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STUDY QUESTION: Is the increased future cardiovascular risk seen in women with endometriosis or polycystic ovary syndrome
(PCOS) mitigated by functional insulin-like growth factor-1 receptor (IGF/R) single-nucleotide polymorphism (SNP) rs2016347 as previ-
ously shown in women with hypertensive disorders of pregnancy?

SUMMARY ANSWER: This cohort study found that women with endometriosis or PCOS who carry a T allele of IGF/R SNP rs2016347
had a reduced future risk of developing cardiovascular disease (CVD) and associated risk factors, with risk reduction dependent on cohort
era.

WHAT IS KNOWN ALREADY: Women with endometriosis or PCOS have been shown to have an increased future risk of CVD and
associated risk factors with limited predictive ability.

STUDY DESIGN, SIZE, DURATION: This retrospective cohort study took place in the Nurses’ Health Study 2 (NHS2), which enrolled
| 16430 participants in 1989 who were followed through 2015. The study population was analyzed in its entirety, and subdivided into entry
(pre-1989) and after entry (post-1989) exposure cohorts. All NHS2 participants were eligible for inclusion in the study, 9599 (8.2%) were
excluded for missing covariates.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The NHS2 enrolled female registered nurses from |4 different states who
ranged in age from 25 to 42 years at study entry. Data were collected from entry and biennial questionnaires, and analysis conducted from
November 2020 to June 202 1. Cox proportional hazard models were used to assess risk of CVD, hypertension (HTN), hypercholesterol-
emia (HC) and type 2 diabetes, both with and without genotyping for rs2016347.

MAIN RESULTS AND THE ROLE OF CHANCE: While women without endometriosis or PCOS, as a whole, demonstrated no im-
pact of genotype on risk in either cohort, women with endometriosis carrying a T allele had a lower risk of CVD (hazard ratio (HR), 0.48;
95% Cl, 0.27-0.86, P=0.02) and HTN (HR, 0.80; 95% ClI, 0.66—0.97, P=0.03) in the pre-1989 cohort, while those in the post-1989 co-
hort had a decrease in risk for HC (HR, 0.76; 95% Cl, 0.62-0.94, P=0.01). Women with PCOS in the post-1989 cohort showed a signifi-
cant protective impact of the T allele on HTN (HR, 0.44; 95% Cl, 0.27-0.73, P = 0.002) and HC (HR, 0.62; 95% Cl, 0.40-0.95, P=0.03).
LIMITATIONS, REASONS FOR CAUTION: Data on specific endometriosis lesion locations or disease stage, as well as on PCOS phe-
notypes were lacking. In addition, data on systemic medical treatments beyond the use of oral contraceptives were missing, and these
treatments may have confounded the results.

WIDER IMPLICATIONS OF THE FINDINGS: These findings implicate systemic dysregulation of the insulin-like growth factor-| axis in
the development of HTN, HC and clinical CVD in endometriosis and PCOS, suggesting a common underlying pathogenetic mechanism.
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Introduction

Endometriosis and polycystic ovary syndrome (PCOS) are two of the
most common conditions affecting women during their reproductive
years. While differing in their pathogenesis, both conditions are associ-
ated with decreased fertility and increased later life risk of cardiovascu-
lar disease (CVD) as well as some of its precursor conditions: essential
hypertension (HTN), hypercholesterolemia (HC) and type 2 diabetes
(T2D). Interestingly, both of these reproductive disorders have also
been linked to dysregulation of the insulin-like growth factor-1 (IGF-1)
axis.

Endometriosis is a chronic estrogen-dependent disorder affecting up
to 10% of US women in their reproductive years and is characterized
by the presence of ectopic endometrial tissue which produces chronic
pain, dysmenorrhea and infertility in 30% of cases (Burney and
Giudice, 2012; Patel et al., 2018; Bulun et al., 2019). In addition, there
is evidence of chronic systemic inflammation and vascular involvement
with various studies reporting subclinical atherosclerosis, increased ar-
terial stiffness, increased endothelial inflammatory markers and higher
levels of low-density lipoprotein cholesterol (Melo et al., 2010;
Kinugasa et al., 201 ; Santoro et al, 2012, 2015; Tani et dl, 2015;
Taskin et al, 2019). Indeed, prior reports from the Nurses’ Health
Study 2 (NHS2) have shown that women with laparoscopically con-
firmed endometriosis experience significantly increased risks for later
development of HTN, HC and ischemic cardiac and cerebrovascular
diseases (Mu et al., 2016, 2017). Potential dysregulation of the IGF-I
axis associated with endometriosis has been evidenced by increased
IGF-1 levels in peritoneal washings, altered IGF-1 axis expression in
ovarian endometriosis tissue, and higher pain levels in those with in-
creased macrophage-derived IGF-1 expression (Kim et al., 2000;
Loverro et al., 2001; Zhou et al., 2016; Forster et al., 2019).

