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Genetic determinants of interindividual differences in en-
ergy expenditure (EE) are largely unknown. Sphingolipids,
such as ceramides, have been implicated in the regulation
of human EE via mitochondrial uncoupling. In this study,
we investigated whether genetic variants within enzymes
involved in sphingolipid synthesis and degradation affect
EE and insulin-related traits in a cohort of American Indi-
ans informative for 24-h EE and glucose disposal rates
during a hyperinsulinemic-euglycemic clamp. Association
analysis of 10,084 genetic variants within 28 genes in-
volved in sphingolipid pathways identified amissense var-
iant (rs267738, A>C, E115A) in exon 4 of CERS2 that was
associated with higher sleeping EE (116 kcal/day) and in-
creased rates of endogenous glucose production during
basal (5%) and insulin-stimulated (43%) conditions, both
indicators of hepatic insulin resistance. The rs267738 vari-
ant did not affect ceramide synthesis in HepG2 cells but
resulted in a 30% decrease in basalmitochondrial respira-
tion. In conclusion, we provide evidence that the CERS2
rs267738 missense variant may influence hepatic glucose
production and postabsorptive sleepingmetabolic rate.

Obesity manifests because of a persistent energy imbal-
ance caused by caloric intake exceeding energy expendi-
ture (EE). We have previously shown that 24-h EE is an
inherited trait (�50% heritability) in American Indians
and that lower EE contributes to long-term gains in body

weight and fat mass in this group (1–4). We have also
shown that EE and hepatic glucose output are linked in this
population. For example, components of 24-h EE, i.e., rest-
ing metabolic rate and sleeping EE, along with endogenous
glucose production (a marker of hepatic insulin resistance
[HIR]), are higher in individuals with impaired glucose toler-
ance and type 2 diabetes (5,6), and higher resting metabolic
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• The genetic determinants of interindividual differences
in energy expenditure (EE) are not well established.
Sphingolipids have been proposed to influence EE by
altering mitochondrial function.

• Association analysis of genetic variants in genes in-
volved in sphingolipid pathways identified a missense
variant (rs267738, A>C, E115A) in CERS2 associated
with higher sleeping EE assessed by whole-room indi-
rect calorimetry.

• The rs267738 variant was associated with increased
glucose production under basal and insulin-stimulated
conditions and with decreased basal mitochondrial
respiration.

• The rs267738 missense variant may affect the expres-
sion of key gluconeogenic genesG6PC1 and PCK1.
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rate in the postabsorptive state correlates with higher
rates of hepatic glucose production (6,7). Identifying ge-
netic variants influencing both EE and glucose metabolism
will provide insight into metabolic pathways underlying
the pathogenesis of obesity and related metabolic disor-
ders, such as insulin resistance.

Sphingolipids are molecules involved in cellular signal-
ing and bioenergetics (8,9). Prolonged lipid excess can
lead to the accumulation of ceramides, a type of sphingo-
lipid that can alter cellular function and influence the de-
velopment of type 2 diabetes, nonalcohol steatohepatitis,
and cardiovascular disease (10–12). For instance, in obe-
sity, cellular accumulation of ceramides leads to inhibition
of mitochondrial respiration (11,13–15). Consistent with
the detrimental effects of excess ceramides on organ met-
abolic function, we have shown in previous studies involv-
ing individuals with obesity that elevated skeletal muscle
sphingolipid levels are associated with reduced sleeping
EE, the largest component of 24-h EE in sedentary condi-
tions, and predict greater future weight gain (16,17). This
inverse correlation explained up to 16% of the interindi-
vidual variance in sleeping EE in these individuals (16,17).
These and other studies point to sphingolipids/ceramides
as relevant players in the control of energy balance, and
their measurement in plasma is increasingly used as a di-
agnostic tool (18). Therefore, genetic variation in enzymes
involved in sphingolipid synthesis and degradation may
contribute to the development of obesity and obesity-
related disorders via effects on energy metabolism. The aim
of this study was to investigate whether genetic variants in
sphingolipid-related genes influence whole-body EE and in-
sulin resistance in American Indians.

RESEARCH DESIGN AND METHODS

Additional methods are provided in the Supplementary
Methods.

Study Participants
Data for this study were obtained from 7,701 American Indi-
ans (19) who participated in a genome-wide association study
(20). Of these participants, a subset (n = 557) underwent clin-
ical measurements of glucose disposal rates during hyperinsu-
linemic-euglycemic clamps (HECs). Of these individuals, 419
also had measurements of 24-h EE by whole-room indirect
calorimetry. Both measurements were performed at our inpa-
tient clinical research unit at the Phoenix Epidemiology and
Clinical Research Branch of the National Institute of Diabe-
tes and Digestive and Kidney Diseases in Phoenix, Arizona
(ClinicalTrials.gov identifier NCT00340132). The study proto-
col was approved by the National Institute of Diabetes and
Digestive and Kidney Diseases institutional review board,
and all participants provided written informed consent.

