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Abstract

Background: the antihypertensive drug a-methyldopa (MD) stands as one of the
extensively used medications for managing hypertension during pregnancy. Zinc
deprivation has been associated with many diseases. In this context, the synthesis of a
Zn coordination complex [Zn(MD)(OH)(H20)2].H.O (ZnMD) provide a promising
alternative pathway to improve the biological properties of MD.

Methods: ZnMD was synthesized and physicochemically characterized. Fluorescence
spectral studies were conducted to examine the binding of both, the ligand and the metal

with bovine serum albumin (BSA). MD, ZnMD, and ZnCl, were administered to



spontaneous hypertensive rats (SHR) rats during 8 weeks and blood pressure and
echocardiographic parameters were determined. Ex vivo assays were conducted to
evaluate levels of reactive oxygen species (ROS), thiobarbituric acid reactive substances
(TBARS), and nitric oxide (NO). Cross-sectional area (CSA) and collagen levels of left
ventricular cardiomyocytes were also assessed. Furthermore, the expression of
NAD(P)H oxidase subunits (gp91Ph°x and p47rh°X) and Superoxide Dismutase 1 (SOD1)
was quantified through western blot analysis.

Results: The complex exhibited a moderate affinity for binding with BSA showing a
spontaneous interaction (indicated by negative AG values) and moderate affinity
(determined by affinity constant values). The binding process involved the formation of
Van der Waals forces and hydrogen bonds. Upon treatment with MD and ZnMD, a
reduction in the systolic blood pressure in SHR was observed, being ZnMD more
effective than MD (122 + 8.1 mmHg and 145 + 5.6 mmHg, at 8" week of treatment,
respectively). The ZnMD treatment prevented myocardial hypertrophy, improved the
heart function and reduced the cardiac fibrosis, as evidenced by parameters such as left
ventricular mass, fractional shortening, and histological studies. In contrast, MD did not
show noticeable differences in these parameters. ZnMD regulates negatively the
oxidative damage by reducing levels of ROS and lipid peroxidation, as well as the cardiac
NAD(P)H oxidase, and increasing SOD1 expression, while MD did not show significant
effect. Moreover, cardiac nitric oxide levels were greater in the ZnMD therapy compared
to MD treatment.

Conclusion: Both MD and ZnMD have the potential to be transported by albumin. Our
findings provide important evidence suggesting that this complex could be a potential
therapeutic drug for the treatment of hypertension and cardiac hypertrophy and

dysfunction.
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1. Introduction

Hypertension is one of the major risk factors for cardiovascular diseases, such
cerebrovascular and heart attack. High blood pressure is the major cause of premature
death, and the World Health Organization has reported that 1.28 billion adults aged 30-
79 years worldwide have hypertension [1]. Because of uncontrolled hypertension and
consequent pressure overload, left ventricular hypertrophy (LVH) develops as a
compensatory mechanism to maintain heart function. This hypertrophic response
increases the cardiomyocyte size, the myocardium enlarges, the extracellular matrix
alters with collagen buildup and fibrosis occurs, which results in the stiffening of the
ventricular wall, leading to contraction and relaxation impairment [2]. Also, an imbalance
in the renin-angiotensin-aldosterone system and sympathetic nervous system, as well
as endothelial dysfunction, inflammatory response, and the generation of reactive
oxygen species (ROS) lead to eventually progressing to maladaptive remodeling and
pushing the heart into a decompensated state [3].

Despite interventions and programs to promote cardiovascular health through lifestyle
changes and the use of a well-balanced diet, this health problem persists, and it is
necessary to pave the way for better treatment strategies that target the factors involved

in the maladaptive progression.



Most antihypertensive drugs were designed to target specific mechanistic pathways
involved in the development of hypertension. These medications include: 1) Beta-
blockers, which reduce the amount of blood pumped through the arteries. 2) Diuretics
that help the kidneys to remove excess sodium from the body. 3) Angiotensin-converting
enzyme inhibitors (ACE inhibitors), which inhibit the effects of angiotensin that cause
blood vessel and artery constriction (e.g., enalapril). 4) Angiotensin Il receptor blockers
(ARBs), which block the action of angiotensin (e.g., sartans). 5) Calcium channel
blockers, which prevent excess calcium from entering the smooth muscles of arterial
vessels, thus reducing contraction and blood pressure (e.g., nitrendipine and
nisoldipine). 6) Alpha-2 agonists, which relax muscles and lower blood pressure (e.g., a-
methyldopa, hydroxy-a-methyl-L-tyrosine). 7) Renin inhibitors, which specifically target
the rate-limiting step of the renin-angiotensin system (e.g., aliskiren) [4].

a-Methyldopa (MD), shown in Fig. 1, primarily acts within the central nervous system as
an az-adrenergic agonist. It is taken up by adrenergic neurons and undergoes
decarboxylation and hydroxylation to form the false transmitter a-methylnoradrenaline.
However, compared to noradrenaline, it is less active on a-receptors and therefore less
effective in causing vasoconstriction [5]. In order to achieve a hypotensive effect with
MD, high doses are typically required [6]. However, these high doses can lead to
adverse effects on the nervous system, including symptoms such as dizziness,
drowsiness, tiredness, dry mouth, headache, and depression [7]. Despite these potential
side effects, MD is still widely used for managing hypertensive disorders during
pregnancy, such as gestational hypertension and (pre)eclampsia, and it is notable for
not causing any teratogenic effects [8]. To improve the beneficial effects of the drug and
enable its administration at lower concentrations, its chemical structure can be modified

through metal complexation.
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Fig. 1. Structure of a-methyldopa

In the literature, there are examples of coordination complexes formed between
biometals and certain antihypertensive drugs. However, the biological effects of these
complexes have been studied in only a limited number of cases [9-12].

To our knowledge, there are no reports available on the biological effects of solid
coordination complexes involving a.agonists as ligands. Therefore, conducting such
studies could provide a promising alternative pathway for the development of new
families of antihypertensive compounds.

Zinc is the second most abundant trace biometal found in the human body, and it serves
multiple essential functions, including catalytic, structural, and regulatory roles. These
functions are crucial for the growth and development of all living species [13]. Moreover,
studies have demonstrated that dietary zinc deprivation can increase cellular
susceptibility to oxidative stress, thereby disrupting various physiological and metabolic
functions. Consequently, many diseases have been associated with zinc deficiency [14].
Furthermore, because of its d'° electronic structure, Zn(ll) can adopt a variety of
coordination geometries, including those with coordination numbers of 4 (tetrahedral), 5
(pyramidal), and 6 (octahedral). The specific coordination geometry and the ligands
involved (with functional groups containing sulfur (S), nitrogen (N) or oxygen (O) atoms)
can influence its conformation. These modifications have the potential to alter its
biological properties. [15].

