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The mechanisms by which a high-fat diet (HFD) promotes non-alcoholic fatty liver disease (NAFLD) appear to
involve liver mitochondrial dysfunction and redox imbalance. The functional loss of the enzyme NAD(P)*
transhydrogenase, a main source of mitochondrial NADPH, results in impaired mitochondrial peroxide removal,
pyruvate dehydrogenase inhibition by phosphorylation, and progression of NAFLD in HFD-fed mice. The present
study aimed to investigate whether pharmacological reactivation of pyruvate dehydrogenase by dichloroacetate
attenuates the mitochondrial redox dysfunction and the development of NAFLD in NAD(P)" transhydrogenase-
null (Nnt~/~) mice fed an HFD (60% of total calories from fat). For this purpose, Nnt~/~ mice and their congenic
controls (Nnt™/*) were fed chow or an HFD for 20 weeks and received sodium dichloroacetate or NaCl in the final
12 weeks via drinking water. The results showed that HFD reduced the ability of isolated liver mitochondria from
Nnt~/~ mice to remove peroxide, which was prevented by the dichloroacetate treatment. HFD-fed mice of both
Nnt genotypes exhibited increased body and liver mass, as well as a higher content of hepatic triglycerides, but
dichloroacetate treatment attenuated these abnormalities only in Nnt ™/~ mice. Notably, dichloroacetate treat-
ment decreased liver pyruvate dehydrogenase phosphorylation levels and prevented the aggravation of NAFLD in
HFD-fed Nnt~/~ mice. Conversely, dichloroacetate treatment elicited moderate hepatocyte ballooning in chow-
fed mice, suggesting potentially toxic effects. We conclude that the protection against HFD-induced NAFLD by
dichloroacetate is associated with its role in reactivating pyruvate dehydrogenase and reestablishing the
pyruvate-supported liver mitochondrial capacity to handle peroxide in Nnt ™/~ mice.

that HFD-induced NAFLD is associated with inhibitory serine phos-
phorylation of pyruvate dehydrogenase (PDH) in the liver (Alves et al.,
2011; Go et al., 2016; Hwang et al., 2009; Saed et al., 2021; Schummer
et al., 2008). Phosphorylation of PDH is a covalent inhibitory modula-
tion of PDH and results in decreased mitochondrial pyruvate oxidation

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is among the myriad of
metabolic disturbances that occur in response to high-fat diets (HFDs)

(Buettner et al., 2007) and obesity (Chalasani et al., 2012). The ectopic
accumulation of triglycerides in the liver is the hallmark of NAFLD;
however, impaired insulin signaling and derangements in glucose,
fructose, fatty acids, and ketone bodies metabolism are critical alter-
ations that commonly accompany this disease (Alves et al., 2011; Go
et al., 2016; Muriel et al., 2021). Studies in rodent models have revealed

into acetyl-CoA (Rardin et al., 2009). The mechanisms of such inhibition
seem to involve increased expression of pyruvate dehydrogenase kinase
(PDK) isozymes in response to dietary lipid overload (Go et al., 2016;
Hwang et al., 2009; Mapes and Harris, 1975; Schummer et al., 2008). In
HFD-fed mice, molecular ablation of PDK2 or PDK4 resulted in attenu-
ation of fatty liver and other metabolic alterations (Go et al., 2016;
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Abbreviations
DCA sodium dichloroacetate
GTT glucose tolerance test

HFD high-fat diet

IDH2 mitochondrial NADP-dependent isocitrate
dehydrogenase

NAFLD non-alcoholic fatty liver disease

NASH  non-alcoholic steatohepatitis

NNT NAD(P)" transhydrogenase

Nnt nicotinamide nucleotide transhydrogenase (gene)
PDH pyruvate dehydrogenase

PDHEla Ela subunit of PDH

pPDHE1la (S293) PDHEla phosphorylated at serine 293
PDK pyruvate dehydrogenase kinase

t-BOOH tert-butyl hydroperoxide.

Hwang et al., 2009; Wu et al., 2018). Similar beneficial effects were
observed in HFD-fed mice treated with the liver-specific pan-PDK in-
hibitor PS10 (Wu et al., 2018). Hence, PDKs became potential thera-
peutic targets for HFD-induced NAFLD and metabolic comorbidities
such as glucose intolerance (Go et al., 2016).

