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Excess iron modulates endoplasmic reticulum stress-
associated pathways in a mouse model of alcohol and
high-fat diet-induced liver injury

Terrence CH Tan'??, Darrell HG Crawford'?, Lesley A Jaskowski'?, V Nathan Subramaniam'**,
Andrew D Clouston', Denis | Crane”, Kim R Bridle'?, Gregory J Anderson® and Linda M Fletcher'?
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Endoplasmic reticulum (ER) stress is an important pathogenic mechanism for alcoholic (ALD) and nonalcoholic fatty liver
disease (NAFLD). Iron overload is an important cofactor for liver injury in ALD and NAFLD, but its role in ER stress and
associated stress signaling pathways is unclear. To investigate this, we developed a murine model of combined liver
injury by co-feeding the mildly iron overloaded, the hemochromatosis gene-null (Hfe /) mouse ad libitum with ethanol
and a high-fat diet (HFD) for 8 weeks. This co-feeding led to profound steatohepatitis, significant fibrosis, and increased
apoptosis in the Hfe ~~ mice as compared with wild-type (WT) controls. Iron overload also led to induction of unfolded
protein response (XBP1 splicing, activation of IRE-1« and PERK, as well as sequestration of GRP78) and ER stress (increased
CHOP protein expression) following HFD and ethanol. This is associated with a muted autophagic response including
reduced LC3-I expression and impaired conjugation to LC3-ll, reduced beclin-1 protein, and failure of induction of
autophagy-related proteins (Atg) 3, 5, 7, and 12. As a result of the impaired autophagy, levels of the sequestosome
protein p62 were most elevated in the Hfe ~/~ group co-fed ethanol and HFD. Iron overload reduces the activation of
adenosine monophosphate protein kinase associated with ethanol and HFD feeding. We conclude that iron toxicity may
modulate hepatic stress signaling pathways by impairing adaptive cellular compensatory mechanisms in alcohol- and

obesity-induced liver injury.
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Iron is an important cofactor in the progression of chronic
liver injury caused by alcoholic (ALD) and nonalcoholic fatty
liver disease (NAFLD). Excessive alcohol consumption and
risk factors for NAFLD (obesity, hypertension, and the me-
tabolic syndrome) often coexist and share many similar
pathophysiological characteristics.! Increased iron indices are
frequently reported in ALD and NAFLD, where iron is
regarded as an important determinant of progressive liver
injury.>™* Patients with the genetic hemochromatosis who
consume excessive amounts of alcohol have greatly increased
risk of cirrhosis, and NAFLD patients with increased hepatic
iron have greater levels of fibrosis than those without.?

The pathogenesis by which iron promotes further liver in-
jury in ALD and NAFLD has been relatively unclear. Its redox

potential makes iron an effective agent in generating reactive
oxygen species (ROS).® This may lead to tissue oxidative stress,
lipid peroxidation of cellular membranes, fibrosis, and damage
to subcellular organelles such as the lysosomes and mito-
chondria.® These mechanisms share similarities with those of
ALD and NAFLD, where oxidative stress may occur
concomitantly. Previous studies have shown that iron-
overloaded rats fed ethanol may develop cirrhosis associated
with marked lipid peroxidation and activation of multiple
profibrogenic genes.” Hepatic iron overload has also been
shown to alter glucose homeostasis and lipid metabolism in
promoting diet-induced hepatic steatosis in animal models.®
Iron accumulation may also have a role in activating Kupffer
cells to release proinflammatory cytokines.” However, the
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mechanisms by which iron promotes fibrosis in ALD and
NAFLD needs further elucidation.

Stress signaling pathways refer to a diverse group of
cellular responses to exogenous and endogenous sources of
metabolic and biochemical insults. Together, they preserve
cell growth, differentiation, survival, as well as regulate cell
death. A balance between prosurvival and proapoptotic
pathways is crucial in health and disease states. The unfolded
protein response (UPR) and autophagy are cellular stress-
adaptive response mechanisms that restore metabolic and
energy homeostasis. The UPR mechanism is a chain of cel-
lular events that responds to the accumulation of unfolded or
misfolded proteins in the endoplasmic reticulum (ER).!°
These pathways involve global attenuation of protein
translation, increase in chaperone proteins, and ER
expansion to increase protein folding as well as activation
of the ER-associated degradation machinery to restore
balance in the ER.!” Impaired UPR can lead to ER stress
and prolonged ER stress may result in inflammation and
apoptosis as implicated in ALD and NAFLD.'L!1271% The
downstream effects of ER stress include activation of
autophagy, c-Jun N-terminal kinase (JNK) pathways, modu-
lation of Toll-like receptor (TLR) signaling, and macrophage
activation in alcohol- and obesity-induced synergistic liver
injury.!>"!7 Autophagy, on the other hand, is the basic
catabolic mechanism that involves cell degradation of
unnecessary or dysfunctional cellular components through
the lysosomal machinery. Defects in the autophagy
machinery have also been implicated in the development of
steatosis and ALD and NAFLD.!8 However, the links between
iron toxicity and modulation of the UPR/ER stress and
autophagy in ALD and NAFLD remain unclear.

In this study, our aim was to create a murine model of
experimental liver injury caused by concomitant iron excess
and alcohol- and diet-induced obesity to investigate how iron
may exacerbate combined ALD and NAFLD. We used a
genetic model of hemochromatosis, the hemochromatosis
gene-null (Hfe /~) mouse to represent mild hepatic iron
overload and provided free access to ethanol and a high-fat diet
(the ethanol and HFD co-feeding model). The development
of advanced fibrosing steatohepatitis in these mice
allowed us to determine the mechanistic interactions involving
these co-toxins. Here we report that increased hepatic iron,
even when mild to moderate, may synergistically exacerbate the
hepatotoxic effects of combined alcohol- and diet-induced
obesity. This is a large-scale study that attempts to identify
multiple signaling pathways in which iron may interact with
alcohol and HFD, in isolation or in combination, to promote
liver injury, in the hope that specific common pathogenic
mechanisms can be targeted for potential future therapies.

