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Abstract

Background: This study profiles ceramides extracted from visceral and subcu-

taneous adipose tissue of human subjects by liquid chromatography-mass spec-

trometry to determine a correlation with status of diabetes and gender.

Methods: Samples of visceral and abdominal wall subcutaneous adipose tis-

sue (n = 36 and n = 31, respectively) were taken during laparoscopic surgery

from 36 patients (14 nondiabetic, 22 diabetic and prediabetic) undergoing bar-

iatric surgery with a body mass index (BMI) >35 kg/m2 with ≥1 existing

comorbidity or BMI ≥40 kg/m2. Sphingolipids were extracted and analyzed

using liquid chromatography-mass spectrometry.

Results: After logarithm 2 conversion, paired analysis of visceral to subcutaneous

tissue showed differential accumulation of Cer(d18:1/16:0), Cer(d18:1/18:0), and

Cer(d18:1/24:1) in visceral tissue of prediabetic/diabetic female subjects, but not in

males. Within-tissue analysis showed higher mean levels of ceramide species linked

to insulin resistance, such as Cer(d18:1/18:0) and Cer(d18:1/16:0), in visceral tissue of

prediabetic/diabetic patients compared with nondiabetic subjects and higher content

of Cer(d18:1/14:0) in subcutaneous tissue of insulin-resistant female patients com-

pared with prediabetic/diabetic males. Statistically significant differences in mean

levels of ceramide species between insulin-resistant African American and insulin-

resistant Caucasian patients were not evident in visceral or subcutaneous tissue.

Conclusions: Analysis of ceramides is important for developing a better under-

standing of biological processes underlying type 2 diabetes, metabolic syndrome,

and obesity. Knowledge of the accumulated ceramides/dihydroceramides may

reflect on the prelipolytic state that leads the lipotoxic phase of insulin resistance

and may shed light on the predisposition to insulin resistance by gender.
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Highlights

• The gender-specific role of sphingolipids in obesity-related metabolic dys-

functions is unclear. The aim of this study is to identify ceramide species by

liquid chromatography-mass spectrometry that accumulate in central fat in

relation to status of diabetes and gender for subjects with a body mass index

≥40 kg/m2 or > 35 kg/m2 with comorbidity.

• The results showed significantly increased ceramide levels in visceral tissue

of patients with diabetes and prediabetes and unveiled several ceramide spe-

cies that are differentially expressed in insulin-resistant females compared

to males.

1 | INTRODUCTION

Studies using cultured cells, animal models, or human
subjects have demonstrated that ceramides are the key
intermediate factors directly involved in inducing insulin
resistance (IR).1,2 Ceramides act to inhibit systemic glu-
cose uptake and glycogen synthesis.3,4 The presence of
excess fatty acids and oxidative stress is one plausible fac-
tor that could be the reason for the IR, as prolonged expo-
sure of adipocyte and myocyte cell cultures to palmitic
acid caused a significant increase in ceramide production
and inhibition of protein kinase B (Akt) signaling.5,6 Inhi-
bition of enzymes involved in ceramide biosynthesis by
pharmacologic agents or small interfering RNA showed a
significant reduction of IR.7-9 On the other hand, over-
expression of acid ceramidase that metabolizes ceramides
has been shown to reduce ceramide levels and significantly
improve insulin signaling. Furthermore, it has been
reported that consumption of a high-fat diet increases the
production of ceramide synthase—the enzyme that synthe-
sizes ceramides.10 Similarly, intravenous infusion of lipid
emulsion using the euglycemic-hyperinsulinemic clamp
technique has also been shown to increase muscle ceramide
content and induce IR.11,12 Ceramide accumulation is
reportedly more than 2-fold higher among subjects with IR
when compared with insulin-sensitive subjects.12 In addi-
tion to improving glycemic control in patients with diabe-
tes, physical exercise also decreases muscle ceramide
content among humans.13 Because of its significance, some
researchers have suggested the potential therapeutic effects
of ceramide synthesis inhibitors and activators of ceramide
degradation to treat IR.1

The exact mechanism of how ceramides induce IR is
unclear. However, it has been speculated that ceramides
interfere in the post-receptor signaling pathways.
Ceramides appear to inhibit insulin receptor substrate by
phosphorylating several of its serine residues.14 Ceramides
also inhibit phosphorylation of Akt.15 High levels of
ceramides have been reported in patients with IR and type