Clinical Characteristics for the Inpatient Subset
On admission to the clinical research unit, all participants
were free from disease (except obesity) based on their

medical history, physical examination, and standard labo-
ratory tests and received a standardized, unit-specific
weight-maintaining diet (WMD) (50% carbohydrate, 30%
fat, 20% protein) based on weight and sex (21). Diets were
adjusted throughout the stay to ensure weight maintenance
within 1% of the weight measured on the day of admission.
Body fat mass (FM), fat-free mass (FFM), and percent body
fat were estimated by underwater weighing until 1993 or
by X-ray absorptiometry (DPX-1; Lunar Radiation Corp.,
Madison, WI). Values from different techniques were made
comparable using a conversion equation (22). Glucose toler-
ance was assessed by a 75-g oral glucose tolerance test, and
only individuals without diabetes based on the American
Diabetes Association diagnostic criteria underwent whole-
room indirect calorimetry and HEC.

Whole-Room Indirect Calorimetry
After 3 days of a WMD followed by an overnight fast, EE
was continuously measured for 23.25 h starting at 0700 h
inside a whole-room indirect calorimeter as previously de-
scribed (23). During their stay in the calorimeter, partici-
pants were given a WMD diet consisting of four balanced
meals provided at 0800, 1100, 1600, and 1900 h through
an airlock to measure 24-h energy balance (24). Twenty-
four–hour respiratory quotient (CO2 production / O2 con-
sumption) was calculated for each 15-min interval during
the 23.25 h, averaged, and extrapolated to 24 h. Based on
the 24-h respiratory quotient and O2 consumption rate
(OCR), 24-h EE was calculated using the Lusk equation
(25). Sleeping EE was calculated as the average EE during
all 15-min intervals between 0100 and 0500 h when meas-
urements of spontaneous physical activity by radar sensors
were <1.5% (26).

HECs
HECs were performed after a 12-h overnight fast (27,28).
An antecubital venous catheter was used to administer
[3-3H]glucose, glucose, and insulin during basal and insu-
lin infusion phases. Blood draws were done using a retro-
grade catheter placed in the contralateral hand warmed
by a heated (70�C) blanket. During the basal phase, [3-3H]
glucose was administered as a bolus (30 mCi) followed by
a continuous infusion of [3-3H]glucose at 0.30 mCi/min.
After 2 h of [3-3H]glucose infusion, four plasma samples
were collected during 30-min intervals for assessment of
[3-3H]glucose-specific activity and calculation of the endog-
enous glucose production rate during the basal phase
(27,29). This was followed by a primed continuous infusion
of insulin at 40 mU/m2 body surface area per minute
(Novolin; Novo Nordisk, Bagsværd, Denmark). Five minutes
after insulin infusion, a variable 20% glucose infusion was
started and continuously adjusted over the next 60 min to
achieve a stable (coefficient of variation <5%) plasma con-
centration of 100 mg/dL. The rate of glucose infusion was
then measured while maintaining a stable plasma glucose
concentration for the next 40 min. The rate of total
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insulin-stimulated glucose disposal, adjusted for steady-
state plasma glucose and insulin concentrations and then
normalized for body size, was derived from the rate of ex-
ogenous glucose infusion and the rate of endogenous glu-
cose production calculated using the Steele nonsteady-state
equation (29) during this 40-min period.

Association Analyses
Genotypes were derived from a previous genome-wide asso-
ciation study using a custom Axiom array (Affymetrix, Santa
Clara, CA) designed to capture common variation in this
population (20). Genotypes were imputed from 515,723 ar-
ray variants with a reference panel based on whole-genome
sequences from 266 members of the population using
IMPUTE2 (30) as previously described (31). Only variants
with an average allele dosage between 0.01 and 1.99 copies
were included in the analyses. To identify genetic variants
in sphingolipid metabolism genes that may be associated
with EE, imputed variants (n = 10,084) located 50 kb up-
stream and downstream of 28 genes involved in sphingoli-
pid metabolism (32) (Supplementary Table 1) were selected
for association analyses using the 419 participants infor-
mative for EE-related traits. Association analyses were per-
formed using linear mixed-effects models taking into account
relationships between individuals estimated from genomic
similarity among pairs of individuals across all markers (33)
and adjusting for genetic admixture, age, sex, and body
composition (34,35). To confirm the imputed genotypes for
rs267738, the variant was genotyped in the DNA samples
using a TaqMan genotyping assay (Thermo Fisher Scientific,
Waltham, MA). Statistical analyses were performed using
SAS 9.4 (SAS Institute, Cary, NC) and GraphPad Prism 9.1
(GraphPad Software, San Diego, CA) software.

