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A B S T R A C T   

Vascular alterations induced by a high-fat diet (HFD) are involved in the development of hy-
pertension. Galangin, a flavonoid, is the major active compound isolated from galangal and 
propolis. The objective of this study was to investigate the effect of galangin on aortic endothelial 
dysfunction and hypertrophy, and the mechanisms involved in HFD-induced metabolic syndrome 
(MS) in rats. Male Sprague-Dawley rats (220–240 g) were separated into three groups: control +
vehicle, MS + vehicle, and MS + galangin (50 mg/kg). Rats with MS received HFD plus 15% 
fructose solution for 16 weeks. Galangin or vehicle was orally administered daily for the final four 
weeks. Galangin reduced body weight and mean arterial pressure in HFD rats (p < 0.05). It also 
reduced circulating fasting blood glucose, insulin, and total cholesterol levels (p < 0.05). 
Impaired vascular responses to the exogenous acetylcholine observed in the aortic ring of HFD 
rats were restored by galangin (p < 0.05). However, the response to sodium nitroprusside did not 
differ between the groups. Galangin enhanced the expression of the aortic endothelial nitric oxide 
synthase (eNOS) protein and increased circulating nitric oxide (NO) levels in the MS group (p <
0.05). Aortic hypertrophy in HFD rats was alleviated by galangin (p < 0.05). Increases in tumour 
necrosis factor-alpha (TNF-α), interleukin (IL)-6 levels, angiotensin-converting enzyme activity 
and angiotensin II (Ang II) concentrations in rats with MS were suppressed in galangin treated 
group (p < 0.05). Furthermore, galangin reduced the upregulation of angiotensin II type I re-
ceptor (AT1R) and transforming growth factor-beta (TGF-β) expression in rats with MS (p <
0.05). In conclusion, galangin alleviates metabolic disorders and improves aortic endothelial 
dysfunction and hypertrophy in the MS group. These effects were consistent with increased NO 
availability, reduced inflammation, and suppressing Ang II/AT1R/TGF-β signalling pathway.   

1. Introduction 

Five major components, namely high blood pressure, impaired glucose metabolism, obesity, insulin resistance, and dyslipidaemia, 
are classified as signs of MS [1]. The prevalence of MS is high worldwide, approximately from 25 to 35% in the adult population and a 
2-fold increase in the risk of cardiovascular disease and a 1.5-fold increase in all-cause mortality [2–4]. Insulin resistance can cause 
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endothelial dysfunction because impairment of the insulin signalling pathway decreases NO production in the vascular endothelium 
[5,6]. Accumulating evidence indicates that impairment of endothelial function is the major cause of vascular disease in patients with 
MS [1,7]. In diet-induced rodent models of MS, a blunted endothelial response to vasoactive agents associated with a reduction in nitric 
oxide production has been observed [8,9]. Furthermore, thickening of the aortic wall and aortic remodelling has been observed in 
these animal models [10]. The underlying biological mechanisms of the vascular alterations observed in rats with MS are mediated by 
decreased endothelial nitric oxide synthase (eNOS) protein expression [11]. Recently, hypertrophy of the aorta, carotid artery, renal 
artery, and mesenteric artery, and dysfunction of aortic rings have been confirmed in rats fed a high-fat/high-fructose diet, which is 
associated with reduced eNOS protein expression and nitric oxide availability [12]. 

Chronic low-grade inflammation is an important factor in the pathogenesis of MS. It is also associated with insulin resistance and 
vascular complications [13]. Rats with MS induced by a high-fat diet (HFD) show an accumulation of visceral adipose tissue that 
releases high levels of pro-inflammatory cytokines, such as tumour necrosis factor-alpha (TNF-α), C-reactive protein (CRP), and 
interleukin (IL)-6. These cytokines subsequently activate insulin resistance, vascular dysfunction and hypertrophy [14]. Vascular 
events present in MS are also linked to the overactivation of the renin-angiotensin system (RAS). Substantial evidence has revealed that 
the elevation of systemic RAS components in rats with MS [15] is associated with endothelial dysfunction and hypertension [16]. 
Moreover, the activation of angiotensin-converting enzyme (ACE), angiotensin II (Ang II), and Ang II type I receptor (AT1R) 
axis-mediated cardiovascular hypertrophy has been established [17–20]. Transforming growth factor-beta (TGF-β) is an essential 
component of RAS that induces vascular smooth muscle cell hypertrophy [21]. This is supported by the overexpression of protein 
AT1R/TGF-β in tissues isolated from patients with aortic hypertrophy [22]. 

