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INFLUENCE OF GENDER AND LEVEL OF SEX STEROIDS 
ON RENAL FUNCTION IN INTACT RATS
RESUME

It has been established that male rats show lower glomerular filtration rate and more expressed proteinuria as well as enzymuria in comparison with female animals. NADPH oxidase and xanthine oxidase activity, MDA content, protein carbonyl groups in male kidneys were higher, while nitrates/nitrites excretion SОD activity, GSH and H2S production were lower than in female rats. Castration of males and administration of estrogen to females activated the functional state of kidneys, while ovariectomy and administration of androgens to males caused negative influence on it. In both males and females the parameters of kidneys function and metabolic processes showed positive correlation with the level of lipid and protein peroxidation products as well as activity of enzymes that are producers of reactive oxygen species, and showed negative correlation with production of nitric oxide and antioxidant enzymes activity.
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Female and male bodies differ from each other in many factors, at genetic as well as metabolic and organ levels. The kidney is one of the organs with the significant sex determination of functions. Sexual dimorphism of the kidney function is a consequence of both sex-specific expression of many genes in the kidney and multidirectional influence of female and male hormones on renal functions [9, 16]. Male organisms are characterized by higher susceptibility to renal disease, sensitivity to the action of nephrotoxic drugs, including the analgesics, aminoglycosides, cytostatics etc. [8, 9]. The molecular mechanisms underlying age and sex differences of the kidney function still far from final elucidation, but it can by now be assumed that these mechanisms are to a considerable extent mediated by vascular factors, including hormone-controlled production of vasoconstrictor and vasodilator molecules (eicosanoids, nitric oxide, angiotensin, reactive oxygen species, hydrogen sulphide, etc.) and the expression of the respective receptors in the vascular wall [9, 10].
The objective of this study was to investigate the relationship of kidney function with the activity of prooxidant and antioxidant enzymes, content of lipid and protein peroxidation products as well as hydrogen sulphide in the kidneys of middle-aged male and female rats under the conditions of castration, hormone replacement therapy, surplus administration of sexual steroids.
Materials and methods. The experiments were conducted on 220 nonlinear albino middle-aged rats of both sexes (age equalled 3–4 months). They were bred in the vivarium of National Pirogov Memorial Medical University under a standard conditions at a temperature of 22±5°C on a 12 h light : 12 h dark cycle and free access to food and water. The research was conducted in autumn, with the tests  beginning in the afternoon. Female rats were used in the experiment during proestrus, which was determined by vaginal smears.
Castration of the animals was performed under kalypsol-induced anesthesia (10 mg/kg) according to the generally accepted methods. Hormone replacement therapy (HRT) was started 21 days after castration using testosterone propionate (pharmaceutical plant ‘Farmadon LLC,’ Rostov-on-Don), at a dose of 1 mg/kg subcutaneously, and estradiol hemihydrate (‘Estrimax’ by Gedeon Richter Ltd), at a dose of 150 mg/kg intragastrically for 14 days. In the part of the experiments sex steroids were administered to the intact animals. The content of estradiol and testosterone in the heparinised blood plasma of animals was determined by standard ELISA kits ‘DRG Estradiol’ by DRG company (USA) and ‘DSLACTIVE Testosterone’ by DSL company (USA) according to manufacturers’ instructions.
For the estimation of kidney function gamma-glutamyl transferase (GGT) activity, the level of protein and creatinine in urine as well as blood serum creatinine content were determined by standardized methods [4]. The production of nitric oxide by the kidneys was established by kidney excretion of nitrates and nitrites by reaction with Griess reagent [2]. The production of the vasoconstrictor molecules in the kidneys, such as superoxide radical and hydrogen peroxide, was evaluated by the activity of NADPH oxidase and xanthine oxidoreductase as well as by the activity of enzymes that destroy the aforesaid molecules, namely superoxide dismutase (SOD) and glutathione peroxidase (GPx). The effect of reactive oxygen species on biological structures in the kidneys was evaluated in terms of the level of lipid and protein peroxidation products malonic dialdehyde (MDA) as well as protein carbonyl groups. SOD activity was determined by the degree of inhibition of quercetin oxidation [3]. MDA level was measured by reaction with thiobarbituric acid [1]. H2S content in blood serum was determined spectrophotometrically, cystathionine-gamma-lyase (CTH) activity was estimated by sulphide anion increment in the reaction with N,N-dimethyl-p-phenylenediamine [5]. Statistical processing of the obtained data was performed using variation and correlation analysis (the software ‘STATISTICA 5.5’).
Results and discussion. The investigation of the saturation of rats with sex steroids showed that testectomy in males caused a decrease in testosterone level by  17.7 times, HRT practically normalized it. In females ovariectomy reduced estradiol level by 5.9 times, approaching the lower limit of sensitivity of the method for its determination, and HRT almost restored normal level of the hormone. Excessive administration of testosterone and estradiol to the males and females respectively increased levels of sex steroids by 1.5 times (Table 1, 2). 
Significantly higher levels of proteinuria (41%) and enzymuria (GGT activity in urine was higher by 44%), but lower values ​​of glomerular filtration rate (GFR) and urinary excretion of nitrates and nitrites (by 11.8% and 20.1%, respectively) were recorded in males compared to females. The activity of prooxidant enzymes (NADPH oxidase, xanthine oxidase), as well as the content of peroxidation products such as MDA and protein carbonyl groups in the kidneys of male rats were higher than in female animals by 1.32, 1.38, 1.31, and 1.5 times, respectively. The activity of antioxidant enzymes (SOD and GPx) in the kidneys of male rats was lower than that of female animals by 1.4 and 1.35 times, respectively. In addition, H2S content and CTH  activity in female rats exceeded that of male rats by 19.1 and 30.4%, respectively.
Male gonadectomy led to a decrease in urinary excretion of protein and GGT  by 26.4 and 27.8%, respectively, with moderate increase in GFR (by 12.2%) as well as urinary excretion of nitrites (by 20%).  In the kidney of castrated males activity of NADPH oxidase and xanthine oxidase slowed down, with accompanying increase in the activity of antioxidant enzymes, as well as hydrogen sulphide blood level and CTH activity in the kidney. Female ovariectomy, on the contrary, augmented proteinuria by 28.2%, GGT  excretion – by  41.3%, it caused a decline in GFR and excretion of nitrates and nitrites by 10.8 and 25.2%, respectively. Under these conditions, activity of NADPH oxidase and xanthine oxidase, MDA level, protein carbonyl groups content increased in the kidney, while the activity of SOD and GPx was reduced approximately by 1.3 times. Hydrogen sulphide production also decreased. So castration had the opposite effect on males and females and led to a change in sexual pattern of tubular and glomerular indicators, levelling sex differences.
It was found that testosterone acts as a factor that impairs kidney function, namely enhances proteinuria, exerting the effect both in intact and castrated males. In particular, HRT in castrated males augmented the level of proteinuria by 24.8%, GGT  excretion – by 29.5%, the content of creatinine in blood serum – by 16.4%, but suppressed GFR as well as excretion of nitrates and nitrites in 14.1% and 22.2% compared with castrated males without HRT, so that these data approximated ​​to the non-castrated males values. Nephrotoxic effect of testosterone was detected in intact males also. Compared with intact rats not receiving testosterone, proteinuria under the influence of this hormone was higher by 24.8%, GGT  excretion – by 13.8%, GFR and urinary excretion of nitric oxide metabolites were lower by 12.2% and 20.1%, respectively.

