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Abstract

Fine particles (PM, 5) are known to increase risks of cardiovascular diseases, but it is unclear how
they affect plasma lipid levels. In this study, we examined the associations between PM> g5
exposure and lipid/lipoprotein levels from 2,289 midlife women enrolled in the longitudinal Study
of Women’s Health Across the Nation. The average exposure to PM> 5 and gaseous co-pollutants
during the prior one year, six months, 30 days, and one day were estimated for each woman based
on US Environmental Protection Agency ambient monitoring data. Blood samples were collected
annually from 1999 to 2005 and analyzed for lipids/lipoproteins. Mixed-effect models were used
to account for repeated measures for each woman, adjusted for demographic, health and behavior
covariates. PM, 5 exposures, especially the long-term exposure, were negatively associated with
protective lipoproteins, and positively associated with atherogenic lipoproteins. For example, each
3 pg/m?3 increase of one-year PM, 5 exposure was associated with decreases of —0.7% (~1.4%,

- 0.1%) in high-density lipoprotein cholesterols and —0.6% (-1.1%, —0.1%) in apolipoprotein Al
(ApoALl), as well as increases of 3.8% (1.0%, 6.6%) in lipoprotein(a) and 1.4% (0.5%, 2.3%) in
the ratio of apolipoprotein B (ApoB) / ApoALl. In stratified analysis, increased atherogenic
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lipoproteins were mainly observed in women without dyslipidemia, and both increased
atherogenic lipoproteins and reduced protective lipoproteins were observed among women in
perimenopause. In summary, PM5 5 exposure was associated with adverse lipid level changes, and
thus, may increase cardiovascular risks in midlife women.

PM, 5; long-term exposure; lipoprotein; dyslipidemia; menopause

Introduction

Particulate matter smaller than 2.5 micrometers (PM, 5 or fine particles) has been associated
with a variety of adverse health effects. The strongest associations have been with morbidity
and mortality from cardiovascular diseases (CVDs) (Dockery et al. 1993; Miller et al. 2007,
Pope et al. 2004). Having reviewed relevant studies, the U.S. Environmental Protection
Agency (EPA) concluded that a causal association exists between both short- and long-term
PM, 5 exposure and cardiovascular morbidity and mortality (U.S. EPA 2009). The American
Heart Association also confirmed this consistent causal relationship (Brook et al. 2010).

Given their established associations with cornary heart disease, several components of serum
cholesterols have been used to predict cardiac risks (Blaton 2003; Navab et al. 2011).
Elevated circulating lipoproteins that contain apolipoprotein B (ApoB), for example, low-
density lipoprotein (LDL) and lipoprotein(a) (Lp(a)), could penetrate the endothelial surface
of arterial walls to form fatty streaks in the subendothelial space and lead to development of
atherosclerotic plaques (Carmena et al. 2004). High levels of triglycerides (TG) have also
been identified as a risk factor for CVD (Miller et al. 2011). In contrast, high-density
lipoproteins (HDL) protect against CVD by transporting excess cholesterol back to the liver
for disposal as bile salts, reversing endothelial cell dysfunction, inhibiting endothelial cell
apoptosis, decreasing platelet aggregation, and inhibiting LDL oxidation (Nofer et al. 2002;
Toth 2003). Apolipoprotein Al (ApoAl) is the main initiator and driver of reverse
cholesterol transport (Lu et al. 2011).

A few epidemiologic studies have shown some modest adverse associations between PM
and plasma lipid levels, and in general, the trends were that elevated exposures to PM5 5
were positively associated with “bad” cholesterols, including LDL, TG, total cholesterol
(TC), and ApoB, as well as negatively associated with “good” cholesterol, namely, HDL, in
various exposure windows (Bell et al. 2017; Cai et al. 2017; Chen et al. 2016; Chuang et al.
2010; Chuang et al. 2011; Shanley et al. 2016; Yitshak Sade et al. 2016). However, some
studies reported no statistically significant association with HDL-c with either long-term,
intermediate-term or episodic PM> 5 exposure (Bell et al. 2017; Chen et al. 2016; O’Toole et
al. 2010). Thus, the evidence has been inconsistent. Further, differences in study design,
population characteristics, geography, and statistical methods do not permit a direct
comparison, but very few studies have examined associations in different exposure intervals
in the same cohort.
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Moreover, such associations between PM> 5 exposure and serum lipid levels may be
modified by other factors. Midlife women, for example, experience accelerated adverse
changes in some lipids during the menopausal transition (Derby et al. 2009; Matthews et al.
2009). Disorders of lipids and lipoprotein metabolism (also called dyslipidemia),
characterized by elevated levels of LDL and TG or low levels of HDL, have pervaded the
adult U.S. population, elevating the risk for C\VD (Burnett 2004; Navab et al. 2011; Toth et
al. 2012). People experiencing these health conditions may be susceptible to additional
burdens to their lipid metabolism.

