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OBJECTIVEdSeveral pathomechanisms are implicated in the pathogenesis of metabolic syn-
drome (MetS), most of which have not been investigated in African Americans (AAs). We ex-
amined the contribution of a selected panel of biomarkers to the development of MetS in Jackson
Heart Study (JHS) participants in this investigation.

RESEARCH DESIGN AND METHODSdWe evaluated 3,019 JHS participants (mean
age, 54 years; 64%women) with measurements for seven biomarkers representing inflammation
(high-sensitivity C-reactive protein [CRP]), adiposity (leptin), natriuretic pathway (B-natriuretic
peptide [BNP]), adrenal pathway (cortisol and aldosterone), and endothelial function (endothe-
lin and homocysteine).We related the biomarker panel to the development of MetS on follow-up
and to longitudinal changes in MetS components.

RESULTSdThere were 278 (22.9%) of 1,215 participants without MetS at baseline who had
development of new-onset MetS at follow-up. The incidence of MetS was significantly associated
with serum aldosterone (P = 0.004), CRP (P = 0.03), and BNP (P for trend = 0.005). The
multivariable-adjusted odds ratios (95% CI) per SD increment of log biomarker were as follows:
1.25 (1.07–1.45) for aldosterone, 1.20 (1.02–1.43) for CRP, and 1.54 (1.07–2.23) and 1.91
(1.31–2.80) for low and high BNP quartiles, respectively. Aldosterone was positively associated
with change in all MetS risk components, except low HDL cholesterol and waist circumference.
CRP concentration was significantly and directly associated with change in systolic blood pres-
sure (SBP) and waist circumference but inversely associated with HDL cholesterol. For BNP, we
observed a U-shape relation with SBP and triglycerides.

CONCLUSIONSdOur analysis confirms that, in AAs, higher circulating aldosterone and
CRP concentrations predict incident MetS. The nonlinear U-shape relation of BNPwithMetS and
its components has not been reported before and thus warrants replication.
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The main components of metabolic
syndrome (MetS) includedyslipidemia
(low HDL cholesterol [HDL-C] and

high triglycerides levels), impaired glu-
cose homeostasis (high fasting plasma
glucose), high blood pressure (BP), and
abdominal obesity. Findings from several
cross-sectional and longitudinal studies
have shown that MetS is associated with
higher concentrations of circulating in-
flammatory markers (1,2) and neurohor-
monal activation (3,4). The elevation of
these biomarkers often precedes the de-
velopment of risk factors such as type 2
diabetes (5), insulin resistance (IR) (6,7),
and hypertension (7,8). Few studies,
however, have examined the conjoint
and relative contributions of multiple bio-
markers to the development of MetS, and
none have been conducted in African
Americans (AAs) to our knowledge. Re-
cently, Ingelsson et al. (9) evaluated a
comprehensive panel of eight biomarkers
representing inflammation, hemostasis,
neurohormonal activation, and endothe-
lial dysfunction for their association with
the incidence of MetS and its risk factors
in Framingham. Ingelsson et al. found
that higher circulating plasminogen acti-
vator inhibitor-I and aldosterone levels
were each associated with the develop-
ment of MetS and with longitudinal
changes of MetS components in whites.
Because ethnic differences exist in levels
of visceral adiposity, IR, and circulating
levels of novel biomarkers (such as
C-reactive protein [CRP], adiponectin,
andplasmahomocysteine),we investigated
the individual and conjoint association of
selected circulating biomarkers with the in-
cidence of MetS and with longitudinal
tracking of MetS components among AAs
in the Jackson Heart Study (JHS). We
evaluated a panel of seven biomarkers
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representing inflammation (CRP), adi-
posity (leptin), adrenal pathway (cortisol
and aldosterone), natriuretic pathway
(B-type natriuretic peptide [BNP]), and
endothelial function (endothelin, ET-1,
and homocysteine). Although IR is not a
key component of MetS, we used it as a
covariate in secondary analysis because it
frequently accompanies MetS (10,11) and
to avoid confounding of any potential
association by IR.

