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Finger Millet Ethanol Extracts Prevent Hypertension by
Inhibiting the Angiotensin-Converting Enzyme Level and
Enhancing the Antioxidant Capacity in Spontaneously
Hypertensive Rats
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Abstract: Finger millet (Eleusine coracana) contains high levels of calcium and polyphenols, which
have a variety of beneficial functions. We tested the hypothesis that finger millet ethanol extracts
(FEs) have an antihypertensive effect in spontaneously hypertensive rats (SHRs). The study groups
were assigned as follows: (1) Wistar Kyoto rats (normal); (2) SHRs treated with saline (negative
control); (3) SHRs treated with captopril 50 mg/kg bw (positive control); (4) SHRs treated with FE
250 mg/kg bw (FE250); and (5) SHRs treated with FE 500 mg/kg bw (FE500). FE supplementation
improved the lipid profiles, including the triglyceride, total cholesterol, and low-density lipoprotein
cholesterol levels, without deterioration in liver function. The thiobarbituric acid reactive substance
concentration and superoxide dismutase activity significantly improved after the application of
FE250 and FE500. Interestingly, FE250 and FE500 application dramatically reduced the systolic
blood pressure. FE supplementation exhibited powerful control over the renin-angiotensin system
by reducing the angiotensin-converting enzyme levels and renin mRNA expression in the kidney.
Additionally, FE500 application ameliorated vascular remodeling, reversed the thickening media,
and decreased the media thickness/lumen diameter ratio of the aorta. These results imply that
FEs are a potent antihypertensive nutraceutical for regulating the renin–angiotensin system and
simultaneously inhibiting oxidative stress.
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1. Introduction

Hypertension is a major cause of disease worldwide [1]. As the blood pressure remains
high, the vascular tone increases, and vasoconstriction dysfunction occurs, leading to the
need for revascularization [2,3]. The principal causes of hypertension are largely unknown
in 80% of patients; this condition is known as essential hypertension [4]. Active research
has been conducted to elucidate the association between the blood pressure and oxidative
stress. Reactive oxygen species (ROS) production increases in patients with primary
hypertension, and excessive ROS induces severe oxidative stress in the kidney and aorta [5].
Moreover, some previous studies have demonstrated a reduction in the blood pressure
owing to changes in antioxidant capacity. For instance, antioxidants decrease the blood
pressure remarkably by improving the impaired endothelium-dependent relaxation in
spontaneously hypertensive rats (SHRs) [6]. Taken together, the antihypertensive effect can
be promoted through the mechanism by which natural antioxidants restrain free radicals
and ROS.
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Angiotensin-converting enzyme (ACE) is a major target for hypertension in the renin–
angiotensin-aldosterone system. It converts angiotensin I into angiotensin II, which causes
vasoconstriction and blood pressure elevation [7]. For this reason, synthetic ACE inhibitors,
such as captopril and enalapril, are mainly used to treat hypertension. However, ACE
inhibitors have various side effects, including coughs and skin rashes [8]. Accordingly,
interest in finding natural nutraceuticals with ACE-inhibitory activities has recently increased.

Finger millet (Eleusine coracana) is a nutritious crop because of its high calcium and
polyphenol contents [9]. Previous studies discovered that finger millet seed ethanol extract
was rich in phytochemicals such as phenols, tannins, and alkaloids [10]. Moreover, the
high antioxidant properties of finger millet ethanol extract were confirmed by scavenging
DPPH and ABTS cation radicals [11]. Moreover, it has been reported to have various health
benefits, including antitumorigenic, atherosclerogenic, and antimicrobial activities [12,13].
For instance, finger millet improved the glucose levels and antioxidant capacity in a diabetic
rat model [14]. Similarly, finger millet protected rats from hyperglycemic and oxidative
stresses [15]. As such, the beneficial function of finger millet is explained, along with its
high antioxidant capacity.

Nonetheless, the antihypertensive effects of finger millet have not been studied in vivo.
Therefore, we hypothesized that finger millet ethanol extracts (FEs) would have the po-
tential to regulate hypertension. The underlying mechanism of FEs is the regulation of
ACE level in the renin–angiotensin system by increasing the systemic antioxidant capacity.
We used SHRs to test this hypothesis. We examined the growth performance, blood bio-
chemistry assay findings, thiobarbituric acid reactive substance (TBARS) concentration,
superoxide dismutase (SOD) activity, and vascular remodeling and explored the molecular
phenotype by measuring the mRNA expression of renin in the kidney.

2. Materials and Methods
2.1. Diets and Animals

Finger millet (Eleusine coracana, Finger 1-ho) was obtained from the National Institute
of Crop Science (Rural Development Administration, Suwon, Korea). It was ground into a
powder form using a blender. The finger millet powder was then mixed with 100% ethanol
and stirred overnight at room temperature. The extract was filtered using a filter paper
(Advantec No. 2, Advantec Toyo Kaisha Ltd., Tokyo, Japan), concentrated using a rotary
evaporator (Eyela NE-2001, Tokyo Rikakikai Co., Tokyo, Japan) below 50 ◦C, and stored at
−80 ◦C for further experiments.

Six-week-old male Wistar Kyoto (WKY) rats and SHRs were purchased from Central
Lab Animal Inc. (Seoul, Korea). All experimental animals were housed at 24 ± 2 ◦C and a
relative humidity of 50 ± 20% with a 12-h light/dark cycle. For the experimental period,
the rats were fed a standard diet (SAFE A40, SAFE Inc., Augy, France) and water ad libitum.
All experimental procedures were approved by the Institutional Animal Care and Use
Committee of the Center at Woojung Bio (Suwon, Korea) under the approval number
WJIACUC20200326-1-41.

