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Abstract

Objective—To determine if hepatocyte growth factor (HGF), a promising biomarker of coronary
heart disease (CHD) given its release into circulation in response to endothelial damage, is
associated with subclinical and clinical CHD in a racial/ethnic diverse population.

Methods—HGF was measured in 6738 participants of the Multi-Ethnic Study of Atherosclerosis.
Highest mean HGF values (pg/mL) were observed in Hispanic, followed by African, non-Hispanic
white, then Chinese Americans.

Results—In all races/ethnicities, HGF levels were associated with older age, higher systolic
blood pressure and BMI, lower HDL, diabetes, and current smoking. In fully adjusted models,
each standard deviation (SD) higher HGF was associated with an average increase in coronary
artery calcium of 55 Agatston units for non-Hispanic white (p<0.001) and 51 for African
(p=0.007) Americans, but was not in the other race/ethnic groups (interaction p=0.02). There were
529 incident CHD events and CHD risk was 41% higher in African (p<0.001), 17% in non-
Hispanic white (p=0.026) and Chinese (p=0.36), and 6% in Hispanic (p=0.56) Americans per SD
increase in HGF.

Conclusion—In a large and diverse population-based cohort, we report that HGF is associated
with subclinical and incident CHD. We demonstrate evidence of racial/ethnic heterogeneity within
these associations, as the results are most compelling in African and non-Hispanic white
Americans. We provide evidence that HGF is a biomarker of atherosclerotic disease that is
independent of traditional risk factors.

Keywords
atherosclerosis; coronary disease; epidemiology; risk factors

INTRODUCTION

Hepatocyte growth factor (HGF) was originally identified and studied due to its mitogenic
role in liver regeneration.[1] Evidence is mounting that indicates HGF activities have
cardioprotective effects in tissues through activation of anti-apoptotic, anti-inflammatory,
anti-oxidant, and anti-fibrotic, pathways.[2] However, it is unknown if HGF contributes to
the progression of atherosclerosis given that it is also a strong promotor of angiogenesis, [3,
4] an essential component of atherosclerotic plague neovascularization. Subsequent research
has shown that circulating HGF is elevated as a compensatory response to endothelial
damage and accumulates in injured organs via its receptor c-Met.[5] Therefore, circulating
HGF has been proposed as a potential clinical biomarker for assessing disease burden and
predicting cardiovascular disease (CVD).

Studies of circulating HGF in humans are predominantly limited to clinical populations with
CVD. Collectively, these studies found higher circulating levels of HGF were associated
with intima medial thickness (IMT), aorto-iliac artery atherosclerosis, and presence of
coronary atherosclerosis.[6-8] Similarly, higher concentrations were associated with
myocardial infarction (MI), unstable angina, and heart failure.[9, 10] Likewise, HGF has
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been shown to be higher in those with cardiovascular risk factors such as hypertension,
diabetes, and obesity.[11, 12]

Despite the evidence linking HGF and atherosclerotic disease, little information is known
about the relationship of HGF with disease and related risk factors in the general population.
Prior studies were limited in scope, sample size, and racial/ethnic diversity. Importantly,
previous research has demonstrated race/ethnicity-specific genetic regulation of HGF levels,
justifying the exploration of potential heterogeneity in phenotype associations.[13]
Therefore, using the diverse cohort comprising the prospective Multi-Ethnic Study of
Atherosclerosis (MESA), the objective of this study is to describe the shared and race/
ethnicity-specific relationships of circulating HGF with cardiovascular risk factors and
determine if levels of HGF are associated with subclinical atherosclerosis and incident
coronary heart disease (CHD).

