
Romy Kursawe,1 Vishwa D. Dixit,2 Philipp E. Scherer,3 Nicola Santoro,1

Deepak Narayan,4 Ruth Gordillo,3 Cosimo Giannini,1 Ximena Lopez,5

Bridget Pierpont,1 Jessica Nouws,1 Gerald I. Shulman,6,7,8 and Sonia Caprio1

A Role of the Inflammasome in the Low
Storage Capacity of the Abdominal
Subcutaneous Adipose Tissue in
Obese Adolescents
Diabetes 2016;65:610–618 | DOI: 10.2337/db15-1478

The innate immune cell sensor leucine-rich–containing
family, pyrin domain containing 3 (NLRP3) inflamma-
some controls the activation of caspase-1, and the re-
lease of proinflammatory cytokines interleukin (IL)-1b
and IL-18. The NLRP3 inflammasome is implicated in
adipose tissue inflammation and the pathogenesis of
insulin resistance. Herein, we tested the hypothesis that
adipose tissue inflammation and NLRP3 inflammasome
are linked to the downregulation of subcutaneous adi-
pose tissue (SAT) adipogenesis/lipogenesis in obese ad-
olescents with altered abdominal fat partitioning. We
performed abdominal SAT biopsies on 58 obese adoles-
cents and grouped them by MRI-derived visceral fat to
visceral adipose tissue (VAT) plus SAT (VAT/VAT+SAT)
ratio (cutoff 0.11). Adolescents with a high VAT/VAT+SAT
ratio showed higher SAT macrophage infiltration and
higher expression of the NLRP3 inflammasome–related
genes (i.e., TLR4, NLRP3, IL1B, and CASP1). The increase
in inflammation markers was paralleled by a decrease
in genes related to insulin sensitivity (ADIPOQ, GLUT4,
PPARG2, and SIRT1) and lipogenesis (SREBP1c, ACC,
LPL, and FASN). Furthermore, SAT ceramide concen-
trations correlated with the expression of CASP1 and
IL1B. Infiltration of macrophages and upregulation of
the NLRP3 inflammasome together with the associ-
ated high ceramide content in the plasma and SAT of

obese adolescents with a high VAT/VAT+SAT may con-
tribute to the limited expansion of the subcutaneous ab-
dominal adipose depot and the development of insulin
resistance.

Increasing evidence supports a crucial role of the adi-
pose tissue in initiating the chronic inflammatory disease
known as obesity-related insulin resistance (1–4). Impor-
tant metabolic effects have been recently attributed to the
protein complex known as the “inflammasome” (5). There
are several different types of inflammasomes, as follows:
activation of a particular type is dependent on the specific
agonist involved, but the end result of every inflamma-
some assembly and activation is the maturation of pro–
interleukin (IL)-1b and pro–IL-18 into their active forms
via the enzyme caspase-1 (5–10). Both animal and human
studies (7–9) implicate the inflammasome in the develop-
ment of obesity itself, as well as its associated chronic
inflammatory state and manifestations of the metabolic
syndrome. The inflammasome containing leucine-rich–
containing family, pyrin domain containing 3 (NLRP3)
proteins have been reported to sense a vast array of non-
microbial molecules, for example, ceramides (8,10), fatty
acids, or glucose (9,10). Genetic deletion or pharmacological
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inhibition of the NLRP3 inflammasome results in reduced
weight gain and adipocyte size, protection from obesity-
induced insulin resistance and pancreatic damage, lower
hepatic triglyceride levels, and reduced macrophage
infiltration and overall adipose tissue inflammation in
murine models of diet-induced obesity (9,10). In obese
individuals with type 2 diabetes, weight loss leads to re-
duced activation of the inflammasome in adipose tissue (8).

