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Abstract

With the advanced discoveries in the field of pathogenesis, a series of cerebral diseases, such as cerebral ischaemia,
Alzheimer’s disease, and depression, have been found to have multiple signalling targets in the microenvironment.
Only a few existing agents have been shown to have curative effects due to this specific circumstance. In recent
decades, active ingredients isolated from natural plants have been shown to be crucial for original drug development.
Geniposide, mainly extracted from Gardenia jasminoides Ellis, is representative of these natural products. Geniposide
demonstrates various biological activities in the treatment of cerebral, cardiovascular, hepatic, tumorous, and other
diseases. The multiple protective effects of geniposide on the brain have especially drawn increasing attention. Thus,
this article specifically reviews the characteristics of current models of cerebral ischaemia and illustrates the possible
effects of geniposide and its pathogenetic mechanisms on these models. Geniposide has been shown to significantly
reduce the area of cerebral infarction and alleviate neuronal damage and necrosis mainly by inhibiting inflammatory
signals, including NLRP3, TNF-q, IL-6, and IL-1(3. Neuronal protection was also involved in activating the PI3K/Akt and
Wnt/catenin pathways. Geniposide was able to increase autophagy and inhibit apoptosis by regulating the function
of mTOR in treating Alzheimer's disease. Geniposide has also been shown to act as a glucagon-like peptide-1 recep-
tor (GLP-TR) agonist to reduce amyloid plagues and inhibit oxidative stress to alleviate memory impairment as well as
synaptic loss. Moreover, geniposide has been shown to exert antidepressant effects primarily by regulating the hypo-
thalamic—pituitary—adrenal (HPA) axis. Detailed explorations have shown that the biological activities of inhibiting
inflammatory cytokine secretion, alleviating oxidative stress, and suppressing mitochondrial damage are also involved
in the mechanism of action of geniposide. Therefore, geniposide is a promising agent awaiting further exploration for
the treatment of cerebral diseases via various phenotypes or signalling pathways.
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Introduction

Natural products, mainly agents from plants, have been
proven to have wide pharmacological activities over
the decades. It is believed that the active ingredients of
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received much attention for its traditional applications
and in modern pharmacological studies. Geniposide is
extracted from the fruit of Rubiaceae Gardenia jasmi-
noides Ellis (Fig. 1). Geniposide has a long history of clin-
ical application according to the record of Shen Nong’s
Materia Medica. 1t is worth mentioning that Gardenia
jasminoides Ellis is also among the first batch of medi-
cine and food resources issued by the Ministry of Health
of China [3-5]. As a traditional Chinese herbal medicine
with important development potential, various studies in
recent decades have confirmed that gardenia has a wide
range of pharmacological activities. Geniposide is effec-
tive in antipyretic, sedative, analgesic, anti-inflammation,
antipathogenic, antioxidative, and antiradiation treat-
ments. Geniposide also demonstrates significant antitu-
mour biological activities, lowering blood sugar, lowering
blood fat, protecting the liver and gall bladder, protect-
ing the gastric mucosa, and improving depression [6-8].
Hitherto, geniposide has been widely used for liver and
gallbladder disorders in the clinic. Its modern application
is extended to antiviral treatment, and geniposide also
provides cerebral protection with robust efficacy. A series
of studies revealed the biological activities of geniposide
in downregulating phenotypes, including oxidative stress,
inflammation, and apoptosis. Other kinds of functions,
such as immune regulation and neuroprotection, have
also been reported in various diseases [9—11]. Apart from
a single application, the combination of geniposide with
baicalin, ginsenoside, and chlorogenic acid for complex
diseases has also drawn much focus [12, 13]. Therefore,
it is crucial for current researchers to systematically sort
out the relationship between the pharmacologic effects
and mechanisms of geniposide.

In recent years, the high incidence of cerebral dis-
eases has aroused attention due to the associated low
quality of life, high disability rate, and high fatality rate
worldwide [14, 15]. On the other hand, cerebral disease
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are more difficult to treat than other kinds of organic
diseases. Only a few low-molecular-weight compounds
can reach the brain tissue to exert curative effects due to
the existence of the blood—brain barrier (BBB) [16, 17].
Therefore, cerebral diseases are bound to cause a heavy
burden on current society. Cerebral ischaemia, Alzhei-
mer’s disease, and depression are thought to be repre-
sentative brain diseases. Cerebral ischaemia, accounting
for 7/10 incidences of stroke, which is the third most
common cause of death, with an incidence rate of 150—
21,740/100,000 people per year, is characterized by a
high disability rate, high recurrence rate, and high fatal-
ity rate [18, 19]. Unfortunately, the current main thera-
pies, including antiplatelet and thrombolytic agents, are
thought to have great limitations. The main therapies are
often accompanied by potential cerebral haemorrhage
risks and with narrow treatment times. Thus, the applica-
tion is often not available in time, resulting in the aggra-
vation of the disease and higher mortality, especially in
developing areas [20-24]. The treatment of Alzheimer’s
disease also faces a similar severe situation. Dementia is a
group of clinical syndromes referring to chronic acquired
progressive mental deterioration. Dementia is mainly
characterized by slow-onset intellectual decline, accom-
panied by varying degrees of personality changes. Alzhei-
mer’s disease is the main cause of dementia, accounting
for 80% of dementia cases. With the development of an
ageing society, Alzheimer’s disease is considered to be
the world’s major public health problem and has been
identified as a priority research project. However, due
to the complex pathogenesis of Alzheimer’s disease, the
current clinical treatment can relieve symptoms and
improve the quality of life to a certain degree but it can-
not postpone the progression of nor reverse the disease
[25, 26]. Depression is a central psychiatric disease with
a vastly increasing number of patients in recent years.
Depression clinically manifests as abnormal mood and
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Fig. 1 AThe plant Gardenia jasminoides Ellis. B Molecular structure of geniposide
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behaviour, often accompanied by a strong suicidal ten-
dency and autonomic or somatic symptoms. According
to the World Health Organization statistics, 320 million
people suffer from depression worldwide, and depres-
sion is expected to become the world’s second most com-
mon disease. The annual death toll from suicide due to
depression has reached 1 million. Depression may lead
to psychosocial disorders, decreased quality of life, and
high morbidity, accompanied by high disability and high
mortality. Although various antidepressants are used to
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treat depression, antidepressants show poor performance
in at least 50% of patients. Patient response to long-term
antidepressant treatment is far from satisfactory [27-29]
(Table 1)