PCOS is the most common endocrine disorder of women in their
reproductive years and is characterized by hyperandrogenism, ovula-
tory dysfunction and cystic ovarian histology changes. The estimated
US iincidence of PCOS has ranged from 4% to 10%, in part due to
changing diagnostic criteria over the past 30years (El Hayek et al,
2016; Azziz, 2018). PCOS is associated with increased risk for CVD
and its precursor conditions of HTN and HC, as well increased risk of
T2D (Glueck et al., 2009; de Groot et al., 201 1; Mani et al., 2013;
Wekker et al., 2020). PCOS tends to evolve through life with hyperan-
drogenism appearing in adolescence and largely resolving by age 40,
and displays several different disease phenotypes each with distinct
CVD risk profiles (Shroff et al., 2007; Moran and Teede, 2009;
Jovanovic et al., 2010; Daskalopoulos et al., 2015; Lizneva et al., 2016;
Tziomalos, 2016; Louwers and Laven, 2020).

Like the above two gynecologic diseases, conditions known as hy-
pertensive disorders of pregnancy (HDP) have also been associated

with increased later life risk of HTN and CVD and have similarly been
linked to systemic dysregulation of the IGF-1 growth factor axis. Our
prior population-based studies have shown that for women with HDP,
later-life blood pressure as well as cancer risk, may be significantly re-
duced if they have also inherited a common functional variant of the
IGF-1 receptor (IGFIR) gene (T allele for rs2016347, encoded within
its 3 prime untranslated region (3'UTR)) that is known to reduce its
transcript levels across multiple human tissues including coronary and
peripheral arteries, heart muscle, pancreas and ovaries (Prebil et dl,
2014; Powell et al., 2017; Powell et al., 2020; GTEx portal 2021).

Materials and methods

Study population

The current retrospective cohort study was performed in the NHS2,
which enrolled 116430 registered female nurses in 1989 who ranged
in age from 25 to 42 and resided in |4 different states. Extensive data
were collected from original detailed entry questionnaires as well as
subsequent biennial questionnaires through 2015; details describing the
NHS2 and its numerous contributions to medical research are well-
documented (Bao et al., 2016; Chavarro et al., 2016; Colditz et al.,
2016). This study excluded 9599 participants with missing covariates,
leaving a final analytic sample of 106831 women (flowcharts of study
numbers are presented in Supplementary Figs S| and S2). A subset of
participants provided blood and buccal samples for genotyping provid-
ing information for our IGF IR single-nucleotide polymorphism (SNP) of
interest, rs2016347. The NHS2 study protocol was approved by the
Institutional Review Board (IRB) of the Brigham and Women's
Hospital, which allowed participants’ completion of questionnaires as
implied consent.

Assessment of exposures and outcomes

In 1993, NHS2 participants were asked if they had ‘physician-diag-
nosed endometriosis’ and if yes, they were asked if it had been
confirmed by laparoscopy. In a previously reported validation of self-
reported endometriosis using medical records in NHS2 participants,
96% of those who reported laparoscopic confirmation were confirmed
by medical records review, versus only 54% of participants who self-
reported endometriosis without reporting laparoscopic confirmation
(Missmer et al., 2004). Consequently, 3304 participants who reported
endometriosis without laparoscopic confirmation were censored at
their report of endometriosis.

If the participant answered yes on the 1993 questionnaire, they
were then asked during which time period the diagnosis occurred:

220z Keln 01 uo 1senb Aq 26619G59/€80 1/G/.E/Bl0Me/daiwny/wod dno-olwepese)/:sdRy Wolj paPEojuUMOQ


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac059#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac059#supplementary-data

IGFIR and cardiovascular risk in PCOS and endometriosis

1085

before 1989, and in 2-year subsequent ranges. The time of endometri-
osis diagnosis was taken at the midpoint of these ranges or was set
for 1989 for those who reported the diagnosis as ‘before 1989
There were 12804 women who reported laparoscopically confirmed
endometriosis and comprised the exposure set. This endometriosis
exposure group was analyzed in its entirety, and divided into two time
period eras consisting of all those diagnosed prior to study entry (pre-
1989 cohort), n=5678, and those diagnosed after study entry (post-
1989 cohort), n=7126.

On NHS2 entry and follow-up questionnaires participants were
asked if they had ever been diagnosed with PCOS, and midpoints of
time intervals were used to set diagnosis dates. To minimize possible
misclassification resulting from using self-reported PCOS alone, partici-
pants in our study had to also report at least one of the major symp-
toms of PCOS: hirsutism, infertility or significantly irregular menstrual
cycles. Hirsutism was asked directly, infertility was defined as trying to
become pregnant for | year without success, and significantly irregular
menstrual cycles were defined as ‘usually irregular’ or ‘always irregular’
in high school or between ages 18-22. Using this stricter definition,
4661 of the 11928 participants who had self-reported PCOS were
censored at their report of PCOS, leaving 7267, or 6.8% of all partici-
pants meeting our study definition of PCOS. This included 9.2% with
the symptom of hirsutism, 32.9% with infertility, 47.1% who solely
reported significant menstrual irregularities and 10.8% with more than
one of these symptoms.

Medical outcomes were self-reported except for myocardial infarc-
tion (MI) and T2D, which were validated using hospital or medical
records. CVD was defined as the first event of confirmed M, self-
reported angiographically confirmed angina or self-reported coronary
artery bypass graft/angioplasty/stent placement between enrollment
and the last available questionnaire (2015), resulting in 2908 CVD
cases.

