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Abstract

Objective—To evaluate whether higher circulating levels of complement proteins C3 and C4 are
associated with menopausal status and with hemostatic/thrombus formation markers (circulating
factor VII (factor Vlic), fibrinogen, plasminogen activator inhibitor-1 (PAI-1) and tissue
plasminogen activator antigen (tPA-ag)) in a sample of midlife women.

Methods and Results—A total of 100 women (50 late peri-/postmenopausal and 50 pre-/early
peri menopausal women) from the Study of Women’s Health Across the Nation (SWAN)
Pittsburgh site were included in the present analysis. Factor Vlic and PAI-1 were log transformed.
Linear regression was used for analysis. The mean age of the study participants was 50.5+2.6
years with 73% were Caucasian and 27% were African American. C3 but not C4 was significantly
higher in postmenopausal women compared to premenopausal women (P value=0.03), adjusting
for age, race and BMI. In final model (adjusting for age, race, BMI and menopausal status), C3
was associated with higher levels of log PAI-1 (P value=0.0009) and tPA-ag (P value=0.0003),
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while C4 was associated with higher levels of log factor Vlic (P value=0.04) and fibrinogen (P
value=0.005).

Conclusions—These data suggest that C3 and C4 may be related to blood clots via their
associations with hemostatic markers and that C3 is related to menopausal status. Complement
proteins C3 and C4 could be possible pathways by which postmenopausal women are at higher
risk of atherosclerosis and cardiovascular related events. It is important to replicate these findings
in a larger sample size.
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Introduction

Methods

Cardiovascular disease (CVD) is the leading cause of death in the United States and the risk
of CVD increases in women after the age of 50,12 a time period that coincident with the
menopausal transition. Increasing evidence suggests that the complement system is
associated with atherosclerosis and CVD.3-10 However, the underlying mechanism is not
completely understood. The complement system includes a series of proteins that have a
critical role in innate immunity and inflammatory reactions. The activation of the
complement system produces pro-inflammatory mediators that can attack the endothelium
and enhance leukocyte recruitment to inflammatory sites.11 Among the several complement
proteins that mediate activation of the complement system are complement proteins C3 and
C4, which play critical roles in the complement system activation.1112 Depositions of both
C3 and C4 have been found in arterial lesions.13 14 Recent data suggest a potential role of
complement protein C3 in clot stability with hypofibrinolytic and prothrombotic features.®

Previous studies showed that serum C3 is significantly higher in women compared to men,?
with women over 50 years of age having significantly higher C3 levels compared with
younger women.1® This pattern raises the possibility that reproductive hormones play a role
in the complement proteins. Whether higher levels of complement proteins are related to the
menopausal transition, independent of aging, or play any role in explaining the increasing
risk of CVD in women after the menopause is not clear. For the present study, we evaluated
whether higher levels of complement proteins are associated with postmenopausal status,
independent of age, race, and BMI, and sought to determine their relationship with
hemostatic/thrombus formation markers (factor Vllc, fibrinogen, plasminogen activator
inhibitor-1 (PAI-1) antigen and tissue plasminogen activator antigen (tPA-ag)) in a sample
of midlife women.

Study participants

SWAN is an ongoing, longitudinal, multi-ethnic study of the biological, physical,
psychological, and social changes during the menopausal transition. The study design has
been previously reported.1” In brief, between 1996 and 1997, 3,302 participants aged 42-52
years were recruited from seven designated sites (Boston, MA; Detroit, MI; Oakland, CA;
Los Angeles, CA; Pittsburgh, PA; Chicago, IL; and Newark, NJ). The eligibility criteria for
the SWAN study were 1) an intact uterus and at least 1 ovary, 2) not pregnant or
breastfeeding, 3) at least 1 menstrual period within the past 3 months, 4) no HT use within
the past 3 months. Participants of the current study were part of an ancillary study to SWAN
at the Pittsburgh site where enrollment began between the 4" (1998) and 7t (2000) annual
visit of the SWAN study. A random pilot sample of 100 participants was obtained based on
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availability of frozen blood specimens and menopausal status (50% were pre- or early
perimenopausal and 50% were late peri- or postmenopausal).

