
1 

 

The restorative effect of apocynin and catalase in L-arginine induced 

hypotension on normotensive subjects – the role of oxidative stress.   
 

Tan Yong Chia*1 , Vikneswaran Murugaiyah*1, Munavvar Abdul Sattar1, Nurzalina 

Abdul Karim Khan1, Ashfaq Ahmad2, 6, Gurjeet Kaur4, Mohammed Hadi Abdulla5, 

Edward James Johns5, Ho Yoke Mei1, Safia Akhtar3 , Fiaz Uddin Ahmad7 

 
1Cardiovascular and Renal Physiology Research Laboratory, School of Pharmaceutical 

Sciences, University Sains Malaysia, Penang, Malaysia. 
2Department of Pharmacology and Toxicology, School of Medicine, Virginia 

Commonwealth University, Richmond, United States. 
3Department of Endocrinology, School of Medicine, University of Virginia, Charlottesville, 

Virginia, United States.  
4Institute for Molecular Medicine Research, University Sains Malaysia, Penang, Malaysia. 
5Department of Physiology, University College Cork, Cork, Ireland. 
6Department of Pharmacy, Abasyn University Islamabad Campus, Park road, Islamabad, 

Pakistan. 
7 Department of Pharmacy, Islamia University of Bahawalpur, Pakistan. 

 

Corresponding author 1:  *Tan Yong Chia, samual_84@hotmail.com/ 

tanyongchia@student.usm.my 

Corresponding author 2:  * Vikneswaran Murugaiyah, vicky@usm.my 

 

 

Full Address: Cardiovascular and Renal Physiology Research Laboratory, School of 

Pharmaceutical Sciences, University Sains Malaysia, 11800, Minden, Penang, Malaysia. 

 

 

Short Title: Effects of apocynin and catalase in L-arginine induced hypotension 

 

 

SUMMARY 

 L-arginine is a substrate for nitric oxide synthase (NOS) responsible for the 

production of NO. This investigation studied the effect of apocynin, an NADPH oxidase 

inhibitor and catalase, an H2O2 scavenger on L-arginine induced oxidative stress and 

hypotension. Forty Wistar-Kyoto rats were treated for 14 days with vehicle, L-arginine 

(12.5mg/ml p.o.), L-arginine+apocynin (2.5mmol/L p.o.), L-arginine+catalase 
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(10000U/kg/day i.p.) and L-arginine plus apocynin+catalase respectively. Weekly renal 

functional and hemodynamic parameters were measured and kidneys harvested at the end 

of the study for histopathological and renal NADPH oxidase 4 (Nox4) assessments. L-

arginine administration in normotensive rats decreased systolic blood pressure (120±2 vs 

91±2mmHg) and heart rate (298±21 vs 254±15b/min), enhanced urinary output (21.5±4.2 

vs 32±1.9ml/24h , increased creatinine clearance (1.72±0.56 vs 2.62±0.40ml/min/kg), and 

fractional sodium excretion (0.88±0.16 vs 1.18±0.16%), caused proteinuria (28.10±1.93 vs 

35.26±1.69mg/kg/day) and a significant decrease in renal cortical blood perfusion (292±3 

vs 258±5bpu) and pulse wave velocity (3.72±0.20 vs 2.84±0.13m/s) (all P<0.05). L-

arginine increased plasma malondialdehyde (by~206% P<0.05) and NO (by~51%, P<0.05) 

but decreased superoxide dismutase (by~31%, P<0.05) and total antioxidant capacity 

(by~35%, P<0.05) compared to control. Renal Nox4 mRNA activity was approximately 

2.1 fold higher (P<0.05) in the L-arginine treated rats but was normalised by apocynin and 

apocynin plus catalase treatment. Administration of apocynin and catalase, but not catalase 

alone to rats fed L-arginine, restored the deranged renal function and structure, prevented 

hypotension and enhanced the antioxidant capacity and suppressed Nox4 expression. 

These findings suggest that apocynin and catalase might be used prophylactically in states 

of oxidative stress. 

KEY WORDS: Apocynin, catalase, L-arginine, nitric oxide, oxidative stress, hypotension.  

 

INTRODUCTION: 

 Nitric oxide (NO) serves as a potent endogenous vasodilator that modulates 

vascular resistance, renal tubular sodium reabsorption, and can act as a 

neurotransmitter/neuromodulator (Moncada & Higgs, 1995). NO is synthesized from the 
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amino acid L-arginine by a family of enzymes called nitric oxide synthases (NOS), via  an 

L-arginine-NO pathway in the presence of oxygen and NADPH. To date, three isoforms 

of NOS have been identified: neuronal NOS (NOS I or nNOS); inducible NOS (NOS II or 

iNOS); and endothelial NOS (NOS III or eNOS) (Alderton et al., 2001). All three NOS 

isoforms are constitutively expressed at relatively low levels but during pathological states, 

iNOS expression is massively exaggerated and contributes to the decrease in peripheral 

vascular resistance, hemodynamic instability and hypotension (Zhao et al., 2007). The 

enzymatic activity of NOS is dependent on binding with calmodulin, which can only occur 

as a calcium-calmodulin complex with eNOS and nNOS and is regulated by changes in 

cytoplasmic calcium concentration. Subsequently, the synthesis of NO initiates a signalling 

pathway involving soluble guanylate cyclase and cyclic guanosine monophosphate 

(cGMP) (Tousoulis et al., 2012). NO production through the iNOS pathway is responsible 

for endotoxin-induced tissue injury (Wang et al., 1999) hypotension and an NO-mediated 

decrease in arterial blood pressure. Endotoxaemia is associated with decreased oxidative 

stress in the heart, aorta and mesenteric artery and the beneficial effects of iNOS inhibitors 

on endotoxin-induced hypotension may be due partially to the restoration of total 

antioxidant capacity (TuncTan et al., 2006). 