Fig. 1 illustrates that a-Methyldopa (MD) exhibits various coordination sites capable of
chelating with metal ions. Solution studies involving methyldopa and copper(ll) cations,
conducted using potentiometric techniques, have described different coordination modes

under different experimental conditions. These modes include N,O coordination involving



NH2 and COO- groups, as well as O,0 coordination involving the catechol moiety [16]
Similar to other studies utilizing thermodynamic measurements [17], the investigations
have provided insights into the behavior of copper(ll) complexes formed by methyldopa,
methyltyrosine, and catechol in aqueous solutions. According to reports, it has been
concluded that N,O coordination occurs at low pH values, while in alkaline solutions, the
catechol end of a-Methyldopa (MD) coordinates with the metal ion. While the drug can
undergo instability in an alkaline environment due to the presence of the catechol
system, it is possible to prevent this type of decomposition by working under a nitrogen
atmosphere, even at high temperatures [18].

In the case of zinc(ll) cations and related catechol compounds, studies have reported
that chelation of L-dopa (3-(3,4-Dihydroxyphenyl)-L-alanine) occurs through the amino
and carboxylic groups within a pH range of 6 to 9 [19]. During the experiment conducted
with Zn?*, H,O,, horse peroxidase, and L-dopa, the aromatic oxidation of the catechol
ligand to the o-semiquinone radical was observed. These o-semiquinone radicals
interacted with the metal ion, resulting in the carboxylate and amino groups being
uncoordinated [20].

In the current study, we synthesized and characterized a solid Zn/a-methyldopa complex
with a 1:1 stoichiometry, at pH 6.4, and demonstrated that the coordination mode N,O
occurs. Bovine serum albumin was selected as the transport protein and the binding
interactions with the ligand and the complex were studied by spectrofluorometric
determinations. The biological effects of this new compound were evaluated in
spontaneously hypertensive rats (SHR) to assess its antihypertensive and
antihypertrophic properties. We investigated the heart function improvement by means

of the decrease of LVH and fibrosis and the reduction of oxidative stress.

2. Materials and Methods
ZnCl, (Biopack, Argentina) and a-methyldopa (Saporiti, Argentina) were used as

purchased. All other chemicals were of analytical grade and used as supplied. Elemental
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analyses for carbon, nitrogen, and hydrogen were performed using a Carlo Erba EA 1108
analyzer. Zn contents were determined using the Zincon method (2-[2-[(Z)-N-[(E)-(6-0x0-3-
sulfocyclohexa-2,4-dien-1-ylidene)amino]-C-phenylcarbonimidoyllhydrazinyl] benzoic acid,
Santa Cruz Biotechnology) [21]. Thermogravimetric (TG) determinations were conducted
using a Shimadzu system (model TG-50) in an oxygen flow of 50 mL/min with a heating
rate of 10 °C/min. The sample quantities ranged between 10 and 20 mg. FTIR spectra of
powdered samples were measured using a Bruker IFS 66 FTIR-spectrophotometer from
4000 to 400 cm™. The samples were in the form of pressed KBr pellets. Electronic
absorption and fluorescence spectra were recorded using a Shimadzu UV-2600/2700
spectrophotometer and a Shimadzu RF-6000 spectrofluorometer, respectively.
Conductivity measurements were carried out using a TDS Probe 850.084 conductimeter.
For the 'H NMR measurements, a Bruker Ultrashield 600, 14.1 Tesla spectrometer was
used. The measurements were performed in 100% DMSO-ds solution at 25 °C and at a
frequency of 600 MHz. Tetramethylsilane was used as an internal standard to calibrate the

chemical shift 5.

2.1. Preparation of ZnMD ([ZnMD(OH)(H20)].H20)

To a 10 mL solution of methyldopa (0.2 mmol) in methanol, 0.4 mL of a solution of ZnCl,
(0.2 mmol) in methanol was added. The mixture was stirred for 10 min under nitrogen
flow. Then, an aqueous 1 M solution of KOH has been added until the final pH reached
a value of 6.4. The white solid formed was filtered, washed with methanol and dried
under nitrogen flow.

Anal calc. for [ZnMD(OH)(H20),].H20 (C10H100sNZn, MW: 346.65 g/mol): C, 34.6 %; H,
5.5 %; N, 4.0 %; Zn, 18.9 %; Found: C, 34.4 %; H, 5.4 %; N, 3.9 %; Zn, 19.0 %
Thermogravimetric analysis (Fig. S1) showed that three water molecules were lost up to
160 °C (weight loss: exp., 15.5 %; calc., 15.6 %). The first water molecule, corresponding
to hydration water, was removed at 60 °C. The final residue, characterized by FTIR
spectroscopy as ZnO [22]. (Fig. S2A) was 24.0 % at 900 °C (calc. 23.5 %). The molar
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conductance of the complex measured in H20, An = 12 (@' cm? mol?), suggested that

the complex is non-electrolyte in nature.

2.2. In vitro bovine serum albumin (BSA) interaction

A solution of MD or ZnMD was prepared with 4.8 mL of Tris-HCI (0.1 M, pH 7.4), 10 uL
of an aqueous 6 uM solution of BSA and 10 pL of a DMSO solution of the compounds.
The final concentrations of the compounds ranged from 5 to 50 uM, while the buffer was
used as a control. To assess the interaction of BSA with MD and ZnMD, the fluorescence
intensity was measured using a luminescence spectrometer (Shimadzu 2600/2700) at
25 °C, 30 °C, and 37 °C, with excitation at 280 nm and emission at 350 nm. An incubation
time of 20 min was determined, measuring the time at which a maximum of fluorescence
intensity is achieved. Each sample was replicated three times independently. Before
conducting the analysis, the BSA curves underwent deconvolution using Origin 2022
software. This process aimed to separate them from the overlapping spectra of either
MD or ZnMD, enabling the extraction of the fluorescence peaks. The computational
procedure involved subtracting the measured fluorescence spectra of either MD or ZnMD
from the overall curve. All the experiments were performed in triplicate, each being

repeated at least three times. Values are expressed as the mean + standard error (SE).

