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ABSTRACT

Objective: To investigate the effect of epigallocatechin-3-gallate 
(EGCG) on endothelial dysfunction in spontaneously hypertensive 
rats (SHR).
Methods: Wistar-Kyoto (WKY) rats and SHR were divided into 
four groups; WKY control, SHR control and SHR treated with 
EGCG (50 mg/kg/day) or losartan (10 mg/kg/day). The treatment 
was given daily for 4 weeks by oral gavage and the blood pressure 
was monitored by tail-cuff method every 3 days. Acetylcholine-
induced endothelium-dependent relaxations were assessed in isolated 
phenylephrine-precontracted aortic rings at the end of treatment. 
The vascular levels of reactive oxygen species, nitric oxide, 
tetrahydrobiopterin, and cyclic guanosine monophosphate were also 
measured. Moreover, the expression of angiotensin Ⅱ type 1 (AT1) 
receptor protein was determined.
Results: The systolic blood pressure was significantly decreased 
in SHR treated with EGCG. The impaired endothelium-dependent 
relaxation was significantly improved in aortic ring isolated from 
the EGCG-treated SHR group. EGCG also significantly increased 
the levels of nitric oxide, tetrahydrobiopterin, and cyclic guanosine 
monophosphate, while decreasing the level of reactive oxygen 
species and the protein expression of AT1 receptor in SHR.
Conclusions: EGCG attenuates endothelial dysfunction in SHR 
by decreasing oxidative stress and increasing vascular nitric oxide 
bioavailability, which may be modulated partly by inhibition of 
vascular AT1 receptors. An increase in endothelium-dependent 
relaxation may contribute to a decrease in blood pressure in 
hypertensive animals. 

KEYWORDS: Epigallocatechin-3-gallate; Vascular protection; 
Antihypertension; Tetrahydrobiopterin; Cyclic guanosine 
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1. Introduction

  Cardiovascular diseases are a major public health problem that 
is approaching epidemic proportions globally[1]. Hypertension 
is a well-established risk factor for cardiovascular diseases and 
sooner will become a public health burden if left unattended due 
to increasing number of death and disability among people as the 
prevalence of hypertension goes higher[2]. One of the variables that 
contribute the increase in peripheral resistance are the abnormalities 
in the structure and function of the vasculature driving the event of 
endothelial dysfunction[3]. 
  Endothelial dysfunction can be defined as an imbalance in 
production of vasodilator and vasoconstrictor molecules, hence 
resulting in the loss of its normal function[4]. It can be characterized 
by reduced release and/or the depletion of the bioavailability of 
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Significance

Epigallocatechin-3-gallate (EGCG) is a polyphenol that exhibits 
antihypertensive effects due to its vasoprotective effect. The 
current work demonstrated that treatment with EGCG attenuates 
endothelial dysfunction and the expression of vascular AT1 

receptors which may contribute to the vasoprotective effect of 
EGCG. 
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nitric oxide (NO), a key regulator in the vasculature, leading to a 
compromised NO-cyclic GMP (cGMP) signaling pathway which 
causes vasodilation[5]. 
  NO acts as an endothelium-derived hyperpolarizing factor (EDHF) 
which leads to vascular relaxation[6]. Endothelial nitric oxide 
synthase (eNOS) is the main source of NO and plays a crucial role 
in maintaining contraction and relaxation of the vascular tissues[7]. 
Tetrahydrobiopterin (BH4) is one of the important cofactors for 
the proper functioning of eNOS to generate NO from its precursor 
L-arginine[8]. The produced NO is then released into vascular 
smooth muscle cells and activates the soluble guanylyl cyclase 
(sGC) by converting guanosine 5’-triphosphate to cyclic guanosine 
monophosphate (cGMP). The increased production of cGMP will 
induce smooth muscle relaxation, resulting in vasodilation[9]. 
  Oxidative stress or a decrease in BH4 level will disrupt the coupled 
state of eNOS[10]. The uncoupling of eNOS is linked to the enhanced 
oxidation of BH4 by reactive oxygen species (ROS) which is derived 
from vasculature nicotinamide adenine dinucleotide phosphate 
hydrogen (NADPH) oxidases[11]. Under this condition, O2

−
 scavenges 

NO to produce the toxic radical peroxynitrite (ONOO−
 ) which 

further decreases the bioavailability of NO and worsens endothelial 
dysfunction[12]. A previous study has shown endothelial dysfunction 
is associated with the inhibition of oxidative stress injury and the 
downregulation of the angiotensin Ⅱ/AT1 receptor pathway in 
D-galactose-induced aging rats[13]. Since elevation of O2

