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Higenamine (HG) is a chemical compound found in various plants, such as

aconite. Recent pharmacological studies have demonstrated its effectiveness in

the management of many diseases. Several mechanisms of action of HG have

been proposed; however, they have not yet been classified. This review

summarises the signalling pathways and pharmacological targets of HG,

focusing on its potential as a naturally extracted drug. Articles related to the

pharmacological effects, signalling pathways and pharmacological targets of

HG were selected by searching the keyword “Higenamine” in the PubMed, Web

of Science and Google Scholar databases without limiting the search by

publication years. HG possesses anti-oxidant, anti-apoptotic, anti-

inflammatory, electrophysiology regulatory, anti-fibrotic and lipid-lowering

activities. It is a structural analogue of catecholamines and possesses

characteristics similar to those of adrenergic receptor ligands. It can

modulate multiple targets, including anti-inflammation- and anti-apoptosis-

related targets and some transcription factors, which directly or indirectly

influence the disease course. Other naturally occurring compounds, such as

cucurbitacin B (Cu B) and 6-gingerol (6-GR), can be combined with HG to

enhance its anti-apoptotic activity. Although significant research progress has

been made, follow-up pharmacological studies are required to determine the

exact mechanism of action, new signalling pathways and targets of HG and the

effects of using it in combination with other drugs.
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Introduction

Fuzi, also known as Radix Aconiti lateralis praeparata, is widely used in traditional

Chinese medicine to treat various disorders. The Pharmacopoeia of the People’s

Republic of China states that Fuzi can restore health after syncope, reinforce fire and

Yang and dispel wind and dampness. In addition, it can be used in cases in which Yang
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prostration has caused a faint pulse. Recent studies have

shown that Fuzi can boost the immune system; has anti-

shock, anti-inflammatory and anti-thrombotic properties

and can be used as a cardiotonic (Zhou et al., 2015). Fuzi is

composed of various alkaloids, such as diester diterpenoid

alkaloids, aconitine, hypoaconitine and higenamine (HG, CAS

5843-65-2). It also contains lipids, such as fatty acids,

phosphatidate calcium and steroids (Zhao et al., 2012). To

prevent side effects owing to its toxic metabolites, the dosage

of Fuzi should be carefully adjusted. HG is listed as an

ingredient in over-the-counter weight loss and sports

supplements in countries such as the United States of

America; however, it is commonly used as a traditional

Chinese medicine formulation in China (Cohen et al., 2019;

Chang et al., 2021). HG is a benzylisoquinoline alkaloid with

various pharmacological effects, including vasodilation, anti-

platelet activity and calcium channel-blocking activity (Chang

et al., 1994). Recent studies have shown that Fuzi acts as a β-2-
adrenergic receptor agonist (Zhang N. et al., 2019), a

vasodilator and smooth muscle relaxant (Bai et al., 2008)

and an ion channel regulator (Wang X. et al., 2019); helps

in fat and blood glucose utilisation (Kato et al., 2015) and

possesses anti-inflammatory (Yang S. et al., 2020), anti-

apoptotic (Yang X. et al., 2020), anti-oxidant (Wen et al.,

2020a), anti-fibrotic (Deng et al., 2020), neuroregulatory

(Chen S. et al., 2019) and anti-tumour activities (Jin et al.,

2018). This review describes the mechanisms of action and

biological activities of HG.

Basic Properties

Structure

HG (1-[(4-hydroxyphenyl)methyl]-1,2,3,4-

tetrahydroisoquinoline-6,7-diol) is an active component of the

racemic mixture isolated from Fuzi (Kosuge and Yokota, 1976).

Its molecular formula and weight are C16H17NO3 and 271.31 g/

mol, respectively. The chemical structure of HG is shown in

Figure 1.

Tolerance

The oral utilisation rate of HG is as low as 3–22% (Lo and

Chen, 1996), which results in poor efficacy. Bloomer et al. (2015)

and Rasic et al. (2021) observed the respiratory rate, heart rate,

blood pressure and other vital signs of 48 male and 12 female

volunteers after oral administration of HG and found that there

were no significant changes in the indices. However, it was

discovered that intravenous administration of HG increased

the heart rate and left ventricular ejection fraction, indicating

that this administration route may be practical for further clinical

studies (Bao et al., 1982; Liu et al., 1983). Concerning the safe

dosage of HG, a Chinese study on tolerance revealed that

continuous intravenous infusion of HG at a rate of

4 μg/kg·min resulted in a slight increase in systolic blood

pressure and a slight decrease in diastolic blood pressure but

had minimal effects on the nervous system and digestive tract.

These effects disappeared quickly after the cessation of drug

administration (Du et al., 2007). However, further research is

required to validate this phenomenon because clinical tolerance

tests involving HG administration at higher doses are lacking.

Metabolism

The half-lives of HG in rat, rabbit and human blood are

approximately 8 min (Feng et al., 2012), 22 min (Lo and Chen,

1996) and 18–27 min, respectively (Wang et al., 2020; Chang

et al., 2021). In a study, the average human clearance of HG was

249 L/H, renal clearance was 22.9 L/H, non-renal clearance was

226.1 L/H and the average recovery rate in urine within 8 h was

9.3%, suggesting that HG is not metabolised by the kidney but by

the liver (Feng et al., 2012). A study on rats reported that 22% of

HG penetrated from the blood vessels to the muscle tissue and

was distributed to the interstitial fluid after an intravenous

infusion of 10 mg/kg HG, which was quickly eliminated in

approximately 90 min. The half-life of HG in the muscle

tissues was approximately 19 min (Chang et al., 2021).

However, the metabolism of HG in human muscle tissues has

not been investigated. Only a few studies have described the

pharmacokinetic and pharmacodynamic properties and clinical

FIGURE 1
Chemical structure of HG.
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dosage of HG. Owing to the lack of clinical data, the safety,

metabolic pathways and side effects of HG remain unknown.

Given that HG has a fast metabolic rate and a short half-life,

improving its therapeutic effects and increasing its utilisation are

important directions for future research.

Anti-apoptotic activity of higenamine

The Bcl-2 and Bax genes play an important role in

determining cell survival or death (Misao et al., 1996). The

release of cytochrome C from the mitochondria into the

cytoplasm is a key initial step in apoptosis mediated by

reactive oxygen species (ROS). HG can block the release of

cytochrome C, inhibit the activation of caspase-3, reduce the

expression of Bax and increase the expression of Bcl-2 protein in

rats with ischaemia–reperfusion injury (Lee et al., 2006).

Therefore, HG may inhibit apoptosis to some extent. The

abovementioned effects can be reversed by heme oxygenase-1

(HO-1) inhibitors.

HO-1 regulates apoptosis and tissue damage (Medina et al.,

2020). It is induced by various stimuli, including oxidative stress,

heat shock, ultraviolet rays, ischaemia–reperfusion, heavy metals,

bacterial lipopolysaccharide (LPS), cytokines, nitric oxide (NO)

and heme (Shibahara, 1988). HG can upregulate HO-1 and is

involved in the PI3K/AKT signalling pathway and NRF-2

translocation (Ha et al., 2012). Under normal cell conditions,

NRF-2 is found in the cytoplasm and binds to the actin-binding

protein KEAP-1. When electrophilic antioxidants stimulate

NRF-2, it dissociates and translocates from KEAP-1 to the

nucleus, where it binds to the HO-1 promoter region (Medina

et al., 2020). The release of HO-1 has certain anti-inflammatory

TABLE 1 Anti-inflammatory effects of HG.

Disease Model Method Target genes
and proteins

Pathway Pharmacological
target

Reference

Rheumatoid arthritis DBA/1J mice with
collagen-induced arthritis

Intraperitoneal
administration:
10 mg/kg/day for
2 weeks

HO-1 PI3K/Akt/Nrf-
2 pathway

TNF-α↓, IL-1β↓, MDA↓, GSH↑,
caspase-3↓, caspase-9↓, HO-1↑,
p-Akt↑ and Nrf-2↑

Duan et al.
(2016)

Cerebral
ischaemia–reperfusion

Rat models of cerebral
ischaemia–reperfusion

Intraperitoneal
administration: 10 or
50 mg/kg/day for
4 weeks

TNF-α and ILs TLR4 pathway TNF-α↓, IL-1β↓, IL-6↓, IL-18↓,
CD14↓, TLR4↓, TAK1↓, NF-
κB↓, MIP-2↓ and COX-2↓

Wang Y. et al.
(2019)

Depression Mice with LPS-induced
depression and LPS-
induced BV2 cells

Cells: 20 μM for 0.5 h;
animals: 50 mg/kg/
day orally for 3 days

NO and BDNF BDNF/TrkB
pathway,
autophagy and
endoplasmic
reticulum stress

TNF-α↓, IL-1β↓, IL-6↓, NO↓,
BIP↓, p-JNK/JNK↓, p-eIF-2α/
eIF-2α↓, LC3B-II and BECLIN-
1 and BDNF↑

Chen S. et al.
(2019)

Rheumatic and
autoimmune diseases

Murine peritoneal
macrophages

0.01 mM for 18 h iNOS iNOS↓ Lee et al.
(1999)

Inflammation RAW264.7 cells Cells: 1, 10 and
100 μM for 24 h;
animals: 10 mg/kg
intraperitoneally

iNOS and NF-κB NF-κB pathway iNOS↓, NF-κB↓ and NO↓ Kang et al.
(1999)

Allergic rhinitis Mouse model of AR and
HNEPCs

Cells: 5, 10 and 20 μM
for 24 h; animals: 30,
60 and 120 mg/kg/day
orally for 14 days

EGFR, AKT, NO
and NF-κB

EGFR/JAK2/c-jun
and NF-κB
pathways

IgE↓, IL-6↓, IL-8↓, EGFR↓,
p-EGFR↓, c-jun↓, p-c-jun↓,
iNOS↓, JAK2↓, p-JAK2↓,
MUC5AC↓, NF-κB p65↓ and
p-NF-κB ↓

Wei et al.
(2021)

Intervertebral disc
degeneration

Nucleus pulposus cells
(NPCs)

Pretreatment: 10,
20 and 40 μM for 2 h

IL-1β, iNOS and
NF-κB

NF-κB pathway NO↓, PGE2↓, iNOS↓, COX-2↓,
TNF-α↓, IL-6↓, MMP-3↓,
MMP-13↓, ADAMTS-4↓,
ADAMTS-5↓, p-NF-κB p65↓
and IκBα↑

Bai et al.
(2019)

Neurologic diseases BV2 cells 0.125, 0.5 and 2.0 μM
for 24 h

NF-κB, Nrf2 and
HO-1

NF-κB and Nrf2/
HO-1 pathways

TNF-α↓, IL-6↓, ROS↓, NO↓,
iNOS↓, PGE2↓, COX2↓, HO-
1↑, Nrf2↑, NF-κB p65↓ and
IκBα↑

Yang S. et al.
(2020)

Spinal cord injury C57BL/6J mice with
spinal cord injury

Intraperitoneal
administration:
10 mg/kg/day for
6 weeks

iNOS, CD16/32,
Agr1, CD206,
HMGB1 and
HO-1

HO-1 pathway and
macrophage
transformation

iNOS ↑, CD16/32↑, Agr1↓,
CD206↓, HO-1↑, Hmgb1↓,
CD4+ T cells↓, CD8+ T cells↓,
Ly6G + neutrophils↓ and
CD11b + macrophages↓

Zhang et al.
(2014)
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and protective effects on cells (Sakamoto et al., 2005; Giris et al.,

2006; Umeda et al., 2009). High-mobility group box 1 (HMGB1)

is a DNA-binding nuclear protein, which is released when

stimulated by cytokines or apoptosis and is closely associated

with apoptosis and inflammation (Sims et al., 2010). HO-1

regulates the expression of HMGB1, and increased HO-1

TABLE 2 Anti-apoptotic and antioxidant effects of HG.