Recently, we described a phenotype of obese adoles-
cents with a high visceral and low subcutaneous abdom-
inal fat distribution (i.e., insulin resistant) who have
increased ectopic fat accumulation and show a low adipogenic/
lipogenic capacity in the subcutaneous adipose tissue (SAT)
(11). To understand whether the NLRP3 inflammasome
machinery is involved in the inability of the SAT to store
excess fat, we combined lipidomics to study the effect of
ceramides as danger signals and transcriptomics to under-
stand downstream effects of inflammasome activation in
SAT biopsy samples from obese adolescents with an un-
healthy abdominal fat distribution versus equally obese ad-
olescents with a more healthy abdominal fat distribution.

RESEARCH DESIGN AND METHODS

Subjects
The Yale Pathophysiology of Type 2 Diabetes in Obese
Youth Study is a long-term project aimed at examining
early alterations in glucose metabolism in relation to fat
patterning in obese adolescents. As part of this study,
all subjects undergo a detailed assessment of abdominal
fat distribution by MRI. As previously described (12), we
found that the metabolic profile worsens with the increas-
ing visceral adipose tissue (VAT) to VAT plus SAT (VAT/
VAT+SAT) ratio. Given the distribution of the VAT/VAT
+SAT ratio obtained in our entire multiethnic cohort of
;500 adolescents, we used the 50th percentile (0.11) as a
cutoff value to recruit and enroll subjects in the current
biopsy study. From this cohort, 58 obese adolescents
agreed to have a subcutaneous periumbilical adipose tis-
sue biopsy and were divided into the following two
groups: low (,0.11) and high (.0.11) VAT/VAT+SAT ra-
tio. Their clinical characteristics are described in Table 1.
Thirty-eight of these subjects were reported in a previous
study (11). None of the subjects were receiving treatment
with any medications nor had any known disease. The
nature and potential risks of the study were explained
to all subjects before obtaining their written informed
consent. The study was approved by the ethics commit-
tees of the Yale University Hospital.

Metabolic Studies

Oral Glucose Tolerance Test
All subjects were invited to the Yale Center for Clinical
Investigation for an oral glucose tolerance test at 8:00 A.M.

after an overnight fast. Baseline fasting blood samples
were obtained with the use of an indwelling venous line
for the measurement of glucose, insulin, lipid profile, free

fatty acids, adiponectin, and leptin levels, as previously
described (12). The composite whole-body insulin sensi-
tivity index was calculated using the formula described by
Matsuda and DeFronzo (13).

The Hyperinsulinemic-Euglycemic Clamp
In the morning at 8:00 A.M., after an overnight fast of
10–12 h, insulin sensitivity was measured with a hyperin-
sulinemic-euglycemic clamp, during which time insulin
was administered as a prime continuous infusion of 80
mU/m2/min for 120 min (11).

Total Body Composition and Abdominal Fat Distribution
Whole-body composition was measured by DEXA with a
Hologic scanner (Boston, MA).

Abdominal MRI studies were performed on a GE or
Siemens Sonata 1.5-Tesla system (12). Five slices, obtained
at the level of the L4/L5 disc space, were analyzed for each
subject, as previously reported (12).

Liver Fat Assessment: Fast-Gradient MRI
Hepatic fat fraction, an estimate of the percentage of fat
in the liver, was measured by fast-gradient MRI (14), and
we validated this method against proton MRS (1H-MRS)
and found a strong correlation (r = 0.93, P , 0.001) (15).

Adipocyte Size Distribution
The 1- to 2-g samples of SAT were obtained via surgical
excision inferior to the umbilicus after administration
of 0.25 lidocaine with adrenaline (epinephrine) for local
anesthesia, from which two 20- to 30-mg samples were
used immediately for adipose cell size distribution anal-
ysis by osmium fixation (Multisizer 3; Beckman Coulter,
Miami, FL), using a curve-fitting analysis technique that
has been described previously (11).

Quantitative Real-Time PCR
Total RNA was isolated using TRIzol reagent and was
further purified using an RNeasy kit (Qiagen, Valencia,
CA). The quantification of several differentially expressed
genes by real-time RT-PCR was performed using an ABI
7000 Sequence Detection System (Applied Biosystems,
Foster City, CA), as described previously (11).