  L-arginine supplementation ameliorates some deleterious effects in salt- induced 

hypertension in pregnant rats possibly through the vasodilatory effect of NO and it might 

also mediate a diuretic like action (Arikawe et al., 2019). L-arginine has been reported to 

reduce the progression of left ventricular hypertrophy by reducing oxidative stress and 

arterial blood pressure (Ahmad et al., 2016). L-arginine acts as a substrate for NOS to 

generate NO and thereby may contribute to the lowering of systolic blood pressure 

(Racasan et al., 2004). NO is a potent oxygen free radical scavenger in models of 

https://www.sciencedirect.com/topics/medicine-and-dentistry/diuretic-agent
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hypertension and chronic renal disease (Wolzt et al., 1997; Ahmad et al., 2018) and NO 

itself may act as a free radical (Beckman & Koppenol, 1996; Halliwell et al., 1999) and 

could lead to toxicity resulting from the diffusion limited reaction of NO with superoxide 

anion (O2
•-) to produce a toxic oxidant peroxynitrite (ONOO-) and dinitrogen trioxide 

(Darley-Usmar et al., 1995). These reactive nitrogen species (RNS) will, in turn, activate 

guanylate cyclase which is responsible for signal transduction that rapidly act together with 

other free radicals mediating both oxidative and nitrosative stressors (Liaudet et al., 2000). 

Dismutation of O2
•- via a reaction catalyzed by superoxide dismutase produces hydrogen 

peroxide (H2O2) which in turn may be fully reduced to H2O by a catalase enzyme or 

partially reduced to hydroxyl radical (HO•) via the Fenton reaction of iron (Fe2+ to Fe3+). 

This reduction of O2
•- will contribute to an increase in the steady state concentration of 

reactive species which eventually causes damage to cellular components and initiates 

oxidative stress (Cadenas & Davies, 2000). 

 Oxidative stress plays an important role in the development of vascular 

complications associated with renal impairments and the beneficial effects of antioxidants 

may be attributed to increased degradation of reactive oxygen species (Sinha & Kumar 

Dabla, 2015). Apocynin is an NAD(P)H oxidase inhibitor (Impellizzeri et al., 2011; Deng 

et al., 2016) and one of its beneficial actions may be to reduce oxidative stress. 

The present investigation aimed to evaluate the effect of apocynin, an NAD(P)H 

oxidase inhibitor, and catalase, an H2O2 scavenger, on an L-arginine induced oxidative 

stress model. The hypotheses to be explored are: firstly, will chronic administration of L-

arginine to normotensive Wistar-Kyoto rats cause excess nitric oxide availability in the 

circulatory system which might induce hypotension and derange renal function. Secondly, 

whether the chronic administration of L-arginine to normotensive rats would also cause 
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oxidative stress and up-regulation of renal Nox4 mRNA expression. The approach taken 

was to determine the action of apocynin and catalase to improve blood pressure control, 

renal hemodynamic and excretory function in normotensive rats over a 14 days period 

using a prophylactic approach. 

 

METHODS: 

Experimental animals 

 All experimental procedures and protocols were conducted following the approval 

of the Animal Research and Service Centre (ARASC) of University Sains Malaysia with 

approval code: USM/IACUC/2017/ (106) (844). Animals were treated in accordance with 

The Malaysian Code for the Care and Use of Animals for Scientific Purposes (MyCode) 

which is adapted from the Australian Code for the Care and Use of Animals for Scientific 

Purposes - 8th Edition published by the National Health and Medical Research Council of 

Australia. A total number of 40 male Wistar Kyoto (WKY) rats (weight 200±10g) of 8-10 

weeks of age were recruited from the Animal House of University Sains Malaysia and kept 

in a standard animal facility (temperature, 25ºC, humidity, 60-70%) with a 12h:12h day 

light-dark cycle provided by the School of Pharmaceutical Sciences, USM. 

