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Abstract

Background: Skeletal muscle adipose tissue (AT) infiltration, or myosteatosis, appears to be greater in African
compared with European ancestry individuals and may play a role in type 2 diabetes mellitus (T2DM), a disease
that disproportionally affects African ancestry populations. Inflammation is one mechanism that may link
myosteatosis with increased T2DM risk, but studies examining the relationship between inflammation and
myosteatosis are lacking.
Methods: To examine these associations, we measured skeletal muscle subcutaneous AT, intermuscular AT, and
skeletal muscle density using quantitative computed tomography and serum markers of inflammation in 471
individuals from 8 Afro-Caribbean multigenerational families [mean family size 67; mean age 43 years; mean
body mass index (BMI) 28 kg/m2].
Results: After removing the variation attributable to significant covariates, heritabilities of inflammation
markers [C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a)] ranged from 33%
(TNFa) to 40% (CRP); all P < 0.01. Higher CRP, IL-6, and TNF-a were associated with lower subcutaneous AT
around skeletal muscle (r = - 0.13 to - 0.19, P < 0.05). Higher CRP was additionally associated with lower skeletal
muscle density, indicative of greater intramuscular AT (r = - 0.10, P < 0.05), hyperinsulinemia (r = 0.12, P < 0.05),
and increased homeostasis model assessment of insulin resistance (HOMA-IR) (r = 0.17, P < 0.01).
Conclusions: Our findings suggest that heredity may play a significant role in the determination of several
markers of inflammation in African ancestry individuals. Higher concentrations of CRP appear to be associated
with greater skeletal muscle AT infiltration, lower subcutaneous AT, hyperinsulinemia, and insulin resistance.
Longitudinal studies are needed to further evaluate the relationship between inflammation with changes in
skeletal muscle AT distribution with aging and the incidence of T2DM.

Introduction

Obesity, insulin resistance, and type 2 diabetes mel-
liltus (T2DM) are more common in individuals of Af-

rican ancestry than other ethnic groups.1–8 Although, there is
a strong association between obesity and a greater produc-
tion of a number of markers of inflammation,9,10 some
studies have suggested that regional body fat depots, such as
visceral adiposity, may be more closely linked with certain
markers of inflammation than general adiposity.9,11,12

Emerging data suggest that ectopic skeletal muscle adipose
tissue (AT) infiltration,13,14 or myosteatosis,15 is greater in

men of African than of Caucasian ancestry at all levels of
total adiposity, as well as among nonobese African ancestry
men matched on age and total body fat.14 Moreover, in-
creased myosteatosis appears to be an important risk factor
for T2DM, independent of total adiposity,15 although the
exact mechanisms linking myosteatosis and T2DM are still
unclear. Increased accumulation of adipose tissue in the
skeletal muscle could induce changes in muscle metabolism
and insulin sensitivity via local secretion of inflammatory
adipokines from adipose tissue cells surrounding muscle fi-
bers.16 However, studies examining the relationship between
inflammation and myosteatosis are lacking, particularly in
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populations of African ancestry. Thus, the primary aim of the
present study is to investigate potential associations between
skeletal muscle adipose tissue infiltration and markers of
inflammation, in particular, C-reactive protein (CRP), tumor
necrosis factor-a (TNF-a), and interleukin-6 (IL-6) in multi-
generational families of African ancestry.

Furthermore, the importance of heredity in determining
inflammatory factors remains poorly defined in populations
of African ancestry. In general, heritability of inflammatory
markers was previously described mainly in nuclear families
or sib-pair studies of African Americans, an African ancestry
population with a high degree of non-African ancestry.17,18

Thus, the use of our extended families with very little non-
African ancestry should provide greater precision in herita-
bility estimates. Therefore, the secondary aim of the present
study is to determine the magnitude of genetic and envi-
ronmental influences on markers of inflammation.

Methods

Study sample: The Tobago Family Health Study

The Tobago Family Health Study was designed to inves-
tigate the role of inheritance and environment in various
components of body composition in African ancestry indi-
viduals. According to the 1990 census data based on self-
report, the population of Tobago was 92% African descent,
4.5% mixed, 2% East Indian, 0.4% white, and 1% other.19 We
confirmed with ancestry informative markers that the Afro-
Caribbean population of Tobago has a low level of non-
African admixture (6%)20 compared with the more genetically
heterogeneous African-American population (17%–23.9%).21–23

Probands for the Tobago Family Health Study were identi-
fied from an ongoing population-based prostate cancer
screening study.24 To be eligible, a proband had to be Afro-
Caribbean, have had a spouse who was willing to participate
in the study, and have at least six living offspring and/or
siblings aged 18 + years who were residing in Tobago. Be-
cause we were interested in establishing a community-based
sample of families, probands and their family members
were recruited without regard to their health status. A total
of 471 individuals aged 18–103 years (mean age 43 years)
belonging to eight multigenerational families (mean family
size 67 individuals) of West African ancestry were recruited.
There are 357 parent–offspring, 465 full siblings, 92 grand-
parent–grandchildren, 1,087 avuncular, 85 half-sibs, and
1,360 cousins (3,446 relative pairs). At the time of analysis,
fasting serum measurements of inflammatory and meta-
bolic traits were available for 401 individuals belonging to
seven pedigrees. Written informed consent was obtained
from every participant, using forms and procedures ap-
proved by the Tobago Division of Health and Social
Services and University of Pittsburgh Institutional Review
Boards.