Therefore, in this study, we aimed to evaluate the longitudinal association between exposure
to ambient PM> 5 and lipids/lipoproteins in multiple exposure windows and to understand
whether dyslipidemia and menopause transition status influenced those associations.

Study population

Data for this study are derived from the longitudinal data collected in the Study of Women’s
Health Across the Nation (SWAN), which has been following a large midlife cohort of
women through the menopausal transition in multiple sites in the U.S. (Sowers et al. 2000).
Details of the SWAN participant recruitment and study design have been described in detail
elsewhere (Sowers et al. 2000). Briefly, starting in 1995, SWAN recruited females 42-52
years of age who had an intact uterus and at least one ovary, were not using exogenous sex
hormones, were not pregnant or lactating, and had at least one menstrual period in the past
three months. Women were recruited from six sites for the present study, with each site
targeting enrollment to white women and one other racial/ethnic group: Hispanics in
Newark, NJ; Chinese in Oakland, CA; Japanese in Los Angeles, CA; African Americans in
Detroit, Ml, Chicago, IL, and Pittsburgh, PA. Approximately 450 women recruited at each
site who participated in annual clinical assessments and completed questionnaires and
interviews. The Institutional Review Boards at all participating sites approved SWAN
protocols, and all participants provided written informed consent. The analyses presented in
this paper were based on serum lipid/lipoprotein data for visits 3 through 7 (1999-2005), as
PM, 5 only became available from 1999.

Data collection

Air pollutant data

Ambient air pollutant data were obtained from the U.S. EPA’s Air Data website (https://
www.epa.gov/airquality/airdata, accessed October 2016). PM,, 5 data were typically
collected every three days, sometimes daily or every six days, and reported as 24-hour
average concentrations. Ambient gases, such as ozone (O3), carbon monoxide (CO),
nitrogen dioxide (NO,) and sulfur dioxide (SO,), were examined for potential confounding.
They were monitored on an hourly basis, downloaded as eight-hour average concentrations
for O3 as well as one-hour average concentrations for CO, NO, and SO,.

We obtained the residential history for each participant, which allowed us to geocode each
residence, with the coordinates randomly moved within a block (up to 400 feet) to enhance
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confidentiality. A circular buffer area was created around each location using ArcGIS v10.0
(Environmental Systems Research Institute 1995-2016). After considering the potential for
exposure misclassification, sample size, and population characteristics, we chose a 20 km
radius as the buffer area distance, in which PM, 5 level is considered homogeneous (Bell et
al. 2011; Ebisu et al. 2014). An algorithm was developed to choose a representative monitor
for each residence based on distance and measurement availability (Green et al. 2016). If a
participant moved (13% of all women over this study’s time period), exposure data from
multiple addresses during the year prior to her visit were weighted based on the time of
move or evenly weighted if the relocation date was not available. We examined multiple
exposure windows, including short-term (prior one day), intermediate term (prior 30 days),
and long-term (prior six-month and one-year) exposures, and calculated average exposure
levels for these windows prior to each blood draw. More details about exposure
classification can be found in our previous publications (Green et al. 2016; Wu et al. 2017).

