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BASIC STUDIES
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Abstract
Background/Aims: There is still debate about the relationship between fat
accumulation and mitochondrial function in nonalcoholic fatty liver disease.
It is a critical question as only a small proportion of individuals with steatosis
progress to steatohepatitis. In this study, we focused on defining (i) the
effects of triglyceride accumulation and reactive oxygen species (ROS) on
mitochondrial function (ii) the contributions of triglyceride, ROS and
subsequent mitochondrial impairment on the metabolism of energy
substrates. Methods: Human hepatoblastoma C3A cells, were treated with
various combinations of oleate, octanoate, lactate (L), pyruvate (P) and
ammonia (N) acutely or for 72 h, before measurements of triglyceride concentration, cell respiration, ROS production, mitochondrial membrane
potential, ketogenesis and gluconeogenesis, TCA cycle metabolite analysis
and electron microscopy. Results: Acutely, LPON treatment enhanced mitochondrial respiration and ROS formation. After 72 h, despite the similarities
in triglyceride accumulation, LPON treatment, but not oleate, dramatically
affected mitochondrial function as evidenced by decreased respiration,
increased mitochondrial membrane potential and ROS formation with concomitant enhanced ketogenesis. By comparison, respiration and ROS formation remained unperturbed with oleate. Importantly, this was accompanied
by an increased gluconeogenesis and ketogenesis. The addition of the antioxidant N-acetyl-L-cysteine prevented mitochondrial dysfunction and reversed
metabolic changes seen with LPON, strongly suggesting ROS involvement in
mediating mitochondrial impairment. Conclusions: Our data indicate that
ROS formation, rather than cellular steatosis per se, impairs mitochondrial
function. Thus, reduction in cellular steatosis may not always be the desired
outcome without concomitant improvement in mitochondrial function
and/or reducing of ROS formation.
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The growing diabetes and obesity pandemic are paralleled by a dramatic rise in the prevalence of nonalcoholic fatty liver disease (NAFLD). Characterized by
intracellular triglyceride accumulation, NAFLD encompasses a spectrum of histological features ranging from
simple steatosis that potentially, in the presence of
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inflammation, can progress to steatohepatitis, fibrosis
and cirrhosis of the liver (1–3). Central to the development of dietary-induced NAFLD is enhanced energy
substrates availability to the hepatocytes, which is often
compounded by increased free fatty acids (FFA) flux
tandem with hyperglycaemia. Within the hepatic
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mitochondria, this leads to overproduction of the electron donors, NADH and FADH2, fuelling the respiratory chain, thus potentially enhancing mitochondrial
respiration and reactive oxygen species (ROS) formation. In turn, excessive ROS formation is thought to be
the crux of molecular events leading to the development
of hepatic insulin resistance and mitochondrial dysfunction (4–7). Indeed, altered mitochondrial function as
evidenced by diminished respiratory chain activity and
reduced ATP productions in steatohepatitis have been
inextricably linked with oxidative stress (4, 5, 8–11).
Our study sought to address several fundamental
questions on hepatic mitochondrial impairment in the
presence of increased energy substrates. Firstly,
enhanced energy substrates can potentially lead to cellular steatosis. The impact of cellular steatosis per se on
mitochondrial function remains uncertain: does steatosis exert deleterious effects on mitochondrial function in
the absence of ROS? Understanding the relationship
between fat accumulation and mitochondrial function
in NAFLD is a critical question as only a small proportion of individuals with steatosis progress to steatohepatitis. Secondly, although metabolic derangements have
been closely associated with steatosis, the contributions
of triglyceride, ROS and subsequent mitochondrial
impairment on the metabolism of energy substrate
remains unclear (5, 12). To elucidate the role of ROS
(having found a combination of physiological substrates
leading to higher ROS production in hepatocytes) we
examined the effect of N-acetyl-L-cysteine, an antioxidant known to reduce cellular ROS. NAC has been
shown to enhance mitochondrial function in adipocytes, cardiac and skeletal muscle (13–15). However, the
effects of NAC on hepatic mitochondrial function and
metabolic alterations associated with human steatohepatitis including enhanced ketogenesis (despite unaltered
b-oxidation) and hepatic insulin resistance characterized by increased endogenous glucose production is not
yet established (5).
To address these questions, we recapitulated the
sequence of events proposed to occur in NAFLD using
in vitro models. In vitro studies provide a controlled
environment, independent of the influence exerted by
adipocytokines and peripheral hyperinsulinaemia thus
focusing on events that occur specifically in the hepatocytes. We used human hepatoblastoma C3A cells, treated with either oleate or octanoate to induce triglyceride
accumulation. Medium chain free fatty acids (MCFA),
such as octanoate, diffuse into mitochondria independently of carnitine palmitoyl transferase (CPT) thus
allowing an exclusive and more efficient mitochondrial
ß-oxidation than long chain fatty acids (LCFA)(16). A
clonal derivative of hepatoblastoma-based HepG2 cell
line, C3A cells, is selected for this study for its enhanced
hepatic phenotype (17, 18). Furthermore, C3A cells had
been previously used as a model for cellular steatosis
(19). Lactate (L) and pyruvate (P), physiological substrates of both gluconeogenesis and de novo lipogenesis,
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were added to octanoate (O). The reasoning was that
these energy substrates would synergistically enhance
ATP turnover and mitochondrial respiration and promote significant intracellular lipid accumulation
through de novo lipogenesis. The rate of respiration was
further manipulated by adding ammonia to LPO with
the hypothesis that the metabolism of ammonia by the
urea cycle, or glutamine pathways would promote further NADH formation (20, 21).
Materials and methods
Cell culture