2 diabetes.16,17 Some of the plausible mechanisms for high
concentration of ceramides to induce IR are by reducing
peripheral glucose uptake, inactivating Akt,18,19 and induc-
ing inflammatory milieu via activating nuclear factor kappa
B-tumor necrosis factor alpha (TNF-α).20 To further worsen
the accumulation of ceramides in the tissue, TNF-α, in turn,
activates sphingomyelinase, the plasma membrane-bound
enzyme that hydrolyzes sphingomyelin to form ceramides
that eventually adds to the worsening of IR. Thus,
ceramides are bioactive lipids that play a significant role in
creating IR in diabetic subjects. These substances appear to
link excess dietary fat intake and cytokine-induced inflam-
mation in tissues. Human studies indicate an association of
adipose tissue ceramide content with obesity and metabolic
syndrome.21-25 In a small cohort study, Choroma�nska et al.
found a link between metabolic syndrome in European
women with morbid obesity and ceramide content in vis-
ceral adipose tissue.21 Blachnio-Zabielska et al. and Turpin
et al. found in small cohorts elevated levels of ceramides in
subcutaneous and white adipose tissue, respectively, in
obese subjects compared with lean controls.22,23 Chaurasia
et al. and Kolak et al. found in small cohorts elevated levels
of ceramides in adipose tissue of insulin-resistant subjects
of respective Asian and Finish descent, independent of obe-
sity.24-26 While ceramides are implicated in metabolic syn-
drome, the distribution of ceramide/dihydroceramide
species between subcutaneous and visceral adipose tissue in
relation to status of diabetes and gender has not been thor-
oughly investigated. Subcutaneous and visceral adipose tis-
sue differ in their anatomical, metabolic, and inflammatory
characteristics,27-29 with visceral adiposity being strongly
associated with metabolic disease.28 Data indicate sex differ-
ences in the accumulation of adipose tissue and in the regu-
lation of adipose tissue metabolism.30,31 This study sheds
light on the ceramide lipidomic profile of abdominal wall
subcutaneous and visceral adipose tissue in relation to the
status of diabetes and gender for American patients with
similar body mass index (BMI) (≥40 kg/m2 or > 35 kg/m2

with comorbidity).
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2 | METHODS

2.1 | Patient selection

We included a total of 36 patients that had undergone bariatric
surgery atHarper BariatricMedicine Institute, HarperUniver-
sity Hospital, Detroit, Michigan. All participants provided
written informed consent and the Wayne State University
Institutional Review Board approved the protocol. Inclusion
criteria for bariatric surgery were according to the National
Institutes of Health (NIH) guidelines (age > 18 years,
BMI >35 kg/m2 with ≥1 existing comorbidity or
BMI ≥40 kg/m2 and a history of prolonged previous attempts
of weight loss by othermeans).32 During laparoscopic surgery,
over 200 mg of adipose fat tissue were collected from the vis-
ceral fat and abdominal wall subcutaneous adipose tissue
from all participants. The samples were immediately cooled
on ice and frozen in liquid nitrogen within 10 to 15 minutes.
The frozen samples were stored in a �80�C freezer until
processed.

The mean age of patients was 41.1 +/� 12.1 years. The
number of female patients was greater than the number of
males (8 males vs 28 females, P < .05), and the number of
African American (AA) patients was greater than the number
of Caucasian patients (30 AA vs 6, p < .05). Of the 36 patients,
14 were nondiabetics, 10 were diabetic, and 12 were pre-
diabetic. For purpose of analysis, patients were grouped
into two categories based on diabetic status. One group
consisted of nondiabetic patients, while the other group
consisted of prediabetic/diabetic patients. Table 1 pre-
sents clinical data by patient group.

Mean preoperative glycosylated hemoglobin levels
were assessed by a two-tailed Welch t test and were found

to be significantly higher in the prediabetic/diabetic
group compared to the nondiabetic group (p < .05,
t = 5.7). While mean glucose levels, BMI, high-density
lipoproteins (HDL), low-density lipoproteins (LDL), tri-
glycerides (TG), and systolic and diastolic blood pressure
did not statistically differ between the two groups.

