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Abstract
Background/objective The partitioning of glucose toward glycolytic end products rather than glucose oxidation and gly-
cogen storage is evident in skeletal muscle with severe obesity and type 2 diabetes. The purpose of the present study was to
determine the possible mechanism by which severe obesity alters insulin-mediated glucose partitioning in human skeletal
muscle.
Subjects/methods Primary human skeletal muscle cells (HSkMC) were isolated from lean (BMI= 23.6 ± 2.6 kg/m2, n= 9)
and severely obese (BMI= 48.8 ± 1.9 kg/m2, n= 8) female subjects. Glucose oxidation, glycogen synthesis, non-oxidized
glycolysis, pyruvate oxidation, and targeted TCA cycle metabolomics were examined in differentiated myotubes under basal
and insulin-stimulated conditions.
Results Myotubes derived from severely obese subjects exhibited attenuated response of glycogen synthesis (20.3%; 95%
CI [4.7, 28.8]; P= 0.017) and glucose oxidation (5.6%; 95% CI [0.3, 8.6]; P= 0.046) with a concomitant greater increase
(23.8%; 95% CI [5.7, 47.8]; P= 0.004) in non-oxidized glycolytic end products with insulin stimulation in comparison to
the lean group (34.2% [24.9, 45.1]; 13.1% [8.6, 16.4], and 2.9% [−4.1, 12.2], respectively). These obesity-related alterations
in glucose partitioning appeared to be linked with reduced TCA cycle flux, as 2-[14C]-pyruvate oxidation (358.4 pmol/mg
protein/min [303.7, 432.9] vs. lean 439.2 pmol/mg protein/min [393.6, 463.1]; P= 0.013) along with several TCA cycle
intermediates, were suppressed in the skeletal muscle of severely obese individuals.
Conclusions These data suggest that with severe obesity the partitioning of glucose toward anaerobic glycolysis in response
to insulin is a resilient characteristic of human skeletal muscle. This altered glucose partitioning appeared to be due, at least
in part, to a reduction in TCA cycle flux.

Introduction

Severe obesity (BMI ≥ 40 kg/m2) is associated with an ele-
vated incidence of metabolic disorders such as insulin

resistance and type 2 diabetes (T2D) [1–3]. A primary
culprit linked with impaired glucose homeostasis is insulin
resistance in peripheral tissues, with skeletal muscle
accounting for the majority of glucose disposal under
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insulin-stimulated conditions (~70–90%) [4]. The intracel-
lular fates of glucose also appear to be altered with obesity
and/or T2D in a manner which preferentially partitions
sugar entering the muscle cell toward glycolytic end pro-
ducts rather than oxidation and/or glycogen storage [5–9].
For example, Friedman et al. [8] reported decreases in
insulin-stimulated glycogen synthesis and glucose oxidation
rates in conjunction with an increase in non-oxidized gly-
colytic products (increased lactate production) in intact
skeletal muscle strips from severely obese humans. An
increase in circulating lactate, a gluconeogenic precursor,
could hypothetically increase blood glucose production by
the liver and contribute to hyperglycemia [10]. To date, the
origin of impaired glucose partitioning in skeletal muscle
with severe obesity is still unclear, but may be linked with
defective oxidative characteristics of substrate metabolism.

There is emerging evidence supporting a link between
impaired mitochondrial respiratory capacity and dysregu-
lated glucose metabolism [11, 12]. However, we reported
that mitochondrial respiratory capacity is normal in primary
myotubes derived from severely obese subjects thus sug-
gesting an upstream lesion [13, 14]. The tricarboxylic acid
(TCA) cycle is a key metabolic pathway of glucose oxi-
dation that generates NADH and FADH2 for ATP produc-
tion via respiration. However, it is uncertain whether
severely obese individuals have a reduction in TCA cycle
flux in skeletal muscle that could subsequently partition
glucose toward the formation of glycolytic end products.
Therefore, the purpose of this study was to determine if the
TCA cycle flux is altered in skeletal muscle with severe
obesity with a resultant increase in glycolytic end products.
The fates of glucose (i.e., glucose oxidation, glycogen
synthesis, and non-oxidized glycolysis products) were
determined in cultured primary human myotubes under
basal and insulin-stimulated conditions with radioisotope-
labeled glucose followed by targeted TCA cycle metabo-
lomic analysis. Our findings suggest that the TCA cycle is a
potential site responsible for the altered glucose partitioning
evident with severe obesity.

Materials/subjects and methods

Human subjects

Skeletal muscle was obtained from the vastus lateralis of
lean (body mass index ≤ 25 kg/m2, n= 9) and severely
obese (body mass index ≥ 40 kg/m2, n= 8) Caucasian
females with the percutaneous needle biopsy technique.
Participants were excluded if they had a diagnosis of dia-
betes, heart disease, or history of cancer within the last 5
years. Participants were nonsmokers and not taking medi-
cations known to alter metabolism. The protocol was

approved by the East Carolina University Policy and
Review Committee on Human Research, and informed
consent was obtained. Subject characteristics are presented
in Table 1.