Disease Model Method Target
genes
and
proteins

Pathway Pharmacological
target

Reference

Ischaemia–reperfusion
(I/R) injury

Rat models of
myocardial
ischaemia and
reperfusion injury

Intraperitoneal
pretreatment: 1, 5 and
10 mg/kg for 1and 24 h

HO-1 HO-1 pathway Cytochrome C↓, caspase-3↓,
Bax↓, Bcl-2↑ and HO-1↑

Lee et al.
(2006)

Ischaemic injuries C6 cells and rats
with ischaemic
injury

Cells: 50 μM for 12 h;
animals: intraperitoneal
pretreatment with
10 mg/kg 24 h

HMGB1, HO-
1, PI3K
and AKT

PI3K/Akt/NRF-
2 pathway

HO-1↑, p-Akt/t-Akt↑, NFR-2
(cytosolic)↓, NFR-2 (nucleus)↑,
HMGB1↓, Bax↓, Bcl-2↑ and
caspase-3↓

Ha et al.
(2012)

Intestinal ischemia and
reperfusion syndrome

Intestinal epithelial
(IEC-6) cells of mice
and mice with
ischaemic injury

Cells: 0–150 μM for
0–24 h; animals:
10 mg/kg
intraperitoneally

NRF-2, HO-1
and HMGB1

NRF-2/HO-1/
HMGB1 pathway

HO-1↑, TNF-α↓, IL-6↓, MPO↓,
HMGB1↓, F4/80 + cells↓ and
Ly6G+ cells↓

Liu et al.
(2015)

Ischaemic cardiac injury C57BL/6J mice with
myocardial
ischaemia and
reperfusion injury
and neonatal rat
ventricular myocytes
(NRVMs)

Cells: 100 μM; 24 h;
animals: intraperitoneal
pretreatment with
10 mg/kg for 24 h

β2-AR, PI3K
and AKT

β2-AR/PI3K/AKT
pathway

Cleaved caspase 3↓, cleaved
caspase 9↓ and p-Akt/Akt↑

Wu et al.
(2016)

Diabetic gastroparesis Rat models of DGP
and gastric smooth
muscle cells (SMCs)

Intraperitoneal
administration:
10 mg/kg/day for
3 weeks

β2-AR, PI3K
and AKT

β2-AR/PI3K/AKT
pathway

p-21↓, p-GSK3β↓, p-BAD↓,
caspase-3↓, caspase-9↓, p-Akt/
Akt↑, p-PI3K/PI3K↑, KI67↑
and PCNA↑

An et al.
(2017)

Intervertebral disc
degeneration

Human nucleus
pulposus cells
(HNPCs)

Pretreatment: 10,
20 and 40 μM for 2 h

ROS, PI3K
and AKT

ROS/PI3K/AKT
pathway

Cleaved caspase-3↓, Bax↓, Bcl-
2↑, ROS↓ and p-Akt/Akt↑

Zhu X. et al.
(2021)

Stroke Neuronal cells of
rats

Pretreatment: 30 and
60 μM for 24 h

ROS, PI3K,
AKT, NRF-2
and HO-1

PI3K/Akt/Nrf2/HO-
1 pathway

ROS↓, MDA↓, SOD↑, GPx↑,
caspase-3↓, Bax↓, Bcl-2 and
p-Akt/Akt↑, HO-1↑ and
NFR-2↑

Zhang Y.
et al. (2019)

Alzheimer’s disease Albino Wister rats Oral administration: 25,
50, 75 and 100 mg/kg/
day for 42 days

AChE, Akt,
GSK-3β
and ROS

Akt/GSK-3β pathway Acetylcholinesterase activity↑,
APP↓, Aβ1-42↓, β-secretases↓,
γ-secretases↓, Bax↓, Bad↓,
caspase-3↓, caspase-9↓,
cytochrome C (mitochondrial
fraction)↑, Bcl-2↑, Bcl-xL↑,
cytochrome C (cytosolic
fraction)↓, ROS↓, MDA↓,
SOD↑, GPx↑, p-Akt↓, Ser9 and
pGSK-3β↑ and GSK-3β kinase
activity↓

Yang X. et al.
(2020)

Neuropathic pain Rat Schwann cells
(RSC96) and rat
models of chronic
constriction
injury (CCI)

Cells: Pretreatment
with 100, 200 and
400 μM for 24 h;
animals: 25, 50 and
100 mg/kg/day orally
for 3 weeks

ROS,
TRPV1 and
NOX2

NOX2/ROS/TRP/
P38 MAPK/NF-ĸB
pathway

ROS↓, MDA↓, SOD↑, GSH↑,
TNF-α↓, IL-6↓, Bcl-2/Bax↑,
cyt-c↑, cleaved caspase 3/
caspase 3↓, Nox2↓, TRPA1↓,
TRPV1↓, p-p38 MAPK↓ and
p-NF-ĸB↓

Yang et al.
(2021)

Cancer C6 glioma cells 0–200 μM for 24,
48 and 72 h

NF-κB NF-κB pathway,
phosphoinositide-3-
kinase/protein kinase B
pathway and caspase
cascade

Nuclear translocation of NF-
ĸB↓, B-cell lymphoma 2↓,
BCL2- associated X protein↑
and cysteine–aspartic
proteases-3 and -9↑

Geng and Ou,
(2021)

MLL-rearranged
leukaemia

MLL-rearranged
leukaemia cells

0–100 μM for 72 h LDS1,
HoxA9 and
Meis1

LDS1-related pathway H3K4me1↑, H3K4me2↑,
H3K4me3 (−) and LDS1↓,
p53↑, HoxA9↓ and Meis1↓

Fang et al.
(2021)
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levels inhibit HMGB1 expression (Ha et al., 2011). Liu et al.

(2015) found that HG increased the activity of NRF-2 and HO-1,

decreased the levels of HMGB1, inhibited the activity of

myeloperoxidase (MPO) and inhibited the inflammatory

response to intestinal ischaemia–reperfusion injury in mice in

vivo. However, these effects were eliminated after treatment with

NRF-2 siRNA and the HO-1 inhibitor ZnPPIX. These findings

suggested that the NRF-2/HO-1/HMGB1 signalling pathway is

involved in the anti-apoptotic activity of HG, which is consistent

with the findings of Ha et al. (2012), indicating that HG promotes

HO-1 secretion and inhibits HMGB1 expression via the PI3K/

AKT/NRF-2 signalling pathway to improve cerebral

ischaemia–reperfusion injury. HG not only inhibits apoptosis

in ischaemia–reperfusion injury but also alleviates collagen-

induced arthritis by promoting HO-1 release and regulating

the PI3K/AKT/NRF-2 signalling pathway (Duan et al., 2016).

The proliferation, differentiation and apoptosis of normal

cells are tightly regulated by the PI3K/AKT signalling

pathway. HG has been shown to increase the expression of

p-PI3K and p-AKT in various tissues (Duan et al., 2016; Wu

et al., 2016; An et al., 2017; Zhu J. X. et al., 2021). An et al.

(2017) found that HG promotes the proliferation of gastric

smooth muscle cells (SMCs) via the β2-AR/PI3K/AKT
signalling pathway and inhibits apoptosis and the

expression of downstream apoptosis-related targets (p-21,

p-GSK3β and p-BAD). Wu et al. (2016) found that HG

reduced myocardial ischemia/reperfusion (I/R) injury and

cardiomyocyte apoptosis induced by hydrogen peroxide in

mice by interacting with the PI3K/AKT signalling pathway. In

addition, HG can activate beta-adrenergic receptor (β-AR)

signal transduction (Park et al., 1984), which is involved in the

PI3K/AKT signalling pathway (Wu et al., 2016; An et al.,

2017). β-ARs are involved in cell apoptosis. β1-AR activation

promotes apoptosis, whereas β2-AR activation inhibits

cardiomyocyte apoptosis (Communal et al., 1999). HG

activates β2-AR, leading to bronchodilatation, in the

management of asthma (Bai et al., 2008). Wu et al. (2016)

reported that HG can regulate cardiomyocyte apoptosis via

the β2-AR/PI3K/AKT signalling pathway. In addition to β2-
AR, ROS are involved in the PI3K/AKT signalling pathway.

Zhu X. et al. (2021) reported that addition of HG

downregulated ROS activity in nucleus pulposus cells

stimulated with IL-1β. However, LY294002, an inhibitor of

the PI3K/AKT signalling pathway, reduced the inhibitory

effects of HG on apoptosis and caspase-3 activity induced

by IL-1β, whereas NAC, an inhibitor of ROS, partially

eliminated these effects, suggesting that HG inhibits

apoptosis partly through the ROS/PI3K/AKT signalling

pathway.

Furthermore, HG possesses certain anti-tumour properties.

Geng and Ou (2021) reported that HG increases the expression of

caspase-3, caspase-9 and Bax in tumour cells; promotes cell cycle

arrest in the G2maxM phase; reduces the number of cells in the S

phase and promotes the apoptosis of glioma cells. In addition,

HG can bind to LSD1 and downregulate H3K4 methylation, thus

blocking the expression of HOX-related genes and p53 and

eventually inhibiting cell apoptosis (Fang et al., 2021). As

mentioned above, HG can inhibit apoptosis in some normal

tissues or cells by inhibiting the expression of caspase-3 and Bax.

However, whether HG plays a dual role in the caspase-3 or

TABLE 3 Pharmacological effects of HG on adrenoceptors.

