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The metabolic syndrome is associated with nonalcoholic fatty liver disease (NAFLD) as well
as with insulin resistance, inflammatory adipokines, endothelial dysfunction, and higher
plasma levels of nonesterified fatty acids (NEFA), all of which may also affect the
development of NAFLD. Therefore, we investigated to what extent the association
between the metabolic syndrome and alanine aminotransferase (ALT, as a surrogate of
NAFLD) can be explained by different metabolic intermediates of the metabolic syndrome.
Cross-sectional analyses were performed in 434 subjects from the Cohort on Diabetes and
Atherosclerosis Maastricht study (264 men; mean age, 59.5 ± 7.1 years). We used multiple
linear regression analyses to investigate the association between the metabolic syndrome
and ALT and the mediation role of potential mediators herein. The mediators considered
were insulin resistance (homeostasis model assessment), an inflammatory adipokine score
(based on interleukin-6, serum amyloid A, intercellular adhesionmolecule, adiponectin, and
leptin), an endothelial dysfunction score (based on E-selectin, vascular cell adhesion
molecule, and vonWillebrand factor), and plasma levels of NEFA. All analyseswere adjusted
for age, sex, smoking, alcohol consumption, and use of medication. Subjects with the
metabolic syndrome (53.7%) had significantly higher levels of ALT (β = 0.67 SD [95%
confidence interval, 0.49-0.85], P < .001). Adjustment for insulin resistance attenuated this
difference by 77.3% (to 0.15 SD [−0.04 to 0.35]). Attenuation by adipose tissue–associated
inflammation, endothelial dysfunction, andNEFAwasmoremodest (20.7%, 13.1%, and 9.5%,
respectively). Part of the attenuation by NEFA, but not of the other mediators, was
additional to that of insulin resistance. Insulin resistance constitutes a key pathophysiological
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mechanism in the association between the metabolic syndrome and NAFLD (measured as
ALT), which may operate through adipose tissue–associated inflammation and endothelial
dysfunction and to a lesser extent through NEFA, which may have an independent role in
the development of NAFLD in subjects with the metabolic syndrome.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

The increasing prevalence of the metabolic syndrome draws a
heavy burden on public health. Nonalcoholic fatty liver
disease (NAFLD) is a common liver disorder that affects up
to 20% to 30% of the population in the developed world [1,2]
and is a very prevalent finding in subjects with the metabolic
syndrome [3]. Given the frequency of NAFLD in obesity and
type 2 diabetes mellitus (T2DM), the prevalence of NAFLD in
the metabolic syndrome can be estimated to be at least 70% to
80% [4,5].

Nonalcoholic fatty liver disease has a wide histologic
spectrum ranging from simple steatosis and nonalcoholic
steatohepatitis to more progressive forms of the disease such
as fibrosis and eventually cirrhosis. Patients with simple
steatosis are, among others, characterized by the accumula-
tion of triglycerides in hepatocytes, whereas in nonalcoholic
steatohepatitis, the accumulation of fat is accompanied by
hepatic inflammation [1]. The “criterion standard” to diagnose
NAFLD is liver biopsy [1,6]. However, this is an invasive
procedure with risk of postinterventional bleeding and is
therefore not acceptable without clinical indication. Alterna-
tive methods to detect hepatic fat accumulation are used in
epidemiological studies including imaging techniques and
measurement of circulating markers such as alanine amino-
transferase (ALT) [6-8].

Several unfavorable metabolic syndrome–associated pro-
cesses may affect the development of NAFLD. Insulin resis-
tance is most likely involved in the initiation of hepatic
steatosis, but NAFLD may in turn contribute to further
progression of insulin resistance [9]. In adipose tissue, loss of
insulin sensitivity can lead to increased release of nonester-
ified fatty acids (NEFA) in the circulation, which may be
incorporated into hepatic triglycerides [10,11]. In combination
with insufficient elimination of triglycerides, probably caused
by hepatic insulin resistance, this can contribute to the
development of NAFLD. Inflammation of adipose tissue, as
commonly seen in the metabolic syndrome [12], may also
contribute to the development of NAFLD. This is firstly
because adipose tissue–associated inflammation yields insu-
lin-resistant adipocytes by activating JNK and IKKβ pathways
[13,14], and secondly because inflammatory adipokines con-
tribute to systemic low-grade inflammation that may trigger
hepatic inflammation and hepatic insulin resistance and
thereby predispose to NAFLD [15]. Another metabolic syn-
drome–associated process that may contribute to the devel-
opment of NAFLD is (local) endothelial dysfunction. The liver
is a highly perfused organ, and disturbance of liver perfusion
may disturb the delicate balance between the supply and
removal of nutrients and metabolites [16]. Insulin resistance
as well as the concomitant increase in NEFA may disturb
microvascular function [17] and thereby possibly contribute to
the development and/or progression of NAFLD [18]. The
aforementioned pathways are not necessarily fully indepen-
dent; they may also affect one another.