2.3. Animals

The experimental protocols involving animal subjects were conducted following strict
compliance with the guidelines stipulated by the National Institute of Health Guide for the
Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). Before
undertaking the experiments, approval was granted by the Institutional Committee for
the Care and Use of Laboratory Animals (CICUAL) at the Faculty of Medical Sciences of
the National University of La Plata (Protocol number: T02-02-2023). Male spontaneously
hypertensive rats (SHRs) weighing 200-300 g and aged 12 weeks were obtained from

the Dr. Alfredo Lanari Medical Research Institute in Buenos Aires, Argentina. The 12-
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week age was selected based on previous evidence of heart hypertrophy and
hypertension development at this stage [23]. The rats were randomly allocated into four
groups (n = 4-5 per group) using the resource equation method [24]. The animals were
housed under standardized laboratory conditions with a temperature of 23 °C £ 1, a 12-
h light and darkness cycle, and a humidity range of 60-70%. They were provided with ad
libitum access to standard commercial rat-mouse chow (Cooperacién, Buenos Aires,
Argentina) and water.

MD, ZnMD, and ZnCl, were delivered to SHR rats via dietary administration using peanut
butter balls, being a more cost-efficient alternative and inducing lower stress than
traditional administration methods [25]. The rats consumed 200 mg/day of commercial
peanut butter (Mani King, Buenos Aires, Argentina) containing 100.00 mg/kg/day of MD
and the molar equivalent for ZnMD (164.12 mg/kg/day) and ZnCl, (64.52 mg/kg/day).
The doses were selected based on previous reports of the antihypertensive effect of MD
in SHR rats [26]. The control group received only the peanut butter without MD.

On a weekly basis, the experimental animals were weighed, and their systolic blood
pressure was assessed using non-invasive tail-cuff plethysmography. To examine
cardiac hypertrophy (CH), transthoracic two-dimensional M-mode echocardiography
using a 7-MHz transducer was conducted on the rats at the beginning and end of the
experimental protocol, under anesthesia with approximately 2-3% isoflurane in an
oxygen flow. The measurements were carried out following the state-of-the-art
guidelines provided by the American Society of Echocardiography [27]. The left
ventricular mass (LVM) was calculated using the method outlined by Devereux and
Reichek [28]. Additionally, the LVM index (LVMI) was determined as the ratio between
the LVM and tibial length. Finally, fractional shortening was calculated using the following
equation: ([(LVDd-LVDs)*100]/LVDd) (where LVDd is the diastolic left ventricular
diameter and LVDs is the systolic left ventricular diameter).

At the 8-week of the experimental protocol, the animals were euthanized by

administering a single dose of urethane (1 g/kg of body weight). After confirming the
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absence of reflexes, the heart was excised and the left ventricle was separated. The tibia
was removed to calculate the left ventricular mass/tibia length ratio. Subsequently, the
left ventricles were divided and promptly frozen in liquid nitrogen, preserving them at a
temperature of =80 °C. The frozen fractions were then utilized for measuring reactive
oxygen species (ROS), thiobarbituric acid reactive substance (TBARS), nitric oxide (NO)
and conducting immunoblot determinations. Coronal sections derived from the equator
of the left ventricle were fixed in buffered 10% formaldehyde for 24 h. After fixation, the
sections were paraffin-embedded, and thick (5 ym) sections were stained to facilitate

histological analysis.

2.4. Preparation of Tissues for Ex Vivo Assays

To prepare tissue samples for ex vivo assays, a tissue fraction weighing approximately
250 mg was homogenized on ice with 1 mL of 40 mM Tris buffer per 100 mg of tissue
using a Pro-Scientific Bio-gen Series Pro 2000 homogenizer. The resulting homogenate

was used for quantifying ROS, TBARS and NO levels.

2.5. ROS, NO and TBARs Assessments

Next, 50 yL of homogenized samples were combined with 1 mL of 40 mM Tris buffer and
H.DCFDA (2',7'-Dichlorofluorescin diacetate) probe at a final concentration of 10 uM
(Mousavi et al., 2020). The resulting mixture was incubated for 30 min at 37 °C. To
measure ROS levels, the samples were analyzed with an excitation wavelength of 485
nm and an emission wavelength of 535 nm, using a Varioskan spectrofluorometric
multiplate reader.

Lipid peroxides, as reactive species of thiobarbituric acid, were quantified using
previously established procedures [29] . 50 pL of tissue homogenate was mixed with 100
ML of 8.1% sodium dodecyl sulfate, 750 uL of 3.5 M acetate buffer (pH 3.5), 750 uL of
0.8% thiobarbituric acid, and 350 pL of water. The mixture was heated at 95 °C for 1 h,

followed by cooling to room temperature. Next, 500 uL of water and 2.5 mL of a 15:1
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mixture of n-butanol and pyridine were added, and the resulting solution was stirred and
centrifuged at 4000 rpm. The absorbance of the organic phase was measured at 532
nm.

To indirectly determine the levels of nitric oxide (NO) as nitrite, the 2,3-
diaminonaphthalene fluorimetry assay was utilized [30]. For this assay, 20 yL of freshly
prepared 2,3-diaminonaphthalene (0.05 mg mL-1 in 0.62 N HCI) were mixed with 200
ML of the sample solution. After promptly mixing, the mixture was incubated at 25 °C for
15 min. The reaction was then stopped by adding 10 mL of 2.8 N NaOH. The fluorescent
signal intensity generated by the reaction product, 1-(H)-naphthotriazole, was measured
at 365 nm excitation and 450 nm emission wavelengths. Standard sodium nitrite
solutions were freshly prepared prior to each measurement, and a standard curve

relating fluorescence intensity to nitrite concentration was established.

2.6. Cross-sectional Area Determination of Left Ventricular Cardiomyocytes

The paraffin-embedded sections were stained with either hematoxylin eosin to determine
the cross-sectional area (CSA) of cardiomyocytes. Histological images were digitized at
40x magnification using a digital video camera (Olympus DP71, Japan) mounted on a
widefield microscope (Olympus BX53, Japan). The measurements were limited to cells
that were round to ovoid with visible round nuclei, and 50 cells were counted in at least
10 images obtained from each left ventricle. CSA determinations were carried out using

image analysis software (Image-Pro Plus v6.3 - Media Cybernetics, USA).

