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ARTICLE INFO ABSTRACT

Keywords: The mechanisms by which a high fat diet (HFD) promotes non-alcoholic fatty liver disease (NAFLD) appear to
Liver steatosis involve liver mitochondrial dysfunctions and redox imbalance. We hypothesized that a HFD would increase
Steatohepatitis mitochondrial reliance on NAD(P)-transhydrogenase (NNT) as the source of NADPH for antioxidant systems that

Pyruvate dehydrogenase
Nnt mutation
C57BL/6J mouse

counteract NAFLD development. Therefore, we studied HFD-induced liver mitochondrial dysfunctions and
NAFLD in C57Unib.B6 congenic mice with (Nnt*/™) or without (Nnt”") NNT activity; the spontaneously mutated
allele (Nnt”") was inherited from the C57BL/6J mouse substrain. After 20 weeks on a HFD, Nnt”~ mice exhibited
a higher prevalence of steatohepatitis and content of liver triglycerides compared to Nnt*/* mice on an identical
diet. Under a HFD, the aggravated NAFLD phenotype in the Nnt”~ mice was accompanied by an increased H,0,
release rate from mitochondria, decreased aconitase activity (a redox-sensitive mitochondrial enzyme) and
higher susceptibility to Ca®*-induced mitochondrial permeability transition. In addition, HFD led to the phos-
phorylation (inhibition) of pyruvate dehydrogenase (PDH) and markedly reduced the ability of liver mi-
tochondria to remove peroxide in Nnt”~ mice. Bypass or pharmacological reactivation of PDH by dichloroacetate
restored the peroxide removal capability of mitochondria from Nnt”” mice on a HFD. Noteworthy, compared to
mice that were chow-fed, the HFD did not impair peroxide removal nor elicit redox imbalance in mitochondria
from Nnt*/* mice. Therefore, HFD interacted with Nnt mutation to generate PDH inhibition and further sup-
pression of peroxide removal. We conclude that NNT plays a critical role in counteracting mitochondrial redox
imbalance, PDH inhibition and advancement of NAFLD in mice fed a HFD. The present study provide seminal
experimental evidence that redox imbalance in liver mitochondria potentiates the progression from simple
steatosis to steatohepatitis following a HFD.

1. Introduction

The increased consumption of fat-rich and energy-dense foods is a
nutritional behavior that is associated with a myriad of metabolic,
cardiovascular and hepatic diseases of rising worldwide prevalence [1].
Prominent hepatic abnormalities, such as insulin resistance, non-alco-
holic fatty liver disease (NAFLD), and increased rates of gluconeogen-
esis and glucose output can result from a high fat diet (HFD), and their
pathophysiological mechanisms have been extensively studied in ex-
perimental rodent models [2-5]. Several studies have implicated mi-
tochondrial dysfunctions in the etiology of metabolic and morpholo-
gical alterations that occur in the liver in response to a HFD [5-8], but a
causal relationship is not always clear [5,7,9]. Higher mitochondrial
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production of reactive species and impaired redox balance have been
indicated as events that are involved in the progression from simple
steatosis to nonalcoholic steatohepatitis (NASH) [9,10]. Recently, stu-
dies have demonstrated the importance of the inhibition of mitochon-
drial pyruvate dehydrogenase (PDH) in the context of NAFLD by
showing that pharmacological or genetic activation of PDH ameliorated
the increased hepatic glucose output and the steatosis induced by HFD
in mice [3,11,12]. Pyruvate oxidation is relevant in liver mitochondria
[3,4], and its decrease seems to cause pyruvate to be channeled into the
gluconeogenesis pathway, impairing glucose homeostasis in mice on a
HFD [3]. However, a plausible interplay between impaired redox bal-
ance and pyruvate oxidation may occur in liver mitochondria following
a HFD; the rationale for this hypothesis is presented below.
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Knowing that reduced NADP is the driving energy source for per-
oxide removal via the glutathione- and thioredoxin-dependent anti-
oxidant systems [8,13,14] and that its oxidation is associated with the
opening of the mitochondrial permeability transition pore (PTP)
[15,16], we hypothesized that another consequence of HFD-induced
PDH inhibition is redox imbalance and aggravation of NAFLD when the
supply of mitochondrial NADPH is not adequately shifted towards
sources that are independent of pyruvate oxidation and Krebs cycle
flux, such as the enzyme NAD(P)-transhydrogenase (NNT). Previous
findings collectively demonstrated that pyruvate oxidation via PDH and
downstream Krebs cycle reactions is important for NADPH-dependent
peroxide removal because the generated isocitrate sustains NADPH
production by NADP-dependent isocitrate dehydrogenase (IDH2)
[17,18]. IDH2 is a main source of NADPH, along with NNT in liver
mitochondria [17,19,20]. Thus, if pyruvate flux is impaired, concurrent
sources of mitochondrial NADPH, particularly NNT, will need to in-
crease their relative contributions to maintain redox balance. NNT is
located in the inner mitochondrial membrane and reduces NADP™* at
the expense of NADH oxidation and H* translocation down the proton-
motive force across the inner mitochondrial membrane, thus main-
taining NADP in a highly reduced state [13,16]. Interestingly, C57BL/
6J mice have a spontaneous mutation of the NNT gene (Nnt) [18,21],
are apparently more susceptible to HFD-induced metabolic diseases
than other substrains [22-24], and are widely used as models of HFD-
induced obesity, insulin resistance and NAFLD [2,7,22]. Nonetheless, in
addition to Nnt mutation, other genetic modifiers could play a role in
phenotypic differences between mice substrains [25-31]. As a result of
this Nnt mutation, liver mitochondria that are devoid of NNT function
display a lower peroxide removal capacity as well as other redox ab-
normalities [17,18]. Therefore, the role of NNT in counteracting HFD-
induced redox imbalance linked to PDH inhibition seems a sound and
unexplored hypothesis.