The beneficial effects of natural dietary flavonoids on MS management have been studied extensively. Galangin (an essential 
flavonoid) is a bioactive compound isolated from Alpinia officinarum (Galangal) and propolis [23,24]. Its chemical structure is 7-tri-
hydroxyflavone, with hydroxyl groups at positions 3 and 5, as shown in Fig. 1 [25]. Galangin has been reported as an antioxidant 
substance in the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [24]. In addition, galangin exhibits several biological activities, such as 
anti-inflammatory, neuroprotective, blood glucose reduction, and anti-hypertension [26–28]. The anti-cancer properties of galangin 
have been observed because it can enhance apoptosis of hepatocellular carcinoma (HCC) cells via regulation of Bcl-2 apoptosis protein 
[29]. Galangin also attenuated insulin resistance and kidney damage induced by a high-fructose diet in rats [30]. However, little 
information regarding the effect ganlangin on vascular abnormalities has been reported in MS rats. The objective of this study was to 
evaluate whether galangin could improve aortic dysfunction and hypertrophy, inflammation, and RAS activation in rats with MS. 

2. Materials and methods 

2.1. Chemicals 

Galangin was obtained from Aktin Chemicals, Inc. (Mianyang City, Sichuan, China). The remaining chemicals and solvents were of 
analytical grade and purchased from standard companies. 

2.2. Induction of metabolic syndrome and study protocols 

Six-week-old male Sprague-Dawley rats (220–260 g), were supplied by Nomura Siam International Co., Ltd. (Bangkok, Thailand) 
and were accommodated in the animal house (temperature 23 ± 2 ◦C, 12 h dark-light cycle). All animal procedures were performed in 
accordance with the ethical guidelines for the Care and Use of Laboratory Animals, approved by the Animal Ethics Committee of Khon 
Kaen University (IACUC-KKU-74/62), Thailand. The high-fat diet was prepared by a mixture of standard chow diet, lard, condensed 
milk, fructose and mixed salt. The composition of a HFD were 24.29 g fat/100 g, 13.25 g protein/100 g, and 46.3 g carbohydrates/100 
g, which was verified by the Central Lab Thai (Central Laboratory (Thailand) Company Limited, Khon Kaen, Thailand). The MS in rats 
was induced by feeding them HFD. Rats in the MS group also received a 15% fructose solution while control rats received a standard 
chow diet (5.72 g fat/100 g, 22.9 g protein/100 g, and 57.81 g carbohydrates/100 g) and tap water. At week 12 of the experimental 
period, rats fed with a HFD were subdivided into the MS group which received propylene glycol as a vehicle (n = 8/group) and MS- 

Fig. 1. Chemical structure of galangin [25].  
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treated group which received galanin at a dose of 50 mg/kg by oral gavage for the final four weeks of the experiment. Control rats 
received a standard chow were also received propylene glycol (0.15 mL/100 mg) as the vehicle. Therefore, there are three experi-
mental groups in this study as follows;  

Group I Control + vehicle (propylene glycol, 0.15 mL/100 mg)                                                                                                               

Group II MS + vehicle (propylene glycol, 0.15 mL/100 mg)                                                                                                                   

Group III MS + GL 50 (galangin, a dose 50 mg/kg)                                                                                                                               

