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Abstract

Background—Iron overload is associated with increased severity of nonalcoholic fatty liver
disease (NAFLD) including progression to nonalcoholic steatohepatitis and hepatocellular
carcinoma.

Aims—To identify potential role(s) of iron in NAFLD, we measured its effects on pathways of
oxidative stress and insulin signaling in AML-12 mouse hepatocytes.

Methods—Rapid iron overload was induced with 50 .M ferric ammonium citrate and 8-
hydroxyquinoline. Insulin response was measured by western blot of phospho-protein kinase B.
Lipid content was determined by staining with oil red O. Reactive oxygen species (ROS) were
measured by flow cytometry using 5-( -6)-chloromethyl-2",7’-dichlorodihydrofluorescein
diacetate. Oxidative stress was measured by western blots for phospho-jnk and phospho-p38.

Results—Iron increased ROS (p<0.001) and oxidative stress (p<0.001), and decreased insulin
signaling by 33% (p<0.001). Treatment with stearic or oleic acids (200 M) increased cellular
lipid content and differentially modulated effects of iron. Stearic acid potentiated iron-induced
ROS levels by 2-fold (p<0.05) and further decreased insulin response 59% (p<0.05) vs. iron alone.
In contrast, cells treated with oleic acid were protected against iron-mediated injury; ROS levels
were decreased by half (p<0.01) vs. iron alone while insulin response was restored to control
(untreated) levels. The anti-oxidant curcumin reduced effects of iron on insulin signaling, ROS,
and oxidative stress (p<0.01). Curcumin was similarly effective in cells treated with both stearic
acid and iron.

Conclusions—An /n-vitro model of NAFLD progression is described in which iron-induced
oxidative stress inhibits insulin signaling. Pathophysiological effects of iron were increased by
saturated fat and decreased by curcumin.
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Introduction

Insulin resistance (IR) and triglyceride accumulation in the liver (steatosis) are hallmarks of
nonalcoholic fatty liver disease (NAFLD), a potentially serious condition that affects more
than 20% of the US population [1,2]. A fraction of NAFLD patients develop nonalcoholic
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steatohepatitis (NASH), the advanced and progressive form of the disease that can result in
cirrhosis and liver failure or hepatocellular carcinoma. In addition to elevated serum lipids,
especially saturated fat [3], NASH is associated with elevated levels of inflammatory
cytokines or other sources of oxidative stress. These contribute to characteristics of
hepatotoxicity, fibrosis, and necroinflammation that define the disease [4].

Steatosis is a diagnostic feature of NAFLD but is not by itself a good predictor of
progression to NASH. In NAFLD, steatosis primarily reflects increased fatty acid uptake by
the liver, a consequence of the elevated serum fatty acids caused partly by IR in adipose
tissue [5]. Progression to NASH may also require hepatic IR, which decreases the liver’s
ability to dispose of the excess fat and initiates a degenerative cycle in which elevated fatty
acids (or their metabolites) further contribute to hepatic IR [6]. Elevated hepatic levels of
reactive oxygen species (ROS) are likely important, since ROS-induced oxidative stress is a
known cause of IR in muscle and fat [7,8]. Since storing rather than metabolizing excess fat
minimizes oxidative stress and the resulting liver damage, steatosis is best thought of as a
protective pathway in hepatocytes rather than a pathological process [9]. In contrast, coupled
increases in oxidative stress and hepatic insulin resistance appear to be useful predictors of
NAFLD progression to NASH [4,6].

Excess body iron can increase oxidative stress in the liver and favor progression of NAFLD
to NASH. As a redox-active transition metal, free iron can catalyze the production of ROS
through Fenton chemistry [10,11]. Increased oxidative stress in experimental animals and
iron overloaded patients has been well documented [12,13]. Increased severity of NAFLD
has been reported among patients with iron overload from hereditary hemochromatosis
[14,15], and higher body iron was associated with increased severity of NASH [16] and
progression to hepatocellular carcinoma [17]. Importantly, iron depletion through
phlebotomy was shown to reduce NAFLD progression [13]. These observations support the
idea that iron-induced oxidative stress contributes directly to hepatic IR and NASH, but this
remains to be experimentally demonstrated.