Disease Model Method Target
genes
and
proteins

Pathway Pharmacological
target

Reference

Hypertension HEK293 cells, ex-vivo rat
mesenteric artery and rats
with spontaneous
hypertension

Cells: 0.1, 1, 10 and
100 μM for 5, 15 and
30 min; ex-vivo: 10 μM;
animals: 1–3 μg/kg
intravenously

α1-AR ERK1/2 pathway Ca2+↓, IP3↓ and p-ERK/ERK↓ Zhang N. et al.
(2019)

Raynaud’s
phenomenon

HDMECs and rat models
of cold-induced
cutaneous
vasoconstriction

Cells: 20 μM; 2 h;
animals: 18, 36 and
72 μg/kg intravenously

ROS, PTK9,
NO and
α2C-AR

ROS/α2C-AR and
PTK9 pathways

NO↓, eNOS↓, p-eNOS↓, Akt1↓,
p-Akt1↓, AMPK α1↓, p-AMPK α1↓,
ROS↓, α2C-AR (intracellular)/α2C-
AR (membrane) ratio↑ and PKT↓

Guan et al.
(2019)

Bradycardia Ventricular myocytes 0–10 μM; 0–5 min β1-AR — ICa-L↑, Iks↑ and heart rate ↑ Wang X. et al.
(2019)

— Neonatal rat cardiac
fibroblasts (NRCFs) and
HEK293A cells

0–10 μM, 0–30 min β2-AR, β-
arrestin1/
2 and EGFR

β2-AR/β-arrestin/
EGFR/ERK pathway

p-ERK1/2/ERK1/2↑, p-EGFR↑,
p-Scr↑, β-arrestin↑ and Cleaved-
caspase 3↓

Zhang et al.
(2021)

Erectile
dysfunction

Corpus cavernosum of
male Sprague-Dawley
rats

0.1, 1 and 10 μM β2-AR,
cGMP and
cAMP

β-adrenoceptor/
cAMP and guanylate
cyclase/cGMP
pathways

cGMP↑ and cAMP↑ Kam et al.
(2012)
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apoptosis-related signalling pathways remains unclear. To the

best of our knowledge, no related experimental studies have been

reported yet, and the relationship between HG and apoptosis

warrants further investigation.

Antioxidant activity of higenamine

The use of ROS scavengers enhances the anti-apoptotic

effects of HG, which may be attributed to the strong

antioxidant activity of HG (Xie et al., 2018; Romeo et al.,

2020). HG inhibits the production of ROS and

malondialdehyde (MDA), increases the activity of superoxide

dismutase (SOD) and glutathione peroxidase (GPX) and protects

cells from oxidative stress and apoptosis via the PI3K/AKT/

NRF2/HO-1 signalling pathway (Zhang Y. et al., 2019). Yang S.

et al. (2020) investigated the role of HG in Alzheimer’s disease

and found that HG exerts antioxidant effects and can regulate the

AKT/GSK3 β signalling pathway. HG increases the

phosphorylation of AKT and the expression of Ser9p/GSK-3β
by promoting the phosphorylation of Ser9, which decreases GSK-

3β kinase activity and inhibits apoptosis. In another study by

Yang et al. (2021), HG decreased the upregulated levels of ROS,

MDA, TNF-α and IL-6 in t-BHP-induced Schwann cells,

increased the levels of SOD and glutathione (GSH),

rebalanced the redox system and increased cell survival by

downregulating the NOX2/ROS/TRP/P38 MAPK/NF-κB
signalling pathway.

Therefore, the molecular mechanisms of HG in apoptosis

and oxidative stress may involve ROS and PI3k (Figure 2;

Table 1). However, to date, studies have only explored some

signalling pathways related to ROS and PI3k, and whether HG

can be used as a novel PI3k or ROS inhibitor remains unknown.

Anti-inflammatory effects of
higenamine

HG exhibits good anti-inflammatory properties. Duan et al.

(2016) found that HG inhibited the activity of TNF-α and IL-1β
in a mouse model of collagen-induced arthritis (CIA). Wang X.

et al. (2019) reported that HG prevented the overexpression of

cytokines (such as TNF-α, IL-1β, IL-6 and IL-18) and

inflammation-related factors (such as TLR4, TAK1, NF-κB,
MIP-2 and COX-2). These studies strongly validate the anti-

inflammatory effects of HG.

FIGURE 2
Anti-apoptotic and antioxidative effects of HG. HG inhibits apoptosis and antioxidative stress by affecting the PI3K/AKT, NRF2/HO-1, Ser9p/
GSK-3 β, NOX2/ROS, NF-κB and β2-AR signalling pathways.
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Inducible nitric oxide synthase (iNOS) catalyses the

production of large amounts of NO, an important cellular

signal that is related to many inflammatory responses

(Menshikova et al., 2000). Under the action of pro-

inflammatory mediators, cells activate the NO pathway and

promote the excessive release of NO, further promoting the

inflammatory response (Korhonen et al., 2005). In a study,

BV2 cells and a mouse model of depression stimulated with

LPS released large amounts of NO and corresponding

inflammatory mediators, such as TNF-α, IL-1 β and IL-6.

However, HG inhibited the release of NO and related

inflammatory mediators and the phosphorylation of JNK and

EIF2α in the mouse hippocampus and BV2 cells by activating the

BDNF/TrkB signalling pathway, thus inhibiting BIP

upregulation and reducing NO release (Chen Y. et al., 2019).

The levels of p-JNK, p-EIF2α and BIP are closely related to

endoplasmic reticulum stress. HG significantly induces the

expression of LC3B-II and BECLIN-1, promotes autophagy

and reduces the release of NO. However, the autophagy

inhibitor 3-MA can block the inhibitory effects of HG on the

release of NO and inflammation-related mediators (Chen S. et al.,

2019). Therefore, HG may promote autophagy, alleviate

endoplasmic reticulum stress and inhibit the release of NO.

Lee et al. (1999) found that HG inhibited the expression of

iNOS mRNA in mouse peritoneal macrophages, whereas Kang

et al. (1999) revealed that HG exerted these inhibitory effects

mainly via the NF-κB signalling pathway. iNOS may promote

inflammation by activating NF-κB to induce the expression of IL-

6 and IL-8 (Seo et al., 2009). NF-κB induces the expression of IL-6

and IL-8 through the transcription factor-binding sites of IL-6

and IL-8 (Zhu et al., 2019). Under normal circumstances, NF-κB
binds to the NF-κB inhibitor protein (IκB) to form an inactive

complex in the cytoplasm (Wang et al., 2016). When external

pro-inflammatory factors stimulate cells, this complex is

decomposed, and NF-κB is translocated to the nucleus,

resulting in the release of inflammatory mediators (such as

IL-1β, TNF-α and IL-6) (Saheb, 1978; Wang et al., 2016;

Wang et al., 2018). Bai et al. (2019) found that HG decreased

p-p65 expression and IκBα degradation induced by IL-1β in

nucleus pulposus cells. The anti-inflammatory effects of HG may

be partly attributed to its inhibitory effects on the NF-κB
signalling pathway. Yang X. et al. (2020) drew a similar

conclusion after treating glial cells with HG. They found that

HG significantly inhibited TNF-α, IL-6, ROS, NO (mediated by

iNOS) and PGE2 (mediated by COX-2) but promoted NRF-2

and HO-1 in LPS-activated BV2 cells. Therefore, the anti-

inflammatory effects of HG may be attributed to its inhibition

of NF-κB and activation of the NRF-2/HO-1 signalling pathway.

Wei et al. (2021) found that HG downregulated the

expression of IL-6 and IL-8 via the iNOS, NF-κB and c-jun

pathways. HG promoted the expression of AKT1 and p-AKT1 in

histamine-treated human nasal epithelial cells (HNEpCs) and

inhibited the expression of epithelial growth factor receptor

(EGFR), p-EGFR, c-jun, p-c-jun, iNOS, JAK2 and p-JAK2.

These findings suggest that HG inhibits the EGFR/JAK2/c-jun

signalling pathway by activating AKT1, thereby inhibiting the

expression of iNOS, IL-6 and IL-8 and the release of NO.

Macrophages are an indispensable type of immune cell

involved in the inflammatory response. They have high

plasticity and can rapidly adjust to changes in the

microenvironment. They have two phenotypes with different

functions, namely, M1 and M2 macrophages (Chawla et al.,

2011). M1 macrophages increase the expression of pro-

inflammatory factors and ROS production, whereas

M2 macrophages are anti-inflammatory and possess wound-

healing properties (Oishi and Manabe, 2018). Zhang et al.

(2014) found that macrophages in the spine of mice with

spinal injury polarised from the M1 to the M2 phenotype in a

time-dependent manner after intragastric administration of HG.

The expression of related pro-inflammatory cytokines, such as

IFN-γ and TNF-α, was significantly lower and that of anti-

inflammatory cytokines, such as IL-4 and IL-10, was

significantly higher in HG-treated macrophages than in

control macrophages. In addition, the proportion of immune

cells, such as CD4+ T cells, CD8+ T cells, Ly6G + neutrophils and

CD11b + macrophages, was lower, and HG promoted the

expression of HO-1 and inhibited the expression of HMGB1.

A schematic diagram demonstrating the anti-inflammatory

activity of HG is shown in Figure 3, Table 2 . HG can effectively

inhibit inflammation and affect multiple inflammation-related

signalling pathways. It also acts on immune cells, such as

macrophages and T cells, and can be used as a natural anti-

inflammatory drug with fewer side effects to treat inflammation-

related diseases. However, there is a lack of relevant clinical trials

to confirm the clinical anti-inflammatory effects of HG.

Anti-fibrotic effects of higenamine

Oral administration of HG can increase the levels of plasma

fibrinogen and fibrinogen/fibrin degradation product (FDP) and

the prothrombin time (PT) (Yun-Choi et al., 2002), indicating

that HG possesses anti-fibrotic properties. Transforming growth

factor-β1 (TGF-β1) is important for fibrosis in many tissues and

organs (Kim et al., 2018). Deng et al. (2020) found that the

pathogenesis of cardiorenal syndrome in rats involves ventricular

remodelling and renal fibrosis, and HG can systematically

improve cardiorenal function. In addition, HG inhibits

collagen synthesis in neonatal rat cardiac fibroblasts and

cardiomyocyte hypertrophy induced by TGF-β1/NF-kB by

downregulating the phosphorylation of ASK1/MAPK (ERK,

P38)/NF-κB, thus inhibiting cardiac and renal fibrosis.

Furthermore, HG can block Smad2/3 phosphorylation and

nuclear translocation stimulated by TGF-β1, indicating that

HG inhibits the TGF-β/Smad signalling pathway, which is

associated with the activation of cardiac fibroblasts and
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FIGURE 3
Anti-inflammatory effects of HG. HG inhibits inflammation by affecting ROS, NF-κB, iNOS and NRF-2-related inflammatory signalling pathways
and the related upstream and downstream targets.

FIGURE 4
Anti-platelet activity of HG. HG can competitively inhibit the binding of epinephrine to α2-AR and directly act on TP receptors to inhibit platelet
aggregation.
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fibrosis (Zhu J. X. et al., 2021). However, the specific mechanism

of HG underlying its inhibitory effects on cell fibrosis remains

unclear and warrants further investigation.

Anti-platelet activity of higenamine

Although platelets play an important role in haemostasis,

endogenous stimuli can easily activate platelets, resulting in their

aggregation and thrombus formation. Yun-Choi et al. (2001)

induced acute thrombosis in mice by injecting a mixture of

collagen and epinephrine and found that HG inhibited platelet

aggregation. They speculated that HG may compete with

epinephrine at the α2-AR site on platelets because it is a

structural analogue of catecholamines. However, the inhibitory

effects of HG on epinephrine-induced thrombosis are much

lower than that of α2-AR inhibitors, such as phentolamine

and yohimbine (Pyo et al., 2007).

