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Context: Adipose tissue (AT) helps to regulate body fat partitioning and systemic lipid/glucose

metabolism. We have recently reported lipid/glucose metabolism abnormalities and increased liver

triglyceride content in an AT-selective transgenic model overexpressing ectonucleotide pyrophos-

phatase/phosphodiesterase-1 (ENPP1), the AdiposeENPP1-Tg mouse.

Objective: The aim of the study was to test the translational hypothesis that AT-ENPP1 overex-

pression associates with AT dysfunction (changes in AT gene expression, plasma fatty acid, and

adipokine levels), increased liver triglyceride deposition, and systemic insulin resistance in humans.

Design/Setting/Participants: A total of 134 young normoglycemic men and women were subjected

to body composition studies, hyperinsulinemic-euglycemic clamps, and AT needle biopsy. Twenty

men also had liver/muscle nuclear magnetic resonance spectroscopy.

Main Outcome Measures: Predetermined measures included AT expression of ENPP1 and other

lipid metabolism/inflammation genes, plasma adipokines, and nonesterified fatty acid (NEFA)

levels, liver/muscle triglyceride content, and the systemic glucose disposal rate.

Results: After statistical adjustment for body fat content, increasing AT-ENPP1 was associated with

up-regulation of genes involved in NEFA metabolism and inflammation, increased postabsorptive

NEFA levels, decreased plasma adiponectin, increased liver triglyceride content, and systemic in-

sulin resistance in men. In women, there were no changes in plasma adiponectin, NEFAs, or glucose

disposal rate associated with increasing AT-ENPP1, despite increased expression of lipid metabo-

lism and inflammation genes in AT.

Conclusions: Increased AT-ENPP1 is associated with AT dysfunction, increased liver triglyceride

deposition, and systemic insulin resistance in young normoglycemic men. These findings are con-

cordant with the AdiposeENPP1-Tg phenotype and identify a potential target of therapy for health

complications of AT dysfunction, including type 2 diabetes and cardiovascular disease. (J Clin

Endocrinol Metab 97: 4663–4672, 2012)

Metabolic complications of obesity, including in-

creased liver triglyceride content and insulin resis-

tance, are increasingly prevalent and contribute to a

heightened risk for both type 2 diabetes and cardiovascu-

lar disease (1–5), two major causes of morbidity and mor-

tality in our population. Weight gain and excessive tri-

glyceride storage in adipocytes are known to induce

changes in adipose tissue (AT), such as adipocyte insulin

resistance, decreased adiponectin production, and in-

creased TNF-� and IL-6 production. These changes are

characteristic of “adipose tissue dysfunction” or “adipos-

opathy” (6). It is increasingly clear that the weight gain
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threshold for the development of AT dysfunction and its

systemic metabolic consequences varies widely in humans.

It can occur with a mild increase in body weight, even

within the nonobese range (7, 8); conversely, the thresh-

old may not be reached even in the presence of obesity

(9, 10). Therefore, a better understanding of the mech-

anisms of AT dysfunction would allow better identifi-

cation of people at risk for systemic metabolic compli-

cations and lay the foundation for developing more

effective strategies to prevent such complications as ec-

topic fat deposition and systemic insulin resistance.

Along these lines, we have recently shown that ectonucle-

otide pyrophosphatase/phosphodiesterase-1 (ENPP1) can

impair adipocyte maturation and triglyceride storage in AT

when demand for triglyceride storage is increased by a

high-fat diet (11). ENPP1 is a type II transmembrane gly-

coprotein (targeted to the endoplasmic reticulum lumen

with its C-terminal domain) that, when overexpressed in

various cell types, is known to interact with the �-subunit

of the insulin receptor and decrease activation of the

�-subunit and subsequent downstream cellular insulin sig-

naling (12, 13). Although increased ENPP1 expression

has previously been linked to insulin resistance (14), we

were the first to report that AT-specific ENPP1 overex-

pression in vivo (in the AdiposeENPP-Tg mouse model)

recapitulates abnormalities typically found in the meta-

bolic syndrome, including increased liver triglyceride con-

tent and abnormal glucose and fatty acid metabolism (11).