pQCT measures

A lower-leg peripheral quantitative computerized to-
mography (pQCT) scan was performed using the Stratec
XCT-2000 device (Orthometrix, Inc., White Plains, NY) to
evaluate the total, skeletal muscle, and adipose tissue cross-
sectional areas of the calf. Scans were obtained at 66% of the
tibial length, proximal to the terminal end of the tibia. This
site was chosen because it is the region of the lower leg with

the largest circumference of the calf with very little vari-
ability across individuals.25 Different tissues in the analyses
were separated according to different density thresholds,
using the ‘‘soft tissue’’ algorithm. On the basis of the cali-
bration, AT, muscle, and cortical bone were measured with
mineral equivalent densities of 0, 80, and 1,200 mg/cm3, re-
spectively. Therefore, changes in muscle tissue to AT-like
tissue would be detected as a shift in mineral equivalent
density of the muscle from 80 to 0 mg/cm3. Images of the
cross-sectional area of skeletal muscle and adipose tissue and
the density of skeletal muscle were analyzed using the
Stratec analysis software (Version 5.5 D). To maintain con-
sistency, all images were analyzed by a single investigator.
The pQCT image was segmented into bone and soft tissue
measures using edge detection and thresholding steps. We
determined the calf cross-sectional area for total adipose
tissue (TAT; mm2), intermuscular adipose tissue (IMAT;
mm2; visible AT within the fascia surrounding skeletal
muscle), and subcutaneous adipose tissue (SAT; mm2). Ske-
letal muscle density was expressed in mg/cm3 and is con-
sidered a valid measure of adipose tissue infiltration in
skeletal muscle.26 Muscle density reflects the skeletal muscle
AT content such that greater AT infiltration within the
muscle is associated with lower muscle density.

Dual-energy X-ray absorptiometry measures

Dual-energy X-ray absorptiometry (DXA) measurement of
total body AT was made using a Hologic QDR 4500W
densitometer (Hologic Inc., Bedford MA). Scans were ana-
lyzed with QDR software version 8.26a.

Inflammation and metabolic variables

All biochemical assays in fasting serum samples were
performed in the Heinz Nutrition Laboratory at the Uni-
versity of Pittsburgh. CRP was measured turbidimetrically
(Carolina Liquid Chemicals, Brea, CA); intra- and interassay
coefficient of variation (CV) % was 5.5% and 3.0%, respec-
tively. IL-6 was measured by ultrasensitive enzyme-linked
immunosorbent assay (ELISA) (R&D Systems, Inc., Min-
neapolis, MN); intra- and interassay CV% was 8.4% and
9.3%, respectively. TNF-a was measured by an ultrasensitive
ELISA (R&D Systems Inc.); inter- and intraassay CV% was
7.4% and 15.0%, respectively. Fasting serum glucose was
measured using an enzymatic procedure; the CV% between
runs was 1.8%. Insulin was measured using a radioimmu-
noassay (RIA) procedure developed by Linco Research, Inc.;
the CV% between runs was 2.1%. The degree of insulin re-
sistance was estimated by homeostasis model assessment
(HOMA) according to the method described by Matthews
et al.27 In previous studies, HOMA has correlated reasonably
well with insulin clamp techniques.28

Anthropometry, lifestyle, and medical conditions

Body weight was measured to the nearest 0.1 kg with
participants wearing indoor clothing, but without shoes,
using a balance beam scale. Standing height without shoes
was measured to the nearest 0.1 cm using a wall-mounted
stadiometer. Waist circumference was measured at the nar-
rowest point of the waist using an inelastic fiberglass tape.
Information on a wide range of lifestyle habits [current
smoking (yes/no), current alcohol intake (more than one
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drink per week (yes/no), walking (ever walked in the past
week (yes/no)], history of medical conditions, medication
use, and reproductive characteristics for women [age at
menarche, post-menopausal status (yes/no), ever pregnant
(yes/no), current oral contraceptive use (yes/no)] were as-
sessed using standardized interviewer administered ques-
tionnaires. T2DM was defined as fasting serum glucose
‡ 126 mg/dL and/or currently taking antidiabetic medica-
tion. Impaired fasting glucose was defined as a fasting serum
glucose level 100–125 mg/dL. Obesity was defined as BMI
‡ 30 kg/m2.

Statistical analyses

Prior to analysis, the distributions of all continuous traits
were first assessed for departures from normality, and, if
necessary, transformation was performed to reduce skew-
ness. CRP, IL-6, TNF-a, glucose, intermuscular adipose tis-
sue, and skeletal muscle density were log transformed,
whereas subcutaneous adipose tissue was square root
transformed. To assess differences in measured variables in
families between men and women, and between nondia-
betics and diabetics, univariate regression analysis was per-
formed (regress the variables of interest by gender and
T2DM) using the variance components approach as im-
plemented in SOLAR (Solar, Version 2.1.4; Southwest
Foundation for Biomedical Research, San Antonio, TX29),
which accounts for nonindependence among individuals.
Adjusted Pearson correlation analyses using transformed
variables were first performed by using SAS version 9.1 (SAS
Institute, Cary, NC), ignoring the nonindependence of the
subjects within each family. However, we subsequently
performed the same analysis limited to the 86 unrelated in-
dividuals (78 married-in plus 8 founders from pedigrees).
Correlation coefficients were compared between these two
analyses and found to be similar. Thus, we present the cor-
relation coefficients for the entire dataset. All correlation
analyses were adjusted for anti-inflammatory medication
use. Because of their presumed relationships with the com-
ponents of skeletal muscle composition traits, and our in-
terest in relationships independent of total adiposity, age,
gender, height, and DXA total body adipose tissue were
evaluated as covariates. Residual heritability (h2r) and the
effects of all potentially significant covariates measured in
our study (age, gender, total body adipose tissue, current
smoking, current alcohol intake, minutes walking per week,
postmenopausal status, parity, age at menarche, oral con-
traceptive use) were estimated by quantitative genetic
methods using SOLAR. We required P £ 0.05 for inclusion in
our final model for each trait. Additionally, we assessed the
potential for pleiotropic genetic effects acting on inflamma-
tory markers and skeletal muscle ectopic fat depots by esti-
mating genetic correlation (rG) and environmental
correlation (rE) using a bivariate extension of the variance
components framework in SOLAR.30

