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Abstract

Though mitochondrial oxidant stress plays a critical role in the progression of acetaminophen
(APAP) overdose-induced liver damage, the influence of mitochondrial bioenergetics on this is not
well characterized. This is important, since lifestyle and diet alter hepatic mitochondrial
bioenergetics and an understanding of its effects on APAP-induced liver injury is clinically
relevant. Pyruvate dehydrogenase (PDH) is critical to mitochondrial bioenergetics, since it controls
the rate of generation of reducing equivalents driving respiration, and pyruvate dehydrogenase
kinase 4 (PDK4) regulates (inhibits) PDH by phosphorylation. We examined APAP-induced liver
injury in PDK4-deficient (PDK4~/") mice, which would have constitutively active PDH and hence
elevated flux through the mitochondrial electron transport chain. PDK4~/~ mice showed significant
protection against APAP-induced liver injury when compared to wild type (WT) mice as measured
by ALT levels and histology. Deficiency of PDK4 did not alter APAP metabolism, with similar
APAP-adduct levels in PDK4~/~ and WT mice, and no difference in JNK activation and
translocation to mitochondria. However, subsequent amplification of mitochondrial dysfunction
with release of mitochondrial AIF, peroxynitrite formation and DNA fragmentation were
prevented. Interestingly, APAP induced a rapid decline in UCP2 protein levels in PDK4-deficient
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mice. These data suggest that adaptive changes in mitochondrial bioenergetics induced by
enhanced respiratory chain flux in PDK4~/~ mice render them highly efficient in handling APAP-
induced oxidant stress, probably through modulation of UCP2 levels. Further investigation of
these specific adaptive mechanisms would provide better insight into the control exerted by
mitochondrial bioenergetics on cellular responses to an APAP overdose.
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INTRODUCTION

Acetaminophen (APAP) overdose is the most common cause of acute liver failure in the
United States (Lee, 2012) and the role of mitochondrial oxidant stress in the process has
been extensively characterized (Du et al., 2016). APAP-induced hepatotoxicity is initiated by
cytochrome P450 catalyzed formation of a reactive metabolite N-acetyl-p-benzoquinone
imine (NAPQI), which depletes hepatic glutathione stores and forms APAP-protein adducts,
especially on mitochondrial proteins (McGill and Jaeschke, 2013). Activation of a mitogen
activated protein kinase (MAPK) cascade with c-Jun N-terminal kinase (JNK) translocation
to mitochondria and amplification of the mitochondrial oxidant stress triggers the
progression of the cellular stress ultimately leading to hepatocyte necrosis (Hanawa et al.,
2008; Saito et al., 2010a). The importance of mitochondrial dysfunction and reactive
oxygen/peroxynitrite formation in mediating APAP-induced liver injury is illustrated by the
protection offered by mitochondria-targeted superoxide dismutase (SOD) mimetics such as
Mito-TEMPO (Du et al., 2017, 2019) and the exacerbation of injury in mice deficient in
mitochondrial SOD2 (Fujimoto et al., 2009; Ramachandran et al., 2011). Mitochondrial
metabolism is tightly linked to generation of reactive oxygen species and oxidative stress,
and we have demonstrated earlier that some of the benefit of Atacetylcysteine (NAC), the
approved antidote for APAP overdose, is due to its contribution towards maintaining
mitochondrial energy metabolism (Saito et al., 2010c). However, the contribution of
mitochondrial bioenergetics towards mediating APAP-induced liver injury is not well
characterized.

