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20 Abstract: Hesperidin is a major flavonoid isolated from citrus fruits that exhibits several biological
21 activities. This study aims to evaluate the effect of hesperidin on cardiovascular remodeling

22 induced by N -nitro L-arginine methyl ester (L-NAME) in rats. Male Sprague-Dawley rats were
23 treated with L-NAME (40 mg/kg); L-NAME plus hesperidin (15 mg/kg), or hesperidin (30 mg/kg),
24 or captopril (2.5 mg/kg) for five weeks (n=8/group). Hesperidin or captopril significantly prevented
25 the development of hypertension in L-NAME rats. Moreover, hesperidin or captopril alleviated

26 L-NAME-induced cardiac remodeling; increases in wall thickness, cross sectional area (CSA) and
27 fibrosis of left ventricular (LV), and vascular remodeling; increases in wall thickness, CSA, vascular
28 smooth muscle cells and collagen deposition in the aorta. These were associated with reduced
29 oxidative stress markers, tumor necrosis factor-alpha (TNF-«), transforming growth factor-beta 1

30 (TGF-B1) and enhancing plasma nitric oxide metabolite (NOx) in L-NAME treated groups.
31 Furthermore, up-regulation of tumor necrosis factor receptor type 1 (TNF-R1) and TGF- 31 protein
32 expression and the over-expression of matrix metalloproteinase-2 (MMP-2) and matrix
33 metalloproteinase-9 (MMP-9) were suppressed in L-NAME rats treated with hesperidin or
34 captopril. These data suggested that hesperidin had cardioprotective effects in L-NAME

35 hypertensive rats. The possible mechanism may involve its antioxidant and anti-inflammatory
36 effects.

37 Keywords: hesperidin; L-NAME; cardiovascular remodeling; oxidative stress; inflammation

38

39  1.Introduction

40 Nitric oxide (NO) is a crucial vasodilator derived from vascular endothelium to regulate
41 vascular tone [1]. A reduction of NO production results in increased vascular resistance and high
42 blood pressure. N®-nitro L-arginine methyl ester (L-NAME), an L-arginine analogue, is widely used
43 asan inhibitor of nitric oxide synthase (NOS) activity to represent an animal model of hypertension.

44 It has been reported that L-NAME-induced hypertension in rats is characterized by insufficient NO

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.


http://dx.doi.org/10.20944/preprints201809.0431.v1
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3390/nu10101549

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0431.v1

45  production, increased systemic oxidative stress, inflammation and endothelial dysfunction [2].
46  Furthermore, L-NAME-induced hypertension associated cardiovascular remodeling has also been
47  reported in rats. For example, L-NAME (40mg/kg) administration for 4 or 5 weeks causes high
48  blood pressure and cardiovascular remodeling including, left ventricular hypertrophy, myocardial
49  fibrosis and thickening of vascular wall  [3-5]. It is generally known that the main sequel of
50 cardiovascular remodeling is heart failure, which is the major cause of death worldwide [6].

51 The initial stage of cardiac remodeling is myocardial hypertrophy because of the adaptive
52 response to a high-pressure load to preserve cardiac function and obtain normal cardiac work. In
53  addition, the cardiac remodeling process in L-NAME treated rats is involved in a production of
54  myocardial fibrosis [7]. There are substantial data to show the molecular mechanism of extensive
55  areas of cardiac fibrosis which is associated with the activation of various downstream
56  inflammatory [8] and oxidative stress initiatives [9, 10]. For example, a high level of tumor necrosis
57  factor (TNF-a), a pro-inflammatory cytokine, to develop in response to oxidative stress in L-NAME
58  induced hypertension has been reported [4, 11]. These inflammatory responses subsequently
59  activate the profibrotic mediator of the transforming growth factor g1 (TGF-p1) [11]. It is well
60  established that TGF-B1 has a key role in fibrogenesis by activating apoptosis, collagen and matrix
61  protein synthesis [12-14].  For vascular structural changes in hypertension, it is known to be an
62  adaptive response to an increase in wall tension [15]. This response is also related to extracellular
63  matrix degradation of elastic fibers since the up-regulation of matrix metalloproteinase-2 (MMP-2)
64  and matrix metalloproteinase-9 (MMP-9) expression in vessel tissue has been confirmed in animal
65  models of hypertension. Several lines of evidence have indicated that activation of MMP-2/9 protein
66  expression found in the vascular remodeling process is mediated by the inflammatory cytokine,
67  TNF-a [16-18]. Thus, it is noteworthy that natural products with high anti-oxidant and
68  anti-inflammatory activities might be useful to alleviate cardiovascular alterations induced by nitric
69  oxide deficiency.

70 Hesperidin is a flavanone glycoside, a subclass of flavonoids, abundantly found in citrus
71 fruits such as lemon or orange peels or juices [19]. Numerous beneficial effects of hesperidin have
72 Dbeen published. For example, the antioxidant effect of hesperidin has been reported to be able to
73 sequester 1,1-diphenyl-2-picrylhydrazyl (DPPH) and protect cell injury-induced by paraquat and
74 peroxide hydrogen [20], reduce plasma levels of lipid peroxidation markers and increase
75  antioxidant enzyme activities in heart tissue in experimental ischemic myocardium rats [21].
76  Hesperidin has also exhibited an anti-inflammatory effect by reducing circulating inflammatory
77  markers, i.e. TNF-q, interleukin 6 (IL-6), and a high-sensitivity C-reactive protein (hs-CRP), in
78  patients with type 2 diabetes [22] and suppressing inflammatory responses in
79  lipopolysaccharide-induced RAW 264.7 cells [23]. Subsequently, a clinical study revealed that a
80  combination of hesperidin, diosmin and troxerutin was effective to relieve the symptoms of acute
81  hemorrhoidal disease [24]. Recently, the current authors have demonstrated an antihypertensive
82  effect of hesperidin in renovascular hypertensive rats that involved the suppression of the
83  renin-angiotensin system [25]. This study was aimed to further to explore whether hesperidin could

84  prevent L-NAME-induced hypertension and cardiovascular remodeling in rats.
85
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87 2. Materials and Methods
88 2.1 Drugs and chemicals