2.2 | Liquid chromatography-mass
spectrometry

Liquid chromatography-mass spectrometry (LC-MS) was
performed at the Lipidomics Core Facility of the Pathology
Department at Wayne State University. Lipids were extracted
from visceral and subcutaneous adipose tissue samples, and
sphingolipids were analyzed following published methods.33

2.2.1 | Tissue samples

To prepare tissue homogenate, frozen tissue samples were
kept at a ratio of tissue weight to buffer volume as 10%
(w/v). Frozen tissue was homogenized (3-4 times) with
ice-cold buffer (0.25 M sucrose, 25 mM KCl, 50 mM Tris,
and 0.5 mM EDTA, pH 7.4). The amount of tissue homog-
enate for analysis was established through S protein con-
centration measurement (Bio-Rad protein assay).

Tissue homogenates were fortified with 50 μL of inter-
nal standard (IS) solution followed by the addition of
2 mL of extraction mixture (iso-propanol:water:ethyl ace-
tate, 30:10:60; v:v:v), vortexed and sonicated three times
for 30 seconds, and centrifuged for 10 minutes at
4000 rpm. The supernatant was transferred to a new vial

TABLE 1 Clinical data by patient

group (mean +/� SD)
Clinical data Nondiabetic (n = 14) Prediabetic/diabetic (n = 22)

HbA1c (%) 5.4 +/� 0.2 6.4 +/� 0.8*

Glucose (ng/dL) 97.0 +/� 20.3 106.1 +/� 26.2

Race 13 AA, 1 W 17 AA, 5 W

Age 37.4 +/� 10.5 42.9 +/� 12.5

Gender 13 F, 1 M 15 F, 7 M

BMI (kg/m2) 47.8 +/� 10.1 49.8 +/� 6.5

Cholesterol (mg/dL) 194.2 +/� 35.3 191.7 +/� 39.4

HDL (mg/dL) 58.1 +/� 21.8 46.3 +/� 13.2

LDL (mg/dL) 121.8 +/� 23.3 112.6 +/� 26.0

TG (mg/dL) 132.0 +/� 61.6 144.8 +/� 101.7

Systolic BP (mm Hg) 126.7 +/� 15.6 124.1 +/� 15.4

Diastolic BP (mm Hg) 77.0 +/� 11.0 78.1 +/� 8.7

Abbreviations: AA, African American; BMI, body mass index; BP, blood pressure; F, female; HbA1c,
glycosylated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein; M, male; TG,
triglycerides; W, White.

*P < .05.
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and the sample re-extracted. The supernatants from the
extracts were combined (4 mL total).

2.2.2 | LC-MS instrumentation and
procedure

Briefly, the tissue homogenates were supplemented with
10 ng of ceramide IS, Cer(d18:1/17:0) (Avante Polar Lipids),
followed by extraction with isopropanol-water-ethyl acetate
(3:1:6 v/v) as described. The extracts were dried and rec-
onstituted in methanol containing 1 mM ammonium for-
mate and 0.2% formic acid. High-performance liquid
chromatography (HPLC) was performed on a Prominence
XR system (Shimadzu) using Targa C8 (5μ, 2.1x20 mm,
Higgins Analytical) column. The mobile phase consisted of a
gradient between A: methanol-water-ammonium formate-
formic acid (5:95:1 mM:0.2 v/v) and B: methanol-
ammonium formate-formic acid (100:2 mM:0.2 v/v). The
gradient program with respect to the composition of B was
as follows: 0 minutes, 35%; 2 minutes, 100%; and 5 minutes,
100%. The flow rate was 0.5 mL/minute. The HPLC eluate
was directly introduced to the electrospray ionization source
of a QTRAP5500 mass analyzer (ABSCIEX) in the positive
ion mode with the following conditions: curtain gas, 35 psi;
GS1, 45 psi; GS2, 45 psi; temperature, 650�C; ion spray volt-
age, 5500 V; collision gas, low; declustering potential, 100 V;
and entrance potential, 10 V. The eluate was monitored by
the multiple reaction monitoring (MRM) method to detect
unique molecular ion-daughter ion combinations for each of
the ceramides following m/z 264 as daughter ion with
100 msec dwell time for each transition. Optimized collisional
energies (16-28 eV) and collision cell exit potentials (10 V)
were used for each MRM transition. The data were collected
using the Analyst 1.6.2 software, and the MRM transition
chromatograms were quantitated by MultiQuant software
(both from ABSCIEX). Ceramides Cer(d18:1/14:0),
Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/18:1), Cer(d18:1/
20:0), Cer(d18:1/20:4), Cer(d18:1/24:0), Cer(d18:1/24:1),
Cer(d18:1/26:0), and dihydroceramide DhCer(d18:0/16:0)
were quantified against Cer(d18:1/17:0) IS signal. Each cer-
amide identity was ascertained bymatching retention times of
the standards (Avanti Polar Lipids). The method has a detec-
tion limit of 0.1 pg and quantitation limit of 1.5 pg on the
column.