Most molecular studies linking HFD to disturbances in pyruvate
metabolism and NAFLD have been carried out in mice models bearing
alleles with the spontaneous mutation in the nicotinamide nucleotide
transhydrogenase (Nnt) from the C57BL/6J strain (NntC57BL/ 6J) (Go
et al., 2016; Hwang et al., 2009; Tso et al., 2014; Wu et al., 2018), which
results in the absence of both NAD(P)™ transhydrogenase (NNT) activity
and mature protein expression in tissues from these mice. NNT is a main
source of NADPH in liver mitochondria (Mailloux, 2018; Ronchi et al.,
2016), which is required for several reductive processes, including
peroxide removal (Agledal et al., 2010; Francisco et al., 2021). Mice
devoid of functional NNT (Nnt/~) are particularly prone to
HFD-induced NAFLD and redox abnormalities (Fisher-Wellman et al.,
2016; Francisco et al., 2018; Navarro et al., 2017; Vercesi et al., 2018).
We recently demonstrated that the inhibitory phosphorylation of PDH in
HFD-fed Nnt~/~ mice was associated with a slower removal of peroxide
by isolated liver mitochondria, compared with Nnt wild-type mice
(Nnt™*) maintained on an HFD when pyruvate was the carbon source
for Krebs cycle (Navarro et al., 2017). Interestingly, the in vitro
co-incubation of Nnt™/~ liver mitochondria with sodium dichloroacetate
(DCA), a pan-PDK inhibitor, promptly restored the peroxide removal
ability to the levels of the genotype-matched chow-fed group (Navarro
et al., 2017).

Because redox imbalance has been implicated in the pathophysi-
ology of NAFLD (Mantena et al., 2008; Navarro et al., 2017; Spahis et al.,
2016; Vercesi et al.,, 2018), impairment of mitochondrial peroxide
metabolism due to PDH inhibition could play a role in the aggravation of
HFD-induced NAFLD in mice lacking functional NNT. With that in mind,
we investigated whether the DCA-driven PDH reactivation in HFD-fed
Nnt ™/~ mice prevents the development of NASH and redox imbalance.
The influence of the Nnt genotype on the effects of DCA was also
assessed.

2. Material and methods
2.1. Reagents

ADP (catalog number A2754), glucose (#16301), 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES; #H3375), L-malic acid
(#M6413), oligomycin (#04876), protease inhibitor cocktail (#P8340),
pyruvic acid sodium salt (#P4552), DCA (#347795), tert-butyl hydro-
peroxide (t-BOOH, #458139), Trizma base (#T1503), Tween 20
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(#P1379) and most other chemicals were obtained from Merck (St.
Louis, USA). The mouse polyclonal antibody to PDHE1lx (#110330, lot
GR200453-8) and rabbit polyclonal antibody to Ela subunit of PDH
(PDHE1a) phosphorylated at serine 293 (pPDHEla (S293); #177461,
lot GR196570-1) were purchased from Abcam (Cambridge, MA, USA).
The HRP-conjugated secondary antibodies were rabbit anti-mouse
(#554002) from BD Biosciences (San Diego, USA) and goat anti-rabbit
(#7074) from Cell Signaling (Beverly, USA). Stock solutions of mito-
chondrial respiratory substrates were prepared in 20 mM HEPES buffer
with the pH adjusted to 7.2 using KOH.