Data and Resource Availability
The data sets analyzed in the current study are not publicly
available but are available from the corresponding author
upon reasonable request and institutional review board
approval.

RESULTS

Association Analyses
To determine whether variants located in or near sphin-
golipid metabolism genes contribute to differences in
whole-body EE, a total of 10,084 imputed polymorphisms
located within and surrounding (50 kb upstream and
downstream) 28 genes involved in sphingolipid synthesis
and degradation (Supplementary Table 1) were analyzed
for associations with different daily EE measurements,
e.g., 24-h and sleeping EE. Clinical characteristics for the
participants informative for EE are shown in Table 1. The
component of daily EE showing the strongest associations
with the imputed variants was sleeping EE, and the re-
sults for all 10,084 imputed variants are reported in
Supplementary Table 2. The top 10 variants significantly
associated with sleeping EE are located within or near

CERS2, SPTLC3, ASAH2, and SGMS1 (Table 2). The stron-
gest association was with an E115A (rs267738, A>C)
amino acid change in CERS2, where individuals carrying
the C allele had, on average, higher sleeping EE (b = 116
kcal/day, P = 3.2 × 10�5, C-allele frequency = 0.05) (Table 2
and Fig. 1A), despite similar daytime EE (P = 0.27). This as-
sociation was independent of FFM (Fig. 1B). There were no
significant differences in measures of obesity (BMI, FM,
FFM, percent body fat) between individuals heterozygous
for AC and homozygous for AA (P > 0.05, data not shown).
Individuals heterozygous for the C allele also had modestly
higher endogenous glucose production rates during basal
conditions (b = 0.09 mg/kg FFM/min, P = 0.03) (Fig. 1C)
and insulin infusion (b = 0.13 mg/kg FFM/min, P = 0.05)
(Fig. 1C), despite no differences in total insulin-stimulated
glucose disposal rates (P = 0.79) or absolute suppression of
the endogenous glucose production rate (P = 0.82).

Ceramide Measurements
CERS2 is mainly involved in the synthesis of very-long
chain fatty acyl (VLCFA) ceramides using C20–C26 fatty
acids as substrates. Therefore, we assessed the impact of
CERS2 knockout and CERS2 E115A on ceramide synthesis
using HepG2-CERS2�/� and HepG2-CERS2�/� cells trans-
fected with CERS2 expression plasmids (pCERS2) contain-
ing either the rs267738 A allele (pCERS2A) or C allele
(pCERS2C) without and with palmitate supplementation.
Forty-eight hours after transfection, HepG2-CERS21/1,
HepG2-CERS2�/�, HepG2-pCERS2A, and HepG2-pCERS2C

cells were collected for ceramide measurements. As ex-
pected, levels for several VLCFA Cer d18:1 subspecies were
decreased in the HepG2-CERS2�/� cells compared with the
HepG2-CERS21/1 cells (Fig. 2A); however, there were no
significant differences in VLCFA ceramide levels between
the HepG2-pCERS2A and HepG2-pCERS2C cells (Fig. 2B).
There were no differences in long chain fatty acyl (LCFA) Cer
d18:1/16:0 and Cer d18:1/18:0 levels (data not shown). As
with the HepG2 cells without palmitate treatment, levels for
various VLCFA Cer d18:1 ceramides were decreased in
HepG2-CERS2�/� cells, and there were no differences in cer-
amide levels between HepG2-pCERS2A and HepG2-pCERS2C

when the medium was supplemented with palmitate (data
not shown). For the palmitate-treated HepG2-CERS2�/�

cells, there was a modest increase (not statistically signifi-
cant) in LCFA Cer d18:1/16:0 and decreases in Cer d18:0/
16:0 and Cer d18:2/16:0 compared with HepG2-CERS21/1

cells (Fig. 2C). The CERS2 knockout also resulted in signifi-
cant decreases for various VLCFA Cer d18:2 subspecies
and hexocylceramides. In line with previous studies, we
also observed decreases in several VLCFA sphingomyelins
for the HepG2-CERS2�/� cells (Supplementary Fig. 1A–C).