We have recently generated congenic C57Unib.B6 mice bearing
wild type (Nnt*/*) or the mutated (Nnt”") Nnt allele from the C57BL/
6J substrain [17]. In the current study, we maintained these congenic
mice (C57Unib.B6-Nnt™/*, C57Unib.B6-Nnt”") on a chow diet or a HFD
to investigate the role of NNT-dependent mitochondrial redox balance
in HFD-induced NAFLD. For comparative purposes, the liver histology
of C57BL/6J mice on a HFD was also evaluated because innumerous
studies have employed this substrain.

2. Material and methods
2.1. Reagents

The fluorescent probes Calcium Green™-5N and Amplex Red’ were
purchased from Invitrogen (Carlsbad, California, USA) and dissolved in
deionized water and dimethyl sulfoxide (DMSO), respectively. The
primary antibodies against PDH-Ela (code # 110330) and serine?**-
phosphorylated PDH-Ela (code # 177461) were ordered from Abcam
(Cambridge, MA, USA). Secondary antibodies conjugated with HRP
were purchased from BD Bioscience (rabbit anti-mouse, code # 554002;
San Jose, CA, USA) and Cell Signaling (goat anti-rabbit, code # 7074,
Beverly, MA, USA). Malic acid, sodium pyruvate, succinic acid, ox-
aloacetic acid, sodium a-ketoglutarate, glutamic acid, sodium iso-
citrate, citric acid, palmitoylcarnitine, tert-butyl hydroperoxide (t-
BOOH), rotenone, carbonyl cyanide 4-(trifluoromethoxy)phenylhy-
drazone (FCCP), oligomycin, oxidized nicotinamide adenine dinucleo-
tide phosphate (NADP*), reduced nicotinamide adenine dinucleotide
(NADH), adenosine diphosphate (ADP), sodium dichloroacetate, NADP-
isocitrate dehydrogenase, peroxidase from horseradish type VIA (HRP),
a protease inhibitor cocktail (code P8340) and most other chemicals
were obtained from Sigma-Aldrich (Saint Louis, MO, USA). Stock so-
lutions of respiratory substrates, nucleotides and sodium di-
chloroacetate were prepared in a 20 mM HEPES solution with the pH
adjusted to 7.2 using KOH.
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2.2. Animals

C57BL/6J mice were obtained from the Campinas University
Multidisciplinary Center for Biological Research in Laboratory Animals
(CEMIB/UNICAMP, Campinas, Brazil), which breeds a mouse colony
that is confirmed to be homozygous for mutated Nnt alleles (a 17,814-
bp deletion in the Nnt gene, resulting in the absence of exons 7-11)
[17,18]. A congenic mouse model carrying wild-type or the Nnt mu-
tated alleles from the C57BL/6J substrain was recently generated on the
genetic background of C57BL/6/JUnib mouse substrain in our labora-
tory, as detailed in Ronchi et al. [17]. These congenic mice were bred in
our department's animal facility and the N7 (the seventh backcrossed
generation) was used in this study. The full designations of these con-
genic mice are C57Unib.B6-Nnt*/* and C57Unib.B6-Nnt”", which will
be referred to by their Nnt genotype only (i.e., Nnt*/* and Nnt”"). We
ordered the “genome scanning service” from The Jackson Laboratory to
analyze four independent samples from N7 congenic mice and two in-
dependent samples from C57BL/6J mice (purchased from the local
provider) using the “C57BL/6 substrain characterization panel” of 150
validated SNPs; the results indicated that C57BL/6J mice from the local
provider exhibited all 150 SNPs identical to The Jackson Laboratory
reference C57BL/6J substrain; also, the comparison between C57BL/6J
and four mice from our congenic model showed a difference of 28%
SNPs. Male mice were kept under standard laboratory conditions (at
20-22 °Cand a 12 h/12 h light/dark cycle) with free access to tap water
and to either a standard diet or a high fat diet (specified below) in the
local animal facility, according to Brazilian guidelines and the “Guide
for the Care and Use of Laboratory Animals” from the National
Academy of Sciences. Male mice were chosen because they are more
susceptible to HFD-induced NAFLD than female (which are protected
by estrogens) and develop markers of inflammation like humans with
NASH [32,33]. The mice were euthanized by cervical dislocation prior
to harvesting the liver for further analysis. The use of mice and the
experimental protocols were approved by the local Committee for
Ethics in Animal Research (CEUA-UNICAMP, approval number 3914-
1). The animal procedures comply with national Brazilian guideline
number 13 for “Control in Animal Experiments”, published on Sep-
tember 13th, 2013 (code 00012013092600005, available at <http://
portal.in.gov.br/verificacao-autenticidade)).

2.3. High fat diet (HFD) treatment

One-month-old congenic and C57BL/6J male mice were randomly
assigned to groups fed either the standard diet (Chow, total energy of
3.9 kcal/g, 5% fat, 12% of total calories from fat) from Nuvital (Nuvilab
CR1, Nuvital, Colombo, PR, Brazil) or a HFD from PragSolucoes
(Hyperlipidic diet, PragSolucdes biociéncias, Jati, SP, Brazil). The
composition of the HFD was as follows: 31% lard fat, 20% casein, 13%
dextrinized cornstarch, 12% cornstarch, 10% sucrose, 5% micro-
crystalline cellulose, 4% soybean oil, 3.5% mineral mix AIN 93 G, 1%
vitamin mix AIN 93, 0.3% 1-cysteine, 0.25% choline bitartrate, and
0.0028% butylhydroxytoluene (also present as a preservative in the
standard chow). The caloric content of this HFD is 5.3 kcal/g, from
which ~60% of total energy were derived from fats (90% from lard fat
and 10% from vegetable oil). Mice were maintained on a standard diet
or HFD for 20 weeks prior to being sacrificed for liver removal and use
in histology or mitochondrial isolation.