Taken together, the evidence so far suggests that insulin
resistance, inflammatory adipokines, endothelial dysfunc-
tion, and NEFA may each explain, at least in part, the
association between the metabolic syndrome and NAFLD. To
gain more insight into these issues, we have determined the
association between themetabolic syndrome and plasma ALT
(as a systemicmarker of NAFLD) and investigated the extent to
which this association could be explained by insulin resis-
tance, inflammatory adipokines, endothelial dysfunction,
and/or NEFA.
2. Materials and methods

2.1. Subjects and study design

Cross-sectional analyses were performed on data from the
Cohort on Diabetes and Atherosclerosis Maastricht study,
which includes 574 subjects with an elevated risk for T2DM
and cardiovascular disease as described in detail elsewhere
[19]. In short, all subjects were Caucasian, were older than 40
years, andmet at least one of the following criteria: bodymass
index greater than 25 kg/m2, a positive family history for
T2DM, a history of gestational diabetes, use of antihyperten-
sive medication, a postprandial glucose greater than 6.0
mmol/L, and/or glycosuria. The study was approved by the
Medical Ethical Committee of the Maastricht University, and
all subjects gave written informed consent.

Subjects were excluded if they had missing data on one or
more of the markers for insulin resistance, inflammatory
adipokines, endothelial dysfunction, and/or NEFA (n = 44). In
addition, subjects were excluded if they used insulin therapy
(n = 11) because in those subjects insulin resistance cannot be
estimated by homeostasis model assessment (HOMA2IR).
Next, those with self-reported liver disease (n = 6), or alcohol
consumption of more than 20 g/d (women) or 40 g/d (men)
(n = 79) were excluded because this is the maximal amount of
alcohol consumption that has been accepted in NAFLD [20].
The present study population therefore consisted of a total of
434 individuals.

2.2. Laboratory measurements

The metabolic syndrome was defined according to the
updated definition of the American Heart Association and
the National Heart, Lung, and Blood Institute (2005) [21].
According to the results of a standard 75-g oral glucose
tolerance test, 146 subjects had T2DM [22]. Of these T2DM
subjects, 55% were not aware of their diabetes status before
the screening. Use of medication, smoking behavior, and
alcohol consumption were assessed in extensive interview
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sessions and research-assistant–administered question-
naires. Waist circumference was measured at the level
midway between the lateral lower rib margin and the spina
iliaca anterior superior. Blood pressure was measured twice
after 5 minutes of rest with an oscillometric precision blood
pressure instrument (Maxi stable 3; Speidel & Keller; currently
Welch Allyn, Skaneateles Falls, NY) on the right arm in the
supine position.

Subjects were asked to stop their lipid-lowering medica-
tion 14 days before the visit, and all other medication was
stopped the day before the visit (>80% adherence). Blood
samples were obtained by venipuncture to determine glu-
cose, cholesterol, triglycerides, interleukin-6 (IL6), serum
amyloid A (SAA), soluble intercellular adhesion molecule
(sICAM-1), and soluble vascular cell adhesion molecule
(sVCAM-1) as described previously [23]. Adiponectin and
leptin were measured by enzyme-linked immunosorbent
assay in EDTA plasma (BioVendor Laboratory Medicine,
Brno, Czech Republic). Soluble E-selectin (sE-selectin) was
measured in EDTA plasma with a CD62-Elipair enzyme-
linked immunosorbent assay (Diaclone; Tepnel, Besancon
Cedex, France). Von Willebrand factor (vWF) was measured in
citrate plasma as described previously [24]. Nonesterified
fatty acids were measured in EDTA plasma using an
enzymatic colorimetric method (NEFA-C; Wako Chemicals,
Neuss, Germany), and ALT was measured in EDTA plasma as
described before and used as a measure of hepatic fat
accumulation [7]. Insulin was measured in EDTA plasma
using a 2-sided radioimmunoassay (Medgenix Diagnostics,
Brussels, Belgium). Insulin resistance was derived from the
HOMA2IR and was computed using software downloaded at
http://www.dtu.ox.ac.uk.

2.3. Statistical analysis

Variables with a skewed distribution, that is, triglycerides,
ALT, HOMA2IR, IL6, SAA, sICAM-1, adiponectin, leptin, NEFA,
sE-selectin, sVCAM-1, and vWF, were log-transformed before
further analyses. Differences between the subjects with and
without the metabolic syndrome were assessed by means of
Student t tests for continuous variables and by χ2 tests for
categorical variables.