2.3 | Statistical analysis

For each patient category (all patients, female, male,
AA, and Caucasian), the mean concentration +/� SD
of the original data and of the logarithm 2 (log2)-
transformed concentration of each ceramide/

dihydroceramide species evaluated in this work is pres-
ented in Supplementary Tables S1 and S2. Variables
with less than 37% missingness, within and between tis-
sue type, for each subgroup (nondiabetic, prediabetic/
diabetic, male, female, AA, and Caucasian) were used
in the analysis.

2.3.1 | Paired analysis

After a log2 conversion, ceramide/dihydroceramide
species in paired visceral to subcutaneous tissue sam-
ples were visualized with a volcano plot. The thresh-
olds for log2(fold-change) were set at �0.5 and 0.5
(indicating a 1.4-fold restriction of means), and the
threshold for P values was set at .05. P values were cal-
culated by a paired Student t test with false discovery
rate (FDR) correction in the Benjamini-Hochberg
procedure.

2.3.2 | Within-tissue analysis

After a log2 conversion, the difference of means of cer-
amide species of the prediabetic/diabetic group with the
nondiabetic group for each tissue type (subcutaneous and
visceral) was visualized with a volcano plot. The thresh-
olds for the difference of means, Z1-Z2, were set at �0.5
and 0.5 (indicating a 1.4-fold restriction of medians), and
the threshold for P values was set at .05. P values were
calculated by a Welch t test with FDR correction in the
Benjamini-Hochberg procedure. Ceramide levels were
not adjusted for age, sex, and race/ethnicity for both
paired and within-tissue analysis. Outliers were detected
with a Tukey fence (k = 1.5) and excluded from the anal-
ysis. The Shapiro-Wilk test was used to assess normality.

Categorical variables such as sex and race are
reported as the frequency of the study population. A chi-
square analysis was performed to determine if the
frequency of members in the study population was signif-
icantly different (p < .05).

3 | RESULTS

3.1 | Lipid analysis

Lipids were analyzed to determine a correlation with the
status of diabetes. For analysis, patients were grouped
into two categories. One group consisted of nondiabetic
patients, while the other group consisted of insulin-
resistant (combined prediabetic/diabetic) patients. Total
cholesterol, HDL, LDL, and TG levels were subjected to a
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Welch t test. Statistically significant differences in mean
levels between nondiabetic and insulin-resistant patients
were not evident.

3.2 | Ceramides: Visceral to
subcutaneous adipose tissue

LC-MS was performed to profile ceramide/dihydroceramide
levels in visceral and subcutaneous adipose tissue of
patients with BMI ≥40 kg/m2 or > 35 kg/m2 with comor-
bidity. Of the 36 patients in the study, 31 had subcutaneous
with corresponding visceral tissue samples taken. Separate
paired analyses of nondiabetic and insulin-resistant patients
were conducted. The log2 fold change (FC) of visceral to
subcutaneous tissue over respective P values of ceramides is
shown in the volcano plots in Figures 1 to 3 for all patients
(combined group of male and female subjects), female
patients only, as well as separate paired analysis by gender,
respectively.

For all patients, five out of six ceramide/dihydroceramide
species evaluated in the insulin-resistant group consisting of
20 pairs of adipose tissue from 14 female subjects and 6 male
subjects were differentially accumulated in visceral tissue

FIGURE 1 Volcano plot visualizing the fold change (visceral

to subcutaneous adipose tissue) over the P-value of 5 ceramides/

dihydroceramides from 11 pairs of adipose tissues from nondiabetic

patients and 6 ceramides/dihydroceramides from 20 pairs of

adipose tissue from a combined group of prediabetic + diabetic

patients. The P-value of each ceramide species was calculated by

paired Student's t-test with false discovery rate (FDR) correction.

