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Abstract 

Hypertension is the most common cause of left ventricular hypertrophy, contributing 

to heart failure progression. Candesartan (Cand) is an angiotensin receptor 

antagonist widely used for hypertension treatment. Structural modifications were 

previously performed by our group using Zinc (ZnCand) as a strategy for improving 

its pharmacological properties. The measurements showed that ZnCand exerts a 

stronger interaction with the angiotensin II receptor, type 1 (AT1 receptor), reducing 

oxidative stress and intracellular calcium flux, a mechanism implied in cell 

contraction. These results were accompanied by the reduction of the contractile 

capacity of mesangial cells. In vivo experiments showed that the complex causes a 

significant decrease in systolic blood pressure after 8 weeks of treatment in 

spontaneously hypertensive rats (SHR). The reduction of heart hypertrophy was 

evidenced by echocardiography, the histologic cross-sectional area of 

cardiomyocytes, collagen content, the B-type natriuretic peptide (BNP) marker and 

connective tissue growth factor (CTGF) and the matrix metalloproteinase 2 (MMP-

2) expression. Besides, the complex restored the redox status. In this study, we 

demonstrated that the complexation with Zn(II) improves the antihypertensive and 

cardiac effects of the parental drug.  

Keywords  

Hypertension; Zn-Candesartan; cardiac hypertrophy; oxidative stress 
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Graphical abstract 

 

1. Introduction 

Hypertension is the most important risk factor involved in the development of left 

ventricular hypertrophy (LVH) as a response to chronic pressure overload (Aronow, 

2017). The abnormalities of the ventricle, generated by fibrosis and geometrical 

changes, contribute to the progression of heart failure (Gradman and Alfayoumi, 

2006). The sustained hypertrophic stimulation and the increase of oxidative stress, 

which cannot be adequately countered by intrinsic antioxidant systems, worse the 

cardiac function (Takimoto and Kass, 2007). It has been demonstrated that blood 

pressure lowering treatment with angiotensin II receptor blockers (ARB) reduces 

LVH and improves cardiac function (Brown et al., 2001). The ARB Candesartan 

(Cand), independently of its blood pressure lowering effect, attenuates reactive 
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oxidative species (ROS) production. However, its low affinity to the angiotensin II 

receptor in comparison to other ARB leads to a slight improvement in heart function 

(Sakamoto et al., 2015).  

Bioinorganic compounds in medicine offer possibilities for designing therapeutic 

agents with increased efficiency, bioavailability, and low toxicity (Bruijnincx and 

Sadler, 2008; Mjos and Orvig, 2014). Considering that Zinc is the second most 

important transition metal in the body, and, because it is a d10 transition metal, it 

exclusively forms a Zn2+ ion and typically assembles coordination complexes in a 

tetrahedral geometry, maintaining the structure and stability of molecules with 

Nitrogen, Oxygen and Sulfur groups (Pace and Weerapana, 2014). Considering 

these facts, our strategy to enhance the pharmaceutical properties, consisted of the 

introduction of a structural modification of candesartan (Cand) with Zn(II) 

coordination (ZnCand), Fig. 1, to obtain a new compound with more beneficial effects 

on the hypertensive cardiovascular injury. We have previously reported the 

synthesis, the physicochemical characterization and the antitumoral activity of the 

ZnCand complex ([ZnCand(H2O)2].2H2O) (Martínez et al., 2021a). Additionally, we 

evaluated the biodistribution capacity through the serum albumin interaction 

(Martínez et al., 2022). Besides, we have demonstrated that the complexation of an 

ARB (Telmisartan) with Zinc (ZnTelm) ameliorates its antihypertensive properties 

(Martínez et al., 2021b). In the present work, we examined in vitro the interaction of 

ZnCand to the angiotensin II receptor, type 1 (AT1 receptor), the ROS production 

and the contractile response of the human mesangial cell line, HMC. Moreover, we 

performed in vivo studies in spontaneous hypertensive rats (SHR), elucidating its 
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antihypertensive and antihypertrophic effects. We also compared the effects of 

ZnCand against free Cand, to demonstrate that the structural changes induced on 

the antihypertensive drug upon metal coordination are responsible for the 

improvement of the biological effects proposed for ZnCand.  

 

N

N

O

N
N

N

N

Zn

O

O

OH2
H2O

 
Fig. 1. Chemical structures of (A) candesartan 2-(ethyloxy)-1-{[2'-(1H-tetrazol-5-

yl)biphenyl-4-yl]methyl}-1H-benzimidazole-7-carboxylic acid and (B) 

ZnCandesartan ([ZnCand(H2O)2].2H2O) 

 

2. Materials and Methods 

2.1. Reagents 

Candesartan was purchased from Rhundu Pharma, China, and Zinc(II) chloride was 

purchased from Biopack, Argentina. A pCXN2-HA-AT1R-YFP plasmid containing 

the human angiotensin II receptor, type 1 (AT1 receptor) and the yellow fluorescent 

protein (YFP) was purchased from Addgene (Addgene plasmid # 101659).  

2.2. In vitro procedures 

2.2.1. Cell Culture 

Human embryonic kidney 293 cells (HEK293) were maintained at 37ºC in 5% CO2 

and Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% 

B A 
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fetal bovine serum (FBS) without antibiotics. For transient transfections, ∼1 × 106 

cells/mL were cultured on 8-well chamber glass slides or in 48-well plates coated 

with poly-D-lysine. After 24 h at 60-70 % confluence, transfections were performed 

using Lipofectamine 3000 reagent (Invitrogen) in OPTI-MEM medium (Gibco) with 

the pCXN2-HA-AT1R-YFP plasmid according to the manufacturer’s instructions 

(Inuzuka et al., 2016). After 48 h post-transfection, the assays were carried out. 

Human mesangial cells (HMC) were maintained in the same condition cultured with 

Roswell Park Memorial Institute medium (RPMI 1640, Gibco), 10% FBS and 

penicillin-streptomycin antibiotics. A density of approximately 2 × 105 cells/mL was 

plated on 35-mm plates and studies were performed before they reached 

confluence. 