MATERIALS AND METHODS

Experimental Protocols and Animal Models

The animal protocol was approved by the Queensland
Institute of Medical Research Animal Ethics Committee.
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Six-week-old male wild-type (WT) (Animal Resources
Centre, Western Australia) and hemochromatosis gene-null
(Hfe /) mice on a C57/BL6 background (originally sup-
plied by Professor William Sly, St Louis University, MO, USA,
on a mixed background, but back-crossed for 10 generations;
6 weeks old) were housed in a temperature-controlled
environment (23 °C), with a 12-h light/dark cycle and al-
lowed ad libitum access to diets and drinking water.

The animal protocol is illustrated in Supplementary Figure
S1. For each genotype, the mice (n=6-13/group) were
randomly assigned to standard laboratory chow diet (control
diet) and a high-fat, high-calorie diet (HFD, Specialty Feeds,
Glen Forrest, WA, Australia), with or without ethanol added
to the drinking water. The HFD had a 50% higher caloric
count than chow fat composition of the HFD by weight was
15% saturated fat, 6% polyunsaturated, and 2% mono-
unsaturated fat, derived from a predominant mixture of
cocoa butter (50 g/kg), partially hydrogenated vegetable oil
(131 g/kg), and canola oil (50 g/kg), with added cholesterol
(0.19%). Details of nutrient components of each diet are
provided in Supplementary Figure S2. The concentration of
ethanol was increased incrementally by 5% every 2 days over
a 1-week period to reach a final concentration of 20% (vol/
vol). The mice received humane care according to the in-
stitution guidelines and were killed following 8 weeks of
dietary treatment. Blood and liver samples were retrieved and
stored at — 80 °C before experiments described below.

Serum Biochemistry

Sera collected from blood during anesthesia and animal killing
were measured for ethanol levels using the colorimetric Ethanol
Assay Kit (Biovision, San Francisco, CA, USA). Serum alanine
aminotransferase (ALT), iron, cholesterol, and triglyceride
measurements were performed as previously described.'”

Quantitative Real-Time PCR Analysis

Total cellular RNA was isolated from hepatic tissue using the
TRIzol reagent (Invitrogen, Melbourne, Australia) according
to the manufacturer’s instructions. Reverse transcription and
quantitative RT-PCR  (Applied Biosystems, Brisbane,
Australia) were performed as previously described.!” The
primer sequences used for the experiments are outlined in
Supplementary Table S3. Gene expression was normalized to
the internal standard basic transcription factor 3 (Btf3).

Histopathological Analysis

Small pieces of liver tissue were fixed immediately in 10%
buffered formalin phosphate and 3% paraformaldehyde
(Sigma). After paraffin embedding, 5-um transverse sections
were prepared and stained with hematoxylin and eosin
(H&E). Hepatic fibrosis was assessed by Sirius Red staining.
Presence of hepatic stellate cells was assessed by positive
staining for a-smooth muscle actin (¢-SMA) (Sigma-Aldrich,
St Louis, MO, USA) in hepatic sinuosids using im-
munohistochemistry (M.O.M Kit, Vector Laboratories,
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Burlingame, CA, USA). Formalin-fixed liver sections were
processed for H&E staining and evaluated for steatosis, he-
patocyte ballooning, inflammatory cell infiltrates, and Mal-
lory bodies. Steatosis, lobular inflammation, ballooning, and
fibrosis were graded according to currently accepted
criteria.2Y Steatosis was classified as mild (0-33%), moderate
(34-66%), or severe (>66%). Hepatic lipid content was also
semiquantitatively assessed using the Oil Red O staining on
frozen liver sections.

Hepatic Triglyceride Content

Liver tissue (50-100mg) was homogenized in 1.15%
potassium chloride. Triacylglycerol extraction was performed as
previously described.?! Triglyceride content was assayed using a
commercial kit (Wako Diagnostics, Richmond, VA, USA).

Western Blots

Protein extraction and western blot analysis were performed
as previously described.!” Immunoblotting was performed
with specific primary antibodies (Supplementary Table S4).
Blocking and antibody dilutions were performed in 10%
skim milk in Tris-buffered saline with 0.1% Tween. Protein
quantification was performed by densitometry analysis using
Image] (NIH, USA).

Lipid Peroxidation and Antioxidant Status

Hepatic lipid peroxidation was assessed by measuring the
aldehydic by-products that are reactive with thiobarbituric
acid (TBARS) as previously described.?? Desferrioxamine
(1mM) was included in the reaction mix to chelate excess
iron released as a consequence of the homogenization
procedure. Total cellular reduced (GSH) and oxidized
glutathione (GSSG) contents were measured on homo-
genized liver tissue using specific assay kits (Cayman
Chemical Company, Ann Arbor, MI, USA).

Mitochondrial Function Studies

Mitochondrial function was assessed using the respiratory
Complex 1 (NADH/ubiquinone oxidoreductase) and man-
ganese superoxide dismutase (MnSOD) activities as pre-
viously described.'®?> Complex 1 activity was measured as
described but at 30 °C and normalized to citrate synthase
activity.??

Hepatic Iron Content

Hepatic non-heme iron concentration (HIC) was measured
as previously described.?* Semiquantitative grading of
hepatic iron was also performed on liver sections following
Perls’ Prussian Blue staining as previously described.?