C3A cells (American Type Culture Collection, Manassas, VA, USA) were cultured in minimal essential medium Eagle (MEME) (Sigma, Dorset, UK) with 10% fetal
calf serum (FCS) (Molecular Probes, Grand Island, NY,
USA) and antibiotics (100 IU/ml penicillin, 100 mg/ml
streptomycin) (Invitrogen, Grand Island, NY) at 37°C
and 5% CO2, until 70% confluent. The media was then
supplemented with combinations of octanoate (O)
(2 mM) or oleic acid (Ol) (0.25 mM) complexed with
bovine serum albumin (BSA), lactate (L) (10 mM),
pyruvate (P) (1 mM) with or without ammonia (N)
(4 mM). Cells were cultured in the supplemented media
using the concentrations stated above for 72 h (unless
specified) prior to experimentation.
BODIPY 493/503 lipid staining and triglyceride
quantification

Cells were pretreated on chamber slides and fixed with
4% paraformaldehyde (Sigma) for 30 min before staining with 200 ll of BODIPY 493/503 (Invitrogen) for
10 min. Cells were mounted in coverslips using ProLong® gold antifade reagent (Invitrogen). Slides were left
for 24 h at 4°C before viewed using confocal laser microscope (LSM510; Carl Zeiss MicroImaging, Inc., Hertfordshire, UK). Fluorescence intensity in at least 50 cells
per image was analysed using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). Triglyceride
quantification was performed using a triglyceride assay
kit (Thermo Electron, Louisville, CO, USA) adapted for
the Cobas FARA (Roche Diagnostics Ltd, Welwyn Garden City, UK).
Quantification of mitochondrial superoxide production

Mitochondrial superoxide production was measured
using the live-cell permeable fluorescent probe MitoSOXTM Red (Invitrogen). MitoSOXTM stock solution was
prepared according to protocol specified by the manufacturer. For fluorescent microscopy, naı̈ve C3A cells
grown in two-chamber slides were incubated with MitoSOXTM for 45 min. The supernatant was then
removed and cells were rinsed, before the addition of
500 ll of HBSS with or without specified combination
Liver International (2012)
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of the energy substrates into each chamber. Images were
obtained using fluorescent microscopy (LSM510; Carl
Zeiss MicroImaging, Inc.). Phase contrast and fluorescent images were merged using image editor software,
Photoshop CS4 (Adobe Systems Incorporated, San Jose,
CA, USA). Fluorescence intensity from each image was
analysed using ImageJ (National Institutes of Health).
For quantification of superoxide using FACS, trypsinized cells were suspended in 5 lM MitoSOXTM solution at 37°C for 45 min. Cells were then resuspended in
HBSS (to determine superoxide formation with basal
respiration) or in LPON (to examine superoxide formation with substrate driven respiration) before FACS
(FACS CaliburTM; BD Biosciences, San Jose, CA, USA).

with oleate or octanoate with the combination of lactate, pyruvate and/or ammonia. Oxygen consumption
was analysed using BDTM Oxygen Biosensor 96-well
plate (BD Biosciences). To analyse respiration after a
72-h treatment, treated cells were added to the following
media; Hank’s buffered salt solution (HBSS), HBSS with
LPON, or HBSS with LPON and 2,4-Dinitrophenol
(DNP) (250 lM). The fluorescent plates were read in
CytoFluor Reader Series 4000 (MTX Lab Systems,
Vienna, VA, USA) for 40 min. The respiration rates
were measured from the linear portion of the slope of
fluorescence rise. Data are presented as arbitrary fluorescent units (AFU) or as fold of change from the
untreated cells.

Enzyme activity assay for glutathione peroxidase 1
(GPX1) and thioredoxin reductase (TR1) concentration

Protein quantification

To investigate the induction of selenoenzymes, such as
TR1 and GPX1, it is imperative to develop seleniumdeficient media without affecting cell viability. Thus, for
these experiments, C3A cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; 4.5 g/L glucose; Lonza Ltd, Basel, Switzerland) containing 10%
FBS, L-glutamine (2 mM), (Lonza), penicillin (100 IU/
ml), streptomycin (100 mg/ml), amphotericin B
(250 ng/ml); (Lonza), sodium pyruvate (1 mM)
(Cambrex, East Rutherford, NJ, USA). After 24 h, cells
were rinsed in phosphate-buffered saline (PBS) then
conditioned in DMEM supplemented with 10 mg/L
transferrin (Sigma-Aldrich Company Ltd, Poole, Dorset,
UK) and 10 mg/L insulin (Autogen Bioclear, Calne,
Wiltshire, UK) resulting in selenium content of
<0.13 nM (as determined by The Scottish Trace Element and Micronutrient Reference Lab, Dept. Clinical
Biochemistry, Royal Infirmary Glasgow). After 24 h,
cells were rinsed with HBSS before treatment with oleate
at 0.25 mM or 0.5 mM or palmitate at 0.125 mM or
0.25 mM in DMEM supplemented with insulin and
transferrin for 24 h. Treatment duration was chosen
based on the observation that maximal triglyceride
accumulation with oleate (0.25 mM) occurred at 24 h.
Assays for glutathione peroxidase 1 (GPX1) activity and
thioredoxin reductase 1 (TR1) concentrations were performed using Cobas-Fara centrifugal analyzer using
method previously described (22).
Determination of membrane potential

Treated C3A cells were labelled with 5 lM of JC-1
(Molecular Probes) for 20 min at 37°C as adherent cells
before trypsinization and analysed with FACS (FACS
CaliburTM; BD Biosciences).
Mitochondrial respiration

