of GRb1 treatment on colitis symptoms.
Overall, these results suggest that GRb1 activated epithelial

Fig. 3 Effects of the ginsenoside Rb1 (GRb1) on ER stress and Hrd1 in a DSS-induced mouse model of colitis. Western blot analysis of the
ER stress marker proteins a GRP78, b PERK, c CHOP, and d caspase 12. eWestern blot analysis of Hrd1. f Expression of Hrd1 determined by real-
time PCR. g Immunohistochemical staining of Hrd1 in the colonic epithelium. Scale bars, 200, 100, and 50 μm. Data are expressed as the
mean ± SD; **P < 0.01 compared with the sham group; ##P < 0.01 compared with the DSS control group; n= 3 samples for Western blot
experiments; n= 6 samples for other experiments.
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Fig. 5 Effect of the ginsenoside Rb1 (GRb1) on apoptosis. a Effect of GRb1 (200 μM) on IEC-6 cell apoptosis, as determined by flow
cytometry. Effect of GRb1 on the expression of b Fas and c caspase 8 in vivo. Effect of GRb1 (200 μM) on the expression of Fas in LPS-treated
IEC-6 cells in the absence (d) and presence (e) of siRNA targeting Hrd1. f Effects of GRb1 (200 μM) on IEC-6 cell apoptosis in the presence of
siRNA targeting Hrd1. Data are expressed as the mean ± SD. **P < 0.01 compared with the corresponding control group; ##P < 0.01 compared
with the DSS control group. n= 3 samples for Western blot experiments, n= 6 samples for other experiments.

Fig. 4 Effect of the ginsenoside Rb1 (GRb1) (20mg/kg) on Hrd1 expression and ER stress. a Hrd1 expression in the presence of the Hrd1
inhibitor LS102. Effects of GRb1 on disease activity (b), colon weight/length (c, e), weight loss (d). f Hematoxylin-eosin staining analysis of the
effects of GRb1 on colitis. Scale bars, 100 μm. The green ring indicates damage to the villous structure; the black arrow indicates the infiltration
of inflammatory cells; the blue ring indicates submucosal edema. g Effects of GRb1 on ER stress marker protein expression in the absence and
presence of siRNA targeting Hrd1. h Expression of Hrd1 in the absence and presence of siRNA targeting Hrd1. i Hrd1 protein expression in IEC-
6 cells incubated with 0.1–1μM BFA (an ER stress inducer). Values in the corresponding sham or normal control (NC) group were set to 100%,
and other values are given relative to the control values. **P < 0.01 compared with the sham or NC group; ##P < 0.01 compared with the DSS/
LPS control group or as indicated; n= 3 samples for Western blot experiments; n= 6 samples for other experiments.
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Hrd1-ER stress signaling pathways to exert a protective role
against colitis in the models.
GRb1, one of the major active ingredients extracted from

ginseng, has been shown to target multiple signaling pathways,
such as the Rho/ROCK, PI3K/mTOR, and NF-κB signaling pathways,
suggesting that it has effects against autophagy, inflammation,
and apoptosis [37, 38]. A previous report in the TNF-α-induced
LS174T cell line suggested the potential use of GRb1 for the
treatment of colitis by targeting the PXR/NF-κB interaction [28]. In
this study, we demonstrated that GRb1 could activate the
intestinal epithelial Hrd1 signaling pathway to inhibit ER stress,
resulting in the alleviation of colitis in a mouse model. These

findings provide another potential mechanism of action by which
GRb1 alleviates colitis.
Hrd1, the central regulator of ERAD, participates in the ER stress

response and catalyzes the degradation of misfolded and
unfolded proteins [39, 40]. Decreased expression of Hrd1 has
been found in the intestines of IBD patients [17]. Disruption of the
ER stress balance causes intestinal epithelial cell apoptosis, impairs
innate immunity, and activates proinflammatory responses in the
colon [41, 42]. In both DSS- and TNBS-induced mouse colitis
models and in the LPS-induced model of epithelial cell inflamma-
tion, Hrd1 expression was reduced. This reduction in Hrd1 was
accompanied by increases in the ER stress-response markers

