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Ovariectomy predisposes female rats to fine particulate matter
exposure’s effects by altering metabolic, oxidative,
pro-inflammatory, and heat-shock protein levels
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Abstract
The reduction of estrogen levels, as a result of menopause, is associated with the development of metabolic diseases caused by
alterations in oxidative stress (OS), inflammatory biomarkers, and 70-kDa heat-shock protein (HSP70) expression. Additionally,
exposure to fine particulate matter air pollution modifies liver OS levels and predisposes organisms to metabolic diseases, such as
type 2 diabetes (T2DM).We investigated whether ovariectomy affects hepatic tissue and alters glucose metabolism in female rats
exposed to particulate air pollution. First, 24 female Wistar rats received an intranasal instillation of saline or particles suspended
in saline 5 times per week for 12 weeks. The animals then received either bilateral ovariectomy (OVX) or false surgery (sham)
and continued to receive saline or particles for 12 additional weeks, comprising four groups: CTRL, Polluted, OVX, and
Polluted+OVX. Ovariectomy increased body weight and adiposity and promoted edema in hepatic tissue, hypercholesterolemia,
glucose intolerance, and a pro-inflammatory profile (reduced IL-10 levels and increased IL-6/IL-10 ratio levels), independent of
particle exposure. The Polluted+OVX group showed an increase in neutrophils and neutrophil/lymphocyte ratios, decreased
antioxidant defense (SOD activity), and increased liver iHSP70 levels. In conclusion, alterations in the reproductive system
predispose female organisms to particulate matter air pollution effects by affecting metabolic, oxidative, pro-inflammatory, and
heat-shock protein expression.
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Introduction

Women have an estimated life expectancy of 72–82 years,
and there were at least 1.1 billion postmenopausal women
globally as recently as 2011 (North American Menopause
Society 2010). Since most postmenopausal women live in
the cities of developing countries with higher levels of air
pollution emission (Yu et al. 2018), many postmenopausal
women experience chronic air pollution exposure. The
loss of ovarian function and, subsequently, low estrogen
levels in menopause is associated with the development of
cardiovascular and metabolic diseases, such as type 2 di-
abetes mellitus (T2DM), and may aggravate the senes-
cence process via an increase in generalized inflammation
(Benedusi et al. 2014). Since estrogen regulates multiple
functions in various organs, cells, and genes (Rettberg
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et al. 2014), a decline in circulating estrogen levels may
increase cardiovascular risk by effects related to increased
adiposity and impaired lipid metabolism (Schneider et al.
2006). Hence, almost two-thirds of menopausal women
are overweight or obese and have vasomotor problems,
with a high prevalence of hypertension and T2DM
(Santos et al. 2012). Experimental (Goettems-Fiorin
et al. 2016; Liu et al. 2014; Xu et al. 2010) and epidemi-
ological evidence (Pearson et al. 2010) has also shown
that environmental air pollution is associated with the de-
velopment of metabolic diseases and is related to worsen-
ing metabolic dysfunction, suggesting that pathophysio-
logical effects caused by air pollution exposure may be
more severe in individuals who are already compromised.

Air pollution is considered a cause of many diseases
attributed to environmental factors, causing an estimated
3.1 million pollution-related deaths per year (Miller et al.
2012). Of the pollutants found in urban areas, fine par-
ticulate matter (PM2.5), a complex mixture of organic
and inorganic substances (Who 2003) with an aerody-
namic size of less than 2.5 μm, has the greatest health
impact. The main sources of PM2.5 are combustive emis-
sions from industry and particles formed in vehicle emis-
sions. Residual oil fly ash (ROFA), a metal-rich environ-
mental PM2.5, from engines has been used in animal or
in vitro studies to evaluate the mechanisms involved in
the development of many diseases related to PM2.5 ex-
posure (Sacks et al. 2011).

The elderly, infants, and persons with chronic cardio-
pulmonary diseases are considered to be most susceptible
to the mortality and morbidity effects of air pollution
exposure (Pope 2000). Thus, people with T2DM exposed
to PM2.5 present a higher risk of metabolic impairment,
as well as the oxidative effects of PM2.5 (Goettems-
Fiorin et al. 2016; Pearson et al. 2010; Sun et al.
2009). In human and animal studies, inflammation, oxi-
dative stress, and 70 kDa heat-shock protein (HSP70)
imbalance are described as mechanisms of impaired glu-
cose homeostasis, mainly due to liver injury and dys-
function (Cangeri Di Naso et al. 2015). Similarly, cumu-
lative evidence has shown that estrogen loss in meno-
pause is associated with the development of metabolic
diseases (Lizcano and Guzmán 2014) by mechanisms
related to increased oxidative stress (Oliveira et al.
2018), inflammation, and impaired HSP70 balance
(Crist et al. 2009; Heck et al. 2017). Furthermore, high
plasma HSP70 levels represent a warning signal and ox-
idative biomarker under environmental challenges that
can be used as a subclinical biomarker of the effects of
environmental pollutant exposure (Baldissera et al.
2018). In this study, we investigated whether low estro-
gen levels affect hepatic tissue and alter glucose metab-
olism in female rats exposed to particulate air pollution.

Materials and methods

Animals

Female 8-week-old Wistar rats (n = 24) from the Regional
University of the Northwestern Rio Grande do Sul State
(UNIJUÍ) animal facility were kept under controlled temper-
ature (24 ± 2 °C) and light-dark cycle (light from 7:00 a.m. to
7:00 p.m.) conditions. The animals received water and food ad
libitum. This protocol was approved by the Animal Ethics
Committee of UNIJUÍ (CEUA 076/15).

Experimental design

The rats (n = 24) were randomly assigned to two groups that
received either an intranasal instillation of 50 μL of saline
daily for 12 weeks (representing a clean environment) or par-
ticles suspended in saline (250 μg, representing a polluted
environment) (Fig. 1, white background). Next, the animals
received either ovariectomy (OVX) or false surgery (Sham)
and continued to receive saline or particles for 12 additional
weeks, comprising four groups: animals that received saline
and received sham surgery (CTRL, n = 6) or ovariectomy
(OVX, n = 6) and animals that received particles and were
submitted to sham surgery (Polluted, n = 6) or ovariectomy
(Polluted+OVX, n = 6) (Fig. 1, gray background).
Throughout the study, biometric and consumption profiles,
as well as glycemia and glucose tolerance tests, were per-
formed every 4 weeks. After 24 weeks, the animals were
euthanized, and blood and tissue were collected for biochem-
ical and molecular analysis.