2.3. Mean arterial pressure and metabolic parameter measurements 

The rats’ body weights (BW) and blood pressures were recorded at the end of the experimental day. The rats were anaesthetized by 
intraperitoneal injection of thiopental sodium (50 mg/kg). A polyethylene tube connected to a pressure transducer was inserted into 
the left femoral artery. The baseline parameters of blood pressure were continuously monitored for 30 min and mean arterial blood 
pressure (MAP) was recorded using Acknowledge Data Acquisition software (Biopac Systems Ins., Santa Barbara, CA, USA). Blood 
samples were collected for biochemical analysis, which included measurement of the levels of triglycerides (TG), total cholesterol (TC), 
and high-density lipoprotein cholesterol (HDL-c), as well as fasting blood glucose (FBG), insulin, and other lipid profile parameters. 
FBG levels were measured using a glucometer (Roche Diagnostics GmbH, Mannheim, Germany). A commercial enzyme-linked 
immunosorbent assay (ELISA) kit (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was used to measure fasting serum insulin 
levels according to the recommended protocols. Analytical kits (Human Gesellschaft fuer Biochemica and Diagnostica mbH, Wies-
baden, Germany) were used to examine the lipid profiles according to the manufacturer’s instructions. 

2.4. Assessment of vascular responses to vasoactive agents in mesenteric vascular beds and aortic rings 

After exsanguination, the mesenteric vascular beds and aortas were quickly removed from the rats. The physiological Krebs’ so-
lution was infused into the mesenteric beds at a flow rate of 5 mL/min, while they were placed in a humid chamber (37 ◦C). Different 
doses of acetylcholine (ACh, 1 nM-0.01 mM) or sodium nitroprusside (SNP, 1 nM-0.01 mM) were injected into the preparations to 
assess the vascular function of the small arteries after raising the tone with methoxamine. The vascular responses to vasoactive agents 
of the preparations were detected as change in mean perfusion pressure (mmHg) by using a pressure transducer, and recorded via the 
BIOPAC System (BIOPAC Systems Inc., California, USA). Another set of experiments involved cleaning, slicing, and incubating the 
thoracic aorta in a 15 mL bath of physiological Krebs’ solution. To measure vascular function in conduit arteries, the ring was then 
toned up with phenylephrine (10 μM) before adding ACh (0.01–3 μM) or SNP (0.01–3 μM), respectively [8]. 

2.5. Assays of angiotensin II level and angiotensin converting enzyme activity 

An Ang II Enzyme Immunoassay (EIA) kit was used to measure the concentration of plasma Ang II (RAB0010-1 KT, St. Louis, MO, 
USA). Using a fluorescence assay, a previously described technique [31] was modified to measure the serum ACE activity. Hippur-
yl-L-histidyl-L-leucine (HHL) was briefly mixed with serum in assay buffer (20 mM sodium borate and 0.3 M NaCl, pH 8.3). After 30 
min at 37 ◦C, NaOH was added to halt the reaction. O-Phthaldialdehyde (OPA) was used to label the reaction product, which was then 
read using a Varioskan LUX multimode microplate reader (Thermo Fisher Scientific Inc., Waltham, MA, USA) at the wavelength 450. 
ACE activity was expressed as mU/mL. 

2.6. Plasma nitric oxide metabolites (NOx) measurements 

Using the Griess reaction and enzymatic conversion method, the plasma NOx concentration was measured [32]. Briefly, the 
samples were deproteinised, and the supernatant was treated with converting enzymes before reacting with Griess solution. The 
absorbance of the samples was measured using an ELISA plate reader with a filter wavelength of 540 nm (Tecan GmbH., Grodig, 
Australia). 

2.7. Immunohistochemical staining of aortic rings 

The expression of TNF-α and IL-6 in aortic sections was observed in all groups of rats using an immunohistochemical technique, as 
previously described [33]. Mouse anti-TNF-α IgG (1:500), or mouse anti-IL-6 IgG (1:500) (Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA, USA) followed by goat anti-mouse IgG (HRP) (Ab8436, 1:1000, Abcam Plc, Cam-bridge, U.K) were used as primary and secondary 
antibodies, respectively. The tissues were counterstained with haematoxylin, and 3,3′-diaminobenzidine (DAB) served as a positive 
control. Using Image-Pro Plus 6 software (Media Cybernetics, Inc., Rockville, MD, USA), the stained sections were photographed, and 
the levels of TNF- and IL-6 expression were counted and reported as a percentage of the relative stained areas. Morphometric analysis 
of aortic rings was performed using ImageJ morphometric software (National Institutes of Health, Bethesda, MD, USA). Eight different 
fields in each sample were quantified to determine wall thickness, media/lumen ratio, and vascular smooth muscle cells (VSMCs). The 
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thickness of the arterial wall was determined from the distance between endothelium and the outer layer of tunica media. Arterial wall 
thickness was measured every 15 intervals around the vessel circumference. The wall cross-sectional area (CSA) was calculated using 
the difference between the value of the external circumferential area of the vessel and the lumen. The lumen diameter was calculated 
by this equation; 