89 Hesperidin (purity > 98%) was purchased from Chem Faces Company (Hubei, China).
90  N(G)-Nitro-L-arginine methyl ester hydrochloride (L-NAME) and captopril were purchased from
91  Sigma-Aldrich Corp (St Louis, MO, USA). All other chemicals used in this study were obtained

92  from standard companies and were of analytical grade quality.
93 2.2 Animals and Experimental protocols

94 Male Sprague-Dawley rats (body weight 220-250 g) were supplied by Nomura Siam
95 International Co., Ltd., Bangkok, Thailand. = The animals were housed in the HVAC (Heating,
96  Ventilation and Air-Conditioning) System (25+2 °C) and maintained on a 12 h light and 12 h dark
97  cycle with free access to a standard rat diet and water at the Northeast Laboratory Animal Center,
98  Khon Kaen University. All experimental protocols in this study were in accordance with the
99  standards for the care and use of experimental animals and the approval for all experiments were
100 obtained from the Animal Ethics Committee of Khon Kaen University, Khon Kaen, Thailand
101  (AEKKU-NELAC 37/2559).
102 After seven days of an acclimatization period, rats were randomly assigned to 5 groups
103 (8/group). The control group received tap water and were orally administrated propylene glycol
104 (PG, 1.5 mL/Kg) as a vehicle. L-NAME treated rats received L-NAME (40 mg/kg/day) in their
105  drinking water were further divided into 4 following groups; L-NAME plus propylene glycol (PG),
106  L-NAME plus hesperidin at dose 15 mg/kg (L-NAME+H15 group), L-NAME plus hesperidin 30
107 mg/kg (L-NMAE+H30 group), L-NAME group plus captopril at dose 2.5 mg/kg (L-NAME+Cap
108  group). Additionally, normal rats (n=5) were orally treated with hesperidin (30 mg/kg) for 5 weeks
109 to test the hypotensive effect of hesperidin. Hesperidin and captopril were dissolved in vehicle and
110 intragastrically administered once daily for five weeks. The doses of hesperidin and captopril used

111 in this study were influenced by previous studies in this laboratory [10, 25].
112 2.3 Blood pressure measurements

113 To monitor blood pressure changes throughout the experimental period, systolic blood
114  pressure (SP) was obtained in awake rats once a week for 5 weeks using tail-cuff plethysmography
115 (IITC/Life Science Instrument model 229 and model 179 amplifier; Woodland Hills, CA, USA). At
116  the end of the experimental day, rats were anesthetized with pentobarbital sodium (60 mg/kg, ip.).
117  Then, the femoral artery was cannulated and connected to a pressure transducer for monitoring
118  baseline values of SP, diastolic blood pressure (DP), mean arterial pressure (MAP), and heart rate

119  (HR) using the Acknowledge Data Acquisition software (Biopac Systems Inc., Santa Barbara, CA,

120 UsA).
121 2.4 Collection of blood and organs
122 After blood pressure measurement, rats were sacrificed by exsanguination and blood

123 samples were collected from abdominal aortas into EDTA or heparin tubes for assays of oxidative

124 stress and inflammatory markers. The carotid arteries were rapidly excised for analysis of
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125 superoxide (O2) production. The thoracic aortas and heart tissues were collected for western

126  blotting and morphometric analysis.

127 2.5 Assays of vascular Oz2*~ production, plasma malondialdehyde (MDA), plasma nitric oxide metabolite
128 (nitrate/nitrite, NOx), plasma TNF-a and plasma TGF- B1 levels

129 The carotid artery was cleaned from connective tissues and cut into 0.5 cm length and
130 incubated with 1 mL oxygenated Krebs-KCl solution at pH 7.4, 37 °C for 30 minutes. Production
131 of O2*in carotid arteries was determined by lucigenin-enhanced chemiluminescence as previously
132 described [26] with some modifications [27].  Plasma NOx was assayed using an enzymatic
133 conversion method [28] with some modifications [27]. The concentrations of plasma TNF-a and
134 TGE- B1 were measured using enzyme-immunoassay assay (ELISA) kits (eBioscienc, Inc., San
135  Diego, CA, USA and ab119557, Abcam Plc, Cambridge, UK).

136 2.6 Morphometric analysis of thoracic aorta and heart tissue

137 Heart weight (HW) and left ventricular weight (LVW) were measured, and calculated as
138 LVW/BW ratio. Thereafter, the left ventricles and thoracic aortas were fixed with 4%
139  paraformaldehyde and then embedded in paraffin, and cut into serial 5-um-thick sections. Each
140  section was stained with hematoxylin and eosin (H&E) and/or Picrosirius Red. Sections were
141  captured with a Digital sight DS-2MV light microscope (Nikon, Tokyo, Japan) or a stereoscope
142 (Nikon SMZ745T with NIS-elements D 3.2, Tokyo, Japan). Morphometric evaluations of the sections
143 were performed with Image J software (National Institutes of Health, Bethesda, MD, USA).

144 2.7 Western blot analysis of tumor necrosis factor receptor 1 (TNF-R1), TGF- 1, MMP2 and MMP9

145 protein expressions in cardiac and aortic tissues

146 Protein samples were prepared by homogenization of cardiac and aortic tissues in a lysis
147 buffer (Cell Signaling Technology Inc., Danvers, MA, USA). The proteins were then electrophoresed
148  on a sodium dodecylsulfate polyacrylamide gel electrophoresis system and transferred to a
149  polyvinylidene fluoride membrane (Millipore Corporation, Bedford, MA, USA). The membranes
150  were blocked with 5% skimmed milk in Tris-buffered saline (TBS) with 0.1% Tween 20 for 2 hours
151  at room temperature before overnight incubation at 4°C with primary antibodies against TNF-R1,
152 TGF-p1, MMP2, MMP9 or B-actin (Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA).
153 Thereafter, the membranes were washed three times with TBS and then incubated for 2 hours at
154 room temperature with horseradish peroxidase conjugated secondary antibody. The protein bands
155  were detected using Luminata™ Forte HRP detection reagent (Merck KGaA, Darmstadt, Germany)
156  and densitometric analysis was performed using ImageQuantTM 400 (GE Healthcare Life Sciences,
157 Piscataway, NJ, USA). The intensity of each band was normalized to that of f-actin, and data were

