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Abstract

Background/Aims: Stress had been related to physiological and morphological alterations
in different organs, however kidney morphology and function after stress conditions are not
well-known. To evaluate the effects of chronic stress on renal morphology in prepubertal and
adult rats, and to investigate if the effects of induced stress remain stable or worsen following
removal of the stress stimuli. Methods: Forty prepubertal rats (4 weeks old) and thirty six
adult rats (10 weeks old) were used. Each age group was divided a into control group and a
stressed group. Stressed animals were restrained in rigid tubes 2 hours per day for 6 weeks.
Animals were euthanized 24 hours after the last stress stimulus for immediate evaluation
(50% of the groups), and 6 weeks after the last stress stimulus for late evaluation (50% of the
groups). Kidney weight and volume, cortical-medullar ratio, glomerular volumetric density,
volume-weighted glomerular volume, and number of glomeruli per kidney were evaluated
using the Image J software. Results: Prepubertal stressed animals showed reduced kidney
weight and volume, and increased cortical-medullar ratio in comparison to its control group
when evaluated immediately. Furthermore, stressed prepubertal and adult animals evaluated
immediately had reduced glomerular volumetric density. Most importantly, all stressed groups
exhibited reduced number of glomeruli per kidney. Other analyzed parameters did not difeer
significantly the groups. Conclusion: Chronic stress induced before and after puberty led to
irreversible glomerular loss, however, renal impairment was interrupted by removal of the

stress stimuli.
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Introduction

Ever since stress was described by Selye as “a syndrome produced by diverse nocuous
agents”, this condition has been identified in almost all societies around the globe, and may
be caused by physical or psychological conditions [1, 2]. Stress induces an organic response
with increased activity in all tissues and markedly increased release of glucocorticoids,
which is an attempt to respond or adapt to a new organic condition [3].

However, this organic response may lead to an acute or chronic homeostasis imbalance,
and a multi-system physiological dysregulation has been described as a consequence of
repeated or chronic exposure to stressors [4]. Furthermore, stress had been related not only
to physiological, but also morphological alterations in different organs [5-8], including the
kidney [9, 10].

In a previous study of our group, stereological methods were used to investigate renal
morphological changes induced by immobilization stress in prepubertal rats. The study
demonstrated that chronic stress before puberty causes an important reduction in the
number of glomeruli [9]. Reduction in filtration surface area as consequence of glomerular
loss is associated with progressive renal insufficiency and systemic hypertension [11, 12].
Thus, the effects of chronic stress in the kidney may have serious implications, predisposing
individuals to renal disease and hypertension [9].

However, the effects of chronic stress on kidney morphology and function are not well-
known, and further studies are required to clarify the role of renal morphological alterations
induced by stress in the pathogenesis of renal disease. This study aims to investigate whether
renal alterations are also observed in adult rats exposed to chronic stress. Furthermore, also
investigated whether the alterations in renal morphology caused by stress stimuli remain
stable or worsen after the removal of stress stimuli.

Materials and Methods

Animals

Seventy-six male Wistar rats were used in the experiments. The rats were kept in a temperature-
controlled room (22°C # 1°C) with an artificial dark-light cycle (lights on from 7:00 AM to 7:00 PM), and fed
standard rat chow and water ad libitum. The Animal Care and Use Committee of the State University of Rio
de Janeiro approved the handling of the animals and the study design (protocol number CEUA/007/2018).

Experimental design

The animals were divided into four groups of prepubertal rats (n = 40; age, 4 weeks old; mean body
weight, 84.8 g) and four groups of adult rats (n = 36; age, 10 weeks old; mean body weight, 283.4 g). For
each age group, one group was Kkilled and evaluated one day after the last stress stimuli; the other groups
were evaluated six weeks after the end of the stress stimuli. Additionally, for each group submitted to the
stress protocol, one age-matched control group was studied. Thus, eight groups of rats were studied as
follow: Group SP-I (n=10), composed of prepubertal rats subjected to chronic stress and used for immediate
evaluation (killed after 10 weeks of life); Group CP-I (n=10), composed of prepubertal control rats killed
after 10 weeks of life; Group SA-I (n=9), composed of adult rats subjected to chronic stress and used for
immediate evaluation (killed after 16 weeks of life); Group CA-I (n=9), composed of adult control rats killed
after 16 weeks of life; Group SP-L (n=10), composed of prepubertal rats subjected to chronic stress until 10
weeks of life and used for late evaluation (killed after 16 weeks of life); Group CP-L (n=10), composed of
prepubertal control rats killed after 16 weeks of life; Group SA-L (n=9) composed of adult rats subjected to
chronic stress and used for late evaluation (killed after 22 weeks of life); and Group CA-L (n=9), composed
of adult control rats killed after 22 weeks of life. Fig. 1 summarizes the experimental design of the study.

