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Abstract

Little is known about the relationship between intramyocellular lipid (IMCL) and coronary artery disease (CAD)/non—insulin-dependent
diabetes mellitus risk factors. The aim of the study was to examine the relationship between IMCL and CAD/non—insulin-dependent diabetes
mellitus risk factors in healthy male (n = 9) and female (n = 10) subjects with similar norm-based aerobic fitness and body composition.
Nineteen volunteers (21-36 years) completed health and physical activity questionnaires, cardiovascular and body composition evalua-
tion, and assessment of thigh IMCL using proton magnetic resonance spectroscopy. Outcome measures were blood pressure, total cholesterol,
high-density lipoprotein cholesterol, C-reactive protein, interleukin 6, tumor necrosis factor o (TNF-o), homocysteine, insulin resistance (IR),
percentage of body fat, waist-to-hip ratio, physical activity levels, and cardiovascular fitness. Analysis of variance was used for group
comparisons. Correlation analyses were used to determine association between variables, and stepwise regression was used to determine
predictive variables of IR. Women had 2-fold higher IMCL and greater IR than men (P < .05). Men had greater plasma homocysteine and
interleukin 6 concentration (P < .05) as well as stronger correlations with CAD risk factors than female subjects. Correlation analyses using
all subjects revealed a significant relationship between IMCL and waist-to-hip ratio, body weight, percentage of body fat, and IR. In the
regression analysis, age, IMCL, and TNF-u were the strongest predictors of IR (R? = 0.62, P < .01). Our results suggest that female subjects,
matched for age and fitness, have higher IMCL compared with their male counterparts. IMCL was correlated with several CAD and
prediabetes markers in both male and female subjects. In the final regression model, age, IMCL, and TNF-o. were the strongest predictors
of IR. Future studies with larger sample sizes are warranted.
© 2005 Elsevier Inc. All rights reserved.

1. Introduction differences between the 2 compartments. IMCL functions as
a storage site for fuel used at rest and during physical
activity [3], whereas EMCL has a longer half-life and serves
as a long-term storage depository [3]. With non—insulin-
dependent diabetes mellitus (NIDDM), increased concentra-
tion of IMCL is associated with increased disease risk [4,5].

The mechanism(s) whereby elevated IMCL concentra-
tion contributes to increased disease risk remains unclear.
However, the work by Shulman et al [6] suggested that
increased fatty acids in skeletal muscle interferes with
insulin cell signaling and increases insulin resistance (IR),
potentially leading to NIDDM and increased risk for

Skeletal muscle has 2 lipid compartments, intramyocel-
lular lipid (IMCL) and extramyocellular lipid (EMCL) [1,2].
Although these storage depots consist primarily of triacyl-
glycerol (two thirds of total fatty acids in IMCL consist of
3 fatty acids [18:0, 18:1, and 16:0]) [1], there are functional
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coronary artery disease (CAD). The relationship between
IMCL and IR has been reported by others [4,5]. However,
the relationship between IMCL and CAD risk factors
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remains unclear. Given the high prevalence of both heart
disease and contributing risk factors such as obesity and
diabetes, early CAD detection and intervention could
influence morbidity and mortality. Therefore, the primary
purpose of this study was to examine the relationship
between IMCL and CAD/NIDDM risk factors in healthy
active men and women. A second purpose was to provide
preliminary data in healthy male and female subjects for
future comparative studies examining IMCL and CAD/
NIDDM risk. We hypothesized that there would be a
positive relationship between IMCL content in the vastus
lateralis and CAD/NIDDM risk factors.

2. Materials and methods
2.1. Subjects

Nineteen healthy men (n = 10) and women (n = 9) 21 to
36 years volunteered as study participants. Subjects were
part of a larger study designed to compare between sexes
their IMCL use during aerobic exercise [7]. Study inclusion
criteria were (1) no family history of NIDDM, (2) current
participant in an aerobic exercise program for the previous
6 months (3-5 times per week, 30-60 minutes per session),
(3) lack of tobacco use, (4) normal healthy levels of body fat
(men, 10%-20%; women, 15%-25%), and (5) dietary intake
patterns similar to American Heart Association guidelines
[8]. A 2-day food log was used to screen subjects for
nutrition inclusion criteria (ie, 50%-60% carbohydrate,
<30% fat, 10%-15% protein). Subjects taking lipid-altering
medications or women using contraceptives were excluded.
Menstrual cycle histories were assessed with questionnaires
to ensure female subjects were eumenorrheic. Female
subjects were tested during the early to mid follicular phase
of their menstrual cycle to minimize the influence of
estrogens on blood measures. All subjects signed an
informed consent approved by the university’s institutional
review board before study entry.