Differential Gene Expression Analysis
Since the E115A variant is in the N-terminal homeodo-
main of CERS2, a domain thought to be involved in DNA
binding and transcription regulation (Supplementary Fig. 2),
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whole-genome RNA sequencing was performed for HepG2-
CERS21/1, HepG2-CERS2�/�, and two separate HepG2-
CERS2�/� clones both transfected with pCERS2A and pCERS2C

to determine whether CERS2 influences gene expression.
When comparing gene expression levels between the
HepG2-CERS21/1 and HepG2-CERS2�/� cells, there were
1,706 genes downregulated (log2 fold change #�1.0) and
2,129 genes upregulated (log2 fold change $1.0) with
P # 0.009 (false discovery rate [FDR] P < 0.04) in the
HepG2-CERS2�/� cells. Kyoto Encyclopedia of Genes and
Genomes pathway analysis was performed for the combined
list of up- and downregulated genes. One of the significantly
enriched pathways was oxidative phosphorylation, which is

associated with mitochondrial function (FDR P = 1.8 ×
10�18). There were also several differentially expressed
genes in both the insulin signaling (n = 36) and glycolysis/glu-
coneogenesis (n = 19) pathways. However, these two path-
ways did not reach statistical significance (Supplementary
Table 3). The HepG2-CERS2�/� also affected the expres-
sion of various genes involved in mitochondrial dynamics
and biogenesis (Supplementary Table 4). To examine the
effects of HepG2-CERS2�/� on mitochondrial content, we
determined mtDNA copy number by quantitative PCR
(qPCR) for two mtDNA genes: ND1, which is encoded on
the heavy strand, and ND6, which is encoded on the light
strand. There were no significant differences in mtDNA copy

Table 1—Clinical characteristics for the study participants informative for 24-h EE measurements
rs267738

All Males Females A/A A/C

n 419 254 165 390 29

Age (years) 27.8 ± 6.4 27.8 ± 6.6 27.8 ± 6.2 27.8 ± 6.4 26.2 ± 5.9

Body weight (kg) 95.3 ± 22.3 98.6 ± 22.7 90.2 ± 20.7 95.6 ± 22.1 97.1 ± 24.5

BMI (kg/m2) 34.2 ± 7.5 33.4 ± 7.3 35.3 ± 7.7 34.4 ± 7.4 33.6 ± 8.8

Body fat (%) 32.6 ± 8.2 28.7 ± 6.9 38.8 ± 6.0 33.0 ± 8.0 30.4 ± 9.2

FM (kg) 32.0 ± 13.0 29.5 ± 12.9 35.8 ± 12.2 32.4 ± 12.8 31.0 ± 15.3

FFM (kg) 63.3 ± 12.6 69.0 ± 10.9 54.4 ± 9.5 63.2 ± 12.5 66.1 ± 12.4

Fasting plasma glucose concentration (mg/dL) 88.8 ± 10.0 87.3 ± 9.9 91.2 ± 9.7 88.9 ± 10 87.9 ± 9.8

2-h Plasma glucose concentration (mg/dL) 123.0 ± 30.5 115.8 ± 30.0 134.0 ± 28.0 123.2 ± 30.8 116.7 ± 27.6

24-h Energy intake (kcal/day) 2,269 ± 336 2,415 ± 286 2,043 ± 279 2,267 ± 338 2,351 ± 346

24-h EE (kcal/day) 2,354 ± 396 2,531 ± 347 2,083 ± 303 2,350 ± 391 2,475 ± 421

24-h Energy balance (kcal/day) �83 ± 183 �108 ± 180 �43 ± 182 �83 ± 182 �124 ± 205

Sleeping EE (kcal/day) 1,672 ± 284 1,776 ± 271 1,513 ± 223 1,661 ± 274 1,830 ± 349

Spontaneous physical activity (%) 7.5 ± 2.5 7.7 ± 2.5 7.1 ± 2.5 7.5 ± 2.5 7.7 ± 2.6

Data are mean ± SD.

Table 2—Top 10 imputed variants associated with sleeping EE
Variant Gene Allele 1 Allele 2 Dosage* Location Effect (kcal/day) SE (kcal/day) P

rs267738 CERS2 A C 1.93 Exonic (missense) �115.8 27.9 3.2 × 10�5

rs267733 ANXA9 A G 1.94 Exonic (missense) �107.7 29.0 2.1 × 10�4

rs607518 ANXA9 G A 1.93 Promoter �101.2 28.3 3.6 × 10�4

rs198325 CERS2, SETDB1 C T 1.93 Intergenic �101.3 28.4 3.6 × 10�4

rs33925685 SPTLC3 A — 1.66 Intronic 49.2 14.2 5.2 × 10�4

rs267734 CERS2, ANXA9 T C 1.94 Intergenic �102.6 29.6 5.3 × 10�4

rs2842131 ASAH2, SGMS1 C T 0.77 Intergenic �35.3 10.3 6.1 × 10�4

rs6105029 SPTLC3 C T 1.65 Intronic 46.3 13.5 6.1 × 10�4

rs6109675 SPTLC3 G A 1.65 Intronic 46.3 13.5 6.1 × 10�4

rs6514361 SPTLC3 T C 1.65 Intronic 46.3 13.5 6.1 × 10�4

Sleeping EE was adjusted for age, sex, FM, FFM, and genetic admixture. Effects (b-coefficients) refer to allele 1. P values were
controlled for inflation by the genomic control method. *All imputed variants tested had a mean dosage for allele 1 between 0.01
and 1.99 copies as calculated in 419 samples informative for sleeping EE and imputed genotypes (Table 1).
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number between HepG2-CERS21/1 and HepG2-CERS2�/�

cells (Supplementary Fig. 3A). The similar mtDNA copy num-
bers may be a result of increased TFAM gene expression for
the HepG2-CERS2�/� cells, offsetting the decrease in SIRT1
and PPARGC1A expression (Supplementary Table 4).

When comparing gene expression levels between the
HepG2-pCERS2A and HepG2-pCERS2C cells, there were
38 genes upregulated in the HepG2-pCERS2C cells with
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Figure 1—Differences in 24-h EE and endogenous glucose production
based on rs267738 genotypes. A: Time course of EE over 24 h inside
the whole-room indirect calorimeter during isocaloric conditions for in-
dividuals homozygous (AA) or heterozygous (AC) for rs267738. EE was
adjusted for age, sex, FM, FFM, spontaneous physical activity, and ge-
netic admixture using linear mixed models. B: Correlation between
FFM and sleeping EE measured overnight inside the whole-room indi-
rect calorimeter in individuals homozygous (AA) or heterozygous (AC)
for rs267738. C: Glucose disposal rates assessed during the basal and
insulin infusion phases of the HEC. Rates were normalized to FFM as
determined by underwater weighing or by X-ray absorptiometry.
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Figure 2—Liquid chromatography-mass spectrometry measure-
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log2 fold change $1.0 and P # 0.009; however, only 16 re-
mained significant after FDR correction. Of these 16 differ-
entially expressed genes, 12 are encoded on the mtDNA
(Supplementary Table 5). To determine whether the upre-
gulation of mitochondrial genes for the HepG2-pCERS2C

cells corresponded to an increase in electron transport chain
activity, we examined complex I (NADH dehydrogenase) en-
zyme activity. NADH dehydrogenase activity was analyzed
using equal amounts of whole-cell protein extracts prepared
from HepG2-pCERS2A and HepG2-pCERS2C cells, and en-
zyme activity was expressed as change in absorbance per
minute. NADH dehydrogenase activity for the HepG2-p
CERS2C cells was higher than for the HepG2-pCERS2A cells
(P = 0.008) (Supplementary Fig. 4). The increase in mito-
chondrial gene expression for HepG2-pCERS2C cells does
not appear to be due to an increase in mtDNA copy number
(Supplementary Fig. 3B), which coincides with the RNA se-
quencing data showing that there is no difference in expres-
sion for mitochondrial biogenesis genes between the CERS2A

and CERS2C alleles (data not shown). Two genes with
slightly lower expression levels for the HepG2-pCERS2C

cells, PGM1 (top downregulated gene) (Supplementary
Table 5) and GAPDH (not statistically significant, data
not shown), were selected for reverse transcription-quan-
titative polymerase chain reaction (RT-qPCR) verification
because both genes are important for glycolytic activity.
The RT-qPCR results confirm that both genes are downre-
gulated in the HepG2-pCERS2C cells (Fig. 3). We scanned
the 50 regions of PGM1 and GAPDH using the JASPAR

database and identified several putative Schlank/lag1
(CerS) binding sites (Supplementary Fig. 5).

Seahorse Analyses
It has been shown that CerS2 deficiency in mice can lead
to hepatic steatosis and insulin resistance, presumably
due to ceramide-induced impairment of the mitochondrial
respiratory chain leading to incomplete lipid oxidation
and accumulation of triglycerides (8). Therefore, we inves-
tigated the effects of E115A on mitochondrial respiration
in HepG2-pCERS2A and HepG2-pCERS2C cells using the
fatty acid palmitate as the main mitochondrial substrate.
We found that basal mitochondrial respiration, assessed
by measuring mitochondrial OCR, was 30% lower in the
BSA controls (no exogenous palmitate) for the HepG2-
pCERS2C cells (P = 0.01) (Fig. 4A). There were no signifi-
cant differences in maximal respiration, nonmitochondrial
respiration, and glycolytic rates (extracellular acidification
rate [ECAR]); however, there was a trend toward de-
creased glycolysis (Fig. 4B–D). Similarly, when palmitate-
BSA was used as the substrate, HepG2-pCERS2C cells had
slightly lower basal respiration rates (P = 0.05) (Fig. 4E),
and there were no significant differences in maximal
respiration, nonmitochondrial respiration, and ECAR
(Fig. 4F–H). However, when the outlier data points (solid
squares) for palmitate basal respiration were excluded
from the analyses, the differences were no longer statisti-
cally significant (P > 0.05). This is in line with the palmi-
tate utilization data that also show no difference in OCR
between the two alleles (P > 0.05) (Fig. 4I). Basal respira-
tion rates (excluding palmitate outliers) and glycolysis
(ECAR) were comparable between the cells treated with
BSA only and palmitate-BSA for both the HepG2-pCERS2A