 

2.2.2. Interaction with the angiotensin type I receptor AT1 receptor 

2.2.2.1. Competitive binding assay, ROS, Ca2+ flux 

The competitive binding assays were performed using a previously described 

procedure (Bragina et al., 2017). Briefly, 10 μM of Ang II labeled with 

tetramethylrhodamine (TAMRA-Ang II) (AnaSpec, Inc. Fremont, CA) was used for 

the binding assays in presence of 0.1 μM, 1 μM, or 10 μM of Cand, ZnCand, or 10 

μM unlabeled Angiotensin II (for nonspecific binding). All the compounds were 

dissolved in 0.5% DMSO in Hank's balanced salt solution (HBBS, Gibco) and were 

incubated with the cells for 90 min placed on ice. After incubation, the slides were 

washed with ice- cold Phosphate-buffered saline solution (PBS) and mounted with 

Vectashield Mounting Medium with DAPI (4′,6-diamidino-2-phenylindole) to stain 

nuclei. All specimens were examined using a confocal laser microscope (Zeiss 

Jo
urn

al 
Pre-

pro
of



7 
 

LSM700). The signal intensity was measured (mean grey value) and normalized by 

counting the DAPI-stained nuclei. The difference between total binding and 

nonspecific binding is defined as the specific binding. The concentration of TAMRA-

Ang II and unlabeled Ang II were selected according to previous reports (Grießner 

et al., 2009; Martínez et al., 2021b). No cytotoxic effects were found in human 

embryonic kidney HEK293 treated cells (Fig. S1) 

Dihydroethidium (DHE) was used to assess cellular ROS production by Ang II, 

working with a modified method proposed by Choi et al. (Choi et al., 2008). Briefly, 

transfected cells were plated into poly-D-lysine-coated, black-walled 96-well plates. 

They were incubated with 10 µM of Ang II alone or 10 µM Ang II plus the compounds 

at the selected concentrations for 24 h. The concentration of Ang II was chosen for 

comparison with binding experiments. Next, incubation with 10 µM DHE for 1 h at 

37 °C under light protection was performed and the fluorescence intensity (exc = 536 

nm and em = 635 nm) was measured using a microplate reader (Tecan infinite 500). 

The Ca2+ flux was determined using the non-invasive radiometric calcium indicator 

Fura-2 AM (Fura-2 acetoxymethyl ester) that crosses cell membranes and the 

acetoxymethyl group was removed by cellular esterases. For bonded Ca2+-Fura-2, 

exc = 340 nm and for free Ca2+- Fura-2, exc = 380 nm, being em = 510 nm, for both 

states. Transfected HEK 293 cells were seeded onto poly-D-lysine-coated, black-

walled 96-well plates. Cells were washed with 1-2 mL of HEPES-buffered saline 

(HBS) (145 mM NaCl, 5 mM KCl, 10 mM HEPES, 1 mM MgCl2, and 10 mM glucose) 

and incubated for 1h in the dark with 5 μM Fura-2 AM with 0.05% Pluronic F-127, at 

room temperature. The dye was aspirated and, after the addition of 100 μl of HBS, 
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intracellular Ca2+ levels were subsequently measured. After the first reading, 100 μL 

Ang II 10 µM dissolved in HBS buffer was added. The remaining wells were 

pretreated with 100μL of the compounds at the selected concentrations. Then, 

100 μL of 10 µM Ang II was added. The fluorescence intensity was captured at 28 °C 

for 90 sec with kinetic intervals of 9 sec after compound addition in a fluorometric 

plate reader. For standard curves, 1 mM of CaCl2 (high calcium) and 10 mM EDTA 

(zero calcium) was used. The standard radiometric dye formula developed by 

Grynkiewicz (Grynkiewicz et al., 1985), [Ca2+] = Kdβ[(R-Rmin)/(Rmax-R)] was used to 

determine calcium concentrations, where, Kd represents the dissociation constant of 

Fura-2 (224 nM), Rmin is the ratio for zero calcium, Rmax, the ratio for high calcium, β 

is the ratio of fluorescence of zero calcium to the fluorescence of high calcium (380 

nm), and R is the experimental ratio of the fluorescence at 340 nm to the 

fluorescence at 380 nm. 

 

2.2.2.2. Determination of changes in planar cell surface area (PCSA) 

Human mesangial cells (HMC) cells were pretreated with either 0.01 or 1 µM of the 

different compounds (Cand, ZnCand or ZnCl2). After 15 min, 1 µM Ang II was added, 

as was described in previous reports (Islas et al., 2016). Photographs of cells were 

captured at 0 min and after 30 min of Ang II addition. Every cell with a sharp margin 

suitable for the planimetric analysis was considered. Eight cells per image were 

analysed. PCSA was determined by using ImageJ2 software (NIH). The negative 

control was performed without adding Ang II, while it was added in the positive 

control.  
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2.2. In vivo procedures 

2.2.1. Animals 

All the procedures were performed in accordance with the Guide for the Care and 

Use of Laboratory Animals (NIH Publication No. 85‐23, revised 1996) and the 

experimental protocol was approved by the Institutional Animal Ethics Committee of 

La Plata University School of Medicine (P02-03-2021). Three‐month‐old male 

spontaneously hypertensive rats (SHR) (n=26; body weight 300-400 g) were 

randomly divided in four groups: a) control group treated with tap water (Control-

SHR), b) group treated with candesartan (10 mg/kg/day; Cand-SHR), c) group 

treated with ZnCand (13 mg/kg/day; ZnCand-SHR), d) group treated with ZnCl2 (2.8 

mg/kg/day; Zn-SHR). The compounds were administrated for 8 weeks in the drinking 

water, controlling the drink volume. Every 3 days the solutions were replaced.  The 

doses of candesartan were selected based on earlier reports. ZnCand and ZnCl2 

were administered in molar equivalent doses of candesartan. Body weight was 

controlled weekly. It was determined that the compounds had no significant effect 

on the animals’ body weight or water intake. Besides, neither dead animals nor 

adverse effects were observed during the administration of ZnCand. 