Both HTN and HC were self-reported on the entry questionnaire
in 1989 and biennially through 2015. A total of 46936 women self-
reported HTN and 63291 women self-reported HC. Participants who
self-reported T2D had their diagnosis confirmed using hospital/medical
records yielding 8184 confirmed T2D cases.

DNA samples and genotyping

To obtain NHS2 genetic data, blood and buccal samples were col-
lected from 29611 and 29392 participants, respectively from which
DNA was extracted using Qiagen PureGene DNA Isolation Kits
(Gentra Systems, Minneapolis, MN, USA). Genotyping of rs2016347
was determined from at least one of five different DNA analysis plat-
forms (Lindstrém et al., 2017). Of these, four required imputing
rs2016347 genotype while only OncoArray used direct genotyping. In
four women with conflicting genotypes between OncoArray and an
imputation method, OncoArray was favored. Two women had incon-
sistent results between two imputation methods and were dropped
from the genetic analyses. Genotypes of rs2016347 among all NHS2
participants were in Hardy—Weinberg equilibrium (P=0.06). After
exclusions for missing covariates, 8170 participants with genotyping
remained and comprised the study subset for the genetic analyses.
Reported population T allele frequencies are 0.57 for European, 0.52
for East Asian and 0.30 for African. Of note, participants in our genetic
analyses were 98% White and had an overall T allele frequency of

0.52, consistent with the 0.51 T allele frequency seen in White
women of the California Teachers’ Study (dbSNP 1000genomes 2020;
Powell et al., 2017).

Genetic model selection

In an effort to maximize statistical power and address potential
multiple testing issues related to analyses of multiple genetic statistical
models for each exposure, outcome, and cohort, we focused our anal-
yses solely on the recessive genetic model. Prior published studies of
the association of rs2016347 with disease outcomes demonstrated
that the guanine/thymine (GT) genotype tracks most closely to the
thymine/thymine (TT) genotype (Powell et al., 2013; Prebil et dl,
2014; Winder et dl., 2014; de Groot et al., 2016; Powell et al., 2020).
Therefore, as done in our prior population study examining the impact
of rs2016347 on risk of CVD in women with HDP, our current analy-
ses focused solely on the recessive genetic model, which compares
participants carrying at least one T allele (TT and GT genotypes com-
bined) with the reference group of guanine/guanine (GG) carriers
(Powell et al., 2020).

Statistical analysis

Cox proportional hazards analyses using time-on-study as the time
scale were used to calculate hazard ratios (HRs) and 95% Cl between
each of the exposure cohorts and outcomes. Participants with out-
comes prior to exposure were dropped from the relevant analyses.
Individual person-years extended from study entry until final question-
naire completion, year of diagnosis with each outcome, lost-to-follow-
up or death, whichever came first. Models examining the hazard of
developing each outcome for endometriosis and PCOS were adjusted
for age at study entry, ethnicity, BMI, smoking history, parity, age at
menarche, family history of each outcome, history of uterine fibroids,
gynecologic surgeries, oral contraceptive use in months, diet as
Alternative Healthy Eating Index 2010 score and physical activity calcu-
lated in metabolic equivalents/week and were calculated for all partici-
pants with each exposure and then for the pre-1989 and post-1989
cohorts alone. The number of missing values for each covariate was
relatively low with a missing value in only 9599 participants (8.2% of
total) who were excluded from all analyses.

Assessment of the proportional hazards assumptions for large
samples was evaluated using model-based analyses (Austin, 2018). All
analyses were carried out using R version 4.0.1 ‘See Things Now’ (R
Core Team, 2020). The ‘survival’ and ‘stats’ packages were used to
estimate HRs and 95% Cls (Therneau and Grambsch, 2000;
Therneau, 2020). All graphics were created using ‘ggplot2’ (Wickham,
2016).

Results

Participant characteristics

Characteristics of study participants by exposure status are presented
in Table I. For endometriosis, there were many minor differences con-
sistent with previously reported characteristics (Parasar et al., 2017).
However, most notable was a difference in parity, .60 for those with
endometriosis compared to 2.01 for those without, as well as a large
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Table I Characteristics of study participants by exposure status.
Characteristic Endometriosis exposure PCOS exposure
Endo + Endo - P-value® PCOS + PCOS - P-value®
(n=12804) (n=103878) (n=7267) (n=109410)
Age at entry, mean (SD) 34.4 (4.6) 344 (4.7) 0.879 34.7 (4.6) 343 (4.7) <0.001
Ethnicity (%) <0.001 <0.001
White 11983 (93.7) 95619 (92.3) 6779 (93.5) 100818 (92.4)
Black 171 (1.3) 1930 (1.9) 109 (1.5) 1992 (1.8)
Asian 150 (1.2) 1922 (1.9) 57 (0.8) 2015 (1.8)
Other 484 (3.8) 4153 (4.0) 309 (4.3) 4328 (4.0)
BMI at entry, mean (SD) 23.9 (4.8) 24.1 (5.1) <0.001 25.2 (6.0) 24.0 (5.0) <0.001
Age at menarche (%) <0.001 <0.001
<I2 3564 (27.9) 25105 (24.2) 1903 (26.3) 26766 (24.5)
12-13 7145 (56.0) 59624 (57.6) 3871 (53.4) 62893 (57.7)
144 2052 (16.1) 18798 (18.2) 1471 (20.3) 19379 (17.8)
Parity, mean (SD) 1.60 (1.25) 2,01 (1.31) <0.001 1.68 (1.28) 1.98 (1.31) <0.001
OC use in months (%) <0.001 <0.001
<6 1854 (14.5) 19671 (18.9) 1030 (14.2) 20493 (18.7)
6-35 5074 (39.6) 38525 (37.1) 3194 (44.0) 40404 (36.9)
36+ 5876 (45.9) 45682 (44.0) 3043 (41.9) 48513 (44.3)
Smoking history (%) 0.309 <0.001
Never 8254 (64.7) 67390 (65.1) 4373 (60.4) 71269 (65.4)
Current or past 4550 (35.3) 36488 (34.9) 2894 (39.6) 38141 (34.6)
Physical activity,” mean (SD) 22.3(21.8) 23.0 (23.3) 0.001 22.5(23.4) 23.0 (23.1) 0.076
Hysterectomy only (%) 1788 (14.0) 11170 (10.8) <0.001 867 (11.9) 12091 (1'1.1) 0.022
BSO only (%) 180 (1.4) 1098 (1.1) <0.001 111 (1.5) 1167 (1.1) <0.001
Hysterectomy and BSO (%) 5772 (45.1) 14149 (13.6) <0.001 2556 (35.2) 17364 (15.9) <0.001

