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ABSTRACT

Hepatocyte lipotoxicity is characterized by
aberrant  mitochondrial metabolism, which
predisposes cells to oxidative stress and apoptosis.
Previously, we reported that translocation of
calcium from the ER to mitochondria of palmitate-
treated hepatocytes activated anaplerotic flux from
glutamine to alpha-ketoglutarate (aKG), which
subsequently entered the citric acid cycle (CAC) for
oxidation. We hypothesized that increased
glutamine anaplerosis fueled elevations in CAC
flux and oxidative stress following palmitate
treatment. To test this hypothesis, primary rat
hepatocytes or immortalized H4I1EC3 rat hepatoma
cells were treated with lipotoxic levels of palmitate
while modulating anaplerotic pathways leading to
aKG. We found that culture media supplemented
with glutamine, glutamate, or dimethyl-aKG
increased palmitate lipotoxicity compared to media
that lacked these anaplerotic  substrates.
Knockdown of glutamate-oxaloacetate
transaminase (GOT) activity significantly reduced
the lipotoxic effects of palmitate, while knockdown
of glutamate dehydrogenase (Gludl) had no effect
on palmitate lipotoxicity. BC flux analysis of
H41IEC3 cells co-treated with palmitate and the
pan-transaminase inhibitor aminooxyacetic acid
(AOA) confirmed that reductions in lipotoxic
markers were associated with decreases in

anaplerosis, CAC flux, and oxygen consumption.
Taken together, these results demonstrate that
lipotoxic palmitate treatments enhance anaplerosis
in cultured rat hepatocytes, causing a shift to
aberrant transaminase metabolism that fuels CAC
dysregulation and oxidative stress.

The liver is a central metabolic hub of the body,
regulating glucose, lipid, and amino acid
metabolism. As such, many hepatic pathologies are
associated with altered metabolic activities. In
particular, nonalcoholic fatty liver disease
(NAFLD) and nonalcoholic  steatohepatitis
(NASH), both hepatic manifestations of the
metabolic syndrome, are associated with hepatic
insulin  resistance and altered mitochondrial
capacity including impaired fatty acid oxidation
and increased anaplerosis (1-5). While plasma free
fatty acid (FFA) concentrations are often elevated
in these pathologies (6,7), the biochemical
mediators and metabolic pathways linking elevated
plasma FFAs to mitochondrial metabolic
dysfunction are currently unclear. Interestingly,
clinical and animal models of NASH and fatty liver
have demonstrated significant alterations in plasma
amino acid levels in addition to alterations of
plasma FFA profiles, suggesting systemic
dysregulation of amino acid metabolism (8-10).
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Altered plasma glutamine and glutamate levels
have previously been identified as markers in
patients with metabolic syndrome and NASH
(8,11). In particular, decreases in the ratio between
glutamine and glutamate are associated with
enhanced systemic glucose intolerance as
glutamate can potentiate the formation of plasma
alanine, and therefore stimulate gluconeogenesis.
Additionally, abnormal  glutamatyl-dipeptide
synthesis has been associated with many liver
diseases including NASH and hepatocellular
carcinoma (12). This was attributed to inefficient
synthesis of glutathione to combat oxidative stress
associated with liver disease. Conversely, it has
been previously hypothesized that the NAFLD
biomarkers  glutamate-pyruvate  transaminase
(GPT, or alanine aminotransferase) and glutamate-
oxaloacetate transaminase (GOT, or aspartate
aminotransferase) may participate in a causative
mechanism of fatty liver disease progression (13).

Consistent with the hypothesis that alterations
in amino acid metabolism could potentiate disease,
in vitro models of lipotoxicity have shown that
cultured hepatocytes treated with a lipotoxic load of
the saturated fatty acid palmitate are characterized
by altered mitochondrial metabolism involving
enhanced oxidative flux and increased anaplerosis
from glutamine to alpha-ketoglutarate (aKG) (14-
16). Furthermore, supplementing culture media
with a mixture of nonessential amino acids
(NEAAs) enhanced anaplerotic flux, oxidative
stress, and apoptosis markers in the presence of
palmitate (14). Glutamate was identified as the
single most important NEAA contributing to the
observed effects (14). This finding agrees with in
vivo studies in mice and humans which show that
elevations in intrahepatic lipids are associated with
increased mitochondrial anaplerosis and oxidative
citric acid cycle (CAC) flux (4,5). Addition of
exogenous antioxidants to cultured hepatocytes did
not reverse these metabolic abnormalities,
indicating that increased anaplerosis was not simply
a response to oxidative stress but could play a
causal role in stimulating oxidative metabolism
(16). Indeed, reducing anaplerotic flux through
inhibition of PEP carboxykinase (PEPCK) or
treatment with metformin has been shown to
prevent FFA-induced increases in oxidative stress
and inflammation, both in vitro and in vivo (16,17).

Role of GOT in hepatocyte lipotoxicity

We have previously demonstrated that addition
of the calcium chelator BAPTA to palmitate-treated
hepatic cells attenuates mitochondrial oxygen
consumption, CAC anaplerosis, and oxidative
stress (15). This finding suggests that alterations in
intracellular calcium trafficking can predispose
mitochondria to an oxidative phenotype that
contributes to lipotoxicity. Calcium is a known
regulator of aKG dehydrogenase (ADH) as well as
the glutamate-aspartate uniporter citrin
(SLC25A13), the action of which can lead to
increased import and oxidation of glutamate by
mitochondria. A recent study by Miller et al. (18)
showed that glucagon-stimulated calcium release
from the ER enhances gluconeogenesis from
glutamine, which is prevented by knockdown of
mitochondrial glutaminase (GLS2). Therefore, we
hypothesized that glutamine anaplerosis is
upregulated in response to palmitate treatment and
fuels elevations in CAC flux by supplying excess
aKG. As such, the deregulation of carbon entry to
the CAC at the aKG node represents one potential
mechanism by which calcium translocation to
mitochondria can accelerate lipotoxicity.

