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ABSTRACT

Catalpol, an iridoid glucoside isolated from Rehmannia glutinosa, has gained attention due to its potential
use in treating cardio-cerebrovascular diseases (CVDs). This extensive review delves into recent studies
on catalpol's protective properties in relation to various CVDs, such as atherosclerosis, myocardial
ischemia, infarction, cardiac hypertrophy, and heart failure. The review also explores the compound's
anti-oxidant, anti-inflammatory, and anti-apoptotic characteristics, emphasizing the role of vital
signaling pathways, including PGC-10,/TERT, PI3K/Akt, AMPK, Nrf2/HO-1, estrogen receptor (ER), Nox4/
NF-kB, and GRP78/PERK. The article discusses emerging findings on catalpol's ability to alleviate diabetic
cardiovascular complications, thrombosis, and other cardiovascular-related conditions. Although clinical
studies specifically addressing catalpol's impact on CVDs are scarce, the compound's established safety
and well-tolerated nature suggest that it could be a valuable treatment alternative for CVD patients.
Further investigation into catalpol and related iridoid derivatives may unveil new opportunities for
devising natural and efficacious CVD therapies.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Population aging is a significant global challenge facing hu-
manity in the 21st century. Cardio-cerebrovascular diseases (CVDs)
have emerged as the most prevalent diseases in the elderly popu-
lation. CVDs refer to a broad range of disorders that impact the
heart or blood vessels, including coronary heart disease, cerebro-
vascular disease, heart failure, peripheral vascular disease, and
other conditions [1,2]. According to the World Health Organization,
CVDs are the leading cause of mortality worldwide, accounting for
approximately 17.9 million deaths annually, which represents 32%
of all deaths globally. In China, the number of CVD patients has
exceeded 290 million, accounting for more than 40% of deaths and
posing a significant economic burden to society and families [3].
This highlights the urgent need to identify safe and effective novel
therapeutic approaches to alleviate the burden of CVDs on the
health and longevity of the global population.
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The pathogenesis of CVDs is multifactorial, resulting from the
prolonged interaction of various factors. Current research suggests
that oxidative stress, mitochondrial dysfunction, and inflammation
are the primary initiators or mediators of cardiac and vascular
injury during the development of CVDs [4—9]. Catalpol (PubChem
CID: 91520), an iridoid glucoside compound extracted primarily
from the roots of Rehmannia glutinosa, possesses potent biological
properties such as anti-oxidant, anti-inflammatory, and anti-
apoptotic activities. Catalpol has been explored as a potential
therapeutic agent for neurodegenerative diseases for many years
[10]. A substantial amount of evidence supports the beneficial
biological effects of catalpol in preventing or treating CVDs. This
review aims to provide a comprehensive overview of the physico-
chemical properties, biogenesis, sources, detection methods,
pharmacokinetic properties, and safety of catalpol, as well as a
detailed discussion of its protective effects on the cardio-
cerebrovascular system and related mechanisms.
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2. Catalpol and its sources and biogenesis

Catalpol is an iridoid compound with a polar structure, as
illustrated in Fig. 1. Due to the presence of polar functional groups,
catalpol is highly hydrophilic and soluble in both water and
methanol. Catalpol's structure contains glycosidic bonds, making it
unstable in acidic conditions and susceptible to hydrolysis [11]. To
date, the majority of studies have employed catalpol derived from
Rehmannia glutinosa in their experiments. However, catalpol is also
widely distributed in various plant families, including Plantagina-
ceae, Lamiaceae, and Bignoniaceae [12—14]. Catalpol is typically
synthesized via the mevalonic acid or 2-c-methyl-p-erythritol-4-
phosphate pathways (Fig. 1 and Section 1 in the Supplementary
data) [14—19].

3. Detection methods and pharmacokinetics of catalpol

Accurate and efficient detection methods are crucial for the
research and development of catalpol. Currently, several analytical
methods used for the determination of catalpol are mainly based on
high-performance liquid chromatography (HPLC), ultra-
performance liquid chromatography (UPLC), high-performance
thin layer chromatography, micellar electrokinetic capillary chro-
matography (MECC), and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) [20—24]. Catalpol is a highly polar
molecule with limited ultraviolet (UV) absorption, making the
initially developed HPLC-UV method [25—28] insufficiently sensi-
tive for its detection. Mass spectrometry detection outperforms
other detection technologies, including UV, fluorescence, and
electrochemical detection, in terms of sensitivity and specificity.
Subsequently, MECC-MS and gas chromatography-MS have also
been developed for the determination of catalpol in plants or for-
mulations [9,24—29]. Additionally, multiple rapid, simple and
sensitive LC-MS/MS methods have been continuously developed to
detect catalpol and study its pharmacokinetic characteristics
[21,23,29—-33]. A detailed description of these detection methods is
provided in the Section 2 in the Supplementary data [20—39].

Understanding the pharmacokinetic characteristics of catalpol is
essential for drug discovery and development. The pharmacokinetic
characteristics of catalpol have been studied in normal physiological
conditions and disease model animals [11,20,32,33,40,41], as sum-
marized in Table 1[11,20,23,29,32,33,40,41] and the Section 3 in the
Supplementary data [20,23,29—33,40—45]. Studies have shown that
catalpol can be rapidly absorbed by the intestine after oral admin-
istration [23,40,42], but its bioavailability can be affected by intes-
tinal bacteria that convertit[14,30,43]. Catalpol can be distributed to
multiple tissues through blood circulation and can even penetrate
the blood-brain barrier (BBB) [20,32]. Catalpol is metabolized by
hydrogenation after deglycosylation and eliminated quickly by the
body [23,29,31,32,44,45]. However, under pathological conditions
such as diabetes and chronic kidney disease, absorption of catalpol is
accelerated, and elimination is slowed [33,41].

4. Effects of catalpol on the cardio-cerebrovascular system

Numerous studies have utilized in vitro and in vivo models of
CVDs to demonstrate the protective effect of catalpol on the cardio-
cerebrovascular system, indicating that catalpol exerts its anti-CVD
effects by modulating various signaling pathways (Table 2) [46—71].