For acute mitochondrial respiration, 0.5 9 106 naı̈ve
confluent C3A cells in single suspension were treated
Liver International (2012)
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Cellular protein was quantified using BCA protein assay
reagent (Pierce Biotechnology, Rockford, IL, USA)
according to manufacturer’s instructions.
Metabolomics profiling of TCA cycle intermediates

Cells were centrifuged (1000g) for 10 min at 37°C. The
cell pellet was resuspended in 1 ml of supernatant,
transferred to a 1.5 ml tube, and the final pellet was
obtained by further centrifugation (3000g) for 5 min
followed by a complete removal of supernatant. Metabolites were extracted from the cell pellet by the addition
of 200 ll of chloroform/methanol/water (1:3:1) with
vigorous mixing for 1 h at 4°C. Precipitated proteins
and cellular debris were removed by centrifugation
(13 000g) for 5 min. Supernatant was kept at 80°C
until LC-MS analysis within 2 weeks. Additional control
samples included cell-free growth medium and extraction solvent served as blanks.
The LC separation was performed using hydrophilic
interaction chromatography with a ZIC–HILIC 150
9 4.6 mm, 5 lm column (Merck Sequant, Umeå, Sweden), operated by an UltiMate 3000 RSLC liquid chromatography system (Dionex, Camberley, Surrey, UK).
The separation consisted of a linear gradient from 80%
B to 20% B over 30 min, followed by an 8-min wash
with 5% B, and 8-min reequilibration with 80% B,
where solvent B was 0.08% formic acid in acetonitrile,
and solvent A was 0.1% formic acid in water. The flow
rate was 300 ll/min, column temperature 20°C, injection volume 10 ll, and samples were maintained at 4°C.
The mass spectrometry was performed using an Orbitrap Exactive (Thermo Fisher Scientific, Hemel Hempstead, UK) with a HESI 2 probe. The spectrometer was
operated in polarity switching mode, with the following
settings: resolution 50 000, m/z range 70–1400. Ionization voltages were +4.5 and –3.5 kV in positive and negative modes respectively.
Raw LC-MS data were processed with a combination
of XCMS Centwave for peak picking (http://mzmatch.
sourceforge.net/), and mzMatch for alignment and
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annotation of related peaks (http://mzmatch.source
forge.net/). Metabolite identification was performed by
matching masses and retention times to the database
with mass accuracy window of 3 ppm (if two formulae
were within 3 ppm the closest match was taken) and RT
window of 35% (by in-house VBA scripts). Additional
automated noise and MS artefact filtering procedures
were applied to remove peak sets that contained: (i)
peaks that were present at equal or higher abundance in
the blank solvent samples, (ii) all peaks lower than the
intensity threshold (10 000), (iii) shoulder peaks or
duplicate peaks within the same mass (3 ppm) and
retention time (0.2 min) window, (iv) common MS artefacts, (v) irreproducible intensities (relative standard
deviation >0.5) across replicate samples.
Determination of ketogenesis, mitochondrial and cytosolic
ratios and glucose concentration

For ketogenesis, b-hydroxybutyrate and acetoacetate
concentrations in each cell culture medium were
measured immediately after the 72-h treatment using
Bergmeyer’s enzymatic methods (23). Mitochondrial
and cytosolic NADH/NAD+ ratios were determined
using the ratio of b-hydroxybutyrate to acetoacetate,
and lactate to pyruvate respectively. Because the concentrations of lactate and pyruvate in the culture supernatant would preclude a conclusive determination of
cytosolic NADH/NAD+ ratio, the treated cells were
rinsed and allowed to reach a steady state for 24 h in
MEME prior to a 4-h incubation with PBS and octanoate (2 mM). Lactate, pyruvate, b-hydroxybutyrate and
acetoacetate concentrations in the incubation medium
was measured using Bergmeyer’s enzymatic methods
(23). For glucose formation, treated cells from all
groups were rinsed before a 4-h incubation with further
LPON. Glucose concentration was then measured in
the incubation medium using Bergmeyer’s enzymatic
methods (23).
Electron microscopy

Cells were centrifuged to form pellets in the fixative (3%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH
7.3) then washed in three 10-min changes of 0.1 M
sodium cacodylate. Specimens were then post-fixed in
1% osmium tetroxide in 0.1 M sodium cacodylate for
45 min, and washed in three 10-min changes of 0.1 M
sodium cacodylate buffer. Samples were dehydrated in
50, 70, 90 and 100% normal grade acetones for 10 min
each, then for a further two 10-min changes in analar
acetone. Samples were embedded in Araldite resin. Sections, 1 lm thick, were cut on a Reichert OMU4 ultramicrotome (Leica Microsystems (UK) Ltd, Milton
Keynes, UK), stained with toluidine Blue and viewed in
a light microscope. Ultrathin sections, 60 nm thick were
cut from selected areas, stained in uranyl acetate and
lead citrate before viewed in Phillips CM120 Transmis-
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sion electron microscope (FEI UK Ltd, Cambridge,
UK). Images were taken using Gatan Orius CCD camera
(Gatan UK, Abingdon, UK).
Cell viability

Cell viability was assessed as the percentage retention of
lactate dehydrogenase (LDH) by the cell using LDH kit
(Alpha Laboratories, Hampshire, UK) modified for use
on the Cobas-Fara analyzer as described previously (22).
The results are expressed as percentage LDH activity
retained.
Statistics

Statistical analyses were performed using GraphPad
Prism® (GraphPad Software, La Jolla, CA, USA). Results
were expressed as mean ± standard error of the mean
(SEM) unless specified. Differences between groups
were compared with one-way ANOVA with Newman–Keuls multiple comparison analysis. For triglyceride accumulation, two-way ANOVA was performed to determine
the interaction between the specified treatment and the
duration of treatment. A value of P < 0.05 was considered as statistically significant. Unless stated otherwise,
experiments were done to at least n = 3 in triplicate.
Results
LPON acutely increases mitochondrial respiration and
superoxide formation