Many studies have focused on the therapeutic effect
of geniposide. There is currently a lack of comprehen-
sive reviews. To obtain close insight into the mechanism
by which geniposide treats cerebral diseases, this article
first introduces multiple recognized models for agent
exploration. Then, this article reviews the current status

Table 1 Research progress on geniposide in the treatment of brain diseases

Disease Animal/Cell model

Dosage

Target/Pathways/Mechanism References

tMCAO

Permanent bilateral common carotid arteries occlu-
sions

MCAO
I/R
OGD/R
0GD
OGD
0GD

Cerebral ischaemia

Inflammatory injury induced by microglia
OGD
Alzheimer's disease  APP/PS1
APP/PS1
APP/PS1
APP/PS1
APP/PS1
STZ
STZ
STZ
Primary cultured cortical neurons
Primary cultured cortical neurons
Primary cultured cortical neurons
Primary cultured cortical neurons
Primary cultured cortical neurons
Primary cultured cortical neurons
PC12 cells
PC12 cells
Depression RRS
CUMS
STZ
HDF in combined with CORT
Lipopolysaccharide
Maximal electric shock (50 mA, 50 Hz, 1 s)
1-Methyl-4-phenyl-1,2,3 6-tetrahydropyridine

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine/neu-
roblastoma cell lines SHSY5Y

Others

25-150 mg/kg

GIUN2A/AKT/ERK signalling pathways ()  [37]

50-100 mg/kg NF-kB/INOS/TNF-a/IL-6 (—) [38]
15-60 mg/kg inflammatory factors and NF-kB (—) [39]
100 mg/kg AKT/mTOR signalling pathways (+) [45]

-12 pg/mL NLRP3 (=) [49]
125-50 ug/mL inflammatory factors/NF-kB (—) [39]
100-300 uM PI3K/AKT and Wnt/B-catenin pathways (+) [53]
33.2 pg/mL ERK1/2 signalling pathways/proinflamma-  [54]

tory cytokines (—)

12.5-50 ug/mL  5-LOX/CysLTs inflammatory pathway (=) [55]
31.25-500 pg/mL  CHOP/Beclin 1 (—) [56]
50 mg/kg CcO (+)ROS/MDA (-) [63]
50 mg/kg mTOR signalling pathway (—) [64]
5-20 mg/kg Akt/GSK-3B/tau (+) [65]
12.5-50mg/kg  MAPK signalling pathway (—) [66]
12.5-50 mg/kg cytochrome c oxidase (+) [67]
5-20 mg/kg BACE1/IDE (+1)ADAM10 (—) [68]
50 uM GSK3B (—) [69]
125-25mg/kg  AR1-42 (=) [70]
10 uM Akt/GSK-3B/tau (+) [65]
10 uM ADAM10/A-1-42 (=) [68]
2.5-10 uM AChE (=) [66]
10 uM HRD1 (4) [71]
0.01-20 uM leptin (+) 72
10 uM JAK2/STAT3 (=) [73]
50 pmol/L PI3K(+) [81]
25-100 mg/L P9ORSK (+) [82]
50-100mg/kg  GLP-TR/AKT (+) [86)
25-100 mg/kg HPA axis (—) (87]
50-100 mg/kg  TrkB/BDNF (+) (88]
100 mg/kg CREB (+) (89]
100 mg/kg NF-kB/IDO (—) [90]
5-20 mg/kg PI3K/AKL/GSK-3B (+) [91]
100 mg/kg Caspase 3/Bcl-2 (—)Bax (+) [92]
100 mg/kg LAMP2A/a-synuclein(+4) [93]

tMCAO: transient middle cerebral artery occlusion; MCAO: middle cerebral artery occlusion; I/R: ischaemia/reperfusion; OGD: oxygen-glucose deprivation; STZ:
streptozotocin; RRS: repeated restraint stress; CUMS: chronic unpredictable mild stress; CORT: corticosterone
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of research on geniposide for the treatment of cerebral
ischaemia, Alzheimer’s disease (AD) and depression. Fur-
thermore, the signals and targets of geniposide for brain
protection are specifically summarized.