This study was designed to test the overall hypothesis

that AT ENPP1 overexpression is associated with AT dys-

function, increased liver triglyceride content and systemic

insulin resistance in humans, thus providing translational

validity to our recent mechanistic findings in the Adipo-

seENPP1-Tg model (11). Based on our previous studies in

that animal model, we elected to explore specific aspects

of AT dysfunction, including the expression of genes in-

volved in lipid metabolism (SREBP1c, ACSL1, CD36,

HSL, LPL) and the inflammatory response (macrophage

infiltration of AT, shown by CD68 and MAC1 gene ex-

pression), plasma concentrations of adipokines (leptin,

adiponectin, IL-6, TNF-�) and a marker of systemic in-

flammation [high sensitivity C-reactive protein (hs-CRP)],

and plasma concentrations of nonesterified fatty acid

(NEFA).

Subjects and Methods

The Institutional Review Boards at both the University of Texas
Southwestern Medical Center at Dallas (UTSW) and the Uni-
versity of Texas Medical Branch at Galveston (UTMB) approved
the conduct of this study. A total of 134 subjects were enrolled
by public advertisement, and informed consent was obtained

from all participants. Subjects with diabetes mellitus or other
endocrine disorders, coronary artery disease, or renal insuffi-
ciency were excluded. All studies were performed at the Clinical
Research Center (CRC), following the protocol shown in sche-
matic Supplemental Fig. 1 (published on The Endocrine Society’s
Journals Online web site at http://jcem.endojournals.org). Each
subject was fed an isocaloric diet daily, calculated from his/her
height, weight, and age, and containing 30% of calories from fat,
55% from carbohydrate, 15% from protein, and 300 mg
cholesterol.

Body composition studies
Participants had anthropometric measurements (8) taken at

the beginning of the 4-d CRC-based study, as shown in Supple-
mental Fig. 1. Body composition was determined using under-
water weighing (8), and magnetic resonance imaging was used to
measure intraabdominal (visceral) and abdominal sc AT mass, as
previously described (15, 16).

Oral glucose tolerance testing (OGTT)
A standard OGTT with 75 g glucose (Tru-Glu100; Fisher

Scientific, Pittsburgh, PA) was conducted after 12-h overnight
fasting, with glucose and insulin concentrations determined be-
fore glucose administration and at 30-min intervals thereafter for
180 min. The main goal of this study was to identify potential
glucose intolerance. All study subjects were normoglycemic.

Hyperinsulinemic-euglycemic clamps
On the morning of study d 4, euglycemic-hyperinsulinemic

clamp was performed after an overnight fast. In brief, a primed-
continuous infusion of regular insulin (Humulin; Squibb-Novo,
Princeton, NJ) was started at a rate of 80 mU/m2 (body surface
area)/min and was continued for 2 h. Based on our previous
studies in young normoglycemic subjects, this infusion protocol
induces complete suppression of hepatic glucose output, even in
the presence of significant systemic insulin resistance (15). The
rate of glucose disposal (Rd) was calculated by subtracting the
urinary glucose excretion from the Ra (rate of appearance) dur-
ing the last 40 min of the study (8).

Nuclear magnetic resonance (NMR) spectroscopy
During d 1 of the study, the first 20 non-Hispanic White males

who volunteered from the group of 134 underwent NMR spec-
troscopy of the soleus muscle and the liver as previously de-
scribed to measure intracellular triglyceride content (17, 18).
Due to a lack of funding, these studies could not be performed for
the entire cohort. To minimize the potential confounding effects
of gender and ethnicity, we limited our NMR studies to non-
Hispanic White males.

AT biopsy
AT was obtained using a 14 G � 9 cm Temno II biopsy needle

(Allegiance Healthcare Corp., Mcgaw Park, IL) from the ab-
dominal sc area in the right lower quadrant 2 cm above and
medial to the anterior iliac tuberosity. Specimens were frozen in
liquid nitrogen immediately after collection.