2.7. Collagen Determination in Left Ventricle

To assess collagen levels, the left ventricle sections were stained with the Picrosirius red
technique (Direct Red 80, Aldrich, Milwaukee, WI 53233, USA). The samples were
observed under polarized light using an analyzer (U-ANT, Olympus) and a polarizer (U-
POT, Olympus) to analyze the birefringence of the stained collagen. Histological images

were digitized at 20x magnification using a digital video camera (Olympus DP71, Japan)
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mounted on a widefield microscope (Olympus BX53, Japan). The percentage of total
collagen was calculated by summing the areas of all connective tissues (including type |
and type Il collagen) in the sections and dividing it by the total surface area of the

section.

2.8. Sample preparation, electrophoresis and Western blot analysis

Homogenates were prepared from lysed ventricular tissue with RIPA buffer with protease
and phosphatase inhibitors. After centrifugation, the supernatant was retained, and
protein content was quantified using the Bradford method with bovine serum albumin as
the standard. Proteins from cardiac homogenates (60 pg) were separated on SDS-
polyacrylamide gels and transferred to PVDF membranes. The blots were then probed
with antibodies raised against p47°r"°* (sc-17845; Santa Cruz Biotechnology, 1:1.000),
gp91rox (sc-130548; Santa Cruz Biotechnology, 1:1.000) SOD 1 (sc-17767; Santa Cruz
Biotechnology, 1:1.000), Na*/K* ATPase (ST0533, Thermofisher, 1:1.000) and GAPDH,
glyceraldehyde 3-phosphate dehydrogenase, (sc-47724, Santa Cruz Biotechnology,
1:1.000). Peroxidase conjugated anti-rabbit (sc-2004; Santa Cruz Biotechnology,
1:10.000) or anti-mouse Ig-G H&L (ab 205719; Abcam, 1:10.000) were used as
secondary antibodies. Immunoreactivity was visualized by a peroxidase-based
chemiluminescence detection kit (Merck Millipore). The signal intensity of the bands in

the immunoblots was quantified by densitometry using Image J software (NIH, USA).

2.9. Statistics

The data were expressed as means * standard error of the mean (SEM). Group
differences were evaluated using a one-way analysis of variance (ANOVA) with a Tuckey
test for post hoc analysis. Two-way ANOVA with Bonferroni post hoc tests was employed
to compare systolic blood pressure (SBP) values. Statistical significance was determined
at a threshold of P<0.05. Data visualization and analysis were performed using
GraphPad Prism 9.3.0 software.
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3. Results

3.1. FTIR spectroscopy

The FTIR spectra of ZnMD and MD are shown in Fig. S2B. The vibrational modes of
methyldopa and Zn-methyldopa were tentatively assigned by comparing them with
reported data for L-dopa (Table 1) [31]. Due to the zwitterionic form of MD in the solid
state, which results from the transfer of a proton from the carboxylic acid to the amino
group, the FTIR spectrum of MD exhibited characteristic absorptions corresponding to
the carboxylate and NHs* groups. These included the COO- stretch (asymmetric and
symmetric), NHs* stretch (very broad), and N-H bend (asymmetric and symmetric)
bands. Therefore, the main bands in the vibrational spectrum of MD were assigned by
comparing them with those of 5-OH tryptophan [32] and related aminoacids in their

zwitterion form [33,34].

Table 1. Tentative assignments of the FTIR spectra of methyldopa and ZnMD (band

postitions in cm™?).

MD ZnMD Assighments
3473 vs 3508 sh v (OH)
3407 vs 3414 s v (N-H)
3316 s Vas (NHZ)
3256 s vs (NH>)
3218 vs 3160 s
3100 m - vas (NHz")
3046 m - vs (NH3%)
1647 sh, 1634 vs 1633 sh v(C=C) ring
1617 s 1584 vs vas (COO)
1604 vs 1586 sh d (NHs*)
1533 m d (NH>)
1492 s 1496 s SipCringOH
1462 m 1462 m dCOH, v CO
1442 m 1419 m vs (COO)
1402 s 1376 s 1403 m 1372 m 8ipCHring, 8ipCringOH, SCCH
1346 m d (CH), v (CC), v(CN)
1330 m 1318 w d (CH), v(CN)
1289 vs, 1257 s 1269 vs, br 6 CNH, SipCHring, VCringO
1236 m v (C-OH)

1219 s
1212 sh 1199 sh
1160 w 1126 m

1158 w 1128 m

v (C-OH) + p (NH3")

p(NH2)

v(CC)+Vv(CN) + v (C-OH),
phenol

13



s, strong; vs, very strong; w, weak; m, medium; sh, shoulder; v: stretching; &: bending;
p: rocking; ip: in-plane

The absence of C=0 stretching band at 1657 cm* (which appears in the related
compound L-dopa) indicates the zwitterionic form of MD. Bands associated with the
carboxylate moiety in MD, such as vas (COO’) and vs (COO") at 1617 cm™ and 1442 cm-
L, respectively (A = 177 cm™) shifted to 1584 cm and 1419 cm* (A = 165 cm™) upon
metal interaction. The delta values suggested monodentate coordination of the
carboxylate group. Direct comparisons of the N-H vibrational modes between MD and
ZnMD were difficult to make, because of the protonation of this group in the ligand, and
the deprotonation and metal coordination in the complex. However, the bands assigned
to the stretching vibration involving C-NH for MD at 1289 cm* and 1247 cm*, merged in
the metal complex showing a broad band centered at 1269 cm™, indicating Zn interaction
with the amino group. Bands related to the OH (catechol) groups vibrations at 1492 cm-
1, 1462 cmt, 1402 cm?, 1376 cm® and 1158 cm, 1128 cm™ did not shift upon
coordination, suggesting that these groups were not involved in the interaction with the
metal center [35]. Furthermore, the absence of bands at approximately 1700 cm (C=0
stretching vibrations) indicates that oxidation of the catechol groups to quinone did not
occur [36]. The modes below 1300 cm™* are mainly due to combinations of bending
vibrations within the molecule. Notwithstanding, the rocking mode of the NHs* group can
be assigned to the band located at 1219 cm* and is absent in the metal complex. The

Zn-0 stretching mode was located at 616 cm™ [37]

3.2. NMR spectroscopy
The predicted spectrum of methyldopa is shown in Table 2 and Fig. S3. The *H NMR
spectrum of the complex was recorded in DMSO-d6 and can be found in Table 2 and

Fig. S4.
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Table 2. *H NMR chemical shifts assignments (ppm) for methyl dopa (predicted and

experimental spectra) and the ZnMD complex.