We postulated that the combination of lactate, pyruvate
and ammonia would act synergistically with octanoate
to enhance mitochondrial respiration. To test this
hypothesis, treatment media were added to naı̈ve C3A
cells before the measurements of cell respiration using
BD Biosensor. LPO resulted in a 2.5-fold rise in respiration whereas LPON resulted in a three-fold increment
when compared with the untreated groups (Fig. 1A).
Next, we examined whether the rise in respiration with
LPON is paralleled by an increase in mitochondrial
superoxide formation. Naı̈ve C3A cells grown in chamber slides were incubated with MitoSOXTM (Invitrogen). Cells were rinsed before adding HBSS with or
without LPON. DNP (250 lM) or oligomycin (5 lg/
ml) were added to HBSS in additional chambers, as controls. Oligomycin, a classic ATP synthase inhibitor, dramatically increases the mitochondrial membrane
potential by preventing the reentry of protons in the
mitochondrial matrix, thus leading to the respiratory
chain complex electron slip and superoxide formation.
In contrast, the uncoupler, protonophore 2,4-dinitrophenol (DNP), lowers mitochondrial membrane potential
and reduces superoxide production. Figure 1B–E show
representative images obtained from fluorescent microscopy. Superoxide formation (fluoresced in bright red)
was visibly enhanced in LPON and oligomycin. Figure 1F
Liver International (2012)
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(A)

(B)

(C)

(D)

(E)

(F)

Fig. 1. The acute effects of energy substrates on (A), cell respiration (B)–(F), reactive oxygen species (ROS) formation in naı̈ve C3A cells.
(A) For acute cell respiration, naı̈ve C3A cells in single suspension were used for each well of the BD Biosensor fluorescent plate containing
one of the following media: HBSS with oleate (0.25 mM) or specified combinations of lactate (L) (10 mM), pyruvate (P) (1 mM), octanoate
(O) (2 mM) and ammonia (N) (4 mM). Cell respiration was calculated from the slope of the linear section of the curve representing the fluorescent intensity (P = 0.0008, *P < 0.05, **P < 0.01). (B–F) Mitochondrial superoxide formation with acute LPON treatment viewed under
fluorescent microscopy after a 45-min incubation with MitoSOXTM. Naı̈ve C3A cells were grown in two-chamber slides. Cells were rinsed
before being treated with 500 ll of HBSS, HBSS+LPON, HBSS+DNP (250 lM) and HBSS+oligomycin (5 lg/ml) into each chamber. Oligomycin increases mitochondrial membrane potential (DΨm) thus augmenting the leakage of electrons resulting in superoxide formation from
the mitochondrial respiratory chain. In contrast, 2,4-dinitrophenol (DNP) lowers DΨm, hence diminishing the rate of superoxide production
by mitochondria. Panel (B)–(E) are fluorescent images viewed under fluorescent microscopy (magnification 910). (B), Untreated; (C), LPON;
(D), Oligomycin; (E), DNP; (F), Fluorescent area from each image analysed by ImageJ. Data are expressed in pixel, and represent mean
± SEM, P < 0.0001; **P < 0.01; ***P < 0.001.
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shows that LPON had higher fluorescence intensity than
the untreated cells. Furthermore, fluorescence intensity
with LPON was similar to that seen with oligomycin
and was significantly higher than that of DNP.
Cellular steatosis and triglyceride concentrations

Next, we investigated whether incubation with substrates that acutely modulate ROS formation resulted in
cellular steatosis, a cardinal feature of human NAFLD.
C3A cells were incubated with the different combinations of energy substrates for 72 h. Intracellular lipid
vacuoles visible under electron microscopy (Fig. 2A)
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were confirmed by BODIPY 493/503 staining (Fig. 2B
and C). Pretreatment with oleate, octanoate and LPON
induced higher intracellular lipid accumulation than
seen in the untreated cells (Fig. 2C). To quantify the
steatotic effects of each treatment group, triglyceride
concentrations were measured. As shown in Figure 2D,
the pattern of triglyceride accumulation over time was
significantly different between the oleate and octanoatetreated cells. Oleate induced higher triglyceride concentrations in the first 24 h, but subsequently reached a
plateau. In contrast, triglyceride concentration with octanoate increased with time potentially reflecting de
novo lipogenesis from acetyl-coA formed with recurring

Fig. 2. Triglyceride accumulation in treated C3A cells. (A) Transmission electron microscopy demonstrating the presence of lipid droplets (B)
BODIPY 493/503 staining confirming the presence of lipid accumulation (C) Fluorescence area from BODIPY 493/503 staining (D) Triglyceride
concentrations after 24 and 72 h of treatment. C3A cells were treated for 72 h (unless specified) with various combinations of energy substrates. (A) Transmission electron microscopy demonstrated the presence of lipid droplets in cells treated with oleate, LPON and octanoate
(scale bar on the micrographs represents 1 lm). (B) The presence of lipid was confirmed with BODIPY 493/503 staining, which renders the
lipid droplets bright green fluorescence (scale bar represents 25 lm). (C) Fluorescence area from BODIPY 493/503 staining was quantified
using ImageJ. **P < 0.01; ***P < 0.001; data are presented as means ± SEM. (D) Triglyceride concentrations were measured after 24 or
72 h of treatment. P < 0.0001 for interaction between treatment and duration of treatment (determined by two-way ANOVA). ***P < 0.001,
**P < 0.01 and *P < 0.05 compared with untreated cells of the same treatment duration; n = 3 in triplicates. Data presented are mean
± SEM.
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sequence of b-oxidation rather than direct esterification.
All treatment groups induced significant triglyceride
accumulation when compared with untreated cells after
72 h. The synergistic effect of lactate, pyruvate and octanoate (LPO) resulted in higher triglyceride accumulation than that seen with either LP (P < 0.001) or
octanoate alone (P < 0.001). Triglyceride concentrations
with LPON after 72 h were 40% lower than seen with
LPO (P < 0.001), but were similar to that accrued with
oleate (Fig. 2D). As NAC has been shown to modulate
ROS in a number of studies, we also studied its effects
when combined to LPON (13, 24). The addition of
NAC (10 mM) to LPON throughout the 72-h pretreatment did not alter triglyceride concentration (LPON
235.3 ± 12.2 vs. LPON+NAC 237.3 ± 7.2 lg/g of total
protein, P = 0.9, n = 5 in triplicates).
Cell viability