−
  is strongly 

associated with a decrease in BH4 level, an increase in angiotensin 
Ⅱ type 1 (AT1) receptors will in part lead to endothelial dysfunction 
partly due to eNOS uncoupling. Indeed, exposure to angiotensin 
Ⅱ has been demonstrated to cause endothelial dysfunction through 
NADPH-derived ROS production in several previous studies. An 
animal study also demonstrated angiotensin Ⅱ-induced endothelial 
dysfunction in mouse ophthalmic arteries via activation of AT1 
receptor and NOX2-dependent ROS formation[14]. 
  Tea obtained from Camellia sinensis plant is always used as a 
substance that promotes human health. The use of green tea is of 
great interest to researchers due to its good health effects and various 
bioactive compositions[15]. Epigallocatechin gallate (EGCG), the 
most abundant tea polyphenol found in green tea[16], has been 
demonstrated to improve vascular function and has antioxidant 
and anti-inflammatory properties which can reduce the risk of 
cardiovascular disease[17]. An in vivo study has demonstrated that 
green tea administration in spontaneously hypertensive rat (SHR)  
controlled the development of hypertension due to the antioxidative 
properties of catechins[18]. Further, Álvarez-Cilleros and colleagues 
have proven that EGCG improved endothelial dysfunction by 
decreasing the production of ROS and the activation of stress-related 
pathways in human umbilical vein endothelial cells[19]. In line with 
that, EGCG also alleviated endothelial dysfunction by downregulating 
HMGB1 in hypoxic trophoblast cells[20]. Besides, Mohd Sabri et 
al. reported that EGCG improved vascular function by reducing 

oxidative stress and eNOS uncoupling, thus increasing NO 
production in angiotensin Ⅱ-induced hypertensive mice[21]. 
  The activation of NADPH oxidase due to stimulation of AT1 
receptor is one of the main mechanisms leading to oxidative stress. 
Although studies have shown that treatment with EGCG attenuates 
endothelium dysfunction via decreasing oxidative stress and eNOS 
uncoupling, the modulatory effect of EGCG on AT1 receptors is 
yet to be elucidated. Therefore, this study aimed to investigate the 
effect of EGCG on the modulation of AT1 receptors in improving 
endothelial dysfunction in a genetically hypertensive animal model.  

2. Materials and methods

2.1. Drugs and chemicals

  Phenylephrine (PE), acetylcholine (ACh), sodium nitroprusside 
(SNP), and Tween-20 were purchased from Sigma Chemicals (St 
Louis, MO, USA). EGCG was purchased from Cayman Chemicals. 
NaCl was purchased from Calbiochem® Merck (Darmstadt, 
Germany). MgSO4, KCl, KH2PO2, glucose, and CaCl2 were 
purchased from BDH Laboratory Supplies (Poole, UK). Bovine 
serum albumin was purchased from Santa Cruz (Dallas, Texas, 
USA). All chemicals were dissolved in deionized water. 

2.2. Experimental animals and treatment

  Briefly, 10-week-old male Wistar-Kyoto rats (WKY) (n=8) and 
SHR (n=24) were used for in vivo study. The experimental rats 
were purchased from the Animal Experimental Unit, Universiti 
Malaya, Malaysia. All animals were housed at the Animal Holding 
Facility, Universiti Tunku Abdul Rahman. They were maintained at 
a temperature of (24±1) 曟, and a 12 h꞉12 h light/dark cycle and had 
free access to standard chow and water. Four weeks of treatment 
were given to the animals and they were randomly divided into 
four groups, namely WKY control, SHR control, SHR treated with 
EGCG (50 mg/kg/day; Cayman Chemical Company, Ann Arbor, 
MI, USA), and SHR treated with losartan (10 mg/kg/day; Sigma 
Company, St Louis, MO, USA). 

2.3. Measurement of systolic blood pressure (SBP) by tail-
cuff method

  A modified tail-cuff method utilizing the CODA monitoring system 
(Torrington, CT, USA) was used to measure the SBP of the rats 
every three days starting from day 0 of the treatment period. All 
animals were trained for a week before the actual measurement of 
blood pressure to secure that they were adapted to the procedure. 
This minimized the stress associated with blood pressure 
measurements thus ensuring a more reproducible result. The animals 
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were restrained and pre-heated in a chamber for 30 min before the 
blood pressure measurements were performed. At least five to six 
successive measurements were recorded and the average values of 
all readings were calculated and reported.

2.4. Collection of samples

  The animals were sacrificed by excessive inhalation of carbon 
dioxide. Blood samples of the animals were collected immediately 
via cardiac puncture. The thoracic aorta was isolated and placed 
immediately in ice-cold Krebs solution (in mM: NaCl 118.93, 
NaHCO3 25.00, MgSO4 1.18, KCl 4.69, KH2PO4 1.03, glucose 
11.10, CaCl2 2.38). After that, the adhering connective tissues and 
adipose tissues were removed. The aorta was cut into approximately 
5 mm segments for vascular function study while a portion of the 
isolated aortic tissues was placed in optimal cutting temperature  
compound for NO and ROS measurements or snapped-frozen into 
liquid nitrogen and stored in −80 曟 for further processing.

2.5. Vascular function study (organ bath)

  For the measurement of isometric tension, an aortic ring was 
suspended in an organ bath containing 5 mL of Krebs solution 
maintained at 37 曟 and continuously aerated with 95% O2 and 
5% CO2 throughout the experiment. The change in the isometric 
tension was recorded using a Powerlab recording system (AD 
Instrument, Sydney, NSW, Australia). The rings were stretched to 
their optimal basal tension for 1 h to maintain the equilibrium of the 
rings. After that, each ring was contracted with 60 mM KCl until a 
stable contraction was achieved to test its viability. The rings were 
then washed three times with Krebs solution before the endothelial 
function of the endothelium was investigated by cumulative 
addition of ACh (3 nM-10 µM) to PE (300 nM-1 µM)-contracted 
rings to induce endothelium-dependent relaxation. A cumulative 
concentration-response curve to SNP (10 nM-10 µM) was also 
obtained to investigate if there are any changes in the vascular 
smooth muscle sensitivity to NO. 

