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Objective. Hepatic lipotoxicity is characterized by reactive oxygen species (ROS)
accumulation, mitochondrial dysfunction, and excessive apoptosis, but the precise
sequence of biochemical events leading to oxidative damage and cell death remains
unclear. The goal of this study was to delineate the role of mitochondrial metabolism in
mediating hepatocyte lipotoxicity.

Materials/Methods. We treated H4IIEC3 rat hepatoma cells with free fatty acids in
combination with antioxidants and mitochondrial inhibitors designed to block key
events in the progression toward apoptosis. We then applied 13C metabolic
flux analysis (MFA) to quantify mitochondrial pathway alterations associated with
these treatments.

Results. Treatment with palmitate alone led to a doubling in oxygen uptake rate
and in most mitochondrial fluxes. Supplementing culture media with the antioxidant
N-acetyl-cysteine (NAC) reduced ROS accumulation and caspase activation and
partially restored cell viability. However, 13C MFA revealed that treatment with NAC
did not normalize palmitate-induced metabolic alterations, indicating that neither
elevated ROS nor downstream apoptotic events contributed to mitochondrial
activation. To directly limit mitochondrial metabolism, the complex I inhibitor
phenformin was added to cells treated with palmitate. Phenformin addition
eliminated abnormal ROS accumulation, prevented the appearance of apoptotic
markers, and normalized mitochondrial carbon flow. Further studies revealed that
glutamine provided the primary fuel for elevated mitochondrial metabolism in the
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presence of palmitate, rather than fatty acid beta-oxidation, and that glutamine
consumption could be reduced through co-treatment with phenformin but not NAC.

Conclusion. Our results indicate that ROS accumulation in palmitate-treated H4IIEC3
cells occurs downstream of altered mitochondrial oxidative metabolism, which is
independent of beta-oxidation and precedes apoptosis initiation.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

There are currently two competing views on the role of lipid
beta-oxidation in the development of non-alcoholic fatty liver
disease (NAFLD) [1,2]. One view holds that impaired or
incomplete beta-oxidation leads to hepatic steatosis and
accumulation of lipid intermediates that inhibit insulin
signaling [3,4]. The other view holds that increased supply of
free fatty acids (FFAs) to liver results in excessive beta-
oxidation that fuels reactive oxygen species (ROS) accumula-
tion and inflammation [5–7]. Recently, isotope tracers and
nuclear magnetic resonance (NMR) were applied to determine
in vivo metabolic fluxes in human subjects with either high or
low intrahepatic triglyceride content [2]. It was found that
citric acid cycle (CAC) flux was approximately 2-fold greater in
NAFLD patients. This increase in mitochondrial activity was
associated with a 50% higher rate of systemic lipolysis and a
50%higher rate of hepatic anaplerotic flux, demonstrating that
elevated lipid levels strongly impactmitochondrial function in
NAFLD patients. Similar metabolic alterations were measured
in high-fat diet (HFD) fed mice, which were associated with
elevated oxidative stress markers [1]. The authors hypothe-
sized that citric acid cycle (CAC) activation is required to meet
energetic demands in the face of reduced respiratory efficiency
resulting from mitochondrial oxidative damage. In this
contribution, we explore an alternative hypothesis, which is
the possibility that FFAs can enhance mitochondrial metabo-
lism independently of beta-oxidation through a mechanism
that precedes the onset of oxidative damage.

Our study builds upon an extensive literature that uses
hepatic cell lines to mimic the effects of obesity, NAFLD, and
non-alcoholic steatohepatitis (NASH) in culture [8–12]. Study-
ing the effects of lipid oversupply in cultured cells is useful
because it enables complete control of the cellular environ-
ment to examine basic biochemical mechanisms of hepatic
lipotoxicity. In this context, saturated fatty acid (SFA) treat-
ments lead to acute lipotoxicity that is associated with
increased ROS and endoplasmic reticulum (ER) stress but is
independent of ceramide synthesis [9,13,14]. Furthermore, the
response to SFA treatment is altogether different from that of
monounsaturated fatty acid (MUFA) treatment, which induces
steatotic triglyceride formation without initiating ROS accu-
mulation or apoptosis [15]. Therefore, modulating the FFA
composition of the culture medium can be used to achieve
varied outcomes ranging from progressive lipotoxicity to
benign steatosis.

Prior in vitro experiments have attributed the onset of SFA-
induced oxidative stress to activation of NADPH oxidases [16]
or increased fatty acid beta-oxidation [8]. In themitochondria,
loss of electrons from complexes I and III of the electron
transport chain (ETC) can combine with oxygen to generate
ROS, which include superoxide ions, hydroxyl radicals, and
hydrogen peroxide [17]. ROS are powerful oxidizing agents
that indiscriminately damagemany important components of
the cell including DNA, lipid membranes, and proteins [18]. At
high levels, ROS are known to activate pro-apoptotic path-
ways, thus initiating programmed cell death. ROS accumula-
tion can trigger apoptosis through c-Jun N-terminal kinase
(JNK) stress signaling pathways [19]. Antioxidant co-treat-
ments have been shown to prevent JNK phosphorylation and
JNK-mediated insulin resistance in SFA-treated H4IIEC3 cells
[8]. Co-treatment with a radical scavenger also prevented
HepG2 human hepatoma cell death in the presence of
elevated palmitate [20]. These prior studies indicate that ROS
accumulation is potentially a committed step in the lipotoxi-
city mechanism, and that JNK activation may be one
mechanism by which ROS accumulation initiates apoptosis
[8,10]. However, the role of specific metabolic pathways in
promoting ROS accumulation, as well as the mechanism of
their dysregulation by palmitate, remains largely undefined.