Luminal area= πr2 equation (1)  

r=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Luminal

√
area

π equation (2)  

Where 2r is the luminal diameter 
In addition, the vascular smooth muscle cells (VSMCs) number was counted and calculated by the ImageJ-Pro plus 6 software 

(Media Cybernetics, Inc., Rockville, MD, USA), using the following formula. The number of nucleuses per area were obtained from 20X 
image whereas aortic CSA was obtained from 4X image. 

[
Number of nucleus (cells)

Area (μm2)

]

x CSA
(
μm2)

2.8. Angiotensin II type 1 receptor (AT1R), transforming growth factor beta (TGF-β) and eNOS protein expression measurements 

Western blotting was used to assess the protein expression of AT1R, TGF-, and eNOS in aortic tissue. Homogenised aortic tissue was 
electrophoresed on Sodium Dodecyl Sulfate polyacrylamide gel electrophoresis. Proteins were electrotransferred onto a poly-
vinylidene difluoride membrane and blocked for 2 h at room temperature (25 ◦C) with 5% bovine serum albumin in Tris-buffered 
saline with 0.1% Tween 20. The next step was overnight incubation at 4 ◦C with mouse monoclonal antibodies to AT1R, TGF-, or 
eNOS [(610296), 1:250, BD Transduction Laboratories, CA, USA] (sc-515884, 1:500, sc-52893, 1:1000, Santa Cruz Biotechnology, 
Inc., Dallas, Texas, USA). Following the incubation period, the membrane was washed three times with Tris-Buffered Saline Tween- 

Fig. 2. Effect of galangin on body weight (A) fasting blood glucose (B) serum insulin (C), total cholesterol (D), triglyceride (E) HDL-c (F) and mean 
arterial pressure (G) in all groups of rats. Data are expressed as mean ± SEM. ap < 0.05 vs control, bp < 0.05 vs MS (n = 8/group). HDL-c, high 
density lipoprotein-cholesterol; MS + vehicle, metabolic syndrome rats received vehicle; MS + GL50, metabolic syndrome rats treated with galangin 
at a dose of 50 mg/kg. 
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20and incubated for 1–2 h at room temperature (25 ◦C) with a horseradish peroxidase-conjugated secondary antibody at the 
appropriate concentration. The signals were developed using Immobilon Forte Western HRP Substrate (EMD Millipore Corp., Bur-
lington, MA, USA) and detected using Amersham Imager 600 (GE Healthcare Life Science, Uppsala, Sweden). The intensity of the 
protein bands was normalised to that of β-actin. Bands are expressed as a percentage of the values compared to the control group from 
the same gel [8]. 

2.9. Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM), n = 8. One-way analysis of variance (ANOVA) followed by Tukey’s 
test was used to analyse differences among the groups. In addition, the vascular responses to vasoactive agents were analyzed using 
two-way ANOVA with Tukey’s post-hoc test. A p-value of less than 0.05 indicates that the results are statistically significant. 

3. Results 

3.1. Effect of galangin on components of MS in rats with MS 

All components of MS, including hyperglycaemia, dyslipidaemia, obesity, and high blood pressure, were statistical significantly in 
rats fed the HF diet compared to control rats (Fig. 2, p < 0.05). Supplementation with galangin significantly reduced BW, FBG, serum 
insulin, TC, triglycerides, and mean arterial pressure, and increased HDL-c levels in MS + GL50 compared to MS + vehicle (p < 0.05). 