MD predicted MD experimental ZnMD
[38]

CHs, Methyl group 1.20 1.314 1.25
protons(singlet)
CHaz, Methylene 2.72 2.939; 2.698 1.94
protons
HDO 3.49
NH_, singlet 4.05 4.22
C, aromatic 6.51; 6.64; 6.68 6.505; 6.633; 6.722 6.53; 6.69; 6.70
OH, singlet 8.08 8.36
OH, singlet 8.91 8.84

The proton peaks in the *H NMR spectra of the ligand were assigned based on previous
reports [39]. The experimental peaks corresponding to protons linked to oxygen and
nitrogen atoms in the ligand may appear weak due to their exchange with the solvent

protons.

In the Zn(Il) complex, the aromatic signals do not exhibit significant shifts. However, the
methyl and methylene proton resonances experience downfield shifts upon
complexation with zinc. The predicted values in the 'H NMR spectrum of methyldopa
(Table 2) show some downfield shifts compared to the experimental peaks.
Unfortunately, the experimental NH; resonance for the ligand could not be obtained, but
it was observed at 4.22 ppm in ZnMD. It is expected that the NH, peak in MD would also
undergo a downfield shift upon interaction with zinc [40]. The presence of peaks
corresponding to hydroxyl groups in the complex indicates that there is no direct
interaction between these groups and the metal center. This observation is consistent
with the FTIR results, which suggest that the interaction of the metal with the ligand

occurs primarily through the amino group. The interaction of the carboxylate moiety with
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the metal center has also been determined through FTIR measurements. Fig. 2 showed
the structure of the coordination complex obtained according to the physicochemical

characterization.

P
HO O/Zn\\OH . H,0
- OH,
NH,

Fig. 2. Structure of [ZnMD(OH)(H20)2].H-0

3.3. Stability studies

To assess the stability of the complex during biological determinations, the changes in
molar conductivity and electronic spectra over time were examined. Molar conductivity
values were measured for a 1 x 103 M DMSO solution of ZnMD and were found to remain
stable for 240 min, indicating that the complex remains stable in solution for at least 4 h
(Table S1). The UV-vis spectra of ZnMD in DMSO also demonstrated that the complex
remained stable throughout the experimental manipulations conducted for the biological

measurements (Fig. S5).

3.4. In vitro BSA interactions

Human serum albumin (HSA) serves as the primary protein transporter in human blood
plasma. However, in experimental investigations of drug-protein interactions, bovine
serum albumin (BSA) is commonly used instead of HSA. This selection is due to the
lower cost and greater availability of BSA, as well as the fact that the two proteins share
a similar structure, despite minor differences in their amino acid sequences. Additionally,
their binding characteristics are comparable. The albumin protein plays an important role
as a drug carrier in the clinical applications. Its chemical structure and conformation
enable interactions with a wide range of drugs, improving their pharmacokinetic

properties [41]. Extensive research has been conducted on the specific binding of metal
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complexes within the binding pockets of serum proteins [42]. It is well-established that
the mammalian albumins, HSA and BSA allow the transport of pharmacologically active
metal complexes [43]. In terms of antihypertensive treatment, the efficiency of the
albumin-drug interactions is a critical factor affecting drug release and therapeutic
effectiveness. Therefore, the study of the interaction between BSA and Zn complexes is
crucial for understanding drug delivery. In previous works, we have determined that
complexes formed between Zn and sartans exhibit a higher and reversible binding affinity
to BSA compared to the commercial drugs. The enhanced binding may contribute to their
increased antihypertensive effects [10,11,44,45]. Hence, the studying the binding of BSA
to ZnMD will help to determine if the compound can be effectively distributed in the
plasma, thus facilitating its pharmacological effect.

To examine the interactions between compounds and BSA, including the mechanism,
binding constants, and number of binding sites, fluorescence quenching measurements
(the decrease in fluorescence intensity of the fluorophore) were conducted [46]. BSA
exhibits intrinsic fluorescence with a prominent emission peak at 336 nm when excited
at 280 nm, primarily attributed to the excitation of the tryptophan group. However, upon
titrating BSA with increasing concentrations of MD and ZnMD, the emission intensity of
this peak notably decreased, indicating significant quenching of the fluorophore residues
within BSA.

The fluorescence intensities measured with, (F), or without the quencher (Fo), at different
concentrations [Q], allow for the determination of the Stern-Volmer quenching constant,
Ksv, using the Stern-Volmer equation: Fo/F = 1 + KqTo[Q] = 1 + Ksv[Q] (where 1o
represents the lifetime of the fluorophore in the absence of the quencher and is

considered as 1 X 10® s for a biopolymer) [46]. Fig. 3 shows the graphs obtained at

different temperatures for MD and ZnMD. The quenching processes can be classified as
static or dynamic. Dynamic quenching is characterized by an increase in Ksy with rising
temperature, whereas static quenching is associated with a decrease in the Stern-

Volmer constant. The observed results indicate that a static interaction occurs upon the
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binding of the compounds to the protein. Furthermore, considering that the scattering
collision quenching of various quenchers with biopolymers is typically around 2.0 x 10%°
L molt s?, the K, values presented in Table 3 also support the conclusion that the

compounds bind to the protein through static quenching.
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Fig. 3. Plots of Fo/F vs [Q] and log [(Fo - F)/F] vs. log [Q] for the interaction of BSA with

a-Methyldopa (MD) and [ZnMD(OH)(H20).].H.O (ZnMD), at different temperatures.

[BSA] = 6 UM, Aex = 280 nm.
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Table 3. Stern—Volmer constant (Ksv), bimolecular quenching constant (Kq), binding
constant (Ka) and number of binding sites (n) for the interaction of a-Methyldopa (MD)

and [ZnMD(OH)(H20)2].H20 (ZnMD), with BSA (6 uM) in Tris-HCI buffer (0.1 M, pH 7.4).