Immunohistochemistry
Subcutaneous biopsy samples from 20 subjects were used
for immunohistochemical staining, and CD68 and CD115
were used as a marker for total macrophages. Staining
was performed using a standard protocol on sections
from formalin-fixed, paraffin-embedded tissue blocks.
Serial sections were deparaffinized, rehydrated, and treat-
ed with 10 mmol/L citrate buffer (pH 6.0) in a steamer,
and then endogenous peroxidase was blocked with 3%
H2O2. The sections were then incubated for 1 h at room
temperature with primary antibodies, mouse monoclonal
anti-CD68 (Ab-3 clone KP1; Thermo Fisher Scientific, Fre-
mont, CA). After rinsing in Tris-buffered saline solution
containing 0.25% Triton X-100 (pH 7.2), sections were
incubated with ENVISION+ (K4007 or K4011; DAKO,
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Carpinteria, CA), followed by visualization with 3.39-
diaminobenzidine tetrachloride (DAKO). All sections were
counterstained with GILL III hematoxylin, dehydrated,
and coverslipped with a resinous mounting media. For
each subject, the number of macrophages (identified as
CD68+ cells) and the number of crown-like structures
(CLSs) within 10 regions of interest were counted by two
independent observers using a light microscope and nor-
malized to the number of counted adipocytes.

Lipidomics
Lipidomic analysis from SAT samples from 44 subjects
were measured via liquid chromatography–tandem mass
spectrometry (16). Briefly, flash-frozen adipose tissue
samples (40 mg) were homogenized in 2.0 mL of organic
extraction solvent (isopropanol/water/ethyl acetate,
25:10:65 [v/v/v]). Immediately afterward, 20 mL of inter-
nal standard solution was added (AL Ceramide/Sphingoid
Internal Standard Mixture II diluted 1:4 in ethanol;
Avanti Polar Lipids). The mixture was vortexed and son-
icated in an ultrasonic bath for 40 min at 40°C. Then
samples were allowed to reach room temperature and
1.5 mL of aqueous sucrose buffer (25 mmol/L, pH 7.0).
Two-phase liquid extraction was performed, the superna-
tant was transferred to a new tube, and the pellet was re-
extracted. Supernatants were combined and evaporated
under nitrogen. The dried residue was reconstituted in
200 mL of high-performance liquid chromatography

solvent B (methanol/formic acid, 99:1, v/v, containing
5 mmol/L ammonium formate) for liquid chromatography–
tandem mass spectrometry analysis. Lipid separation was
achieved on a 2.1 (internal diameter) 3 150 mm Kinetex
C8, 2.6-mm core-shell particle (Phenomenex, Torrance,
CA) column. Plasma sphingolipids were quantified using
a similar methodology requiring 50 mL of plasma.

Analytical Methods
Plasma glucose levels were measured using the YSI 2700
STAT Analyzer (Yellow Springs Instruments) and lipid
levels were measured using an autoanalyzer (model 747–
200; Roche-Hitachi). Plasma insulin, adiponectin, and lep-
tin levels were measured with a radioimmunoassay (Linco,
St. Charles, MO).

Statistical Analysis
Student unpaired t tests or the x2 tests (for categorical
variables) were used to compare the clinical and labora-
tory characteristics between the two groups. Potential
confounders (sex, age, race, and BMI) were entered in
an ANOVA model in which the metabolic and cell size
parameters were dependent variables and the VAT/
VAT+SAT ratio group was the primary grouping variable,
nonnormally distributed parameters were log trans-
formed before entry into the model. Comparisons of relative
gene expression as quantitated by RT-PCR were compared
using the Mann-Whitney test. These analyses as well as

Table 1—Metabolic characteristics of the obese adolescents (n = 58)

Low VAT/VAT+SAT ratio
(n = 29)

(0.08 6 0.02)

High VAT/VAT+SAT ratio
(n = 29)

(0.15 6 0.04) P value
Adjusted P value

(age, race, sex, BMI)