 

2.2.2. Blood pressure and echocardiographic evaluation 

Systolic blood pressure (BP) was measured by the tail-cuff plethysmography once a 

week. Rats were monitored echocardiographically at the beginning and the end of 

the experimental period. Rats were lightly anesthetized with 1-2% isofluorane under 

oxygen flow to perform 2-dimensional M-mode echocardiography with a 15‐MHz 

transducer (Terason 3000). Measurements were made using criteria analogous to 

Jo
urn

al 
Pre-

pro
of



10 
 

those recommended by the American Society of Echocardiography(Jones et al., 

1992). Left ventricular mass (LVM) was calculated according to Devereaux and 

Reichek(Devereux and Reichek, 1977), and the LVM index (LVMI) was calculated 

as the quotient between the LVM and the body weight. Fractional shortening was 

calculated as ([(LVDd-LVDs)*100]/LVDd) (LVDd: diastolic left ventricular diameter; 

LVDs: systolic left ventricular diameter).  

 

2.2.3 Ventricular Myocyte Isolation 

Rat ventricular myocytes were isolated according to the technique previously 

described (Louch et al., 2011). Briefly, the hearts were attached via the aorta to a 

cannula, rapidly excised, and mounted in a Langendorff perfusion apparatus. They 

were then retrograde perfused at 37 °C with HEPES–based salt “isolation” solution 

with the following composition: 146.2 mM NaCl, 4.7 nM KCl, 1 mM CaCl2, 10 mM 

HEPES, 0.35 mM NaH2PO4, 1 mM MgSO4, and 10 mM glucose (pH adjusted to 7.4 

with NaOH 1N). The solution was continuously bubbled with 100% O2. When the 

coronary circulation was cleared of blood, perfusion was continued for 5 min with 

Ca2+-free isolation solution containing 0.1 mM EGTA, and then for 15 min with a 

solution containing 0.05 mM CaCl2, 0.5 mg/mL collagenase type II (300 U/mL), 0.025 

mg/mL protease, and 1.25 mg/mL BSA at 37 °C. After digestion, the heart was cut 

down, and the ventricular tissue was mechanically dissociated. The desegregated 

myocytes were separated from the undigested tissue and rinsed several times with 

the isolation solution containing 1% BSA. The CaCl2 concentration of the solution 

was increased in 4 steps to 1 mmol/L. Myocytes were maintained in 1 mmol/L CaCl2 
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in isolation solution at room temperature (20°C to 22°C) until their use in the 

experiments. 

 

2.2.4 Measurements in Isolated Myocytes 

2.2.4.1 Calcium transient measurement 

Cardiomyocytes were loaded with Fura-2 AM (final concentration: 3 μM) during 12 

min. The cells were placed in a perfusion chamber on an inverted microscope (Nikon 

TE2000-U) adapted for epifluorescence by an IonOptix hardware. The 

cardiomyocytes were stimulated via two platinum electrodes at 0.5 Hz. 

Simultaneously, the ratio of the Fura-2 fluorescence (510 nm) obtained after exciting 

the dye at 340 and 380 nm was taken as an index of Ca2+
i. 

 

2.2.4.2 ROS determination 

Isolated cardiomyocytes were incubated with the H2DCFDA probe (2,7-

dichlorodihydrofluorescein diacetate) at a final concentration of 10 μM for 30 min at 

37 °C under light protection. Subsequently, cells were lysed with 0.1% Triton X-100. 

Intracellular ROS were detected on the Thermofisher Varioskan spectrofluorometric 

multiplate reader using excitation wavelength at 485 nm and emission at 520 nm. 

The protein content was estimated using the Bradford technique(Bradford, 1976) 

 

2.3. Ex vivo procedure  

2.3.1. Morphometric parameters  

At the end of the experiment, SHR rats were weighed (body weight, BW), euthanized 

with urethane (1g/kg) via intraperitoneal, and the hearts were dissected and 
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weighed. Then, the atrial tissues, ventricles, and large vessels were carefully cut. 

The right ventricle was left out and only the left ventricular mass (LVM) was 

determined. The tibial lengths (TL) were measured. The LVM/TL ratio and left 

ventricular mass index, as the ratio LVM/BW were calculated to evaluate the 

hypertrophic response.  

 

2.3.2. Cross-sectional area measurement 

Ventricular tissue was fixed in buffered 10% formaldehyde and paraffin-embedded. 

LV sections (5 μm thick) at the equators were stained with hematoxylin-eosin for 

determining cardiomyocyte cross-sectional area (CSA). To assess CSA, only round 

to ovoid cells with visible round nuclei were considered and 50 cells were counted in 

at least 10 images obtained from each left ventricle. All the stained sections were 

observed under the microscope (Olympus BX53, Japan) and the images were 

captured using a digital video camera (Olympus DP71, Japan). Images were 

analyzed using computer software (Image-Pro Plus, v.6.3, Media Cybernetics, MD). 

The investigator responsible for the morphological analysis was blinded to each 

experimental group. 

 

2.3.3. Collagen determination 

Five 5 μm thick coronal sections of the left ventricle were stained using the 

Picrosirius red technique (Direct Red 80, Aldrich, Milwaukee, WI 53233, USA) for 

collagen evaluation. Samples were observed under polarized light. An analyzer (U-

ANT, Olympus) and a polarizer (U-POT, Olympus) were used to study the 

birefringence of the stained collagen. Histological (20× magnification) images were 
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digitized using a digital video camera (Olympus DP71, Japan) mounted on a 

widefield microscope (Olympus BX53, Japan). Captured images were saved in TIF 

format using image analysis software ((Image-Pro Plus, v.6.3, Media Cybernetics, 

MD). 

 

2.3.4. Real-time qPCR for BNP determination  

RNA was extracted from left ventricle homogenates using TRIzol reagent (Life 

Technologies, Carlsbad, CA). cDNA was generated by reverse transcriptase 

reaction using M-MLV RT (Promega, Madison, Wis). Real-time quantitative 

polymerase chain (qPCR) was performed on cDNA using the IQ SYBR green Super 

Mix (Bio-Rad, Hercules, Calif) and iCycler iQ (Bio-Rad, Hercules, Calif). The 

following primers were used: 

BNP Gene Sense: CCCAGATGATTCTGCTCCTG, Antisense: 

TTCTGCATCGTGGATTGTTC. 