Groups SP-I, CP-I, SA-I and CA-I were used to evaluate the immediate effects of stress stimuli while
groups SP-L, CP-L, SA-L and CA-L were used to investigate whether the potential changes caused by stress
stimuli were stable or worsened after the removal of stress stimuli.
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Groups submitted
to stress (SP-I, SA-
I, SP-L and SA-L)
were  subjected to
chronic stress by the
immobilization method
[5, 9]. Each animal was
kept in a rigid opaque
plastic tube for two
hours daily to restrain
its movements during
the 6-week period
(from 6" to 12" week of
life for pubertal groups,
or from 10" to 16" week
of life for adult groups).
The plastic restraint
tubes with different
diameters and lengths
were adjusted weekly
depending on the rats’
size. Meanwhile, the
control groups (CP-
I, CA-I, CP-L and CA-
L) were kept under
normal conditions
and not subjected to
any stresses. Control
groups, as well as
stressed groups (when
under the stress stimuli), were deprived of food and water for two hours per day [8].

Fig. 1. Schematic diagram showing the experimental design of the study. CP-I:
prepubertal control rats, evaluated immediately. SP-I: prepubertal stressed rats,
evaluated immediately. CP-L: prepubertal control rats, evaluated lately. SP-L:
prepubertal stressed rats, evaluated lately. CA-I: adult control rats, evaluated
immediately. SA-I: adult stressed rats, evaluated immediately. CA-L: adult control
rats, evaluated lately. SA-L: adult stressed rats, evaluated lately. T: Moment of
euthanasia. *: Control groups, as well as stressed groups when under stress
stimuli, were deprived of food and water for two hours daily.

Biometrical and morphometrical analyses

At the end of the experimental period all the animals were subjected to euthanasia, by isoflurane
(Forane, Abbott Laboratories, Buenos Aires, Argentina) inhalation until cardiac arrest occurred.

Both kidneys of all animals were collected and fixed in 4% buffered formaldehyde. Kidneys were
weighed and their volumes were estimated by the Scherle’s method [13]. Left kidneys were transversely
sliced for sequential sections of 2 mm thickness, which were used for determining the cortical-medullar
ratio using Cavalieri’s principle [14, 15]. The absolute cortical volume (CV) was calculated by multiplying
the cortical-medullary ratio by the renal volume [16].

Fragments from the right kidneys were collected and routinely processed for paraffin embedding.
Sections of 5 pm thickness were obtained and stained with hematoxylin and eosin. Twenty-five randomly
selected histological fields of the cortex of each kidney, were analyzed. These fields were photographed with
a digital camera (DP70, Olympus, Tokyo, Japan) coupled with a microscope (BX51, Olympus) under 200 x
magnification.

Glomerular volumetric density (Vv[glom]), which indicates the proportional volume occupied by the
glomeruli in the cortex, was estimated by the point-counting technique with an M42 test-system [9, 17, 18].
The volume-weighted glomerular volume (VWGV), which indicates the mean volume of the glomeruli, was
estimated with the point-sampled intercepts method analyzing 50 glomeruli per animal [9, 14, 15]. Analyses
of Vv[glom] and VWGV were performed using the Image] software (version 1.46r, NIH, Bethesda, USA). An
estimation of the total number of glomeruli per kidney was calculated by multiplying the CV by the Vv[glom]
and dividing the result by the VWGV [9, 16, 19].
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Statistical analysis

All parameter values were analyzed using the Kolmogorov-Smirnov normality test, and all sample
data were normally distributed (Gaussian distribution). The mean values in each group of rats subjected to
stress stimuli were compared with those of the corresponding control group by using the one-way analysis
of variance (ANOVA) with application of the Newman-Keuls post-test. All analyses were performed with
the GraphPad Prism 5.0 software (GraphPad Software, San Diego, USA). Mean differences were considered
significant when their p values were <0.05. All results are presented as mean * standard deviation.

Results

Immediate and late effects of stress stimuli on the kidneys of prepubertal rats

The kidney weight and volume of group SP-I reduced by 10.8% and 9.0%, respectively,
in comparison to group CP-I. These parameters were not altered among groups CP-L and
SP-L.

The cortical-medullar ratio of group SP-1 was 4.4% higher than its control group, but CV
was similar between these groups. No differences were observed for the cortical-medullar
ratio or CV among the CP-L and SP-L groups.

Group SP-I showed reduced Vv[Glom] values in comparison to group CP-I, with a
reduction of 17.4%. No differences for Vv[Glom] were observed between the CP-L and SP-L
groups. Further, no differences in VWGV were observed among the kidneys of all groups.

