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Abstract
Context ‒ Accumulated evidence indicates that genipo-
side exhibits neuroprotective effects in ischemic stroke.
However, the potential targets of geniposide remain unclear.
Objective ‒ We explore the potential targets of genipo-
side in ischemic stroke.
Materials and methods ‒ Adult male C57BL/6 mice
were subjected to the middle cerebral artery occlusion
(MCAO) model. Mice were randomly divided into five
groups: Sham, MCAO, and geniposide-treated (i.p. twice
daily for 3 days before MCAO) at doses of 25, 75, or
150mg/kg. We first examined the neuroprotective effects
of geniposide. Then, we further explored via biological infor-
mation analysis and verified the underlying mechanism in
vivo and in vitro.
Results: ‒ In the current study, geniposide had no toxi-
city at concentrations of up to 150 mg/kg. Compared with
the MCAO group, the 150 mg/kg group of geniposide

significantly (P < 0.05) improved neurological deficits,
brain edema (79.00 ± 0.57% vs 82.28 ± 0.53%), and
infarct volume (45.10 ± 0.24% vs 54.73 ± 2.87%) at 24 h
after MCAO. Biological information analysis showed that
the protective effect was closely related to the inflamma-
tory response. Geniposide suppressed interleukin-6 (IL-
6) and inducible nitric oxide synthase (iNOS) expression
in the brain homogenate, as measured by enzyme-linked
immunosorbent assay (ELISA). Geniposide upregulated A20
and downregulated TNF receptor-associated factor-6 and
nuclear factor kappa-B phosphorylation in the MCAO model
and lipopolysaccharide-treated BV2 cells at 100 μM.
Conclusions ‒ Geniposide exhibited a neuroprotective
effect via attenuating inflammatory response, as indi-
cated by biological information analysis, in vivo and in
vitro experiments, which may provide a potential direc-
tion for the application of geniposide in the treatment of
ischemic stroke.
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Abbreviation

BCA bicinchoninic acid
BP biological process
CC cellular component
DAMPs damage-associated molecular patterns
ECA external carotid artery
ELISA enzyme-linked immunosorbent assay
GD geniposide
GO gene ontology
HRP horseradish peroxidase;
IRAK IL-1 receptor-associated kinase
IL-6 interleukin-6
iNOS inducible nitric oxide synthase
LPS lipopolysaccharide
MCAO middle cerebral artery occlusion
MF molecular function
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NF-κB nuclear factor kappa-B
PPRs pattern recognition receptors
PVDF polyvinylidene difluoride
rCBF regional cerebral blood flow
RIPA radioimmunoprecipitation assay buffer
TLRs toll-like receptors
TRAF6 TNF receptor-associated factor-6

1 Introduction

Geniposide (methyl (1S,4aS,7aS)-1-(β-D-glucopyranosy-
loxy)-7-(hydroxylmethyl)-1,4a,5,7a-tetrahydrocyclopenta
[c]pyran-4-carboxylate; C17H24O10) is an iridoid glucoside
extracted from Gardenia jasminoides Ellis (Rubiaceae) fruits,
a flowering plant [1]. Geniposide exhibits multiple biological
properties such as antidiabetic, antioxidative, antiprolifera-
tive, and neuroprotective activities [2]. However, the main
effect of geniposide in the treatment of cerebral ischemia
remains unclear.

In recent years, with the rapid development of systems
biology,multidirectional pharmacology, computational biology,
and network pharmacology, a new discipline for sys-
tematic drug research is applied in the mechanism study
[3,4]. Network pharmacology is based on the theories
of systems biology, which analyzes biological systems
with bioinformatics and network analysis methods and
studies the mechanism of drug action from the system
level. In this current study, using public data, we found
that the target proteins of geniposide are mainly related to
inflammation.

Neuroinflammation has been identified as an impor-
tant factor in the process of secondary injury after cerebral
ischemia [5,6]. Therefore, drugs or other chemical agents,
which possess anti-inflammatory properties, may be effec-
tive in ameliorating ischemia-induced brain injury [7,8]. In
recent years, mounting evidence has shown that genipo-
side could suppress neuroinflammation both in vitro and in
vivo [9]. Regarding the anti-neuroinflammatory mechan-
isms of geniposide, recent studies have demonstrated that
geniposide could inhibit the NF-κB signal pathway [10,11].
However, the nuclear translocation of NF-κB has been
identified as a terminal mechanism, while the upstream
mechanisms remain unclear. Thus, it is important to explore
the precise molecular mechanism of geniposide.

A20 has been viewed as a negative regulator of inflam-
mation through toll-like receptors (TLRs) and the TNF
receptor pathway [12,13]. As a deubiquitinating enzyme,
A20 encodes an ubiquitin-editing enzyme, which is essen-
tial for the activation of NF-κB [14]. A20 is expressed in the

central nervous system, especially in microglia, as com-
pared with the expression in other cells such as neurons,
astrocytes, and brain endothelial cells [15]. A20 has been
demonstrated to exert neuroprotective effects through anti-
inflammatory effects in animal models of epilepsy and cer-
ebral ischemia [16]. However, whether A20 was involved in
the anti-inflammatory effect of geniposide and the term-
inal activation of NF-κB during cerebral ischemia remains
unknown.