Primary human skeletal muscle cells

Satellite cells were isolated from 50 to 100 mg of fresh
muscle tissue and cultured into myoblasts as described
previously [15]. In brief, muscle tissue was immediately
transferred to ice-cold DMEM, minced and cleaned free of
adipose and connective tissues. Satellite cells were isolated
by trypsin digestion for 30 min, pre-plated 2 h in 3.0 ml
growth media on an uncoated T25 tissue culture flask to
remove fibroblasts, and then transferred to a type I collagen-
coated T25 flask for attachment. Cells were cultured at 37 °
C in a humidified atmosphere of 5% CO2 in growth media
supplemented with 10% FBS, 0.5 mg/ml BSA, 0.5 mg/ml
fetuin, 20 ng/ml human epidermal growth factor, 0.39 μg/ml
dexamethasone, 100 U/ml penicillin, and 100 μg/ml strep-
tomycin. For experiments, myoblasts were sub-cultured
onto 12-well type I collagen-coated plates at densities of
60 × 103 cells per well. At 80–90% confluence, differ-
entiation was induced by changing to low-serum differ-
entiation media containing 2% heat-inactivated horse
serum. Experiments were performed on day 7 of differ-
entiation. For all experiments, the N represents the number
of subjects examined, each with triplicate observations.

Glucose oxidation and non-oxidized glycolysis

Following 3-h serum starvation, cells were incubated in a
sealed 12-well plate containing 600 μl serum-free DMEM,
including 12.5 mmol/l HEPES, 0.5% BSA, 5.0 mM glu-
cose, 1.5 µCi/ml D-[1-14C] glucose (American Radiolabeled
Chemicals, MO), 100 U/ml penicillin, and 100 μg/ml
streptomycin in the presence or absence of 100 nM insulin
for 2-h at 37 °C. Following incubation, 500 µl reaction
media was transferred to a modified 48-well microtiter plate
with fabricated grooves between two adjoining wells to
allow for acid-driven 14CO2 from media to be trapped by

Table 1 Subject characteristics

Lean (n= 9) Severely obese (n= 8)

Age (yrs) 29.6 ± 2.5 35.0 ± 2.3

Weight (kg) 57.0 ± 2.3 122.4 ± 7.6*

BMI (kg/m2) 23.6 ± 2.6 48.8 ± 1.9*

Fasting glucose (mg/dl) 88.4 ± 8.8 88.7 ± 3.2

Insulin (µIU/ml) 7.8 ± 0.6 17.6 ± 1.9*

HOMA-IR 1.7 ± 0.1 3.8 ± 0.3*

*<0.05 vs. lean
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200 µl of 1M NaOH [16]. Incorporation of 14C-labeled
glucose into CO2 was determined with liquid scintillation.
Data were normalized to total protein content. The relative
change of glucose oxidation in response to insulin stimu-
lation was calculated as (insulin-stimulated condition−
basal condition)/basal condition × 100. The same equation
was used to calculate relative change of non-oxidized gly-
colysis and glycogen synthesis rates in response to insulin
stimulation.

Non-oxidized glycolytic metabolites were measured by
using Whatman, Grade DE81 ion-exchange cellulose paper
(GE Healthcare Life Sciences, PA). Briefly, the remaining
100 µl of incubation media was collected and centrifuged
for 5 min at 10,000 rpm. An aliquot of the supernatant was
added to the ion-exchange cellulose paper, followed by 30
min of drying and washed four times (10 min each) with
dH2O. After washing, the paper was collected in 4 ml liquid
scintillation fluid. 14C-Labeled glucose into non-oxidized
glycolytic metabolites was quantified by liquid scintillation
counting. The non-oxidized glycolytic metabolites are the
ionized intermediates from glucose metabolism (lactate,
pyruvate, and alanine) remaining on the ion-exchange
paper. The unionized glucose was not retained, which was
validated by applying 14C-labeled glucose directly to the
filter and scintillation counting. Water after each wash was
collected and tested to verify that there was no unionized
product left on papers after four washes. Data were nor-
malized to total protein content.

Glycogen synthesis

The rate of glycogen synthesis was determined using pre-
viously described methods [17]. Briefly, after 2 h of incu-
bation with reaction media in the presence or absence of
insulin (100 nM), the cells were washed with ice-cold PBS
twice and solubilized in 250 µl of 0.05% SDS. An aliquot
was transferred to a 2 ml tube containing carrier glycogen
(2 mg) and heated for 1-h at 100 °C. The remaining lysate
was used to assess protein concentration (bicinchoninic acid
assay, Pierce Biotechnology, Rockford, IL). Glycogen was
precipitated by the addition of 100% ethanol and overnight
incubation at 4 °C. Glycogen pellets were centrifuged
(11,100 × g for 15 min at 4 °C), washed once with 70%
ethanol, and resuspended in dH2O. Incorporation of 14C-
labeled glucose into glycogen was determined with liquid
scintillation. Data were normalized to total protein content.

