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Summary

Sex-related differences were observed not only in human but
also in experimental hypertension. The aim of our study was to
compare blood pressure (BP) of aged male and female
heterozygous transgenic rats (TGR) harboring Ren-2 mouse
gene, with their Sprague-Dawley
(HanSD) controls. At the age of 9 months, systolic (SBP) and
diastolic blood pressure (DBP) were measured by a direct

normotensive Hannover

puncture of carotid artery in rats awaking from isoflurane
Thiobarbituric (TBARS)
formation was monitored as indicator of lipid peroxidation

anesthesia. acid-reactive  species
damage in heart, kidney and liver, whereas intracellular content
of reduced glutathione was determined in the same organs as
the main intracellular antioxidant. Furthermore, plasma
triglycerides and total cholesterol as well as high-density
lipoprotein (HDL) and low-density lipoprotein (LDL) fractions of
cholesterol were measured. As compared to HanSD rats, we
found significantly elevated BP only in male TGR (MAP: 123%1
vs. 17145, SBP: 150+2 vs. 208+7, and DBP: 9943 vs.
140+4 mm Hg), but not between TGR and HanSD females, which
were both normotensive. We also did not find any significant
differences in TBARS and reduced glutathione in the three above
mentioned organs as well as in plasma cholesterol or its HDL and
LDL fractions between transgene-negative HanSD and TGR
animals of either sex. However, we found significant sex
differences in TBARS, glutathione and plasma lipids in both rat
strains. Our results confirmed that aged TGR exhibit a marked
sexual BP dimorphism, which does not seem to be dependent on

oxidative stress or abnormal cholesterol metabolism.
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Introduction

Over the years plenty of data on blood pressure
(BP) has been gathered in men and women. Generally,
aging is usually associated with an increase in BP and
hypertension becomes the most common chronic disease
in the world. Men have higher incidence of hypertension
compared with age-matched women until the onset of
menopause. Prominent sex-related differences in
hypertension were observed repeatedly not only in
humans but also in experimental animals such as dog,
rabbit, mouse or rat and even in birds (Blank et al. 2016,
Lerman et al. 2019, Sandberg and Ji 2012). Animal
models are inevitable for both the understanding
hypertension pathogenesis and possible novel treatment
options. Rats are often used as hypertension animal
model. There are several rat models in which sex
differences in BP were described — genetic hypertension
in spontaneously hypertensive rats (Maris et al. 2005),
NO-deficient hypertension induced by chronic L-NAME
administration (Sainz et al. 2004) or salt hypertension in
salt-sensitive Dahl rats (Zicha et al. 2012). There is
an interesting model of hypertension in transgenic Ren-2
rats (TGR), in which mouse Ren-2 renin gene was
inserted into the genome of normotensive Hannover
Sprague-Dawley rats (HanSD). The overexpression of
mouse renin gene induces the development of angiotensin
II-dependent hypertension with endogenous activation of
renin-angiotensin system (RAS), which plays a central
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role in blood pressure control and its long-term
dysregulation causes sustained BP elevation. Therefore,
the pharmacological RAS targeting is widely used in the
clinical hypertension treatment and permanently tested in
different experimental trials (Laurent 2017).

For a better understanding on the role of RAS in
the pathogenesis of hypertension we can use TGR as
a well-defined monogenetic model of hypertension
(Mullins et al. 1990). Homozygous TGR display severe
malignant hypertension accompanied by organ damage
and they die at 7-13 weeks of age (Vernerova et al.
2009). On the other hand, heterozygous TGR develop
aless severe hypertension, which allows long-term
studies (Vanéckova et al. 2011). It was described that the
established hypertension in male TGR is maintained or
only a slight BP decrease occurs in the late adulthood
(Lee et al. 1998, Springate et al. 1992, Vaneckova et al.
2011). In contrast, BP decline in female TGR can even
yield normotensive values (Cargnelli et al. 1998, Lee
et al. 1998, Vanéckova et al. 2011).

The aim of our study was to search for sex
differences a) in blood pressure of 9-month-old male and
female TGR, b) in the content of TBARS (oxidative
stress marker) or reduced glutathione (intracellular
antioxidant) in heart, kidney and liver, and c) in plasma
lipids (triglycerides and cholesterol).

Material and Methods

Animals

Adult male and female heterozygous (mRen-2)
27 transgenic rats (TGR) aged 9 months were housed at
23 °C under a 12 h light/dark cycle periods, fed
a standard rat chow Altromin and given to tap water
ad libitum. Transgene-negative Hannover Sprague-
Dawley rats (HanDS) served as controls. At the end of
the experiment blood pressure was measured. After blood
collection, kidney, heart and liver were excised and used
for tissue analysis. Plasma samples (in the EDTA
presence) were prepared and stored at -80 °C until further
analysis.