The relative abundance of RNA was calculated by the ΔΔCt method (CT, threshold 

cycles), with ΔCT = CT(target gene)−CT( reference gene) and ΔΔCT = ΔCT( target 

sample)−ΔCT(reference sample). Primers were designed using Primer-Blast (NCBI, 

NIH). Primers were designed using Primer-Blast (NCBI, NIH). All primers were 90% 

to 110% efficient, as assessed by the standard curve, and all displayed only one 

dissociation peak. 

 

2.3.5. ROS determination  

100 mg of rat left ventricular tissue was homogenized on ice using 2 mL of ice-cold 

Tris-HCl buffer (40 mM, pH = 7.4) (Pro Scientific Bio-gen PRO200 Hand-Held 
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homogenizer). Tissue homogenates (100 μL) were incubated for 40 min at 37 °C 

with 2 mL of a solution of H2DCFDA diluted 1:200 in Tris-HCl buffer (final 

concentration: 10 μM). As control of tissue autofluorescence, 100 μL of tissue 

homogenate was incubated with 2 mL of Tris-HCl buffer under the same 

conditions(Mousavi et al., 2020). The fluorescence intensity of the samples was 

assessed using a RF-Shimadzu 6000 spectrofluorometer (λex = 485 nm and λem = 

525 nm). 

 

2.3.6. GSH and GSSG measurement  

The reduced (GSH) and oxidized (GSSG) glutathione levels in the heart tissue were 

assessed by the Hissin and Hilf modified fluorometric method(Hissin and Hilf, 1976). 

100 μL of tissue homogenates were mixed with 1.8 mL of ice-cold phosphate buffer 

(Na2HPO4 0.1M-EDTA 0.005 M, pH 8) and 100 μL of 0.1% methanolic solution of o 

-phthaldialdehyde (OPT) were added. For GSSG measurements and to mask GSH 

contents, 100 μL of homogenates were incubated with 0.04 M of N-ethylmaleimide 

(NEM), then ice-cold NaOH (1.8 mL, 0.1 M, pH 12) was added to hydrolyze GSSG, 

with a final addition of 0.1% of OPT. Fluorescence measurements were performed 

at 420 nm (λexc = 350 nm). Calibration curves using GSH and GSSG as standard 

solutions (Sigma-Aldrich) were used to calculate the amount of GSH and GSSG. 

The ratio was expressed as a percentage of the control. 

 

2.3.7. Western Blot Analysis 

Left ventricle samples were stored in aliquots at −80 °C for further use. Next, 

samples were homogenized in a RIPA (Radio-Immunoprecipitation Assay) lysis 
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buffer (200 mg/mL) supplemented with protease and phosphatase inhibitors cocktail. 

After centrifugation, the protein content in the supernatant was determined through 

Bradford method (Bradford, 1976). Protein samples (were separated by 

electrophoresis on a 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) 

and transferred to PVDF (Polyvinylidene Difluoride) membranes. Next, membranes 

were blocked with non-fat-dry milk and incubated overnight with anti-CTGF (sc-

365970; Santa Cruz Biotechnology, 1:1000), anti-MMP2 (sc-13595; Santa Cruz 

Biotechnology, 1:1000), anti-SOD 1 (sc-17767; Santa Cruz Biotechnology, 1:1.000), 

anti-SOD 2 (sc-137254 ; Santa Cruz Biotechnology, 1:1.000), anti-p91 (sc-130548 ; 

Santa Cruz Biotechnology, 1:1.000),. As internal control, anti-GAPDH, 

glyceraldehyde 3‐phosphate dehydrogenase, (sc-47724, Santa Cruz Biotechnology, 

1:1.000), anti-Na+/K+ (ST0533, Thermofisher, 1:1.000) were used. 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 and 

bands were visualized using the Immobilon Western Chemiluminescent HRP 

Substrate (Merck). Blots were visualized using a Chemidoc Image Station (Bio-Rad) 

and quantified by densitometric analysis (Image J Fiji).  

 

2.4. Statistics 

GraphPad Prism 9 (GraphPad, San Diego, CA) was used for the plots and statistical 

analysis.  Data were expressed as means ± SEM and were compared with Student's 

t-test or one-way ANOVA followed by the Tukey post hoc test. A value of p < 0.05 

was considered statistically significant.  
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3. Results 

3.1. ZnCand had a stronger interaction with the AT1 receptor than candesartan, 

decreased ROS production, reduced Calcium flux and the contraction of the planar 

cell surface area (PCSA) induced by AngII 

To study the interaction of ZnCand with the AT1 receptor and to compare to Cand 

alone, transient transfected HEK 293 cells were incubated with three different 

concentrations of Cand and ZnCand (0.1, 1 and 10 µM) and 10 µM TAMRA-Ang II (
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Fig. 2). The TAMRA-Ang II binding decreases as the compound concentration 

increases. For all concentrations, the complex showed a better blocking effect on 

the AT1 receptor, demonstrating that the more rigid structure of candesartan 

produced by metal complexation can bind strongly to the receptor. These findings 

suggest that a lower concentration of ZnCand (0.1 μM) is enough to induce a similar 

blocking effect on the AT1 receptor than that produced by higher concentrations of 

Cand (1 and 10 μM). Results of TAMRA-Ang II and TAMRA-Ang II + Ang II salt 

incubations are shown in the supplementary section (Fig. S3). Non-transfected cells 
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were tested with TAMRA-Ang II as a negative control, and 0.5% DMSO and TAMRA-

Ang II were evaluated on transfected cells to exclude the vehicle effect (data not 

shown).  
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Fig. 2. A: representative confocal images of transient transfected HEK293 cells 

expressing YFP-tagged AT1 receptor (yellow) and nuclei stained with DAPI (blue) 

incubated with Cand and ZnCand (0.1, 1 or 10 µM) and 10 µM TAMRA-Ang II (red). 