Results

Mean age of the 187 men and 284 women was 43 years
and ranged from 18 to 103 years (Table 1). Participants were
predominantly women (60.3%) and moderately overweight
[body mass index (BMI) 28.3 kg/m2]. Only 3% of study
participants used anti-inflammatory drugs regularly and
6.7% used antidiabetic drugs regularly. No participant used

oral corticosteroids. More men than women smoked (11.4 vs.
2.5%) and drank alcohol (29.6 vs. 2.5%) on a regular basis.
Approximately one third of the women were postmeno-
pausal and one third used oral contraceptives. More than
two thirds of the women were pregnant at least once in their
life. BMI and total body AT percent were significantly
greater in women compared with men, but waist circum-
ference was similar between genders. Prevalence of obesity
was greater in women compared to men (43% vs. 20%), but
rates of T2DM and impaired fasting glucose were similar.

We tested for gender differences in skeletal muscle com-
position and markers of inflammation and T2DM (Table 1).
Independent of differences in age and height, women had
more total AT, but less skeletal muscle in the calf than men
(P < 0.001). Women had more subcutaneous AT, but also
more skeletal muscle AT infiltration, as indicated by more
intermuscular AT and less dense skeletal muscle (all
P < 0.005), independent of total body adiposity and skeletal
muscle area. Compared to men, women also had greater
concentrations of CRP, IL-6, insulin, and a higher HOMA
index (all P £ 0.05), independent of total body adiposity.

CRP and IL-6 were positively associated with age (Table 2;
P < 0.05). CRP and IL-6 were also positively correlated with
BMI, waist circumference, and DXA total body AT (all
P < 0.05), with CRP demonstrating a stronger correlation
than IL-6. All inflammation markers were inversely associ-
ated with subcutaneous AT (P < 0.05), although only CRP
was positively associated with total AT in the calf (P < 0.01).
Additionally, higher CRP was associated with lower skeletal
muscle density (P < 0.01), higher insulin levels (P < 0.05), and
increased insulin resistance as measured by the HOMA in-
dex (P < 0.01). Correlations coefficients remained similar after
excluding individuals with T2DM (data not shown).

Residual heritability (h2r), the proportion of variance due
to additive genetic effects, was estimated for inflammation
markers after removing the variation attributable to signifi-
cant covariates (Table 3). Heritabilities of inflammation
markers ranged from 33% (TNF-a) to 40% (CRP) (all P < 0.01).
Significant demographic, lifestyle, anthropometric, and re-
productive factors (Table 3) accounted for less than 1% (TNF-a)
to 22% (CRP) of the total phenotypic variation in the in-
flammation markers. We have also estimated heritability of
subcutaneous and ectopic skeletal muscle adiposity traits.
After removing the variation attributable to all significant
covariates measured in our study, which explained 31%–70%
of the total phenotypic variation in skeletal muscle adiposity
traits, all three traits were significantly heritable, with the
heritability values ranging from 33% (intermuscular AT) to
43% (subcutaneous AT) (Table 3). Finally, considering the
fact that phenotypic correlation between inflammation
markers and subcutaneous fat, and to some extent ectopic
AT adiposity, was significant, and that these traits were
heritable, we tested if a common set of genes might influence
inflammation markers and subcutaneous and ectopic skeletal
muscle adiposity traits. However, no significant genetic corre-
lations were found between inflammation markers and subcu-
taneous and ectopic skeletal muscle adiposity (data not shown).

Discussion

The current analysis examined the interrelationships
among adipose tissue depots and markers of inflammation in
large, multigenerational families of African ancestry, with a
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special focus on the distribution of skeletal muscle adipose
tissue. Our findings suggest that greater concentrations of
CRP are correlated with less subcutaneous adipose tissue
around skeletal muscle and greater adipose tissue infiltration
in skeletal muscle, but also with hyperinsulinemia and in-
sulin resistance, independent of total body adiposity. We
additionally defined the contribution of heredity to the
markers of inflammation and found that heredity plays a
significant role in the determination of several markers of
inflammation in these families of African ancestry.