The present study investigated NASH-related effects of iron overload in AML-12 mouse
hepatocytes. As IR accompanies NAFLD progression, we used the insulin response of the
cells as a surrogate endpoint. The primary goal was to evaluate the premise that iron
overload decreases insulin signaling via an oxidative stress based mechanism. A secondary
goal was to determine whether the extent of iron-related injury was altered by elevated fatty
acids, as might occur in the iron overloaded NAFLD patient.

Free fatty acids (FFA), ferric ammonium citrate (FAC), fatty acid-free bovine serum
albumin (BSA), and 8-hydroxyquinoline (8HQ) were obtained from Sigma/Aldrich (St.
Louis, MO). Fetal calf serum was from Atlanta Biologicals (Norcross GA). Other cell
culture reagents were from GIBCO/Invitrogen (Carlsbad CA). The fluorescent probe 5-
(and-6)-chloromethyl 2”,7” dichlorodihydrofluorescein diacetate (CM-H,DCFDA) was from
Molecular Probes/Invitrogen (Eugene OR). C3 complex®, a defined mixture of curcumin
(diferuloylmethane), demethoxycurcumin and bisdemethoxycurcumin, was donated by
Sabinsa Corp (Piscataway NJ). Antibodies and other specialty reagents were from
commercial sources as noted.

Cell culture and cell-based assays

AML-12 cells, a non-neoplastic tgf-a overexpressing mouse cell line, were obtained directly
from the originating Fausto laboratory [18]. In general, experiments used subconfluent cells
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at passage 30 or lower (passage designations of Wu et al. [18]), corresponding to a total time
in culture of approximately 9 months (3 months in our hands). They were maintained in
DMEM/F12 media supplemented with 10% fetal calf serum, 10 pg/ml insulin, 5 pg/ml
transferrin, 7 ng/ml selenium (corresponding to a 1:100 dilution of ITS, GIBCO Corp.),
2mM I-glutamine, 50 pg/ml gentamicin, and 100 nM dexamethasone (growth media), at
37°C in a 5% CO2 atmosphere. Albumin gene expression determined by quantitative PCR
[19] confirmed their hepatocyte phenotype (DJM, unpublished). Calcein quenching
experiments similar to those reported previously [20] indicated 8-hydroxyquinoline-
mediated iron entry was maximal by 15 minutes (the earliest time examined) in AML-12
cells (DJM). Treatment with FFA and iron was performed after switching the cells from
growth media to DMEM containing 1000mg/ml glucose, 10% fetal calf serum, 2 mM |-
glutamine, 50 pg/ml gentamicin, and 100 nM dexamethasone (treatment media).

FFA were delivered from concentrated 50mM stocks prepared in isopropanol as described
by Gores and coworkers [21]. Controls contained the same concentration of vehicle as the
experimental cultures (i.e. 0.4% isopropanol was used as control for 200uM FFA). An
alternative delivery protocol using de-lipidized BSA as FFA carrier [22] was rejected due to
the inhibitory effect of lipid-free BSA on cellular fat content and uptake of iron (DJM,
unpublished). All treatments included 10% fetal calf serum. The content of neutral lipid in
the cells was measured by staining with oil red O, using a protocol similar to that described
by Ramirez-Zacarias et al. [23]. Briefly, cells plated on coverslips were rinsed in PBS, fixed
in 3.7% paraformaldehyde, rinsed in PBS, and stained with 0.3% oil red O in 60%
isopropanol for 10 minutes. The coverslips were rinsed with water, mounted on slides, and
photographed with a Leica DM2500 microscope equipped with a CCD camera and SPOT
4.6 software (Diagnostic Instruments, Sterling Heights MI). Six random fields of each were
analyzed for red (lipid) staining using image J software and accompanying protocol for
quantifying stained liver tissue liver (NIH, Bethesda MD), with threshold set at 80%.

