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Abstract

Nonalcoholic fatty liver disease (NAFLD) involves significant changes in liver metabolism
characterized by oxidative stress, lipid accumulation, and fibrogenesis. Mitochondrial dysfunction
and bioenergetic defects also contribute to NAFLD. Herein, we examined whether differences in
mtDNA influence NAFLD. To determine the role of mitochondrial and nuclear genomes in
NAFLD, Mitochondrial-Nuclear eXchange (MNX) mice were fed an atherogenic diet. MNX mice
have mtDNA from C57BL/6J mice on a C3H/HeN nuclear background and vice versa. Results
from MNX mice were compared to wild-type C57BL/6J and C3H/HeN mice fed a control or
atherogenic diet. Mice with the C57BL/6J nuclear genome developed more macrosteatosis,
inflammation, and fibrosis compared with mice containing the C3H/HeN nuclear genome when
fed the atherogenic diet. These changes were associated with parallel alterations in inflammation
and fibrosis gene expression in wild-type mice, with intermediate responses in MNX mice. Mice
with the C57BL/6J nuclear genome had increased State 4 respiration, whereas MNX mice had
decreased State 3 respiration and RCR when fed the atherogenic diet. Complex IV activity and
most mitochondrial biogenesis genes were increased in mice with the C57BL/6J nuclear or
mitochondrial genome, or both fed the atherogenic diet. These results reveal new interactions
between mitochondrial and nuclear genomes and support the concept that mtDNA influences
mitochondrial function and metabolic pathways implicated in NAFLD.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease [1] with
10-30% prevalence rates in the general population and higher rates in metabolic syndrome
patients [2]. The histopathological spectrum of NAFLD includes simple steatosis alone (i.e.,
fatty liver), steatosis with inflammation (nonalcoholic steatohepatitis or NASH), and NASH
that includes necro-inflammation with or without fibrosis [3, 4]. NASH is a risk factor for
cirrhosis and potentially hepatocellular carcinoma [5, 6]. Thus, a better understanding of
NAFLD is needed for improved diagnosis, prevention, and treatment.

Experimental and clinical research supports the hypothesis that altered mitochondrial
metabolism contributes to NAFLD [7]. While many of the molecular changes responsible
for these mitochondrial changes remain poorly defined, they likely include alterations in
mitochondrial bioenergetics, fatty acid oxidation, biogenesis, and mtDNA content. Sookoian
and colleagues have shown that the hepatic mtDNA to nDNA ratio is significantly reduced
in NAFLD patients compared to control subjects, and correlated with peripheral insulin
resistance; a key risk factor for NAFLD/NASH [8]. In contrast, the liver mtDNA to nDNA
ratio was significantly increased in mice fed a high fat diet for 20 wk, indicating a possible
adaptive response to chronic metabolic stress [9]. Further, mtDNA deletions and mutations
have long been associated with metabolic diseases like diabetes [10, 11]. Epigenetic
modification of mtDNA and nuclear encoded mitochondrial genes may also contribute to
NAFLD/NASH. For example, the mitochondrial-encoded Complex | subunit ND6 gene was
found to be highly methylated in liver of NASH patients, but not in patients with simple
steatosis [12]. This was associated with significantly decreased NDG6 transcript and protein
in liver of NASH patients [12], which would likely decrease Complex | function and
mitochondrial energy production. Together, these results strongly implicate mitochondria
and mtDNA alterations in NAFLD pathobiology.