3.2. Galangin improved vascular function in rats with MS 

A reduction in endothelium-dependent vasorelaxation was observed in rats with MS since the response to ACh was blunted in 
mesenteric vascular beds (Fig. 3A) and aortic rings (Fig. 4 A) isolated from the MS + vehicle rats compared to those of the control rats 
(p < 0.05). Treatment with galangin significantly improved endothelial function by restoring vasodilation in response to ACh (p <
0.05) in the MS + GL50 rats. However, there was no significant difference in the vasorelaxation responses to SNP among the groups 
(Figs. 3B and 4B). The representative tracing of isolated mesenteric vascular beds (Fig. 3C) and aortic rings (Fig. 4C) are shown. 

Fig. 3. Effect of galangin on vascular responses to exogenous ACh (A) and SNP (B) in mesenteric vascular bed of all groups of rats. Representative 
tracing of isolated mesenteric vascular beds (C). Data are expressed as mean ± SEM. ap < 0.05 vs control, bp < 0.05 vs MS + vehicle (n = 8/group). 
ACh, acetylcholine; SNP, sodium nitroprusside; MS + vehicle, metabolic syndrome rats received vehicle; MS + GL50, metabolic syndrome rats 
treated with galangin at a dose of 50 mg/kg. 
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3.3. Galangin restored plasma nitric oxide metabolites and eNOS protein expression in MS rats 

Levels of plasma NOx accompanied by the downregulation of eNOS protein expression in the aortic tissue was significantly low in 
the MS + vehicle group compared to that in the control group (p < 0.05, Fig. 5A and B). Administration of galangin significantly 
elevated both plasma NOx levels and eNOS protein expression compared to those in MS + vehicle (p < 0.05). 

3.4. Galangin alleviated vascular remodelling and inflammation in MS rats 

Increases in aortic wall thickness and VSMCs number were observed in the aortic tissue collected from MS + vehicle rats (Fig. 6A, B, 
and C, p < 0.05). Media/lumen ratio did not differ among groups (Fig. 6B). Galangin supplementation for four weeks alleviated aortic 
hypertrophy, the increased aortic wall thickness and VSMCs number, compared to that in the MS + vehicle group (p < 0.05). In 
addition, the expression of proinflammatory cytokines, including TNF-α and IL-6, was increased in the aortic tissue of MS + vehicle rats 
compared with that in control rats (Fig. 6, p < 0.05). However, all these abnormalities were alleviated by treatment with galangin 
when compared to MS + vehicle, as shown in Fig. 7A and B. 

Fig. 4. Effect of galangin on vascular responses to exogenous ACh (A) and SNP (B) in the thoracic aorta of all groups of rats. The representative 
tracing of isolated aortic rings (C). Data are expressed as mean ± SEM. ap < 0.05 vs control, bp < 0.05 vs MS + vehicle (n = 8/group). ACh, 
acetylcholine; SNP, sodium nitroprusside; MS + vehicle, metabolic syndrome rats received vehicle; MS + GL50, metabolic syndrome rats treated 
with galangin at a dose of 50 mg/kg. 

Fig. 5. Effect of galangin on plasma NOx level (A) and eNOS protein expression in the aorta (B) of MS rats. ap < 0.05 vs control, bp < 0.05 vs MS (n 
= 7/group). NOx; nitric oxide metabolites; eNOS, endothelial nitric oxide synthase; MS + vehicle, metabolic syndrome rats received vehicle; MS +
GL50, metabolic syndrome rats treated with galangin at a dose of 50 mg/kg. 
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3.5. Galangin alleviated ACEactivity and reduced Ang II level in rats with MS 

Elevated serum ACE activity and plasma Ang II levels were observed in MS + vehicle rats compared to those in control rats (p <
0.05). Galangin supplementation significantly reduced ACE activity and Ang II concentration in MS + GL50 rats when compared to MS 
+ vehicle rats, as shown in Fig. 8A and B (p < 0.05). 

3.6. Galangin suppressed AT1R and TGF-β protein expression in MS rats 

There were significant increases in AT1R (Fig. 9A) and TGF-β (Fig. 9B) protein expression levels in the aortic tissue of the MS +
vehicle rats when compared with control rats (p < 0.05). This over-expression of AT1R and TGF-β was normalised in MS + vehicle rats 
that were treated with galangin supplementation (MS + GL50), as shown in Fig. 9A and B (p < 0.05). 