Study participants

MESA enrolled 6814 participants from 2000-2002 without known clinical CVD who were
aged 45-84 years of which 38% were non-Hispanic white, 28% African, 22% Hispanic, and
12% Chinese Americans. MESA participants were examined at 6 field centers located in
Baltimore, MD; Chicago, IL; Forsyth County, NC; Los Angeles County, CA; Northern
Manhattan, NY; and Saint Paul, MN. The MESA study has been described in detail
elsewhere.[14] As part of the MESA ancillary study titled Multi-Scale Biology of
Atherosclerosis in the Cellular Adhesion Pathway (HL98077), 6738 participants had serum
HGF measured at the first exam (2000-2002). The study was approved by the Institutional
Review Boards at each research center and informed consent was obtained from all
participants.

Measurements

Questionnaires were used to collect data such as environmental exposures (e.g., smoking
history), and health status (e.g., menopause). Height was measured while participants were
standing without shoes, heels together against a vertical mounted ruler. Body mass index
(BMI) was calculated as weight (kg)/height?(m?2). Resting seated blood pressure was
measured 3 times using an automated oscillometric method (Dinamap), and the average of
the second and third readings was used in analyses. Hypertension was defined as systolic
blood pressure (SBP) of 2140 mm Hg, diastolic blood pressure (DBP) of 290 mm Hg, or
taking antihypertensive medication.

Serum glucose was assayed by a glucose oxidase method on the Vitros analyzer (Johnson
and Johnson Clinical Diagnostics, Rochester, NY). Diabetes was defined as any participant
who self-reported a physician diagnosis, used diabetes medication, or had a fasting
glucose=126 mg/dL. Total cholesterol was measured in ethylenediaminetetraacetic (EDTA)
plasma using a cholesterol oxidase method (Roche Diagnostics, Indianapolis, IN) on a
Roche COBAS FARA centrifugal analyzer. After precipitation of non-high density
lipoprotein (HDL)-cholesterol with magnesium/dextran, HDL-cholesterol was also
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measured in EDTA plasma using the cholesterol oxidase cholesterol method (Roche
Diagnostics). Triglyceride was measured in EDTA plasma using Triglyceride Glycerol
Blanked reagent (Roche Diagnostics) on a Roche COBAS FARA centrifugal analyzer.
Serum creatinine was measured by rate reflectance spectrophotometry using thin film
adaptation of the creatine amidinohydrolase method on the Vitros analyzer (Johnson &
Johnson Clinical Diagnostics, Inc., Rochester, NY). Glomerular filtration rate (GFR) was
estimated using the simplified MDRD (Modification of Diet in Renal Disease study)
equation.

Circulating levels of HGF protein were measured at Exam 1 in serum by a quantitative
sandwich enzyme-linked immunosorbent assay (ELISA) using the Human soluble HGF/
CD62P Immunoassay kit (R&D Systems, Minneapolis, MN), with a lower limit of detection
of 40 pg/mL. The interassay laboratory coefficients of variation for the HGF method were
12.0%, 8.0%, and 7.4% at respective mean concentrations of 686.6, 2039.1, and 4079.5
pa/mL for lyophilized manufacturer’s controls; and 10.4% at a mean concentration of 687.7
pg/mL for an in-house pooled serum control.

Computed tomography (CT) of the coronary arteries was performed at exam 1 and methods
have been previously described.[15] In brief, at 3 of 6 centers, electron beam scanners
(Imatron C-150; Imatron, Inc., San Francisco, CA) were used with cardiac-gating at 80% of
the R-R interval. At the other 3 centers, a prospective electrocardiogram-triggered multi-
detector scan was acquired at 50% of the R-R interval. All scanners were comparable in
their ability to measure calcium.[15] Scans were read centrally at Harbor-University of
California Medical Center (Los Angeles, CA), and Agatston coronary artery calcium (CAC)
scores were quantified by blinded CT image analysts. Using high-resolution B-mode
ultrasonography, images of the near and far walls of the bilateral common and internal
carotid arteries were obtained using a Logiq 700 ultrasound machine (GE Medical Systems,
Waukesha, Wisconsin). Central reading of intima-media thickness (IMT) was done at the
Tufts Medical Center (Boston, Massachusetts). A semi-quantitative scale was used to report
the presence of atherosclerotic plaque; those with 0% were considered to be absent a plaque,
and those with >0% were positive for the presence of a plaque.