158  expressed as a percentage of the values determined in control group from the same gel.
159 2.8 Statistical analysis

160 Data are expressed as mean * S.E.M. The differences among treatment groups were
161  analyzed by one-way analysis of variance (ANOVA) followed by Bonferini’s post-hoc test. A

162 p-value of less than 0.05 was considered statistically significant.
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163 3.Results
164 3.1 Effects of hesperidin and captopril on blood pressure in conscious rats

165 There were no significant differences in systolic blood pressure of all rats at the beginning
166  of the study. Administration of L-NAME caused a gradual increase in SP of all rats compared to
167  control rats (SP at 5 week, 200.21+6.52 vs. 122.14+1.75 mmHg, p<0.01, Figure 1). Co-administration
168  of L-NAME and hesperidin at doses of 15 or 30 mg/kg (2.5 mg/kg) significantly partially prevented
169  L-NAME-induced high blood pressure in a dose dependent manner compared to those of untreated
170  rats (SP at 5% week, 177.50+3.91 and 162.74+2.82 mmHg, p<0.05). Captopril also partially alleviated
171  L-NAME induced hypertension (152.19+5.01 mmHg) compared with untreated rats (p<0.05).

220A =O= Control
-0~ L-NAME

-4~ L-NAME+H15
-¥--NAME+H30
- L-NAME+Cap

Systolic blood pressure (mmHg)

e
c-!- T I Ll T 1
0 1 2 3 4 5
172 Time (Weeks)
173 Figure 1. Time-course changes in systolic blood pressures of all experimental groups. Data are

174  expressed as mean + S.EM (n = 7-8)/ group, * p < 0.05 vs. control, ¢ p < 0.05 vs. L-NAME, $p < 0.05
175  vs. L-NAME + hesperidin (15 mg/kg), ¢ p < 0.05 vs. L-NAME + hesperidin (30 mg/kg) group.

176 3.2 Effects of hesperidin and captopril on SP, DP, MAP and HR in anesthetized rats

177  Blood pressure data received from the indirect blood pressure measurement method were
178  consistent with the values from the direct method since L-NAME treated rats exhibited high blood
179 pressure including high SP, DP, MAP, and high HR compared to those of control rats (p<0.05, table
180 1). Hesperidin at doses of 15 and 30 mg/kg significantly decreased SP, DP and MAP in a
181  dose-dependent manner compared to the untreated group (p<0.05). Similarly, captopril reduced
182  the development of hypertension induced by L-NAME compared to untreated rats (p<0.05).
183  Hesperidin at a dose 30 mg/kg, however, affected an elevation of HR compared to untreated rats
184  (p<0.05, table 1). Furthermore, hesperidin had no effect on blood pressure in normotensive rats

185  (SP=122.29 + 4.05 mmHg, n =4).
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186  Table 1. Effects of hesperidin and captopril on blood pressure and heart rate in anesthetized rats.

Parameters Control L-NAME L-NAME+H15 L-NAME+H30 L-NAME+Cap

SP (mmHg) 120.92 +2.27 205.88 +3.19 * 179.38 +16.51 *# 154.07 + 4.88 *# 140.14 +7.06 #

DP (mmHg) 72.68 +3.31 141.65+5.73 % 114.13 +16.57 ** 86.89 +5.74 *#% 91.48 +7.36 %
MAP (mmHg) 88.76 +2.47 161.41 +4.01* 135.88 + 16.00** 109.28 + 5.39*#% 107.70 + 6.27%%
HR (beat/min)  367.86 +11.90 419.30 £11.96 * 391.93 +14.35 351.44 +13.47 384.28 +17.31

187  SP: systolic blood pressure; DP: diastolic blood pressure; MAP: mean arterial pressure; HR: heart
188  rate. Values are mean + S.E.M (n = 7-8/group); * p < 0.05 vs. control; #p < 0.05 vs. L-NAME; $ p < 0.05
189  vs. L-NAME+H15.

190 3.3 Effects of hesperidin and captopril on left ventricular (LV) morphometry and fibrosis

191 Rat body weights did not differ among all experimental groups. After 5 weeks of L-NAME
192 administration, HW, LVW and LVW/BW ratios were significantly increased compared to those of
193 control rats. Co-administration of L-NAME and hesperidin or captopril significantly decreased
194 those values when compared with the untreated group (Table 2). Morphometric analysis of hearts
195  showed that chronic administration of L-NAME significantly increased LV wall thickness and LV
196  muscle fiber cross-sectional area (CSA) compared with the normal control group (p < 0.05, Table 2).
197  Hypertensive rats that received hesperidin or captopril significantly reduced wall thicknesses and
198  CSA of the LV compared to untreated rats (p < 0.05) (Table 2, Figure 2A). LV fibrosis was
199  significantly increased in L-NAME-treated rats compared to those of the normal control rats (p <
200  0.05). Hesperidin or captopril treatment significantly prevented L-NAME-induced LV fibrosis
201  compared to untreated rats (p <0.05) (Figure 2B).

202
Control L-NAME L-NAME + H30 L-NAME +Cap
A
Control L-NAME L-NAME + H30 L-NAME + Cap
203
204  Figure 2. Effects of hesperidin and captopril supplementation on left ventricular morphometry

205  (A) and fibrosis (B) in control, L-NAME, L-NAME + hesperidin (30 mg/kg) and L-NAME + captopril
206 (2.5 mg/kg) groups. Data are expressed as mean + S.E.M (n = 7-8/group), * p < 0.05 vs. control, * p <
207 0.05 vs. L-NAME group.
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Table 2. Effect of hesperidin and captopril on the cardiac mass indices and cardiovascular structural

modifications in left ventricle and thoracic aorta.