Research protocols were approved by the University of Pittsburgh institutional review board
and all the participants provided a written informed consent prior to enrollment.

Study measures

Blood assays—Phlebotomy was performed in the morning after an overnight fast. The
participants were scheduled for venipuncture on days 2 to 5 of a spontaneous menstrual
cycle. Two attempts were made to obtain a sample at days 2 to 5. If a timed sample could
not be obtained (because menstrual cycles became less regular, samples tied to the early
follicular phase were not feasible), a random fasting sample was taken within 90 days of the
annual visit. Blood was maintained up to 1 hour at 4° C until separated and then frozen
(-80°C) and sent on dry ice to the Medical Research Laboratories to measure glucose,
circulating factor VII (factor Vlic), fibrinogen, plasminogen activator inhibitor-1 (PAI-1)
and tissue plasminogen activator antigen (tPA-ag). Glucose was measured with a
hexokinase-coupled reaction (Boehringer Mannheim Diagnostics). Hemostatic markers
factor Vllc, fibrinogen, PAI-1 and tPA-ag were measured in plasma. Fibrinogen and FVIic
were measured in frozen citrated plasma (MLA ELECTRA 1400C; Medical Laboratory
Automation Inc., Mt. Vernon, NY) using a turbidimetric detection system. Fibrinogen
monthly interassay CVs were 2.3% to 3.5% and 2.6% to 3.6% at mean concentrations of 250
and 140 mg/dL, respectively, and FVIlc monthly interassay CVs were 7.8%, 5%, and 4% for
mean activities of 8%, 45%, and 99%, respectively. PAI-1 was measured with a sandwich
procedure using a solid-phased monoclonal antibody and enzyme-labeled goat second
antiserum for detection (IMUBIND plasma PAI-1 enzyme-linked immunosorbent assay
[ELISA]; American Diagnostica, Greenwich, CT). PAI-1 monthly interassay CVs were 5%
to 9% and 4% to 9% at mean concentrations of 7 and 22.5 ng/dL, respectively. tPA-ag was
measured in plasma using a double antibody in an ELISA (IMUBIND tPA-ag ELISA;
American Diagnostica). The assay uses human single-chain tPA-ag as a standard calibrated
against an international standard (NIBSAC, Hertfordshire, UK). Monthly interassay CVs
were 4.7% to 8.7% and 3.8% to 7.8% at mean concentrations of 5.6 and 11 ng/dL,
respectively. Both C3 and C4 were measured using frozen serum specimens by
immunoturbidimetric assay.

Study covariates—Weight and height were measured annually. Body mass index (BMI)
was calculated as weight/height2. Race/ethnicity was self-reported. Age was calculated
using the date of the annual interview minus date of birth obtained upon screening. Smoking
status was defined as current versus past/never if a participant answered yes to the following
question: Since your last study visit, have you smoked cigarettes regularly (at least one
cigarette a day). Diabetes was defined based on self-reported diabetes or fasting glucose
levels = 126 mg/dL, or reported any use of insulin or anti-diabetic agents. Self-reported uses
of steroids, lipid lowering medications and/or anti-hypertensive during the last month of the
study visit were also collected. Blood pressure was averaged after two sequential measures
in the right arm with the participant seated after at least 5 minutes of rest and hypertension
was defined as systolic blood pressure = 140 mmHg or diastolic blood pressure = 90 mmHg
or self-reported use of anti-hypertensive medications in the last month of the study visit.
Menopausal status was determined annually based on reports about frequency, regularity of
menstrual bleeding and use of hormone therapy8 as follow: 1) Premenopause: monthly
bleeding with no perceived change in cycle interval, 2) Early peri-menopause: monthly
bleeding with a perceived change in cycle interval, but at least one menstrual period within
the past 3 months, 3) Late peri-menopause: 3 consecutive months of amenorrhea, 4)
Postmenopause: 12 consecutive months of amenorrhea. Both pre and early peri-menopausal
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were combined in one group while late peri- and postmenopausal were combined in a
second group.