The LPON treatment did not affect cell viability after
72 h as evidenced by LDH retention (LPON 97.9
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± 0.33, oleate 98.2 ± 0.32, untreated 98.3 ± 0.39% LDH
activity retained; P = 0.63).
Cellular steatosis alone does not result in mitochondrial
dysfunction

Given the similarities in triglyceride accumulation with
LPON and oleate, the impact of cellular steatosis on
mitochondrial respiration was focused on these groups.
As shown in Figure 3A, oleate and untreated cells had a
similar basal respiration, despite contrasting triglyceride
accumulation. Furthermore, whilst acute exposure with
LPON results in increased cell respiration, the 72-h
LPON treatment led to a significantly lower basal respiration compared with the oleate or the untreated cells
(Fig. 3A). Concomitant treatment with antioxidant,
NAC or a-tocopherol (0.4 mM), prevented the decrease
in basal respiration in LPON treated cells. Respiration
was 62 and 53% higher in LPON cells treated simultaneously with NAC or a-tocopherol, respectively, when
compared with LPON alone (Fig. 3A). To examine the

Fig. 3. C3A cell respiration after a 72-h treatment. (A) Respiration in treated C3A cells suspended in HBSS (B) Respiration in cells suspended in
HBSS+LPON (C) Respiration in treated cells suspended in HBSS+LPON+uncoupling agent 2,4 dinitrophenol (DNP) (D) Respiration in cells treated
simultaneously with NAC and a-tocopherol in the presence of LPON+DNP (A) Cell respiration in the treated cells was measured using BD Oxygen Biosensor. Besides oleate and LPON, N-acetylcysteine (10 mM) or a-tocopherol (0.4 mM) were added to LPON throughout the treatment
period. Cell respiration was calculated from the linear section of the slope for fluorescence increase. Data are presented in mean ± SEM,
P < 0.0001; **P < 0.01; ***P < 0.001. (B) To examine substrate-driven respiration and to confirm the presence of intact intermediary metabolism, respiration was measured in treated cells suspended in HBSS+LPON; P < 0.0001; *P < 0.05; **P < 0.01; ***P < 0.001. (C) LPON+DNP
was added to all groups. Data are presented as fold of change from the untreated cells, P = 0.003, *P < 0.05; **P < 0.01. (D) N-acetylcysteine
(10 mM) or a-tocopherol (0.4 mM) was added to LPON throughout the treatment period. Respiration was then measured in the presence of
DNP. Data are presented in mean ± SEM and expressed as arbitrary fluorescent unit (AFU). P = 0.0009, *P < 0.05; **P < 0.01.
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impact of triglyceride accumulation on substrate-driven
respiration, HBSS containing LPON was added to all
groups immediately before measurement of cell respiration. All groups demonstrated increased respiration
with the addition of further substrates (Fig. 3B). However, respiration for the LPON-treated cells remained
lower than seen with the untreated cells. The combination of LPON with NAC or a-tocopherol restored the
cell respiration by 25 and 20%, respectively, when
compared with LPON treatment alone (Fig. 3B). To
examine the maximal capacity of mitochondrial respiratory chain, DNP was added to all treated groups. In the
presence of DNP, the rise in cell respiration was significantly lower with the LPON-treated cells when compared with the untreated cells, suggesting decreased
mitochondrial respiratory chain capacity. In contrast,
the rise in respiration induced by DNP for oleate, octanoate, LP and LPO groups were comparable to that
seen with the control cells (Fig. 3C), showing an overall
lack of impact on the respiratory chain under these conditions. Interestingly, neither NAC nor a-tocopherol
significantly improved the respiration in LPON treated
cells (Fig. 3D).
Superoxide formation is sustained in LPON cells despite a
reduction in respiration

Next, we investigated the impact of altered cell respiration on superoxide formation. Figure 4A shows mitochondrial superoxide formation during basal
respiration after a 72-h treatment. Despite reduced basal
respiration with LPON when compared with the control
cells (Fig. 3A), superoxide formation was similar in
these groups (Fig. 4A). Figure 4B represents superoxide
formation capacity during substrate-induced respiration. Here, cells incubated with MitoSOXTM (Invitrogen) were resuspended in LPON prior to FACS. A twofold rise in mitochondrial superoxide formation was
observed in LPON when compared with the untreated
cells (Fig. 4B). In contrast, mitochondrial superoxide
formation in oleate remained similar to that seen in
untreated cells (Fig. 4B). As ROS formation in mitochondria is modulated by the mitochondrial membrane
potential (DΨm) as well as the redox potential (25, 26),
we next chose to analyse the DΨm and the NADH/
NAD+ in oleate, LPON and LPON+NAC-treated cells.
Using JC-1 fluorescence analysis, DΨm was determined
in cells treated for 72 h (Fig. 4C). Although oleate treated cells had similar DΨm to the untreated group,
LPON treated cells showed higher mitochondrial membrane potential. Concomitant treatment with LPON
and NAC led to a lower DΨm when compared with cells
treated with LPON alone (Fig. 4C). Despite their disparity in ROS formation, mitochondrial NADH/NAD+
ratio with LPON was similar to that seen with the
untreated cells. In contrast, mitochondrial NADH/
NAD+ ratio was significantly higher with LPON compared with oleate (Fig. 4D). Figure 4E shows that cyto-
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solic NADH/NAD+ ratio was higher in LPON than the
untreated cells.
Altered flux of energy substrates and TCA cycle activity