2.6. Measurement of NO level 

  A segment of the thoracic aorta embedded in optimal cutting 
temperature (OCT) compound (Sakura Finetik, AJ Alphen aan 
den Rijn, Netherlands) was cut into cryostat sections 10 μm thick. 
The prepared glass slide was washed using phosphate-buffer 
saline (PBS) (Sigma, Aldrich, USA) three times every 5 minutes 
before incubation with 5 μM DAF-FM diacetate fluorescence 
stain (Invitrogen, Carlsbad, CA, USA) for 30 min at 37 曟. After 
incubation, the aortic segments were washed again with PBS three 
times every 5 minutes to remove excessive staining dye. A cover 
slip was placed on the slides and the sections were observed by 

using a fluorescence microscope (ZIESS, Oberkochen, Germany) 
with excitation at 495 nm and emission at 515 nm for NO intensity 
detection. 

2.7. Measurement of reactive oxygen species (ROS) level 

  A segment of the thoracic aorta embedded in OCT compound 
(Sakura Finetik, AJ Alphen aan den Rijn, Netherlands) was cut 
into cryostat sections 10 μm thick. The prepared glass slide was 
washed using PBS (Sigma, Aldrich, USA) three times every 5 min 
before incubation with 5 μM dihydroethidium (DHE) fluorescence 
stain (Invitrogen, Carlsbad, CA, USA) for 30 min at 37 曟. After 
incubation, the aortic segments were washed again with PBS three 
times every 5 min to remove excessive staining dye. A cover slip 
was placed on the slides and the sections were observed by using 
a fluorescence microscope (ZIESS, Oberkochen, Germany) with 
excitation at 516 nm and emission at 606 nm for ROS intensity 
detection. 

2.8. Measurement of cGMP

  The frozen samples of isolated aortic tissues were homogenized in 
PBS and centrifuged at 15 000 ×g for 15 min at 4 曟. The supernatant 
was collected for measurement of total cGMP using commercially 
available ELISA assay kits (Cayman Chemical Company, Ann 
Arbor, MI, USA). The plate was read at a wavelength of 405 nm 
using a plate reader (Hidex, Turku Finland, Sweden) immediately. 
The results are expressed as pg/mL and compared with the controls.

2.9. Measurement of BH4 level

  The frozen samples of isolated aortic tissues were homogenized in 
PBS and centrifuged at 15 000 ×g for 15 min at 4 曟. The supernatant 
was collected for measurement of total vascular BH4 level using a 
commercially available BH4 ELISA assay kit (Elabscience, USA). 
The plate was read at a wavelength of 450 nm (Hidex, Turku 
Finland, Sweden) immediately. The results are expressed as pg/mL 
and compared with the controls. 

2.10. Western blotting 

  Treated aort ic  t issues were homogenized in ice-cold 
radioimmunoprecipitation (RIPA) lysis buffer (1 μg/mL leupeptin, 
5 μg/mL aprotinin, 100 μg/mL phenylmethanesulfonyl fluoride, 
1 mM sodium orthovanadate, 1 mM egtazic acid, 1 mM 
ethylenediamine tetraacetic acid, 1 mM NAF, 2 mg/mL glycerol 
phosphate). The lysates were centrifuged and the supernatant 
was collected for Western blot. The protein concentration was 
determined by a modified Lowry assay (Bio-Rad Laboratories, 
Hercules, CA, USA). Twenty microgram protein concentrations for 
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each sample were loaded and separated in a 10% sodium dodecyl 
sulfate-polyacrylamide gel, then transferred to an immobilon-P 
polyvinylidene difluoride membrane (Millipore, Billerica, MA, 
USA) at 110 V for 1 h 30 min. The blots were blocked with 5% 
bovine serum albumin at room temperature for 1 h. Then the blots 
were incubated with primary antibodies against AT1 receptor (1꞉250, 
Santa Cruz Biotechnology; sc515884) and β-actin (1꞉10 000, Santa 
Cruz Biotechnology; sc-47778) at 4 曟 overnight. The next day, the 
blots were washed three times with tris-buffered saline with 0.1% 
Tween® 20 detergent and incubated with respective HRP-conjugated 
secondary antibodies at room temperature for 2 h. The membranes 
were developed with an enhanced chemiluminescence detection 
system (Millipore, Billerica, MA, USA), and the protein expression 
images were captured under c600 Ultimate Western System (Azure 
biosystems) (Dublin, CA, USA). The protein expression was 
quantified using Quantity One software (Bio-Rad Laboratories, 
Hercules, CA, USA). The targeted protein level was normalized to 
β-actin and then compared with the control.

2.11. Statistical analysis

  All results were presented as mean ± standard error of mean 
(SEM). GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA) 
was used to analyze the concentration-response curves by non-
linear regression fitting. One-way ANOVA followed by Bonferroni’s 
multiple comparison tests (for more than two groups) was performed 
using the same statistical software. A P value of less than 0.05 was 
considered a statistically significant difference.