To test the hypothesis that anaplerotic flux from
glutamine to oKG modulates the severity of
palmitate lipotoxicity, we altered extracellular
media concentrations of glutamine, glutamate, and
dimethyl-aKG to determine if the presence of these
anaplerotic substrates predisposed hepatocytes to
enhanced apoptosis in the presence of lipotoxic
concentrations of palmitate. Additionally, we
employed pharmacologic inhibition and siRNA-
mediated knockdown of the GOT and glutamate
dehydrogenase (Gludl) pathways of oKG
anaplerosis (Figure 1). We found that knockdown
of GOT activity, but not Gludl, significantly
decreased hepatic lipoapoptosis in primary rat
hepatocytes and immortalized H4IIEC3 rat
hepatoma cells. Pharmacologic inhibition of
transaminase  metabolism using the pan-
transaminase inhibitor aminooxyacetic acid (AOA)
attenuated the enhancement of oxygen uptake we
have previously reported as a characteristic of
palmitate lipotoxicity in hepatocyte cultures
(15,16). Similarly, **C flux analysis revealed that
AOA reduced absolute rates of glutamine
anaplerosis and CAC flux compared to cells treated
with palmitate alone. Taken together, these results
indicate that palmitate treatment stimulates GOT-
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dependent anaplerosis to supply oKG and
downstream CAC intermediates. When
uninhibited, this mechanism leads to metabolic
dysfunction and oxidative stress associated with
hepatocyte lipotoxicity (15,16).

RESULTS

Extracellular glutamine enhances palmitate
lipotoxicity of rat hepatocytes—We have
previously shown that glutamine anaplerosis is
increased independently of caspase 3/7 activity in
palmitate-treated H4I1EC3 cells (19). However, the
effects of glutamine removal or replacement on
palmitate-induced lipotoxicity have not been
systematically assessed. To test that exogenous
glutamine enhances apoptosis, primary rat
hepatocytes or H4IIEC3 rat hepatoma cells were
treated with 400 puM palmitate in the presence or
absence of 2 mM glutamine.  Removal of
extracellular glutamine attenuated cell death
associated with palmitate treatment (Figure 2A).
Additionally, the reduction in palmitate-induced
lipotoxicity of H4IIEC3 cells was associated with a
reduction in markers of apoptosis (Figure 2B).

The metabolic products of glutamine
anaplerosis promote lipotoxic cell death of rat
hepatocytes—Glutamine can be metabolized via
conversion to glutamate and then to the CAC
intermediate aKG (Figure 1). If glutamine fuels
lipotoxicity by providing substrates  for
mitochondrial anaplerosis, its direct downstream
metabolites should also stimulate hepatocyte cell
death in response to elevated doses of palmitate. To
test this hypothesis, primary rat hepatocytes or
HA411EC3 cells were treated with 400 uM palmitate
and incubated with 2 mM glutamine, 2 mM
glutamate, or 2 mM a-ketoglutarate (using the cell-
permeable analog dimethyl-aKG) for 24 hours.
H41IEC3 cells exhibited identical toxicity
responses to palmitate under all media conditions,
indicating that these metabolites act as
interchangeable  substrates  for ~ promoting
mitochondrial ~ phenotypes  associated  with
lipotoxicity (Figure 3A). Interestingly, primary
hepatocytes exhibited increased lipotoxic cell death
when extracellular glutamine was replaced with
glutamate or a-ketoglutarate. This trend suggests
that primary hepatocytes have enhanced sensitivity
to downstream glutamine-derived anaplerotic
substrates than to glutamine itself. This could be

Role of GOT in hepatocyte lipotoxicity

due to reduced glutaminase activity in primary
hepatocytes, which is needed to convert glutamine
to glutamate. Our primary hepatocyte isolation
homogenizes the entire liver, producing a mixed
population of hepatocytes. However, glutaminase is
only expressed in a narrow layer of hepatocytes
surrounding the periportal vein (20). This could
explain why glutamate and oKG are more
synergistic than glutamine in primary hepatocytes
(21,22).

Glutamate can produce aKG through direct
deamination by glutamate dehydrogenase (Glud1)
or through transamination to produce NEAAS such
as alanine or aspartate. Of particular interest is the
glutamate-oxaloacetate transaminase (GOT) family
of enzymes, since they play a key role in the
malate/aspartate shuttle, a critical redox shuttle
whose activity can be influenced by alterations in
intracellular calcium (23,24). GOT catalyzes the
conversion of glutamate to oaKG via the
transamination of oxaloacetate to aspartate. Since
we have previously observed calcium-dependent
anaplerosis in palmitate-treated hepatic cells (15),
we hypothesized that GOT metabolism could be the
primary route of anaplerosis that is upregulated in
response to palmitate treatment. To test this
hypothesis, hepatocytes were treated with 400 uM
palmitate and provided either extracellular
glutamine or a combination of aKG and aspartate.
Both primary hepatocytes and H4IIEC3 cells
exhibited enhanced lipotoxic cell death when given
the mixture of GOT products rather than glutamine
alone (Figure 3B). These results are in agreement
with a previous finding that supplementation of
exogenous glutamate, or mixtures of NEAAs,
accelerated lipotoxic ROS generation and apoptosis
of palmitate-treated H41IEC3 cells (14).