To investigate whether mitochondrial respiration
impairment alters metabolic fluxes into the TCA cycle,
the rate of ketogenesis was determined after a 72-h
treatment. In the presence of reduced TCA activity,
acetyl-coA is diverted towards ketogenesis instead of
entering the TCA cycle. Figure 5A shows higher ketogenesis with LPON than the untreated cells. Co-treatment of LPON+NAC led to a considerable reduction in
ketogenesis by 41% when compared with LPON alone
suggesting possible reduced TCA cycle turnover in
LPON treated cells and the potential involvement of
ROS in this process (Fig. 5A). To further determine the
impact of each treatment on TCA cycle activity, we conducted the profiling of TCA cycle metabolites. Using the
metabolomics approach, four metabolites that correspond to TCA cycle intermediates were identified. As
shown in Figure 5B, the quantity of citrate was lower
with LPON than that seen with oleate. All groups had
similar levels of cis-aconitate and succinate (Fig. 5C and
D). The higher concentration of malate with LPON
when compared with the untreated cells is consistent
with the reduction of oxaloacetate to malate, which has
been shown to occur in the presence of high concentration of acetyl-CoA (Fig. 5E) (27).
Higher glucose formation in LPON-treated cells is
reversed by concomitant treatment with NAC

Next, we examined the relationship between mitochondrial dysfunction, oxidative stress and glucose production. Figure 6 represents glucose formation in the
incubation media after a 4-h incubation with LPON.
The rate of glucose formation with LPON remained
higher than that seen with oleate or the untreated cells.
Interestingly, despite the similarities in their effect on
mitochondrial respiratory chain capacity, octanoate
treatment led to a higher glucose fluxes than oleate suggesting that altered glucose metabolism may precede
mitochondrial impairment. LPON+NAC resulted in a
significant reduction of 43% in glucose flux when compared with LPON alone (Fig. 6).
Triglyceride accumulation with oleate is not associated
with increased antioxidant thioredoxin reductase (TR1)

To confirm that the marked differences observed
between oleate and LPON are not attributable to
enhanced cytoprotective effect with oleate, we measured
TR1 concentrations in oleate treated cells after maximal
triglyceride accumulation has been achieved at 24 h.
Oleate induced steatosis had been shown to increase cellular reduced glutathione (GSH) content accompanied
by enhanced lipid peroxidation (28). 4-Hydroxynonenal
Liver International (2012)
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Fig. 4. Mitochondrial superoxide formation in treated C3A cells after 72 h. (A) Mitochondrial superoxide formation during basal respiration
(B) Superoxide formation during substrate driven respiration (C) Mitochondrial membrane potential (DΨm), (D) Mitochondrial NADH to
NAD+ ratio (E) Cytosolic NADH to NAD+ ratio. (A) To quantify superoxide formation, cells were trypsinized and incubated with MitoSoxTM.
Cells were resuspended in HBSS before FACS analysis; P = 0.25. (B) To determine superoxide formation during substrate driven respiration,
cells were incubated with MitoSoxTM as described previously and were resuspended in LPON; P < 0.0001; **P < 0.01, (C) Treated cells from
each group were incubated with fluorescent cationic dye, JC-1 for 20 min then trypsinized before FACS. JC-1 fluoresces in green in cells
with low DΨm and forms aggregated that fluoresce in red within high DΨm mitochondria. Hence, the level of mitochondrial potential can be
evaluated by calculating the ratio of median intensity of red (detected in FL2 channel) to green (detected in FL1 channel). Data are presented
in mean ± SEM, P = 0.003, *P < 0.05; **P < 0.01. LPON+NAC; LPON+N-acetylcysteine. LPON+TOCO, LPON+a-tocopherol. (D) To determine mitochondrial NADH to NAD+ ratio, treated cells were rinsed and the culture medium is replaced with MEME for 24 h before a 4-h
incubation with PBS and octanoate. The concentrations of b-hydroxybutyrate and acetoacetate were then measured in the incubation medium to determine (b-hydroxybutyrate to acetoacetate ratio). Data are presented in mean ± SEM, P = 0.03; *P < 0.05. (E) cytosolic NADH to
NAD+ ratio (lactate to pyruvate ratio) was determined from lactate and pyruvate concentrations in the incubation medium following a 4-h
incubation with PBS and octanoate as described above. Data shown are mean ± SEM, P = 0.04; *P < 0.05.