ROS levels were measured by flow cytometry. Following FFA treatment (3 days at 200
M), cells were rinsed in Hanks balanced salt solution (HBSS) and loaded with 2 pg/ml 5-
( -6)-chloromethyl-2",7’-dichlorodihydrofluorescein diacetate (CM-H,DCFDA) (Molecular
Probes, Eugene OR) in the absence of serum for 30 minutes at 37°C. The cells were rinsed
and treated for two hours in complete treatment media +/- 50 M FAC/20 .M 8-
hydroxyquinoline and FFA. The DCF (green) fluorescence in propidium iodide negative
cells was quantified in a Cytomics FC500 flow cytometer (Beckman Coulter, Indianapolis
IN) after subtracting background fluorescence of control cells not loaded with CM-
H,DCFDA. Cell growth/viability was determined using methylthiazolyldiphenyl-
tetrazolium bromide (mtt assay) as described [20].

C3 complex® (curcumin) was evaluated and stored in accordance with all requirements and
recommendations of the Product Integrity Working Group of the National Advisory Council
for Complementary and Alternative Medicine, a primary sponsor of this study. Where
indicated, C3 complex® was added at the same time as 8-hydroxyquinoline and iron from a
50 mM stock prepared in dimethylformamide. The curcuminoid concentrations in these
stock solutions were stable at =20 °C for more than 1 year (DJM unpublished). Control
cultures contained an equal amount of dimethylformamide and/or other solvents.

Biochemical measurements

For insulin signaling and oxidative stress assays, cells were treated as for the ROS assays
(i.e. three days +/- FFA and two hours +/- 50 uM FAC/20 .M 8-hydroxyquinoline and
FFA as indicated in fresh treatment media), followed by 10 minutes +/— 10 nM insulin at
37°C. After rinsing with ice cold PBS, equal protein aliquots of total cell lysates were
analyzed by western blot analyses as described previously [24]. The magnitude of the
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insulin response was calculated as the difference in phospho-protein kinase B signal +/—
insulin. Antibodies to protein kinase B phosphorylated at ser473 (phospho-PKB), to c-jun
N-terminal kinase (jnk) dually phosphorylated at thr183/tyr185 (phospho-jnk), and to p38
MAP kinase (p38) dually phosphorylated at thr180/tyr182 (phospho-p38) were from Cell
Signaling Technologies, Inc. (Danvers, MA). Antibodies to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were from Santa Cruz Biotechnology (Santa Cruz CA).
Secondary antibodies linked to horseradish peroxidase were from Jackson Immunoresearch
(West Grove PA). Detection utilized the ECL-plus system from Amersham/GE Healthcare
(Arlington Heights IL). The chemiluminescence signals were quantified using either a
Kodak MM4000 gel imager (Rochester NY) or a UVP gel imager (Upland CA) equipped
with a Hamamatsu CCD camera (Bridgewater NJ). Alternatively, western blot data were
quantified using the Odyssey infrared imaging system from Li-Cor, Inc (Lincoln, NE). All
western blot signals were quantified relative to the housekeeping protein GAPDH in the
same sample and normalized to control or iron only cells analyzed on the same blot as
indicated in the corresponding figure legend. Lipid peroxidation was measured by
thiobarbituric reactive substances (TBARS) assay from Cayman Chemical (Ann Arbor, MlI).

To determine the significance of differences between groups, the data were evaluated using
a 2 tailed unpaired t-test for samples with unequal variance, and significance noted at p<0.05
(*), p<0.01 (**), and p<0.001 (***). Normalized values (expressed relative to either
untreated cells, insulin only cells, or iron only cells as specified) were used to compile and
evaluate data from different experiments. A paired t-test was used when testing significance
relative to the normalizing group itself.