While it is acknowledged that certain mtDNA haplotypes are associated with metabolic
diseases [13, 14], it has been difficult to identify the precise molecular mechanisms that
underpin how mtDNA differences influence disease susceptibility. This is especially the
case for complex diseases like NAFLD. Therefore, we used the recently developed
Mitochondrial-Nuclear eXchange (MNX) mice model [15] to test whether differences in the
mtDNA genetic background influence mitochondrial function and NAFLD. MNX mice have
interchanged nuclear and mitochondrial genomes from different mice strains, and therefore
are different from conplastic [16] and xeno-mitochondrial animal models [17, 18]. MNX
mice have 100% of the nDNA and mtDNA from respective donor strains (C57BL/6J and
C3H/HeN) through nuclear transfer techniques [15]. For example, MNX mice have the
nuclear genome of a C57BL/6J (C57") or a C3H/HeN (C3H") mouse, and the mitochondrial
genome of a C3H/HeN (C3H™Y) or C57BL/6J (C57™) mouse, respectively. One previous
study has shown that C57BL/6J mice are more, and C3H/HeN mice are less, susceptible to
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NAFLD [19]. Using the MNX model, Ballinger and colleagues [15] showed that mtDNA
background modulated mitochondrial function, oxidant production, and response to injury in
cardiac tissue. Herein, hepatic mitochondrial bioenergetics, histopathology, and gene
expression were examined in liver of MNX mice and wild-type (WT) C57BL/6J and WT
C3H/HeN mice fed an atherogenic diet. Our results show that the nuclear genome is a key
determinant of inflammation and fibrosis; however, the mitochondrial genome influences
certain aspects of lipid metabolism and mitochondrial bioenergetic function in liver.

EXPERIMENTAL

Mice and dietary treatments

Six wk old male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME), C3H/HeNHsd
mice (Harlan Research Models, Dublin, VA), and MNX mice (MNX C57 = C57":C3HM!
and MNX C3H = C3HM:C57™M%) were housed in a temperature controlled environment (22 +
2°C) with a 12 hr light-dark cycle. A detailed description of how MNX mice were generated
is included in [15]. Mice were fed ad libituma control diet (PicoLab Rodent Chow 20, 4.5%
fat, 0.02% cholesterol) or an atherogenic diet (Teklad Atherogenic Rodent Diet TD.02028,
21% fat, 1.25% cholesterol, 0.5% cholic acid) for 12 wk. For experiments, mice were
anesthetized by ketamine (60 mg/kg body weight) and xylazine (10 mg/kg body weight)
injection (i.p.), and blood and liver were collected. Studies were approved by the
Institutional Animal Care and Use Committee at the University of Alabama at Birmingham,
USA (APN09319).

Serum chemistries and liver triglyceride measurement

Serum and liver triacylglycerol (TAG) and alanine aminotransferase (ALT) content were
measured using TAG-GPO and ALT reagent kits (Pointe Scientific, Canton, MI). Serum
total cholesterol was measured by fluorescence detection using the Amplex Red Cholesterol
assay kit (Invitrogen, Grand Island, NY). Serum free cholesterol was measured with the Free
Cholesterol E kit (Wako Diagnostics, Richmond, VA). Serum adiponectin was determined
with the Quantikine® Adiponectin/Acrp30 kit (R&D Systems, Minneapolis, MN).

Histopathology

Hematoxylin & eosin (H&E) stained sections were labeled using a numeric code and
evaluated by a pathologist blinded to the experimental design and status of individual
animals. Sections were examined for steatosis and inflammatory activity. The presence or
absence of steatosis was noted and the degree of macrosteatosis was expressed as the
percentage of lobular parenchyma occupied by macrovesicular fat. Inflammatory activity
was graded using the modified Knodell histology activity index for grading chronic hepatitis
in humans [20]. The absence of intra-acinar inflammation was given a score of 0, one
inflammatory focus or less per 10x field was scored 1, two to four foci was scored 2, five to
ten foci was scored 3, and more than ten foci was scored 4. Sirius Red-stained sections were
evaluated for fibrosis as described in [21]. Sirius Red (Direct Red 80, Sigma-Aldrich, St.
Louis, MO) reacts with collagen and does not stain other matrix proteins. Four non-
overlapping fields per slide were randomly selected under 400x magnification by an
investigator blinded to sample identity. Fibrosis area was calculated using NIH Image J
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software (rsbweb.nih.gov). Images were converted to HSB stack with saturation set at 155
as MinThreshold and 255 as MaxThreshold to segment the collagen-stained area. The
percentage of the surface area that fell in the threshold range within the whole image was
taken as the fibrosis area.