In the current study, we explore whether geniposide
exhibited neuroprotective effect during cerebral ischemia
and whether the neuroprotective effect was mediated
through the A20/NF-κB signal pathway.

2 Materials and methods

2.1 Animals

Animals were housed in a humidity-controlled room on a
12 h light/dark cycle at 22°C with free access to food and
water. Adult male C57BL/6 mice (8–10 weeks) were used
for the experiments. Animals were assigned randomly
using a random number table. All assessments were con-
ducted by investigators who were blinded to the experi-
mental group assignment.

A total of 150 adult male C57BL/6 mice (weighing
25–30 g) were used in our current study; 14 (9.3%) mice
died before the completion of the experiment and were
excluded from the study. Post-mortem examinations did
not reveal the occurrence of intracerebral or subarachnoid
hemorrhage in any of these animals, and no significant dif-
ferences were found in the number of deaths in each group.

Ethical statement: All experimental procedures were
approved by the committee of experimental animals of
Hebei Medical University, Shijiazhuang, China (2020-
AE006), and conducted in accordance with the National
Institutes of Health guidelines.

2.2 Reagents

Geniposide (purity >98% tested by HPLC) was purchased
from Chengdu Derick Biotechnology Co. Ltd. (Sichuan,
China). Lipopolysaccharide (LPS) was purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Antibodies against
P-p65 (3033, CST), p65 (6956, CST), A20 (5630, CST), and
GAPDH (2118, CST) were purchased from Cell Signaling
Technology (Beverly, MA, USA). TRAF6 (38-0900, Invitrogen)
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was purchased from Thermo Fisher Scientific. Tumor necrosis
factor-α (TNF-α; 430907, BioLegend), IL-6 (431307, BioLegend),
interleukin-1β (IL-1β; 432601, BioLegend), and iNOS ELISA kits
were purchased from BioLegend (CA, USA).

2.3 Geniposide treatment in vivo

Geniposide (Zelang Biotechnology Co, Nanjing, Jiangsu,
China) with a purity of more than 98% was dissolved in
saline. All the mice were randomly divided into five groups
as follows: sham group, middle cerebral artery occlusion
(MCAO) group, GD25 (25mg/kg geniposide) group, GD75
(75mg/kg geniposide) group, and GD150 (150mg/kg geni-
poside) group. Sham and MCAO groups were treated with
0.9% normal saline only through intraperitoneal injection.
Geniposide was administered through intraperitoneal
injection with doses of 25, 75, or 150 mg/kg twice daily
for 3 days before surgery.

2.4 Cerebral ischemia by MCAO

Mice were anesthetized with 1% pentobarbital (100mg/kg,
i.p.). Permanent focal cerebral ischemia was induced by
right MCAO using an intraluminal filament occlusion model
as previously reported [17]. First, the right carotid artery of
mice was exposed to dissect the external carotid artery
(ECA) and the internal carotid artery (ICA). ECA was then
blocked at the level of MCA branches. Then, a filament
(Guangzhou Jialing Biotech Co Ltd, Guangzhou, China)
coated with silicone was inserted through the ECA and
then advanced into the ICA. Finally, the filament was
stopped and ligated, when a slight resistance was felt.
Sham-operated mice were subjected to the same way,
except for MCAO. During the operation, the body tempera-
ture of mice wasmaintained at 37.5 ± 0.5°C using a heating
pad. Regional cerebral blood flow (rCBF)wasmonitored by
a laser-Doppler flowmeter (moor VMS-LDF, Moor Instru-
ments Ltd., UK) before, during, and after MCAO. The
middle cerebral artery was occluded with a criterion of
<25% of baseline blood flow remaining after MCAO.

2.5 Measurement of neurological deficits

The neurological deficits of mice were conducted before
the mice were euthanized at 24 h after MCAO by an exam-
iner blinded to the groups (n = 10 per group). The neurolo-
gical deficits were scored using a modified scoring system

reported previously [18]: 0, no deficits; 1, difficulty in fully
extending the contralateral forelimb; 2, unable to extend the
contralateral forelimb; 3, mild circling to the contralateral
side; 4, severe circling; and 5, falling to the contralateral side.

2.6 Infarct volume

At 24 h after MCAO, mice (n = 5 per group) were anesthe-
tized by pentobarbital, and brains were rapidly removed
on the ice. Brains were sliced into five 2-mm-thick cor-
onal sections and then stained with 2% 2,3,5-triphenylte-
trazolium chloride (TTC; Sigma-Aldrich, St. Louis, MO,
USA) for 10min at 37°C. The infarct volume was calcu-
lated as follows: ([total infarct volume − {volume of intact
ipsilateral hemisphere − volume of intact contralateral
hemisphere}]/contralateral hemisphere volume) [19].