All the procedures and experimental protocols
were performed in accordance with guidelines and
practice established by the Ethical Committee of the
Institute of Physiology CAS, conformed to the European
Convention on Animal Protection and Guidelines on
Research Animal Use.

Measurement of blood pressure

Mean arterial (MAP), systolic (SBP) and

diastolic (DBP) blood pressure and heart rate were
measured by a direct puncture of carotid artery under
isoflurane anesthesia (2.5 % isoflurane) and in awaking
animals (0.5 % isoflurane). To eliminate the influence of
blood (BP)
measurements were always done approximately at the

circadian pressure variation, the

same time of day (between 8:00 and 10:00 a.m.).

Determination of thiol concentration

The intracellular content of reduced glutathione
(GSH) in heart, kidney and liver was determined
immediately in fresh tissues according to the methods
described earlier (Ellman 1959). Briefly, the tissue
samples were homogenized in 3 % sulfosalicylic acid and
10 % homogenates were centrifuged for 10 min at
3000 g. A portion of the supernatant was mixed with
0.02 M 5, 5’-dithiobis-(2-nitrobenzoic acid) in 0.1 M
phosphate buffer (pH 8). The absorbance of a colored
product was read at 412 nm, the concentration of GSH
was calculated from calibration curve prepared by serial
dilution of 1 mM stock solution. The results were
expressed as pmol GSH/g tissue.

Measurement of lipid peroxidation

Lipid peroxidation in the samples was monitored
by measuring thiobarbituric acid-reactive substances
(TBARS) formation (Ohkawa et al. 1979). The frozen-
thawed 10 %
thiobarbituric and acetic acid at 95°C for 45 min.

homogenates were incubated with
Absorbance was measured at 535 nm using Tecan Infinite
M200 multimode microplate spectrofluorometer. The

results were expressed as nmol of TBARS/mg of protein.

Biochemical parameters

Folin method was used for the determination of
protein concentration using bovine serum albumin as
standard (Lowry et al. 1951).

The concentrations of plasma triglycerides (TG),
total cholesterol (TC), and high-density lipoprotein-
cholesterol (HDL) were estimated using commercial kits
(Pliva-Lachema Diagnostika, Brno, Czech Republic).
Low-density lipoprotein-cholesterol (LDL) was estimated
indirectly using the formula: LDL = TC - (TG/5) - HDL.

Results

Figure 1 shows systolic (SBP), mean arterial
(MAP) and diastolic (DBP) blood pressures in 9-month-
old male and female TGR and their HanSD controls
which were recorded in awaking animals. In TGR
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Fig. 1. Mean (MAP), systolic (SBP) and diastolic (DBP) blood
pressure in awaking female (F) and male (M) Hannover Sprague-
Dawley (HanSD) and transgenic rats (TGR) aged 9 months.
All values are mean + SEM. Significantly different: */,<0.05 vs.
HanSD, #P<0.05 vs. females.

females, the blood pressures were decreased to
normotensive values seen in HanSD females. On the
other hand, older TGR males had still a considerable
hypertension, their SBP and DBP being substantially
elevated compared to their HanSD controls.

Body weights were higher in male but not in
female TGR as compared to sex-matched HanSD animals
(Table 1). The absolute weights of hearts and kidneys
were always greater in males than in females of both
genotypes, but there were no significant differences in the
relative weights of hearts and kidneys between TGR and
their sex- and age-matched HanSD controls. Similarly,
9-month-old male TGR had greater absolute liver weight
than HanSD rats, but their relative liver weight was not

increased.

To evaluate the degree of organ damage by lipid
peroxidation we measured TBARS concentrations as
an indirect marker of lipid peroxidation in the heart,
kidney and liver (Table?2). We did not find any
significant difference in TBARS concentrations in the
particular tissues between HanSD and TGR rats, but we
found significantly lower TBARS concentrations in all
examined organs of male rats, irrespective of the
genotype.

We observed the lowest concentration of thiol
groups in the heart and the highest one in the liver
(Table 3). Concentrations of thiol groups were not
significantly different between TGR and HanSD animals.
However, male rats of both genotypes had significantly
heart and liver SH
a significantly lower kidney SH concentration than

higher concentration  but
corresponding females.