Stable isotope-based metabolic flux analysis (MFA) has
been previously applied to study how elevated SFAs impact
central metabolism in hepatic cells [9]. Detailed flux mapping
with [U-13C5]glutamine revealed that palmitate treatment
strongly increased CAC fluxes relative to glycolytic fluxes in
H4IIEC3 cells. Changes in intracellular metabolic fluxes
coincided with the onset of ROS accumulation and preceded
the appearance of apoptotic markers such as caspase 3/7
activation and DNA laddering. The same study showed that
oleate co-treatment led to a reversal of the palmitate-induced
metabolic phenotype and completely rescued H4IIEC3 cells
from apoptosis, which was likely a result of enhanced
partitioning of palmitate into triglyceride stores. Together
with the previously described human and mouse data,
these studies suggest that mitochondrial dysregulation
arising from increased FFA availability plays a key role in
both in vitro and in vivo lipotoxicity mechanisms, but they do
not directly assess whether enhanced mitochondrial metab-
olism is a cause or a consequence of other lipotoxic effects
such as oxidative stress or apoptosis initiation. Furthermore,
they do not conclusively define whether FFAs are acting
primarily as a fuel substrate to activate CAC flux.

To address these questions, we applied 13C MFA in
combination with treatments designed to alter ROS accumula-
tion and mitochondrial metabolism in H4IIEC3 rat hepatoma
cells fed lipotoxic concentrations of the SFA palmitate. These
studies revealed that palmitate increased oxygen consumption
and CAC fluxes independently of fatty acid beta-oxidation.
Glutamine, rather than lipid, was the preferred substrate used
to fuel palmitate-induced increases in mitochondrial metabo-
lism. Co-treating cells with the antioxidant N-acetyl cysteine
(NAC) prevented ROS accumulation and caspase activation in
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the presence of palmitate but did not reverse the palmitate-
associated metabolic phenotype. On the other hand, direct
inhibition of mitochondrial metabolism with the complex I
antagonist phenformin abolished palmitate-associated flux
alterations while reversing other lipotoxicity markers. The
results indicate that palmitate-induced dysregulation of mito-
chondrial oxidative metabolism is the primary cause of ROS
accumulation and apoptosis in H4IIEC3 cells. Interestingly,
these metabolic alterations are independent of fatty acid beta-
oxidation and precede the onset of oxidative damage or
apoptosis initiation.
2. Materials and Methods

2.1. Materials

Palmitate, oleate, bovine serum albumin, phenformin, N-
acetyl cysteine, low glucose Dulbecco’s modified Eagle’s
medium (DMEM), and etomoxir were purchased from Sigma
(St. Louis, MO, USA). AICAR was purchased from Cayman
Chemicals (Ann Arbor, MI, USA). Propidium iodide (PI) and
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) were
purchased from Invitrogen (Carlsbad, CA, USA).

2.2. Cell culture

The H4IIEC3 rat hepatoma cell line (American Type Culture
Collection, Manassas, VA, USA) was cultured in low glucose
DMEM supplemented with 10% FBS and 1% penicillin/strep-
tomycin antibiotic solution. The glutamine concentration of
the culture medium was 2 mmol/L. For fluorescence-based
assays, cells were seeded in 96-well plates at 2 × 104 cells per
well two days prior to experiments to achieve 80%–90%
confluency at the time of measurement.

2.3. Preparation of fatty acid solutions

FFA stock solutions were prepared by coupling free fatty acids
with bovine serum albumin (BSA). First, palmitate or oleate
was dissolved in pure ethanol at a concentration of 195 mmol/
L so that the final concentration of ethanol in our FFA stock
solutions did not exceed 1.5% by volume. This FFA stock
solution was then added to a prewarmed 10% w/w BSA
solution (37 °C) to achieve a final FFA concentration of
3 mmol/L, and this solution was allowed to incubate in a
water bath for an additional 10 min. The final ratio of FFA to
BSA was 2:1. All vehicle treatments were prepared using
stocks of 10% w/w BSA with an equivalent volume of ethanol
added to match the concentration in FFA stocks. The final
concentration of ethanol in all experimental treatments was
less than 0.2% by volume.

2.4. Detection of ROS

The radical-sensitive H2DCFDA dye was used to monitor
intracellular ROS production. Cells were seeded on 96-well
plates at 2 × 104 cells per well. After treatment with fatty acids
and/or inhibitors, cells were washed twice with Hank’s
Balanced Saline Solution (HBSS) and then incubated with
10 μmol/L H2DCFDA for one hour at 37 °C in the dark.
Oxidation of the dye by intracellular ROS generates a
fluorescent 2,7-dicholorofluorescein (DCF) signal. Fluores-
cence was measured using the excitation/emission wave-
lengths 485/530 nm with a Biotek FL600 microplate reader.