Pyruvate oxidation

To determine the site of glucose partitioning that may be
altered with severe obesity, we examined the oxidation of
both 1-14C-pyruvate and 2-14C-pyruvate in primary myo-
tubes. Following 3-h serum starvation, HSkMC were

treated with reaction media containing either 1-14C-pyruvate
or 2-14C-pyruvate (0.5 µCi/ml, 1 mM sodium pyruvate) for
2 h. Two different carbon position radiolabeled pyruvates
(1-14C-pyruvate and 2-14C-pyruvate) were used to deter-
mine the site responsible for the altered glucose oxidation
with severe obesity. Briefly, 1-14C-pyruvate oxidation
measures 14CO2 produced from the conversion of pyruvate
to acetyl-CoA via pyruvate dehydrogenase complex (PDH),
which indicates PDH activity; 2-14C-pyruvate oxidation
measures 14CO2 exclusively produced from TCA cycle,
which indicates TCA cycle activity. Following the 2-h
incubation, acid-driven CO2 production was determined as
described above.

Targeted TCA cycle metabolomics

Myotubes were treated in the same manner as the glucose
oxidation experiments, except radiolabeled glucose was not
added. Following the 2-h incubation, cell pellets were
washed with 1× PBS twice, collected in 1 ml 1× PBS, spun
down at 2000 × g speed to discard the supernatant and
stored at −80 °C freezer for metabolomics analyses.

TCA cycle-targeted metabolomics was performed at
Mayo Clinic Metabolomics Core Facility. Briefly, before
analysis, the cell pellets were lysed in 50 µl of 1×PBS after
spiking in 20 µl of internal solution containing U-13C-
labeled analytes. The proteins were removed by adding 250
µl of chilled methanol and acetonitrile solution to the
sample mixture. After drying the supernatant, the sample
was derivatized as described previously [18] before it was
analyzed on an Agilent 5975C GC/MS (gas chromato-
graphy/mass spectrometry). Concentrations of lactic acid
(m/z 261.2), fumaric acid (m/z 287.1), succinic acid (m/z
289.1), oxaloacetic acid (m/z 346.2), ketoglutaric acid (m/z
360.2), malic acid (m/z 419.3), cis-aconitic acid (m/z 459.3),
citric acid (m/z 591.4), isocitric acid (m/z 591.4), and glu-
tamic acid (m/z 432.4) were measured against a seven-point
calibration curves that underwent the same derivatization.
Data were normalized to total protein content.

Statistical analysis

We have calculated the minimum sample size necessary for
our design based on a previous study [19]. We achieved a
power of greater than 80% for detecting the effects that we
anticipate at a significance level of P < 0.05 with eight
subjects. Data are expressed as means ± SEM. To determine
the significance, Student’s t test and two-way ANOVA
followed by appropriate t-test were used. For correlation
studies, Pearson correlation analysis was performed. All
calculations were performed with SPSS statistical software
(23.0; SPSS, Inc., Chicago, IL). Significance was set as P ≤
0.05.
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Results

Myotubes raised in culture retain the metabolic
phenotypes of the donor

The severely obese subjects had a higher body mass and
increased plasma insulin concentrations and HOMA-IR
compared to their lean counterparts (Table 1). In the myo-
tubes, insulin stimulation increased glycogen synthesis in
both lean and severely obese myotubes (Fig. 1a, P < 0.05),
but such response was significantly attenuated (~41%) in
myotubes from severely obese individuals when compared
to lean individuals (Fig. 1b, P < 0.05), indicating insulin
resistance.

Glucose is partitioned toward non-oxidized
glycolytic end products in myotubes from severely
obese humans

Basal glucose oxidation rates were similar in the myotubes
from severely obese and lean subjects; however, while
insulin increased the glucose oxidation rate in myotubes
from lean individuals (~13%), there was no significant
change in myotubes from the severely obese (Fig. 2a). The
relative change in the glucose oxidation rate with insulin
stimulation was significantly higher (~57%) in myotubes
from the lean compared to the severely obese subjects
(Fig. 2b, P < 0.05). Furthermore, there were no differences
in basal non-oxidized glycolysis rates between the groups
(Fig. 2c). However, the rate of non-oxidized glycolysis
increased significantly with insulin stimulation in myotubes
from severely obese (Fig. 2c, P < 0.05), but this response
was significantly dampened lean subjects (Fig. 2d, P <
0.05). The ratio of complete glucose oxidation to non-
oxidized glycolysis was calculated to further assess the
partitioning of glucose. The basal rates were similar
between groups but insulin significantly increased the ratio

in the lean (10%), and decreased the ratio in the severely
obese (−13%) (Fig. 2e, P < 0.05). This finding suggests that
with insulin stimulation, myotubes from lean subjects par-
titioned a greater proportion of glucose toward oxidation
while the myotubes from severely obese subjects partitioned
toward non-oxidized glycolytic products.

Indices of glucose partitioning are related to whole-
body insulin sensitivity

The relative changes in insulin-stimulated glycogen synth-
esis (Fig. 3a) and glucose oxidation (Fig. 3b) rates in
myotubes were negatively correlated with HOMA-IR (P <
0.05). The relative changes in non-oxidized glycolysis with
insulin correlated positively with HOMA-IR (Fig. 3c, P <
0.05).