At the same time, estradiol exhibited nephroprotective properties: its administration to female rats after ovariectomy resulted in almost complete normalization of the disturbed indices. Compared to ovariectomized rats, protein excretion and GGT activity were lower by 25.9% and 26.4%, GFR and excretion of nitrates and nitrites were higher by 12.0% and 28.6%, respectively. The protective effect of estradiol was also manifested after its introduction to intact female animals, that was evidenced by decrease in protein excretion (by 26%) and augmentation  in GFR and excretion of nitrates and nitrites by 11.8% and 23.9%, respectively.
HRT in both males and females returned the indicators of prooxidant-antioxidant system, changed by castration, practically to baseline values, restored the differences between animals of different sexes. Excessive administration of testosterone contributed to NADPH oxidase and xanthine oxidase activation, as well as to the increment in MDA and protein carbonyl groups content (by 47.9%, 42.6%, 55.0%, and 65.9%, respectively, compared to intact animals) and caused a tendency towards SOD and GPx activity decrease. The reduction in hydrogen sulphide content in blood and decrease in H2S-producing enzymes activity (by 29.3% and 28.1%, respectively) was also registered. Estradiol showed an effect opposite to testosterone, as it lowered the activity of prooxidant enzymes, while the activity of antioxidant enzymes, on the contrary, increased (approximately by 30% compared with baseline value). CTH activity in the kidneys of female rats under these conditions was increased by 23.3%, H2S level augmented by 20.3% compared to intact animals.