The GOT family of enzymes promotes
lipotoxicity in rat hepatocytes—The observation
that products of GOT metabolism enhanced
lipotoxicity in both H4IIEC3 cells and primary rat
hepatocytes suggests that GOT enzymes play an
important role in providing anaplerotic substrates to
fuel CAC activation in response to palmitate
treatments. Thus, we utilized siRNA to selectively
modulate glutamate dehydrogenase or GOT
metabolic activities in order to assess these
alternative pathways of glutamate anaplerosis.
First, we knocked down mRNA expression of
glutamate dehydrogenase using siRNA specific for
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Gludl in H411EC3 cells. Knockdown of Glud1 had
no effect on palmitate-induced apoptosis,
indicating that Gludl is not a primary metabolic
pathway that potentiates lipotoxicity in H4IIEC3
cells (Figure 4A). Next, we used siRNA for both
the cytosolic and mitochondrial isoforms of GOT,
GOT1 and GOT2, respectively. Compared to
H411EC3 cells treated with a control siRNA (NC1),
GOT1 siRNA significantly attenuated caspase
activity by approximately 25% after 12 hours of
palmitate treatment (Figure 4B). Interestingly,
GOT2 knockdown attenuated palmitate-induced
apoptosis even more effectively than GOT1
knockdown (Figure 4C). When we repeated these
experiments using primary rat hepatocytes, we
found that Glud1 and GOT1 knockdown produced
no significant improvements in lipotoxicity
markers (not shown), but GOT2 knockdown
produced a reduction in palmitate-induced
apoptosis that was similar to that observed in
H41IEC3 cells (Figure 4D).

AOA co-treatment attenuates palmitate-
induced cell death and oxygen consumption in
H41IEC3 cells—We have previously shown that
lipotoxic concentrations of palmitate induce
metabolic dysfunction characterized by elevated
anaplerosis and oxygen consumption flux in
H41IEC3 cells (19). To further explore the
metabolic impacts of GOT inhibition, we used the
pan-transaminase inhibitor aminooxyacetic acid
(AOA) to  suppress  glutamate-dependent
anaplerosis. Co-treatment of H4IIEC3 cells with
400 uM palmitate and 500 uM AOA resulted in a
50% reduction in palmitate-induced cell death
(Figure 5A), which was associated with a
proportional reduction in palmitate-induced oxygen
consumption (Figure 5B). These results indicate
that the mechanism of AOA-mediated suppression
of lipotoxicity may be linked to the ability of AOA
to partially reverse mitochondrial metabolic
alterations associated with palmitate treatment.

Transaminase inhibition by AOA reverses
palmitate-induced alterations in CAC-associated
metabolic fluxes—To examine how AOA confers
resistance to palmitate treatments in H411EC3 cells,
we performed 3C metabolic flux analysis (MFA)
by complete replacement of medium glutamine
with the stable isotope tracer [U-*3Cs]glutamine.
Labeled intracellular metabolites were extracted
and analyzed for isotopic enrichment using GC-
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MS. Previously, we observed that palmitate-treated
cells incorporated more [U-*Cs]glutamine-derived
carbon into CAC intermediates (e.g., malate)
relative to vehicle-treated cells, as quantified by
their atom percent enrichment (APE) (16). AOA
co-treated cells exhibited less **C enrichment in the
aspartate pool, indicating that transaminase activity
was  effectively inhibited  (Figure  6A).
Additionally, compared to palmitate-treated cells,
the malate enrichment was significantly lower in
cells co-treated with AOA. Despite these
differences, the isotopic enrichment of the
glutamate pool was only modestly decreased,
suggesting that glutamate synthesis from
extracellular glutamine was largely unaffected by
AOA co-treatment. Interestingly, co-treating cells
with AOA and palmitate increased the APE of both
lactate and phosphoenolpyruvate (PEP) compared
to cells treated with palmitate alone (Figure 6B).
This indicates a re-routing of cataplerotic flux
leaving the CAC via PEPCK.

Next, we performed *C MFA by applying a
metabolic model consisting of key glycolytic and
CAC reactions (Figure 7A, Sl Table S1) to regress
fluxes from measured isotope labeling patterns of
several GC-MS fragment ions (SI Table S2). The
model was constrained by mass balances on all
network metabolites, isotopomer balances on all
relevant elementary metabolite units, and redox
balances on NADH and FADH,. Fluxes were
estimated by least-squares regression of nine
measured mass isotopomer distributions (MIDs)
(SI' Figures S1-S3) in combination with the
measured oxygen uptake rates shown in Figure 5B.
We calculated 14 net fluxes for H4IIEC3 cells
treated with wvehicle, palmitate (PA), or a
combination of palmitate and AOA (SI Tables
S3-S5). Consistent with our prior studies (14-16),
we observed significant elevations in glutaminase
(GLS), citrate synthase (CS), a-ketoglutarate
dehydrogenase (ADH), and malic enzyme (ME)
fluxes in response to palmitate treatment (Figure
7B). AOA co-treatment led to significant
reductions in GLS, ADH, and ME fluxes compared
to cells treated with palmitate alone, although GLS
and ADH fluxes remained elevated in comparison
to vehicle-treated cells. However, no significant
difference was observed in the CS flux of cells
treated with PA versus PA+AOQOA, indicating that
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AOA was not able to reverse all aspects of
palmitate-induced CAC dysregulation.