4. Discussion 

The main finding of this study was that galangin alleviated hypertension in rats with MS. Impairment of aortic endothelial function 
with reduction in eNOS protein expression and plasma NOx were normalised by galangin supplementation. Galangin treatment also 
suppressed the increase in aortic wall thickness and smooth muscle cell number induced by HFD in rats. The immunohistochemical 
assay showed overexpression of TNF-α and IL-6 proteins in rats with MS, which were attenuated by galangin treatment. Furthermore, 
galangin reduced systemic RAS overactivation and upregulation of the AT1R/TGF-β signalling pathway induced by HFD in rats. 

In this study, rats that consumed a HFD for 16 weeks had increased body weight, blood pressure, and high systemic concentrations 
of insulin, glucose, and lipids. Long-term excessive consumption of a HFD has been known to cause metabolic disorders [34]. HFD can 
increase visceral fat accumulation and free fatty acids, which are responsible for insulin resistance and hyperglycaemia [35,36]. 
Galangin supplementation ameliorated HFD-induced MS in this study, which may be a consequence of its effect on the reduction of BW 
and lipid levels. Vascular complications such as aortic endothelial dysfunction and hypertrophy were observed in HFD feeding rats 
[37]. Under physiological conditions, food intake and energy output can determine the energy balance. The rat food intake in this 
investigation was unaffected by galangin. Hence, galangin’s ability to lower BW in HFD rats may be mediated by an increase in energy 
output. In a prior study, galangin-containing ginger extract was shown to reduce rat weight gain by boosting energy expenditure [38]. 
The hypolipidemic effect of galangin was supported the previous report that galangin exhibited an inhibitory effect on pancreatic 
lipase activity [39]. Galangin reduced lipogenesis by inhibiting SEREP1c mRNA expression [38]. In this study, galangin raised HDL-c 

Fig. 6. Morphometric data including aortic wall thickness (A), Media/lumen ratio (B) and vascular smooth muscle cell number (VSMC, C) of aorta 
in all the experimental groups. Data are expressed as mean ± SEM. ap < 0.05 vs control, bp < 0.05 vs MS (n = 7/group). VSMCs, vascular smooth 
muscle cells; MS + vehicle, metabolic syndrome rats received vehicle; MS + GL50, metabolic syndrome rats treated with galangin at a dose of 50 
mg/kg. 

P. Pakdeechote et al.                                                                                                                                                                                                  



Heliyon 9 (2023) e16500

8

Fig. 7. Representative images of TNF-α (A, upper row) and IL-6 (A, lower row) protein expression in aortic tissue of all groups of rats. Quantitative 
data of TNF-α (B) and IL-6 (C) in aortic ring in HF diet-induced MS rats. Data are expressed as mean ± SEM. ap < 0.05 vs control, bp < 0.05 vs MS (n 
= 7/group). TNF-α, tumour necrosis factor alpha; IL-6, interleukin 6; MS + vehicle, metabolic syndrome rats received vehicle; MS + GL50, 
metabolic syndrome rats treated with galangin at a dose of 50 mg/kg. 

Fig. 8. Effect of galangin on serum ACE activity (A) and plasma angiotensin II levels (B) in HF diet-induced MS in rats. Data are expressed as mean 
± SEM. ap < 0.05 vs control, bp < 0.05 vs MS (n = 7/group) ACE, angiotensin converting enzyme; MS + vehicle, metabolic syndrome rats received 
vehicle; MS + GL50, metabolic syndrome rats treated with galangin at a dose of 50 mg/kg. 
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levels in HFD rats accompanied by the previous study [28]. They suggested that galangin may increase the lecithin cholesterol acyl 
transferase enzyme activity [28]. Furthermore, reduced TG concentration may be mediated by the reduction of cholesteryl ester 
transfer protein activity, which may enhance HDL-c concentration in HFD rats [40]. Galangin alleviated insulin resistance in HepG2 
cells through the regulation of the intracellular insulin transduction pathway [41]. Galangin exhibited a dipeptidyl peptidase-4 
inhibitory activity responsible for its anti-hyperglycemic effects [42]. The action of galangin on improving insulin sensitivity and 
FBG in the present study was associated with its anti-inflammatory activity (reduction of TNF-α and IL-6 expression) since inflam-
mation is one of the major causes of insulin resistance in metabolic syndrome [43]. 