4.1. Atherosclerosis
Atherosclerosis is a chronic inflammatory disease that results

from various injury stimuli acting on the arterial wall, and it is the
main pathological basis of CVDs [72,73]. The production of
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atherosclerotic plaques is initiated by the transport of low-density
lipoprotein (LDL) to the arterial wall, which is followed by macro-
phage invasion and transformation to foam cells, infiltration of
smooth muscle cells, and the production of fibrin and extracellular
matrix [9,74]. Endothelial dysfunction is a primary pathophysio-
logical event in the development of atherosclerosis. The migration,
proliferation, differentiation, and engulfment of lipids into foam
cells by macrophages and smooth muscle cells are all important
processes in the formation of atherosclerotic plaques. Numerous
studies have shown that catalpol can attenuate these deleterious
processes and exert an anti-atherosclerotic effect (Table 2) [46—52].

Several animal studies have demonstrated that catalpol can
improve the blood lipid profile by reducing the levels of triglyceride
(TG), total cholesterol (TC), and LDL-cholesterol (LDL-C) while
increasing the level of high-density lipoprotein cholesterol (HDL-C)
in multiple animal models, leading to a potential anti-
atherosclerotic effect [46,75—79]. For instance, catalpol was
shown to reduce atherosclerotic lesions in a rabbit model of
atherosclerosis induced by a high cholesterol diet, as evidenced by a
decrease in serum levels of TG, TC, and LDL-C and an increase in
serum HDL-C levels [47]. Similarly, our previous study using a high-
fat diet (HFD)-fed LDLr~/~ mouse model of atherosclerosis showed
that catalpol could improve lipid profiles and inhibit the develop-
ment of atherosclerotic lesions [48]. In a recent study, catalpol was
found to significantly reduce serum levels of TG, TC, and LDL-C,
upregulate HDL-C levels, and reduce atherosclerotic lesions and
lipid accumulation in a HFD-ovariectomy-induced ApoE~/~ mouse
model of atherosclerosis [4G]. These findings suggest that the lipid-
lowering effects of catalpol may play a crucial role in preventing the
development of atherosclerosis.

Atherosclerosis is initiated by dysfunction of vascular endothe-
lial cells, which is caused by various pathophysiological stimuli
[80]. Catalpol has been shown in numerous studies to have sig-
nificant anti-oxidant, anti-inflammatory, and anti-apoptotic effects
on vascular endothelial cell injury induced by H,0,, ox-LDL, tumor
necrosis factor-a. (TNF-a), homocysteine (HCY), p-galactose, and
high glucose [47,49,81—89]. In animal studies, catalpol has been
found to inhibit morphological damage to aortic vascular endo-
thelial cells in p-galactose-induced aging rats, possibly by inhibiting
Bax and Caspase-3 and upregulating Bcl-2 expression and the Bcl-
2/Bax ratio in aortic endothelial cells [50]. These results suggest
that catalpol could protect vascular endothelial cells by inhibiting
their apoptosis in p-galactose-induced aging rats. Studies have
demonstrated that catalpol can inhibit oxidative stress, inflamma-
tion, and apoptosis induced by ox-LDL in EA.hy926 cells by acti-
vating the Nrf2/HO-1 pathway and inhibiting NF-«B transactivation
[47,81]. Moreover, pretreatment with catalpol can prevent H,0,-
induced apoptosis of vascular endothelial cells by scavenging
reactive oxygen species, activating the PI3K/Akt signaling pathway,
and altering Bcl-2 and Bax levels [85]. In a TNF-a-treated human
aorta epithelial cell (HAEC) model, catalpol was found to inhibit
oxidative stress, inflammation, and apoptosis while promoting
autophagy, which may be linked to AMPK activation [88]. Our study
further confirmed that catalpol can attenuate TNF-a-induced injury
in HAECs by activating the AMPK signaling pathway through
enhancing AMPK activity rather than by changing AMPK promoter
activity [86]. Furthermore, Hu et al. [87] found that catalpol could
reduce HCY-induced endoplasmic reticulum, oxidative stress, and
inflammatory damage in HAECs by inhibiting the Nox4/NF-kB and
GRP78/PERK signaling pathways. Additionally, catalpol was found
to have a protective effect against vascular endothelial cell injury
induced by high glucose stimulation (as detailed in Section 4.5).

LDL is modified to form ox-LDL and is phagocytosed by mac-
rophages, which are important processes in the development of
atherosclerosis. The resulting foam cells trigger atherosclerotic
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Fig. 1. Overview of catalpol biogenesis. MEP: 2-c-methyl-p-erythritol 4-phosphate; G3P: glyceraldehyde 3-phosphate; DXS: 1-deoxy-d-xylulose 5-phosphate (DXP) synthase; DXR:
DXP reductoisomerase; MCT: MEP cytidylyltransferase; CDP-ME: 4-(cytidine 5’-diphospho)-2-c-methyl-p-erythritol; CMK: 4-(cytidine 5’-diphospho)-2-c-methyl-p-erythritol ki-
nase; MDS: 2-c-methyl-p-erythritol-2,4-cyclodiphosphate synthase; cPP: 2,4-cyclodiphosphate; HDS: 4-hydroxy-3-methylbut-2-enyl-diphosphate synthase; HMBPP: 4-hydroxy-3-
methylbut-2-enyl diphosphate; MVA: mevalonate; AACT: acetyl-CoA C-acetyltransferase; HMGS: 3-hydroxy-3-methylglutaryl (HMG)-CoA synthase; HMGR: HMG-CoA reductase;
MK: MVA kinase; MVA-5-P: MVA-5-phosphate; PMK: phospho-MVA kinase; MVA-5-PP: MVA-5-pyrophosphate; MPDC: diphospho-mevalonate decarboxylase; IPP: isopentenyl
diphosphate; IPPI: IPP delta-isomerase; DMAPP: dimethylallyl diphosphate; GPS: geranyl diphosphate synthase; GPP: geranyl diphosphate; GES: geraniol synthase; CPR: cyto-
chrome P450 reductase; G10H: geraniol 10-hydroxylase; 10-HG: 10-hydroxygeraniol; 10-HGO: 10-HG oxidoreductase; NADH: reduced nicotinamide adenine dinucleotide; NADPH:

reduced nicotinamide adenine dinucleotide phosphate; GT: glycosyltransferase.
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Table 1
Pharmacokinetics of catalpol.
Experimental Dosage  Sample Detection Pharmacokinetic parameters Refs.
animal (mg/kg) method tiz ka tip2 AUCy_, AUCy_, MRTy_; MRTy_ o Cmax tmax Volume of distribution Clearance Bioavailability (%)
(h) (h) (mg-h/L) (mg-h/L) (h) (h) (mg/L) (h) (L/kg) (L/h/kg)