3. Measurements
3.1. Liver histology

Approximately 3 mm-sided fragments of the two largest liver lo-
bules were cut and placed in 10% formaldehyde for 24 h at room

temperature. Then, tissue samples were embedded in paraffin before
being sectioned (5 um thick slices). These liver slices were placed on
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glass slides in a 40 °C water bath and then were dried at 60 °C in an
incubator for 20 min. Next, the slides were subjected to conventional
hematoxylin plus eosin or picrosirius red staining protocols. An ex-
perienced pathologist performed blind evaluations of stained sections
under an optical microscope to grade the following abnormalities:
ballooning (a grade of 3 was assigned when associated with Mallory's
hyaline), macrovesicular steatosis, acinar inflammation and portal in-
flammation (on a scale of 0-3), and fibrosis (on a scale of 0-4) (fibrosis
grading was based on Picrosirius red staining); microvesicular steatosis
was marked as absent [0] or present [1]. The sum of these grades
provides an overall NAFLD activity score between 0 and 17. As pro-
posed by Kleiner et al. [34], a NAFLD activity score between 0 and 8 is
obtained if only the grades of ballooning injury (on a scale of 0-2),
steatosis (on a scale of 0-3), and acinar inflammation (on a scale of 0-3)
are accounted for human NAFLD diagnosis purposes.

3.2. Content of liver triglycerides

Lipids were extracted from livers by following a modified Folch's
method. Briefly, approximately 60 mg of diced wet liver was homo-
genized in 3 mL of organic solvents (2 mL chloroform plus 1 mL me-
thanol), filtered through fat-free paper and left to dry overnight inside a
fume hood at room temperature. Then, half a milliliter of an amphi-
philic medium (100 mM KH,PO,4, 50 mM NacCl, 5 mM cholic acid, 0.1%
Triton X-100, pH 7.4) was added to each tube containing the dried,
extracted lipids. Then, the triglyceride level of this lipid mixture was
measured by a commercial enzymatic-colorimetric kit (Roche-Hitachi,
Germany) to calculate the total triglyceride content.

3.3. Mitochondrial isolation and incubation conditions

Mitochondria were isolated from mice livers by conventional dif-
ferential centrifugation, as detailed described previously [35]. Because
of the high lipid content in mouse livers following the HFD, livers from
all mouse groups were homogenized and processed in mitochondrial
isolation medium (250 mM sucrose, 10 mM HEPES and 0.5 mM EGTA)
supplemented with 1 g/L bovine serum albumin until the second cen-
trifugation step. Measurements of respiration, hydrogen peroxide re-
lease, Ca®" retention capacity and the redox state of NAD(P) in sus-
pensions of intact mitochondria were performed at 28 °C with
continuous magnetic stirring in 2 mL of standard reaction medium
(125 mM sucrose, 65 mM KCl, 2 mM KH,PO,, 1 mM MgCl,, 10 mM
HEPES buffer with the pH adjusted to 7.2 with KOH). The addition of
various respiratory substrates and the presence of other chemicals are
specified in the figure legends. Because of their time consuming char-
acteristics, the in vitro protocols with isolated and functional mi-
tochondria were performed with two groups from the same Nnt geno-
type in each experimental run (always comparing chow vs. HFD).

3.4. Enzymes activities

The activities of the enzymes aconitase, NADP-dependent isocitrate
dehydrogenase (IDH2) and citrate synthase were spectro-
photofluorometrically assayed in the isolated mitochondrial suspen-
sions according to previously used protocols [18,36] that are described
in the Supplementary material.

3.5. Oxygen consumption

Mitochondria were suspended (0.5 mg/mL) in 1.4 mL of standard
reaction medium supplemented with 200 uM EGTA and 5 mM each of
malate, glutamate, pyruvate, and a-ketoglutarate. Respiration was
measured using a Clark-type electrode (YSI Co., Yellow Spring, OH,
USA) in a temperature-controlled chamber equipped with a magnetic
stirrer. After measuring the resting O, consumption, respiration linked
to oxidative phosphorylation (also known as state 3) was elicited by the
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addition of 150 uM of ADP. Then, 1 ug/mL of oligomycin was added to
cease the phosphorylation by ATP synthase, slowing down oxygen
consumption. Finally, 80 nM of FCCP was added to promote maximal
uncoupled respiration.

3.6. Mitochondrial hydrogen peroxide (H20>) release

Mitochondria were suspended (0.5 mg/mL) in 2 mL of standard
reaction medium supplemented with 300 uM EGTA, 10 uM Amplex
Red’, 1 U/mL horseradish peroxidase with malate (2.5 mM) plus pyr-
uvate (5 mM) as respiratory substrates. In this condition, the H,O re-
leased from mitochondria causes the oxidation of Amplex Red” and the
formation of its fluorescent product, resorufin, which was monitored
over time in a spectrofluorometer (Hitachi F-4500, Tokyo, Japan) op-
erating with slit widths of 2.5 nm and at 563 and 587 nm for the ex-
citation and emission wavelengths, respectively.

3.7. Assessment of Ca®" -induced opening of the mitochondrial
permeability transition pore (PTP)

Mitochondria were suspended (0.5 mg/mL) in the standard reaction
medium supplemented with 15 uM EGTA, 0.2 uM of a calcium indicator
(Calcium Green™-5N) and respiratory substrates (2.5 mM malate plus
5 mM pyruvate or 5 mM succinate plus 1 uM rotenone). The fluores-
cence was continuously monitored in a spectrofluorometer (Hitachi F-
4500, Tokyo, Japan) using excitation and emission wavelengths of 506
and 532 nm, respectively, and slit widths of 5 nm. Repeated pulses of
CaCl, additions (2.5 pM or 15 uM for malate plus pyruvate or succinate
plus rotenone conditions, respectively) were performed every 3 min
after the addition of mitochondria to the system. The number of CaCl,
pulses added prior to the start of Ca%* release by mitochondria into the
medium was measured as an index of the susceptibility to Ca®*-induced
PTP.

3.8. Redox state of mitochondrial nicotinamide nucleotides (NAD(P))

Mitochondria were suspended (0.5 mg/mL) in the standard reaction
medium supplemented with 300 uM EGTA and either malate (2.5 mM)
plus pyruvate (0.1 or 5 mM) or malate (2.5 mM) plus palmitoylcarni-
tine (15 pM) as respiratory substrates (specific concentrations and the
addition of other reagents are indicated in figure legends). The changes
in the redox state of NAD(P) were monitored in a spectrofluorometer
(Hitachi F-4500, Tokyo, Japan) using excitation and emission wave-
lengths of 366 and 450 nm, respectively, and slit widths of 5 nm.
Worthnoting, only the reduced form of NAD(P) exhibits a strong en-
dogenous fluorescence signal. The mitochondrial capacity to remove
peroxide was assessed by challenging the mitochondrial peroxide-me-
tabolizing system supported by NADPH with exogenous t-BOOH, an
organic peroxide that is metabolized via the glutathione and thior-
edoxin peroxidase/reductase systems (but not by catalase) at the ex-
pense of NADPH [37,38]. The mitochondrial contents of reduced NADP
(NADPH) were enzymatically determined using a commercially avail-
able kit according to manufacturer's instructions (#G9071, Promega,
Madison, USA).