Cardiac mass indices

d0i:10.20944/preprints201809.0431.v1

Groups Body weight (g) Heart weight/BW (mg/g) LVW/BW (mg/g)
Control 434+ 6.8 314+ 017 2.06 +0.10
L-NAME 413+ 169 421 +0.26* 3.04+ 0.18*
L-NAME+H30 406+ 9.7 311+ 0.23¢ 223+ 0.17¢
L-NAME+Cap 401+ 9.7 312+ 0.18* 2.07 £0.12¢
Left ventricle
Groups LV wall thickness (mm) LV CSA (mm?) LV fibrosis (%)
Control 2.72+ 0.05 5758 + 1.05 0.69 =+0.04
L-NAME 3.28+ 0.04* 72.42 £ 0.51* 272+ 0.15*
L-NAME+H30 290+ 0.06* 6112+ 1.75% 0.92+ 0.09¢
L-NAME+Cap 279+ 0.09* 59.87+ 1.63* 1.00 + 0.06*
Thoracic aorta structural modifications
Groups Wall thickness CSA VSMCs Collagen
(um) (x10% pm?) (cells/CSA) deposition
(% area fraction)
Control 106.39+1.02 579.00+15.16 1298.00+73.64 15.78+0.70
L-NAME 150.58+2.09* 810.50+18.64* 2013.71+51.62* 31.32+1.00*
L-NAME+H30 127.11£2.90*# 617.95+18.65* 1540.16+46.88** 24.84+0.69**
L-NAME+Cap 129.91+6.50** 658.38+40.22* 1671.78+24.90%* 23.68+0.63**

LV: left ventricular, LVW: left ventricular weight, BW: body weight, CSA: cross sectional area,
VSMCs: vascular smooth muscle cells. Values are expressed as mean + S.E.M, (n = 6/group). * p <0.05

when compared to control group, and # p < 0.05 when compared to L-NAME group.
3.4 Effect of hesperidin and captopril on vascular morphology

Vascular wall hypertrophy was observed in thoracic aortas collected from L-NAME
hypertensive rats (Figure 3A) with significant increases in vascular wall thickness, CSA and smooth
muscle cells numbers compared to those of control rats (p < 0.05; Table 2, Figure 3A). Moreover,
the relative amounts of collagen depositions (Figure 3B) in the aortic walls of L-NAME
hypertensive rats were also clearly observed (p < 0.05; Table 2, Figure 3B). Hesperidin or captopril
treatment partially prevented the vascular structural abnormalities in aortas induced by L-NAME

(p <0.05).
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222
223 Figure 3. Effects of hesperidin or captopril supplementation on vascular morphology (A) and

224 collagen deposition (B) in thoracic aortas of control, L-NAME, L-NAME + hesperidin (30 mg/kg)
225  and L-NAME + captopril (2.5 mg/kg) groups. Data are expressed as mean + S.E.M (n = 6-8)/ group, *
226  p<0.05vs. control, # p <0.05 vs. L-NAME group.

227 3.5 Effects of hesperidin and captopril supplementation on oxidative stress markers, plasma nitric oxide
228  metabolites (NOx) levels in L-NAME treated rats

229 L-NAME treated rats showed a significant increase in a production of vascular O2*- (263.26
230  +11.20 vs. 71.42 + 15.97 count/mg dry wt/min, p < 0.001) and plasma MDA levels compared to
231  control groups (10.24 + 0.4 vs. 3.11 £ 0.27 uM, p < 0.05). When treated with hesperidin or captopril
232 the elevations of vascular O2*- and plasma MDA were mitigated compared to those of untreated
233 rats (7.91+0.92,4.83 +0.74 and 3.88 + 0.25 count/mg dry wt/min and 138.86 + 28.75, 97.28 +16.67 and
234 92.14+12.90 uM, p <0.05) (Figure 4A and B). In addition, low levels of plasma NOx were found in
235  L-NAME hypertensive rats compared with control rats (3.49 + 1.0 vs. 10.17 + 0.95 uM, p < 0.05).
236  These low levels of plasma NOx were improved by hesperidin or captopril supplementation (4.38 +
237  1.15,7.48 +1.03 and 8.48 + 1.21 uM respectively, p < 0.05) (Figure 4C).
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239  Figure 4. Effects of hesperidin and captopril supplementation on vascular O2*- production (A),
240  plasma MDA (B) and plasma NOx (C) levels in control, L-NAME, L-NAME + hesperidin (15mg/kg),
241  L-NAME + hesperidin (30 mg/kg) and L-NAME + captopril (5 mg/kg) groups. Data are expressed as
242 mean +S.EM (n =7-8)/group, * p < 0.05 vs. control, # p < 0.05 vs. L-NAME group.
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243 3.6 Effects of hesperidin and captopril on protein expression of TNF-R1 and TGF- B1 in heart tissues
244 and concentrations of TNF-a and TGF- B1 in plasma

245 Overexpressions of TNF-R1 and TGF- B1 proteins were found in heart tissues collected
246  from the hypertensive group compared to the control group (p < 0.001). Interestingly,
247  supplementation with hesperidin and captopril partially reversed these protein up-regulations (p <
248  0.01; Figure 5A and B). These were consistent with the results in that high levels of plasma TNF-a
249  and TGEF- B1 were observed in L-NAME hypertensive rats compared to those of control rats (168.49
250  +13.05 vs. 24.21 + 8.51 pg/mL and 23.54 + 3.91 vs. 4.90 + 0.50 ng/mL, p < 0.01). Administration of
251  hesperidin or captopril attenuated these high levels of plasma TNF-a (58.23 + 14.71 or 20.97 + 6.97
252 pg/mL) and TGF- p1 (5.23 £ 0.32 or 4.79 + 0.55 ng/mL, p < 0.05) in hypertensive rats (Figure 5C and

A Control LNAME  L-NAME+H30 LNAME+Cap B Control LNAME ~ LNAME+H30 L-NAME+Cap
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255

256  Figure5. Effects of hesperidin and captopril on protein expression of TNF-R1 (A) and TGF- 1
257  (B) in heart tissue and on concentrations of plasma TNF-a (C) and TGF- 1 (D) collected from
258  control, L-NAME, L-NAME + hesperidin (30 mg/kg) and L-NAME + captopril (2.5 mg/kg) groups.
259  The top panel shows representative bands of TNF-R1 (A) and TGF- 1 (B) protein expression in
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260  heart tissues. Values are mean + S.EMM (n=4 for each group), * p < 0.05 vs. control, ¢ p < 0.05 vs.
261  L-NAME group.