Two composite measures (average z scores) were calculat-
ed to reduce the problem of multiple testing. First was an
inflammatory adipokines score, which was the average of the
z scores of IL6, SAA, sICAM-1, leptin, and the z score of
adiponectinmultiplied by −1. These 5markers have each been
reported to be secreted by adipose tissue in relevant amounts
and have inflammatory (IL6, SAA, sICAM-1, leptin) or anti-
inflammatory (adiponectin) properties [25-28]. We therefore
considered these markers good representatives of adipose
tissue–associated inflammation as often seen in themetabolic
syndrome. The second was an endothelial dysfunction score,
which was the average of the z scores of sE-selectin, sVCAM-1,
and vWF. To enable direct comparison of the strengths of all
associations, z scores were also calculated for HOMA2IR,
NEFA, and ALT.

We used linear regression analyses to investigate the
following associations: first, between the metabolic syndrome
(main independent variable) and ALT (main dependent
variable); second, between the metabolic syndrome and the
potential mediators, that is, insulin resistance, inflammatory
adipokines, endothelial dysfunction, or NEFA; and third,
between the potential mediators and ALT. Finally, we
examined the extent to which the association between the
metabolic syndrome and ALT was explained, ie, potentially
mediated, by the potential mediators considered. This was
done by quantifying, in percentage, the attenuations in the
magnitude of the linear regression coefficient reflecting the
association between the metabolic syndrome and ALT after
adjustment for those mediators. Because there was no
interaction between sex and the metabolic syndrome in the
association with ALT, analyses were conducted in the whole
population. All analyses were adjusted for age, sex, smoking,
alcohol consumption, and the use of lipid-lowering and
antihypertensive medication.

All statistical analyses were performed using the SPSS
package version 15.0 (SPSS, Chicago, IL), and statistical
significance was set at P < .05.
3. Results

The basic characteristics of the study population are shown in
Table 1. The prevalence of themetabolic syndromewas 53.7%.
Subjects with the metabolic syndrome had higher levels of
plasma of ALT, NEFA, and inflammatory adipokines; had
worse endothelial function; and were more insulin resistant
compared with those without the metabolic syndrome.

After adjustment for age, sex, smoking, alcohol consump-
tion, and use of lipid-lowering and antihypertensive medica-
tion, subjects with the metabolic syndrome had significantly
higher levels of ALT than those without (linear regression
coefficient β [95% confidence interval] = 0.67 SD [0.49-0.85], P <
.001). The metabolic syndrome was also positively associated
with insulin resistance, inflammatory adipokines, endothelial
dysfunction, and NEFA (Table 2); and all these 4 potential
mediators were also associated with ALT (Table 3, model 1),
even after additional adjustment for the metabolic syndrome
(Table 3, model 2).

The differences in ALT levels between subjects with and
without the metabolic syndrome were attenuated by adjust-
ment for insulin resistance (77.3%; Table 4, model 2) and, to a
lesser extent, by adjustment for inflammatory adipokines
(20.7%, model 3a), endothelial dysfunction (13.1%, model 4a),
or NEFA (9.5%, model 5a). Of note, mediation by endothelial
dysfunction (1.8%, model 3b) and inflammatory adipokines
(−0.4%, model 4b) did not add to that by insulin resistance.
This was different for NEFA, which by themselves mediated
9.5% of the association and added 4.4% to the mediation of
insulin resistance (model 5b).

When the metabolic syndrome, insulin resistance, inflam-
matory adipokines, endothelial dysfunction, and NEFA were
added in a full model including also age, sex, smoking, alcohol
consumption, and use of lipid-lowering and antihypertensive
medication, insulin resistance (0.41 [0.30-0.51], P < .001),
endothelial dysfunction (0.21 [0.06-0.036], P = .005), and NEFA
(0.13 [0.05-0.21], P = .002), but not the metabolic syndrome or
inflammatory adipokines, were significantly associated with
plasma ALT.

http://www.dtu.ox.ac.uk


Table 1 – Characteristics of the Cohort on Diabetes and
Atherosclerosis Maastricht according to the absence or
presence of the metabolic syndrome

Without MetS
(n = 201)

With MetS
(n = 233)

P
value

Men/women (n) 119/82 145/88 .519
Age (y) 58.7 ± 7.5 60.2 ± 6.7 .034
Waist (cm) 93.0 ± 9.8 104.5 ± 10.8 <.001
HDL cholesterol (mmol/L) 1.36 ± 0.31 1.01 ± 0.25 <.001
Triglycerides (mmol/L) 1.1 (0.8-1.4) 1.8 (1.4-2.2) <.001
Systolic blood pressure
(mm Hg)