BSO, bilateral salpingo-oophorectomy; OC, oral contraceptive; PCOS, polycystic ovary syndrome.
“Hypothesis testing using the Chi-squared tests for categorical variables and t-tests for continuous variables.

®Physical activity in metabolic equivalents (METS) per week from recreation and leisure time.

difference between those receiving gynecologic surgeries: 45.1% with
endometriosis salpingo-
oophorectomy (BSO) versus |13.6% of women without.

Women with PCOS were older at study entry, more likely to be

White, less likely to have been a smoker, used more oral contracep-

receiving hysterectomy and bilateral

tives and had a lower parity than women without PCOS. They also
had a slightly higher mean BMI at study entry, 25.16 vs 24.03; and
most notably, there was also an increase in gynecologic surgeries, with
35.2% having had hysterectomy and BSO compared to 15.9% of
women without PCOS.

Characteristics of study participants by cohort era are presented in
Table Il for endometriosis and PCOS. When comparing pre-1989 to
post-1989 eras for women with endometriosis, those in the later co-
hort were younger at study entry, had a later age at menarche, higher
parity, exercised more, smoked less and more underwent hysterec-
tomy. As expected, the later cohort women with endometriosis had
an older age at diagnosis and a shorter interval between diagnosis and
outcome.

Women in the PCOS post-1989 cohort were slightly younger at
study entry, less likely to have been a smoker and had a slightly lower

BMI when compared with those in the pre-1989 cohort. Most signifi-
cantly, they were diagnosed with PCOS at a mean age of 39.5 com-
pared to a mean age at diagnosis of 29.3 in the pre-1989 cohort. This
is at least partly due to the diagnosis coming at least 2 years after study
entry in 1989 when their mean age would be 36.3, but may also re-
flect the infertility issues that arise in professional women who delay
childbirth leading to a comprehensive work-up and possible PCOS di-
agnosis at a later age. Of note, the interval between their PCOS diag-
nosis and the studied outcomes was 5-9years shorter than that of
women in the pre-1989 cohort.

Subsequent cardiovascular risks in women
diagnosed with endometriosis or PCOS

As shown in Fig. | and when not considering rs2016347 genotype sta-
tus, women diagnosed with endometriosis had increased risk of devel-
oping CVD (HR, 1.45; 95% CI, 1.27-1.65, P = <0.001), HTN (HR,
I.11; 95% CI, 1.07-1.15, P = <0.001) and HC (HR, 1.17; 95% Cl,
1.13-1.20, P = <0.001), but no significant increased risk of developing
T2D relative to those without endometriosis (HR, 1.03, 95% CI,
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Table Il Characteristics of study participants by exposure cohort.

