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Fat-Loaded HepG2 Spheroids Exhibit Enhanced
Protection From Pro-Oxidant and Cytokine
Induced Damage

Leonard H. Damelin,* Sam Coward, Michael Kirwan, Peter Collins,
Clare Selden, and Humphrey J. F. Hodgson

UCL Institute of Hepatology, Hampstead Campus, Rowland Hill Street, London NW3 2PF, United Kingdom

Abstract The mechanisms by which steatosis renders hepatocytes susceptible to damage in non-alcoholic
steatohepatitis (NASH) are unclear although fat accumulation is believed to increase hepatocyte susceptibility to
inflammatory cytokines and oxidative stress. We therefore investigated the susceptibility of steatotic, hepatocyte-derived
cells to TNFa and the pro-oxidant, t-butylhydroperoxide (TBH). HepG2 spheroids rendered steatotic by fat-loading with
0.15 mM oleic or palmitic acid for 48 h and treated with TNFa or TBH for 18 h exhibited surprisingly lower levels of
cytotoxicity, and increased anti-oxidant activity (superoxide dismutase (SOD)) compared with non fat-loaded controls.
The protective effect of steatosis was significantly reversed by the inhibition of AMP-activated kinase (AMPK) since
spheroids transfected with a kinase-dead AMPKa2 subunit, exhibited a significant increase in TBH-induced cytotoxicity
when fat-loaded. In conclusion, our findings suggest that fat-loaded hepatocyte-derived cells are surprisingly less
susceptible to cytokine and pro-oxidant induced damage via an adaptive mechanism dependent, in part, on AMPK
activity. J. Cell. Biochem. 101: 723–734, 2007. � 2007 Wiley-Liss, Inc.
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Non-alcoholic fatty liver disease (NAFLD),
a spectrum of liver damage ranging from
steatosis to steatohepatitis (NASH)and cirrhosis
is the most common liver disease in clinical
practice [Farrell andLarter, 2006]. Themechan-
isms by which steatosis leads to hepatocyte
damage and inflammation observed in NASH
is not well understood although it has been
correlatedwith increased inflammatory cytokine
levels in the liver and periphery, elevated
cytochrome P450 activity (specifically Cyp2E1
and 4A), impaired mitochondrial function,
reduced cellular ATP levels, and oxidative
damage [Machado and Cortez-Pinto, 2005;

McCullough, 2006]. Based on this evidence,
models have been proposed to explain the
progression of NAFLD such as the widely
accepted two-hit hypothesis put forward by Day
and James [1998] which proposes that steatosis
acts as a first hit rendering hepatocytes suscep-
tible todamagebyavariety of secondhits.Whilst
these secondary hits may vary (e.g., inflamma-
tory cytokines such as TNFa, cytochrome P450
overexpression, direct fatty acid toxicity), it has
been generally proposed that such secondary
hits serve to increase the production of reactive
oxygen species (ROS) in the steatotic hepatocyte
resulting in cellular damage, necrosis and/or
apoptosis and inflammation [Day, 2002; Nobili
et al., 2005].

We have previously shown that culturing
HepG2 cells in alginate beads creates cohesive
cell colonies (spheroids) with markedly upregu-
lated liver-specific detoxificatory and biosyn-
thetic function,maximal at 8–10 days of culture
[Khalil et al., 2001]. We therefore utilized
this 3-D culture model to investigate the sus-
ceptibility of steatotic hepatocyte-derived
cells to inflammatory cytokine, TNFa, and pro-
oxidant challenge.
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Here we show that HepG2 spheroids become
steatotic when exposed to oleic acid and
when steatotic, spheroids are unexpectedly less
susceptible to TNFa and to the pro-oxidant,
t-butylhydroperoxide (TBH), than control
spheroids.We conclude that a steatosis-induced
adaptive response, which is partially dependent
on AMP-activated kinase (AMPK) activation,
renders cells less susceptible to oxidative stress.

MATERIALS AND METHODS

Reagents and Antibodies

Medium/cell culture supplements and fluor-
escent reagents were from Invitrogen (Paisley
UK); labeled substrates were from Amersham
GE (Buckinghamshire, UK) and PerkinElmer
LAS (Milano, Italy). SAMS peptide was from
Upstate (Dundee, UK); P81 phosphocellulose
from Whatman (Middlesex, UK); rabbit anti-
c-myc polyclonal antibody and donkey, anti-
rabbit HRP-labeled antibody from Santa Cruz
Technologies (SantaCruz). Rabbit-anti AMPKa
antibody from Cell Signaling Technology
(Danvers). Other reagents were obtained from
Sigma-Aldrich (Dorset, UK).