262 3.7 Effects of hesperidin and captopril on protein expression of MMP-2 and MMP-9 in aortic tissue

263 A significant increase in of MMP-2 and MMP-9 protein expression was observed in thoracic
264  aortic tissue collected from the hypertensive group compared with the control group (Figure 6A
265 and 6B, p <0.05). Hesperidin or captopril treatment significantly suppressed the level of MMP-2
266  and MMP-9 protein expression compared with untreated rats, (p < 0.05).
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267 Groups Groups
268  Figure 6. Effects of hesperidin and captopril on protein expression of MMP-2 (A) and MMP-9 (B)
269  in aortic tissue collected from control, L-NAME, L-NAME + hesperidin (30 mg/kg) and L-NAME +
270  captopril (2.5 mg/kg) groups. The top panel, shows representative bands of MMP-2 (A) and MMP-9
271  (B) protein expression in thoracic aortas. Values are mean + S.E.M (n=4 for each group), * p <0.05 vs.
272 control, ¢ p<0.05 vs. L-NAME group.

273 4. Discussion

274 This study demonstrates that rats received that L-NAME developed hypertension and
275  cardiovascular remodeling. Hesperidin mitigates high blood pressure and cardiac remodeling by
276  reducing left ventricular hypertrophy and fibrosis associated with down-regulations of TGF-p1 and
277  TNF-R1 protein expression and a reduction of plasma levels of TGF-p1 in L-NAME induced
278  hypertension in rats. Vascular remodeling, including vascular hypertrophy and increased collagen
279  deposition induced by L-NAME in rats was inhibited by hesperidin supplementation. This was
280  consistent with the decreased protein expression of MMP-2 and MMP-9 in aortic tissue.
281  Furthermore, hesperidin that prevented cardiovascular remodeling-induced by L-NAME in the
282  present study was linked to the reduction of an inflammatory cytokine, oxidative stress markers
283  and enhancing NO availability.

284 It was found that chronic treatment of L-NAME produced the development of NO-deficient

285  hypertension as well as cardiovascular remodeling. These remodeling included increases in
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286 LVW/HW ratio, LV wall thickness, LV CSA, LV fibrosis, aortic wall thickness, aortic cross sectional
287  area, aortic smooth muscle cell number and collagen deposition. It has been well accepted that
288  chronic inhibition of NO synthase using L-NAME resulted in NO depletion, increased vascular tone
289  and high blood pressure [29]. Several studies demonstrated that cardiovascular remodeling
290  occurred after chronic treatment with L-NAME (40 mg/kg) for 5 weeks [4, 10, 30]. The mechanisms
291  involved in cardiac remodeling in an animal model of nitric oxide deficient hypertension is still
292 unclear, however, two possible mechanisms related to hemodynamics and non-hemodynamic
293  aspects have been described [31]. Hemodynamic overload in hypertension provoked left
294 ventricular hypertrophy because of the adaptive response to conserve cardiac output [32]. A
295  reduction of NO is one of several non-hemodynamic factors that participate in cardiac remodeling
296  because when NO is suppressed, hypertensive cardiac remodeling through the cyclic guanosine
297  monophosphate/ protein kinase G (cGMP/PKG) pathway is initiated to inhibit fibrotic synthesis
298  [33]. It is well documented that vascular remodeling in hypertension occurs in response to
299 long-term modifications of hemodynamic conditions [34, 35]. Furthermore, numerous studies
300  reported that vascular remodeling is characterized by increases in wall thickness, CSA and smooth
301  muscle cell numbers in L-NAME hypertensive rats [3, 4, 36]. In this present study, hesperidin
302  partially inhibited the development of hypertension as well as cardiovascular remodeling induced
303 by chronic L-NAME treatment. These effects may have involved an increase in NO bioavailability,
304  reductions of oxidative stress and inflammation as further possibilities.

305 Oxidative stress is one of the important mechanisms of L-NAME induced hypertension
306  since L-arginine analogues activate eNOS uncoupling leading to an overwhelming vascular
307  superoxide generation [37] by the fact that superoxide can rapidly react with nitric oxide to form
308  peroxynitrite [38]. This reaction results in reducing nitric oxide bioavailability [39]. In the present
309  study, increases in plasma MDA levels and vascular superoxide production were accompanied by
310  decreased plasma NOx were observed in the L-NAME hypertensive rats. Hesperidin alleviated
311  L-NAME induced oxidative stress and thus increased NO bioavailability in an increase in plasma
312 NOx level. A large number of studies confirm that hesperidin has strong antioxidant activity [21,
313 40]. Hesperidin exhibits its antioxidant properties with two main mechanisms including, directly
314 scavenging reactive oxygen species [41] and boosting cellular antioxidant defense [20]. Thus, one of
315  the possible mechanisms of the cardiovascular protective effects of hesperidin in this study that
316  might have involved its antioxidant capability resulted in increased NO bioavailability, which
317  reduced vascular resistance.

318 There is substantial evidence to support that inflammation is one of pathologies that occur
319  in L-NAME hypertensive rats [42, 43]. Results of the current study proved that as in the previous
320  studies, there were increases in level of the proinflammatory cytokine, TNF-a, in plasma and
321  expression of TNF-a protein in heart tissue in L-NAME hypertensive rats. Myocardial TGF-{
322 protein expression was also observed in L-NAME hypertensive rats. It is well established that
323  TGF-B plays and an important role in responses to inflammation to activate fibrogenesis, which is
324 the important pathological process for cardiac remodeling [44, 45]. The present study has also
325  shown that hesperidin attenuated cardiac remodeling accompanied with decreased systemic and
326  heart inflammation in L-NAME hypertensive rats. The protein expression of TGF-B in cardiac tissue
327  was also down-regulated in the hesperidin supplemented group. The anti-inflammatory effect of

328  hesperidin has been clearly revealed in both cellular and animal models. In human umbilical vein
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329  endothelial cells, hesperidin significantly suppressed TNF-a [46]. Li and coworkers demonstrated
330  that hesperidin decreased the production of IL-1p, IL-6, and TNF-a in a rat model of rheumatoid
331  arthritis [47]. Thus, the current results confirmed that the cardiprotective effect of hesperidin was
332 associated with its great anti-inflammatory effect.