Coronary heart disease events

The MESA exam and follow-up forms for ascertaining events are available on the MESA
website (http://www.mesa-nhlbi.org). In brief, the cohort was followed for 12.3 years via
telephone interviews with participants at 9-12 month intervals, and with next of kin for out-
of-hospital deaths. Hospital records were obtained on an estimated 99% of hospitalized
cardiovascular events and some information on 97% of outpatient encounters. Trained
personnel abstracted any hospital records suggesting possible cardiovascular events that
included M1, angina, resuscitated cardiac arrest, stroke (not transient ischemic attack), CHD,
or other CVD death. MI was defined by integrating cardiac pain, biomarker level, and ECG
changes using the Minnesota code. CHD events included all Ml, resuscitated cardiac arrest,
definite angina, probable angina (if followed by revascularization), and CHD death.
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Statistical analyses

RESULTS

Exam 1 characteristics were compared across racial/ethnic strata using linear regression
models for continuous variables and the chi-square test for categorical variables. In race/
ethnicity-stratified analyses, regression models were used to assess the association of HGF
levels and CVD risk factors (i.e., age, sex, BMI, SBP, hypertension treatment, total and HDL
cholesterol, and smoking and diabetes status). To investigate the association of HGF levels
and CAC, IMT, and presence of plaque at Exam 1, regression models were fit with HGF as
the independent variable with adjustment for risk factors. Assumptions of linearity for HGF
were evaluated using generalized additive models with cubic B-splines. There were no
indications of major departures from linearity. Linear regression was used for IMT and
logistic regression was used for plaque. Because the distribution of CAC has a large
percentage of zero measurements, standard normalization transformations are not adequate;
therefore, the Tobit model (type I1) was used to investigate the relationship between CAC
and protein concentration levels.[16] An additional two-stage modeling analysis was
performed to assess the association of HGF with CAC. Stage 1 assessed the relationship of
HGF with CAC limited to subjects with CAC>0 using linear regression models as described
previously; Stage 2 assessed the relationship of HGF with any CAC using logistic
regression. The association of HGF with time to CHD was assessed using Cox proportional
hazards regression, adjusting for CHD risk factors. Associations are reported per race-
pooled standard deviation increase in HGF (259 pg/mL). Proportional hazards were verified
by examination of the Schoenfeld residuals. Race/ethnicity-stratified Kaplan Meier curves,
adjusted for traditional risk factors, were created to illustrate cumulative incidence of CHD
by tertile of HGF. We used a Bonferroni correction to account for multiple comparisons
(0.05/4 strata x 5 outcomes= 0.0025). All testing for interactions between HGF and strata
was conducted by pooling subjects across strata and testing the significance of HGF-by-
strata interaction terms.

Baseline characteristics stratified by race/ethnicity are provided in Table 1. Significant
differences in HGF (pg/mL) by race/ethnicity were observed, with highest mean values in
Hispanic (1036+269), followed by African (934+249), non-Hispanic white (916+255), then
Chinese (839+216) Americans (race/ethnicity interaction p<0.001). Furthermore, levels of
HGF were positively associated with age (Figure 1). Exploring the relationship of HGF and
traditional CVD risk factors, HGF levels were associated with higher BMI and SBP and
lower HDL in all race/ethnicities after adjustment for age and sex (Table 2). Likewise,
hypertensives, current smokers, and diabetics had higher HGF levels. In females, lower
levels of HGF were associated with use of hormone replacement therapy, albeit the
association was strongest in non-Hispanic white and African American women. Exclusively
in non-Hispanic whites, HGF levels were higher in females compared to males independent
of age and inversely associated with current alcohol consumption.