In addition to increasing the utilization of
glutamine-derived carbon by enhancing GLS flux,
palmitate treatment also increased utilization of
glucose-derived carbon as indicated by elevations
in pyruvate kinase (PK) flux (Figure 7C). Unlike
GLS flux, however, PK flux was completely
restored to basal levels by AOA co-treatment.
Normalizing the intracellular fluxes to PK
demonstrates  that  the  palmitate-induced
mitochondrial alterations were associated with
enhanced glutamine anaplerosis and a decrease in
pyruvate carboxylase (PC)-dependent CAC
anaplerosis (Figure 7D). Interestingly, although
AOA co-treatment reduced absolute CAC fluxes,
the relative ratios of GLS/PK, CS/PK, and
ADH/PK fluxes were elevated compared to
vehicle-treated cells. This observation suggests that
the use of glutamine as a carbon source for the CAC
remains elevated compared to glucose, despite
inhibition of transaminase activity by AOA.

Net anaplerotic flux into the CAC must balance
net cataplerotic flux leaving the cycle during
metabolic steady state (21). In our previous studies
(14-16), glutamine carbon entering the CAC as a-
ketoglutarate was postulated to leave through either
malic enzyme or CO, production. Here, our
updated model includes the PEPCK reaction, which
exhibited low flux in both vehicle-treated and
palmitate-treated cells, indicating that PEPCK was
not the preferred route of cataplerosis in H4IIEC3
cells cultured with abundant glucose and no added
hormones (Figure 7B). Instead, flux through malic
enzyme was the main mode of cataplerosis. On the
other hand, AOA co-treatment was marked by a
significant increase in PEPCK flux compared to
cells treated with palmitate alone (Figure 7B and
7D). This partial shift from ME- to PEPCK-
dependent cataplerosis could indicate intracellular
accumulation of oxaloacetate due to disruption of
transaminase metabolism (Figure 8).

DISCUSSION

Hepatic lipotoxicity in H4IIEC3 cells is
characterized by enhanced CAC anaplerosis, which
can be derived from extracellular glutamine that is
abundant in cell culture media and blood plasma
(typically higher than any other amino acid)
(14,19). However, it is unclear whether this

Role of GOT in hepatocyte lipotoxicity

anaplerotic flux is mediated solely by glutamate
dehydrogenase or glutamate  transaminase
enzymes, and whether inhibition of these
glutamate-dependent anaplerotic pathways would
fully suppress metabolic phenotypes associated
with FFA lipotoxicity. In the current study, we
altered media glutamine concentrations to define a
mechanism by which extracellular glutamine
controls the rate of palmitate-induced apoptosis in
H41IEC3 rat hepatoma cells and primary rat
hepatocytes. Replacing extracellular glutamine
with its downstream metabolic products (e.g.,
glutamate, o-ketoglutarate, etc.) revealed that
glutamine exerts its pro-apoptotic effects by
enhancing mitochondrial anaplerosis and not
simply through the accumulation of other metabolic
byproducts. A similar effect has also been observed
in activated macrophages: glutamine deficiency
partially rescued cells from palmitate lipotoxity,
while the addition of a-ketoglutarate to the culture
medium restored the lipotoxic effects of palmitate
(25). While a glutamine concentration (2 mM)
higher than physiological plasma levels (0.4—0.7
mM) was used in the current study, this
concentration is consistent with  previous
lipotoxicity studies of cultured hepatocytes and
other cell types (26-28). Additionally, similar
results were obtained in a prior study that used
physiological concentrations of glutamine (14). A
superphysiological glutamine concentration was
chosen to avoid glutamine depletion during the
course of our experiments, which has been shown
to cause a switch in metabolism from glutamine
consumption to  glutamine  secretion at
concentrations below 0.4 mM (29).

In our current study, inhibition of glutamate
conversion to a-ketoglutarate using siRNA specific
for Gludl, GOT1, or GOT2 indicated that
glutamine enhances palmitate lipotoxicity through
GOT  activity, primarily through GOT2.
Pharmacological transaminase inhibition with
AOA confirmed these results and enabled the
intracellular fate of glutamine carbon to be traced
using [U-'Cs]glutamine labeling. Commensurate
with a partial rescue in lipotoxic cell death, AOA
co-treatment attenuated the metabolic
dysregulation caused by palmitate treatment but did
not fully restore CAC-associated fluxes to basal
levels. Overall, these results demonstrate a novel
role for GOT enzymes in promoting palmitate
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lipotoxicity, which depends on their ability to
provide substrates for CAC anaplerosis. Our study
also confirms and extends the previous work of
Noguchi et al. (14), which found that NEAA
supplementation exacerbated the effects of PA
treatment to inhibit glycolytic flux, increase CAC
flux, and stimulate ROS accumulation in H4IIEC3
cells. In particular, glutamate addition induced ROS
generation and apoptosis more effectively than any
other single amino acid, suggesting that the
stimulatory effects of NEAA supplementation
could be due to enhanced glutamate anaplerosis.
Our current study offers further evidence
supporting that hypothesis, and provides a
mechanistic description of the enzymes and
pathways involved.

Alterations in amino acid metabolism have
been linked to obesity, NAFLD, and NASH (8,10).
In particular, elevated plasma glutamate/glutamine
levels have been reported as a potential risk factor
for NAFLD. Additionally, in the methionine-
choline deficient (MCD) diet-induced murine
NASH model, increases in plasma glutamate and
glutamine were paralleled by increases in liver
concentrations of these amino acids (8). The
authors attributed these elevations to inhibition of
liver gluconeogenesis and CAC metabolism in
MCD-fed mice. In contrast, a different study
demonstrated that mice fed a high-fat diet
developed fatty liver and insulin resistance that is
associated with increases in CAC and
gluconeogenic fluxes (4). Our models of
lipotoxicity in isolated rat hepatocytes and the
H41IEC3 cell line exhibit similarities with these
two in vivo studies. First, palmitate overload
induces mitochondrial dysfunction characterized
by elevated CAC flux. Second, the presence of
elevated glutamine or downstream glutamine-
derived metabolites (e.g., glutamate or a-
ketoglutarate) synergizes with palmitate to enhance
lipotoxicity.