mRNA quantification
Total RNA was isolated from frozen tissues using RNA

STAT-60 (Tel-Test, Friendswood, TX). Genomic DNA was re-
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moved from the total RNA preparations using Dnase 1 (DNA
Free, Ambion; Invitrogen, San Diego, CA). RNA from each sam-
ple was diluted to 5 ng/�l and 100 ng reverse-transcribed in a
100-�l reaction using random hexamer priming (TaqMan Re-
verse Transcription kit; Applied Biosystems, Foster City, CA).
The primers were designed using Primer Express version 2.0
(Applied Biosystems) and synthesized by Integrated DNA Tech-
nologies for the following genes: SREBP1c, ACLS1, CD36,
HSL, LPL, CD68, and MAC1. Each PCR contained 2 �l cDNA,
150 nM each of forward and reverse primers, and 5 �l SYBR
Green Universal PCR Master Mix (Bio-Rad Laboratories Inc.,
Hercules, CA). Thermal cycling and data collection were per-
formed using the ABI Prism 7900HT instrument (Applied Bio-
systems). The data were analyzed using SDS version 2.2 software
(Applied Biosystems). Relative quantification of gene expression
was by the comparative cycle threshold method (User Bulletin
no. 2, Applied Biosystems) with cyclophilin mRNA as the en-
dogenous control for total RNA content. The amplification ef-
ficiency with each primer set was determined by analyzing the
slope of the standard curve (User Bulletin no. 2).

Biochemical measurements
Cholesterol and triglycerides were measured by enzymatic

methods (8). High-density lipoprotein (HDL)-cholesterol was
determined in the supernatant after precipitating apolipoprotein
B-containing lipoproteins using heparin-manganese chloride.
Low-density lipoprotein (LDL)-cholesterol was calculated using
the Friedewald equation. Adiponectin, leptin, IL-6, and TNF-�

were measured using multiplex immunoassays (Millipore, Bil-
lerica, MA). hs-CRP was measured by a highly sensitive neph-
elometric assay using a monoclonal antibody to CRP coated on
polystyrene beads (Dade Behring, Newark, DE). For plasma free
fatty acid determination, plasma lipids were extracted with
methanol:chloroform [1:2 (vol/vol)] and heptanes. Heptade-
canoic acid (Sigma Aldrich, St. Louis, MO) was added to the
plasma samples as an internal standard. The extracted lipids
were dried under nitrogen flow and plated on thin-layer chro-
matography plates. The bands corresponding to fatty acids were
extracted and analyzed using a gas chromatography-flame ion-
ization detector.

Statistical analysis and calculations
After conversion to a SAS (SAS version 9.1; SAS Institute,

Cary, NC) database, all variables were examined using plots,
summary statistics, and tests of normality for continuous vari-
ables. All variables except gender demonstrated varying
amounts of asymmetry.

Because a significant interaction was found between gender and
the studied associations, two groups were identified based on gen-
der and compared for general characteristics using Student’s t test
for independent variables. We examined the association between
ENPP1 gene expression and liver/skeletal muscle intracellular tri-
glyceride content among the 20 normoglycemic men who had
NMRspectroscopy.Toaccount forasymmetry inthesmallnumber
of samples, Spearman correlations were estimated. Subjects within
each gender group were compared across tertiles (thirds) of sc ab-