Table 1
Level of testosterone, functional and biochemical parameters of kidney in male rats under the conditions of castration and testosterone administration (M±m, n=8​–16)

	
	Intact rats
	Testosterone administration
	Gonadec-tomy 
	Testosterone replacement therapy 

	Testosterone, ng/dl
	126.2±7.37
	190.4±12.1*
	7.12±0.62*
	92.6±5.35*        

	Urine protein, mg/8 h
	5.37±0.32
	6.70±0.29*
	3.95±0.31*
	4.93±0.28

	Urine GGT activity,  nmol/min/ml
	1.08±0.10
	1.33±0.06
	0.81±0.07*
	1.01±0.06

	Serum creatinine, μmol/l
	62.6±3.01
	67.2±3.10
	56.2±2.80
	65.4±2.94

	GFR, ml/min
	0.82±0.03
	0.72±0.03*
	0.93±0.03*
	0.79±0.03

	Water reabsorption, %
	97.9±7.12
	97.7±0.18
	98.2±0.15
	97.7±0.15

	Nitrates and nitrites μmol/ 8 h
	3.16±0.22
	2.46±0.18*
	3.85±0.17*
	2.91±0.15

	NADPH oxidase,  nmol/min/1 mg protein
	2.46±0.19
	3.64±0.21*
	1.89±0.13*
	2.84±0.15

	Xanthine oxidase, nmol/min/1 mg protein
	2.30±0.14
	3.28±0.18*
	1.68±0.14*
	2.17±0.10

	Xanthine dehydrogenase, nmol/min/1 mg protein
	3.63±0.24
	3.80±0.12
	3.07±0.23
	3.52±0.12

	MDA, 
nmol/1 mg protein
	7.03±0.36
	10.9±0.53*
	5.06±0.31*
	6.87±0.28

	Protein carbonyl groups, nmol/1 mg protein
	4.70±0.30
	7.80±0.73*
	3.23±0.20*
	4.54±0.26

	SOD activity, nmol/min/1 μg protein
	46.0±2.08
	42.0±1.85
	52.2±3.31
	47.3±2.04

	GPx activity,  nmol/min/1 μg protein
	63.6±3.11
	57.2±3.18
	72.7±3.83
	67.1±3.19

	H2S, μmol/l
	73.7±4.36
	52.1±4.02*
	91.2±5.67*
	76.3±2.12

	CTH activity, nmol/min/1 mg protein
	1.35±0.07
	0.97±0.06*
	1.57±0.04*
	1.38±0.11


Notes: * – statistically significant differences (р<0.05) when compared to intact males; CTH – cystathionine-gamma-lyase; GFR – glomerular filtration rate; GGT – gamma-glutamyl transferase; GPx – glutathione peroxidase; MDA – malonic dialdehyde; SOD – superoxide dismutase; 
Table 2

Level of estradiol, functional and biochemical parameters of kidney in female rats of the different age under the conditions of castration and estradiol administration (M±m, n=8​–16)

	
	Intact rats
	Estradiol  administration
	Gonadec-tomy 
	Estradiol  replacement therapy 

	Estradiol, ng/dl
	5.70±0.15
	8.05±0.26*
	0.96±0.022*
	5.35±0.10

	Urine protein, mg/8 h
	3.80±0.21#
	2.81±0.25*#
	4.87±0.26*#
	3.61±0.29#

	Urine GGT activity,  nmol/min/ml
	0.75±0.07#
	0.72±0.07#
	1.06±0.07*#
	0.78±0.07#