2.5. Viability/Toxicity assays

Cell viability was measured using the Promega Cell Titer Blue
kit at 24 h (Fitchburg, WI, USA). Cells were washed twice with
HBSS and incubated with dye for 4 h at 37 °C. The kit
measures viability by quantifying resazurin reduction, which
indicates metabolic production of reducing equivalents.
Fluorescence was measured using the excitation/emission
wavelengths 530/590 nm with a Biotek FL600 microplate
reader. Additionally, we assessed cell toxicity using the
dead-cell stain propidium iodide (PI). PI is an intercalating
dye that becomes highly fluorescent with excitation wave-
length of 530 nm and emission wavelength of 645 nm when
embedded in the exposed double-stranded DNA of dead cells.

2.6. Caspase activity

The Apo-ONE Homogenous Caspase 3/7 Assay kit was used to
measure the activities of caspases 3 and 7 as markers of
apoptosis. H4IIEC3 hepatoma cells were cultured in 96-well
plates as described previously. Cells were then incubated with
designated treatments for at least 6 h. The Apo-ONE kit uses a
lysis buffer combined with a caspase 3/7 specific substrate.
This substrate, Z-DEVD-R110, becomes fluorescent once its
DEVD peptide is removed by the caspases. Fluorescence is
then measured at an excitation wavelength of 485 nm and
emission wavelength at 530 nm. Caspase 3/7 activation is
known to be a reliable indicator of apoptosis initiation in
palmitate-treated H4IIEC3 cells, as shown in several previous
reports using the Apo-ONE assay in combination with
additional apoptosis markers such as DNA laddering or
cytochrome C release [9,21].

2.7. Metabolite extraction andGC-MSanalysis of 13C labeling

The extraction of intracellular metabolites from H4IIEC3 rat
hepatomas and GC-MS analysis of 13C labeling from [U-13C5]
glutamine or [U-13C16]palmitate were performed as described
previously [9]. Briefly, cell metabolism was quenched by
adding 1 mL of pre-cooled methanol (−80 °C) to cultured cells
in 10-cm dishes. A biphasic extraction was used to separate
polar metabolites into a methanol/water phase and non-polar
metabolites into a chloroform phase. Note that this extraction
results in mixing of free metabolites from separate subcellular
compartments. Polar metabolites were converted to their tert-
butylsilyl derivatives using MBTSTFA + 1% TBDMCS (Pierce).
Then, 1 μL of each derivitized sample was injected into an
Agilent 6890 N/5975B GC-MS equipped with a 30 m DB–35 ms
capillary column for analysis of isotopic enrichment.

2.8. Oxygen consumption

Oxygen uptake flux was used as a direct measurement of
mitochondrial metabolism. These experiments were
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performed using the Oroboros Oxygraph-2K, which contains
two chambers with separate oxygen probes to monitor on-
line changes in oxygen concentration. The instrument was
set to a temperature of 32 °C, and the stirring speed for each
chamber was 750 rpm. To perform these experiments,
H4IIEC3 cells were cultured on 10-cm dishes until 80%–90%
confluent and subsequently incubated with selected combi-
nations of fatty acids and treatments for 3 h. Cells were then
trypsinized, counted, and resuspended in the same culture
medium at a concentration of 2 million cells per mL.
Following resuspension, 2 million cells were injected into
the Oxygraph instrument.

2.9. Beta-oxidation measurements

Cell cultures fed tritiated fatty acid produce 3H2O at a rate
proportional to that ofmitochondrial beta-oxidation. Albumin-
bound [9,10-3H(N)] palmitic acid (4 μCi 3H/μmol palmitate) was
added to cells grown to confluency in 6-well dishes at a final
concentration of 400 μmol/L. The final volume of the media
solution, including culture medium with glucose and gluta-
mine, inhibitors/activators, and palmitate, was calculated to be
exactly 2 mL per well. After 6 h of incubation, 1.5 mL of media
was removeddirectly fromeachwell and collected in individual
round-bottomsnap-top tubes. Then75 μLof60%perchloricacid
was added to each sample for deproteinization and to remove
albumin-bound unoxidized palmitate from the sample media.
The deproteinization reaction was allowed to continue over-
night at 4 °C.

Following deproteinization, samples were centrifuged for
30 min. Then, 1.2 mL of sample was collected into a new
centrifuge tube and 5 μL of pH indicator dye and 36 μL of 5 M
K2CO3were added for neutralization. This reactionwas allowed
to continue overnight at 4 °C. After neutralization, samples
were centrifuged for 30 min. To remove any remaining
palmitate, 0.8 mL of neutralized sample was applied to an
individualAG1-X8Resin (BioRad,Hercules, CA) column, and the
columnwas allowed to empty under gravity flow. Each column
was flushed twice with 0.6 mL of distilled water. The initial
charge (0.8 mL) and all subsequent washes (1.2 mL) were
collected in a scintillation vial (PerkinElmer, Waltham, MA).
10 mL of EcoLite scintillation cocktail fluid (MP Biomedical,
Santa Ana, CA) was added to each sample vial, shaken
vigorously, and read in a scintillation counter.