Education and income level did not impact the effect, therefore, Table 3 summarizes the
association of HGF with atherosclerotic disease after adjustment for traditional risk factors.
In fully adjusted models, one standard deviation (SD) increase in HGF was associated with
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an average increase in CAC of 55 Agatston units for non-Hispanic white Americans
(p<0.001) and 51 for African (p=0.007) Americans, with no significant association in either
Chinese or Hispanic Americans. A formal test of the race/ethnicity interaction term was
significant (p=0.02). Similar results were observed for models limited to CAC>0 and when
modeling any CAC. For those participants with measurable CAC, a one SD increase in HGF
associated with an average increase in CAC of 33 Agatston units for non-Hispanic white
Americans (p=0.025) and 53 for African (p=0.01) Americans. However, when modeling any
CAC, we only see a significant increase in odds in Non-Hispanic whites (OR=1.23, 95% ClI
1.10-1.36).

There was race/ethnicity differences in the relation between HGF and internal carotid IMT
with a 1 SD increase in HGF associated with 0.07 mm higher internal carotid IMT in non-
Hispanic whites (p<0.001). In contrast, levels of HGF were not associated with common
carotid IMT in any of the four race/ethnicities. Furthermore, we observed an increase in the
odds of the presence of plaque (OR=1.10 per SD of HGF; p=0.002); similar effect sizes
were observed for Chinese (OR=1.10; p=0.38), Hispanic (OR=1.12; p=0.064) and non-
Hispanic White Americans (OR=1.14; p<0.001).

There were 529 incident CHD events during the follow-up period. We observed racial/ethnic
differences in crude CHD rates, with non-Hispanic whites having the highest rates at 8.3 per
1000 person years, followed by Hispanic and African (6.9), and Chinese (5.5) Americans. In
models adjusted for traditional risk factors, CHD risk was 41% higher per SD increase in
HGF in African (p<0.001) and 17% in non-Hispanic whites (p=0.026). Although not
statistically significant, we observed a 17% increase in CHD risk in Chinese (p=0.36), and
6% in Hispanic (p=0.56) Americans. Similarly, adjusted Kaplan Meier curves of the
cumulative incidence of CHD by tertile of HGF displayed racial/ethnic differences (Figure
2). However, the formal test of interaction between the races was not significant (p=0.18). In
race/ethnicity pooled analyses, each 1 SD increase in HGF was associated with a 20%
higher risk of CHD (p<0.001).

To assess the impact of healthy participant bias in MESA, we conducted sensitivity analyses
stratifying by age. Stratifying the MESA cohort into two age groups (i.e., 45-64 and 65-84),
we observed similar associations with subclinical disease (Table 4). In contrast, a significant
difference by age group was observed for incident CHD with a 1 SD increase in HGF
associated with a 32% increased risk of CHD in the younger group (p<0.001), while a 12%
increased risk was observed in the older group (p=0.04, age by HGF interaction p=0.03).

DISCUSSION

HGF was positively associated with subclinical and clinical CHD in this large and diverse
population. Increased circulating levels of HGF were associated with greater CAC and
incident CHD in African and non-Hispanic white Americans independent of other
cardiovascular risk factors. In contrast, levels of HGF were not associated with subclinical
disease in Chinese or Hispanic Americans nor were levels of HGF significantly associated
with increased risk of CHD in these groups. These findings provide initial evidence that
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HGF may be to be a valuable clinical marker and further demonstrate the utility of HGF may
be limited to specific populations.

HGF is thought to be primarily produced by mesenchymal cells and acts on cells expressing
MET.[2] HGF and MET expression are stimulated in response to tissue injury resulting in
the activation of anti-apoptotic pathways, increased angiogenesis, and upregulation of 1L-10,
a cytokine that limits inflammation.[17] Additionally, activation of HGF/Met enhances
critical protective pathways that act against hypoxia-induced autophagy.[18] A substantial
body of evidence exists regarding the cardioprotective effects of these tissue activities in
atherosclerotic heart disease, which have been summarized previously.[2] In contrast, the
angiogenic properties of HGF and associations of circulating HGF and cardiovascular risk
factors and disease implicate HGF in atherosclerotic disease. Despite the uncertainty
regarding the role of HGF in atherosclerosis, HGF has been hypothesized as a potential
biomarker for disease prediction as well as a biomarker of disease burden. Herein, we
demonstrate racial/ethnic heterogeneity in the association of HGF with atherosclerotic heart
disease.