MD ZnMD
T (°C) 25 30 37 25 30 37
1/T (103) (1/K)  3.354 3.299 3.224 3.354 3.299 3.224
log Kax SD 4074 + 3422 = 2911 + 3941 + 3448 * 3.046 =
0.192 0.169 0.132 0.185 0.166 0.127
n+SD 1102 + 0982 + 0910 + 1078 = 0.939 =+ 0905 =+
0.042 0.036 0.029 0.039 0.044 0.044
Ka(10% = SD 11.857 + 2642 + 0814 + 8729 + 2805 =+ 1111 <+
(Lmol?) 0.524 0.111 0.037 0.314 0.104 0.051
Kq (10%?) 4413 + 3283 + 1979 + 4225 + 5180 + 2978 +
(Mis?) 0.195 0.163 0.089 0.178 0.239 0.131
Ksv (10%) + SD 4413 + 3283 £ 1979 £ 4225 + 5180 = 2978 =
(Lmol™?) 0.195 0.163 0.089 0.178 0.239 0.131

Using the Scatchard equation: log[(Fo - F)/F] = log Ka + n log[Q], for a static quenching,
the binding constants (Ka) and the number of binding sites (n) were determined, as
shown in Fig. 3 and Table 3. The stability constants decrease with increasing
temperature, which is consistent with the decrease in stability of the BSA-compound
complexes. The number of binding sites, n approximately 1, is an indication that the
compounds interacted with only one binding site of BSA. The values of K, can provide
insights into the toxicity, biological activity, and pharmacokinetic properties of a drug, as
they reflect the fraction of drugs bound to proteins in the blood. Considering albumin as
the main protein carrier for drugs in the bloodstream, the binding data are correlated with
the transport and disposition of a compound and it has been suggested that an efficient
interaction with the protein occurs for K, values between 10% and 10° L.mol!. The
obtained binding constants for MD and ZnMD, suggest a moderate affinity of the
compounds for BSA, indicating that they can be stored, transported, and eliminated from
the protein.

During the interaction between BSA and the compounds, various binding forces can

occur. To determine the nature of these binding forces, the thermodynamic parameters,
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namely entropy (AS), enthalpy (AH), and Gibbs free energy (AG), were calculated using
the van't Hoff equation: In K, = -AH/RT + AS/R (where R = 0.008314 kJ/Kmol is the gas
constant; see Fig. 4). The negative values of AG obtained at three different temperatures
(Table 4), as determined by the equation AG = AH - TAS, indicate a spontaneous binding
of the compounds to BSA [47].

The binding forces can be divided into hydrogen bonding, hydrophobic interaction, van
der Waals forces and electrostatic interactions [48], based on the signs of the entropy
and enthalpy changes. The enthalpy and entropy changes were found to be negative,
suggesting that the interaction between the compounds and BSA is primarily driven by
hydrogen bonding and van der Waals force [48]. Both compounds display similar free
energy changes according to the similar K, values calculated at each temperature (AG
=-0.008314 T In Ka, kJ/Kmol). Notwithstanding, they showed different negative enthalpy

and entropy changes.
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Table 4. Thermodynamic  parameters for a-Methyldopa (MD) and
[ZnMD(OH)(H20)2].H20 (ZnMD)
MD ZnMD

T (°C) 25 30 37 25 30 37

1T (10®) (1K)  3.354 3.299 3.224 3.354 3.299 3.224

AS (KJ/mol) -0.491 £ 0.023 -0.362 + 0.017

AH (KJ/mol) -169.31 £ 8.322 -130.81 £ 6.472

AG (KJ/mol) -22.92 -20.46 -17.02 -22.25 -20.44 -17.91

3.5. In vivo studies

3.5.1. Effect of ZnMD in the SBP in SHRs

At the begging of the experiment, the systolic blood pressure (SBP) values of SHR

groups ranged between 189 and 210 mmHg. During the treatment period, the untreated

group maintained stable blood pressure. After eight weeks of treatment, both MD and

ZnMD diminished the SBP being ZnMD statistically different from MD alone. Animals

treated with Zinc did not show changes in SBP. (Fig. 5).

Systolic blood pressure (mmHg)

- MD
ZnMD
- ZnCl,
Control

Weeks of treatment

~
©

Fig. 5. Time course of systolic blood pressure (SBP), measured by tail-cuff

plethysmography, in spontaneously hypertensive rats (SHR) treated with MD, ZnMD and

ZnCl,. Values are means + SEM (n=4-5). (*) Statistically different values between MD,
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ZnMD and control (***p<0.001; ****p<0.0001), (#) Statistically different values between

MD or ZnMD at the same concentration (#p<0.05. ###; p>0.001)

3.6. Ex Vivo Assays

3.6.1. Effects of ZnMD on Cardiac hypertrophy, function and fibrosis in SHRs

SHR rats were echocardiographycally monitoreated to assess the extent of heart
hypertrophy. The measurements included posterior wall thickness in diastole (PWd) and
the left ventricular mass index (LVMI) that was derived using the LV mass/tibial length
ratio. In addition, the percentage of fractional shortening (%) at the end of treatment was
calculated.

The ZnMD treatment, in conjunction with the reduction of arterial pressure, resulted in a
decrease in myocardial hypertrophy as indicated by lower LVMI and reduced APWd.
This reduction in myocardial hypertrophy was accompanied by a decrease in
cardiomyocyte cross-sectional area CSA (Fig. 6 Fig. S6). Moreover, ZnMD treatment
improved heart function, as evidenced by the fractional shortening (FS, %). In contrast,
the MD intervention alone did not show noticeable differences in these parameters.
Consistent with these results, previous studies by other authors did not demonstrate
significant changes in LVMI, PW and ejection fraction with MD treatment [49]. These
findings suggest that higher doses of MD (ranging from 500 to 750 mg/day) and a longer
duration of therapy may be required to reverse heart hypertrophy. [50,51].

To further investigate the cardioprotective effects of ZnMD treatment, the Picrosirius red
staining revealed a significant reduction in collagen type | and an increment of collagen
type lll, indicating a decrease in myocardial stiffness. In contrast, MD treatment failed to
attenuate the left ventricular fibrosis (Fig. 6 Fig. S7).