The dotted horizontal line indicates a statistical threshold of

p = .05, and the dotted vertical lines between �0.5 and 0.5 log2(fold

change) indicate a 1.4-fold restriction threshold. The figure shows

that ceramide species are more concentrated in visceral tissue of

the insulin resistant group

FIGURE 2 Volcano plot visualizing the fold change (visceral

to subcutaneous adipose tissue) over the P-value of 5 ceramides/

dihydroceramides from 10 pairs of adipose tissues from female

nondiabetic patients and 7 ceramides/dihydroceramides from

14 pairs of adipose tissue from a combined group of prediabetic +

diabetic female patients. The P-value of each ceramide species was

calculated by paired Student's t-test with false discovery rate (FDR)

correction. The dotted horizontal line indicates a statistical

threshold of p = .05, and the dotted vertical lines between �0.5 and

0.5 log2(fold change) indicate a 1.4-fold restriction threshold. The

figure shows that ceramide species are more concentrated in

visceral tissue of the insulin resistant group

FIGURE 3 Volcano plot visualizing the fold change (visceral

to subcutaneous adipose tissue) over the P-value of 4 ceramides/

dihydroceramides from 6 pairs of adipose tissues from male

prediabetic/diabetic patients and 7 ceramides/dihydroceramides

from 14 pairs of adipose tissue from a combined group of

prediabetic + diabetic female patients. The P-value of each

ceramide species was calculated by paired Student's t-test with false

discovery rate (FDR) correction. The dotted horizontal line

indicates a statistical threshold of p = .05, and the dotted vertical

lines between �0.5 and 0.5 log2(fold change) indicate a 1.4-fold

restriction threshold. The figure shows that ceramide species

common to both male and female patients are more concentrated

in visceral tissue of female subjects
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(Padjusted < .05, log2FC > 0.5). While a significant differential
abundance of each of the five ceramide/dihydroceramide
species evaluated in the nondiabetic group (from 11 pairs of
adipose tissues from 10 female subjects and 1 male subject)
was not evident (Figure 1).

Since the nondiabetic group consisted of 10 female
subjects and 1 male subject, an analysis of only female
patients was performed (with 14 female patients in the
insulin-resistant group). Six of seven species evaluated in
the insulin-resistant group were differentially accumu-
lated in visceral tissue (Padjusted < .05, log2FC > 0.5).
While a significant differential accumulation of each of
the five ceramide/dihydroceramide species evaluated in
the nondiabetic group was not indicated (Figure 2).

Paired analyses of visceral to subcutaneous tissue for
insulin-resistant male subjects and insulin-resistant
female subjects are shown in Figure 3. Due to the restric-
tion of missing values, four ceramide species for male
patients (n = 6) were evaluated as opposed to seven cer-
amide/dihydroceramide species for the female group
(n = 14). Of the ceramides in common, Cer(d18:1/16:0),
Cer(d18:1/24:1), and Cer(d18.1/18:0) showed statistically
significant differential accumulation in visceral tissue of

insulin-resistant female patients but not in insulin-
resistant male subjects.

3.3 | Ceramides between patient groups:
Visceral to visceral and subcutaneous to
subcutaneous adipose tissue

A separate unpaired analysis by patient group was con-
ducted for visceral and subcutaneous tissue. To examine
ceramide/dihydroceramide content in tissue between
patient groups, the difference of the means of the log2-
transformed data was evaluated. Figures 4 to 6 show
results for all patients (combined groups of male and
female subjects), female patients only, and male vs
female subjects, respectively.

For all patients, a statistically significant difference of
the means of the log2-transformed concentration for each
of the seven ceramide/dihydroceramide species evaluated
in subcutaneous tissue was not evident between
nondiabetic (11 patients, with 10 female subjects and 1 male
subject) and insulin-resistant subjects (20 patients, with
14 female subjects and 6 male subjects) (Figure 4).

FIGURE 4 Volcano plot visualizing the difference of means of

log2 transformed data of the prediabetic/diabetic group with the

nondiabetic group for each tissue type (subcutaneous and visceral)

for all patients over P-values of 10 ceramide/dihydroceramide

species in visceral tissue from 14 nondiabetic patients and

22 insulin resistant patients. For analysis of subcutaneous tissue,

7 ceramide/dihydroceramide species were evaluated from

11 nondiabetic patients and 20 prediabetic/diabetic patients. The P-

values were calculated by a Welch's t-test with false discovery rate

(FDR) correction. The dotted horizontal line indicates a statistical

threshold of p = .05, and the dotted vertical lines mark a threshold

value of an absolute difference in means of 0.5. The figure shows

the mean concentration of ceramide species in visceral tissue to be

higher in the insulin resistant group

FIGURE 5 Volcano plot visualizing the difference of means of

log2 transformed data of the prediabetic/diabetic group with the

nondiabetic group for each tissue type (subcutaneous and visceral)