2.12. Ethical statement

  All animal studies complied with the UK Animals (Scientific 
Procedures) Act 1986 which was agreed upon and approved by 
the Ethics Committee of Universiti Tunku Abdul Rahman (U/
SERC/38/2020).

3. Results

3.1. Treatment with EGCG decreases SBP of SHR
 
  Treatment with EGCG decreased SBP of SHR in a time-dependent 
manner. The basal SBP of SHR from different treatment groups was 
similar before treatment and was significantly higher than in WKY 
rats (P<0.05) (Figure 1). There was a sustained decrease in SBP of 
SHR treated with EGCG and losartan from day 3 onwards. The SBP 
of WKY and SHR control was not significantly altered before and 
after treatment.
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Figure 1. Average systolic blood pressure (SBP) in spontaneously 
hypertensive rats (SHR) treated with epigallocatechin-gallate (EGCG; 50 
mg/kg/day) for four weeks. Data are expressed as mean ± SEM (n=4-6) and 
analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison 
tests. #P<0.05 compared to WKY control, *P<0.05 compared to SHR control. 
WKY: Wistar Kyoto rats.

3.2. Treatment with EGCG improves vascular relaxation in 
SHR

  There was a significant decrease in the relaxation to and the pEC50 

of ACh in the aortic rings from SHR control compared to that of 
WKY control. Treatment with EGCG improved the relaxation to 
and the pEC50 of ACh in aortic rings of SHR compared to that of 
SHR control (Figure 2A-C and Table 1). The relaxation to SNP, 
an exogenous nitric oxide donor, was similar in the aorta of all 
experimental groups (Figure 2D and E).

3.3. Treatment with EGCG increases the level of vascular NO 
in SHR 

  The measurement of DAF fluorescence indicates that SHR 
exhibited a significantly lower level of vascular NO compared to 
the WKY control group (P<0.05) (Figure 3). The intensity of DAF 
fluorescence was significantly higher in aortic tissues of SHR treated 
with EGCG compared to that of SHR control (P<0.05), implying 
that four weeks of treatment with EGCG significantly increased the 
level of vascular NO in SHR. 

Table 1. Sensitivity (pEC50) to acetylcholine (ACh) and sodium nitroprusside 
(SNP) of aortic rings of spontaneously hypertensive rats (SHR) treated with 
epigallocatechin-gallate (EGCG) (Log M). 
Groups ACh SNP
WKY control −7.25 ± 0.22 −7.32 ± 0.30
SHR control  −6.62 ± 0.22# −7.32 ± 0.40
SHR+EGCG −6.83 ± 0.40 −7.10 ± 0.47
SHR+Losartan −6.95 ± 0.12 −6.90 ± 0.26
Data are expressed as mean ± SEM (n=4-6) and analyzed by one-way 
ANOVA followed by Bonferroni’s multiple comparison tests. #P<0.05 
compared to WKY control. 
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3.4. Treatment with EGCG decreases the level of vascular 
ROS in SHR

  The measurement of DHE fluorescence intensity showed that SHR 
exhibited a significantly higher level of vascular ROS compared 
to the WKY control group (P<0.05) (Figure 4). Treatment with 
EGCG for four weeks decreased the intensity of DHE fluorescence 
significantly (P<0.05), indicating a significant decrease in the level 
of ROS in SHR aorta. 

3.5. Treatment with EGCG increases vascular BH4 levels in 
SHR

  The SHR control group exhibited a significantly lower level of 
vascular BH4 compared to the WKY control group (P<0.05) (Figure 
5). Treatment with EGCG for four weeks in SHR increased the level 

of BH4 significantly compared to non-treated SHR (P<0.05). 

3.6. Treatment with EGCG increases vascular cGMP level in 
SHR

  A significantly lower level of cGMP was observed in aorta of the 
SHR control group compared to that of the WKY control group 
(P<0.05) (Figure 5). Treatment with EGCG significantly increased 
the level of cGMP in SHR aorta (P<0.05). 

3.7. Treatment with EGCG decreases AT1 receptor protein 
expression 

  The SHR control group had a slightly higher level of AT1 protein 
compared to the WKY control group with no significant difference 
(P>0.05) (Figure 5). Four weeks of treatment with EGCG resulted in 

Figure 2. Relaxation curve to increasing concentration of acetylcholine (ACh) and sodium nitroprusside (SNP) of aortic rings from SHR treated with EGCG. (A) 
Representative tracings of ACh-induced relaxation in phenylephrine (PE)-contracted aortic rings of all experimental groups. (B) Relaxation curve and (C) area 
under the curve for percentage of relaxation to ACh of all experimental groups. (D) Relaxation curve and (E) area under the curve to SNP of all experimental 
groups. Data are expressed as mean ± SEM (n=4-6) and analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison tests. #P<0.05 compared 
to WKY control, *P<0.05 compared to SHR control. 

Figure 3. Level of 4-amino-5-methylamino-2',7'-dichlorofluorescein diacetate (DAF) fluorescence intensity in aortic rings of SHR after treatment with EGCG 
(50 mg/kg/day). (A) The representative images of DAF-stained aortic rings. (B) Quantified fluorescence intensity for all treatment groups. Data are expressed 
as mean ± SEM (n=4-6) and analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison tests. #P<0.05 compared to WKY control, *P<0.05 
compared to SHR control. 
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a decreasing trend of the AT1 receptor in the aortic tissues of SHR.