Cell Culture and Encapsulation

HepG2 cells from ECACC (Wiltshire, UK)
were cultured inmodifiedMEM-alpha (þ4.5 g/L
glucose) and encapsulated using an Inotech
encapsulator as previously described [Damelin
et al., 2004]. Briefly, cells were resuspended at a
density of 0.5� 106/ml in a mixture of one part
2%alginate (in 0.15Msaline) to onepart culture
medium. This combination was converted
by the encapsulator to beads of an average
diameter of 412� 17 mm which were gelled by
being dropped into a gently stirred calcium
chloride/sodium chloride solution (0.204 M
CaCl2/0.15 M NaCl pH 7.4) containing 0.01%
pluronic acid. After washing in DMEM, beads
were resuspended in culture medium and
maintained at a ratio of 0.25 ml beads to 8 ml
culture medium, 378C and 5% CO2 in air.
Cells seeded within alginate beads proliferate
forming multi-cellular colonies or spheroids
after 5–7 days of culture: typically, one 450 mm
alginate bead contains 20–25 spheroids and
each spheroid consists of 8–20 HepG2 cells.

Transient Transfections

Plasmid pMEP 2E1 for the induced expres-
sion of cytochrome 2E1 isoformwas produced by

RT-PCR amplification of a 1,504 bp CYP
2E1 cDNA from human liver total RNA.
The forward primer 50-TCGGTACCGCC-
ACCATGTCTGCCCTCGGAGTG-30 and the
reverse primer 50-GCCTCGAGCTCATGAG-
CGGGGAATGAC-30, which incorporate KpnI
and XhoI restriction sites, respectively, were
used to facilitate direct cloning into themultiple
cloning site of pMEP4 (Invitrogen), downstream
of the inducible human metallothionein pro-
moter. Sequencing of the construct through
the coding region showed theCYP2E1 sequence
to be in agreement with the published
sequence. Plasmid pAMPKa2 K45R expressing
kinase-dead rat AMPK a2 subunit [Mu et al.,
2001], was a generous gift from Dr M.J.
Birnbaum (Howard Hughes Medical Institute,
Philadelphia, PA). Transient transfections
were performed with Lipofectamine 2000
(Invitrogen) at 4 mg plasmid DNA/1� 106 cells.

Fat Loading of Spheroids

Spheroids maintained for 7 days were
exposed for 48h tomediumwith oleic or palmitic
acid-BSA using fatty acid-BSA stock solution
(100 mg/ml albumin in PBS, 2 moles fatty acid/
mole albumin), final fatty acid concentration
0.15 or 0.3 mM. Fat-loading was assessed by
transmission electron microscopy or by the
fluorescent lipophilic dye, Nile Red [Greenspan
et al., 1985].

Quantification of Gluconeogenesis

Spheroids were pulse-labeled for 3 h with
U-14C-glycerol in 2 ml aMEM.Medium aliquots
were deproteinated (perchloric acid 4%),
pelleted, neutralizedwith 5Mpotassiumhydro-
xide, and after spinning, 400 ml aliquots were
applied to 0.3 g Amberlite MB-150 mixed-bed
ion-exchange resin with 50 ml of 10 mCi/ml 3H-
glucose internal standard. Cleared super-
natant, together with 200 ml wash eluant, was
lyophilized, glucose separated by silica-TLC
(using 1-butanol (104)/Ethanol (66)/H2O (30)),
detected using anisaldehyde, excised and 14C
and 3H counted. Data are expressed as ratio of
14C/3H internal standard/total protein.

Lipid Biosynthesis

Spheroids were pulse-labeled with 2 mCi/ml
2-14C-acetate in MEM-alpha supplemented
with 25 mM HEPES (pH 7.4) for 2 h at 378C.
Lipids were extracted from spheroid pellets
with 1 ml n-hexane/isopropanol (3:2 by volume)
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for 1 h, acidified with 200 ml 3.5 M HCl and
lyophilized. After washing (2�) with water,
total labeled lipids were solubilized in 300 ml n-
decane and quantified by scintillation counting
[Scharnagl et al., 2001].

Fatty Acid Oxidation

Spheroids were fat-loaded for 48 h inmedium
with 1.5 mCi/ml 9,10-[3H]Oleic acid. Fatty acid
oxidationwas assessed as in Shimabukuro et al.
[1998].