2.10. Metabolic flux analysis

Feeding cells [U-13C5]glutamine isotope tracer results in
unique isotopic enrichment patterns in downstream metabo-
lites dependent on the intracellular metabolism [22]. It is
therefore possible to evaluate the intracellular fluxes that give
rise to the measured enrichment patterns by minimizing the
lack of fit between measured and simulated mass isotopomer
distributions derived from a mathematical model of the
metabolic reaction network. We performed 13C MFA on
H4IIEC3 rat hepatomas under several treatment conditions in
the presence of glucose using custom Matlab-based software
that relies on an elementary metabolite unit (EMU) decompo-
sition to efficiently simulate mass isotopomer distributions of
intracellularmetabolites [23,24].We constructed an isotopomer
model to simulate labeling from [U-13C5]glutamine into gluta-
mate, pyruvate, lactate, and several CAC intermediates, which
was qualitatively similar to a previous model developed by
Noguchi et al. [9]. The flux parameters of the model were
iteratively adjusted using a Levenberg–Marquardt algorithm
until optimal agreement with experimental data was obtained.
Flux estimation was repeated a minimum of 50 times from
random initial values to ensure a global minimum was
achieved. All results were subjected to a chi-square statistical
test to assess goodness-of-fit (χ = 0.01), and accurate 95%
confidence intervals were computed for all estimated param-
eters by evaluating the sensitivity of the sum-of-squared
residuals to parameter variations [25]. A detailed description
of the reaction network and modeling assumptions can be
found in the Supplementary Materials.

2.11. Statistical analysis

Tests for statistical significance were performed using anal-
ysis of variance (Model I ANOVA) and Tukey–Kramer methods
for multiple comparisons, or Student’s t-test for pair-wise
comparisons. Plots indicate ± one standard error of the mean
unless otherwise indicated.
3. Results

3.1. Palmitate overload promotes ROS accumulation
and apoptosis

In this study, H4IIEC3 cells were incubated with 400 μmol/L
palmitate (PA) as a model of SFA-induced lipotoxicity, consis-
tent with previous studies [9]. We have chosen to use the
H4IIEC3 rat hepatoma cell line because it has been used in
several hallmark papers on the subject of hepatic lipotoxicity
and has been shown to accurately recapitulate the response of
primary hepatocytes to an elevated PA load [8,9,11]. A dose of
400 μmol/L PAwas selected tomaintain consistencywith these
prior studies. We confirmed this dose by subjecting H4IIEC3
cells to increasing concentrations of PA and found that
400 μmol/L palmitate provided the maximum lipotoxic effect
while remaining in a physiologically relevant range (Supple-
mentary Fig. S1). After 6 h of treatment, PA-treated cells
exhibited a significant increase in ROS accumulation as
measuredbyDCF fluorescence (Fig 1A). Additionally, PA-treated
cells were marked by elevated caspase 3/7 activity at 12 h
(Fig. 1B). After 24 h of PA treatment, cell viability was reduced
by approximately two-thirds in comparison to the vehicle-
treated (BSA) control group (Fig. 1C). In contrast, cells treated
with the same concentration of oleate (OA) did not exhibit
markers of oxidative stress or apoptosis (Fig. 1 A, B, C).

3.2. Palmitate stimulatesmitochondrial oxidativemetabolism

ROS can be produced due to accelerated flux of electrons
through the ETC as a result of increased mitochondrial
activity. We measured the oxygen consumption of H4IIEC3
cells treated with 400 μmol/L PA to determine if ROS
accumulation was associated with elevated mitochondrial
metabolism. PA-treated cells were characterized by increased



Fig. 1 – Palmitate–induced lipotoxicity is characterized by time-dependent increases in ROS accumulation, caspase activation,
and losses in cell viability. H4IIEC3 rat hepatoma cells were incubated with 400 μmol/L palmitate (PA), 400 μmol/L oleate (OA),
or 800 μmol/L BSA (vehicle) for the indicated time periods. (A) Normalized ROS accumulation at 6-h time point measured by
DCF fluorescence. (B) Caspase 3/7 activity at 12-h time point. (C) 24-h cell viability (resazurin reduction) after incubation with
indicated treatments. Positive control cells (+CTRL) were treatedwith 70% ethanol for 30 min. Data represent mean ± S.E., n = 4
for fluorescence assays; *, different from vehicle, p < .05; †, different from each other, p < .05.
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oxygen consumption (Fig. 2). Cells treated with 400 μmol/L OA
had similar oxygen consumption rates as vehicle-treated
cells. This result confirms that the elevated oxidative pheno-
type is unique to cells treated with SFA and that an equal load
of MUFA is not sufficient to alter mitochondrial function.

3.3. Antioxidants restore viability by reducing palmitate-
induced ROS accumulation without altering mitochondrial
metabolism

Enhanced ROS accumulation has been proposed as playing a
causative role in a variety of lipotoxic disorders. To determine
if increased ROS levels were directly responsible for reducing
cell viability in our system, H4IIEC3 cells were co-incubated
with 400 μmol/L PA and 5 mmol/L of the antioxidant N-acetyl
cysteine (NAC). NAC co-treatment reduced ROS at 6 h (Fig. 3A),
prevented markers of apoptosis at 12 h (Fig. 3B), and resulted
in a proportional rescue in cell viability at 24 h (Fig. 3C). The
antioxidant vitamin E produced similar reductions in
lipotoxicity (Supplementary Fig. S2). The similar effects of
both NAC and vitamin E, despite different mechanisms of
ROS scavenging, suggest that NAC acts primarily through
its antioxidant function to reduce lipotoxicity. Interesting-
ly, NAC and PA co-treated H4IIEC3 cells had a similar
oxygen uptake rate as cells treated with PA alone (Fig. 3D).
This result indicates that palmitate-induced activation of
mitochondrial metabolism is independent of ROS accumu-
lation and apoptosis initiation.
3.4. Direct inhibition of mitochondrial oxidative
metabolism suppresses palmitate-induced ROS generation
and apoptosis