Healthy male 50, p.o. Plasma HPLC / 139+022 |/ 95.23 +10.15 | 3.23 £ 037 2483 +0.58 1.66 +0.58 1.17 + 0.16 / 49.38 + 10.54 [11]
SD rats

Healthy male 50, i.p. Plasma HPLC / 0.84 + 041 | 150.23 + 20.87 |/ 1.62 + 0.20 80.43 +5.59 0.25 + 0.10 0.40 + 0.20 / 71.62 + 10.28 [11]
SD rats

Healthy male 50, i.v. Plasma HPLC / 0.68 +0.24 | 195.79 + 20.51 |/ 1.71 + 0.29 110.82 + 4.10 | 0.57 +0.19 / / [11]
SD rats

Healthy male 6, i.v. CSF HPLC-APCI- | 1.52 £ 0.74 0.59 + 0.08 0.67 £ 0.11 / 2.12 +1.00 0.68 +0.20 0.08 + 0.02 [ / / [20]
SD rats MS/MS

Healthy male 6, i.v. Plasma HPLC-APCI- | 071 +023 1143 +158 1153+164 | 0.70 + 0.20 23.62 +091 | / / / [20]
SD rats MS/MS

Healthy male 10, i.v. Plasma LC-ESI-MS/ [ 0.98 +0.23 595+ 1.25 595+ 1.25 / 0.05+0.14 / / 0.35 + 0.08 035+0.08 |/ [32]
and female MS
SD rats

Healthy male 8.0, p.o. Plasma UPLC-MS | 140 +0.22 7.33 +£0.71 7.41 + 0.68 / / 214 +£0.13 1.01 + 0.25 | 0.0003 + 0.00 / [33]
SD rats

Doxorubicin 8.0, p.o. Plasma UPLC-MS | 197 + 0.65 2713 +4.02 27.64+420 | / 7.94+1.06 090+0.14 | 0.0002 + 0.00 / [33]
(5.0 mg/
kg)
induced
CKD rats

Healthy male 50, p.o. Plasma LC-MS/MS 0.53+ 1.21 +0.39 |/ 69.52 + 2293 |/ 3.27 £ 037 2332 + 1047 1.33 + 041 1.43 + 0.68 0.82+032 |/ [23]
and female 030
Wistar rats

Healthy male 50, p.o. Plasma LC-MS/MS [ 1.80 + 1.30  69.00 + 22.00 70.00 +23.00 3.11 +0.36 3.30 + 0.40 23.00 + 10.00 1.30 + 0.40 3.60 + 1.40 0.79 +0.26  66.70 [29]
and female
Wistar rats

Healthy male 100, p.o. Plasma LC-MS/MS [ 1.70 + 1.00 117.00 + 27.00 118.00 + 27.00 3.33 + 0.48 3.40 + 0.50 35.00 + 14.00 1.60 + 0.80 3.70 + 3.10 0.89 +020 [ [40]
and female
Wistar rats

Healthy male 2000, p.o. Plasma LC-MS/MS [ 2.60 + 1.50 215.00 + 50.00 217.00 + 49.00 5.98 + 0.85 6.80 + 1.20 36.00 + 9.00 2.30 + 0.80 14.70 + 8.80 096 +0.23 [ [40]
and female
Wistar rats

Healthy male 50, i.v. Plasma LC-MS/MS [ 1.90 + 1.50 103.00 + 11.00 104.00 + 11.00 1.54 + 0.26 1.90 + 0.40 | / 4.10 + 2.00 048 +0.05 |/ [40]
and female
Wistar rats

Healthy male 37.2, p.o. Plasma LC-MS / 4,00 + 1.00 92.40 +38.20 93.70 +38.60 [ / 1182 +6.79 3.10+1.70 [ 490 +250 |/ [41]
SD rats

Streptozocin  37.2, p.o. Plasma LC-MS / 11.60 + 4.20 214.10 + 79.00 220.20 + 79.60 [ / 37.41 + 13.01 240+ 1.10 / 200+080 |/ [41]

(55 mg/kg)
induced
male
diabetic SD
rats

Ip 32 0DIX A ‘g A ‘Supyz 7

t1)2 ka: half-life of absorption; t;,: half time; AUC: area under the curve; MRT: mean residence time; Cmax: maximum concentration; tmax: time to reach cmax; SD: Sprague -Dawley; HPLC: high performance liquid chroma-
tography; CSF: cerebrospinal fluid; APCI: atmospheric pressure chemical ionization; MS/MS: tandem mass spectrometry; LC: liquid chromatography; ESI: electrospray ionization; UPLC: ultra performance liquid chromatog-
raphy; CKD: chronic kidney disease.
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lesions [47]. Catalpol treatment was shown to significantly reduce
serum ox-LDL concentrations and inhibit neointimal hyperplasia
and macrophage infiltration in a rabbit model of atherosclerosis
induced by a high-cholesterol diet [47]. Additionally, catalpol
significantly inhibited macrophage recruitment in the aortic wall of
a diabetic rabbit model of atherosclerosis [49]. In our previous
study, catalpol was found to reduce foam cell production in the
aortic walls of HFD-fed LDLr~/~ mice with atherosclerosis [48].
Recently, in a HFD-ovariectomy-induced ApoE /= mouse model of
atherosclerosis, catalpol treatment effectively decreased the
expression of M1 macrophage markers and increased the expres-
sion of M2 macrophage markers in the aorta [46]. In vitro studies
have also shown that catalpol inhibited NLRP3 expression in the
inflammasome of lipopolysaccharide (LPS)-treated THP-1 cells [90].
Furthermore, catalpol was found to inhibit inflammation by
inhibiting reactive oxygen species (ROS) overproduction and NF-kB
activity in advanced glycation end product-treated monocytic
series-1 (THP-1) cells [91]. In our THP-1 cell models, catalpol
effectively reversed oxidative stress, DNA oxidative damage, cell
apoptosis, cell senescence, and telomere dysfunction induced by
ox-LDL in macrophages [48]. The PGC-1a/TERT pathway was
identified as the underlying mechanism for these protective effects
of catalpol [48]. Moreover, recent studies have demonstrated that
catalpol inhibits macrophage polarization, the inflammatory
response, and oxidative stress induced by LPS and interferon-y
(IFN-v) while enhancing the function of macrophages activated by
classical pathways by increasing estrogen receptor o (ERa)
expression [46]. Overall, catalpol inhibits a series of adverse re-
actions produced by macrophages and plays a crucial role in pre-
venting atherosclerosis.