Glucose Transport, ATP Quantification,
Mitochondrial Membrane Potential,

and Respiration

These were determined as previously des-
cribed [Damelin et al., 2004].

Cytotoxicity Studies

Fat-loaded spheroids were exposed for 18 h to
TNFa (2 or 0.2 ng/ml) with 1.6 mM actinomycin
D or TBH (250–1,000 mM) and cytotoxicity
assessed by (a) lactate dehydrogenase (LDH)
release [CytoTox 96-Assay kit (Promega)]; (b)
the cell-impermeable fluorescent dye, SYTOX
Green, added to the medium with the toxicant
(1 or 0.5 mM) [Jones and Singer, 2001]. After
18 h, spheroids were released from alginate and
fluorescence quantified.

AMPK Activity Studies

AMPK activity was determined in spheroid
lysates by the SAMS peptide assay [Salt et al.,
1998].

TBARS Assay and NAD(P)H

Spheroids were removed from alginate and
sonicated in 1.5 ml PBS. Lysate (100 ml) was
incubated with 500 ml 20% trichloroacectic acid
and 15 ml BHT (0.4M in ethanol) for 10min then
1 ml 0.67% TBA in water was added and
samples heated to 1008C for 20 min. After
centrifugation (5 min, 14,000g), fluorescence
was read at 530 nmexcitation/580 nmemission. The
assay was optimized using MDA standards,
values falling within the linear range, 10–
0.3 mM MDA. A semi-quantitative measure of
NAD(P)H was obtained from the absorbance of
diluted lysate at 340 nm.

ROI Neutralizing Enzyme Activity
and Reduced Glutathione Levels

Catalase was quantified in spheroid lysates
using themethod ofWuet al. [2003]. Superoxide

dismutase (SOD) was quantified in spheroid
lysates using an inverse luminescence assay,
where the superoxide-dependent luminescence
of lucigenin is quenched by SOD activity,
according to Lenaerts et al. [2002]. Reduced
glutathione was determined using mono-
chlorobimane as in Sebastia et al. [2003].

Statistical Analyses

All assays were performed in triplicate (i.e.,
n¼ 3, each of the three samples being based on
the analysis of 0.25 ml of alginate beads
containingHepG2 spheroids). Unless otherwise
stated in the legend, figures represent typical
experiments where each investigation was
repeated at least three times. Comparisons
were by paired two-tailed Students t-test;
results expressed as mean�SD(n�1).

RESULTS

HepG2 Spheroids Exhibit Steatosis
Upon Fat-Loading

HepG2 spheroids exposed to oleic acid for 48 h
exhibited steatosis, proportional to fatty
acid concentration as confirmed by Nile red
staining and transmission electron microscopy
(Fig. 1A–E).

Fat-Loading Decreases TNFa and
Pro-Oxidant Induced Cytotoxicity

We investigated the effect of steatosis on the
susceptibility of spheroids to TBH-induced
oxidative stress and the pro-inflammatory cyto-
kine, TNFa. Cytotoxicity was assessed using
SYTOX Green which intercalates with the
DNA of dead cells and those with damaged
cytoplasmic membranes to form fluorescent
complexes [Jones and Singer, 2001]. Surpris-
ingly, spheroids rendered steatotic for 48 h,
then exposed to TBH for 18 h exhibited lower
SYTOX Green fluorescence (i.e., reduced cyto-
plasmic membrane damage) than non-steatotic
controls (Fig. 2A). SYTOX Green fluorescence
for fat-loaded spheroids exposed to TNFa with
1.6 mM actinomycin D was also significantly
lower than for non-steatotic controls (Fig. 2B).
To rule out interference to DNA binding by fat,
we also assessed cytotoxicity by LDH release,
confirming that fat-loaded spheroids exhibited
a> twofold reduction in pro-oxidant induced
cytotoxicity compared to untreated spheroids
(Fig. 2C). This phenomenon was not peculiar to
unsaturated fatty acid as both SYTOX Green
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and LDH assays showed reduced cytotoxicity
for spheroids fat-loaded with palmitic acid
(Fig. 3A,B).