(4-HNE), a major end-product of lipid peroxidation
can potentially exert cytoprotective effect primarily
through the induction of thioredoxin reductase 1 (TR1)
(29). Increased concentration of TR1 and enhanced
activity of selenoenzyme, GPX1, can occur with oxidative stress (30, 31). Here, we also included cells treated
with palmitate, a long chain fatty acid known to induce
significant oxidative stress in hepatocytes (24). Figure 7A demonstrates triglyceride concentrations in each
group. Figure 7B shows that TR1 concentrations were
similar in oleate and palmitate treated cells. Similarly,
Liver International (2012)
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the levels of GPX and TR1, which are crucial for peroxide reduction, were largely unaltered with individual
treatment with lactate, pyruvate or ammonia (Fig. 7C
and D).
Discussion

In the present study, we have designed in vitro models
of cellular steatosis using various combinations of physiological energy substrates that are relevant to human
dietary nonalcoholic fatty liver disease. As evidenced by
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Fig. 5. Ketogenesis and TCA cycle activity in treated C3A cells after 72 h. (A) Ketogenesis determined from the total b-hydroxybutyrate and
acetoacetate concentrations (B)–(E), TCA cycle intermediates identified using the metabolomics approach. (A) b-hydroxybutyrate and
acetoacetate concentrations in the supernatant were measured after 72 h to determine the rate of ketogenesis. Data are presented in mean
± SEM and are expressed in lmol per gram of total protein per hour; P = 0.001, *P < 0.05; **P < 0.01; ***P < 0.001. (B) Citrate
(P = 0.001, *P < 0.05; **P < 0.01) (C) Cis-aconitate (P = 0.16) (D) Succinate (P = 0.51) and (E) Malate (P < 0.001, *P < 0.05,
***P < 0.001) as quantified using metabolomics described in methods. Data are presented in mean ± SD and are expressed in arbitrary unit.

Fig. 6. Gluconeogenic capacity in treated C3A cells. Treated cells
were rinsed before a 4-h incubation with LPON to determine glucose formation. Glucose flux was determined at the end of a 4-h
incubation period. P < 0.0001, *P < 0.05, ***P < 0.001. Data
presented are mean ± SEM. LPON+NAC; LPON+N-acetylcysteine.
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the differences in their mitochondrial respiration, fatty
acids oleate or octanoate, with or without the combination of gluconeogenic substrates (lactate and pyruvate),
and/or ammonia acutely modulated the TCA cycle turnover. The focus was then to observe the events that
occur as consequences of enhanced TCA activity similar
to what potentially may occur with nutrient excess. Our
aims were to determine (i) whether steatosis per se
affects mitochondrial respiration and (ii) whether its
effects are essentially hinged on ROS formation. We
have shown that lactate, pyruvate, octanoate and ammonia synergized to enhance respiration and ROS formation to a critical point, culminating in mitochondrial
impairment. Indeed, LPON-induced cellular steatosis
manifests many of the key features associated with steatohepatitis, such as impaired mitochondrial function,
enhanced oxidative stress, increased ketogenesis and
altered glucose metabolism. In stark contrast, triglycerLiver International (2012)
© 2012 John Wiley & Sons A/S
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Fig. 7. Maximal triglyceride accumulation induced by oleate is not associated with increased antioxidant thioredoxin reductase 1 (TR1)
(A) Triglyceride concentrations in oleate and palmitate treated cells. (B) TR1 concentrations in oleate and palmitate treated cells (C) GPX1
activity in individual component of LPON, (D) TR1 concentration in each LPON component. (A) We observed that maximal triglyceride accumulation with oleate was achieved after 24 h. Thus, for this series of experiment, cells were pretreated with either oleate (0.25 and
0.5 mM) or palmitate (0.125 and 0.25 mM) for 24 h. *P < 0.05, **P < 0.01; ***P < 0.001, data represent mean ± SEM. (B) Intracellular
TR1 concentrations were determined in cells were pretreated with either oleate or palmitate at the concentration specified for 24 h,
*P < 0.05,**P < 0.01; ***P < 0.001, data are presented as mean ± SEM. (C) The activity of GPX1 and (D) TR1 levels were determined for
individual component of LPON after 48 h, *P < 0.05, **P < 0.01; ***P < 0.001, data are presented as mean ± SEM.

ide accumulation with oleate represents simple steatosis;
mitochondrial function remained unperturbed despite
the triglyceride accrued.
Our data have several important implications for
understanding the events surrounding mitochondrial
dysfunction in nutrient perturbation. Firstly, cellular
steatosis per se does not influence mitochondrial function. In support of this, mitochondrial function was significantly different between oleate and LPON despite
their similarities in triglyceride accumulation. Enhanced
respiration with LPON was not sustained; evidence of
mitochondrial impairment was apparent after 72 h as
supported by decreased basal and substrate-driven respiration as well as diminished mitochondrial chain
capacity. Likewise, mitochondrial function remained
unaltered with LPO despite higher intracellular triglyceride accumulation when compared with LPON. There
are two potential mechanisms behind the lower triglyceride content with LPON when compared with LPO
treated cells. Firstly, impaired mitochondrial function
would lead to ATP depletion, thus switching off ATPconsuming processes including de novo lipogenesis.
Indeed, downregulation of lipogenic enzymes has been
proposed to be the mechanism of decreased steatosis or
‘burnt out’ appearances in advanced NASH (32). Secondly, ammonia has been shown in astrocytes to
Liver International (2012)
© 2012 John Wiley & Sons A/S