2.2. Animals and in vivo treatments

Congenic mice homozygously bearing the wild-type Nnt allele
(C57BL/6JUnib Nnt'*) or the Nnt®7B/8) mutated allele (C57BL/
6JUnib Nnt~/~) were provided by the Multidisciplinary Center for Bio-
logical Research in Laboratory Animals (CEMIB/Unicamp, Campinas,
Brazil). One-month-old male mice of both genotypes were assigned by
block randomization to two groups fed either a standard diet (chow, 3.9
kecal/g, 5% fat, 12% of total calories from fat) from Nuvital (Nuvilab
CR1, Nuvital, Colombo, PR, Brazil) or an HFD (5.3 kcal/g, ~60% of total
calories from fat) from PragSolucoes (Hyperlipidic diet, PragSolugoes
Biociéncias, Jaud, SP, Brazil). Mice were maintained under standard
laboratory conditions (22-24 °C, 12 h/12 h light/dark cycle) and fed on
a standard chow diet or HFD for 20 weeks. In the last 12 weeks of
treatment, groups were subdivided to receive DCA (1 g/L, ~80 mg/kg/
day, based on a 40-g mouse) or NaCl (0.387 g/L) in their drinking water.
Concentration, dose, and route of DCA administration were based on
previous studies on murine models (Andreassen et al., 2001; Bian et al.,
2009; Lingohr et al., 2001). The final samples sizes of each experimental
group were: Nnt™* Chow - DCA = 6; Nnt™/* Chow + DCA = 6; Nnt™/*
HFD - DCA = 8; Nnt*/* HFD + DCA = 7; Nnt~/~ Chow - DCA = 7; Nnt /"~
Chow + DCA = 4; Nnt ™/~ HFD - DCA = 8; Nnt~/~ HFD -+ DCA = 8. Fluid
and food consumption were monitored, and animals were weighed
weekly for the study duration. At the end of treatments, mice were
subjected to a glucose tolerance test (GTT) and euthanized by cervical
dislocation for liver removal. Livers were then processed for both his-
tological evaluation and mitochondrial isolation.

The local Committee for Ethics in Animal Research approved the use
of mice and experimental protocols (CEUA-UNICAMP, protocol number
5506-1/2020). The animal procedures complied with national Brazilian
guideline number 13 for “Control in Animal Experiments,” published on
September 13th, 2013 (code 00012013092600005, available at
<http://portal.in.gov.br/verificacao-autenticidade>).

2.3. Glucose tolerance test (GTT)

After 12 h of fasting, mice received 1.5 g/kg body weight of glucose
solution by oral gavage. Blood samples were taken from the tip of the tail
to determine blood glucose before (0 min) and after the glucose
administration (15, 30, 60, 90, and 120 min). The glucose response to
GTT was compared among groups considering each time of the curve.

2.4. Liver histology

Approximately 3-mm fragments of the two largest liver lobules were
cut and processed for hematoxylin plus eosin staining as previously
described (Navarro et al., 2017). Stained sections were
blinded-evaluated under an optical microscope (Nikon Eclipse 80i).
NAFLD was scored according to the NAFLD activity score (Kleiner et al.,
2005), where scores ranging from 0 to 3 were assigned to ballooning (a
grade of 3 was assigned when associated with Mallory’s hyaline),
microvesicular and macrovesicular steatosis, acinar inflammation and
portal inflammation. The sum of these grades provides an overall NAFLD
activity score (Kleiner et al., 2005).
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2.5. Triglyceride content

The triglyceride content in the liver was measured by a commercial
enzymatic-colorimetric kit (Roche-Hitachi Germany) as described pre-
viously (Navarro et al., 2017).

2.6. Mitochondrial isolation and redox state of mitochondrial
nicotinamide nucleotides (NAD(P))

Mitochondria were isolated by homogenization of liver tissue fol-
lowed by differential centrifugation of the homogenate, as previously
described (Navarro et al., 2017). The redox state of mitochondrial NAD
(P) was monitored in a spectrofluorometer (Hitachi F-4500, Tokyo,
Japan) using excitation and emission wavelengths of 366 and 450 nm,
respectively. Mitochondria were suspended at 0.5 mg/mL in 2 mL of
reaction medium (125 mM sucrose, 65 mM KCl, 2 mM KH3PO4, 1 mM
MgCly, 300 pM EGTA, and 10 mM HEPES buffer, pH 7.2) supplemented
with malate (2.5 mM) plus pyruvate (5 mM) as respiratory substrates.
The mitochondrial peroxide-metabolizing system supported by NADPH
was challenged with exogenous tert-butyl hydroperoxide (t-BOOH, 15
pM). This organic peroxide is exclusively metabolized via glutathione
reductase/glutathione peroxidase and thioredoxin reductase/peroxir-
edoxin systems at the expense of NADPH (Ronchi et al., 2016).