Since studies have associated increased
expression of cytochrome P450 isoforms, speci-
fically Cyp2E1, with the oxidative stress
observed in NASH [Lieber, 2004] we investi-
gated the possibility that intrinsically low
cytochrome P450 expression by HepG2 cells
[Rodriguez-Antona et al., 2002], was res-
ponsible for this protective effect. HepG2 trans-
fectants containing a Cyp2E1 expression vector
under the control of ametallothionein promoter

were encapsulated in alginate, cultured for
7 days and fat-loaded with 0.15 mM oleic acid
for 48 h. Twenty hours into fat-loading, copper
sulfate was used to induce Cyp2E1 expression.

Cyp2E1 transfectants did not exhibit in-
creased basal SYTOX green fluorescence when
compared to empty vector control transfectants,
but exhibited markedly increased (almost
threefold) SYTOX Green fluorescence when
exposed to 0.5 mM TBH for 18 h, indicating
increased susceptibility to oxidative stress
(Fig. 4). However, Cyp2E1 expression failed to
ablate the protective effect of fat-loading.

Fig. 1. Transmission electronmicrographs (2,650�magnifica-
tion) of Day 7 HepG2 spheroids (multi-cellular cohesive
colonies) exhibiting hepatocyte-like subcellular architecture
with plentiful mitochondria (M), nuclei (N) with prominent
nucleoli (Nu), vacuoles (V), glycogen (G), and canaliculi lined
withmicrovilli (Ca). Spheroids exhibited steatosis upon exposure
to (b) 0.15 and (c) 0.3 mM oleic acid for 48 h. Large arrows

indicate spherical fat globules (FG) not apparent in a (non-fat
loaded control). Spheroidswere also exposed to 0 (d) or 0.15mM
(e) oleic acid for 48 h and stainedwithNile Red (100 ng/ml), after
which they were viewed by fluorescence microscopy
(40�magnification). Arrows indicate fluorescent fat globules
(FG).
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Steatotic Spheroids Exhibit a Positive
Redox Shift and Increased SOD Activity

A reduction in TBH-induced cytotoxicity by
fat-loading suggested a potential upregulation
of ROI neutralizing enzymes and/or increased
NAD(P)H/reduced glutathione (GSH) levels in
steatotic spheroids. Indeed, fat-loaded spher-
oids showed a significant (30%) increase in SOD
activity compared to non-treated controls
(Fig. 5A). No significant increase in catalase
activity for fat-loaded spheroids was observed
(Fig. 5A). However, intracellular GSH levels
were halved by fat-loading and this coincided
with a 16% reduction in intracellular NAD(P)H
levels for fat-loaded spheroids (Fig. 5B). Inter-
estingly, there was no significant increase
in thiobarbiturate (TBA)-reactivity due to
fat-loading (Fig. 5B). Thus, steatosis in this
model induces a mild pro-oxidant state and
triggers increased SOD activity in the absence
of significant oxidative damage, this pheno-
menon appears to precondition against more
severe oxidative stress.

Fat-Loading Induces a Phasic Increase
in AMPK Activity

We investigated the effects of steatosis on
spheroid metabolism and energetics. Fatty acid
oxidation studies, where spheroids were fat-
loaded with oleic acid spiked with tritiated oleic
acid over 48 h and fatty acid oxidation assessed
by the measurement of tritiated-H2O produc-
tion at 12 h intervals, indicated a progressive
increase in fatty acid oxidation over time,
proportional to fat uptake over 24–36 h
(Fig. 6). ATP levels in fat-loaded spheroids were
approximately 18% lower than non-steatotic
controls (842� 113 and 700� 51 luminescence
units/total protein (mg) for control and fat-
loaded spheroids, respectively, n¼ 3, P< 0.05).
There was a similar (19%) reduction in
mitochondrial membrane potential (22�
1.64 and 18� 0.89 JC-1 aggregate/monomer
fluorescence ratio/total protein (mg), n¼ 3,
P< 0.05). However, lowered membrane-poten-
tial occurred without significant change in
respiration demonstrated by unchanged O2