Myotubes from severely obese humans exhibit
impaired TCA cycle flux

To further dissect out the mechanism underlying the dys-
regulated glucose partitioning in response to insulin sti-
mulation in the myotubes from severely obese individuals,
we performed pyruvate oxidation assay in the cultured
human myotubes by using pairs of radiolabeled pyruvate
([1-14C] pyruvate and [2-14C] pyruvate) [20]. By utilizing
different radiolabeled pyruvates, it allowed us to determine
whether defects in glucose oxidation were due to impair-
ments in: (1) pyruvate dehydrogenase complex activity
(e.g., 1-14C-pyruvate oxidation) or (2) TCA cycle flux (e.g.,
2-14C-pyruvate oxidation). There were no differences in 1-
[14C]-pyruvate oxidation rates under any condition
(Fig. 4a), while 2-[14C]-pyruvate oxidation rates were sig-
nificantly lower (~21%) in myotubes from severely obese
when compared to lean subjects regardless of conditions
(Fig. 4b, P < 0.05). Further, the ratio of 2-[14C]- to 1-[14C]-
pyruvate oxidation was lower in myotubes from severely

Fig. 1 Basal and insulin-
stimulated glycogen synthesis
rates in myotubes derived from
lean (n= 9) and severely obese
subjects (n= 8). a Absolute
glycogen synthesis rates; b
Percent change of glycogen
synthesis in response to insulin.
*P < 0.05 vs. basal; #P < 0.05 vs.
lean
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obese (~30%) compared to lean subjects (Fig. 4c, P < 0.05),
suggesting that TCA cycle flux is impaired with severe
obesity. In addition, there was a relationship between 2-
[14C]-pyruvate oxidation rates and insulin-stimulated glu-
cose oxidation rates (Fig. 4e, r= 0.675, P= 0.01). There
was no relationship between 1-[14C]-pyruvate oxidation and
glucose oxidation (Fig. 4d).

Myotubes derived from lean and severely obese
humans have differing TCA cycle intermediates
profiles

In the myotubes, insulin significantly increased citrate and
isocitrate production (P < 0.05). Primary myotubes derived
from severely obese humans exhibited reductions or trends

Fig. 2 Basal and insulin-stimulated glucose oxidation rate, non-
oxidized glycolysis rate, and glucose oxidation to non-oxidized gly-
colysis (GO/NOG) ratio in myotubes derived from lean (n= 9) and
severely obese subjects (n= 8). a Absolute values of glucose oxida-
tion. b Percent change of glucose oxidation rate in response to insulin.

c Absolute values of non-oxidized glycolysis production. d Percent
change of non-oxidized glycolysis production in response to insulin. e
Glucose oxidation to non-oxidized glycolysis (GO/NOG) ratio. *P <
0.05 vs. basal; #P < 0.05 vs. lean
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toward reductions in TCA cycle intermediates when com-
pared to the lean group (main effect of severe obesity):
citrate (P= 0.042), cis-aconitic acid (P= 0.066), isocitrate
(P= 0.017), α-ketoglutarate (P= 0.05), and succinate (P=
0.088) (Fig. 5).

Discussion

The ability of insulin to stimulate glucose oxidation and
glycogen storage in skeletal muscle is depressed with obe-
sity and insulin resistance, resulting in an increased pro-
duction of non-oxidized glycolytic end products (e.g.,
lactate), which can serve as gluconeogenic substrates [8, 21,
22]. Together, these detriments in glucose partitioning can
have severe consequences on whole-body metabolism,
resulting in the progression of various metabolic disorders,
including type 2 diabetes. In the current study, we observed
that skeletal muscle from severely obese individuals
retained the altered glucose partitioning at the muscle cell
level, with a depressed ability to stimulate glucose oxidation
and glycogen storage with insulin. This altered glucose
partitioning appeared to be due, at least in part, to a
reduction in TCA cycle flux. Our data suggest the TCA
cycle is altered in human skeletal muscle with severe obe-
sity in a manner which shunts glucose toward the

production of non-oxidized glycolytic end products. In
myotubes from individuals with T2D, Gaster and colleagues
[23] reported depressed TCA cycle flux; the current data
provide the additional information that depressed TCA
cycle flux in skeletal muscle is not confined to solely T2D
but also present with obesity.

The pyruvate dehydrogenase complex (PDC) controls
the entry of glucose-derived pyruvate into the mitochondria
[24] and plays a critical role in metabolic dysfunction and
insulin resistance in skeletal muscle [25, 26]. However, in
the present study, 1-(14C)-pyruvate oxidation, a surrogate
for PDC activity, did not differ between the lean and
severely obese subjects (Fig. 4a). Conversely, 2-(14C)-pyr-
uvate oxidation and its ratio to 1-(14C)-pyruvate oxidation,
surrogate markers of TCA cycle flux, were lower in myo-
tubes derived from severely obese subjects (Fig. 4b, c).
These data suggest that TCA cycle dysfunction is a poten-
tial lesion responsible for the altered glucose partitioning in
skeletal muscle with severe obesity.

