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Exposure to environmentally relevant Rl

concentrations of ambient fine particulate
matter (PM, ) depletes the ovarian

follicle reserve and causes sex-dependent
cardiovascular changes in apolipoprotein E null
mice

Ulrike Luderer*3#'®, Jinhwan Lim', Laura Ortiz*, Johnny D. Nguyen*, Joyce H. Shin'#, Barrett D. Allen’,
Lisa S. Liao*, Kelli Malott'?, Veronique Perraud®, Lisa M. Wingen®, Rebecca J. Arechavala'*, Bishop Bliss',
David A. Herman* and Michael T. Kleinman'*

Abstract

Background: Fine particulate matter (PM, s) exposure accelerates atherosclerosis and contains known ovotoxic
chemicals. However, effects of exposure to PM, s on the finite ovarian follicle pool have hardly been investigated, nor
have interactions between ovarian and cardiovascular effects. We hypothesized that subchronic inhalation exposure
to human-relevant concentrations of PM, s results in destruction of ovarian follicles via apoptosis induction, as well
as accelerated recruitment of primordial follicles into the growing pool. Further, we hypothesized that destruction of
ovarian follicles enhances the adverse cardiovascular effects of PM, s in females.

Results: Hyperlipidemic apolipoprotein E (Apoe) null ovary-intact or ovariectomized female mice and testis-intact
male mice were exposed to concentrated ambient PM, s or filtered air for 12 weeks, 5 days/week for 4 h/day using a
versatile aerosol concentration enrichment system. Primordial, primary, and secondary ovarian follicle numbers were
decreased by 45%, 40%, and 17%, respectively, in PM, s-exposed ovary-intact mice compared to controls (P < 0.05).
The percentage of primary follicles with granulosa cells positive for the mitosis marker Ki67 was increased in the
ovaries from PM, s-exposed females versus controls (P <0.05), consistent with increased recruitment of primordial fol-
licles into the growing pool. Exposure to PM, s increased the percentages of primary and secondary follicles with DNA
damage, assessed by yH2AX immunostaining (P < 0.05). Exposure to PM, s increased the percentages of apoptotic
antral follicles, determined by TUNEL and activated caspase 3 immunostaining (P < 0.05). Removal of the ovaries and
PM, s-exposure exacerbated the atherosclerotic effects of hyperlipidemia in females (P < 0.05). While there were statis-

tically significant changes in blood pressure and heart rate variability in PM, .-compared to Air-exposed gonad-intact
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( 1)
males and females and ovariectomized females, the changes were not consistent between exposure years and assess-

ment methods.

Conclusions: These results demonstrate that subchronic PM, s exposure depletes the ovarian reserve by increasing
recruitment of primordial follicles into the growing pool and increasing apoptosis of growing follicles. Further, PM, 5
exposure and removal of the ovaries each increase atherosclerosis progression in Apoe-/- females. Premature loss

of ovarian function is associated with increased risk of osteoporosis, cardiovascular disease and Alzheimer's disease

in women. Our results thus support possible links between PM, s exposure and other adverse health outcomes in

women.
Keywords: PM, ., Ovary, Ovarian follicle, Atherosclerosis, Blood pressure, Heart rate variability, Ovariectomy, Sex
difference

.

Background Estradiol synthesis occurs primarily in antral follicles

Particulate matter (PM) air pollution classifications are
based on the aerodynamic diameter of the particles,
which can be liquid or solid. Fine PM, less than 2.5 um
in diameter (PM,;), are mainly deposited in the lungs.
PM, ; varies in composition depending on the sources,
geographic location, season and climate. Similar to many
other urban areas worldwide, PM, ; from human activi-
ties in southern California’s South Coast Air Basin is
mainly composed of ammonium nitrate from atmos-
pheric chemical reactions of oxides of nitrogen from
mobile (vehicle exhaust) and stationary combustion
sources, elemental and organic carbon compounds from
combustion sources, and ammonium sulfate from atmos-
pheric chemical reactions of sulfur oxides from com-
bustion sources [1]. PM,; are regulated in the United
States under the Clean Air Act National Ambient Air
Quality Standards (NAAQS). However, despite dramatic
improvements over the past half century in air quality,
the South Coast Air Basin remains in non-attainment of
the current PM,  standard.

The ovarian follicle, which consists of the oocyte sur-
rounded by specialized somatic cells, is the functional
unit of the ovary. Ovarian follicles progress from the
immature, quiescent primordial follicle stage, through
primary, secondary, antral, and preovulatory stages [2].
The somatic granulosa cells form first and are in direct
communication with the oocyte. The theca cells dif-
ferentiate from ovarian stromal cells, forming the outer
somatic cell layers of secondary and antral follicles.
Unlike the testes, the ovaries do not possess germline
stem cells in postnatal life, and thus females are born
with a finite complement of oocytes, which are packaged
in primordial follicles [3, 4]. Destruction of primordial
follicles can therefore cause early onset of ovarian fail-
ure. When ovarian failure occurs prior to the age of 40 in
women, it is called premature ovarian failure or primary
ovarian insufficiency (POF/POI). POF/POI is associated
with increased risk of cardiovascular disease, Alzheimer’s
disease, and osteoporosis [5—8].

and requires enzymes expressed in the theca cells, which
synthesize androstenedione and testosterone, and granu-
losa cells, which aromatize testosterone to estradiol [9].
Destruction of antral follicles results in decreased estra-
diol synthesis and disrupted estrous cycles. Apolipopro-
tein E (Apoe) is strongly expressed in ovarian theca cells,
interstitial cells, and corpora lutea of rats, mice, and pri-
mates [10-14]. APOE regulates androgen synthesis in
cultured rat theca cells via regulation of expression of
P450 17a-hydroxylase, C17-20 lyase (Cyp17al), the rate-
limiting enzyme for androgen synthesis, which converts
progesterone to androstenedione [15]. Female Apoe-/-
mice have been reported to have decreased serum estra-
diol concentrations compared to non-littermate wild type
control females [10].

Epidemiological studies have associated exposure to
PM, . with multiple adverse health effects, including
asthma, chronic obstructive pulmonary disease, car-
diovascular disease, and adverse pregnancy outcomes
[16-18]. Post-menopausal women are at increased risk
of cardiovascular disease, and this may be attributed to
ovarian dysfunction and reduced ovarian reserve [19—
21]. Many experimental studies of atherosclerosis in mice
have used the Apoe-/- null mouse model, which lacks
the APOE cholesterol transport protein that mediates
binding of low-density lipoproteins (LDL) and very low-
density lipoproteins (VLDL) to LDL receptors in liver
and other tissues. Unlike wild type mice, Apoe-/- mice
develop atherosclerosis [22, 23]. Prior studies showed
that exposure to PM,  accelerates atherosclerosis pro-
gression in male Apoe-/- mice [24, 25], but this has not
been studied in female Apoe-/- mice.

The first studies of which we are aware that relate to
effects of PM,. on ovarian function were conducted
by one group, who exposed female mice to highly pol-
luted urban air or filtered air for two generations. They
found evidence for decreased fertility, increased inci-
dence of irregular estrous cycles, and decreased num-
bers of antral follicles with exposure to polluted air [26,
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27]. Subsequent work by the same group exposed mice
during prenatal development and/or postnatally for 1 h
daily to diesel exhaust, a major source of PM, ; [28]. They
reported that the area of the ovary containing primor-
dial follicles was significantly decreased in mice exposed
to diesel exhaust prenatally, postnatally or during both
developmental periods compared to filtered air con-
trols. Two recent publications have reported on effects
of tracheal instillation of PM, ; [29] or inhalational expo-
sure [30] to PM, ; on ovarian function. Zhou et al. [30]
reported an increased percentage of irregular estrous
cycles and decreased primordial follicle numbers in
mice after 4 months of exposure to ambient PM, 5 com-
pared to controls exposed to filtered air. Liao et al. [29]
reported increased oxidative DNA damage and apoptosis
in the ovaries of mice after tracheal instillation of PM, .
However, no studies have investigated the ovarian effects
of exposure to PM, ; in Apoe-/- mice despite the impor-
tance of APOE in ovarian function.

It is recognized that ambient PM, . contains polycy-
clic aromatic hydrocarbons (PAHs) and nitro-PAHs [31].
PAHs are produced during incomplete combustion of
organic materials such as fossil fuels, tobacco, wood, and
foods. Like PM, ., cigarette smoke also contains dozens
of PAHs, and smoking is associated with decreased fer-
tility in women [32, 33]. Consistent with the epidemio-
logical data, exposure of female mice to tobacco smoke
caused ovarian follicle loss [34]. Exposure of female mice
to PAHs such as benzo[a]pyrene (BaP) or 9,10-dimethyl-
1,2-benzanthracene by oral or intraperitoneal routes
causes dose-dependent destruction of ovarian primor-
dial, primary, and secondary follicles [35—38]. Inhalation
exposure of adult female rats to BaP dose-dependently
decreased fertility [39].

Here, we describe rodent inhalation exposure experi-
ments designed to assess the interaction of PM, ; expo-
sure effects on ovarian function and the cardiovascular
system. We hypothesized that (1) Subchronic inhala-
tion exposure to human-relevant concentrations of
PM, 5 results in destruction of ovarian follicles and that
this accelerates atherosclerosis in Apoe-/- mice. (2) If
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ovarian follicle destruction enhances atherosclerosis,
then removal of the ovaries should enhance athero-
sclerotic effects of PM, ; to an even greater extent. (3)
The mechanism of follicle destruction by PM, ; involves
apoptosis of follicles at all stages of development and
accelerated recruitment of primordial follicles into the
growing pool.