Mitochondria isolation and respiration measurements

Mitochondria were prepared from fresh liver by differential centrifugation techniques [22].
Oxygen consumption of isolated liver mitochondria was monitored using a Clark-type
oxygen electrode (Hansatech Instruments, Amesbury, MA). Respiratory capacity was
assessed by measuring State 3 (i.e., ADP-dependent) and State 4 (i.e., ADP-independent)
respiration using succinate as the oxidizable substrate. Succinate-driven respiration was
done in the presence of rotenone (1 tM). The respiratory control ratio (RCR) was calculated
as the ratio of State 3 to State 4 respiration rates. Mitochondrial complex (1, 1I-I1l, IV, and
V) and citrate synthase activities were determined using standard spectrophotometric assays
[23].

RNA Isolation and gene expression analysis

Total RNA was isolated from liver using TriReagent® (Sigma, St. Louis, MO). Reverse
transcription was performed using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Carlsbad, CA). Real-time PCR was performed using an Applied
Biosystems 7900 HT instrument with Tagman Gene Expression assays containing gene
specific primers and probes. Relative gene expression was determined using the comparative
cycle threshold method. Data were normalized to GAPDH and expressed as a fold-change
from C57BL/6J mice fed the control diet for statistical analysis. Gene expression data were
transformed (log2) and plotted in a heatmap generated with Genespring ver12.6 (Agilent
Technologies, Inc., Santa Clara, CA) to aid visualization of results (Figure 3).

Statistical Analysis

RESULTS

Statistical differences were determined by ANOVA using SAS (SAS Institute Inc., Cary,
NC) and SigmaStat (Systat Software, Inc. San Jose, CA). Three-way ANOVA was used to
determine the significance of the main effect of diet, genotype, and haplotype, and
interactions (diet X genotype, diet X haplotype, genotype X haplotype, and diet X genotype
X haplotype). ANOVA results are compiled in Supplemental Tables 1 and 2. P values for
key pair-wise comparisons between groups (post hoc tests) are compiled in Supplementary
Table 3. Only results for the pair-wise comparisons within each group as a function of diet
(control vs. atherogenic) are provided in Table 1 and Figures 1B, 1C, 2B, 4 and 5. Criterion
for significance for all statistical analyses was set at p < 0.05.

The following abbreviations will be used to identify the four different strains of mice used:
1) WT C57 = C57™:C57™Mt: 2) WT C3H = C3HM:C3H™M: 3) MNX C57 = C57":C3H™®; and

4) MNX C3H = C3H":C57™M, WT C57 and MNX C57 mice contain the nuclear genome of
C57 mice, and WT C3H and MNX C3H contain the nuclear genome of C3H mice. Further,
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WT C57 and MNX C3H contain the mitochondrial genome of C57 mice, and WT C3H and
MNX C57 contain the mitochondrial genome of C3H mice.

Body parameters and serum chemistries

Wild-type C3H and MNX C3H mice weighed more when fed the atherogenic diet, whereas
WT C57 and MNX C57 mice weighed less, compared to their control diet counterparts
(Table 1). Liver weight and liver/body weight ratio were increased in all groups fed the
atherogenic diet compared to mice fed the control diet (Table 1). Serum TAG and
cholesterol (total and free) levels were significantly higher in control-fed WT C3H and
MNX C3H mice than in WT C57 and MNX C57 mice (Table 1). The atherogenic diet
decreased serum TAG levels in all groups (Table 1), whereas total cholesterol was increased
in all groups fed the atherogenic diet, except WT C3H mice (Table 1). The atherogenic diet
increased serum adiponectin in WT C3H mice, but not in WT C57 mice (Table 1). Serum
adiponectin was decreased in MNX C57 mice fed the atherogenic diet, while no changes
were observed in MNX C3H mice. The atherogenic diet significantly increased serum ALT
in mice with the C57 genotype and haplotype (Table 1). Results for three-way ANOVA on
serum chemistries are presented in Supplemental Table 1. A significant effect of diet was
observed for all serum chemistries except adiponectin. A significant effect of genotype was
observed for all serum chemistries except ALT. A significant effect of haplotype was
observed for serum TAG and total cholesterol.