TABLE 1. General characteristics of study participants

Men Women P value

n 75 59
Ethnicity (% total population) 0.2

Non-Hispanic White 76 79
Hispanic White 4 5
Black 3 4
Asian 16 12
Other 1 0

Age (yr) 27 � 4 29 � 7 0.05
Body mass index (kg/m2) 25 � 4 28 � 9 0.04
Systolic blood pressure (mm Hg) 119 � 9 116 � 13 0.14
Diastolic blood pressure (mm Hg) 71 � 9 72 � 8 0.4
Waist circumference (cm) 84 � 15 67 � 19 �0.0001
Body fat (% of total body weight) 21 � 7 29 � 9 �0.0001
Subcutaneous fat (% of total body weight) 3.2 � 1.5 4.3 � 2.4 0.01
Intraperitoneal fat (% of total body weight) 1.2 � 0.5 0.8 � 0.4 �0.0001
Plasma total cholesterol (mg/dl) 169 � 31 169 � 33 0.09
Plasma LDL-cholesterol (mg/dl) 111 � 28 100 � 30 0.004
Plasma HDL-cholesterol (mg/dl) 41 � 11 52 � 15 �0.0001
Plasma triglyceride (mg/dl) 94 � 54 90 � 42 0.6
Plasma leptin (ng/ml) 6 � 8 22 � 21 �0.0001
Plasma adiponectin (�g/ml) 16 � 11 25 � 12 0.0003
hs-CRP (mg/liter) 0.8 � 0.9 (0.45; 0.1–4.75) 1.4 � 2.0 (0.53; 0.1–7.47) 0.08
IL-6 (pg/ml) 1.2 � 1.1 0.9 � 0.7 0.2
Plasma TNF-� (pg/ml) 1.3 � 1.1 1.0 � 0.6 0.04
Plasma glucose at baseline OGTT (mg/dl) 92 � 5 87 � 6 0.0009
Plasma glucose at 2-h OGTT (mg/dl) 108 � 19 108 � 14 0.9
Fasting insulin (�U/ml) 18 � 22 11 � 7 0.02
Rd (mg/min � kg of body weight) 7.4 � 2.8 6.3 � 2.4 0.02

The data are shown as mean � SD �skewed data are expressed as (median; minimum-maximum)� unless otherwise indicated. All women were

premenopausal. The P value for the difference between men and women for each parameter was calculated using the Mantel-Haenszel �2 test for

ethnicity and the Student’s t test procedure for comparison of means.
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dominal AT-ENPP1 gene expression using standard summary sta-
tistics. Groups were compared statistically using ANOVA, with
Tukey-Kramer multiple comparisons of the natural logarithms of
the dependent variable. The multiple endpoint variables we tested
were identified a priori, and the P values are presented without
further adjustment for multiplicity. The variables were back-trans-
formed to their natural units for presentation. Multiple regression
analysis for Rd value on tertiles of sc abdominal AT ENPP1 gene
expression was computed in a model that included body fat content
and plasma adiponectin (see Table 3).

Results

Table 1 summarizes the general characteristics of the study

subjects by gender. Gender differences were noted for

body composition, fat distribution, plasma adipokines,

and Rd values. No gender difference was found for AT

expression of genes involved in adipocyte lipid metabo-

lism (SREBP1c, ACSL1, CD36, HSL, LPL) or markers of

AT macrophage infiltration (CD68 and MAC1 gene ex-

pression; data not shown).

To explore which systemic metabolic changes and

changes in AT function were associated with increased

AT-ENPP1 expression, we examined the association

between AT-ENPP1 mRNA levels and: 1) AT expres-

sion of genes involved in lipid metabolism; 2) AT ex-

pression of genes involved in inflammation; 3) plasma

concentrations of fatty acids and adipokines; and 4)

systemic insulin resistance to peripheral glucose disposal.

To this end, we identified three study groups, based on

tertiles of AT-ENPP1 gene expression. Because of a sig-

nificant interaction among gender, AT-ENPP1 expres-

sion, and the studied outcome variables, we conducted

separate analyses for men and women. As shown in Table

2, age and adiponectin differed across tertiles of AT-

ENPP1 gene expression in men. For women, we found no

differences across tertiles.

We next applied appropriate regression models for sc

abdominal ENPP1 expression to predict the natural log of

the relative expression of genes involved in fatty acid me-

tabolism and inflammation. Figure 1 depicts the least-

TABLE 2. General characteristics of the three study groups identified by sc abdominal AT ENPP1 mRNA tertiles