Blood measurement and analysis

Covariates

Blood was drawn at each SWAN clinic visit on an approximately annual basis and analyzed
for many CVD markers as described previously (Matthews et al. 2017). Lipid/lipoproteins
associated with CVD risk were measured, including HDL-c, LDL-c, TG, TC, Lp(a),
lipoprotein Al (LpAl), ApoAl, and ApoB (Burnett 2004; Kaptoge et al. 2012; Lowe et al.
2004; Smith et al. 2005). The ratio of ApoB/ApoAl, a better marker of cardiovascular risks
than the traditional lipid profile, was also calculated (Carmena et al. 2004).

Most markers were measured during each visit, except LpAl, which was measured every
other visit (visits 3 and 5 in our study) for all women and in a subset of women at visit 7.

Demographic and health information were collected at baseline and during annual clinic
visits by in-person interviews and self-administered questionnaires. Race/ethnicity was
classified as African American, Asian (Chinese or Japanese), Caucasian, and Hispanic.
Educational attainment was grouped into high school or less, some college, or college
graduate. Participants were asked to report current smoking status and history, alcohol use,
physical activity level (Visits 3, 5 and 6 only), medication use, hormone use, major
surgeries, and chronic health conditions (e.g., whether they had ever been diagnosed with
diabetes). Weight and height were measured at each visit to calculate body mass index
(BMI) as weight in kg/[height in m]2.

Menopausal status was determined at each visit based on the self-reported menstrual
patterns in the past year, and was classified as: premenopause (menses in the past 3 months
with no change in regularity); early perimenopause (menses within the past 3 months but
becoming less predictable); late perimenopause (3 to 11 months of amenorrhea); natural
postmenopause (12 or more months of amenorrhea); postmenopause due to bilateral
salpingo-oophorectomy (BSO); and unknown status due to hormone use or hysterectomy
(Derby et al. 2009; Gold et al. 2006).

Sci Total Environ. Author manuscript; available in PMC 2020 March 01.
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Statistical analysis

The distribution of lipids/lipoproteins and ambient PM; 5 exposure were examined.
Correlations between PM> 5 and other air pollutants, including Oz, CO, NO, and SO5, were
also calculated. To study the association between PM, 5 and lipid/lipoprotein markers and
account for repeated measurements in each woman, we applied linear mixed-effects
regression models so that each woman had her own random intercept. First-order ante-
dependence structure was specified for the covariance structure because longitudinal visits
from each participant were not necessarily equidistant in time (Zimmerman and NUfiez-
Antén 1997). The endpoints, lipid/lipoprotein levels and the ratio of ApoB/ApoAl, were
log-transformed to meet the normality assumption more closely and were included as
continuous dependent variables. PM2 concentration of each exposure window was included
in a single-pollutant model.

The regression model was adjusted for race/ethnicity, education, and time-varying variables,
including visit number, season of the visit, participant’s age at the visit, menopause status,
BMI, smoking status, diabetic status, alcohol consumption in the 24 hours before the blood
draw, hormone use since last visit, and anti-lipidemic medication use. These covariates were
selected based on their associations to the outcomes reported in the literature (Bind et al.
2016; Chuang et al. 2010), and the Akaike Information Criterion (AIC) values of the model
were evaluated. These covariates remained in further stratified and sensitivity analyses.

Given the potential susceptibility of midlife women to adverse lipid changes, we also
examined the associations between PM, 5 and lipid/lipoprotein level in stratified analyses by
dyslipidemia and menopausal status. Dyslipidemia was present if any of the following
criteria were met: fasting TG level 2150 mg/dL (1.70 mmol/L) or non-fasting TG level =200
mg/dL (2.26 mmol/L); LDL-c =190 mg/dL (4.92 mmol/L); HDL-c <50 mg/dL (1.29
mmol/L); or use of any prescription lipid-lowering medications (e.qg., statins) (Miller et al.
2011; Stone et al. 2014). A woman was considered dyslipidemic if she presented
dyslipidemia in any completed visit(s), while those who were free of dyslipidemia in all
visits were considered non-dyslipidemic. Given the small sample sizes, we combined early
perimenopause and Jate perimenopause into perimenopause, in contrast to natural
postmenopause. Those who were considered postmenopause due to surgery were not
included in this stratified analysis.