3.9. PDH expression and phosphorylation state

The final pellet of isolated mitochondrial fraction was suspended in
a medium containing phosphatase and protease inhibitors (50 mM Tris,
150 mM NaCl, 1 mM EGTA, 1 mM Na3VO,, 1 mM NaF, 1% Tween 20,
1% protease inhibitor cocktail, and pH 7.4). Then, the samples were
diluted in standard Laemmli buffer before being subjected (50 pg of
total proteins per lane) to 8% polyacrylamide gel electrophoresis (PAGE).
The resolved proteins were transferred (120 V for 90 min, on ice) from
the gel to a nitrocellulose membrane (0.45 um, from Bio-Rad, Hercules,
CA). Following the blocking of membrane with 5% dried milk, the
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membrane was washed and incubated overnight at 4 °C with 1:1000
diluted primary antibodies against PDH-Ela (a subunit of the PDH
complex) or serine?*>-phosphorylated PDH-Ela. After washing the
membrane free of primary antibodies, it was incubated with HRP-
conjugated secondary antibodies (1:10000 diluted) for 1h at room
temperature. Finally, the membrane was washed and incubated with a
enhanced chemiluminescence reagent (SuperSignal West Pico, Thermo
Fisher, Waltham, MA, USA) and the luminescence signals were detected
in a digital instrument (UVITEC, Cambridge, UK).

4. Statistical analyses

The results are shown as representative and/or as the mean = SEM
(individual values and medians are reported for non-parametric data).
Sample sizes are indicated in figure legends. Two-way ANOVA followed
by Bonferroni as a post-hoc was used to test differences between groups
for most data, with the exception of data shown in Fig. 4, which were
tested with Wilcoxon (when groups were correlated) or Mann-Whitney
tests. The level of significance was set at P < 0.05.

5. Results

In the present study, we initially evaluated HFD-induced hepatic
alterations in C57BL/6J and congenic mice bearing the Nnt*/* or Nnt”"
alleles. Histopathological and biochemical analyses revealed that
twenty weeks of a HFD promoted NAFLD in all three groups of mice,
i.e., the Nnt*/*, Nnt’~ and C57BL/6J mice (Figs. 1 and 2). However,
mice groups lacking a functional NNT due to the Nnt mutation (Nnt”~
and C57BL/6J mice) exhibited increased frequency of ballooning in-
jury, micro and macrovesicular steatosis of higher grades and elevated
contents of liver triglycerides than Nnt*/* mice. The sums of the scores
presented in panels A to D in Fig. 2 (the median * interquartile range
values were 3 + 2, 7 = 0 and 8 + 2 for Nnt*/*, Nnt/~ and C57BL/6J
mouse groups on a HFD, respectively) were significantly (P < 0.05,
determined by Kruskal-Wallis ANOVA with Dunns as post-hoc) higher
in Nnt”~ and in C57BL/6J than in Nnt*’" mice. The NAFLD activity
score, as proposed by Kleiner et al. [34], indicated that most of Nnt*/*
mice developed simple steatosis following the HFD, while most of Nnt”~
exhibited scores indicative of NASH, an aggravated form of NAFLD.
Interestingly, compared to Nnt”~ mice on the same diet, C57BL/6J mice
displayed worsened hepatic alterations when fed HFD, as evidenced by
~50% higher liver triglyceride contents (Fig. 1), as well as increased
grades of acinar/portal inflammation and fibrosis (Fig. 2E and F). NNT
has been previously shown to play a main role in mitochondrial redox
homeostasis by supplying NADPH, which in turn drives reductive
processes, such as enzymatic peroxide removal through the glutathione
and thioredoxin dependent systems [17]. Therefore, these hepatic
phenotypes of Nnt*/*, Nnt’~ and C57BL/6J mice fed chow or a HFD
provided proof of the concept that mitochondrial redox imbalance ag-
gravates HFD-induced NAFLD. Following this initial observation, ex-
periments were designed to assess mitochondrial redox balance and
related biochemical events that delineated the worsening of NAFLD
upon the interaction between Nnt mutation and a HFD. To this end,
isolated liver mitochondria were obtained from Nnt*/* and Nnt”~ mice
that were given either standard chow or a HFD and were studied under
suitable conditions.

Resting and ADP-stimulated mitochondrial respiration, supported
by a cocktail of complex I-linked substrates and in the absence of free
Ca®*, did not differ among the groups of congenic mice, given either
chow or a HFD (Supplementary material).

The rate of H;O, release from mitochondria was increased by the
HFD in Nnt’" mice only, indicating that this redox alteration was un-
derpinned by the interaction between HFD and the Nnt mutation
(Fig. 3A, B). Because the activity of aconitase relies on the redox state of
its ferrous group, the activity of this enzyme is a sensitive marker of
redox balance in mitochondria [36]. Compared to chow-fed Nnt*/*,
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Nnt”~ mice under chow or a HFD presented with approximately 15%
and 50% lower aconitase activities, respectively (Fig. 3C). Notably, the
HFD alone did not affect aconitase activity, but the decrease was
greater upon the interaction between the HFD and the Nnt mutation.
IDH2 in the Krebs cycle, as well as NNT, have high activities for re-
ducing NADP* to NADPH in the mitochondrial matrix [17]. Pre-
sumably, the relative importance of IDH2 may be augmented in the
absence of NNT and/or in response to oxidative stress. Data shown in
Fig. 3D indicated that the activity of IDH2 was significantly upregulated
only in Nnt’" mice given a HFD; there were non-significant trends of
increased IDH2 activity in response to Nnt mutation or HFD alone.