In a converse experiment, we sought to test whether a direct
inhibitor of mitochondrial metabolism could effectively
prevent the ability of palmitate to promote ROS accumulation
and induce apoptosis. We applied 100 μmol/L phenformin, a
mitochondrial complex I antagonist, to H4IIEC3 cells in both
the presence and absence of PA. Phenformin reduced PA-
induced ROS generation at 6 h (Fig. 4A), caspase activation at
12 h (Fig. 4B), and long-term cell toxicity at 24 h (Fig. 4C)
compared to cells treated with PA alone. (In these experi-
ments, we measured PI fluorescence as an indicator of cell
toxicity since mitochondrial inhibitors such as phenformin
could interfere with accurate assessment of cell viability using
resazurin-based dyes.) Experiments using the classical
complex I inhibitor rotenone produced similar reductions
in ROS accumulation and apoptosis in the presence of
400 μmol/L PA, thus confirming our ability to rescue palmi-
tate-induced apoptosis by inhibiting mitochondrial electron
transport (Supplementary Fig. S3). To confirm that phenfor-
min suppressed mitochondrial metabolism at the adminis-
tered dose, we measured oxygen uptake by cells co-treated
with PA and phenformin (Fig. 4D). The measurements
confirmed that phenformin fully normalized oxygen uptake
in the presence of palmitate, recapitulating the metabolic
phenotype observed in vehicle-treated control cells.



Fig. 2 – Palmitate stimulates oxidative metabolism while
oleate does not. Oxygen consumption measurements were
performed on cells treated with vehicle, 400 μmol/L palmi-
tate (PA), and 400 μmol/L oleate (OA) for three hours. Data
represent mean ± S.E., n = 3; *different from vehicle, p < .05.
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3.5. Palmitate-induced ROS accumulation is independent
of beta-oxidation

There are differing reports on the role of beta-oxidation in
promoting in vitro lipotoxicity of hepatic cells [8,26]. To
determine whether the observed ROS accumulation was due
to a direct enhancement of beta-oxidation by palmitate
Fig. 3 – Antioxidant treatment reduces intracellular ROS and part
induced activation of oxidativemetabolism. The antioxidantN-ac
to palmitate-treated (PA, 400 μmol/L) or BSA-treated (vehicle, 800
DCF fluorescence. (B) Caspase 3/7 activity at 12-h time point. (C)
control cells (+CTRL) were treated with 70% ethanol for 30 min. (
cells. Data represent mean ± S.E., n = 4 for all fluorescent assays
vehicle, p < .05; † different from each other, p < .05.
addition, H4IIEC3 cells were treated with 400 μmol/L PA and
250 μmol/L etomoxir. Etomoxir is a specific inhibitor of the
rate-limiting carnitine palmitoyltransferase 1 (CPT-1) enzyme
that is required to transport long-chain fatty acids across the
mitochondrialmembrane [27]. First, we confirmed that adding
etomoxir to [9,10-3H(N)]palmitate-treated cells significantly
attenuated beta-oxidation by measuring a decrease in 3H2O
production (Fig. 5A). To further confirm that etomoxir was
effective at the selected concentration, we used AICAR to
induce beta-oxidation in the presence of exogenous palmitate
[28].The effects of AICAR on beta-oxidation were completely
reversed by addition of 250 μmol/L etomoxir, confirming that
this dose was effective at blocking CPT-1 in H4IIEC3 cells.
Next, we observed that co-treatment with PA and etomoxir
resulted in no significant change in ROS production in
comparison to treatment with PA alone despite the observed
reduction in beta-oxidation (Fig. 5B). Blocking beta-oxidation
with etomoxir also did not prevent the appearance of markers
of apoptosis (Fig. 5C, D).

To directly assess the contribution of palmitate toward
supplying carbon for CAC intermediates, we treatedH4IIEC3 rat
hepatomas with [U-13C16]palmitate. Intracellular, non-protein-
boundmetaboliteswere extracted, derivatized, andanalyzedby
GC-MS to quantify 13C-enrichment. If carbon from 13C-labeled
PA was fully oxidized in the CAC, it would enter the cycle
initially as a fully labeled (M + 2) acetyl-CoA. This acetyl-CoA
would thengive rise toM + 2 labeledCAC intermediates suchas
ially rescues lipotoxic cell death without reversing palmitate-
etyl cysteine (NAC)was added at a concentration of 5 mmol/L
μmol/L) H4IIEC3 cells. (A) 6-h ROS accumulationmeasured by
24-h cell viability assessed by resazurin reduction. Positive
D) Oxygen uptake measurements of NAC- and/or PA-treated
, n = 3 for oxygen uptake measurements; * different from