Results

Characterization of ambient PM, 5

Mice were exposed via whole body exposure to concen-
trated ambient PM, ; or filtered air (Air) for 5 h per day,
4 days per week for 12 weeks in three cohorts, which
were performed in 2017, 2018, and 2019. Particle mass
and number concentrations averaged over the 12-week
exposures are shown in Table 1 for each year. The aver-
age mass concentrations were very similar between the
exposure years, 130+5 pg/m® in 2017, 123411 pg/
m? in 2018, and 110£2 pg/m? in 2019. In 2017 gonad-
intact male and female mice were studied; in 2018
gonad-intact and ovariectomized (OVAX) female mice
were studied; and in 2019 the effect of PM, ; exposure
on ovarian estradiol levels in gonad-intact females was
studied.

We estimated the total exposure to PAHs in PM, s
during the course of the 12 week exposure by first cal-
culating the total amount of air inhaled and exhaled:
minute ventilation of 1.46 ml per gram body weight
[40] x 20 g body weight x 300 min per 5 h exposure
session x 48 sessions x 107® m3/ml=0.42 m3. A rep-
resentative estimation of PAHs in particles to which
mice in this study were exposed was based on previous
studies performed close to heavily trafficked roadways
in Los Angeles, in which about 2 ng/m® of low molecu-
lar weight PAHs and 2 ng/m? of high molecular weight
PAHs were measured in concentrated ambient PM, ¢
[41, 42]. Therefore, we estimated that the mice could
have been exposed to about 1.7 ng of total PAHs over
the course of the entire 12-week exposure. This trans-
lates to 85 ng/kg for a 20 g mouse.

Table 1 Particle concentrations averaged over the exposure periods for each year of the study (Means & standard deviations)

2017 2018 2019
Particle Number (cm3) Particle Mass Particle Number (cm~3) Particle Mass Particle Number (cm~3) Particle
(ugm~3) (Hgm™3) Mass (ug
m3)
Purified Air 10420 <5 12+5 <5 83+3 35403
Ambient Air  (1.1£0.1) x 10* 1841 (1540.1) x 10* 3048 (1.340.1) x 10* 27402
PM, (86+£2.0) x 10 130£5 (9.5£20) x 10* 12311 (8305 x 10* 110£2
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Exposure to PM, ; disrupted estrous cycling

There were no statistically significant differences in
estrous cycling or in ovarian follicle counts in the Air
exposed control mice during the 2017 and 2018 expo-
sure years, so the estrous cycle and follicle count end-
points from both years were combined for analyses.
Effects of 12-week exposure to concentrated ambient
PM, ; on estrous cycling are summarized in Table 2.
Mice exposed to PM, were statistically significantly
more likely to have irregular estrous cycles, defined as
any cycles shorter than 4 days or longer than 5 days,
than control mice (P=0.008, Fisher’s exact test). 35%
of PM, ;-exposed mice had irregular cycles, while all
the control mice had regular 4- to 5-day cycles. Estrous
cycles were slightly, but non-statistically significantly
longer in mice exposed to PM,;. The percentage of
days with leukocytic vaginal cytology, characteristic of
metestrus and diestrus, was statistically significantly
decreased in mice exposed to PM,; (P=0.027, 2-way
ANOVA), while the percentage of days with predomi-
nantly cornified cytology, characteristic of estrus, was
non-significantly increased.

Table 2 Effects of exposure to PM, s on estrous cycles

Filtered air® PM,
Cycle length (days) 43401 46+£0.1
% with abnormal cycles” 0 35
9% days with leukocytic cytology© 392+14 33.0%£23
% days with cornified cytology 281+13 328434

#N=20/group
b Not having 4 or 5 day cycles, P=0.008, Fisher’s exact test
€P=0.027, 2-way ANOVA
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Exposure to PM, ; decreased ovarian follicle numbers

Exposure to ambient PM, . decreased the numbers
of ovarian primordial follicles by 45% (P=0.031,
2-way ANOVA; Fig. 1A) and primary follicles by 40%
(P=0.006, 2-way ANOVA; Fig. 1A). Healthy second-
ary follicle numbers were significantly decreased by
17% (P=0.048, 2-way ANOVA; Fig. 1B), while healthy
antral follicles and atretic secondary and antral folli-
cle numbers were not affected (Fig. 1B). Corpora lutea
numbers also were not affected (data not shown).

Exposure to PM, s increased DNA damage in ovarian
follicles

We performed immunostaining for yH2AX, which
mediates recruitment of DNA repair proteins to
sites of DNA damage and is a marker for DNA dam-
age [43-45], on ovaries from the 2017 cohort. There
was a statistically significant increase in the frac-
tion of primary follicles with YH2AX-positive granu-
losa cells (P=0.004, Mann Whitney test; P=0.001,
t-test) and in the fraction of secondary follicles with
YH2AX-positive granulosa cells (P=0.022, Mann
Whitney test; P=0.017, t-test), while the fractions of
primordial and antral follicles with yH2AX-positive
granulosa cells were unchanged by PM,; exposure
(Fig. 2A). There was a statistically significant increase
in the fraction of secondary follicles with yH2AX-
positive oocytes in PM,; exposed mice (P=0.040,
t-test; P=0.086, Mann Whitney test), and no effect
of PM, ; exposure on percentages of primordial, pri-
mary, or antral follicles with yYH2AX-positive oocytes
(Fig. 2B).

healthy secondary atretic secondary
Fig. 1 Effects of PM, s exposure on ovarian follicle numbers: 3-month old female mice were exposed to concentrated ambient PM, s or filtered air

4 h per day, 5 days per week for 12 weeks and were euthanized 24 h after the last exposure day for enumeration of ovarian follicles as described

in Methods. Graphs show the means =+ SEM number of follicles per ovary. A Healthy primordial and primary follicle numbers were significantly
decreased in PM, s exposed mice compared to air controls. B Healthy, but not atretic, secondary follicle numbers were significantly decreased in
PM, s exposed mice compared to air controls. C Neither healthy, nor atretic antral follicle numbers were significantly changed in PM, s exposed mice

450 mAir aPM2.5 A 120
400
P 100
g 350
% 300 80
o
< 250 60
£ 200
>
= 150 40
3 100
. 20
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0 0
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compared to air controls. *P <0.05 compared to air controls. N = 20/group

10

healthy antral atretic antral




Luderer et al. Particle and Fibre Toxicology (2022) 19:5 Page 5 of 21

A 2100 - *

g pAir oPM2.5

s 80 -

wv

i)

2 60 -

©

o

T 40 - *

z

% 20 -

L 0+— — - . . e gk »

Primordial Primary Secondary  Antral ,‘:.7_-:? ,414.‘:‘:3" “5",‘“‘ >

B 100

(o]
o

(o2}
o

% YH2AX + oocytes
N B
o o

0 -

e ,":*,‘u' y ;
22 2N £
S B WL e

*P<0.05 compared to air controls. N=6-7/group. Scale bars, 50 um

Primordiall Primary 'Secondary'

Fig. 2 Effects of PM, s exposure on DNA damage in ovarian follicles: Female mice were exposed to concentrated ambient PM, s or filtered air

as described for Fig. 1 and ovaries were processed for immunostaining for yH2AX as described in Methods. The graphs show the means 4= SEM
percentages of follicles with yH2AX-positive granulosa cells (A) or oocytes (B). Representative photomicrographs taken with 40 x objective show
secondary follicles (S) with yH2AX-positive, brown-stained nuclei of granulosa cells and oocyte (yellow arrow; the nucleus does not appear round
because of fixation artifact) and primordial and primary follicles with yH2AX-positive oocytes (red arrows). PM, s exposure significantly increased the
percentages of primary and secondary follicles with yH2AX-positive granulosa cells (A) and of secondary follicles with yH2AX-positive oocytes (B).

Antral

Exposure to PM, ; increased the percentage of apoptotic
antral follicles

TUNEL was used to identify follicles in late stages of
atresia (apoptotic degeneration) in ovaries from the
2017 cohort. Ovaries from PM, ; exposed mice had sta-
tistically significantly increased percentages of antral
follicles with TUNEL-positive granulosa cells (P=0.036
Mann Whitney test; P=0.058, t-test; Fig. 3A) and per-
centages of antral follicles with activated caspase 3-
positive granulosa cells (P=0.032 Mann Whitney test;
P=0.065, t-test; Fig. 3B). There were no statistically
significant exposure-related differences in the percent-
ages of TUNEL-positive secondary follicles or of acti-
vated caspase 3-positive secondary follicles (Fig. 3A,
B). TUNEL- or activated caspase 3- positive primordial
and primary follicles were very rarely observed in either
experimental group (data not shown).