Similar to the findings from our study, a positive associ-
ation between myosteatosis and CRP was previously de-
scribed in 20 healthy elderly white men undergoing elective
vertebral surgery.31 A recent report of 2,651 white and Af-
rican-American old men and women, aged 70–79 years32

found that myosteatosis was associated with increased IL-6
in men of all ethnicities, with increased IL-6, CRP, and TNF-a
in white women, but with increased CRP only in African-
American men. Although the findings of their study sug-

gested a trend toward a link between lower inflammatory
markers and higher subcutaneous adipose tissue around
skeletal muscle, the results were inconsistent.32 To our
knowledge, ours is the first study to report an inverse sig-
nificant association between markers of inflammation and
subcutaneous adipose tissue in the leg.

Our findings have a potential clinical importance, because
previous studies have shown that independent of overall
adiposity, greater skeletal muscle adipose tissue infiltration,
and lower subcutaneous adipose tissue around skeletal
muscle are associated with glucose abnormalities, insulin
resistance, and T2DM.15 However, the question of whether
lower adiposity in the subcutaneous depot or greater adi-
posity within skeletal muscle leads to impaired glucose tol-
erance and insulin resistance remains to be clarified. Some
have hypothesized that in addition to impaired lipid storage
and utilization, an overflow of AT storage in the inter- and
intramuscular compartments may be due to a defect in the
ability of subcutaneous AT to store excess fatty acids.33 All

Table 1. Characteristics of Tobago Family Study Participants: Total and Comparisons Between Genders

Total Men Women Unadjusted Adjusted
Characteristics (n = 471) (n = 187) (n = 284) P value P value

Age (years) 42.7 – 0.8 42.7 – 1.2 42.7 – 1.0 0.99 N.A.
Lifestyle factors

Alcohol use (%) 13.2% 29.6% 2.5% <0.001 <0.001
Current smoking (%) 4.9 11.4 0.7 <0.001 <0.001
Walked in the past week (%) 69.9% 73.1% 67.8% 0.22 0.76

Reproductive traits
Oral contraceptives (%) N.A. N.A. 32.9% N.A. N.A.
Everp (%) N.A. N.A. 77.1% N.A. N.A.
Postmenopausal status (%) N.A. N.A. 31.9% N.A. N.A.

Anthropometrics and calf muscle composition
BMI (kg/m2)a 28.3 – 6.4 26.3 – 4.6 28.5 – 6.3 <0.001 <0.001
Waist (cm)a 89.9 – 15.4 90.3 – 11.7 88.3 – 16.8 0.83 0.84
DXA total body adipose tissue (%)b 28.7 – 10.9 18.6 – 6.3 35.4 – 7.7 <0.001 <0.001
Total adipose tissue (mm2)b 2500 – 1224 1655 – 790 3072 – 1131 0.35 0.35
Subcutaneous adipose tissue (mm2)c 2172 – 1168 1341 – 712 2734 – 1079 <0.001 <0.001
Intramuscular adipose tissue (mm2)c 202 – 269 169 – 204 225 – 304 0.48 0.005
Muscle Density (mg/cm3)d 73.7 – 5.0 75.4 – 4.1 72.4 – 5.2 <0.001 0.016
Muscle Area (mm2)b 6640 – 1226 7415 – 1121 6116 – 996 <0.001 <0.001

Markers of inflammation and type 2 diabetes mellitus*
CRP (mg/L)e 2.1 – 2.8 1.5 – 2.1 2.5 – 3.1 0.00015 0.009
IL-6 (pg/mL)e 2.7 – 2.2 2.3 – 1.6 3.0 – 2.5 0.0001 0.011
TNF-a (pg/mL)e 2.4 – 2.3 2.3 – 2.1 2.5 – 2.5 0.17 0.43
Glucose (mg/dl)f 87.5 – 29.1 84.7 – 22 89.4 – 33.1 0.18 0.12
Insulin (mU/ml)f 15.1 – 9.8 13.5 – 7.4 16.9 – 10.9 0.0008 <0.001
HOMAf 3.6 – 2.7 3.0 – 1.8 3.9 – 3.1 0.0009 0.05

Medical conditions and medication use
Obesity (%) 33.9% 20.0% 43.1% <0.001 —
T2DM (%) 9.9% 7.6% 11.4% 0.22 —
Impaired fasting glucose (%) 9.1% 7.7% 10.1% 0.42 —
Anti-inflammatory drugs (%) 3% 1.6% 3.9% 0.15 —
Antidiabetic drugs (%) 6.7% 4.7% 8.1% 0.16 —

Data are presented as unadjusted means – standard deviation (SD).
aAdjusted for age.
bAdjusted for age and height.
cAdjusted for age, height, and DXA total body adipose tissue.
dAdjusted for age, height, DXA total body adipose tissue, and pQCT muscle area.
eAdjusted for age, DXA total body adipose tissue, and current anti-inflammatory medication use.
fAdjusted for age, DXA total body adipose tissue, and current antidiabetic medication use.
*Data available for 401 individuals.
BMI, body mass index; DXA, dual-energy X-ray absorptiometry; CRP, C-reactive protein; IL-6, interleukin-6; TNF-a, tumor necrosis

factor-a; HOMA, homestasis model assessment; T2DM, type 2 diabetes mellitus.
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previous studies have been cross sectional, and a causal link
of myosteatosis and/or subcutaneous adipose tissue with
T2DM remains to be established in longitudinal studies. Our
findings indicate that such longitudinal studies in African
ancestry populations should additionally include CRP and
possibly other inflammatory markers to test for the causal
relationships between inflammation, skeletal muscle adi-
posity, and the development of T2DM.