Particulate matter—particle characterization

Residual oil fly ash (ROFA) particles were collected from an
electrostatic precipitator installed in the chimney of a large
steel factory located in São Paulo (SP, Brazil). Animals in
the polluted group received a daily intranasal dose (between
4:00 and 5:00 p.m.) of 50 μL of the ROFA suspension at the
concentration of 5 μg/μL 5 days per week over a 24-week
period, for a total daily dose of 250 μg. Since chronic expo-
sure can be defined as repeated exposure via the inhalation
route for more than 90 days is typical in laboratory studies
using animal species (EPA 2010), we consider our chronic
particle exposure regimen to be adequate. Control groups re-
ceived 50 μL of a saline solution. The intranasal administra-
tion process was performed using an automatic pipette to de-
liver 50 μL of the solution into the animal’s nostril; this pro-
cedure triggers the apnea reflex, which promotes the inhala-
tion of the pollutant (Medeiros et al. 2004). The particles used
in this study consist of Pb (3.1 ± 0.09), Al (789 ± 23), Zn
(20.3 ± 0.04), Cd (0.04 ± 0.002), Ba (30.2 ± 0.31), Cu (9.7 ±
0.1), Ni (287 ± 10.8), As (4.1 ± 0.05), Se (7.5 ± 0.20), Mn
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(48.3 ± 0.98), Sr (8.4 ± 0.16), Sb (2.3 ± 0.57), Fe (20,397.2 ±
283.3), Mg (372.5 ± 1.93), P (388.5 ± 255.8), and Cr (7.6 ±
0.23) (mean ± SD, expressed by ng per m3 of air). The parti-
cles have an average aerodynamic diameter of 1.2 ± 2.2 μm.

Ovariectomy

The animals were submitted to a surgical protocol. First, a pre-
anesthetic medication, consisting of 5 mg/kg morphine intra-
peritoneal (i.p.), was administered. Next, 4% isofluorane
(BioChimico®) was administered to induce anesthesia,
followed by 2% isofluorane (BioChimico®) to maintain an-
esthesia. OVX corresponds to the bilateral removal of the
ovaries and is achieved by a longitudinal incision in the lateral
region of the abdomen, close to the hind limbs. The non-
ovariectomized animals were submitted to false operation
(Sham) where their ovaries were identified and surgically ex-
posed and then repositioned for posterior suturing of the mus-
culature and skin. After the surgical procedure, all animals
(Sham and OVX) received appropriate postoperative treat-
ment, which included body temperature and pain signal mon-
itoring, in addition to pharmacological treatment: meloxicam
(Ouro Fino®) 0.2% (2 mg/kg, subcutaneously) after 24 h (sin-
gle dose).

Food and water consumption

The animals’ water and food consumption, as determined by
the volume of water offered minus the remaining volume in
the bottle (mL) and the amount of food provided minus the
remaining food in the box (g), was monitored 3 times per
week during the 24-week study.

Biometric profiles and tissue morphometry

Each animal’s biometric profile was monitored once every
4 weeks during the 24-week study. Body weight (g) and
length (cm) measurements were taken and used to calculate
a Lee index value (Lee 1929). The rats’ body weight was
checked with a semi-analytical scale, and their length was
verified by naso-anal distance. The Lee index consists of di-
viding the cube root of the animal’s body weight (g) by naso-
anal distance (cm) (Lee 1929). At the end of the study, we also
evaluated adiposity (i.e., % of visceral white adipose tissue
[WAT]/body weight) and percent of the liver, pancreas, gas-
trocnemius, and soleus muscle weight in relation to body
weight. Visceral white adipose tissue was collected from the
perigonadal region surrounding the uterus and ovaries for
analysis. Pulmonary and hepatic edema was evaluated using
the wet/dry weight ratio.

Glycemia and the glucose tolerance test

Blood glucose levels were monitored before the start of the
interventions, before the surgical procedure (12ª week), and at
the end of the study (24ª week). Blood glucose was measured
by Glucometer Optium Xceed (Abbott®) (5 μL of tail blood)
after 12 h of fasting. A glucose tolerance test was performed
before the start of the interventions and at the 12th and 24th
weeks of intervention in all animals. Food was withdrawn
12 h before the GTT. Glycemia was measured as described
above immediately before and at 15, 30, and 120 min after
glucose (1 g/kg in saline solution, i.p.) administration. The
glycemic response during glycemia and the glucose tolerance
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Fig. 1 Female Wistar rats were randomly assigned to receive either an
intranasal dose of saline (representing a clean environment; CTRL) or
ROFA particles suspended in saline (250 μg, representing a polluted
environment, Polluted) daily for 12 weeks (white box). The animals
then received either ovariectomy or sham surgery and continued to
receive saline or ROFA for an additional 12 weeks (gray box),
comprising four groups: animals that received saline and received either

sham surgery (CTRL) or ovariectomy (OVX) and animals that received
ROFA and received either sham surgery (Polluted) or ovariectomy
(Polluted+OVX). Throughout the study, biometric and consumption pro-
files were collected, and glycemia and glucose tolerance tests were per-
formed every 4 weeks. After 24 weeks, the animals were euthanized, and
blood and tissue were collected for biochemical and molecular analysis
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test (GTT) was evaluated via the area under the curve (AUC)
method (Who 1998).

Blood collection and tissue preparation

At the end of the 24-week intervention, the animals were
euthanized, and whole blood was immediately collected and
stored in a vial containing 2 mg/mL of ethylenediaminetetra-
acetic acid (EDTA) anticoagulant for aliquots of total blood
(blood count) and plasma (evaluation of IL-6, IL-10, and
eHSP70). Blood was collected without EDTA to obtain serum
used to obtain a lipid profile and determine the 17β-estradiol
concentration. Each blood sample was centrifuged at
3000 rpm for 15 min, and plasma was frozen with PMSF
(Phenyl Methyl Sulfonyl Fluoride, Sigma® P7626, FW =
174.19 g/mol; 1.74 mg/mL = 100 mM) for the subsequent
measurement of IL-6, IL-10, and eHSP70. The remainder
was used for the aforementioned hematological analyses.