In summary, catalpol exhibits a powerful anti-atherogenic effect
by inhibiting oxidative stress and endoplasmic reticulum stress,
reducing the inflammatory response, relieving cell senescence and
telomere dysfunction, and inhibiting apoptosis. These effects are
mediated by activation of the PGC-10,/TERT, PI3K/Akt, AMPK, Nrf2/
HO-1, and ERa signaling pathways, as well as inhibition of the
Nox4/NF-kB and GRP78/PERK signaling pathways.

4.2. Cerebral vascular diseases

Cerebral vascular disease, also known as “stroke,” encompasses
a group of diseases resulting from various cerebral vascular lesions
that cause damage to brain tissue. These conditions are typically
categorized as ischemic or hemorrhagic cerebrovascular disease.
Research has demonstrated that catalpol has a positive effect on
brain protection in animal stroke models [92,93]. While the ma-
jority of previous studies have focused on the anti-oxidant, anti-
inflammatory, and anti-apoptotic properties of catalpol in reducing
brain tissue damage [92,94], recent studies have also highlighted its
protective effects on cerebral vessels in the amelioration of stroke
(Table 2) [53—60].

Vascular endothelial growth factor (VEGF) is a trophic factor
secreted by nerve cells that plays a crucial role in angiogenesis,
vascular permeability, and neuroprotection [95]. Studies have
shown that catalpol, a natural compound, can increase VEGF
expression and promote angiogenesis through various pathways.
For instance, catalpol has been found to stimulate VEGF expression
and promote angiogenesis in a rat stroke model via the JAK2/STAT3
pathway and activate the HIF-1a/VEGF pathway to protect vascular
structure and promote angiogenesis in rats with focal cerebral
ischemia [53,54]. Additionally, catalpol has been shown to regulate
VEGF and its receptor VEGFR to activate the Notch signaling
pathway, promoting angiogenesis and neural function remodeling
[55]. Recent research has also revealed that catalpol can increase
VEGF expression by upregulating PI3K/AKT signaling, followed by
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increasing focal adhesion kinase (FAK) and paxillin, activating the
PI3K/AKT and MEK1/2-ERK1/2 pathways, promoting angiogenesis
and neurogenesis, and improving the impaired neurovascular unit
(NVU) in the ischemic region [56]. Studies have shown that
erythropoietin (EPO) works synergistically with VEGF to promote
angiogenesis and protect neurons, as well as reduce the increased
vascular permeability and BBB edema caused by increased VEGF
expression [96,97]. Similarly, catalpol has been found to not only
increase VEGF levels but also enhance the expression of EPO, pro-
moting adhesion, proliferation, and migration of endothelial cells.
This leads to a significant reduction in cerebral capillary edema and
an increase in angiogenesis in infarct areas of cerebral ischemia
model animals [53,98,99]. In a study in 2022, catalpol was found to
regulate the communication between mesenchymal stromal cells
and macrophages through the paracrine pathway, thereby pro-
moting angiogenesis [100]. These findings suggest that catalpol has
potential as a medicine for the treatment of cerebral vascular dis-
eases by promoting angiogenesis.

In a study on the protective effects of catalpol on the NVU, it was
found that catalpol increased the density and length of microvessels
in the NVU [57], indicating a potential role in promoting angiogen-
esis. Moreover, catalpol increased the maturation and stability of
blood vessels around the infarct in rats with cerebral ischemia by
upregulating the expression of angiopoietin-1 and its receptor Tie-2
[58], suggesting a potential protective effect on blood vessels. In
addition, catalpol has been shown to inhibit apoptosis and auto-
phagy induced by the AP1_42 protein in brain microvascular endo-
thelial cells (BMECs). Specifically, catalpol reduced the expression of
Bax, cytochrome C, cleaved caspase-3, Beclin 1, and LC3-II and
upregulated the expression of Bcl-2, which protected BMECs from
damage [101]. Furthermore, catalpol upregulated the expression of
tight junction proteins such as claudin-5, occludin, zonula
occludens-1 (ZO-1), and ZO-2, which increased the tight junction
between BMECs and alleviated the increase in BMEC injury induced
by high glucose. These effects may be mediated by the inhibition of
the RhoA/ROCK2 signaling pathway, which prevented the down-
regulation of junctional proteins and inhibited endothelin-1 and
inflammatory cytokine secretion, ultimately alleviating the increase
in BBB permeability induced by LPS [102,103]. These results suggest
that catalpol may have a protective effect on the BBB and the NVU,
potentially contributing to its therapeutic potential for cerebral
vascular diseases.

In summary, catalpol has demonstrated a strong protective ef-
fect against cerebral vascular diseases. This effect is mainly ach-
ieved by promoting angiogenesis and maturation, preventing
vascular edema, and protecting BMECs and the BBB. These effects
require the activation of several signaling pathways, including
JAK2/STAT3, HIF-10,/VEGF, Notch, PI3K/AKT, and MEK1/2-ERK1/2,
as well as inhibition of the RhoA/ROCK2 signaling pathway.

4.3. Myocardial ischemia and myocardial infarction

Myocardial ischemia is a condition caused by the obstruction of
coronary arteries, which results in inadequate oxygen supply to
cardiomyocytes. Prolonged ischemia can further progress to
myocardial infarction [ 104]. Catalpol, known for its protective effect
against ischemic injury and ischemia-reperfusion injury in various
noncardiac tissues [105—110], has also shown a similar protective
effect in myocardial tissue (Table 2) [61—71].