Assessment of Hepatocellular Apoptosis

Assessment of hepatocellular death by the apoptotic path-
way was performed using the terminal deoxynucleotidyl
transferase (TdT) dUTP Nick-End Labeling (TUNEL)
assay according to the manufacturer’s instructions (Apoptag
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Peroxidase In Situ Apoposis Detection Kit, Merck Millipore,
Billerica, MA, USA).

Statistical Analysis

Statistical analysis was performed using the GraphPad Prism
5 Software (GraphPad, San Diego, CA, USA). Results are
expressed as the mean +s.e.m. Comparisons between two
groups were made using Student’s t-test. A two-way analysis
of variance (ANOVA) was used to compare the means of
multiple groups to assess the effects of diet and ethanol,
followed by Bonferroni post hoc test between groups. A
P-value of <0.05 was used to define statistical significance.

RESULTS

Body Weights and Serum Indices

Baseline body weights were not significantly different across
all mouse groups (data not shown). Monitoring of food in-
take and drinking did not reveal any significant differences
between genotypes and ethanol or nonethanol groups (data
not shown). The mean body weight gain of mice fed the HFD
for 8 weeks either alone or in combination with ethanol was
significantly increased when compared with chow-control
feeding, regardless of genotype, but was particularly high for
erf/ ~ mice on the HFD (Table 1). However, ethanol
consumption attenuated the weight gain caused by the HFD
for each genotype. Notably, despite the similar amounts of
ethanol consumption (10 ml/animal/week), erf/ ~ mice
achieved a near 2.5-fold elevation in serum ethanol con-
centrations compared with their WT counterparts on com-
parable diets (Table 1).

Serum iron concentrations were significantly higher in the
erf/ ~ animals, and were increased even further with
ethanol feeding (Table 1). Serum triglyceride and cholesterol
were significantly lower in Hfe /~ mice compared with WT
controls, but increased with HFD (with or without ethanol)
feeding to values similar to the WT on similar diets.

Effects on Hepatic Iron Content

HIC was significantly higher throughout the Hfe /™ groups
as compared with the WT animals (Figure 1a). However, a
HFD feeding resulted in a decreased HIC, although this effect
was not seen in those mice that received ethanol treatment.
On average, the HIC was twofold higher in Hfe /= com-
pared with WT mice. Perls’ staining showed an iron staining
pattern that is predominantly hepatocellular and periportal
in location in the erf/ ~ mice, but those fed chow or HFD
with ethanol also displayed some reticuloendothelial iron
deposition (Figure 1b). Iron staining was not evident in any
of the WT mice.

Iron Overload Augments Steatohepatitis and Liver
Injury Caused by Ethanol and HFD

Steatosis was noted with HFD alone and in all groups that
received the HFD (Figure 2a). The degree of steatosis was
further exacerbated when HFD was combined with ethanol
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Table 1 Comparison of body weights and serum parameters

WT Hfe =/~
Parameters Chow Chow +E HFD HFD + E Chow Chow +E HFD HFD +E
Weight
ATotal body (g) 43107 45106 12.8+1.0° 105+1.7° 48+0.6 43+15 19.1+£0.7° 85+17°
Liver/body (%) 452+ 0.06 5.21+0.06 41210.14 4711013 46310.10 4021042 545 +0.40% 476 +0.29
VAT/body (%) 1.67 £0.03 1.3510.14 5.76 + 0.46° 441 +0.72° 0.92+£0.08 1.83+0.56 572+0.39% 4.03 £0.65%
Serum (mmol/l)
Ethanol (mM) ND 119.£05 ND 126108 ND 27.7+12° ND 302+1.1°
Iron (umol/l) 231114 243+1.2 222108 241+1 322+08° 33.2+0.7° 34.0+0.90° 434+1.2°
Cholesterol 1.75+0.06 1.75+0.07 2.64+0.13° 2.93+0.16° 1.17£0.08° 1.29+0.09 3.10+0.30° 2.98+0.13°
Triglycerides 0.62+0.03 0.65%0.03 0.52+0.08 0.57+0.07 0.24+0.12° 0.38+0.12° 0.45%0.09 0.51+0.03
Adiponectin (ng/ml) 3431034 41940.14° 29+50.16 1.15+0.04° 2.55+031° 484 +034%° 3.01x£0.14 6.34+0.78%°

Abbreviations: HFD, high-fat diet; E, ethanol; ND, not detected; VAT, visceral adipose tissue; A = gain.

Values expressed as mean +s.e.m.
4P <0.05 compared with WT mice on chow diet only.

PP <0.05 compared with nonethanol animals within the same genotype and dietary group.

or with increased hepatic iron (Figure 2a). The combination
of HFD, ethanol, and iron does not appear to increase
hepatic steatosis any further compared with the iron-over-
loaded animals that received either HFD alone or ethanol
alone (Figure 2a). Similarly, with regard to hepatocellular
inflammation, a HFD or ethanol alone did not lead to any
significant inflammation in the WT groups. Ethanol in
combination with a HFD led to a mild degree of
inflammatory injury, as assessed by lobular and portal
inflammatory scores (Figures 2b and c) as well as serum ALT
(Figure 2d). Ethanol and HED co-feeding led to a threefold
increase in serum ALT in the WT animals, but ALT was un-
affected by either ethanol or HFD alone (Figure 2d). In
isolation, the increased iron did not lead to any degree of
liver injury or inflammation. However, the increased hepatic
iron led to marked steatohepatitis in the Hfe ™/~ mice that
were fed ethanol, or HFD alone, or in combination (Figures
2b—d). The rises in serum ALT were most marked in the iron
and HFD group, with a sevenfold rise following HFD as
compared with WT or Hfe ™/~ groups fed chow diet alone.
Interestingly, Hfe /~ mice on chow and ethanol also
developed significant elevations in ALT with histologically
similar degrees of liver inflammation as the HFD-fed animals
(Figures 2a and d). The addition of ethanol to HFD and iron
did not lead to further increases in hepatocellular
inflammation or injury.