After one week of acclimation, the rats were assigned to the five groups (n = 6):
(1) WKY rats treated with saline (WKY, normal control); (2) SHRs treated with saline
(SHR, negative control); (3) SHRs treated with 50 mg/kg bw of captopril (Captopril,
positive control); (4) SHRs treated with 250 mg/kg bw of FE (FE250); or (5) SHRs treated
with 500 mg/kg bw of FE (FE500). Antihypertensive studies in animals administered
with FEs have not yet been conducted. Thus, the experimental dosage was selected by
citing a similar previous study in which 250 and 500 mg/kg of pearl millet extracts were
administered to rats to evaluate the blood-pressure-lowering effect [16]. All experimental
animals received their respective treatments via oral administration of samples dissolved
with 0.5% carboxymethyl cellulose (Sigma-Aldrich, St. Louis, MO, USA) for 8 weeks. After
a 12 h fast, rats were anesthetized using 2% isoflurane (2 L/min). Rats were sacrificed and
the kidneys and aorta were harvested immediately. These samples were stored at −80 ◦C
until analysis.
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2.2. Growth Performance Analysis

Body weight and food intake were measured weekly. Weight gain was calculated by
subtracting the initial weight from the final weight.

2.3. Blood Pressure Measurement

Once a week, the systolic (SBP) and diastolic blood pressures (DBP) were recorded
by noninvasive tail-cuff method using LE 5002 (Panlab Inc., Barcelona, Spain). A tail-cuff
sensor, attached to an amplifier, was connected to the tail. The blood pressure measurement
was carried out three times.

2.4. Blood Biochemistry Assay

Blood was collected from the caudal vena cava to obtain serum and plasma. The
serum levels of aspartate aminotransferase (AST) and alanine transaminase (ALT) were
determined using a kits (Asan Pharmaceutical, Seoul, Korea). In addition, the profiles of
plasma triglyceride (TG), total cholesterol (TC), and low-density lipoprotein cholesterol
(LDL-C) levels were analyzed using an autoanalyzer (Hitachi, Tokyo, Japan). The ACE
level (Cusabio Corp., Wuhan, China) in the serum was measured using a rat ELISA kit.

The plasma malondialdehyde was examined using the TBARS assay. First, the plasma
was mixed with 10% trichloroacetic acid, and the mixture was placed in an ice bath for
10 min to precipitate the plasma components. Next, the samples were centrifuged at
2200× g for 15 min before adding thiobarbituric acid. After boiling the mixture at
100 ◦C for 10 min, spectrophotometric measurements were recorded at a 532 nm wave-
length. The SOD activity in the serum was recorded using the SOD Assay Kit-WST (Dojindo
Laboratories, Kumamoto, Japan) according to the manufacturer’s instructions.

2.5. Histological Analysis of the Aorta

The rats’ isolated aortic tissues were fixed with 4% paraformaldehyde for 24 h. They
were then dehydrated and embedded in paraffin. Next, the aorta was stained with hema-
toxylin and eosin to determine the media thickness (MT) and lumen diameter (LD) of the
aorta. The samples were viewed under a microscope at 20×magnification. The MT and
LD of the aorta were determined using the ImageJ software (National Institutes of Health,
Bethesda, MD, USA). MT/LD ratio was then calculated based on MT and LD.

2.6. Real-Time PCR

Total mRNA was isolated from the kidney with TRIzol (Ambion, Austin, TX, USA) and
PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. The concentrations of RNA were determined using a NanoDrop (Thermo Fisher
Scientific, Waltham, MA, USA). The purified RNA of each sample was subjected to cDNA
synthesis using Prime Script™ RT reagent kit (Takara, Shiga, Japan). PCR was performed
with SYBR green to measure the renin mRNA expression using the CFX96TM RT-PCR
detection system (Bio-Rad, Hercules, CA, USA). The sequences of primer were as follows:
renin (NM_012642.4) forward primer, 5′-TGCTAAAGGAGGAAGTGTTT-3′; renin reverse
primer, 5′-TGATGCTCACGTAGTGAAAG-3′; GAPDH (NM_017008.4) forward primer, 5′-
GTCGGTGTGAACGGATTTG-3′; GAPDH reverse primer, 5′-TCCCATTCTCAGCCTTGAC-
3′. The relative gene expression of renin was quantified using GAPDH. The data were
analyzed using the Bio-Rad CFX-Manager software 3.1 (Bio-Rad, Hercules, CA, USA).

2.7. Statistical Analysis

All data were expressed as means ± standard errors of the mean (SEM). Data were
analyzed using one-way analysis of variance followed by Duncan’s multiple range test
(SPSS version 24.0, SPSS Inc., Chicago, IL, USA). Significant differences in the mean values
were defined at p < 0.05. Graphs were created using GraphPad Prism version 8 (GraphPad
Software, La Jolla, CA, USA).
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3. Results and Discussion
3.1. Effects of FE Supplementation on the Growth Performance

The animal model used in this study was an SHR model, which is frequently used in
essential hypertension research. The SHR strain was produced by selective inbreeding of
WKY rats with a high blood pressure [17]. The growth performances of the rats are shown
in Table 1. The body weight and weight gain of the SHRs were significantly lower than
those of the WKY rats, despite higher food intake. These observations are consistent with
those of a previous study in which the WKY group showed greater weight than the SHR
group. Similarly, the feed efficiency rate was lower in the SHRs than in the WKY rats [18].
Thus, these phenomena have been demonstrated to consume more energy because of
generic differences [19,20].

Table 1. Effects of FE supplementation on the growth performance of the WKYs and SHRs.