Anaplerosis of a-ketoglutarate into the CAC
can occur through Gludl, cytosolic GOT1, and
mitochondrial GOT2. To further examine the
differences between Gludl and GOT isoforms,
hepatic cells were treated with a combination of a-
ketoglutarate and aspartate (metabolic products of
the GOT enzymatic reaction). The combined dose
of extracellular o-ketoglutarate and aspartate
supplied to palmitate-treated cells was more toxic
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than glutamine alone. We then applied siRNA for
Gludl, GOT1, or GOT2 to specifically inhibit these
enzymes. Knockdown of GOT1 or GOT2
attenuated  palmitate-dependent  apoptosis in
H41IEC3 cells, while only GOT2 knockdown
partially rescued apoptosis in primary rat
hepatocytes. The inability of Gludl to reduce the
toxic effects of palmitate indicates that glutamate
dehydrogenase likely does not play an important
role in glutamate anaplerosis under these
conditions. Interestingly, Glud1 activation has been
shown to improve hepatic steatosis in mice fed a
high-fat, high-fructose diet. It was proposed that
this effect is due to reductive amination, which
shunts intermediates away from the CAC and into
amino acid synthesis. This opposing role of Gludl
is further evidence that decreased CAC anaplerosis
can decrease the effects of lipotoxicity (30).

Both cytosolic GOT1 and mitochondrial GOT2
are reversible reactions that convert an amino acid
(glutamate or aspartate) to an a-ketoacid (a-
ketoglutarate or oxaloacetate). Additionally both
are involved in the malate-aspartate shuttle, which
functions to transport cytosolic  reducing
equivalents (NADH) to the mitochondria to be used
for oxidative phosphorylation (Figure 8). In
principle, upregulated GOT activity can therefore
account for the increased oxygen consumption
exhibited by palmitate-treated hepatic cells by
providing more a-ketoglutarate for CAC oxidative
metabolism or by shuttling more reducing
equivalents into the mitochondria via the malate-
aspartate shuttle. However, the latter mechanism
implies a synergy between both GOT1 and GOT2
that we do not observe in our experiments. While
knockdown of either GOT1 or GOT2 attenuated
lipotoxicity, GOT1 knockdown had a smaller effect
on H4lIEC3 cells and no significant effect in
primary rat hepatocytes.  This suggests that
disruption of GOT2 metabolism during palmitate
overload leads to increased net anaplerosis rather
than simply an acceleration of substrate cycling
between GOT1 and GOT?2.

In addition to siRNA-mediated knockdowns,
we co-treated hepatic cells with the transaminase
inhibitor AOA in the presence of a lipotoxic
palmitate load. AOA co-treatment attenuated
lipotoxicity to a similar extent as GOT2 knockdown
in H411EC3 cells. It is important to note that AOA
inhibits multiple transaminases, so its impact is not
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limited to GOT. **C MFA studies demonstrated that
AOA  significantly  decreased  glutamine
anaplerosis, oxygen consumption, and ADH flux,
all of which are characteristic of palmitate overload
in hepatic cells. However, cells co-treated with
AOA and palmitate still exhibited elevated
mitochondrial fluxes in comparison to vehicle-
treated cells. This failure to completely normalize
mitochondrial fluxes with AOA suggests an
upstream mechanism that predisposes hepatic cells
to a glutamine/glutamate avid state in response to
palmitate treatment.

Previously, we demonstrated a novel role for
intracellular calcium to promote lipotoxicity by
inducing metabolic dysfunction and oxidative
stress (15). In that study, co-treating hepatic cells
with palmitate and the intracellular calcium
chelator BAPTA  decreased  mitochondrial
metabolism as indicated by reduced oxygen
consumption flux and decreased glutamine uptake
compared to cells treated with palmitate alone.
Additionally, BAPTA co-treated cells had reduced
equilibration of isotope labeling in the malate and
aspartate pools. These results pointed to a novel,
putative role for the glutamate-aspartate antiporter
citrin to enhance lipotoxicity. The activity of this
antiporter is enhanced by elevations in cytosolic
calcium, which may increase glutamate entry into
the mitochondria in exchange for aspartate (24).
Hypothetically, the net result of citrin activation in
the context of palmitate lipotoxicity could be an
enhancement in  oxygen consumption and
glutamate anaplerosis as a result of increased
substrate supply to GOT2 (Figure 8). Combined
with the observation that the pan-transaminase
inhibitor AOA reduced oxygen consumption,
aspartate labeling, and overall CAC flux in
palmitate-treated cells, we hypothesize that
palmitate overload exerts its lipotoxic effects
through  calcium-dependent  activation  of
mitochondrial glutamate transport and GOT2-
dependent anaplerosis that together fuel elevated
CAC metabolism.