2.7. PDH expression and phosphorylation state

Isolated mitochondria were suspended in a medium containing
phosphatase and protease inhibitors (150 mM NaCl, 1 mM EGTA, 1 mM
Na3VOy4, 1 mM NaF, 1% Tween 20, 1% protease inhibitor cocktail, and
50 mM Tris, pH 7.4) and diluted in standard Laemmli buffer (1:1).
Western blot and immunodetection were performed according to Nav-
arro et al. (2017). Briefly, the samples were electrophoresed (50 pg of
protein per lane) using 8% SDS-PAGE. The resolved proteins were
transferred to nitrocellulose membrane (0.45 pm, Bio-Rad, Hercules,
CA) for 90 min at 120 V. The membranes were first reversibly stained by
Ponceau and photographed as a protein loading control. After removing
the Ponceau staining, the membranes were blocked with 5% dried milk.
Immunodetection was carried out using polyclonal antibodies against
PDHEla (1:1000) or pPDHEla (S293) (1:1000) and corresponding
secondary antibodies (1:10000). Detection was performed using an
enhanced chemiluminescence reagent (SuperSignal West Pico, Thermo
Fisher, Waltham, MA, USA), and the luminescence signals were deter-
mined in a digital instrument (UVITEC, Cambridge, UK).

2.8. Statistical analyses

The results are representative traces, individual values, and mean +
standard deviation. The quantitative data were analyzed using Prism 6
software (GraphPad Software Inc.). Two-way ANOVA followed by
Bonferroni as a post-hoc test was used to test differences between groups
for most data, except for non-parametric data were evaluated using the
Mann-Whitney test. The minimum significance level was set at p < 0.05.

3. Results

3.1. Mass of food intake and volume of fluid consumption in mice were
affected by diet, but not by Nnt genotype or DCA treatment

The mass of food intake and volume of fluid consumption were
evaluated weekly in the different experimental groups of Nnt™* (Sup-
plementary Table S1) and Nnt™/~ (Supplementary Table S2) mice. No
difference in fluid consumption and mass of food intake were observed
over 12 weeks in mice receiving or not DCA in either chow or HFD.
Additionally, HFD was a factor that significantly decreased food intake
and fluid consumption in Nnt™/* (p < 0.0001 and p < 0.01, respectively)

and Nnt™/~ mice (p < 0.0001 and p < 0.001, respectively).

European Journal of Pharmacology 917 (2022) 174750

3.2. In vivo treatment with DCA fully recovers the ability of liver
mitochondria from HFD-fed Nnt~/~ mice to metabolize peroxide

Fig. 1A shows typical traces of the redox state of NAD(P) monitored
in a spectrofluorometer during the metabolism of t-BOOH by isolated
liver mitochondria from different experimental groups. Only the NAD(P)
in the reduced state emits an endogenous fluorescence signal. During the
metabolism of t-BOOH, glutathione reductase/glutathione peroxidase
and thioredoxin reductase/peroxiredoxin detoxification systems oxidize
NADPH, causing a drop in fluorescence. After all added t-BOOH is
metabolized, fluorescence returns to basal levels because the reduced
state of NAD(P) is restored (Ronchi et al., 2013). Isolated liver mito-
chondria from chow or HFD-fed Nnt*/* mice respiring on pyruvate plus
malate show transient oxidation of matrix NAD(P)H after a bolus
addition of the organic peroxide t-BOOH (Fig. 1A, left quadrants). No
difference was observed in peroxide metabolism due to diet or DCA
treatment in mitochondria from Nnt™/* mice (Fig. 1B).