Cerebral ischaemia

Main research models

The current study found that research on geniposide
treatment of cerebral ischaemia is mainly related to three
pathogenic models: middle cerebral artery occlusion
(MCAO), cerebral ischaemia/reperfusion (I/R) and oxy-
gen—glucose deprivation (OGD). Among them, MCAO
is the most common model. The middle cerebral artery
(MCA) and its branches are the cerebral blood vessels
most affected by cerebral ischaemia in humans. Ischae-
mic stroke caused by vascular occlusion accounts for
85% of all causes of cerebral ischaemia. Therefore, surgi-
cal suture occlusion of arteries to block the blood supply
from the front and rear arteries is the most commonly
used method to simulate human cerebral ischaemic dis-
eases and has been widely used in rodents. The MCAO
model is less traumatic and does not require complicated
craniotomy, thus avoiding damage to the brain struc-
ture [30-32]. After long-lasting cerebral ischaemia, tis-
sue plasminogen activator (tPA) thrombolytic therapy
is often used to restore the blood supply to brain tissue.
Although timely recanalization of blood vessels after
cerebral ischaemia is the most direct and effective treat-
ment method, the core of brain tissue dies within a few
minutes after the onset of cerebral ischaemia, causing
irreversible damage. Reperfusion itself can cause addi-
tional damage to the ischaemic penumbra, which is the
area adjacent to the core of the infarction, leading to so-
called I/R injury [33, 34]. This is precisely because rep-
erfusion causes new damage; therefore, this model can
be used to develop neuroprotective drugs. This model
causes a variety of damage to the cerebral microcircula-
tion, so it is also widely used to simulate ischaemic injury
in stroke patients. Compared with MCAO, ischaemia—
reperfusion can be used to deliver drugs to the infarct
area and maximize the therapeutic effect [35-37]. On
the other hand, ischaemia also represents an interrup-
tion of metabolic energy and oxygen delivery, therefore
cell oxidative metabolism cannot be supported. The rein-
troduction of oxygen during the reperfusion of ischaemic
tissue triggers oxidative stress, which triggers a reperfu-
sion injury cascade and ultimately leads to cell and tis-
sue damage and death. Therefore, the OGD model is
to culture cells under hypoxia, energy deprivation and
reoxygenation conditions to simulate the pathological
characteristics of ischaemia—reperfusion in vitro. At pre-
sent, three-gas incubators are often used internationally
to cause hypoxia within the cells under the conditions of
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low oxygen and high nitrogen, along with low-sugar and
serum-free medium to cultivate the cells. However, the
main disadvantage of this model is the high requirements
for equipment [38—40].

The potential mechanisms of geniposide in MCAO models

The transient middle cerebral artery occlusion (tMCAO)
model is one of the main models in the current MCAO
model, which is a transient cerebral ischaemia model.
Because the recanalization of blood flow in human stroke
is slow and gradual, this model is closer to human stroke
than other models. However, this model is extremely dif-
ficult to operate, so the permanent middle cerebral artery
occlusion (pMCAO) model is more widely used in ani-
mal models. Studies have reported that geniposide could
significantly reduce the area of cerebral infarction when
75 mg/kg was injected intraperitoneally to treat MCAO
model rats, while improving antiapoptotic functions and
inhibiting blood-brain barrier (BBB) leakage/haemor-
rhage by elevating GluN2A-containing N-methyl-p-as-
partate receptor (NMDAR) expression in tMCAO rats. In
addition, the protective effect of geniposide was also due
to the enhancement of GluN2A-dependent survival sig-
nals, including pAKT, pERK and PSD-95. However, the
overall effect of geniposide on the treatment of cerebral
ischaemia in the MCAO rat model was dose-dependent,
and there was no significant neuroprotective effect at
the low dose of 25 mg/kg and the high dose of 150 mg/
kg [41]. Other studies in a rat MCAO cerebral ischaemia
model showed that both 50 mg/kg and 100 mg/kg doses
could significantly improve the loss of nerve cells, mor-
phological damage, and nuclear rupture. At the same
time, geniposide could reduce inducible nitric oxide syn-
thase (iNOS) and nuclear factor-kappa B (NF-kB) expres-
sion and inhibit the release of inflammatory factors
tumour necrosis factor-a (TNF-«) and interleukin-6 (IL-
6) to reduce neuroinflammation. In addition, the study
also proved that geniposide could also effectively prevent
cognitive decline in rats due to chronic cerebral hypoper-
fusion [42]. In a study, rats were given high-dose (60 mg/
kg), medium-dose (30 mg/kg), and low-dose (15 mg/kg)
geniposide immediately after MCAO. The results showed
that the middle-dose and high-dose groups significantly
had reduced cerebral infarction rates by 32.9% and 47%,
respectively [43]. It is worth mentioning that Huanglian
Jiedu Decoction, which uses geniposide as the main
compatibility drug, has been extensively researched in
the treatment of neurodegenerative diseases. Huanglian
Jiedu Decoction is mainly composed of Rhizoma Cop-
tidis (Coptis chinensis Franc., Ranunculaceae), Radix
Scutellariae (Scutellaria baicalensis George., Lamiaceae),
Cortex Phellodendri (Phellodendron amurense Rupr.,
Rutaceae), and Fructus Gardeniae (Gardenia jasminoides
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Ellis., Rubiaceae) [44, 45]. Therefore, there have also been
many studies investigating the effect of geniposide on cer-
ebral ischaemia and its compatibility in Huanglian Jiedu
Decoction. Studies have found that the pharmacokinetics
of geniposide correspond to its antioxidant effect, and it
plays a role in all aspects of antioxidant biological regula-
tion [46]. In addition, studies have also found that geni-
poside has a great effect in treating cerebral ischaemia
by improving metabolic abnormalities, regulating oxi-
dative stress, inhibiting neuronal apoptosis, and reduc-
ing inflammation. It has also been found that combining
geniposide with drugs such as berberine and baicalin and
other monomers has the potential to enhance treatment
efficacy [47, 48].

The BBB is involved in the pathogenesis of ischaemic
stroke. Therefore, we found that geniposide can also be
used to restore BBB function. Some studies have estab-
lished an in vitro BBB model composed of primary
cultures of brain microvascular endothelial cells and
astrocytes to study the effect of geniposide on the BBB.
The results showed that geniposide pretreatment could
reduce the permeability of the BBB, promote the expres-
sion of tight junction proteins (zonula occludens-1, clau-
din-5 and occludin), increase transendothelial resistance,
and effectively improve blood—brain barrier function. In
addition, geniposide could reduce oxidative stress dam-
age and release inflammatory factors, downregulate the
expression levels of matrix metallopeptidase-9 (MMP-9)
and MMP-2, and increase brain-derived neurotrophic
factor and glial cell-derived release of neurotrophic fac-
tors. Geniposide was shown to restore BBB function
through the above effects [49].

The potential mechanisms of geniposide in cerebral I/R
models

Some studies have established an I/R model and adminis-
tered 100 mg/kg geniposide. The results showed that gen-
iposide could reduce the area of myocardial infarction,
reduce acute myocardial injury, improve heart function,
regulate apoptosis-related proteins, and inhibit cell apop-
tosis. In addition, geniposide could inhibit the expression
of autophagy-related proteins and the accumulation of
autophagosomes in vivo and in vitro. Through the above
effects, geniposide was shown to improve I/R damage by
activating the AKT/mTOR signalling pathway [50].