RESEARCH DESIGN AND
METHODSdThe sampling, recruit-
ment, and cohort description of the com-
pletely AA JHS has been reported
previously (12). At baseline, JHS con-
sisted of 5,301 participants recruited
from the tri-counties (i.e., Hinds,Madison,
and Rankin) of the Jackson, Mississippi,
metropolitan area. For the current study,
participants who attended visit 1 (2000–
2004) and visit 2 (2005–2008) were
selected.

The final sample sizes for study-
ing biomarker–MetS components and
biomarkers–incident MetS relations were
3,019 and 1,215, respectively. Figure 1
shows a flow chart of the research design.
We derived our study sample from the
total JHS sample at visit 1 by applying in-
clusion criteria based on the established
relationship of the variable with MetS or
the established relationship of the variable
with biomarkers (e.g., coronary artery dis-
ease, diabetes mellitus, and use of sex
hormone therapy [associated with ele-
vated CRP levels]).

For investigating the relation of bio-
markers with longitudinal changes of
MetS components, we used a total of
3,019 participants (baseline study sam-
ple) retained after excluding persons with
the following conditions (in hierarchical
order): prevalent cardiovascular and
prevalent coronary artery disease (n =
545); self-reported heart failure (n = 64);
prevalent diabetes mellitus (i.e., fasting
glucose $126 mg/dL or use of insulin or
oral hypoglycemia agents, n = 225); se-
rum creatinine .2 mg/dL (n = 37); miss-
ing covariates (n = 389); missing
biomarkers and BNP .100 (n = 843);
and self-reported cancer, use of anti-
inflammatory therapy, and white blood
cell count .12 3 109 cells/L (n = 179).
For analyses evaluating new-onset MetS,
we used a sample free of MetS at baseline,
excluding individuals with MetS at base-
line (n = 1,082 or 36%) and those miss-
ing relevant follow-up covariates (n =
722).

Biomarker measurements at
baseline examination: visit 1
Biomarker measurements during the JHS
were performed at the baseline JHS ex-
amination. Serum aldosterone was mea-
sured by radioimmunoassay (Siemens),
whereas plasma BNP and serum cortisol
were measured by chemiluminescent im-
munoassay performed with the Siemens
Advia Centaur (Siemens). SerumCRPwas
measured by the latex particle immuno-
turbidimetric assay (from ITA and from
Roche Diagnostics, Indianapolis, IN),
whereas serum leptin was measured by
radioimmunoassay using the double-
antibody/polyethylene glycol technique of
the Human Leptin RIA kit from Millipore
(Billerica, MA). ELISA methods were used
to measure plasma ET-1 (Minneapolis,
MN), whereas plasma homocysteine was
measured by the fluorescence polariza-
tion immunoassay on the IMX (N-0581;
Abbott Laboratories, Oslo, Norway). The
intra-assay coefficients of variation for the
biomarkers were as follows: 8.7 and 6.2%
for low and high aldosterone concentra-
tions; 4.2, 3.1, and 3.4% for the three
BNP concentrations (low, mid, and high
values); and 9.1 and 7.7% for low and
high cortisol levels, respectively. Coeffi-
cients of variation for CRP and leptin
were 4.5 and 10%, respectively. For
ET-1, coefficients of variation ranged be-
tween 9.3 and 19.1%. For the three levels
of homocysteine, coefficients of variation
were 4.6, 3.2, and 2.1%, respectively.

Definition of MetS and incidence
MetS
MetS was defined in this study accord-
ing to National Cholesterol Education
Program Adult Treatment Panel III as
the presence of at least three of the fol-
lowing five conditions: elevated BP
($130 mmHg systolic BP [SBP], $85
mmHg diastolic BP, or treatment with an-
tihypertensive medications); increased
waist circumference ($102 cm in men
or $88 cm in women); hyperglycemia
(fasting glucose $100 mg/dL) or treat-
ment with insulin; hypertriglyceridemia
($150 mg/dL) or treatment with lipid-
lowering treatment; and low HDL-C
(,40 mg/dL in men and ,50 mg/dL in
women) (13).