Statistical Analysis

Results

Independent (C3, C4) and dependent variables (tPA-ag, PAI-1, factor Vllc, fibrinogen) as
well as covariates were examined for distributions and outliers. Both factor Vlic and PAI-1
were log transformed. Both C3 and C4 were normally distributed. Separate linear regression
models for each hemostatic marker and each compelemnt protein were fitted. Models
adjusted for age, race, status and BMI based on univaraite analysis. Effect modification of
BMI on associations between status and complement protein was tested. For a clearer
presenation of the interaction between BMI and status, BMI was dictotomized into 2
categories as follow:obese if BMI = 30 kg/m? and none obese if BMI < 30 kg/m?.
Bonferroni adjustement was used for multiple comparisons. Additionally, effect
modification of menopausal status for associations between commplement proteins and each
hemostatic marker was evaluated. Analyses were performed with SAS, version 9.2 (SAS
Institute, Cary, NC).

Characteristics of the study participants were summarized at Table 1. Per study design, 50%
of the study participants were pre- or early peri-menopausal and 50% were late peri- or
postmenopausal. The majority of the participants were Caucasian (73%). The mean age for
the premenopausal group was 48.8 years old while for the postmenopausal group was 52.1
years old. In general, participants were overweight with mean + SD for BM1=28.7 + 5.9 kg/
m2. The two menopausal groups significantly differed in terms of age and level of
complement protein C3, with postmenopausal women have higher levels of C3 compared to
premenopausal women (P=0.002). Of the participants, 15% were current smokers, 4% were
classified as diabetic, 19% as hypertensive, and 5% were on lipid lowering medications, and
1% on steroids within the last month of the study visit.

Table 2 presents unadjusted and adjusted analyses for the associations between menopausal
status and complement proteins. Consistent with the summary statistics presented in Table 1,
postmenopausal women reported significantly higher levels of C3 (P value=0.03) but not C4
(P value=0.2) compared to premenopausal women after adjusting for age, race and BMI.
Significant interaction was found between obesity status (obese: BMI >30kg/m2, non obese:
BMI<30kg/m2) and menopausal status in relation to complement protein C3 (P
value=0.039) but not C4, Figure 1. Obese postmenopausal women had significantly higher
levels of C3 (202.3 mg/dL vs 152.8 mg/dL), compared to all other groups non obese
premenopausal women. Additionally, both obese premenopausal women and non obese
postmenopausal women had significantly lower levels of C3 compared to obese
postmenopausal women (Bonferroni adjusted p value for all <0.05. All significant results
were independent of age, race and menopausal status.

Table 3 shows results from multivariable linear regression models for associations between
each complement protein and each hemostatic marker. In models adjusted for age, race and
menopausal status, C3 was independently associated with higher levels of log PAI-1 (P
value <0.0001), tPA-ag (P value<0.0001) and log factor VII c (P value=0.04); while C4 was
independently associated with higher levels of log factor Vlic (P value=0.03), fibrinogen (P
value=0.005) and log PAI-1 (P value=0.04). Additional adjustment for BMI attenuated the
associations between C3 and factor Vlic and the association between C4 and log PAI-1. The
remaining results did not change. Interactions between each hemostatic marker and
menopausal status in relation to complement proteins C3 or C4 were not significant except
for associations between factor Vllc and C4. Stratification analysis were performed by
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menopausal status and higher levels of C4 was significantly associated with greater level of
factor Vllc in premenopausal women but not in postmenopausal women (P value=0.006),
These results should be interpreted with caution given the small sample size of the current
study. Additional analyses adjusting for smoking status, hypertension, diabetes and use of
lipid lowering medications did not change the above detected associations between C3 and
PAI-1 and tPA-ag as well as between C4 and fibrinogen. Although the p-value for the
association between C4 and factor VIlc was attenuated, the magnitude and the direction of
the association did not change. Smoking status, hypertention, diabetes and use of lipid
lowering medications were not significant in final models and therefore, only parsimonious
models were presented.