To better understand the specific sites within the TCA
cycle impaired with severe obesity, we utilized targeted
metabolomics analysis of TCA cycle intermediates. In
agreement with a depressed capacity for 2-[14C] pyruvate
oxidation, TCA cycle intermediates (isocitrate and α-keto-
glutarate) generated from steps (isocitrate to α-ketoglutarate
and α-ketoglutarate to succinyl-CoA) that are responsible

Fig. 3 Relationships of HOMA-
IR with a relative increases in
glycogen synthesis rates with
insulin stimulation, b relative
increases in glucose oxidation
rates with insulin stimulation
and c relative increases in non-
oxidized glycolysis rates with
insulin stimulation

K. Zou et al.



for CO2 production were lower in myotubes from severely
obese humans (Fig. 5). Further, there was also a reduced
concentration of citrate with severe obesity, which can be
interpreted as indicating that either: (1) the step of conver-
sion from acetyl-CoA to citrate (i.e., citrate synthase) is
reduced and/or (2) the amount of acetyl-CoA available for
entry into the TCA cycle is lowered with obesity. While we
did not measure acetyl-CoA concentration, 1-[14C] pyruvate
oxidation rates were not different between lean and severely
obese groups (Fig. 4a), suggesting no defect at the level of
acetyl-CoA production. This is consistent with data from

our previous study where citrate synthase activity was sig-
nificantly reduced in skeletal muscle of severely obese
humans [27]. However, another study reported that citrate
synthase activity was not different in myotubes derived
from lean and obese subjects [28]. This is not surprising
given that the severity of obesity was different between that
study (moderately obese; BMI= 33.7 ± 1.4) and ours
(severely obese; BMI= 48.8 ± 1.9). We have shown that
defective skeletal muscle oxidative capacity is evident in
skeletal muscle with severe obesity, but not with moderate
obesity [29]. Interestingly, a reduction in intermediates with

Fig. 4 Basal and insulin-stimulated pyruvate oxidation rates in myo-
tubes derived from lean (n= 8) and severely obese (n= 8) subjects. a
1-[14C] pyruvate oxidation rates. b 2-[14C] pyruvate oxidation rates. c
Ratio of 2-[14C] pyruvate oxidation to 1-[14C] pyruvate oxidation. d
Relationship of 1-[14C] pyruvate oxidation rates with relative changes

in glucose oxidation rate in response to insulin stimulation. e Rela-
tionship of 2-[14C] pyruvate oxidation rates with relative changes in
glucose oxidation rate in response to insulin stimulation.*P < 0.05 vs.
basal; #P < 0.05 vs. lean

Altered tricarboxylic acid cycle flux in primary myotubes from severely obese humans



obesity was not evident in the more distal steps of the TCA
cycle (i.e., fumarate, malate, and oxaloacetate). This is
consistent with data indicating greater anaplerosis from
amino acids in skeletal muscle from obese humans [30]. We
thus hypothesize that amino acids may have been used to

replenish those latter steps of the TCA cycle in myotubes
from severely obese humans. Taken together, our metabo-
lomics and oxidation data suggest that dysregulated steps
early in the TCA cycle, such as citric acid production, may
be responsible, at least in part, for the impaired TCA cycle

Fig. 5 Targeted TCA cycle metabolomics under basal (gray) and insulin-stimulated conditions in myotubes derived from lean (n= 8) and severely
obese subjects (n= 8). *P < 0.05 vs. basal; #P < 0.05 vs. lean

K. Zou et al.



flux in myotubes with severe obesity. Future studies using
stable isotope tracers in human skeletal muscle cell culture
to further analyze TCA cycle flux are needed in order to
identify the specific reaction(s)/enzymes responsible for the
altered TCA cycle flux in skeletal muscle from severely
obese individuals.

The mechanism(s) underlying impaired TCA cycle
function at muscle cell level is unclear, but may be due to
several factors. As the alterations were observed in muscle
cells raised under uniform culture conditions, derangements
in TCA cycle function with severe obesity may be linked
with a genetic/epigenetic origin. For example, our group has
reported differing methylation signatures near the tran-
scription start site of several metabolic enzymes in myo-
tubes from severely obese humans [31, 32] that could
subsequently alter gene expression. Gaster and colleagues
also hypothesized that posttranslational modifications (i.e.,
phosphorylation and acetylation) of TCA cycle enzymes
differ with metabolic disorders in a manner which could
impair flux [23, 33]. A limitation of the current study was
not directly examining either of these factors. It could also
be argued that TCA cycle flux was lower with severe
obesity due to insulin resistance (Figs. 1, 2, and 3) and less
potential substrate entering the cell. However, if this was the
case then pyruvate oxidation would have been consistently
depressed, rather than only being lower when using 2-[14C]
pyruvate as the substrate (Fig. 5). In addition, TCA cycle
occurs in the mitochondria of skeletal muscle cells. There-
fore, it has been hypothesized that decreased mitochondrial
content may contribute to the dysregulated TCA cycle flux
evident in skeletal muscle from obese and type 2 diabetic
humans [34, 35]. While we did not measure mitochondrial
content in this study, a prior study from our group has
demonstrated that mitochondrial content was lower in
myotubes derived from severely obese humans in compar-
ison to the leans [36], suggesting the reduced mitochondrial
content may, at least in part, contribute to the deranged
TCA cycle flux in the myotubes from the severely obese
humans.