2.2. Study design

Research participants made 2 laboratory visits during the
study. During visit 1, subjects completed questionnaires
(health risk, physical activity, etc) and were subsequently
tested for body composition and cardiorespiratory fitness
level (maximum oxygen consumption, or VO,max). During
the second visit, 1 week later, resting blood samples
were acquired and skeletal muscle IMCL content was as-
sessed using proton magnetic resonance spectroscopy
("H-MRS). Subjects reported for visit 2 in a fasted state
(10 hours) and had refrained from physical activity for
the previous 48 hours.

2.3. Anthropometric measures

A calibrated physician’s scale was used to assess body
weight and height. Body mass index (BMI) was calculated
by dividing body weight (kg) by height (m?). Body density

was estimated using the 3-site skinfold method of Jackson
and Pollock [9]. Percentage of body fat was estimated using
the formula of Brozek et al [10].

2.4. Fitness assessment

Subject’s physical activity level was assessed with the
Framingham questionnaire [11]. The first and fifth Korotk-
off sounds were used for blood pressure estimates after
5 minutes of rest [12]. Maximum oxygen consumption was
determined using a modified Astrand cycle ergometer
protocol [13] that began at 50 W (50 rpm) and was
increased by 25 W every minute until exhaustion. This test
was designed to elicit VO,max in 8 to 12 minutes. Criteria
used for VO,max was one or more of the following:
(1) subject exhaustion; (2) a less than 2 mL/kg increase in
oxygen consumption with an increase in work rate; and (3) a
respiratory exchange ratio of 1.10 or higher [14]. Respira-
tory gas variables were measured continuously using a
calibrated Truemax 2400 metabolic cart (Parvomedics, Salt
Lake City, UT). Heart rate (Polar, Woodbury, NY) and
blood pressure were monitored throughout exercise testing.

2.5. Magnetic resonance procedures

"H-MRS was performed using a 3.0-T whole-body
scanner (SIGNA-VH2, General Electric, Milwaukee, MI).
Localized 'H spectra were obtained using a quadrature-
driven birdcage knee coil in the transceiver mode. Subjects
entered the magnet, feet first, while in a supine position. The
anatomical location selected as the region of interest was
one third the distance from the superior patella and iliac
crest as previously reported [7]. The extremity coil was
placed at midsection level of the vastus lateralis of the
subject’s dominant leg. Axial scout images were obtained
using either a Tj-weighted spin echo (repetition time [TR],
500 milliseconds; echo time [TE], 17 milliseconds) or a
T;-weighted gradient echo (TR, 500 milliseconds; TE,
15 milliseconds) sequence. The voxel of 1.5 X 1.5 X
1.5 cm® was selected at the middle of the vastus lateralis.
The magnetic field was homogenized on the water signal
from the same voxel. The water signal was suppressed by
3 consecutive chemical shift selective pulses [15]. The
water-suppressed 'H signal was then obtained from the
voxel using PROBE-SV PRESS (General Electric Medical
System) with TE of 25 milliseconds, TR of 2 seconds,
average of 128, and 2048 data points collected [16]. The
spectral raw data were apodized by 1.25 Hz line broadening
and zero filled after 20-Hz high-pass gaussian convolution
filtering. The proton spectra were reconstructed by Fourier
transformation and the zero/first-order phase correction.
Each moiety contents were estimated using a Lorentzian fit
in the frequency domain. IMCL was identified as the peak
area at approximately 1.3 ppm (CH,),, and EMCL at
approximately 1.5 ppm (CH,),. IMCL content was quan-
tified using the peak area expressed in arbitrary units (AU)
as well as the ratio of IMCL to muscle water content (AU/
water). The coefficient of variation between repeat scans
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obtained from the same leg was 6% for IMCL (AU) using
the methods in this study.