Metabolic-related tissues (MRT; i.e., WAT, liver, pancreas,
gastrocnemius, and soleus muscle) were dissected and
weighed. The liver was freeze-clamped in liquid nitrogen
and stored for further homogenization. For the analysis of
oxidative stress (i.e., thiobarbituric acid reactive substances
(TBARS), antioxidant activity enzymes, superoxide dismut-
ase (SOD), and catalase (CAT)), a portion of the liver was
homogenized in a potassium phosphate buffer (KPi) pH 7.4.
Another portion of the tissue was homogenized in a 0.1% (w/
v) sodium dodecyl sulfate (SDS) buffer to determine iHSP70
expression by Western blotting.

The liver was homogenized (still frozen) in respective
buffers, containing a protease inhibitor (PMSF—phenyl-
methyl-sulfonyl fluoride, 100 μM). Afterward, the homoge-
nates were centrifuged for 10 min at room temperature, and
the supernatant fractions were used for Bradford protein de-
termination (Bradford 1976) using bovine serum albumin, as
standard.

The measurement of 17β-estradiol (E2)

To determine17β-estradiol (E2) levels, a serum sample was
used, and a quantitative dosage was made through the auto-
mated system ADVIA Centaur XP® (Siemens Healthcare
Diagnosis) by chemiluminescence methodology with sensi-
tivity and in vitro test limits between 20 and 3000 pg/mL.

Hematological parameters

The blood was conditioned in an anticoagulant tube (EDTA)
to determine hematological parameters (5 μL of EDTA for
each 500 μL of blood) as previously described. For automatic
determination, the hematology analyzer Micros 60® (Horiba)
was used. Using this equipment, the following parameters can
be obtained: the total red blood cell count, hematocrit,

hemoglobin, hematimetric indexes (VCM, HCM, and
CHCM), erythrocyte distribution range—RDW; total counts
of leukocytes, relative and absolute counts of leukocytes (neu-
trophils, eosinophils, basophils, lymphocytes, and mono-
cytes), and platelet counts (Horiba-User Manual).

Samples were diluted 1:2 with 0.9% saline and analyzed in
triplicate. Next, blood smear were performed on a blade,
stained with panoptic staining (Newprov®), and analyzed by
a professional, who counted 100 cells per sample.

To obtain the neutrophil-to-lymphocyte ratio (NLR), the
number of neutrophils was divided by the number of lym-
phocytes, and to obtain platelet/lymphocyte ratio (PLR),
the number of platelets was divided by the number of
lymphocytes.

Lipid profiles

Triglycerides, total cholesterol, and lipoproteins (HDL-C)
were performed by colorimetric methods with direct dosages.
To obtain values related to the variables of the lipid profile,
100 μL of serum per animal and 250 μL of reagent were used
for each analysis. Bioclin-Quibasa kits were used to perform
these analyses using BS200 - Mindray® automation. The
LDL-C dosage was estimated by the Friedewald formula
(LDL-C = CT-HDL-C-TG / 5), where TG/5 represents the
cholesterol bound to VLDL-C (Sposito et al. 2001).

Liver triglyceride content

Lipids from liver samples (50 mg) were extracted in 1 mL
isopropanol. After centrifugation, to perform an enzymatic
colorimetric determination of the triglyceride concentration,
10 μL of the supernatant aliquots was added to 500 μL of a
reagent (Labtest®) (Oakes et al. 2001). The results were
expressed in gram of lipids/100 g of liver tissue.

Oxidative stress, inflammatory profiles, and HSP70
content

Lipid peroxidation

Liver lipid peroxidation concentrations were analyzed using
the thiobarbituric acid reactive substances method (TBARS;
Buege and Aust 1978). Homogenates were precipitated with
10% trichloroacetic acid, centrifuged, and incubated with thio-
barbituric acid for 15min at 100 °C. Then, the absorbance was
measured at 535 nm. The MDA standard was prepared from
1.1.3.3-Tetramethoxypropane (concentrations between
0.0005 and 0.016 mg/mL). The results were expressed in
mmol MDA/mg of protein.
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SOD and CAT activity

Liver SOD activity was analyzed by inhibiting the auto-
oxidation of pyrogallol procedure (Marklund and Marklund
1974). Briefly, in a cuvette, 954 μL of 50 mM Tris/1 mM
EDTA buffer (pH 8.2), 4 μL of catalase (CAT; 30 μM),
10 μL of homogenate, and 32 μL pyrogallol (24 mM in HCl
10 mM) were added and mixed. SOD activity was determined
at 36 °C in a spectrophotometer (420 nm) every 20 s for 120 s.
Results were expressed in units of SOD/mg of protein.

Liver CAT activity was analyzed by the decomposition of
hydrogen peroxide procedure (Aebi 1984). In a quartz cuvette,
955 μL of phosphate buffer (50 mM, pH 7.4) and 35 μL of
hydrogen peroxide (0.01 M) were mixed. Then, 10 μL of
homogenate was added and mixed. CAT activity was deter-
mined at 36 °C in a spectrophotometer (240 nm) every 15 s for
120 s. The results were expressed in units of CAT/mg of
protein.

Cytokines (IL-10 and IL-6) levels

Plasma and liver levels of IL-6 and IL-10 were measured
using an ELISA kit (RayBio® Rat IL-6 and IL-10,
Raybiotech, Inc., USA). The colorimetric optical density
was detected at a wavelength of 450 nm. The cytokine levels
were calculated based on a standard curve constructed for
each assay, and each assay was performed in duplicate. All
cytokines were reported as picogram per milliliter.

HSP70 tissue expression (iHSP70)

iHSP70 expression was evaluated in the liver by immunoblot
analyses (Kolberg et al. 2006). Equivalent amounts of protein
from each sample (~ 40 μg) were mixed with Laemmli’s gel
loading buffer (50 mM Tris, 10% [w/v] SDS, 10% [v/v] glyc-
erol, 10% [v/v] 2-mercaptoethanol, and 2 mg/mL bromphenol
blue) in a ratio of 1:1, boiled for 5 min, and electrophoresed in
a 10% polyacrylamide gel (5 h in 15 mA/gel). The proteins
were then transferred onto a nitrocellulose membrane (GE
Healthcare) by electrotransfer (1 h in 100 V), and subsequent-
ly, transferred bands were visualized with 3% (w/v) Red
Ponceau S (Sigma-Aldrich).