There is some evidence that adipose tissue isolated from
specific fat depots, such as visceral adipose tissue, may ex-
press higher levels of inflammatory markers,34 but such ex-
periments still remain to be conducted for adipose tissue
isolated from skeletal muscle and subcutaneous adipose
tissue depots. CRP is released mainly from the liver after
stimulation by high circulating concentrations of IL-6 and
TNF-a.35 CRP has been previously related to ectopic adipose
tissue infiltration in the liver and with visceral AT accumu-
lation in Japanese T2DM patients,35 but no such studies have
been conducted in other ethnic groups. Thus, future studies

should also include measures of hepatic adipose tissue in-
filtration because it is possible that the observed association
between CRP and myosteatosis may be driven by increased
ectopic adipose tissue infiltration in the liver.

Aging is accompanied by a two- to four-fold increase in
serum levels of proinflammatory markers, including CRP,
IL-6, and TNF-a.36 We confirmed a positive association be-
tween age and CRP and IL-6, even in this relatively young
sample of African ancestry individuals. Several large cohort
studies37–39 have also shown that compared with other eth-
nic groups African ancestry individuals have significantly
higher CRP levels. Data on ethnic differences in IL-6 and
TNF-a are more limited. Some studies found higher con-
centrations of IL-6,40 but similar levels of TNF-a41 in indi-
viduals of African compared with European ancestry.
Our study only focused on African ancestry individuals, and
it is not possible to compare our values with these other
studies due to assay differences and differences in cohort
characteristics.

Table 2. Pearson Correlations with Inflammation Markers

CRP (mg/L) IL-6 (pg/mL) TNF-a (pg/mL)

Agea (years) 0.20*** 0.12* 0.01
BMI (kg/m2)b 0.39*** 0.20*** 0.11*
Waist circumference (cm)b 0.37*** 0.20*** 0.07
DXA total dody adipose tissue (%)c 0.38*** 0.20*** 0.10
Total adipose tissue (mm2)c 0.16** 0.03 0.02
Skeletal muscle area (mm2)c 0.14* - 0.06 0.001
Subcutaneous adipose tissue (mm2)d 20.14** 20.19*** 20.13*
Intermuscular adipose tissue (mm2)d - 0.003 - 0.04 0.07
Skeletal muscle density (mg/cm3)e 20.10* - 0.05 - 0.09
Glucose (mg/dL)f 0.10 - 0.07 0.04
Insulin (mU/mL)f 0.12* 0.04 0.05
HOMAf 0.17** 0.03 0.07

Significant correlations are presented in bold.
HOMA (glucose/insulin index) indicates insulin resistance.
aAdjusted for gender and current anti-inflammatory medication use.
bAdjusted for age, gender and current anti-inflammatory medication use.
cAdjusted for age, gender, height and current anti-inflammatory medication use.
dAdjusted for age, gender, height, DXA total body adipose tissue %, and current anti-inflammatory medication use.
eAdjusted for age, gender, height, DXA total body adipose tissue %, skeletal muscle area, and current anti-inflammatory medication use.
fAdjusted for age, gender, DXA total body adipose tissue %, current anti-inflammatory medication use, and current antidiabetic treatment.
*P < 0.05, **P < 0.01, ***P < 0.001.
CRP, C-reactive protein; IL-6, interleukin-6; TNF-a, tumor necrosis factor-a; BMI, body mass index; DXA, dual-energy X-ray

absorptiometry; HOMA, homeostasis model assessment.

Table 3. Heritability of Inflammation Markers and Subcutaneous and Ectopic Skeletal Muscle Adiposity

Phenotype h2ra – SE R2 b Significant covariates

CRP (mg/L) 0.40 – 0.12c 0.22 Sex, total body fat %, alcohol intake, menopause
IL-6 (pg/mL) 0.39 – 0.10c 0.08 Total body fat %, smoking
TNF-a (pg/mL) 0.33 – 0.11c < 0.01 Oral contraceptive use
Subcutaneous adipose tissue (mm2) 0.42 – 0.10c 0.70 Age, total body fat %, smoking, ever pregnant
Intermuscular adipose tissue (mm2) 0.33 – 0.11c 0.32 Age, sex, total body fat %, smoking,

alcohol intake, ever pregnant
Skeletal muscle density (mg/cm3) 0.35 – 0.09c 0.31 Age, total body fat %

We tested for age, gender, total body adipose tissue percent, current smoking, current alcohol intake, minutes walking per week,
postmenopausal status, pregnancy history (ever pregnant), age at menarche, oral contraceptive use [ + current anti-inflammatory medication
use for inflammation markers (NSAID)].

aProportion of variance due to residual additive genetic effects (residual heritability, h2r).
bProportion of variance explained by all significant measured covariates.
cP < 0.01.
CRP, C-reactive protein; IL-6, interleukin-6; TNF-a, tumor necrosis factor-a.
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Previous studies have found CRP concentrations to be
higher in premenopausal women than in men across differ-
ent ethnicities, possibly because of estrogenic effects on CRP
levels.42 In contrast, IL-6 and TNF-a concentrations have
been reported to be lower in women than in men.43 Data on
gender differences in IL-6 and TNF-a among younger and
middle-aged individuals are sparse. In our study, women
had greater levels of CRP and IL-6 than men, which may be
due to the large proportion of premenopausal women and
significantly greater prevalence of obesity among women
compared with men.