Several strategies have been used to quantify IMCL. For
example, creatine [5], water [2,17], and bone marrow lipid
[18,19] have been used as an internal reference for reporting
IMCL. Peak area, expressed in arbitrary units, has also been
used [18,20]. We report our primary study findings using
IMCL (AU) and additionally as IMCL (AU/water).

2.6. Blood sample analysis

Blood samples were acquired from each subject via
venipuncture into EDTA tubes after a 10-hour fast. To
minimize day-to-day variability in blood parameters,
samples were acquired at the same time of day for each
subject. Samples were inverted gently and briefly stored in
a cold refrigerator until centrifugation at 4°C for 10 minutes
at 1500g. Plasma was stored at —70°C. Analyses of plasma
were completed within 6 months of collection. Total
cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), and plasma glucose were determined by en-
zymatic colorimetric methods (Wako Chemicals USA,
Richmond, VA; Eagle Diagnostics, De Soto, TX). The
TC/HDL-C ratio was calculated. Plasma insulin was
measured with a radioimmunoassay procedure based on
the methods of Wide and Porath [21]. Sex comparisons and
group means for glucose have been presented previously
[22]; however, the data have been used to estimate IR. The
homeostasis model assessment of IR (HOMA-IR) was
determined by the formula of Matthews et al [23]. This
procedure uses fasting glucose and insulin in an equation

been validated in normoglycemic subjects against IR
measured directly from the euglycemic-hyperinsulinemic
clamp technique [23].

C-reactive protein (CRP), homocysteine, interleukin
6 (IL-6), and tumor necrosis factor o (TNF-a) were
determined by enzyme-linked immunosorbent assay techni-
ques (Anogen, Mississauga, Ontario, Canada; Axis Bio-
chemicals, Oslo, Norway; Linco, St. Louis, MO). Data for
TNF-o have been reported previously [22], but were used in
this study as a variable in the correlation analysis. All assays
were performed in either duplicate or triplicate and in a
single run. The average within variability for plasma
variables were as follows: TC, 6.5%; HDL, 9.1%; glucose,
8.2%; insulin, 6.3%; CRP, 4.0%; homocysteine, 11.8%; and
IL-6, 4.8%.

2.7. Statistical analysis

One-way analysis of variance was used to evaluate sex
differences for each dependent variable. Pearson product
moment correlations (R) were used as a measure of
univariate association between IMCL and predictor varia-
bles (CAD/NIDDM risk factors). Multiple linear regression
with stepwise variable selection in blocks was used to
evaluate the associations between the variables in each
block and IR. Besides demographic variables, only variables
with a correlation of at least 0.40 with IR were included in
the initial model. Block 1 wvariables included the demo-
graphic measures, age, and sex. Block 2 contained IMCL
and block 3 contained CAD/NIDDM risk factors (TNF-a
and physical activity levels). Significance levels for entry

(insulin X glucose/22.5) to estimate IR. The HOMA-IR has and exclusion from the model were set at P = .15. Any
Table 1

Baseline anthropometric, IMCL, risk factor, and subject descriptive statistics

Men (n = 10) Women (n = 9) All subjects (n = 19)

Age (y) 274 + 4.6 272+ 69 273 £ 56

Height (cm) 1747 £ 5.5 169.3 £ 7.1 172.2 £ 6.7
Weight (kg) 79.4 + 8.4%* 655 + 9.1 72.8 + 11.1

BF (%) 129 + 22 20.0 + 3.4 163 + 4.6

BMI 26.0 + 2.0%* 22.8 £33 245 + 3.1

IMCL (AU) 8.7 x 10° + 5 x 10° 2.0 x 107 £ 1.1 x 10°F 1.4 x 10" £ 1.0 x 10°
IMCL (AU/water) 1.0 x 107" £ 0.07 1.1 x 107" + 0.04 1.0 x 107" £ 0.00
W/H ratio 0.82 + 0.0%* 0.77 £ 0.0 0.79 £ 0.0
Vo,max (mL/[kg - min]) 449 + 4.7 41.5 £ 8.9 433 £ 70
CAD/NIDDM risk factors