The potential mechanisms of geniposide in in vitro OGD
models

Microglia are inherent immune effector cells in the
central nervous system. They mediate the endogenous
immune response of central nervous system injuries
and diseases and play an extremely important role in the
physiological processes of the central nervous system.
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Microglia are involved in a series of neurodegenerative
diseases. Microglial activation and neuroinflammation
are the main features of neuropathology [51-53]. There-
fore, many studies have evaluated the specific mechanism
of geniposide in the treatment of cerebral ischaemic dis-
eases in a microglial OGD model. Studies have shown
that geniposide can inhibit the expression of the nod-like
receptor protein 3 (NLRP3) inflammasome and inflam-
matory cytokines, thereby activating the autophagy activ-
ity of microglia, reducing inflammation, and protecting
neurons. In this study, geniposide mainly reduced the
expression of NLRP3, ASC (CARD domain), cleaved
caspase-1, interleukin-1 (IL-1) and P62 and increased
the conversion of LC3 and Beclin-1 [54]. Another study
found that OGD could activate microglia and promote
tumour necrosis factor-a (TNF-a), interleukin-1p (IL-
1P), interleukin-6 (IL-6), interleukin-8 (IL-8) and inter-
leukin-10 (IL-10), but the abovementioned effects of
OGD in rat primary microglia after treatment with geni-
poside were inhibited, and geniposide could also inhibit
OGD-induced Toll-like receptor 4 (TLR4) transcription
and translation. It is worth noting that the phosphoryla-
tion levels of ERK, IkB and p38 in microglia treated with
25 and 50 pg/mL geniposide were significantly reduced,
and geniposide at these two concentrations could inhibit
NE-kB p65-triggered nuclear transcription activity,
thereby inhibiting the activation of microglia [39]. The
PC-12 cell line is derived from pheochromocytoma in the
adrenal medulla of adult rats. The generalized PC-12 cell
line includes the cells before differentiation into nerve
cells and glial cells and all the nerve cells and glial cells
formed by their evolution [55-57]. Geniposide also has
a protective effect on PC-12 cells in an OGD cerebral
ischaemia model. First, geniposide was shown to sig-
nificantly reduce the damage to PC-12 cells in an OGD
model. Second, geniposide was shown to activate the
PI3K/Akt and Wnt/catenin pathways by upregulating
the expression of H19 in PC-12 cells in an OGD model,
thus playing a protective role in cells [58]. In addition,
there have also been studies on the therapeutic mecha-
nism of geniposide in cerebral ischaemia by establish-
ing brain microvascular endothelial cell (BMEC) OGD
in vitro cerebral ischaemia models. Studies have shown
that the transcription and translation of P2Y14 recep-
tors in BMECs of rats with ischaemia—reperfusion injury
increase. Geniposide can significantly inhibit the phos-
phorylation of RAF-1, mitogen-activated protein kinase
1/2 (MEK1/2), and extracellular signal-regulated kinase
1/2 (ERK1/2) to reduce the expression of the P2Y14
receptor and inhibit the release of the proinflammatory
cytokines IL-8, IL-1 and monocyte chemotactic protein
1 (MCP-1) in BMECs induced by OGD [59]. Similarly,
there are related literature reports on the therapeutic
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effect of baicalin and geniposide on a microglial inflam-
matory injury model established by lipopolysaccharide
(LPS) stimulation of BV-2 cells in vitro. The literature
shows that the combination of baicalin and geniposide
can adjust the polarization state of microglia, down-
regulate 5-LOX/Cylts, and play a protective role against
inflammation and nerve damage [60]. Studies have also
found that the pretreatment of cells with geniposide can
increase cell viability. In addition, the combined use of
geniposide and tauroursodeoxycholic acid (TUDCA)
was shown to have a stronger therapeutic effect on dam-
aged cells than treatment with geniposide alone. Further
results showed that the protective effect of geniposide
and TUDCA on OGD/R model cells was related to endo-
plasmic reticulum stress and the autophagy of related
cells [61] (Fig. 2).

Alzheimer’s disease
Main research models
At present, the main models of AD research are the APP/
PS1 transgenic mouse model and the AD model induced
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by streptozotocin (STZ). The deletion of the ninth exon
in DeltaE9 of the human presenilin gene can cause a
DeltaE9 mutation, which can cause early-onset AD. The
APP/PS1 double transgenic mice can express a mutant
human presenilin (DeltaE9) and human-mouse amyloid
preprotein (APPswe) fusion. Therefore, the use of APP/
PS1 double transgenic mice has unique genetic advan-
tages, and these mice have become an ideal model for
studying the pathogenesis of AD [62-64]. Streptozo-
tocin belongs to the family of glucosamine-nitrosourea
compounds, which are DNA alkylation reagents that
can enter cells alone through GLUT?2 (glucose transport
protein). Streptozotocin is toxic to B-cells induced by
pancreatic islet insulin, thereby inducing an insulin defi-
ciency state, which may be the basis of the neuropatho-
genesis of sporadic AD [65—-67].