The procedures were performed with a vacuum pump for
rapid immunoblot. Membranes were washed with TEN-
Tween 20 solution (0.1% w/v; TEN is 50 mM Tris, 5 mM
EDTA, 150 mM NaCl, pH 7.4) and then blocked in 0.5%
(w/v) nonfat dry milk in a washing buffer (TEN-Tween 20
solution). Membranes were incubated for 12 h with the mono-
clonal anti-HSP70 antibody (Sigma-Aldrich H5147, 1:1000).
After three consecutive washings with the washing buffer,
peroxidase-labeled rabbit anti-mouse IgG (Sigma-Aldrich
A9044) was utilized as a secondary antibody at 1:15000 dilu-
tion. As a gel loading control, Coomassie Blue (0.1%

Coomassie blue, 40% methanol, 10% acetic acid) detection
of 43 kDa β-actin region was used. Blot visualization was
performed using ECL-Prime Western Blotting Reagent (GE
Healthcare®). Quantification of bands was performed using
Image J® software. The data were presented in arbitrary units
of iHSP70.

Plasma HSP72 (eHSP72) levels

A highly sensitive EIA method (EKS-715 Stressgen, Victoria,
BC, Canada) was used to determine the amount of eHSP72
protein in plasma as previously described (Hou et al. 2010).
Absorbance was measured at 450 nm, and a standard curve
constructed from known dilutions of HSP72 recombinant pro-
tein was used to allow a quantitative assessment of eHSP72
plasma concentrations. Quantification was made using a mi-
croplate reader (Mindray MR-96A®). The intra-assay coeffi-
cient of variation was identified as being less than 2%.

[eHSP72]/[iHSP70] ratio

After performing eHSP72 (plasma) and iHSP70 (liver)
measurements, an extracellular to intracellular HSP70 ratio
index (H-index) was established. This index reveals the
rats’ immunoinflammatory status (Heck et al. 2017). The
rationale is that with higher eHSP70 amounts, there are
more inflammatory signals because eHSP70 is pro-
inflammatory in nature. However, for each particular Bj^
situation, the more the cells are able to respond to stressful
stimuli by enhancing iHSP70 and the more such cells are
facing a state of anti-inflammation.

Therefore, if one takes Rc = (eHSP70)c/(iHSP70)c as the
HSP70 ratio in a control situation, regardless of the techniques
used to assess each eHSP70 and iHSP70, the H-index can be
calculated as the quotient of any Rj = (eHSP70)j/(iHSP70)j by
Rc, which will, therefore, be considered the unity (CTRL = 1),
normalizing all the remaining results in situation Bj.^ Hence,
H-index = Rj/Rc may allow for comparisons between any
stressful situation Bj^ and the assumed control condition.
The H-index can be applied to estimate an animal’s immuno-
inflammatory status in many different situations as responses
to dietary and environmental challenges are present in each
tissue.

Statistical analysis

The statistical analysis included a t test, as well as a one- and
two-way analysis of variance (ANOVA). Post hoc multiple
comparisons among groups were performed with the
Tukey’s test. All statistical analyses were performed using
GraphPad for Windows, version 5.0. The level of significance
was set at P < 0.05. Results were expressed as mean ± stan-
dard error or standard deviation.
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Results

The effects of reduced estrogen levels on the weight
gain of rats exposed to PM

We evaluated the effects of PM exposure and reduced estro-
gen levels on the biometric profile of female rats. First, we
observed no significant weight gain or loss during the 12-
week particle exposure period (left side of Fig. 2a and b,
respectively). Second, we observed that ovariectomized rats,
which had lower estrogen levels (17β-estradiol levels,
CTRL = 34.6 ± 7.4; Polluted = 33.6 ± 11.5; OVX = 23.1 ±
4.1* and Polluted+OVX = 28.6 ± 5.6*, pg/mL; * OVX and
Polluted+OVX vs CTRL and Polluted; P = 0.019), experi-
enced weight gains during the following 12 weeks (right
s ide of Fig . 2a) when compared wi th the non-
ovariectomized rats. The reduced estrogen levels seem to have
induced weight gain in rats previously exposed to particulate
matter (PM) (Fig. 2c). No alterations were observed in the
rats’ body length (P = 0. 685) or body mass index (Lee index,
P = 0.312).

To ensure that the amount of food consumed did not influ-
ence the weight gain result, we analyzed the rats’ food intake
behavior and observed that there was no difference between
the groups in food consumption (food intake, g/week/animal,

CTRL = 43.1 ± 6.5; Polluted = 44.8 ± 6.1; OVX = 43.7 ± 6.4,
and Polluted+OVX= 44.9 ± 6.5. P = 0.947, F3,20 = 0.119).

The effects of reduced estrogen levels
on the glycemic, lipidemic, and hepatic lipid profile
of rats exposed to PM

The rats’ glucose tolerance was evaluated prior to any inter-
vention (Fig. 3a, b), after 12 weeks of pollution exposure
(before ovariectomy; Fig. 3c, d), and at the end of the study
(Fig. 3e, f). All animals presented a similar standard GTT
response before the interventions (Fig. 4a, b), but 12 weeks
of pollution exposure induced a glucose intolerance profile
characterized by higher peak glucose levels in the GTT results
(Fig. 3c) and by the area under the GTTcurve (Fig. 3d). At the
24th week, the reduced estrogen levels induced glucose intol-
erance in the rats’ GTT response, observed by increased gly-
cemia levels 15 min after glucose administration in the OVX
group (Fig. 3e) without alterations in AUC (Fig. 3f).

Reduced estrogen levels promoted an increase in total cho-
lesterol levels (Table 1). No alterations in fasting glycemia,
triacylglycerol, HDL-cholesterol, or LDL-cholesterol were
observed (Table 1). The interventions also did not promote
alterations in hepatic triglyceride content (Table 1).