As previously demonstrated (Ronchi et al., 2016), liver mitochondria
from Nnt~/~ mice metabolize peroxide slowly than those from Nnt™*
mice, even under a standard chow diet (Fig. 1A, upper quadrants). In
Nnt™/~ mice, the flux of pyruvate-derived carbons through
NADPH-dependent isocitrate dehydrogenase (IDH2) is the main source
of NADPH required for mitochondrial t-BOOH metabolism via the
glutathione- and thioredoxin-dependent systems (Ronchi et al., 2016).
This implies that PDH regulation could impact mitochondrial peroxide
metabolism in Nnt™/~ mice, which we previously demonstrated to occur
when these mice are fed an HFD (Navarro et al., 2017). The results in
Fig. 1A (right quadrants) and 1C show that isolated liver mitochondria
from HFD-fed Nnt/~ have a compromised ability to metabolize
t-BOOH. Indeed, the time required to recover the reduced state of NAD
(P) after adding t-BOOH to mitochondria from HFD-fed Nnt™/~ mice was
two-fold longer when compared to the chow diet-fed group. Notably, in
vivo treatment with the PDH activator DCA recovered the ability of
HFD-fed Nnt~/~ mice mitochondria to metabolize t-BOOH.

3.3. DCA treatment reduces body mass gain and improves glucose
tolerance in HFD-fed Nnt~/~ mice

The results in Fig. 2A and B shows that 20 weeks of HFD led to a
higher body mass in Nnt'/* (44.7 + 2.5 g) and Nnt/~ (43.4 + 4.9 2)
mice when compared with the respective control mice on chow diet
(31.3 £ 2.6 gand 29.2 £ 1.5 g). Under DCA treatment, the Nnt~/~ mice
from the HFD group showed a significantly lower body mass gain (38.6
+ 5.6 g, p = 0.008). The DCA treatment did not affect the mass gain of
mice fed on a chow diet or Nnt™/* mice on an HFD.

Oral GTT assessed glucose tolerance. No significant difference in
glucose response was observed in Nnt™ " mice regardless of diet or DCA
treatment (Fig. 2C). On the other hand, HFD-fed Nnt~/~ mice showed
higher resting and greater excursions of blood glucose levels when
compared to the chow diet (Fig. 2D). Point-by-point comparison of GTT
curves revealed that at 120 min the DCA treatment significantly
decreased glycemia in HFD-fed Nnt™/~ mice (165.9 + 16.4 mg/dL vs.
208.0 + 40.4 mg/dL, p = 0.01).

3.4. DCA prevents aggravation of NAFLD and reduces the mass and
content of hepatic triglycerides in HFD-fed Nnt~/~ mice

Figs. 3 and 4 respectively show representative microphotographs of
livers sections and hepatic abnormalities scores from experimental
groups of Nnt™/* mice. Under HFD, the liver of Nnt™/* mice presented
increased mass and triglyceride content (Tables 1 and 2, respectively)
accompanied by morphological changes characteristic of steatosis
(Fig. 3), which were characterized by moderate alterations in all histo-
pathological parameters analyzed (Fig. 4A-E). As a result, the NAFLD
activity score (median + interquartile range, 3 + 2.5) indicated that
HFD-fed Nnt™" mice developed simple steatosis (Fig. 4F) (Kleiner et al.,
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2005). 3.5. DCA treatment decreased the level of pPDHE1a (5293) in HFD-fed

In line with our previous results (Navarro et al., 2017), in addition to
the highest liver mass and triglyceride content (Tables 1 and 2,
respectively), Nnt/~ mice on an HFD exhibited an aggravated form of
NAFLD (Fig. 5), showing an increased frequency of microvesicular
steatosis and higher grades of acinar and portal inflammation
(Fig. 6A-E), thereby exhibiting scores indicative of NASH (median +
interquartile range, 7 + 3.25) (Fig. 6F).

In Nnt™" mice, DCA treatment did not significantly change liver
mass and hepatic triglycerides content regardless of diet (Tables 1 and
2). However, in histopathological analysis, livers from DCA-treated
chow-fed Nnt*/* mice showed increased hepatocyte ballooning, lead-
ing to a significant increase in the NAFLD activity score in this group
(Figs. 3 and 4A). DCA treatment also increased hepatocyte ballooning in
chow-fed Nnt~/~ mice (Figs. 5 and 6A). Notably, DCA treatment in HFD-
fed Nnt~/~ mice resulted in lower liver mass and hepatic triglyceride
content than vehicle-treated genotype-matched controls (Tables 1 and
2). Moreover, DCA treatment in HFD-fed Nnt™/~ mice significantly
prevented microvesicular steatosis and acinar/portal inflammation
(Fig. 6B, D, E, and Supplementary Fig. S1), resulting in a significantly
lower grade of NAFLD activity score (Fig. 6F).