AT-ENPP1

< 0.75
AT-ENPP1

> 0.75 < 1.5
AT-ENPP1

>1.5
ANOVA
P valuea

Men
n 23 20 32
Age (yr) 26 � 5 25 � 3 28 � 4 0.027
Body mass index (kg/m2) 25.1 � 3.3 25.4 � 4.7 24.8 � 3.9 0.874
Waist circumference (cm) 83 � 18 80 � 19 87 � 8 0.176
Body fat (% of total body weight) 20.8 � 7.0 22.8 � 8.9 20.5 � 6.6 0.661
Subcutaneous fat (% of total body weight) 2.8 � 1.5 3.3 � 1.6 3.3 � 1.5 0.488
Intraperitoneal fat (% of total body weight) 1.0 � 0.5 1.1 � 0.5 1.3 � 0.5 0.271
Plasma total cholesterol (mg/dl) 164 � 24 173 � 36 170 � 31 0.734
Plasma HDL cholesterol (mg/dl) 41 � 11 41 � 11 41 � 10 0.976
Plasma triglyceride (mg/dl) 89 � 50 94 � 57 99 � 57 0.773
Plasma adiponectin (mg/ml) 18.7 � 9.3 20 � 12 13 � 11 0.004
hs-CRP (mg/liter) 0.65 � 0.65 0.61 � 1.1 0.90 � 0.89 0.076
IL-6 (pg/ml) 1.38 � 1.76 1.07 � 0.95 1.07 � 0.59 0.682
Plasma TNF-� (pg/ml) 1.195 � 0.735 1.686 � 1.575 1.176 � 0.930 0.569
Rd (mg/min � kg of body weight) 8.1 � 2.4 6.4 � 2.1 6.8 � 3.0 0.146

Women
n 22 24 13
Age (yr) 28.6 � 5.8 27.8 � 7.8 29.8 � 7.2 0.562
BMI (kg/m2) 27.1 � 11.8 26.8 � 5.9 27.6 � 7.6 0.822
Waist circumference (cm) 67 � 16 70 � 23 60 � 20 0.401
Body fat (% of total body weight) 24.8 � 8.8 31.1 � 8.6 29.4 � 10.4 0.077
Subcutaneous fat (% of total body weight) 3.4 � 1.7 5.0 � 2.8 4.1 � 2.4 0.279
Intraperitoneal fat (% of total body weight) 0.8 � 0.4 0.7 � 0.4 0.8 � 0.5 0.930
Plasma total cholesterol (mg/dl) 167 � 35 174 � 35 162 � 28 0.576
Plasma HDL cholesterol (mg/dl) 51 � 14 55 � 15 49 � 15 0.487
Plasma triglyceride (mg/dl) 98 � 46 81 � 34 89 � 50 0.487
Plasma adiponectin (mg/ml) 28.2 � 9.6 26.4 � 13.7 17 � 9 0.150
hs-CRP (mg/liter) 1.5 � 2.1 0.9 � 0.9 24 � 31 0.467
IL-6 (pg/ml) 0.660 � 0.308 1.180 � 0.879 1.006 � 0.685 0.338
Plasma TNF-� (pg/ml) 0.943 � 0.551 0.908 � 0.727 1.159 � 0.499 0.284
Rd (mg/min � kg of body weight) 6.7 � 2.6 6.4 � 2.1 6.6 � 2.4 0.988

The data are shown as means � SD.
a

P values are based on one-way ANOVA of the natural logarithm of the variable.
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squares means of predicted values after adjusting for total

body fat content, a significant correlate of each of the

genes evaluated. Up-regulation of genes involved in fatty

acid synthesis (SREBP1c, ACSL1), transport (CD36), and

lipolysis (HSL, LPL) was found in the highest AT-ENPP1

tertile. The same tertile had higher expression of markers

of AT macrophage infiltration (CD68 and MAC1).

We also applied the regression models for sc abdom-

inal ENPP1 expression to predict the natural log of

NEFA, adiponectin, hs-CRP, and Rd values. There was

no association between AT-ENPP1 expression and

plasma hs-CRP in either men or women. Figure 2 de-

picts least-squares means of the predicted values after

adjusting for the natural logarithm of total body fat

content, also a significant correlate of the Rd value. In

the men but not the women, postabsorptive plasma free

fatty acid concentrations were higher and plasma adi-

ponectin concentrations were lower in the highest tertile

of sc AT-ENPP1 gene expression. Plasma NEFA levels

were suppressed similarly in the three tertiles during the

last 40 min of the hyperinsulinemic-euglycemic clamp.