Fig. 2 The effect of reduced
estrogen levels on body weight in
animals exposed to particulate
matter. a Body weight before and
after ovariectomy (P = 0.657). b
Percentage of body weight gain
during the first 12 weeks, before
ovariectomy (P = 0.680). c
Percentage of body weight gain
from the 12th to the 24th week,
after ovariectomy (P = 0.023;
F3,20 = 3.91) * vs. CTRL. Data
are presented as mean ± SEM.
n = 5–6 per group. A two-way
ANOVAwith repeated measures
(a), Student’s t test (b), and a one-
way ANOVA followed by a post
hoc Tukey test (c)
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The effects of reduced estrogen levels
on morphometric tissue alterations

We also evaluated the influence of reduced estrogen levels in
polluted animals regarding morphometric alterations in
metabolic-related tissues (Table 2). The OVX and Polluted+
OVX groups both experienced an increase in adiposity, and
the OVX group experienced a decrease in liver mass. No
alterations were observed in the rats’ pancreas mass or muscle
mass (the gastrocnemius and soleus muscles, respectively).
The Polluted+OVX group also experienced tissue edema in
the liver and lung (Table 2).

Reduced estrogen levels modify the liver redox
profile and inflammatory blood markers of rats
exposed to PM

The Polluted+OVX group presented a reduction in SOD ac-
tivity (Fig. 4a) without changes in CAT or lipoperoxidation
levels (Fig. 4b, c, respectively). Additionally, since the liver
CAT activity results showed a systematic decrease from the
left bars (CTRL) to the right bars (Polluted+OVX), we sup-
posed a decrease in estrogen levels is correlated with the de-
crease in liver CAT activity. Although there were no differ-
ences in liver CAT activity among the groups (P = 0.124),
there is a linear trend (P = 0.021, r = 0.957, evaluated by an
ANOVA post hoc linear trend test) and a positive correlation
between estrogen levels and CAT activity (r = 0.579, P =
0.0059). When analyzing intragroup correlations between es-
trogen and oxidative stress variables, in the Polluted+OVX
group, we found that a decrease in estrogen levels is associat-
ed with a decrease in CAT activity (r = 0.927, P = 0.023) and
an increase in lipid peroxidation levels in the liver (r = 0.977,
P = 0.004).

We found no alterations in plasma IL-6 levels (Fig. 5a).
However, OVX and particles associated with OVX decreased
plasma interleukin-10 levels (Fig. 5b) and increased the IL-6/
IL-10 ratio (Fig. 5c). The interventions did not modify the
cytokine content in liver homogenates (Fig. 5d–f). We also
found that IL-6 levels were negatively correlated with estro-
gen levels in the OVX group (r = − 0.981, P = 0.0031).
Neutrophil levels and neutrophil/lymphocyte ratios were in-
creased in the Polluted+OVX group at the end of the 24-week
study (Table 3).

Reduced levels of estrogen were associated with PM
and increased liver iHSP70 but not modified plasma
eHSP70 levels

The heat-shock response (HSR) is performed by proteins
in the HSP70 family, such as HSP72 (72-kDa, inducible
isoform) and HSP73 (73-kDa, constitutive isoform),
which constitute the total HSP70 content. The Polluted+

Fig. 3 The effect of reduced estrogen levels in animals exposed to
particulate matter on the area under the curve in relation to the glucose
tolerance test (GTT) response. a Baseline (P = 0.862). b AUC Baseline
(P = 0.877; F1,11 = 1.13). c 12th week (P = 0.474). d AUC 12th week
(P = 0.0004; F1,11 = 1.14) * vs CTRL. e 24th week (P = 0.001) * OVX
vsCTRL. fAUC24th (P = 0.485; F3,20 = 0.84).Data presented as mean ±
SEM. n = 6 per group. A two-wayANOVA followed by a post hoc Tukey
test for GTT (a, c, and e), Student’s t test (b and d), and a one-way
ANOVA followed by a post hoc Tukey test (f)
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OVX group presented an increase in liver-inducible
iHSP70 (iHSP72) and HSP70 total levels when compared
with the CTRL group (Fig. 6a). None of the interventions
modified plasma HSP70, as well as the extra-to-
intracellular HSP70 ratio regarding the liver as demon-
strated by the H-index values (Fig. 6b, c).

Discussion

In our study, ovariectomy promoted increased adiposity gain,
reflected in increased body weight. Ovariectomized rats also
presented with a pro-inflammatory profile and an altered heat-
shock response in the liver when exposed to particle pollution.
The data indicate that low estrogen levels represent a vulner-
ability to environmental air pollution challenges. Our study
supports the hypothesis that menopausal women are at risk
of developing metabolic diseases and that the risk increases
with environmental air pollution exposure.

In our study, the animals were ovariectomized at
5 months of age; at the end of the study, all the animals
were 8 months of age, and the non-ovariectomized groups
presented hormonal levels characteristic of the estrus
phase of the rat cycle (the mean 17β-estradiol level in
the sham-operated groups was 34.1 pg/mL). The ovariec-
tomy promoted a 24% reduction in these hormonal levels

(the mean 17β-estradiol level in the ovariectomized
groups was 25.9 pg/mL). Irregular estrous cycles in ro-
dents are characteristic of laboratory rodents with initia-
tion occurring at approximately 8 months of age (Brinton
2014), whereas acyclicity begins in most laboratory rats
between 12 and 16 months (Finch et al. 2014). Also, 60–
70% of the aging rodents spontaneously transition into a
polyfollicular anovulatory state of constant estrus charac-
terized by sustained levels of plasma 17β-estradiol
(Brinton 2014). The stages of reproductive senescence
described above, from regular cycling to irregular cycling
and then to acyclicity, are similar in humans and rodents.
Although the transition is of shorter duration in rodents, it
is characterized by multiple features found in humans,
which include a decline in follicles, irregular cycling, ste-
roid hormone fluctuations, and irregular fertility. Thus, if
our ovariectomy occurred moderately early in the life cy-
cle of the rat, it may be not representative of a senescence
rat age; however, the age of the rats at the end of the
study and the duration of low estrogen levels may ade-
quately represent metabolic dysfunction (as observed by
adiposity in our data) and changes in temperature regula-
tion, which may affect the heat-shock response (Miragem
et al. 2017), that typically occur 3–5 weeks after an ovari-
ectomy, representing preclinical models of human meno-
pause (Brinton 2014).