HG can inhibit platelet aggregation by directly acting on TP

receptors; however, its inhibitory effects on the synthesis of

thromboxane A2 (TXA2) from arachidonic acid (AA) remain

clear (Pyo et al., 2007) (Halushka, 2000). The analogues of HG,

YS-49 and YS-51, not only directly act on TP but also

significantly inhibit the synthesis of TXA2 from AA (Pyo

et al., 2007) (Figure 4). Compared with the natural HG, (R)-

(+)-HG and (S)-(-)-HG, two synthetic stereoisomers of HG, have

enhanced inhibitory effects on platelet aggregation (Pyo et al.,

2008).

In some thrombus-induced diseases, the use of

anticoagulants can further prolong the PT, activated partial

thrombin time (aPTT) or thrombin clotting time (TCT)

(Onaya et al., 1998). An increase in PT and aPTT is closely

related to the possibility of bleeding complications (Petitti et al.,

1989). Yun-Choi et al. (2002) found that LPS induced

disseminated intravascular coagulation (DIC) in mice,

resulting in the prolongation of PT, aPTT and TCT. However,

oral administration of HG prevented this increase, indicating that

HG is less likely to cause bleeding complications than

anticoagulants.

Adrenergic receptor ligands

α1-Adrenergic receptor

HG can reduce blood pressure in both normotensive and

hypertensive animal models. Praman et al. (2012a) reported that

HG increased the heart rate but not blood pressure in rats, which

can be associated with the ability of HG to reduce peripheral

vascular pressure. Moreover, the antagonistic effects of α1-AR
may also be a factor. Phenylephrine induces HEK293A cells to

activate α1-AR, which in turn promotes the activation and

dissociation of βγ and α subunits of the Gαq protein, leading

to the intracellular release of calcium from the sarcoplasmic

reticulum. As a result, IP3 and calcium are accumulated

intracellularly, and the ERK1/2 signalling pathway is activated.

This process can be reversed by HG. Zhang N. et al. (2019)

reported that HG decreases the contractile response of the

mesenteric artery. HG can prevent the elevation of blood

pressure by antagonising α1-AR, thereby regulating the ERK1/

2 signalling pathway, and inhibiting the accumulation of

intracellular IP3 and calcium.

α2-Adrenergic receptor

HG can inhibit vasoconstriction of the tail vein and promote

the rate of blood flow in mice at low temperatures (Guan et al.,

2019). The AMPK/eNOS/NO signalling pathway plays an

important role in regulating energy metabolism. Endothelial

cells produce NO, a vasodilator that modulates vascular

tension. In vitro treatment of human dermal microvascular

endothelial cells with HG can suppress the AMPK/eNOS/NO

signalling pathway and NO production (Guan et al., 2019). In

addition, HG can inhibit vasoconstriction and AMPK/eNOS/NO

signalling. Low temperatures can lead to a rapid increase in ROS

in vascular smooth muscle cells (VSMCs) of the skin, activate the

Rho/Rho-kinase signalling pathway and promote the migration

of intracellular static α2C-AR to the cell surface, resulting in the

contraction of vascular smoothmuscle (Bailey et al., 2004; Honda

et al., 2007; Jeyaraj et al., 2012). Furthermore, the

phosphorylation of protein tyrosine kinase (PTK) and its

binding to actin also mediate vasoconstriction induced by

hypothermia (Furspan et al., 2005). HG can inhibit

hypothermia-induced activation of the ROS/α2C-AR and

PTK9 signalling pathways, which may be the mechanism

underlying the inhibition of vascular smooth muscle

contraction (Guan et al., 2019). In addition, HG can inhibit

adrenaline-induced platelet aggregation in humans and rats by

blocking α2-AR (Yun-Choi et al., 2001).

β1-Adrenergic receptor

HG is considered a β1-AR agonist. Kimura et al. (1994);

Kimura et al. (1996) reported that HG increased cardiac

contractility, and its positive chronotropic effects were

antagonised by propranolol (a non-selective β1- and β2-
adrenergic antagonist) and practolol (a selective β1-adrenergic
antagonist) but not by butoxamine (a selective β2 receptor

antagonist). Therefore, HG may activate β1-AR in the atrium

and mediate cardiac inotropic and chronotropic effects, which

may be attributed to the responses mediated by β1-AR. Similar to

isoproterenol, HG controls the electrophysiology of the heart by

affecting sinoatrial node cells and does not induce arrhythmia

(Wang Y. et al., 2019). Praman et al. (2012b) reported that HG
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activates β1-AR instead of β2-AR, resulting in a positive

chronotropic effect.

β2-Adrenergic receptor

HG can act on β2-AR, which belongs to the G protein-

coupled receptor (GPCR) family and is mainly found on smooth

and skeletal muscle cells and in the liver. β2-AR regulates blood

flow, energy storage, bronchial smooth muscle relaxation, liver

glucose production and muscle glucose uptake (Kato et al., 2017).

HG can be used as a novel β2-AR agonist because of its structural

similarity to catecholamines (Hudzik et al., 2021). Wu et al.

(2016) reported that β2-AR can serve as a molecular target for the

protective effects of HG on cardiomyocytes. In addition, Kato

et al. (2017) found that HG can promote glucose uptake in

immortalised rat skeletal muscle cells (L6 cells). These effects can

be attributed to the action of HG on β2-AR, suggesting that HG is

a potential drug candidate for the management of various health

conditions, such as diabetes and obesity. Cell proliferation and

differentiation are strongly associated with the ERK1/2 signalling

pathway (Nishimoto and Nishida, 2006). Zhang et al. (2021)

reported that HG activates the ERK1/2 signalling pathway. They

found that phosphorylation of ERK1/2 in cardiomyocytes was

time-dependent, which peaked after 5 min of stimulation in the

treatment group but after 60 min in the control group. In

addition, HG-induced phosphorylation of ERK1/2 was not

sensitive to GI protein inhibitors, indicating that the effects of

HG may not be realised by G proteins. On the contrary, HG may

induce ERK1/2 phosphorylation via EGFR transactivation and

rely on β-arrestin1/2, which aids in understanding the

mechanism of action of HG on β2-AR (Zhang et al., 2021).

HG can act as a vasodilator and smooth muscle relaxant and

increase perfusion. Park et al. (1984) reported that HG increased

the rate of relaxation and shortened the time to peak and the

duration of contraction in a dose-dependent manner. However,

these effects were competitively blocked by propranolol (non-

selective β1- and β2-adrenergic receptor blockers). Therefore,

HG may serve as a β-AR agonist. Furthermore, Bai et al. (2008)

validated the β2-AR agonist activity of HG at molecular and

cellular levels for the first time. They found that HG acted as a

tracheal muscle relaxant, which reduced the severity of bronchial

stenosis both in vivo and in vitro. Tsukiyama et al. (2009) and

Ueki et al. (2011) isolated HG from the fruit of Nandina

domestica Thunberg and found that HG stimulated β2-AR
and had relaxing effects on the corpus cavernosum of

Sprague-Dawley (SD) rats and bronchial smooth muscle. Kam

et al. (2012) demonstrated that HG caused the rat corpus

cavernosum to relax in a dose-dependent manner and

enhanced the relaxation response of the corpus cavernosum

induced by a PDE-5 inhibitor (a drug for the treatment of

penile erectile dysfunction). This vascular smooth muscle

relaxation response is mediated by cGMP and cAMP. In rats,

the increased expression of cGMP and cAMP in cells causes

dephosphorylation of the myosin light chain, resulting in

relaxation of the corpus cavernosum smooth muscle. (Ballard

et al., 1998) Kam et al. (2012) found that the expression of cGMP

and cAMP increased under the action of HG, indicating that the

mechanism of action of HG may be associated with the β-AR/
cAMP and guanylate cyclase/cGMP signalling pathways.

A schematic diagram demonstrating the effects of HG on

adrenergic receptors is shown in Figure 5, Table 3 . HG acts as an

agonist of β1-/β2-AR. Because HG is structurally similar to

catecholamines, it can activate both β1-AR and β2-AR;
however, the exact mechanism of action of HG remains

unknown (Chen Y. et al., 2019).

Other functions

Regulation of cellular electrophysiology

HG can affect the movement of ions inside and outside the

cell. In the distal colonic mucosa of guinea pigs, HG can

produce alterations in the short circuit current and

transepithelial conductance and inhibit electrogenic Na+

absorption while stimulating electrogenic K+ and Cl−

secretion via β2-AR stimulation (Liu et al., 2000). Wang X.

et al. (2019) examined the electrophysiological effects of HG

on ventricular and sinoatrial node cells and found that HG

increased the L-type Ca2+ current (ICa-L) and slowly activating

delayed rectifier potassium current (IKs) in a concentration-

and voltage-dependent manner and enhanced the

synchronisation of ICa-L and IKs. However, HG does not

affect the sodium channel (INa) and fast delayed rectifier

potassium channel (IKr). Sinoatrial node cells have a higher

sensitivity to HG than ventricular cells. In PC12 cells (rat

adrenal pheochromocytoma cells), HG can suppress the levels

of dopamine and decrease the activity of tyrosine hydroxylase

(TH). HG is related to α-AR antagonists, which possess

calcium channel-blocking activity. In a study by Shin et al.

(1999), HG reduced the concentration of intracellular calcium

for 12–24 h, which returned to normal at 48 h. In addition, the

kinetic model of Ca2+ was similar to that of TH. Therefore, HG

may affect the transport of potassium, sodium, calcium and

chloride ions; however, the specific underlying mechanisms

warrant further investigation.

Lipid-lowering effects

Dietary supplements containing HG can enhance fat

decomposition and energy consumption (Lee et al., 2013). HG

contributes little to the increase in these haemodynamic variables

but promotes the consumption of free fatty acids in plasma and

energy, whereas supplements can moderately increase the heart

Frontiers in Pharmacology frontiersin.org10

Chen et al. 10.3389/fphar.2022.981048

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.981048


rate (approximately by 3 bpm) and systolic blood pressure

(approximately by 12 mmHg).

Combination therapy

Combination of higenamine with
cucurbitacin B

The combination of Trichosanthes kirilowii Maxim and

Fuzi has been used in ancient medicinal formulas (Jin et al.,

2018). Trichosanthes kirilowii Maxim contains Cu B, an

anticancer tetracyclic triterpenoid (Garg et al., 2017),

whereas Fuzi contains HG. When used in combination, HG

and Cu B have synergistic anticancer effects (Geng and Ou,

2021). Jin et al. (2018) used network pharmacology to predict

the possible mechanisms by which HG enhances the

antitumour activity of Cu B. KEGG pathway analysis

revealed that AKT may be the primary target of Cu B. In

addition, compared with Cu B monotherapy, combination

therapy with HG and Cu B significantly increased the

number of stagnant cells in the G2/M phase. Based on a

study by Maddika et al. (2008), this enhanced antitumour

activity can be attributed to the inhibition of CDK2, as

evidenced by an increase in Bax expression and a decrease

in Bcl-2 expression. In addition, Jin et al. (2018) reported that

the combined effects of Cu B and HG on the proliferation of

breast cancer cells resulted in cell cycle arrest and

induced apoptosis, which may be attributed to the activity

of CDK2.