Although AT-ENPP1 gene expression was associated

with a lower Rd value, independent of total body fat

content, statistical significance was lost after adjusting

for both total body fat and plasma adiponectin (Table

3). Another goal of this study was to estimate the cor-

FIG. 1. The least-squares means of predicted values after adjusting for total body fat content are reported for sc abdominal AT expression of

genes involved in fatty acid metabolism and inflammation. Values were analyzed after log-transformation and then back-transformed to their

natural units for presentation. The groups identify tertiles of AT-ENPP1 gene expression; P values are based on one-way ANOVA of the natural

logarithms with Tukey-Kramer adjustment for multiple comparisons. The model included body fat content and ENPP1 gene expression. SREBP1c

encodes sterol regulatory element-binding protein, responsible for up-regulating the genes required for de novo lipogenesis. ACSL1 encodes long-

chain-fatty-acid-CoA ligase 1, which converts free long-chain fatty acids into fatty acyl-CoA esters, thereby playing a key role in lipid biosynthesis

and fatty acid degradation. CD36 protein binds many ligands, including long-chain fatty acids. HSL encodes hormone-sensitive lipase, which

regulates triglyceride mobilization in AT. LPL encodes lipoprotein lipase, which has dual functions as a triglyceride hydrolase and ligand/bridging

factor for receptor-mediated lipoprotein uptake. CD68 is a marker for the various cells of the macrophage lineage. MAC1 encodes macrophage-1

antigen, a macrophage marker.
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relation between AT-ENPP1 expression and fat content

in liver and muscle. To minimize possible gender and

ethnic effects, we enrolled only non-Hispanic White

males for this part of the study and obtained NMR

quantitation of intracellular triglyceride content in both

liver and skeletal muscle. These volunteers were en-

rolled from the 134 subjects who underwent complete

body composition and metabolic studies. In this sub-

group, the average age was 27 � 3 yr, and body fat

content was 18 � 6% of total body weight. As shown

in Fig. 3, ENPP1 gene expression in sc abdominal AT

was highly correlated with liver triglyceride content (r �

0.58; P � 0.01). This correlation remained significant

even after statistical adjustment for ip fat mass and

plasma adiponectin concentrations (r � 0.58; P �

0.018). Abdominal sc AT-ENPP1 expression was not

correlated with skeletal muscle intracellular triglyceride

content.

Discussion

This study shows that, after statistical adjustment for body

fat content, increased ENPP1 expression in sc abdominal

AT of young normoglycemic men is associated with sev-

eral parameters of AT dysfunction, including up-regula-

tion of genes involved in fatty acid transport, fatty acid

synthesis, lipolysis and inflammation; increased postab-

FIG. 2. The least-squares means of predicted values (after adjusting for total body fat) of plasma NEFA, adiponectin, and Rd values are reported

for males and females by tertiles of AT-ENPP1 expression. The values were analyzed after natural log-transformation and then back-transformed to

their natural units for presentation. The groups identify tertiles of AT-ENPP1 gene expression, and P values are based on one-way ANOVA of the

natural logarithms of variables with Tukey-Kramer adjustment for multiple comparisons. The model included body fat content and ENPP1 gene

expression.
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sorptive plasma NEFA, and decreased plasma adiponectin

concentrations, and with increased systemic insulin resis-

tance to glucose disposal. Our study also shows that the

reported association between AT-ENPP1 and systemic in-

sulin resistance in men is eliminated by statistical adjust-

ment for plasma adiponectin concentrations. Finally, our

study shows a marked gender effect, with no relationship

being detected between AT-ENPP1 and plasma adiponec-

tin, NEFA, or systemic insulin resistance in premeno-

pausal women. Taken together, our results demonstrate

the translational valueofpreviousmechanistic studiesper-

formed in AdiposeENPP1-Tg male mice (11) and lend

support to the view that AT ENPP1 may affect systemic

lipid and glucose metabolism via modulation of AT func-

tion in young normoglycemic men.

Although the high-ENPP1 group had a higher plasma

free fatty acid concentration than the low-ENPP1 men

(Fig. 2), they also had higher AT expression of fatty acid

transporter and lipolysis genes, as well as elevated fatty

acid/triglyceride synthesis genes (Fig. 1). In the presence of

stable body weight, this is compatible with both increased

adipocyte triglyceride synthesis and increased lipolysis.