Fig. 4 The effect of reduced estrogen levels on the liver redox profile of
animals exposed to particulate matter pollution. a SOD activity (P =
0.0005, F3,20 = 9.34) * vs CTRL, † vs Polluted, § vs OVX. b CAT

activity (P = 0.124, F3,19 = 2.17). c Lipoperoxidation (P = 0.452, F3,16 =
0.92). Data expressed as mean ± SEM. n = 5–6 per group. A one-way
ANOVA followed by a post hoc Tukey test

Table 1 The effects of reduced estrogen levels on the biochemical profile of rats exposed to PM

Parameter CTRL Polluted OVX Polluted+OVX P value

Glycemia (mmol/L) 4.3 ± 0.3 4.2 ± 0.1 4.6 ± 0.2 4.6 ± 0.3 0.382 (F3,20 = 1.07)

Triacylglycerol (mg/dl) 120.3 ± 49.7 114.3 ± 42.9 126.2 ± 19.8 119.0 ± 9.0 0.958 (F3,20 = 0.10)

Total cholesterol (mg/dl) 59.2 ± 3.5 61.3 ± 3.6 75.8 ± 6.6* 76.7 ± 3.9* 0.020 (F3,20 = 4.07)

HDL-cholesterol (mg/dl) 22.5 ± 1.7 27.3 ± 3.4 25.8 ± 0.8 26.8 ± 1.2 0.349 (F3,20 = 1.16)

LDL-cholesterol (mg/dl) 16.0 ± 2.8 15.3 ± 3.8 24.8 ± 7.6 26.0 ± 3.7 0.082 (F3,17 = 1.64)

Liver triglycerides (g/100 g tissue) 2.5 ± 0.6 2.8 ± 0.6 3.6 ± 0.4 3.5 ± 0.6 0.479 (F3,19 = 0.85)

Data expressed as mean ± SEM. *P < 0.05 vs. CTRL. vs CTRL and OVX"?>. One-way ANOVA followed by post hoc Tukey test. n = 5–6 per group
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Ovariectomized rats experienced an increase in body
weight and adiposity. Sex hormones, including the decline in
estrogen levels due to ovariectomy, strongly influence body
fat distribution and adipocyte differentiation (Min 2018). This
decrease, which is also observed in menopausal women, is
associated with a loss of subcutaneous fat and an increase in
abdominal fat, evidencing why menopausal women are three
times more likely to develop obesity and metabolic syndrome
abnormalities than premenopausal women (Eshtiaghi et al.
2010; Lizcano and Guzmán 2014), as observed in the lipid
profiles in our OVX and Polluted+OVX groups.

Estrogen deficiency was able to promote hepatic steatosis
(Quinn et al. 2018) in the same way these effects are produced
by the consumption of high-fat (HF) diets in studies.
However, exposure to PM2.5 induces hepatic steatosis and
hypertriglyceridemia in normal chow-fed mice but attenuates
hepatic steatosis and hyperlipidemia in HF-fedmice (Qiu et al.
2017). We found decreased hepatic mass only in ovariecto-
mized animals and edema in the liver tissue of ovariectomized
animals regardless of pollution exposure. Cellular lesions,
promoted by low estradiol levels, can lead to cellular edema
or fat accumulation (i.e., steatosis; Oliveira et al. 2018), which

Fig. 5 The effect of reduced estrogen levels on the plasma and liver
interleukin-6, interleukin-10, and the IL-6/IL-10 ratio at the 24ª week in
animals exposed to particulate matter pollution. a Interleukin-6 (P =
0.228, F3,13 = 1.64). b Interleukin-10 (P = 0.010, F3,14 = 5.55) * vs
CTRL. c IL-6/IL-10 ratio (P = 0.044, F3,11 = 3.75) * vs CTRL. d Liver

interleukin-6 (P = 0.346, F3,15 = 1.19). e Liver interleukin-10 (P = 0.181,
F3,15 = 1.84). f Liver IL-6/IL-10 ratio (P = 0.696, F3,16 = 0.486). Data
expressed as mean ± SEM. n = 3–6 per group. A one-way ANOVA
followed by a post hoc Tukey test

Table 2 The effects of reduced
estrogen levels on morphometric
tissue alterations and tissue edema
in rats exposed to PM

Parameter CTRL Polluted OVX Polluted+OVX P value

White adipose
tissue

0.91 ± 0.17 1.03 ± 0.15 1.39 ± 0.11* 1.19 ± 0.20* 0.019 (F3,19 = 2.29)

Liver 2.60 ± 0.08 2.60 ± 0.08 2.19 ± 0.06* 2.29 ± 0.09 0.002 (F3,20 = 6.68)

Pancreas 0.28 ± 0.03 0.29 ± 0.04 0.24 ± 0.02 0.23 ± 0.02 0.434 (F3,20 = 0.95)

Gastrocnemius 1.24 ± 0.05 1.28 ± 0.03 1.32 ± 0.12 1.24 ± 0.04 0.807 (F3,20 = 0.32)

Soleus 0.09 ± 0.005 0.08 ± 0.003 0.07 ± 0.003 0.08 ± 0.005 0.059 (F3,20 = 2.09)

Liver edema 29.6 ± 0.3 30.3 ± 0.3 31.3 ± 0.2* 31.5 ± 0.5* 0.001 (F3,20 = 7.93)

Lung edema 17.3 ± 0.4 18.8 ± 0.5 19.4 ± 0.3 20.2 ± 0.7* 0.008 (F3,20 = 5.16)

Percentage (%) of the tissue weight/body weight ratio. Data expressed as mean ± SEM. *P < 0.05 vs. CTRL.
n = 5–6 per group. A one-way ANOVA followed by a post hoc Tukey test
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occur when the cell is unable to maintain ionic homeostasis.
Air pollution may be attenuating the development of hepatic
steatosis and severe lipid abnormalities via the autophagy
mechanism (Qiu et al. 2017).