TAMRA-Ang II bound to AT1 receptor was considered as total binding (100%) and 

TAMRA-Ang II plus 10 μM Ang II defined the nonspecific binding (0%). B: Bar plot 
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representing the percentage of TAMRA-AngII binding. Data are expressed as 

mean ± SEM. (*) Values statistically significant between Cand or ZnCand and control 

(****p<0.0001), (#) Values statistically significant between Cand and ZnCand at the 

same concentration (#p<0.05; ##p<0.01)   

 

It is known that Ang II stimulates ROS generation in vascular and cardiac cells (Virdis 

et al., 2011) and the antagonism of its receptor can reverse these levels (Montezano 

et al., 2014). Based on the above results, we examined if a stronger AT1 receptor 

blockade leads to a better Ang-induced ROS production inhibition. Transfected HEK 

293 cells were incubated with Ang II alone and Ang II plus the three concentrations 

of Cand or ZnCand (0.1, 1 and 10 µM). As expected, Ang II significantly increased 

ROS production, which was prevented with Cand and ZnCand treatment in a 

concentration-dependent manner. Interestingly, 10 μM ZnCand reduced ROS 

production, reaching values similar to control (cells without Ang II treatment). 

Besides, ZnCand at low concentrations exerted similar effects to those of Cand at 

high concentrations (Fig. 3). Jo
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Fig. 3. Bars graph representing ROS production in transfected HEK293 cells after 

being treated with Ang II alone and Ang II plus three different concentrations of Cand 

or ZnCand (0.1, 1 and 10 µM). Data are expressed as mean ± SEM. (*) Values 

statistically significant between Cand or ZnCand and control (***p<0.001; 

****p<0.0001), (#) Values statistically significant between Cand and ZnCand at the 

same concentration (##p<0.01; ####p<0.0001)   

 

Since Ang II signaling causes an increase in vascular ROS by stimulating the 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidases and directly 

elevates cytosolic Ca2+, the major determinant of contraction (Touyz, 2005), we 

investigated the relationship between the AT1 receptor inhibition by the compounds 

and its consequence in Ca2+ mobilization. The intracellular calcium concentration 

([Ca2+]i) in transfected HEK293 cells was determined at 340 nm/380 nm wavelength 

ratios using Fura-2 AM. Fig. 4A,B show the recordings of Ca2+ in HEK 293 

transfected cells. Under basal conditions (without agonist or antagonist), the AT1 

receptor did not elicit any modification in intracellular Ca2+ concentrations. Upon Ang 
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II stimulation, the cells elicited a Ca2+ elevation with a marked peak followed by lower 

depletion. The injection of Ang II and Cand or ZnCand prevented Ang II-induced 

calcium elevation, while the complex potently reduced [Ca2+]i responses. 

Measurement of the area under the curve (AUC) of the calcium signals was used to 

quantify more precisely the Ca2+ release (Fig. 4C and Fig. S4). The values of the 

AUC of the modified ligand by Zn coordination differed significantly from the Cand 

treatment. 

Because human mesangial cells (HMC) express AT1 receptor and elicit a contractile 

response in the presence of Ang II, this cell line was chosen to study the interaction 

of the receptor with Cand and ZnCand. The compounds did not exert toxic behavior 

on the HMC cells (Fig. S2). The changes in PCSA were expressed as percentages, 

negative control has the 0 % value, whereas Ang II (positive control) displayed the 

highest contraction value ca. 18.36 % after 30 min incubation. Fig. 4, D shows that 

ZnCand, at both concentrations, caused an inhibitory action on cell contraction 

induced by Ang II and there was no statistical difference in comparison to the 

negative control. At low concentration (0.01 µM), Cand showed no significant effect 

as compared to positive control and exerted less effect than ZnCand. Besides, Zn 

ions did not generate any effect on the contractile response of Ang II. It is important 

to mention that while at 0.01 µM concentrations, Zn and Cand did not exert a 

significant effect on the contractile action, the combined treatment of Zn + Cand 

should not be able to reduce the contractile effect. Taken together, these results 

showed that the less contractility of PCSA in the HMC cell line, induced by Ang II 

after incubation of the metal complex, could be assigned to a better interaction with 
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the AT1 receptor due to the new structure adopted for Cand in the metal complex 

(see Fig. 2). Moreover, this effect could not be obtained by the combination of the 

antihypertensive drug (Cand) and the biometal (Zn). 
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Fig. 4. Effect of Ang II alone or Ang II and candesartan (A) or ZnCand (B) on 

intracellular Ca2+ release in the HEK 293 transfected cells. Each point represents 

the mean ± standard error of the mean (SEM) of three independent experiments 

(each one performed in triplicate). Arrows indicate the injection of Ang II and Ang II 

plus compounds. (C)  Mean values of area under curves (AUC) of calcium 

mobilization were obtained from the individual determinations. (D) Reduction 
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percentage of the planar cell surface area (PCSA), induced by AngII, in the HMC 

cell line after incubation with either 0.01 or 1 µM of the different compounds and 

subsequent addition of 1 µM Ang II. Control – (negative): cells without treatment. 

Control + (positive): cells treated only with 1 µM Ang II. Data are expressed as 

mean ± SEM.  Data are expressed as mean ± SEM. (*) Values statistically significant 

between Cand or ZnCand and control (**p<0.01; ***p<0.001; ****p<0.0001), (#) 

Values statistically significant between Cand and ZnCand at the same concentration 

(#p<0.05,##p<0.01; ####p<0.0001)   

 

These results, together with those expressed in Fig 2, Fig 3 and Fig 4, allow us to 

confirm that the strategy to improve the pharmaceutical properties of Cand by 

structural modifications upon Zn complexation (ZnCand) produced an enhancement 

of the inhibition of the AT1 receptor, leading to significant prevention of Ang II-

induced ROS production, calcium fluxes, and cellular contraction.  