	Serum creatinine, μmol/l
	59.9±3.18
	54.7±3.07#
	66.1±3.23
	58.0±3.27

	GFR, ml/min
	0.93±0.03#
	1.04±0.03*#
	0.83±0.03*
	0.93±0.03#

	Water reabsorption, %
	98.2±0.07
	98.3±0.07
	98.0±0.13
	98.1±0.12

	Nitrates and nitrites μmol/ 8 h
	3.86±0.20#
	4.78±0.20*#
	2.87±0.18*#
	3.73±0.21#

	NADPH oxidase,  nmol/min/1 mg protein
	1.82±0.13#
	1.37±0.14*#


	2.43±0.17*#
	1.95±0.13#

	Xanthine oxidase, nmol/min/1 mg protein
	1.66±0.13#
	1.09±0.13*#


	2.21±0.14*#
	1.66±0.14#



	Xanthine dehydrogenase, nmol/min/1 mg protein
	3.56±0.24
	2.68±0.30*#
	3.84±0.22#
	3.26±0.20

	MDA, 
nmol/1 mg protein
	5.35±0.39#
	3.79±0.37*#
	7.28±0.42*#
	5.46±0.35#

	Protein carbonyl groups, nmol/1 mg protein
	3.08±0.23#
	2.13±0.22*#


	4.07±0.26*#
	3.03±0.24#



	SOD activity, nmol/min/1 μg protein
	64.7±4.65#
	85.6±4.91*#


	50.4±2.94*
	65.4±4.20#



	GPx activity,  nmol/min/1 μg protein
	86.2±5.23#
	109.2±5.35*#
	62.9±4.17*
	80.7±4.39#



	H2S, μmol/l
	87.8±4.68#
	105.7±6.85*#
	76.6±4.34*
	85.9±2.36

	CTH activity, nmol/min/1 mg protein
	1.76±0.16#
	2.17±0.08*
	1.36±0.05*
	1.74±0.12


Notes: * – statistically significant differences (р<0.05) when compared to intact females; # –  statistically significant differences (р<0.05) between male and female groups values; CTH – cystathionine-gamma-lyase; GFR – glomerular filtration rate; GGT – gamma-glutamyl transferase; GPx – glutathione peroxidase; MDA – malonic dialdehyde; SOD – superoxide dismutase.
Our results correspond to the data in the literature concerning the influence of sex on renal function. In particular, the male kidneys excrete more protein [16], show lower basal levels of fractional excretion of sodium and higher serum creatinine with lower creatinine clearance compared with females [10, 13]. 

If the relationship between nitric oxide and renal function regulation is widely known, then the question about the strength of the relationship between the activity of prooxidant as well as antioxidant enzymes in the kidney and renal function remains unsolved. Correlation analysis gave some evidence of such a relationship (Table 3). It was found that in both male and female rats the value of proteinuria and enzymuria positively correlated with the level of lipid and protein peroxidation products as well as activity of enzymes that are producers of reactive oxygen species, and negatively correlated with the production of nitric oxide and activity of antioxidant enzymes.
Table 3
Correlation between activity of prooxidant and antioxidant enzymes, peroxidation products content and renal function parameters in rats (n=111–120)
	Indices
	Urine protein 
	Urine GGT activity
	Serum creatinine
	GFR
	Water reabsorp-tion
	Nitrates and nitrites