The potential mechanisms of geniposide in APP/PS1
double transgenic mice

The literature has reported that geniposide can regulate
the activity of the mechanistic target of rapamycin by

in PC-12 cells
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Fig. 2 The therapeutic effect of geniposide on cerebral ischaemic disease. Geniposide enhances GIuN2A-dependent survival signals, including
PAKT, pERK and PSD-95, and works by reducing the expression of iNOS and NF-kB and inhibiting the release of the inflammatory factors tumour
necrosis factor-a (TNF-a) and IL-6. In addition, geniposide activates the PI3K/AKT and Wnt/catenin pathways by upregulating the expression of H19
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activating glucagon-like peptide-1 (GLP-1) receptors. At
the same time, geniposide can also increase autophagy
and inhibit cell apoptosis by regulating the function of
mTOR, thereby improving the neuropathological damage
of AD. The results show that treatment of APP/PS1 mice
with geniposide can not only improve cognitive deficits
but also reduce amyloid-p 1-40 (Ap1-40) plaque deposi-
tion and reduce soluble AB1-40 and APB1-42 in APP/PS1
mice. The expression of p-Akt/Akt and p-mTOR/mTOR
was reduced, and the expression of p-4E-BP1/4E-BP1,
LC3-1I and Beclinl was increased. All these results indi-
cate that geniposide can enhance autophagy and lyso-
some clearance of A fibres by downregulating mTOR
signalling, which is the basis for geniposide to treat AD
and exert its protective effect [68].

Another study showed that gavage of APP/PS1 mice
with geniposide at 50 mg/kg/d can effectively improve
mice’s exploration and memory abilities and effectively
improve cognitive impairment. Geniposide exerts a neu-
roprotective effect by increasing the expression level of
p-4E-BP1 and reducing the expression of p-mTOR and
p-Akt, thereby improving cognitive impairment. This
effect is mediated through the regulation of mTOR-
related protein pathways [69]. In addition, some studies
have found that geniposide treatment for 4 weeks could
significantly reduce the phosphorylation level of tau pro-
tein in the brains of APP/PS1 transgenic mice and accel-
erate the phosphorylation of glycogen synthase kinase-3
(GSK3) [70]. Another study found that geniposide could
inhibit the excessive activation of MAPK signals medi-
ated by rage interaction and improve the accumulation of
cholinergic defects in the brain’s hippocampus, thereby
improving learning and memory impairment [71]. Oxi-
dative stress and mitochondrial dysfunction appear in
the early stage of AD and accelerate the development of
the disease. Studies have pointed out that the gavage of
APP/PS1 mice with geniposide could inhibit mitochon-
drial oxidative damage, increase mitochondrial mem-
brane potential (MMP) and cytochrome c oxidase (CcO)
activity, and prevent the development of AD by signifi-
cantly improving oxidative stress and mitochondrial dys-
function in mice [72].

The potential mechanisms of geniposide

in streptozotocin-induced Alzheimer’s disease models
Studies have shown that 90 mg/kg STZ administered
to wild-type and APP/PS1 transgenic mice daily for 2
consecutive days could significantly reduce the mice’s
peripheral and brain insulin levels. However, continuous
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treatment with geniposide for 4 weeks not only signifi-
cantly reduced the concentration of f-amyloid peptides
(AP1-40 and AP1-42) in the brains of AD mice induced
by STZ but also increased the protein levels of 3-site APP
cleaving enzyme (BACEL1) and insulin-degrading enzyme
(IDE) and reduced the protein level of ADAMI10. The
authors of the study believe that the findings effectively
confirm the therapeutic link between diabetes and AD
and may confirm that geniposide will become a new drug
for the treatment of AD [73]. Another study found that
geniposide could improve the symptoms of type 2 diabe-
tes, and a single injection of geniposide (50 uM, 10 uL)
into the lateral ventricle of STZ-induced AD rats could
effectively reduce approximately 40% of spatial learning
defects, downregulating the level of tau phosphoryla-
tion by approximately 30%. The study found that STZ
could increase the activity of GSK3p and that tau protein
could be phosphorylated by GSK3. Geniposide reduces
the activity of GSK3B induced by STZ by increasing
the expression level of GSK3p (pS-9) and inhibiting the
expression level of GSK3p (pY-216). In addition, a study
found through ultrastructural analysis that geniposide
did not participate in STZ-induced neuropathy, such as
helical fibre (PHF)-like structure, the accumulation of
vesicles at the end of the synapse, abnormal endoplasmic
reticulum (ER) and apoptosis [74]. Early in the study, it
was discovered that geniposide not only stimulated GLP-
1R but also regulated the secretion of glucose-stimulated
insulin in vitro, which has nutritional and neuroprotec-
tive effects. Studies have found that while geniposide
regulates insulin and blood sugar levels, it also reduces
the level of A-gl-42 and upregulates the expression of
insulin-degrading enzymes. The enzyme plays an irre-
placeable role in the degradation of a polypeptide. These
research results will be combined with those from the
study of neuronal dysfunction in diabetes to find new
methods for the treatment of AD [75].