333 Additionally, vascular remodeling with collagen deposition was associated with
334 overexpression of MMP-2 and MMP-9 in aortic tissue in L-NAME hypertensive rats as shown in
335  this study. Several studies described that MMPs play an important role in physiological processes
336  that contribute to hypertension-induced maladaptive arterial changes and sustained hypertension
337  [48, 49]. Overexpression of MMP mediated vascular remodeling was stimulated by oxidative stress
338  and inflammatory cytokines [49]. Del Mauro and coworkers demonstrated that MMP-2 and MMP-9
339  activity was a pathologic process in L-NAME induced morphometric alterations in the aorta [50].
340  Interestingly, the present study first reported L-NAME induced hypertension and vascular
341  remodeling in rats in which there was up-regulation of MMP-2 and MMP-9 protein expression in
342  response to oxidative stress. Hesperidin prevented vascular remodeling induced by L-NAME
343 associated with down-regulation of MMP-2 and MMP-9. This effect might be involved in its
344 antioxidant and anti-inflammatory effects, which further inhibited MMPs activation and collagen
345  degradation.

346 Captopril was used as a positive control to prevent the development of hypertension and
347  cardiovascular remodeling. These results are consistent with those previous studies in that
348  captopril prevented high blood pressure, cardiac fibrosis and collagen deposition induced by
349  L-NAME in rats [51-53]. They suggested that captopril may have antioxidant activity with thiol-
350  groups in addition to its main action as an angiotensin converting enzyme activity inhibitor.

351 In conclusion, the findings of this study indicated that hesperidin has cardiovascular
352  protective effects by preventing L-NAME-induced the development of hypertension and
353  cardiovascular remodeling in rats. These effects were affirmed by reducing oxidative stress and
354  inflammation.

355  Author Contributions: P.M. performed the majority of the experiments and wrote the manuscript;

356 S.B., T.B.,, P. Po. and P. Pr., UK., V.K. contributed to the data analysis; PP. designed and supervised
357  the study, and checked the final manuscript.

358 Funding: This research was funded by the Thailand Research Fund (RSA6080005) and Khon Kaen
359  University (6100052), Khon Kaen, Thailand.

360  Acknowledgments: We would like to acknowledge Prof. James A. Will for editing this manuscript
361  via the Publication Clinic, KKU, Thailand.

362 Conflicts of Interest: The authors declare no conflict of interest.

363


http://dx.doi.org/10.20944/preprints201809.0431.v1
http://dx.doi.org/10.3390/nu10101549

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0431.v1

364  References

365 1. Furchgott, R. F., Zawadzki, J. V. The obligatory role of endothelial cells in the relaxation of
366 arterial smooth muscle by acetylcholine. Nature 1980, 288, 373-376.

367 2. Bunbupha, S., Pakdeechote, P., Kukongviriyapan, U., Prachaney, P., Kukongviriyapan, V.
368 Asiatic acid reduces blood pressure by enhancing nitric oxide bioavailability with
369 modulation of eNOS and p47phox expression in L-NAME-induced hypertensive rats.
370 Phytother Res 2014, 28, 1506-1512.

371 3. Pechanova, O., Bernatova, I, Babal, P., Martinez, M. C., Kysela, S. Stvrtina, S,
372 Andriantsitohaina, R. Red wine polyphenols prevent cardiovascular alterations in
373 L-NAME-induced hypertension. ] Hypertens 2004, 22, 1551-1559.

374 4. Bunbupha, S., Prachaney, P., Kukongviriyapan, U., Kukongviriyapan, V., Welbat, J. U,
375 Pakdeechote, P. Asiatic acid alleviates cardiovascular remodelling in rats with
376 L-NAME-induced hypertension. Clin Exp Pharmacol Physiol 2015, 42, 1189-1197.

377 5. Bernatova, 1., Pechanova, O., Babal, P., Kysela, S., Stvrtina, S., Andriantsitohaina, R. Wine
378 polyphenols improve cardiovascular remodeling and vascular function in NO-deficient
379 hypertension. Am | Physiol Heart Circ Physiol 2002, 282, H942-948.

380 6. Liu, L., Eisen, H. J. Epidemiology of heart failure and scope of the problem. Cardiol Clin
381 2014, 32, 1-8, vii.

382 7. Babal, P., Pechanova, O., Bernatova, I, Stvrtina, S. Chronic inhibition of NO synthesis
383 produces myocardial fibrosis and arterial media hyperplasia. Histol Histopathol 1997, 12,
384 623-629.

385 8. Mir, S. A., Chatterjee, A., Mitra, A., Pathak, K., Mahata, S. K., Sarkar, S. Inhibition of signal
386 transducer and activator of transcription 3 (STAT3) attenuates interleukin-6 (IL-6)-induced
387 collagen synthesis and resultant hypertrophy in rat heart. ] Biol Chem 2012, 287, 2666-2677.
388 9. Siwik, D. A., Pagano, P. J., Colucci, W. S. Oxidative stress regulates collagen synthesis and
389 matrix metalloproteinase activity in cardiac fibroblasts. Am | Physiol Cell Physiol 2001, 280,
390 C53-60.

391 10. Boonprom, P. Boonla, O. Chayaburakul, K. Welbat, ]J. U. Pannangpetch, P.,
392 Kukongviriyapan, U., Kukongviriyapan, V. Pakdeechote, P., Prachaney, P. Garcinia
393 mangostana pericarp extract protects against oxidative stress and cardiovascular
394 remodeling via suppression of p47(phox) and iNOS in nitric oxide deficient rats. Ann Anat
395 2017, 212, 27-36.

396 11 Ndisang, J. F., Chibbar, R., Lane, N. Heme oxygenase suppresses markers of heart failure
397 and ameliorates cardiomyopathy in L-NAME-induced hypertension. Eur | Pharmacol 2014,
398 734, 23-34.

399  12. Cao, S., Zheng, B., Chen, T., Chang, X., Yin, B, Huang, Z., Shuai, P., Han, L. Semen
400 Brassicae  ameliorates hepatic fibrosis by regulating transforming growth
401 factor-betal/Smad, nuclear factor-kappaB, and AKT signaling pathways in rats. Drug Des
402 Devel Ther 2018, 12, 1205-1213.