Systolic blood pressure (mm Hg) 122 + 12 111 + 12 117 £ 13

Diastolic blood pressure (mm Hg) 81 = 10 77 £ 10 79 =+ 10

Physical activity score 37.5 £ 109 41.0 £ 8.6 39.1 +£ 9.8
HOMA-IR 0.54 £ 0.3 0.90 + 1.17f 0.79 + 0.78

TC (mg/dL) 151 + 31 172 + 38 163 + 36

HDL-C (mg/dL) 420 + 25 412 + 34 413 £ 35
TC/HDL ratio 2.7 £ 0.6 3.1 +£0.7 3.0 £ 0.7
Homocysteine (mg/dL) 11.8 + 4.1* 7.8 £ 1.7 10.2 + 3.8

CRP (mg/L) 29 £ 1.1 22 +£03 25 +£08

IL-6 (pg/mL) 123.0 £ 114.9* 69.3 £ 60.9 96.1 + 93.0

Values are expressed as mean = SD. BF% indicates body fat percentage.
* P < .05, significantly greater than women.
i P < .05, women significantly greater than men.
** P < .01, significantly greater than women.
i1 P < .01, significantly greater than men.
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Fig. 1. Baseline "H-MRS spectral characteristics acquired from a healthy
male subject’s vastus lateralis. TMA indicates trimethylamine-containing
compounds; CRE, creatine and/or phosphocreatine.

variable included in an earlier block was included in the
model for all later blocks and in the final model. An o level
of .05 was used as the criterion of statistical significance.
Statistical programming was completed with SPSS software
(version 11.0; SPSS, Chicago, IL).

3. Results

Subject characteristics including anthropometric meas-
ures are presented in Table 1. Male and female subjects
were similar in age, cardiorespiratory fitness (milliliter per
kilogram of fat free mass) (P > .05), and percentage of body

were however heavier and had higher BMI and waist-to-
hip (W/H) ratios (P < .05) compared with female subjects
(P <.05). Fig. 1 illustrates a spectrum showing IMCL from
a typical male subject in our study. Although the data were
presented elsewhere [7], nutrient intake at study entry
(percentage of fat, percentage of protein, percentage of
carbohydrates) was similar between male and female
subjects (P > .05). Total energy intake was greater for
male subjects; however, when expressed relative to each
subject’s weight in kilograms of fat free mass, no differences
between groups were observed (P > .05).

Evaluation of blood indexes for cardiovascular risk
revealed that male subjects had greater resting plasma
concentrations of homocysteine and IL-6 compared with
their female counterparts (P < .05). For other risk factors
for CAD/NIDDM (TC, HDL, blood pressure, and body fat),
there were no sex differences.

The relationships among IMCL, body composition
variables, and CAD risk factors for men only, women only,
and collectively (men and women) are presented in Table 2.
When examining data from all subjects, we found that
IMCL (AU) was negatively correlated with body weight
(r = —0.66, P <.01) and W/H ratio (» = —0.52, P <.05)
and positively correlated with the percentage of fat (r =
0.52, P < .05) and IR (r = 0.56, P < .05). CRP was
negatively correlated with HDL-C when group data were
collapsed (» = —0.52, P < .05). For women only, IMCL
(AU) was positively correlated with glucose, insulin, and IR
(r = 0.64, 0.51, and 0.61, respectively; P < .05). For male
subjects, IMCL (AU) was negatively correlated with weight
(r = —0.59, P < .05) and positively with insulin, IR, and
IL-6 (» = 0.53, 0.50, and 0.85, respectively; P < .05).

IMCL was correlated with CAD risk factors after
normalizing IMCL to muscle water content (AU/water) in
the same voxel to further examine the relationship between
IMCL and CAD risk factors. The only correlation between
IMCL (AU/water) and CAD risk factors during this analysis
was with homocysteine (» = 0.49, P < .05). For female
subjects, there was a negative correlation between IMCL
(AU/water) for W/H ratio (r = —0.47, P <.05) and positive

fat based on sex normative values. Male subjects correlations with glucose and IR (» = 0.57 and 0.52,
Table 2

Correlations among IMCL, CAD, and NIDDM risk factors in men, women, and subject groups collapsed