4. Discussion

  The present findings demonstrated that treatment with EGCG for 

four weeks significantly reduced SBP of hypertensive animals. This 

is followed by an improvement in endothelium-dependent relaxation 

in SHR aorta. Besides that, treatment with EGCG resulted in an 

increase in the level of total vascular NO and a decrease in the level 

of vascular ROS in SHR. In addition, an increase in the level of 

vascular BH4 and cGMP was observed in the aortic tissues of SHR 

treated with EGCG. In line with these results, it is also observed 

that there is a decreasing trend in the protein expression of AT1 

receptor in SHR treated with EGCG. The current findings suggest 

that treatment with EGCG decreases the expression of AT1 receptors, 

leading to a decrease in ROS level thus decreasing eNOS uncoupling 

via increasing the level of BH4 which in turn increases the level 

of NO. This in part improves the vascular relaxation of SHR that 

contributes to a decrease in the blood pressure of hypertensive 

animals. 

  EGCG is a major catechin found in green tea. It has been 

demonstrated to have many beneficial effects on cardioprotection, 

antioxidant, and vascular remodeling[20]. Since EGCG is a major 

component in green tea, the antihypertensive effect of green tea may 

be attributed to the effect of EGCG in green tea. Indeed, four weeks 

of treatment with EGCG has lowered SBP in hypertensive animals 

in our study. This result is in line with a recent study that has shown 

that treatment with EGCG significantly reduced SBP in angiotensin 

Ⅱ-infused hypertensive mice[21] and SHR[22]. Although EGCG 

has been shown to exert an antihypertensive effect, its vascular 

protective mechanism is yet to be determined. 

  Hypertension is strongly associated with endothelial dysfunction[3]. 

A study done by Lau’s team showed that SBP and body weight have 
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been normalized and improved endothelial-dependent relaxation in 

C57BL/6 J tunicamycin-treated mice by 3′,4′-dihydroxyflavonol[23]. 

Another study also showed that a decrease in SBP is followed by 

an increase in endothelium-dependent relaxation[24]. Similarly, 

the present study demonstrated that a decrease in SBP of EGCG-

treated SHR is accompanied by an improvement in the endothelium-

dependent relaxation in SHR aorta. This is in line with a study done 

by Potenza and colleagues whereby 3 weeks of treatment with 

EGCG in SHR can improve vasodilation and insulin resistance 

by stimulating endothelial production of NO[25]. An experiment 

done by Mohd Sabri and colleagues has demonstrated that 14 

days of treatment with EGCG significantly improved impaired 

vasodilation induced by ACh in angiotensin Ⅱ-infused mice[21]. 

These studies imply that the improvement in vascular function may 

partly contribute to the decrease in SBP of the treated hypertensive 

animals. 

  NO is a highly reactive molecule that plays an important role in 

vascular homeostasis and blood pressure regulation[26]. The release 

of NO leads to the activation of sGC to produce cGMP in vascular 

smooth muscle to induce vasodilation[27]. The DAF fluorescence 

staining on the vascular tissues of the animals in the current study 

has indicated that there is an increase in the level of vascular NO in 

EGCG-treated SHR compared to untreated SHR control. In addition 

to this, the current study has shown that there is an elevated level of 

BH4 in SHR treated with EGCG. BH4 is a cofactor of eNOS that is 

essential in the production of endogenous NO to maintain normal 

endothelial function[28]. Depletion of BH4 resulted in the uncoupled 

state of eNOS and thus reduced NO bioavailability[29]. The elevated 

level of NO in SHR treated with EGCG is accompanied by an 

increase in the level of BH4 in this current study which is tallying 

with the work done by Zhang and colleagues. Zhang et al. have 

demonstrated that 10-50 µM of EGCG treatment elevated the 

expression of BH4 and eNOS (dimer) as well as increased NO 

production and attenuated ROS formation in high glucose-treated 

human umbilical vein endothelial cells[30]. Our current data imply 

that treatment with EGCG can increase the level of BH4 in the aortic 

tissues of hypertensive animals, leading to increased eNOS coupling 

and thus increasing production of the NO level. 

  The NO produced in the endothelium diffuses into the underlying 

smooth muscle cells and binds to the heme moiety of sGC. This 

leads to the production of cGMP and thus activates the cGMP-

dependent protein kinases and causes vascular relaxation[31]. In line 

with the increase in the level of vascular NO and BH4, an elevated 

level of cGMP was observed in SHR treated with EGCG. A previous 

study has shown oral administration of EGCG (100 mg/kg) after 2 h 

increased the plasma cGMP level in both male and female C57BL/6J 

mice[32]. Hence, our current finding implies that treatment with 

EGCG improves endothelial dysfunction partly via stimulation of 

the NO-sGC-cGMP pathway. 