403 13. Bowen, T., Jenkins, R. H., Fraser, D. J. MicroRNAs, transforming growth factor beta-1, and
404 tissue fibrosis. ] Pathol 2013, 229, 274-285.

405 14. Xu, F., Liu, C,, Zhou, D., Zhang, L. TGF-beta/SMAD Pathway and Its Regulation in Hepatic
406 Fibrosis. | Histochem Cytochem 2016, 64, 157-167.


http://dx.doi.org/10.20944/preprints201809.0431.v1
http://dx.doi.org/10.3390/nu10101549

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0431.v1

407 15. Arribas, S. M., Hinek, A. Gonzalez, M. C. Elastic fibres and vascular structure in

408 hypertension. Pharmacol Ther 2006, 111, 771-791.

409 16. Moon, S. K, Cha, B. Y, Kim, C. H. ERK1/2 mediates TNF-alpha-induced matrix
410 metalloproteinase-9 expression in human vascular smooth muscle cells via the regulation of
411 NEF-kappaB and AP-1: Involvement of the ras dependent pathway. ] Cell Physiol 2004, 198,
412 417-427.

413 17. Arenas, I. A., Xu, Y., Lopez-Jaramillo, P., Davidge, S. T. Angiotensin II-induced MMP-2
414 release from endothelial cells is mediated by TNF-alpha. Am ] Physiol Cell Physiol 2004, 286,
415 C779-784.

416  18. Li, H., Liang, J., Castrillon, D. H., DePinho, R. A., Olson, E. N., Liu, Z. P. FoxO4 regulates
417 tumor necrosis factor alpha-directed smooth muscle cell migration by activating matrix
418 metalloproteinase 9 gene transcription. Mol Cell Biol 2007, 27, 2676-2686.

419 19. Emim, J. A., Oliveira, A. B., Lapa, A. J. Pharmacological evaluation of the anti-inflammatory
420 activity of a citrus bioflavonoid, hesperidin, and the isoflavonoids, duartin and
421 claussequinone, in rats and mice. ] Pharm Pharmacol 1994, 46, 118-122.

422  20. Wilmsen, P. K., Spada, D. S., Salvador, M. Antioxidant activity of the flavonoid hesperidin
423 in chemical and biological systems. ] Agric Food Chem 2005, 53, 4757-4761.

424 21. Selvaraj, P., Pugalendi, K. V. Hesperidin, a flavanone glycoside, on lipid peroxidation and
425 antioxidant status in experimental myocardial ischemic rats. Redox Rep 2010, 15, 217-223.
426  22. Homayouni, F., Haidari, F., Hedayati, M., Zakerkish, M., Ahmadi, K. Blood pressure
427 lowering and anti-inflammatory effects of hesperidin in type 2 diabetes; a randomized
428 double-blind controlled clinical trial. Phytother Res 2018, 32, 1073-1079.

429 23, Ren, H, Hao, J, Liu, T., Zhang, D., Lv, H, Song, E. Zhu, C. Hesperetin Suppresses
430 Inflammatory Responses in Lipopolysaccharide-Induced RAW 264.7 Cells via the Inhibition
431 of NF-kappaB and Activation of Nrf2/HO-1 Pathways. Inflammation 2016, 39, 964-973.

432 24, Giannini, I, Amato, A., Basso, L., Tricomi, N., Marranci, M., Pecorella, G., Tafuri, S.,
433 Pennisi, D., Altomare, D. F. Erratum to: Flavonoids mixture (diosmin, troxerutin,
434 hesperidin) in the treatment of acute hemorrhoidal disease: a prospective, randomized,
435 triple-blind, controlled trial. Tech Coloproctol 2015, 19, 665-666.

436  25. Wunpathe, C., Potue, P., Maneesai, P., Bunbupha, S., Prachaney, P., Kukongviriyapan, U.,
437 Kukongyviriyapan, V., Pakdeechote, P. Hesperidin Suppresses Renin-Angiotensin System
438 Mediated NOX2 Over-Expression and Sympathoexcitation in 2K-1C Hypertensive Rats. Am
439 J Chin Med 2018, 46, 751-767.

440  26. Lu, F. ], Lin, J. T., Wang, H. P., Huang, W. C. A simple, sensitive, non-stimulated photon
441 counting system for detection of superoxide anion in whole blood. Experientia 1996, 52,
442 141-144.

443 27. Luangaram, S., Kukongviriyapan, U. Pakdeechote, P. Kukongviriyapan, V.,
444 Pannangpetch, P. Protective effects of quercetin against phenylhydrazine-induced vascular
445 dysfunction and oxidative stress in rats. Food Chem Toxicol 2007, 45, 448-455.

446  28. Verdon, C. P., Burton, B. A., Prior, R. L. Sample pretreatment with nitrate reductase and
447 glucose-6-phosphate dehydrogenase quantitatively reduces nitrate while avoiding
448 interference by NADP+ when the Griess reaction is used to assay for nitrite. Anal Biochem

449 1995, 224, 502-508.


http://dx.doi.org/10.20944/preprints201809.0431.v1
http://dx.doi.org/10.3390/nu10101549

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0431.v1

450  29. Ribeiro, M. O., Antunes, E., de Nucci, G., Lovisolo, S. M., Zatz, R. Chronic inhibition of

451 nitric oxide synthesis. A new model of arterial hypertension. Hypertension 1992, 20, 298-303.
452  30. Paulis, L., Zicha, J., Kunes, J., Hojna, S., Behuliak, M., Celec, P., Kojsova, S., Pechanova, O.,
453 Simko, F. Regression of L-NAME-induced hypertension: the role of nitric oxide and
454 endothelium-derived constricting factor. Hypertens Res 2008, 31, 793-803.

455 31 Simko, F., Simko, J. The potential role of nitric oxide in the hypertrophic growth of the left
456 ventricle. Physiol Res 2000, 49, 37-46.

457  32. Simko, F. Physiologic and pathologic myocardial hypertrophy--physiologic and pathologic
458 regression of hypertrophy? Med Hypotheses 2002, 58, 11-14.

459 3. Lee, D. I, Kass, D. A. Phosphodiesterases and cyclic GMP regulation in heart muscle.
460 Physiology (Bethesda) 2012, 27, 248-258.