Fig. 6 Effects of the ginsenoside Rb1 (GRb1) on TNBS-induced colitis. Effects of GRb1 on a body weight, b food intake, and c colon weight-
to-length ratio in colitis mice; d the gross morphology of colon tissue, and e hematoxylin-eosin staining of mouse colonic tissue. Scale bars,
100 μm. The green ring indicates damage to the villous structure; the black arrow indicates the infiltration of inflammatory cells; the blue ring
indicates submucosal edema. Expression levels of colonic f MPO, g IL-1β, h IL-6, and i TNF-α were determined by ELISA. Data are expressed as
the mean ± SD. **P < 0.01 compared with the sham group; ##P < 0.01 compared with the TNBS-induced colitis group; n= 6 samples.
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GRP78 and PERK and the ER stress-dependent apoptotic proteins
CHOP and caspase 12.
Decreased epithelial Hrd1 expression may result in an increase in

Fas-related apoptosis. Hrd1 also carries out a variety of important
functions independent of ERAD. Hrd1 can ubiquitinate denatured
non-ERAD protein substrates, such as PTEN, eIF2α, and S100A8, to
target them for removal and degradation [43–45]. Fas/CD95, a well-
known cell-death receptor, localizes on the surface of various cells
and interacts with its ligand, FasL/CD95L, to trigger apoptosis
through an alternative pathway, the mitochondrial apoptosis-
triggering pathway. In B cells, Fas, as one of the non-ERAD substrates
of Hrd1, has received attention. Hrd1 inhibits cell apoptosis by
ubiquitination of the death receptor Fas in B cells independent of
ERAD [13]. The effects of Hrd1 on autoimmune disease development
in B cells may differ from its effects in epithelial cells. In B cells, Hrd1
can promote disease development, but our results showed that Hrd1
exerted a protective effect against chemically induced colitis in
intestinal epithelial cells. Our findings show that intestinal epithelial
Fas levels were significantly increased in the colitis model, whereas
Hrd1 levels were significantly decreased. GRb1-induced Hrd1
activation significantly reduced Fas expression and intestinal cell
apoptosis, but these effects were attenuated by the inhibition of
Hrd1. These results indicate that the Hrd1 and Fas signaling
pathways are also involved in the regulation of intestinal epithelial
cell apoptosis. Further study on the detailed functional role of Hrd1/
Fas in epithelial cells and immune cells in IBD is needed.

The active forms of absorbed GRb1 in the intestine, as well as
the specific mechanisms by which they activate Hrd1, should be
investigated by future research. In vivo, when β-glucosidase-
producing bacterial strains were used to biotransform GRb1, the
GRb1 was converted into Rd, gypenoside XVII, F2, compound K,
and Rg3. The GRb1 was converted in the following sequence:
Rb1→ Rd→ F2→ compound K [46]. Compound K, the main
metabolite of aprotopanaxadiol-type ginsenoside produced by
intestinal bacteria after oral administration of ginseng extract, is
thought to be the major form of protopanaxadiol saponin
absorbed from the intestine [47, 48]. In addition, compound K
promotes the recovery of colitis by suppressing activation of the
NF-κB pathway [49]. In summary, GRb1 appears to activate
intestinal epithelial Hrd1 signaling pathways, thereby alleviating
colitis. The findings of this study provide some understanding of
the pathological mechanisms of IBD and suggest the develop-
ment of GRb1 as a natural product to treat IBD. In the clinic,
GRb1 has been shown to reduce the degree of oxidative stress
and inflammation in patients with chronic kidney disease and to
improve glycemic status in men during recovery from resistance
training [50, 51]. The dose of GRb1 used in the clinic is ~10 mg/
kg, and a maximum dose of 40 mg/kg GRb1 was used in our
mouse study, which suggests the safety of GRb1 to treat IBD in
the future. Moreover, GRb1 may also have potential for the
treatment of other autoimmune diseases accompanied by
decreased Hrd1 expression.

Fig. 7 Effects of the ginsenoside Rb1 (GRb1) on Hrd1, ER stress, apoptosis, and inflammation in a TNBS-induced colitis model. Western
blot analysis of a Hrd1, b CHOP, c GRP78, d cleaved-caspase 3 (cl-caspase 3) (calculated as cl-caspase 3/caspase 3), and e p-NF-κB-p65
(calculated as p-NF-κB-p65/NF-κB-p65). Data are expressed as the mean ± SD. **P < 0.01 compared with the sham group (n= 3 mice); ##P <
0.01 compared with the TNBS-induced colitis group; n= 3 mice.
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