Combination of higenamine with 6-
gingerol

In traditional medicine, a combination of Fuzi and ginger is

commonly used in the management of heart failure and coronary

artery disease (Wen et al., 2020b). 6-GR, a major bioactive

constituent of ginger, exerts anticancer, anti-inflammatory and

antioxidant effects through various biological pathways involved

in apoptosis, cell cycle regulation, cytotoxicity and angiogenesis

inhibition (Wang et al., 2014). HG/6-GR may exert therapeutic

effects by improving mitochondrial dysfunction (Wen et al.,

2020a). Chen et al. (2013) reported that combination therapy

with HG and 6-GR significantly attenuated doxorubicin-induced

oxidative stress and apoptosis in cardiomyocytes, increased Bax

expression and decreased cytochrome C release and caspase-3

activity. However, these effects were inhibited by LY294002 (a

PI3K/AKT inhibitor) (Chen et al., 2013). Therefore, the PI3K/

AKT signalling pathway may be involved in the therapeutic

effects of HG/6-GR on cardiomyocytes. Cell proliferation and

apoptosis are regulated by the PGC-1α, SIRT3 and PI3K/AKT

signalling pathways (Tsang et al., 2003; Jing et al., 2011; Li et al.,

2022). PGC-1α and PPARα (co-activator of PGC-1α) are critical
regulators of energy metabolism (Yang et al., 2015). PGC-1α
regulates the transcription of SIRT3, which affects the expression

of ATP in the mitochondria (Jing et al., 2011). Combination

therapy with HG and 6-GR can alleviate doxorubicin-induced

mitochondrial energy metabolism disorder and respiratory

function impairment in H9c2 cells. Upregulation of the

PPARα/PGC-1α/SIRT3 signalling pathway, which promotes

mitochondrial energy metabolism, may exert protective effects

FIGURE 5
Adrenergic effects of HG. HG may act as a β-AR agonist and an α-AR inhibitor.
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against heart failure. In addition to the PPARα/PGC-1α/
SIRT3 signalling pathway, HG/6-GR can upregulate the

LKB1/AMPK/SIRT1 axis and inhibit mitochondrial

dysfunction (Wen et al., 2020b).

Conclusion

HG possesses anti-platelet, anti-inflammatory, antioxidant,

anti-apoptotic, anti-fibrotic and lipid-lowering activities. To date,

most studies have focused only on the effects of HG on the

classical pathways and target genes of diseases, and the exact site

of action of HG remains unknown. HG is a ligand of adrenergic

receptors that regulates the relaxation of vascular smooth muscle,

tracheal smooth muscle, myocardium and corpus cavernosum

and can be used to treat coronary heart disease, asthma and

erectile dysfunction. However, conflicting findings have been

reported regarding the effects of HG on adrenergic receptors. In

general, HG can be used as both a β-AR agonist and an α-AR
antagonist. However, regarding adrenergic receptor subtypes,

some researchers speculate that HG acts on β1-AR, whereas
others speculate that HG acts on β2-AR, which warrants further

investigation. To date, most studies have employed cell and

animal models, which lack the support of clinical trials.

Although HG is a natural compound, only a few studies have

investigated its safety. At present, there are three routes of

administration for HG: intravenous administration,

intraperitoneal injection and oral administration. Animals can

tolerate intraperitoneal administration of up to 50 mg/kg/day. A

maximum dose of 120 mg/kg/day has been orally administered

in a small number of studies. Intravenous injection may be an

effective route of administration because HG has a low oral

utilisation rate. However, only a few studies have used

intravenous administration, with the highest dose of 72 μg/kg.

At present, the maximum tolerable dose for intravenous injection

of HG in humans is 24 μg/kg. However, a few studies with small

sample size have investigated the safe dosage of HG in clinical

practice. Therefore, further studies with large sample size should

be conducted to determine the safety of HG in humans and

provide a reference dosage for clinical research, which will

eventually contribute to the design of new, safer, more

effective drugs based on HG.

Author contributions

D-tC: Conceptualization, Methodology, Formal Analysis,

Writing—Original Draft; WR: Software, Investigation, Data

Curation, Writing—Original Draft; XS: Visualization,

Investigation, Data Curation; LC: Resources, Supervision; ZW:

Software, Data Curation; X-pS: Visualization, Writing—Review

and; Editing T-yF: Conceptualization, Funding Acquisition,

Resources, Supervision, Writing—Review and; Editing.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

An, X., Long, C., Deng, X., Tang, A., Xie, J., Chen, L., et al. (2017). Higenamine
inhibits apoptosis and maintains survival of gastric smooth muscle cells in diabetic
gastroparesis rat model via activating the β2-AR/PI3K/AKT pathway. Biomed.
Pharmacother. 95, 1710–1717. doi:10.1016/j.biopha.2017.08.112

Bai, G., Yang, Y., Shi, Q., Liu, Z., Zhang, Q., and Zhu, Y. (2008). Identification of
higenamine in Radix AconitiLateralis Preparata as a beta2-adrenergic receptor
agonist1. Acta Pharmacol. Sin. 29 (10), 1187–1194. doi:10.1111/j.1745-7254.2008.
00859.x

Bai, X., Ding, W., Yang, S., and Guo, X. (2019). Higenamine inhibits IL-1β-
induced inflammation in human nucleus pulposus cells. Biosci. Rep. 39 (6),
BSR20190857. doi:10.1042/BSR20190857

Bailey, S. R., Eid, A. H., Mitra, S., Flavahan, S., and Flavahan, N. A. (2004). Rho
kinase mediates cold-induced constriction of cutaneous arteries: Role of alpha2C-
adrenoceptor translocation. Circ. Res. 94 (10), 1367–1374. doi:10.1161/01.RES.
0000128407.45014.58

Ballard, S. A., Gingell, C. J., Tang, K., Turner, L. A., Price, M. E., and Naylor, A. M.
(1998). Effects of sildenafil on the relaxation of human corpus cavernosum tissue
in vitro and on the activities of cyclic nucleotide phosphodiesterase isozymes.
J. Urology 159 (6), 2164–2171. doi:10.1097/00005392-199806000-00142

Bao, Y. X., Yu, G. R., Xu, J.M., Xu, Y.Q., Bian, Y. T., and Zheng, D. S. (1982). Effect of
acute higenamine administration on bradyarrhythmias and HIS bundle. A clinical
study of 14 cases and animal experiment on dogs. Chin. Med. J. 95 (10), 781–784.

Bloomer, R. J., Schriefer, J. M., and Gunnels, T. A. (2015). Clinical safety
assessment of oral higenamine supplementation in healthy, young men. Hum.
Exp. Toxicol. 34 (10), 935–945. doi:10.1177/0960327114565490

Chang, K. C., Chong, W. S., and Lee, I. J. (1994). Different pharmacological
characteristics of structurally similar benzylisoquinoline analogs, papaverine,
higenamine, and GS 389, on isolated rat aorta and heart. Can. J. Physiol.
Pharmacol. 72 (4), 327–334. doi:10.1139/y94-049

Chang, W. C., Yen, C. C., Liu, W. Y., Hsieh, Y. S., Hsu, M. C., and Wu, Y. T.
(2021). Blood-to-muscle distribution and urinary excretion of higenamine in rats.
Drug Test. Anal. 13 (10), 1776–1782. doi:10.1002/dta.3132

Chawla, A., Nguyen, K. D., and Goh, Y. P. (2011). Macrophage-mediated
inflammation in metabolic disease. Nat. Rev. Immunol. 11 (11), 738–749. doi:10.
1038/nri3071

Chen, S., Guo, W., Qi, X., Zhou, J., Liu, Z., and Cheng, Y. (2019). Natural alkaloids
from lotus plumule ameliorate lipopolysaccharide-induced depression-like

Frontiers in Pharmacology frontiersin.org12

Chen et al. 10.3389/fphar.2022.981048

https://doi.org/10.1016/j.biopha.2017.08.112
https://doi.org/10.1111/j.1745-7254.2008.00859.x
https://doi.org/10.1111/j.1745-7254.2008.00859.x
https://doi.org/10.1042/BSR20190857
https://doi.org/10.1161/01.RES.0000128407.45014.58
https://doi.org/10.1161/01.RES.0000128407.45014.58
https://doi.org/10.1097/00005392-199806000-00142
https://doi.org/10.1177/0960327114565490
https://doi.org/10.1139/y94-049
https://doi.org/10.1002/dta.3132
https://doi.org/10.1038/nri3071
https://doi.org/10.1038/nri3071
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.981048


behavior: Integrating network pharmacology and molecular mechanism evaluation.
Food Funct. 10 (9), 6062–6073. doi:10.1039/c9fo01092k

Chen, Y., Guo, B., Zhang, H., Hu, L., and Wang, J. (2019). Higenamine, a dual
agonist for beta 1- and beta 2-adrenergic receptors identified by screening a
traditional Chinese medicine library. Planta Med. 85 (9-10), 738–744. doi:10.
1055/a-0942-4502

Chen, Y. L., Zhuang, X. D., Xu, Z. W., Lu, L. H., Guo, H. L., Wu, W. K., et al.
(2013). Higenamine combined with [6]-Gingerol suppresses doxorubicin-triggered
oxidative stress and apoptosis in cardiomyocytes via upregulation of PI3K/akt
pathway. Evid. Based. Complement. Altern. Med. 2013, 970490. doi:10.1155/2013/
970490

Cohen, P. A., Travis, J. C., Keizers, P., Boyer, F. E., and Venhuis, B. J. (2019). The
stimulant higenamine in weight loss and sports supplements. Clin. Toxicol. 57 (2),
125–130. doi:10.1080/15563650.2018.1497171

Communal, C., Singh, K., Sawyer, D. B., and Colucci, W. S. (1999). Opposing
effects of beta(1)- and beta(2)-adrenergic receptors on cardiac myocyte apoptosis :
Role of a pertussis toxin-sensitive G protein. Circulation 100 (22), 2210–2212.
doi:10.1161/01.cir.100.22.2210

Deng, T., Wei, Z., Gael, A., Deng, X., Liu, Y., Lai, J., et al. (2020). Higenamine
improves cardiac and renal fibrosis in rats with cardiorenal syndrome via
ASK1 signaling pathway. J. Cardiovasc. Pharmacol. 75 (6), 535–544. doi:10.
1097/FJC.0000000000000822

Du, Y., Li, F., Xu, R., Zhang, Y., Ou, Y., and Jing, H. (2007). Tolerability of
higenamine hydrochloride in healthy volunteers. Zhongguo Lin. Chuang Yao Li Xue
Za Zhi (04), 258–260. doi:10.3969/j.issn.1001-6821.2007.04.005

Duan, W., Chen, J., Wu, Y., Zhang, Y., and Xu, Y. (2016). Protective effect of
higenamine ameliorates collagen-induced arthritis through heme oxygenase-1 and
PI3K/Akt/Nrf-2 signaling pathways. Exp. Ther. Med. 12 (5), 3107–3112. doi:10.
3892/etm.2016.3730

Fang, Y., Yang, C., Teng, D., Su, S., Luo, X., Liu, Z., et al. (2021). Discovery of
higenamine as a potent, selective and cellular active natural LSD1 inhibitor for
MLL-rearranged leukemia therapy. Bioorg. Chem. 109, 104723. doi:10.1016/j.
bioorg.2021.104723