Determination of incident MetS for
this study was based on clinical parame-
ters obtained during visit 2. The follow-
up period was on average .4 years from
the baseline examination (median, 4.7 6
0.8 years; range, 3–11 years) among
1,215 individuals (79.1% [n = 961]
women) who were free fromMetS at base-
line and had complete covariate and bio-
marker data. IncidentMetSwas considered
present if at visit 2 at least three (any three)
of the five components of MetS listed
were present.

Statistical analyses
We constructed multivariable logistic re-
gression models to describe the relations
of the biomarker panel to the incidence of

Figure 1dFlow diagram summarizing the research design (population samples, sample size,
and analysis results presented in tables). CVD, cardiovascular disease; HF, heart failure.
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MetS, controlling for the selected clinical
and biochemical correlates. Because of the
right-skewed distribution of most bio-
markers of interest, we transformed bio-
marker values using natural logarithm
and then standardized (mean = 0, vari-
ance = 1) themwithin each sex to facilitate
easier comparisons and to account for
sex differences in their distributions.
For the left-censored serum aldoste-
rone and plasma BNP levels, we used
b-substitution (14) to compute values at
or below the limit of detection and ob-
tained sex-specific BNP quartiles, be-
cause approximately one-quarter of
BNP values were at or below the limit
of detection, respectively. Pairwise
Pearson correlation coefficients were
used to assess the interrelations among
the biomarkers.

Multimarker panel and incidence of
MetS
We tested the likelihood that at least one
of the biomarkers is related to the in-
cidence of MetS. The following clinical
correlates were included in the models as
covariates: age, sex, SBP and diastolic BP,
waist circumference, fasting glucose, fast-
ing HDL-C, log triglycerides, and sex
hormone use (all assessed at the baseline
examination). We compared the good-
ness of fit of a reduced model (i.e., clinical
correlates only) with that of a full model
(i.e., seven biomarkers in addition to the
clinical covariates). We estimated global
probability corresponding to the chance
that at least one biomarker is related to
the incidence of MetS. Analysis was ex-
tended to individual biomarkers only if
the global test yielded P , 0.05. To
identify a subset of relevant informative
biomarkers in the panel, we used step-
wise logistic regression with backward
elimination and a statistical significance
of #0.05 for an individual marker to be
retained in the model. The clinical corre-
lates were forced into the model. We
tested for potential confounding effect
of IR by adjusting for homeostasis model
assessment of IR, both as a continuous
variable and categorical covariate in the
multivariable model. We also evaluated
the influence of conjoint marker effects
on the incidence of MetS by including
pairwise interactions between informa-
tive markers expressed as continuous
variables.

We performed additional regression
analysis using penalized splines (using
the Generalized Additive Models package
available and implemented in the R

statistical software) to further describe
the structure of the relationship between
selected informative markers and inci-
dence of MetS. This approach allowed
us to test for departure from linearity of
any potential biomarker–incident MetS
relations.

Selected biomarkers and
longitudinal changes in metabolic
risk factors
The association between selected bio-
markers and small changes in MetS
components (D) represent the ability of
the biomarker to predict small changes
in MetS components, which may shed
light on the association between bio-
markers and new-onset MetS. In this
analysis, we explored the relation be-
tween longitudinal change and selected
biomarkers. Participants using BP-
lowering or lipid-lowering treatments
or who were diabetic at the baseline ex-
amination were excluded from the anal-
yses for changes in BP, blood glucose,
and triglycerides. Changes in risk factors
were analyzed using sex-pooled multi-
variable linear regression models,
whereas changes in waist circumference
were standardized within sex. We used
censored normal regression for change
in SBP and diastolic BP, plasma glucose,
and logarithm of triglycerides to account
for high BP, diabetes, or dyslipidemia
treatments at the second examination
cycle. In all models, we adjusted for
age, sex, baseline BMI (except for the
model analyzing waist circumference as
the dependent variable), and baseline
level of the individual risk factor. To fa-
cilitate interpretation of results, we
conducted a minor analysis investigat-
ing the predictive ability of the selected
biomarkers in the smaller sample of
participants who did not develop MetS
on follow-up (N = 937). All analyses
were performed using SAS 9.2 (SAS
Institute, Cary, NC) and R programming
language.
Secondary analyses. We estimated sex-
specific cutoffs for the informative bio-
markers that maximized the sums of
sensitivity and specificity for predicting
new-onset MetS by examining separate
receiver-operating characteristics curves.
Using the cutoff points, we obtained
sensitivities, specificities, positive predic-
tive values, and negative predictive values
for incident MetS. We also compared the
difference between the areas under the
operating curve c statistic for the full and
reduced models.