Characteristic Endometriosis exposure PCOS exposure
Pre-1989 Post-1989 P-value® Pre-1989 Post-1989 P-value®
(n=5678) (n=17126) (n=4903) (n=2364)
Age at entry, mean (SD) 35.6 (4.2) 33.4 (4.6) <0.001 35.1 (4.5) 33.9 (4.6) <0.001
Ethnicity (%) 0.073 0.331
White 5323 (93.9) 6660 (93.5) 4577 (93.6) 2202 (93.2)
Black 73 (1.3) 98 (1.4) 69 (1.4) 40 (1.7)
Asian 51 (0.9) 99 (1.4) 33(0.7) 24 (1.0)
Other 220 (3.9) 264 (3.7) 212 (4.3) 97 (4.1)
BMI at entry, mean (SD) 239 (4.7) 239 (4.9) 0.488 25.3 (6.0) 249 (5.7) 0.017
Age at menarche (%) 0.001 0.323
<12 1664 (29.4) 1900 (26.8) 1298 (26.6) 605 (25.7)
12-13 3147 (55.6) 3998 (56.3) 2582 (52.8) 1289 (54.7)
14+ 851 (15.0) 1201 (16.9) 1008 (20.6) 463 (19.6)
Parity, mean (SD) 1.48 (1.23) 1.69 (1.27) <0.001 1.66 (1.28) [.71 (1.28) 0.076
OC use in months (%) <0.001 <0.001
<6 687 (12.1) 1167 (16.4) 648 (13.2) 382 (16.2)
6-35 2429 (42.8) 2645 (37.1) 2219 (45.3) 975 (41.2)
36+ 2562 (45.1) 3314 (46.5) 2036 (41.5) 1007 (42.6)
Smoking history (%) <0.001 0.009
Never 3533 (62.4) 4721 (66.5) 2897 (59.3) 1476 (62.6)
Current or past 2145 (37.6) 2405 (33.5) 2006 (40.7) 888 (37.4)
Physical activity,” mean (SD) 21.3(20.2) 23.1 (23.0) <0.001 22.2 (23.6) 23.1 (22.9) 0.094
Hysterectomy only (%) 697 (12.3) 1091 (15.3) <0.001 571 (11.6) 296 (12.5) 0.298
BSO only (%) 86 (1.5) 94 (1.3) 0.391 73 (1.5) 38(1.6) 0.776
Hysterectomy and BSO (%) 2539 (44.7) 3233 (45.4) 0.472 1745 (35.6) 811 (34.3) 0.295
Age at diagnosis, mean (SD) <35.6 (4.2)° 41.9 (7.2) <0.001 293 (5.1) 39.5(5.5) <0.001
Diagnosis interval (years), mean (SD)
CvD 12.8 (7.3) 9.1 (6.4) <0.001 16.7 (9.6) 10.0 (6.2) <0.001
Hypertension 13.4 (6.7) 9.2 (6.3) <0.001 17.1 (9.1) 10.0 (5.9) <0.001
Hypercholesterolemia 11.2@7.1) 8.1 (6.1) <0.001 14.0 (8.9) 8.9 (6.0) <0.001
Type 2 diabetes mellitus 16.5 (6.5) 10.1 (6.2) <0.001 20.9 (7.7) I1.5(6.8) <0.001

BSO, bilateral salpingo-oophorectomy; CVD, cardiovascular disease; OC, oral contraceptive.

“Hypothesis testing using the Chi-squared tests for categorical variables and t-tests for continuous variables.

PPhysical activity in metabolic equivalents (METS) per week from recreation and leisure time.

“No information is available as to the diagnosis year of participants diagnosed with endometriosis prior to 1989, thus diagnosis year was set to year of study entry (1989).

0.96—1.11, P=0.43). When comparing these HR risks between the
two endometriosis cohorts, there were minimal HR differences except
for CVD risk, which was not significantly increased in the post-1989
cohort (HR, 1.05, 95% ClI, 0.87—1.27, P=0.49).

Also shown in Fig. |, for all women with PCOS there was an in-
crease in the risk for all outcomes: CVD (HR, [.71; 95% CI, 1.52—
1.93, P <0.001), HTN (HR, 1.09; 95% Cl, 1.05-1.13, P < 0.001), HC
(HR, 1.16; 95% Cl, 1.12-1.20, P < 0.001) and T2D (HR, 1.34; 95%
Cl, 1.25-1.45, P < 0.001). HR risks for CVD and HC were very simi-
lar in the two PCOS cohorts, but differed for HTN (HR, 1.15; 95%
Cl, 1.10-1.20, P < 0.001) in the pre-1989 cohort relative to HTN
(HR, 0.94, 95% Cl, 0.88—1.01, P=0.94) in the post-1989 cohort, as
well as for HC where it was increased (HR, 1.30; 95% ClI, 1.25-1.35,

P < 0.001) in the pre-1989 cohort but decreased (HR, 0.86; 95% Cl,
0.80-0.92, P < 0.001) in the post-1989 cohort.

Association of IGFIR rs2016347 genotype
with study exposures and outcomes

The association of rs2016347 genotype with each study exposure and
outcome is presented in Table lll. When looking at the Chi-squared-
tests, the recessive model (TT/GT genotype compared to GG refer-
ence group) was not associated with endometriosis, PCOS, CVD,
HTN, HC or T2D. Cox proportional hazard models also did not
show any effect of genotype on studied outcomes in women without
endometriosis or PCOS and are presented in Supplementary Fig. S3.
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Endometriosis — All participants PCOS - All participants
Outcome Hazard Ratio P value (|| Outcome Hazard Ratio P value
(95% CI) (95% CI)
CVD 1.45(1.27, 1.65) _— <0.001 CVD 1.71 (1.52, 1.93) - <0.001
HTN 1.11 (1.07, 1.15) - <0.001 HTN 1.09 (1.05, 1.13) - <0.001
HC 1.17 (1.13, 1.20) - <0.001 HC 1.16 (1.12, 1.20) - <0.001
T2D 1.03 (0.96, 1.11) - 043 T2D 1.34 (1.25, 1.45) _— <0.001
0.5 L0 15 20 0.5 10 15 20
Hazard Ratio Hazard Ratio
Endometriosis- Pre-1989 Cohort PCOS- Pre-1989 Cohort
CVD 1.49 (1.27, 1.74) T <0.001 || CVD 1.75 (1.51,2.03) — <0.001
HTN 1.11 (1.06, 1.16) = <0.001 || HTN 1.15 (1.10, 1.20) = <0.001
HC 1.13 (1.08, 1.18) = <0.001 [ HC 1.30 (1.25, 1.35) o <0.001
T2D 1.05 (0.95, 1.15) B 0.37 T2D 130 (1.19, 1.41) - <0.001
0.5 L0 15 20 05 10 15 20 25
Hazard Ratio Hazard Ratio
Endometriosis- Post-1989 Cohort PCOS- Post-1989 Cohort
CVD 1.05 (0.87, 1.27) —— 0.49 CVD 1.65 (1.39, 1.95) B s— <0.001
HTN 1.07 (1.02, 1.13) - 0.007 HTN 0.94 (0.88, 1.01) - 0.09
HC 1.17 (1.11, 1.22) - <0.001 HC 0.86 (0.80, 0.92) - <0.001
T2D 1.00 (0.90, 1.11) —— 0.94 T2D 1.46 (1.29, 1.66) —_—— <0.001
(I._‘ I.H I.’\ :'IJ "Iﬁ ].n |“- :-”
Hazard Ratio Hazard Ratio

