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Abstract In females, there is a continuous decline
of the ovarian reserve with age, which results in men-
opause in women or estropause in mice. Loss of ovar-
ian function results in metabolic alterations in mice
and women. Based on this, we aimed to evaluate the
effect of caloric restriction (CR) on redox status and
metabolic changes in chemically induced estropause
in mice. For this, mice were divided into four groups
(n = 10): cyclic ad libitum (AL), cyclic 30% CR, AL
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estropause, and estropause 30% CR. Estropause was
induced using 4-vinylcyclohexene diepoxide (VCD)
for 20 consecutive days in 2-month-old females. The
CR protocol started at 5 months of age and the treat-
ments lasted for 4 months. The CR females gained
less body weight than AL females (p < 0.001) and
had lower glycemic curves in response to glucose
tolerance test (GTT). The AL estropause females had
the highest body weight and body fat, despite having
lower food intake. However, the estropause females
on 30% CR lost the most body weight and had the
lowest amount of body fat compared to all groups.
The effect of 30% CR on redox status in fat and liver
tissue was similar for cyclic and estropause females.
Interestingly, estropause decreased ROS in adipose
tissue, while increasing it in the liver. No significant
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effects of CR on redox status were observed. Chemi-
cally induced estropause did not influence the
response to 30% CR on glucose tolerance and redox
status; however, weight loss was exarcebated com-
pared to cyclic females.

Keywords Menopause - ROS - Ovary - Aging

Introduction

Reproductive aging in females is characterized by
a continuous and progressive decline of the ovarian
reserve and fertility [1-3]. In women, as in other mam-
malian species, the size of the ovarian reserve is defined
at birth, and gradually decreases each cycle, until com-
plete depletion and the beginning of menopause [4, 5].
Mice also experience a progressive decline in the ovar-
ian reserve with aging, along with increasing irregulari-
ties in estrous cycles, until cessation of cyclicity, known
as estropause [5]. Estrogen levels begin to decrease
at menopause in women, as also observed in ovariec-
tomized mice [6, 7]. Ovariectomy-induced menopause
in rodents also results in various metabolic alterations,
such as increased adiposity, changes in lipid metabo-
lism, hypertension, insulin resistance, and metabolic
syndrome, similar to observed in women [6, 7].
Menopause creates a systemic pro-oxidant state in
the body due to reduced estrogen levels, which has a
well-established antioxidant role [8]. Increased reac-
tive oxygen species (ROS) due to low estrogen levels
leads to increased serum concentrations of inflam-
matory cytokines and pro-oxidant biomarkers [9].
These changes are linked to the development of vari-
ous pathologies after menopause, such as increased
frequency of vasomotor symptoms, increased risk
of osteoporosis, and cardiovascular diseases [9].
The natural aging process in males and females also
leads to increased inflammation and oxidative stress
[9-11]; however, the extra burden of reduced estrogen
in menopausal females can further increase suscepti-
bility to a variety of age-related pathologies. There-
fore, it is important to understand the role of the ovar-
ian function and aging separately in the redox status.
Among experimental models of menopause in
rodents, ovariectomy still is the most commonly used
method. Despite being a functional model, it induces
menopause in a more abrupt manner, unlike what nat-
urally occurs in humans [12]. Additionally, ovarian
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tissue is lost, different from the observed during natu-
ral menopause. As an alternative, a chemically induced
experimental model using 4-vinylcyclohexene diepox-
ide (VCD) has been used for menopause induction in
rodents, aiming to mimic the gradual decline of hor-
mone secretion and contribute to a better understand-
ing of the effects of menopause [12, 13]. VCD is an
ovotoxic drug that causes ovarian failure in rodents and
has been used as a tool to study the neuroendocrine and
behavioral changes resulting from menopause [12, 14].
Its ovotoxic activity accelerates the loss of primary and
primordial follicles, resulting in an endocrine state that
closely replicates the natural menopausal progression
seen in humans [15, 16]. Interestingly, due to the pres-
ence of the ovarian tissue and enzymes for androgens
synthesis [17], androstenedione levels were identical
in VCD and control intact mice, and much higher than
for ovariectomized mice [18]. Therefore, it is important
to test the effects of different longevity interventions in
VCD-induced estropause mouse, which may differ from
the responses of ovariectomized mice, and more closely
mimick the postmenopausal state.