461  34. Wolinsky, H. Response of the rat aortic media to hypertension. Morphological and
462 chemical studies. Circ Res 1970, 26, 507-522.

463 35 Gibbons, G. H., Dzau, V. ]J. The emerging concept of vascular remodeling. N Engl | Med
464 1994, 330, 1431-1438.

465 36. Tronc, F., Wassef, M., Esposito, B., Henrion, D., Glagov, S., Tedgui, A. Role of NO in
466 flow-induced remodeling of the rabbit common carotid artery. Arterioscler Thromb Vasc Biol
467 1996, 16, 1256-1262.

468  37. Leo, M. D., Kandasamy, K., Subramani, J., Tandan, S. K, Kumar, D. Involvement of
469 inducible nitric oxide synthase and dimethyl arginine dimethylaminohydrolase in
470 Nomega-nitro-L-arginine methyl ester (L-NAME)-induced hypertension. Cardiovasc Pathol
471 2015, 24, 49-55.

472 38. Xia, Y., Zweier, ]J. L. Superoxide and peroxynitrite generation from inducible nitric oxide
473 synthase in macrophages. Proc Natl Acad Sci U S A 1997, 94, 6954-6958.

474  39. Pryor, W. A., Squadrito, G. L. The chemistry of peroxynitrite: a product from the reaction of
475 nitric oxide with superoxide. Am ] Physiol 1995, 268, L699-722.

476  40. Garg, A, Garg, S., Zaneveld, L. J., Singla, A. K. Chemistry and pharmacology of the Citrus
477 bioflavonoid hesperidin. Phytother Res 2001, 15, 655-669.

478 41. Kim, J. Y, Jung, K. J,, Choi, J. S., Chung, H. Y. Hesperetin: a potent antioxidant against
479 peroxynitrite. Free Radic Res 2004, 38, 761-769.

480  42. Gonzalez, W., Fontaine, V., Pueyo, M. E., Laquay, N., Messika-Zeitoun, D., Philippe, M.,
481 Arnal, J. F., Jacob, M. P., Michel, J. B. Molecular plasticity of vascular wall during
482 N(G)-nitro-L-arginine methyl ester-induced hypertension: modulation of proinflammatory
483 signals. Hypertension 2000, 36, 103-109.

484  43. Luvara, G., Pueyo, M. E., Philippe, M., Mandet, C., Savoie, F., Henrion, D., Michel, J. B.
485 Chronic blockade of NO synthase activity induces a proinflammatory phenotype in the
486 arterial wall: prevention by angiotensin II antagonism. Arterioscler Thromb Vasc Biol 1998, 18,
487 1408-1416.

488  44. Miguel-Carrasco, J. L., Mate, A., Monserrat, M. T., Arias, J. L., Aramburu, O., Vazquez, C.
489 M. The role of inflammatory markers in the cardioprotective effect of L-carnitine in

490 L-NAME-induced hypertension. Am | Hypertens 2008, 21, 1231-1237.


http://dx.doi.org/10.20944/preprints201809.0431.v1
http://dx.doi.org/10.3390/nu10101549

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0431.v1

491 45, Nyby, M. D., Abedi, K., Smutko, V., Eslami, P., Tuck, M. L. Vascular Angiotensin type 1

492 receptor expression is associated with vascular dysfunction, oxidative stress and
493 inflammation in fructose-fed rats. Hypertens Res 2007, 30, 451-457.

494  46. Nizamutdinova, I. T, Jeong, J. J., Xu, G. H,, Lee, S. H., Kang, S. S., Kim, Y. S., Chang, K. C,,
495 Kim, H. J. Hesperidin, hesperidin methyl chalone and phellopterin from Poncirus trifoliata
496 (Rutaceae) differentially regulate the expression of adhesion molecules in tumor necrosis
497 factor-alpha-stimulated human umbilical vein endothelial cells. Int Immunopharmacol 2008,
498 8, 670-678.

499 47 Li, R, Li, J.,, Cai, L., Hu, C. M., Zhang, L. Suppression of adjuvant arthritis by hesperidin in
500 rats and its mechanisms. | Pharm Pharmacol 2008, 60, 221-228.

501 48, Belo, V. A., Guimaraes, D. A., Castro, M. M. Matrix Metalloproteinase 2 as a Potential
502 Mediator of Vascular Smooth Muscle Cell Migration and Chronic Vascular Remodeling in
503 Hypertension. | Vasc Res 2015, 52, 221-231.

504 49, Chen, Q., Jin, M., Yang, F.,, Zhu, J.,, Xiao, Q., Zhang, L. Matrix metalloproteinases:
505 inflammatory regulators of cell behaviors in vascular formation and remodeling. Mediators
506 Inflamm 2013, 2013, 928315.

507 50. Del Mauro, J. S., Prince, P. D., Donato, M., Fernandez Machulsky, N., Moretton, M. A,,
508 Gonzalez, G. E., Bertera, F. M., Carranza, A., Gorzalczany, S. B., Chiappetta, D. A,, et al.
509 Effects of carvedilol or amlodipine on target organ damage in L-NAME hypertensive rats:
510 their relationship with blood pressure variability. ] Am Soc Hypertens 2017, 11, 227-240.

511 51 Mukherjee, D., Sen, S. Alteration of cardiac collagen phenotypes in hypertensive
512 hypertrophy: role of blood pressure. | Mol Cell Cardiol 1993, 25, 185-196.

513 52. Pechanova, O., Bernatova, 1., Pelouch, V., Simko, F. Protein remodelling of the heart in
514 NO-deficient hypertension: the effect of captopril. | Mol Cell Cardiol 1997, 29, 3365-3374.

515 53 Maneesai, P., Prasarttong, P., Bunbupha, S., Kukongviriyapan, U., Kukongviriyapan, V.,
516 Tangsucharit, P., Prachaney, P., Pakdeechote, P. Synergistic Antihypertensive Effect of
517 Carthamus tinctorius L. Extract and Captopril in L-NAME-Induced Hypertensive Rats via

518 Restoration of eNOS and AT(1)R Expression. Nutrients 2016, 8, 122.


http://dx.doi.org/10.20944/preprints201809.0431.v1
http://dx.doi.org/10.3390/nu10101549