In the WT animals, compared with the chow-only group,
there was a 3.5-fold increase in hepatic triglyceride content
associated with HFD feeding, 2.5-fold with ethanol and
chow, and fivefold with combined HFD and ethanol
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co-feeding (Figure 3a). In contrast, HFD feeding led to a 10-
fold rise in hepatic triglyceride levels over nonethanol chow
controls in the Hfe /™ animals (Figure 3a), but the addition
of ethanol to HFD did not lead to further accumulation of
hepatic triglycerides. The biochemical quantification of he-
patic triglyceride levels is further confirmed by findings on
the Oil Red O staining, with maximal staining intensity in the
groups with iron overload and HFD (Figure 3b).

Iron Overload Exacerbates HFD- and Ethanol-Induced
Hepatic Fibrosis

On Sirius Red staining, neither HFD nor ethanol, either alone
or in combination, caused any development in hepatocellular
fibrosis in the WT mice. In the Hfe "/~ mice, the presence of
increased iron alone did not cause any fibrosis either. How-
ever, the presence of increased iron, when combined with
HFD or ethanol alone, led to significant subsinusoidal
fibrosis, as evident in the Hfe /~ mice (Figure 4a). Hfe /~
mice on chow and ethanol developed more extensive peri-
cellular and subsinusoidal fibrosis than those on HFD alone.
Portal-portal tract linkage fibrosis was seen in mice with
increased iron and ethanol with or without HFD (Figure 4a).
Consistent with the observed fibrosis, expression profiles for
fibrogenic genes (Collal, Mmp-2, and Timp-1, Figure 4b)
were highest in these groups of animals. Evidence of hepatic
stellate cell activation was demonstrated by the presence
of positive staining o-SMA on immunohistochemistry
(Figure 5a) as well as elevated mRNA expression on PCR
(Figure 5b). Consistent with increased hepatic stellate cell
activation, the gene expression for transforming growth
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Figure 1 Assessment of hepatic iron. (@) Hepatic iron concentrations and (b) Perls’ staining for iron deposition in liver sections ( x 200 magnification).
#p<0.05 compared with WT mice on chow only. *P<0.05 compared with nonethanol-treated animals within the same genotype and dietary group.

factor-p1 (Tgf-p1) revealed the greatest upregulation in
Hfe™’~ animals fed ethanol and HFD (Figure 5b).

Iron Affects Hepatic Lipid Handling and Adiponectin
Response to Ethanol and HFD

Given that the degree of steatosis was most severe in the iron-
loaded animals fed HFD with or without ethanol, we
investigated the effects of iron on hepatic lipid metabolism by
measuring gene expression and protein levels of key lipid
transcription factors. The mRNA expression of the key
hepatic lipogenic transcription factor sterol regulatory element
binding protein-1c (Srebp-1c) was increased with HFD or
ethanol alone in the WT groups, but was highest with iron
overload and HFD, with or without ethanol (Figure 6a).
However, surprisingly, a HFD did not result in increased
expression of SREBP downstream target genes fatty acid
synthase (Fasn) or stearoyl CoA desaturase-1 (Scdl)

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 93 December 2013

(Supplementary Figure S5). Ethanol consumption sig-
nificantly increased Fasn and Scdl expression but only in the
WT groups on chow and not in any of the Hfe "/~ animals.
Similarly, increased hepatic iron significantly increased
ethanol- and HFD-induced mRNA expression of the lipid
trafficking and chaperone protein liver fatty acid binding
protein (Lfabp) (Figure 6b), although these changes were not
consistently seen with the other regulators of fatty acid entry
(Cd36) (Figure 6¢) and storage (peroxisome proliferator-
activated receptor-y (Ppar-y); Figure 6d).

A HFD resulted in a 2.5-fold increase in the mRNA
expression of fatty acid f-oxidation gene Ppar-o. in the WT
animals, but this increase was abrogated with ethanol and/or
iron overload, with the Hfe /™ failing to upregulate this
gene following HFD or ethanol or both (Figure 6e). Either
ethanol or HFD feeding led to increased hepatic expression of
adiponectin receptor-2 (AdipoR2) in the WT mice, which
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Figure 2 Assessment of liver injury. (a) Liver injury and steatosis as assessed by H&E staining ( x 400 magnification). (b) Histological semiquantitative
assessment of lobular and (c) portal inflammatory scores and (d) serum ALT concentrations. #P<0.05 compared with WT mice on chow only. *P<0.05
compared with nonethanol-treated animals within the same genotype and dietary group.

activates Ppar-a, but this upregulation was attenuated in the
Hfe /™ mice, despite almost twofold increases in circulating
serum total adiponectin concentrations (Figure 6f and
Table 1).

Consistent with the evidence for increased lipogenic
transcriptional activity and partial inhibition of fatty acid
oxidation, p-AMPKua protein levels were markedly increased
with HFD, with or without ethanol in the WT groups, but
were significantly reduced with iron and ethanol (Figure 6g).
The Hfe~’~ mice also had a markedly attenuated increase in
p-AMPKo following a HFD with or without ethanol. AMPKa
is a key enzymatic regulator in fatty acid transport, and
subsequent oxidation and a significantly reduced level sug-
gests impaired fatty acid oxidation. This is reflected in the
protein levels of the peroxisomal fatty acid f-oxidation
enzyme acyl-coA oxidase 1 (ACOXI1, Figure 6g), which
showed reduction following co-administration in Hfe /~
mice as compared with WT counterparts. Interestingly, co-
feeding led to increased levels of Akt and phosphoinositide-

dependent kinase-1 (PDK-1) in the WT mice (Figure 6h).
Akt is a known negative regulator of AMPK and a stimulator
of hepatic lipogenesis. However, the effect of iron on animals
treated with HFD and ethanol showed a reduction in the
protein levels of both kinases. PDK-1 is a master kinase that
acts downstream of Akt and is a known activator of AMPK.
Its function is crucial for the role of AMPK in fatty acid
oxidation and lipid handling. The alterations in Akt and
PDK-1 in the Hfe /~ animals suggest that pathways
upstream of AMPK are involved in iron-mediated modula-
tion of ethanol- and HFD-induced hepatic lipid metabolism.