Our analyses also provide evidence of a moderate genetic
influence on markers of inflammation. To our knowledge,
this is the first report that heredity may play an important
role in the regulation of IL-6 concentrations among individ-
uals of African ancestry. Heritability of CRP in African
Americans from the Jackson Heart Family Study was 45%,
similar to our estimate of 40%.17 In contrast, another study
did not find CRP levels to be significantly heritable in Afri-
can Americans.18 To our knowledge, the heritability of
TNF-a among individuals of African ancestry has only been
estimated in one study and was considerably higher than in
the current sample of families (68%).44 However, that study
was conducted among Ugandan pedigrees that had a high
prevalence of tuberculosis, whereas our families were re-
cruited without regard to their health status. After adjusting
for age and total body adiposity, no significant genetic cor-
relation was observed between markers of inflammation and
subcutaneous and ectopic skeletal muscle adiposity. Thus,
although subcutaneous adipose tissue was associated with
markers of inflammation in our study, our findings suggest
that the genetic basis for inflammation likely involves dif-
ferent etiological pathways.

There are several potential limitations of our study. The
relatively small sample size may have influenced our heri-
tability estimates. However, extended multigenerational
families provide greater precision in heritability estimates
than nuclear families or sib-pairs, the sampling unit of the
vast majority of previous studies. In addition, heritability
estimates do not provide insight on the number of loci that
contribute to a trait or their magnitude of effect, and addi-
tional studies are needed to define the specific allelic variants
that contribute to inflammation markers and skeletal muscle
adiposity traits. The heritability estimates are relatively
conservative because they do not count the genetic effects
caused by gene–environment interactions. Our study was
cross sectional and cannot delineate the temporal relation-
ships between inflammation and myosteatosis. Furthermore,
specific foods and overall dietary patterns may be associated
with markers of inflammation, but the data on dietary intake
and dietary patterns were not collected in our study. Another
limitation of our study is the lack of data on chronic infec-
tions, such as pulmonary tuberculosis or helminth infections,
which have been reported to be positively correlated with
CRP levels. Additionally, by obtaining a single slice in the
calf muscle, we were able to only measure a relatively small
depot of skeletal muscle AT.26 Nevertheless, a single image is
commonly used as a proxy measure of whole body skeletal
muscle,45 and previous studies have noted a relatively strong
correlation between AT infiltration in the calf and larger
skeletal muscle groups such as the thigh.46

In conclusion, higher concentrations of CRP appear to be
related to myosteatosis. Our findings also suggest that he-

redity has a significant impact on several markers of in-
flammation in African ancestry individuals. It is still a matter
of debate as to whether insulin resistance and inflammation
cause grater myosteatosis or whether excessive myosteatosis
causes insulin resistance and inflammation. Longitudinal
studies are needed to further evaluate the relationship be-
tween inflammation with changes in skeletal muscle adipose
tissue distribution with aging and the incidence of T2DM.

Acknowledgments

The research was supported, in part, by funding or in-kind
services from the Division of Health and Social Services and
Tobago House of Assembly, by the National Institute of
Arthritis and Musculoskeletal and Skin Diseases (grants
AR050107 and AR049747). Dr. Miljkovic is supported by the
Mentored Research Scientist Development Award from the
National Institute of T2DM and Digestive and Kidney Dis-
eases (grant DK083029). The authors would like to thank the
participants of the Tobago Family Health Study and all
supporting staff.

Author Disclosure Statement

The authors have nothing to disclose.

References

1. Brancati FL, Kao WH, Folsom AR, Watson RL, Szklo M.
Incident type 2 diabetes mellitus in African American and
white adults: The Atherosclerosis Risk in Communities
Study. JAMA 2000;283:2253–2259.

2. Flegal KM, Carroll MD, Ogden CL, Johnson CL. Prevalence
and trends in obesity among US adults, 1999–2000. JAMA
2002;288:1723–1727.

3. Cowie CC, Rust KF, Byrd-Holt DD, Eberhardt MS, Flegal
KM, Engelgau MM, Sayday SH, Willaims DE, Geiss LS,
Gregg EW. Prevalence of diabetes and impaired fasting
glucose in adults in the U.S. population. Diabetes Care
2006;29:1263–1268.

4. Haffner SM, D’Agostino R, Saad MF, Rewers M, Mykkanen
L, Selby J, Howard G, Savage PJ, Hamman RF, Wagenknecht
LE. Increased insulin resistance and insulin secretion in
nondiabetic African-Americans and Hispanics compared
with non-Hispanic whites. The Insulin Resistance Athero-
sclerosis Study. Diabetes 1996;45:742–748.

5. Hajjar I, Kotchen TA. Trends in prevalence, awareness,
treatment, and control of hypertension in the United States,
1988–2000. JAMA 2003;290:199–206.

6. Hennis A, Wu SY, Nemesure B, Li X, Leske MC. Diabetes in
a Caribbean population: Epidemiological profile and impli-
cations. Int J Epidemiol 2002;31:234–239.

7. Mbanya JCN, Motala AA, Sobngwi E, Assah FK, Enoru ST.
Diabetes in sub-Saharan Africa. The Lancet 2010;375:2254–2266.

8. Boyne MS. Diabetes in the Caribbean: Trouble in paradise.
Insulin 2009;4:94–105.

9. Malavazos AE, Corsi MM, Ermetici F, Coman C, Sardanelli
F, Rossi A, Morricone L, Ambros B. Proinflammatory cyto-
kines and cardiac abnormalities in uncomplicated obesity:
Relationship with abdominal fat deposition. Nutr Metab
Cardiovasc Dis 2007;17:294–302.