2.7 Brain edema

Brain edema was evaluated by the standard wet/dry
method [20] at 24 h after MCAO (n = 6 per group). The
two hemispheres of mice were packaged with tinfoil,
respectively, to obtain wet weights on an electronic bal-
ance, and dry weights were then obtained after placing
them into the oven for 24 h at 100°C. The brain water
(BW) content was then calculated as follows:

BW = (wet weight − dry weight)/wet weight × 100%.

2.8 ELISA assay

TNF-α, IL-6, IL-1β, and iNOS levels in the brain homoge-
nate of the ischemic hemisphere were determined using a
commercial ELISA kit (NeoBioscience Technology Company,
Beijing, China) at 24 h after MCAO. The brain homogenate
was then centrifuged at 1,000×g for 15min at 4°C to collect
the supernatant. The procedure was performed following
the manufacturer’s instructions. Briefly, 50mM carbonate
coating buffer (pH 9.6) was used to dissolve the antigen
(10–20 μg/mL), which was then added into a 96-well
enzyme label plate (100 μL/well) for overnight incubation
at 4°C. Then, 150 μL of 1% bovine serum albumin was added
to each well for 1 h of blocking at 37°C, and 100 μL of serum
was added into each well to incubate for 2 h at 37°C.
Subsequently, the serum was incubated with 100 μL of
diluted horseradish peroxidase (HRP)-labeled secondary
antibodies at 37°C for 1 h. Finally, the absorbance value
A405 was read on a microplate reader.
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2.9 Western blot analysis

Proteins from the mice brains and total proteins from the
treated cells were extracted with the radioimmunopreci-
pitation assay buffer (RIPA) and were determined using
the bicinchoninic acid (BCA) protein assay kit, as pre-
viously reported [21]. Equal amounts of protein (50 μg)
were separated by a 10% SDS/polyacrylamide gel and
then transferred onto a polyvinylidene difluoride (PVDF)
membrane. Themembrane was blockedwith 5%BSA solu-
tion for 1 h and then incubated with primary antibodies
(A20, TRAF6, and phosphorylation of NF-κB) at 4°C over-
night. On the following day, the membrane was incubated
with secondary antibodies. GAPDH was used as an internal
control of total proteins. The densitometric values were nor-
malized with respect to GAPDH immunoreactivity to correct
for loading and transfer differences among samples. The
relative density of blots was determined on an Odyssey
infrared scanner (LICOR Bioscience, Lincoln, NE, USA).

2.10 Cell culture and treatments

BV2 cells, a microglial cell line, were cultured in
Dulbecco's modified Eagle medium (DMEM) solution
(Gibco, USA), supplemented with 10% fetal bovine
serum (Gibco, USA) and 1% penicillin/streptomycin
(Solarbio, China), in an incubator under normoxic
conditions (37°C, 5% CO2/95% air). To test the effect
of geniposide on cell viability, the cells were divided
into a control group, 5 μM group (5 μM geniposide),
10 μM group (10 μM geniposide), 20 μM group (20 μM
geniposide), and 100 μM group (100 μM geniposide). To
explore the effect of geniposide on inflammation, LPS
was administered at a concentration of 200 ng/mL. Cells
were classified into different groups: control group, LPS
group, and LPS + GD group (100 μM geniposide).

2.11 CCK-8 assay for microglial cell viability

Microglial cells were seeded into 96-well plates with the
culture medium at a volume of 100 μL in each well. Cell
viability was detected using the CCK-8 assay according to
the manufacturer’s instructions. Briefly, 10 μL of the CCK-
8 solution was added to each well. The absorbance of
each well was read using a microplate reader at a test
wavelength of 450 nm, with 620 nm being used as the
reference wavelength.

2.12 Prediction of geniposide targets

SwissTargetPrediction (http://www.swisstargetprediction.
ch/) is an online analysis software, which can predict the
target of small molecules according to the principle of
molecular similarity. We utilized this tool to predict the tar-
gets of geniposide. A protein–protein interaction (PPI) net-
work was constructed through the STRING (v11.0, https://
string-db.org/) database, which is a database of known and
predicted PPIs, including direct (physical) and indirect (func-
tional) associations.

2.13 Gene ontology (GO) analysis

GO analysis consists of three parts: molecular function,
biological process, and cellular component. Enrichment ana-
lysis was performed via the David 6.8 (https://david.ncifcrf.
gov/) database, which provides a comprehensive set of func-
tional annotation tools to elaborate the biological function of
the long list of genes. Briefly, to start DAVID, first click on
“Functional Annotation” under “Shortcut to David tools” at
the left of the home page. Then, we upload the file containing
the targets of geniposide, which were predicted through
SwissTargetPrediction. After the file was uploaded, we select
“Functional Annotation Clustering” in the center of the page.
The GO terms obtained in the drawing are arranged in des-
cending order according to the −log10 (P value) of enrich-
ment, and we used the first 30 results.