134 ± 19 145 ± 18 <.001

Diastolic blood pressure
(mm Hg)

79 ± 9 84 ± 9 <.001

Fasting plasma glucose
(mmol/L)

5.4 ± 0.6 6.5 ± 1.6 <.001

ALT (mmol/L) 18.5 (14.6-24.2) 23.8 (19.4-31.4) <.001
Use of antihypertensive
medication (%)

23.9 50.2 <.001

Use of lipid-lowering
medication (%)

12.9 23.2 .006

T2DM (%) 6.0 36.5 <.001
HOMA2IR 0.89 (0.73-1.09) 1.5 (1.2-2.2) <.001
sE-selectin (ng/mL) 68 (48-89) 91 (68-120) <.001
sVCAM-1 (ng/mL) 447 (386-512) 474 (387-566) .021
vWF (% of
criterion standard)

116 (92-159) 122 (93-163) .596

Endothelial
dysfunction score

−0.17 ± 0.58 0.14 ± 0.62 <.001

IL6 (pg/mL) 1.1 (0.8-1.7) 1.6 (1.1-2.4) <.001
SAA (μg/mL) 6.3 (4.0-15.0) 8.0 (4.6-14.6) .320
sICAM-1 (ng/mL) 315 (272-367) 356 (307-411) <.001
Adiponectin (μg/mL) 8.3 (6.4-11.5) 6.4 (4.3-8.2) <.001
Leptin (ng/mL) 7.2 (3.7-16.8) 13.0 (8.1-24.4) <.001
Inflammatory
adipokine score

−0.24 ± 0.52 0.21 ± 0.51 <.001

NEFA (mmol/L) 0.47 (0.36-0.57) 0.52 (0.43-0.61) <.001

Data are expressed as number or frequency (percentage), mean ±
standard deviation, or median (interquartile range). MetS indicates
metabolic syndrome; HDL, high-density lipoprotein.
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3.1. Additional analyses

In the above-described analyses, we used an average z score
for inflammatory adipokines assuming that these markers
Table 2 – Associations of the metabolic syndrome with
insulin resistance, endothelial dysfunction, inflammatory
adipokines, and NEFA

Dependent variables Independent variable:
metabolic syndrome

β (95% CI) P value

HOMA2IR 1.094 (0.932; 1.255) <.001
Inflammatory adipokines 0.391 (0.291; 0.490) <.001
Endothelial dysfunction 0.212 (0.099; 0.324) <.001
NEFA 0.363 (0.169; 0.558) <.001

All analyses were adjusted for age, sex, smoking, alcohol
consumption, and use of lipid-lowering and antihypertensive
medication. β indicates difference in dependent variable
(expressed in SD) between subjects with vs without the metabolic
syndrome; CI, confidence interval; NEFA, non-esterified fatty acids.
represent adipose tissue–associated inflammation as often
seen in the metabolic syndrome. To exclude that our current
results merely represent general low-grade inflammation, the
analyses were repeated with C-reactive protein as potential
mediator. C-reactive protein did not essentially mediate the
association of themetabolic syndromewith ALT;mediation by
C-reactive protein was 4.2% as compared with the 20.7% that
was observed for the inflammatory adipokine score.

It has been reported that plasma ALT levels may underes-
timate liver fat content in T2DM patients [29]. The analyses
reported above were therefore repeated without subjects with
T2DM, and the results of these analyses did not materially
differ from what was reported above. The analyses were also
repeated with a more stringent cutoff value for alcohol
consumption, that is, by excluding all subjects who consume
more than 20 g alcohol daily because this is the proposed
threshold to distinguish between nonalcoholic and alcoholic
FLD [20]. Again, the results of these analyses did notmaterially
differ from what was reported above (data not shown).
4. Discussion

In this study, we showed that, among the several metabolic
syndrome–associated processes that were investigated, insu-
lin resistance was the strongest mediator of the association
between the metabolic syndrome and ALT, although inflam-
matory adipokines, endothelial dysfunction, and NEFA also
explained a part of the association between the metabolic
syndrome and ALT, but to a lesser extent. Inflammatory
adipokines and endothelial dysfunction, however, did not add
to the mediation by insulin resistance, whereas approximate-
ly half of the mediation by NEFA was additional to that by
insulin resistance.