RESULTS

Baseline clinical and biomarker
characteristics
The baseline clinical and biomarker char-
acteristics of the JHS population are
shown in Table 1. For the sample free of
MetS at baseline, we excluded individuals
with MetS and those without relevant
follow-up covariates (Fig. 1). A total of
1,082 (36% of the baseline study sample)
hadMetS, which is a reflection of the high
prevalence of obesity and hypertension
among JHS participants (Table 1). Most
biomarkers exhibited low to moderate
significant (P # 0.005) Pearson correla-
tions, with coefficients ranging from
20.18 to 0.36 (Supplementary Table 2).
Overall, distributions of biomarkers were
similar in the whole sample and in those
without MetS, especially in men.

Relation of multimarker panel and
incidence of MetS
At the end of the second JHS examination
cycle, 278 participants (186 women) had
developed new-onset MetS. The bio-
marker panel was significantly associated
with incidence of MetS (global test, P =
3.31 3 1024; Supplementary Table 1).
We identified three biomarkers that
were significantly associated with inci-
dence of MetS: aldosterone (P = 0.004),
CRP (P = 0.03), and BNP (P for trend
across quartiles = 0.04).

From variable selection analysis re-
sults (Supplementary Table 1), it was ap-
parent that although aldosterone andCRP
levels were linearly related to incidence of
MetS, BNP quartiles were not. The nega-
tive Pearson correlation of plasma BNP
levels with both aldosterone and CRP cor-
roborates the nonlinear relationship of
BNP and MetS (Supplementary Table 2).
Test of linearity using generalized addi-
tive models showed a significant (P =
0.005) nonlinear relation with continu-
ous BNP concentration (.3 estimated de-
grees for the spline) (Supplementary Fig. 1)
and a significant (P = 0.003, estimated de-
grees.1.0) curvilinear relation with BNP
quartiles (Fig. 2). Thus, in subsequent
analyses, we modeled the BNP–MetS rela-
tion as two slopes that were different in
direction by collapsing BNP quartiles
into three categories; i.e., the second and
third quartiles were collapsed into a single
group that served as the referent group,
with which we compared the first and
the fourth quartiles. As summarized in
Table 2, both lower (quartile 1 vs. quartile
2 and quartile 3) and higher (quartile 4 vs.
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quartile 2 and quartile 3) BNP concentra-
tions were associated with incidence of
MetS (P = 0.02 and 0.0008, respectively).
Tests of all pairwise interactions among
informative markers were not statistically
significant and thus are not shown. Inclu-
sion of homeostasis model assessment of
IR as a covariate in the analysis was not
significant and thus was excluded in fur-
ther analyses.

Relation of aldosterone, CRP, and
BNP concentrations to longitudinal
changes in individual components
of MetS
The proportion of individuals with eleva-
tion of one or more components of the
MetS increased during follow-up: ele-
vated glucose levels (11.5%); elevated

BP (8.5%); decreased HDL-C (7.5%);
elevated triglycerides (5.2%); and in-
creased waist circumference (2.9%).

In multivariable-adjusted analysis, al-
dosterone was positively and significantly
(P, 0.0001) associated with longitudinal
changes of all MetS risk components ex-
cept HDL-C and waist circumference
(Table 3). We found a significant direct
association of CRP with longitudinal
SBP (P = 0.0133) and sex-standardized
waist circumference (P = 0.049), and a
significant inverse association with longi-
tudinal changes of HDL-C (P = 0.015) (Ta-
ble 3). BNP levels at the extreme ends
(quartiles 1 and 4) were significantly asso-
ciated with SBP (P values at the low and
high extremes = 0.069 and 0.0109), dia-
stolic BP (P values at the low and high

extremes = 0.22 and 0.0014), and triglycer-
ides (P values at the low and high ex-
tremes = 0.0118 and 0.0045), but not
withHDL-C, plasma glucose, andwaist cir-
cumference (Table 3).