for female patients over P-values of 10 ceramide/dihydroceramide

species in visceral tissue from 13 nondiabetic patients and

15 insulin resistant patients. For analysis of subcutaneous tissue,

7 ceramide/dihydroceramide species were evaluated from

10 nondiabetic patients and 14 insulin resistant patients. The P-

values were calculated by a Welch's t-test with false discovery rate

(FDR) correction. The dotted horizontal line indicates a statistical

threshold of p = .05, and the dotted vertical lines mark a threshold

value of an absolute difference in means of 0.5. The figure shows

the mean concentration of ceramide species in visceral tissue to be

higher in the insulin resistant group
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Examination of the difference of means between patient
groups in visceral tissue revealed that 7 out of
10 ceramides/dihydroceramides species were higher in the
prediabetic/diabetic group (22 patients, with 15 female sub-
jects and 7 male subjects) compared with the nondiabetic
group (14 patients, with 13 female subjects and 1 male sub-
ject) (Padjusted < .05, difference of means >0.5).

When considering only female patients, 6 out of
10 ceramides/dihydroceramides species evaluated in vis-
ceral tissue (Figure 5) are shown to be higher in the insulin-
resistant group (n = 15) compared with the nondiabetic
group (n = 13; Padjusted < .05, difference of means >0.5),
while a statistically significant difference of the means of
the log2-transformed concentration for each of the seven
ceramide/dihydroceramide species evaluated in subcutane-
ous tissue between patient groups was not evident.

Figure 6 shows the difference of means of log2-
transformed data between female and male patients in the
insulin-resistant group for each tissue type (subcutaneous
and visceral). Ten ceramide/dihydroceramide species were
examined in visceral tissue (7 male subjects and 15 female
patients), while five species were evaluated in subcutaneous
tissue (6 male patients and 14 female patients). Results indi-
cated Cer(d18:1/14:0) to be higher in subcutaneous tissue of

insulin-resistant females compared with insulin-resistant
males (Padjusted < .05, difference of means >0.5).

Unpaired analyses of ceramide/dihydroceramide spe-
cies between insulin-resistant AA (with visceral tissue
samples from 17 patients, 4 male and 13 female, and sub-
cutaneous tissue samples from 16 subjects, 4 male and
12 female) and insulin-resistant Caucasian patients (with
visceral tissue samples from 5 patients, 3 male and
2 female, and subcutaneous tissue samples from 4 sub-
jects, 2 male and 2 female) were evaluated. After P value
correction, a statistically significant difference of the
means of the log2-transformed concentration for each of
the 10 ceramide/dihydroceramide species evaluated in
visceral tissue and for the 2 species, Cer(d18:1/14:0) and
Cer(d18:1/16:0), evaluated in subcutaneous tissue were
not evident (ie, the data do not provide enough evidence
against the null hypotheses). Adjusted and unadjusted
P values are provided in Supplementary Tables S3
and S4.

4 | DISCUSSION

Adipose tissue is the largest primary energy storage depot
in the body, where fat is stored in the form of
triacylglycerols both in the subcutaneous and visceral
adipose tissue. In obesity, where there is an excessive
energy depot, there is a spillover of lipid metabolites into
circulation. This in turn causes ectopic fat deposition in
the liver and skeletal muscle that results in lipotoxicity.
In the subsequent spectrum of cellular dysfunction,
ceramides have been identified as the key contributors to
metabolic disruption that leads to dysregulation of glu-
cose metabolism, TG synthesis, and apoptosis. Accumula-
tion of ceramides and their metabolites is implicated in
the development of IR as well as obesity-related myocar-
dial injury,29,34 and elevated plasma ceramide concentra-
tion is a strong predictor of cardiovascular events35 and
type 2 diabetes.36,37 Ceramide levels can be reduced and
insulin signaling can be significantly improved by the
inhibition of ceramide biosynthesis enzymes with phar-
macologic agents or small interfering RNA, or through
overexpression of ceramide-metabolizing acid cer-
amidase.8,10 However, the precise mechanism by which
ceramides cause the metabolic abnormalities is
unclear.8,10