Nnt™'~ mice

Previous data demonstrated that the impaired mitochondrial
peroxide removal in HFD-fed Nnt~/~ mice are related to PDH inhibition
due to phosphorylation of its subunits (Navarro et al., 2017). Here,
levels of both total PDHEla and pPDHEla (S293) were assessed by
western blotting in Nnt"/* and Nnt~/~ mouse liver samples (Fig. 7). The
expression levels of total PDHE1a were not changed by diet, treatment,
or Nnt genotype (Fig. 7A and C). In contrast, the levels of pPDHEl«x
(S293) increased in HFD-fed Nnt /'~ mice (Fig. 7C). Indeed, the ratio of
pPDHElwx (S293) to total PDHEla demonstrated PDH was relatively
more phosphorylated in HFD-fed Nnt ™/~ mice than in other groups
(Fig. 7B and D). Thus, DCA treatment restored the levels of pPDHE1«x
(S293) in Nnt™/~ HFD-fed mice. The levels of pPDHEla (S293) in
chow-fed Nnt~/~ or Nnt*/* mice on both diets remained unchanged by
DCA treatment.

4. Discussion

HFD promotes NAFLD by a mechanism that involves liver mito-
chondrial dysfunctions and oxidative stress. These impairments are
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Fig. 2. - DCA treatment reduces body mass gain in
Nnt~/~ mice under an HFD and improves its late blood
glucose levels in glucose tolerance test (GTT). Body
mass changes in Nnt™/* (A) and Nnt~/~ (B) mice over
20 weeks on chow or HFD. Mice subgroups were
treated or not with DCA in the last 12 weeks as indi-
cated. The glycemic response to the GTT in Nnt™* (C)
and Nnt ™/~ (D) mice were evaluated at the end of the
treatments. N = 4-8. *p < 0.05 vs. diet-matched mice
at the respective time-points. #p < 0.05, “HFD - DCA”
vs. “Chow - DCA” group at the respective time-points.
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Fig. 3. - Representative liver sections stained with hematoxylin and eosin from
chow and HFD-fed Nnt™/* mice. Mice subgroups were treated or not with DCA
during the last 12 weeks as indicated. Scale bars: 50 pm. N = 6-8.

associated with lower ATP synthesis, increased inflammatory response,
lower expression of AMP-activated protein kinase, and downregulation
of the transcriptional coactivator peroxisome proliferator-activated

receptor a (PPAR-a) (Echeverria et al., 2019; Ortiz et al., 2020; Videla
and Valenzuela, 2021). Inhibition of mitochondrial pyruvate oxidation
via PDH seems to be a replicable phenomenon following acute and
chronic exposure to HFD (Alves et al., 2011; Go et al., 2016; Hwang
et al., 2009; Navarro et al., 2017; Schummer et al., 2008; Tso et al.,
2014; Wu et al., 2018). The downstream consequences of PDH inhibition
are not fully understood; however, studies on mice have indicated that
NAFLD and the abnormal metabolism of carbohydrate, fatty acid, and
ketone bodies may be ameliorated when PDH activity is experimentally
maintained or reestablished during conditions of dietary fat overload
(Go et al., 2016; Hwang et al., 2009; Tso et al., 2014; Wu et al., 2018;
Zhang et al., 2018). Significantly, most of what we know from these
fundamental studies rely on experiments with mice models (e.g.,
C57BL/6J) that lack NNT activity due to a spontaneous Nnt mutation.
We have previously demonstrated that another consequence of the
HFD-induced PDH inhibition is a decreased rate of NADPH-dependent
peroxide removal by isolated liver mitochondria from Nnt™/~ mice
when energy metabolism is sustained by pyruvate, which favors
oxidative imbalance in this condition (Navarro et al., 2017).