WKY SHR Captopril FE250 FE500

Final body weight (g) 377.1 ± 2.73 a 344.7 ± 6.09 b 350.5 ± 6.10 b 352.9 ± 8.52 b 346.7 ± 3.78 b

Weight gain (g) 17.58 ± 0.53 a 12.78 ± 0.18 c 14.05 ± 0.70 bc 15.50 ± 0.70 b 15.48 ± 0.52 b

Food intake (g/week) 74.19 ± 0.74 c 79.21 ± 0.92 b 79.42 ± 1.05 b 82.91 ± 0.66 a 81.84 ± 0.41 a

WKY, Wistar Kyoto rats; SHR, Spontaneously hypertensive rats; Captopril, SHRs treated with 50 mg/kg bw of captopril; FE250, SHRs
treated with 250 mg/kg bw of FE; FE500, SHRs treated with 500 mg/kg bw of FE; FE, finger millet ethanol extract. Data are expressed as
means ± standard errors of the mean (n = 6). a–c The values with different superscript letters within a row are significantly different at
p < 0.05.

Given the successful establishment of an in vivo model, we assessed the effect of FE
supplementation on growth performance. The body weights of the FE250 and FE500 groups
were not different from those of the SHR group, despite greater food intake. Similarly, there
was no significant difference in the body weight of the SHR model classified by legumes or
cereals [21,22]. Furthermore, Captopril, a positive control treatment for hypertension, did
not alter the body weight or food intake.

3.2. Effect of FE Supplementation on the Blood Biochemical Parameters

To investigate the effect of FE supplementation on liver function, we measured the
AST and ALT levels in the serum (Table 2). AST and ALT are enzymes that synthesize
amino acids in vivo and are mainly present in the liver [23]. They are secreted into the
blood when the liver is damaged and are used for liver toxicity research [24]. Accordingly,
the activities of AST and ALT were considered to be indicators of the toxicity of the FEs.
Herein, the AST and ALT levels were significantly higher in the SHRs than in the WKY
rats. In general, elevated levels of liver enzymes are often observed with an increased
blood pressure. Previous studies have found that the serum AST and ALT levels were
notably higher in the hypertensive group than in the normotensive group [25]. Similarly,
the AST and ALT levels in the SHR group increased over time [26]. In contrast, the ALT and
AST levels in the FE250 and FE500 groups were within normal ranges (<100 IU/L) [27,28].
Furthermore, the AST level in the FE250 and FE500 groups was similar to that of the WKY
group. In sum, these results showed that the administration of FEs had no adverse effects
on the liver damage, and the liver damage in the SHRs recovered.
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Table 2. Effects of FE supplementation on the serum and plasma biochemical parameters in the WKYs and SHRs.

WKY SHR Captopril FE250 FE500

AST level (IU/L) 18.57 ± 1.87 b 24.71 ± 1.94 a 17.97 ± 1.57 b 15.94 ± 2.65 b 13.85 ± 1.08 b

ALT level (IU/L) 4.285 ± 0.76 33.27 ± 14.1 8.045 ± 1.16 19.59 ± 6.45 14.95 ± 2.41
TG level (mg/dL) 42.51 ± 5.91 c 135.0 ± 7.24 a 74.46 ± 6.85 b 91.98 ± 18.1 b 83.41 ± 2.54 b

TC level (mg/dL) 88.36 ± 2.18 b 95.55 ± 1.20 a 77.74 ± 0.88 d 80.68 ± 1.29 c,d 83.41 ± 2.54 b,c

LDL-C level (mg/dL) 8.95 ± 0.25 b 9.84 ± 0.38 a 7.73 ± 0.15 c 8.35 ± 0.39 b,c 7.54 ± 0.11 c

WKY, Wistar Kyoto rats; SHR, Spontaneously hypertensive rats; Captopril, SHRs treated with 50 mg/kg bw of captopril; FE250, SHRs
treated with 250 mg/kg bw of FE; FE500, SHRs treated with 500 mg/kg bw of FE; FE, finger millet ethanol extract; AST, aspartate
transaminase; ALT, alanine aminotransferase; TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol. Data are
expressed as means ± standard errors of the mean (n = 6). a–d The values with different superscript letters within a row are significantly
different at p < 0.05.

The blood lipid profiles, including the TC, TG, and LDL-C levels, are presented in
Table 2. The levels of TG and TC in the SHR group notably increased compared to the
WKY group. These results are consistent with the research findings that the TG and TC
levels were higher in SHRs than in WKY rats [29,30]. In contrast, the TG and TC levels in
the FE250 and FE500 groups notably decreased compared with those in the SHR group.
Moreover, the LDL-C level decreased in both the FE250 and FE500 groups compared with
that in the SHR group. In particular, the TG and LDL-C levels in the FE500 group were
dramatically lower than the SHR group. It was previously reported that reductions in the
TG and TC levels in hypertensive rats were associated with decreased SBP and alleviation
of atherosclerosis [31]. In addition, the LDL-C level was a major risk factor for atherogenesis
and cardiovascular disease in humans, and lowering the LDL-C levels was considered an
important treatment [32]. Taken together, FE supplementation has the potential to improve
lipid profiles related to the onset of arteriosclerosis.