Our study did not specifically address lipid dynamics in

AT. However, an increasing body of evidence supports the

idea that fatty acids not used for oxidative metabolism

recycle back to triglycerides within the AT (19, 20). Be-

cause glycerol-3-phosphate availability, a key regulator of

this reesterification process (21), could be insufficient in

insulin-resistant adipocytes, we speculate that the high-

ENPP1 subgroup could have increased lipolysis (in-

creased lipolysis gene expression) incompletely matched

by increased reesterification (increased fatty acid trans-

porter and fatty acid synthesis gene expression). In these

circumstances, triglycerides reaching the AT via plasma

lipoproteins will not be stored efficiently, with a net result

of fatty acid “spillover” and increased plasma NEFA con-

centrations, as observed (Fig. 2). Although we cannot ex-

clude a role of other covariates, such as parallel changes in

ENPP1 expression in hepatocytes, increased fatty acid

spillover from the AT would increase substrate availability

for hepatocytes and help to explain the correlation be-

tween AT-ENPP1 levels and liver triglyceride content in

men (Fig. 3). Interestingly, this correlation was not af-

fected by statistical adjustment for visceral fat content and

plasma adiponectin, known covariates for hepatic fat

content.

Another important known link between AT dysfunc-

tion and liver triglyceride content is increased produc-

tion of inflammatory cytokines driven by increased

macrophage infiltration. AT macrophage infiltration

supporting low-grade systemic inflammation has been

reported to play a mechanistic role in the increased liver

triglyceride content, increased liver triglyceride depo-

sition, and insulin resistance associated with obesity

(22–25). We did not find a correlation between markers

of macrophage infiltration (CD68 and MAC1 gene ex-

pression) and liver triglyceride content in the 20 men

studied via liver NMR. However, as shown in Fig. 1,

CD68 and MAC1 were significantly increased in the

larger cohort of men with high AT-ENPP1, thus sug-

gesting AT macrophage recruiting and activation of in-

flammatory pathways when AT-ENPP1 expression is

increased. Notably, whereas AT inflammation is known

to be increased in obesity, the association between AT-

ENPP1 and inflammatory gene expression in our study

FIG. 3. The relationship between sc adipose expression of ENPP1 [in

arbitrary units (AU)] and liver/skeletal muscle intracellular triglyceride

content, determined by NMR spectroscopy in normoglycemic male

volunteers. Correlation coefficients were derived using Spearman rank

correlation analysis.

TABLE 3. Multiple regression of Rd values on tertiles
of sc abdominal adipose ENPP1 mRNA, adjusted for
body fat and plasma adiponectin (type III sums of
squares)

Degrees
of freedom

F
value P > F

Adjusted for log body fat
Men

Model 3 26.11 �0.0001
AT-ENPP1 tertiles 2 5.08 0.0087
ln body fat 1 70.56 �0.0001

Women
Model 3 7.04 0.0004
AT-ENPP1 tertiles 2 0.74 0.4837
ln body fat 1 21.1 �0.0001

Adjusted for log body fat and
log plasma adiponectin

Men
Model 4 21.45 �0.0001
AT-ENPP1 tertiles 2 1.7 0.1903
ln body fat 1 52.41 �0.0001
ln adiponectin 1 4.73 0.0334

Women
Model 4 4.24 0.0077
AT-ENPP1 tertiles 2 0.31 0.7353
ln body fat 1 10.7 0.0027
ln adiponectin 1 1.05 0.3129
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was found to be significant after statistical adjustment