Fig. 2. Fat-loaded spheroids exhibit reduced cytotoxicty upon
exposure to TBH and TNFa. a: Day 7 spheroids were untreated
(diamond) or fat-loaded for 48hwith 0.15mMoleic acid (square)
and then exposed to varyingdoses of TBH for 18h in the presence
of SYTOX Green (1 mM). b: Untreated spheroids (diamond) and
fat-loaded spheroids (square) as above, were also exposed to 0,
0.2, or 2 ng/ml TNFa in combinationwith 1.6 mMactinomycinD
for 18 h in the presence of SYTOX Green. c: Untreated (Control)

or Fat-loaded spheroids, as abovewere exposed to 0 (openbar) or
0.5 mM TBH for 18 h (shaded bar). LDH activity, proportional to
tetrazolium reduction was quantified spectrophotometrically at
492 nm, and data are expressed as absorbance units per total
protein (mg), n¼ 3, mean� SD. a, b are an average of three
experiments carried out in triplicate. Fat loading significantly
decreased TBH and TNFa cytotoxicity for all three assays
(*P< 0.05).
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consumption (datanot shown), suggesting, as in
a previous study [Kawaguchi et al., 2002], that
reducedATP levels were a likely consequence of
increased fatty acid activation prior to oxidation
rather than due to significant mitochondrial
membrane uncoupling. More importantly, this
previous study also showed that decreased
ATP levels activate AMPK, leading to increased
glucose transport and the down-regulation of

Fig. 3. Spheroids fat-loadedwith palmitic acid exhibit reduced
cytotoxicty upon exposure to TBH. Spheroids were untreated
(Control), or Fat-loaded for 48 h with 0.15mM palmitic acid and
then exposed to 0 (open bar) or 0.5mMTBH (shaded bar) for 18 h
and (a) SYTOX Green fluorescence and (b) LDH activity was
determined, n¼ 3, mean� SD. a: Represents an average of three
experiments carried out in triplicate. Fat-loading with palmitic
acid significantly decreased TBH cytotoxicity (*P<0.05).

Fig. 4. Spheroids expressing CYP 2E1 exhibit increased
susceptibility to oxidative stress. Day 7 spheroids from HepG2
cells transfected with an empty pMEP4 vector (shaded bar, EVC)
or with a pMEP 2E1 vector expressing CYP2 E1 under the control
of an inducible metallothionein promoter (open bar, CYP2E1)
were untreated (Control) or fat-loaded with 0.15 mM oleic acid
for 48 h (Fat-loaded). Twenty hours into fat-loading copper
sulfate was used to induce CYP expression. Treated transfectants
were then exposed to 0.5 mM TBH for 18 h with SYTOX green
and fluorescence quantified, n¼ 3 mean� SD.

Fig. 5. Fat-loading increases SOD activity and induces a
positive redox shift. a: Day 7 spheroids from HepG2 cells fat-
loaded for 48 h with 0.15 mM oleic acid were assayed for
catalase (CAT, shaded bar) and SOD (SOD, open bar) activity by
fluorescent and luminescent assays, respectively. Data are
expressed as % of fluorescence or luminescence relative to
untreated controls corrected for total protein (mg). n¼3,

mean� SD. b: Spheroids treated as in ‘‘a’’ were assayed for
NAD(P)Hvia lysate absorbance at 340nm (NAD(P)H,white bar),
reduced glutathione (GSH) determined by a fluorescent mono-
chlorobimane assay (shaded bar) and oxidative damage deter-
mined using a TBARS assay (TBARS, black bar). Data are
expressed as % absorbance/fluorescence relative to untreated
controls corrected for total protein (mg). n¼3, mean� SD.

728 Damelin et al.



lipogenesis and gluconeogenesis [Kawaguchi
et al., 2002; Rutter et al., 2003]. We found
that glucose transport was indeed increased by
fat-loading (Fig. 7A) and that both lipogenesis

and gluconeogenesis were reduced, in fat-
loaded spheroids in comparison to non-
fat-loaded controls (Fig. 7B,C).

Collectively, these findings suggested a
possible increase in the activity of AMPK in
steatotic spheroids. To confirm this, HepG2
spheroids were exposed to 0.15 mM oleic acid
for 48h.We observed amarked phasic change in
AMPK activity during this time course with a
rise in response to fat-loading over 12–36 h
followed by a return to control levels at 48 h
(Fig. 8), confirming that fat-loading did indeed
enhance AMPK activity levels for HepG2
spheroids.

Reduced AMPK Activity Induces Lipotoxicity
and Diminishes Steatosis-Dependent Protection

Against Pro-Oxidant Induced Cytotoxicity

To investigate further the hypothesis that
AMPK activation contributed to the protective
effect of fat-loading against TBH-induced
oxidative stress, HepG2 cells were transiently
transfected with a vector constitutively ex-
pressing a c-myc-tagged kinase-dead AMPKa2
catalytic subunit [Muet al., 2001], encapsulated

Fig. 6. Fat oxidation and fat accumulation by fat-loaded
spheroids. Day 7 spheroids were fat-loaded for 48 h with 0.15
mMoleic acid spikedwith 3H-oleic acid.Medium from12h time
points was used to assess fatty acid oxidation (square) which is
expressed as CPM tritiated water per total protein (mg), n¼ 4,
mean� SD.Cellswere also assessed for fat accumulationat these
time points by Nile red staining and spectrofluorimetry (open
circle). Fat accumulation expressed as Nile red fluorescence
units� (103) per total protein (mg), n¼ 3, mean� SD.