 

Preparation of animals 

Animals had free access to rat chow (Gold Coin Sdn. Bhd.) and drinking water. All 

animals were divided into five groups (n=8): (1) Control rats which received drinking water 

as vehicle (C-Veh); (2) L-arginine was dissolved in the drinking water at 12.5 mg/ml p.o 

per diem; and based on the average volume of fluid intake and animal weight, this equated 

to approximately 15 mg/kg/day (L-arg); (3) L-arginine+apocynin rats were given in 
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drinking water containing both L-arginine, as above, together with 2.5mmol/L apocynin, 

which resulted in an average intake of apocynin of 73 mg/kg/day (L-argApo); (4) L-arg 

rats treated with catalase (Sigma-Aldrich, St. Louis, Missouri, United States) at a dose of 

10000 U/kg/day i.p. (L-argCat); (5) L-arg treated with a combination of apocynin and 

catalase (L-argApoCat) respectively. Treatments were administered once daily for 14 days 

and all the drugs were procured from (Sigma-Aldrich, St. Louis, Missouri, United States). 

 

Non-invasive blood pressure measurement 

 Weekly systolic blood pressures (SBP) and heart rates (HR) were measured in 

conscious rats using CODA® tail cuff plethysmography (Kent Scientific Corporation, 

Torrington, CT, USA). At each session a total of 10 consecutive readings were selected 

from each rat and average values were calculated. This method includes acclimatization of 

the animals to the tail cuff and restrainer system by training them for 5-6 days initially. The 

temperature of the heating pad was kept constant at 37o C and animals were free to move 

from one side to the other within the restrainer tunnel. Before taking reading in each 

session, on days 0, 7 and 14, the animals were allowed to settle and feel at home before 

taking the actual readings. 

 

Metabolic and renal functional studies 

 The 24 hour metabolic data collection was performed by placing the animals into 

an individual metabolic cage (Nalgene®, Thermo Scientific, Philadelphia, USA). Weekly 

body weight, water intake and urine volume for all the rats were on days 0, 7 and 14 

respectively. The 3ml urine and 1.5ml of tail vein blood samples were collected and 

centrifuged at 3500 rpm for 10 minutes and the plasma was stored at -30ºC for later 
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biochemical analysis. Tail vein blood samples were collected under a conscious state with 

a topical anaesthesia-ethyl chloride spray (Walter Ritter, GmbH+Co.KG, Germany) 

applied on the needle stabbing point.  

 

Plasma and urine biochemistry estimations 

Urinary and plasma sodium and potassium levels were analyzed using a flame 

photometer (Jenway, PFP-7, England, UK) whereas the plasma and urinary creatinine, 

urinary protein levels were measured using spectrophotometric methods (Power Wave 

X340, Bio.Tek Instrument Inc., USA). Creatinine clearance (CrCl), fractional excretion of 

sodium (FENa
+) and urinary protein excretion (UPE) were calculated using standard 

equations.  

 

Acute experimental studies 

 All surgical procedures in the terminal studies were performed according to 

established protocols in our laboratory (Swarup et al., 2010; Ahmad et al., 2014). On day 

15, animals were fasted overnight but allowed to free access of drinking water. The 

following morning the rats were anesthetized with sodium pentobarbitone 60 mg/kg 

(Nembutal®, CEVA, Santé Animale, Libourne, France). A tracheotomy (PE250 tubing, 

Portex, Kent, UK) was performed to facilitate clear airways, and the left jugular vein was 

cannulated to enable the administration of supplemental anaesthetic (doses of 15 mg/kg 

i.v. of sodium pentobarbitone (Nembutal®, CEVA, Santé Animale, Libourne, France) to 

maintain anaesthesia at a constant level during the experiment. For the pulse wave velocity 

(PVW) measurement, the right carotid artery was catheterized (PE50 tubing, Portex, Kent, 

UK) and inserted to the level of aortic arch. Another cannula (PE50 tubing, Portex, Kent, 



8 

 

UK) was inserted into the abdominal aorta via the left iliac artery. The recording system 

was linked to a data acquisition system (Powerlab ®, ADinstruments, Colorado Springs, 

CO) via Quad Amp using chart Pro (V.5.5) software. The kidney was exposed via a midline 

incision and a laser Doppler flow probe (OxyFlow, AdInstruments, Sydney, Australia) was 

placed in position on the dorsal surface of the exposed left kidney for the measurement of 

renal cortical blood perfusion (RCBP) using a laser Doppler flowmeter (PowerLab®, AD 

Instruments, Sydney, Australia) which was directly linked to the data acquisition system 

(PowerLab®, AD Instruments, Sydney, Australia). The animals were allowed to stabilize 

for 60 minutes after completion of the surgical procedures.  

 

Measurement of pulse wave velocity 

 At the end of the study, animals were euthanized with an overdose of sodium 

pentobarbitone anaesthetic (200mg/kg, Nembutal®, CEVA, Santé Animale, Libourne, 

France). The full length of the aorta was exposed and the distance between the tips of the 

two cannulas was measured (d); the propagation time (t) for the blood pressure wave to 

travel from aortic arch to abdominal aorta was measured manually by the time delay 

between the upstroke (foot) of each pressure wave front using the “ foot to foot” technique 

(Wang et al., 2000). Pulse wave velocity (PWV) is the measure of arterial stiffness which 

indicates arterial endothelial function and is calculated by dividing ‘d’ by ‘t’ and expressed 

in units of meter per second.  