Because of well-known mutual relations between the
metabolic syndrome, insulin resistance, and steatosis [30],
the strong mediation by insulin resistance was largely
anticipated. A more interesting finding is that although
inflammatory adipokines were by themselves moderate
mediators of the association between themetabolic syndrome
and ALT, this effect was abolished when insulin resistance
was also included in the model. This suggests that these
processes, at least partly, represent the same mechanism(s).
The overlap between mediation by inflammatory adipokines
and insulin resistance may be explained by the fact that
compromised insulin signaling and/or hyperinsulinemia coin-
cides with an altered production of these adipokines. Data in
the literature show that the production of leptin by human
adipocytes is regulated by hyperinsulinemia and/or insulin
signaling [31], as is the production of adiponectin [32,33] and
IL6 [34,35]. Insulin signaling affects ICAM expression in
leukocytes [36], and high insulin concentrations increase the
expression of ICAM on endothelial cells [37]. Some of these
adipokines may subsequently or perhaps concomitantly
worsen (adipose) insulin resistance via activation of inflam-
matory pathways [38]. Thus, our data suggest that inflamma-
tory adipokines may be responsible for a part of the mediating
effect of insulin resistance. Our finding that it is inflammation
of adipose tissue rather than general inflammation accent-
uates the importance of adipose tissue dysfunction in the



Table 3 – Associations of insulin resistance, endothelial dysfunction, inflammatory adipokines, and NEFA with ALT

Independent variables Dependent variable: log-ALT

Model 1: adjusted for age,
sex, smoking, alcohol

consumption, medication

Model 2: adjusted for age, sex,
smoking, alcohol consumption,
medication, metabolic syndrome

β (95% CI) P value β (95% CI) P value

HOMA2IR 0.514 (0.432-0.595) <.001 0.472 (0.375-0.569) <.001
Inflammatory adipokines 0.523 (0.358-0.688) <.001 0.355 (0.184-0.525) <.001
Endothelial dysfunction 0.499 (0.347-0.652) <.001 0.413 (0.265-0.561) <.001
NEFA 0.229 (0.139-0.319) <.001 0.178 (0.092-0.265) <.001

β indicates difference in log-ALT (expressed in SD [1 SD = 0.16 log(mmol/L)]) per 1-SD increase in each independent variable; NEFA, non-esterified
fatty acids; ALT, alanine aminotransferase; HOMA2IR, homeostasis model assessment of insulin resistance.
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association of themetabolic syndrome with ALT and supports
the use of the inflammatory adipokine score.

The observed (modest) mediation by endothelial dysfunc-
tion in the association between the metabolic syndrome and
ALT also disappeared in the presence of concomitant
adjustments for insulin resistance. This may be explained
by direct effects of hyperinsulinemia and/or insulin signaling
on endothelial dysfunction [39] and additionally by effects of
inflammatory adipokines on endothelial dysfunction [40].
Because we have only systemic markers of endothelial
dysfunction available and because of the cross-sectional
design of our study, we currently cannot distinguish between
the possibility that local insulin resistance in the liver is
causal in the generation of fatty liver and the alternative
explanation that an overall status of endothelial dysfunction
is merely a reflection of the insulin-resistant state. Although
this was not the primary aim of our analyses, we did observe
that endothelial dysfunction was associated with ALT,
independently of insulin resistance and the other potential
mediators considered, suggesting that it can also be an
operative pathophysiological mechanism linking risk factors
other than the metabolic syndrome to ALT. Taken together,
although these data must be interpreted with caution, our
findings support the possibility that insulin resistance–
associated adipose tissue inflammation and hepatic micro-
Table 4 – Associations of the metabolic syndrome with AL
dysfunction, inflammatory adipokines, and NEFA

Model Adjustments

β

1 Age, sex, smoking, alcohol consumption, medication 0.671
2 Model 1 + HOMA2IR 0.152
3a Model 1 + inflammatory adipokines 0.532
3b Model 1 + HOMA2IR + inflammatory adipokines 0.140
4a Model 1 + endothelial dysfunction 0.583
4b Model 1 + HOMA2IR + endothelial dysfunction 0.155
5a Model 1 + NEFA 0.607
5b Model 1 + HOMA2IR + NEFA 0.123

β indicates difference in ALT (expressed in SD) between subjects with vs
a Indicates change in the magnitude of the regression coefficient (β) as c
b Indicates the difference in the percentage attenuation by HOMA2IR and
dysfunction (model 4b), or by HOMA2IR and NEFA (model 5b) in compari
non-esterified fatty acids; ALT, alanine aminotransferase; HOMA2IR, hom
vascular dysfunction might actually contribute to the
development and/or progression of ALT/NAFLD in the
metabolic syndrome.