Iron overload causes insulin resistance in AML-12 hepatocytes

AML-12 is a mouse cell line that displays morphological and gene expression patterns
(albumin, transferrin, and connexin 32) characteristic of differentiated hepatocytes [18].
These cells may be used to investigate selected NAFLD-related processes, including hepatic
steatosis and IR. To determine effects of iron overload on insulin response, we monitored
insulin-stimulated phospho-activation of PKB. Control AML-12 cells displayed an ECgg
near 1 nM insulin and a maximal response at 10-100 nM (unpublished data). Iron overload
was induced with ferric ammonium citrate (FAC) and the lipophilic iron chelator 8-
hydroxyquinoline (8HQ). Ferric ammonium citrate is a relatively stable formulation of ferric
citrate, a species of free iron found in blood that increases in hereditary hemochromatosis
and other conditions of iron overload [25,26]. 8HQ facilitates rapid (within minutes) entry of
iron into cells so as to transiently overload cellular defenses against free iron [20]. The short
time course (2 hours or less) emphasizes the protein-level effects of iron overload and
largely removes potential transcriptional and translational effects from the analysis. As
shown in Figure 1, this iron overload protocol decreased cellular response to 10 nM insulin
by approximately 33% (p<0.001).

Free fatty acids differentially modulate iron-induced IR

NAFLD is defined by accumulation of fat in hepatocytes, caused (in obese individuals)
primarily by increased uptake of serum FFA [1,2]. Treatment of AML-12 cells with 200 .M
FFA led to a similar accumulation of intracellular triglycerides as assessed by staining with
oil red O (Figure 2A). Fat content was greater in cells treated with oleic acid than stearic
acid (Figure 2B). As in the NAFLD liver, steatosis in AML-12 cells likely reflects clearance
and detoxification of FFA [9].
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In addition to steatosis, NAFLD is marked by persistently elevated serum FFA [1,2]. To
create similar conditions in cell culture we treated with FFA for 3 days to induce steatosis
and again for 2 hours to ensure high FFA levels in the media. Under these conditions, there
were little or no effects of either stearic or oleic acids alone on the sensitivity of the cells to
10 nM insulin (Figure 3). However, these FFAs did impact effects of iron overload. Stearic
acid compounded iron-induced IR: insulin response was further decreased from 53% (iron
only) to 33% (stearic acid + iron) (p<0.05). This compounding effect of stearic acid was
smaller in magnitude if stearic acid was not re-added with iron at the 2 hour time point (data
not shown). In contrast, oleic acid was protective: cells treated with oleic acid and iron
appeared unchanged from control (Figure 3B). The differential effects of saturated vs.
monounsaturated fatty acids are clearly illustrated by the observation that cells given oleic
acid + iron had an insulin response nearly 4-fold higher than those given stearic acid + iron
(p<0.01) (Figure 3B).

Oxidative stress mediates iron-induced IR

Oxidative stress is a known cause of IR in other cell and tissue types [7,8]. To determine
whether this might contribute to decreased insulin response in iron overloaded hepatocytes,
we used the redox-sensitive fluorescent probe CM-H,DCFDA as an indicator of ROS in
cells. In the presence of iron, this probe detects a wide variety of ROS, including superoxide,
hydrogen peroxide, and hydroxyl radicals [27]. We found conditions that caused IR (Figure
3) also increased ROS levels (Figure 4). There were significantly higher levels of ROS in
iron overloaded cells compared to control (p<0.001). As was seen for insulin signaling
(Figure 3), stearic acid and oleic acid had little or no effect individually on ROS levels, but
they differentially modulated effects of iron. Compared to cells subjected to iron overload
alone, ROS levels were 2-fold higher in cells treated with stearic acid and iron (p<0.05), and
approximately half in cells treated with oleic acid and iron (p<0.001). Direct comparison of
the two different fatty acid treatments revealed that cells given stearic acid and iron had
ROS levels more than 3-fold higher than cells given oleic acid and iron (p<0.001). As it
seems unlikely that the fluorescent probe is preferentially retained in cells treated with
stearic acid compared to oleic acid, these data support a ROS-based mechanism for iron
induced IR in AML-12 hepatocytes.