Catalpol has been shown to have a preventative effect on
myocardial ischemia-reperfusion injury. Song et al. [61] found that
catalpol could effectively prevent acute myocardial ischemia-
induced myocardial injury in a dose-dependent manner. The re-
searchers further confirmed that catalpol inhibits cardiomyocyte
apoptosis by enhancing the expression of Bcl-2 while
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Table 2

Effect of catalpol on cardiovascular diseases in vivo.

Animal models

Dose and duration

Effects

Refs.

Atherosclerosis

Atherosclerosis

Atherosclerosis

Atherosclerosis

Atherosclerosis

Atherosclerosis

Atherosclerosis

Cerebral vascular diseases

Cerebral vascular diseases

Cerebral vascular diseases

Cerebral vascular diseases

Cerebral vascular diseases

Female ApoE~/~ mice were
fed with a high-fat diets and
were underwent
ovariectomy

Male New Zealand White
rabbits were fed with high-
cholesterol diets

Male LDLr/~ mice were fed
high-fat diets (MD12017)

Male New Zealand White
rabbits were injected
intravenously with alloxan
monohydrate (100 mg/kg)
and were fed with
hyperlipidemic diets

Male Wistar rats were
intraperitoneally injected
with p-galactose (100 mg/
kg/day)

Male Wistar rats were fed
with high-fat diets and
were injected
intraperitoneally with STZ
(30 mg/kg)

Male Wistar rats were
injected intraperitoneally
with STZ (90 mg/kg)

Male Sprague-Dawley rats
were subjected to pMCAO
via electrocoagulation

Male Sprague-Dawley rats
were subjected to MCAO
via electrocoagulation

Male Sprague-Dawley rats
were modeled according to
the Longa modified suture
method

Male Sprague-Dawley rats
were subjected to MCAO
via electrocoagulation
Sprague-Dawley rats were
subjected to pMCAO via
electrocoagulation

20 mg/kg/day, i.g. 90 days

5 mg/kg/day, i.g. 12 weeks

100 and 200 mg/kg/day, i.g. 16 weeks

5 mg/kg/day, i.g. 12 weeks

5 and 10 mg/kg/day, i.p. 12 weeks

10, 50, and 100 mg/kg/day, i.g. 6 weeks

5 mg/kg/day, i.g. 2 weeks

5 mg/kg/day, i.p. 7 days

2.5, 5.0, and 10.0 mg/kg/day, i.v. 14 days

9 mg/kg/day, i.p. 7 days

2.5, 5.0, and 10.0 mg/kg/day, i.v. 14 days

5 mg/kg/day, i.p. 7 days

Reduced atherosclerotic lesions; improved serum lipid profiles (e.g., decrease of
serum TG, TC, and LDL-C levels and increase of serum HDL-C levels); inhibited
inflammatory response and oxidative stress; attenuated M1 macrophage
markers (IL-12, CD86, and iNOS) and increased M2 macrophage markers (FIZZ1,
CD206, and Arg-1); promoted the ERa expressions.

Attenuated atherosclerotic lesions; improved serum lipid profiles (e.g., decrease
of serum TG, TC, and LDL-C levels and increase of serum HDL-C levels); reduced
serum TNF-, IL-6, MCP-1, sVCAM-1, and sICAM-1 levels, as well as the
expression of MCP-1, VCAM-1, TNF-q, iNOS, MM-9, and NF-kB-p65 in the aortic
arch; reduced lipid peroxidation levels, while elevated antioxidant capacity.
Inhibited atherosclerotic lesion development and improved lipid profiles;
increased SOD and GSH content, and inhibited MDA and LDH content; inhibited
Nox2 and Nox4 expression and ROS accumulation; inhibited DNA oxidative
damage and cell apoptosis; relieved cellular senescence and telomere
dysfunction; activated the PGC-1¢,/TERT pathway.

Ameliorated diabetic atherosclerosis, as well as inhibited neointimal
hyperplasia and macrophages recruitment; enhanced the activities of SOD,
GSH-P¥, and increased the plasma levels of total antioxidant status, meanwhile
reduced the levels of MDA, protein carbonyl groups, and advanced glycation end
product; reduced circulating levels of TNF-a, MCP-1, and VCAM-1; decreased
TGF-B1 and collagen IV expressions in the vessels.

Improved the pathological damages of aortic vascular endothelial cells;
inhibited cell apoptosis (e.g., downregulation of Bax and caspase-3 expression
and reduction of Bcl-2 expression and Bcl-2/Bax ratio).

Attenuated endothelial damage of thoracic aorta; decreased 8-iso-PGF2a. levels
in serum, ROS levels, and expression of Nox4 and p22 phox in thoracic aorta;
elevated serum NO and SOD levels.

Downregulated MCP-1 expression in carotid arteries; ameliorated neointimal
hyperplasia.

Improved the neuroethology deficit, increased the CBF of infarcted brain and
upregulated EPO and EPOR; enhanced stroke-induced STAT3 activation and
subsequently restored STAT3 activity through the recovery of STAT3 binding to
VEGF; reversed the effect of AG490 on STAT3 activation and nuclear
translocation, restored the transcriptional activity of the VEGF promoter by
recruiting STAT3 to the VEGF promoter, improved VEGF expression, increased
angiogenesis, reduced the difference in CBF between the infarcted and intact
brain, and ameliorated the neuroethology behaviors after stroke.

Improved neurological deficits and reduced the infarct volume; improved
histological morphology and protected the vascular structure in the vicinity of
the infarcted area; promoted angiogenesis and enhanced vessel density in the
vicinity of the infarcted area; activated the HIF-1¢/VEGF pathway in the brains.
Reduced the extent of cerebral infarction; promoted angiogenesis and neural
function remodeling; increased VEGF, VEGFR, Notch1, and Notch4 expression in
the brain tissue.

Protected NVU structure; ameliorated damage to vascular and neuronal
components; promoted neurogenesis and angiogenesis in the brain; activated
the VEGF-PI3K/AKT and VEGF-MEK1/2/ERK1/2 pathways.

Protected neurovascular unit lesions caused by focal cerebral ischemia;
promoted the recovery of neurological function after cerebral ischemia.