Variable Wt BF% W/H BMI SBP DBP PA Glu Ins IR
IMCL (collapsed) —0.66%* 0.52% —0.52* —0.40 —0.30 —0.15 —0.04 0.30 0.45 0.56*
IMCL (M) —0.59* 0.18 —0.36 -0.27 -0.22 —0.09 -0.22 —0.18 0.53* 0.50%
IMCL (F) —0.35 0.09 0.33 —0.02 —0.31 —0.19 —0.11 0.64%* 0.51* 0.61%**
Variable TC HDL TC/HDL ratio Homocy CRP VoO,max IL-6 TNF—o

IMCL (collapsed) 0.27 0.41 0.27 —0.14 —0.36 —0.25 0.15 0.23

IMCL (M) —0.43 0.14 —0.43 0.31 -0.37 —0.15 0.85%* 0.26

IMCL (F) 0.35 0.35 0.35 —0.16 0.07 —0.19 0.05 —0.04

Values are expressed as mean = SD. M indicates male; F, female; Wt, weight; SBP, systolic blood pressure; DBP, diastolic blood pressure; PA, physical

activity; Glu, glucose; Ins, insulin; Homocy, homocysteine.
* P <.05.
*k P o< 0l
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respectively; P < .05). For men, there was a positive cor-
relation between IMCL (AU/water) and IR, homocysteine,
and TNF-« (» = 0.53, 0.83, and 0.58, respectively; P <.05).

Regression analysis using all study subjects indicated that
age, IMCL (AU), and TNF-o were predictor variables ex-
plaining significant proportions of the variance of IR (R* =
0.62, P < .01). The final model for IR was IR = 1.22 +
—0.026953 (age) + 0.00000005 (IMCL) + —0.015 (TNF-u).

4. Discussion

This study examined the relationship between IMCL and
cardiovascular/NIDDM risk factors in adult male and
female subjects. The major findings of this study were the
significant differences in IMCL (AU) between males and
female subjects, and that age, IMCL (AU), and TNF-a were
the strongest predictors of IR in the final regression model.

Male and female subjects in this study were relatively
matched for age and cardiovascular fitness (Table 1). In
addition, both groups exercised 3 to 5 d/wk, had similar
physical activity levels, as assessed by the Framingham
Questionnaire, and had similar nutrient intake patterns.
Although body composition was matched, based on sex
normative values [24], the female subjects had significantly
more body fat than male subjects. Significant sex differ-
ences were also observed for W/H ratio, BMI, and body
weight. A significant study finding was that women had
twice as much IMCL (AU) as men. This finding has been
previously reported [19]; however, the significance remains
unclear. Data from previous reports suggest that IMCL
content is positively associated with aerobic fitness [25,26],
whereas other studies ascribe greater IMCL with increased
disease indication [18]. In our study, both male and female
subjects were comparable in aerobic fitness and were
apparently disease-free; however, female subjects had twice
the total IMCL area as male subjects, suggesting a possible
sex difference in IMCL content. IMCL serves as a reservoir
of stored lipid (triacylglycerol etc) for energy metabolism
[3]; thus, greater depots of IMCL in female subjects may
indicate greater substrate supply and/or perhaps progression
toward a metabolic state whereby normal lipid and glucose
metabolism are altered.

Other CAD/NIDDM risk factors examined in our study
revealed no sex differences for blood pressure, TC, HDL-C,
the TC/HDL-C ratio, or CRP. HDL-C was negatively
correlated with CRP concentrations when data from men
and women were combined (r = —0.52, P < .05). In
contrast, differences in IR, homocysteine, and IL-6 between
sexes were observed. The greater IR observed for female
subjects in our study is consistent with recent findings
suggesting that IMCL is negatively correlated with insulin
sensitivity [4,27]. However, few studies have made sex
comparisons for IR when taking into account difference in
IMCL between men and women. Perseghin et al [28] did not
observe the differences in insulin sensitivity when compar-
ing a group of sedentary healthy young men and women

(20-40 years) with normal body fatness for their age, but
did find that poor insulin sensitivity was related to increased
IMCL concentration. Virkamaki et al [5] found that IMCL
accumulation was associated with whole-body IR and with
defective insulin signaling in skeletal muscle, independent
of body weight and physical fitness. High IMCL in the
vastus lateralis was associated with increased whole-body
insulin in men. IR is a primary feature in the pathogenesis of
NIDDM, and it may precede the clinical onset of
hyperglycemia by 10 to 20 years [6].