Figure 1. Outcome risk for endometriosis and polycystic ovary syndrome (PCOS) for all participants and by cohort. Result plotted
as box with line representing 95% Cl. Number of outcomes: CVD =2120, HTN =46 532, HC = 62 568, T2D =8145. CVD, cardiovascular disease;

HC, hypercholesterolemia; HTN, hypertension; T2D, type 2 diabetes.

Cardiovascular risks for endometriosis and
PCOS cohorts stratified by rs2016347
genotype

The results of cardiovascular outcome risks stratified by rs2016347 ge-
notype status for NHS2 women diagnosed with either endometriosis
or PCOS are presented in Figs 2 and 3, respectively. For all women
with endometriosis, those carrying at least one T allele (recessive
model) had a lower risk of HC (HR, 0.86; 95% CI, 0.76-0.98,
P=10.02), but no significant change in their risk of CVD, HTN or T2D.
However, when looking by cohort and as shown in Fig. 2, women
with endometriosis in the pre-1989 cohort carrying at least one T al-
lele had a decreased risk for CVD (HR, 0.48; 95% Cl, 0.27-0.86,
P=0.02) and HTN (HR, 0.80; 95% CI, 0.66-0.97, P=0.03) while
those in the post-1989 cohort had a decrease in their risk for HC
(HR, 0.76; 95% Cl, 0.62-0.94, P=0.01). The interaction term
(Endometriosis*T allele) P-values were 0.01, 0.03 and 0.04,
respectively.

While analysis of all NHS2 women with PCOS did not reveal any
significant protective impact by carrying the rs2016347 T allele on ei-
ther CVD, HTN, HC or T2D risk, cohort analysis as shown in Fig. 3
suggested otherwise. Whereas no significant impact of rs2016346

genotype on cardiovascular outcome risks was apparent for women
with PCOS in the pre-1989 cohort, those diagnosed with PCOS in the
post-1989 cohort showed a significant protective impact of the T allele
on HTN (HR, 0.44; 95% Cl, 0.27-0.73, P = 0.002) and HC (HR,
0.62; 95% Cl, 0.40-0.95, P=0.03). The interaction term (PCOS*T al-
lele) P-values were 0.03 and 0.1 1, respectively.

Due to small sample sizes and results of prior rs2016347 studies,
the authors chose to concentrate on the impact of carrying a T allele
in their analyses. Results demonstrating the impact of the GT genotype
and the TT genotype each compared to the reference GG genotype
for all models are presented in Supplementary Tables SI and SII. In
most of the analyses with larger sample sizes, the GT genotype does
track closely to the TT genotype, however, it is possible that larger
numbers may have supported the use of an additive model.

Discussion

This study reveals a lower later-life risk of developing CVD-related
outcomes, including HTN, HC and clinical CVD events, in women
with a diagnosis of endometriosis or PCOS that also inherit the
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Table 111 Distribution of rs2016347 genotypes in study
exposures and outcomes.

GG GT/TT P-value®
genotype genotype
No. (%) No. (%)
Exposure
Endometriosis + 619 (23.6) 2092 (76.4) 0.45
Endometriosis — 1287 (22.8) 4172 (77.2)
PCOS + 192 (24.0) 607 (76.0) 0.62
PCOS — 1714 (23.3) 5657 (76.7)
Outcome
Cardiovascular disease + 53 (20.9) 200 (79.1) 0.36
Cardiovascular disease — 1853 (23.4) 6064 (76.6)
Hypertension + 848 (23.0) 2727 (77.0) 0.54
Hypertension — 1058 (23.0) 3537 (77.0)
Hypercholesterolemia + 1254 (23.8) 4012 (76.2) 0.16
Hypercholesterolemia — 652 (22.5) 2252 (77.5)
Type 2 diabetes + 153 (23.0) 511 (77.0) 0.86
Type 2 diabetes — 1753 (23.4) 5753 (76.6)

GG, guanine/guanine; GT, guanine/thymine; PCOS, polycystic ovary syndrome; TT,
thymine/thymine.