  Excessive production of ROS leads to oxidative stress and 

subsequently causes vascular cell damage[33]. The current study 

has demonstrated that there is a lower DHE fluorescence intensity 

in aortic ring of EGCG-treated SHR. This indicates that EGCG 

can scavenge free radicals and reduce the formation of ROS. This 

result is in line with the result obtained from DAF staining whereby 

there is an increase in NO level following treatment of EGCG. An 

increase in total vascular NO level accompanied by a decrease in the 

production of ROS cumulatively leads to decreased oxidative stress, 

thus contributing to the increase in vasodilation which partly reduces 

the blood pressure of SHR. The current finding is in agreement with 

the finding of the previous study in which two weeks of treatment 

with EGCG in angiotensin Ⅱ-infused mice successfully reduced the 

DHE fluorescence intensity, indicating a decrease in ROS formation 

and oxidative stress[21]. 

  AT1 receptor is a major bioactive peptide in the RAAS and its 

activation by angiotensin Ⅱ leads to the increased activation of 

NOx[34]. Activation of NOx through the stimulation of AT1 receptor 

leads to the production of O2
− thus elevating the level of ROS 

and oxidative stress in vasculature[35]. Han showed the protective 

effect of EGCG in vascular endothelial cells via decreasing NOx 

expression[36]. However, there have been no studies on the effect 

of EGCG on the upstream of NOx activation. The current study 

showed treatment with EGCG reduced the expression of AT1 

receptor, albeit statistically insignificant, in aortic tissues of SHR 

compared to the untreated hypertensive animals. Hence, EGCG may 

also partly improve the endothelial function of SHR by attenuating 

AT1 receptor-dependent signaling pathway. 

  EGCG has been demonstrated to inhibit transcriptional activity of 

NF-κB-p65 in normal human bronchial epithelial cells[37]. It also 

suppresses inflammation by inhibiting NF-κB in human coronary 

artery endothelial cells[38]. Since binding of angiotensin Ⅱ to AT1 

receptor activates NF-κB which leads to increased level of oxidative 

stress, the beneficial effect of EGCG observed in this study may 

be attributed to NF-κB suppression induced by EGCG. Further 

study involving the measurement of the level of NF-κB will help to 

verify if treatment with EGCG suppresses NF-κB and thus improve 

endothelial function, leading to attenuation of elevated blood 

pressure. 

  Further, angiotensin Ⅱ-AT1 receptor binding activates the pro-

inflammatory transcription factor nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB), which is mediated by NOX-

derived ROS production and MAPK activation. 

  In summary, the findings from this study showed that EGCG 

improved endothelial dysfunction in hypertensive animals, 

accompanied by a decrease in oxidative stress and BH4-eNOS 

uncoupling and an increase in NO bioavailability. Besides, treatment 
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with EGCG also caused a decrease in the protein expression of 

vascular AT1 receptors. 

  Despite mixed outcomes from clinical trials of green tea and 

EGCG, the good safety profile of EGCG and its vasoprotective effect 

should provide new impetus to conduct preliminary investigations 

of the effectiveness of the polyphenol for treatment and prevention 

of hypertension. Besides, longer treatment durations of EGCG 

should be studied to investigate its long-term effect. Finally, other 

potential studies with EGCG should also examine other mechanisms 

including potential anti-inflammatory and the central actions of the 

polyphenol.     

Conflict of interest statement

  The authors declare no conflict of interest.

Acknowledgments

  The authors thank Universiti Tunku Abdul Rahman and Universiti 

Malaya for financial and material support.

Funding 

  This study was funded by the Universiti Tunku Abdul Rahman 

Research fund (IPSR/RMC/UTARRF/2019-C2/L08). 

Authors’ contributions

  YYYK and WCL performed the research and analyzed the data. 

WCL, SKL, and DDM designed the research study. WCL, SKL, and 

DDM contributed to essential reagents and tools. All authors wrote 

and reviewed the manuscript. 

References

[1] �Abbafati C, Abbas KM, Abbasi-Kangevari M, Abd-Allah F, Abdelalim 

A, Abdollahi M, et al. Global burden of 369 diseases and injuries in 204 

countries and territories, 1990-2019: A systematic analysis for the Global 

Burden of Disease Study 2019. Lancet 2020; 396(10258). doi: 10.1016/

S0140-6736(20)30925-9.

[2] �Miazgowski T, Kopec J, Widecka K, Miazgowski B, Kaczmarkiewicz A. 

Epidemiology of hypertensive heart disease in Poland: Findings from the 

Global Burden of Disease Study 2016. Arch Med Sci 2021; 17(4): 874-

880.

[3] �Gallo G, Volpe M, Savoia C. Endothelial dysfunction in hypertension: 

Current concepts and clinical implications. Front Med 2022; 8. doi: 

10.3389/fmed.2021.798958.

[4] �Medina-Leyte DJ, Zepeda-García O, Domínguez-Pérez M, González-

Garrido A, Villarreal-Molina T, Jacobo-Albavera L. Endothelial 

dysfunction, inflammation and coronary artery disease: Potential 

biomarkers and promising therapeutical approaches. Int J Mol Sci 2021; 

22(8). doi: 10.3390/ijms22083850.

[5] �Ataei Ataabadi E, Golshiri K, Jüttner A, Krenning G, Danser AHJ, Roks 

AJM. Nitric oxide-cGMP signaling in hypertension. Hypertension 2020; 

76(4). doi: 10.1161/hypertensionaha.120.15856.