A cellular origin of skeletal muscle metabolic dysfunc-
tion appears to be a hallmark characteristic with severe
obesity. Previous reports have shown that this cell culture
model reflects what is observed in vivo, as similar impair-
ments in lipid oxidation and insulin signaling in severe
obesity were evident at the whole body [37], intact muscle
tissue [27, 38, 39], and cell culture levels [40–42]. The
results of the current study extend these findings to glucose
metabolism and insulin action and suggest impaired glucose
metabolism in response to insulin, another characteristic of
severe obesity, also originates at skeletal muscle cell level.
The magnitude difference between lean and severely obese
in insulin-stimulated glycogen synthesis (~50% decrease in
severely obese group) (Fig. 1b) is similar to the previous

report examining glucose metabolism in intact muscle strips
[8]. The indices of insulin action in the primary myotubes
(changes of glycogen synthesis and glucose oxidation in
response to insulin stimulation) were correlated to a whole-
body index of insulin sensitivity (HOMA-IR) (Fig. 3a–c).
Collectively, these data suggest metabolic disorders, such as
insulin resistance and reduced complete glucose oxidation
rate, can be observed from whole body, and down to the
level of the cell in severely obese humans.

In conclusion, the results of the current study reveal
myotubes derived from severely obese non-diabetic subjects
present impaired glucose partitioning in response to insulin
stimulation that originates from the defective TCA cycle
flux. Further, the impairments observed at the level of
muscle cell may be a key determinant of whole-body
measures of glucose metabolism. In sum, these findings are
in agreement with the growing notion that skeletal muscle
contains an inherent metabolic program that is influenced
by severe obesity. Future studies should focus on targeting
TCA cycle flux using the human skeletal muscle cell culture
model to prove if this approach can effectively improve
glucose oxidation and insulin sensitivity in skeletal muscle
from severely obese humans.

Acknowledgements We thank the research volunteers for their ded-
ication and effort to this study. We also thank Gabe Dubis and Angela
Clark for assisting in specimen collection. This study was supported
by grants from Janssen Research & Development, LLC, Golden LEAF
Foundation, National Institutes of Health (DK56112, JAH) and
American Heart Association Postdoctoral Fellowship
(15POST25080003, KZ). This publication was made possible by
Mayo Clinic Metabolomics Resource Core through grant number
U24DK100469 from the National Institute of Diabetes and Digestive
and Kidney Diseases and originates from the National Institutes of
Health Director’s Common Fund.

Compliance with ethical standards

Conflict of interest P.J.H. and J.L. are employed by Johnson &
Johnson. G.L.D. and W.J.P. received research grants from Janssen
Research & Development, LLC.

References

1. Vinciguerra F, Baratta R, Farina MG, Tita P, Padova G, Vigneri
R, et al. Very severely obese patients have a high prevalence of
type 2 diabetes mellitus and cardiovascular disease. Acta Diabetol.
2013;50:443–9.

2. Sturm R, Hattori A. Morbid obesity rates continue to rise rapidly
in the United States. Int J Obes. 2013;37:889–91.

3. Sturm R. Increases in morbid obesity in the USA: 2000-2005.
Public Health. 2007;121:492–6.

4. Thiebaud D, Jacot E, DeFronzo RA, Maeder E, Jequier E, Felber
JP. The effect of graded doses of insulin on total glucose uptake,
glucose oxidation, and glucose storage in man. Diabetes.
1982;31:957–63.

5. Dohm GL, Tapscott EB, Pories WJ, Dabbs DJ, Flickinger EG,
Meelheim D, et al. An in vitro human muscle preparation suitable

Altered tricarboxylic acid cycle flux in primary myotubes from severely obese humans



for metabolic studies. Decreased insulin stimulation of glucose
transport in muscle from morbidly obese and diabetic subjects. J
Clin Invest. 1988;82:486–94.

6. Abdul-Ghani MA, DeFronzo RA. Pathogenesis of insulin resis-
tance in skeletal muscle. J Biomed Biotechnol.
2010;2010:476279.

7. Kelley DE, Reilly JP, Veneman T, Mandarino LJ. Effects of
insulin on skeletal muscle glucose storage, oxidation, and glyco-
lysis in humans. Am J Physiol. 1990;258(6 Pt 1):E923–9.

8. Friedman JE, Caro JF, Pories WJ, Azevedo JL Jr., Dohm GL.
Glucose metabolism in incubated human muscle: effect of obesity
and non-insulin-dependent diabetes mellitus. Metabolism.
1994;43:1047–54.