10. DeClercq V, Taylor C, Zahradka P. Adipose tissue: The link
between obesity and cardiovascular disease. Cardiovasc He-
matol Disord Drug Targets 2008;8:228–237.

11. Despres JP, Lemieux I. Abdominal obesity and metabolic
syndrome. Nature 2006;444:881–887.

324 MILJKOVIC ET AL.



12. Fontana L, Eagon JC, Trujillo ME, Scherer PE, Klein S.
Visceral fat adipokine secretion is associated with systemic
inflammation in obese humans. Diabetes 2007;56:1010–1013.

13. Albu JB, Kovera AJ, Allen L, Wainwright M, Berk E, Raja-
Khan N, Janumala I, Burkey B, Heshka S, Gallagher D. In-
dependent association of insulin resistance with larger
amounts of intermuscular adipose tissue and a greater acute
insulin response to glucose in African American than in white
nondiabetic women. Am J Clin Nutr 2005;82:1210–1217.

14. Miljkovic I, Cauley JA, Petit MA, Ensrud KE, Strotmeyer E,
Sheu Y, Gordon CL, Goodpaster BH, Bunker CH, Patrick
AL, Wheeler VW, Kuller LH, Faulkner KA, Zmuda JM for
the Osteroporotic Fractures in Men (MrOS) Research Group
the Tobago Health Studies Research Group. Greater adipose
tissue infiltration in skeletal muscle among older men of
African ancestry. J Clin Endocrinol Metab 2009;94:2735–2742.

15. Miljkovic I, Zmuda JM. Epidemiology of myosteatosis. Curr
Opin Clin Nutr Metab Care 2010;13:260–264.

16. Vettor R, Milan G, Franzin C, Sanna M, De Coppi P, Rizzuto
R, Federspil G. The origin of intermuscular adipose tissue
and its pathophysiological implications. Am J Physiol En-
docrinol Metab 2009;297:E987–E998.

17. Fox ER, Benjamin EJ, Sarpong DF, Rotimi CN, Wilson JG,
Steffes MW, Chen G, Adeyemo A, Taylor JK, Samdarshi TE,
Taylor HA. Epidemiology, heritability, and genetic linkage
of C-reactive protein in African Americans (from the Jackson
Heart Study). Am J Cardiol 2008;102:835–841.

18. Lakka TA, Rankinen T, Rice T, Leon AS, Rao DC, Skinner JS,
Bouchard C. Quantitative trait locus on chromosome 20q13
for plasma levels of C-reactive protein in healthy whites:
the HERITAGE Family Study. Physiol Genomics 2006;27:
103–107.

19. Population and Housing Census. Demographic Report. Of-
fice of the prime minister, republic of Trinidad and Tobago, office of
the prime minister central statistical office, 35-41 Queen Street
Port of Spain, PO Box 98, Trinidad and Tobago 1993; 11.

20. Miljkovic-Gacic I, Ferrell RE, Patrick AL, Kammerer CM,
Bunker CH. Estimates of African, European and Native
American ancestry in Afro-Caribbean men on the island of
Tobago. Human Heredity 2005;60:129–133.

21. Reiner AP, Ziv E, Lind DL, Nievergelt CM, Schork NJ,
Cummings SR, et al. Population structure, admixture, and
aging-related phenotypes in African American adults: the
Cardiovascular Health Study. Am J Hum Genet 2005;76:463–
477.

22. Parra EJ, Marcini A, Akey J, Martinson J, Batzer MA, Cooper
R, et al. Estimating African American admixture proportions
by use of population-specific alleles. Am J Hum Genet
1998;63:1839–1851.

23. Parra EJ, Kittles RA, Argyropoulos G, Pfaff CL, Hiester K,
Bonilla C, et al. Ancestral proportions and admixture dy-
namics in geographically defined African Americans living
in South Carolina. Am J Phys Anthropol 2001;114:18–29.

24. Bunker CH, Patrick AL, Konety BR, Dhir R, Brufsky AM,
Vivas CA, et al. High prevalence of screening-detected
prostate cancer among Afro-Caribbeans: the Tobago Prostate
Cancer Survey. Cancer Epidemiol Biomarkers Prev 2002;11:726–
729.

25. Simonsick EM, Maffeo CE, Rogers SK, Skinner EA, Davis D,
Guralnik JM, Fried LP. Methodology and feasibility of a
home-based examination in disabled older women: The
Women’s Health and Aging Study. J Gerontol A Biol Sci Med
Sci 1997;52:M264–M274.

26. Goodpaster BH, Kelley DE, Thaete FL, He J, Ross R. Skeletal
muscle attenuation determined by computed tomography is

associated with skeletal muscle lipid content. J Appl Physiol
2000;89:104–110.

27. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher
DF, Turner RC. Homeostasis model assessment: insulin resis-
tance and beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia 1985;28:412–419.

28. Bonora E, Targher G, Alberiche M, Bonadonna RC, Saggiani
F, Zenere MB, Monauni T, Muggeo M. Homeostasis model
assessment closely mirrors the glucose clamp technique in
the assessment of insulin sensitivity: Studies in subjects with
various degrees of glucose tolerance and insulin sensitivity.
Diabetes Care 2000;23:57–63.