In this perspective, calorie restriction (CR) is a
widely studied dietary intervention to prevent age-asso-
ciated decline [19-22]. Previous data indicated positive
effects of CR on lifespan extension and preservation of
the ovarian reserve in different species, associated to a
better biochemical profile, reduction of visceral and
subcutaneous fat deposition, and increased insulin sen-
sitivity [19, 20]. In addition, CR has antioxidant effects
and reduces the pro-inflammatory milieu during aging
[21, 22]. However, the potential metabolic and oxidative
effects of CR during chemically induced menopause are
still poorly explored. Although CR is considered a strat-
egy to increase lifespan [23-25], it is not understood if
CR can benefit females who have already reached end
of reproductive life. Based on this, we aimed to evaluate
the effect of CR on body weight, glucose metabolism,
and redox status in liver/adipose tissue of young mice
chemically induced to estropause.

Methods
Animals and treatments
This study was approved by the Ethics Committee for

Animal Experimentation from Universidade Federal
de Pelotas (number 20410-2020). Female C57BL/6
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mice 2-months-old were used and kept under con-
trolled conditions of temperature, light, and humidity
(22 £+ 2 °C, 12-h light/12-h dark cycles, and 40-60%
humidity). The chemical estropause induction proto-
col was initiated at 2 months of age. Females (n = 20)
received i.p. injections of VCD (160 mg/kg) diluted
in sesame oil for 20 consecutive days [15, 26] or pla-
cebo (n = 20) during the same period.

Two months after finishing the VCD treatment,
acyclicity of the females was confirmed by vaginal
cytology, and the CR protocol was initiated in half of
the control group (n = 10) and half of the VCD group
(n = 10). CR was gradually implemented, with a 10%
reduction in the first week, 20% in the second week,
and a 30% reduction compared to the controls, start-
ing from the third week and maintained for 4 months.
The CR was calculated based on the average con-
sumption of the previous week in the control groups
(cyclic and estropause). Body weight was evaluated
every 2 weeks.

At the end of the 4-month CR treatment, mice
were fasted for 4 h and euthanized by exsanguination
immediately after anesthesia with isoflurane. Mice
were dissected and fat, ovaries, and liver tissue col-
lected. The amount of body fat was determined by
weighing the fat tissue immediately after euthanasia,
relative to body weight.

Vaginal cytology

Vaginal cytology was performed during seven con-
secutive days to determine if females were acyclic,
according to previous protocol [27]. For sample col-
lection, a micropipette containing 10 pL of saline was
inserted into the vaginal canal. The fluid obtained was
spread on a slide and stained using rapid panoptic.
The slides were observed under a light microscope
to determine the stage of the estrous cycle [27, 28].
Mice were considered acyclic if continuously in the
diestrus stage.

Insulin tolerance test and glucose tolerance test

The insulin tolerance test (ITT) and glucose toler-
ance test (GTT) were performed 2 and 1 week prior
to euthanasia, respectively. For the ITT, insulin
(0.5 TU/kg) was injected i.p. after a 2-h fast. Blood
samples to measure glucose levels were collected
through a small incision at the tail tip at 0, 5, 20,

and 35 min after insulin injection [29]. For the
GTT, glucose (2 g/kg) was administered i.p. after
a 4-h fast. Blood samples were collected at 0, 15,
30, 60, and 120 min after glucose injection [30]. A
glucometer (AccuChek Activ, Roche Diagnostics®,
USA) was used to measure blood glucose levels in
both tests.

Follicle counting

The ovaries were removed from 10% buffered forma-
lin, dehydrated in alcohol, cleared in xylene, embed-
ded in paraffin, and then cut into 5 pm sections using
a semiautomatic microtome (RM2245 38, Leica Bio-
systems Newcastle Ltd., Newcastle Upon Tyne, UK).
One out of every six sections was selected and placed
on standard histological slide. After drying in a 56 °C
oven for 24 h, the slides were stained with hematoxy-
lin and eosin and mounted with coverslips and syn-
thetic resin (Sigma Chemical Company®, St. Louis,
MO, USA). Images of the ovarian sections were cap-
tured using microscope (Nikon Eclipse E200, Nikon
Corporation, Japan) with 4x, 10X, and 40X objec-
tives. Follicles with clearly visible oocyte nuclei
were quantified. The number of follicles counted
was divided by the total number of sections for each
ovary. The follicle classification protocol was based
on Myers et al. [31].