Feng, S., Jiang, J., Hu, P., Zhang, J. Y., Liu, T., Zhao, Q., et al. (2012). A phase I
study on pharmacokinetics and pharmacodynamics of higenamine in healthy
Chinese subjects. Acta Pharmacol. Sin. 33 (11), 1353–1358. doi:10.1038/aps.
2012.114

Furspan, P. B., Chatterjee, S., Mayes, M. D., and Freedman, R. R. (2005). Cooling-
induced contraction and protein tyrosine kinase activity of isolated arterioles in
secondary Raynaud’s phenomenon. Rheumatol. Oxf. 44 (4), 488–494. doi:10.1093/
rheumatology/keh517

Garg, S., Kaul, S., and Wadhwa, R. (2017). Cucurbitacin B and cancer
intervention: Chemistry, biology and mechanisms (Review). Int. J. Oncol. 52 (1),
19–37. doi:10.3892/ijo.2017.4203

Geng, C., and Ou, S. (2021). Higenamine induces glioma cell death by modulating
nuclear factor-κb nuclear translocation, phosphoinositide-3-kinase/protein kinase
B signaling and caspase cascade. Curr. Top. Nutraceutical Res. 19 (3), 317–325.
doi:10.37290/ctnr2641-452X.19:317-325

Giris, M., Erbil, Y., Oztezcan, S., Olgac, V., Barbaros, U., Deveci, U., et al. (2006).
The effect of heme oxygenase-1 induction by glutamine on radiation-induced
intestinal damage: The effect of heme oxygenase-1 on radiation enteritis. Am.
J. Surg. 191 (4), 503–509. doi:10.1016/j.amjsurg.2005.11.004

Guan, J., Lin, H., Xie, M., Huang, M., Zhang, D., Ma, S., et al. (2019). Higenamine
exerts an antispasmodic effect on cold-induced vasoconstriction by regulating the
PI3K/Akt, ROS/α2C-AR and PTK9 pathways independently of the AMPK/eNOS/
NO axis. Exp. Ther. Med. 18 (2), 1299–1308. doi:10.3892/etm.2019.7656

Ha, Y. M., Ham, S. A., Kim, Y. M., Lee, Y. S., Kim, H. J., Seo, H. G., et al. (2011). β₁-
adrenergic receptor-mediated HO-1 induction, via PI3K and p38 MAPK, by
isoproterenol in RAW 264.7 cells leads to inhibition of HMGB1 release in LPS-
activated RAW 264.7 cells and increases in survival rate of CLP-induced septic mice.
Biochem. Pharmacol. 82 (7), 769–777. doi:10.1016/j.bcp.2011.06.041

Ha, Y. M., Kim, M. Y., Park, M. K., Lee, Y. S., Kim, Y. M., Kim, H. J., et al. (2012).
Higenamine reduces HMGB1 during hypoxia-induced brain injury by induction of
heme oxygenase-1 through PI3K/Akt/Nrf-2 signal pathways. Apoptosis 17 (5),
463–474. doi:10.1007/s10495-011-0688-8

Halushka, P. V. (2000). Thromboxane A(2) receptors: Where have you gone?
Prostagl. Other Lipid Mediat. 60 (4-6), 175–189. doi:10.1016/s0090-6980(99)
00062-3

Honda, M., Suzuki, M., Nakayama, K., and Ishikawa, T. (2007). Role of alpha2C-
adrenoceptors in the reduction of skin blood flow induced by local cooling in mice.
Br. J. Pharmacol. 152 (1), 91–100. doi:10.1038/sj.bjp.0707380

Hudzik, T. J., Patel, M., and Brown, A. (2021). β2 -Adrenoceptor agonist activity
of higenamine. Drug Test. Anal. 13 (2), 261–267. doi:10.1002/dta.2992

Jeyaraj, S. C., Unger, N. T., Eid, A. H., Mitra, S., Paul El-Dahdah, N., Quilliam, L.
A., et al. (2012). Cyclic AMP-Rap1A signaling activates RhoA to induce α2c-
adrenoceptor translocation to the cell surface of microvascular smooth muscle cells.
Am. J. Physiol. Cell. Physiol. 303 (5), C499–C511. doi:10.1152/ajpcell.00461.2011

Jin, Z. Q., Hao, J., Yang, X., He, J. H., Liang, J., Yuan, J. W., et al. (2018).
Higenamine enhances the antitumor effects of cucurbitacin B in breast cancer by
inhibiting the interaction of AKT and CDK2. Oncol. Rep. 40 (4), 2127–2136. doi:10.
3892/or.2018.6629

Jing, E., Emanuelli, B., Hirschey, M. D., Boucher, J., Lee, K. Y., Lombard, D., et al.
(2011). Sirtuin-3 (Sirt3) regulates skeletal muscle metabolism and insulin signaling
via altered mitochondrial oxidation and reactive oxygen species production. Proc.
Natl. Acad. Sci. U. S. A. 108 (35), 14608–14613. doi:10.1073/pnas.1111308108

Kam, S. C., Do, J. M., Choi, J. H., Jeon, B. T., Roh, G. S., Chang, K. C., et al. (2012).
The relaxation effect and mechanism of action of higenamine in the rat corpus
cavernosum. Int. J. Impot. Res. 24 (2), 77–83. doi:10.1038/ijir.2011.48

Kang, Y. J., Lee, Y. S., Lee, G. W., Lee, D. H., Ryu, J. C., Yun-Choi, H. S., et al.
(1999). Inhibition of activation of nuclear factor kappaB is responsible for inhibition
of inducible nitric oxide synthase expression by higenamine, an active component
of aconite root. J. Pharmacol. Exp. Ther. 291 (1), 314–320.

Kato, E., Inagaki, Y., and Kawabata, J. (2015). Higenamine 4’-O-β-d-glucoside
in the lotus plumule induces glucose uptake of L6 cells through β2-adrenergic
receptor. Bioorg. Med. Chem. 23 (13), 3317–3321. doi:10.1016/j.bmc.2015.
04.054

Kato, E., Kimura, S., and Kawabata, J. (2017). Ability of higenamine and related
compounds to enhance glucose uptake in L6 cells. Bioorg. Med. Chem. 25 (24),
6412–6416. doi:10.1016/j.bmc.2017.10.011

Kim, K. K., Sheppard, D., and Chapman, H. A. (2018). TGF-β1 signaling and
tissue fibrosis. Cold Spring Harb. Perspect. Biol. 10 (4), a022293. doi:10.1101/
cshperspect.a022293

Kimura, I., Islam, M. A., and Kimura, M. (1996). Potentiation by higenamine of
the aconitine-induced positive chronotropic effect in isolated right atria of mice:
The effects of cholera toxin, forskolin and pertussis toxin. Biol. Pharm. Bull. 19 (8),
1032–1037. doi:10.1248/bpb.19.1032

Kimura, I., Makino, M., Takamura, Y., Islam, M. A., and Kimura, M. (1994).
Positive chronotropic and inotropic effects of higenamine and its enhancing action
on the aconitine-induced tachyarrhythmia in isolated murine atria. Jpn.
J. Pharmacol. 66 (1), 75–80. doi:10.1254/jjp.66.75

Korhonen, R., Lahti, A., Kankaanranta, H., and Moilanen, E. (2005). Nitric oxide
production and signaling in inflammation. Curr. Drug Targets. Inflamm. Allergy 4
(4), 471–479. doi:10.2174/1568010054526359

Kosuge, T., and Yokota, M. (1976). Letter: Studies on cardiac principle of aconite
root. Chem. Pharm. Bull. 24 (1), 176–178. doi:10.1248/cpb.24.176

Lee, H. Y., Lee, J. S., Kim, E. J., Han, J. W., Lee, H. W., Kang, Y. J., et al. (1999).
Inhibition of lipopolysaccharide-induced inducible nitric oxide (iNOS) mRNA
expression and nitric oxide production by higenamine in murine peritoneal
macrophages. Arch. Pharm. Res. 22 (1), 55–59. doi:10.1007/BF02976436

Lee, S. R., Schriefer, J. M., Gunnels, T. A., Harvey, I. C., and Bloomer, R. J. (2013).
Acute oral intake of a higenamine-based dietary supplement increases circulating
free fatty acids and energy expenditure in human subjects. Lipids Health Dis. 12 (1),
148. doi:10.1186/1476-511X-12-148

Lee, Y. S., Kang, Y. J., Kim, H. J., Park, M. K., Seo, H. G., Lee, J. H., et al. (2006).
Higenamine reduces apoptotic cell death by induction of heme oxygenase-1 in rat
myocardial ischemia-reperfusion injury. Apoptosis 11 (7), 1091–1100. doi:10.1007/
s10495-006-7110-y

Li, B., Chen, T., Hu, W., Wang, Z., Wu, J., Zhou, Q., et al. (2022). Poncirin
ameliorates cardiac ischemia-reperfusion injury by activating PI3K/AKT/PGC-1α
signaling. Eur. J. Pharmacol. 917, 174759. doi:10.1016/j.ejphar.2022.174759

Liu, C., Zhu, C., Wang, G., Xu, R., and Zhu, Y. (2015). Higenamine regulates
Nrf2-HO-1-Hmgb1 axis and attenuates intestinal ischemia-reperfusion injury in
mice. Inflamm. Res. 64 (6), 395–403. doi:10.1007/s00011-015-0817-x

Liu, W., Sato, Y., Hosoda, Y., Hirasawa, K., and Hanai, H. (2000). Effects of
higenamine on regulation of ion transport in Guinea pig distal colon. Jpn.
J. Pharmacol. 84 (3), 244–251. doi:10.1254/jjp.84.244

Liu, X. J., Wagner, H. J., and Tao, S. (1983). Measurement of effects of the Chinese
herbal medicine higenamine on left ventricular function using a cardiac probe. Eur.
J. Nucl. Med. 8 (6), 233–236. doi:10.1007/BF00522511

Lo, C. F., and Chen, C. M. (1996). Pharmacokinetics of higenamine in rabbits.
Biopharm. Drug Dispos. 17 (9), 791–803. doi:10.1002/(SICI)1099-081X(199612)17:
9<791::AID-BDD993>3.0.CO;2-T
Maddika, S., Ande, S. R., Wiechec, E., Hansen, L. L., Wesselborg, S., and Los, M.