The Ca®*-induced opening of the mitochondrial permeability
transition pore (PTP) is a redox-sensitive event that may result in
bioenergetic dysfunction, cellular injury and apoptosis [14]. The as-
sessment of Ca®*-induced mitochondrial Ca®* release that occurs via
PTP pore opening suggested divergent effects between Nnt mutation
and HFD (Fig. 4). As expected, in mice fed a chow diet [18], the sus-
ceptibility to Ca®*-induced PTP opening was higher in Nnt”~ compared
to Nnt*’/* mice when mitochondria respired on succinate in the pre-
sence of rotenone (Fig. 4C, D and F), but not when malate and pyruvate
were the respiratory substrates (Fig. 4A, B and E). Surprisingly, HFD
decreased the susceptibility to Ca®*-induced PTP opening in mi-
tochondria from Nnt*™/* mice, regardless of the respiratory substrates
supplied. The Nnt mutation profoundly changed the effect of the HFD
on this variable, since mitochondria from Nnt”~ mice on a HFD ex-
hibited higher susceptibility to Ca®*-induced PTP opening than mi-
tochondria from either Nnt”" or Nnt™/* mice on a chow diet. The de-
creased susceptibility to Ca®*-induced PTP opening in mitochondria
from Nnt*/" mice following a HFD seems not to be related to mi-
tochondrial selection during the isolation procedure, since the recovery
of mitochondria (citrate synthase activity) from the total liver was si-
milar between diet treatments in Nnt*/™ mice (chow diet: 47 + 3%, N
= 4; HFD: 40 + 4%, N = 6).

The Nnt mutation itself was previously shown to reduce the mi-
tochondrial capacity to metabolize peroxide [17,18], and according to
our stated hypothesis, such dysfunction could be exacerbated by a HFD.
The mitochondrial capacity to remove a peroxide load was first eval-
uated during the resting respiratory state (i.e., in the absence of exo-
genous ADP) sustained by malate and pyruvate as substrates (Fig. 5A, B
and E). These data clearly demonstrated that HFD decreased the mi-
tochondrial capacity to remove peroxide in Nnt”~ mice only, while
Nnt*/* mice were protected against this deleterious effect caused by
the HFD. In the absence of an NADPH supply via NNT, substrate oxi-
dation through the Krebs cycle is the source of NADPH that sustains
NADPH-dependent peroxide removal in the mitochondrial matrix
[17,18]. Thus, mitochondria from Nnt”" mice on a HFD were presumed
to exhibit impaired oxidation of the available malate and pyruvate
substrates. In the following experiment (Fig. 5C, D and E), a peroxide
removal assay was performed in the presence of exogenous ADP (i.e.,
the phosphorylating state). Exogenous ADP exerts profound effects on
mitochondrial metabolism and peroxide removal [17], favoring NADPH
supply via substrate oxidation because ADP activates dehydrogenases
such as PDH, stimulates oxidative phosphorylation, and increases sub-
strate flux through the Krebs cycle. The peroxide removal rate in the
presence of ADP did not differ between Nnt”~ and Nnt™/* mice given
either a chow or a HFD. This indicated that NNT does not contribute to
peroxide removal under the respiratory condition of ADP phosphor-
ylation sustained by malate and pyruvate as substrates, corroborating
our previous findings from studying mice given a standard chow diet
[17]. The time to remove peroxide in the presence of ADP was slightly
and significantly increased by the HFD in mitochondria from Nnt™/*
mice only (Fig. 5E). Curiously, Nnt”~ mice did not exhibit this altera-
tion, which seems to be related to the fact that on a HFD, this genotype
developed higher IDH2 activity, and thus was perhaps better adapted to
handle peroxide removal in an NNT-independent manner. The effects of
a HFD, Nnt mutation and ADP on peroxide removal are summarized for
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Fig. 1. Histological characterization of fatty liver disease and triglycerides contents in livers from Nnt*/*, Nnt”~ and C57BL/6J mice following a high fat diet (HFD). Section (5 um) of
liver were stained with hematoxylin and eosin and observed using an optical microscope (20 X objective, scale bar = 100 um; 40 X objective; scale bar = 50 um) for the evaluation of
abnormalities characterizing simple steatosis and nonalcoholic steatohepatitis; N = 5-7. The content of liver triglyceride (mg/g of wet liver) was biochemically determined and the
means + SEM (N = 5-14) of each mice genotype on both diets are reported below the corresponding column of images. Control groups were fed with a chow diet. "P < 0.01 vs. genotype-

matched chow-fed mice; #P < 0.01 vs. Nnt*/* on a HFD; *P < 0.01 vs. Nnt/” on a HFD.

better visualization in an integrated graph shown in Fig. 5F. Overall,
these results demonstrated marked effects of exogenous ADP as it
nearly abolished the entire extent of the HFD deleterious effects
(Fig. 5B and E) on the mitochondrial capacity to remove peroxide in
Nnt”" mice (Fig. 5D and E).

Because the HFD effects on the ADP-induced changes in peroxide
removal from the resting state were much larger in Nnt”~ than in Nnt*’/

194

* mice (~150% vs. ~ 15%) (Fig. 5F), we designed new protocols

(Fig. 6) to investigate whether PDH was the molecular target re-
sponsible for the modulations of peroxide removal by the interaction
between HFD and ADP. Interestingly, when pyruvate was replaced by
palmitoylcarnitine, thus feeding acetyl-CoA into the Krebs cycle in-
dependently of PDH, the peroxide removal by mitochondria from both
Nnt*/* and Nnt”" mice matched each other and was not affected by a
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Fig. 2. Grading of pathological alterations in livers from Nnt*/*, Nnt’~ and C57BL/6J mice under a chow or a high fat diet (HFD): loss of NADP-transhydrogenase caused the progression
from simple steatosis to nonalcoholic steatohepatitis. The following hepatic abnormalities were graded according to a proposed [34] non-alcoholic fatty liver disease activity score:
ballooning (a grade of 3 was assigned when associated with Mallory's hyaline), macrovesicular steatosis, acinar inflammation and portal inflammation were scored on a scale of 0-3, and
fibrosis from 0 to 4 (the latter was based on Picrosirius red-staining); microvesicular steatosis was marked as absent (0) or present (1). The higher the grade, the worse is the abnormality.