Iron Partially Impairs Ethanol Metabolism and
Exacerbates Oxidative Stress in Ethanol- and HFD-
Induced Hepatotoxicity

Given that oxidative stress is a common mechanism for ALD,
NAFLD, and iron-induced hepatotoxicity, we investigated the
effects of iron on markers of oxidative stress in the liver
following ethanol and HFD consumption. The ratio of the
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Figure 3 Assessment of hepatic lipid content. (a) Hepatic triglyceride concentrations and (b) Oil Red O staining for hepatic triglycerides ( x 200
magpnification). P <0.05 compared with WT mice on chow only. *P<0.05 compared with nonethanol-treated animals within the same genotype and

dietary group.

antioxidant-reduced glutathione (GSH) to its oxidized form
GSSG (GSH/GSSG) was not significantly affected by HFD or
ethanol, either alone or in combination. Similarly, an
increased hepatic iron in isolation did not alter this ratio
significantly. However, the ratio was lowest when HFD was
combined with iron, with or without ethanol, indicating a
significant depletion in the antioxidant GSH and increased
oxidative stress (Figure 7a). HFD or ethanol either alone or in
combination led to reductions in mitochondrial antioxidant
enzyme MnSOD (Figure 7b) and respiratory complex 1
activities (Figure 7c). However, these reductions were most
pronounced (fivefold) following the combination of iron,
HED, and ethanol in the Hfe /™ animals.

As reported earlier, we noted the Hfe /= groups fed
ethanol had significantly higher serum ethanol levels com-
pared with their WT controls fed the same diet. We hypo-
thesized that increased iron may play a role in modulating
ethanol metabolism in the liver. We measured the protein
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levels of two key alcohol metabolizing enzymes, alcohol
dehydrogenase 1 (ADH1) and aldehyde dehydrogenase 1A1
(ALDHI1AL), the key cytosolic metabolizer of acetaldehyde
(by-product of alcohol metabolism by ADH1). Paradoxically,
the ADHI protein was significantly reduced by ethanol in the
WT animals fed chow (Figure 7d). However, this effect was
reversed by the effect of HFD. The increased iron did not
appear to alter the protein levels of these enzymes sig-
nificantly. Surprisingly, we did not observe any effect of iron,
ethanol, or HFD on the protein levels of ALDH1Al. How-
ever, when we measured the transcript levels of Adhl and the
mitochondrial acetaldehyde metabolizing enzyme, Aldh2, the
presence of iron overload appears to impair the gene
expression of these two hepatic enzymes (Figures 7e and f).
Interestingly, a HFD also appears to have a negative effect on
the mitochondrial Aldh2 mRNA expression, whereas
increased iron caused further decreases in Aldh2 mRNA levels
in the presence of ethanol (Figure 7f).
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Figure 4 Advanced hepatic fibrosis with iron, ethanol, and high-fat diet. (a) Sirius Red staining for collagen deposition ( x 400 magnification) revealed

portal-portal tract linkage fibrosis in Hfe =/~

mice on ethanol and HFD. (b) RT-PCR analysis for genes involved in fibrogenesis (ColTal, Mmp-2, and

Timp-1). *P<0.05 compared with WT mice on chow only. *P<0.05 compared with nonethanol-treated animals within the same genotype and dietary

group.

Another critical enzyme involved with hepatic ethanol
metabolism is the microsomal pro-oxidant cytochrome P450
CYP2E1. Ethanol feeding expectedly led to an increase in the
protein levels of CYP2E1 in the WT mice. This was increased
further following HFD and ethanol (Figure 7d). However, the
corresponding increases were markedly attenuated with
hepatic iron overload (Figure 7d), suggesting that iron may
in fact partially impair ethanol metabolism by the CYP2E1
pathway. The lipid peroxidation by-product 4-hydro-
xynonenal (4-HNE) was significantly increased in the WT
mice on ethanol and HFD as well as Hfe ’~ animals on
chow and ethanol (Figure 7d). However, the addition of HFD
in the HFe /™ groups had no further effect in increasing the
levels of these protein adducts. These surprising results were
also reflected in the TBARS assay, where levels of MDA were
highest in the Hfe /= group on chow diet treated with
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ethanol, but not in the HFD-fed Hfe /"~ groups (Figure 7g),
suggesting that other mechanisms independent of lipid per-
oxidation and oxidative were involved in iron-mediated
combined hepatotoxicity here.