One potential limitation of this study is the use
of ethanol in the preparation of palmitate-BSA
stock solutions. In order to achieve consistent
palmitate concentrations, we found that preparation
with ethanol was the best method to ensure
complete dissolution of palmitate and avoid its
spontaneous precipitation. While the final ethanol
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concentration of the palmitate incubations was less
than 0.2% by volume, ethanol was still present at a
level that could induce metabolic perturbations in
hepatocytes due to alcohol dehydrogenase activity
(e.g., accumulation of acetate in the culture medium
and hyper-reduction of the NADH/NAD* redox
ratio). Despite this potential limitation, our findings
are consistent with prior studies that did not use
ethanol in their fatty acid solutions (14,26). In
particular, the prior study by Noguchi et al. (14)
performed *C-glutamine labeling studies in
H41IEC3 cells and also observed elevated CAC
flux and increased glutaminolysis in response to
palmitate treatments. Furthermore, our vehicle
control (BSA) treatments contained the same
amount of ethanol as the palmitate treatments.
Finally, an experiment to measure the consumption
of ethanol by H411EC3 cells showed no differences
in ethanol time courses between cell-free versus
cell-containing incubations and no differences in
ethanol or acetate concentrations between cell
cultures incubated with vehicle versus palmitate
(Fig. S5). These data indicate that the rate of
ethanol conversion by H4IIEC3 cells was
negligible compared to cell-free controls and that
changes in medium acetate concentration cannot
explain the metabolic or isotopic alterations
observed in response to palmitate treatment.
Therefore, we have no evidence that ethanol in our
fatty acid stocks was an important determinant of
lipotoxicity in our studies. In addition, the use of
ethanol to prepare fatty acid solutions is common
throughout the lipotoxicity literature (27,28,31-34).

The results of our study suggest potential
therapeutic strategies to combat the progression of
NASH through inhibition of mitochondrial
transaminase or glutaminase activities, or blocking
transport of glutamate and glutamine into liver
mitochondria. Interestingly, Miller et al. (18) have
recently proposed that inhibition of mitochondrial
glutaminase (GLS2) in the liver could provide a
new therapeutic avenue to treat hyperglycemia in
type 2 diabetes through reduction of calcium-
dependent glutamine anaplerosis. Another recent
study found that including plasma glutamate
concentrations in a non-invasive diagnostic assay of
NASH provided a more accurate diagnosis than
clinical biomarkers alone (35). Therefore,
improved understanding of how glutamine
anaplerosis promotes hepatic lipotoxicity and

020z ‘¥ Jequierdas uo 1senb Ag /Bioogl-mmmy/:dny wouy papeojumoq


http://www.jbc.org/

metabolic dysfunction in the context of obesity
could lead to novel therapeutic or diagnostic
strategies to treat NAFLD and NASH in the clinic,
as well as possible dietary interventions to prevent
NASH progression.

EXPERIMENTAL PROCEDURES

Reagents and chemicals—Dulbecco’s modified
Eagle’s medium (DMEM), aminooxyacetic acid
(AOA), dimethyl-aKG, aspartic acid, glutamic
acid, bovine serum albumin (BSA), and palmitate
were purchased from Sigma (St. Louis, MO, USA).
Propidium iodide was obtained from Invitrogen
(Carlshad, CA, USA). Primary hepatocytes were
cultured on plates coated with Collagen | (Rat Tail)
from BD Biosciences (San Jose, CA).

Primary rat hepatocyte isolation—Primary
hepatocytes were isolated from male Sprague-
Dawley rats as described previously (36). The
portal vein and inferior vena cava of anesthetized
animals were cannulated and perfused with 37°C
oxygenated perfusion medium, pH 7.4, containing
118 mM NacCl, 5.9 mM KCI, 1.2 mM MgSOy, 1.2
mM NaH;POs, 25 mM NaHCO;, 0.2 mM EGTA
and 5 mM glucose. After 15 minutes, the liver was
excised from the animal and perfused with liver
digest medium (Invitrogen, Grand Island NY).
Then the cells were dispersed, washed four times,
and suspended in attachment medium, which
consisted of high-glucose DMEM supplemented
with 30 mg/L proline, 100 mg/L ornithine, 0.544
mg/L ZnCl,, 0.75 mg/L ZnSO4 7H0, 0.2 mg/L
CuSQ4 5H20, 0.25 mg/L MnSQO4, 2 g/L BSA, 5nM
insulin, 100 nM dexamethasone, 100,000 U
penicillin, 100,000 U streptomycin, and 2 mM
glutamine. After four hours of incubation in the
attachment medium, hepatocytes were switched to
a maintenance medium identical to the attachment
medium except it had a concentration of 1 nM
(instead of 5 nM) insulin.

H41IEC3 cell culture—The H4IIEC3 rat
hepatoma cell line was purchased from ATCC
(American Type Culture Collection, Manassas,
VA, USA). Cells were cultured in low-glucose (1
g/L) DMEM with 10% FBS, 1%
penicillin/streptomycin antibiotic solution, and a
basal glutamine concentration of 2 mM. For
measurements of toxicity and apoptosis, cells were
plated at a density of 2 x 10* cells per well in a 96-
well plate and allowed to grow for two days (until
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confluent) prior to the experiment. Twelve hours
prior to other measurements, cells were switched to
FBS-free, low-glucose DMEM supplemented with
Serum Replacement 3 (Sigma).

Preparation of palmitate solutions—Stock
solutions were prepared by complexing palmitate to
fatty acid free BSA (>96% pure). Six grams of BSA
were allowed to dissolve in 1X PBS and were
adjusted to a final volume of 30 mL. This 20% BSA
solution was dialyzed using a 3.5 K MWCO Slide-
A-Lyzer G2 Dialysis cassette (Thermo Scientific,
Waltham, MA) in a 1X PBS solution. The 1X PBS
solution was changed 3 times a day for 3 days. At
the end of the dialysis, BSA concentration was
measured and the solution was adjusted to a final
concentration of 10% BSA, sterile filtered, and
aliquoted.

Palmitate was dissolved in pure ethanol at a
concentration of 195 mM. This solution was then
added to a prewarmed 10% w/w BSA solution
(37°C) to achieve a final palmitate concentration of
3 mM, and this solution was allowed to incubate in
a water bath for an additional 10 minutes. The final
ratio of palmitate 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 palmitate stocks. The
final concentration of ethanol in all experimental
treatments was less than 0.2% by volume. Palmitate
concentrations used to induce lipotoxicity were
consistent with previous studies (26,31-33,37,38).