Graphs in panels A-F show individual data.

HFD (Fig. 6A and B). Then, definitive evidence that decreased pyruvate
oxidation through PDH was hampering peroxide removal by mi-
tochondria from Nnt’~ mice on a HFD were obtained by using di-
chloroacetate (DCA) to activate PDH, in combination with high (5 mM)
or limiting (0.1 mM) pyruvate concentrations (Fig. 6C to F). The PDH
activation by DCA completely reversed the deleterious effects of the
HFD on peroxide removal by mitochondria from Nnt’/~ mice, while
mitochondria from chow-fed Nnt”~ or from Nnt*/* mice on both diets
were not sensitive to DCA (Supplementary material). The stimulatory
effects of DCA on peroxide removal by mitochondria from Nnt’~ mice
were clearly larger when pyruvate oxidation was disfavored in the low
pyruvate concentration condition (0.1 mM; Fig. 6F), adding to the
evidence that HFD promoted PDH inhibition, which in turn decreased
pyruvate flux and NADPH-dependent peroxide removal in Nnt”~ mice
liver mitochondria. We additionally quantified the contents of reduced
NADP following t-BOOH addition to mitochondria from Nnt”~ mice on a
HFD, under the experimental conditions depicted in Figs. 5D, 6A and
6C. At a given time-point following t-BOOH addition to the system,
NADPH contents were back to control levels (i.e. those in absence of t-
BOOH) only when ADP or DCA were present in the condition of pyr-
uvate plus malate as substrate or when pyruvate was replaced by pal-
mitoylcarnitine as the source of acetyl-CoA for Krebs cycle, a pathway
that bypass PDH (Table 1).

Previous studies have shown, mostly in C57BL/6J mice, that lipid
overload leads to the phosphorylation of PDH Ela subunits at serine

residues by PDH kinases [3,4,39,40], a classical covalent modulation
that inhibits PDH activity [41]. We assessed the levels of both total and
serine®®® phosphorylated PDH Ela subunits by western blot (Fig. 7).
The expression levels of the PDH Ela subunit were not changed by
either HFD or Nnt mutation. In contrast, the levels of PDH Ela subunits
phosphorylated at serine®*® were increased by the HFD in Nnt”~ mice
only. Thus, the calculated ratio of phosphorylated to total PDH Ela
subunits, an inhibitory modulation, was higher in Nnt”~ mice on a HFD
compared to other groups (Fig. 7F).

Given the above results concerning PDH phosphorylation and the
effects of the PDH activator DCA on peroxide removal in mitochondria
from Nnt”~ mice on a HFD, the levels of phosphorylated PDH Ela
subunits were probed in suspensions of Nnt”~ mitochondria following
5 min in vitro incubation with DCA (under conditions identical to that
of Fig. 6C) by western blot (Supplementary material). The results in-
dicated that DCA promptly promoted the desphosphorylation of PDH,
thus corroborating the interpretation that reactivation of PDH by DCA
stimulated peroxide removal in mitochondria from Nnt”~ mice on a HFD
(Fig. 6C).

A graphical summary of the effects of HFD, Nnt mutation, and their
interaction on selected variables is presented in a radar chart (Fig. 8).
This chart was built with the average data presented in previous figures
to provide an overview of the main findings from the present study.
This chart facilitates the visualization that the Nnt mutation interacts
with HFD to alter several variables, causing an impairment of pyruvate-
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Fig. 3. A high fat diet (HFD) increased the mi-
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supported peroxide removal in liver mitochondria, mitochondrial redox
imbalance and the exacerbation of NAFLD activity. The only variable
not exhibiting an effect was the “Increase in time to scavenge peroxide
in the ADP presence state”; particularly in this experimental condition,
PDH can be reactivated and the NNT reaction is thermodynamically
disfavored, which results in null contribution of NNT to NADPH-de-
pendent peroxide removal [17], thus, NADPH supply will rely on pyr-
uvate oxidation.

6. Discussion

Mitochondrial redox imbalance has been generally considered to be
an important feature of HDF-induced NAFLD and is implicated in the
progression of simple liver steatosis to NASH [7,9]. Despite systemic
treatments with a variety of antioxidants appear to ameliorate liver
steatosis and damage in NAFLD [10,42], the role that oxidative stress in
the mitochondrial compartment plays in NAFLD pathophysiology re-
mains incompletely understood. In the current study, using a congenic
NNT-null mice model (with genetically suitable controls), we showed
that the disruption of NADPH-dependent peroxide removal in mi-
tochondria aggravated the severity of mitochondrial redox imbalance
and NAFLD following a HFD, causing the progression from simple
steatosis to NASH (Figs. 1 and 2). It is worth noting that the C57BL/6J
mice on a HFD exhibited worse hepatic injuries (e.g., fibrosis, acinar
and portal inflammation) than Nnt”~ congenic mice given the same diet
(Figs. 1 and 2), mice which carry the related C57BL/6JUnib genetic
background (there are 28% of difference between our congenic mice
and the C57BL/6J substrain in a marker panel of 150 single nucleotide
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polymorphism, see the Material and Methods section). Thus, C57BL/6J
mice likely possess other genetic modifiers [26] in addition to their Nnt
mutation that may explain their aggravated NAFLD phenotype when on
a HFD, but we are not aware of any other known genetic modifier that
has been experimentally established between the two studied C57BL/6
mice substrains. Other studies have compared metabolic responses of
different substrains of C57BL/6 mice to HFDs [23,28,29]. Despite
previous direct comparisons between mice substrains that are wild type
and mutant for Nnt (e.g. C57BL/6N-Nnt"" vs. C57BL/6J-Nnt™"T),
questions remains as to whether the Nnt genotype was indeed the un-
ique determinant of the outcomes that eventually differed between
mice substrains. It must be reminded that there are significant genetic
differences between C57BL/6 mice substrains that can modify the de-
velopment of complex phenotypes in living animals [43,44], such as
glucose metabolism, obesity and fatty liver disease following a HFD
[23,28,29]. Indeed, our results regarding HDF-induced NAFLD in Nnt”
and C57BL/6J mice reinforce the theoretical concern about the need of
using genetically suitable control mice. This is the first study that used
genetically suitable control mice to investigate the role of NNT in the
development of NAFLD following a HFD. Therefore, our data shed light
on the critical evaluation of research findings from different mice
substrains that carry distinct Nnt genotypes.