We conducted a number of sensitivity tests. Because our previous analyses revealed
associations between ambient gases and lipid level flutuations (Wu et al. 2017), we
examined potential confounding by ambient gases, including O3, CO, NO, and SO, using
two-pollutant models incorporating each gaseous pollutant and PM5 5 concentrations in
separate models. In sensitivity analyses, we also excluded visits in which a participant
reported having used hormones or took anti-lipidemic medications since the prior visit,
women who had a hysterectomy, and women who had diabetes. As non-work physical
activity scores were only available at Visits 3, 5 and 6, we assigned the values to Visits 4 and
7 with either the value from the previous visit or the mean of the visits before and after, and
included it in the model.

Sci Total Environ. Author manuscript; available in PMC 2020 March 01.
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Visits conducted after any major cardiovascular events, including myocardial infarction,
congestive heart failure, stroke, percutaneous coronary intervention and coronary artery
bypass graft, were excluded. Only a few participants from New Jersey had data for visits 6
and 7; so these data were censored. The association between PM, 5 exposure for each lipid/
lipoprotein in each exposure window was considered individually. No adjustment was made
for multiple comparisons to allow fair comparisons with other studies (Rothman 1990). All
analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC). Results were based on
two-sided t-tests and 95% confidence intervals (CI).

Distributions of Biomarkers and Exposures

The final study population included 8,698 serum samples collected from 2,289 women, with
an average age of 4943 years at visit 3 when air quality data became available. Study
participants completed a mean of four annual visits, with a total of 62% of participants
identified as having dyslipidemia, with higher rates among Hispanic (71%) and African
American (68%) women. Seventy-four percent of women had entered perimenopause by
visit 3. This proportion rose to 91% at visit 7, in which 56% of active participants were
postmenopausal. Women with dyslipidemia and higher BMI had less healthy lipid profile,
higher atherogenic lipoproteins and lower protective lipoproteins, and women in late peri-
and natural postmenopause also showed higher levels of atherogenic lipoproteins (Table 1).

Among the six participating sites, PMs 5 exposure levels were highest in Los Angeles, CA
and lowest in Oakland, CA for both short- and long-term (Table S1). PM, 5 exposure levels
declined for each site over time during the study period (Fig 1), which was likely attributable
to the nationalwide standards to reduce particle emissions. Based on the data from visit 3,
PM, 5 concentrations were moderately correlated with NO, concentrations, with Spearman
correlation coefficients (r) ranging from 0.42 to 0.63, depending on exposure windows. One-
year average PM, 5 concentrations were also moderately correlated with O3 concentrations
(r = 0.36); otherwise, PM 5 was barely or weakly correlated with ambient O3, CO or SO (r
< 0.30).

Associations in total cohort

Based on the interquartile values of different exposure windows (Table S1), we calculated
the percent changes in lipid/lipoprotein levels per 10, 5 and 3 pg/m?3 increase of PM5 5
concentrations for short-, intermediate- and long-term exposure, respectively. In the total
cohort, long-term PM> 5 exposures, especially one-year average exposure, were positively
associated with Lp(a) and ApoB and negatively associated with HDL and ApoAl (Table 2).
The effect of long-term PM> 5 exposure on the ratio of ApoB/ApoAl was prominent, with
1.4% (95% Cls: 0.5%, 2.3%) and 0.8% (0.3%, 1.3%) increases per 3 ug/m3 increase in the
one-year and six-month average PM, 5 concentrations, respectively. The average prior 30-
day PM, 5 exposure was marginally associated with increased TC. No association was
observed with short-term PM> 5 exposure.

Sci Total Environ. Author manuscript; available in PMC 2020 March 01.
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The associations mentioned above remained robust in the sensitivity analyses, excluding
women who had a previous hysterectomy, visits in which a participant reported having used
hormones or took anti-lipidemic medications since the prior visit, and excluding women
who had reported having diabetes mellitus. Including non-work physical activity scores in
the model did not change the statistical significance of these associations.

Most of the associations mentioned above remained after adjusting for ambient gases with
few exceptions (Fig S1). Briefly, the associations between ApoB and 6-month PM 5
exposure were slightly weaker when adjusting for ambient gases, especially SO,; and the
associations of HDL and ApoA1l with one-year PM, 5 exposure were reduced by NO»,
possibly due to the correlation between one-year average PM; 5 and NO, concentrations.