Anthropometric
Age (years) 15.3 6 3.1 15.1 6 3.0 0.795
Sex (female/male) 22/7 16/13 0.097#
Race (C/AA/H) 6/16/7 15/8/6 0.014#
BMI (kg/m2) 37.3 6 8.6 37.3 6 6.6 0.991
BMI z-score 2.3 6 0.5 2.3 6 0.3 0.499 0.236
% Fat 42.0 6 7.0 39.6 6 6.4 0.260 0.143

Abdominal fat distribution
Visceral fat (cm2) 54.0 6 27.6 90.4 6 29.4 0.000 0.000
Subcutaneous fat (cm2) 610.2 6 246.8 546.7 6 197.6 0.284 0.016
VAT/VAT+SAT ratio 0.08 6 0.02 0.15 6 0.04 0.000 0.000
HFF (%) 2.5 6 6.6 10.5 6 12.0 0.003 0.057

Metabolic
Insulin sensitivity
Matsuda index (WBISI) 2.4 6 1.7 (n = 28) 1.6 6 1.0 (n = 27) 0.050 0.008*
Glucose disposal rate

(mg/kg LBM $ min) 10.7 6 5.4 (n = 23) 7.6 6 3.4 (n = 21) 0.025 0.037*
Adipokines and lipids
Adiponectin (mg/mL) 9.4 6 5.1 6.2 6 3.4 0.010 0.018
Leptin (ng/mL) 35.8 6 16.3 34.6 6 17.5 0.804 0.600
HDL (mg/dL) 47.6 6 9.7 39.3 6 8.0 0.001 0.010
TG (mg/dL) 82.8 6 59.9 132.9 6 88.8 0.020 0.426
FFA (mmol/L/L) 561.7 6 166.2 616.5 6 177.9 0.267 0.312

Metabolic characteristics of the obese adolescents undergoing fat biopsy (n = 58), with values reported as the mean 6 SD. AA, African
Americans; C, Caucasians; FFA, free fatty acid; H, Hispanics; HFF, hepatic fat fraction; LBM, lean body mass; TG, triglycerides; WBISI,
whole-body insulin sensitivity index. #x2 test, ANCOVA adjusted for age, sex, race, and BMI. *Values are log transformed. Values in bold are
P , 0.05.
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Pearson correlation and multiple linear regression analy-
ses were performed using SPSS version 19 (SPSS, Chicago,
IL). For all analyses, a P value ,0.05 was considered sta-
tistically significant.

RESULTS

Anthropometric, Clinical, and Metabolic
Characteristics of the Study Population
As shown in Table 1, sex, age and BMI were similar in the
two groups, but race differed; therefore, when comparing
the two groups, we adjusted for all four parameters (see
adjusted P value). As expected, the high VAT/VAT+SAT
ratio group not only had a higher amount of VAT and a
lower amount of abdominal SAT but also a higher he-
patic fat content and was significantly more insulin re-
sistant than the low VAT/VAT+SAT group (Table 1).
Additionally, levels for adiponectin, HDL, and plasma
triglycerides were significantly different between the groups
(Table 1).

Inflammation Is Increased in the SAT of Obese
Adolescents With a High VAT/VAT+SAT Ratio
On the basis of the results from GeneChip analyses (11),
which revealed significantly higher expression of NLRP3
in obese adolescents with a high ratio (n = 18) versus a
low ratio (n = 16) (fold change 1.2, P = 0.02), we measured
mRNA levels of NLRP3, as well as other components
of the NLRP3 inflammasome machinery (IL1B, CASP1,
and TLR4), in our cohort of 58 subjects by quantita-
tive RT-PCR. The expression of TLR4 (P = 0.04), NLRP3
(P = 0.03), IL1B (P = 0.03), and CASP1 (P = 0.03) was
significantly increased in the high ratio group (Fig. 1A).
Notably, immunohistochemistry of the abdominal SAT
biopsy samples showed significantly higher macrophage
infiltration in the high ratio group (P = 0.01) (Fig. 1, in-
set), which was confirmed by measuring the expression of
the macrophage markers CD68 (P = 0.01) and CD115 (P =
0.02) (Fig. 1A). Macrophage infiltration inversely corre-
lated with insulin sensitivity measured by the clamp
(immunohistochemistry data: r = 20.451, P = 0.01;
quantitative RT-PCR data: r = 20.389, P = 0.03). An ex-
ample of the difference in macrophage infiltration be-
tween obese insulin-resistant and obese insulin-sensitive
subjects is shown in Supplementary Figs. 1 and 2. Not
only the total macrophage count but also the number of
CLSs was significantly different between the groups
(P = 0.045). Although the number of CLSs in the low
ratio group was only 1.3, the number was significantly
increased in the high ratio group to an average of 5.2.