Exposure to PM, ; increased primordial follicle recruitment
We utilized immunostaining for Ki67 to identify
actively dividing granulosa cells in follicles in ova-
ries from the 2017 cohort. Ki67 protein is expressed
throughout the cell cycle, but not during G, [46].
Compared to filtered air exposed mice, ovaries from
PM, ;-exposed mice had statistically significantly
increased percentage of primary follicles with Ki67-
positive, mitotic granulosa cells, consistent with
increased recruitment of primordial follicles into the
growing pool (P=0.040, t-test; P=0.055, Mann Whit-
ney test; Fig. 4). Essentially all secondary and antral
follicles had numerous Ki67-positive granulosa cells
regardless of PM, - exposure, as expected in these rap-
idly growing follicles (Fig. 4 representative images).
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Fig. 3 Effects of PM, s exposure on apoptosis in ovarian follicles. Female mice were exposed to concentrated ambient PM, s or filtered air as
described for Fig. 1 and ovaries were processed for TUNEL or immunostaining for activated caspase 3 as detailed in Methods. The graphs show
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the means £ SEM percentage of TUNEL- (A) or activated caspase 3- B positive secondary and antral follicles. A Representative photomicrographs
taken with 20 x objective show TUNEL-positive antral follicles with brown stained nuclei in granulosa cells, as well as TUNEL-negative secondary (S)
and antral (An) follicles in air control and PM, s ovaries. PM, s exposure significantly increased the percentage of antral follicles with TUNEL-positive
granulosa cells. B Representative photomicrographs taken with 20 x objective show activated caspase 3-positive antral follicles with brown stained
nuclei in granulosa cells (At), as well as caspase 3-negative secondary (S) and antral (An) follicles in air control ovaries. PM, s exposure significantly
increased the percentage of antral follicles with activated caspase 3-positive granulosa cells. *P < 0.05 compared to air controls. N=6-7/group. Scale

bars, 50 um

Exposure to PM, ; did not affect ovarian content

of estradiol

Estradiol concentrations were measured in extracts
of whole, proestrous ovaries from the 2018 and 2019
cohorts, which were derivatized with 1,2-dimethylimi-
dazole-5-sulfonyl chloride (DMIS) and quantified using
LC-MS/MS. The difference in ovarian estradiol con-
tent between ovaries of mice exposed to Air and PM, 5
was not statistically significant (Table 3). Ovarian estra-
diol content also did not differ by exposure year (2018 or

2019) or whether the animal had an implant. Some mice
had cycles of variable lengths; in those cases, one could
not be sure that the mouse was euthanized on proestrus,
despite vaginal cytology consistent with proestrus. There
was a statistically significant difference in ovarian estra-
diol content between mice with all cycles of the same
length compared to mice with variable length cycles by
t-test and in a 2-way ANOVA with exposure, with higher
estradiol content in mice with variable length cycles.
The effect of exposure was not statistically significant in
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Fig. 4 Effects of PM, s exposure on activation of primordial
ovarian follicles. Female mice were exposed to concentrated
ambient PM, ; or filtered air as described for Fig. 1 and ovaries

were processed for immunostaining for the proliferation protein

Ki67 as detailed in Methods. Representative photomicrographs

taken with 40 x objective show Ki67-positive follicles with brown
stained granulosa cell nuclei in air control and PM, 5 ovaries. Red
arrows point to primary follicles with Ki67-positive granulosa cells.
Black arrowhead points to primordial follicle with Ki67-negative
granulosa cells. Scale bars, 50 um. The graph shows the means 4= SEM
percentages of Ki67-positive primordial and primary follicles. PM, s
exposure significantly increased the percentage of primary follicles
with Ki67-positive granulosa cells. *P <0.05 compared to air controls.
N=6/group

Table 3 Effects of exposure to PM, 5 on ovarian estradiol content

Apoe-/- Apoe-/- Wild type
Air PM, 5 unexposed
N 26 24 3
Estradiol (pg/mg 207+£120 88+39 387+£219

ovary)

either analysis. Interestingly, the estradiol contents of
ovarian extracts from unexposed wild type mice eutha-
nized on proestrus (the cycle stage with highest estra-
diol concentrations), were significantly higher than the
estradiol content of ovaries from either control or PM, ;
exposed Apoe-/- mice (P=0.038, Mann Whitney test;
P=0.049, t-test, wild type compared to Air exposed
Apoe-/- mice; P=0.021, Mann Whitney; P=0.010 t-test,
wild type compared to PM, ; exposed Apoe-/- mice). The
latter results suggest an effect of Apoe deletion on ovar-
ian estradiol synthesis.

Plaque formation in arteries of SHAM and OVAX mice

Aortic arch cross-sections from ovariectomized (OVAX)
mice or mice that underwent a sham surgery prior
to being exposed to Air or PM,. for 12 weeks were
stained with Oil Red O and counterstained with hema-
toxylin. Typical sections are shown in Fig. 5A. Air and
PM, .-exposed OVAX mice and PM, -exposed SHAM
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mice had greater atherosclerosis progression than ovary-
intact SHAM controls, as indicated by the percentage of
endothelial cell area staining positive with Oil Red ‘O’ dye
(Fig. 5B). We note that the effects of both interventions
were not additive; plaque area increases in PM, ;-exposed
OVAX mice were slightly higher than in PM,; SHAM
mice, but the difference was not statistically signifi-
cant. PM, ; exposure reduced the percent area taken up
by the lumen in SHAM mice compared to Air exposed
SHAM,; this difference approached statistical significance
(Table 4; P=0.051).

Blood pressure

Baseline blood pressures were measured for one week,
the week prior to actual PM exposures while the mice
were breathing purified air. Baseline measurements might
be expected to be somewhat elevated since the mice,
although acclimated to the system for one week prior to
the baseline, might still have been not completely used
to the level of handling and confinement. Blood pres-
sure data were acquired during the final 6 weeks of the
exposure (weeks 6-11), daily averaged over 4 h via telem-
etry in mice implanted with transmitters, and via tail cuff
once per week in mice with and without implanted trans-
mitters in 2017 and in mice without transmitters only in
2018. Blood pressure data are presented in Table 5 and
the changes in blood pressure during the final weeks of
exposure compared to baseline are presented in Addi-
tional file 1: Table S1.

At baseline prior to PM, 5 exposure, the 2017 cohort
transmitter males to be exposed to PM, ; had a higher
diastolic blood pressure (DBP) than males allocated to
the Air group, while there was no significant difference
at baseline in diastolic blood pressure for transmit-
ter females or in systolic blood pressure for either sex
(Table 5). Despite systolic blood pressure (SBP) drop-
ping in all transmitter males from baseline measures,
PM, ; males had significantly higher SBP, and a trend of
higher DBP compared to Air males as well (Table 5). The
decrease in DBP from baseline, but not the decrease in
SBP, differed significantly between Air and PM, --exposed
males (Additional file 1: Table S1). Air-exposed females
exhibited a drop in SBP and DBP during weeks 6-11
compared to baseline, while SBP and DBP increased from
baseline in PM, .-exposed females (Table 5 and Addi-
tional file 1: Table S1). Both SBP and DBP during the final
6 weeks of exposure were significantly increased in PM, -
exposed females compared to air controls (Table 5), and
the changes in SBP and DBP from baseline also differed
significantly between Air and PM,-exposed females
(Additional file 1: Table S1). The effects of PM, - exposure
were broadly consistent in both males and females when
comparing intra-arterial and tail cuff blood pressures
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Fig. 5 Effects of ovariectomy and PM, s-exposure on atherosclerosis. A Representative images of atherosclerotic plaques in Air- and
PM, s-exposed and ovariectomized (OVAX) and ovary intact (Sham) mice. Cross-sections of aortic root were stained with the lipid stain Oil Red O
and counterstained with hematoxylin. Scale bar 1.5 mm for all four aortic root cross-sections. Areas within rectangles are magnified in insets. B
Means =+ SEM percentages of Oil Red O-positive endothelial cell area. ns, no significant difference among Sham PM, 5, OVAX Air, and OVAX PM, 5; all
three groups differed significantly (P<0.05) from Sham Air. N = 3-4/group

from transmitter-implanted mice (top two sections of
Table 5). Table 5 also shows that effects of PM, . expo-
sure differed based on blood pressures obtained via tail
cuff from the transmitter mice compared to the non-
implanted mice. In contrast to the increased blood pres-
sure observed in transmitter females, there were no
statistically significant differences in SBP or DBP between
PM, ; and Air-exposed non-implanted females during the
final 6 weeks of exposure.

For the 2018 cohort, there were again differences in
the effects of PM, . depending on whether the mice
had telemetry implants or not. In mice with implants,
there was no effect of chronic PM, - exposure on SBP
or DBP (Table 6) or on the change in SBP or DBP from
baseline (Additional file 1: Table S2) in ovariectomized
female ApoE-/- mice. In the SHAM group at baseline
the mice to be exposed to PM, ; had significantly higher
SBP. However, over the course of the exposure SBP
and DBP dropped in PM, ; animals and rose in the Air
group. This led to a significant difference in both systolic
and diastolic blood pressure between PM,.- and air-
exposed SHAM animals, with PM, .-exposure leading
to a decrease in SBP and DBP compared to Air-exposure
and a decrease in SBP and DBP from baseline (Additional
file 1: Table S2) in the ovary-intact SHAM animals. In
contrast, in the non-implanted mice in which blood pres-
sure was measured by tail cuff, there were no statistically
significant differences in SBP or DBP between PM, .-
and Air-exposed SHAM mice, while SBP and DBP both

Table 4 Effects of exposure to PM, 5 and ovariectomy on aortic
arch lumen area

Area Air OVAX  PM, OVAX Air SHAM PM, s SHAM

384+£047 3.00+£031
6.54+£050 5.68+£043
0.58£0.03 0.59+£0.02

321£029 296+0.28
530+£038 596+£0.11
060£0.02 0.50£0.04*

Lumen
Wall+ Plague 4 Lumen

9% lumen area

N =3-4/group
*P=0.051, compared to Air SHAM

increased in ovariectomized mice exposed to PM, . com-
pared to Air. The lack of a statistically significant effect
of PM, ; exposure on either SBP or DBP measured by
tail cuff was consistent for ovary-intact, non-implanted
females in both the 2017 and 2018 cohorts (Tables 5
and 6). Ovariectomy significantly decreased the change
in SBP and increased the change in DBP from baseline
in Air-exposed mice, while it significantly increased the
changes in SBP and DBP from baseline in PM, ;-exposed
mice (P<0.001; Additional file 1: Table S3).