[6] �Schmidt K, de Wit C. Endothelium-derived hyperpolarizing factor and 

myoendothelial coupling: The in vivo perspective. Front Physiol 2020; 11. 

doi: 10.3389/fphys.2020.602930.

[7] �Nappi F, Fiore A, Masiglat J, Cavuoti T, Romandini M, Nappi P, et 

al. Endothelium-derived relaxing factors and endothelial function: A 

systematic review. Biomedicines 2022; 10(11): 2884.

[8] �Janaszak-jasiecka A, Siekierzycka A, Płoska A, Dobrucki IT, Kalinowski 

L. Endothelial dysfunction driven by hypoxia—the influence of oxygen 

deficiency on no bioavailability. Biomolecules 2021; 11(7). doi: 10.3390/

biom11070982.

[9] �Migliato Martinelli A, Nascimento dos Santos Rodrigues C, Francisco 

de Moraes T, Jhonatan Rodrigues G. In endothelial cells, the activation 

or stimulation of soluble guanylyl cyclase induces the nitric oxide 

production by a mechanism dependent of nitric oxide synthase activation. 

J Pharm Pharm Sci 2018; 21(1): 38-45. doi: 10.18433/jpps29578.

[10]�Shaito A, Aramouni K, Assaf R, Parenti A, Orekhov A, Yazbi AE, et 

al. Oxidative stress-induced endothelial dysfunction in cardiovascular 

diseases. Front Biosci (Landmark Ed) 2022; 27(3). doi: 10.31083/

j.fbl2703105.

[11]�Förstermann U, Xia N, Li H. Roles of vascular oxidative stress and nitric 

oxide in the pathogenesis of atherosclerosis. Circ Res 2017; 120(4): 713-735. 

doi: 10.1161/CIRCRESAHA.116.309326.

[12]�Tejero J, Shiva S, Gladwin MT. Sources of vascular nitric oxide and 

reactive oxygen species and their regulation. Physiol Rev 2019; 99(1): 

311-379. doi: 10.1152/physrev.00036.2017.

[13]�Dai J, Liu R, Zhao J, Zhang A. Sulfur dioxide improves endothelial 

dysfunction by downregulating the angiotensin Ⅱ/AT1R pathway in 

D-galactose-induced aging rats. J Renin Angiotensin Aldosterone Syst 2018; 

19(2). doi: 10.1177/1470320318778898.

[14]�Birk M, Baum E, Zadeh JK, Manicam C, Pfeiffer N, Patzak A, et al. 

Angiotensin Ⅱ induces oxidative stress and endothelial dysfunction in 

mouse ophthalmic arteries via involvement of AT1 receptors and nox2. 

Antioxidants 2021; 10(8). doi: 10.3390/antiox10081238.

[15]�Prasanth MI, Sivamaruthi BS, Chaiyasut C, Tencomnao T. A review 

of the role of green tea (Camellia sinensis) in antiphotoaging, stress 

resistance, neuroprotection, and autophagy. Nutrients 2019; 11(2). doi: 



295Epigallocatechin-3-gallate improves endothelial dysfunction

10.3390/nu11020474.

[16]�Nain CW, Mignolet E, Herent MF, Quetin-Leclercq J, Debier C, 

Page MM, et al. The catechins profile of green tea extracts affects the 

antioxidant activity and degradation of catechins in DHA-rich oil. 

Antioxidants 2022; 11(9). doi: 10.3390/antiox11091844.

[17]�Mokra D, Joskova M, Mokry J. Therapeutic effects of green tea 

polyphenol (‒)-epigallocatechin-3-gallate (EGCG) in relation to 

molecular pathways controlling inflammation, oxidative stress, and 

apoptosis. Int J Mol Sci 2023; 24(1). doi: 10.3390/ijms24010340.

[18]�Qian BJ, Tian CC, Ling XH, Yu LL, Ding FY, Huo JH, et al. miRNA-

150-5p associate with antihypertensive effect of epigallocatechin-

3-gallate revealed by aorta miRNome analysis of spontaneously 

hypertensive rat. Life Sci 2018; 203: 193-202. doi: 10.1016/

j.lfs.2018.04.041.

[19]�Álvarez-Cilleros D, Ramos S, Goya L, Martín MÁ. Colonic metabolites 

from flavanols stimulate nitric oxide production in human endothelial 

cells and protect against oxidative stress-induced toxicity and endothelial 

dysfunction. Food Chem Toxicol 2018; 115: 88-97. doi: 10.1016/

j.fct.2018.03.006.

[20]�Zhong M, Peng J, Xiang L, Yang X, Wang X, Zhu Y. Epigallocatechin 

gallate (EGCG) improves anti-angiogenic state, cell viability, and 

hypoxia-induced endothelial dysfunction by downregulating high 

mobility group Box 1 (HMGB1) in preeclampsia. Med Sci Monit 2020; 

26. doi: 10.12659/MSM.926924.

[21]�Mohd Sabri NA, Lee SK, Murugan DD, Ling WC. Epigallocatechin 

gallate (EGCG) alleviates vascular dysfunction in angiotensin Ⅱ-infused 

hypertensive mice by modulating oxidative stress and eNOS. Sci Rep 

2022; 12(1): 17633. doi: 10.1038/s41598-022-21107-5.