?P-values are for the Chi-square test for independence between genotype and expo-
sure/outcome for recessive genetic model.

functionally blunted T allele variant of IGFIR gene, rs2016347.
Consistent with prior population studies demonstrating the protective
effect of inheriting a T allele on later-life blood pressure and cancer
risk in women with HDP exposure, the present study offers new evi-
dence implicating systemwide dysregulation of the IGF-1 axis in the
later-life CVD risk experienced by women exposed during their repro-
ductive years to the seemingly unrelated gynecologic disorders, endo-
metriosis and PCOS. Despite presumed differences in their
pathogenetic bases, these epidemiologic findings suggest a shared path-
ogenetic link that involves dysregulation of the IGF-1 growth factor re-
ceptor system.

Our current non-genetic findings (i.e. independent of rs2016347 ge-
notype) confirm prior NHS2 and non-NHS2 population studies show-
ing that both endometriosis and PCOS predispose to increased risks
of developing HTN, HC and CVD; as well, PCOS but not endometri-
osis also predisposes to T2D (Fig. |). For endometriosis, our latest
findings are consistent with prior NHS2 studies (Tobias, 2015; Mu
et al,, 2016, 2017). Outcomes following self-reported PCOS have not
previously been reported from the NHS2 study population due to po-
tential misclassification issues; but the additional inclusion of a known
PCOS-associated symptom as a diagnostic requirement served to miti-
gate potential misclassification.

Our sub-analysis of all NHS2 women having endometriosis or
PCOS by their diagnostic cohort era is novel and was motivated by
known changes in diagnostic techniques and disease classification crite-
ria occurring over the 50years from when many participants in the
NHS2 reached the age of I8 until the end of their follow-up period. In
addition, participants in the two cohorts also differ in characteristics
such as parity, smoking history and oral contraceptive usage, which
may contribute to the varying impact of genotype on CVD risk.

Lesions in women with endometriosis are generally thought to prog-
ress over time, and women diagnosed after age 26 have more ad-
vanced stages of this disease (Burney and Giudice, 2012; Stochino-Loi
et al., 2020). In addition to our observed T allele association with de-
creased risk of CVD (HR, 0.48; 95% Cl, 0.27-0.86, P=0.02) and
HTN (HR, 0.80; 95% Cl, 0.66-0.97, P=0.03) in women with endo-
metriosis restricted to the pre-1989 cohort, there was strong evidence
of interaction for both findings, P=0.01 and 0.03, respectively. This
suggests that women in the pre-1989 cohort may have been diag-
nosed in a milder stage of their disease, which could make them more
sensitive to the protective impact of inheriting the rs2016347 T allele,
as observed.

PCOS diagnosis and classification have gone through multiple
changes since the NHS2 began, including the establishment of National
Institutes of Health (NIH) criteria in April 1990, establishment of the
Rotterdam criteria in 2003, and implementation of the Androgen
Excess and PCOS Society criteria in 2006 (Azziz et al., 2009; Lizneva
et al., 2016). In addition, women with PCOS are now known to have
distinct phenotypes based on their diagnostic criteria and demonstrate
clinical differences as they age, with less reproductive symptoms but
more metabolic manifestations that enhance future cardiovascular risk
(Gluszak et al., 2012; Aziz et al., 2015; Bellver et al., 2018; Louwers
and Laven, 2020). These age-related changes could feasibly account
for the observed decrease in HTN and HC risks seen in women with
PCOS in the post-1989 cohort that carry the T allele of rs2016347. In
that post-1989 cohort, the reduced risk for HTN (HR, 0.44; 95% ClI,
0.27-0.73, P=0.002) showed an interaction P-value of 0.03, while the
reduced risk for HC (HR, 0.62; 95% Cl, 0.40-0.95, P=0.03) showed
an interaction P-value of 0.1 1.