and HepG2-pCERS2C cells (P > 0.05) (Fig. 4J and K).
Simultaneous measurement of the relative utilization of
mitochondrial respiration and glycolysis under basal and
stressed conditions helped assess the metabolic pheno-
types of HepG2-pCERS2A and HepG2-pCERS2C cells. The
HepG2-pCERS2C cells displayed a more quiescent, less aer-
obic metabolism compared with HepG2-pCERS2A cells
(Fig. 4L). The decrease in basal mitochondrial respiration
for the HepG2-pCERS2C cells was similar to the decrease
that we observed for HepG2-CERS2�/� cells; however, the
reduced mitochondrial efficiencies may involve distinct
mechanisms of impairment (Supplementary Fig. 6).

Effects of CERS2 E115A on AKT Phosphorylation and
Gluconeogenic Gene Expression
To assess the effects of CERS2 E115A on hepatic insulin
signaling, we examined AKT phosphorylation in HepG2-
pCERS2A and HepG2-pCERS2C cells by Western blotting
after treating the cells with 100 nmol/L insulin for 15 min.
There were no differences in AKT Thr308 or AKT Ser473
phosphorylation between the two E115A alleles (data not
shown). Next, we examined whether the E115A variant
may alter the effect of insulin on cAMP-induced
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Figure 3—RT-qPCR verification for PGM1 and GAPDH. Each sam-
ple was run in triplicate, and relative gene expression levels were
determined using the DDCt method. PGM1 and GAPDH gene ex-
pression levels were normalized first to ABL1 and then to CERS2
expression levels for each sample to normalize data across sam-
ples and to account for transfection efficiency. Data are mean ± SD
(n = 3).

1366 CERS2 and Hepatic Insulin Resistance Diabetes Volume 73, August 2024

D
ow

nloaded from
 http://diabetesjournals.org/diabetes/article-pdf/73/8/1361/775532/db230690.pdf by H

ELM
H

O
LTZ ZEN

TR
U

M
 M

U
EN

C
H

EN
 user on 03 M

arch 2025

https://doi.org/10.2337/figshare.25864279
https://doi.org/10.2337/figshare.25864279
https://doi.org/10.2337/figshare.25864279
https://doi.org/10.2337/figshare.25864279
https://doi.org/10.2337/figshare.25864279
https://doi.org/10.2337/figshare.25864279
https://doi.org/10.2337/figshare.25864279


gluconeogenic gene (G6PC1, PCK1) expression. After 24 h of
serum starvation, HepG2-pCERS2A and HepG2-pCERS2C

cells were treated with either insulin, dibutyryl cAMP
(dbcAMP), or dbcAMP plus insulin. Gene expression levels
for both G6PC1 and PCK1 were suppressed when the cells
were treated with insulin alone, while dbcAMP significantly
increased expression for both genes. The HepG2-pCERS2C

cells treated with dbcAMP had a modest increase in G6PC1
and PCK1 gene expression compared with the HepG2-
pCERS2A cells, suggesting that the CERS2 E115A variant
may influence the expression of both genes during dbcAMP

stimulation. For the cells treated with dbcAMP plus insulin,
insulin was able to suppress gene expression for both
G6PC1 and PCK1 (Fig. 5A and B). Scanning the 50 regions of
G6PC1 and PCK1 identified several putative Schlank/lag1
(CerS) binding sites with scores >0.90. (Supplementary Fig.
7A and B). Gene expression levels for G6PC1 and PCK1 were
significantly decreased in HepG2-CERS2�/� cells that were
not subjected to serum starvation or treated with insulin
and dbcAMP, suggesting that CERS2 may indeed regulate
the transcription of these two genes (Supplementary Fig. 7C
and D).
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Figure 4—Mitochondrial respiratory bioenergetics in HepG2-pCERS2A and HepG2-pCERS2C cells. Mitochondrial respiration was studied
in HepG2-CERS2�/� cells transfected with either pCERS2A (A) or pCERS2C (C) plasmids. A–K: Individual data points are shown for each
genotype group within box plots delimited by minimum and maximum values. Open box plots: BSA control, no exogenous palmitate,
2 mmol/L glucose. Shaded box plots: exogenous palmitate-BSA, 2 mmol/L glucose. A and E: Basal respiration indicates oxygen consump-
tion at rest. B and F: Maximal respiration is the measure of maximal respiratory capacity during mitochondrial uncoupling after injection of
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (uncoupling reagent). C and G: Nonmitochondrial respiration indicates oxygen con-
sumption during inhibition of electron transport chain complexes I and III after injection of rotenone and antimycin A. D and H: Glycolysis
was measured indirectly by analysis of ECAR. I: Palmitate utilization after injection of the fatty acid oxidation inhibitor etomoxir. J: Com-
parison between BSA control and palmitate OCR during basal respiration. K: Comparison between BSA control and palmitate ECAR
during basal respiration. Single experiments are indicated by the corresponding symbols (n = 5). Differences in OCR and ECAR between
groups were tested using mixed models to account for repeated measurements from the same experiment. L: Metabolic phenotype as-
sessed by measuring the relative utilization of mitochondrial respiration and glycolysis under basal and stressed conditions. *P = 0.05,
**P = 0.01.
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DISCUSSION