image of Fig.�2
image of Fig.�3


Fig. 4 – Phenformin abolishes palmitate-induced ROS generation, mitochondrial activation, and apoptosis. H4IIEC3 cells were co-
treatedwith 100 μmol/L phenformin (PHEN) and either 400 μmol/L palmitate (PA) or 800 μmol/L BSA (Vehicle) to examine the role
of mitochondrial metabolism in ROS accumulation and apoptosis. (A) ROS levels at 6 h as measured by DCF fluorescence. (B)
Caspase 3/7 activity at 12 h. (C) Cell toxicity at 24 h assessed by PI fluorescence. Positive control cells (+CTRL)were treatedwith 70%
ethanol for 30 min. (D) Oxygen uptake measurements of PHEN- and/or PA-treated cells. Data represent mean ± S.E., n = 4 for all
fluorescent assays, n = 3 for oxygen uptake measurements; * different from vehicle, p < .05; † different from each other, p < .05.
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citrate and malate. Therefore, we analyzed ion fragments
of citrate andmalate for enrichment ofM + 2mass isotopomers
(Fig. 6A). However, we found little to no incorporation of 13C,
suggesting that a negligible flux of palmitate carbon was
directed into the CAC for complete oxidation.

3.6. Metabolic flux analysis identifies glutamine as a major
fuel substrate for palmitate-induced mitochondrial activation

To identify sources of carbon flux into the CAC, we performed
further isotope labeling studies by total replacement ofmedium
glutaminewith [U-13C5]glutamine. The average 13C-enrichment
of a givenmetabolite therefore reflects the overall contribution
of glutamine carbon to the metabolite pool relative to other
unlabeled carbon sources (e.g., glucose or FFA). GC-MS analysis
of 13C incorporation revealed that malate extracted from PA-
treated cells approached 60% enrichment compared to approx-
imately 30% enrichment in vehicle-treated cells (Fig. 6B). The
addition of phenformin to PA-treated cells normalized the
isotopic enrichment of malate to the level of control cells. On
the other hand, NAC co-supplementation had only a minor
effect onmalate enrichment. Analysis of isotopic enrichmentof
glutamate revealed similar enrichment trends. Taken together,
these data demonstrate that palmitate treatment is character-
ized by elevated glutamine consumption and increased entry of
glutamine carbon into the CAC relative to other carbon sources.
Similar to theoxygenuptakemeasurements reported inFigs. 3D
and 4D, phenformin co-treatment was able to reverse PA-
induced alterations to glutamine metabolism while NAC co-
treatment was not.

Next, we applied 13C MFA to simultaneously calculate 12
mitochondrial fluxes and their associated 95% confidence
intervals by combining mass spectrometric measurements of
13C labeling with the previously measured oxygen consump-
tion rates (Fig. 7A). H4IIEC3 cells treated with PA alone
exhibited higher glutamine consumption, higher malic en-
zyme flux, and higher citrate synthase flux relative to vehicle-
treated cells. Phenformin co-treatment effectively reduced
most mitochondrial fluxes, including glutamine uptake and
ETC activity. Cells co-treated with NAC and PA exhibited no
reduction in mitochondrial metabolic fluxes, suggesting that
the palmitate-induced metabolic alterations were not a
consequence of elevated ROS and apoptosis initiation but
instead were the result of upstream events in the lipotoxicity
cascade that enhanced mitochondrial metabolic pathways.

Based on our 13C MFA calculations, we determined the
difference between glycolytic pyruvate production and lactate
excretion (Fig. 7B). We designate this difference as ‘net
glycolysis’, since it represents the net amount of glycolytic
carbon that enters the CAC for oxidation. If this value is
positive, there is net contribution of glucose carbon to the
mitochondrial metabolic pool. If negative, non-glucose carbon

image of Fig.�4


Fig. 5 – Beta-oxidation does not fuel palmitate-induced ROS accumulation. The CPT-1 inhibitor etomoxir (Eto) was added at a
concentration of 250 μmol/L to palmitate-treated (PA, 400 μmol/L) or BSA-treated (vehicle, 800 μmol/L) H4IIEC3 cells. (A) Beta-
oxidation of [9,10-3H(N)] palmitate assessed by 3H2O production. 500 μmol/L AICAR was used as a positive control. (B) ROS
levels at 6 h measured by DCF fluorescence. (C) Caspase activity of cells treated with palmitate and etomoxir at 12 h. (D) Cell
toxicity at 24 h assessed by PI fluorescence. Data represent mean ± S.E., n = 4 for fluorescence assays,* different from palmitate
in (A), vehicle in (B, C, D), p < .05.
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derived from the CAC is contributing to lactate production. For
vehicle-treated cells, the net glycolytic rate was positive since
more glucose carbon entered the pyruvate node than was
excreted as lactate. Cells treated with PA, however, were
characterized by a negative net glycolytic rate since glutamine
entry to the CAC was elevated relative to glucose. Supple-
menting PA-treated cells with phenformin, but not NAC,
effectively reversed this phenotype. Complete flux maps of all
four treatments are shown in Fig. 8.
4. Discussion

Understanding the molecular factors that control hepatic
lipotoxicity is a critical step toward developing improved
strategies to prevent and treat NAFLD and NASH. A reported
feature of palmitate-induced liptoxicity is increased oxidative
stress due to intracellular ROS accumulation, which precedes
the onset of apoptosis as indicated by DNA laddering,
induction of caspases 3 and 7, and cytochrome C release
[9,11,14,21,29]. However, the role of ROS in stimulating
lipoapoptosis appears to be cell-type dependent. For example,
ROS accumulation is a critical event leading to apoptosis of
palmitate-treated CHO cells [30], while palmitate-treated
neonatal cardiomyocytes undergo apoptosis independently
of oxidative stress [31]. In our experiments, we measured a
burst of ROS at approximately 6 h following palmitate
administration, which was 25%–50% higher than cells treated
with vehicle (BSA) alone. It has been shown previously in the
H4IIEC3 cell line that similar increases in ROS can activate JNK
stress pathways, which was sufficient to negatively affect
insulin signaling [8]. We found that NAC co-treatment
effectively normalized PA-induced ROS accumulation, signif-
icantly reduced caspase activation, and improved long-term
cell viability, indicating that apoptosis initiation is dependent
on ROS accumulation in H4IIEC3 cells.