The potential mechanisms of geniposide in primary
cultured cortical neurons

The study of the therapeutic effect of geniposide on AD
by culturing primary cultured cortical neurons in vitro
is one of the most commonly used methods in current
research. Studies have found that in primary cultured
cortical neurons, geniposide could directly upregulate the
phosphorylation level of Akt, downregulate the phospho-
rylation level of tau protein, and enhance the phospho-
rylation of tau protein and Akt and GSK-3 cells in cortical
neurons. This effect was inhibited by preincubation with
the PI3K inhibitor LY294002. It can be seen from this
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study that geniposide may play a key role in the treatment
of AD by enhancing insulin signalling and the phospho-
rylation of tau protein [70]. Another study also found
that geniposide can directly enhance the effect of insulin
by reducing the level of A-1-42 in primary cultured corti-
cal neurons [73]. There is also a report about A-1-42 in
another literature. The literature shows that geniposide
reduces the activity of acetyl-cholinesterase (AChE) by
downregulating the choline acetyltransferase (ChAT)
level and the activity of cultured primary hippocampal
neurons, thereby inhibiting oligomers. The toxic effect of
A-2-42 induced cholinergic deficiency. These results indi-
cate that geniposide can enhance memory by enhancing
cholinergic neurotransmission [71]. Studies have found
that the activation of the unfolded protein response
(UPR) is a signalling pathway that enhances adaptive pro-
cedures to maintain protein stability. The changes in pro-
tein stability caused by tau protein hyperphosphorylation
and amyloid peptide aggregation are precise, characteris-
tic changes in AD. Through high glucose administration
to induce significant activation of UPR in primary cortical
neurons, and then treatment with geniposide, we found
that geniposide not only enhanced the phosphorylation
of IRE1 (the most conservative UPR signalling branch)
by high glucose but also upregulated the expression level
of HRD1 (ubiquitin ligase E3) induced by high glucose
in primary cortical neurons and made the expression of
HRD1 time-dependent. However, the use of STF-083010,
an inhibitor of IRE1 phosphorylation, can inhibit the
abovementioned effects of geniposide and inhibit the cel-
lular activity of IRE1. It is worth mentioning that HRD1 is
also involved in geniposide-mediated regulation of APP
degradation in primary cortical neurons. The analysis of
these data shows that geniposide can restore protein sta-
bility by activating the UPR, thereby playing a role in the
treatment of AD [76]. Another study on the leptin recep-
tor signalling pathway showed that geniposide not only
significantly enhanced the expression of leptin receptors
and reduced the phosphorylation level of tau protein but
also enhanced Akt phosphorylation at Ser473 and GSK-3
phosphorylation at Ser-9. However, these effects of geni-
poside can be inhibited by leptin antagonist (LA). This
study shows that geniposide can treat AD by regulating
the leptin receptor signalling pathway [77]. In another
study, primary neurons were first treated with LA and
then geniposide. The study found that geniposide could
induce the phosphorylation of JAK2 and STAT3 and
regulate the expression levels of a- and B-secretase. The
results indicate that geniposide may regulate the produc-
tion of AB1-42 through leptin signalling [78].
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GLP-1R is a potential target of geniposide

GLP-1 is a brain-gut peptide secreted by ileal endocrine
cells. It can bind to G protein-coupled receptors and
become a key physiological promoting factor for insulin
release [79, 80]. It can not only stimulate the secretion
of insulin by pancreatic  cells and inhibit the secretion
of glucagon from o cells but also inhibit gastric empty-
ing and food intake. Geniposide controls weight gain
and diet-related blood glucose metabolism through the
above effects [81, 82]. At present, GLP-1R is considered
to be an important pharmacological target for the treat-
ment of type 2 diabetes (T2DM) [83]. Studies have found
that the activation of GLP-1R has antidepressant effects
and improves cognitive deficits [84]. Therefore, many
researchers believe that the development of drugs for the
treatment of T2DM may help improve the pathological
conditions of AD. Studies have found that geniposide,
as a glucagon-like peptide-1 receptor agonist, has a sig-
nificant effect on improving the pathological process of
AD. Geniposide can inhibit tau phosphorylation and
oxidative stress by reducing amyloid plaques, reducing
memory impairment and synaptic loss, and can also pro-
mote neurite growth. In addition, geniposide can exert
neuroprotective effects by inhibiting inflammation. The
above effect prevents the progression of AD through the
GLP-1R signalling pathway [85]. In a previous study, we
reported that geniposide had a protective effect on PC12
cells in a cerebral ischaemia model. However, several
studies also reported that geniposide could also treat AD
by playing a neuroprotective role in PC12 cells. Stud-
ies have suggested that oxidative stress plays a key role
in the degeneration of neurons in AD, and geniposide
plays a neurotrophic and neuroprotective role in oxida-
tive damage induced by H(2)O(2)-induced PC12 cells
by increasing the phosphorylation of Akt308, Akt473,
GSK-3Beta and PDKI1. In addition, geniposide can also
inhibit H(2)O(2)-induced PC12 cell apoptosis by induc-
ing the expression of the antiapoptotic protein Bcl-2 [86].
In previous studies, it was also found that geniposide
can induce neuronal differentiation in PC12 cells. Their
results showed that geniposide not only upregulated the
expression of the antiapoptotic proteins Bcl-2 and haem
oxygenase-1 (HO-1) but also antagonized the oxidative
damage of PC12 cells induced by hydrogen peroxide. The
data indicate that geniposide activates the p90RSK tran-
scription factor to regulate the expression of HO-1, Bcl-2
and other antioxidant proteins. Geniposide exerted the
above effects through the MAPK signalling pathway to
treat AD [87] (Fig. 3).
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Fig. 3 The therapeutic effect of geniposide on Alzheimer’s disease. Geniposide increases the expression level of p-4E-BP1 and reduces the
expression of p-mTOR and p-Akt to improve cognitive impairment. It can treat AD by directly upregulating the phosphorylation level of Akt and
downregulating the phosphorylation level of tau protein

Depression

Main research models

At present, due to the numerous pathogenic factors and
complex treatment mechanisms of depression, various
models have been established to explore the mechanism
of action of geniposide in the treatment of depression.
After reviewing many studies, it was found that depres-
sion models are mainly divided into two categories:
behavioural models and drug-based models. The behav-
ioural models are mainly based on the fact that animals
show decreased activity ability after being subjected
to severe stress for a long time. Among them, chronic
unpredictable mild stress (CUMS) is currently the most
direct and effective behavioural depression model. In this
model, the variability and unpredictability of stress fac-
tors are the key to the model, but the actual operation
workload of this model is relatively large, and the dura-
tion of the experiment is relatively long [88—90]. Other
methods of drug modelling are conventional methods
such as gastric gavage and intraperitoneal injection,
which are simple in operation and less time-consuming.