Blood pressure measurements obtained via tail cuff
were consistently higher than intra-arterial blood pres-
sures obtained via telemetry, whether obtained from
mice with or without implants (Tables 5 and 6). The dif-
ferences in SBP obtained via telemetry versus tail cuff
from the same mice were statistically significant for Air-
exposed males and females (P=0.015, P<0.001, respec-
tively) at baseline and weeks 6-11 (?=0.002, P<0.001,
respectively), as well as for PM, ;-exposed males during
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Table 5 Intra-arterial and tail cuff systolic blood pressure (SBP) and diastolic blood pressure (DBP) in male and female Apoe-/- mice,

2017 cohort
Male Female
Air PM, o *P-value Air PM, o *P-value
Transmitter—Intra-arterial
Baseline SBP 1164£10 119.1£08 0.340 1144+£28 1173405 0.101
DBP 96.7+12 101.6£1.0 0.003 976+25 98.84+0.7 0.271
Weeks 6-11 SBP 1140£14 1172+£07 0.033 101.2£1.7 122.7+0.7 <0.001
DBP 959+09 976+0.5 0.089 843+16 1026£09 <0.001
Transmitter—Tail Cuff
Baseline SBP 1238+57 1394+£938 0.203 143.7+£46 1234+£85 0.070
DBP 96.5+2.7 1112+£78 0.115 112.7+£30 96.6+8.3 0.105
Weeks 6-11 SBP 129.0£4.1 1357+£43 0.264 1450£5.7 1323+£85 0.099
DBP 98.8+4.1 105.7£4.3 0.248 1143£50 103.8+£83 0.133
Non-transmitter—Tail Cuff
Baseline SBP 1454449 1393+60 0.445 1279+4.2 1355+44 0.226
DBP 1166+£43 103.2+4.2 0.038 1005+£44 1055+4.0 0.404
Weeks 6-11 SBP 140.1£6.5 139.8+6.2 0.942 1392493 140.1+£44 0817
DBP 1093+£54 109.1+£52 0.950 1122+£75 111.2+£40 0.769

N =10/experimental group, Non-transmitter; N =4-5/experimental group, Transmitter

*P-values are for PM, 5 versus Air of same sex and BP measurement method, t-test

#Blood pressures are in mmHg

Table 6 Intra-arterial and tail cuff systolic blood pressure (SBP) and diastolic blood pressure (DBP) in OVAX and SHAM female ApoE-/-

mice, 2018 cohort

OVAX SHAM
Air PM, o P-value Air PM, 5 P-value
Transmitter—Intra-arterial
Baseline SBP mmHg 1228+13 121.3+15 0454 123.5+09 1274+£13 0.020
DBP mmHg 993+£22 956+ 14 0.139 992412 99.6£1.0 0.778
Weeks 6-11 SBP mmHg 123.6+06 123.7£06 0.931 129.8+05 1224+11 <0.001
DBP mmHg 1020+1.0 100.7+0.6 0.242 101.3+05 966409 <0.001
Non-transmitter—Tail Cuff
Baseline SBP mmHg 1252+38 131.7+£48 0.302 136.9+£54 133.6+£32 0.609
DBP mmHg 103.143.1 1079429 0.274 109.3£4.5 1089+3.0 0.946
Weeks 6-11 SBP mmHg 1348+238 1453+34 0.018 1404+£24 1385+28 0.602
DBP mmHg 111.1£25 1191432 0.054 1132+24 1125+24 0.851

P-values are for PM, 5 versus Air of same group and BP measurement method, t-test

N =10, Non-transmitter; N =4-5, Transmitter

weeks 6-11 (P<0.001; Table 5). The differences in DBP
obtained via telemetry versus tail cuff from the same
mice were statistically significant for Air-exposed females
at both baseline and weeks 6-11 (P=0.017, P<0.001,
respectively; Table 5). There were also statistically signifi-
cant differences in tail cuff blood pressures between mice
within the same exposure group depending on whether
they had telemetry implants or not. Both Air-exposed
males and females had significantly different SBP at

baseline by transmitter status, and Air exposed males also
had significantly different DBP at baseline by transmitter
status (Table 5). Interestingly, the tail cuft SBP and DBP
at baseline were lower in the males with transmitters,
while in the females they were higher in those with trans-
mitters. By the second half of the exposure period, there
were no longer any tail cuff blood pressure differences
in females by transmitter status. In males, the lower SBP
and DBP in mice with transmitters compared to those
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without approached significance in the second half of the
exposure period (P=0.057 and P=0.065, respectively).

Heart rate variability

During the 2017 exposures, heart rate (HR) did not
change significantly in response to PM, ; in either male
or female mice (Table 7). Over the course of the expo-
sure, there was a general tendency towards decreased
HR variability (HRV) in all PM, ; exposed mice relative
to their Air controls, but there were differences between
males and females. SDNN did not show a significant dif-
ference in males during the last 6 weeks of the exposure,
but the decrease in SDNN was clear in PM, ;-exposed
females. Significant decreases in RMSSD in both males
and females reflect changes to parasympathetic nervous
system inputs to the heart after sub-chronic PM, ; expo-
sure. Sex-differences are evident in the PM, ;-induced
HRV changes, with females showing a greater negative
HRYV response than males.

PM, 5 exposure in the 2018 cohort led to significantly
higher HR in both OVAX and SHAM groups (Table 8).
During the final six weeks of the study, SDNN was more
negative in the ovariectomized animals, but was not sig-
nificantly affected by exposure in either group. RMSSD
was significantly higher in PM, ;-exposed OVAX ani-
mals and trended similarly in the SHAM PM, ; group,
although not reaching significance. The increase in

Page 10 of 21

RMSSD in PM, ;-exposed mice indicates an increase in
parasympathetic response.

Discussion
Our data show for the first time that inhalational expo-
sure to concentrated ambient PM,; at concentrations
to which humans are exposed depletes the ovarian folli-
cle reserve in female Apoe-/- mice. Our data show that
exposure for 5 h per day, 4 days per week for 12 weeks
to average concentrations of 120-130 pg/m? decreased
the irreplaceable reserve of ovarian primordial and pri-
mary follicles by 45% and 40%, respectively. More mature
secondary follicles were decreased by 17%. Our data fur-
ther support that these decreases in follicle numbers are
caused by accelerated recruitment of primordial follicles
into the growing pool and DNA damage-induced apopto-
sis of growing follicles. PM, s-exposed female mice were
also significantly less likely to have normal estrous cycles,
defined as 4 to 5 days in length. Atherosclerotic plaques
developed in all mice as expected, and PM, ;-exposed
ovary-intact and ovariectomized mice and filtered air-
exposed ovariectomized mice had larger plaque area than
filtered air-exposed controls. Blood pressure and heart
rate variability were significantly affected by PM, ; expo-
sure in gonad-intact males and females, as well as in ova-
riectomized female mice.

The 24-h time-weighted average PM, ; concentrations
to which the mice in this study were exposed averaged 27

Table 7 Percent change from baseline & SEM in heart rate variability measures during weeks 6-11 in male and female ApoE-/- mice,

2017 cohort

Male Female

Air PM, ; p-value Air PM, ; P-value
HR % change 23407 16+05 0.396 7.1£07 75+13 0.786
SDNN % change 32424 15+£14 0.527 28422 -125+£23 0.002
RMSSD % change 127438 -3.6+25 <0.001 174481 -125+£21 0.001

P-values are for PM, 5 versus Air of same sex and BP measurement method, t-test

HR, heart rate; SDNN, standard deviation of normal RR intervals; RMSSD, root mean squared of successive differences of normal RR intervals

Table 8 Percent change from baseline & SEM in heart rate variability measures during weeks 6-11 in OVAX and SHAM female ApoE-/-

mice, 2018 cohort

OVAX SHAM

Air PM, o P-value Air PM, 5 P-value
HR 9% change 26405 36+05 0.046 28+05 49405 <0.001
SDNN % change —46+13 —50£12 0.142 28+14 —-1.1£14 0.134
RMSSD 9% change —29415 20£16 0.027 —83+27 - 09417 0.285

P-values are for PM, 5 versus Air of same group, t-test

HR, heart rate; SDNN, standard deviation of normal RR intervals; RMSSD, root mean squared of successive differences of normal RR intervals
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to 29 pg/m?, below the US NAAQS 24-h average value for
PM, - of 35 pg/m® (98th percentile averaged over three
years; [47]). Peak PM,; concentrations, above 130 ug/
m? for 2 to 4 h are often observed over wide areas dur-
ing wildfire episodes, such as the large fires in California
and Oregon during September 2020 (https://gispub.epa.
gov/airnow; [48]). Moreover, 24-h time-weighted aver-
age concentrations of 130 pg/m? or higher are common
in cities in India, China, Pakistan, Bangladesh, and other
nations [49, 50]. Importantly, size analyses of the expo-
sure atmospheres in our study made using an SMPS (TSI,
Inc.) demonstrated that the mobility diameters of the vast
majority of particles in the concentrated ambient PM, ;
were less than 160 nm, and most of the particles were in
the ultrafine range (<100 nm; data not shown). Ultrafine
particles are mainly deposited in the alveoli [51]. How-
ever, because of their small size, they are not efficiently
cleared from the alveoli by macrophages and are able to
penetrate across the lung interstitium and translocate
into the circulation to reach other target organs [51, 52].
In addition, the ultrafine fraction of PM is enriched in
organic substances, such as PAHs [24].