Male rats of both genotypes had significantly
(TG), total
cholesterol (TC) and low-density lipoprotein-cholesterol

higher values of serum triglycerides
(LDL) as well as the ratio between total cholesterol and
its HDL fraction (TC/HDL, atherogenic index) than
corresponding females (Table 4). However, there were no
significant differences in the above parameters between

TGR and HanSD controls.
Discussion
TGR represents a model of hypertension with

background. We
a marked sexual dimorphism in this model because our

a well-defined genetic confirmed
data obtained in awaking rats indicated BP elevation only
in TGR males, whereas BP of TGR females was close to
that of HanSD females. Sex-related differences in BP
values were reported earlier in this strain. Our SBP values
correspond well with previous two long-term studies
(lasting 10-12 months) that followed both male and
female TGR in comparison with their sex- and
age-matched HanSD (Lee et al 1996,
Vanéckova et al. 2011). In both mentioned studies

controls

maximal SBP values were higher and the phase of
established hypertension was longer in males than
(1998) showed that the
established period of hypertension was followed by

females. Cargnelli et al.
a progressive decrease of SBP towards the normal values
in 35-week-old heterozygous females TGR, while SBP
values of HanSD females were unaffected by ageing.
Springate et al. (1994) described diminished SBP in

8-month-old male TGR compared to 2- and 4-month-old
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Table 1. General characteristics of female and male Hannover Sprague-Dawley (HanSD) and transgenic rats (TGR) aged 9 months.

Females HanSD (n=8) TGR (n=8)
Body weight (BW; g) 353+ 12 382+8
Heart weight (HW; mg) 1165 +24 1253 +24
Relative heart weight (HW/BW, mg/g 3.33+0.12 331+0.13
Kidney weight (KW; mg) 2071 + 46 2272 + 46"
Relative kidney weight (KW/BW; mg/g) 5.93+£0.29 5.97£0.31
Males HanSD (n=6) TGR (n=5)
Body weight (BW: g) 690 + 1* 818 +24™
Heart weight (HW; mg) 1756 + 21* 2130 + 55
Relative heart weight (HW/BW; mg/g 2.55+0.03" 2.61 +0.09"
Left ventricular weight (LVW; mg) 1376 + 34 1720 + 89"
Relative left ventricular weight (LVW/BW; mg/g) 2.00 +£0.02 2.12+0.06
Kidney weight (KW; mg) 4289 + 227" 4762 + 212"
Relative kidney weight (KW/BW; mg/g) 6.22+£0.34 5.83+£0.26
Liver weight (LW; mg) 23757 + 1921 28376 + 2163
Relative liver weight (LW/BW, mg/g) 345+£29 347+£23

All values are mean + SEM, n, number of animals is given in parentheses. Significantly different: * £ < 0.05 vs. HanSD, * P < 0.05 vs.

females.

Table 2. Thiobarbituric acid-reactive substances in heart, kidney and liver of female and male Hannover Sprague-Dawley (HanSD) and
transgenic rats (TGR) aged 9 months.

Females HanSD (n=8) TGR (n=8)
Heart (umol/mg protein) 15.93 +£0.90 1598 £1.01
Kidney (umol/mg protein) 28.79 £2.20 28.96 + 1.34
Liver (umol/mg protein) 13.46 £ 0.98 15.13 £ 1.77
Males HanSD (n=6) TGR (n=5)
Heart (umol/mg protein) 11.70 £ 1.52" 11.74 £ 1.23"
Kidney (umol/mg protein) 18.55+0.11" 2036+ 1.217
Liver (umol/mg protein) 8.80 + 0.45" 8.52+2.19"

All values are mean = SEM, n, number of animals is given in parentheses Significantly different: * < 0.05 vs. females.

rats of this strain. We extended our study by measuring of
MAP and DBP in two different conditions, i.e. under deep
isoflurane anesthesia (data not shown) and in animals
awaking from this anesthesia. The differences in BP were
more pronounced in awaking animals.

TGR with elevated endogenous angiotensin II
were sporadically described as a suitable model of
spontaneous liver fibrosis and portal hypertension (non-

alcoholic fatty liver disease), which is associated with
hepatic mitochondrial oxidative damage and impaired
mitochondrial fatty acid oxidation (Klein et al. 2019, Wei
et al. 2008, 2009). However, our group of aged TGR
males showed neither the higher relative liver weight nor
the increased level of TBARS in liver.

Oxidative or nitrosative stress, which represents
the imbalance between production and elimination of
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Table 3. Concentration of thiol groups in heart, kidney and liver of female and male Hannover Sprague-Dawley (HanSD) and transgenic
rats (TGR) aged 9 months.