The mechanisms underlying the racial/ethnic heterogeneity in the association of HGF with
CAC and internal carotid IMT remain unclear. However, these results support the notion that
subclinical measures of atherosclerosis may not reflect the extent of disease similarly across
race/ethnicity groups. Numerous studies, including MESA, have found that non-Hispanic
whites have higher prevalence and density of CAC compared other race/ethnicities and that
African Americans have the lowest prevalence.[19, 20] Our novel finding that higher HGF is
associated with CAC in both non-Hispanic whites and African Americans suggest that
despite the distributional differences in CAC between the two groups, HGF is a potential
biomarker of underlying disease.

Prior investigations of HGF and IMT have focused predominantly in small Japanese clinical
populations.[7, 21] The largest study investigated 317 Japanese residents and reported that
those in the upper 50t percentile of HGF had increased common carotid IMT compared to
those with lower levels.[6] Of note, a previous MESA study demonstrated that common
carotid IMT predicted CHD, albeit not as strongly as CAC.[22] In contrast and despite the
large sample size in MESA, HGF was associated specifically with internal carotid IMT in
non-Hispanic whites. These seemingly mixed results need to be viewed in the context of
MESA IMT measurements. The common carotid artery IMT measurements were made
below the bulb but did not consider presence or absence of early plaque and thus there was
no exclusion of plaque. Therefore, this IMT measure is less of a surrogate for atherosclerosis
and more likely related to hypertrophy of the medial layer. In contrast, the internal carotid
artery IMT focused on capturing any plaque present in either the bulb or proximal internal
carotid artery and thus there are site-specific differences in the association of risk factors and
these two IMT measurements.[23]

Similar to the results for CAC, the increased risk of CHD in those with higher levels of HGF
was most compelling for African and non-Hispanic white Americans. However, in contrast
to the results for subclinical disease, low CHD event numbers in Chinese and Hispanic
Americans may be impacting our ability to detect meaningful associations. The increased
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risk of CHD observed with higher levels of HGF in MESA, extends our knowledge of this
relationship beyond highly selected clinical populations that have dominated the literature to
date. For example, higher HGF has been associated with increased risk of death in heart
failure patients,[24] and in patients undergoing percutaneous coronary revascularization.[25]
Likewise, higher levels of HGF are associated with acute MI. [9] Herein we show that levels
of HGF predict the development of clinical disease.

HGF is released in response to tissue injury and thus we expect circulating levels to be
associated with adverse risk factors. In relatively small clinical populations, circulating HGF
has been associated with advanced age, current smoking and diabetes,[10, 25-27] and
systolic blood pressure.[7, 28, 29] Likewise, obesity is associated with higher levels of
HGF[12, 30] with concomitant decreases following weight loss.[31] In MESA, we more
fully elucidated the shared and race/ethnicity specific relationships with traditional
cardiovascular risk factors. Collectively, these results support the hypothesis that HGF levels
are associated with a more adverse risk profile suggestive of systemic inflammation and
endothelial injury. We further demonstrate that HGF levels add additional information as to
underlying disease risk.

The major limitation of the study is the relatively small number of CHD events in Chinese
and Hispanic Americans that may have hindered our ability to detect an association with
HGF. Likewise, our ability to formally evaluate the prognostic value of HGF is limited by
the number of events to date and thus will be the focus of future research as the cohort ages.
Furthermore, MESA participants were required to be free of known CVD at baseline and
thus are likely more representative of a primary prevention population as opposed to the
general population. Healthy participant bias may be a factor and one that is likely stronger in
the older ages. To attempt to understand if bias could affect the association of HGF and
incident CHD, we stratified the cohort by age and observed a stronger association in the 45—
64 year olds then in the older group. These results suggest that our pooled point estimate
could be biased toward the null, and the increased risk of CHD per SD of HGF could be
higher in a general population sample. Strengths of the study include the large sample sizes
in four race/ethnicity groups as prior investigations were limited in both size and diversity.
Given the high prevalence of CAC in all four racial/ethnic groups (>40%), there was
adequate power to detect an association in race/ethnicity stratified analyses.