2.14 Statistics

All data were expressed as mean ± SEM. For statistics
normally distributed, comparisons were assessed by one-
way ANOVA followed by Student–Newman–Keuls tests
and least significant difference (LSD) tests for multi-group
comparisons and two-tailed Student’s t-test for two-group
comparisons. For neurological deficits, Mann–Whitney
U test was used for comparisons between the two groups.
Fisher’s exact test was applied for the GO analyses. P <
0.05 was considered statistically significant.

3 Results

3.1 Geniposide protected against cerebral
ischemic injury in mice

The flow chart of our experiment is shown in Figure 1a.
At 24 h after MCAO, mice displayed characteristics of
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circling to the left or even not walking spontaneously.
The higher the neurological defect scores, the more ser-
ious the cerebral ischemic injury. As shown in Figure 1b,
no visible neurological defect was observed in mice of the
Sham group, while severe neurological defect was observed
in mice of the MCAO group. The neurological defect scores
in mice of the 150mg/kg GD group were markedly reduced,
compared with the MCAO group. However, there was no
significant difference among the groups of MCAO, 25mg/kg
GD group, and 75mg/kg GD group.

Brain edema was measured at 24 h after MCAO using
wet/dry methods, as shown in Figure 1c. In the ischemic
hemisphere, 75 and 150mg/kg GD groups displayed ame-
liorated BW content (79.67 ± 0.46% vs 82.28 ± 0.53% and
79.00 ± 0.57% vs 82.28 ± 0.53%, P < 0.05, respectively)
when compared with the MCAO group. However, no
obvious difference was observed among the groups of
MCAO and 25 mg/kg GD group.

Infarct volume was evaluated at 24 h after MCAO by
staining, through which viable tissue is stained red and
ischemic tissue is stained pale, as shown in Figure 1d.
Reduced infarct volume was observed in mice of 75 and
150mg/kg GD groups (46.28 ± 3.04% vs 54.73 ± 2.87%
and 45.10 ± 0.24% vs 54.73 ± 2.87%, P < 0.05, respec-
tively) when compared with the MCAO group. No obvious
difference in the cerebral infarction volume was observed
in the MCAO and 25mg/kg GD group.

These results indicated that geniposide exerted a neu-
roprotective effect after cerebral ischemic injury. Based on
the above-mentioned results, we selected 150mg/kg GD
for the following study.

3.2 Target prediction and construction of
the PPI network of geniposide

To predict the potential targets of geniposide, we queried
geniposide targets using the SwissTargetPrediction tool.
One hundred geniposide targets were predicted with
SwissTargetPrediction (Supplemental materials). To con-
struct an interaction network, we studied the PPI rela-
tionship via the STRING database. This network consisted
of the above 100 terms, including 100 nodes and 400
edges (Figure 2). As shown in Figure 2, the interactions
mainly exist in inflammatory-related proteins, such as
MAPK, MMP9, Akt1, ESR1, HSP90, and so on, which sug-
gested that the neuroprotective effect of geniposide may
be mainly attributed to its anti-inflammatory effect.

3.3 GO analyses of geniposide

To investigate the biological function and potential
mechanism of geniposide, GO analyses were performed

Figure 1: Geniposide protected against cerebral ischemia injury at 24 h after MCAO in mice. (a) Schematic diagram of the experimental
design. (b) Effect of geniposide on the neurological deficit scores at 24 h after MCAO (n = 10 per group) (*P < 0.05, nonparametric
Mann–Whitney U test). (c) Effect of geniposide on the brain edema at 24 h after MCAO (n = 6 per group) (*P < 0.05, one-way ANOVA). (d)
Effect of geniposide on the infarct volume at 24 h after MCAO (n = 5 per group) (*P < 0.05, one-way ANOVA). Data are expressed as mean
± SEM.
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via the DAVID database. Biological process analysis was
mainly enriched in terms of inflammatory response and
negative regulation of apoptotic progress. Molecular func-
tion analysis was primarily enriched in terms of protein
binding (Figure 3). These findings suggested that genipo-
side participated in biological functions that were closely
related to the inflammatory response.

3.4 Geniposide downregulated the
expression of inflammatory cytokines

To confirm the accuracy of target prediction and GO ana-
lysis, we thus investigated the expression of pro-inflamma-
tory cytokines in the brain at 24 h after cerebral ischemia.
The results showed that the expression of TNF-α, IL-6, IL-1β,

Figure 2: The PPI network of geniposide targets predicted by SwissTargetPrediction.
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and iNOS was upregulated after MCAO (Figure 4). Impor-
tantly, after geniposide treatment, the expression of IL-6
and iNOS was significantly reduced, which suggested that
geniposide exhibited an anti-inflammatory effect after cere-
bral ischemia.