3.3. Effects of FE Supplementation on the Antioxidant Capacity, including the TBARS
Concentration and SOD Activity

Increased oxidative stress is one of the key provisions of hypertension, which amplifies
blood pressure elevation in the presence of the renin-angiotensin system. To investigate the
effect of FE supplementation on oxidative stress, we assessed the TBARS concentration and
SOD activity in the blood (Figure 1). Previous studies have suggested that the production
of ROS and the deficiency of the antioxidant system may contribute to the vascular damage
of spontaneously hypertensive rats [6]. Moreover, several studies have demonstrated an
association between hypertension and oxidative stress by identifying high ROS levels
in animal models of hypertension [33,34]. In addition, an increase in lipid peroxidation
according to oxidative stress was confirmed in hypertensive patients [35]. The TBARS
concentration in the plasma of the SHR group was significantly increased compared with
that of the WKY group. These results indicate that oxidative stress is higher in SHRs than in
WKY rats, as previously reported [22,36]. Both FE groups showed a significantly decreased
TBARS concentration in the plasma compared with the SHR group. In particular, the FE500
group exhibited a robust lipid peroxidation inhibitory activity (57%). In previous studies,
finger millet contained a sufficient amount of antioxidant compounds [37,38]. Moreover,
the antioxidant effect of a millet-enriched diet reduced the blood pressure in rats [39]. These
results show that FEs are a rich antioxidant source for reducing the TBARS concentration
in SHRs.
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ROS generation influenced the blood vessels, kidney, and heart in patients with
hypertension, increasing the blood pressure and cardiac output [40]. Previous studies
have shown that SOD had an oxidative effect on ROS by converting ROS into hydrogen
peroxide and oxygen [41]. In our study, the SOD activity in the SHR group decreased
compared with that in the WKY group, as expected. However, the SOD activity in the
serum was strikingly upregulated in the FE250 and FE500 groups rather than in the SHR
group. Similarly, hypertension was previously rescued by acacia polyphenol in SHRs
to enhance the SOD activity [42]. In summary, our results indicate that the antioxidant
potential of FEs promotes their antihypertensive effect.
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Figure 1. TBARS concentration in the plasma (a) and SOD activity in the serum (b) in the SHRs after 8 weeks of oral
administration. TBARS, thiobarbituric acid reactive substance; SOD, superoxide dismutase; WKY, Wistar Kyoto rats; SHR,
Spontaneously hypertensive rats; Captopril, SHRs treated with 50 mg/kg bw of captopril; FE250, SHRs treated with
250 mg/kg bw of FE; FE500, SHRs treated with 500 mg/kg bw of FE; FE, finger millet ethanol extract. Data are expressed as
means ± standard errors of the mean (n = 6). Different letters above the bars indicate significant differences at p < 0.05.

3.4. Effects of FE Supplementation on the Blood Pressure

The effect of FE supplementation for 8 weeks on the SBP and DBP was examined
(Figure 2). The SBP and DBP are important overall predictors of cardiovascular risk in
patients with hypertension. Therefore, the SHR model is a suitable model for studying
essential hypertension [43]. The SBP and DBP in the SHR group were higher than those
in the WKY group, indicating the successful establishment of the hypertensive model
(Figure 2a,c). Furthermore, the SBP in the Captopril, FE250, and FE500 groups dramatically
decreased compared with that in the SHR group at week 2. Surprisingly, at the end of the
experiment, the SBP in the FE250 (20%) and FE500 groups (21%) reduced to a level similar
to that in the Captopril group (Figure 2b). This finding was first reported herein; previously,
similar varieties of foxtail millet (Setaria italica) reduced the blood pressure in subjects with
mild hypertension. However, the DBP did not change after FE supplementation (Figure
2d). In conclusion, the SBP-lowering effect of FE supplementation showed that finger millet
could be a potential functional food for improving the blood pressure.
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Figure 2. Systolic blood pressure (a), final systolic blood pressure (b), diastolic blood pressure (c) and final diastolic blood
pressure (d) in the SHRs during 8 weeks of oral administration. WKY, Wistar Kyoto rats; SHR, Spontaneously hypertensive
rats; Captopril, SHRs treated with 50 mg/kg bw of captopril; FE250, SHRs treated with 250 mg/kg bw of FE; FE500, SHRs
treated with 500 mg/kg bw of FE; FE, finger millet ethanol extract. Data are expressed as means ± standard errors of the
mean (n = 6). Different letters above the bars indicate significant differences at p < 0.05.

3.5. Effects of FE Supplementation on the ACE Level and Renin Activity

To further investigate the effects of FE supplementation on the blood pressure, we
evaluated the activity of ACE, which is regarded as the most important enzyme in the renin–
angiotensin system (Figure 3a). As predicted, the SHR group showed higher ACE levels
than the WKY group. These observations are consistent with those of previous studies
showing that the ACE activity was higher in SHRs than in WKY rats [18,44]. Meanwhile,
the Captopril, FE250, and FE500 groups showed significantly lower ACE levels than the
SHR group (53%, 50%, and 56%, respectively); the FE250 and FE500 groups showed a
similar inhibition of the ACE level as the Captopril group. Further studies evaluating
the ACE level in the tissues, including the lung, kidney, and aorta, are needed to clarify
how FE supplementation lowers the blood pressure. In conclusion, FE supplementation
remarkably reduced the ACE level, which was considered the main element of the blood
pressure rescue presented earlier.
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Figure 3. ACE level in the serum (a) and mRNA expression of renin in the kidney (b) of the SHRs after 8 weeks of oral
administration. ACE, angiotensin-converting enzyme; WKY, Wistar Kyoto rats; SHR, Spontaneously hypertensive rats;
Captopril, SHRs treated with 50 mg/kg bw of captopril; FE250, SHRs treated with 250 mg/kg bw of FE; FE500, SHRs
treated with 500 mg/kg bw of FE; FE, finger millet ethanol extract. Data are expressed as means ± standard errors of the
mean (n = 6). Different letters above the bars indicate significant differences at p < 0.05.

To investigate the molecular evidence of the effect of FE supplementation in the renin–
angiotensin system, we assessed the mRNA expression of renin in the kidney (Figure 3b).
The kidney is a pivotal organ for blood pressure regulation [45]. The primary function of
renin is to increase the blood pressure by restoring the perfusion pressure in the kidney.
Accordingly, a reduction in the blood pressure is intimately associated with renin inhi-
bition [46]. The renin mRNA expression in the kidney of the SHR group was enhanced
compared with that of the WKY group, which is consistent with previous findings [47].
Conversely, the renin mRNA expression in the kidney was significantly suppressed in the
FE250 and FE500 groups compared with that in the SHR group. These results suggest that
FE supplementation increased renal perfusion, followed by inhibiting renin expression,
intimating reduced blood pressure.