The potential mechanism of geniposide in behavioural
depression models

There are studies showing that repeated restraint stress
(RRS) is used to induce depression in mice. Studies have
shown that geniposide can significantly improve some
depression-like behaviours caused by RRS, including
the reduction of sucrose preference (SP) in the sucrose
preference test (SPT), the rest time of the tail suspension
test (TST) and the forced swimming test (FST) is pro-
longed, and exercise activity in the open field test (OFT)
is reduced. In addition, geniposide can inhibit neuronal
apoptosis in the hippocampus of mice induced by RRS
and downregulate IL-1, cytokines and TNF-a (cell factor)
and the expression level of proinflammatory cytokines.
Geniposide can upregulate the expression of GLP-1R/
protein kinase B (AKT) signalling-related proteins. How-
ever, these effects of geniposide can be blocked by the
GLP-1R antagonist exendin(9-39) (Ex9-39). These data
indicate that the antidepressant effect of geniposide may
be closely related to the GLP-1R/AKT signalling pathway



Zhang et al. Chin Med (2021) 16:86

[91]. There was also a study on a rat model of depression
induced by CUMS for 3 consecutive weeks. The study
results showed that 25, 50, and 100 mg/kg geniposide
treatments could improve depression-like behaviours
caused by CUMS, including improving OFT hybridi-
zation and eating behaviours, increasing sugar intake,
shortening FST rest time, and prolonging swimming
time. In addition, geniposide could improve the hyper-
activity of the hypothalamic—pituitary—adrenal (HPA)
axis caused by CUMS by downregulating the expres-
sion of cortical serum markers, the adrenal index and
hypothalamic CRH mRNA, and upregulating the level
of hypothalamic GRa mRNA and the expression of GRa
protein in the PVN. Based on the above data, geniposide
may have an antidepressant therapeutic effect through its
effect on the HPA axis [92].

The potential mechanisms of geniposide in drug-induced
depression models

Another study induced antidepressant behaviour in
diabetic mice by the administration of streptozotocin.
Stz-induced depressive behaviour in diabetic mice was
treated by a gavage of geniposide at 50 and 100 mg/kg per
day. The results showed that geniposide could reduce the
excessive increase in blood glucose and resting time in
mice induced by STZ in the FST and could also further
upregulate the mRNA expression of brain-derived neuro-
trophic factor (BDNF) and pro-myosin-associated kinase
B (trkB) in diabetic mice. Nevertheless, geniposide had
no effect on the STZ-induced increase in serum corti-
costerone (CORT) levels in diabetic mice [93]. Another
study established a diabetes-related depression model
through HDF combined with CORT treatment. Genipo-
side is one of the natural compounds that activates GLP-
1R. Studies have found that geniposide could not only
enhance the activity of cAMP-response element-binding
protein (CREB) in the hippocampus but also improve
cognitive dysfunction and depression/anxiety symptoms.
However, the use of 666-15 to block CREB activity will
reduce the neuroprotective effects of geniposide and the
antidepressant-like behavioural effects [94].

Studies using drug-based modelling methods have
also found that geniposide could be used in combination
with other drugs to treat depression. A depression model
was established by intraperitoneal injection of 1 mg/kg
LPS. The results of the study showed that the combined
application of fluoxetine, geniposide and eleutheroside
B could significantly prolong the resting time in the FST
and TST in depressed mice, reduce the level of inflam-
matory factor IL-1 B in the serum, and significantly
downregulate the expression of NF-kB gene and protein
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in hippocampus. In addition, the combination of geni-
poside and eleutheroside B significantly downregulated
rat serum TNF-a levels and hippocampal IDO mRNA
and protein expression. These data indicate that the anti-
depressant effect of geniposide and eleutheroside B may
be to inhibit the activation of NF-kB, downregulate the
expression of proinflammatory cytokines, and inhibit the
neuroinflammatory response. Geniposide can also inhibit
IDO expression (a key enzyme in tryptophan metabo-
lism) from affecting tryptophan metabolism [95].

Other brain diseases

There are also some reports on the therapeutic effects
of geniposide on other brain diseases, but the number
of reports is relatively small. Therefore, we summarize
these studies together for elaboration. Related litera-
ture reports that geniposide can improve the pathology
of epileptic mice through the PI3K/Akt/GSK-3p signal-
ling pathway. They first induced a mouse epilepsy model
with a maximum current (50 mA, 50 Hz, 1 s) and then
administered geniposide at doses of 0, 5, 10, and 20 mg/
kg to the mice by gavage. The results showed that geni-
poside could significantly reduce the incidence of clonic
seizures in epileptic mice and significantly increase the
incubation period of clonic seizures in epileptic mice.
In addition, geniposide significantly downregulated the
expression of cyclooxygenase-2 mRNA and activator
protein 1 in epileptic mice. Geniposide treatment could
enhance the activation of Akt and upregulate the pro-
tein expression of GSK-3 and PI3K [96]. There are also
studies showing that geniposide has a therapeutic effect
on mice with Parkinson’s disease. Researchers used a
30 mg/kg intraperitoneal injection of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) to induce acute Par-
kinson’s disease (PD) in model mice. The results showed
that treatment with 100 mg/kg geniposide could improve
the slow motion ability and exercise balance ability of
mice. Geniposide could also restore the number of tyros-
ine hydroxylase (TH)-positive dopaminergic neurons in
the substantia nigra compact area, upregulate the level of
the growth factor signalling molecule Bax and downregu-
late the expression of the apoptosis signalling molecule
Bcl-2 to reduce cell apoptosis, thereby playing a role in
the treatment of Parkinson’s disease [97]. In addition,
there are studies that used similar modelling methods
to find that geniposide could increase the expression of
lysosomal-associated membrane protein 2 (LAMP2A)
protein and mRNA in PD models and reduce the level of
a-synuclein protein. Both the cell and mouse models of
this study found that geniposide significantly reduced the
expression level of miR-21. Geniposide could also inhibit
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Fig. 4 The therapeutic effect of geniposide on depression and other brain diseases. Geniposide downregulates the expression level of

proinflammatory cytokines and upregulates the expression of GLP-1R/protein kinase B (AKT) signal-related proteins. It can also further upregulate
the mRNA expression of BDNF and TrkB in diabetic mice to treat depressive behaviour

the expression of a-synuclein in the PD model through
the miR-21/LAMP2A axis to exert neuroprotective
effects [98] (Fig. 4).