Selected biomarkers and risk of
incident MetS
Every 1-SD increase in log aldosterone
and log CRP was associated with 25 and
21% increase in the risk of incident MetS,
respectively. A 1-SD increase in log aldo-
sterone corresponded to 2.1 ng/dL and
1.2 ng/dL above the median for women
and men, respectively. The correspond-
ing values for CRP were 3.5 mmol/dL
and 3.3 mmol/dL. Low and high BNP
levels increased the odds of development
of MetS by 54 and 91%, respectively,

Table 1dBaseline characteristics of study samples

Baseline study sample
(N = 3,019)

Sample free of MetS at
baseline (N = 1,215)

Women (n = 1,913) Men (n = 1,106) Women (n = 744) Men (n = 471)

Demographics
Age, years 53 6 13 51 6 13 50 6 12 49 6 12
SBP, mmHg 125 6 18 126 6 17 121 6 16 123 6 16
Diastolic BP, mmHg 78 6 10 82 6 10 77 6 9 81 6 10
BP $140/90 mmHg, % 66 64 49 53
Hypertension, % 58 51 41 40
Using antihypertensive therapy, % 50 36 33 27
BMI, kg/m2 32 6 8 30 6 6 31 6 7 28 6 6
BMI $30 kg/m2, % 59 40 47 27
Weight, kg 88 6 21 94 6 21 84 6 21 90 6 20
Waist circumference, cm 99 6 17 100 6 15 94 6 16 96 6 13
High waist circumference,* % 76 41 61 25
Total cholesterol, mg/dL 200 6 39 198 6 41 198 6 38 197 6 38
Triglycerides, mg/dL 96 6 59 114 6 96 77 6 33 91 6 41
High triglycerides,† % 20 26 4 11
HDL-C,‡ mg/dL 55 6 14 46 6 13 58 6 13 48 6 12
Low HDL-C, % 37 33 22 21
Fasting glucose, mg/dL 93 6 18 95 6 23 87 6 13 90 6 14
High plasma glucose,x % 20 22 3 8
HOMA-IR 3.8 6 2.3 3.4 6 2.0 3.1 6 1.7 2.9 6 1.5
Current smokers, % 10 19 7 14
Using sex hormones, % 24 0 22 0
Prevalent MetS (baseline), % 38 29 d d
New-onset MetS (follow-up), % d d 25 19

Biomarkers, median (25th, 75th percentiles)
Aldosterone, ng/dL 4.0 (2.3, 6.8) 4.7 (3.0, 7.4) 3.4 (2.0, 6.0) 4.7 (3.0, 6.8)
BNP, pg/mL 8.0 (2.5, 17.2) 5.4 (2.1, 12.2) 7.8 (2.4, 16.6) 5.3 (2.2, 10.6)
Cortisol, mg/dL 8.2 (6.2, 10.7) 10.4 (8.0, 13.0) 7.6 (5.9, 10.2) 10.1 (7.9, 12.6)
ET-1, pg/mL 1.2 (0.9, 1.6) 1.3 (1.0, 1.6) 1.2 (0.9, 1.5) 1.2 (1.0, 1.5)
Homocysteine, mmol/dL 8.0 (6.8, 9.6) 9.2 (8.0, 11.0) 7.7 (6.6, 9.1) 8.9 (7.7, 10.4)
hsCRP, mg/dL 0.3 (0.1, 0.7) 0.2 (0.1, 0.3) 0.3 (0.1, 0.6) 0.1 (0.1, 0.3)
Leptin, ng/mL 33.2 (22.3, 46.7) 7.9 (4.6, 13.4) 30.0 (20.1, 43.9) 6.6 (4.2, 11.5)

HOMA-IR, homeostasis model of assessment of IR; hsCRP, high-sensitivity C-reactive protein. *Waist circumference $102 cm in men and $88 cm in women.
†Triglycerides $50 mg/dL or treatment. ‡HDL-C ,40 mg/dL in men or ,50 mg/dL in women. xPlasma glucose $100 mg/dL.
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compared with the referent group (Table
2). There was a statistically significant 54–
91% increased risk of MetS at the two ex-
tremes of BNP distribution (Table 2). This
result is consistent with the curvilinear
relationship between BNP and MetS
(Fig. 2).