Oxidative stress parameters

The liver tissue was homogenized (1/10 w/v) using a
20 mM sodium phosphate buffer, pH 7.4, containing
140 mM KCI. The adipose tissue was homogenized
(1/10 w/v) using RIPA buffer, pH 7.5, containing 50
mM Tris-HCI, 150 mM NaCl, and 150 mM EDTA.
The homogenates were centrifuged at 3500 X g using
a centrifuge at 4 °C for 10 min and supernatants were
collected and used for oxidative stress analysis.

Reactive oxygen species
The quantification of ROS levels was determined
by the oxidation of DCFH-DA to fluorescent

2'7'-dichlorofluorescein (DCF). Briefly, the DCF
fluorescence intensity was measured at excitation

@ Springer



2142

GeroScience (2024) 46:2139-2151

wavelengths of 525 nm and 488 nm, 30 min after
the addition of DCFH-DA to the homogenate. ROS
formation was expressed as pmol DCF/mg of pro-
tein [32].

Total thiol content

The total thiol content was determined by the
reduction of DTNB by thiols and the subsequent
oxidation (disulfide) to form a yellow-colored
derivative compound (TNB), which was meas-
ured at 412 nm using a spectrophotometer. The
results were expressed as nmol TNB/mg of pro-
tein [33].

Thiobarbituric acid reactive substances (TBARS)

Lipid peroxidation was determined by estimat-
ing the formation of malonaldehyde (MDA). TBA
and trichloroacetic acid were added to the super-
natant for the reaction. TBARS levels were quan-
tified by measuring the absorbance at 535 nm,
and reported as nmol TBARS/mg of protein [34].

Nitrites

The nitrite was measured with sulfanilamide and
N-1-naphthylethylenediamine dihydrochloride
(NED), using the Griess reaction. The absorb-
ance was measured at 540 nm. The results were
expressed as pM nitrite/mg of protein [35].

Catalase (CAT) activity

The catalase activity was measured according to
Aebi [36]. This assay is based on the decomposition
of H,0, at 240 nm. CAT activity was reported as
units/mg of protein.

Superoxide dismutase (SOD) activity

Superoxide dismutase activity was measured based
on the inhibition of adrenaline auto-oxidation at 480
nm. Total SOD activity is expressed as units/mg of
protein [37].
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Protein determination

For SOD, CAT, TBARS, and total thiol content,
protein was measured using the method described
by Lowry et al. [38], and for ROS and nitrite, pro-
tein was determined according to Bradford [39].

Statistical analyses

Statistical analyses were performed using GraphPad
Prism 8.4. Repeated measures ANOVA was used for
the analysis of body weight, ITT, and GTT. Two-way
ANOVA was used for the analysis of other variables
(body weight gain, follicle count, glucose, and oxida-
tive stress parameters). P values lower or equal than
0.05 were considered statistically significant.

Results

The AL estropause females had the highest body
weight. In general, the CR groups had lower body
weight compared to AL groups, and CR estropause
females had the lowest body weight (Fig. 1a). How-
ever, when analyzing body weight gain only after
the start of CR, no significant difference was found
between the cyclic and estropause groups. A clear
reduction in body weight gain was evident in both
groups subjected to CR, as expected (Fig. 1b).
Despite increased body weight gain, the estropause
females had lower food intake than cyclic controls
(Fig. lc). Additionally, the CR estropause females
had the lowest percentage of body fat (Fig. 1d), in
agreement with the more severe reduction in body
weight in this group.

In the GTT, AL estropause females had a higher
glycemic index compared to the other groups
(Fig. 2a). Overall, the glycemic curves of CR females
were lower than AL females as expected (Fig. 2b).
There was no difference in insulin tolerance (Fig. 2c)
and the rate of glucose decay in response to insulin
(Fig. 2d).