 

Biochemical analysis of oxidative stress marker and antioxidant enzymes activities 

 At the end of the experimental protocol, 3 ml of arterial blood was collected via the 

carotid artery cannula and centrifuged at 3500 rpm for 10 minutes to obtain plasma which 
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was then stored at -30ºC.  The plasma samples were analysed for oxidative stress markers 

using plasma malondialdehyde (MDA), plasma total superoxide dismutase (T-SOD), 

plasma nitric oxide (NO) and plasma total antioxidant capacity (T-AOC).  

 Oxidative stress was accessed using the degree of lipid peroxidation by measuring 

MDA formation via the thiobarbituric acid reaction (Ohkawa et al., 1979). The antioxidant 

enzymes, including T-SOD activity in plasma, was determined by the method of 

(Oyanagui, 1984). Plasma NO activity was measured using the method described by 

(Archer, 1993) and finally the T-AOC in plasma was quantified by the method of (Miller 

et al., 1993). All assay procedures were carried out according to the spectrophotometric kit 

instructions provided by the manufacturer (Nanjing Jiancheng, Bioengineering Institute, 

China). 

 

Histology study and kidney index 

 Both kidneys were carefully isolated from the circumferential adipose and 

connective tissues and blotted dry on a piece of laboratory filter paper. The average weight 

of both kidneys was taken for the estimation of kidney index using the following standard 

equation: [kidney weight/body weight x 100]. 

The left kidney was fixed with 10% neutral buffered formalin solution (Sigma-

Aldrich, St. Louis, Missouri, USA) until histological examination and the contralateral 

kidney was stored in RNAlater solution (Ambion, Life Technologies, Pleasanton, CA, 

USA) at -80°C in order to maintain RNA integrity until processed. 

 

Molecular expression of Nox4 mRNA in kidney 
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 Molecular analysis of the renal tissue was conducted according to the established 

protocols in our laboratory (Ahmad et al., 2016). Briefly, kidney tissue was homogenised 

in 50 mmol/L ice cold TRIzole reagent (Ambion, Life Technologies Corporation, USA) 

and conversion of RNA to cDNA was performed using a High Capacity RNA-to-cDNA 

kit (Applied BiosystemTM, USA) according to the manufacturer’s instructions. 

TaqMan primers and probes were used for the gene expression study which had the 

following accession number; Nox4 gene (GenBank Accession N0. AY027527.1 and 

Rn00585380_m1) and was derived from TaqMan® Gene Expression assays (Applied 

Biosystems, Waltham, MA, USA). Similarly, the TaqMan® primer and probe for β-actin 

gene (endogenous control) (GenBank Accession No. NM_031144.3 and Rn00667869_m1) 

was also derived from TaqMan® Gene Expression assays (Applied Biosystems, Waltham, 

MA, USA) (Kitiyakara et al., 2003). Amplification of the housekeeping enzyme using β-

actin gene (internal control) allowed sample loading and normalization to be determined. 

The relative quantification of the target gene Nox4 and internal control β-actin gene were 

calculated using comparative CT (threshold cycle) method with arithmetic formula (2-∆∆CT) 

(Livak & Schmittgen, 2001). All gene expression assays and procedures were carried out 

following the instructions of the manufacturer (Applied Biosystems, Waltham, MA, USA).  

 

Statistical Analysis 

 Data obtained from the metabolic and renal functional studies were analyzed using 

repeated measures ANOVA. Other data, such as oxidative stress markers, hemodynamics 

and molecular studies were analyzed with one-way ANOVA followed by the Bonferroni 

post hoc test. All the data were presented as mean ± S.E.M with significance at P<0.05 
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level. GraphPad Prism® Version 2.1 software (GraphPad Software, San Diego, California, 

USA) was used for statistical analysis. 
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RESULTS: 

Effect of apocynin and catalase on body weight and water intake 

 As indicated in Table 1, the final body weight on day 14 for all experimental groups 

was increased significantly (P<0.05) by comparison to day 0 and day 7 except that L-arg 

rats experienced a slower body weight gain which was not statistically significant on day 

7. However, L-arg rats which received apocynin and combined apocynin plus catalase 

treatment significantly (P<0.05) improved body weight gain by the end of the study. 

 There were no changes in water intake volume for any of the experimental groups 

except that L-arg rats experienced a significantly (P<0.05) higher water intake on day 14. 

However, the water intake in L-argApo, L-argCat and L-argApoCat rats were significantly 

(P<0.05) lower as compared to the L-arg group of rats.   

 

Effect of apocynin and catalase on systolic blood pressure and heart rate 

 There was no significant difference in SBP in C-Veh rats throughout the study 

period. However, L-arg rats experienced a significantly (P<0.05) lower SBP starting from 

day 7 and progressed until the end of the treatment period. At day 14, the SBP of the L-

argApo, L-argCat and L-argApoCat rats was significantly (P<0.05) elevated compared to 

the L-arg rats but the SBP value of L-argCat rats remained significantly (P<0.05) lower 

than their L-argApo and L-argApoCat counterparts. On the other hand, a similar pattern 

was also manifested in the heart rate parameter except that the L-argCat rats had a 

significantly (P<0.05) lower heart rate on day 14 as compared to day 0. However, this 

pattern of response was not manifested in the SBP of L-argCat rats (Table 1).    