Increased plasma NEFA concentrations are a hallmark of
the metabolic syndrome, and it is generally accepted that
plasma NEFA contribute to hepatic triglyceride accumulation
and the development of NAFLD [10]. We had hypothesized
that mediation of the association between the metabolic
syndrome and ALT by NEFA would be similar to that by
inflammatory adipokines because both adipose insulin resis-
tance and adipose inflammation are known to induce fatty
acid release from adipose tissue. However, NEFAmediated the
association more modestly than inflammatory adipokines
(9.5% vs 20.7%); but despite this and in contrast to the latter,
mediation by NEFA was not completely abolished in the
presence of concomitant mediation by insulin resistance. Our
data suggest that half of the mediation attributable to NEFA
may occur via pathways included in the process of adipose
tissue insulin resistance and inflammation, whereas the
remaining half most likely occurs via an insulin resistance–
independent mechanism. Data in the literature report that in
upper-body obese women, upper-body subcutaneous, not
visceral, fat was main source of plasma NEFA [41]; and
systemic NEFA have been reported to be a major source of
the extrahepatic fatty acids that accumulate in NAFLD [10].
T and the mediation by insulin resistance, endothelial

Independent variable: metabolic syndrome

(95% CI) P value Mediationa (%) Additional
mediationb (%)

(0.490 to 0.851) <.001
(−0.043 to 0.347) .127 77.3
(0.343 to 0.721) <.001 20.7
(−0.056 to 0.337) .161 79.1 1.8
(0.406 to 0.760) <.001 13.1
(−0.038 to 0.348) .115 76.9 −0.4
(0.427 to 0.786) <.001 9.5
(−0.070 to 0.317) .211 81.7 4.4

without the metabolic syndrome.
ompared with model 1 (expressed in percentage).
inflammatory adipokines (model 3b), by HOMA2IR and endothelial

son to the percentage mediation by HOMA2IR only (model 2). NEFA,
eostasis model assessment of insulin resistance.
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These NEFA may contribute to hepatic steatosis partly via
increased insulin resistance and inflammation as described
above and partly via direct uptake into hepatocytes. These
latter associations of dietary fatty acids and direct uptake of
subcutaneous adipose tissue–derived NEFA may also be
reflected by the significant independent contribution of
NEFA to plasma ALT levels in the full model (including all
potential mediators).

In this study, we particularly focused on potential media-
tors that were not included in the metabolic syndrome
because these may provide insight in the metabolic pathways
that are intermediate between the metabolic syndrome and
ALT levels. We did not investigate the extent to which each of
the individual components of the metabolic syndrome con-
tributed to the relation between the metabolic syndrome and
ALT levels. Some prospective studies showed that plasma
concentrations of ALT could predict the metabolic syndrome
[42,43]. The latter also showed that a substantial part of this
association was explained by insulin resistance, which is in
line with our current findings.

A limitation of our study may be the use of ALT levels as a
measure of hepatic fat accumulation. However, although ALT
levels are not the ideal measure of hepatic fat accumulation,
the associations of ALTwith themetabolic syndrome andwith
insulin resistance, inflammation, NEFA, and endothelial
dysfunction reported herein are in agreement with those
reported by others when other measures for hepatic fat
accumulation were used [9,16,44,45]. Other limitations of our
study include its cross-sectional design, which prohibits
conclusions about causality, and the fact that we studied
middle-aged white persons, which excludes extrapolation of
our results to other age categories or other ethnicities.

In conclusion, we showed that insulin resistance mediates
up to 75% to 80% of the association of themetabolic syndrome
with ALT. Our findings additionally suggest that insulin
resistance and its associated adipose tissue inflammation
and endothelial dysfunction may contribute to the progres-
sion of fatty liver disease (measured as ALT) via a common
pathophysiological mechanism, whereas the effect of NEFA
may be partly independent of insulin resistance. Treatment of
insulin resistance, which may concomitantly ameliorate
endothelial dysfunction and the amount of circulating in-
flammatory cytokines, thus remains a main target for inter-
ventions aiming at the prevention of NAFLD in these
individuals. Circulating levels of NEFA may also constitute
an additional treatment target.
Acknowledgment

Dr I Ferreira is supported by a postdoctoral research grant
(2006T050) form the Netherlands Heart Foundation.
R E F E R E N C E S

[1] de Alwis NM, Day CP. Non-alcoholic fatty liver disease:
the mist gradually clears. J Hepatol 2008;48(Suppl 1):
S104–S112.

[2] Younossi ZM. Review article: current management of
non-alcoholic fatty liver disease and non-alcoholic
steatohepatitis. Aliment Pharmacol Ther 2008;28:2–12.