Histopathology

WT and MNX mice fed the atherogenic diet developed steatosis (Figure 1A); however, the
degree of steatosis in WT C3H mice fed the atherogenic diet did not reach statistical
significance (Figure 1B). Inflammation (Figure 1C) and pericellular fibrosis (Figure 2A)
were present in livers of WT C57 and MNX C57 mice fed the atherogenic diet, whereas WT
C3H and MNX C3H mice were resistant to inflammation and fibrosis. Collagen staining
was 3—4-fold higher in WT C57 and MNX C57 mice fed the atherogenic diet compared to
control diet counterparts (Figure 2B).

Expression of lipid metabolism, inflammation, and fibrosis genes

Having observed different effects of the atherogenic diet on liver pathology, we examined
MRNA expression of well-established lipid metabolism, inflammation, and fibrosis
mediators (see heatmap in Figure 3). All genes measured in this study were connected by
network analysis (see analysisin Suppl. Figure 1). ANOVA and post hoc test results for
gene expression are presented in Supplemental Tables 2 and 3, respectively.

Differences in the basal expression of proliferator-activated receptor gamma (PPARG), fatty
acid binding protein 1 (FABP1), fatty acid synthase (FASN), patatin-like phospholipase
domain-containing protein 3 (PNPLA3), and sterol regulatory element-binding protein 1c
(SREBPL) were observed between WT C57 and WT C3H mice. Interestingly, basal
expression of PPARG was markedly lower in WT C3H and MNX C3H mice compared with
WT C57 and MNX C57 mice. WT and MNX mice fed the atherogenic diet had increased
expression of the lipogenesis transcription factor SREBP1 and one of its downstream gene
targets diacylglycerol O-acyltransferase 1 (DGAT1). FASN and PNPLA3 were increased
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only in MNX mice fed the atherogenic diet. Increased expression of the f-oxidation enzyme
medium-chain acyl-CoA dehydrogenase (ACADM) and carnitine palmitoyltransferase 1A
(CPT1A) were increased in mice fed the atherogenic diet. Peroxisome proliferator-activated
receptor alpha (PPARA) was upregulated by the atherogenic diet in WT C57, MNX C57,
and MNX C3H mice. The atherogenic diet had no effect FABP1 and PPARG.

Higher levels of inflammatory genes were observed in WT C57 and MNX C57 mice
compared to WT C3H and MNX C3H mice fed the atherogenic diet. Importantly, significant
main effects of diet and genotype were observed for all inflammation genes. It is important
to note that C3H/HeN mice are toll-like receptor (TLR) competent, unlike C3H/HeJ mice
that have non-functional TLR4 signaling and do not respond to lipopolysaccharide [24, 25].
Tumor necrosis factor alpha (TNFA) and nuclear factor kappa B (NFkB) were increased by
the atherogenic diet in all four mice strains with the highest levels measured in WT C57 and
MNX C57 mice. Heme oxygenase 1 (HMOX1) and inducible nitric oxide synthase (NOS2)
were significantly increased in WT C57, MNX C57, and WT C3H mice fed the atherogenic
diet compared to controls. WT C57 and MNX C57 mice also showed increased expression
of TLR2, TLR4, and myeloid differentiation primary response gene 88 (MYD88) in response
to the atherogenic diet. TLR9 expression was only up-regulated in WT C57 mice fed the
atherogenic diet compared to control diet mice. A significant effect of haplotype was found
for NOS2 and TLRO.

Higher levels of fibrosis genes were observed in WT C57 and MNX C57 mice in response
to the atherogenic diet compared WT C3H and MNX C3H. Significant main effects of diet
and genotype were observed for all three fibrosis genes (COL1A1, COL4A1, TGFBL).