Pyruvate dehydrogenase kinase 4 (PDK4) is a regulatory enzyme controlling activity of the
pyruvate dehydrogenase complex (PDC), which converts pyruvate into acetyl-CoA for use in
the mitochondrial Krebs cycle (Woolbright et al., 2019; Zhang et al., 2014). Due to its
central role in mitochondrial energy production, the PDC is under tight regulatory control
from several signals, including phosphorylation by PDK4, which inhibits the enzyme
(Jeoung et al. 2006). PDK4-deficiency has been shown to influence metabolism, lowering
blood glucose and improving glucose tolerance and insulin sensitivity in mice with diet-
induced obesity (Jeoung and Harris, 2008). PDK4-deficiency also inhibited the rate of fatty
acid oxidation in the liver and decreased ATP levels in hepatocytes (Park et al., 2018). In
addition, knock-down of PDK4 in hepatoma cell lines enhanced ROS formation, reduced
cellular GSH and triggered sustained JNK activation, which induced apoptosis (Wu et al.,
2018). Furthermore, PDK4-deficient mice were more susceptible to Fas- and TNF-induced
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hepatocellular apoptosis (Wu et al., 2018). Thus, deficiency of PDK4 and the accompanying
upregulation of PDC significantly alters mitochondrial metabolism and is capable of
elevating ROS production in hepatocytes. From the clinical standpoint, changes in lipid and
glucose metabolism have been shown to influence PDK4 expression levels (Sugden &
Holness, 2006), which are highly induced in obesity and non-alcoholic fatty liver disease
(Zhang et al., 2018) leading to PDK4 being a potential target for therapy for non-alcoholic
fatty liver disease (Breher-Esch et al., 2018). Obesity and nonalcoholic fatty liver disease
may also increase the risk of APAP hepatotoxicity due to changes in cytochrome P450
activity and cellular bioenergetics (Michaut et al., 2014; Allard et al., 2019). In fact, baseline
expression of PDK4 mRNA is higher in steatotic ob/ob mice and shows a significantly
higher response to APAP exposure (Aubert et al., 2012). Hence, evaluating the effect of a
deficiency in PDK4 in APAP hepatotoxicity may have clinical relevance, especially in the
context of patients with obesity or NASH. To evaluate the consequences of these
mitochondrial changes on the response to an APAP overdose, the current study evaluated
APAP-hepatotoxicity in mice lacking PDK4. Based on the known effect that lack of PDK4
fully activates the PDC, which may lead to increased mitochondrial ROS formation, we
hypothesized that PDK4-deficiency would make mice more susceptible to APAP-induced
liver injury since mitochondrial ROS as well as activation of JNK play critical roles in the
pathophysiology.

MATERIALS AND METHODS

Animals

Male and female wildtype C57BL/6J mice (Stock # 000664; Jackson Laboratories, Bar
Harbor, Maine), and female and male PDK4~/~ mice (C57BL/6J background) were bred in
the KUMC animal facility. The animals were 8-10 weeks of age. Experimental protocols
were approved by the local Institutional Animal Care and Use Committee before the onset of
experimentation. All animals were fasted overnight. Female C57BL/6J and PDK4~~ mice
were treated with 600 mg/kg APAP diluted in warm saline via an i.p. injection due to their
reduced susceptibility to APAP (Du et al., 2014). Male mice were treated with 300 mg/kg.
At the indicated time points, groups of mice were sacrificed under isofluorane anesthesia via
cervical dislocation and exsanguination. Heparinized blood was collected and centrifuged at
14,000 x g for 3 minutes to collect plasma. Livers were resected and pieces were snap frozen
in liquid nitrogen or stored in 4% paraformaldehyde for 24 hours for histology.

In vitro experiments

Primary mouse hepatocytes were isolated as previously described (Bajt et al., 2004). After a
short incubation period to allow attachment to the culture dish, the cells were washed and
treated with 5mM APAP dissolved in the culture medium, the cells were harvested at 0, 3 or
6 h post-APAP.

Biochemical Measurements

Plasma alanine aminotransferase (ALT) activities were measured via the Point Scientific
ALT test (Point Scientific Inc., Canton, MI) per the manufacturer’s instruction. Lactate
dehydrogenase activity (LDH) was measured as previously described (Bajt et al., 2004). The
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JC-1 assay was performed using a kit, according to the manufacturer’s instructions (Cell
Technology, Fremont, CA). Total glutathione or glutathione disulfide (GSSG) were
measured with a modified Tietze assay as previously described (Jaeschke and Mitchell,
1990). MitoSOX fluorescence in mouse primary hepatocytes was measured as described
(Johnson-Cadwell et al., 2007). Briefly, mouse primary hepatocytes were treated with
MitoSOX Red (Invitrogen) and fluorescence was read at 510/580 nm for 30 min (excitation/
emission). Hepatic APAP-protein adducts were measured as described previously (Muldrew
et al. 2002) with modifications as described (McGill et al., 2012).