Effects of these treatment protocols on cell growth/viability are shown in Figure 5. Stearic
acid alone decreased cell growth by 16% (p<0.01) while oleic acid increased cell growth by
15% (p<0.01). Iron alone decreased cell viability by 24% (p<0.01), whereas stearic acid +
iron decreased cell viability by 37% (p<0.001). The growth/viability of cells given oleic acid
and iron was unchanged from control cells. In general, iron treatment protocols that
dramatically increased ROS levels (Figure 4) and decreased insulin sensitivity (Figure 3)
caused parallel but smaller changes in cell growth/viability (Figure 5).

Multiple signaling pathways have been implicated in oxidative stress-induced IR including
the stress kinases jnk and p38 [7,28]. Figure 6 illustrates effects of FFA and iron on these
enzymes in AML-12 cells. Both pathways were activated in iron overloaded cells (p<0.001)
but not by FFA alone, similar to what we found by measuring ROS levels. However, the
extent of jnk and p38 activation by iron was only weakly modulated by FFA. For phospho-
jnk, stearic acid increased the iron effect by 8% (not significant (ns)), while oleic acid
reduced the iron effect by 7% (ns) (Figure 6B). For phospho-p38, stearic acid increased the
iron effect by 36% (p<0.01), while oleic acid reduced the iron effect by 3% (ns) (Figure 6C).
Activation of these signaling pathways is further support of an oxidative stress based
mechanism of iron-induced IR in AML-12 hepatocytes.

To further examine the link between iron-induced ROS and insulin resistance, we tested
whether anti-oxidant treatment could block effects of iron overload. Figure 7 illustrates the
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preventive effects of the potent anti-oxidant curcumin (C3 complex®) on iron-induced IR
and oxidative stress. Insulin response increased from 61% of control in iron overloaded cells
to 98% of control in cells also given C3 complex® (p<0.01). This corresponded to a 59%
improvement in insulin response (Figure 7A). Under similar conditions curcumin decreased
iron-induced ROS levels by 57% (p<0.001) (Figure 7B) and lipid peroxidation in iron
overloaded cells was decreased 81% (p<0.01) (Figure 7C).

The effects of curcumin on insulin response and stress kinase activation in cells treated with
both stearic acid and iron are shown in Figure 8. While stearic acid and iron decreased
insulin response by 85% from control cells (p<0.01), this was largely prevented by including
curcumin with the iron treatment. The insulin response in cells given stearic acid, iron, and
curcumin was comparable to that seen in the control cells (Figure 8B). Similarly, curcumin
decreased phospho-activation of jnk caused by stearic acid and iron by 74% (p<0.01) to
levels comparable to the control (Figure 8C). Finally, curcumin decreased phospho-
activation of p38 caused by stearic acid and iron by 45% (p=0.064) (Figure 8D).

Discussion

This study demonstrated that acute iron overload causes oxidative stress and impairs insulin
signaling in AML12 hepatocytes. The strongest effects of iron were seen in cells exposed to
the saturated fatty acid stearic acid, but not the mono-unsaturated fatty acid oleic acid. The
anti-oxidant curcumin partially prevented these effects of iron. Although oxidative stress is a
recognized consequence of iron overload /n vitroand in vivo, this is the first demonstration
of diminished insulin response in cells treated with iron. Furthermore, these findings extend
previous reports of IR caused by high doses of FFA by demonstrating a synergistic effect
with iron. Establishing these basic principles in a cultured cell model is an important step
towards understanding and minimizing the contributions of iron to NAFLD in humans.