Mitochondrial bioenergetics

Feeding the atherogenic diet caused a small decrease in State 3 respiration in WT mice.
State 3 respiration was significantly decreased in MNX mice fed the atherogenic diet
compared to control-fed mice (Figure 4A). In contrast, State 4 respiration was significantly
increased in WT C57 and MNX C57 mice fed the atherogenic diet compared to controls
(Figure 4B). The RCR was significantly decreased in MNX mice fed the atherogenic diet
compared to controls (Figure 4C). A significant effect of diet was observed for State 3
respiration and RCR. A significant effect of genotype was observed for State 4 respiration.
Additional ANOVA results are provided in Supplemental Table 1.

Higher and lower activities of Complex | and Complex I1-I11 were measured in
mitochondria from control-fed WT C57 mice compared to WT C3H mice (Figure 5A and
B). Complex I activity was decreased in response to the atherogenic diet in WT C57, WT
C3H, and MNX C3H mice (Figure 5A). Complex -1l activity was markedly decreased in
WT C3H mice, but increased in MNX mice fed the atherogenic diet compared to controls
(Figure 5B). Complex 1V activity was significantly increased by the atherogenic diet in WT
C57, MNX C57, and MNX C3H mice (Figure 5C). Complex V activity was increased by the
atherogenic diet only in MNX C3H mice (Figure 5D). Citrate synthase activity was
increased in WT C57 and MNX C57 mice fed the atherogenic diet (Figure 5E). A significant
effect of diet was observed for all enzyme activities except Complex II-I11. A significant
effect of genotype was observed for Complex I. Significant diet X genotype interactions for
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Complexes II-111 and IV, and diet X haplotype interactions for I1-I11, IV, and citrate
synthase were observed. Other ANOVA results are in Supplemental Table 1.

To determine whether changes in bioenergetics might be associated with alterations in
mitochondrial biogenesis genes, we measured the following: peroxisome proliferator-
activated receptor gamma, coactivator 1-alpha (PPARGC1A) and -beta (PPARGC1B),
nuclear respiratory factor 1 (NRF1), mitochondrial transcription factor B1 (TFB1M), sirtuin
1 (SIRT1), and hypoxia inducible factor 1-alpha (HIF1A). WT C57 and MNX C57 mice fed
the atherogenic diet had higher levels of all mitochondrial biogenesis genes (Figure 3). The
atherogenic diet increased NRF1 in WT C3H and MNX C3H mice, albeit at lower levels. A
significant main effect of diet was observed for all biogenesis genes. A significant genotype
effect was observed for all genes, except PPARGC1B. Additional ANOVA results are given
in Supplemental Table 2.

DISCUSSION

Oxidative damage, ER stress, lipotoxicity, insulin resistance, and mitochondrial dysfunction
have all been implicated as contributors to NAFLD/NASH [26, 27]. While genetic and
dietary animal models have been very useful in studying NAFLD, most of these models fail
to mimic many features of the human disease [28]. Most experimental animal studies have
also not specifically considered the importance of mitochondrial genetic background in the
disease process. To help address this question, we used a new experimental model, the MNX
mouse, in combination with an atherogenic diet, to investigate whether differences in
mitochondrial genetic background influence some of the established metabolic pathways
and targets implicated in NAFLD/NASH.

MNX mice have the nuclear genome of one mouse strain and the mitochondrial genome of
another mouse strain [15]. C57BL/6J and C3H/HeN mice were chosen as the parental strains
for these studies as they are generally susceptible and resistant, respectively, to many
metabolic syndrome disorders, including NAFLD [19]. C57BL/6J and C3H/HeN mice differ
in mtDNA coding for the ND3 subunit of Complex I, subunit 111 of Complex IV, and
position 9818 in the tRNAATI gene [29]. Thus, MNX mouse are a unique model to test the
potential influence and/or interaction of the nuclear and mitochondrial genetic backgrounds
in disease. Our results support the concept that the nuclear genome is a key determinant for
inflammation and fibrosis because changing mtDNA had little effect on these pathologies.
Specifically, mice with C57 nDNA (WT C57 and MNX C57) had higher inflammation and
fibrosis scores when fed the atherogenic diet compared to mice with C3H nDNA (WT C3H
and MNX C3H). These studies also show that mtDNA background affected serum TAG and
cholesterol; two measurements linked to liver lipid metabolism and accumulation.
Mitochondrial haplotype also influenced some mitochondrial bioenergetic parameters
including State 3 respiration and Complex IV activity.