Stratification by dyslipidemia status

The stratification by dyslipidemia status revealed different patterns with the associations
between PM, 5 exposure and lipids/lipoproteins among women with differing health profiles
(Fig. 2, Table S2). Again, most associations were observed in the long-term exposure
windows. Positive associations were observed between one-year or six-month PM 5
exposure and atherogenic lipoproteins, including LDL-c, Lp(a) and ApoB, as well as
between 30-day PM> 5 exposure and TC, only among women without dyslipidemia.
Specifically, a 1.3% (0.03%, 2.5%) increase in LDL, 6.3% (1.9%, 10.8%) increase in Lp(a),
and a 1.2% (0.3%, 2.2%) increase in ApoB were associated per 3 pg/m?3 increase of the one-
year average PM, 5 concentration. In contrast, negative associations for protective
lipoproteins, i.e., HDL-c and ApoAl, only appeared among women with dyslipidemia. The
ApoB/ApoAL ratios increased with long-term PM> 5 exposure in both women with and
without dyslipidemia (not shown).

Stratification by menopausal status

Both the positive associations with atherogenic lipoproteins and the negative associations
with protective lipoproteins with PM, 5 exposure were observed among perimenopausal
women; specifically, each 3 ug/m3 increase of one-year PM, 5 concentrations was associated
with increases of 1.1% (—0.2%, 2.3%) in LDL-c, 4.5% (0.3%, 8.9%) in Lp(a), and 1.1%
(0.02%, 2.1%) in ApoB, as well as decreases of —0.8% (—1.8%, 0.1%) in HDL-c, -1.2%
(—2.6%, 0.1%) in LpA1l, and —0.9% (-1.6%, —0.2%) in ApoA1l, which appeared stronger
than those in the total cohort (Fig 3, Table S3). With the same increment in exposure, ApoB/
ApoALl increased 2.4% (1.2%, 3.7%) during perimenopause. In addition, we also observed
an increase in TC associated with 30-day PM, 5 exposure and decreased ApoAl associated
with one-day PM> 5 exposure.

Associations with one-year PM, 5 exposure became attenuated among postmenopausal
women. For them, changes in lipids/lipoproteins tended to be associated with more recent
exposure, instead of long-term exposure. Every 5 pg/m?3 increase of 30-day PM, 5
concentrations was associated with 0.5% (—0.1%, 1.1%) increase in TC, 0.8% (0.04, 1.6%)
increase in ApoB, and 0.9% (—0.03%, 1.7%) increase in ApoB/ApoALl ratio. LpAl dropped
-1.1% (-2.3%, 0.04%) per 10 pg/m?3 increase of one-day PM 5 concentrations.
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Discussion

Using longitudinal serum data from the SWAN cohort, we examined the relationship
between PM, 5 exposure and lipids/lipoprotein levels among midlife women. We observed
elevated levels of atherogenic lipoproteins, such as, LDL-c, ApoB, and Lp(a), as well as
reduced protective lipoproteins, namely, HDL-c, ApoAl and LpALl, associated with PM 5
exposure, particularly with long-term exposure. Stratification by dyslipidemia and
menopausal status revealed different patterns of lipid changes among women with differing
health profiles, but in all subgroups, increasing annual PM, 5 exposure was associated with
increased ApoB/ApoALl ratios. These results suggested that PM 5 exposure, especially
long-term exposure, exhibit adverse associations with lipids/lipoproteins, and thus, increase
the chance of developing CVD.

The associations we observed were consistent with a few earlier studies. Long-term
exposures to PM> 5 and/or PM 1 exposure have been associated with elevated LDL-c, TC,
ApoB, and reduced HDL (Cai et al. 2017; Chen et al. 2016; Chuang et al. 2011; Shanley et
al. 2016). Three-month exposures to PM, 5 were found to increase LDL-c, TG, TC, as well
as decreases in HDL-c (Yitshak Sade et al. 2016) or HDL particle number (Bell et al. 2017).
However, we did not observe a negative association between 30-day exposure with HDL-c
or ApoAl. Regarding short-term exposure, a controlled exposure assessment study
suggested decreased HDL anti-oxidant/anti-inflammatory capacity shortly after exposure to
a high level of PM, 5 (150 ug/m3) (Ramanathan et al. 2016). Most other studies reported no
associations with short-term exposure (up to a 7-day average) to ambient PM5 5 at moderate
levels (Bell et al. 2017; Yeatts et al. 2007; Yitshak Sade et al. 2016), also consistent with our
findings.