Discussion and outlook

Gardenia jasminoides Ellis is the dried and mature fruit
of the Rubiaceae plant Gardenia. According to traditional
Chinese medicine, it has the function of purging fire and
eliminating troubles, clearing heat and dampness, cool-
ing blood and detoxification, and reducing swelling and
pain [3, 12, 99]. Geniposide, which is the main compo-
nent of Gardenia jasminoides Ellis, has also received
specific attention [12, 100, 101]. It has been proven to
have therapeutic potential for various diseases, including
liver disease, kidney disease, cardiovascular disease, neu-
rodegenerative diseases, tumours and various types of
inflammation throughout the body [13, 102-104]. Com-
bined with modern pharmacological research, the anti-
inflammatory, anti-apoptotic, and antioxidant functions
of geniposide are very significant and have been reported

in many studies [105, 106]. Although the therapeutic
prospects of geniposide are very broad, with in-depth
research in recent years, geniposide has been found to
be hepatotoxic when used in large doses [10, 107, 108].
A study administered 25, 50, or 100 mg/kg geniposide to
Sprague—Dawley (SD) rats once daily for 26 weeks. Physi-
ological changes were observed in the 50 and 100 mg/
kg geniposide groups starting from week 13. At the end
of 26 weeks, geniposide was found to affect serum bio-
chemical indices and urinary analysis and haematologi-
cal parameters, as well as relative organ weight. More
importantly, continuous gavage with 100 mg/kg genipo-
side for 26 weeks resulted in significant liver and kidney
damage [109]. These data show that large doses of geni-
poside can cause uncontrollable pathological damage.
Most studies report that the effectiveness of geniposide
is dose-dependent, and high-dose geniposide has a good
therapeutic effect. Although there are potential adverse
reactions with long-term application of geniposide in
large doses, a review of the literature shows that brain
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protection is apparent in the dose range of 50-100 mg/
kg. Therefore, this provides data support for the future
use of geniposide, especially in terms of dosage.

In recent years, the combination of geniposide and
other drugs has gradually become a research hotspot.
The alleviation of potential hepatic toxicity might be
one of the main reasons for the combined application.
In particular, there are many agents suitable for hepato-
protection in current research [110-112]. On the other
hand, the synergistic interaction for stronger efficacy
might be the most important issue for combined appli-
cation with other natural products. For example, we
previously reported that the combination of geniposide
and berberine, baicalin and other monomers has the
potential to enhance the efficacy. The combined use of
deoxycholic acid has a stronger therapeutic effect on
damaged cells. Geniposide can also be combined with
ginsenoside Rgl to play a protective effect on focal
cerebral ischaemia in rats by inhibiting miR-155-5p
in microglia after ischaemia injury [110]. Geniposide
is often compatible with the above monomers to treat
encephalopathy, and its mechanism is network regu-
lation. Using a safe dose of geniposide as an adjuvant,
combined with existing therapeutic drugs or traditional
Chinese medicine to treat corresponding diseases
may be a way to fully access the efficacy and safety of
geniposide.

In recent years, the severe effects of brain diseases,
such as high mortality and high disability rate, have
attracted attention from all over the world, and the
neuroprotective effect of geniposide has also been rec-
ognized by extensive research. By summarizing vari-
ous studies, we found that geniposide has a multitarget
therapeutic effect on cerebral ischaemia, AD, and depres-
sion. Geniposide can reduce the expression of iNOS and
NF-«B and inhibit the release of the inflammatory factors
TNF-a and IL-6 to exert an anti-inflammatory effect. In a
microglial OGD model, we found that geniposide could
activate the autophagy activity of microglia by inhibit-
ing the nuclear transcription activity triggered by NF-xB
p65, and it could inhibit the expression of inflamma-
tory cytokines to reduce inflammation [42, 43]. Second,
geniposide can activate the PI3K/AKT and Wnt/catenin
pathways by upregulating the expression of H19 in PC-12
cells in the OGD model, thereby reducing cell damage.
Finally, geniposide can improve the expression of related
proteins after HI injury by activating the PI3K/Akt
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signalling pathway, thereby exerting a protective effect on
the brain [58].

In the AD model, we found that geniposide enhances
autophagy and lysosome clearance of Ap fibres by down-
regulating mTOR signalling and can also increase the
expression level of p-4E-BP1 and reduce the levels of
p-mTOR and p-Akt. The enhancement of these expres-
sion levels can improve the exploration and memory
abilities of mice and effectively improve cognitive dys-
function. Geniposide can significantly reduce the phos-
phorylation level of tau protein in the brains of APP/PS1
transgenic mice and improve oxidative stress and mito-
chondrial dysfunction in mice to prevent the develop-
ment of AD. In vitro studies have found that geniposide
can treat AD by directly upregulating the phosphoryla-
tion level of Akt, downregulating the phosphorylation
level of tau protein, and enhancing insulin signalling [69,
77].

Similarly, geniposide can significantly improve some
depression-like behaviours induced by RRS and inhibit
RRS-induced neuronal apoptosis in the hippocampus of
mice, downregulate the expression level of proinflamma-
tory cytokines, and upregulate GLP-1R/protein kinase B
(AKT) signal-related protein expression. It is also possi-
ble to further upregulate the mRNA expression of BDNF
and TrkB in diabetic mice to treat depressive behaviour
[91, 93].

In summary, geniposide has a multitarget therapeu-
tic effect on cerebral diseases, and its mechanisms and
signalling pathways are complicated. In addition, geni-
poside has great application prospects in inhibiting the
expression of inflammatory cytokines and improving
oxidative stress and mitochondrial damage (Fig. 5).

Conclusion

Geniposide has a multi-target therapeutic effect on
cerebral diseases, and its therapeutic mechanisms
and signal pathways are diverse. Detailed explorations
have shown that the biological activities of inhibiting
inflammatory cytokine secretion, alleviating oxida-
tive stress, and suppressing mitochondrial damage are
also involved in the mechanism of action of geniposide.
Therefore, geniposide is a promising agent awaiting fur-
ther exploration for the treatment of cerebral diseases
via various phenotypes or signalling pathways.
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