With regards to bioenergetics, we observed differences in mitochondrial function among the
four distinct mice strains under both control and stress (atherogenic diet) conditions. For
example, State 3 respiration and the RCR were decreased in MNX mice fed the atherogenic
diet, whereas these parameters remained unchanged in WT mice. In contrast, State 4
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respiration was significantly increased in WT C57 and MNX C57 mice fed the atherogenic
diet. Increased State 4 respiration typically suggests an uncoupling effect; i.e., leakage of
H*’s across the inner membrane. Uncoupling, if severe, can decrease efficiency for ATP
synthesis [30] and lead to necrotic cell death [31]. Thus, this could partially explain
increased liver injury in livers of WT C57 and MNX C57 mice. Alternatively, uncoupling
can function as an adaptive response aimed to reduce mitochondrial superoxide anion
production in response to chronic fatty acid overload in vivo [32]. While we did not measure
oxidant production, oxidative stress/damage in WT C57 and MNX C57 mice fed the
atherogenic diet is anticipated because hepatic inflammation and inflammatory gene
expression (e.g., TNFA and NOS2) was much higher in these mice. Studies by Ballinger and
colleagues showed increased reactive oxygen species (ROS) in cardiomyocytes isolated
from WT C57 compared to WT C3H mice [15]. Future studies are needed to address the
influence of diet and genetics (nuclear and/or mitochondrial) on ROS production in
hepatocytes.

Chronic consumption of the atherogenic diet led to a significant increase in Complex 1V
activity in WT C57 mice, but not in WT C3H mice. Complex IV activity was also increased
in both strains of MNX mice fed the atherogenic diet. This increase suggests an adaptive
response to metabolic stress (e.g., mitochondrial biogenesis) in mice with C57 nDNA or
mtDNA, or both. Further, it appears that the stress-mediated increase in Complex 1V was
influenced by C57 mtDNA because increased activity was observed in MNX C3H mice. As
mentioned earlier, WT C57 and WT C3H mice differ in the coding sequence of subunit 111
of Complex IV. This mitochondrial-encoded subunit contains no redox centers and is
thought to regulate complex activity and participate in proton uptake [33]. It is possible that
the unique combination of C57 mtDNA and C3H nDNA altered retrograde signaling
mechanisms (e.g., ROS production), which contributed to different adaptive responses in
Complex 1V. In contrast, different effects were observed for Complex I. Both WT C57 and
WT C3H strains showed decreased Complex | activity in response to the atherogenic diet.
These mice differ in the coding sequence of the mtDNA subunit ND3. Interestingly, the
atherogenic diet-mediated decrease in Complex | activity did not occur in MNX C57 mice,
again revealing a different response to stress in this novel mouse model. While the
molecular signals responsible for these distinct changes are presently not known, our results
show that the same stress (atherogenic diet) elicits different bioenergetic responses
depending on the combination of mitochondrial and nuclear genetic backgrounds.

To complement these functional studies in mitochondria, we examined expression of genes
known to be involved in mitochondrial maintenance and NAFLD, including PPARGCI1A,
PPARGC1B, SRT1, NRF1, and TFB1M. PGCla and PGC1p are transcriptional co-
activators that serve as key regulators of metabolism, and function as mechanistic links
between the mitochondrial and nuclear regulatory pathways of mitochondrial biogenesis
[34]. We observed increased gene expression for both PPARGC1A and PPARGC1B in WT
C57 and MNX C57 mice in response to the atherogenic diet. Similarly, the atherogenic diet
increased hepatic SRT1 gene expression only in WT C57 and MNX C57 mice. SIRT1, an
NAD™*-dependent deacetylase, promotes mitochondrial biogenesis by PGCla activation
[35]. Together, these data suggest a potential defect or block in mitochondrial biogenesis in
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mice with both C3H nDNA and mtDNA (i.e., WT C3H). Large increases in NRF1 were also
measured in WT C57 and MNX C57 mice fed the atherogenic diet with a smaller increase
detected in MNX C3H mice. NRFL1 is a transcription factor that activates transcription of
cytochrome c, respiratory chain complex subunits, and the transcriptional machinery of the
mitochondrion including TFB1M [36]. Notably, NRF1 and TFB1M gene expression patterns
positively correlated with Complex IV activities. This coordinated gene expression pattern
supports the role of a mitochondrial biogenesis program that can be activated by metabolic
stress (i.e., liver pathology) in mice with C57 nDNA (WT C57 and MNX C57) or C57
mtDNA only (MNX C3H).