[22]�Parn KW, Ling WC, Chin JH, Lee SK. Safety and efficacy of dietary 

epigallocatechin gallate supplementation in attenuating hypertension via 

its modulatory activities on the intrarenal renin–angiotensin system in 

spontaneously hypertensive rats. Nutrients 2022; 14(21). doi: 10.3390/

nu14214605.

[23]�Lau YS, Mustafa MR, Choy KW, Chan SMH, Potocnik S, Herbert TP, 

et al. 3′,4′-dihydroxyflavonol ameliorates endoplasmic reticulum stress-

induced apoptosis and endothelial dysfunction in mice. Sci Rep 2018; 

8(1). doi: 10.1038/s41598-018-19584-8.

[24]�Pan Y, Sun S, Wang X, Chen A, Fei X, Wang W, et al. Improvement of 

vascular function by knockdown of salusin-β in hypertensive rats via 

nitric oxide and reactive oxygen species signaling pathway. Front Physiol 

2021; 12. doi: 10.3389/fphys.2021.622954.

[25]�Potenza MA, Marasciulo FL, Tarquinio M, Tiravanti E, Colantuono G, 

Federici A, et al. EGCG, a green tea polyphenol, improves endothelial 

function and insulin sensitivity, reduces blood pressure, and protects 

against myocardial I/R injury in SHR. Am J Physiol Endocrinol Metab 

2007; 292(5): 1378-1387.

[26]�Cyr AR, Huckaby LV, Shiva SS, Zuckerbraun BS. Nitric oxide and 

endothelial dysfunction. Crit Care Clin 2020; 36(2): 307-321. doi: 

10.1016/j.ccc.2019.12.009. 

[27]�Ahmad A, Dempsey SK, Daneva Z, Azam M, Li N, Li PL, et al. Role of 

nitric oxide in the cardiovascular and renal systems. Int J Mol Sci 2018; 

19(9). doi: 10.3390/ijms19092605.

[28]�Gonçalves DA, Jasiulionis MG, de Melo FHM. The role of the BH4 

cofactor in nitric oxide synthase activity and cancer progression: 

Two sides of the same coin. Int J Mol Sci 2021; 22(17). doi: 10.3390/

ijms22179546.

[29]�Sen A, Singh A, Roy A, Mohanty S, Naik N, Kalaivani M, et al. Role 

of endothelial colony forming cells (ECFCs) tetrahydrobiopterin (BH4) 

in determining ECFCs functionality in coronary artery disease (CAD) 

patients. Sci Rep 2022; 12(1). doi: 10.1038/s41598-022-06758-8.

[30]�Zhang Z, Zhang D. (-)-epigallocatechin-3-gallate inhibits eNOS 

uncoupling and alleviates high glucose-induced dysfunction and 

apoptosis of human umbilical vein endothelial cells by PI3K/AKT/eNOS 

pathway. Diabetes Metab Syndr Obes 2020; 13: 2495-2504.

[31]�Golshiri K, Ataei Ataabadi E, Portilla Fernandez EC, Jan Danser AH, 

Roks AJM. The importance of the nitric oxide-cGMP pathway in age-

related cardiovascular disease: Focus on phosphodiesterase-1 and soluble 

guanylate cyclase. Basic Clin Pharmacol Toxicol 2020; 127(2): 67-80. 

doi: 10.1111/bcpt.13319.

[32]�Tanaka Y, Kumazoe M, Onda H, Fujimura Y, Tachibana H. Time-

dependent increase of plasma cGMP concentration followed by oral 

EGCG administration in mice. Food Biosci 2021; 41. doi: 10.1016/

j.fbio.2021.101017.

[33]�Chen Q, Wang Q, Zhu J, Xiao Q, Zhang L. Reactive oxygen species: Key 

regulators in vascular health and diseases. Br J Pharmacol 2018; 175(8): 

1279-1292. doi: 10.1111/bph.13828.

[34]�Murakami K. New components of the renin-angiotensin-aldosterone 

system and oxidative stress. J Hypertens (Los Angel) 2015; 4(4). doi: 

10.4172/2167-1095.1000211.

[35]�Salazar G. NADPH oxidases and mitochondria in vascular senescence. 

Int J Mol Sci 2018; 19(5). doi: 10.3390/ijms19051327.

[36]�Han SG. Protective effects of EGCG through inhibition of NADPH 

oxidase expression in endothelial cells. Food Sci Biotechnol 2014; 23(5): 

1611-1614.

[37]�Lakshmi SP, Reddy AT, Kodidhela LD, Varadacharyulu NC. The tea 

catechin epigallocatechin gallate inhibits NF-κB-mediated transcriptional 

activation by covalent modification. Arch Biochem Biophys 2020; 695. 

doi: 10.1016/j.abb.2020.108620.

[38]�Reddy AT, Lakshmi SP, Maruthi Prasad E, Varadacharyulu NC, 

Kodidhela LD. Epigallocatechin gallate suppresses inflammation in 

human coronary artery endothelial cells by inhibiting NF-κB. Life Sci 

2020; 258. doi: 10.1016/j.lfs.2020.118136.

Publisher’s note

  The Publisher of the Journal remains neutral with regard to 

jurisdictional claims in published maps and institutional affiliations. 