 

Effect of apocynin and catalase on renal functional parameters   
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 A 24 hour measurement of urine output was made on days 0, day 7 and day 14. 

There was no significant change of urine output in any of the experimental rats from day 0 

to day 7. However, on day 14, the urine output volume of the L-arg rats was significantly 

(P<0.05) increased compared to the C-Veh rats. By contrast, on day 14 the urine output 

volume of L-argApo, L-argCat and L-argApoCat rats was significantly (P<0.05) lower 

compared to the L-arg rats (Table 1). 

    Creatinine clearance and fractional excretion of sodium were significantly 

(P<0.05) higher in L-arg rats starting from day 7 until day 14 compared to C-Veh rats but 

was unchanged in the L-argApo, L-argCat and L-argApoCat rats which were significantly 

(P<0.05) lower compared to the L-arg counterparts (Table 1). 

 The urinary sodium to urinary potassium ratio of the L-arg rats was significantly 

(P<0.05) higher compared to C-Veh rats on day 14. Treatment with apocynin, catalase and 

combination of apocynin and catalase in L-arg rats significantly (P<0.05) lowered the 

urinary sodium to urinary potassium ratio (Table 1).    

Similarly, the urinary protein excretion of L-arg rats was also significantly (P<0.05) 

higher when compared to C-Veh rats but only L-argApo and L-argApoCat rats exhibited a 

significantly (P<0.05) lower urinary protein excretion value. Although the urinary protein 

excretion of L-argCat rats was lower than their L-arg counterpart but this did not reach a 

statistically significant level (Table 1).  

The kidney index of the L-arg rats was significantly (P<0.05) augmented as 

compared to untreated C-Veh rats but was prevented (P<0.05) in the L-argApo and L-

argCat groups of rats. However, combined apocynin and catalase treatment ameliorated the 

increase in kidney index observed in the L-arg treated rats although it did not reach 

statistical significance (Table 1). 
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Effect of apocynin and catalase on baseline hemodynamic parameters 

 Table 2 showed the baseline renal cortical blood perfusion (RCBP) of the L-arg rats 

was significantly (P<0.05) lower than C-Veh rats. However, the L-argApo group had a 

significantly (P<0.05) higher baseline RCBP as compared to L-arg rats. On the other hand, 

the baseline RCBP in the L-argCat rats was significantly (P<0.05) lower than their C-Veh, 

L-argApo and L-argApoCat counterparts.   

The PWV value of the L-arg rats was significantly (P<0.05) lower than the C-Veh 

rats and although the PWV value of the L-argApo, L-argCat rats was slightly higher than 

their L-arg counterparts, it was only significant (P<0.05) in the L-argApoCat group of rats.  

 

Effect of apocynin and catalase on oxidative stress parameters  

 The plasma MDA concentration was significantly higher in L-arg rats compared to 

C-Veh, L-argApo, L-argCat and L-argApoCat rats (all P<0.05). On the other hand, 

treatment with apocynin or catalase alone or combination of apocynin and catalase 

significantly decreased (all P<0.05) the MDA levels compared to L-arg treated rats. 

However, the plasma MDA level in L-argCat rats was significantly (P<0.05) higher than 

their L-argApo and L-argApoCat counterparts (Figure 1A).   

 Plasma T-SOD level was significantly (P<0.05) lower in L-arg rats as compared to 

C-Veh rats. By contrast, treatment of L-arg rats with apocynin or catalase alone or 

combination apocynin and catalase successfully raised the plasma T-SOD levels similar to 

those found in C-Veh rats (all P<0.05) (Figure 1B). 

 Plasma NO of the L-arg rats was significantly (P<0.05) higher than their C-Veh 

rats. Nevertheless, the plasma NO of L-arg rats which received apocynin or catalase alone 

or combination of apocynin and catalase treatment was significantly (P<0.05) lower than 



15 

 

their L-arg counterparts. However, the plasma NO levels of L-argCat rats was still 

significantly (P<0.05) higher than the L-argApo and L-argApoCat rats (Figure 1C). 

 The plasma level of T-AOC was significantly (P<0.05) lower in L-arg rats as 

compared to C-Veh rats. On the other hand, the plasma levels of T-AOC were significantly 

(all P<0.05) increased in the L-argApo, L-argCat and L-argApoCat rats as compared to 

their L-arg counterparts. However, the T-AOC levels in L-argCat rats still significantly 

(P<0.05) lower than L-argApoCat (Figure 1D).  

 

Effect of apocynin and catalase on the molecular expression of renal Nox4 mRNA 

expression 

 

  L-arginine administration resulted in a ~37% up-regulation of Nox4 mRNA in the 

renal tissue of L-arg group compared to that in the C-Veh group of rats (P<0.05). Treatment 

of L-arg rats with apocynin resulted in a 35% decrease in Nox4 mRNA when compared to 

L-arg rats (P<0.05). On the other hand, treatment of L-arg rats with catalase resulted an 8% 

down-regulation of Nox4 mRNA in the renal tissue compared to L-arg rats (P<0.05). 

Moreover, combined apocynin and catalase treatment in the L-arg rats decreased (P<0.05) 

the Nox4 mRNA expression by 32% compared to L-arg counterparts (Figure 2). 