Iron Overload Augments Ethanol- and HFD-Induced
Activation of Proinflammatory Mediators and Toll-Like
Receptor Signaling

We next sought to determine the potential mechanisms un-
derlying the iron-induced increase in liver injury caused by
ethanol and/or HFD by measuring the gene expression of key
proinflammatory mediators and cytokines. Alcohol and HFD
can increase bacterial translocation in the gut, with sub-
sequent portal endotoxemia and stimulation of the pattern
recognition TLR pathways.!”?¢ Induction of the TLRs can
lead to hepatic macrophage activation and production of
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Kupffer cell-derived tumor necrosis factor-o (TNF-o) and
monocyte chemoattractant protein-1 (MCP-1).2” HFD or
ethanol in isolation had no effect on the gene expression of
Tnf-o, Mcp-1 (downstream target of Tnf-o), or hepatocyte
growth factor (Hgf), although there was a moderate increase
in these genes with combination feeding (Figures 8a—c).
However, the combination of increased iron and ethanol
(regardless of diet) led to a 10-fold increase in Tnf-o mRNA
expression (Figure 8a) over WT chow controls. This is also
associated with a significant mRNA upregulation of Mcp-I
(Figure 8b) and of the prosurvival and antiapoptotic Hgf
(Figure 8c), as well as the protein levels of the mitogen-
activated kinase extracellular signal-regulated kinase, ERK1/2
(p-ERK1/2) (Figure 8d). ERK1/2 is known to promote cell
growth and repair through a TNF-a-dependent mechanism.
The induction of Tnf-o and its associated downstream targets

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 93 December 2013

are associated with an upregulation of multiple TLR genes,
known to be increased by Tnf-, including TIr2, TIr3, Tir4,
Tlr5, and TIr7 (Figures 8e-h).

Endoplasmic Reticulum Stress and Apoptotic Signaling
in Combined Iron-, Ethanol-, and Obesity-Induced
Fibrosing Steatohepatitis

To understand the contribution of iron toxicity to ethanol-
and diet-induced liver injury, we investigated the possibility
that ER stress may contribute to its pathogenesis. ER stress has
been linked to the development of ALD and NAFLD and may
be a contributor toward hepatic injury and inflammation.
The protein levels of two key markers of ER stress, CCAAT/
enhancer binding protein-homologous protein (CHOP)
(Figure 9a) and phosphorylated protein kinase double-
stranded RNA-dependent-like ER  kinase (p-PERK)
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(Figure 9b), were highest in HFD-fed Hfe "/~ mice, with and
without ethanol. Interestingly, although ethanol and HFD
increase the glucose-regulated protein 78 (GRP78) levels in
the WT groups, the presence of increased hepatic iron had
the opposite effect in the Hfe ’~ mice, likely reflecting the
dissociation of this molecular chaperone protein from the
UPR transducers and its subsequent sequestration (Figure 9c¢).
However, despite the evidence for increased PERK activation,
the phosphorylation of the protein eukaryotic initiation factor
2-o (p-EIF2a), which is involved in the attenuation of protein
synthesis following increased protein load, was not increased.
In the WT animals, a combination of HFD and ethanol led to
increased phosphorylated (activated) inositol-requiring
enzyme-lo. (p-IREla) (Figure 9d), a key regulator of the
unfolded protein response initiation, and the subsequent
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splicing and activation of X-box binding protein-1 (sXBP1),
one of its key transduction targets (Figure 9e). This process
was intensified in the erf/ ~ mice, with marked increases in
activated IRElo and spliced XBP1. The protein levels of
protein disulfide isomerase (PDI) was highest in iron-
overloaded mice fed ethanol and chow, but a HFD had no
additional effects in increasing the expression of this protein
misfolding chaperone (Figure 9b). The mRNA expression for
the ER stress molecular chaperone Grp94 was significantly
suppressed with combined iron and ethanol, with or without
HFD (Figure 9f).

As one of the downstream effects of pathologic ER stress
and prolonged UPR is apoptosis, we evaluated some key
markers of apoptotic signaling in the hepatic lysates. HFD in
combination with ethanol increased the mRNA expression of
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proapoptotic proteins Bax (Figure 10a) and Bcl-2
(Figure 10b), and this increase was magnified by iron excess.
Consistent with these transcript-level increases, the numbers
of apoptotic cells in the liver were most marked with the
combination of HFD, ethanol, and iron, as seen on the
TUNEL assay (Figure 10c). None of the WT mice treated with
HFD or ethanol, either alone or in combination, or er_/ -
mice on chow-only diet displayed any evidence of hepatic
apoptosis. Surprisingly, when we investigated proteins of the
caspase pathways, the levels of caspases 3, 9, and 12 were not
significantly altered (Supplementary Figure S6). Surprisingly
too, the activation of p-JNK was decreased with combined
iron, ethanol, and HFD in the Hfe /~ groups as compared
with WT animals, which showed a moderate increase in
response to HFD (Figure 10d), suggesting that JNK may
actually play a protective role in the synergistic liver injury
caused by these three cofactors and may be inactivated by
excess iron.

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 93 December 2013

Iron-Mediated Synergistic Ethanol and Obesity-Induced
Hepatotoxicity Is Associated with Impaired Hepatic
Autophagy

Consistent with an impaired UPR and increased ER stress, we
found evidence of impaired autophagy responses in the Hfe ™/~
but not WT mice. A by-product of impaired autophagy in cells
is the accumulation of the ubiquitin-binding scaffold protein,
the sequestosome 1 p62 (Figure 11a). P62 is degraded by acti-
vation of autophagy and serves to link ubiquitinated proteins to
the autophagy machinery for degradation. Levels of this protein
were highest in the mice with combined iron-, ethanol-, and
HFD-induced hepatotoxicity and were associated with a
marked reduction in one of the key proteins of the autophagic
response in the Hfe ’~ mice, such as beclin-1, a regulator of
autophagosome formation (Figure 11b). Similarly, the
expression of the microtubule protein 1 light chain 3 (LC3-I
and LC3-II), markers of autophagosome numbers and autop-
hagic flux, were also altered with the effects of ethanol, diet, and
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the presence of iron (Figure 11c). Ethanol consumption in the
WT mice increased the amount of the cytosolic LC3-1, whereas
the combination of ethanol and HFD led to an increase in its
conjugation to LC3-II. However, iron overload caused a
decrease in LC3-I with a subsequent decrease in the level of its
conjugation to LC3-II, indicating a potential impairment in
the activity of autophagic flux induced by iron. Consistent with
the defective autophagic flux, the protein levels of autophagy-
related genes Atg 3, 5, and 7 were reduced with iron excess and
co-feeding (Figures 11d and e). To understand the reason for
the lack of Atg and LC3 recruitment in the autophagic
process in iron-overloaded co-fed mice, we assessed the protein
levels of elF2a, an ER stress protein and known activator
of the Atg5-12 complex,”® and found no increase in the
activated form of this protein (p-elF2x) in the Hfe ~/~ animals
(Figure 9c).