Given ceramides modulate adipose tissue function,
the aim of this preliminary study is to identify ceramide
species by LC-MS that accumulate in central fat in rela-
tion to status of diabetes and gender for subjects with
BMI ≥40 kg/m2 or > 35 kg/m2 with comorbidity. To
characterize ceramides/dihydroceramides in tissue, two
types of analysis were performed on log2-transformed

FIGURE 6 Volcano plot visualizing the difference of means of

log2 transformed data of female patients with male patients in the

insulin resistant group for each tissue type (subcutaneous and

visceral) over P-values of 10 ceramide/dihydroceramide species in

visceral tissue from 7 male patients and 15 female patients. For

analysis of subcutaneous tissue, 5 ceramide/dihydroceramide

species were evaluated from 6 male patients and 14 female patients.

The P-values were calculated by a Welch's t-test with false

discovery rate (FDR) correction. The dotted horizontal line

indicates a statistical threshold of p = .05, and the dotted vertical

lines mark a threshold value of an absolute difference in means of

0.5. The figure shows the mean concentration of ceramide

Cer(d18:1/14:0) in subcutaneous tissue to be higher in the female

subjects
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data. Paired samples collected from different adipose tis-
sue compartments of nondiabetic and insulin-resistant
patients were independently analyzed to examine the dis-
tribution of ceramide species between visceral and subcu-
taneous tissue. Within-tissue analysis was performed to
unveil differences in ceramide content between
nondiabetic and insulin-resistant patients for each tissue
type (visceral and subcutaneous). Visceral tissue is in
proximity of internal organs and is more cellular and vas-
cular and contains a larger number of immune and
inflammatory cells compared with subcutaneous tissue.29

Adipocytes in visceral adipose tissue are more metaboli-
cally active and have a greater tendency to exhibit IR
than adipocytes in subcutaneous adipose tissue.29 Our
findings indicate a potential association of several cer-
amide species with IR and gender-dependent accumula-
tion of ceramide species in visceral tissue with respect to
subcutaneous tissue.

The analyses all patients (comprising both genders,
with the majority being female) showed ceramide species
that exhibited differential abundance in visceral tissue of
insulin-resistant subjects also had higher mean levels com-
pared with nondiabetic patients, with the exception of
Cer(d18:1/24:1) and Cer(d18:1/14:0). While ceramide
Cer(d18/1:24:1) exhibited differential accumulation in vis-
ceral tissue, unpaired analysis showed the difference of
means between insulin-resistant and nondiabetic subjects
was not large enough to be statistically significant. Con-
versely, unpaired analysis of Cer(d18:1/14:0) showed an
elevated mean level in visceral tissue of insulin-resistant
patients compared with nondiabetic subjects, while paired
analysis of visceral to subcutaneous tissue showed no sig-
nificant differential accumulation. This trend was also
observed in the analysis of female only subjects. Ceramide
species Cer(d18:1/14:0) has been associated with insulin
sensitivity. Kasumov et al found that improved insulin sen-
sitivity, after a 12-week exercise training program, was
linked to reduced plasma Cer(d18:1/14:0) in subjects with
obesity and type 2 diabetes.38

When considering only female patients, Cer(d18:1/16:0),
Cer(d18:1/18:0), Cer(d18:1/18:1), Cer(d18:1/20:0), Cer(d18:1/
24:1), and DhCer(d18:0/16:0) exhibited differential accumu-
lation in visceral tissue of insulin-resistant patients and
higher mean levels of Cer(d18:1/14:0), Cer(d18:1/16:0),
Cer(d18:1/18:0), Cer(d18:1/18:1), Cer(d18:1/20:0), and
DhCer(d18:0/16:0) in insulin-resistant subjects compared
with nondiabetic patients. In a small cohort study,
Choroma�nska et al. found in females subjects with obesity
Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/20:0), Cer(d18:1/
22:0), and Cer(d18:1/24:1) to be higher in visceral tissue in
relation to subcutaneous tissue in subjects with metabolic
syndrome and higher levels of Cer(d18:1/16:0) and
Cer(d18:1/18:0) in females with metabolic syndrome

compared with females without metabolic syndrome.21 The
accumulation of Cer(d18:1/16:0) and Cer(d18:1/18:0) can
induce IR. Cer(d18:1/18:0) has been found to impair systemic
glucose homeostasis in skeletal muscle, while
Cer(d18:1/16:0) has been found to impair insulin action in
brown adipose tissue and liver.39