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]
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Cerebral vascular diseases

Cerebral vascular diseases

Cerebral vascular diseases

Heart diseases

Heart diseases

Heart diseases

Heart diseases

Heart diseases

Heart diseases

Heart diseases

Heart diseases

Female and male Sprague-
Dawley rats were subjected
to MCAO via
electrocoagulation

Male Sprague-Dawley rats
were subjected to I/R of the
middle cerebral artery

Male Sprague-Dawley rats
were subjected to MCAO
via electrocoagulation
Sprague-Dawley rats were
subjected to ligate the
anterior interventricular
branch of the left coronary
artery

Male Wistar rats were
subcutaneously injected
with ISO (85 mg/kg) at an
interval of 24 h for 2
consecutive days to induce
experimental myocardial
infarction

Male Sprague-Dawley rats
were subjected to 30 min of
myocardial ischemia via
ligating left anterior
descending coronary artery
and then reperfused for 3 h
Male C57BL/6 mice were
subjected to ligate left
anterior descending
coronary artery for 45 min
followed by 240 min of
reperfusion

Male Wistar rats were
subcutaneously injected
with ISO (85 mg/kg) at an
interval of 24 h for 2
consecutive days to induce
myocardial injury

Male Sprague-Dawley rats
were subcutaneously
injected with INN (10 mg/
kg) on 19th, 20th, and 21st
day to induce acute
myocardial infarction

Male Kunming nice were
subcutaneously injected
with ISO (2 pg/g) for 7
consecutive days to induce
myocardial hypertrophy
Male C57BL/6 mice fed with
high fat and high sugar
diets were injected
intraperitoneally with STZ
(100 mg/kg)

1, 3, and 5 mg/kg/day, i.p. 7 days

16.4, 32.7, and 65.4 mg/kg/day
lyophilized powder of catalpol
and puerarin, i.v. 24 h

16.4, 32.7, and 65.4 mg/kg/day lyophilized
powder of catalpol and

puerarin, i.v. 14 days

1, 5, and 10 mg/kg/day, i.p. 7 days

5 and 10 mg/kg/day, i.p. 10 days

5 mg/kg, i.p., 5 min before reperfusion

5 mg/kg, i.p. 15 min before reperfusion

2.5, 5, and 10 mg/kg/day, i.p. 10 days

10, 20, and 40 mg/kg/day, i.g. 3 weeks

90 pg/g/day, i.g. 7 days

10 mg/kg/day, i.g. 12 weeks

Promoted functional recovery of limb motor; promoted the maturation of
neovascularization; upregulated the expression of Ang-1 and its receptor Tie-2.

Ameliorated neurological deficiency; reduced the infarct volume; protected
cerebral cells from apoptosis in ischemic area; improved the growth of the main
cells of NVU in ischemic area; reduced the oxidative stress injury (e.g., reduction
of MDA, LDH, and NO levels and increase of SOD levels); inhibited the
inflammation (e.g., decrease of NF-kB/p65, TNF-a, IL-1B, and IL-6 levels);
enhanced the favorable factors (e.g., EPO, EPOR, VEGF, and GAP-43).
Ameliorated cerebral ischemia (increased regional cerebral blood flow);
reduced infarct volume; protected vessel integrity; inhibited endothelial cell
apoptosis.

Had protective effect against myocardial I/R injury (decrease of myocardial
infarction area); improved free radicals and myocardial metabolism; inhibited
myocardial apoptosis.

Ameliorated the ISO-induced cardiac dysfunction (e.g., increase of + LVdp/dtmax
and LVSP, decrease of LVEDP); inhibited cardiomyocyte apoptosis (reduction of
TUNEL-positive cell percentage, alteration of Bax and Bcl-2 expression, and
decrease of caspase-3 and caspase-9 activities); activated the apelin/AP] signing
pathway.

Improved cardiac functions, reduced myocardial infarction, apoptosis, and
necrosis of cardiomyocytes after I/R; reduced ONOO~ formation; increased Akt
and endothelial nitric oxide synthase phosphorylation, NO production, anti-
oxidant capacity, and reduced MI/R-induced inducible nitric oxide synthase
expression and -0?~ production in I/R hearts.

Reduced myocardial damage; suppressed oxidative stress; repressed the
production of different pro-inflammatory mediators; inhibited cardiomyocyte
apoptosis; activated the Nrf2/HO-1 signaling pathway.

Suppressed the histopathological changes including myocardial structure
damage and leucocyte infiltration; decreased the levels of CK-MB, LDH, and
MDA, and renewed the activities of SOD; inhibited the upregulation of the
expressions of TNF-o and IL-1f.

Reduced the abnormal raise in S-T segment; scavenged oxygen free radicals and
reduced the production of oxidized products from lipids and the damage in
cardiac tissues (e.g., returned the activities and levels of serum LDH, CK, SOD,
and MDA); reduced the infract areas and improved the pathological status of the
infracted tissues; activated Notch signal pathway to promote the differentiation
and proliferation of endothelial cells in the infracted rats.

Reduced the cardiac weight indexes; decreased the contents of MDA, cAMP, and
Ang Il in myocardium.

Improve left ventricular function (e.g., decrease of LVEDP levels and increases of
LVSP and + LVdp/dtmax); attenuated the extent of myocardial atrophy with
decreased infiltration of inflammatory cells; inhibited cardiomyocyte apoptosis;
alleviated myocardial injury via Neat1/miR-140—5p/HDAC4 axis.

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65,66]

[67]

[68]

[69]
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the miR-22-3p/DPP4 axis [114].

In conclusion, catalpol plays a protective role in myocardial
ischemia and ischemia-reperfusion injury through its anti-oxidant,
anti-inflammatory, anti-apoptotic, and proangiogenic effects. In
this process, catalpol inhibited oxidative stress, inflammation, and
apoptosis in cardiomyocytes by upregulating the Apelin/AP], PI3K/
Akt, and Nrf2/HO-1 signaling pathways, activating autophagy and
regulating the miR-22-3p/DPP4 axis, while the activation of the
Notch/Jagged signaling pathway induced by catalpol was involved
in stimulating angiogenesis after myocardial infarction.