Several liver dysfunctions significantly alter lipid metabo-
lism. Lipids are necessary components that control cellular
functions and homeostasis, and the liver plays an essential role

in lipid metabolism, as well as several stages of lipid synthesis
and transportation (Ghadir et al. 2010). Our data show that the
effects of ovariectomy on the liver promoted an increase in
total cholesterol levels. Since estrogens and estrogen receptors
regulate various aspects of glucose and lipid metabolism
(Lizcano and Guzmán 2014), reduced estrogen levels promote
hypercholesterolemia.

Table 3 Effects of reduced estrogen levels on the hematological profile of rats exposed to PM

Cells count CTRL Polluted OVX Polluted+OVX P value

RBC (106/mm3) 2.5 ± 0.2 2.5 ± 0.1 2.8 ± 0.2 2.7 ± 0.1 0.566 (F3,20 = 0.69)

WBC (103/mm3) 0.9 ± 0.03 1.1 ± 0.22 1.3 ± 0.07 1.1 ± 0.14 0.336 (F3,20 = 1.19)

Lymphocytes 83.0 ± 0.7 80.8 ± 1.3 81.8 ± 1.7 78.0 ± 1.1 0.061 (F3,20 = 2.88)

Neutrophils 11.2 ± 0.5 12.7 ± 1.3 12.5 ± 1.4 15.5 ± 1.2* 0.014 (F3,20 = 5.41)

Monocytes 5.8 ± 0.3 6.5 ± 0.2 5.7 ± 0.4 6.5 ± 0.2 0.137 (F3,20 = 2.06)

Platelets 227 ± 29 214 ± 27 238 ± 16 251 ± 19 0.722 (F3,20 = 0.44)

Other blood components

Hemoglobin (Hgb) (g/dL) 4.7 ± 0.5 4.9 ± 0.3 5.2 ± 0.3 5.1 ± 0.1 0.697 (F3,20 = 0.48)

Hematocrit (%) 13.3 ± 1.2 13.4 ± 0.7 14.6 ± 1.0 14.5 ± 0.4 0.642 (F3,20 = 0.56)

Mean corpuscular volume (Fl) 53.3 ± 0.7 54.0 ± 0.4 53.3 ± 0.4 53.2 ± 0.5 0.650 (F3,20 = 0.55)

Mean corpuscular Hgb (pg) 18.7 ± 0.5 19.6 ± 0.5 18.5 ± 0.2 18.8 ± 0.2 0.220 (F3,20 = 1.60)

Mean corpuscular Hgb conc. (%) 35.6 ± 0.4 36.2 ± 0.9 35.2 ± 0.5 35.1 ± 0.1 0.435 (F3,20 = 0.95)

Random distribution of RBC (%) 13.0 ± 0.3 13.3 ± 0.3 13.7 ± 0.4 13.1 ± 0.6 0.675 (F3,20 = 0.51)

Mean platelet volume (103/mm3) 7.4 ± 0.5 7.3 ± 0.5 7.0 ± 01 6.5 ± 0.3 0.372 (F3,20 = 1.10)

Neutrophil/lymphocyte ratio 0.13 ± 0.01 0.16 ± 0.02 0.15 ± 0.02 0.20 ± 0.02* 0.049 (F3,20 = 4.38)

Platelet/lymphocyte ratio 2.72 ± 0.3 2.64 ± 0.3 2.92 ± 0.2 3.22 ± 0.2 0.464 (F3,20 = 0.88)

Data expressed as mean ± SEM. *P < 0.05 vs. CTRL. n = 6 per group. A one-way ANOVA followed by a post hoc Tukey test

HSP73

HSP72
HSP70

CTRL Polluted OVX+PollutedOVX

β-ac�n

a

b

c

Fig. 6 The effect of low estrogen levels on hepatic iHSP70 expression,
eHSP72 levels, and H-index ([eHSP72]/[iHSP70] ratio) values in animals
exposed to particulate matter pollution. a Liver HSP73 (P = 0.882, F3,7 =
0.21), HSP72 (P = 0.046, F3,16 = 2.62), HSP70 (P = 0.047, F3,1 6 = 2.77)

(arbitrary units) * vs CTRL. b eHSP70 (P = 0.647, F3,12 = 0.57). c
[eHSP72]/[iHSP70] ratio (P = 0.727, F3,12 = 0.44). Data expressed as
mean ±SD. n = 3–5 per group. A one-way ANOVA followed by a post
hoc Tukey test
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While ovariectomy promoted direct effects on tissues that
are related to metabolism, such as the liver, and consequently,
in lipid metabolism, particulate matter pollution can directly
affect lung tissue, causing pulmonary tissue edema. Exposure
to PM can promote tissue injury by the direct effects of parti-
cle components, leading to oxidative and cellular stress, and
by indirect effects, triggering the production of pro-
inflammatory mediators, with consequent systemic low-
grade inflammation (Goettems-Fiorin et al. 2016; Hoffmann
et al. 2009; Miller et al. 2012).

Estrogen is known to prevent inflammatory gene transcrip-
tion induced by inflammatory agents by inhibiting NF-κB
intracellular transport, an immediate-early event in the inflam-
matory signaling cascade (Ghisletti et al. 2005; Pelekanou
et al. 2016). In our study, estrogen privation promoted a de-
crease in anti-inflammatory defense, with a reduction in IL-10
levels and an increase in the pro-inflammatory profile as indi-
cated by the IL-6/IL-10 ratio. The decrease in plasma IL-10
may be causing changes in the leukocyte profile. Interleukin-
10 is a crucial inhibitor of many aspects of the inflammatory
response, primarily by inhibiting macrophage proliferation
(O’Farrell et al. 1998). Once IL-10 can regulate their prolifer-
ation and, thus, the numbers of inflammatory cells and re-
duced IL-10 levels may result in increased neutrophilia and
an increased ratio of neutrophils and lymphocytes (NLR).
NLR is a simple parameter used to assess the inflammatory
status of a subject and has the potential to be a sensitive prog-
nostic marker (Faria et al. 2016). Air pollution is known to
promote low-grade chronic inflammation, which can lead to
severe cardiometabolic dysfunction in the long term (Sun et al.
2015; Wang et al. 2018). Furthermore, the relationship be-
tween estrogens and metabolism is reciprocal since the meta-
bolic control favored by estrogens avoids the establishment of
metabolic inflammation (Monteiro et al. 2014), although these
effects cannot yet be evidenced directly in tissues related to
metabolism, such as in the liver. The adiposity, liver edema,
hypercholesterolemia, neutrophil-lymphocyte ratio (NLR), in-
terleukins ratio (IL-6/IL-10), and increase in iHSP72 levels
make it clear that the progression of these factors will further
aggravate the glucose intolerance observed in particle-
exposed animals, predisposing them tometabolic dysfunction,
a condition that will develop into type 2 diabetes in later
phases, primarily under low levels of estrogen as observed
postmenopause.