For participants without develop-
ment of MetS (N = 937) on follow-up,
we summarized the results of the
multivariable-adjusted association be-
tween DMetS and the three identified
biomarkers inTable 4.CRPwas significantly

associated with change in waist circum-
ference (P , 0.0001) only. Serum aldo-
sterone was significantly associated with
changes in SBP and diastolic BP (P ,
0.0001) and fasting triglycerides (P ,
0.0362). High plasma BNP levels were
significantly associated with changes in
SBP (P = 0.0266) and diastolic BP (P =
0.0182) and fasting triglycerides (P =
0.0204). Low plasma BNP was not signif-
icantly associated with changes in MetS
components. These results demonstrate
that the identified biomarkers are

associated with small changes in MetS
components.

Evaluation of performance of
aldosterone, CRP, and BNP for
predicting MetS
Potential clinical usefulness of these
markers for predicting new onset of
MetS is represented by sensitivities,
specificities, positive predictive values,
and negative predictive values for sex-
specific cut points we derived from
receiver-operating characteristics curve
analyses (Supplementary Table 3). The
maximum sex-specific sensitivity and
specificity of the overall model were
0.45 for women and 0.47 for men and
0.84 for women and 0.83 for men. The c
statistic for reduced model was 0.767,
which was significantly (P # 0.0001)
lower than 0.789 for the full model, sug-
gesting that the full model is more infor-
mative for predicting incidence of MetS.

Principal findings
In this community-based cohort of AAs,
we identified two biomarkers in the neu-
rohormoral pathway (BNP and aldoste-
rone) and one in the inflammatory
pathway (CRP) that were significantly
related to incidence of MetS. Higher
circulating aldosterone and CRP were
associated with increased risk of develop-
ing MetS, whereas BNP was nonlinearly
associated with incidence of MetS. The
curvilinear relation found between BNP
and MetS suggests that the risk of de-
veloping MetS is significantly higher with
both lower and higher BNP levels. All
three biomarkers were significantly asso-
ciated with longitudinal changes in SBP
and fasting triglycerides. Aldosterone was
additionally associated with diastolic BP
and fasting glucose, whereas CRP and
BNP were associated with HDL-C and
waist circumference, respectively.

Although the performance of these
biomarkers in predicting MetS as repre-
sented by the receiver-operating charac-
teristics was less than ideal, these results
nevertheless suggest that the biomarkers
and their related pathways may be in-
volved in mediating metabolic risk in
AAs.

The prevalence of MetS and compo-
nents of the syndrome in those with the
disorder differs between ethnic groups,
suggesting possible ethnic difference
in the pathomechanisms of metabolic
risk. The prevalence of MetS in the
non-Hispanic white population of the
Framingham Offspring study was 21.4

Figure 2dPenalized spline smoother of the relationship between new-onset MetS and plasma
BNP levels (BNP quartiles).

Table 2dRelations of selected biomarkers to the incidence of MetS on follow-up

Multivariable-adjusted
odds ratios* 95% CI P

Log aldosterone, per 1-SD increment 1.25 1.07–1.45 0.004
Log hsCRP, per 1-SD increment 1.21 1.02–1.43 0.03
BNP quartiles
Q2 and Q3 Referent d d
Q1 1.54 1.07–2.23 0.02
Q4 1.91 1.31–2.80 0.0008

hsCRP, high-sensitivity C-reactive protein; Q, quartile. *Adjusted for baseline age, sex, SBP, diastolic BP,
waist circumference, HDL-C, fasting triglycerides, fasting plasma glucose, and sex hormone use. Qi is the ith

sex-specific BNP quartile.
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and 26.9% in women and men, respec-
tively (15). The prevalence of MetS in our
AA cohort was almost double that ob-
served in Framingham women (38%)
and somewhat higher than that seen in
Framingham men (29%).