Furthermore, SIRT1 expression was also significantly
lower in the high ratio group and, as reported earlier
(17), significantly correlated with macrophage infiltration
in the SAT (r = 20.404, P = 0.00).

While the expression of IL6 in the SAT was signifi-
cantly different between the groups (P = 0.01), no differ-
ence was observed for TNFa and MCP1 (data not shown).
Of note, serum levels for inflammation markers IL-6, tumor

necrosis factor-a (TNF-a), MCP1, and C-reactive protein
were not significantly elevated in the high ratio group.

In contrast with the upregulation of the inflammasome
genes, the high ratio group showed a lower expression of
adipogenic and lipogenic genes in the SAT (Fig. 1B), as
reported previously in a smaller cohort (11).

Inflammation in the SAT Is Predictive of the High
VAT/VAT+SAT Ratio
Correlation analyses between SAT inflammation gene
markers and VAT/VAT+SAT ratio were significant for
CASP1 (r = 0.497, P = 0.00) and IL1B (r = 0.474, P =
0.002) and for the total macrophage marker CD68 (r =
0.348, P = 0.01) (Fig. 2). Because the expression of these
inflammation markers correlated significantly with the
abdominal fat distribution, we ran stepwise regression
models to identify the best predictor of VAT/VAT+SAT
ratio among the inflammatory markers measured in SAT.
The model that predicted VAT/VAT+SAT ratio in the best
possible way (0.562; P = 0.00) included CD68 (b = 0.363,
P = 0.00), CASP1 (b = 0.388, P = 0.00), and race (b =
20.420, P = 0.00) as predictors, whereas the other vari-
ables (age; sex; BMI; and expression of TLR4, IL6, NLRP3,
and IL1B) were excluded. The best predictor of an un-
healthy abdominal fat distribution, excluding all other
variables, was CASP1, with an r2 of 0.287 (P = 0.00).

Ceramide Content Is Higher in the Plasma and SAT of
Obese Adolescents With High VAT/VAT+SAT Ratios
Because ceramides have recently been identified as
activators of the NLRP3 inflammasome (8), we measured
a number of different ceramide species in SAT in a subset
of 44 obese adolescents (27 low ratio group vs. 17 high
ratio group). In addition, in 21 of these subjects we ana-
lyzed plasma ceramide levels from samples obtained on
the same day of the biopsy. Multivariate analysis of total
plasma ceramide levels showed a significant difference
between the high and the low ratio groups (MANOVA,
P = 0.03). Specifically, levels of ceramide subtypes
C24:0-lactosyl (P = 0.04), C24:1 (P = 0.03), and C16:0
(P = 0.00) were higher in the high ratio group (Fig. 3A).

Furthermore, we also found a higher level of SAT
ceramides in the high VAT/VAT+SAT ratio group, with
C20:0 (P = 0.02), C22:0 (P = 0.03), GlucCer-22:0 (P =
0.047), and GlucCer-16:0 (P = 0.006) reaching significance
(Fig. 3B). In addition, levels of sphingosine (P = 0.01),
sphinganine (P = 0.008), hexadecanoyl sphingomyelin
(SM16:0) (P = 0.006), and N-nervonoylsphingomyelin
(SM24:1) (P = 0.03) were also significantly higher in
SAT from subjects in the high ratio group. The ratio of
plasma ceramides to tissue ceramides was significantly
different between the two groups (Supplementary Fig.
3). Levels of ceramide DHC24:1 (r = 0.496, P = 0.02) in
SAT correlated with VAT/VAT+SAT ratio, whereas C20:0
and C22:0 fell short of significance. Significantly positive
correlations were found between the high concentrations
of pathogenic ceramides in the SAT of obese adolescents
with different patterns of VAT/VAT+SAT ratio and the
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gene expression of CASP1 mRNA and IL1B mRNA (Fig. 4)
(SAT DHC24:1 level with CASP1 mRNA [r = 0.341, P =
0.027] and IL1B mRNA [r = 0.411, P = 0.008]), suggesting
a potential link between ceramide levels and the activa-
tion of components of the inflammasome cascade in the
abdominal SAT of obese adolescents.