 

3.3. ZnCand reduces hypertension and cardiac hypertrophy in SHR rats 

To explore the antihypertensive effect of ZnCand in an in vivo chronic model, 3 

months-old SHR male rats were treated with Cand, ZnCand or ZnCl2 in the drinking 

water for 8 weeks. SHR-Control (untreated rats) maintained high blood pressure 

during the experimental period. Treatment with Cand reduced blood pressure from 

the second week. Rats treated with ZnCand showed a greater and statistically 

different effect as compared to Cand alone. As expected, ZnCl2 did not show any 

effect during the administration (Fig 5. A).  
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To evaluate the effect of these compounds on heart geometry and function, the 

cardiac dimensions and fractional shortening were measured by echocardiography 

at the beginning and the end of the experimental protocol and the delta (Δ final –

initial) was analyzed. The results show that, in the untreated group, interventricular 

septum (Δ IVSd) and the posterior wall thickness (Δ PWd) during diastole were 

significantly enhanced, whereas ZnCand treatment markedly prevented the increase 

of these parameters. Additionally, cardiac contractile function estimated by the 

fractional shortening was decreased in the control group at the end of the protocol, 

and this systolic dysfunction was prevented by ZnCand treatment. Therefore, 

ZnCand treatment was able to prevent hypertrophic worsening and improve systolic 

function in SHR rats more effectively than Cand alone (Fig. 5, C).  
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Fig. 5. (A) . Effect of ZnCand, Cand and ZnCl2 on the systolic blood pressure on 

SHR rats, measured by the tail-cuff method. (B) Representative transthoracic 

echocardiography images at the end of the protocol. (C) Echocardiographic 

parameters were determined at the beginning of the experiment and after 8 weeks 

of treatment with Cand and ZnCand. Delta values are present as the mean ± SEM. 

Three echocardiographic images were taken from each animal. IVSd: 

intraventricular septum in diastole; PWd: posterior wall thickness. (*) Values 

statistically significant between Cand or ZnCand and control (*p<0.05), (#) Values 

statistically significant between Cand and ZnCand at the same concentration 

(#p<0.05)   

 

At the end of the protocol, the cardiac hypertrophy parameters were determined. The 

left ventricular mass index (LVMI), calculated as the ratio LVM/BW (mg/g) and the 
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left ventricular mass normalized by tibia length ratio (LMV/TL) were measured. 

ZnCand significantly reduced the LVMI and LVM/TL as compared to untreated rats 
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Fig. 6A,B). Histological analysis of left ventricular tissues showed an increase in 

cross-sectional area (CSA) of cardiomyocytes belonging to control SHR rats 

whereas ZnCand prevented such increment (Fig. 6C). Moreover, the percentage of 

interstitial type I collagen, strongly related to cardiac fibrosis, in no treated animals 

as well as in Zn treated rats had the highest value among groups and, Cand and 

ZnCand treatment reduced it being the ZnCand more efficient. (Fig. 6D, F). To 

confirm this histological result, the mRNA levels of the hypertrophic marker brain 

natriuretic peptide type B (BNP) were measured. As expected, SHR treated with 
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ZnCand exhibited reduced values in comparison with Cand alone or non-treated rats 

(Fig. 6, E). 

For a better understanding of the anti-fibrotic proprieties of ZnCand, we measured 

the protein expression of the connective tissue growth factor (CTGF), a profibrotic 

factor which is strongly induced in the hypertrophic and failing heart (Dorn et al., 

2018) and the matrix metalloproteinase 2 (MMP-2), a constitutive gelatinase for 

regulating the extracellular matrix and its higher levels in the heart is sufficient to 

induce ventricular dysfunction, with cardiomyocyte hypertrophy, contractile protein 

lysis and cardiac fibrosis(Bergman et al., 2007) 

As shown in Fig. 6,G, as expected, the CTGF expression and the MMP-2 levels were 

found upregulated in SHR rats. Both Cand and ZnCand decreased the CTGF and 

MMP-2 secretions. However, treatment with ZnCand significantly prevented both 

proteins increment. The protein expressions were not altered in zinc group.  

Taken together, these results supported that ZnCand is more effective to regress 

cardiac hypertrophy than the parental drug. 
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Fig. 6. Cardiac hypertrophy is estimated by the left ventricular mass index (LVMI) 

(ratio LVM/BW (mg/g)) (A) and left ventricular mass normalized by tibia length ratio 

(LVM/TL) (B). Mean values of cross-sectional area (CSA) (C), percentage of type I 

collagen (D) and brain natriuretic peptide type B (BNP) (E). (F) Representative 

images of Picrosirius red staining, type I collagen fibers appear bright and red-yellow, 

in sharp contrast to type III collagen which appears green. (G) Western blotting of 

CTGF and MMP-2 protein expression.  Data are expressed as mean ± SEM. (*) 

Values statistically significant between Cand or ZnCand and control (*p<0.05, 

**p<0.01; ***p<0.001; ****p<0.0001), (#) Values statistically significant between Cand 

and ZnCand at the same concentration (#p<0.05; ##p<0.001)   

 

3.4. ZnCand attenuates ROS, restores the redox balance and prevents impaired 

Ca2+ handling 

Hypertrophic signaling pathways are potentially modulated by ROS. Sustained Ang 

II stimulation, activates NADPH oxidase 2 (NOX2), the most important source of 

ROS in cardiomyocytes (Lambeth, 2004), which produces oxidative modifications of 

proteins involved in excitation-contraction coupling and alters its function. This 

condition leads to cytosolic Ca overload contributing to the development of 

contractile dysfunction (Wagner et al., 2013).  

To explore the beneficial effect of ZnCand on oxidative stress, we fluorometrically 

quantified ROS production and glutathione redox status in left ventricular 

homogenates (Fig. 7). The results showed that untreated SHR heart had higher 

myocardial ROS production and disturbed glutathione redox status, whereas the 
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ZnCand treatment inhibited ROS generation, and this inhibition was associated with 

an increase in GSH and a decrease in GSSG.  