Adjustment for co-pollutants suggested confounding by ambient gases for some associations
we observed. Our earlier study reported NO, and SO, to be associated with changes in lipid/
lipoprotein levels in this cohort (Wu et al. 2017). In that study, a residual model was
employed to account for the correlation between ambient PM and NO, concentrations,
which revealed that both one-year exposures to PM 5 and NO, were associated with
decreased HDL-c and ApoAl. SO, reduced the association between one-year PMs 5
exposure and ApoB, due to its strong positive association with ApoB. Ozone and CO also
slightly reduced the associations between one-year PM, 5 exposure and ApoB, though they
were not statistically associated with ApoB.

The different change patterns of lipids/lipoproteins by women’s dyslipidemia status
indicated that the lipid metabolism in women with and without pre-existing health
conditions may respond to PM,, 5 exposure differently. Upon exposure to PM5 s, the
atherogenic lipoproteins Lp(a) and ApoB increased among women without dyslipidemia,
which was a relatively healthier subgroup in the overall cohort. For women with
dyslipidemia, whose atherogenic lipoproteins may have already been at unfavorable levels,
protective lipids/lipoproteins further decreased with PM, 5 exposure. Both pathways could
increase CVD risks.

Sci Total Environ. Author manuscript; available in PMC 2020 March 01.
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This study results brings attention to the susceptibility of women during the menopausal
transition. The menopausal transition is marked by rising LDL and ApoB levels around the
final menstrual period, as previous studies and our study have observed, which has been
associated with greater risk of CVD (de Aloysio et al. 1999; Derby et al. 2009; Matthews et
al. 2009, 2017). We also observed reduced protective lipids/lipoproteins associated with
PM, 5 among women during perimenopausal visits, highlighting the potential susceptibility
of perimenopausal women to environmental influences on these lipid measures. Among
women who transitioned to postmenopause, strong associations were not observed. Given
that the sample size of postmenopausal visits included in this analysis was 40% less than
that of perimenopausal visits, the power to detect associations in this subgroup was limited
compared to perimenopausal subgroup. The physiological mechanism behind the different
associations by menopausal status were still unclear, since previous menopausal studies
usually treated perimenopausal and postmenopausal periods together. Future studies with
additional follow-up in the postmenopausal period are needed to address fully the impact of
PM, 5 on lipids/lipoproteins in postmenopausal women.

The biological mechanisms involved in PM-induced cardiovascular associations have been
studied extensively, and new evidence continues to emerge (Brook et al. 2010; Libby et al.
2002). Besides causing systemic oxidative stress and inflammation, recent toxicologic
evidence suggests that PM, 5 caused aggregation of ApoAl, accelerated oxidation of LDL,
and degradation of ApoB, and thus, disrupts their normal functions (Kim et al. 2015; Sun et
al. 2009). Aggregation of ApoA1l could reduce the number of exposed epitopes, so that the
amount of functioning ApoAl would be reduced. Meanwhile, as the ligand for the LDL
receptor, degradation of ApoB makes it harder to clear LDL from circulation. Further
evidence suggests that ultrafine component (diameters < 1 microm) is primarily responsible
for the changes in lipids, inducing lipid peroxidation and impairing HDL anti-oxidant and
anti-inflammatory function (Araujo et al. 2008; Huang et al. 2003; Li et al. 2013; Yin et al.
2013).

We note that the toxicological evidence was mostly observed under short- or intermediate-
term exposures to high concentrations of PM5 5. HDL and LDL turn over quickly within
hours after episodic oxidative stress (Bowry et al. 1992). Therefore, the changes in lipid
levels due to short- or intermediate-term PM, 5 exposures are expected to be smaller and
may not be detectable. However, consistent oxidative stress could significantly reduce HDL
levels, inhibiting its protective function, which has been observed among hemodialysis
patients and patients with rheumatoid arthritis (Morena et al. 2000; Rho et al. 2010). Long-
term PM> 5 exposure may similarly exert consistent oxidative stress, resulting in reduced
HDL-related lipoprotein levels.