Toxicity assays—Losses in cell viability in
response to palmitate treatments were assessed
using the dead-cell stain propidium iodide (PI).
The intercalating dye becomes highly fluorescent
when bound to exposed double-stranded DNA of
dead cells. Fluorescence was assessed using
excitation wavelength of 530 nm and emission
wavelength of 645 nm with a BioTek Cytation 3
plate reader.

Caspase activity—Caspase activity was
measured as a marker of apoptosis using the Apo-
ONE Homogenous Caspase 3/7 Assay kit. This kit
lyses cells in the presence of the caspase 3/7-
specific substrate Z-DEVD-R110, which becomes
fluorescent once caspases remove the DEVD
peptide. We measured fluorescence at an excitation
wavelength of 485 nm and emission wavelength of
530 nm with a BioTek Cytation 3 plate reader.
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Oxygen consumption—The Oroboros
Oxygraph-2k was used to measure oxygen
consumption flux as a direct measurement of
mitochondrial metabolism. The Oxygraph-2k has
two chambers with separate oxygen probes to allow
analysis of oxygen consumption of cells in
suspension.  The instrument was set to a
temperature of 37°C, and the stirring speed for each
chamber was 500 rpm. To perform these
experiments, H41IEC3 cells were cultured on 6-cm
dishes until 80-90% confluent and subsequently
incubated with selected treatments for 6 hours.
Cells were then trypsinized, counted, and
resuspended in the same culture medium and
injected into the Oxygraph instrument.

Knockdown of Gludl, GOT1, and GOT2—
Small interfering RNA (siRNA) oligonucleotides
for Gludl, GOT1, and GOT2 were purchased from
Integrated DNA Technologies. Cells were treated
with 25 nM of selected siRNA complexed to
RNAIMAX (Invitrogen) in antibiotic-free DMEM.
After 24 hours, complex-containing media was
replaced with antibiotic-free DMEM. Following
another 24 hours, experiments were performed.
Knockdown efficiencies used for selection of
SiRNA targeting sequences are shown in Sl Figure
S4.

Polar metabolite extraction and GC-MS
analysis of C  enrichment—Intracellular
metabolites from H4IIEC3 rat hepatomas were
extracted as previously described (14). Briefly,
intracellular metabolism was quenched with 1 mL
of -80°C methanol, and cells were scraped into a
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After drying the aqueous phase, samples were
derivatized with MBTSTFA + 1% TBDMCS
(Pierce).  3C isotopic enrichment was then
analyzed with an Agilent 7890A/5975C GC-MS
equipped with a 30m DB-35ms capillary column.

B3C metabolic flux analysis (MFA)—3C MFA
was performed using the INCA software package
(39) by adapting a previously developed model of
hepatocyte metabolism comprising glycolysis,
CAC, and anaplerotic pathways (19). This model
was updated to include the PEPCK-mediated
conversion  of  oxaloacetate = (OAA) to
phosphoenolpyruvate (PEP) due to significant
labeling observed in PEP. Fluxes were estimated a
minimum of 50 times starting from random initial
values to identify a global best-fit solution. Once
this solution was achieved, a chi-square test was
used to assess the goodness-of-fit. Additionally,
95% confidence intervals were calculated for all
estimated fluxes by assessing the sensitivity of the
sum-of-squared residuals to parameter variations
(40). Comprehensive tables of *C flux results and
a detailed description of our network model and
assumptions are available in the Supporting
Information.