DISCUSSION

The purpose of this study was to establish an easy-to-use,
readily reproducible, small-animal experimental model of
advanced liver injury using the combined effects of com-
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monly seen co-toxins in human disease; namely iron, alcohol,
and HFD. This model allowed us to study the mechanisms
pertaining to interactive effects of each hepatotoxic cofactor.
A second aim of this study was to further investigate the
mechanisms by which iron interacts with ethanol and stea-
tosis to further exacerbate liver disease. The effects of iron on
oxidative stress and lipid peroxidation are well documented,
but it remains unclear whether other mechanisms are
involved, such as ER stress and related pathways. The iron
excess seen in our animal model of hemochromatosis was
mild to moderate that typically resembles the magnitude of
iron excess seen in early HFE hemochromatosis- or non-
hemochromatosis-related iron overload such as that seen in
ALD and NAFLD/NASH.?” This model also recapitulates
features essential for the ‘synergistic liver injury effect’
paradigm of common hepatic co-toxins in CLD.!>3

In this study, we found that iron excess affects multiple
aspects of the cellular stress signaling pathways previously
described in ALD and NAFLD/NASH. We showed that iron
overload may lead to an impairment in hepatic cellular
stress responses that regulate the development of steatosis,
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oxidative stress, inflammation, and apoptosis.6 Two of such
pathways of interest are the UPR and autophagy.

Prolonged ER stress is linked to lipogenesis, oxidative
stress, inflammation, and activation of apoptotic pathways,?!
and has been implicated in the pathogenesis of ALD and
NAFLD.!*32 However, it remains unclear whether iron has
any role in promoting ER stress-associated liver injury in
these disorders. In the absence of ethanol and/or HFD, iron

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 93 December 2013

excess in itself had no real effect on the UPR and ER stress
proteins. Similarly, there were no significant effects of alcohol
and HFD on this pathway in the absence of increased hepatic
iron. However, in the presence of excess iron, the HED, with
or without alcohol, caused marked increases in the protein
expression of ER stress markers such as CHOP and activated
PERK, as well as a significant activation of the prosurvival
protein ERK1/2 in response to increased liver injury and
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hepatocellular death. These changes are consistent with
pathologic ER stress in the liver. Although a combination
of HFD and ethanol feeding led to an increase in the
activation of IRElo in the WT mice, this effect was magnified
with iron excess, consistent with a subsequent increase in the
levels of active spliced XBP1. The level of GRP78 was
depleted, reflecting the importance of its binding activities to
the UPR transducers, and its subsequent dissociation and
sequestration with the activation of UPR. However, despite
the presence of activation of certain proteins of the UPR, not
all pathways were affected. Specifically, EIF20 activation,
which is downstream of PERK, was not increased, suggesting
that certain elements of the UPR could be impaired by iron-
induced ER toxicity. Given that the ER derives its energy
from the mitochondria, it is plausible that iron-induced
mitochondrial impairment may enhance ER dysfunction,
suggesting an integral role for mitochondria—ER interaction
in basic cellular homeostatic response to stress in health
and disease.
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Excessive production of ROS is implicated in the patho-
genesis of ALD, NAFLD, and iron hepatotoxicity. ROS and
lipid peroxidation products cause mitochondrial DNA
damage, impaired mitochondrial function, ATP depletion,
and necrosis. ROS signals to induce TNF-a and activate
JNK1, both of which are implicated in hepatocellular apop-
tosis and development of steatohepatitis.>> To our surprise,
the activity of JNK was suppressed in the livers with
combined liver injury. Current evidence suggests that JNK
activation may promote cellular injury and apoptosis, but
others have found that its induction may be a mechanism of
cellular adaptive response to chronic stresses.>* Given the role
of IRElw in preventing ER stress-induced hepatic steatosis,
the suppression of JNK may reflect its role in nonapoptotic
stress signaling responses in the development of hepatic
injury secondary to iron, ethanol, and obesity.>

To strengthen the argument for the role of iron in ER stress,
we also examined pathways that are related to the UPR. A
dysfunctional UPR may be a precursor for impaired autophagy,
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Figure 11 Assessment of autophagic function. Representative western blots and quantitative analysis for autophagy proteins (a) p62, (b) Beclin-1, (c)
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protein loading control. P <0.05 compared with WT mice on chow only.