In this study, we conducted an association analysis involv-
ing EE and insulin-related traits and �10,000 imputed
variants within or near several sphingolipid metabolism
genes in American Indians informative for EE. The analy-
sis identified an E115A (rs267738, A>C, minor allele fre-
quency = 0.05) missense variant in CERS2 that was
significantly associated with sleeping EE and modestly as-
sociated with HIR and hepatic glucose output. Individuals
heterozygous for the C allele had relatively higher sleeping

EE (116 kcal/day or 8% sleeping metabolic rate) compared
with individuals homozygous for the A allele. Individuals
carrying the C allele also had higher (43%) rates of endog-
enous glucose production during the insulin infusion
phase of HEC along with higher (5%) rates of endogenous
glucose production in the postabsorptive state during the
basal phase of HEC. The association between the CERS2
E115A variant and HIR is consistent with previous mouse
studies demonstrating that CerS2 deficiency can lead to
HIR, presumably because of altered sphingolipid composi-
tion or mitochondrial dysfunction impairing insulin sig-
naling in hepatocytes (8,36). Furthermore, a study of
E115A knockin mice fed a high-fat diet showed that mice
carrying the alanine residue (encoded by the C allele)
were glucose intolerant, indicating a potential impairment
in glucose metabolism (37). The increased rates of sleep-
ing EE for the C allele may reflect increased hepatic gluco-
neogenesis using precursors provided by the Cori and
glucose-alanine cycles or the breakdown of triglycerides.
Hepatic gluconeogenesis occurs primarily during fasting
states, such as sleep, and is an energy-demanding process
(5,28,38,39), accounting for �30% of resting EE (40).
However, since we do not have hepatocyte (cellular) meas-
urements of insulin action and glucose production for the
same individuals with whole-body EE, we can only hypoth-
esize that HIR-induced gluconeogenesis underlies the in-
crease in sleeping EE in individuals carrying the rs267738
C allele.

Previous studies have shown that sphingolipid-
mediated mitochondrial dysfunction may be involved in the
pathogenesis of HIR and that Cers2 deficiency in mice re-
sults in altered ceramide levels, mitochondrial dysfunction,
and HIR (41,42). Therefore, we examined the effects of
E115A on ceramide synthesis and mitochondrial function
using HepG2 hepatocytes. We found no differences in cer-
amide levels between HepG2-pCERS2A and HepG2-pCERS2C

cells. This was similar to the results seen in the CerS2
E115A knockin mouse study where although the amino
acid change was shown to result in a decrease in enzyme ac-
tivity, no significant differences in liver long-chain ceram-
ides were seen between the A and C alleles (37). Although
we did not observe any effects of E115A on HepG2 cer-
amide content, the variant could potentially affect sphingo-
lipid content in peripheral tissues such as fat. The excess
sphingolipids in adipose tissue can then be transported to
the liver, stimulating lipid deposition and interfering with
liver metabolism, which may be a possible mechanism for
the observed HIR. In the Cers2 E115A knockin mouse
study, an increase in C16:0 sphingolipids in subcutaneous
white adipose tissue was observed in Cers2Ala/Ala mice (37).
Unfortunately, we did not have sphingolipid measurements
for individuals carrying the rs267738 C allele; therefore, it
was not possible to perform association analyses between
the variant and serum, adipose, or skeletal muscle sphingo-
lipid levels. We did observe an effect of the rs267738 vari-
ant on mitochondrial bioenergetics. HepG2-pCERS2C cells
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Figure 5—Analysis of gluconeogenic gene expression. A and B: RT-
qPCR analysis of G6CP1 and PCK1 gene expression in HepG2-
pCERS2A and HepG2-pCERS2C cells. The HepG2 cells were serum
starved for 24 h and then treated with either insulin (100 nmol/L),
dbcAMP (100 mmol/L), or insulin (100 nmol/L) plus dbcAMP
(100 mmol/L) for 6 h. For the RT-PCR, each sample was run in tripli-
cate, and relative gene expression levels were determined using the
DDCt method. G6CP1 and PCK1 gene expression levels were nor-
malized first to ABL1 and then to CERS2 expression levels for each
sample to normalize data across samples and to account for transfec-
tion efficiency. Data are shown relative to HepG2-pCERS2A treated
with dbcAMP alone. Data are mean ± SD (n = 3). *P < 0.05, **P <
0.01, #P< 1 × 10�4, ##P< 1 × 10�5, ###P< 1 × 10�6.
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showed a 30% decrease in basal mitochondrial respiration
in the absence of exogenous fatty acids (palmitate). The
similarity in basal palmitate respiration and utilization rates
between the two rs267738 alleles suggests that the putative
defect in cellular respiration does not involve fatty acid oxi-
dation and is in a pathway prior to oxidative phosphoryla-
tion, such as glycolysis. Future studies are warranted to
fully elucidate the role of the CERS2 E115A substitution on
cellular respiration, including performing glycolysis stress
tests and glucose oxidation assays to further evaluate its ef-
fect on glucose utilization.