Discussion

In the current study complement protein C3 but not C4 was found to be significantly related
to menopausal status independent of age, race and BMI. Further, the association between C3
and late peri-/postmenopausal status was found to be more pronounced among obese
women. Both complement proteins C3 and C4 were found to be significantly associated
with hemostatic/coagulation markers in women at midlife. Complement protein C3 was
independently associated with two important hemostatic markers, PAI-1 and tPA-ag. These
markers have significant roles in thrombus development, stabilization and destabilization in
lesion areas. C4 was independently associated with thrombus development factors, factor
Vllc and fibrinogen.

To the best of our knowledge this is the first epidemiological study to show an association
between menopausal status and C3 protein of the complement system. Estradiol, the main
hormone that declines during the menopausal transition,1® has both anti-inflammatory and
proinflammatory roles depending on several factors such as the immune stimulus and
subsequent immune responses (for example, T cells are inhibited by estrogen while B cells
are activated), variability in expression of estrogen receptors, estrogen circulating levels and
reproductive status.20 Interestingly, complement protein C3 contains estrogen-responsive
elements in the promoter region,2! which may suggest a direct hormonal effect on
complement system. Moreover, recent studies evaluating the genomic response of estradiol
replacement therapy in the frontal cortex of ovariectomized, middle-aged rats as a rodent
model to mimic the low estradiol level in postmenopause show that E2 replacement therapy
down-regulating most of the genes related to extracellular matrix and immunity including
complement components C3 and C4b genes.?2 Additionally, significant up-regulation of
immune-competent gene expression including C3 and complement component receptor 3
alpha subunit was found in post- compared to premenopausal bone tissue.23

The significant interaction between menopausal status and obesity in relation to C3 levels,
suggests a potential role of body fat accumulation, that accompany the menopausal
transition,24-26 in the higher levels of C3 reported among postmenopausal women. The
greater activation of the complement system, as marked by the higher level of C3 reported in
obese postmenopausal women in the current study, could be a consequence of fat
accumulation at midlife. Adipose tissue is widely recognized as an important source of
several immune-related mediators that play critical roles in the inflammatory response. It
produces proinflammatory cytokines that control the hepatic synthesis of acute phase
inflammatory proteins such as complement factors C3 and C4.27 Interestingly, reduction in
C3 level was reported among obese participants after being on 6-week very low calorie
diet,28 which supports the above hypothesis. On the other hand, the current results also
suggest that fat accumulation in postmenopausal women could be a consequence of the
activation of the complement system as marked by the higher levels of C3 among obese
midlife women. C3-deficient mice have been shown to have higher energy expenditure and
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lower body fat.2% In humans, higher levels of plasma C3 predict weight gain.3° Both C3
fragment, C3a, and acylation-stimulating protein (C3desArg) can stimulate triglycerides
synthesis in adipocytes.2? Given the cross-sectional nature of the current study, we cannot
determine if fat accumulation in postmenopausal women is a consequence of complement
system activation or the reverse. It also needs to be stressed that at the current state of
knwoledge, our findings represent simply an association, but not a mechanistic explanation.

We found significant associations between complement proteins C3 and C4 and hemostatic/
coagulation markers in women at midlife. We are not aware of any previous epidemiological
study that assessed similar associations between complement components and hemostatic/
coagulation markers. However, our results are extending what have been reported from
proteomic analysis in vitro and ex vivo studies.1> Complement C3 was identified in
perfused, solubilised plasma clots as a novel clot component. It has been reported to have
high affinity binding to fibrinogen and fibrin. Additionally, lysis analysis showed C3 to have
concentration-dependent fibrinolysis impairment effect both in vitro and ex vivo. These data
suggest a potential role of C3 in prolonging fibrinolysis.1®> Our findings that C3 was
independently associated with two important hemostatic/thrombus formation constituents,
PAI-1 and tPA-ag suggesting a potential role of C3 in thrombus development, stabilization
and destabilization in lesion areas. Additionally, we found that C4 was independently
associated with thrombus development factors: factor Vllc and fibrinogen.