*P<0.05 compared with nonethanol-treated animals within the same genotype and dietary group.

disrupted containment of toxic cytosolic waste products,
and subsequent activation of stress and proinflammatory
signaling pathways. Autophagy is an intracellular lysosomal
pathway that degrades and recycles intracellular organelles and
proteins, and participates in the removal of damaged cell

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 93 December 2013

components.’® An adequate autophagic function is crucial in
preventing liver injury.>” This ability of autophagy to regulate
lipid metabolism and cellular stress responses, particularly
death from oxidant stress and mitochondrial damage,
suggests its deficiency might aggravate hepatic steatosis in
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NAFLD and ALD.'?>!* Conversely, HFD and alcohol-induced
steatosis may also suppress hepatocyte autophagy.’®*° An
underlying mechanism for this observed iron effect remains
unclear, but may relate to a synergistic effect on ethanol-
induced reduction in AMPKax activity in the liver via the
mTOR pathway, or a decrease in fusion efficiency between
autophagosomes and lysosomes because of diet-induced
membrane lipid alterations.*>*! The role of iron in
modulating autophagy is unclear, but iron-induced lyosomal
damage and fragility could lead to impaired formation of the
functioning of autophagosome function.® Defective autophagy
may also be an initiating factor for ER stress, given the central
role of autophagy in the degradation of unfolded proteins and
in the removal of superfluious ER membranes.*> The
sequestosome protein p62 recognizes toxic protein aggregates
and targets them for autophagic degradation. When autophagy
is disrupted, an accumulation of p62 may lead to a deleterious
activation of oxidative response genes.*> The reduced hepatic
expression of key autophagy proteins, such as Atg3, Atg7, and
beclin-1, in association with an accumulation of p62 in our
mice with combined toxicity, supports the argument for an
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impaired autophagy response caused by iron overload, alcohol,
and HFD. Furthermore, the expression of the microtubule
protein LC3-1, a marker of autophagosome formation, and its
conjugation product LC3-II, was decreased in the Hfe /~ as
compared with the WT groups, indicating a link between iron
and defective autophagy.

An interesting finding in this model is that of increased
multiple TLR gene expression associated with hepatic iron
overload following the ethanol-HFD co-feeding. TLRs are
pattern recognition receptors that recognize pathogen-asso-
ciated molecular patterns (PAMPs) and signal through
adaptor molecules.** Increased gut permeability secondary to
increased alcohol and HFD intake can lead to increased levels
of bacterial products such as lipopolysaccharide (LPS) in the
portal circulation.*> This can lead to increased activation of
Kupffer cells within the hepatic sinusoids. Current evidence
suggests that increased TLR signaling is implicated in the
development of alcoholic liver injury and NAFLD.*®%7 The
interaction between TLRs and PAMPs may lead to signaling
through adaptor molecules and activation of the innate
immune system involving TNF-a. TLRs are expressed in
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hepatocytes, macrophages, as well as hepatic stellate cells, and
their activation via TLR-dependent mechanisms may cause a
cascade of inflammatory and stress-activated pathways as
well as an enhancement of fibrogenesis.** Ethanol and HFD
ingestion are known to induce multiple TLRs in animal
models.”” Mice deficient in TLR2 and TLR4 display
attenuation in diet-induced hepatic steatosis and alcoholic
liver injury.*#° Although this study did not thoroughly
examine the role of specific TLRs in detail, the increased
expression of multiple TLRs in Hfe /= mice following
ethanol and HFD suggests a possible role of iron in
modulating TLR signaling in liver diseases. The
mechanisms behind this remain unclear, but may involve
LPS-independent pathways as there is currently no evidence
that Hfe deficiency or iron overload affects hepatic responses
to portal endotoxemia. TLR activation is known to be
associated with increased ER stress in the liver, and this
finding may be consistent with the hypothesis that iron
toxicity exacerbates alcohol-induced hepatic ER stress.”! An
alternative explanation may be that increased TLR signaling
reflects activation of hepatic stellate cells, which is primed for
increased activity by iron toxicity following ethanol and
HEFD.

There were a number of surprising findings in our model
of combined liver injury. First, the results reported above
need to be interpreted in light of significantly elevated serum
ethanol levels in the Hfe ’~ groups as compared with their
WT counterparts. The reason for this is unclear in our study,
but a possible explanation may lie with altered ethanol meta-
bolism with iron overload or with Hfe protein dysfunction.
A recent study has shown the importance of the f-catenin
pathways in ethanol metabolism whereby f-catenin knockout
mice had almost absent CYP2E1 induction after ethanol
feeding followed by marked plasma ethanol levels.”? In the
same vein, we postulate that iron excess may impair hepatic
peroxisomal, mitochondrial, and microsomal function
through oxidative stress injury pathways. Therefore, iron
toxicity may lead to impaired alcohol and acetaldehyde
dehydrogenase function as a result of oxidative injury to
these organelles. This can be seen by the lack of CYP2El
protein induction in the Hfe ™/~ mice following ethanol
consumption as compared with the WT animals. This may in
part explain the elevated serum ethanol levels that could
further contribute to alcohol-induced hepatotoxicity in our
model. Second, the lack of further increases in lipid
peroxidation with combined ethanol, iron, and HFD
despite increases in oxidative stress suggests that other
oxidative stress-related pathways may play a role in disease
modification related to this model. Lipid peroxidation has
traditionally been viewed as a consequence of iron-induced
oxidative stress, but the role of HFD in modulating tissue
lipid peroxidation remains unclear and may provide an
alternative explanation for the lack of an observed increase in
MDA levels in the Hfe /~ mice. It is possible that iron-
induced oxidative stress may lead to liver injury independent

Iron toxicity in alcoholic liver disease
TCH Tan et al

of the effects on lipid peroxidation, such as those pathways
involved in cellular stress signaling.

In summary, we have shown that iron overload, even in
mild excess, may enhance alcohol- and HFD-induced liver
disease by modulating the cellular stress response pathways.
The findings in study highlight the complex pathogenic
interactions between iron, fat, and alcohol in the liver, many
of them overlapping. The effects of each of these toxins are
summarized in a flow diagram in Figure 12. This highlights
the potentially crucial role of iron toxicity-mediated ER stress
and impaired autophagy in the pathogenesis of liver fibrosis
and may have future implications with regard to iron-che-
lating agents as antifibrotic therapies.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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