[3] Liangpunsakul S, Chalasani N. Unexplained elevations in
alanine aminotransferase in individuals with the metabolic
syndrome: results from the third National Health and
Nutrition Survey (NHANES III). Am J Med Sci 2005;329:111–6.

[4] Bellentani S, Saccoccio G, Masutti F, et al. Prevalence of and
risk factors for hepatic steatosis in northern Italy. Ann Intern
Med 2000;132:112–7.

[5] Jeong SK, Kim YK, Park JW, et al. Impact of visceral fat on the
metabolic syndrome and nonalcoholic fatty liver disease.
J Korean Med Sci 2008;23:789–95.

[6] Brunt EM, Janney CG, Di Bisceglie AM, et al. Nonalcoholic
steatohepatitis: a proposal for grading and staging the
histological lesions. Am J Gastroenterol 1999;94:2467–74.

[7] Brouwers MC, Cantor RM, Kono N, et al. Heritability and
genetic loci of fatty liver in familial combined hyperlipidemia.
J Lipid Res 2006;47:2799–807.

[8] Siegelman ES, Rosen MA. Imaging of hepatic steatosis. Semin
Liver Dis 2001;21:71–80.

[9] Lonardo A, Lombardini S, Ricchi M, et al. Review article:
hepatic steatosis and insulin resistance. Aliment Pharmacol
Ther 2005;22(Suppl 2):64–70.

[10] Donnelly KL, Smith CI, Schwarzenberg SJ, et al. Sources of
fatty acids stored in liver and secreted via lipoproteins in
patients with nonalcoholic fatty liver disease. J Clin Invest
2005;115:1343–51.

[11] Puri P, Baillie RA, Wiest MM, et al. A lipidomic analysis of
nonalcoholic fatty liver disease. Hepatology 2007;46:1081–90.

[12] Wellen KE, Hotamisligil GS. Inflammation, stress, and
diabetes. J Clin Invest 2005;115:1111–9.

[13] Hirosumi J, Tuncman G, Chang L, et al. A central role for JNK in
obesity and insulin resistance. Nature 2002;420:333–6.

[14] Werner ED, Lee J, Hansen L, et al. Insulin resistance due to
phosphorylation of insulin receptor substrate–1 at serine 302.
J Biol Chem 2004;279:35298–305.

[15] Shoelson SE, Herrero L, Naaz A. Obesity, inflammation, and
insulin resistance. Gastroenterology 2007;132:2169–80.

[16] Schindhelm RK, Diamant M, Bakker SJ, et al. Liver alanine
aminotransferase, insulin resistance and endothelial
dysfunction in normotriglyceridaemic subjects with type 2
diabetes mellitus. Eur J Clin Invest 2005;35:369–74.

[17] Potenza MA, Addabbo F, Montagnani M. Vascular actions of
insulin with implications for endothelial dysfunction. Am J
Physiol Endocrinol Metab 2009.

[18] Brock RW, Dorman RB. Obesity, insulin resistance and hepatic
perfusion. Microcirculation 2007;14:339–47.

[19] Kruijshoop M, Feskens EJ, Blaak EE, et al. Validation of
capillary glucosemeasurements to detect glucose intolerance
or type 2 diabetes mellitus in the general population. Clin
Chim Acta 2004;341:33–40.

[20] Neuschwander-Tetri BA, Caldwell SH. Nonalcoholic
steatohepatitis: summary of an AASLD Single Topic
Conference. Hepatology 2003;37:1202–19.

[21] Grundy SM, Cleeman JI, Daniels SR, et al. Diagnosis and
management of the metabolic syndrome: an American Heart
Association/National Heart, Lung, and Blood Institute
scientific statement. Circulation 2005;112:2735–52.

[22] WHO. Definition, diagnosis and classification of diabetes
mellitus. Report of a WHO consultation. Part 1: diagnosis and
classification of diabetes mellitus. Geneva, Switzerland:
WHO/NCD/NCS/992; 1999.

[23] Jacobs M, van Greevenbroek MM, van der Kallen CJ, et al.
Low-grade inflammation can partly explain the association
between the metabolic syndrome and either coronary artery
disease or severity of peripheral arterial disease: the CODAM
study. Eur J Clin Invest 2009;39:437–44.

[24] Stam F, van Guldener C, Schalkwijk CG, et al. Impaired renal
function is associated with markers of endothelial



975M E T A B O L I S M C L I N I C A L A N D E X P E R I M E N T A L 6 0 ( 2 0 1 1 ) 9 6 9 – 9 7 5
dysfunction and increased inflammatory activity. Nephrol
Dial Transplant 2003;18:892–8.