DISCUSSION

In the current study, we report for the first time the
coexistence of the two parallel phenomena occurring
independently of overall obesity: altered abdominal fat
distribution and upregulation of markers of inflam-
mation in the superficial abdominal depot (i.e., SAT) of
obese adolescents. Notably, the expression of NLRP3
inflammasome-related genes and the macrophage content

in abdominal SAT were significantly higher in subjects
with a high visceral/subcutaneous fat depot compared
with BMI-matched obese adolescents with a low visceral/
subcutaneous fat depot. Also, we demonstrated that in-
creased expression of the inflammasome components
CASP1 and macrophage marker CD68 were strongly cor-
related with visceral/subcutaneous fat distribution, which
inversely correlated with insulin sensitivity. Given our pre-
vious report (11) indicating that a high ratio of visceral to
subcutaneous fat is associated with impaired adipogenesis/
lipogenesis, the current study uncovered the underlying
excessive inflammatory state of the SAT as a potential
contributor to its low storage capacity, causing lipid
spillover into the visceral depot and the liver and insulin
resistance in these obese adolescents.

Figure 1—A: Increased inflammatory gene expression and macrophage infiltration in abdominal SAT of the high VAT/VAT+SAT group.
B: Decreased lipogenic gene expression in abdominal SAT of the high VAT/VAT+SAT group. Subcutaneous expression of specific genes was
normalized to the expression of 18S ribosomal RNA and based on the expression of a human control adipose tissue (2DDCt). Expression
values of the low VAT/VAT+SAT group (white bars) were set to 1, and values for the high VAT/VAT+SAT group (black bars) are expressed
as fold changes compared with 1 (mean 6 SD, n = 58). Macrophage infiltration (inset in A) was assessed by immunohistochemistry.
*Indicates that the t test between the two groups was significant at the <0.05 level.
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The Role of Caspase-1
Recent studies have shown that the NLRP3 inflamma-
some may contribute to obesity-related metabolic complica-
tions in adults (6,8). In the current study, we demonstrated
that abdominal SAT gene expression of CASP1 was elevated
in obese adolescents with a high visceral/subcutaneous fat
depot. It must be emphasized that caspase-1 mRNA still
needs to be translated, and the resulting pro–caspase-1
needs further processing by the NLRP3 inflammasome
before activating IL-1b, but because of the combined
increase in CASP1, NLRP3, and IL1B expression, we spec-
ulate that SAT of obese adolescents with high VAT/SAT
ratio may be more easily primed to release the major
proinflammatory proteins IL-1b and IL-18.

Linear regression model revealed that CD68 and CASP1
expression in SAT is the best predictor for the ratio of
impaired SAT to increased VAT. The role of caspase-1 has
been implicated in the control of body weight and glucose
homeostasis (6,8,18), with caspase-1–dependent cyto-
kines IL-1b and IL-18 affecting adipogenesis, adiposity,

and lipid metabolism (18). The direct effect of IL-1b on
adipogenesis has been shown in primary human adipocyte
culture where long-term treatment with IL-1b decreased
the expression of adipogenic markers (PPARg2, SREBP1c,
FASN, ACAC, and LPL) and decreased the cellular lipid
content (19). Moreover, caspase-1 activation seems to
direct adipocytes toward a more insulin-resistant pheno-
type (6), and weight loss in obese individuals with type 2
diabetes leads to reduced activation of the inflammasome
in adipose tissue (8).