 

Histopathology evidence 

 The kidney tissue of L-arg rats showed a prominent mild arteriolar congestion in 

the glomerulus and mild ischemic damage in the tubular area as shown in (Figure 3B). 

However, treatment with apocynin in the L-arg rats resulted in relatively normal glomerular 

and tubular structures. Blood vessels and parenchyma were also normal as shown in 

(Figure 3C). On the other hand, treatment with catalase in L-arg rats caused a mild 
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arteriolar congestion in the glomerular area with minimal tubular congestion as shown in 

(Figure 3D & D1). Interestingly, L-arg rats which received combined apocynin and 

catalase treatment did not demonstrate any ultra-structural changes in their kidney tissue 

as shown in (Figure 3E). 

 

DISCUSSION 

 The main finding in this study was that the oral administration of L-arginine to 

normotensive Wistar Kyoto rats caused a derangement in renal hemodynamic, renal 

functional and a decrease in both blood pressure and pulse wave velocity. L-arginine 

administration was also associated with an increase in oxidative stress markers in plasma, 

Nox4 expression in the kidney together with renal structural changes. Concomitant 

administration of the NAD(P)H blocker, apocynin, ameliorated most of the L-arginine 

induced changes in renal function, cardiovascular status and oxidative stress variables 

whilst catalase administration appeared to be less effective.  Co-administration of apocynin 

and catalase resulted in a suppression of the L-arginine induced responses similar to those 

of apocynin alone.  Together these findings would suggest that it is the generation of excess 

NO, rather than a concomitant scavenging of ROS, which underlies the renal functional 

and structural responses to L-arginine.   

In the present study, body weight gain in L-arginine treated rats was slower than 

that of their control untreated counterparts by approximately 5%. In addition, the water 

intake in L-arginine treated rats was increased by 48%. The exact reason behind the slower 

body weight gain and the development of polydipsia in L-arginine treated rats was unclear 

but it could be possibly contributed to by excess production of NO which could potentially 

inhibit glycolysis in the mitochondrial respiratory chain leading to a malfunction in energy 
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absorption (Darley-Usmar et al., 1995). Alternatively, the slower body weight gain could 

be due to catabolism of body fat as L-arginine supplementation promotes muscle gain but 

reduces body fat accretion (Tan et al., 2009). Water intake in L-arginine treated rats was 

markedly increased accompanied by a proportional elevation in urinary excretion. This 

suggests that L-arginine administration enhanced diuretic activity in the kidney. There is 

evidence that L-arginine supplementation can, via NO, cause an enhanced aquaporin-2 

(AQP2) expression in the renal outer medulla of streptzotocin-diabetic rats (Ortiz et al., 

2014), which would increase urine excretion.  

L-arginine has an acute hypotensive effect in normotensive human subjects (Kanno 

et al., 1992) which has been presumed to be the result of increased L-arginine metabolism 

by endothelial NOS to increase NO production (Mehta et al., 1996). These reports are in 

agreement with the present findings where the administration of L-arginine in 

normotensive rats decreased systolic blood pressure and heart rate. The lower heart rate in 

L-arginine treated rats could be due to a reduction in sympathetic activity in this model as 

previously observed (Okamoto et al., 1994; Kaur et al., 2017) as it has been reported that 

sympathetic tone is enhanced in rats with L-NAME-induced hypertension which is a model 

of severe NO-deficiency (Sander et al., 1997; Pechanova et al., 2004). Together, these 

reports would support the findings of the present study in that an attenuation of sympathetic 

tone, consequent to elevated NO production, would decrease systolic blood pressure.  

The patterns of reduced weight gain and increased water balance in the face of 

reduced systolic blood pressure and heart rate following the treatment with L-arginine were 

largely restored to normal values by administration of a combination of apocynin and 

catalase. The normalisation of blood pressure by apocynin alone and together with catalase 

supports a previous report in an oxidative stress induced hypertension model (Touyz, 
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2008). Although increased oxidative stress is a major component of hypertension (Hu et 

al., 2006; Wedgwood et al., 2011), the current L-arginine induced hypotension model led 

to a state of oxidative stress characterized by the raised of plasma MDA levels and 

reduction in plasma T-AOC enzymes. The normalization of blood pressure and heart rate 

could be due to the antioxidant actions of apocynin and catalase which inhibit ROS/RNS 

generation by NADPH oxidases and ROS scavenging pathways.  

Previous studies in animals and man reported that L-arginine treatment increased 

glomerular filtration rate, enhanced urinary albumin excretion and caused a natriuresis 

(Herlitz et al., 1999; Zhou et al., 2001). The present findings are in line with previous 

reports where urine output was greatly increased following L-arginine administration. 

There was also a marked increase in fractional sodium excretion and creatinine clearance 

in response to the 14 days of L-arginine treatment. The possibility arises that the enhanced 

natriuretic activity in this L-arginine model could, in part, contribute to the hypotensive 

response due to the increased loss of sodium and water. Another potential mechanism for 

the renal diuresis and natriuresis may be a decrease in renal sympathetic nerve activity in 

L-arginine-treated rats as a similar natriuresis and diuresis occurred following renal 

denervation (Kanno et al., 1992). 