Regarding ovarian activity, we observed a reduc-
tion in the number of follicles at all stages of devel-
opment in estropause females compared with cyclic
controls (Fig. 3a—f). This supports the effectiveness
of estropause induction with VCD in these groups.
Additionally, all VCD injected females were acyclic
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Fig. 1 a Body weight of females from the start of VCD injec-
tion to the end of the experimental period; b body weight gain
during the period of calorie restriction from 5 to 9 months

before the start of CR, as confirmed by vaginal citol-
ogy. CR cyclic female tended to have more primordial
and transition follicles (Fig. 3a and b).

Regarding oxidative stress parameters, we
observed that estropause females had a decrease in
ROS levels (Fig. 4a) and an increase in nitrite levels
(Fig. 4b) in adipose tissue. Females subjected to CR
had an increase in sulfhydryl levels in adipose tis-
sue (Fig. 4d). Interestingly, CR estropause females
had reduction in CAT activity in adipose tissue
compared to AL estropause females (Fig. 4f). There
were no differences in TBARS levels (Fig. 4c¢) or
SOD activity in adipose tissue (Fig. 4e). In the liver,

of age. ¢ Food intake/mice/day during the period of calorie
restriction from 5 to 9 months of age. d Relative amount of
body fat at the time of euthanasia

only a slight increase in ROS levels was observed
for estropause females (Fig. 5a). No differences
were found for nitrite (Fig. 5b), TBARS (Fig. 5c),
sulthydryl (Fig. 5d), SOD (Fig. 5e), and CAT activ-
ity (Fig. 5f).

Discussion
We observed that VCD induced an estropause state
in females, as evidenced by the severe reduction in

preantral follicles and absence of tertiary follicles.
Previous studies in rodents using VCD had shown

@ Springer
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depletion of small preantral follicles [12, 40, 41]. The
VCD-induced follicular depletion in rodents is due
to accelerated atresia of primordial and primary fol-
licles [12, 41, 42]. We also observed through vaginal
cytology that the estropause state was established 2
months after the end of VCD treatment, when females
exhibited a pattern of acyclicity and remained in dies-
trus. This is in line with previous reports suggesting
estropause initiates between 2 and 3 months after the
end of VCD injections [12, 15, 41]. Therefore, the
CR intervention was started only after estropause was
fully established.

Females in estropause had increased body weight
gain over time compared to cyclic females. This
increased body weight during estropause is consist-
ent with previous studies in mice receiving standard
chow [14, 43, 44]. Previous studies also observed
increased body weight gain in ovariectomized mice
[43]. Despite increased body weight gain, females in
estropause had lower food intake compared to cyclic
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females. It was previously observed that loss of ovar-
ian function led to decreased 24-h energy expenditure
without changes in the energy intake pattern [43].
Therefore, our data furter reinforces that loss of ovar-
ian activity can indeed reduce energy expenditure,
since even with lower food intake, estropause females
were heavier than their cyclic controls. This suggests
metabolic adaptations that could hinder the response
to diets such as CR, hence our hypothesis for this
study.

Our results revealed a more intense weight loss
in estropause compared to cyclic females. Levels of
25 to 40% of CR have been pointed out to increase
longevity in several species [23, 24]. Although the
mechanisms related to lifespan extension mediated
by CR are not fully elucidated, there is a strong rela-
tionship with changes in energy metabolism, oxida-
tive stress, insulin sensitivity, and inflammation [45,
46]. The effects of CR seem to be also partly medi-
ated by increased cellular repair, stress resistance,
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and protection from oxidative damage [24]. However,
there is no data regarding the effects of CR in chemi-
cally induced estropause in rodents, only ovariec-
tomy. An intense CR (50%) in rats starting at weaning
mitigated the effects of ovariectomy in body weight
gain [19]. However, ovariectomization occurred at
90 days of age, after the beginning of CR, suggesting
that CR has beneficial effects when initiated before
ovariectomy. This is unlike our study, where CR initi-
ated after the establishment of the estropause state. In
another study CR was initiated after ovariectomiza-
tion in rats. As expected, ovariectomized rats exhib-
ited the highest body weight, while 50% CR reduced
body weight compared to ovariectomized controls
[47]. Ovariectomized females display increased rate
of body weight change compared with intact females

[48], which seems to be due to increased feed effi-
ciency, as rats gain weight even without an increase
in food intake [49]. This is similar to our observa-
tions, and raises an interesting question regarding
the effects of CR on estropause females, as it had the
most pronounced reduction in body weight compared
to its AL estroupause couterparts. Despite increase
feed efficiency, these females have increase response
to CR, suggesting a different metabolic adaptation
to food shortage and fasting promoted by this strat-
egy. Further studies are needed to clarify these ques-
tions and point out a potential role of ovarian tissue in
aging, independent of cyclicity.