Fig. 7. Fat-loaded spheroids exhibit increased glucose trans-
port, reduced lipogenesis, and reduced gluconeogenesis. Day 7
spheroids were untreated (Control) or fat-loaded with 0.15 mM
oleic acid for 48 h (Fat-loaded) and (a) incubated with 0.25 mCi/
ml 2-deoxy-d-[1-3H] glucose to determine glucose transport or
(b) pulse labeled for 3 h with 14C-acetate and de novo lipid
synthesis determined. Data are expressed as counts per minute

(CPM) per mg total protein, n¼3, mean� SD. c: Untreated
(Control) or fat-loaded spheroids were also incubated with 14C-
glycerol and total 14C-glucose measured relative to a tritiated
glucose internal standard. Results are averages of three experi-
ments and expressed as the ratio of 14C/3H counts per minute
(CPM) per total protein (mg), n¼ 3, mean� SD, (*P< 0.05).
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in alginate and maintained for 7 days in 3-D
culture. Spheroids were then fat-loaded for 48 h
and treated with the pro-oxidant TBH.
Kinase-dead transfectants exhibited a 30%
reduction in AMPK activity after 8 days of
culture in comparison to empty vector control
transfectants (Fig. 9A). Western analysis
to verify the level of kinase-dead AMPKa2
protein expression relative to total AMPKa
protein levels indicated sustained expression
of kinase-dead AMPKa protein from Day 4,
reaching amaximumof�7%byDay 6 of culture
(Fig. 9B,C). The kinase-dead (catalytically
inactive) a2 subunit inhibits AMPK function
by binding to AMPK b and g subunits, forming
functionally inactive heterotrimeric AMPK
complexes.

Figure 10A confirmed that for empty-vector
control transfectants exposed to TBH for 18 h,
as in normal HepG2 spheroids, fat-loading
protected cells from TBH-induced cytotoxicity
with reduced SYTOX Green fluorescence
(columns 1 vs. 2). In these control transfectant
cells, the cytotoxicity observed in thepresence of
fat was 36% of that in non-fat loaded cells
(P< 0.05).

No significant difference in cytotoxicity was
observed for TBH-treated non-fat loaded
kinase-dead transfectants in comparison to
non-fat loaded empty vector control transfec-
tants (columns1 vs. 3).However, in kinase-dead
transfectants, the protective effect of fat-
loading was significantly reduced (columns 3
vs. 4). Cytotoxicity in the presence of fat was
64% of that observed in non-fat loaded cells

(P< 0.05). Furthermore, fat-loaded kinase-
dead transfectants exhibited increased cyto-
toxicity compared to fat-loaded empty vector
controls (columns 2 vs. 4; P< 0.05). Thus with
decreased AMPK activity, the protective effect
of fat-loading was reduced.

Interestingly, TBARS assays demonstrated
that fat-loading, in the absence of pro-oxidant
challenge, more than doubled the increase in
TBA-reactivity in kinase-dead transfectants
compared with empty-vector controls—that is,
with reduced AMPK activity and in the absence

Fig. 8. AMPK activity for HepG2 spheroids. Day 7 HepG2
spheroidswere fat-loadedwith 0.15mMoleic acid over 48 h and
AMPK activity determined at 12 h intervals. Results are averages
of two experiments and expressed as CPM per total protein (mg),
n¼ 3, mean� SD. (*P<0.05).