3.6. Effect of FE Supplementation on Vascular Remodeling in the SHRs

As blood pressure reduction and ACE activity inhibition were validated, vascular
remodeling was examined. The aorta was stained with hematoxylin and eosin to determine
the histological changes in the aorta. The MT, LD, and MT/LD ratio were analyzed
(Figure 4). An increased MT of the aorta is a common structural feature of hypertensive
resistance vessels [48]. Herein, the MT of the aorta in the SHR group was significantly
increased compared with that in the WKY group, indicating vascular remodeling in the
SHRs. Meanwhile, the Captopril group had a reduced aortic MT compared with the SHR
group. Based on previous findings, captopril improves the blood pressure by thinning the
aortic wall [49]. Interestingly, the MT of the aorta in the FE500 group was significantly lower
than that in the SHR group. There was no significant difference in the LD between the FE-
supplemented groups. Previous studies have shown that the MT/LD ratio in SHRs is higher
than that in WKY rats [50]. However, the significant reduction in the MT/LD ratio between
the SHR and FE500 groups in our study indicated improved vascular remodeling. There
have been no studies on the effect of finger millet supplementation on vascular remodeling
caused by hypertension. However, a previous study has found that major polyphenolic
components, such as 3-hydroxybenzylhydrazine, luteolin-3′,7-diglucoside, p-coumaric
acid, and other polyphenols in millet shells, inhibit the development of atherosclerotic
plaques in the aorta. Another study reported that peroxidase derived from foxtail millet
bran improved atherosclerosis by inhibiting aortic sinus lesions in ApoE−/− mice [51]. In
conclusion, FE supplementation ameliorates vascular remodeling in SHRs, including the
MT and MT/LD ratio of the aorta, suggesting that it could modulate the blood pressure by
improving vascular remodeling.
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Figure 4. Effect of FE supplementation on aortic remodeling. (a) Histopathological changes in the aorta in each group
were observed via hematoxylin and eosin staining; (b) The MT, (c) LD, and (d) MT/LD ratio were measured. MT, media
thickness; LD, lumen diameter; WKY, Wistar Kyoto rats; SHR, Spontaneously hypertensive rats; Captopril, SHRs treated
with 50 mg/kg bw of captopril; FE250, SHRs treated with 250 mg/kg bw of FE; FE500, SHRs treated with 500 mg/kg bw of
FE; FE, finger millet ethanol extract. Data are expressed as means ± standard errors of the mean (n = 6). Different letters
above the bars indicate significant differences at p < 0.05.

4. Conclusions

FE supplementation dramatically diminished the SBP of the SHRs. It exhibited power-
ful control over the renin–angiotensin system by reducing the ACE level and renin mRNA
expression in the kidney. In addition, FE500 application ameliorated vascular remodeling,
reversed the thickening media, and decreased the MT/LD ratio of the aorta. We also
confirmed the antioxidant effects of FEs, which improved the TBARS concentration and
SOD activity. In conclusion, FEs are a new functional ingredient for lowering high blood
pressures by regulating the renin–angiotensin system and simultaneously inhibiting ox-
idative stress. We may conduct further studies to identify specific phenolic compounds
with antihypertensive effects before their actual application in hypertensive patients. In
addition, more studies using mechanism analysis are needed to further understand the
correlation between antioxidant activity and antihypertensive effects.

Author Contributions: Conceptualization, methodology, S.Y.P., E.W.J., Y.S.Y. and H.G.L.; formal
analysis, investigation, data curation and visualization, S.Y.P., E.W.J., Y.S.Y., H.-J.K.; resources, H.-J.K.;
writing—original draft preparation, S.Y.P.; writing—review and editing, G.-w.G.; supervision, project
administration, funding acquisition, writing—review and editing, H.G.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was carried out with the support of “Cooperative Research Program for Agri-
culture Science and Technology Development (Project No. PJ014150032021)” Rural Development
Administration, Republic of Korea.

Institutional Review Board Statement: The animal study was approved and conducted according
to the guidance of the Animal Ethics Committee of Woojung Bio (WJIACUC20200326-1-41).



Antioxidants 2021, 10, 1766 10 of 11

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. GBD. Global, regional, and national comparative risk assessment of 84 behavioural, environmental and occupational, and

metabolic risks or clusters of risks for 195 countries and territories, 1990–2017: A systematic analysis for the global burden of
disease study 2017. Lancet 2018, 392, 1923–1994.

2. Liang, Y.; Gao, H.; Wang, J.; Wang, Q.; Zhao, S.; Zhang, J.; Qiu, J. Alleviative effect of grape seed proanthocyanidin extract on
small artery vascular remodeling in spontaneous hypertensive rats via inhibition of collagen hyperplasia. Mol. Med. Rep. 2017,
15, 2643–2652. [CrossRef] [PubMed]

3. Vriz, O.; Magne, J.; Jarosh, J.; Bossone, E.; Aboyans, V.; Palatini, P. Local carotid arterial stiffness is an independent determinant of
left ventricular remodeling in never-treated hypertensive patients. Blood Press 2019, 28, 23–33. [CrossRef]

4. Kannel, W.B.; Dawber, T.R.; Sorlie, P.; Wolf, P.A. Components of blood pressure and risk of atherothrombotic brain infarction: The
framingham study. Stroke 1976, 7, 327–331. [CrossRef]

5. Manning, R.D., Jr.; Tian, N.; Meng, S. Oxidative stress and antioxidant treatment in hypertension and the associated renal damage.
Am. J. Nephrol. 2005, 25, 311–317. [CrossRef] [PubMed]

6. Akpaffiong, M.J.; Taylor, A.A. Antihypertensive and vasodilator actions of antioxidants in spontaneously hypertensive rats. Am.
J. Hypertens. 1998, 11, 1450–1460. [CrossRef]