The mechanism explaining how IMCL accumulation
decreases insulin sensitivity remains speculative. Shulman
et al [6] suggest that in the metabolic process of increasing
depots of IMCL, increased fatty acid transport and
perturbations occur within skeletal muscle, which lead to a
desynthezation of the insulin receptor (through protein
kinase C), which results in a reduction of insulin sensitivity
and greater IR. In addition, Virkamaki et al [5] found that
increased levels of IMCL blunted whole-body glucose
uptake, insulin stimulation of tyrosine phosphorylation
of the insulin receptor, and insulin receptor substrate
l-associated phosphatidylinositol 3-kinase activity in
healthy with no family history of NIDDM. Further study
of mechanisms underlying reduced insulin sensitivity in
skeletal is warranted.

Homocysteine is thought to be an early marker of future
CAD risk [29]. In our study, male subjects had higher
homocysteine concentrations than female subjects. Male
subjects also had a stronger correlation between IMCL (AU/
water) and homocysteine than female subjects. Sex differ-
ences in plasma homocysteine concentration have been
previously reported [30]. Andersson et al [30] observed that
differences in plasma concentration of homocysteine were
correlated with differences in blood folate concentration. In
our study, dietary folate intake was similar between groups
(P > .05). Dietary folate intake may not be a sensitive
marker of plasma concentration, or perhaps other mecha-
nisms are responsible for differences in plasma homocys-
teine concentration in men and women. Further study is
needed to determine the significance of homocysteine to
evaluate the predictability of cardiac events in this relatively
young subject population.

IL-6 was elevated in male subjects, nearly 2-fold, when
compared with female subjects. IL-6 has been used as an
independent predictor of vascular events [31] and has been
positively correlated with myocardial infarction coronary
death [32]. Limited information is available comparing
resting IL-6 concentration in relatively matched male and
female subjects. Some data suggest that resting IL-6
concentration increases with age in men, whereas no sex
differences are typically observed in younger subjects [33].
Our findings of sex differences in IL-6 are in contrast to
some reports [33]. Nonetheless, this finding should be
interpreted cautiously given our small sample size.

Associations between IMCL and various CAD bio-
markers were also examined in this study. Our data are
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presented for women and men only and for a total group.
The most significant finding of the group data was the
positive association between IMCL (regardless of AU or
AU/water) and IR. Our data suggested that increased IR was
positively correlated with IMCL concentration. This type of
correlation has been reported elsewhere in single-sex studies
[4,5,18], but to our knowledge there have been no sex
comparison studies. When comparing men and women,
female subjects had more association between IMCL and IR
(r = 0.61) compared with male subjects (» = 0.50). This
difference was normalized when IMCL was expressed
relative to muscle water content. Although our measure of
IR is an estimate, this result is important, given its
magnitude and because of its possible role for early
detection of NIDDM. In addition to the correlation with
estimated IR, IMCL (AU) was also positively correlated
with the percentage of body fat. Sinha and colleagues [27]
found that increases in total body fat were accompanied by
higher IMCL in adolescents. IMCL represents a portion of
stored lipid; thus, increasing fatness may be associated with
greater concentration of IMCL [5]. However, it is possible
that IMCL is less related to central adiposity than to total
body weight or overall adiposity. Additional research in this
area is warranted to clarify the relationship between
subcutaneous adipose tissue and IMCL levels.

In conclusion, our results suggest that female subjects,
matched for age and fitness, have higher IMCL (AU)
compared with their male counterparts. When examining
data from all subjects, IMCL (AU) was correlated with
levels of body fatness and IR. IMCL (AU or AU/water) was
correlated with several CAD and prediabetes markers in
both male (insulin, IR, IL-6, homocysteine) and female
subjects (glucose, insulin, IR) depending on how IMCL was
expressed. In the final regression model, age, IMCL (AU),
and TNF-o« were the strongest predictors of IR. Studies
designed to elucidate the cellular mechanisms associated
with the accumulation/loss of IMCL and how changes in
this lipid pool impact skeletal muscle metabolism may have
important implications in the treatment of metabolic
disorders such as NIDDM.
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