Healthy cells continually produce ROS during mitochon-
drial oxidative phosphorylation and rely on their enzymatic
machinery to manage ROS levels, thereby preventing toxic
side effects. Elevated ROS can therefore occur due to either
increased oxidative metabolism or deficient antioxidant de-
fenses. To quantify rates of mitochondrial metabolism in
palmitate-treated H4IIEC3 cells, we applied 13C MFA based on
[U-13C5]glutamine tracing combined with measurements of
oxygen consumption flux. Since mitochondria require oxygen
to carry out oxidative phosphorylation, increased oxygen
consumption is a direct measure of increased mitochondrial
metabolism. Palmitate-treated cells exhibited a 2-fold in-
crease in oxygen consumption rate and inmostmitochondrial
fluxes prior to ROS accumulation. However, NAC co-treatment
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Fig. 6 – Isotopic enrichment of mitochondrial metabolites. Mass isotopomer distributions were corrected for natural isotope
abundance using themethod of Fernandez et al. [38]. (A) M + 2mass isotopomer abundance resulting from incorporation of 13C
into malate and citrate following 6 h of incubation with 400 μmol/L [U-13C16]palmitate. Fully oxidized palmitate gives rise to
M + 2mass isotopomers as illustrated in the accompanying diagram. (B) Atompercent enrichment (APE) of cells incubatedwith
[U-13C5]glutamine in combinationwith palmitate and phenformin or NAC co-treatments. APEwas calculated using the formula

APE ¼ 100% �
XN

i¼0

Mi � i

N
, where N is the number of carbon atoms in the metabolite andMi is the fractional abundance of the ith

mass isotopomer. The diagram illustrates the patterns of isotope incorporation derived from labeled glutamine after one turn of
the CAC. Data represent mean ± S.E., n = 3; * different from vehicle, p < .05.
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did not affect palmitate-induced metabolic alterations, indi-
cating that neither elevated ROS nor downstream apoptotic
events contributed to mitochondrial activation. Instead,
elevatedmitochondrial metabolism appears to be an inherent
consequence of palmitate overload that is independent of
subsequent ROS accumulation and apoptosis initiation.

Next, we sought to determine whether accelerated mito-
chondrial metabolism is required for palmitate-induced ROS
accumulation and apoptosis, or whether these events are
primarily attributable to other causes such as failure of
antioxidant defenses or activation of NADPH oxidases. To
address this question, we employed the complex I antagonist
phenformin to directly inhibit mitochondrial metabolism.
Phenformin is a lipophilic derivative of the type-2 diabetes
drug metformin, which shares the samemechanism of action
[32,33]. Phenformin co-treatment reduced both ROS accumu-
lation and oxygen uptake in PA-treated H4IIEC3 cells and
normalized mitochondrial metabolic fluxes to levels charac-
teristic of vehicle-treated cells. Similar to NAC treatment, this
reduction in mitochondria-derived ROS coincided with in-
creased cell viability and decreased caspase activation.
Therefore, elevated mitochondrial metabolism is required
for ROS accumulation and caspase activation in our model of
palmitate lipotoxicity.

Increased fatty acid beta-oxidation has been proposed as
the primary fuel source responsible for lipotoxic ROS gener-
ation both in vivo [1,2] and in the H4IIEC3 cell line [8]. In our
experimentswith the same cell line, however, adding the CPT-
1 inhibitor etomoxir to palmitate-treated H4IIEC3 cells had no
effect on ROS accumulation or cell viability. These results
reveal a novel facet of lipotoxicity in our system: mitochon-
dria-derived ROS accumulation is independent of fatty acid
beta-oxidation. We found little isotopic enrichment of CAC
intermediates when H4IIEC3 cells were fed [U-13C16]palmitate,
indicating that exogenous fatty acid was not being fully
oxidized to CO2. To further investigate the fuel source driving
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Fig. 7 – 13C flux analysis of mitochondrial metabolism.
Fluxes were calculated as described in the Methods section
and further detailed in the Supplementary Materials. (A)
Major CAC and anaplerotic fluxes of cells treated with BSA
(Vehicle) or palmitate (PA) with and without NAC or
phenformin (PHEN) co-treatments. Abbreviations: ADH,
alpha-ketoglutarate dehydrogenase; CS, citrate synthase;
GLN, glutamine uptake; ME, malic enzyme; PC, pyruvate
carboxylase. (B) ‘Net glycolysis’ rate defined as the differ-
ence between glycolytic pyruvate production and lactate
excretion. Error bars indicate 95% confidence intervals;
* different from vehicle, p < .05.
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palmitate-induced mitochondrial activation, we relied on 13C
MFA to map the flow of carbon entering the CAC from the
major non-lipid substrates glucose and glutamine. We found
that glutamine provided the primary fuel for elevated
mitochondrial metabolism in the presence of palmitate,
rather than fatty acid beta-oxidation, and that glutamine
consumption could be reduced through co-treatment with
phenformin but not NAC. These results demonstrate that ROS
accumulation is a direct consequence of mitochondrial
activation and can be reversed by inhibiting oxidative
phosphorylation, which concomitantly suppresses entry of
glutamine carbon into the CAC.