The most prevalent components of
MetS in Framingham were high BP, low
HDL, and high waist circumference for
women and high BP, low HDL, and high
triglycerides for men, in that order, re-
spectively. In our AA sample, the most
prevalent components of MetS were high
BP, high waist circumference, and low
HDL for both women and men (in that
order). In the JHS cohort, high BP and
high waist circumference were observed
in ;60% of the women, nearly double
that observed in Framingham women.
The rate of high waist circumference in
men in the JHS was ;40%, exceeding
that seen in Framingham men (31.0%).
Lipid profiles differ by ethnicity as well.
Triglycerides were higher in women and
men in Framingham (26.7 and 37.3%, re-
spectively) compared with women and
men in the JHS (;20 and 26%, respec-
tively). Low HDL was more common in
women in JHS than women in Framing-
ham and was more common in men in
Framingham compared with men in
JHS. High fasting glucose was observed
in .20% of women and men in the
JHS with MetS; this is more than double
that observed in their Framingham
counterparts.

These ethnic differences in the prev-
alence of MetS and its components are
likely multifactorial and related to differ-
ences in socioeconomic position, lifestyle
and behavioral factors (such as diet and
physical activity), and genetic factors.

Relation of plasma aldosterone
concentrations to MetS
Aldosterone has been related to prevalent
MetS (16–18) and individual compo-
nents of MetS in non-Hispanic whites
(19). In one study, aldosterone was re-
lated to a 21% increased risk of new-onset
MetS in this group. There are limited data
on the relation of aldosterone to MetS in
the AA population (16,17). We observed
that aldosterone was significantly related
to MetS and its components in a large
community-based AA cohort, adding to
the current literature in this high-risk
population. The role of aldosterone in
pathogenesis of MetS is complex and
not fully understood (6,20,21). Available
evidence, however, points to the involve-
ment of multiple mechanisms, including
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the following: increased renal sodium re-
tention, endothelial dysfunction, poten-
tiation of angiotensin II action, and
reduced vascular compliance (6,19). The
most plausible andwidely acceptedmech-
anism was first described by Wehling
et al. (22) and confirmed by Schiffrin
et al. (18), Sowers et al. (23), and Brown
(24). This mechanism involves nonge-
nomic aldosterone effects, such as regula-
tion of intracellular cations, cell volume,
redox status, metabolic signaling, and vas-
cular endothelium-dependent relaxation
(18), that occur in tissues of epithelial and
endothelial origin as well as in cell lines of
human mononuclear leukocytes (25).

Mechanism linking CRP and MetS
CRP is a circulating pentraxin produced
predominantly in the liver as part of an
acute-phase response. CRP plays a major
role in the human innate immune re-
sponse and also provides a stable plasma
biomarker for low-grade systemic inflam-
mation (26). AAs are known to have
higher CRP levels compared with other
ethnic groups (27,28); however, in our
previous study, we did not observe this
distinction (29).

Findings linking CRP to incident
MetS and individual components of
MetS (particularly obesity and high BP)
support the theory that systemic inflam-
mation plays a key role in development of
risk factors for cardiovascular disease and
cardiovascular events (2). Proinflamma-
tory cytokines produced by adipose tissue
may impact lipid and glucose metabo-
lism, resulting in the development of
MetS and risk factors such as diabetes
and dyslipidemia (30). Cytokines such
as interleukin-6 and tumor necrosis factor
can impact metabolism through their
influence on hepatic fatty acid synthesis
(31).

Relation of BNP to MetS
Previous studies have shown a significant
inverse relation between BNP levels and
both prevalent MetS and individual com-
ponents of MetS (particularly obesity).
These findings have been reported in
cross-sectional studies of populations of
several ethnic backgrounds such as
whites (3,32,33), AAs (8,34), and Asians
(35). In one study, the inverse relation
between N-terminal pro-BNP (NT-
proBNP) levels and MetS was thought to

be attributable to the inverse relation of
NT-proBNP with plasma lipids, serum in-
sulin, and BMI, independently of age and
sex (3). On the contrary, no significant
association was found between log NT-
proBNP andMetS in one study conducted
in a Taiwanese population, although NT-
proBNP was positively and significantly
associated with SBP and negatively asso-
ciated with BMI, triglycerides, and insulin
level (35).