9. Shulman GI, Rothman DL, Jue T, Stein P, DeFronzo RA, Shul-
man RG. Quantitation of muscle glycogen synthesis in normal
subjects and subjects with non-insulin-dependent diabetes by 13C
nuclear magnetic resonance spectroscopy. N Engl J Med.
1990;322:223–8.

10. Consoli A, Nurjhan N, Reilly JJ Jr., Bier DM, Gerich JE.
Mechanism of increased gluconeogenesis in noninsulin-dependent
diabetes mellitus. Role of alterations in systemic, hepatic, and
muscle lactate and alanine metabolism. J Clin Invest.
1990;8:2038–45.

11. Montgomery MK, Turner N. Mitochondrial dysfunction and
insulin resistance: an update. Endocr Connect. 2015;4:R1–R15.

12. Kim JA, Wei Y, Sowers JR. Role of mitochondrial dysfunction in
insulin resistance. Circ Res. 2008;102:401–14.

13. Boyle KE, Zheng D, Anderson EJ, Neufer PD, Houmard JA.
Mitochondrial lipid oxidation is impaired in cultured myotubes
from obese humans. Int J Obes. 2012;36:1025–31.

14. Fisher-Wellman KH, Weber TM, Cathey BL, Brophy PM, Gil-
liam LA, Kane CL, et al. Mitochondrial respiratory capacity and
content are normal in young insulin-resistant obese humans.
Diabetes. 2014;63:132–41.

15. Muoio DM, Way JM, Tanner CJ, Winegar DA, Kliewer SA,
Houmard JA, et al. Peroxisome proliferator-activated receptor-
alpha regulates fatty acid utilization in primary human skeletal
muscle cells. Diabetes. 2002;51:901–9.

16. Hinkley JM, Zou K, Park S, Turner K, Zheng D, Houmard JA.
Roux-en-Y gastric bypass surgery enhances contraction-mediated
glucose metabolism in primary human myotubes. Am J Physiol
Endocrinol Metab. 2017;313:E195–202.

17. Hinkley JM, Zou K, Park S, Zheng D, Dohm GL, Houmard JA.
Differential acute and chronic responses in insulin action in cul-
tured myotubes following from nondiabetic severely obese
humans following gastric bypass surgery. Surg Obes Relat Dis.
2017;13:1853–62.

18. Koek MM, Muilwijk B, van der Werf MJ, Hankemeier T.
Microbial metabolomics with gas chromatography/mass spectro-
metry. Anal Chem. 2006;78:1272–81.

19. Gaster M, Beck-Nielsen H. The reduced insulin-mediated glucose
oxidation in skeletal muscle from type 2 diabetic subjects may be
of genetic origin--evidence from cultured myotubes. Biochim
Biophys Acta. 2004;1690:85–91.

20. Kelleher JK, Bryan BM 3rd, Mallet RT, Holleran AL, Murphy
AN, Fiskum G. Analysis of tricarboxylic acid-cycle metabolism of
hepatoma cells by comparison of 14CO2 ratios. Biochem J.
1987;246:633–9.

21. Qvisth V, Hagstrom-Toft E, Moberg E, Sjoberg S, Bolinder J.
Lactate release from adipose tissue and skeletal muscle in vivo:
defective insulin regulation in insulin-resistant obese women. Am
J Physiol Endocrinol Metab. 2007;292:E709–14.

22. Berhane F, Fite A, Daboul N, Al-Janabi W, Msallaty Z, Caruso M,
et al. Plasma lactate levels increase during hyperinsulinemic
euglycemic clamp and oral glucose tolerance test. J Diabetes Res.
2015;2015:102054.

23. Gaster M. Reduced TCA flux in diabetic myotubes: a governing
influence on the diabetic phenotype? Biochem Biophys Res
Commun. 2009;387:651–5.

24. Mandarino LJ, Wright KS, Verity LS, Nichols J, Bell JM, Kol-
terman OG, et al. Effects of insulin infusion on human skeletal
muscle pyruvate dehydrogenase, phosphofructokinase, and gly-
cogen synthase. Evidence for their role in oxidative and non-
oxidative glucose metabolism. J Clin Invest. 1987;80:655–63.

25. Zhang S, Hulver MW, McMillan RP, Cline MA, Gilbert ER. The
pivotal role of pyruvate dehydrogenase kinases in metabolic
flexibility. Nutr Metab. 2014;11:10.

26. Rahimi Y, Camporez JP, Petersen MC, Pesta D, Perry RJ, Jurczak
MJ, et al. Genetic activation of pyruvate dehydrogenase alters
oxidative substrate selection to induce skeletal muscle insulin
resistance. Proc Natl Acad Sci USA. 2014;111:16508–13.

27. Kim JY, Hickner RC, Cortright RL, Dohm GL, Houmard JA.
Lipid oxidation is reduced in obese human skeletal muscle. Am J
Physiol Endocrinol Metab. 2000;279:E1039–44.