3.5 Geniposide upregulated the expression
of A20 and inhibited the activation of
NF-κB

We further explored the expression of A20, TRAF6, and
the phosphorylation of NF-κB, which was the upstream
signal of IL-6 and iNOS, in the penumbra of the brain
tissue. As shown in Figure 5, the expression of A20,
TRAF6, and the phosphorylation of NF-κB was increased
after MCAO. Importantly, geniposide ameliorated the
ischemia-induced upregulation of TRAF-6 and p-NF-κB
significantly. Besides, geniposide significantly increased

the expression of A20 when compared with the MCAO
group.

As IL-6 and iNOS were mainly produced by activated
microglia, we used microglia cell lines, BV2 cells, to
examine the inhibitory effect of geniposide on microglia
activation and its underlying mechanisms.

To evaluate whether geniposide affected the cell via-
bility of BV2 cells, the cell viability was assessed by CCK8
assay. As shown in Figure 6a, geniposide exerted no sig-
nificant toxic effects on BV2 at four concentrations (5, 10,
20, and 100 μM) after 24 h treatment. We then selected
100 μM in subsequent studies.

LPS (200 ng/mL) was then used to activate microglia.
As shown in Figure 6b–e, the expression of A20, TRAF6,
and the phosphorylation of NF-κβ was increased after
LPS treatment. Importantly, geniposide ameliorated the
LPS-induced upregulation of TRAF-6 and p-NF-κβ signif-
icantly. Moreover, geniposide significantly increased the
expression of A20 when compared with the LPS group.

Figure 3: GO pathway enrichment of geniposide targets predicted by SwissTargetPrediction. GO analysis included three parts: the biological
process (a), cellular component (b), and molecular function (c), which, respectively, describe the biological processes involved, the cellular
environments in which they are located, and the molecular functions of potential gene products. Enrichment analysis was performed via the
DAVID 6.8 database. The enriched terms of GO analysis are arranged in descending order according to −log10 (P value). BP: biological
process; MF: molecular function; CC: cellular component.

Figure 4: Geniposide suppressed the overproduction of pro-inflammatory cytokines at 24 h after MCAO in mice. The expression of TNF-α (a),
IL-6 (b), IL-1β (c), and iNOS (d) in the penumbra of mice brains was detected by ELISA (n = 4–5 per group) (*P < 0.05, one-way ANOVA).
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4 Discussion

In the current study, we first investigated the neuropro-
tective role of geniposide during cerebral ischemia in
mice and then explored the potential targets of geniposide
using bioinformatics tools, including SwissTargetPrediction
and analyses of the GO pathway and PPI network. With the
bioinformatics tools, we identified that the protective effect
of geniposide may be mediated through its anti-inflamma-
tory properties. We then verified the anti-inflammatory
effect of geniposide and revealed that A20 may serve as a
novel target in the treatment of cerebral ischemia.

Geniposide is found in 40 species belonging to var-
ious families, especially Rubiaceae [22]. In the 2015 edi-
tion, geniposide has been listed as the quantitative com-
ponent for quality evaluation of nearly 20 Chinese Patent
Medicine preparations containing G. jasminoides fruits,
such as the Bazheng mixture, Longdan Xiegan pills,
Qingkailing soft capsules, Niuhuang Shangqing soft cap-
sules, and Zhizi Jinhua pills (National Pharmacopoeia
Commission, 2020). Multiple lines of pharmacological
evidence have demonstrated the various biological prop-
erties of geniposide, such as anti-inflammatory [23], anti-
oxidative [24], antidiabetic [25], and neuroprotective [26].
In a LPS-induced mouse model of mastitis, geniposide
(2.5, 5, and 10mg/kg in vivo; 25, 50, and 100 µg/mL in
vitro) has been demonstrated to alleviate inflammatory
response by the inhibition of TLR4. Moreover, evidence
has shown that geniposide may serve as a potential drug
to prevent the early progression of AD [9]. Geniposide (i.g.,
25 and 50mg/kg) was demonstrated to inhibit inflamma-
tion and improve barrier dysfunction by activating the
AMPK pathway. Additionally, geniposide treatment could

protect against the above dysfunction by attenuating
axonal mitochondrial fragmentation, trafficking impair-
ments, and reactive oxygen species (ROS) elevation, pro-
tecting the synaptic loss, abnormal spine density and mor-
phology, and ameliorating the decrease in synapse-related
proteins. The neuroprotective effect of geniposide in cere-
bral ischemia has been investigated in previous studies,
which used transient MCAO rat models. However, the tran-
sient MCAO model, which mimics stroke with reperfusion,
does not accurately reflect the majority of clinical stroke
cases. Therefore, the argument for studying permanent
MCAO as a primary model is made and supported [27].
Currently, the effect of geniposide has not been investi-
gated in a permanent MCAO model. Thus, it is essential
to investigate the neuroprotective effect of geniposide in a
permanent MCAO model; our results showed that genipo-
side exerted a neuroprotective effect at 24 h after perma-
nent MCAO, as indicated by improved neurofunction, as
well as reduced brain edema and infarct volume. However,
the specific targets of geniposide remained unclear.