The total number of glomeruli
per kidney was significantly smaller in
stressed animals compared to its age-
matched controls. The kidneys of group
SP-1 had 20.9% less glomeruli than those
of group CP-I. Also affected by chronic
stress, the SP-L group demonstrated
19.8% less glomeruli than the CP-L group.
Fig. 2 illustrates the most prominent
differences among immediately-evaluated
groups. The morphometric data of groups
CP-1, SP-I, CP-L and SP-L are presented in
Table 1.

Immediate and late effects of stress

stimuli on the kidneys of adult rats

Kidney weight, kidney volume,
cortical-medullar ratio, and CV were
similar between groups CA-I and SA-I, and
between groups CA-L and SA-L.

The Vv[Glom] of group SA-I was
reduced by 15.7% in comparison to group
CA-1. No difference in VWGV was observed  Fig- 2. Graphical representations of glomerular
among any of the studied groups. volumetric density (A) and total number of glomeruli

The total number of glomeruli per Per kidney (B) of prepubertal control and stressed rats
kidney was reduced in stressed adult immediately and lately evaluated. Images C, D, E and
animals which were evaluated both F illustrates the renal cortex from the experimental
immediately and later. In comparison 8roups: C) prepubertal control rats, evaluated
to group CA-I, group SA-I showed immediately (CP-I); D) prepubertal stressed rats,
a glomerular reduction of 33.1%. evaluated immediately (SP-I); E) prepubertal control

Meanwhile, group SA-L lost 16.6% of rats, evaluated lately (CP-L); F) prepubertal stressed
rats, evaluated lately (SP-L). Hematoxylin and eosin,

200x.
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Table 1. Morphometric data of prepubertal rats submitted to stress conditions evaluated immediately (SP-
I) or lately (SP-L), and its control groups evaluated immediately (CP-I) or lately (CP-L). a: Different of CP-I.

b: Different of SP-I. c: Different of CP-L

Factors CP-I SP-1 CP-L SP-L ANOVA
p value
Kidney weight (g) 1.39+0.16 1.24+0.112  1.54 +0.202b 1.46 £ 0.14>  <0.0001
Kidney volume (mL) 1.38+0.16 1.25+£0.12a  1.51 £ 0.192b 1.44 £ 0.14>  <0.0001
Cortical-medullar ratio (%) 72.7£2.6 759+ 1.8 76.7 + 2.2 76.5 + 2.62 0.0013
Cortical Volume (mL) 1.04 +0.12 0.98 £ 0.10 1.18 + 0.16ab 1.11+0.13 0.009
Vv[Glom] (%) 439+0.71 3.62 +0.502 4.06 £ 0.46 3.49+0.51a 0.003
VWGV (x105 um3) 1496+1.30 14.89+1.69 1514%191 15.19+1.58 0.972

Number of glomeruli per kidney (x103) 30.31 +4.78

23.97 £3.932 3192 +6.24> 25.60+*4.26ac 0.0021

their glomeruli compared to group CA-
L. Fig. 3 illustrates the most prominent
differences among  later-evaluated
groups. All morphometric data of groups
CA-], SA-1, CA-L, and SA-L are presented in
Table 2.

Discussion

The present study is a sequence
of a previously published manuscript,
where the effects of chronic stress
were investigated in prepubertal rats,
immediately at the end of the stress period
[9]. Groups CP-I and SP-I of the present
study resembled the experimental groups
of the previous study. However, the other
groups in the current study addressed
questions regarding the impact of
stress stimuli in different phases of life
(prepubertal or adult), and whether the
renal impairment caused by stress stimuli
is permanent, progressive, or stable.

Comparing the results of groups CP-1
and SP-I to the results in a previously
published study [9], many similarities
and some differences were observed. In
both studies, prepubertal rats submitted
to stress exhibited reductions of renal
weight, renal volume, Vv[glom], and total
number of glomeruli per kidney. Similarly,

Fig. 3. Graphical representations of glomerular
volumetric density (A) and total number of glomeruli
per kidney (B) of adult control and stressed rats
immediately and late evaluated. Images C, D, E and
F illustrates the renal cortex from the experimental
groups: C) adult control rats, evaluated immediately
(CA-I); D) adult stressed rats, evaluated immediately
(SA-I); E) adult control rats, evaluated lately (CA-
L); F) adult stressed rats, evaluated lately (SA-L).
Hematoxylin and eosin, 200x.

in both studies, no difference was found in terms of the cortical-medullar ratio and VWGV.
However, these studies demonstrated different results with respect cortical volume. While
Benchimol de Souza et al. [9] reported a reduction in cortical volume among stressed rats,
this parameter was not affected in the SP-I groups of the present study. Moreover, the
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Table 2. Morphometric data of adults rats submitted to stress conditions evaluated immediately (SA-I)
or lately (SA-L) and control groups evaluated immediately (CA-I) or lately (CA-L). a: Different of CA-I. b:
Different of SA-I