Clearly, more research is needed to posit a mechanistic explanation
for these epidemiologic findings. Tantalizing molecular and cellular
observations relating to the IGF-I axis provide disease-specific clues
but no complete or unifying mechanistic explanation. Expression of
IGFIR at the post-transcriptional level in endometrial tissue is de-
creased in women with endometriosis, resulting from the subcellular
expression of a long noncoding RNA on let-7 microRNA (Ghazal
et al., 2015). Similarly, in PCOS the expression of IGF/R has been
shown to be decreased in the cumulus cells of mature oocytes
(Kenigsberg et al., 2009; Haouzi et al., 2012). Also of interest, IGFIR is
downregulated in early-onset pre-eclampsia by overexpression of
microRNA-320a (Liao et al,, 2021). At the cellular level, endothelial
dysfunction has been frequently reported in association with endome-
triosis and PCOS as well as with pre-eclampsia; and this suggests they
share systemwide vascular system dysregulation predisposing to their
common later-life risk of developing CVD (Diamanti-Kandarakis et al.,
2006; Powe et al., 201 |; Santoro et al, 2012; Banuls et al., 2017). A
key subcellular determinant of endothelial function is nitric oxide
(NO) production, and notably, IGFIR expression may play a signifi-
cant role here with reduced endothelial expression enhancing NO
bioavailability; likewise, mouse models have confirmed that de-
creased IGFIR expression increases NO bioavailabilty (Abbas et al.,
20115 Imrie et al., 2012; Cyr et al., 2020). IGFIR expression also
regulates immune and inflammatory cell responses, with inhibition
reducing systemic inflammation in mouse models (Erlandsson et al.,
2017; Li et al., 2018). The studied SNP is in tight linkage disequilib-
rium with two other functional SNPs in the 3’UTR of IGFIR, two of
which create miRNA binding sites, and studies are underway to
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Cohort N Hazard Ratio P P value for
(95% CI) value® interaction”
Cardiovascular Disease
All 76 0.84 (0.50, 1.42) - 0.52 0.61
Pre-1989 51 0.48 (0.27, 0.86) - 0.01 0.01
Post-1989 25 2.91 (0.68, 12.46) 0.15 0.17
0 I 2 3
Hazard Ratio
Hypertension
All 971 0.90 (0.77, 1.04) —_ 0.16 0.13
Pre-1989 564 0.80 (0.66, 0.97) — 0.03 0.03
Post-1989 407 1.04 (0.81, 1.32) - 0.77 0.98
050 075 100 125 150
Hazard Ratio
Hypercholesterolemia
All 1209 0.86 (0.75, 0.98) —_— 0.02 0.12
Pre-1989 725 0.93 (0.78, 1.10) Y 0.40 0.98
Post-1989 484 0.76 (0.62, 0.94) - 0.01 0.04
050 075 100 125 150
Hazard Ratio
Type 2 Diabetes
All 197 1.35(0.93, 1.95) _— 0.11 0.04
Pre-1989 108 1.24 (0.77,2.02) S 0.38 0.14
Post-1989 89 1.54 (0.86, 2.74) . 0.15 0.09
; : 7
Hazard Ratio

Figure 2. Outcome risk for endometriosis by rs2016347 genotype and cohort. Result plotted as box with line representing 95% Cl.
QOutcomes for recessive genetic model of IGFIR SNP rs2016347. ®P-value for interaction term endometriosis*T allele (TT or GT genotype).

determine which of these SNPs play key physiologic roles. These
mechanistic links may explain our epidemiologic observations of mit-
igated CVD risks in women whose reproductive disorders put them
at increased CVD risk but who otherwise inherit a functionally
blunted IGFIR gene variant.

This analysis has several limitations. We did not have data on
specific endometriosis lesion locations or disease stage, as well as
on PCOS phenotypes. In addition, we did not have information on
systemic medical treatments of the underlying conditions beyond

the use of oral contraceptives, and these treatments may have con-
founded the results, although it is unclear how this would have im-
pacted the genetic analyses. There was also a relatively low
number of NHS2 participants that had been genotyped, which
resulted in our analyses for CVD and T2D being underpowered. In
addition, the relatively low number of genotyped participants could
have biased the results in an undefinable manner. Although NHS2
inclusion of only registered nurses may have improved self-
reported symptom and disease accuracy, it does raise issues of
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Cohort N Hazard Ratio P value® P value for
(95% CI) interaction”
Cardiovascular Disease
All 38 1.11 (0.52, 2.39) —_—t 0.79 0.83
Pre-1989 22 1.42 (0.51, 3.96) 0.50 0.61
Post-1989 16 0.66 (0.19, 2.26) 0.51 0.82
0 1 2 3 4
Hazard Ratio
Hypertension
All 338 0.87 (0.68, 1.12) —_— 0.28 0.23
Pre-1989 242 1.05 (0.78, 1.42) N — 0.73 0.92
Post-1989 96 0.44 (0.27,0.73) - 0.002 0.03
0.0 0.5 1.0 15
Hazard Ratio
Hypercholesterolemia
All 491 0.82 (0.67, 1.01) — 0.07 0.09
Pre-1989 365 0.88 (0.69, 1.13) I I 0.32 0.26
Post-1989 126 0.62 (0.40, 0.95) . 0.03 0.11
0.0 0.5 1.0 1.5
Hazard Ratio
Type 2 Diabetes
All 90 1.30 (0.78, 2.16) _— 0.31 0.48
Pre-1989 54 1.30 (0.56, 3.05) 0.54 0.65
Post-1989 36 1.54 (0.86, 2.74) - 0.15 0.58
2 3
Hazard Ratio

Figure 3. Outcome risk for PCOS by rs2016347 genotype and cohort. Result plotted as box with line representing 95% Cl. *Outcomes
for recessive genetic model of IGFIR SNP rs2016347. ®P-value for interaction term endometriosis*T allele (TT or GT genotype).

generalizability, as the study population for the genetic analyses was
98% White, were all highly educated, and had a relatively low inci-
dence of obesity.

Conclusions

Previously described cardiovascular risk increases in women with en-
dometriosis and PCOS, two of the most common disorders of

women of reproductive age, are shown to be significantly reduced in
women who carry a common T allele variant of IGFIR (SNP
rs2016347), with the magnitude of risk reduction dependent on co-
hort eras that reflect different diagnostic criteria, mean ages at diagno-
sis, and changing medical definition of disease stages and phenotypes.
The inherited T allele has been shown to reduce IGFIR gene expres-
sion in key tissues, and this may offset pathogenetic alterations in the
IGF-1 axis suspected to link these two early-life gynecologic conditions
with increased later-life CVD risk.
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