Estroupause females showed the most significant
reduction in body fat in response to CR. A previous
study observed that both VCD-treated and cyclic

@ Springer



2146

GeroScience (2024) 46:2139-2151

[] 30% CR [ Ad Libitum
a VCD P=0.0008 b VCD P=0.02 c VCD P=0.44
Diet P=0.77 Diet P=0.14 Diet P=0.12
Interaction P=0.75 Interaction P=0.90 Interaction P=0.05
150 — 25+ 20
= - 3
£ z £1s- '
° . ° )
s 100+ 5 o ° %
s . 05 15 ¢ ° @ =1 .
8 E’ E ® . E g’ < E 10
% ° 23 10 $ . ne
B . ° [ o
% 50 - . A .E " : : g 5 0 . . 134 .
~ L] 5 ° L]
O . .
0 1 1 0 1 0 1 I
Cyclic Estropause Cyclic Estropause Cyclic Estropause
VCD P=0.09 VCD P=0.31 VCD P=0.03
d Diet P=0.02 e Diet P=0.68 f Diet P=0.13
Interaction P=0.55 Interaction P=0.25 Interaction P=0.01
600 80 15
. .
b
E o (X ]
2 s e £604 o ° £
2 [ [} o
5 400 ] >0 . >6 10
s . 1 SN £
52 RS 40 8%
o QE 2 E
z o+ << a
= 200 a2 o ©g 5 .
S * S 20 |ee S
£ . =~ =~ = ab
N E.ﬁ ¥ ° L4 2 rzj J *
o 0 I—;E—I
L] L] L]
0 T T 0 T 0 ‘;__E T a T
Cyclic Estropause Cyclic Estropause Cyclic Estropause

Fig. 4 Redox status in adipose tissue. a Reactive oxygen spe-
cies (ROS); b nitrites. ¢ Thiobarbituric acid reactive substances
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mice receiving a high-fat diet exhibited a significant
increase in body fat compared to mice on a stand-
ard diet [14]. However, estropause females accumu-
lated less body fat than cyclic females on a high-fat
diet [14]. This is similar to our current data, which
shows that estropause females did not had increased
body fat. Nevertheless, others observed that ovariec-
tomized females had a higher volume of both subcu-
taneous and visceral fat compared to intact females
[50]. Transdermal estradiol replacement was able to
reduce both subcutaneous and visceral body fat in
ovariectomized females [50], as was the transplanta-
tion of young ovarian tissue in naturally estropausal
females, even without increased estradiol levels [51].
Therefore, further studies are needed to confirm the
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role of CR on fat accumulation in response to reduced
estradiol levels in the absensce or presence of the
ovarian tissue.

The glucose tolerance tests indicated lower toler-
ance in the AL estropause females. Similarly, reduced
glucose tolerance was observed in VCD-treated mice
on a standard diet [21]. This lower glucose tolerance
may be associated with the reduction of estrogen lev-
els in menopause, both in rodents and humans [14,
51], and the protective effect of estrogen replace-
ment in postmenopause women [14, 52-54]. On the
other hand, CR females had higher glucose tolerance
regardless of estropause. This is consistent with pre-
vious studies suggesting improved glucose tolerance
and insulin sensitivity in ovariectomized females