Most physiological ovarian follicle exhaustion in the
adult ovary occurs after recruitment of primordial folli-
cles into the growing pool. Once recruited, a follicle can
develop to the preovulatory stage or die along the way.
Only follicles that have reached the preovulatory stage at
the time of the preovulatory surge of gonadotropins are
capable of ovulating in response to the surge. More than
95% of follicles do not reach the preovulatory stage and
undergo a process of degeneration called atresia. This
occurs predominantly at the antral stage, when follicles
are dependent on gonadotropin support for survival
[53-56]. Atresia of antral follicles is characterized by
apoptotic death of the granulosa cells, which ultimately
also results in death of the oocyte. Apoptotic death of
antral follicles can be induced via activation of the intrin-
sic (mitochondrial) or extrinsic (receptor-mediated)
pathways, both of which converge on activation of cas-
pase 3 [56]. Exposure to toxicants that induce apoptosis
at any stage of follicle development and/or that acceler-
ate recruitment of primordial follicles into the growing
pool can accelerate the exhaustion of the ovarian follicle
pool, resulting in premature ovarian failure [57]. Ioniz-
ing radiation and anticancer drugs are among the most
investigated ovarian toxicants. Many of these agents initi-
ate apoptosis in ovarian follicles by directly or indirectly
(via generation of reactive oxygen species, ROS) damag-
ing DNA [57]. Our prior work showed that the muta-
genic PAH 9,10-dimethyl-1,2-benzanthracene increases
ROS generation and protein levels of the proapoptotic
BCL-2 family member BAX and activated caspase 3 in
granulosa cells of cultured rat antral follicles [58]. These
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prior findings suggested to us that exposure to PM, ¢, as
a source of PAHs, may cause follicle depletion via simi-
lar mechanisms. The present results show that exposure
to PM,; increased the percentage of primary follicles
that are positive for the mitosis marker Ki67. Because we
grouped transitional follicles (those that display charac-
teristics of both primary and primordial follicles) with
primary follicles when enumerating follicles, these data
provide evidence for increased recruitment of primordial
follicles into the growing pool. Accelerated recruitment
of primordial follicles could be related to the decreased
number of secondary follicles. Prior work has shown that
depletion of secondary follicles by treatment with the
anticancer drug cyclophosphamide results in decreased
ovarian mRNA expression of Anti-Miillerian Hormone
(AMH) [59, 60]. AMH produced by growing follicles
normally inhibits primordial follicle recruitment, and
lower AMH levels result in accelerated recruitment of
primordial follicles [61, 62]. The present results also dem-
onstrate that exposure to PM, ; increased DNA damage,
measured by yH2AX immunostaining in primary and
secondary follicles, and increased apoptosis, measured
by activated caspase 3 immunostaining and TUNEL, in
antral follicles. PM, ; contains numerous PAHs, meta-
bolic activation of which leads to formation of bulky DNA
adducts that result in phosphorylation of H2AX [63]. For
example, benzo[a]pyrene diol epoxide, o-quinone, and
radical cation metabolites react with DNA to form bulky
adducts, and the o-semiquinone and o-quinone metabo-
lites can undergo redox cycling, leading to formation of
reactive oxygen species and oxidative DNA damage [64].
Chromium and arsenic are carcinogenic metals found in
PM, 5, both of which cause oxidative stress and induce
oxidative DNA damage [65, 66]. Arsenic has also been
shown to disrupt multiple DNA repair pathways [66].
We did not observe evidence of apoptosis in primordial
or primary follicles; however, it is possible that other cell
death mechanisms may be at play in these follicles. For
example, a recent study showed that exposure to diesel
exhaust particle extract decreased autophagic turnover
and decreased neuron numbers in the brains of zebrafish
and that stimulation of autophagic turnover rescued the
decrease in neurons [67].

We estimated that the mice in our study were exposed
to 85 ng/kg body weight of total PAHs during the expo-
sure period, based on representative PAH content for
ambient particles in the southern California air basin.
Compared to prior experimental work with individual
PAHs in this and other laboratories, this is orders of
magnitude lower than the EDj, for primordial follicle
depletion (dose at which 50% of primordial follicles are
depleted) by individual PAHs administered via intra-
peritoneal injection [37, 38, 68]. For example, the EDg,
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values for primordial follicle depletion for three differ-
ent PAHs (benzol[a]pyrene, 7,12-dimethylbenz[a]anthra-
cene, and 3-methylcholanthrene) in C57BL/6 mice dosed
daily for 15 days by intraperitoneal injection were two
to four orders of magnitude higher than the estimated
dose of total PAHs in the current study [37]. For a sin-
gle intraperitoneal injection of the same PAHs, the EDy,
for primordial depletion was four to five orders of magni-
tude higher than the estimated dose of total PAHs in the
current study [68]. Acknowledging the different route of
administration in these prior studies, these comparisons
nonetheless lead to the conclusion that the ovotoxicity of
PM, ; observed in our study is likely not due solely to its
PAH content. PM, ; is a complex mixture, which contains
other known ovotoxicants, such as the metals arsenic and
chromium [42, 69-71], as well as many compounds that
have not been investigated for ovarian toxicity. Additive
or synergistic effects of multiple ovotoxicants present
in PM,; in defined mixtures have been investigated to
a very limited extent to our knowledge. Two studies by
one group have investigated the effects of two PAH mix-
tures in cultured granulosa cell lines. One mixture (M1)
contained all 16 USEPA priority PAH pollutants and the
other (M2) contained the 5 most abundant of the 16 at
concentrations found in human maternal and cord blood;
the PAHs in M2 are lower molecular weight and are not
classified as human carcinogens [43, 72]. The authors
reported that the effects of the two mixtures on gene
expression, cell proliferation, and apoptosis activation
differed from one another and differed between a “nor-
mal” granulosa cell line and a granulosa cell tumor line;
however, the experiments were not designed to differen-
tiate between additive or synergistic effects of the com-
pounds in the mixtures [19, 43].

We observed that the percentage of mice with irregular
estrous cycles increased in the PM, ; exposed group. The
estrous cycle is regulated by the hypothalamic-pituitary-
ovarian axis [73]. After ovulation, if fertilization does
not occur, a new cohort of antral follicles begins to grow.
These follicles produce estradiol, which exerts negative
feedback on the hypothalamus and the pituitary gland to
inhibit synthesis and secretion of gonadotropin releasing
hormone and the gonadotropins (luteinizing hormone,
LH and follicle stimulating hormone, FSH), respectively
[73]. As the antral follicles grow, they produce more
estradiol. Once estradiol surpasses a threshold, it exerts
a positive feedback on the hypothalamus and pituitary
gland, triggering the preovulatory surges of LH and FSH
on the evening of proestrus of the estrous cycle. We
observed increased apoptosis of antral follicles in PM, ;
compared to Air-exposed mice in the present study, but
this was not associated with significantly decreased ovar-
ian estradiol content in the PM, ;-exposed mice.
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Only a few epidemiological studies have examined the
effects of air quality on female reproduction other than
pregnancy outcomes. One study found that conception
rates from assisted reproduction decreased with higher
modeled exposure to PM, ; during embryo culture in the
IVF laboratory [74]. Risk of menstrual irregularity dur-
ing high school increased with increasing exposure to
total suspended particulate matter during high school in
women in the Nurses Health Study II [75]. Prior to our
study, very little experimental research had been con-
ducted on the effects of exposure to particulate matter
air pollution on ovarian follicles [76]. In a recent study,
Zhou et al. exposed female C57BL/6 ] mice via inhala-
tion to ambient PM, ; (median concentration of 36.3 pg/
m?®) or filtered air for 4 months, 12 h/day [30]. Consist-
ent with our results in Apoe-/- mice, they reported sta-
tistically significant increases in the percentage of mice
with irregular estrous cycles and decreases in primor-
dial follicle numbers. In contrast to our results, they also
reported statistically significantly decreased antral folli-
cle numbers, and they did not report statistically signifi-
cant decreases in primary or secondary follicle numbers.
These differing results may be due to different follicle
counting methodology used and that they did not eutha-
nize the mice on the same estrous cycle stage. It is well-
established that antral follicle and corpora lutea numbers
vary with estrous cycle stage [53, 77]. Two experimental
studies by one group exposed wild type Kunming [29]
or ICR [78] mice to PM, ; suspended in saline solution
by tracheal instillation and reported increased oxidative
DNA damage, increased levels of the proapoptotic BAX
protein, and caspase 3 activation in the ovaries. However,
these studies had several limitations—the tracheal instil-
lation route is not relevant to humans, the total and daily
doses were very high, the follicle and cell types positive
for the DNA damage and apoptosis markers were not
identified, and no follicle staging or enumeration was
performed. Several studies have examined the effects of
prenatal exposure to diesel exhaust on ovarian follicles.
Exposure to diesel exhaust for one hour daily at target
concentration of 600 pg/m® during pregnancy and/or
postnatally for the first two months of life was reported
to decrease the fractional area of the ovary taken up by
primordial follicles in mice [28]. The fractional area taken
up by primary follicles was reportedly decreased in the
prenatal only exposure group compared to the other
three groups, while secondary and antral follicle area did
not differ among groups [28]. We note that this study
was limited in that follicle area was only assessed in 10
nonoverlapping fields at 100 x magnification per ovary,
and how these fields were chosen was not described [28].
Another study examined the effects of prenatal exposure
of rabbits to diesel exhaust containing 1 mg/m? of PM, ;
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for 2 h/day, 5 days/week from days 3 to 28 of gestation
on ovarian follicles in the offspring at 7.5 months of age
[79]. Follicles were counted in five sections per ovary,
and results were expressed per unit area. No statistically
significant effects on follicle density were observed [79].
These studies were limited in that neither utilized non-
biased stereological methods to assess ovarian follicle
numbers [80, 81].