7. Bader, M.; Ganten, D. Update on tissue renin-angiotensin systems. J. Mol. Med. 2008, 86, 615–621. [CrossRef]
8. Parish, R.C.; Miller, L.J. Adverse effects of angiotensin converting enzyme (ACE) inhibitors. Drug Saf. 1992, 7, 14–31. [CrossRef]

[PubMed]
9. Devi, P.B.; Vijayabharathi, R.; Sathyabama, S.; Malleshi, N.G.; Priyadarisini, V.B. Health benefits of finger millet (Eleusine coracana

L.) polyphenols and dietary fiber: A review. J. Food Sci. Technol. 2014, 51, 1021–1040. [CrossRef]
10. Bwai, M.; Afolayan, M.; Odukomaiya, D.; Orishadipe, A. Proximate composition, mineral and phytochemical constituents of

Eleusine coracana (finger millet). Int. J. Adv. Chem. 2014, 2, 171–174. [CrossRef]
11. J Jayawardana, S.A.S.; Samarasekera, J.K.R.R.; Hettiarachchi, G.H.C.M.; Gooneratne, J.; Choudhary, M.I.; Jabeen, A. Anti-

inflammatory and antioxidant properties of finger Millet (Eleusine coracana (L.) Gaertn.) varieties cultivated in Sri Lanka. BioMed
Res. Int. 2021, 2021, 7744961. [CrossRef] [PubMed]

12. Chandra, D.; Chandra, S.; Pallavi; Sharma, A.K. Review of finger millet (Eleusine coracana (L.) Gaertn): A power house of health
benefiting nutrients. Food Sci. Hum. Wellness 2016, 5, 149–155. [CrossRef]

13. Kumari, D.; Madhujith, T.; Chandrasekara, A. Comparison of phenolic content and antioxidant activities of millet varieties grown
in different locations in Sri Lanka. Food Sci. Nutr. 2017, 5, 474–485. [CrossRef]

14. Rajasekaran, N.S.; Nithya, M.; Rose, C.; Chandra, T.S. The effect of finger millet feeding on the early responses during the process
of wound healing in diabetic rats. Biochim. Biophys. Acta 2004, 1689, 190–201. [CrossRef] [PubMed]

15. Hegde, P.S.; Rajasekaran, N.S.; Chandra, T.S. Effects of the antioxidant properties of millet species on oxidative stress and glycemic
status in alloxan-induced rats. Nutr. Res. 2005, 25, 1109–1120. [CrossRef]

16. Mushtaq, M.N.; Akhtar, M.S. Alamgeer Blood pressure lowering effect of Pennisetum glaucum in rats. Bangladesh J. Pharmacol.
2015, 10, 494–499. [CrossRef]

17. Okamoto, K.; Tabei, R.; Fukushima, M.; Nosaka, S.; Yamori, Y.; Ichijima, K.; Haebara, H.; Matsumoto, M.; Maruyama, T.; Suzuki,
Y.; et al. Further observations of the development of a strain of spontaneously hypertensive rats. Jpn. Circ. J. 1966, 30, 703–716.
[CrossRef] [PubMed]

18. Yang, H.Y.; Yang, S.C.; Chen, J.R.; Tzeng, Y.H.; Han, B.C. Soyabean protein hydrolysate prevents the development of hypertension
in spontaneously hypertensive rats. Br. J. Nutr. 2004, 92, 507–512. [CrossRef]

19. Gattone, V.H., 2nd. Body weight of the spontaneously hypertensive rat during the suckling and weanling periods. Jpn. Heart J.
1986, 27, 881–884. [CrossRef] [PubMed]

20. Shido, O.; Nagasaka, T. Metabolic and blood pressure response to feeding activity is enhanced in freely moving spontaneously
hypertensive rats. Jpn. J. Physiol. 1989, 39, 537–548. [CrossRef] [PubMed]

21. Chen, J.; Duan, W.; Ren, X.; Wang, C.; Pan, Z.; Diao, X.; Shen, Q. Effect of foxtail millet protein hydrolysates on lowering blood
pressure in spontaneously hypertensive rats. Eur. J. Nutr. 2017, 56, 2129–2138. [CrossRef] [PubMed]

22. Mukai, Y.; Sato, S. Polyphenol-containing azuki bean (Vigna angularis) extract attenuates blood pressure elevation and modulates
nitric oxide synthase and caveolin-1 expressions in rats with hypertension. Nutr. Metab. Cardiovasc. Dis. 2009, 19, 491–497.
[CrossRef] [PubMed]

23. Kim, K.A. Understanding and application of liver function tests. Korean J. Med. 2009, 76, 163–168.
24. Gole, M.K.; Dasgupta, S. Role of plant metabolites in toxic liver injury. Asia Pac. J. Clin. Nutr. 2002, 11, 48–50. [CrossRef]

http://doi.org/10.3892/mmr.2017.6292
http://www.ncbi.nlm.nih.gov/pubmed/28447711
http://doi.org/10.1080/08037051.2018.1511369
http://doi.org/10.1161/01.STR.7.4.327
http://doi.org/10.1159/000086411
http://www.ncbi.nlm.nih.gov/pubmed/15956781
http://doi.org/10.1016/S0895-7061(98)00183-6
http://doi.org/10.1007/s00109-008-0336-0
http://doi.org/10.2165/00002018-199207010-00004
http://www.ncbi.nlm.nih.gov/pubmed/1536695
http://doi.org/10.1007/s13197-011-0584-9
http://doi.org/10.14419/ijac.v2i2.3496
http://doi.org/10.1155/2021/7744961
http://www.ncbi.nlm.nih.gov/pubmed/34631888
http://doi.org/10.1016/j.fshw.2016.05.004
http://doi.org/10.1002/fsn3.415
http://doi.org/10.1016/j.bbadis.2004.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15276645
http://doi.org/10.1016/j.nutres.2005.09.020
http://doi.org/10.3329/bjp.v10i3.23093
http://doi.org/10.1253/jcj.30.703
http://www.ncbi.nlm.nih.gov/pubmed/6012808
http://doi.org/10.1079/BJN20041218
http://doi.org/10.1536/ihj.27.881
http://www.ncbi.nlm.nih.gov/pubmed/3573302
http://doi.org/10.2170/jjphysiol.39.537
http://www.ncbi.nlm.nih.gov/pubmed/2601192
http://doi.org/10.1007/s00394-016-1252-7
http://www.ncbi.nlm.nih.gov/pubmed/27344669
http://doi.org/10.1016/j.numecd.2008.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19157815
http://doi.org/10.1046/j.1440-6047.2002.00265.x