Then, we observed an improvement in cardiovascular function and geometry in the
animals treated with ZnMD, but not with MD alone, suggesting that this parameter is
dependent on variables other than the hemodynamic effects. Animals treated with Zinc

showed no changes in either morphology or cardiac function.
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Fig. 6. Evaluation of cardiac hypertrophy and function by echocardiography and fibrosis
assessment of SHR treated with MD, ZnMD and Zn. A: left ventricular mass index
(LVMI), B: posterior wall thickness in diastole (APWd), C: percentage of fractional
shortening (FS%), D: Cross sectional area (CSA) of left ventricular cardiomyocytes. E,
F: percentage of collagen type | and lll. Values are means + SEM (n=4-5). (*) Statistically
different values between MD, ZnMD and control (*p<0.05; **p<0.01; ***p<0.001;

*kk<0,0001)

3.6.2. Effects of ZnMD on Oxidative stress

Oxidative stress can lead to several cardiac alterations, including mitochondrial
dysfunction, where reactive oxygen species (ROS) disrupt the respiratory chain and
activate multiple protein kinases and transcription factors involved in hypertrophic
signaling[52]. To assess the potential contribution of ZnMD to prevent oxidative stress,
biomarkers related to cardiac redox status were determined. As shown in Fig. 7, ZnMD
significantly reduced ROS production in comparison with non-treated and Zinc groups
and decreased the lipid peroxidation, as a parameter of the damage generated by ROS.
It was demonstrated that plasma samples from patients with gestational arterial
hypertension treated with different concentrations of MD did not show significant
differences compared to untreated patients in terms of TBARS levels [53], or did not
exhibit any antioxidant effect in peripheral blood [54]. In line with such reports, our results
showed that in the MD group, oxidative damage was not ameliorated.

To investigate whether ZnMD and MD regulate cardiac NADPH oxidase (NOX2), the
major source of ROS, or in SOD1 expression, an antioxidant enzyme, the expression of
the catalytic subunit gp91rhox, the cytoplasmic subunit p47°Phox and the enzyme SOD1
were assessed using western blot analysis. The results showed that the ZnMD complex
exerted an inhibitory effect on gp91Px and p47rhox expression while increasing SOD
levels. In contrast, the parental drug MD did not show any significant effect on SOD

expression, which is consistent with previous reports [54]. However, its reduction on
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gp91rox and p47Pox subunit expression is not fully understood and warrants further
investigation, possibly it is not enough to reduce ROS production and its consequent
damage. Taken together, the data indicate that ZnMD treatment improves redox
signaling by reducing left ventricular ROS generation, associated with a decrease in the
expression of the NAD(P)H oxidase subunits gp91Phox and p47°"°*, and an increment in
the scavenger system SOD 1.

Nitric oxide (NO) is produced by cardiac myocytes and acts as a potent vasodilator,
exerting a relaxing effect on the myocardium [55]. NO is generated in the heart by three
Nitric Oxide Synthase isoforms (NOS) and any dysfunction in these enzymes can lead
to reduce NO production and result in hypertrophy [56]. Excessive ROS can bind to NO,
affecting its bioavailability and causing cardiac and endothelial dysfunction as well as
hypertension [57]. To investigate whether the effects of ZnMD on cardiac function were
related to changes in NO, its levels were measured. Interestingly, SHRs treated with MD
showed increased NO production compared to non-treated rats, but the levels of NO
were even higher in the presence of ZnMD treatment (Fig. 7). These results indicate that
the increase in NO levels accompanied by a decrease in ROS, observed with ZnMD
treatment, may be involved in the antihypertrophic effects of ZnMD. Overall, these
findings suggest that ZnMD treatment may promote a favorable balance between NO
and ROS levels, which could contribute to the observed antihypertrophic effects and

improved cardiac function in the treated rats.
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Fig. 7. Oxidative stress evaluation on hearts obtained from SHR treated with MD, ZnMD
and Zn. A: ROS production B: TBARS assay C: NO levels D, E: Representative bands
and plots of western blot of gp91P"* and p47Phox subunits and SOD1 expression. E: Data
are expressed as mean + SEM. Statistically significant differences are represented by:

*p<0.05; **p<0.01; **p<0.001; **p<0.0001

4. Discussion

A new Zn complex with the antihypertensive drug a-methyldopa has been synthesized
and characterized by FTIR, NMR and UV-Vis spectroscopies, elemental analysis and
thermogravimetric and conductance determinations. The interaction between the ligand
and the Zn complex with BSA is characterized as a spontaneous and reversible binding
process, exhibiting similar Ka constants. By determining the thermodynamic parameters,

it is suggested that the binding process is driven by enthalpy, involving the formation of
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Van der Waals forces and hydrogen bonds. Therefore, it can be concluded that the
complex has the potential to be transported reversibly by albumin.

The reduction of blood pressure and the lowering of left ventricular weight after a long-
term administration of MD to spontaneously hypertensive rats was previously reported
[51]. az.-adrenergic receptors are part of the G protein-coupled receptors family and
function as feedback inhibitors of norepinephrine release in adrenergic neurons [58].
They play a significant role in regulating blood flow by inducing
constriction/vasorelaxation in the smooth muscle wall of major arteries, thereby
influencing cardiac physiology. These receptors are expressed in the cardiac presynaptic
sympathetic nerve terminal, as well as in the kidney, vasculature and heart. Dysfunction
of these receptors can lead to increased cardiac norepinephrine release or adrenal
medulla secretion, resulting in elevated arterial tension, oxidative stress, and
cardiomyocyte hypertrophy in the left ventricular tissue [59-61]. Various agonist drugs,
such as a-methyldopa, clonidine, brimonidine, and moxonidine, can activate these
receptors, thus preventing hypertension, cardiac hypertrophy, and fibrosis. Their
activation helps to regulate blood pressure and protect against adverse cardiac
remodeling [62,63]. In summary, az-adrenergic receptors have a crucial role in
maintaining cardiovascular homeostasis, and their proper activation by specific drugs
can be beneficial in preventing cardiac complications associated with hypertension and
hypertrophy.

Stimulation of the a-adrenergic nervous system leads to increased protein synthesis,
expression of hypertrophic markers, and enlargement of cardiac muscle cells [64,65],
contributing to cardiac remodeling as a compensatory mechanism in response to wall
stress, hemodynamic pressure, or volumetric burden. However, this pathological
hypertrophy can be detrimental to heart function [2]. It has been found that better
agonism of the cardiac and vascular pre-synaptic as-adrenergic receptor can restore
blood pressure to the normal range, regress the cardiac hypertrophy and mitigate the

damage [61,66]. In this study, the antihypertensive effect observed by ZnMD in SHRs
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was stronger than that achieved with MD treatment alone. Interestingly, this hypotensive
action of the MD did not result in a reduction of cardiac hypertrophy, fibrosis, or oxidative
stress. These findings suggest that ZnMD could exhibit a stronger binding affinity to the
az-adrenergic receptor compared to MD. One possible explanation for this probable
enhanced interaction is that the binding of the agonist to a.adrenergic receptors involves
-1 or cation-Tr interactions through a Phe residue (F7.39) that acts as a lid in agonist
bound structure [67]. The presence of the cation zinc in the complex may result in
enhanced binding to the receptor pocket. Furthermore, the F7.39 is conserved in a;-
adrenergic receptors, and studies have shown that the interaction of zinc with this
receptor acts as a positive allosteric modulator, enhancing the agonism of the
neurotransmitter [68]. Additionally, and according the findings of Chen et al. on the a-
adrenergic receptor activation, it can been suggested that the hydroxyl groups and water
molecules of ZnMD may form hydrogen bonds with the transmembrane domain 5 (TM5)
causing a madification of the loosened helix structure of TM4 and inducing a change in
the second extracellular loop, which is directly involved in ligand binding and activation
of az-adrenergic receptor [69]. These interactions may explain the superior effects of
ZnMD compared to MD in reducing blood pressure and ameliorating cardiac hypertrophy
and oxidative stress.