Apoe-/- null mice used in this study lack the APOE
cholesterol transport protein, which mediates binding
of low-density lipoproteins (LDL) and very low-density
lipoproteins (VLDL) to LDL receptors in liver and other
tissues, including the ovaries. Apoe is strongly expressed
in ovarian theca cells, interstitial cells, and corpora lutea
of rats, mice, and primates [10-14]. APOE regulates
androgen synthesis in cultured rat theca cells via regula-
tion of expression of P450 17a-hydroxylase, C17-20 lyase
(Cyp17al), the rate-limiting enzyme for androgen syn-
thesis, which converts progesterone to androstenedione
[15]. We included control ovaries from wild type mice
known to be in proestrus (cycle stage with highest estra-
diol levels) with the experimental ovaries in our estradiol
assays. Interestingly, we noted that these wild type mice
all had high ovarian estradiol content, while only some
of the Apoe-/- Air or PM, ;-exposed mice had compara-
ble estradiol content, despite also being euthanized on
proestrus. This suggests that Apoe-/- mice have a deficit
in estradiol synthesis, which is consistent with one other
publication that reported lower serum estradiol con-
centrations in Apoe-/- mice on the day of diestrus (cycle
stage with low estradiol levels) at 100 days of age com-
pared to non-littermate C57BL/6 ] mice [10].

Very little is known about the roles of APOE in primor-
dial and primary follicles. One study reported that pri-
mordial follicle numbers were increased in Apoe-/- mice
compared to wild type mice prior to puberty, while there
were significantly fewer primordial follicles at 100 days
of age [10]. However, non-littermate wild type C57BL/6 |
controls from a different supplier than the Apoe-/- mice
were used in that study. The same study reported that
fertility of ApoE-/- females is not significantly different
from the wild type C57BL/6 ] controls with respect to
total numbers of pups, number of litters or average num-
ber of pups per litter, over a reported 6-month breeding
study [10]. We cannot exclude that Apoe deletion may
have increased ovarian sensitivity to PM, ; exposure in
the present study. Therefore, in future studies, we plan to
compare the ovarian effects of Apoe deletion and expo-
sure to PM, ; alone and in combination.

Apoe-/- null mice develop hyperlipidemia and ath-
erosclerosis, with fatty streaks developing at 3 months
of age, atherosclerotic plaques evident by 20 weeks of
age, and progression of lesions over time [22, 23]. Prior
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studies have reported that exposure to PM,; exacer-
bates atherosclerotic plaque development in male Apoe-
/- mice [24, 25, 82], but to our knowledge no published
studies have investigated the effects of PM,; on this
endpoint in female Apoe-/- mice. We hypothesized that
PM, ;-induced decline in ovarian function would exac-
erbate atherosclerotic effects of PM,; in females and
therefore that ovariectomized females, which lack all
ovarian function, would experience more pronounced
cardiovascular effects of PM, ; than ovary-intact females.
Consistent with our hypothesis, there were statistically
significant effects of ovariectomy and PM,; exposure
on two measures of atherosclerosis progression, lumen
area and percentage of endothelial cell area positive for
the lipid marker Oil Red O. The percent lumen area was
smaller in the PM,; exposed SHAM mice than all the
other groups, and the percentage of positive endothelial
cells was increased by OVAX and PM, ; alone. However,
the combined effect of OVAX plus PM, ; exposure on Oil
Red O positive endothelial cell area was less than addi-
tive. The effect of ovariectomy alone is consistent with
a prior study, which reported larger and more extensive
atherosclerotic plaques in ovariectomized female Apoe-
/- mice compared to ovary-intact controls [22]. A pos-
sible mechanism is suggested by a report that estradiol
increases nitric oxide and protein S-nitrosylation in cul-
tured primary vascular smooth muscle cells; the authors
postulated this may play a role in the higher levels of
plasma nitric oxide and protein S-nitrosylation and lower
susceptibility to atherosclerosis in female compared
to male Apoe-/- mice [83]. With regard to heart rate
and heart rate variability, both heart rate and RMSSD
increased with PM, ; exposure in both OVAX and SHAM
females in the 2018 cohort, but the change in RMSSD
compared to baseline was statistically significant only in
the OVAX mice.

Effects of PM,; exposure on blood pressure differed
depending on whether mice had implanted transmitters
and if they had transmitters whether blood pressure was
measured via the transmitter or via tail cuff. Transmitter
blood pressure measurements were not affected by PM, ¢
exposure in OVAX mice, but transmitter blood pressure
was decreased in SHAM mice. In contrast, tail cuff SBP
was increased with PM, ; exposure in OVAX mice with-
out transmitters, while blood pressure was not affected
in SHAM mice without transmitters. An effect of trans-
mitter implants on blood pressure was further supported
by males with transmitters having lower tail cuff blood
pressures and females with transmitters having lower tail
cuff blood pressures than mice of the same sex without
transmitters during the baseline measurement periods.
These differences were no longer statistically significant
during the last 6 weeks of exposure, which could suggest



Luderer et al. Particle and Fibre Toxicology (2022) 19:5

that they may have been prolonged effects of the stress of
the implantation surgery.

In agreement with a previous study [42], we observed
no effect of PM, ; exposure on heart rate in male Apoe-/-
mice. Female mice were not included in that prior study.
Keebaugh et al. [42] also observed decreases in both
low frequency heart rate variability and high frequency
heart rate variability, indicating decreased parasympa-
thetic influence on the heart. Consistent with those prior
findings, PM, ; exposure was associated with a signifi-
cant decrease in RMSSD, a measure of parasympathetic
inputs to the heart, for gonad-intact males and females
in the 2017 cohort of the present study. In contrast, we
observed statistically non-significant decreases in SDNN
and significant increases in heart rate in ovary-intact
and ovariectomized females and significant increase in
RMSSD in ovariectomized females in the 2018 cohort.
Stresses related to the ovariectomy and sham surger-
ies in the 2018 cohort may have influenced blood pres-
sures and HRV outcomes, making it difficult to compare
results from ovary-intact mice between the 2017 and
2018 cohorts. However, we observed no cohort effect on
ovarian follicle counts.

We observed that blood pressures measured via tail
cuff were generally higher than those measured via
telemetry. It has previously been reported that both SBP
and DBP increase in male and female mice immediately
upon handling or movement of their cage by about 50
and 30 mmHg, respectively, and slowly return to base-
line over a period of about one hour [72]. In our study,
mice were acclimated for approximately 10 min to the
restraining tube used for tail cuff blood pressure meas-
urement prior to measurement onset. Therefore, our
results are consistent with those of Wilde et al. [72] in
showing increased blood pressure in mice after 10 min of
restraint.

Conclusions

In conclusion, inhalational exposure of adult female
Apoe-/- mice to concentrated ambient PM, ; at environ-
mentally relevant concentrations depleted ovarian pri-
mordial, primary, and secondary follicles by 45%, 40%,
and 17%, respectively. The effects of PM,; exposure
on ovarian follicle numbers were consistent between
two consecutive exposure years. Our data support that
the mechanism of follicle depletion involves increased
recruitment of primordial follicles into the growing pool
and induction of DNA damage and apoptotic death in
growing follicles. Both exposure to PM,; and ovariec-
tomy increased atherosclerotic plaque progression com-
pared to intact, non-ovariectomized females. However,
the effects of both interventions were not additive; plaque
increases in PM,;-exposed OVAX mice were slightly
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higher than in PM, ;-exposed SHAM mice but the differ-
ence was not statistically significant. Because primordial
follicles are non-renewable, their depletion causes pre-
mature ovarian failure. In addition to causing infertility,
premature ovarian failure, often called premature men-
opause, in women is associated with increased risk of
developing cardiovascular disease, osteoporosis, and Alz-
heimer’s disease [5—8]. Therefore, our results suggest that
exposure to PM, ; could increase women’s risk for these
chronic diseases by hastening the onset of menopause.

Methods

Chemicals and reagents

All chemicals and reagents were obtained from Sigma
Aldrich (St. Louis, MO) or Fisher Scientific unless other-
wise noted.

Animals

The experiments were conducted using genetically modi-
fied mice in which part of exon 3 and part of intron 3 of
the Apoe gene were deleted, resulting in no expression of
APOE protein (B6;129P2-Apoe”"1u”‘/]; hereafter referred
to as ApoE-/-) [84]. The mice were bred in house by mat-
ing ApoE-/- females and males from stock originally pur-
chased from Jackson Labs, where they were backcrossed
at least 10 generations onto a C57BL/6 ] genetic back-
ground (Strain # 002052; https://www.jax.org/strain/
002052). This mouse strain was chosen because it is a
model of choice for the investigation of atherosclerosis
[23] because wild type mice do not develop atheroscle-
rosis. Mice were housed in an Association for Assess-
ment and Accreditation of Laboratory Animal Care
International (AAALACI)-accredited vivarium on a 12-h
light/12-h dark cycle with food and water available ad libi-
tum. Temperature was maintained at 70 °C and rela-
tive humidity averaged 48%. The experiments described
herein were performed in three cohorts, one in 2017, one
in 2018, and one in 2019. In 2017 gonad-intact male and
female mice were studied; in 2018 ovary-intact SHAM
and ovariectomized (OVAX) female mice were studied to
investigate the effects of ovariectomy on the cardiovascu-
lar parameters; in 2019 ovary-intact females were studied
to examine the effects of PM, ; exposure on ovarian estra-
diol concentrations. PM, ; concentrations were slightly
different from year to year but the mean concentrations
were not significantly different (Table 1). The experimen-
tal groups, ages at surgeries and exposure onset, and end-
points analyzed for each year are shown in Table 9.