In our study, we found a decrease in liver antioxidant en-
zyme activity (Fig. 4), an increase in the plasma pro-
inflammatory profile (Fig. 5), and an increase in liver
iHSP70 expression in the Polluted+OVX group. Decreased
estrogen levels were also correlated with increased lipid per-
oxidation levels and lower antioxidant enzyme activity.
Estrogen deficiency (Escalante-Gómez et al. 2009) and meta-
bolic changes due to its decline predispose the female organ-
ism to an increase in the production of reactive oxygen species

(ROS) and reactive nitrogen species (NR), resulting in in-
creased oxidative stress (OS; Crist et al. 2009). Oxidative
stress may promote hepatic cellular stress, and at an early
stage, the liver is able to evoke the heat shock response
(HSR) and, consequently, increase the levels of iHSP70 to
maintain homeostasis (Ludwig et al. 2014). Thus, the ob-
served increase in liver iHSP72 content may represent an es-
sential endogenous response to cellular stress and is sensitive
to the occurrence of OS (Nakhjavani et al. 2010), related to the
availability of estrogen (Hou et al. 2010). Thus, despite the
decrease in antioxidant defense (SOD) in the Polluted+OVX
group, the increase in the levels of iHSP70 as a cytoprotective
response may avoid liver damage and dysfunction. Studies
show that the absence of estrogens in rat favors fat accretion
in the liver, which is significantly amplified by a high-fat diet
(Shinoda and Lavoie 2007). However, our study demonstrated
no difference in hepatic triglycerides profile, which may be
related to the defense of heat-shock proteins.

It is well known that HSP70 expression is regulated by
HSF1, which is, in turn, redox-regulated due to highly con-
served cysteines (Ahn and Thiele 2003), in which HSP70
expression is induced following the oxidation of cysteine-
containing GSH molecules. HSP70 expression in the liver
represents a protective redox-mediated HSR induction by ni-
tric oxide free radicals in rat hepatocytes that occurs when
these cells are treated with a pro-inflammatory cytokine, a
process mediated by nitric oxide signaling (Kim et al. 1997).
Furthermore, decreased estrogen levels diminished the sup-
pressive effect of this hormone in hypothalamic areas in-
volved in thermoregulation, notably the infundibular nucleus
in humans and the arcuate nucleus in other mammals, specif-
ically in the kisspeptin-neurokinin B-dynorphin neurons
(KNDy). The consequent rise in KNDy neuron activity leads
to the stimulation of NO and HSP70 production, both directly
and indirectly, via neuropeptide Y (NPY)-secreting neurons as
a contra-regulatory action against the decrease in estrogen
hormonal regulation (Miragem et al. 2017). Thus, ovariecto-
my may increase KNDy neuron function and, thus, enhance
NF-kB activity, predisposing the pro-inflammatory state ob-
served in our study. Finally, liver HSP70 may be associated
with adrenergic stimulation secondary to long-term estrogen
deprivation (Freedman and Neurosciences 2015; Krause and
Nakajima 2014) and should confer cytoprotection due to the
stimulatory nature of adrenergic signaling over HSR and
HSP70 production in the liver.

Although the H-index ([eHSP72]/[iHSP70] ratio) can re-
veal the context of an inflammatory process (Heck et al. 2017)
and insulin resistance state (Krause et al. 2015), in our study,
H-index was not altered by low levels of estrogen and expo-
sure to particles. Our previous studies suggest that acute ex-
posure to ROFA suspension at higher doses (a 1.5-fold dose—
375 μg/50 μL) was able to produce an increase in plasma
eHSP70 levels (primarily the 72-kDa inducible form) and
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promoted alterations in plasma oxidative stress (Baldissera
et al. 2018), although in chronic exposure studies, there was
no increase in eHSP70 levels (Goettems-Fiorin et al. 2016;
Mai et al. 2017). As estrogen is a physiological inducer of
the heat-shock response, some estrogen-based protective ef-
fects could be related to its anti-inflammatory action via
HSP70 expression. Studies have shown that in short-term es-
trogen deprivation, the HS response seems to be preserved,
which an efficient HSP70-based anti-inflammatory response,
thus avoiding oxidative stress and tissue damage (Miragem
et al. 2015). Furthermore, in contrast with high-fat diet animal
models with severe metabolic disease (Bruxel et al. 2019;
Goettems-Fiorin et al. 2016) or human obesity studies
(Rodrigues-Krause et al. 2012), which found an altered H-
index, in our study, we did not find an imbalance in eHSP70
and iHSP70 levels. This difference may be due to the moder-
ate nature of our experimental challenges, which promote only
moderate biometric and metabolic effects without a greater
increase in insulin resistance and obesity, in comparison with
more aggressive metabolic disease studies.

While our study evidenced that ovariectomy promotes sev-
eral metabolic, oxidative, pro-inflammatory, and heat-shock
balance changes in the liver and predisposes female rats to
fine particulate matter exposure effects, new studies may pro-
vide a more complete description of the effects of menopause
and air pollution exposure on metabolic profiles. Thus, future
animal studies that aim to investigate insulin levels and the
insulin signaling pathway in the liver, lipogenesis and fatty
acid oxidation enzymes metabolism, other hormones involved
in metabolism, such as leptin, as well as a histopathological
analysis of liver and adipose tissue are recommended. Studies
involving hormonal replacement may help prove the role of
estrogen levels in the effects observed in our study.

Conclusion

Ovariectomy promotes biometric and metabolic effects that,
under environmental air pollution exposure conditions, repre-
sent an increased susceptibility to an oxidative stress state, a
pro-inflammatory profile, and an altered liver heat-shock re-
sponse. Our data indicate that alterations in the reproductive
system predispose female organisms to particulate matter air
pollution effects.
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