Through the SwissTargetPrediction database, we ver-
ified 100 geniposide targets, which were enriched in the
pathway of inflammatory and cell apoptosis as indicated
by GO analysis. Accumulated evidence has demonstrated
that inflammation plays a crucial role after cerebral ischemia
[8]. After cerebral ischemia, the ischemic tissue was divided
into two areas, infarct core and penumbra. Excessive inflam-
matory response occurred in the penumbra, which may
further aggravate the infarct volume [28]. Considering the
important role of inflammation in acute cerebral ischemia
and to confirm the anti-inflammatory properties of genipo-
side, we examined the expression of pro-inflammatory cyto-
kines. Our results demonstrated that geniposide significantly

Figure 5: Geniposide inhibited inflammation by upregulating A20 expression and downregulating TRAF6 expression and NF-κB phos-
phorylation. The expression of A20, TRAF6, p-NF-κB 65, and p-NF-κB in the penumbra of mice brains was detected by western blot (a).
Quantification of the expression of A20 (b), TRAF6 (c), and phosphorylation of NF-κB (d) by Image-pro-plus (n = 4 per group) (*P < 0.05, one-
way ANOVA).
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reduced the expression of pro-inflammatory factors, such as
IL-6 and iNOS.

Microglia, identified as the macrophage of the central
nervous system, play important roles in neuroinflamma-
tion after cerebral ischemia [29]. After cerebral ischemia,
the dying neurons release damage-associated molecular
patterns (DAMPs), which bind to the pattern recognition
receptors (PPRs) in the membrane of microglia, leading to
the activation of microglia and the overproduction of pro-
inflammatory cytokines, such as IL-6 and iNOS [30]. The
pro-inflammatory cytokines further aggravate ischemia-
induced damage, resulting in severe neurological deficits [5].
During cerebral ischemia, the overproduction of pro-inflam-
matory cytokines, such as IL-6 and iNOS, was mediated by

NF-κB. Evidence has shown that IL-1 receptor-associated
kinase (IRAK) is activated by phosphorylation and then
associates with TRAF6, leading to the activation of down-
stream NF-κB signaling pathways [5]. The relationship
between TRAF6 and NF-κB has been elaborated in accu-
mulated studies. TRAF6 is an important E3 ubiquitin
ligase, which is crucial in mediating the activation of
NF-κB [31]. Geniposide has been demonstrated to amelio-
rate the alterations of TLR4/MyD88 in diabetic mice and
SH-SY5Y cells [32]. Geniposide also regulated NF-κB acti-
vation by reacting with the free sulfhydryl groups of cysteine.
Therefore, we wanted to know whether the anti-inflamma-
tory effect of geniposide was associated with the TRAF6/NF-
κB signaling pathway in our mouse model of MCAO. In our

Figure 6: Geniposide inhibited LPS-induced inflammation by upregulating A20 expression and downregulating TRAF6 expression and NF-κB
phosphorylation in BV2 cells. The cell viability was examined by CCK8 assay (a). The expression of A20, TRAF6, p-NF-κB 65, and p-NF-κB in
BV2 cells was detected by western blot (b). Quantification of the expression of A20 (c), TRAF6 (d), and phosphorylation of NF-κB (e) by
Image-pro-plus. The results shown are representative of three independent experiments (*P < 0.05, one-way ANOVA). Data are expressed
as mean ± SEM; n = 4–6 per group.
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present study,we found that geniposide inhibited the expres-
sion of TRAF6 and the activation of NF-κB after cerebral
ischemia.

Importantly, we demonstrated that geniposide
could upregulate the expression of A20 after cerebral
ischemia, which was not found as a geniposide target via
SwissTargetPrediction but was predicted with the highest
score in GEO datasets of cerebral ischemia, suggesting that
A20 was a potential geniposide target. A20, a zinc finger
protein, functions as a potent negative regulator of the
inflammatory response and feedback inhibitor of NF-κB.
Mounting evidence has demonstrated that A20 could regu-
late the activity of TRAF6 by direct K63-linked deubiquiti-
nation and by K48-linked ubiquitination via the ubiquitin–
proteasome system. These results suggested that geniposide
inhibited the expression of TRAF6 and the phosphorylation
of NF-κB, at least partly, by increasing the expression of A20
(Figure 7).

5 Conclusions

Our current study suggested that upregulation of A20 was
involved in the neuroprotective and anti-inflammatory

effect of geniposide during cerebral ischemia. The neuro-
protective effect of geniposide was, at least partly, through
the A20/NF-κB pathway.

Funding information: This work was supported by the
National Natural Science Foundation of China (grant
number 81571292).

Author contributions: QS and XZ: research conceptualiza-
tion, design, and drafting of the manuscript. QS, JF,LZ,HJ
and JX: animal experiment and data analysis. QS, CZ, RC
and JZ: in vitro experiment and data analysis. QS, XL and
DS:biological information analysis. All authors contrib-
uted to the manuscript and approved the final version.