28. Ortenblad N, Mogensen M, Petersen I, Hojlund K, Levin K,
Sahlin K, et al. Reduced insulin-mediated citrate synthase activity
in cultured skeletal muscle cells from patients with type 2 dia-
betes: evidence for an intrinsic oxidative enzyme defect. Biochim
Biophys Acta. 2005;1741:206–14.

29. Hulver MW, Berggren JR, Cortright RN, Dudek RW, Thompson
RP, Pories WJ, et al. Skeletal muscle lipid metabolism with
obesity. Am J Physiol Endocrinol Metab. 2003;284:E741–7.

30. Baker PR 2nd, Boyle KE, Koves TR, Ilkayeva OR, Muoio DM,
Houmard JA, et al. Metabolomic analysis reveals altered skeletal
muscle amino acid and fatty acid handling in obese humans.
Obesity. 2015;23:981–8.

31. Maples JM, Brault JJ, Shewchuk BM, Witczak CA, Zou K,
Rowland N, et al. Lipid exposure elicits differential responses in
gene expression and DNA methylation in primary human skeletal
muscle cells from severely obese women. Physiol Genomics.
2015;47:139–46.

32. Maples JM, Brault JJ, Witczak CA, Park S, Hubal MJ, Weber TM,
et al. Differential epigenetic and transcriptional response of the
skeletal muscle carnitine palmitoyltransferase 1B (CPT1B) gene
to lipid exposure with obesity. Am J Physiol Endocrinol Metab.
2015;309:E345–56.

33. Gaster M. Reduced TCA flux in diabetic myotubes: determined by
single defects? Biochem Res Int. 2012;2012:716056.

34. Gaster M, Nehlin JO, Minet AD. Impaired TCA cycle flux in
mitochondria in skeletal muscle from type 2 diabetic subjects:
marker or maker of the diabetic phenotype? Arch Physiol Bio-
chem. 2012;118:156–89.

35. Houmard JA, Pories WJ, Dohm GL. Severe obesity: evidence for
a deranged metabolic program in skeletal muscle? Exerc Sport Sci
Rev. 2012;40:204–10.

36. Consitt LA, Bell JA, Koves TR, Muoio DM, Hulver MW, Haynie
KR, et al. Peroxisome proliferator-activated receptor-gamma
coactivator-1alpha overexpression increases lipid oxidation in
myocytes from extremely obese individuals. Diabetes.
2010;59:1407–15.

37. Thyfault JP, Kraus RM, Hickner RC, Howell AW, Wolfe RR,
Dohm GL. Impaired plasma fatty acid oxidation in extremely
obese women. Am J Physiol Endocrinol Metab. 2004;287:
E1076–81.

38. Bikman BT, Zheng D, Pories WJ, Chapman W, Pender JR,
Bowden RC, et al. Mechanism for improved insulin sensitivity
after gastric bypass surgery. J Clin Endocrinol Metab.
2008;93:4656–63.

39. Bjornholm M, Kawano Y, Lehtihet M, Zierath JR. Insulin
receptor substrate-1 phosphorylation and phosphatidylinositol 3-
kinase activity in skeletal muscle from NIDDM subjects after
in vivo insulin stimulation. Diabetes. 1997;46:524–7.

K. Zou et al.



40. Bell JA, Reed MA, Consitt LA, Martin OJ, Haynie KR, Hulver
MW, et al. Lipid partitioning, incomplete fatty acid oxidation, and
insulin signal transduction in primary human muscle cells: effects of
severe obesity, fatty acid incubation, and fatty acid translocase/
CD36 overexpression. J Clin Endocrinol Metab. 2010;95:3400–10.

41. Bikman BT, Zheng D, Reed MA, Hickner RC, Houmard JA,
Dohm GL. Lipid-induced insulin resistance is prevented in lean

and obese myotubes by AICAR treatment. Am J Physiol Regul
Integr Comp Physiol. 2010;298:R1692–9.

42. Hulver MW, Berggren JR, Carper MJ, Miyazaki M, Ntambi JM,
Hoffman EP, et al. Elevated stearoyl-CoA desaturase-1 expression
in skeletal muscle contributes to abnormal fatty acid partitioning
in obese humans. Cell Metab. 2005;2:251–61.

Altered tricarboxylic acid cycle flux in primary myotubes from severely obese humans


	Altered tricarboxylic acid cycle flux in primary myotubes from severely obese humans
	Abstract
	Introduction
	Materials/subjects and methods
	Human subjects
	Primary human skeletal muscle cells
	Glucose oxidation and non-oxidized glycolysis
	Glycogen synthesis
	Pyruvate oxidation
	Targeted TCA cycle metabolomics
	Statistical analysis

	Results
	Myotubes raised in culture retain the metabolic phenotypes of the donor
	Glucose is partitioned toward non-oxidized glycolytic end products in myotubes from severely obese humans
	Indices of glucose partitioning are related to whole-body insulin sensitivity
	Myotubes from severely obese humans exhibit impaired TCA cycle flux
	Myotubes derived from lean and severely obese humans have differing TCA cycle intermediates profiles

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