Fig. 9. Expression of c-myc tagged AMPKa2 kinase-dead (KD)
subunit by HepG2 transfectants. a: AMPK activity for HepG2
spheroids transfected with an empty pcDNA3 vector (EVC) or
with pAMPK a2 K45R (KD). Results are averages of three assays,
(*P<0.05). b: Spheroids from HepG2 cells transfected with an
EVC or with pAMPK a2 K45R constitutively expressing a KD
AMPK a2 subunit (KD) were assessed over 8 days. Protein from
spheroids at 2-day intervals was equally loaded (100 mg per well)
onto and separated by SDS–PAGE, blotted and probed with an
anti-c-myc antibody. Membranes were stripped and re-probed
with an anti-AMPKa antibody. c: Bands were detected by ECL
and quantified by laser densitometry, and KD levels expressed as
a % of total AMPKa, n¼ 3, mean� SD.
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of pro-oxidant challenge, lipotoxicity was
observed (Fig. 10B). This contrasts with our
findings in HepG2 cells, where fat phasically
activates AMPK (Fig. 8); in normal fat-loaded
spheroids there is protection against lipotoxi-
city, as well as the resistance to damage by TBH
already demonstrated. This protection is also
seen in the empty vector control transfectants.

Furthermore, the previously observed stea-
tosis-dependent induction of SOD activity in
fat-loaded spheroids was significantly reduced
in kinase-dead transfectants. Lucigenin lumi-
nescence (inversely proportional to SOD activ-
ity) was reduced by 38% in fat-loaded empty
vector control cells and 9.8% for fat-
loaded kinase-dead transfectants (Fig. 11A).
The ability of fat-loading to lower reduced
glutathione levels and NAD(P)H (i.e., to induce
a positive redox shift) was also significantly
impaired for kinase-dead transfectants in
comparison to fat-loaded empty vector controls
(Fig. 11B,C, respectively). Collectively, these
findings strongly suggested that AMPK activa-
tion was an important component of the
observed fat-induced preconditioning effect
observed in our model.

DISCUSSION

In this study, we investigated the suscept-
ibility of steatotic hepatocyte-derived cells to
TNFa and the pro-oxidant, TBH.

We established that a 3-D HepG2 culture
model exposed to 0.15 mM oleic acid for 48 h
induced steatosis in spheroids by Nile red
staining and electron microscopy.

It was initially surprising to find that in
this model, fat-loading decreased TNFa and
TBH-induced cytotoxicity, since it is currently
believed that steatosis generates oxidative
stress and increases hepatocyte susceptibility
to oxidative damage observed in NAFLD [Day,
2002; Sanyal, 2005].

For our model, we observed a substantial
decrease in GSH levels, a positive shift in
intracellular redox potential and a significant
increase in SOD activity for fat-loaded spher-
oids, agreeingwith thehypothesis that steatosis
induces a pro-oxidant state. However, this
pro-oxidant shift occurred in the absence of
oxidative damage—that is, steatosis induced
metabolic alterations, sufficient to stimulate
oxidative defence mechanisms, not sufficient
to cause oxidative damage, and serving to
precondition against more severe pro-oxidant
challenge.

Our observation that spheroids transiently
transfected with a plasmid expressing a kinase-
dead AMPKa2, subunit, which induced a sig-
nificant but partial (30%) downregulation of
AMPK activity, exhibited a significant reversal
of the fat-induced protective effect, increased

Fig. 10. Reduced AMPK activity increases TBH-induced
cytotoxicity for fat-loaded spheroids and induces lipotoxicity.
a: Day 7 spheroids from HepG2 cells transfected with an empty
pcDNA3 vector (EVC) or with pAMPK a2 K45R constitutively
expressing a kinase-dead AMPK a2 subunit (KD) were untreated
(open bar) or fat-loaded with 0.15 mM oleic acid for 48 h (black
bar). Transfectants were then exposed to 0.5 mM TBH for 18 h
with SYTOX green and fluorescence quantified. Results are
averages of three experiments of n¼ 3 mean� SD. Fat-loading
significantly decreased TBH-induced SYTOX Green fluores-
cence for the EVC transfectants (#P< 0.05) and KD transfectants
(§P<0.05). TBH-induced SYTOX Green fluorescence was
significantly increased for fat-loaded, KD transfectants in
comparison to fat-loaded EVCs (*P<0.05). b: EVC and KD
transfectants untreated (open bar) or fat-loaded as above (black
bar) were assayed for oxidative stress using a TBARS assay. Data
are expressed as fluorescence per total protein (mg), n¼3
mean� SD. Fat-loading significantly increased TBARS fluores-
cence for KD transfectants in comparison to EVCs (*P<0.05).
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lipotoxicity (determined by TBARS) and a
failure by fat to induce SOD activity and a
positive redox shift, strongly implies that
AMPK plays an important role in this precondi-
tioning phenomenon.