4.4. Cardiac hypertrophy and heart failure

Heart failure is a complex clinical syndrome characterized by
abnormal changes in cardiac structure or function, leading to
pulmonary congestion, systemic circulation congestion, and or-
gan hypoperfusion. Currently, several studies have revealed the
ability of catalpol to prevent heart failure (Table 2) [62,68]. In
2011, Chen et al. [115] successfully applied for a patent (Appli-
cation No.: CN201010529674.2; Publication No.: CN102008497A)
in China, which pointed out that catalpol had new pharmaco-
dynamic activity against heart failure, and made catalpol into a
traditional Chinese medicine injection for the treatment of heart
failure. Bi et al. [62] found that pretreatment with catalpol
significantly enhanced myocardial contractility and improved
cardiac function in rats with isoproterenol-induced myocardial
infarction.  Specifically, catalpol significantly inhibited
isoproterenol-induced alterations in hemodynamic parameters
and prevented a decline in systolic, diastolic, and mean blood
pressure. Moreover, catalpol significantly prevented left ventric-
ular contractile dysfunction, as demonstrated by improvements
in left ventricular end-systolic pressure (LVESP) and left ven-
tricular maximum rate of positive or negative pressure develop-
ment (+LVdp/dtmax). Cui et al. [68] investigated whether catalpol
could inhibit isoproterenol-induced cardiac hypertrophy in mice.
Catalpol significantly reduced the heart weight index and left
ventricular weight index and decreased the contents of MDA,
cyclic adenosine monophosphate (cAMP), and Ang Il in the
myocardium [68]. These results suggested that catalpol might
interfere with cardiac hypertrophy by inhibiting oversecreted
neuroendocrine factors and scavenging free radicals, which had
important effects on the occurrence and development of cardiac
hypertrophy. However, the mechanism by which catalpol protects
against cardiac hypertrophy has not been fully elucidated.
Together, these studies suggested that catalpol could inhibit heart
hypertrophy and improve heart function, making it a potential
new drug for the treatment of heart failure.

4.5. Others

Moreover, in addition to its protective effects against myocardial
ischemia and ischemia-reperfusion injury, catalpol has demon-
strated potential in mitigating diabetic cardiovascular complica-
tions, thrombosis, and other cardiovascular events [51,69]. Further
information on these findings can be found in the Sections 4—6 in
the Supplementary data [65,82,84,85,94—99,108—110,116—135].

5. Future directions and recommendations for catalpol in
CVD research and treatment

To further explore the potential of catalpol in treating CVDs, the
following recommendations and future research directions should
be considered.
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5.1. In-depth mechanistic studies

Although various studies have demonstrated the protective ef-
fects of catalpol on the cardio-cerebrovascular system, its precise
molecular mechanisms still need further elucidation. Conducting
in-depth mechanistic studies will help understand the precise role
of catalpol in CVD treatment and provide more comprehensive
evidence for its clinical application. CVDs often involve damage to
multiple systems. Identifying a shared therapeutic pathway for
preventing and treating these conditions is essential. For example,
the activation of the PI3K/Akt signaling pathway may be a vital
mechanism in catalpol's anti-CVD effects, as it is involved in various
roles, including against vascular endothelial cell apoptosis,
enhancing cerebrovascular formation, and protecting myocardial
cells [56,85,113]. Consequently, more in-depth molecular research
targeting the PI3K/Akt pathway may uncover additional cardio-
cerebrovascular protective effects and the “commonality mecha-
nism” of catalpol.

5.2. Investigating synergistic effects

As an active compound derived from traditional herbal
medicines, catalpol has been proven to have synergistic effects
with other active compounds present in other Chinese herbal
sources [136,137]. Utilizing synergies between drugs can more
significantly improve the therapeutic effect than a single drug.
For example, the effects of the combination of catalpol and
berberine were better than monotherapy in improving insulin
resistance and reducing the deposition of lipid substances in
cells [138]. Liu et al. [139] confirmed that catalpol and puerarin
freeze-dried powder can promote the proliferation of neural
stem cells in rats after permanent focal cerebral ischemia, in-
crease microvessel density on the ischemic side of the brain,
and facilitate angiogenesis. Another study also showed that
catalpol and puerarin freeze-dried powder at all tested doses
(65.4, 32.7, and 16.4 mg/kg) significantly reduced neurological
deficiency, infarct volume, and apoptotic cells in ischemia/
reperfusion rats [59]. In vitro studies have found that the pro-
tective effect of catalpol and puerarin freeze-dried powder on
primary brain vascular endothelial cells depends on ERK/HIF-1a
and PI3K/AKT/mTOR/HIF-1a [60]. It is suggested that catalpol
and puerarin freeze-dried powder may be a new drug for the
treatment of cerebral ischemia. Identifying and investigating
these synergistic effects at the global and cellular levels could
potentially enhance the therapeutic effects and improve the
overall effectiveness of treatment strategies for CVDs.

5.3. Efficacy and toxicity studies

The efficacy of a drug is largely related to the dosage of the drug
used and depends on the administration route. We summarized the
dosage and effects of catalpol used in previous studies (Table 2)
[46—71]. The dosage ranges of catalpol for intragastric, intraperi-
toneal, and intravenous administration were 2.5—200, 1-10, and
2.5-10 mg/kg, respectively. Interestingly, we found that a dose of
5 mg/kg catalpol was widely used and has been shown to produce
significant anti-CVD effects, whether administered intragastrically
or intraperitoneally/intravenously [47,49,50,52—58,61—66,70,71].
In addition, a small number of studies have also reported that a
dose of 25 mg/kg catalpol had therapeutic effects
[54,56,65,66,70,71]. For intraperitoneal injection, a dose of 1 mg/kg
catalpol also had therapeutic effects [58,61].