Because oxidative imbalance is implicated in the pathogenesis of
NAFLD and Nnt/~ mice develop aggravated forms of NAFLD when on
an HFD (Navarro et al., 2017), we hypothesized that reactivation of PDH
via the administration of DCA would result in both improved liver
mitochondrial peroxide removal and attenuation of NAFLD in those
mice. DCA is a pharmacological tool previously used to reactivate PDH
in humans and experimental models (James et al., 2017). Here, the oral
administration of DCA in the drinking water reactivated liver PDH in
HFD-fed Nnt™/~ mice, as evidenced by the reduction of
pPDHElo/PDHEl« ratio in these animals (Fig. 7). Significantly, DCA
treatment restored pyruvate-supported peroxide removal by liver
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Table 1
Liver mass (g) in Nnt™/* and Nnt~/~ mice.
Nnt"/* Nnt ™/~
-DCA +DCA -DCA +DCA
Chow 1.5+0.2 1.6 £0.3 1.7 £ 0.1 1.7+0.1
HFD 2.0 +£0.3° 1.9+ 0.4 2.4+ 1.0 1.8 +0.1°
@ p < 0.01 vs genotype and diet-matched mice.
Y p < 0.05 vs. mice on chow diet of same genotype and treatment. ;
¢ p < 0.001 vs. mice on chow diet of same genotype and treatment. _8
Table 2
Hepatic triglycerides content (mg/g) in Nnt*/* and Nnt™/~ mice.
Nnt™/* Nnt™/~
-DCA +DCA -DCA +DCA
Chow 6.8 +£5.7 6.9 +5.1 16.6 £ 5.6 17.3 £ 6.5 E
HFD 22.9 +18.1° 26.8 + 10.9" 105.8 + 24.8° 29.4 +18.9° T

@ p < 0.001 vs. genotype and diet-matched mice.
b p < 0.05 vs. mice on chow diet of same genotype and treatment.
¢ p < 0.001 vs. mice on chow diet of same genotype and treatment.

mitochondria to the genotype-control levels (Fig. 1). It is worth noting
that in the absence of NADPH supply via NNT, pyruvate oxidative
decarboxylation through PDH comprises a pathway providing isocitrate
for IDH2, a concurrent source of mitochondrial NADPH.

Over the last decade, PDK2 or PDK4 knockout mice have been used
as a model to demonstrate that metabolic diseases following HFD can be
attenuated when PDH activity is preserved (Go et al., 2016; Hwang
et al., 2009; Wu et al., 2018). While several novel PDK inhibitors have
been tested, DCA is the prototypical pan-PDK inhibitor. DCA is a small
hydrophilic compound that enters cells, and gains access to PDK within
the mitochondrial matrix via membrane transporters such as mono-
carboxylate transporter 4 and sodium-coupled monocarboxylate trans-
porter 1 (Babu et al., 2011; Jackson and Halestrap, 1996). By inhibiting
PDK, DCA prevents the phosphorylation of PDHE1la and thus maintains

Fig. 5. - Representative liver sections stained with hematoxylin and eosin from
chow and HFD-fed Nnt™'~ mice. Mice subgroups were treated or not with DCA
during the last 12 weeks as indicated. Scale bars: 50 pm. N = 4-8.

this enzyme in its active form (Rardin et al., 2009). In previous studies,
DCA was promising for treating or alleviating impairments related to
glucose oxidation, such as the dysregulated hepatocyte metabolism and
mitochondrial dysfunction that occur in sepsis (Mainali et al., 2021),
and it was proposed to treat human congenital lactic acidosis (James
etal., 2017; Naveen Mangal et al., 2018). Antitumor effects of DCA have
also been explored (Do Nascimento et al., 2021; Pajuelo-Reguera et al.,
2015; Su and Lin, 2021).

Improvements in many metabolic indexes, including glucose
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Fig. 6. DCA treatment prevents the progression of hepatic alterations related to non-alcoholic steatohepatitis (NASH) in Nnt ™/~

mice fed an HFD. (A-E) Hepatic

abnormalities scores in Nnt ™/~ mice fed a chow diet or HFD and treated (+DCA) or non-treated (-DCA) with DCA. Scores were graded according to Kleiner et al.
(Kleiner et al., 2005). Individual scores from 0 to 3 were attributed to each hepatic alteration related to NAFLD. (F) NAFLD activity score was obtained from the sum
of the scores presented in panels A-E. The higher is the NAFLD activity score, the worse the abnormality is. Only diet-matched mice groups were compared for
statistical purposes, and actual p-values lower than 0.05 (*) are reported. N = 4-8.