In a large and diverse population-based cohort, we report that HGF is associated with
subclinical and incident CHD. We demonstrate evidence of racial/ethnic heterogeneity
within these associations, as the results are most compelling in African and non-Hispanic
white Americans. We provide evidence that HGF is a biomarker of atherosclerotic disease
that is independent of traditional risk factors. However, further research is needed to assess
HGF as a clinically useful risk marker of atherosclerotic disease.
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Key questions
What is already known about this subject?

HGF has previously been associated with cardiovascular risk factors and atherosclerotic
disease.

What does this this study add?

Previous studies have predominantly focused on clinical populations that were limited in
scope, sample size, and racial/ethnic diversity. By using the Multi-Ethnic Study of
Atherosclerosis (MESA), we observed that each standard deviation higher HGF was
associated with an average increase in coronary artery calcium of 55 Agatston units for
non-Hispanic white and 51 for African Americans, but was not in the other race/ethnic
groups (interaction p=0.02). Likewise, coronary heart disease risk was 41% higher in
African (p<0.001), 17% in non-Hispanic white (p=0.026) and Chinese (p=0.36), and 6%
in Hispanic (p=0.56) Americans per standard deviation increase in HGF.

How might this impact on clinical practice?

These findings provide initial evidence that HGF may be to be a valuable clinical marker
and further demonstrate the utility of HGF may be limited to specific populations.
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Figure 1.

Boxplot of hepatocyte growth factor by race/ethnicity and age strata. The lower and upper
edges of the rectangle are the 251 and 75t percentiles and the horizontal line within the
rectangle is the median. The lines extend from each rectangle to the lowest and highest
values within 1.5 x interquartile range.
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Figure 2.
Kaplan-Meier curves for incident coronary heart disease by tertile of hepatocyte growth

factor by Race/Ethnicity.
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Table 4

Association of hepatocyte growth factor and subclinical and clinical atherosclerotic disease by baseline age
grouping

Exam 1 Age 45-64 (n=3790) Exam 1 Age 65-84 (n=2951)

Beta (S.E.) p Value Beta (S.E.) p Value
CAC, Agatston Score
Model 1 56 (8.3) <0.001 61 (13) <0.001
Model 2 27 (8.8) 0.002 37 (14) 0.008
Common Carotid IMT, mm
Model 1 0.015 (0.003) <0.001 0.001 (0.004) 0.75
Model 2 0.003 (0.003) 0.27 -0.005 (0.004) 0.17
Internal Carotid IMT, mm
Model 1 0.054 (0.008) <0.001 0.065 (0.014) <0.001
Model 2 0.025 (0.008) 0.002 0.044 (0.014) 0.002
OR (95% CI) p Value OR (95% CI) p Value
Presence of Plaque
Model 1 1.23(1.14-1.33)  <0.001  1.16 (1.07-1.26)  <0.001
Model 2 1.10 (1.01-1.19) 0.028 1.11 (1.02-1.21) 0.02
Number of CHD Events 193 336
Total Person-Years 43,379 29,454
Crude CHD Rate, per 1,000 person-years 4.4 11.4
HR (95% ClI) p Value HR (95% CI) pValue
Time to Coronary Heart Disease
Model 1 152 (1.35-1.72)  <0.001  1.18(1.06-1.31)  0.002
Model 2 1.32 (1.15-1.51)  <0.001  1.12(1.01-1.26) 0.04

CAC, coronary artery calcium; CHD, coronary heart disease; IMT, intima medial thickness.

Model 1 = age, sex and race/ethnicity.

Model 2 = age, sex, BMI, systolic blood pressure, hypertension treatment, total cholesterol, HDL cholesterol, smoking and diabetes status and race/

ethnicity.
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