Factors CA-1 SA-1 CA-L SA-L ANOVA

p value
Kidney weight (g) 148 +0.12 1.46 £ 0.16 1.60 + 0.13ab 1,51+0.12 0.0213
Kidney volume (mL) 1.50+0.12 1.45+0.16 1.51+0.19 144 +0.14 0.5239
Cortical-medullar ratio (%) 76.6+5.3 78.0+2.4 79.2+2.2 80.3+1.2 0.0909
Cortical Volume (mL) 1.15+0.14 1.17 £0.15 1.23+0.13 1.22+£0.13 0.5443
Vv[Glom] (%) 4.27 +0.45 3.60 +0.582 3.89+0.38 3.36+0.592  <0.0001
VWGV (x105 pm3) 16.24+1.69 16.08+149 17.03+191 16.63 +2.59 0.3720

Number of glomeruli per kidney (x103) 30.52 +5.13 20.43 +4.82a 28.58+2.92b 23.84+5.85ac 0.0004

morphological alterations of the aforementioned study were more severe than those of the
current study. For instance, the kidney volume and total number of glomeruli per kidney in
the current SP-1 group were reduced by 9.0% and 20.9%, respectively, compared to 31.9%
and 45.0%, respectively, in the previous study. Thus, the experimental designs of these studies
were scrutinized. The present study had some protocol-specific differences compared to the
study by Benchimol de Souza et al. [9]. For e.g, in the present study, the food and water
provided to the control groups were removed for two hours per day, which was the same
period for which stressed animals were restrained, also without food and water. In order to
deprive the rats of food and water, for 2 hours daily, the metallic upper lid with rat chow and
the water bottle was replaced by an empty lid, which generated some noise and disturbed
the microenvironment. As these were the only differences in experimental design between
the studies, it is possible that these procedures (both grid manipulation and food and water
deprivation) were the cause of the different results between the studies.

It has been previously demonstrated that prepubertal rats had a more prolonged release
of adrenocorticotropic hormone and corticosterone after acute stress in comparison to adult
animals [20, 21]. Thus, it could be assumed that adult rats are less affected by stress. However,
no studies have compared the individual responses to chronic stress between prepubertal
and adult rats. In the present study, several parameters were altered in prepubertal stressed
rats compared to their control group, including: kidney weight, kidney volume, and cortical-
medullar ratio. On the other hand, the same parameters were similar between group SA-I and
its control group. Based on this fact, one could argue that adult animals were less affected
by chronic stress, which would support the findings of the hypothalamic-pituitary-adrenal
axis in acute stress [20, 21]. Nevertheless, when evaluating the Vv[glom] and total number
of glomeruli per kidney, it was evident that the adult animals suffered just as much drastic
morphological changes, as prepubertal animals. These results support the hypothesis that
chronic stress induces morphological alterations in any phase of life.

Although both prepubertal and adult stressed animals exhibited glomerular losses,
glomerular reduction was not progressive following the removal of stress stimuli. Glomeruli
cannot be formed or replicated after uterine life; thus, the number of glomeruli and nephrons
can only decrease during life in response to kidney damage [18]. Therefore, it was reasonable
for groups evaluated after a period without stress (SP-L and SA-L) to also demonstrate
glomerular reduction. It is possible that the chronic stress induced would continue to cause
deleterious effects and reduce the glomerular number, even after removal of the daily stress
stimuli. However, the results of the SP-L and SA-L groups counter this hypothesis, and could
serve as motivation for the reduction of stress. Hence, a lifestyle change that relieves, stress
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may be recommended to stressed patients with renal disease, to avoid further glomerular
loss.

Glomerular loss has been shown to be closely associated with renal disease [12, 22].
Continuous hyperfiltration by the remaining glomeruli, a normal renal adaptation, would
eventually result in glomerulosclerosis and interstitial fibrosis [23]. Furthermore, the
reduction in glomerular number is also associated with hypertension representing a vicious
cycle where both the loss of glomeruli induces hypertension and hypertension promotes
glomerularloss[11, 24, 25]. On the other hand, under stressful conditions, the hypothalamic-
pituitary-adrenal axis is further activated; recently, it has been demonstrated that a
dominance of this axis over the renin-angiotensin-aldosterone system induce hypertension
[26, 27]. This reinforces the importance of reducing stress during any phase of life.

This study was performed in an animal model within controlled experimental conditions;
therefore, our results may not accurately reflect the events in stressed human subjects.
Furthermore, renal alterations may vary according to the type, intensity, and duration of
stress stimulus. Thus, further research in this field is warranted.

Conclusion

The results of the present study demonstrated that chronic stress induced before or
after puberty led to renal alterations, including a reduction in the number of glomeruli. White
these stress-induced alterations cannot be reversed, its progression can be interrupted by
removal of the stress stimuli.
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