Recent studies have suggested that CERS2 may be in-
volved in cellular processes other than ceramide synthesis.
For example, inactivation of Cers2 in mice has been
shown to alter gene expression (43,44). It has also been
shown that mouse Cers2 has the ability to regulate tran-
scription at the promoter level and that mutations in the
homeodomain (nuclear localization signal 2 motif) of
mouse Cers2 lead to a loss of transcriptional regulation.
In that same study, the authors showed that Schlank
(Drosophila CerS) can adjust DNA binding and transcrip-
tional regulation based on energy status (45). Our differ-
ential gene expression analysis also suggests that CERS2
can affect gene expression, and it revealed a downregula-
tion of two genes related to carbohydrate metabolism,
PGM1 and GAPDH, in HepG2-pCERS2C cells. PGM1 is
involved in the bidirectional conversion of glucose-1-
phosphate to glucose-6-phosphate and is important for
fasting glycolysis, while GAPDH is mainly involved in cat-
alyzing the sixth reaction of glycolysis (46,47). In silico
analyses identified several potential CERS2 binding sites
in the 50 regions of both genes. We also observed an upre-
gulation of mtDNA-encoded genes for the HepG2-pCERS2C

cells, which may be a compensatory response to lower
mitochondrial respiration, possibly caused by impaired py-
ruvate production/reduced pyruvate metabolism during
glycolysis.

How mitochondrial impairment caused by the CERS2
E115A variant may lead to HIR is currently unclear. It has
been suggested that mitochondrial dysfunction caused by
impaired fatty acid b-oxidation leads to an increase in he-
patic lipids, and this increase in lipids may be the mecha-
nism behind HIR. The excess lipids lead to phosphorylation
of the insulin receptor substrate, which in turn inhibits in-
sulin signaling (48,49). However, our Seahorse analysis indi-
cated that there is no significant difference in fatty acid
(palmitate) oxidation, suggesting that there may be an al-
ternative mechanism for CERS2 E115A–induced hepatic
lipid accumulation and subsequent HIR. This is supported
by the observation that Cers2Ala/Ala mice fed a high-fat diet
had increased liver triglycerides compared with Cers2 wild-
type mice (37). When examining insulin’s ability to sup-
press gluconeogenic gene expression, we detected a modest
increase in G6PC1 and PCK1 expression for the HepG2-
pCERS2C cells when treated with dbcAMP, and repression
of dbcAMP-induced gene expression by insulin appears to

be stronger for HepG2-pCERS2A. These results may help
to explain the association between rs267738 and endoge-
nous glucose production during the HEC. Additional stud-
ies are needed to determine if the increase in gene
expression occurs in vivo and leads to increased glucose
production during nocturnal hepatic gluconeogenesis. A
previous study demonstrated that individuals with type 2
diabetes have higher rates of nocturnal glucose produc-
tion and suggested that this in part may reflect an in-
crease in G6PC1 activity. They also suggested that PCK1
and G6PC1 inhibitors may be useful in reducing late noc-
turnal hyperglycemia (50).

In conclusion, the rs267738 CERS2 homeodomain
E115A variant is associated with altered energy metabolism
and hepatic glucose output. Future studies are needed to
determine whether mitochondrial dysfunction unrelated to
fatty acid b-oxidation can lead to HIR and to verify
whether the E115A variant alters DNA binding, thereby af-
fecting transcriptional regulation of genes involved in mito-
chondrial energy production and during nocturnal hepatic
glucose production.
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