Surgery and biopotential data collection

Ovariectomies were performed when the mice were
12 weeks of age via small bilateral incisions about 5 mm
below the rib cage under isoflurane anesthesia [85].
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Table 9 Experimental design
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2017 cohort 2018 cohort 2019 cohort
Exposure months March-June August-November August-November
Age at first surgery 3 months 3 months 3 months
Age at start of exposure 4 months 4 months 4 months
Exposure duration 12 weeks 12 weeks 12 weeks

Gonad intact male Air

Gonad intact male PM, 5
Gonad intact female

Air Gonad intact female PM, 5

Experimental groups

Endpoints Male and female

BP (tail cuff and transmitter)

ECG (transmitter)

Female only
Estrous cycling
Follicle counts

Sham female Air
Sham female PM, 5

Sham female Air
Sham female PM, 5
OVAX female Air
OVAX female PM, 5

Sham and OVAX
BP (tail cuff and transmitter)

Sham

Ovarian estradiol
Estrous cycling

ECG (transmitter)
Oil red O aorta
Sham only
Ovarian estradiol

Estrous cycling

Ovarian IHC (PUMA, activated caspase 3, YH2AX, Ki67)

Ovarian TUNEL

Sham ovariectomized mice underwent an identical
procedure, except ovaries were not excised. Mice were
provided subcutaneous ketoprofen for 2 days after sur-
gery for analgesia and subcutaneous enrofloxacin for
4 days.

At 3 months of age in the 2017 cohort, and 2 weeks
after ovariectomy or sham surgery in the 2018 cohort, 4
or 5 mice from each experimental group were implanted
with telemetry devices (HD-X11, Data Sciences Inter-
national) which allow collection of electrocardiograms
(ECQG), blood pressure (BP), body temperature and
activity. ECG leads were placed in a lead II configura-
tion. Blood pressure was measured through a pressure
transduction catheter inserted into the right carotid
artery. Mice were provided subcutaneous analgesia after
surgery, buprenorphine for 2 days in the 2017 study or
ketoprofen for 3 days in the 2018 study, and subcutane-
ous enrofloxacin for 7 days. After surgery, we allowed for
two weeks of recovery followed by one week of acclima-
tion to the exposure chambers and one week of baseline
exposure to filtered air. Data from the telemetry devices
were recorded, using the iox2® (EMKA Technologies,
Falls Church, VA, USA) acquisition system, starting 6 h
after the exposure period, overnight when undisturbed in
housing.

Heart rate variability and blood pressure

Inter-beat intervals (RR) were extracted from ECG
recordings and analyzed for heart rate variability (HRV)
measures using ecgAUTO® (EMKA Technologies, Falls
Church, VA, USA). HRV measures in the time-domain,

standard deviation of normal RR intervals (SDNN) and
root mean square of successive differences of normal RR
intervals (RMSSD), indicate the magnitude of variance
in the heart’s rhythm. SDNN represents total HRV, while
RMSSD is conventionally interpreted as an indicator of
the heart’s response to parasympathetic, or vagal, inputs
[86]. HRV was assessed in 3-min epochs at 30-min inter-
vals [87] from 19:00 to 24:00 each night. Intra-arterial
blood pressure was recorded simultaneously. To normal-
ize for inter-individual variability, HRV and blood pres-
sure data were analyzed in terms of percent changes
from baseline for each respective animal and averaged by
exposure group and sex or treatment group. Blood pres-
sure data were also analyzed without this transformation.
To assess chronic exposure-related changes of HRV and
BP from the long-term studies, the final 6 weeks were
grouped.

Blood pressure was also measured using the CODA
HT-8 tail cuff blood pressure system system (Kent Scien-
tific) once per week, except during the final week of expo-
sure, in mice with and without implanted transmitters in
2017 and in mice without transmitters only in 2018. Mice
were acclimated in the restraint tube for 10 min prior to
blood pressure measurement.

Exposure to PM, 5

Starting at 4 months of age, mice were exposed to con-
centrated ambient PM, ; for a cumulative total of 240 h,
nominally 5 h per day, 4 days per week for 12 weeks
adjusted as needed for technical issues and holidays.
Exposures were performed using a Versatile Aerosol
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Concentration Enrichment System (VACES) [88-90]
coupled with custom-designed individual exposure
12.4 cm high x 77.2 cm? compartments within a larger
chamber [91] on the University of California Irvine cam-
pus near the intersection of two heavily trafficked road-
ways. Control mice were exposed to filtered air (Air)
under conditions identical to the animals that were
exposed to PM, ;. The exposures reported herein were
conducted March through June 2017, August through
November 2018, and August through November 2019.

All mice were euthanized at 7 months of age, 24 h after
the last exposure. Ovary-intact female mice were eutha-
nized on the day of proestrus of the estrous cycle, based
on vaginal cytology containing a mixture of nucleated
and cornified epithelial cells, 24 h after the last exposure.
Mice were first anesthetized with isoflurane, then under-
went exsanguination by cardiac puncture. For both the
2017 and 2018 cohorts, one ovary with attached oviduct
was fixed in Bouin’s fixative overnight at 4 °C for stereol-
ogy. For the 2017 cohort the other ovary with attached
oviduct was fixed in 4% paraformaldehyde in phosphate
buffered saline (PBS) overnight at 4 °C followed by cry-
oprotection in 30% sucrose in PBS until the tissue sank;
these ovaries were used for immunostaining. For the
2018 cohort the second ovary and for the 2019 cohort
both ovaries were snap frozen and stored at -80 °C for
subsequent estradiol measurements. For the 2018 and
2019 cohorts, aortas were dissected and fixed in 4% para-
formaldehyde for analysis of atherosclerosis.

Male mice and ovariectomized females were eutha-
nized in the same manner 24 h after the last exposure.

Size-resolved particle number and mass concentrations

A TSI Scanning Mobility Particle Sizer (SMPS, Shor-
eview, MN, USA) was used to measure the ultrafine par-
ticle fraction of PM,; and particles up to about 1 pm.
An optical particle counter was used to measure particle
concentrations in the size range of 0.5 pm to 2.5 um. In
addition to monitoring particle mass, a TSI condensa-
tion particle counter (Model 3022) was run in parallel
to measure total particle number concentrations. A TSI
DustTrak optical mass monitor (Model 8520) was used to
provide integrated PM, - mass concentrations.

Estrous cycle monitoring

For evaluation of estrous cycling, female mice were indi-
vidually housed, and vaginal lavage using 0.9% NaCl
[92] was performed every morning for at least 14 days.
Cells in the lavage fluid were examined by light micros-
copy immediately after collection, and the predominant
cell types present in the fluid were recorded. Mice with
telemetry implants were excluded from analyses of the
effect of PM, 5 exposure on estrous cycling and ovarian
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endpoints to exclude any effects of the implants on these
endpoints.

Ovarian follicle counts

Bouin’s fixed ovaries from mice without telemetry
implants were embedded in glycolmethacrylate resin
(Technovit 8100; Heraeus Kulzer GmBH, Wehrheim,
Germany), sectioned at 20 pM, and stained with hema-
toxylin and eosin.

Stereological methods were used to obtain unbiased
estimates of ovarian follicle numbers [81, 93]. Ovar-
ian follicles were counted blind to the treatment group
using Stereo Investigator software (MBF Bioscience)
with an Olympus BX40 light microscope equipped with
4 x UPlanF], 10 x Plan, 40 x PlanApo N340 and 60 x Pla-
nApo objectives, a joystick controller for a motorized
XY stage (Ludl Electronic Products), and an Optron-
ics MicroFire digital camera. We used the fractionator/
optical dissector method to obtain unbiased and efficient
estimates of primordial and primary follicle numbers
by counting follicles in a defined fraction of the whole
ovary [81]. Three levels of sampling were used to deter-
mine the estimated number of primordial and primary
follicles in the ovary. For both the 2017 and 2018 ovary
cohorts, follicles were counted in 6% of the ovarian vol-
ume. The first level of sampling was at the level of the
sections — in 2017 every 3™ section was counted and in
2018 every 5th section of the ovary was counted. The sec-
ond level of sampling was a fraction of the area of each
section. In 2017, 45 pm x 45 pm counting frames were
superimposed onto the sections in sampling grids that
were subdivided into 90 um x 90 um squares, while in
2018 the counting frames were 175 um x 175 um within
250 pm x 250 pm squares. Follicles were counted if the
oocyte fell within the counting frame and/or touched
the inclusion boundaries and did not touch the exclu-
sion boundaries. Lastly, the optical dissector height was
set to 8 out of 13 yum (2017) or 10 out of 17 pm (2018)
with guard zones on the top and the bottom of the sec-
tion to account for irregularities of the sections. By mul-
tiplying the raw counts by the reciprocal of the counting
fraction, the number of follicles in the entire ovary was
estimated. Secondary, antral, and preovulatory follicles,
and corpora lutea were followed through every section
to avoid counting any of these large structures more than
once. The total number of healthy or atretic secondary
and antral follicles or corpora lutea was calculated as the
sum of the counts. Healthy follicles were classified as pri-
mordial (single layer of fusiform granulosa cells), primary
(single layer with two or more cuboidal granulosa cells),
secondary (greater than one layer of granulosa cells with
no antrum), or antral [94, 95]. Atretic follicles were iden-
tified as previously described [53, 96, 97].
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Estradiol measurement using LC-MS/MS

We adapted the LC-MS/MS estradiol assay method
published by Keksi-Rahkonen et al. [98], which incor-
porates derivatization of estradiol with 1,2-dimethylim-
idazole-5-sulfonyl chloride (DMIS).