(2008). Akt-mediated phosphorylation of CDK2 regulates its dual role in cell cycle
progression and apoptosis. J. Cell. Sci. 121 (7), 979–988. doi:10.1242/jcs.009530

Frontiers in Pharmacology frontiersin.org13

Chen et al. 10.3389/fphar.2022.981048

https://doi.org/10.1039/c9fo01092k
https://doi.org/10.1055/a-0942-4502
https://doi.org/10.1055/a-0942-4502
https://doi.org/10.1155/2013/970490
https://doi.org/10.1155/2013/970490
https://doi.org/10.1080/15563650.2018.1497171
https://doi.org/10.1161/01.cir.100.22.2210
https://doi.org/10.1097/FJC.0000000000000822
https://doi.org/10.1097/FJC.0000000000000822
https://doi.org/10.3969/j.issn.1001-6821.2007.04.005
https://doi.org/10.3892/etm.2016.3730
https://doi.org/10.3892/etm.2016.3730
https://doi.org/10.1016/j.bioorg.2021.104723
https://doi.org/10.1016/j.bioorg.2021.104723
https://doi.org/10.1038/aps.2012.114
https://doi.org/10.1038/aps.2012.114
https://doi.org/10.1093/rheumatology/keh517
https://doi.org/10.1093/rheumatology/keh517
https://doi.org/10.3892/ijo.2017.4203
https://doi.org/10.37290/ctnr2641-452X.19:317-325
https://doi.org/10.1016/j.amjsurg.2005.11.004
https://doi.org/10.3892/etm.2019.7656
https://doi.org/10.1016/j.bcp.2011.06.041
https://doi.org/10.1007/s10495-011-0688-8
https://doi.org/10.1016/s0090-6980(99)00062-3
https://doi.org/10.1016/s0090-6980(99)00062-3
https://doi.org/10.1038/sj.bjp.0707380
https://doi.org/10.1002/dta.2992
https://doi.org/10.1152/ajpcell.00461.2011
https://doi.org/10.3892/or.2018.6629
https://doi.org/10.3892/or.2018.6629
https://doi.org/10.1073/pnas.1111308108
https://doi.org/10.1038/ijir.2011.48
https://doi.org/10.1016/j.bmc.2015.04.054
https://doi.org/10.1016/j.bmc.2015.04.054
https://doi.org/10.1016/j.bmc.2017.10.011
https://doi.org/10.1101/cshperspect.a022293
https://doi.org/10.1101/cshperspect.a022293
https://doi.org/10.1248/bpb.19.1032
https://doi.org/10.1254/jjp.66.75
https://doi.org/10.2174/1568010054526359
https://doi.org/10.1248/cpb.24.176
https://doi.org/10.1007/BF02976436
https://doi.org/10.1186/1476-511X-12-148
https://doi.org/10.1007/s10495-006-7110-y
https://doi.org/10.1007/s10495-006-7110-y
https://doi.org/10.1016/j.ejphar.2022.174759
https://doi.org/10.1007/s00011-015-0817-x
https://doi.org/10.1254/jjp.84.244
https://doi.org/10.1007/BF00522511
https://doi.org/10.1002/(SICI)1099-081X(199612)17:9<791::AID-BDD993>3.0.CO;2-T
https://doi.org/10.1002/(SICI)1099-081X(199612)17:9<791::AID-BDD993>3.0.CO;2-T
https://doi.org/10.1242/jcs.009530
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.981048


Medina, M. V., Sapochnik, D., Garcia, S. M., and Coso, O. (2020). Regulation of
the expression of heme oxygenase-1: Signal transduction, gene promoter activation,
and beyond. Antioxid. Redox Signal. 32 (14), 1033–1044. doi:10.1089/ars.2019.7991

Menshikova, E. B., Zenkov, N. K., and Reutov, V. P. (2000). Nitric oxide and NO-
synthases in mammals in different functional states. Biochemistry. 65 (4), 409–426.

Misao, J., Hayakawa, Y., Ohno, M., Kato, S., Fujiwara, T., and Fujiwara, H. (1996).
Expression of bcl-2 protein, an inhibitor of apoptosis, and Bax, an accelerator of
apoptosis, in ventricular myocytes of human hearts with myocardial infarction.
Circulation 94 (7), 1506–1512. doi:10.1161/01.cir.94.7.1506

Nishimoto, S., and Nishida, E. (2006). MAPK signalling: ERK5 versus ERK1/2.
EMBO Rep. 7 (8), 782–786. doi:10.1038/sj.embor.7400755

Oishi, Y., and Manabe, I. (2018). Macrophages in inflammation, repair and
regeneration. Int. Immunol. 30 (11), 511–528. doi:10.1093/intimm/dxy054

Onaya, J., Kyogashima, M., Sunose, A., Miyauchi, S., Mizuno, S., and Horie, K.
(1998). Effects of dermatan sulfate, a heparin cofactor II mediated thrombin
inhibitor, on the endotoxin-induced disseminated intravascular coagulation
model in the rat: Comparison with low-molecular weight heparin, nafamostat
mesilate and argathroban. Jpn. J. Pharmacol. 76 (4), 397–404. doi:10.1254/jjp.76.397

Park, C. W., Chang, K. C., and Lim, J. K. (1984). Effects of higenamine on isolated
heart adrenoceptor of rabbit. Arch. Int. Pharmacodyn. Ther. 267 (2), 279–288.

Petitti, D. B., Strom, B. L., and Melmon, K. L. (1989). Prothrombin time ratio and
other factors associated with bleeding in patients treated with warfarin. J. Clin.
Epidemiol. 42 (8), 759–764. doi:10.1016/0895-4356(89)90073-5

Praman, S., Mulvany, M. J., Williams, D. E., Andersen, R. J., and Jansakul, C.
(2012a). Hypotensive and cardio-chronotropic constituents of Tinospora crispa
and mechanisms of action on the cardiovascular system in anesthetized rats.
J. Ethnopharmacol. 140 (1), 166–178. doi:10.1016/j.jep.2012.01.006

Praman, S., Mulvany, M. J., Williams, D. E., Andersen, R. J., and Jansakul, C.
(2012b). Hypotensive and cardio-chronotropic constituents of Tinospora crispa
and mechanisms of action on the cardiovascular system in anesthetized rats.
J. Ethnopharmacol. 140 (1), 166–178. doi:10.1016/j.jep.2012.01.006

Pyo, M. K., Kim, J. M., Jin, J. L., Chang, K. C., Lee, D. H., and Yun-Choi, H. S.
(2007). Effects of higenamine and its 1-naphthyl analogs, YS-49 and YS-51, on
platelet TXA2 synthesis and aggregation. Thromb. Res. 120 (1), 81–86. doi:10.1016/
j.thromres.2006.07.006

Pyo, M. K., Lee, D. H., Kim, D. H., Lee, J. H., Moon, J. C., Chang, K. C., et al.
(2008). Enantioselective synthesis of (R)-(+)- and (S)-(-)-higenamine and their
analogues with effects on platelet aggregation and experimental animal model of
disseminated intravascular coagulation. Bioorg. Med. Chem. Lett. 18 (14),
4110–4114. doi:10.1016/j.bmcl.2008.05.094

Rasic, J. S., Ivanovic, N. D., Andjelkovic, M. S., Nedeljkovic, I. P., Nikolic, I. R.,
Stojanovic, S. D., et al. (2021). Influence of higenamine on exercise performance of
recreational female athletes: A randomized double-blinded placebo-controlled trial.
Front. Psychol. 12, 633110. doi:10.3389/fpsyg.2021.633110

Romeo, I., Parise, A., Galano, A., Russo, N., Alvarez-Idaboy, J. R., and Marino, T.
(2020). The antioxidant capability of higenamine: Insights from theory.
Antioxidants (Basel) 9 (5), 358. doi:10.3390/antiox9050358

Saheb, S. A. (1978). Purification and properties of a metalloprotease from
Staphylococcus aureus. Biochimie 60 (4), 429–435. doi:10.1016/s0300-9084(78)
80679-8

Sakamoto, N., Kokura, S., Okuda, T., Hattori, T., Katada, K., Isozaki, Y., et al.
(2005). Heme oxygenase-1 (Hsp32) is involved in the protection of small intestine
by whole body mild hyperthermia from ischemia/reperfusion injury in rat. Int.
J. Hyperth. 21 (7), 603–614. doi:10.1080/02656730500188599

Seo, J. Y., Yu, J. H., Lim, J. W., Mukaida, N., and Kim, H. (2009). Nitric oxide-
induced IL-8 expression is mediated by NF-kappaB and AP-1 in gastric epithelial
AGS cells. J. Physiol. Pharmacol. 60 (7), 101–106.

Shibahara, S. (1988). Regulation of heme oxygenase gene expression. Semin.
Hematol. 25 (4), 370–376.

Shin, J. S., Yun-Choi, H. S., Kim, E. I., and Lee, M. K. (1999). Inhibitory effects of
higenamine on dopamine content in PC12 cells. Planta Med. 65 (5), 452–455.
doi:10.1055/s-2006-960810

Sims, G. P., Rowe, D. C., Rietdijk, S. T., Herbst, R., and Coyle, A. J. (2010).
HMGB1 and RAGE in inflammation and cancer. Annu. Rev. Immunol. 28 (1),
367–388. doi:10.1146/annurev.immunol.021908.132603

Tsang, W. P., Chau, S. P., Kong, S. K., Fung, K. P., and Kwok, T. T. (2003).
Reactive oxygen species mediate doxorubicin induced p53-independent apoptosis.
Life Sci. 73 (16), 2047–2058. doi:10.1016/s0024-3205(03)00566-6

Tsukiyama, M., Ueki, T., Yasuda, Y., Kikuchi, H., Akaishi, T., Okumura, H., et al.
(2009). Beta2-adrenoceptor-mediated tracheal relaxation induced by higenamine
from Nandina domestica Thunberg. Planta Med. 75 (13), 1393–1399. doi:10.1055/
s-0029-1185743

Ueki, T., Akaishi, T., Okumura, H., Morioka, T., and Abe, K. (2011). Biphasic
tracheal relaxation induced by higenamine and nantenine from Nandina
domestica THUNBERG. J. Pharmacol. Sci. 115 (2), 254–257. doi:10.1254/
jphs.10251SC

Umeda, K., Takahashi, T., Inoue, K., Shimizu, H., Maeda, S., Morimatsu, H., et al.
(2009). Prevention of hemorrhagic shock-induced intestinal tissue injury by
glutamine via heme oxygenase-1 induction. Shock 31 (1), 40–49. doi:10.1097/
SHK.0b013e318177823a

Wang, J., Guo, C., Wei, Z., He, X., Kou, J., Zhou, E., et al. (2016). Morin suppresses
inflammatory cytokine expression by downregulation of nuclear factor-κB and
mitogen-activated protein kinase (MAPK) signaling pathways in
lipopolysaccharide-stimulated primary bovine mammary epithelial cells. J. Dairy
Sci. 99 (4), 3016–3022. doi:10.3168/jds.2015-10330

Wang, J., Xiao, C., Wei, Z., Wang, Y., Zhang, X., and Fu, Y. (2018). Activation of
liver X receptors inhibit LPS-induced inflammatory response in primary bovine
mammary epithelial cells. Vet. Immunol. Immunopathol. 197, 87–92. doi:10.1016/j.
vetimm.2018.02.002

Wang, R., Xiong, X., Yang, M., He, S., and Xu, X. (2020). A pharmacokinetics
study of orally administered higenamine in rats using LC-MS/MS for doping
control analysis. Drug Test. Anal. 12 (4), 485–495. doi:10.1002/dta.2756

Wang, S., Zhang, C., Yang, G., and Yang, Y. (2014). Biological properties of 6-
gingerol: A brief review. Nat. Prod. Commun. 9 (7), 1934578X1400900–30. doi:10.
1177/1934578x1400900736

Wang, X., Li, X., Jingfen, W., Fei, D., and Mei, P. (2019). Higenamine alleviates
cerebral ischemia-reperfusion injury in rats. Front. Biosci. 24 (5), 859–869. doi:10.
2741/4756