To elucidate the mechanisms involved in ROS generation, we analyzed the 

expression of the catalytic NOX2 (gp91phox and p47phox subunits) and the cytosolic 

superoxide dismutase (SOD1) by Western blot. As shown in Fig. 7E, a greater level 

of gp91phox, p47phox were expressed in non-treated and zinc-treated SHR rats. Both 

Cand and ZnCand abolished this increase, there being a significant difference 

between the treatments. SOD1 expression was significantly higher in the ZnCand-

treated SHR than in the Cand-treated SHR and was attenuated in the control and 

Zinc group. 
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Fig. 7. Oxidative stress determination. (A) ROS production was measured by an 

H2DACFDA probe and normalized by mg of tissue (FI/mg tissue). (B) and (C) GSH 

and GSSG determination. (D) GSH/GSSG ratio. (E) Western blotting of gp91phox and 

p47phox subunits and SOD1 expression.  Data are expressed as mean ± SEM. (*) 

Values statistically significant between Cand or ZnCand and control (**p<0.01; 

***p<0.001; ****p<0.0001), (#) Values statistically significant between Cand and 

ZnCand at the same concentration (#p<0.05; ##p<0.01; ####p<0.0001)  

  

In Fig. 8A,B the amplitude of Ca2+ transients are shown. The ZnCand group tended 

to be lower than in the Cand group. No changes were observed in the amplitude of 

Ca2+ transients of Control and Zn group. Next, the dependency of ROS production 

and Ca2+ transient was assessed in isolated cardiomyocytes. Again, as mentioned 

earlier, ZnCand treatment diminished the oxidative stress more effective than Cand. 

Thus, the combination of Zn with candesartan by preventing the oxidative damage, 

regulates the calcium handling in cardiomyocytes. 
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Fig. 8. (A) Representative recordings myocyte calcium (Ca2+) transients (fura‐2 

fluorescence signal excited by 340 nm (F340)/fluorescence signal excited by 380 nm 

(F380)). (B) Bar graphs showing the averaged data of the parameters of Ca2+ 

transients and (C), ROS generation in left ventricular cardiomyocytes. Data are 

expressed as mean ± SEM. (Control, n=9 cells/3 rats; Cand, n=12/4; ZnCand, 

n=13/4; Zinc, n=8/3). Values statistically significant between Cand or ZnCand and 

control (*p<0.05; ****p<0.0001), (#) Values statistically significant between Cand and 

ZnCand at the same concentration (#p<0.05)   
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4. Discussion 

The main finding of the present work is that the designed compound, ZnCand, a 

coordination complex synthesized between the ARB Candesartan and Zn(II), is a 

stronger antagonist of the AT1 receptor, preventing its activation more effectively 

than the parent drug (Cand), thus, reducing the oxidative stress, attenuating calcium 

response and cell contraction. Moreover, in vivo experiments showed that ZnCand, 

at candesartan molar equivalent doses, reduced systolic arterial pressure and led to 

regression of left ventricular hypertrophy and cardiac fibrosis.  

Many of the physiological, as well as pathological cardiovascular functions, are 

mediated mostly via the renin-angiotensin system (RAS) where the Ang II acts 

through the AT1 receptor and the AT2 receptor (Singh and Karnik, 2020). The 

increased levels of Ang II and the overactivation of the AT1 receptor, resulting in 

vasoconstriction, growth in myocytes, left ventricular hypertrophy and progressive 

myocardial remodeling and dysfunction, are responsible for heart failure (Arumugam 

et al., 2016).  Angiotensin II receptor, type 1 blockers (ARB) are commonly used for 

the treatment of hypertension and cardiovascular diseases (See, 2001). These types 

of antihypertensive drugs are well tolerated, reduce the left ventricular (LV) mass 

(Penicka et al., 2009) as well as the rate of cardiovascular events better than beta-

adrenergic receptor antagonists, angiotensin-converting enzyme inhibitors (ACEI) or 

calcium channel blockers, due to their selective binding to AT1 receptor (Cuspidi, 

2008; Neutel and Smith, 2003). Although Candesartan is a highly selective ARB and 

exerts a preventive effect on cardiac hypertrophy, it resulted more effective when 

administrated in combination with the thiazide diuretic, hydrochlorothiazide, or 

ACEIs (Husain et al., 2011; McKelvie et al., 1999). Otherwise, the treatment to 
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suppress the ventricular remodeling, restore the ejection fraction or reduce the 

natriuretic peptide type B (BNP) must be recommended for long periods (Hiroshi et 

al., 2004). In comparison with other sartans, like olmesartan, irbesartan and 

azilsartan, these effects may be due to a lower affinity for AT1 receptor of 

candesartan, and therefore, a lower tropism for vasculature and especially for 

myocardium (Tuccinardi et al., 2006). This highlights the fact that the difference of 

one residue in the molecular structure of the sartan-group of pharmaceuticals, 

modifies the bonding properties with the receptor, leading to a better interaction with 

the hydrophobic pocket in the AT1R (Miura et al., 2011). Indeed, the tetrazole ring 

in candesartan was replaced by the oxadiazole ring in azilsartan to make it less 

acidic and more lipophilic and to have more beneficial effects (Sakamoto et al., 

2015).  

To improve the pharmacological activity of candesartan, we have previously 

modified its structure with Zn(II), a trace element that is involved in the maintenance 

of cellular structure and function (Martínez et al., 2022, 2021a). In the present study, 

we found that the ZnCand complex produced a greater AT1 receptor blockade 

probably for at least two reasons: Zn(II) binds to one oxygen atom from the 

carboxylate group and the N atom from the tetrazole group (Martínez et al., 2021a) 

inducing a conformational change in candesartan which lead into increased 

association with AT1 receptor. Additionally, the complexation provokes changes in 

the hydrophobicity of the molecule allowing the interaction with the hydrophobic 

pocket of the receptor. Predicted data propose that the hydrophobic interaction and 

π-π contacts could contribute to the high potency of the drug to AT1 receptor (Zhang 

et al., 2015). 
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The stimulation of the AT1 receptor by Ang II is linked to the activation of an 

NADH/NADPH oxidase, which is the major source of ROS in vascular cells (Nguyen 

Dinh Cat et al., 2013). ROS enhances the vascular [Ca2+]i by stimulating inositol 

trisphosphate-mediated Ca2+ mobilization, by increasing cytosolic Ca2+ through 

sarcoplasmic/endoplasmic reticulum Ca2+-ATPase inhibition, and by stimulating 

Ca2+ influx through Ca2+ channels, thereby altering vascular contractility and tone 

which cause cellular dysfunction (Negri et al., 2021)(Touyz, 2005). Thus, interfering 

in cellular ROS production and Ca2+ release could restore cardiovascular disorders. 