Noteworthy in our study was that expression of the transcription factor PPARG was very
low in WT C3H and MNX C3H mice compared to mice with the C57 nuclear genome. In
contrast, MRNA levels of other classic mediators of lipid and triglyceride synthesis
(SREBP1 and DGAT1) and fatty acid oxidation (PPARA, ACADM, and CPAT1A) were
essentially the same in all control-fed mice and induced to the same levels in response to the
atherogenic diet. PPARY plays an important role in lipid metabolism by promoting lipid
accumulation in adipose and liver [37]. For example, inactivation of liver PPARG reduced
hepatic steatosis in lipoatrophic AZIP mice (a model of diabetes with insulin resistance) and
wild-type mice fed a high fat diet [38]. Recently, Krek and colleagues reported that during
stress, HIF1a activated PPARYy, which in turn induced cardiac hypertrophy and triglyceride
accumulation [39]. Similarly, hypoxia and/or HIF1a has been implicated in the development
of liver steatosis [9, 40-42] and fibrosis [43, 44]. Herein, we observed stress-mediated
increase in HIF1A in WT C57 and MNX C57 mice, but not in WT C3H and MNX C3H
mice. Further, HIF1A and PPARG expression positively correlated with the presence of
fibrosis and fibrosis gene expression in WT C57 and MNX C57 mice fed the atherogenic
diet. Together, these data support the mechanism proposed by Krek and colleagues [39]
whereby a pathologic stress activates a HIF1a-PPARYy signaling axis resulting in tissue
injury. Thus, the lack of activation of HIF1A and PPARG in WT C3H and MNX C3H mice
may have contributed, in part, to a disease-resistant phenotype in these mice.

Along these same lines, we observed a similar pattern in the expression of inflammation
genes. For example, TNFA, NOS2, TLR2, TLR4, and MYD88 were greatly increased in the
liver of WT C57 and MNX C57 mice fed the atherogenic diet, with smaller increases
detected in WT C3H and MNX C3H mice. These results demonstrate a blunted
inflammatory response in WT C3H and MNX C3H mice even though C3H/HeN mice are
TLR competent [24, 25]. We also observed a large increase in TLR9 in WT C57 fed the
atherogenic diet, but not in MNX C57 mice. The reason for this difference is not known.
Notably, TLR9 signaling has recently been shown to contribute to the development of
NASH [45, 46]. Our finding regarding TLR9O may be of particular interest as mtDNA may
act as a damage-associated molecular pattern (DAMP) molecule to activate TLR9 signaling
[47]. Whether different mtDNA sequences or differences in mitochondria-nuclear
interactions confer differential sensitivity or resistance to disease via activation of TLR
signaling is an intriguing concept, and one that will require further investigation.

In summary, we show that the nuclear genome is an important determinant of liver
inflammation and fibrosis. Utilization of the new MNX mice model [15], in combination
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with a NAFLD-inducing diet, indicates that the mitochondrial genome influences some
aspects of lipid metabolism and mitochondrial respiratory function. Therefore, these studies
support the hypothesis that differences in mtDNA contribute to the susceptibility and
severity of NAFLD. These findings also provide a solid starting point for additional
investigations focused on understanding how mitochondrial genetics influence cellular
metabolism, redox signaling, and liver disease susceptibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of diet, genotype, and haplotype on liver histology
Liver macrosteatosis and inflammatory foci were assessed in H&E stained sections for mice