The present study has three advantages. First, it was based on a relatively large cohort from
multiple sites across the U.S., with valid longitudinal documentation of exposures and
outcome measures as well as potential confounding variables. Secondly, we examined the
associations between short-, intermediate-, and long-term ambient PM> 5 exposure and lipid/
lipoprotein levels in the same cohort, providing an overview of the impact and relative
importance of PM, 5 exposures in different time windows on lipid mechanism. Lastly, our
analyses explored these associations in particular subgroups, those with dyslipidemia and
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perimenopausal women, and revealed different pathways of adverse changes in lipids/
lipoproteins varying by health condition. Learning these impacts may help medical
practitioners make care or treatment plan for individuals in the sensitive subgroups.

Meanwhile, results should be interpreted considering the following limitations. First, we
assigned air pollution exposure using the regulatory monitoring networks around a buffer
area, which may have introduced exposure misclassification. Regulatory monitoring of
PM, 5 started in 1999 or 2000. Satellite or inventory data at that time were very limited and
did not necessarily cover all of our study areas. Therefore, we had to rely on central-site
ambient monitoring data as many similar studies conducted in those early years did. We
observed fair variations of PM> 5 levels from multiple monitoring stations within each site
(Table S1), similar to those reported by another large multi-site study, the Multi-Ethnic
Study of Atherosclerosis (Bell et al. 2017). With the understanding of these limitations, we
based exposure on participants’ residential history and optimized the method used to select
each monitor. Secondly, some known CVD risk factors and potential confounding factors,
such as noise and dietary intake that may have resulted in residual confounding, were not
considered in this study. Future studies with consideration of these factors are warranted.
Lastly, as mentioned above, to allow fair comparison with similar studies, we did not make
adjustment for multiple comparisons. It is up to readers if they would like to interpret results
with adjustment.

Conclusions

In summary, our findings indicate PM5 5 exposure, especially the long-term exposure, harms
lipid metabolism among midlife women. Midlife women are potentially subject to greater
risks of CVD due to the physiological changes during the menopausal transition and the
high prevalence of dyslipidemia in this population. The findings of this study raise concern
about the impact of long-term exposure to fine particles on lipids/lipoproteins, which merit
further toxicological studies on air pollution induced lipid/lipoprotein metabolism.
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Highlights
. We examined the associations of ambient PM, 5 exposure with lipids/
lipoproteins.
. PM 5 exposures could increase atherogenic and reduce protective
lipoproteins.
. Most of the adverse impact was observed in long-term exposure windows.
. PM, 5 influenced different lipoproteins depending on one’s health status.
. Long-term exposure to ambient PM, 5 may increase CVD risks in midlife
women.
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Figure 1.
Average one-year PM> 5 exposure levels of SWAN participants at six sites across visits 3 to

7 (1999-2005).
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The estimated associations between PM, 5 exposure in different time windows and lipid/

lipoproteins, stratified by dyslipidemia status. (Data shown are the mean estimates and error
bars represent 95% confidence intervals.)
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The estimated associations between PM, 5 exposure in different time windows and lipid/

lipoproteins for perimenopause and postmenopause. (Data shown are the mean estimates and
error bars represent 95% confidence intervals.)
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Median (interquartile range) lipid/lipoprotein concentrations (mg/dl) for the SWAN cohort, stratified by