Although most body iron stores are inertly sequestered in transferrin or ferritin, there is a
significant pool of “free” iron capable of generating potentially toxic ROS through the
Fenton and Haber-Weiss reactions [10,11]. At low levels, ROS are well-tolerated by most
cells and induce a range of protective responses important to cell growth, differentiation, and
survival [29]. At high levels, ROS can damage cells directly or deplete cellular energy stores
via oxidative stress [13,30]. Despite sophisticated mechanisms for maintaining iron
homeostasis [31], free iron levels may increase significantly in hemochromatosis and other
conditions of iron overload [25,26]. Consequences of severe iron overload include
hepatocellular injury, cirrhosis and hepatocellular carcinoma.

Hepatic iron overload in humans, even in patients with hereditary hemochromatosis, is
highly variable and subject to many factors. It may take many years to develop, making it
difficult to define how it contributes to liver disease. Similarly, iron-induced liver damage is
difficult to induce in animal models. With these points in mind, we chose to first identify
potential hepatic effects of iron using the AML-12 cell model and 8HQ to induce iron
overload. This delivery protocol rapidly overloads cellular defenses and allows the
immediate effects of free iron to be investigated [20]. An analogous approach over several
decades has used the ionophore A23187 to elucidate effects and cellular targets of calcium
action in cells [32]. The 8HQ iron overload protocol provided a clear model with which to
study iron dependent ROS induction, oxidative stress, and IR.

Others have shown that FFA alone can increase oxidative stress and cause IR [33]. In
general, reported pathological effects of saturated fatty acids (e.g. palmitic or stearic) are
greater than monounsaturated fatty acids (e.g. oleic) [21,34]. This may be due partly to
lipotoxic effects that are magnified by the serum-free conditions generally used in these
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experiments. In the presence of serum and without iron overload, we saw little or no FFA-
induced ROS, oxidative stress, or IR, only mild steatosis. By these criteria our treatment
protocol of low levels of FFA without iron recapitulates hepatocyte conditions observed in
early stage human NAFLD.

In contrast, combining iron overload with stearic acid treatment significantly increased ROS,
oxidative stress, and IR and so best recapitulates hepatocyte conditions observed at more
advanced NAFLD. The potentiation of iron-induced IR by stearic acid appeared unrelated to
steatosis, which was higher in cells given oleic acid. Thus although the mechanism of the
stearic acid effect in AML 12 cells is unknown, it may be concluded that steatosis per se
does not cause insulin resistance in AML-12 cells. The stearic acid effect is consistent with
earlier reports that NAFLD severity varies with the fat composition of the diet [3]. It is
likely that similar differences (in either lipidomic profiles or dietary fat composition) may
influence effects of iron overload in humans, and may partly explain the somewhat mixed
results of clinical studies. Hemochromatosis gene mutations have been either associated
with increased severity [14,15,35,36] or found to be unrelated [37,38] to NASH. Stainable
liver iron or serum transferrin were associated with NASH severity in some [16,35,39] but
not all [37,40,41] studies. The hepatic cell model described here will be useful for
elucidating mechanistic interactions between fat and iron that may favor NAFLD
progression to NASH.

Our demonstration that iron overload can cause insulin resistance supports the increasingly
common view that it is a contributing factor in diabetes as well as NAFLD [42]. This effect
is generally ascribed to an increase in oxidative stress, although specific downstream
mechanisms leading to disease progression are not well defined. It is possible that iron may
influence glycemic control by other mechanisms. In one study, depletion of iron from
HepG2 cells with desferoxamine under normal (not iron overloaded) culture conditions
improved insulin signaling via increased hypoxia signaling [43]. This and other non-
oxidative stress based mechanisms may explain why iron depletion by phlebotomy may
benefit diabetic patients with normal body iron [44].