for body fat content. We did not find parallel changes in

circulating inflammatory cytokines, except for lower adi-

ponectin (Fig. 2). Interestingly, plasma adiponectin was also

found to be lower in the AdiposeENPP1-Tg mouse (11). In

this model, as well as in stably transfected 3T3-L1 cells over-

expressingENPP1, highENPP1proteinwas showntoblock

adipocyte maturation (26). Therefore, although our study in

humans does not prove causality, it is tempting to specu-

late that lower plasma adiponectin could be a manifesta-

tion of defective adipocyte maturation associated with in-

creased AT-ENPP1. Previous studies have shown that

decreased plasma adiponectin concentrations could have

a role in promoting hepatic triglyceride accumulation

(27). This effect could be related to AMP kinase-mediated

suppression of fatty acid synthesis and stimulation of fatty

acid oxidation promoted by adiponectin (28–31). Mice

overexpressing AT adiponectin were recently shown to

have lower plasma fatty acid concentrations and de-

creased hepatic lipogenesis (32). However, our observa-

tion that the correlation between AT-ENPP1 expression

and liver triglyceride content is not affected by statistical

adjustment for plasma adiponectin would suggest that

other mechanisms may play a more significant role in ex-

plaining this association. One such mechanism could be

increased substrate availability to the liver due to higher

plasma NEFA concentrations (33). Our study protocol for

hyperinsulinemic-euglycemic clamps did not include a low

insulin infusion step because our main goal was to eval-

uate systemic insulin sensitivity to glucose disposal. Likely

as a result, uniform suppression of plasma NEFA was ob-

served during hyperinsulinemia (data not shown). How-

ever, physiological plasma insulin concentrations during

postabsorptive conditions did not suppress plasma NEFA

in the highest AT-ENPP1 tertile as compared to that in the

lowest tertile (Fig. 2). These results suggest the need for

further studies to better define the role of NEFA metab-

olism in the association between AT-ENPP1 and liver tri-

glyceride content we observed in young normoglycemic

men. Future studies will also have to include both genders

and specifically measure AT metabolism of fatty acids in

relation to ENPP1.

Elevated plasma free fatty acid concentrations are

also known to influence systemic glucose metabolism

via decreasing insulin-induced glucose disposal in skel-

etal muscle (33, 34). As shown in Fig. 2, progressive

worsening of systemic insulin resistance to peripheral

glucose disposal with increasing AT-ENPP1 expression

was observed in men. These differences were significant

after statistical adjustment for total body fat content,

which is a common correlate of insulin resistance. How-

ever, statistical significance was lost after adjusting

for both body fat content and plasma adiponectin con-

centrations (Table 3). Clearly, our study design does

not allow conclusions on causality. However, as men-

tioned above, the ENPP1-induced defect in adipocyte

maturation shown in 3T3L1 (26) and in our Adipo-

seENPP1-Tg mouse (11) model could account for the

low plasma adiponectin found in men in our study, and

could mechanistically explain the systemic insulin re-

sistance associated with high AT-ENPP1 expression in

men. Although not specifically addressed in this study,

our associative findings clearly support the need to ex-

plore a mechanistic hypothesis of adiponectin-mediated

systemic insulin resistance when AT-ENPP1 is

increased.

Interestingly, we did not find a significant effect of

AT-ENPP1 on postabsorptive NEFA and plasma adi-

ponectin levels or systemic insulin resistance to glucose

disposal in premenopausal normoglycemic women. The

women in our cohort had 40% lower AT-ENPP1 ex-

pression than men (P � 0.02, after adjustment for body

fat content). Consequently, fewer women were in the

highest AT-ENPP1 tertile, which could account for the

lack of statistical significance for differences in postab-

sorptive NEFA and adiponectin levels among the tertile

groups (Fig. 2). The same considerations apply to the

lack of consistency in the gene expression changes with

AT-ENPP1 tertiles in women (Fig. 1). However, not

even a trend was observed for a correlation between

AT-ENPP1 and insulin resistance in young women, an

observation that ought to be addressed in future studies

in postmenopausal women. Future investigations will

also provide more detailed insights into AT insulin sig-

naling and gene expression changes induced by ENPP1

in adipocytes by assessing the fat distribution, body

composition, AT gene expression/protein, and insulin

resistance in a large cohort of participants. We also

recognize that this study included multiple variables,

raising the possibility of type 1 error. However, our

design aimed at providing a comprehensive evaluation

of predefined outcome variables that are biologically

related. We believe this approach and the sequential

work done in animals first and in humans second should

reduce the probability of spurious findings related to

multiplicity.

In conclusion, our findings in humans provide transla-

tional value to previous mechanistic studies in the Adipo-

seENPP1-Tg mice and identify AT-ENPP1 as a potential

contributor to AT dysfunction, increased liver triglyceride

content, and systemic insulin resistance toglucosedisposal

in young normoglycemic men. Additional studies are

needed to elucidate the observed gender differences and to

outline the specific mechanistic pathways involved in this
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potential target of therapy for prevention of chronic dis-

eases related to AT dysfunction and insulin resistance,

such as type 2 diabetes and cardiovascular disease.
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