[25] Brake DK, Smith EO, Mersmann H, et al. ICAM-1 expression in
adipose tissue: effects of diet-induced obesity in mice. Am J
Physiol Cell Physiol 2006;291:C1232–9.

[26] Gustafson B, Hammarstedt A, Andersson CX, et al. Inflamed
adipose tissue: a culprit underlying the metabolic syndrome
and atherosclerosis. Arterioscler Thromb Vasc Biol 2007;27:
2276–83.

[27] Poitou C, Viguerie N, Cancello R, et al. Serum amyloid A:
production by human white adipocyte and regulation by
obesity and nutrition. Diabetologia 2005;48:519–28.

[28] O'Brien KD, Chait A. Serum amyloid A: the “other”
inflammatory protein. Curr Atheroscler Rep 2006;8:62–8.

[29] Kotronen A, Juurinen L, Hakkarainen A, et al. Liver fat is
increased in type 2 diabetic patients and underestimated
by serum alanine aminotransferase compared with
equally obese nondiabetic subjects. Diabetes Care 2008;31:
165–9.

[30] Yki-Jarvinen H, Westerbacka J. The fatty liver and insulin
resistance. Curr Mol Med 2005;5:287–95.

[31] Lee MJ, Fried SK. Integration of hormonal and nutrient signals
that regulate leptin synthesis and secretion. Am J Physiol
Endocrinol Metab 2009;296:E1230–8.

[32] Blümer RME, van Roomen CP, Meijer AJ, et al. Regulation of
adiponectin secretion by insulin and amino acids in 3T3-L1
adipocytes. Metabolism 2008;57:1655–62.

[33] Sakamoto K, Sakamoto T, Ogawa H. Effects of metabolic risk
factors on production of plasminogen activator inhibitor–1
and adiponectin by adipocytes. Circ J 2008;72:844–6.

[34] Krogh-Madsen R, Plomgaard P, Keller P, et al. Insulin
stimulates interleukin-6 and tumor necrosis factor–{alpha}
gene expression in human subcutaneous adipose tissue. Am J
Physiol Endocrinol Metab 2004;286:E234–8.

[35] LaPensee CR, Hugo ER, Ben-Jonathan N. Insulin stimulates
interleukin-6 expression and release in LS14 human
adipocytes through multiple signaling pathways.
Endocrinology 2008;149:5415–22.

[36] Li J, Wu F, Zhang H, et al. Insulin inhibits
leukocyte-endothelium adherence via an Akt-NO–dependent
mechanism in myocardial ischemia/reperfusion. J Mol Cell
Cardiol 2009;47:512–9.

[37] Okouchi M, Okayama N, Omi H, et al. Protective actions of
gliclazide on high insulin-enhanced neutrophil-endothelial
cell interactions through inhibition of mitogen activated
protein kinase and protein kinase C pathways. Microvasc Res
2004;67:1–8.

[38] Hotamisligil GS. Inflammation and metabolic disorders.
Nature 2006;444:860–7.

[39] de Jongh RT, Serné EH, Ijzerman RG, et al. Impaired local
microvascular vasodilatory effects of insulin and reduced
skin microvascular vasomotion in obese women. Microvasc
Res 2008;75:256–62.

[40] Ritchie SA, Ewart MA, Perry CG, et al. The role of insulin and
the adipocytokines in regulation of vascular endothelial
function. Clin Sci 2004;107:519–32.

[41] Martin ML, Jensen MD. Effects of body fat distribution on
regional lipolysis in obesity. J Clin Invest 1991;88:609–13.

[42] Goessling W, Massaro JM, Vasan RS, et al. Aminotransferase
levels and 20-year risk of metabolic syndrome, diabetes, and
cardiovascular disease. Gastroenterology 2008;135:1935-44,
1944 e1931.

[43] Olynyk JK, Knuiman MW, Divitini ML, et al. Serum alanine
aminotransferase, metabolic syndrome, and cardiovascular
disease in an Australian population. Am J Gastroenterol 2009;
104:1715–22.

[44] Lemoine M, Ratziu V, Kim M, et al. Serum adipokine levels
predictive of liver injury in non-alcoholic fatty liver disease.
Liver Int 2009;29:1431–8.

[45] Villanova N, Moscatiello S, Ramilli S, et al. Endothelial
dysfunction and cardiovascular risk profile in nonalcoholic
fatty liver disease. Hepatology 2005;42:473–80.


	The association between the metabolic syndrome and alanine amino transferase is mediated by insulin resistance via related ...
	Introduction
	Materials and methods
	Subjects and study design
	Laboratory measurements
	Statistical analysis

	Results
	Additional analyses

	Discussion
	Acknowledgment
	References