Table 1

dyslipidemia status, BMI, and menopausal status, 1999-2005°

NE HDL LDL TG TC Lp(a) LpAl  ApoAl  ApoB
All participants baseline 1838 57 (21) 111(39) 102(76) 195(46) 15(34) 54(21) 163(37) 110 (37)
Dyslipidemia Yes 5437 50(14) 120(45) 134(87) 201(52) 16(40) 47(17) 157(35) 116 (39)
No 3259 68(17) 107(37) 79(34) 194(41) 16(36) 62(19) 182(33)  95(28)
BMI <25 3221 65(21) 110(40) 89(50) 197 (45) 12(26) 59(23) 177(38) 101 (34)
25+ 5262 53(17) 118(42) 119(86) 200(49) 19 (46) 50(19) 161(36) 112 (39)
Menopausal status ~ Pre 494 53(21) 111(38) 98(68) 189(38) 12(32) 51(21) 161(37) 105 (35)
Early peri 3,342 56(19) 111(38) 98(67) 191(44) 16(38) 53(20) 163(35) 104 (35)
Late peri 883 57(21) 122(45) 109(85) 206(51) 19 (47) 52(20) 167(38) 112(39)
Natural post 2,617 58 (21) 122(46) 111(76) 207(50) 17 (37) 53(20) 171(41) 112(38)

Page 18

aN is the number of observations, not women; each participant has data for multiple visits, and could be in different categories for subsequent
visits. Sample size varied by biomarkers. Visits without any blood data (N=69) or any matching exposure data (N=5147) were excluded. Visits 6
and 7 in New Jersey were censored due to small sample size (N=55). Data from visits after any CVD events (N=11 from 4 participants) were
excluded. Marker values out of reasonable ranges (0.02-8.2% varied by markers) were excluded.
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Percent of change in lipid/lipoprotein levels per an interquartile increase in PM 5 exposure for SWAN cohort,

1999-2005"
Marker Exposure window N 95%ClI
HDL-c 1-day 5115  -0.01(-0.3,0.3)
30-day 6999 0.2 (-0.1,0.6)
6-month 6830  -0.1(-0.5,0.3)
1-year 6359 —0.7 (1.4, -0.1)**
LDL-c 1-day 5054 0.03 (-0.4, 0.5)
30-day 6918 0.4 (0.1, 0.8)
6-month 6751  —0.04 (0.6, 0.5)
1-year 6284 0.4 (-05,1.3)
TG 1-day 5120  -0.3(-1.1,0.5)
30-day 7002 0.1(-0.7, 0.9)
6-month 6833 0.04 (-0.9, 1.0)
1-year 6362  -0.2(-1.6, 1.4)
TC 1-day 5113 -0.1(-0.4,0.2)
30-day 6997 0.3 (-0.01, 0.6)*
6-month 6828  -0.01(-0.4,0.3)
1-year 6357  —0.02 (0.6, 0.5)
Lp(a) 1-day 4812 -0.3(-15,0.9)
30-day 6581 0.3 (1.0, 1.5)
6-month 6414 0.5 (-1.0, 2.1)
1-year 5957 3.8 (1.0, 6.6)***
LpAl 1-day 2476  -0.05(-0.8,0.7)
30-day 3460 0.4 (0.3, 1.1)
6-month 3301 0.05(-0.7, 0.8)
1-year 2920  -0.4(-1.4,0.6)
ApoAl 1-day 5028  -0.1(-0.4,0.2)
30-day 6876  —0.03(-0.3,0.3)
6-month 6711  -0.2(-0.6, 0.1)
1-year 6244 0.6 (-1.1, -0.1)**
ApoB 1-day 4992 0.2 (-0.2,0.6)
30-day 6833 0.2 (0.2, 0.5)
6-month 6668 0.5 (0.04, 1.0)**
1-year 6207 05 (-0.3,1.2)
ApoB/ApoAl  1-day 4924 0.3(-0.1,0.7)
30-day 6740 0.2 (-0.2,0.7)
6-month 6579 0.8 (0.3, 1.3)***
1-year 6122 1.4 (0.5, 2.3)***

a . . . . . . .
Analyses were based on log-transformed biomarker levels, adjusted for race/ethnicity, education, visit number, season of the visit, age at visit,
menopausal status, BMI, smoking status, diabetic status, alcohol consumption in the last 24 hours, hormone use, and anti-lipidemic medication use.
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The unit changes of PM2 5 exposure used in this calculation were 10 ug/m3 for short-term exposure (1-day window), 5 ug/m3 for intermediate-

term exposure (30-day window), and 3 ug/m3 for long-term exposure (6-month and 1-year windows).
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