In AML-12 cells, iron overload caused phospho-activation of jnk and p38. These ser/thr
kinases are known mediators of IR in other settings [7]. They act in part through negative
phospho-regulation of IRS proteins [45]. It is worth noting that we saw relatively modest
modulation of iron-induced jnk or p38 activation by FFA. In particular, these kinases
remained strongly activated in cells treated with oleic acid and iron, conditions that had little
effect on insulin response. This suggests that oleic acid is not disrupting the iron overload
process itself, but rather that additional lipid-sensitive pathways must influence insulin
signaling in iron overloaded hepatocytes. Further work is needed to elucidate the complete
mechanism(s) by which iron-induced oxidative stress impairs insulin signaling.

A limitation of our study is that although AML-12 cells are a useful hepatocyte model,
NAFLD is a complex disease that involves other cell types. Accumulation of iron in liver
macrophages (Kupffer cells) may stimulate secretion of inflammatory cytokines that
increase ROS and induce IR in hepatocytes [16]. Additionally, hepatocyte death induced by
severe iron overload triggers Kupffer and stellate cells to secrete inflammatory cytokines
and fibrogenic factors that favor NAFLD progression to NASH [1,5]. Despite these
complexities, hepatocyte iron overload remains a relevant and important area of NASH
research that may be dissected using the cell model described here.

We observed significant preventive effects of the antioxidant curcumin in iron-overloaded
AML-12 cells. This contrasts with a general lack of efficacy of other anti-oxidants for
prevention of NAFLD progression in clinical studies [9]. While our results suggest that
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lowering high ROS and preventing oxidative stress may be beneficial, the earlier results
argue against a ROS-based mechanism for NAFLD progression to NASH. Perhaps this is
because lower levels of ROS are less pathological and may even protect the liver through
induction of anti-oxidant defense mechanisms [7], making the benefits of chronic
antioxidant use equivocal. Alternatively, it may be critical to match the particular
antioxidant to the source and type of ROS being generated. We showed previously that
curcumin may be particularly effective against iron-induced oxidative stress [20]. The
present findings, together with promising results in mouse models of NASH [46-48], justify
further /in vitroand in vivo studies of curcumin for the prevention of iron-related
pathophysiology in nonalcoholic fatty liver disease.
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Figure 1. Iron overload decreases hepatocyte insulin response. A. Representative western blot
Control (8-hydroxyquinoline only) and iron loaded (50 M iron with 8-hydroxyquinoline)
AML-12 cells were stimulated with 10 nM insulin and analyzed by western blot for
phospho-PKB. GAPDH was analyzed as loading control. B. Relativeinsulin response. The
insulin-stimulated phospho-PKB signals from n=18 experiments were quantified relative to
GAPDH as described under Methods and normalized to control cells in each experiment; the
means +/- se are plotted (*** p<0.001).
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Figure 2. Triglycerides accumulate in hepatocytes treated with free fatty acids

Cells loaded with vehicle only (control), 200 .M stearic acid, or 200 LM oleic acid were
stained with Oil Red O as described under Methods. A. Representative micrographs. Each
field contains approximately 300 cells treated for 24 hours (400x). B. Time cour se of lipid
accumulation. After staining, the % cell area occupied by lipid vacuoles was quantified by
photodensitometric analyses of six fields per condition. Data represent the means +/- se of
n=3 experiments.
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Figure 3. Fatty acids differentially modulateiron-induced insulin resistance
Cells were treated as indicated for 3 days +/- 200 M fatty acid (either stearic acid, 18:0 or

oleic acid, 18:1), followed by 2 hours +/- 200 uM fatty acid +/- 50 M iron + 8-

Page 13

hydroxyquinoline before being tested +/- 10 nM insulin. A. Representative western blots.
Samples from a single experiment were analyzed by western blot for phospho-PKB and