The curvilinear relation between BNP
and MetS found in this investigation may
be a reflection of lower BNP relation to
obesity and higher BNP relation to BP.
The relation of higher BNP concentra-
tions to longitudinal increases in BP may
result from BNP release in response to
early increases in sympathetic tone and
early activation of the renin-angiotensin
system that occur with the development
of high BP. Early release of BNP helps
to compensate for volume and salt over-
load through natriuresis (36,37). It
also compensates for vasoconstriction
through vascular relaxation and vascular
remodeling (38).

BNP may affect lipid and glucose
metabolism throughmore direct pathways.

Table 4dAssociation of biomarkers with DMetS components in participants who did not develop MetS

MetS components

CRP Serum aldosterone Plasma BNP

b (95% CI) P b (95% CI) P b (95% CI) P

SBP 0.03
(20.06 to 0.12)

0.51 0.19
(0.10–0.27)

,0.0001 Q1: 0.10
(20.10 to 0.29)

0.32

Q4: 0.24
(0.03–0.45)

0.0266

Diastolic BP 0.00
(20.08 to 0.08)

0.99 0.19
(0.10–0.29)

,0.0001 Q1: 0.09
(20.10 to 0.29)

0.35

Q4: 0.25
(0.04–0.45)

0.0182

Fasting plasma glucose 0.05
(20.03 to 0.12)

0.22 0.01
(20.05 to 0.08)

0.66 Q1: 0.04
(20.11 to 0.20)

0.57

Q4: 20.03
(20.21 to 0.15)

0.73

Fasting triglycerides 0.05
(20.06 to 0.16)

0.39 0.11
(0.007–0.22)

0.0362 Q1: 20.10
(20.33 to 0.13)

0.38

Q4: 0.31
(0.04–0.57)

0.0204

Fasting HDL 0.03
(20.67 to 0.74)

,0.92 0.22
(20.29 to 0.73)

0.40 Q1: 20.61
(21.78 to 0.56)

0.31

Q4: 0.23
(21.46 to 1.00)

0.71

Waist circumference 1.04
(0.52–1.56)

,0.0001 20.39
(21.06 to 0.29)

0.26 Q1: 21.56
(23.13 to 0.02)

0.054

Q4: 20.53
(22.15 to 1.09)

0.52

N = 937. Q, quartile.
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For example, there is evidence that natri-
uretic peptides may significantly increase
both insulin levels and glucagon secretion
(39). Additionally, there is evidence that
they play a role in both lipolysis and
release of triacylglycerols from adipose
tissue (40).

Strengths and limitations
The main strength of our study includes
the large sample size of AAs with data
collected over 4 years regarding several
important clinical covariates. This rich
dataset allowed us to investigate, for the
first time, the pathomechanisms involved
in the development of MetS in AAs. The
main limitation stems from restriction of
our analyses to only individuals with
available covariate and biomarker data.
We developed the biomarker panel based
on both practical considerations and bi-
ological plausibility. Only biomarkers
with maximum data points were in-
cluded, and so the findings should be
considered as hypothesis generating and
warrant confirmation in future studies.
Also, the sample size was inadequate for
investigating the many ways that devel-
opment of MetS can be observed (i.e., at
least three components of five = 10 ways).
Further, lack of data from another ethnic
group to allow for direct comparison
limits the generalization of our findings
to non-AA populations.

CONCLUSIONSdIn our community-
based sample of AAs, we observed that
circulating plasma aldosterone, CRP, and
BNP concentrations were significantly as-
sociated with incident MetS and longitu-
dinal changes in select MetS components.
Our investigation illustrates the likely key
role these biomarkers play in the devel-
opment of MetS and cardiovascular dis-
ease (a major consequence of MetS)
among AAs.
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