We were able to show for the first time in a group of
obese adolescents with an increased visceral to subcu-
taneous fat distribution that higher expression of the
NLRP3 inflammasome–related genes (i.e., NLRP3, CASP1,
and IL1B) was associated with a higher expression of in-
flammatory markers and a lower expression of adipogenic/
lipogenic genes in the SAT. In line with these observa-
tions, Nlrp32/2mice were protected from obesity-associated
activation of proinflammatory macrophages and adi-
pose tissue effector T-cell–mediated inflammation (9).

Figure 2—Positive correlation of VAT/VAT+SAT ratio to subcutaneous adipose expression of caspase-1 (A) and IL-1b (B).

Figure 3—Ceramide level in abdominal SAT of obese adolescents. A: Level of plasma ceramides is significantly different between low ratio
(white bars, n = 4) and high ratio (black bars, n = 17) group (mean6 SD). *Indicates that the t test between the two groups was significant at
the<0.05 level. B: Level of tissue ceramides is significantly different between low ratio (white bars, n = 27) and high ratio (black bars, n = 17)
groups (mean 6 SD). *Indicates that the t test between the two groups was significant at the <0.05 level.
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Furthermore, Esser et al. (20) found an increased expres-
sion of the NLRP3 inflammasome, as well as an increased
number of macrophages in the visceral depot of metabol-
ically unhealthy compared with metabolically healthy indi-
viduals. This is in line with a recent study (21), showing
that gene expression of NLRP3 and CASP1 in the SAT of
obese men compared with lean control subjects was posi-
tively correlated with adipose tissue inflammation and CASP1
expression was strongly associated with insulin resistance
and impairments in glucose homeostasis. Because the NLRP3
is predominantly expressed in macrophages and not in the
adipocytes of human SAT (8), the NLRP3 measured in the
SAT reflects the contribution of macrophages to adipose
tissue inflammation.

The upregulation of the inflammasome complex in the
high ratio group of more insulin-resistant obese adoles-
cents was associated with a downregulation of SIRT1. This
supports data published by Chalkiadaki and Guarente (22),
showing that high-fat diet–induced inflammation activates
caspase-1, which in turn cleaves SIRT-1 (sirtuin-1).

Ceramides as Activator of the NLRP3 Inflammasome
in SAT
Type 2 diabetes is a metabolic disease that is characterized
by insulin resistance, primarily within adipose, liver, and
muscle tissues. Initial evidence suggesting that sphingo-
lipids might play a role in insulin signaling came from
experiments demonstrating the accumulation of ceramides
in insulin-resistant tissues in obese animals as well as
humans (23–25). Importantly, ceramide and its complex
derivatives were shown to mediate the effects of agents,
such as TNF-a and saturated fatty acids that promote
insulin resistance. Recently, TNF-a–induced elevation of
the ganglioside GM3 was proposed as a novel mechanism
for insulin resistance (26). Ceramides are tightly linked
with inflammation, because ceramide synthesis is essen-
tial for Toll-like receptor-4–dependent insulin resistance
(27). Only two other studies (28,29) have so far evaluated
the role of plasma ceramides in adolescents. First, Majumdar
and Mastrandrea (29) showed a correlation of plasma
ceramides with insulin resistance in overweight adoles-
cents. Second, Lopez et al. (28) showed elevated plasma