Our 13C MFA results match well with previous in vivo 2H/13C
NMR studies of NAFLDpatients [2] andHFD fedmice [1], both of
which reportedanapproximate2-fold increase inCACflux.This
was associated with increased oxidative damage in livers of
HFD fedmice [1]. Theauthorshypothesized that increasedbeta-
oxidation was fueling the observed enhancement in CAC flux.
However, our in vitro observations supply an alternative
hypothesis, which is that oxidation of non-lipid substrates
can also contribute substantially to elevatedCAC flux inhepatic
lipotoxicity. It should be noted, however, that the in vivo flux
studies were performed under fasting (i.e., gluconeogenic)
conditions, whereas the conditions of our study were repre-
sentative of a fed (i.e., glycolytic) state. Therefore, it is difficult to
make direct quantitative comparisons between our data and
those obtained from the prior in vivo studies.

Our findings suggest several intriguing questions for further
study into the causes and consequences of mitochondrial
dysregulation under conditions of FFA lipotoxicity. First, if the
exogenous palmitate load does not directly fuel elevated CAC
flux, what other effects of palmitate overexposuremight lead to
activation of mitochondrial oxidative metabolism? One possi-
ble hypothesis is that disruption of normal lipid metabolic
pathways may lead to (i) production of lipid-derived signaling
molecules or (ii) alteration of intracellular membrane homeo-
stasis that subsequently activates mitochondrial metabolism.
This may also involve activation of signaling proteins such as
peroxisome proliferator-activated receptors (PPARs) that re-
spond directly to lipid intermediates and can regulate expres-
sion of mitochondrial proteins. Although our study provides a
detailed picture of metabolic flux rewiring in response to FFA
treatments, it does not address the upstream cell signaling and
transcriptional regulatory mechanisms that may play a role in
mediating the observed metabolic alterations. Second, can
direct inhibition of glutamine anaplerosis reverse the lipotoxic
metabolic phenotypeorwill hepatic cells shift to other available
carbon sources to maintain elevated CAC flux? Further
investigation of both the upstream and downstreammolecular
events that control palmitate-inducedmitochondrial activation
in hepatic cells is clearly an important next step.

In summary, we have applied oxygen uptake measure-
ments and 13C MFA to elucidate a critical role for mitochon-
drial dysregulation in mediating palmitate liptoxicity of
H4IIEC3 cells. We report that a) palmitate-induced metabolic
dysregulation is independent of oxidative damage and
apoptosis initiation, b) apoptosis is dependent on palmitate-
induced metabolic alterations leading to elevated ROS accu-
mulation, and c) glutamine, not fatty acid beta-oxidation,
provides the carbon fuel for enhanced CAC flux in response to
a palmitate load. Our model also highlights important
differences between the protective effects of phenformin
and NAC, both of which have direct in vivo relevance. Studies
using non-diabetic methionine- and choline-deficient mouse
models of NASH demonstrate that metformin has the
potential to reduce inflammation after induction of liver
injury [34]. Additionally, NAC supplementation of HFD fed
Sprague–Dawley rats successfully prevented the appearance
of many markers of elevated oxidative stress such as
peroxidized lipid species [35]. However, this study reported
that NAC did not reverse potential upstream activators of liver
dysfunction such as steatosis and only partially restored
glutathione levels. Clinically, the use of antioxidants as a
treatment for NASH has met with varying degrees of success.
For example, the antioxidant vitamin E has been explored as a
potential therapy for persons with NASH. Treatment with
vitamin E resulted in reduced liver injury in adults assessed by
a reduction in serum alanine and aspartate aminotransferase
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Fig. 8 – Comparison of H4IIEC3 flux maps under various treatments examined in this study. Arrows are weighted according
to flux values shown (pmol/million cells/s). (A) Vehicle-treated cells, (B) palmitate (PA) treated cells, (C) palmitate and
phenformin (PA + PHEN) co-treated cells, (D) palmitate and NAC (PA + NAC) co-treated cells. Abbreviations: AcCoA, acetyl-CoA;
AKG, alpha-ketoglutarate; Cit, citrate; Fum, fumarate; Glc, glucose; Glu, glutamate; Gln, glutamine; Lac, lactate; Mal, malate;
Net Glyc, net glycolysis; Pyr, pyruvate; Suc, succinate.
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levels but did not improve fibrosis [36]. Interestingly, vitamin E
trials in children with NASH report no improvements in
alanine aminotransferase levels as a primary marker of
disease but had improved NASH scores [37]. These prior
in vivo studies highlight how antioxidants can treat some but
not all symptoms of NASH, suggesting they do not fully
restore normal redox homeostasis or block other upstream or
parallel disease pathways. Improved understanding of the
molecular determinants of lipotoxicity is therefore likely to
suggest novel nutritional and/or pharmacologic interventions
to combat the effects of NAFLD and to prevent its progression
toward NASH.
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