Increasing evidence suggests that the complement system is associated with
atherosclerosis.3-10 Significant positive correlation was reported between C3 and intima-
media thickness in overweight/obese young subjects.3! Patients with severe atherosclerotic
lesions had higher levels of C4 than controls in multivariate analysis.” Further, elevated C3
was able to predict major complications of atherosclerosis developed during 5-year long
independent of other CV risk factors in women who had received aorto-coronary bypass
graft surgery.® Since acute thrombosis is the common feature of several CVD including
myocardial infarction and ischemic stroke, our findings from this pilot study suggest novel
pathways by which complement proteins may increase risk of CVD in women at midlife.
The current study showed that the circulating level of C3 is significantly higher in
postmenopausal women compared to premenopausal women and this association is more
pronounced among obese postmenopausal women. Taken together, our study suggests that
obese postmenopausal women may be at greater risk of thrombus formation due to higher
circulating complement protein C3 when compared with premenopausal women. If our
findings are substantiated by replicating the study using a larger sample size, monitoring
circulating complement protein C3 may prove beneficial for determining the susceptibility
of obese postmenopausal women to thrombotic events.

The main limitations of the current study are 1) the small sample size; 2) the cross-sectional
design, which limits our ability to understand the temporality of the detected associations; 3)
limited generalizability, as only women at midlife were included, and, therefore, our results
may not be generalized to men or other age groups; 4) inability to compare results between
Caucasians and African Americans due to small sample size, particularly for African
American women; 5) unavailability of data about chronic inflammation. However, only one
woman reported using steroids during the last month of the study visit. Despite the small
sample size, the findings are novel and suggest new pathways for the development of higher
risk of CVD in postmenopausal women.

Future studies should replicate our findings in a larger multi-racial population. Examination
of reproductive sex hormones, in association with complement proteins, would shed light on
possible mechanisms of action. Longitudinal studies are needed to understand roles of
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complement C3 in relation to fat accumulation during the menopausal transition and how
that may impact the CVD risk after menopause.
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Adjusted means for complement protein C3 (mg/dL)
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Figure 1. Adjusted M eans of Complement Protein C3 by M enopausal Status and Obesity

*P value for interaction between status and obesity = 0.039. Obese: BMI>=30 kg/mZ.
Models adjusted for age, race, and menopausal status. Non-obese Pre-/ Early peri-
menopausal, obese Pre-/ Early peri-menopausal, non-obese Late peri-/ Postmenopausal
significantly differ from obese Late peri-/ Postmenopausal (Bonferroni adjusted p value for
all <0.05)
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Table 1

Characteristics of the study sample by menopausal status

Page 12

Variables Total Menopausal Status P value
N=100
Pre-/Early Peri-menopausal L ate Peri-/Postmenopausal
N=50 N=50
Age (years), Mean (SD) 50.5 (2.6) 48.8(1.9) 52.1(2.2) <0.0001
Race, n (%) 0.7
African American 27 (27) 15 (30) 12 (24)
Caucasian 73 (73) 35(70) 38(76)
BMI (kg/m?), Mean (SD) 28.7 (5.9) 28.7(6.4) 28.6(5.5) 0.9
C3 (mg/dL), Mean (SD) 162.3 (33.3) 152.3(28.6) 172.3(34.9) 0.002
C4 (mg/dL), Mean (SD) 31.9 (8.8) 31.6(8.9) 32.3(8.7) 0.7
PAI-1 (ng/mL), Median (IQR) 14.8(6.4,23.5) 12.4(6.4,22.8) 16.0(6.4,26.1) 0.7
tPA-ag (ng/mL), Mean (SD) 7.2(3.0) 7.0(2.8) 7.4(3.2) 0.5
Fibrinogen (mg/dL), Mean (SD)*  273.1(57.5) 269.3(62.1) 275.0(56.1) 038
Factor VIic (%), Median (IQR)*  127:5(104.0,151.0)  108.0(100.0,129.0) 145.0(108.0,153.0) 0.2

*
Factor Vllc and fibrinogen were available for 44% of the study participants
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