The oxidation of NADH, isocitrate, malate and glutamate by NNT,
IDH2, NADP-dependent malic enzymes and glutamate dehydrogenase,
respectively, are the known sources of NADPH that sustains reductive
functions such as peroxide and xenobiotic removal in liver mitochon-
dria, with NNT and IDH2 exhibiting the highest activities [17]. Under
most respiratory conditions, NNT supported the largest portion of
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NADPH-dependent peroxide removal in liver mitochondria from chow-
fed mice [17]. The mitochondrial supply of NADPH via non-NNT
sources relies on the oxidation of carbon substrates and is expected to
be thermodynamically disfavored under conditions of low NAD™
availability, such as in western diets [45] or respiratory inhibition
[13,17]. With this in mind, the present data provides evidence that NNT
plays a pivotal role in maintaining redox homeostasis in liver mi-
tochondria challenged by a chronic HFD. Decreased aconitase activity,
an endogenous marker of oxidative imbalance, and PDH inhibition
primarily arose due to the combination of the Nnt mutation and HFD
(Figs. 3C and 7F). This inhibition of PDH, as determined by western blot
and functional assessment (Fig. 6), caused the impairment of pyruvate-

supported peroxide removal (Fig. 5B). In the absence of NNT, pyruvate
oxidation through PDH will be important for mitochondrial peroxide
removal because it feeds acetyl-CoA into Krebs cycle, thus, forming
isocitrate to support NADP ™" reduction to NADPH by IDH2. Therefore,
in the absence of NNT function, an amplifying cycle between redox
imbalance-induced PDH inhibition and PDH inhibition-induced redox
imbalance seems to underpin the worsened phenotype of NAFLD in-
duced by the HFD (Figs. 1 and 2).

Despite probing the inhibitory phosphorylation of PDH El-a sub-
unit at serine®?®, which was not identified in Nnt*/* mice mitochon-
dria following HFD (Fig. 7F), we obtained an indirect evidence that
pyruvate flux through liver PDH was slightly inhibited in this mouse
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Fig. 5. A high fat diet (HFD) aggravated the already
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group (peroxide removal assayed in the presence of ADP) (Fig. 5E),
which was in agreement with a study that observed HFD-induced PDH
inhibition in Nnt wild type rodents [4]. Nevertheless, because of the
NNT properties mentioned above and elsewhere [17,18], suppressed
pyruvate oxidation via PDH is expected to limit peroxide removal only
in mitochondria devoid of NNT or during respiratory states eliciting no
net formation of NADPH via NNT, such as during ADP phosphorylation
sustained by pyruvate oxidation [17]. Considering the latter condition,
it is important to remind that ADP itself can promote PDH reactivation
[46], lessening its prior HFD-induced inhibition and deleterious effects
on peroxide removal. Molecular mechanisms of PDH inhibition by
phosphorylation have been studied in different cell types and support
the idea that oxidative stress affects PDH function [47,48]. A possible
pathway leading to decreased PDH activity involves an interplay be-
tween inflammatory and redox signals that converge on activating ki-
nases such as c-Jun N-terminal kinases (JNK) [48], ultimately resulting
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in the phosphorylation of PDH [47], which possess three different
serine residues as targets [41]. A more specific mechanism of PDH
phosphorylation has been revealed in a mouse model that expectedly
also lacks functional Nnt [3]; this study showed that pyruvate dehy-
drogenase kinase 2 expression increases in response to a HFD and, in
turn, promotes the phosphorylation and inhibition of PDH [3]. How-
ever, the mechanisms through which pyruvate dehydrogenase kinase 2
is upregulated remains unclear. The importance of PDH inhibition in
NAFLD pathophysiology has been established by recent studies showing
that PDH activation, by means of molecular or pharmacological sup-
pression of PDH phosphorylation, significantly ameliorated metabolic
control and hepatic steatosis in mice on HFD [3,11,12]. As these studies
reported the use of mice that are expected to carry a Nnt-mutated ge-
netic background (i.e., from the C57BL/6J substrain), our current
findings suggest that the mechanisms underlying the improvement of
metabolic control and NAFLD resulting from PDH activation [3,11,12]
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Fig. 6. Bypass or pharmacological reactivation of
pyruvate dehydrogenase restored the peroxide re-
moval capability of mitochondria from Nnt”" mice
under a high fat diet (HFD). The endogenous fluor-
escence NAD(P) in the reduced state was con-
tinuously monitored over time in mitochondria in-
cubated in standard reaction medium supplemented
with EGTA (300 pM) and malate (2.5 mM); some
traces (HFD groups, Panels C and D) were displaced
downwards in the plots to facilitate reading.
Palmitoylcarnitine (15 uM) or pyruvate (0.1 or
5 mM) were the respiratory substrates, as specified in
the panels. Palmitoylcarnitine was used to sustain
substrate flux through the Krebs cycle independently
of pyruvate dehydrogenase (PDH). One millimolar
dichloroacetate (DCA, a PDH kinase inhibitor that
results in PDH activation) was present (“+DCA”) or
absent (Control; “-DCA”) from the beginning of the
incubation in the experiments with pyruvate plus
malate as substrates. The representative traces in
panel A depict the addition of isolated mitochondria
(0.5mg/mL), 15puM tert-butyl hydroperoxide (t-
BOOH, an organic peroxide) and 1 mM isocitrate (a
NAD(P) reductant) to the system where indicated,
with palmitoylcarnitine plus malate as substrates.
The time spent to recover the reduced state of NAD
(P) following the addition of the t-BOOH load (i.e.,
the ability of mitochondria to scavenge peroxide) is
shown in panel B. Similarly, panels C and D depict
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traces from the malate plus pyruvate conditions,
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a 5 min preincubation of mitochondria (0.5 mg/mL).
The time spent to recover the reduced state of NAD
(P) following the addition of the t-BOOH load is
shown in panels E (N = 5-8) and F (N = 7-13). The
horizontal dashed lines represent the values of chow-
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may include the restoration of redox balance in liver mitochondria and
its broad beneficial secondary effects on related cellular processes.