These observations are supported by studies
which show that 0.15 mM concentrations of
fatty acids activate AMPK in hepatocytes, in
turn triggering the ‘‘glucose sparing’’ effect—
the inhibition by fatty acids of hepatic glucose
metabolism and lipogenesis [Kawaguchi et al.,
2002]—which we also observed for steatotic
spheroids. Therefore, we speculate that fat-
loading HepG2 spheroids increases fatty acid
oxidation and AMPK activity, in turn down-
regulating biosynthetic pathways and simulta-
neously increasing oxidative metabolism via
the glucose sparing effect. An increase in
oxidative metabolism would increase ROS
production leading to increased demand for

GSHandNADPHand thus the observed decline
in thesemetabolite levels upon fat-loading. This
effect, not sufficient to induce cell damage,
would trigger: (1) increased SOD activity, and
(2) increased NADPH production, by enhanced
glucose transport and flux through the pentose
phosphate pathway, as well as decreased
NADPH consumption via lipogenesis, leading
to increased glutathione reduction rates.
These combined effects would thus decrease
cell susceptibility to severe oxidative stress. The
observation that AMPK kinase-dead transfec-
tants exhibit far lower (approx 50%) NAD(P)H
than controls accords with this hypothesis
(Fig. 11C).

AMPK activity can be directly inhibited by
long-chain acyl-CoA esters [Taylor et al., 2005],
suggesting that fat metabolism may negatively
regulate AMPK activity via acyl-CoA ester
accumulation in the cell. This could account

Fig. 11. AMPK KD transfectants fail to exhibit increased SOD
activity and a positive redox shift when fat-loaded. a: Empty
vector controls (EVC) or kinase-dead tranfectants (KD) were
untreated (openbar) or fat-loadedwith 0.15mMoleic acid (black
bar) for 48 h. SOD activity was determined using a lucigenin
luminescence assay based on the ability of SOD to quench
superoxide-dependent lucigenin luminescence. Therefore SOD
activity is inversely proportional to luminescence. Data are
expressed per total protein (mg), n¼ 3 mean� SD. b: EVC and

KD transfectants untreated (open bar) or fat-loaded as above
(black bar) were assayed for reduced glutathione (GSH) by
bimane-fluorescence or (c) NAD(P)H by absorbance at 340 nm.
Fluorescence and absorbance data expressed per total protein
(mg). n¼3, mean� SD. Fat-loading significantly decreased
lucigenin luminescence, GSH fluorescence, and NAD(P)H
absorbance in EVC transfectants for subparts a–c (*P< 0.05)
but not in KD transfectants.
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for the return to baseline kinase activity after
48 h fat-loading, and explain the differences
between our findings and those of Feldstein
et al. [2004]. These authors, using fatty acid
concentrations three- to sixfold greater
than this study, found steatosis to directly
induce toxicity via lysosomal destabilization
and cathepsin B release in HepG2 cells [Feld-
stein et al., 2004]. With high concentrations of
fatty acids, a rapid accumulation of acyl-CoA
esters may result in the early inhibition of
AMPK, impairing the adaptive response and
thus leading to lipotoxicity.
Although the inhibition of AMPK activity

leads to a significant impairment of the fat-
induced adaptive response, kinase-dead trans-
fectants only exhibit a partial reversal of the
fat-induced protective response upon TBH
exposure. This indicates that whilst AMPK is
important, it is not the sole contributor to
the fat-induced protective response. The role of
other potential mediators of this protective
response such as specific protein kinase C
(PKC) isoforms (e.g., PKCe), known to be
activated by unsaturated fatty acids in a variety
of cell types including HepG2 cells and hepato-
cytes [Diaz-Guerra et al., 1991; Sung et al.,
2004], and shown to protect against stressors
such as ischemia-reperfusion injury [Mackay
and Mochly-Rosen, 2001], needs to be clarified.
Overall, we demonstrate that a steatotic

phenotype is not in itself sufficient to cause
enhanced susceptibility to cytokine or pro-
oxidant-induced damage in hepatocyte-derived
cells. The possible implications of these findings
are that: (a) hepatocytes readily adapt to a
steatotic/fat metabolizing phenotype without
cellular damage (supported by the fact that only
3% of those with steatosis progress to steatohe-
patitis), and (b) a perturbation of the mechan-
isms required for this adaptive process results
in direct lipotoxicity and increased susceptibil-
ity to oxidative stress.
Interference with the metabolic/energy

status of hepatocytes via perturbance of AMPK
appears one likely contributor to the multi-hit
process underlying the progression of human
fatty liver disease.
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