Conflict of interest: Authors state no conflict of interest.

Data availability statement: The datasets generated
during and/or analyzed during the current study are
available from the corresponding author on reasonable
request.

Supplementary material: Geniposide targets were pre-
dicted with SwissTargetPrediction.

Figure 7: Mechanisms involved in the anti-neuroinflammatory effects of geniposide.

10  Qian Sun et al.



References

[1] Chen L, Li M, Yang Z, Tao W, Wang P, Tian X, et al. Gardenia
jasminoides Ellis: Ethnopharmacology, phytochemistry, and
pharmacological and industrial applications of an important
traditional Chinese medicine. J Ethnopharmacol.
2020;257:112829.

[2] Shan M, Yu S, Yan H, Guo S, Xiao W, Wang Z, et al. A review on
the phytochemistry, pharmacology, pharmacokinetics and
toxicology of geniposide, a natural product. Molecules.
2017;22(10):1689.

[3] Zhang R, Zhu X, Bai H, Ning K. Network pharmacology data-
bases for traditional chinese medicine: Review and assess-
ment. Front Pharmacol. 2019;10:123.

[4] Wang X, Wang ZY, Zheng JH, Li S. TCM network pharmacology:
A new trend towards combining computational, experimental
and clinical approaches. Chin J Nat Med. 2021;19(1):1–11.

[5] Zhao J, Zhang X, Dong L, Wen Y, Zheng X, Zhang C, et al.
Cinnamaldehyde inhibits inflammation and brain damage in a
mouse model of permanent cerebral ischaemia. Br J
Pharmacol. 2015;172(20):5009–23.

[6] Song D, Zhang X, Chen J, Liu X, Xue J, Zhang L, et al. Wnt
canonical pathway activator TWS119 drives microglial anti-
inflammatory activation and facilitates neurological recovery
following experimental stroke. J Neuroinflammation.
2019;16(1):256.

[7] Xue J, Zhang X, Zhang C, Kang N, Liu X, Yu J, et al. Protective
effect of Naoxintong against cerebral ischemia reperfusion
injury in mice. J Ethnopharmacol. 2016;182:181–9.

[8] Zhang N, Zhang X, Liu X, Wang H, Xue J, Yu J, et al.
Chrysophanol inhibits NALP3 inflammasome activation and
ameliorates cerebral ischemia/reperfusion in mice. Mediators
Inflamm. 2014;2014:370530.

[9] Zhang H, Zhao C, Lv C, Liu X, Du S, Li Z, et al. Geniposide
alleviates amyloid-induced synaptic injury by protecting
axonal mitochondrial trafficking. Front Cell Neurosci.
2016;10:309.

[10] Yuan J, Zhang J, Cao J, Wang G, Bai H. Geniposide alleviates
traumatic brain injury in rats via anti-inflammatory effect
and MAPK/NF-kB inhibition. Cell Mol Neurobiol.
2019;40:511–20.

[11] Yang S, Kuang G, Jiang R, Wu S, Zeng T, Wang Y, et al.
Geniposide protected hepatocytes from acetaminophen
hepatotoxicity by down-regulating CYP 2E1 expression and
inhibiting TLR 4/NF-kappaB signaling pathway. Int
Immunopharmacol. 2019;74:105625.

[12] Kinsella S, Fichtner M, Watters O, Konig HG, Prehn JHM.
Increased A20-E3 ubiquitin ligase interactions in bid-deficient
glia attenuate TLR3- and TLR4-induced inflammation.
J Neuroinflammation. 2018;15(1):130.

[13] Guven-Maiorov E, Keskin O, Gursoy A, Nussinov R. A structural
view of negative regulation of the toll-like receptor-mediated
inflammatory pathway. Biophys J. 2015;109(6):1214–26.

[14] Li Y, Mooney EC, Holden SE, Xia XJ, Cohen DJ, Walsh SW, et al.
A20 orchestrates inflammatory response in the oral mucosa
through restraining NF-kappaB activity. J Immunol.
2019;202(7):2044–56.

[15] Voet S, Mc Guire C, Hagemeyer N, Martens A, Schroeder A,
Wieghofer P, et al. A20 critically controls microglia activation
and inhibits inflammasome-dependent neuroinflammation.
Nat Commun. 2018;9(1):2036.

[16] Sunaga K, Sugaya E, Kajiwara K, Tsuda T, Sugaya A, Kimura M.
Molecular mechanism of preventive effect of peony root
extract on neuron damage. J Herb Pharmacother.
2004;4(1):9–20.

[17] Zhang L, Zhang X, Zhang C, Bai X, Zhang J, Zhao X, et al.
Nobiletin promotes antioxidant and anti-inflammatory
responses and elicits protection against ischemic stroke in
vivo. Brain Res. 2016;1636:130–41.

[18] Longa EZ, Weinstein PR, Carlson S, Cummins R. Reversible
middle cerebral artery occlusion without craniectomy in rats.
Stroke. 1989;20(1):84–91.