GeroScience (2024) 46:2139-2151 2147
[ 30% CR [ Ad Libitum
a VCD P=0.01 b VCD P=0.72 c VvCD P=0.73
Diet P=0.12 Diet P=0.72 Diet P=0.53
Interaction P=0.30 Interaction P=0.10 Interaction P=0.76
50 10 31
L] L]
£ ¢ £ 5 *
-g 40 5 8- 3 .
s * g ° ° & .
5 304 o k3 hd hd X %) ° o°
Qo 0o £ e g
Of ® E¢ <=
x £ 5 £ 0B
S5 20- 2 . . 3 o
a ° 3 = o .
o ° ° c o [ = °
£ 104 ! * g
e £ .
0 T T 0 T T
Cyclic Estropause Cyclic Estropause Cyclic Estropause
d VCD P=0.79 e VCD P=0.48 f VCD P=0.17
Diet P=0.81 Diet P=0.29 Diet P=0.23
Interaction P=0.78 Interaction P=0.42 Interaction P=0.22
250 60— 150
. L]
£ 200 . —_ o -
% . ®e0 ° 'g ':1':>
& °ee 33 £ 40 3 100- ¢
% 150 e T g g 28
o s o0 ° 86
» E © ©
2 100 [*o |, . 88 | .. 2 E . s
= o | |® ? £ 20— ©2 50
] ° 5 oo ° g
E 504 2 : s ogs
% ... . *
0 I 1 0 1 I 0 I * I
Cyclic Estropause Cyclic Estropause Cyclic Estropause
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undergoing 40% CR for 30 days [55]. It is worth not-
ing that insulin sensitivity appears to decrease with
age in mice, as shown by several studies. However, as
our study used young mice to minimize the confoud-
ing effects of age, this may differ from other CR stud-
ies using much older mice. Older estropausal-aged
mice that received young ovarian tissue transplants
displayed improved glucose tolerance compared with
age-matched controls [56], further confirming the
role of young ovaries in glucose tolerance. It is pos-
sible that age may have a more significant effect than
cyclicity in females regarding insulin sensitivity.
Oxidative stress is associated with the aging pro-
cess and age-related diseases such as cancer [57, 58],
neurodegeneration [59, 60], cardiovascular diseases
[61, 62], and diabetes [63], and CR is considered
a protective factor against oxidative stress-related

activity; f catalase (CAT) activity for the AL cyclic, 30% CR
cyclic, AL estropause and 30% CR estropause

diseases [55]. Despite this, we observed that CR had
very minor effects in liver and adipose tissue redox
status. We even observed that CR increased sulf-
hydryl levels and reduced CAT activity in adipose
tissue of estropausal females, indicating a negative
effect on the redox balance. This is surprising, as
studies indicate that redox status in adipose tissue
is related to the presence of excess adipose tissue,
which is a source of pro-inflammatory cytokines
and chronic inflammation [63, 64]. No effects of
CR on liver redox status were observed. However,
estropause overall reduced ROS levels and increase
nitrite in adipose tissue. In the liver, estropause
slightly increased ROS levels. Ovariectomized rats
have lower CAT activity than their intact couterparts
in adipose tissue, suggesting reduced antioxidant
defense [65]. This is in contrast with our findings,
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since we observed a reduction in ROS levels in adi-
pose tissue of estropause females. However, we did
observe increased nitrite levels and a tendency for
increased sulfidryl levels in estropause mice, sug-
gesting impaired redox state in this tissue. However,
in our study, females retained ovarian tissue, which
closely associated to what is observed in women
than ovariectomy. The presence of the ovarian tis-
sue, even depleted of follicles, may have beneficial
effects on redox status [66]. In the liver, we observed
only a modest increase in ROS levels in estropause
females. Increased ROS production is associated
with aging and the estrogen reduction resulting from
menopause can further reduce antioxidant defenses
[9]. Others also indicate a reduction in liver antioxi-
dant defenses after estropause in mice, suggesting an
effect more related to reproductive function than age
itself [66]. In line with these findings, another study
did not observe changes in TBARS and CAT levels
in liver of young ovariectomized rats [67]. Reduc-
tion in TBARS content was observed in the liver
of ovariectomized mice under 40% CR, suggest-
ing a reduction in oxidative stress [49]. It is note-
worthy that we observed opposite behavior regard-
ing ROS levels between adipose and hepatic tissue
in response to estropause, suggesting tissue-specific
adapatations.

Although some studies suggest that menopause
creates a pro-oxidant systemic state due to decreased
estrogen production, we did not observe that chemi-
cally induced estropause potentiated oxidative dam-
age in liver and adipose tissue significantly. We did
not observe that CR had different effects on cyclic or
estropausal females, except for greater weight loss
and reduction in body fat. Glucose tolerance was
impaired in estropausal females but was not differen-
tially affected by CR. There is a clear need for further
investigation into the effects of CR and other longev-
ity-promoting interventions in estropause-induced
female mice retaining the ovarian tissue.
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