decrease the formation of triglycerides with concomitant rise in diacylglycerides, further supporting the
importance of triglycerides in protecting cells from the
potential deleterious effect of free fatty acids (33, 34).
Secondly, our data underlines the importance of
energy substrates capacity to form ROS, rather than
their ability to induce triglyceride accumulation, as a
key determinant of mitochondrial function. We have
shown that LPON treatment acutely enhanced ROS formation culminating in increased mitochondrial membrane potential and diminished mitochondrial
respiration. The addition of antioxidant NAC prevented
the decrease of basal and substrate-induced respiration
seen in LPON-treated cells, thus supporting the role of
ROS in modulating mitochondrial function in nutrient
perturbation (35, 36). Taken together, these results indicate an inhibition of oxidative phosphorylation mediated by ROS possibly on the terminal components of
mitochondrial respiratory chain, cytochrome c oxidase
(complex IV). ROS and high fat diet have been previously shown to diminish cytochrome c oxidase activity
leading to an increase in NADH/NAD+ with concomitant high mitochondrial membrane potential (37, 38).
Therefore, it is plausible that enhanced ROS is responsible for the ensemble of mitochondrial effects observed
with LPON.
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Akin to the findings in steatohepatitis, ROS formation
in LPON-treated cells was not mitigated by diminished
respiration (4, 39). Indeed, a dramatic rise in superoxide
formation was observed with LPON, which is likely to
be attributable to increased mitochondrial membrane
potential (40, 41). In contrast, the treatment with oleate
did not affect cell respiration and maintained a relatively
low mitochondrial membrane potential, resulting in a
smaller amount of superoxide formation. In addition,
the intact respiration maintains constant NADH oxidation thus minimizing the ROS formation further (25).
Interestingly, despite the contrasting ROS formation,
mitochondrial NADH/NAD+ ratio between LPON and
the untreated cells was comparable. However, preserved
mitochondrial function in the untreated cells, as evidenced by active respiration and low mitochondrial
membrane potential, is likely to maintain steady flow of
electrons along the mitochondrial chain necessary for an
efficient NADH oxidation to NAD+. The findings of
lower cytosolic NADH/NAD+ ratio in the untreated cells
compared with LPON further support this notion.
Therefore, it is plausible that the similarity in mitochondrial NADH/NAD+ ratio reflects the differences in the
rate of NADH formation from the TCA cycle. Specifically, the 72 h of LPON treatment may have led to the
downregulation of TCA cycle and the observed mitochondrial NADH/NAD+ ratio may have been normalized as part of the ensuing metabolic adaptations in the
presence of mitochondrial impairment.
In support of this, the concentration of malate, a TCA
cycle intermediate, was found to be significantly higher
with LPON than either oleate or the untreated cells. It is
possible that the surge of energy substrates and the subsequent mitochondrial impairment with LPON would
initially lead to a rise in NADH/NAD+ ratio such that it
favours the conversion of oxaloacetate to malate. The
lowering of oxaloacetate can dampen the TCA cycle
turnover, thus diminishing the NADH formation (27).
In effect, such reduction in oxaloacetate decreases its
availability to condense with acetyl-coA to form citrate.
Indeed, citrate levels were lower with LPON compared
with oleate. Furthermore, citrate synthase activity is
diminished in the presence of oxidative stress as well as
in elevated NADH/NAD+ (13, 38). The diversion of acetyl-coA towards ketogenesis is yet another classic acute
metabolic adaptation to the reduction in TCA cycle
activity. These adaptations are necessary in the presence
of mitochondrial impairments. Excessive supply of
NADH in the presence of electron flow disruption (for
example, in ROS-induced mitochondrial injury) can
promote further ROS formation. Although it is conceivable that reduced basal respiration observed with LPON
reflects decreased NADH availability, it is unlikely that
this underpins the diminished substrate-induced respiration, particularly in the presence of DNP.
Increased gluconeogenesis exemplifies an appropriate
response to curb further ROS formation from excessive
substrate flux into the TCA cycle. In the setting of nutri-
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ent excess, increased mitochondrial superoxide production has been proposed to be the signal that drives a
cellular response to induce insulin resistance as part of
the antioxidant defense mechanism (42). The findings
of enhanced glucose formation in octanoate and LPOtreated cells highlight two important points. Firstly,
altered glucose metabolism occurs before the onset of
mitochondrial impairment. This further supports that
mitochondrial alterations do not precede insulin resistance (13). Secondly, the extent of triglyceride accumulation does not correlate with glucose formation.
Whether the unperturbed respiration with oleate can
be attributed to enhanced mitochondrial antioxidants
remains unknown. Oleate-induced steatosis had been
shown to increase cellular GSH content accompanied by
enhanced lipid peroxidation (28). A major end-product
of lipid peroxidation, 4-HNE, has been proposed to
exert cytoprotective effect primarily through induction
of TR1 (29). For this reason, we have chosen to examine
the concentration of TR1 to determine whether triglyceride accumulation with oleate was accompanied by
enhanced cytoprotective effect, which may potentially
influence the impact of ROS on mitochondrial respiration. However, TR1 concentrations in oleate-treated
cells were similar to the untreated cells.
In summary, our data suggest that hepatic steatosis
per se does not have direct impact on mitochondrial
function; nor does it influence glucose metabolism. It is
simply a marker of deranged metabolic milieu. In contrast, ROS is a determinant of mitochondrial function
in the long term. It is likely that mitochondria act as
energy sensor with mitochondrial ROS providing the
impetus to metabolic adaptations gearing towards limiting further ROS production. Such adaptations would
include curtailing energy substrate flux into TCA cycle,
thus acetyl-coA has to be diverted towards other pathways including ketogenesis and de novo lipogenesis.
However, a critical juncture would be reached if the
surge of energy substrates were to continue. These adaptations and antioxidants would no longer able to cope
with excessive ROS formation. In this milieu, further
ROS formation triggers a vicious cycle that can potentially promote the release of various proinflammatory
cytokines and onset of changes favouring the progression of steatohepatitis and fibrosis (27). Thus, reduction
in cellular steatosis is not always the desired outcome
without concomitant reduction in energy substrate
availability and ROS formation. The results of this study
would support strategies focused on establishing the
balance between excessive ROS production and antioxidant capacity in preventing the onset of nonalcoholic
steatohepatitis.
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