Antioxidants 2021, 10, 1766 11 of 11

25. Rahman, S.; Islam, S.; Haque, T.; Kathak, R.R.; Ali, N. Association between serum liver enzymes and hypertension: A cross-
sectional study in Bangladeshi adults. BMC Cardiovasc. Disord. 2020, 20, 1–7. [CrossRef] [PubMed]

26. Fukuda, S.; Tsuchikura, S.; Iida, H. Age-related changes in blood pressure, hematological values, concentrations of serum
biochemical constituents and weights of organs in the SHR/Izm, SHRSP/Izm and WKY/Izm. Exp. Anim. 2004, 53, 67–72.
[CrossRef] [PubMed]

27. Zhang, Z.; Li, B.; Meng, X.; Yao, S.; Jin, L.; Yang, J.; Wang, J.; Zhang, H.; Zhang, Z.; Zhang, Y.; et al. Berberine prevents progression
from hepatic steatosis to steatohepatitis and fibrosis by reducing endoplasmic reticulum stress. Sci. Rep. 2016, 6, 20848–20860.
[CrossRef]

28. Su, M.L.; He, Y.; Li, Q.S.; Zhu, B.H. Efficacy of acetylshikonin in preventing obesity and hepatic steatosis in db/db mice. Molecules
2016, 21, 976. [CrossRef] [PubMed]

29. Chen, C.L.; Pan, T.M. Red mold dioscorea decreases blood pressure when administered alone or with amlodipine and is a
potentially safe functional food in SHR and WKY rats. J. Funct. Foods 2013, 5, 1456–1465. [CrossRef]

30. Huang, X.; Yang, J.; Song, B.; Wang, N.; Ma, M.; Wang, H.; Wang, S.; Hao, S.; Cheng, G. Caduet enhances connexin 43
phosphorylation in left ventricular and thoracic aorta of SH model rats. Exp. Ther. Med. 2020, 20, 80–86. [CrossRef] [PubMed]

31. Hanson, M.G.; Zahradka, P.; Taylor, C.G. Lentil-based diets attenuate hypertension and large-artery remodelling in spontaneously
hypertensive rats. Br. J. Nutr. 2014, 111, 690–698. [CrossRef]

32. Hansson, G.K. Inflammation, atherosclerosis, and coronary artery disease. N. Engl. J. Med. 2005, 352, 1685–1695. [CrossRef]
[PubMed]

33. Koga, Y.; Hirooka, Y.; Araki, S.; Nozoe, M.; Kishi, T.; Sunagawa, K. High salt intake enhances blood pressure increase during
development of hypertension via oxidative stress in rostral ventrolateral medulla of spontaneously hypertensive rats. Hypertens.
Res. 2008, 31, 2075–2083. [CrossRef]

34. Vaziri, N.D.; Liang, K.; Ding, Y. Increased nitric oxide inactivation by reactive oxygen species in lead-induced hypertension.
Kidney Int. 1999, 56, 1492–1498. [CrossRef]

35. Kumar, K.V.; Das, U.N. Are free radicals involved in the pathobiology of human essential hypertension? Free Radic. Res. Commun.
1993, 19, 59–66. [CrossRef] [PubMed]

36. Thandapilly, S.J.; Wojciechowski, P.; Behbahani, J.; Louis, X.L.; Yu, L.; Juric, D.; Kopilas, M.A.; Anderson, H.D.; Netticadan,
T. Resveratrol prevents the development of pathological cardiac hypertrophy and contractile dysfunction in the SHR without
lowering blood pressure. Am. J. Hypertens. 2010, 23, 192–196. [CrossRef]

37. Sripriya, G.; Chandrasekharan, K.; Murty, V.S.; Chandra, T.S. ESR spectroscopic studies on free radical quenching action of finger
millet (Eleusine coracana). Food Chem. 1996, 57, 537–540. [CrossRef]

38. Viswanath, V.; Urooj, A.; Malleshi, N.G. Evaluation of antioxidant and antimicrobial properties of finger millet polyphenols
(Eleusine coracana). Food Chem. 2009, 114, 340–346. [CrossRef]

39. Wei, S.; Cheng, D.; Yu, H.; Wang, X.; Song, S.; Wang, C. Millet-enriched diets attenuate high salt-induced hypertension and
myocardial damage in male rats. J. Funct. Foods 2018, 44, 304–312. [CrossRef]

40. Montezano, A.C.; Touyz, R.M. Reactive oxygen species, vascular noxs, and hypertension: Focus on translational and clinical
research. Antioxid. Redox Signal. 2014, 20, 164–182. [CrossRef] [PubMed]

41. Ookawara, T.; Imazeki, N.; Matsubara, O.; Kizaki, T.; Oh-Ishi, S.; Nakao, C.; Sato, Y.; Ohno, H. Tissue distribution of immunoreac-
tive mouse extracellular superoxide dismutase. Am. J. Physiol. 1998, 275, C840–C847. [CrossRef]