GAPDH. B. Insulin Response. The relative insulin effect (defined as the difference in

normalized phospho-PKB signal +/- insulin) was determined from western blots as shown
in A. Results were compiled from ten independent experiments that included cells treated
with 8-hydroxyquinoline only (control, n=10) or also with stearic acid (n=4), oleic acid
(n=4), iron (n=10), stearic + iron (n=7), and oleic + iron (n=7). Means +/- se are shown (***
p<0.001 vs. control; n.s. not significant).
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Figure 4. Fatty acids differentially modulate iron-induced ROS levels

Cells were treated for 3 days (+/- 200 wM fatty acid), pulsed for 30 minutes with CM-
H,DCFDA, treated for 2 hours (+/- 200 M fatty acid +/- 50 .M iron + 8-
hydroxyquinoline), and analyzed by flow cytometry. The dichlorofluorescein (DCF)
fluorescence values from propridium iodide negative (viable) cells were determined in n=10
independent experiments and normalized to cells treated with iron + 8-hydroxyquinoline.
Means +/- se are shown (*** p<0.001 vs. control; n.s. not significant).
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Figure 5. Effects of fatty acidsand iron overload on cell viability

Cells were treated as indicated for 3 days +/- 200 wM fatty acid followed by 2 hours +/-
200 uM fatty acid +/- 50 wM iron + 8-hydroxyquinoline. Cell number and viability were
determined by mtt assay relative to untreated cells. Means +/- se from n=5 independent
experiments are shown (*** p<0.001 vs. control; ** p<0.01; n.s. not significant).
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Figure 6. Iron overload activates redox-sensitive signaling pathways

Cells were treated for 3 days (+/- 200 uM fatty acid) followed by 2 hours (+/- 200 pM fatty
acid +/- 50 pM iron + 8-hydroxyquinoline) and analyzed by western blot. A.
Representativev wester n blots. Samples from a single experiment were analyzed for
phospho-jnk, phospho-p38, and GAPDH. B. Relative phospho-jnk. The means +/- se
compiled from ten experiments (as for Figure 3) are shown for phospho-jnk after
normalizing to the iron only samples. C. Relative phospho-p38. Results for phospho-p38
are shown as for panel B. (*** p<0.001 vs. control; n.s. not significant).
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Figure 7. Curcumin preventsinsulin resistance and oxidative stress caused by iron overload
Cells were treated for 2 hours as indicated (+/— 50 iM iron, + 8-hydroxyquinoline, +/- 50
M C3 complex® curcumin). A. Insulin response. The relative insulin response (the
difference in normalized phospho-PKB signal +/= 10 nM insulin) was determined by
western blot. The means +/- se from n=15 experiments are shown. B. ROS |levels. ROS was
measured by flow cytometry using CM-H,DCFDA and normalized to the iron only samples.
The means +/- se of n=10 experiments are shown. C. Lipid peroxidation. Lipid
peroxidation was measured in malondialdehyde (MDA) — equivalents by TBARS assay and
the values were normalized to iron only samples. The means +/- se of n=4 experiments are
shown. (*** p<0.001 vs. control; n.s. not significant).
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Figure 8. Curcumin preventsiron-induced insulin resistance and oxidative stressin cellstreated
with stearic acid

Cells were treated for 3 days (+/- 200 M stearic acid, 18:0) followed by 2 hours (+/- 200
iM stearic acid and 50 M iron, +/= 50 M 50 .M C3 complex® curcumin + 8-
hydroxyquinoline) and tested +/- 10 nM insulin. A. Representative western blots. Samples
from a single experiment were analyzed for phospho-PKB, phospho-jnk, phospho-p38, and
GAPDH. B. Insulin response. The relative insulin response was determined by phospho-
PKB western blot. The means +/- se from n=3 experiments are shown after normalizing to
control cells. C. Relative phospho-jnk. The means +/— se from n=3 experiments (as for
panel B) are shown for phospho-jnk after normalizing to the iron only samples. D. Relative
phospho-p38. Results for phospho-p38 are shown as for panel C. (*** p<0.001 vs. control;
** p<0.01; n.s. not significant).
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