The urinary sodium to potassium ratio in the L-arginine rats was significantly 

increased and as this ratio is inversely proportional to plasma aldosterone level (Williams 

& Dluhy, 1972), it suggests a reduction in aldosterone secretion under these conditions 

(Saxena et al., 2018). Aldosterone is secreted from the adrenal cortex as a consequence of 

direct stimulation by angiotensin II of the renin-angiotensin aldosterone system. Therefore, 

the urinary sodium to potassium ratio can be taken as a surrogate marker of angiotensin II 

level in the circulatory system and can indirectly impact on the control of blood pressure.  
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Despite the fact that, L-arginine administration increased glomerular filtration rate 

(creatinine clearance). Indeed, renal cortical blood perfusion was significantly decreased 

compared to untreated control rats which might be due to a decreased cardiac output. 

Nevertheless, other investigators have also reported no effect of L-arginine on renal plasma 

flow in hypertensive and normal human subjects (Ebel et al., 1993; Barri & Wilcox, 1998). 

While other recent reports also include estimates of GFR as well as PWV as major indices 

of arterial stiffness, they emerge as significant predictors of cardiovascular risk (Safar et 

al., 2015). The low renal cortical blood perfusion in L-arginine treated rats could be due to 

the reduced PWV leading to enhancement of arterial distensibility which indirectly lowered 

blood pressure and hence perfusion pressure in the kidney. L-arginine treatment in 

normotensive rats increased the kidney index and caused renal injury as reflected by a 

marked arteriolar congestion in the glomeruli accompanied with mild ischemic tubular 

congestion. These histopathological findings together with the occurrence of increased 

urinary protein excretion resulting from chronic administration of L-arginine are consistent 

with renal damage.   

Interestingly, treatment with apocynin and combination of apocynin and catalase 

for 14 days elicited a restorative effect on renal function and renal histology. A similar 

protective effect of apocynin has been reported previously (Ciarcia et al., 2015). This effect 

could be due to the suppression of the oxidative stress mechanisms induced by L-arginine 

via the strong O2
•- scavenging properties of apocynin (Altintas et al., 2013). However, the 

catalase treatment in L-arginine rats showed only a partial restoration of these parameters 

as the histological changes consistent with mild tubular injury were still present. This could 

possibly be explained by the fact that the concomitant catalyzation of H2O2 to H2O and O2
  

would lead to the accumulation of O2
  which could further react with excess NO to form 
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ONOO- which is a strong nitrosative oxidant that can cause lipid peroxidation (Beckman 

& Koppenol, 1996).  

There is evidence that continuous exposure to L-arginine itself induces oxidative 

stress in cultured human endothelial cells (Mohan et al., 2012). Moreover, NO is 

considered to have antioxidant as well as pro-oxidant properties depending on the 

experimental protocols (Hiramoto et al., 2003) and dose of the NO used (Joshi et al., 1999). 

To evaluate the impact of L-arginine administration on oxidative stress in the present 

experimental scenario, oxidative stress markers were measured. It was evident that 14 days 

of oral administration of L-arginine induced oxidative stress reflected by a 51% increase 

in plasma NO. Oxidative stress was characterized by increased of plasma MDA levels and 

decreased plasma T-SOD and T-AOC. However, L-arginine administration together with 

apocynin and combined apocynin plus catalase significantly ameliorated the oxidative 

stress which was much less when only catalase was given. The mechanisms underlying 

how the plasma NO could be normalized by apocynin in L-arginine rats not at all clear. 

However, one possibility may be that apocynin is a stronger antioxidant than catalase as 

the O2
•- scavenging action by apocynin successfully lowered plasma MDA and NO levels 

with concomitant increases in plasma T-SOD and T-AOC. However, treatment with 

catalase alone led to a heightened plasma MDA which might explain the elevation in lipid 

peroxidation possibly due to the accumulation of ONOO- and the spontaneous generation 

of excess NO and O2
•- (Halliwell et al., 1999; Radi et al., 2002). 

Nox 4 is widely distributed in the vascular smooth muscle cells of the kidney (Johns 

et al., 2010) and the present findings demonstrated that L-arginine administration increased 

Nox4 mRNA expression in the renal homogenates by 2.1 fold, a response that was offset 

by concomitant apocynin treatment. This was possibly due to apocynin inhibiting the 



21 

 

association of the active Nox4 complex by preventing translocation of the cytosolic 

subunits to the membrane-bound catalytic subunit (Johnson et al., 2002). Apocynin 

treatment successfully reversed the endothelial NO dysfunction in both animals and 

humans exposed to oxidative stress (Hamilton et al., 2004). The co-administration of 

apocynin and catalase had a greater ability to supress Nox4 mRNA than either apocynin or 

catalase alone. This could be possibly due to the crosstalk between the direct O2
•- 

elimination by apocynin and continuous H2O2 catalysation of catalase enzyme. The 

mechanism by which these antioxidants restore Nox4 activity is not fully understood, but 

it has been suggested that apocynin and catalase could act by preventing the translocation 

of the cytosolic phagocyte oxidase subunits (Johns et al., 2010). Apocynin inhibits the 

release of O2
•- by NADPH oxidase by blocking migration of p47phox to the membrane which 

is critically involved in initiating assembly of the functional NADPH oxidase complex 

(Touyz, 2008).   