Females HanSD (n=8) TGR (n=8)
Heart (umol/g) 1.73 +0.08 1.54+0.05
Kidney (umol/g) 4.10+0.17 4.24+0.17
Liver (umol/g) 4.89+0.39 4.82+0.28
Males HanSD (n=6) TGR (n=5)
Heart (umol/g) 2.13 +0.08" 2.35+0.05"
Kidney (umol/g) 3.19+0.18" 3.36+0.15%
Liver (umol/g) 8.58 +0.29" 8.52+2.19"

All values are mean + SEM, n, number of animals is given in parentheses. Significantly different: * P < 0.05 vs. females.

Table 4. Plasma lipids in female and male Hannover Sprague-Dawley (HanSD) and transgenic rats (TGR) aged 9 months.

Females HanSD (n=8) TGR (n=8)
Triglycerides (mmol/l) 0.26 +0.01 0.26 +0.03
Total cholesterol (mmol/l) 1.96 £0.14 1.84£0.10
HDL (mmol/l) 1.49 +0.15 1.44 + 0.08
LDL (mmol/l) 0.42 +0.09 0.35+ 0.04
TC/HDL ratio 1.36+0.11 1.28 £0.03
Males HanSD (n=6) TGR (n=5)
Triglycerides (mmol/l) 0.85 + 0.06" 0.79 £ 0.15"
Total cholesterol (mmol/l) 2.37 +0.08" 2.59+0.18"
HDL (mmol/l) 1.28 +0.03 1.37+0.12
LDL (mmol/l) 0.91 + 0.04" 1.06 £ 0.13
TC/HDL ratio 1.84 +0.02° 1.91 +0.12

All values are mean + SEM, n, number of animals is given in parentheses. Significantly different: * P < 0.05 vs. females. HDL, high-
density lipoprotein-cholesterol; LDL, low-density lipoprotein-cholesterol; TC, total cholesterol

reactive oxygen or nitrogen species, is often considered
as an important factor contributing to the pathogenesis of
different forms of hypertension (Guzik and Touyz 2017,
Reckelhoff et al. 2019). To examine the role of oxidative
damage, we measured TBARS levels in three different
organs (liver, heart and kidney). Vokurkova et al. (2015)
disclosed higher concentration of TBARS in renal cortex
in 3-month-old TGR males but this difference was not
confirmed by the parallel measurements of conjugated
dienes or oxidative index. However, we did not find
significant differences in renal, cardiac or liver levels of
TBARS between TGR and HanSD rats of either sex.
Kopkan et al. (2009) reported increased levels of

malondialdehyde in the whole kidney and left heart
ventricle of 3-month-old male TGR and significantly
reduced levels of malondialdehyde after the chronic
administration of O, scavenger tempol or NADPH
oxidase inhibitor apocynin but this malondialdehyde
decrease was not associated with any SBP change.
Interestingly, in spite of higher blood pressure in our
TGR males we found significantly lower concentrations
of TBARS than in females for which we cannot offer
a plausible explanation.

The main intracellular antioxidant reduced
glutathione (GSH) plays important roles in peroxide
detoxification, recycling of vitamins C and E, cysteine
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storage and other biochemical reactions (Aquilano et al.
2014, Gould and Pazdro 2019). We found sex-different
GSH concentrations in all examined tissues (heart,
Males had GHS
concentrations in heart and liver but lower values in the

kidney, liver). always higher
kidney. On the other hand, GSH concentrations were not
influenced by rat genotype. Similar GSH concentrations
were also obtained in 3-month-old TGR males
(Vokurkova et al. 2015b) and 5-month-old Dahl males
(Vokurkova et al. 2015a).

All parameters of lipid metabolism (with the
exception of HDL cholesterol) were significantly higher
in older males than females. This is a rather surprising
finding because there are several reports of higher plasma
cholesterol levels in female than male Sprague Dawley or
Lewis rats of various age (Lee ef al. 2008, Borbélyova
et al. 2017). On the other hand, there were no differences
between HanSD and TGR animals of either sex. To our

knowledge, there are no data on alterations of lipid

et al. 1994) reported similar fasting levels of plasma
triglycerides in TGR and HanSD rats aged 5 months.

In summary, the present study shows a sexual
dimorphism in blood pressure of heterozygous TGR.

Additionally, we did not find any corresponding

difference in TBARS concentrations and reduced
glutathione levels between transgene-negative
normotensive  (HanSD) and hypertensive Ren-2

transgenic rats (TGR).
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