Statistical Analysis—Tests for statistical
significance were performed using analysis 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.
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DMEM, Dulbecco’s modified Eagle’s medium; FFA, free fatty acid; GLS, glutaminase; GOT, glutamate-
oxaloacetate transaminase; GPT, glutamate-pyruvate transaminase; MCD, methionine-choline deficient;
ME, malic enzyme; MFA, metabolic flux analysis; MID, mass isotopomer distribution; NAFLD,
nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NEAA, nonessential amino acid,;
OAA, oxaloacetate; PA, palmitate; PC, pyruvate carboxylase; PEP, phosphoenolpyruvate; PEPCK,
phosphoenolpyruvate carboxykinase; Pl, propidium iodide; PK, pyruvate kinase.
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Figure 1. Routes of a-ketoglutarate production leading to CAC anaplerosis. Extracellular glutamine
is metabolized in the mitochondria to glutamate (Glu) by the enzyme glutaminase. Glutamate can be
metabolized through glutamate dehydrogenase (Gludl) or glutamate oxaloacetate transaminase 2 (GOT2)
to mitochondrial a-ketoglutarate (aKG). Similarly, glutamate oxaloacetate transaminase 1 (GOT1)
produces cytosolic aKG from Glu, which must then be transported (through a malate/aKG antiporter)
across the mitochondrial inner membrane to enter CAC metabolism. The GOT pathways additionally
consume oxaloacetate (OAA) and produce aspartate (Asp).
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Figure 2. Removal of extracellular glutamine attenuates lipotoxicity. Primary rat hepatocytes and
H4IIEC3 cells were treated with 400 uM palmitate (PA), either in the presence (2 mM) or absence of
glutamine (GIn). (A) Cell toxicity assessed by Pl fluorescence after 24 hours of treatment. (B) Caspase
activity in H4I1EC3 cells after 12 hours of treatment. In both panels, measurements are normalized to BSA
(vehicle)-treated cells cultured with 2 mM glutamine. Data represent mean +/- S.E., n=4; * different from
vehicle, p < 0.05, 7 different from each other (comparison to cells of same type), p < 0.05.
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Figure 3. Effects of replacing medium glutamine with downstream products of glutamine
metabolism. (A) Primary rat hepatocytes or H4ITEC3 cells were treated with 400 uM palmitate (PA) and
cultured with 2 mM glutamine (Gln), glutamate (Glu), or a-ketoglutarate (aKG). Cell death was assessed
by PI fluorescence at 24 hours. (B) Relative cell death after 24 hours of treatment with palmitate in the
presence of 2 mM glutamine or a mixture of 1 mM a-ketoglutarate and 1 mM aspartate (aKG/Asp). In both
panels, PI fluorescence of palmitate-treated cells is normalized to BSA (vehicle)-treated cells cultured with
2 mM glutamine. Data represent mean +/- S.E., n=4; * different from vehicle, p < 0.05, 1 different from
each other (comparison to cells of same type), p < 0.05.
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Figure 4. GOT activity promotes glutamine-dependent palmitate lipotoxicity. H4IIEC3 cells were
transfected with control siRNA (NC1) or siRNA specific for (A) Gludl, (B) GOT1, or (C) GOT2 and
assayed for markers of apoptosis after 12 hours of treatment with 400 pM palmitate (PA). (D) Primary rat
hepatocytes were transfected with control siRNA (NC1) or GOT2 siRNA and assayed for markers of
apoptosis after 12 hours of treatment with 400 uM palmitate (PA). All palmitate-treated conditions are
normalized to BSA-treated (vehicle) cells transfected with control siRNA. Data represent the mean +/-
S.E., n=4; * different from vehicle, p < 0.05, { different from each other, p < 0.05.
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Figure 5. AOA reduces palmitate-induced cell death and activation of oxidative metabolism. H4IIEC3
cells were treated with 400 uM palmitate in combination with 500 uM of the transaminase inhibitor AOA
(PA + AOA) and compared to palmitate-treated (PA) cells. (A) Cell toxicity was assessed after 24 hours of
treatment and normalized to BSA (vehicle)-treated conditions. (B) Oxygen consumption rates of H4IIEC3
cells treated with vehicle, PA, or PA+AOA were measured after 6 hours of treatment. Data represent mean
+/- S.E., n=4 for toxicity, n=3 for oxygen uptake; *different from vehicle, p < 0.05, T different from each
other, p < 0.05.
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Figure 6. Isotopic enrichments of intracellular metabolites indicate flux re-routing in response to
AOA treatment. Unlabeled medium glutamine was replaced with [U-*Cs]glutamine and used to
isotopically enrich H41IEC3 cells treated with vehicle (BSA), 400 uM palmitate (PA), or a combination
of 400 uM palmitate and 500 uM AOA (PA + AOA). After extraction and GC-MS analysis of
intracellular metabolites, mass isotopomer distributions (MIDs) were corrected for natural isotope
abundance using the method of Fernandez et al. (34). Atom percent enrichment (APE) of selected
metabolites was calculated using the formula

N

APE =100%x MII\IXI ,

i=0
where N is the number of carbon atoms in the metabolite and Mi is the fractional abundance of the ith
mass isotopomer of the metabolite. APE provides a measure of the fractional synthesis of a metabolite
from the isotope tracer (i.e., glutamine) relative to unlabeled carbon sources (e.g., glucose). The fragment
ions analyzed for APE were (A) Glu 432, Mal 419, Asp 418, and (B) PEP 453, Lac 261. These ions
contain the full carbon backbone of their associated parent metabolites (i.e., N=5 for glutamate, N=4 for
malate and aspartate, and N=3 for PEP and lactate). Data represent mean +/- S.E., n=3; * different from
vehicle, p < 0.05,  different from each other, p < 0.05.
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Figure 7. 3C MFA reveals that AOA treatment reduces mitochondrial fluxes and re-routes malic
enzyme flux in the presence of palmitate. (A) Reaction network used for $3C flux analysis. (B) Absolute
intracellular CAC fluxes were determined for H41IEC3 cells treated with BSA (vehicle), 400 uM palmitate
(PA), or a combination of 400 uM palmitate and 500 uM AOA (PA + AOA). (C) Estimated pyruvate
kinase (PK) flux in each treatment condition. (D) Relative fluxes (normalized to PK=100) demonstrate that
AOA co-treatment is associated with enhanced glutamate anaplerosis, despite a reduction in absolute
mitochondrial fluxes. Abbreviations: GLS=glutaminase, GDH=glutamate dehydrogenase (includes both
GOT and Gludl activity), CS=citrate synthase, IDH=isocitrate dehydrogenase, ADH=a-ketoglutarate
dehydrogenase, SDH=succinate dehydrogenase, FUS=fumarase, MDH=malate dehydrogenase,
PC=pyruvate carboxylase, ME=malic enzyme, PEPCK=PEP carboxykinase, PK=pyruvate Kkinase,
PDH=pyruvate dehydrogenase, LDH=lactate dehydrogenase. Error bars indicate 95% confidence intervals;
* different from vehicle, p < 0.05, 1 different from each other (comparison to same flux across different
treatments), p < 0.05.
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Figure 8. Metabolic pathways and putative mechanisms investigated in this study. Pathways of aKG
anaplerosis were inhibited using SiRNA and the pharmacological inhibitor AOA. GOT2 metabolism
potentiated lipoapoptosis more than other anaplerotic mechanisms. Additionally, simultaneous inhibition
of GOT1/GOT2 with AOA suppressed lipotoxic dysregulations of mitochondrial metabolism. Combined
with prior work, these results also suggest a possible role for the glutamate/aspartate antiporter citrin and
the CAC enzyme a-ketoglutarate dehydrogenase (ADH), both of which are known to potentiate calcium-
stimulated mitochondrial metabolism of glutamate.
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