ceramide levels in female obese adolescents with type 2
diabetes compared with lean control subjects. Multivari-
ate analysis of all measured plasma ceramides in our study
showed a significant difference between the high ratio
and the low ratio groups (MANOVA, P = 0.03), suggesting
that high levels of plasma ceramides might be one cause
for the inflammasome activation in the SAT. Further-
more, not only the plasma but also the SAT ceramide level
were increased in the high ratio group and correlated with
the VAT/VAT+SAT ratio, as well as inflammasome com-
ponents CASP1 and IL1B. Greater total ceramide content
in plasma and adipose tissue of obese mice has been re-
ported (30), although the predominant species that were
increased were the long-chain ceramides. Similarly, in
obese adults the greatest elevation in C14-Cer, C16-Cer,
and C24-Cer in adipocytes, and C14-Cer, C16-Cer, C18:1-
Cer, C18-Cer and in C24:1-Cer in plasma was observed
(31). Furthermore, the high ratio group has not only an
impaired SAT capacity, which might be caused by inflam-
mation, but also an increased amount of liver fat accumu-
lation. Kolak et al. (32) showed that adipose tissue from
obese subjects with increased liver fat is infiltrated with
macrophages, and its content of long-chain triacylglycerols
and ceramides is increased compared with equally obese
subjects with normal liver fat content.

Even though a causal relationship between ceramides
and insulin resistance in rodents is well established, the
clinical observations reported here are strictly correla-
tional. In addition, although some ceramide species have
been more directly implicated in cellular insulin resis-
tance, very little is known for the vast majority of the
other sphingolipid subspecies, including the ones we have
measured for this study.

In this study we only measured ceramides and have not
measured diacylglycerol (DAG) in plasma or SAT and can
therefore not make any assumption about an additional
effect of DAG on the activation of the inflammasome. It
is known that one cause of increased DAG content is
overnutrition, which increases the rate of fatty acid delivery
to muscle and liver, exceeding the rates of intracellular fat
oxidation and triglyceride synthesis and storage (33).
Although our study is mainly cross-sectional and does

Figure 4—Positive correlation of SAT DHC24:1 level to subcutaneous adipose expression of caspase-1 (A) and IL-1b (B) and VAT/VAT+SAT
ratio (C).
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not prove causality, the direct correlation among VAT/
VAT+SAT ratio, inflammation markers, and ceramide levels
in the SAT, as well as the indirect correlation with insulin
sensitivity, suggests that excessive adipose inflammation
may be involved in regulating insulin sensitivity by impair-
ing SAT function/expansion early in the course of obesity
in adolescents. The phenotype of impaired subcutaneous
fat storage and ectopic fat accumulation coexist with a
phenotype of hepatic steatosis and insulin resistance.

Limitations and Strengths
Limitations of the study are caused by the fact that we
measured only expression and not protein content, due to
the limited amount of tissue obtained from these adoles-
cents. Furthermore, we sampled only SAT and cannot
conclude whether the results would be different in VAT.
It should be noted that racial differences between the
groups of high and low VAT/VAT+SAT ratio exist, but,
as discussed in our previous report (11), they do not ac-
count for the differences seen in gene expression or adi-
pose size. In addition, differences in the distribution of
females and males in both groups were significant in this
study. Even though we adjusted for this difference in sex
when analyzing the differences between the groups, we
cannot exclude the possibility that the differences seen
in SAT inflammation are sex related. Moreover, the lack
of measurement of IL-6, TNF-a, and MCP1 protein levels
is a limitation of the current study and quantifying the
proteins may reveal differences in TNF-a and MCP1 be-
tween the groups that were not detected by measuring
mRNA levels. We also acknowledge that these findings are
correlative and therefore do not imply causation.

Several strengths of this study need to be highlighted,
including the following: the detailed metabolic character-
ization of two equally obese groups of adolescents who
differed in their abdominal fat distribution, the use of
state-of-the-art measurements of insulin sensitivity, im-
aging techniques for the assessment of lipid content in
liver and abdominal fat distribution, and measurements
of ceramides in SAT and plasma.

Summary
Our data suggest that macrophage-adipocyte cross talk
mediated by NLRP3 inflammasome–dependent inflamma-
tion may have important functional consequences for adi-
pose tissue biology and insulin resistance. Although the
NLRP3 inflammasome is critical for defense against patho-
gens, the aberrant chronic activation of inflammasome by
metabolic “danger signals” seems to be important in obesity-
associated chronic diseases. This evidence suggests that the
inhibition of the NLRP3 inflammasome through dietary or
pharmacological approaches may have the potential to pre-
vent the progression of dyslipidemia and its pathologic con-
sequences in humans.
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