This response can be studied in HEK 293 cells transfected with the AT1 receptor 

(Bernhem et al., 2017). The metallodrug ZnCand generated a reduction in ROS 

production, leading to attenuation in calcium signaling more effectively than 

candesartan alone. Additionally, this effect could be observed in mesangial cells, 

where incubation of ZnCand, under Ang II stimulation, prevented cell contraction. 

Previous findings showed that Ang II exerted a synergistic effect on ROS production. 

Thus, the prevention of RAS activation by blocking the AT1 receptor could generate 

the inhibition of the mesangial oxidative stress with the decrease of the contractile 

response (Akaishi et al., 2019; Torrecillas et al., 2001). So far, we have shown in in 

vitro studies, that the structural modification of candesartan with Zn(II) improves the 

AT1 blockade, inhibited ROS generation, and reduced calcium influx, which leads to 

a less contractile response.  

RAS overactivation is related to the development and progression of hypertension 

and heart failure. The sustained increase in blood pressure imposes a chronic 

workload on the heart and the left ventricular mass hypertrophies as a maladaptive 

response (Kahan, 2005). Moreover, the direct effect of Ang II on cardiomyocytes 
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growth (Arumugam et al., 2016), ROS production, the proliferation and differentiation 

of cardiac fibroblasts, by activating TGF-β (transforming growth factor β) and 

mitogen-activated protein kinases (MAPKs) pathways and on the synthesis of 

extracellular matrix and its regulation through the MMPS and CTGF  to form 

myocardial fibrosis (Li et al., 2015)(Arenas et al., 2004),  contributes to LV 

myocardial remodeling. The successful management of high blood pressure by the 

inhibition of the pressor arm of RAS modifies this response and produces regression 

of LVH (Soliman et al., 2017). Our work revealed that, after eight weeks of treatment, 

ZnCand produced a greater lowering blood pressure than its parental drug. The 

blood pressure decrease was positively correlated with the attenuation of cardiac 

hypertrophy, indicating that by lowering the blood pressure, the peripheral resistance 

and impedance for ventricular emptying decreases, reducing the pressure overload 

and reversing LVH. Additionally, the gene expression of hypertrophic marker BNP, 

stimulated by Ang II and a powerful predictor of LV dysfunction (Kuwahara, 2021), 

was significantly downregulated in treated rats, indicating the improvement of 

cardiac function. Moreover, a better blocking of the AT1 receptor by ZnCand, 

represses the CTGF signaling and modulates the MMP-2 expression, which might 

explain its anti-fibrotic properties(Yu et al., 2012). 

Although the mechanical stress declines, the compound could have had a direct 

effect on cardiomyocytes due to the strong binding to the AT1 receptor and this 

cardioprotection provoked by ZnCand could occur at least, in part, via the NOX 

inhibition, which suppresses the oxidative stress and restores the redox 

homeostasis. Together with the upregulation of SOD1 by ZnCand promotes a great 

antioxidant defense system. Likewise, a powerful oxidative stress reductions 
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declines the intracellular calcium concentration and restores the contractile 

functions.  Additionally, ZnCand exerts a dual function on the mitigation of fibrotic 

mediators, which not only could be repressed by AT1 receptor blockade, but also by 

attenuation of oxidative damage (Gonçalves et al., 2022; Wong et al., 2018). 

In the light of these findings, the present study supports that this metallodrug 

normalizes the blood pressure and restores the cardiac function more effectively 

than its parenteral drug. These promising results would indicate that ZnCand should 

have the potential to be the treatment in terms of CV protection for patients with 

hypertensive heart disease, avoiding the need to implement multi-drug treatments. 
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Supplementary data: Fig S1. Viability of transfected HEK293 cells treated with 

Cand and ZnCand for 90 min. Each result (performed in triplicate) represents the 

mean ± standard error of the mean (SEM) of three independent experiments. Cell 

viability was calculated as the percentage of live cells compared to no treated cells 

(% control). ****Statistically significant values between Ang II-treated cells and 

control (p < 0.001). Fig S2. Flow cytometry in human mesangial cells (HMC) dyed 

with both iodide propidium (IP, in FL3) and H2DCFDA (for intracellular ROS, in FL1). 

a-i) Dotplots FL1-H vs FL3-H after 24 h of treatment with Cand (a,d), ZnCand (b,e), 

Zn(NO3)2 (c,f) at 50 M or 100 M in DMSO 0.5% and controls: without previous 

treatment (g), with 0.5% of DMSO (h), and i) with Tert-Butyl hydroperoxide (TBHP, 

100 M) a ROS positive control. j,k) Overlapped histograms in FL1-H (ROS 

sensitive) after treatment with 50 M (j) or 100 M (k) of Cand (in red), ZnCand (in 

blue), Zn(NO3)2 (in green) and control with DMSO (in black). In every dotplot the 

quadrants are named: LL (lower-left, IP-/ ROS-), UL (upper-left, IP-/ROS+), UR 

(upper-right, IP+/ROS+), LR (lower-right, IP+/ROS-). l-o) Percentage average cell 

population in every quadrant for each treatment at 50 M (in black) and 100 M (in 

gray) error expressed as ± SEM (n=3), only TBHP (ROS+ control) has shown 

statistically differences with control (p < 0.05).  Fig. S3: representative confocal 

images of transient transfected HEK293 cells expressing YFP-tagged AT1 receptor 

(yellow) and nucleus stained with DAPI (blue) treatead with Ang II TAMRA and Ang 

II TAMRA+ Ang II salt. Fig. S4. Effect of Ang II on intracellular Ca2+ release in the 

HEK 293 transfected cells. Plot showing the calculated area under the curve. 
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