Sample preparation

One ovary per animal from the 2018 cohort and both
ovaries from each animal from the 2019 cohort were
suspended in ice cold 325 pL of 0.5% bovine serum
albumin (BSA)+4+5 mM EDTA pH7.4. Bilateral ova-
ries from proestrous, wild type C57BL/6 ] mice were
included as assay positive controls, as this is the cycle
stage when ovarian estradiol concentrations are highest
[99]. Ovaries were homogenized on ice using a Kontes
mortar and pestle apparatus for 30 s per ovary, or until
ovarian tissue was fully dissociated. Samples were
then centrifuged at 15,800 x g for 10 min and 300 pL
of supernatant was aliquoted into separate microfuge
tubes. Blanks were prepared using 300 pL of 0.5%
BSA+5 mM EDTA. An aliquot of the internal stand-
ard, d4-17pB-estradiol (5 ng/mL), was spiked into each
ovary sample (2.5 pL) and BSA blanks (5 pL). Calibra-
tion curve standards were made using 100 pL of a stock
solution of 17f-estradiol diluted to 100 ng/mL in 0.5%
BSA+5 mM EDTA. The blanks, ovary samples, and
calibration standard were all suspended in 1 mL of 3:2
hexanes: ethyl acetate then vortexed vigorously for 30 s
per sample, inverting periodically. All samples were
then centrifuged at 15,800 x g for 5 min and 950 pL of
the organic phase was aliquoted into new microfuge
tubes. A fresh aliquot of 500 pL of deuterated
17p-estradiol (d4-17p-estradiol, 5 ng/mL) was made
to assess percent recovery. All samples, including the
internal standard aliquot were evaporated to dryness
under N, gas. Then all samples, blanks, and standards
were suspended in 50 pL of derivatizing agent, DMIS
(1,2-dimethyl-1H-imidazole-4-sulfonyl chloride), at
1 mg/mL in acetone then 100 pL of 50 mM of sodium
bicarbonate pH 10.5 was added and incubated at 60 °C
for 15 min. Following incubation, samples were resus-
pended in 343 pL of ethyl acetate and vortexed vigor-
ously, then centrifuged at 15,800 x g for 5 min and 330
uL of the organic phase was aliquoted into fresh tubes.
All samples, blanks, and standards were then evapo-
rated to dryness under N, gas and resuspended in 500
uL of methanol for the standards, 150 pL for the blanks,
and 75 pL for ovary samples. Finally, the calibration
curve standards were prepared by successive dilutions
of the stock solution of the derivatized 17p-estradiol
and each final standard solution (291 uL) was spiked
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with 9 pL of the d,-DMIS internal standard stock solu-
tion in methanol.

LC-MS/MS
The extracts (50-pL injection volume) were analyzed
using a UPLC-PDA-MS platform (Waters) equipped with
an Acquity H Class PLUS system (including a quaternary
solvent manager, a sampler manager using a flow-through
needle mechanism, a column heater and a photodiode
array detector) coupled to a Xevo TQD triple quadrupole
mass spectrometer. The separation was achieved using an
Acquity UPLC BEH C18 1.7 pm, 50 x 2.1 mm (Waters)
column fitted with a VanGuard pre-column (UPLC BEH
C18, 1.7 pm 5x2.1 mm; Waters) and maintained at
40 °C. The mobile phase combination was (A) 0.2% ace-
tic acid (99.7%, Optima LC-MS; Fisher) in 18.2 MQ cm
milliQ water (Millipore; model ZD5211584) and (B) LC—
MS grade methanol (Optima LC-MS; Fisher). The elu-
ent gradient was as follows: 0—6 min linear gradient from
30% B to 95% B, 6—8 min hold at 95% B, 8—12 min linear
gradient back to 30% B and finally 12—14 min hold at 30%
B with a flow rate of 0.3 mL min~!. UV-vis absorption
spectra were acquired using a photodiode array detec-
tor (PDA eLambda; Waters) over the full 190-500 nm
wavelength range. Exiting the PDA, the samples were
introduced into the mass spectrometer using an atmos-
pheric pressure photoionization source (APPI; Waters).
Toluene (OmniSolv; EMD) was combined with the eluent
post-column at a flow rate of 40 pL min~! and used as
an ionization dopant from 5-8 min. APPI source condi-
tions were as follows: repeller voltage, 3.00 kV; cone volt-
age, 50 V; APPI probe temperature, 500 °C; desolvation
gas flow rate, 250 L hr=%; source temperature, 150 °C.
The analysis was performed in positive ion mode using a
multiple reaction monitoring (MRM) approach. The m/z
431=>m/z 96 transition was used for the derivatized
estradiol product (E2-DMIS) while the m/z 435= >m/z
96 transition was used for deuterated derivatized estra-
diol internal standard (d,-DMIS) [98]. The data were
acquired using MassLynx software (Waters) and then
batch-processed using TargetLynx for quantitative analy-
sis (Waters) using an internal calibration method.
Extraction recoveries were evaluated weekly using the
average d,-DMIS internal standard concentrations from
the spiked ovary samples and comparing them to the
d,-DMIS concentrations in the spiked calibration stand-
ard solutions. From those, recoveries ranging from 80 to
89% were determined and applied to the ovary samples.

Immunohistochemistry

Ovaries fixed in 4% paraformaldehyde were cryopro-
tected in 30% sucrose in PBS at 4 °C, embedded in Opti-
mal Cutting Temperature (OCT) compound, and stored
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at -80 °C before being serially sectioned using a cryostat
at a thickness of 10 um. Sections were mounted 4 per
slide in 4 sets so that sections on a slide were separated
by 40 pm from one another in the ovary. Immunohisto-
chemistry was performed using the Vectastain ABC kit
(PK-4001; Vector Laboratories, Burlingame, CA, USA).
Briefly, sections were thawed and heated for 15 min at
95 °C in a 10 mM citrate buffer (pH 6.0). The primary
antibodies—rabbit anti-cleaved caspase-3 Asp 175
(1:100; Cell Signaling #9661, Beverly, MA, USA), rabbit
anti-Ki67 (1:500; Abcam #15580, Cambridge, MA, USA)
and rabbit anti- phosphorylated histone 2AX (yH2AX)
(1:200; Cell Signaling #9718)—were detected using bioti-
nylated goat anti-rabbit secondary antibody in 5% normal
goat serum. All immunostaining procedures included
avidin/biotin and 3% hydrogen peroxide blocking steps.
Peroxidase activity was visualized using 3,3’-diamin-
obenzidine (DAB) as substrate (Roche). Sections were
counterstained with hematoxylin. The following negative
controls were included in every experiment: secondary
antibody without primary antibody; primary antibody
without secondary antibody; and primary antibody
replaced by rabbit IgG with secondary antibody.

The numbers of follicles with oocytes or granulosa
cells positive or negative for Ki67, cleaved caspase-3, and
YH2AX immunostaining were counted in 3 or 4 slides
(12-16 sections, 4 sections/slide) per endpoint distrib-
uted throughout the ovary by an investigator blind to
exposure group using an Olympus BX-60 microscope
with 10, 20, and 40 x U PLAN FLUO objectives equipped
with a Retiga 2000R cooled CCD digital camera system
with Q-Capture Pro software. The fractions of positive
primordial and primary follicles (containing one or more
positive granulosa cells per largest cross-section or con-
taining positive oocytes) and secondary and antral folli-
cles (containing three or more positive granulosa cells per
largest cross-section or containing positive oocytes) were
calculated and used for data presentation and analysis.

Terminal deoxynucleotidyl transferase dUTP nick
end-labeling (TUNEL)

TUNEL was carried out using the In Situ Cell Death
Detection Kit POD (Roche) as previously described
[94]. Negative controls without terminal transferase and
positive controls treated with DNAse I were included in
every experiment. The numbers of TUNEL positive and
negative secondary and antral follicles (containing 3 or
more TUNEL positive granulosa cells per largest cross-
section) were counted in 12 sections (3 individual runs,
4 sections/run) distributed throughout the ovary blind to
experimental group. Primordial follicles never and pri-
mary follicles almost never had TUNEL positive cells.
The percentages of TUNEL positive secondary and antral
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follicles were calculated and used for data presentation
and analyses.

Arterial histology

The aortic root was embedded in OCT, stored frozen
(-800C), cryosectioned at 10 um, stained with Oil Red-O
and counterstained with hematoxylin to measure the
degree of plaque formation. Images of the aortic root
were acquired at 10 x magnification, recorded and digi-
tized. Image] software (NIH) was used to outline both
the total endothelial layer area and the Oil Red O-posi-
tive endothelial cell area for each section and expressed
as percent Oil Red-O area. For each slide, the total cross-
sectional area and the unobstructed lumen area were
measured using Image]; the percent lumen area was
determined. Slides from 3 to 4 individual mice in each
exposure group were averaged across all the sections for
each animal for data analysis and presentation.

Statistical analyses

Data are presented as means+SEM unless otherwise
noted. Follicle count and estrous cycle data were ana-
lyzed by 2-way ANOVA with exposure and year of exper-
iment as independent variables. Immunostaining data
expressed as fractions were analyzed by non-parametric
Mann Whitney U test or fractions were arcsine square
root transformed and analyzed by t-test [100]. The results
of the two different analyses were very similar and are
presented for all endpoints. Heart rate variability and
blood pressure variables were analyzed using independ-
ent samples t-test following assessment of equality of
variances using Levene’s test with significance assessed at
P <0.05. Statistical analyses were performed using SPSS
25 for Maclntosh or SPSS for Windows (IBM Corpora-
tion, Armonk, NY, USA).
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