42. Ikarashi, N.; Toda, T.; Hatakeyama, Y.; Kusunoki, Y.; Kon, R.; Mizukami, N.; Kaneko, M.; Ogawa, S.; Sugiyama, K. Anti-
hypertensive effects of acacia polyphenol in spontaneously hypertensive rats. Int. J. Mol. Sci. 2018, 19, 700. [CrossRef]

43. Dickhout, J.G.; Lee, R.M.K.W. Blood pressure and heart rate development in young spontaneously hypertensive rats. Am. J.
Physiol. Heart Circ. Physiol. 1998, 274, H794–H800. [CrossRef]

44. Kim, K.J.; Hwang, E.S.; Kim, M.J.; Park, J.H.; Kim, D.O. Antihypertensive effects of polyphenolic extract from korean red pine
(Pinus densiflora sieb. et zucc.) bark in spontaneously hypertensive rats. Antioxidants 2020, 9, 333. [CrossRef] [PubMed]

45. Rossignol, P.; Massy, Z.A.; Azizi, M.; Bakris, G.; Ritz, E.; Covic, A.; Goldsmith, D.; Heine, G.H.; Jager, K.J.; Kanbay, M.; et al. The
double challenge of resistant hypertension and chronic kidney disease. Lancet 2015, 386, 1588–1598. [CrossRef]

46. Gradman, A.H.; Vivas, Y. New drugs for hypertension: What do they offer? Curr. Hypertens. Rep. 2006, 8, 425–432. [CrossRef]
[PubMed]

47. Kitami, Y.; Hiwada, K.; Kokubu, T. Kidney renin gene expression in spontaneously hypertensive rats. J. Hypertens. 1989, 7,
727–731. [CrossRef] [PubMed]

48. Safar, M.E.; Chamiot-Clerc, P.; Renaud, J.F. Pulse pressure, aortic reactivity, and endothelium dysfunction in old hypertensive rats.
Hypertension 2001, 37, 313–321.

49. Man, S.; Yang, L.; Xiang, H.; Lu, G.; Wang, Y.; Liu, C.; Gao, W. Antihypertensive and renal protective effect of Shunaoxin pill
combined with captopril on spontaneous hypertension rats. Biomed. Pharmacother. 2020, 125, 109977–109984. [CrossRef] [PubMed]

50. Lv, Q.; Wang, Y.; Li, Y.; Zhao, L.; Gong, Y.; Wang, M.; Wang, M.; Fu, G.; Zhang, W. Rosuvastatin reverses hypertension-induced
changes in the aorta structure and endothelium-dependent relaxation in rats through suppression of apoptosis and inflammation.
J. Cardiovasc. Pharmacol. 2020, 75, 584–595. [CrossRef]

51. Liu, F.; Li, H.; Li, Z.; Shan, S. Treatment of peroxidase derived from foxtail millet bran attenuates atherosclerosis by inhibition of
cd36 and stat3 in vitro and in vivo. J. Agric. Food Chem. 2020, 68, 1276–1285. [CrossRef]

http://doi.org/10.1186/s12872-020-01411-6
http://www.ncbi.nlm.nih.gov/pubmed/32160872
http://doi.org/10.1538/expanim.53.67
http://www.ncbi.nlm.nih.gov/pubmed/14993746
http://doi.org/10.1038/srep20848
http://doi.org/10.3390/molecules21080976
http://www.ncbi.nlm.nih.gov/pubmed/27483220
http://doi.org/10.1016/j.jff.2013.06.003
http://doi.org/10.3892/etm.2020.9207
http://www.ncbi.nlm.nih.gov/pubmed/32968437
http://doi.org/10.1017/S0007114513002997
http://doi.org/10.1056/NEJMra043430
http://www.ncbi.nlm.nih.gov/pubmed/15843671
http://doi.org/10.1291/hypres.31.2075
http://doi.org/10.1046/j.1523-1755.1999.00670.x
http://doi.org/10.3109/10715769309056499
http://www.ncbi.nlm.nih.gov/pubmed/8225035
http://doi.org/10.1038/ajh.2009.228
http://doi.org/10.1016/S0308-8146(96)00187-2
http://doi.org/10.1016/j.foodchem.2008.09.053
http://doi.org/10.1016/j.jff.2018.03.028
http://doi.org/10.1089/ars.2013.5302
http://www.ncbi.nlm.nih.gov/pubmed/23600794
http://doi.org/10.1152/ajpcell.1998.275.3.C840
http://doi.org/10.3390/ijms19030700
http://doi.org/10.1152/ajpheart.1998.274.3.H794
http://doi.org/10.3390/antiox9040333
http://www.ncbi.nlm.nih.gov/pubmed/32325920
http://doi.org/10.1016/S0140-6736(15)00418-3
http://doi.org/10.1007/s11906-006-0090-z
http://www.ncbi.nlm.nih.gov/pubmed/16965731
http://doi.org/10.1097/00004872-198909000-00006
http://www.ncbi.nlm.nih.gov/pubmed/2677137
http://doi.org/10.1016/j.biopha.2020.109977
http://www.ncbi.nlm.nih.gov/pubmed/32032892
http://doi.org/10.1097/FJC.0000000000000828
http://doi.org/10.1021/acs.jafc.9b06963

	Introduction 
	Materials and Methods 
	Diets and Animals 
	Growth Performance Analysis 
	Blood Pressure Measurement 
	Blood Biochemistry Assay 
	Histological Analysis of the Aorta 
	Real-Time PCR 
	Statistical Analysis 

	Results and Discussion 
	Effects of FE Supplementation on the Growth Performance 
	Effect of FE Supplementation on the Blood Biochemical Parameters 
	Effects of FE Supplementation on the Antioxidant Capacity, including the TBARS Concentration and SOD Activity 
	Effects of FE Supplementation on the Blood Pressure 
	Effects of FE Supplementation on the ACE Level and Renin Activity 
	Effect of FE Supplementation on Vascular Remodeling in the SHRs 

	Conclusions 
	References