tolerance and hepatic lipid content, have been recently described
following intraperitoneal administration of HFD-fed mice with DCA or
its functional analog PS10 (Wu et al., 2018). However, that study did not
evaluate the DCA effect on NAFLD or mitochondrial function. Moreover,
the treatment with diisopropylamine dichloroacetate, a derivative of
DCA, exerted beneficial effects on NAFLD patients (Lun-gen et al., 2005;
Yan et al., 2013). In line with these findings, the oral DCA treatment
improved several endpoints evaluated in HFD-fed Nnt~/~ mice, such as
body and liver mass, the content of hepatic triglycerides, glucose
tolerance, and it prevented the aggravation of NAFLD (Figs. 2, 5 and 6,
Tables 1 and 2).

Despite these beneficial effects observed in HFD-fed mice, DCA
caused hepatocyte ballooning in the chow-fed groups (Figs. 3-6), which
occurred in the absence of other hepatic abnormalities related to NAFLD
and regardless of Nnt genotype. Ballooning injury is one of the histo-
logical hallmarks of NASH, and its formation may be mediated by
glucose intolerance (Kakisaka et al., 2021). However, its occurrence in
chow-fed mice in the absence of an increase in liver content of hepatic
triglycerides draws attention to the possible toxic effects of DCA. It has
been suggested that hepatocyte ballooning formation reflects alterations
in the plasma membrane permeability and cytoskeletal derangements

(Denk et al., 2019). Moreover, it can be associated with impaired cell
death pathways (Suzuki et al., 2016). Ballooning has also been observed
in the hepatic damage caused by xenobiotics, such as ethanol, CCl4, and
NaF (Avasarala et al., 2006; Bouaziz et al., 2006; Noyan et al., 2006;
Okino et al., 1991). It is worth noting that although DCA was delivered
at ~70% lower daily dose when compared to a previous study (Wu et al.,
2018), route of administration (oral via drinking water vs. intraperito-
neal injections) and longer duration of treatment (twelve vs. two weeks)
may have favored the development of ballooning as DCA side effect.
Considering that proper dosing of DCA in chronic treatment is
complicated because this compound inhibits its hepatic metabolism via
cytosolic glutathione transferase (James and Stacpoole, 2016), DCA side
effects such as hepatic toxicity could indeed arise. Hepatic toxicity of
DCA is less studied than its peripheral nerve toxicity (James and Stac-
poole, 2016; Stacpoole et al., 2019), but hepatomegaly has been re-
ported in mice and dogs in response to the highest studied doses
(Cicmanec et al., 1991; Hassoun et al., 2010). Despite the efficacy of
DCA in reactivating pyruvate oxidative decarboxylation via PDH in
various experimental settings (Stacpoole et al., 2019), further studies
seem to be required for the understanding of how dose, route of
administration, treatment length, age, and liver function may interact to
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Fig. 7. DCA treatment reestablishes the level of PDHEla phosphorylation at serine293 (S293) in liver mitochondria from Nnt~~ mice fed an HFD. Relative levels of
total PDHE1o and phosphorylated PDHE1a ((pPDHE1a (5293)) by SDS-PAGE/Western blot in liver mitochondria samples (50 pg) from Nnt™" (A) and Nnt~/~ mice
(C), calculated as the optical density of the bands normalized by the optical density of their respective loading controls (Supplementary Figs. S2 and S3). The ratios
between the levels of pPDHE1« (S293) and PDHE1a in panels B and D represent the PDH phosphorylation state in Nnt™ " and Nnt '~ mice, respectively. N = 4-8. *p

< 0.01.

generate side effects that outweigh the beneficial metabolic effects of
DCA treatment on PDH activation.

We conclude that a moderate dose and long-term DCA treatment
improved HFD-induced NAFLD in mice bearing the Nnt mutated alleles
from the widely used C57BL/6J strain. Under these conditions, despite
the efficacy of DCA in reactivating liver mitochondria pyruvate-

supported peroxide removal and preventing NAFLD progression, the
increased ballooning score in chow-fed mice treated with DCA draws
attention to possible side effects of this drug that may be independent of
its effects on PDH activity.
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