To further examine the relationship of ceramide spe-
cies with gender, paired analysis of visceral to subcutane-
ous tissue for male subjects was conducted. Owing to the
distribution of males in the nondiabetic group (n = 1),
only insulin-resistant patients were analyzed. Compari-
son of the results with those obtained for insulin-resistant
female subjects show that of the four ceramides in com-
mon, insulin-resistant female patients, but not male,
exhibited differential accumulation of Cer(d18:1/18:0),
Cer(d18:1/24:1), and Cer(d18:1/16:0) in visceral tissue. To
examine differences in mean levels of ceramide species
between insulin-resistant males and insulin-resistant
females, unpaired analysis was conducted and revealed
higher content of Cer(d18:1/14:0) in subcutaneous tissue
of females compared with males. In a small cohort study,
Blachnio-Zabielska et al. investigated ceramide metabo-
lism in human subcutaneous adipose tissue of lean male
and female subjects and those with obesity and found a
number of ceramide subspecies that displayed sex differ-
ences.22 They also revealed for females only a negative
correlation between Cer(d18:1/16:0) ceramide and
plasma adiponectin and a positive correlation between
total ceramide content and homeostatic model assess-
ment of insulin resistance (HOMA-IR).22 Taken together,
these results suggest that gender may influence the differ-
ential expression of ceramide species between visceral
and subcutaneous tissue and ceramide content in relation
to the status of diabetes.

The gender-specific role of sphingolipids in obesity-
related metabolic dysfunctions is unclear.40 Studies that
take into account differences in sphingolipids levels
between genders are still evolving.40 While both visceral
and subcutaneous adipose tissue increase with increasing
weight for both genders, there are differences in fat distri-
bution between females and males.41 In general, females
present lower levels of visceral abdominal adiposity than
males,41 where abdominal visceral adipose tissue has been
shown to correlate with sex differences for cardiovascular
risk.41 Factors such as age and hormone levels (estrogen
and testosterone) that affect visceral adiposity41 in addition
to sex differences that co-occur with obesity (HDL choles-
terol, plasma insulin, glucose, and TG41) may correlate
with the accumulation of gender-specific ceramides and
may prove beneficial when profiling diabetic risk.

Given that AA are at increased risk for the develop-
ment of diabetes, it is important to understand ceramide
biosynthesis and metabolism in this population
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compared to Caucasians. Due to study limitation (one
Caucasian patient in the nondiabetic group), only
insulin-resistant subjects were evaluated. For each cer-
amide species, unpaired analysis between insulin-
resistant AA and insulin-resistant Caucasian patients did
not reveal statically significant differences in mean levels.
In other words, the null hypothesis of equal means could
not be rejected. Unlike the classical two-sample t test, the
Welch t test does not assume that the two populations
sampled have equal variance. In simulation, for the case
of unequal sample size (for n ≤ 20) and unequal vari-
ance, the simulated levels of significance for the Welch
test closely matched the target level of significance (type I
effort rate: the probability of rejecting the null hypothesis
when it is actually true).42 Hence, it is concluded that the
Welch t test is reliable when data provide enough evi-
dence against the null hypothesis. However, for small
sample sizes, as with this study, the power of the Welch
t test may not be adequate to detect a difference between
means when a difference truly exists (leading to type II
error). In other words, while significant differences
between some groups in this work were not noted, differ-
ences between the populations may exist.

This preliminary work highlights the need for a
larger cohort study to examine further the relationship
of age, race, and gender with ceramide content in sub-
cutaneous and visceral adipose tissue relative to the sta-
tus of diabetes. Correlating these finding with
biological function could aid in the development of
therapeutic intervention.

5 | CONCLUSION

The analysis of ceramide/dihydroceramide species is
important for developing a better understanding of bio-
logical processes underlying type 2 diabetes, metabolic
syndrome, and obesity and how to target them for bet-
ter patient outcomes. Our results have revealed, for sub-
jects with BMI ≥40 kg/m2 or > 35 kg/m2 with
comorbidity, significantly increased ceramide levels in
visceral tissue of patients with diabetes and prediabetes
compared with nondiabetic subjects. We have deter-
mined that several ceramide species are differentially
expressed in insulin-resistant females compared to
insulin-resistant males.
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