The results showed impairment of vascular reactivity to acetylcholine, but a normal response to SNP in rats in the MS group 
indicated endothelial dysfunction. These vascular abnormalities are known to increase total peripheral resistance and hypertension. 
Our findings were consistent with the previous report in rats with MS, the responses to acetylcholine in both conduit and resistance 
vessels were reduced [8], as supported by evidence in patients with MS who exhibited blunted responses to endothelium-dependent 
vasodilator, and not to nitric oxide donor. Endothelial dysfunction in these patients is due to the low concentration of circulating NO 
[44]. Galangin improved aortic function in rats with MS owing to increased circulating NO and aortic eNOS protein expression. 
Substantial evidence confirms the association between insulin resistance and endothelial dysfunction in rats with MS. Insulin can 
enhance eNOS expression via PI-3 kinase; thus, insulin resistance may have an opposing effect and reduce endothelial NO production 
[45,46]. Therefore, this study suggests that galangin improves insulin sensitivity and subsequently enhances eNOS protein expression 
and NO production in rats fed a HFD. 

Elevation of inflammatory cytokines is characterised by metabolic disorders. It primarily contributes to insulin resistance and 
vascular changes in HFD-induced MS [14]. The immunohistochemical results showed high expression of TNF-α and IL-6 in the aorta, as 
well as thickening of the aortic wall in rats with MS. Several studies have reported that inflammation is a major cause of insulin 
resistance in patients with MS [47,48]. Galangin reduced aortic inflammation and hypertrophy in the MS group. A previous study 
showed that galangin can alleviate insulin resistance and systemic inflammation in rats with MS [49]. Aortic hypertrophy develops as 
an adaptive response to increased mechanical stress in the vessel wall due to hypertension [50]. In addition, RAS plays a crucial role in 
vascular hypertrophic development [17]. Elevation of RAS components, such as AEC activity and Ang II concentrations, induced by a 
HFD in rats was observed in the present study. Accumulating data indicate that leptin, a hormone released from adipose tissue, can 
activate RAS in obese mice [51,52]. Ang II binds to its receptor AT1R to mediate vasoconstriction and vascular hypertrophy [53]. 
Western blot analysis showed upregulation of AT1R/TGF-β protein expression in aortic tissue. This indicates that activation of the Ang 
II/AT1R/TGF-β signalling pathway was involved in aortic hypertrophy in this study. Furthermore, galangin-normalised aortic hy-
pertrophy associated with suppression of RAS activation was reported in HFD-fed rats in this study. Therefore, at least two main 
mechanisms can be proposed for the action of galangin in reducing RAS activation: 1) galangin reduced circulating leptin concen-
tration [49] and 2) galangin had an inhibitory effect on ACE activity. 

However, this study does have some limitations. For example, the effect of galangin on adipose tissue inflammation and hyper-
trophy, which could explain the source of inflammation and leptin, has not been investigated. The underlying mechanisms of gal-
angin’s effects on dyslipidemia and blood glucose have not been studied. Furthermore, the expression of eNOS phosphorylation to 
confirm the active form of eNOS protein has not been verified. 

In conclusion, galangin mitigated aortic endothelial dysfunction in rats with MS by enhancing eNOS protein expression and NO 
concentration. It also alleviated aortic hypertrophy by reducing ACE activity and the Ang II/AT1R/TGF-β signalling pathway in rats 

Fig. 9. Effect of galangin on protein expressions of AT1R (A) and TGF-β (B) in aorta in HF diet-induced MS rats. Data are expressed as mean ± SEM. 
ap < 0.05 vs control, bp < 0.05 vs MS (n = 4/group). AT1R, angiotensin II receptor type I; TGF-β, transforming growth factor beta; MS + vehicle, 
metabolic syndrome rats received vehicle; MS + GL50, metabolic syndrome rats treated with galangin at a dose of 50 mg/kg. 
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with MS. 
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