To date, Catalpol has been proven to be relatively safe for ro-
dents, with no apparent side effects. In an animal toxicity study
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[140], Kunming mice and Wistar rats were utilized to assess the
safety of catalpol. The acute toxicity test of catalpol in Kunming
mice showed that the median lethal dose (LDsg) and 95% confi-
dence limit of intraperitoneally administered catalpol were 206.5
and 190.7-223.6 mg/kg, respectively. After a long-term intrave-
nous injection of catalpol (10, 20, and 40 mg/kg/day; 90 days),
Wistar rats exhibited no changes in appearance, hematology, blood
biochemistry, or toxicity of major organs, indicating that the long-
term application of catalpol had no apparent toxic or side effects.
Dong et al. [141] studied the acute toxicity of catalpol and found
that it had no significant acute toxicity in mice. Specifically, Insti-
tute of Cancer Research (ICR) mice received a gavage of catalpol at
the maximum dose of 1000 mg/kg within one day, and the mice did
not display noticeable poisoning symptoms or death. After two
weeks of continuous observation, none of the tested mice died, and
their eating and activities appeared normal. The body weight did
not significantly differ from that of the control group within 10
days. Additionally, the safety pharmacological study of catalpol and
puerarin freeze-dried powder demonstrated that the tail vein in-
jection of catalpol and puerarin freeze-dried powder in Kunming
mice at low (52.3 mg/kg), medium (104.6 mg/kg), and high
(209.2 mg/kg) doses did not impact their general behavior, auto-
nomic activity, coordination function, or the rate of sleep induced
by a subthreshold hypnotic dose of pentobarbital. After injecting
Sprague-Dawley (SD) rats with low (32.7 mg/kg), medium
(65.4 mg/kg), and high (130.8 mg/kg) doses of catalpol and puerarin
freeze-dried powder, indicators such as respiratory rate, respiratory
amplitude, electrocardiogram, heart rate, systolic blood pressure,
and diastolic blood pressure did not change significantly [142].
These results indicate that catalpol and puerarin freeze-dried
powder has no considerable effect on the central nervous system,
respiratory system, or cardiovascular system within the therapeutic
dose range. Recently, a pilot clinical trial assessed the safety of
catalpol in treating colon cancer patients [121]. The study involved
345 patients undergoing surgical resection of locally advanced
colon cancer who were treated with an intraperitoneal injection of
10 mg/kg catalpol twice daily for 12 weeks. At the end of the 48-
month follow-up period, only mild nonfatal treatment-related
adverse events were observed in patients receiving catalpol treat-
ment, supporting its safe use in human subjects. In conclusion,
catalpol has been shown to be well tolerated and nontoxic.

There is a lack of clinical trials investigating the cardio-
cerebrovascular protective effects of catalpol. To bridge the gap
between preclinical and clinical research, well-designed clinical
trials should be conducted to evaluate the efficacy, safety, and
optimal dosing of catalpol in human subjects. Additionally, further
toxicity studies should be performed to establish the safety profile
of catalpol in the long term.

5.4. Development of novel catalpol derivatives and formulations

Research and development of novel catalpol derivatives, as well
as new pharmaceutical formulations, could improve the bioavail-
ability, efficacy, and safety of catalpol. By modifying the chemical
structure or developing novel delivery systems, the therapeutic
potential of catalpol in treating CVDs could be further enhanced
[143].

Despite having the same catalpol core structure, derivatives
with different substituents at various positions can exhibit signifi-
cant differences in efficacy. For instance, 6-O-substituted catalpol
derivatives from Scrophularia dentata demonstrated superior in-
hibition of TNF-«, interleukin (IL)-1B, and IL32 expression levels
through the NF-kB pathway compared to catalpol itself [14,144].
Furthermore, compounds with low-polarity substituents at the 6-O
position of catalpol showed higher NF-kB inhibitory potency [145].
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The 6-0-acyl catalpol not only displayed more extensive bioactivity
than catalpol but also exhibited better pharmacological activity in
some cases [14]. Appropriate preparation technologies may also
enhance the utilization efficiency of catalpol. Tang et al. [ 146] found
that inclusion complex could remarkably increase the oral ab-
sorption of catalpol compared with nanocrystal, and the brain
targeting index of inclusion complexes and self-microemulsions
were both higher than that of nanocrystals, suggesting that inclu-
sion complexes could significantly promote the absorption of cat-
alpol into blood and penetrate the BBB to enhance the efficacy of
catalpol.

Modifying the chemical structure of catalpol to create new de-
rivatives or new preparation technologies could potentially expand
its range of effects and may lead to a more significant impact on
cardiovascular protection in the future.

5.5. Personalized medicine approach

Considering the individual differences in the response to treat-
ment, a personalized medicine approach could be employed to
optimize the use of catalpol in CVD management. By taking into
account the genetic background, lifestyle factors, and disease pro-
gression of individual patients, tailored treatment strategies can be
developed to maximize the therapeutic benefits of catalpol [147].
Advancements in systems biology technologies, including genomics,
proteomics, and metabolomics, have greatly contributed to the
personalization of treatment in Chinese medicine. These technolo-
gies enable the effective identification of biomarkers for specific
diseases, laying the foundation for the development of innovative
targeted therapeutics [148]. A targeted drug derived from catalpol
may offer diverse cardiovascular and cerebrovascular protective ef-
fects tailored to the unique needs of different patient groups.

By addressing these recommendations and future research di-
rections, a more comprehensive understanding of catalpol's role in
CVD treatment can be achieved, potentially leading to the devel-
opment of novel therapeutic options for patients with CVDs.

6. Conclusions

In conclusion, multiple domestic and foreign studies have
provided scientific evidence for catalpol's protective effect on the
cardio-cerebrovascular system. As an active compound obtained
from traditional herbal medicines, catalpol exerts anti-CVD ef-
fects mainly through its anti-oxidant, anti-inflammatory, and
anti-apoptotic activities in a coordinated “multitarget and mul-
tipathway” manner. For example, the PGC-1a/TERT, PI3K/AKkt,
AMPK, Nrf2/HO-1, ER, Nox4/NF-kB and GRP78/PERK signaling
pathways were related to the vascular protection of catalpol; the
apelin/AP], PI3K/Akt, Nrf2/HO-1, miR-22-3p/DPP4, ROS-NF-kB-
Neat1, and Neat1/miR-140-5p/HDAC4 signaling pathways were
involved in the myocardial protection of catalpol. Although there
is no clinical study on the cardio-cerebrovascular protective ef-
fects of catalpol, it has been currently used clinically to treat
tumors. Safety studies showed that catalpol was a well-tolerated
compound with no toxicity. Thus, catalpol may provide a new
medicine treatment option for patients with CVDs. Moreover, in-
depth research on catalpol may open a new door to enable the
use of various natural catalpol derivatives and other iridoids for
the treatment of CVDs.
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