The observed antihypertensive and antihypertrophic effects of ZnMD can be attributed
to its ability to decrease cardiac ROS production by reducing the expression of NAD(P)H
oxidase subunits (gp91P™* and p47°P") and increasing SOD1 expression in the left
ventricle. As a result, there is an increase in NO bioactivity and an improvement in heart
function. Elevated concentrations of catecholamines, which can occur in hypertension,
can induce oxidative mechanisms by activating NAD(P)H oxidase, leading to worsened
myocardial hypertrophy and fibrosis [70]. Moreover, norepinephrine downregulates NO
levels in cardiomyocytes [71] further contributing to cardiac dysfunction. The beneficial
effects of ZnMD may involve its effective interaction with the a.-adrenergic receptor,

enhancing agonism and increasing negative feedback to reduce norepinephrine release.
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By restoring the redox status, ZnMD increases NO availability, which improves cardiac
function (as evidenced by %FS) [57].

The excessive intake of Zn increased blood pressure and reduced renal function through
the increase of oxidative stress. A previous report working with Male Sprague-Dawley
rats weighing 180-210 g, shows that a control diet contains 1.1 mg Zn/d and excess diets
contain 11 mg Zn/d and 44 mg Zn/d [72]. In our experiments we worked with Male
spontaneously hypertensive rats (SHRs) weighing 200-300 g. They received ZnCl, (64.5
mg/kg/d) or Zn (30.9 mg/kg/d), an average of 7.7 mg Zn/d, below the 11 mg Zn/d of the
excess, and this quantity did not affect BP and ROS generation.

In summary, the results of this study have revealed a connection between the adrenergic
agonism and hypertrophic signaling in heart. We propose that ZnMD significantly
reduces blood pressure by potentially enhancing its binding to the adrenergic receptor in
the postsynaptic neuron. This enhanced binding may prevent the release of
norepinephrine, a neurotransmitter implicated in vasoconstriction. Consequently, lower
levels of norepinephrine may promote vasodilation. Additionally, due to its increased
effectiveness, ZnMD requires lower doses to achieve antihypertensive effects compared
to previously reported MD treatments. These earlier treatments necessitate doses twenty
to forty times higher, which can lead to adverse effects on the central nervous system.
[73-75].

The demonstrated antihypertensive effects of ZnMD also exert a direct infuence on the
cardiac structure. They reduce the chronic workload on the heart, resulting in a reduction
in left ventricular mass. Additionally, by inhibiting the release of norepinephrine, ZnMD
reduces ROS generation through cardiac NAD(P)H oxidase activity, mechanism
accompanied by an increase of SOD1 expression. This reduction in ROS levels is
associated with a decrease in fibrosis, resulting in improved cardiac elasticity and
enhanced cardiac function. Furthermore, ZnMD promotes the production of nitric oxide
(NO), which contributes to cardiac relaxation and vasodilation. These findings provide

important evidence suggesting that this complex could be a potential therapeutic drug
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for the treatment of hypertension, cardiac hypertrophy, and dysfunction. The novel
properties of ZnMD make it a promising candidate for further investigation as a potential

treatment option in cardiovascular diseases.

5. Conclusions

The new metal complex formed with the essential element Zn and the antihypertensive
drug a-methyldopa, ZnMD, improved the biological properties of the parent drug. ZnMD
treatment have a protective effect against oxidative stress in the heart, while MD alone
may not provide the same level of protection. These findings suggest that the treatment
with the structural modified drug by Zn complexation, may play a role in modulating the
expression of key proteins involved in ROS generation and scavenging, potentially
contributing to the observed reduction in ROS levels and cardiac redox status. The
specific mechanisms underlying the differential effects of ZnMD and MD on NOX2 and
SOD1 expression require further exploration. It is possible that the ZnMD treatment may
lead to different mechanisms of action or synergistic effects, contributing to the observed
cardioprotective effects. Overall, these findings suggest that ZnMD treatment may
promote a favorable balance between NO and ROS levels, which could contribute to the
observed antihypertrophic and antifibrotic effects accompanied by an improvement in

cardiac function in the treated rats.

Supplementary Information. Fig. S1. Thermogravimetric analysis of
[ZnMD(OH)(H20),].H20. Oxygen flow of 50 mL min!; heating rate 10 °C min-. Fig. S2.
Figure S2. A. FTIR spectrum of the residue of the TGA measurement. B. FTIR spectra
of methyldopa and ZnMD in KBr. Assignments for ZnMD. Fig. S3. Predicted *H NMR
spectrum of methyldopa. Fig. S4. 'H NMR spectrum of the complex of
[ZnMD(OH)(H20),].H20 recorded in DMSO-d6. Fig. S5. Spectral variation of 1 x 104 M
DMSO-ZnMD solution with time. Fig. S6. Representative microphotographs showing

cross-sectional area (CSA) of cardiomyocytes. Magnification, 20. Bar indicates 10 pm.
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Fig. S7. Representative Picrosirius red staining images, type | collagen fibers appear
bright and red-yellow in comparison to type lll collagen, which appears green. Table S1.

Molar conductivity of ZnMD in DMSO during 240 min.
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Highlights
e The Zn-a-methyldopa complex (ZnMD) has been synthesized and characterized.
Compared to MD:
¢ It showed similar moderate spontaneous interaction with BSA
e |timproved the antihypertensive action.

e |t is significantly more effective in the prevention of cardiac hypertrophy and

fibrosis.

¢ It negatively regulates ROS production more effectively than MD alone.
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