groups: WT C57, WT C3H, MNX C57, and MNX C3H. (A) Representative
photomicrographs of H&E stained sections are shown from WT C57 (a, n=5), WT C3H (c,
n=4), MNX C57 (e, n=5), and MNX C3H (g, n=6) mice fed the control diet; and WT C57
(b, n=16), WT C3H (d, n=15), MNX C57 (f, n=7), and MNX C3H (h, n=7) mice fed the
atherogenic diet (magnification x 400). The narrow and wide arrows indicate hepatocyte
steatosis and inflammatory infiltration, respectively. (B and C) Bar graphs representing %
hepatocytes with macrosteatosis and inflammation score, respectively. Steatosis was not
present in livers from mice fed the control diet and was scored as “0’; thus, no bars are given
for control diet groups. Results are expressed as mean + SE. *p<0.05, compared to
corresponding control diet counterpart.
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Figure 2. Effect of diet, genotype and haplotype on liver fibrosis
Staining of collagen fibers was assessed for mice groups: WT C57, WT C3H, MNX C57,

and MNX C3H. (A) Representative photomicrographs of Sirius Red-stained liver sections
are shown WT C57 (a, n=5), WT C3H (c, n=3), MNX C57 (e, n=4), and MNX C3H (g, n=4)
mice fed the control diet; and WT C57 (b, n=7), WT C3H (d, n=5), MNX C57 (f, n=6), and
MNX C3H (h, n=5) mice fed the atherogenic diet (magnification x 400). The arrows
indicate Sirius Red-stained collagen fibers. (B) Bar graph representing % area stained with
Sirius Red. Results are expressed as mean + SE. *p<0.05 or **p<0.0001, compared to
corresponding control diet counterpart. ANOVA results are provided in Supplemental Table
1 and p values for pair-wise comparisons are provided in Supplemental Table 3.
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Metabolism Regulators

Gene expression was determined for mice fed the control and atherogenic diets: WT C57,
WT C3H, MNX C57, and MNX C3H. Results were normalized based on a change in

expression from WT C57 mice fed the control diet. The sample size for each measurement
was n=4 mice per group. Gene expression results were transformed (log2) and plotted in a
heatmap generated using Genespring ver12.6 (Agilent Technologies, Inc., Santa Clara, CA).

Down-regulated genes (relative to WT C57 Control Diet) are shown in green, and up-
regulated genes (relative to WT C57 Control Diet) are shown in red. ANOVA results are
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provided in Supplemental Table 2 and p values for pair-wise comparisons are provided in
Supplemental Table 3.
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Figure 4. Effect of diet, genotype, and haplotype on mitochondrial function
Mitochondrial respiration and respiratory control ratio (RCR) was measured for mice fed the

control and atherogenic diets: WT C57, WT C3H, MNX C57, and MNX C3H. State 3 (A)
and state 4 (B) respiration were measured and the respiratory control ratio (RCR, C) was
determined. Succinate was used as the oxidizable substrate. Results are expressed as mean +
SE, n=4-8 for the three parameters measured. *p<0.05 or **p<0.0001, compared to
corresponding control diet counterpart. ANOVA results are provided in Supplemental Table
1 and p values for pair-wise comparisons are provided in Supplemental Table 3.
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Figure 5. Effect of diet, genotype, and haplotype on respiratory complex activities
Mitochondrial respiratory complexes activities were measured for (A) complex I, (B)

complex I1-111, (C) complex 1V, (D) complex V, and (E) citrate synthase (CS) activity in
liver mitochondria of WT and MNX mice fed control and atherogenic diets. Results are
expressed as mean nmol/sec/mg protein + SE, n=3-4 (Complex 1), n=4-6 (Complex II-I1l),
n=4-12 (Complex V), n=4-6 (Complex V), and n=4-12 (CS). *p<0.05 or **p<0.0001,
compared to corresponding control diet counterpart. ANOVA results are provided in
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Supplemental Table 1 and p values for pair-wise comparisons are provided in Supplemental
Table 3.
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