	MALES

	Nitrates and nitrites
	-0.45*
	-0.45*
	-0.42*
	0.52*
	0.32*
	1.0

	NADPH oxidase
	0.24*
	0.23*
	0.13


	-0.39*


	-0.22

	-0.46*



	Xanthine oxidase
	0.23*
	0.29*
	0.35*
	-0.37*
	-0.11
	-0.38*

	Xanthine dehydrogenase
	0.20
	0.22
	0.21
	-0.24*
	-0.08
	-0.30*

	Malonic dialdehyde
	0.12
	0.26*
	0.20
	-0.36*
	-0.27*
	-0.38*

	Protein carbonyl groups
	0.29*
	0.23*
	0.24*
	-0.34*
	-0.05
	-0.32*

	Superoxide dismutase
	-0.27*
	-0.37*
	-0.23*
	0.36*
	0.01
	0.46*

	Glutathione peroxidase
	-0.26*
	-0.32*
	-0.24*
	0.36*
	0.04
	0.46*

	FEMALES

	Nitrates and nitrites
	-0.27*
	-0.26*
	-0.40*
	0.49*
	0.15
	1.0

	NADPH oxidase
	0.22
	0.27*
	0.23*


	-0.37*


	0.08

	-0.36*



	Xanthine oxidase
	0.25*
	0.25*
	0.22
	-0.38*
	0.01
	-0.39*

	Xanthine dehydrogenase
	0.18
	0.20
	0.21
	-0.27*
	0.07
	-0.31*

	Malonic dialdehyde
	0.04
	0.19
	0.25*
	-0.37*
	-0.09
	-0.38*

	Protein carbonyl groups
	0.12
	0.26*
	0.32*
	-0.39*
	-0.05
	-0.32*

	Superoxide dismutase
	-0.26*
	-0.23*
	-0.30*
	0.35*
	0.05
	0.40*

	Glutathione peroxidase
	-0.25*
	-0.23*
	-0.23*
	0.33*
	0
	0.40*


Note: * – statistically significant correlation relationship (p<0.05); GFR – glomerular filtration rate; GGT – gamma-glutamyl transferase.
Thus, male rats differ from females in filtration function and proteinuria and enzymuria values, nitric oxide production, as well as xanthine oxidase, NADPH oxidase, SOD, GPx activity, MDA and protein carbonyl groups content. Castration of males and administration of estrogen to females activates the functional state of kidneys, whereas ovariectomy of females and administration of testosterone to males worsens the renal function parameters.
The question arises about the way of formation of sex and age differences in the functioning of the kidneys. As is generally known, the influence of sex steroids on the organism, including renal function, is realized through genomic [12] and non-genomic mechanisms [13]. The latter may include the hemodynamic effects of sex steroids associated with both their direct action on the blood vessels and the influence on the vasoactive molecules production. Estrogens enhance the formation of vasodilators, namely prostacyclin, but inhibit the production of vasoconstrictor molecules such as endothelin-1, leukotrienes, catecholamines [8]. Testosterone, on the contrary, induces vasoconstriction through renin-angiotensin system activation and prostaglandin I2 synthesis reduction [14, 16].
Our results and the data in the literature evidence that nitric oxide and reactive oxygen species may also be considered as the factors involved in the formation of sex differences in kidney function [13, 14]. Superoxide radical, however, is not only a potent vasoconstrictor of a direct action, but also is able to neutralize the action of nitric oxide, transforming the latter into peroxynitrite. Our data show that urinary excretion of nitrates and nitrites, which adequately reflects the activity of NO-synthase in the kidneys, is higher in female rats when compared with males. Thus, it can be concluded that in the kidneys of female rats nitric oxide synthase is expressed at a higher level than in males, estrogen and testosterone are positive and negative regulators of the expression of this enzyme, respectively. These results are consistent with the data in the literature concerning higher activity of nitric oxide synthase in the liver, myocardium and brain of female rats compared with males [10].

Our data suggest that sex differences in the activity of kidney enzymes involved in the generation of superoxide radicals and their elimination may also be the basis of sex differences of renal function. At the same time administration of testosterone enhances the activity of prooxidant enzymes and inhibits the activity of antioxidant enzymes in the kidney, whereas administration of estradiol to females causes an opposite effect on these enzymes, namely inhibits the former, and enhances the activity of latter. Another important vascular factor accounting for sex differences in excretory organs is hydrogen sulphide. It also exerts a powerful vasodilator effect as well as direct and indirect antioxidant [6, 11]. Undoubtedly, sex differences in the total content of H2S and cystathionine-gamma-lyase activity (that is the main source of this substance in the kidneys) also plays an important role in sex determination of excretory organs.

Conclusions. Thus, our data evidence that sex determination of the kidney functions may be based on vascular factors, namely the regulation of blood flow in the kidneys, which in turn is determined by the ratio of vasoconstrictor and vasodilator molecules, including nitric oxide, superoxide radical and hydrogen sulfide.

Prospects. Consideration of the role of sex determined factors in kidney functioning and formation of so-called premorbid background, that can later be influenced by numerous xenobiotics, including medicines, will be the theoretical basis for the development of guidelines of the focused regulation of pharmacodynamic and toxicological parameters of medicines and forecasting of drugs action in individuals of different sexes.
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