As discussed above, we report here a redox-mediated interaction
between the metabolic challenging condition imposed by a HFD and
NNT, which results in PDH inhibition. Interestingly, Fisher-Wellman
et al. [49] have recently identified another link between the functions
of NNT and PDH, which is also redox mediated in skeletal muscle mi-
tochondria from standard chow-fed mice. These authors reported an
energy consuming redox circuit operating between PDH and NNT,
based on the following rationale: the reductive pressure of pyruvate on
PDH stimulates the production of H,O, by this enzyme; the generated
H,0, will be detoxified at the expense of NADPH oxidation, which will
result in stimulation of NNT activity, increased H* re-entry back to

-DCA

199

+DCA

mitochondrial matrix and higher respiratory rate. Thus, PDH may be
considered both a target that is affected by mitochondrial redox im-
balance and a source of H,O, contributing to redox imbalance under
some conditions.

Along with results from studies on heart biology [30] and disease
[50], the data presented here are seminal experimental evidences that
the Nnt mutation by itself modified the results of an in vivo experimental
intervention. Therefore, these findings are of pivotal importance, since
research communities in various biomedical areas have increasingly
become aware that a large contingent of experimental data have been
obtained in diverse mouse models that carry the Nnt mutation from the
C57BL/6J mouse substrain [11,22,25,39,42,45,51]. When the widely
used C57BL/6J inbred mice substrain was discovered to bear a
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Table 1
Contents of NADPH following t-BOOH-induced NADPH oxidation in liver mitochondria
from Nnt”” mice on a HFD.

Conditions 15 uM t-BOOH NADPH (nmol/mg)
Malate + Pyruvate no 1.97 £0.18
Malate + Pyruvate yes 0.39 + 0.03*
Malate + Pyruvate + ADP yes 2.19 £ 0.33
Malate + Pyruvate + DCA yes 1.91 =0.14
Malate + Palmitoylcarnitine no 1.86 = 0.17
Malate + Palmitoylcarnitine yes 1.92 = 0.24

Liver mitochondria from Nnt”~ mice on a HFD (0.5 mg/mL) were incubated in standard
reaction medium supplemented with 300 uM EGTA. Respiratory substrates were either
2.5 mM malate plus 5mM pyruvate or 2.5 mM malate plus 15 uM palmitoylcarnitine;
also, ADP (1 mM) or DCA (1 mM) were absent or present in order to resemble the ex-
periments depicted in Figs. 5D, 6A and 6C. The mitochondrial suspensions were pre-
incubated for 7 min prior the addition of t-BOOH; 10-11 min afterwards, samples were
withdrawn and enzymatically analyzed for reduced NADP levels. Data are means +
standard error (N = 4). * P < 0.01 compared to all other conditions.

A)
MW (kDa)

Anti-PDH Ela

B)
MW (kDa)

Anti-PDH Ela (pS293)
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spontaneous and homozygous loss-of-function Nnt mutation in 2005
[21,31], the basic biochemistry of NNT function had already been
characterized, such that the reagents, products and cellular location of
the NNT reaction were known [13,52]. The results from the first two
studies reporting this Nnt mutation suggested that it could be linked to
impaired glucose homeostasis [21] and an abnormal phenotype of ge-
netically engineered mice [31]. Ever since, innumerable studies have
continued to use mice carrying the C57BL/6J genetic background as
models of metabolic diseases, including fatty liver diseases
[11,22,39,42,45,51]. Undeniably, there is a scientific conundrum re-
garding the experimental use of Nnt-mutated mice as wild-type, which
deserves attention from researchers [25,27,53,54].

In summary, we showed that the decrease in mitochondrial NADPH-
dependent peroxide removal in the absence of functional NNT, due to
Nnt mutation, altered the adaptations of liver mitochondria to a HFD.
Notably, the interaction between HFD and the Nnt mutation resulted in
redox imbalance, higher susceptibility to permeability transition pore
opening and an inhibition of pyruvate oxidation via PDH in liver mi-
tochondria, which was accompanied by an aggravation of NAFLD from
simple steatosis to NASH. Thus, NNT seems to play a critical role in

Fig. 7. A high fat diet (HFD) led to the phosphor-
ylation of pyruvate dehydrogenase (PDH)-Ela sub-
unit only in the liver mitochondria of Nnt”’" mice.
Isolated mitochondria samples (50 ug) were probed
for the relative levels of PDH-Ela (a subunit of the
PDH complex) and serine?>-phosphorylated PDH-
Ela by SDS-PAGE/western blot. Panels A and B
show representative bands (~43kDa, predicted)
obtained with the primary antibodies against PDH-
Ela and serine®**-phosphorylated PDH-Ela, re-
spectively; molecular weight markers are on the left
lanes. A protein loading control was evaluated by
staining the membrane with Ponceau as demon-
strated in panels C and D. Panel E shows the mean +
SEM (N = 5-9) of the relative levels of PDH-Ela and
serine®”®

% A % a % a % a -phosphorylated PDH-Ela, calculated as the
< % = L:E _5 % 'é:) L::L‘ optical density of the bands normalized by the op-
S O tical density of their respective loading controls. The
Nnt 7~ Nnt 77 Nnt 7/~ Nnt 7" ratios between the levels of PDH-Ela and serine®?>-
phosphorylated PDH-Ela depict the PDH phosphor-
C) D) ylation state in panel F (N = 5-9). P < 0.01 vs.
genotype-matched chow-fed mice; *P < 0.01 vs.
Nnt*/* mice given the same diet.
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counteracting mitochondrial redox imbalance and NAFLD following
HFD. These findings implicate that mice models carrying mutated Nnt,
such as C57BL/6J, can bias results and must not be overlooked when
planning or interpreting studies on HFD-induced NAFLD.
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