[19] Ji H, Zhang X, Du Y, Liu H, Li S, Li L. Polydatin modulates
inflammation by decreasing NF-kappaB activation and oxida-
tive stress by increasing Gli1, Ptch1, SOD1 expression and
ameliorates blood-brain barrier permeability for its neuro-
protective effect in pMCAO rat brain. Brain Res Bull.
2012;87(1):50–9.

[20] Zhang J, Fu B, Zhang X, Chen L, Zhang L, Zhao X, et al.
Neuroprotective effect of bicyclol in rat ischemic stroke:
down-regulates TLR4, TLR9, TRAF6, NF-kappaB, MMP-9 and
up-regulates claudin-5 expression. Brain Res.
2013;1528:80–8.

[21] Xue J, Yu Y, Zhang X, Zhang C, Zhao Y, Liu B, et al.
Sphingomyelin synthase 2 inhibition ameliorates cerebral
ischemic reperfusion injury through reducing the recruitment
of toll-like receptor 4 to lipid rafts. J Am Heart Assoc.
2019;8(22):e012885.

[22] Zhou YX, Zhang RQ, Rahman K, Cao ZX, Zhang H, Peng C.
Diverse pharmacological activities and potential medicinal
benefits of geniposide. Evid Based Complement Alternat Med.
2019;2019:4925682.

[23] Xu B, Li YL, Xu M, Yu CC, Lian MQ, Tang ZY, et al. Geniposide
ameliorates TNBS-induced experimental colitis in rats via
reducing inflammatory cytokine release and restoring
impaired intestinal barrier function. Acta Pharmacol Sin.
2017;38(5):688–98.

[24] Liu J, Yin F, Zheng X, Jing J, Hu Y. Geniposide, a novel agonist
for GLP-1 receptor, prevents PC12 cells from oxidative damage
via MAP kinase pathway. Neurochem Int. 2007;51(6–7):361–9.

[25] Zhang Y, Ding Y, Zhong X, Guo Q, Wang H, Gao J, et al.
Geniposide acutely stimulates insulin secretion in pancreatic
beta-cells by regulating GLP-1 receptor/cAMP signaling and
ion channels. Mol Cell Endocrinol. 2016;430:89–96.

[26] Zhao C, Zhang H, Li H, Lv C, Liu X, Li Z, et al. Geniposide
ameliorates cognitive deficits by attenuating the cholinergic
defect and amyloidosis in middle-aged Alzheimer model mice.
Neuropharmacology. 2017;116:18–29.

[27] McBride DW, Zhang JH. Precision Stroke animal models: the
permanent MCAO model should be the primary model, not
transient MCAO. Transl Stroke Res. 2017;8:397–404.

[28] Shi K, Tian DC, Li ZG, Ducruet AF, Lawton MT, Shi FD. Global
brain inflammation in stroke. Lancet Neurol.
2019;18(11):1058–66.

Geniposide exhibits neuroprotective effects against cerebral ischemic injury  11



[29] Otxoa-de-Amezaga A, Miro-Mur F, Pedragosa J, Gallizioli M,
Justicia C, Gaja-Capdevila N, et al. Microglial cell loss after
ischemic stroke favors brain neutrophil accumulation. Acta
Neuropathol. 2019;137(2):321–41.

[30] Di Lucente J, Nguyen HM, Wulff H, Jin LW, Maezawa I. The vol-
tage-gated potassium channel Kv1.3 is required for microglial
pro-inflammatory activation in vivo. Glia. 2018;66(9):1881–95.

[31] Du J, Nicolaes GA, Kruijswijk D, Versloot M, van der Poll T, van
't Veer C. The structure function of the death domain of human
IRAK-M. Cell Commun Signal. 2014;12:77.

[32] Liu S, Zheng M, Li Y, He L, Chen T. The protective effect of
geniposide on diabetic cognitive impairment through BTK/
TLR4/NF-kappaB pathway. Psychopharmacology (Berl).
2020;237(2):465–77.

12  Qian Sun et al.


	Abbreviation
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Reagents
	2.3 Geniposide treatment in vivo
	2.4 Cerebral ischemia by MCAO
	2.5 Measurement of neurological deficits
	2.6 Infarct volume
	2.7 Brain edema
	2.8 ELISA assay
	2.9 Western blot analysis
	2.10 Cell culture and treatments
	2.11 CCK-8 assay for microglial cell viability
	2.12 Prediction of geniposide targets
	2.13 Gene ontology (GO) analysis
	2.14 Statistics

	3 Results
	3.1 Geniposide protected against cerebral ischemic injury in mice
	3.2 Target prediction and construction of the PPI network of geniposide
	3.3 GO analyses of geniposide
	3.4 Geniposide downregulated the expression of inflammatory cytokines
	3.5 Geniposide upregulated the expression of A20 and inhibited the activation of NF-&#x03BA;B

	4 Discussion
	5 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