Wang, Y., Geng, J., Jiang, M., Li, C., Han, Y., and Jiang, J. (2019). The cardiac
electrophysiology effects of higenamine in Guinea pig heart. Biomed. Pharmacother.
109, 2348–2356. doi:10.1016/j.biopha.2018.10.022

Wei, X., Zhang, B., Liang, X., Liu, C., Xia, T., Xie, Y., et al. (2021).
Higenamine alleviates allergic rhinitis by activating AKT1 and suppressing
the EGFR/JAK2/c-JUN signaling. Phytomedicine. 86, 153565. doi:10.1016/j.
phymed.2021.153565

Wen., J., Ma, X., Niu, M., Hao, J., Huang, Y., Wang, R., et al. (2020a).
Metabolomics coupled with integrated approaches reveal the therapeutic
effects of higenamine combined with [6]-gingerol on doxorubicin-induced
chronic heart failure in rats. Chin. Med. 15 (1), 120. doi:10.1186/s13020-020-
00403-0

Wen, J., Zhang, L., Wang, J., Wang, J., Wang, L., Wang, R., et al. (2020b).
Therapeutic effects of higenamine combined with [6]-gingerol on chronic heart
failure induced by doxorubicin via ameliorating mitochondrial function. J. Cell.
Mol. Med. 24 (7), 4036–4050. doi:10.1111/jcmm.15041

Wu, M. P., Zhang, Y. S., Zhou, Q. M., Xiong, J., Dong, Y. R., and Yan, C. (2016).
Higenamine protects ischemia/reperfusion induced cardiac injury and myocyte
apoptosis through activation of β2-AR/PI3K/AKT signaling pathway. Pharmacol.
Res. 104, 115–123. doi:10.1016/j.phrs.2015.12.032

Xie, Y., Li, X., Chen, J., Deng, Y., Lu, W., and Chen, D. (2018). pH effect and
chemical mechanisms of antioxidant higenamine. Molecules 23 (9), 2176. doi:10.
3390/molecules23092176

Yang, B., Ma, S., Zhang, C., Sun, J., Zhang, D., Chang, S., et al. (2021). Higenamine
attenuates neuropathic pain by inhibition of NOX2/ROS/TRP/P38 mitogen-
activated protein kinase/NF-kB signaling pathway. Front. Pharmacol. 12,
716684. doi:10.3389/fphar.2021.716684

Yang, S., Chu, S., Ai, Q., Zhang, Z., Gao, Y., Lin, M., et al. (2020). Anti-
inflammatory effects of higenamine (Hig) on LPS-activated mouse microglia
(BV2) through NF-κB and Nrf2/HO-1 signaling pathways. Int.
Immunopharmacol. 85, 106629. doi:10.1016/j.intimp.2020.106629

Yang, X., Du, W., Zhang, Y., Wang, H., and He, M. (2020). Neuroprotective
effects of higenamine against the alzheimer’s disease via amelioration of
cognitive impairment, aβ burden, apoptosis and regulation of akt/gsk3β
signaling pathway. Dose. Response. 18 (4), 1559325820972205. doi:10.1177/
1559325820972205

Yang, Y., Zhang, H., Li, X., Yang, T., and Jiang, Q. (2015). Effects of PPARα/
PGC-1α on the energy metabolism remodeling and apoptosis in the doxorubicin
induced mice cardiomyocytes in vitro. Int. J. Clin. Exp. Pathol. 8 (10),
12216–12224.

Yun-Choi, H. S., Pyo, M. K., Chang, K. C., and Lee, D. H. (2002). The effects of
higenamine on LPS-induced experimental disseminated intravascular
coagulation (DIC) in rats. Planta Med. 68 (4), 326–329. doi:10.1055/s-2002-
26741

Yun-Choi, H. S., Pyo, M. K., Park, K. M., Chang, K. C., and Lee, D. H. (2001).
Anti-thrombotic effects of higenamine. Planta Med. 67 (7), 619–622. doi:10.1055/s-
2001-17361

Frontiers in Pharmacology frontiersin.org14

Chen et al. 10.3389/fphar.2022.981048

https://doi.org/10.1089/ars.2019.7991
https://doi.org/10.1161/01.cir.94.7.1506
https://doi.org/10.1038/sj.embor.7400755
https://doi.org/10.1093/intimm/dxy054
https://doi.org/10.1254/jjp.76.397
https://doi.org/10.1016/0895-4356(89)90073-5
https://doi.org/10.1016/j.jep.2012.01.006
https://doi.org/10.1016/j.jep.2012.01.006
https://doi.org/10.1016/j.thromres.2006.07.006
https://doi.org/10.1016/j.thromres.2006.07.006
https://doi.org/10.1016/j.bmcl.2008.05.094
https://doi.org/10.3389/fpsyg.2021.633110
https://doi.org/10.3390/antiox9050358
https://doi.org/10.1016/s0300-9084(78)80679-8
https://doi.org/10.1016/s0300-9084(78)80679-8
https://doi.org/10.1080/02656730500188599
https://doi.org/10.1055/s-2006-960810
https://doi.org/10.1146/annurev.immunol.021908.132603
https://doi.org/10.1016/s0024-3205(03)00566-6
https://doi.org/10.1055/s-0029-1185743
https://doi.org/10.1055/s-0029-1185743
https://doi.org/10.1254/jphs.10251SC
https://doi.org/10.1254/jphs.10251SC
https://doi.org/10.1097/SHK.0b013e318177823a
https://doi.org/10.1097/SHK.0b013e318177823a
https://doi.org/10.3168/jds.2015-10330
https://doi.org/10.1016/j.vetimm.2018.02.002
https://doi.org/10.1016/j.vetimm.2018.02.002
https://doi.org/10.1002/dta.2756
https://doi.org/10.1177/1934578x1400900736
https://doi.org/10.1177/1934578x1400900736
https://doi.org/10.2741/4756
https://doi.org/10.2741/4756
https://doi.org/10.1016/j.biopha.2018.10.022
https://doi.org/10.1016/j.phymed.2021.153565
https://doi.org/10.1016/j.phymed.2021.153565
https://doi.org/10.1186/s13020-020-00403-0
https://doi.org/10.1186/s13020-020-00403-0
https://doi.org/10.1111/jcmm.15041
https://doi.org/10.1016/j.phrs.2015.12.032
https://doi.org/10.3390/molecules23092176
https://doi.org/10.3390/molecules23092176
https://doi.org/10.3389/fphar.2021.716684
https://doi.org/10.1016/j.intimp.2020.106629
https://doi.org/10.1177/1559325820972205
https://doi.org/10.1177/1559325820972205
https://doi.org/10.1055/s-2002-26741
https://doi.org/10.1055/s-2002-26741
https://doi.org/10.1055/s-2001-17361
https://doi.org/10.1055/s-2001-17361
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.981048


Zhang, N., Qu, K., Wang, M., Yin, Q., Wang, W., Xue, L., et al. (2019).
Identification of higenamine as a novel α1 -adrenergic receptor antagonist.
Phytother. Res. 33 (3), 708–717. doi:10.1002/ptr.6261

Zhang, N., Zhu, H., Li, Z., and Dong, E. (2021). A novel β2-AR agonist,
Higenamine, induces β-arrestin-biased signaling. Sci. China. Life Sci. 65,
1357–1368. doi:10.1007/s11427-021-2008-1

Zhang, Y., Zhang, J., Wu, C., Guo, S., Su, J., Zhao, W., et al. (2019). Higenamine
protects neuronal cells from oxygen-glucose deprivation/reoxygenation-induced
injury. J. Cell. Biochem. 120 (3), 3757–3764. doi:10.1002/jcb.27656

Zhang, Z., Li, M., Wang, Y., Wu, J., and Li, J. (2014). Higenamine promotes
M2 macrophage activation and reduces Hmgb1 production through HO-1
induction in a murine model of spinal cord injury. Int. Immunopharmacol. 23
(2), 681–687. doi:10.1016/j.intimp.2014.10.022

Zhao, D., Wang, J., Cui, Y., andWu, X. (2012). Pharmacological effects of Chinese
herb aconite (fuzi) on cardiovascular system. J. Tradit. Chin. Med. 32 (3), 308–313.
doi:10.1016/s0254-6272(13)60030-8

Zhou, G., Tang, L., Zhou, X., Wang, T., Kou, Z., andWang, Z. (2015). A review on
phytochemistry and pharmacological activities of the processed lateral root of
Aconitum carmichaelii Debeaux. J. Ethnopharmacol. 160, 173–193. doi:10.1016/j.
jep.2014.11.043

Zhu, J. X., Ling, W., Xue, C., Zhou, Z., Zhang, Y. S., Yan, C., et al. (2021).
Higenamine attenuates cardiac fibroblast abstract and fibrosis via inhibition of
TGF-β1/Smad signaling. Eur. J. Pharmacol. 900, 174013. doi:10.1016/j.ejphar.2021.
174013

Zhu, T., Chen, J., Zhao, Y., Zhang, J., Peng, Q., Huang, J., et al. (2019).
Neuromedin B mediates IL-6 and COX-2 expression through NF-κB/P65 and
AP-1/C-JUN activation in human primary myometrial cells. Biosci. Rep. 39 (10),
BSR20192139. doi:10.1042/BSR20192139

Zhu, X., Liu, S., Cao, Z., Yang, L., Lu, F., Li, Y., et al. (2021). Higenamine mitigates
interleukin-1β-induced human nucleus pulposus cell apoptosis by ROS-mediated
PI3K/Akt signaling. Mol. Cell. Biochem. 476 (11), 3889–3897. doi:10.1007/s11010-
021-04197-z

Frontiers in Pharmacology frontiersin.org15

Chen et al. 10.3389/fphar.2022.981048

https://doi.org/10.1002/ptr.6261
https://doi.org/10.1007/s11427-021-2008-1
https://doi.org/10.1002/jcb.27656
https://doi.org/10.1016/j.intimp.2014.10.022
https://doi.org/10.1016/s0254-6272(13)60030-8
https://doi.org/10.1016/j.jep.2014.11.043
https://doi.org/10.1016/j.jep.2014.11.043
https://doi.org/10.1016/j.ejphar.2021.174013
https://doi.org/10.1016/j.ejphar.2021.174013
https://doi.org/10.1042/BSR20192139
https://doi.org/10.1007/s11010-021-04197-z
https://doi.org/10.1007/s11010-021-04197-z
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.981048

	Pharmacological effects of higenamine based on signalling pathways and mechanism of action
	Introduction
	Basic Properties
	Structure
	Tolerance
	Metabolism

	Anti-apoptotic activity of higenamine
	Antioxidant activity of higenamine
	Anti-inflammatory effects of higenamine
	Anti-fibrotic effects of higenamine
	Anti-platelet activity of higenamine
	Adrenergic receptor ligands
	α1-Adrenergic receptor
	α2-Adrenergic receptor
	β1-Adrenergic receptor
	β2-Adrenergic receptor

	Other functions
	Regulation of cellular electrophysiology
	Lipid-lowering effects

	Combination therapy
	Combination of higenamine with cucurbitacin B
	Combination of higenamine with 6-gingerol

	Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note
	References