 In conclusion, oral administration of L-arginine for 14 days has an acute systemic 

hypotensive effect in normotensive rats which appeared to be mediated by increased 

endogenous NO production. The increased NO bioavailability resulted in oxidative stress 

accompanied by renal functional and histological alterations with a concomitant increase 

of renal Nox4 mRNA expression in the L-arginine treated rats. The present study indicated 

that prophylactic treatment with apocynin and combined apocynin plus catalase for 14 days 

not only restored blood pressure and heart rate near to control levels but also normalized 

the renal functional parameters and successfully halted the L-arginine-induced histological 

damage. Apocynin, but not catalase, inhibited NADPH oxidase Nox4 subunit expression 

and decreased indicators of oxidative stress. This knowledge may open up novel treatment 

options for clinicians and patients in disease states associated with oxidative stress. 
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Table 1: Weekly body weight, blood pressure and renal functional parameters during 

14 days study period in control (C-Veh), L-arginine treated (L-arg), L-arg treated with 

apocynin (L-argApo), L-arg treated with catalase (L-argCat) and L-arg treated with 

apocynin plus catalase (L-argApoCat) rats.  

Data presented as mean±SEM. * p<0.05 versus Day 0; # p <0.05 versus C-Veh; † 

p<0.05 versus L-arg; ¶ p<0.05 versus L-argApoCat; δ p<0.05 versus L-argApo. 
 

 

 

 

 

 

 

 

 

Table 2: Baseline hemodynamic parameters measured at the end of the experiment on Day 14 

in control(C-Veh), L-arginine treated (L-arg), L-arg treated with apocynin (L-argApo), L-arg 

treated with catalase (L-argCat) and L-arg treated with apocynin plus catalase (L-argApoCat) 

rats. 

Data presented as mean±SEM. ¥ p<0.05 versus C-Veh of all except L-arg; # p <0.05 versus C-

Veh; † p<0.05 versus L-arg; ¶ p<0.05 versus L-argApoCat; δ p<0.05 versus L-argApo.  
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Figure 1A: Plasma MDA 

 
Figure 1B: Plasma T-SOD   

 
Figure 1C: Plasma NO 

# †

¥ 

δ

¶ 

†

¥
†

0

5

10

15

20

25

30

35

40

45

C-Veh L-arg L-argApo L-argCat L-argApoCat

P
la

sm
a
 M

D
A

 n
m

o
l/

m
l 

 

#

† † †

0

20

40

60

80

100

120

140

160

180

C-Veh L-arg L-arg Apo L-arg Cat L-arg ApoCat

P
la

sm
a
 T

-S
O

D
  
U

/m
l 

 



28 

 

                    
 

Figure 1(D): Plasma T-AOC 

                             
 

Figure 1: Biochemical analysis of oxidative stress markers. Plasma levels of MDA (A), T-SOD 

activity (B), NO (C) and total AOC (D) were measured  in control (C-Veh), L-arginine treated 

(L-arg), L-arg treated with apocynin (L-argApo), L-arg treated with catalase (L-argCat) and L-

arg treated with apocynin plus catalase (L-argApoCat)  rats. 

 

Data presented as mean±SEM on Day 14. ¥ p<0.05 versus C-Veh of all except L-arg; # p <0.05 

versus C-Veh; † p<0.05 versus L-arg; ¶ p<0.05 versus L-argApoCat; δ p<0.05 versus L-

argApo.  
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Figure 2: The molecular expression of Nox 4 mRNAs activity in the renal tissue homogenate 

of control (C-Veh), L-arginine treated (L-arg), L-arg treated with apocynin (L-argApo), L-

arg treated with catalase (L-arg Cat) and L-arg treated with apocynin plus catalase (L-

argApoCat) rats. 

 

Data presented as mean±SEM on Day 14. ¥ p<0.05 versus C-Veh of all except L-arg; # p <0.05 

versus C-Veh; † p<0.05 versus L-arg; ¶ p<0.05 versus L-argApoCat; δ p<0.05 versus L-

argApo.  
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Histology of kidney tissues using Haematoxylin and Eosin (H&E) staining 
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Figure 3: Histopathological study of rat renal tissue. The renal tissue of (C-Veh)-[A], (L-

argApo)-[C] and (L-argApoCat)-[E] showed normal glomerular and tubular structures. 

However, there was a prominent mild arteriolar constriction found in the glomeruli (open arrow) 

and a mild ischemic damage in the tubular area (solid arrow) in the kidney of L-arginine treated 

(L-arg) rat-[B]. Similarly, a mild arteriolar congestion (open arrow) in the glomeruli-[D] and a 

minimal ischaemic tubular congestion (solid arrow) was also manifested in the renal tissue of 

(L-argCat) rats [D1].  

(Haematoxylin and eosin stain; original magnification x10)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