29. Almasy L, Blangero J. Multipoint quantitative-trait linkage
analysis in general pedigrees. Am J Hum Genet 1998;62:1198–
1211.

30. Almasy L, Dyer TD, Blangero J. Bivariate quantitative trait
linkage analysis: pleiotropy versus co-incident linkages.
Genet Epidemiol 1997;14:953–958.

31. Zoico E, Rossi A, Di Francesco V, Sepe A, Olioso D, Pizzini
F, Fantin F, Bosello O, Cominancini L, Harris TB, Zamboni
M. Adipose tissue infiltration in skeletal muscle of healthy
elderly men: Relationships with body composition, insulin
resistance, and inflammation at the systemic and tissue level.
J Gerontol A: Biol Sci Med Sci 2010;65A:295–299.

32. Beasley LE, Koster A, Newman AB, Javaid MK, Ferrucci L,
Kritchevsky SB, Kuller LH, Pahor M, Schaap LA, Visser M,
Rubin SM, Goodpaster BH, Harris TB, and The Health ABC
Study. Inflammation and race and gender differences in
computerized tomography-measured adipose depots. Obe-
sity (Silver Spring) 2009;17:1062–1069.

33. Gan SK, Samaras K, Thompson CH, Kraegen EW, Carr A,
Cooper DA, Chisholm DJ. Altered myocellular and abdom-
inal fat partitioning predict disturbance in insulin action in
HIV protease inhibitor-related lipodystrophy. Diabetes 2002;
51:3163–3169.

34. Fried SK, Bunkin DA, Greenberg AS. Omental and subcu-
taneous adipose tissues of obese subjects release interleukin-
6: Depot difference and regulation by glucocorticoid. J Clin
Endocrinol Metab 1998;83:847–850.

35. Iwasaki T, Nakajima A, Yoneda M, Terauchi Y. Relationship
between the serum concentrations of C-reactive protein and
parameters of adiposity and insulin resistance in patients
with type 2 diabetes mellitus. Endocr J 2006;53:345–356.

36. Bruunsgaard H, Pedersen M, Pedersen BK. Aging and proin-
flammatory cytokines. Curr Opin Hematol 2001;8:131–136.

37. Albert MA, Ridker PM. Inflammatory biomarkers in African
Americans: A potential link to accelerated atherosclerosis.
Rev Cardiovasc Med 2004;5(Suppl 3):S22–S27.

38. Khera A, McGuire DK, Murphy SA, Stanek HG, Das SR,
Vongpatanasin W, Wians FH, Grundy SM, de Lemos JA.
Race and gender differences in C-reactive protein levels.
J Am Coll Cardiol 2005;46:464–469.

39. Kelley-Hedgepeth A, Lloyd-Jones DM, Colvin A, Matthews
KA, Johnston J, Sowers MR, Sternfeld B, Pasternak RC, Chae
CU, for the SWAN Investigators. Ethnic differences in
C-reactive protein concentrations. Clin Chem 2008;54:1027–1037.

40. Carroll JF, Fulda KG, Chiapa AL, Rodriquez M, Phelps DR,
Cardarelli KM, Vishwanatha JK, Cardarelli R. Impact of race/
ethnicity on the relationship between visceral fat and inflam-
matory biomarkers. Obesity (Silver Spring) 2009;17:1420–1427.

41. Ix JH, Allison MA, Denenberg JO, Cushman M, Criqui MH.
Novel cardiovascular risk factors do not completely explain
the higher prevalence of peripheral arterial disease among
African Americans. The San Diego Population Study. J Am
Coll Cardiol 2008;51:2347–2354.

INFLAMMATION AND SKELETAL MUSCLE ADIPOSITY 325



42. Wener MH, Daum PR, McQuillan GM. The influence of
age, sex, and race on the upper reference limit of serum
C-reactive protein concentration. J Rheumatol 2000;27:2351–2359.

43. An J, Ribeiro RC, Webb P, Gustafsson JA, Kushner PJ, Baxter
JD, Leitman DC. Estradiol repression of tumor necrosis
factor-alpha transcription requires estrogen receptor activa-
tion function-2 and is enhanced by coactivators. Proc Natl
Acad Sci USA 1999;96:15161–15166.

44. Stein CM, Guwatudde D, Nakakeeto M, Peters P, Elston RC,
Tiwari HK, Mugerwa R, Whalen CC. Heritability analysis of
cytokines as intermediate phenotypes of tuberculosis. J Infect
Dis 2003;187:1679–1685.

45. Lee SJ, Janssen I, Heymsfield SB, Ross R. Relation between
whole-body and regional measures of human skeletal mus-
cle. Am J Clin Nutr 2004;80:1215–1221.

46. Larson-Meyer DE, Smith SR, Heilbronn LK, Kelley DE,
Ravussin E, Newcomer BR. Muscle-associated triglyceride
measured by computed tomography and magnetic reso-
nance spectroscopy. Obesity (Silver Spring) 2006;14:73–87.

Address correspondence to:
Iva Miljkovic, M.D., Ph.D.

Center for Aging and Population Health
University of Pittsburgh

Department of Epidemiology
The Bellefield Professional Building, Room 542

130 North Bellefield Avenue
Pittsburgh, PA 15213

E-mail: miljkovici@edc.pitt.edu

326 MILJKOVIC ET AL.