Histology and immunohistochemistry

Tissue was fixed and embedded in paraffin. Hematoxylin and eosin (H&E) staining was
performed for evaluation of the area of necrosis as described (Gujral et al., 2002). TUNEL
staining was performed for evaluation of nuclear DNA damage per the manufacturer’s
instructions (Roche Diagnostics, Basel, Switzerland). Nitrotyrosine staining was performed
to assess nitrotyrosine (NT) protein adducts as described (Knight et al. 2002), using the
Dako LSAB peroxidase kit (Dako, Carpinteria, CA) and a rabbit polyclonal anti-
nitrotyrosine antibody (Life Technologies, Grand Island, NY; Cat. # A-21285).

Western Blotting

Snap frozen tissue was homogenized in a CHAPSs containing protein buffer and total protein
was measured using the BCA assay (Pierce Scientific, Waltham, MA). Gel electrophoresis
was carried out on protein lysates from individual samples, which were then transferred to a
nitrocellulose blot. Densitometry was performed to quantitatively assess differences using
Image J software. In brief, densitometry was performed serially on blots and normalized to
the loading control B-actin or porin. Antibodies to total INK (catalogue #9252), phospho-
JNK (# 9251), B-actin (#4970), AIF (#5318), UCP2 (#89326S) were purchased from Cell
Signaling Technologies (Danvers, MA). The antibodies against cyp2E1 (ab28146) and porin
(#14734) were purchased from Abcam (Cambridge, UK).

Real-time PCR for mRNA quantification

MRNA expression of several genes was performed by real-time PCR (RT-PCR) analysis.
cDNA was generated by reverse transcription of total RNA by M-MLYV reverse transcriptase
with random primers (Invitrogen, Carlsbad, CA). Forward and reverse primers for the genes
were designed using Primer Express software (Applied Biosystems, Foster City, CA), and
sequences were as follows: GAPDH, GTATGACTCCACTCACGGCAAA (forward),
GGTCTCGCTCCTGGAAGATG (Reverse); GCLC, ATCTGCAAAGGCGGCAAC
(forward), ACTCCTCTGCAGCTGGCTC (Reverse); HO-1,
CCTCACTGGCAGGAAATCATC (forward), CCTCGTGGAGACGCTTTACATA
(Reverse), MT-1, GCTGGGTTGGTCCGATACTATT (forward),
AATGTGCCCAGGGCTGTGT (Reverse); GCLM, AGCCAATCTGGAAGGAGATGCAGT
(forward), TTCTGCAGGGTCGTTATGGGTCAA (Reverse) After normalization of cDNA
concentration, SYBR green PCR Master Mix (Applied Biosystems) was used for analysis.
The relative differences in expression between groups were expressed using cycle time (Ct)
values generated by the ABI 7900 instrument (Applied Biosystems). All genes evaluated
were first normalized to GAPDH and then expressed as fold increase relative to control
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(arbitrarily set as 1.0). Calculations are made by assuming one cycle is equivalent to a two-
fold difference in copy number which is the 2”(-ddCt) formula.

Seahorse mitochondrial stress test

Statistics

RESULTS

Oxygen consumption rate (OCR) was measured on a Seahorse XF243 extracellular flux
analyzer (Agilent) according to manufacturer protocol for mitochondrial stress testing.
Briefly, 1x104 cells/well were seeded on a Seahorse XF24 Cell Culture Microplate (Agilent)
in primary mouse culture medium overnight; before running the assay, medium was changed
to fresh pre-warmed mitochondrial stress test medium (XF Base Medium [Agilent], 1mM
sodium pyruvate [Fisher], 10mM glucose [Sigma-Aldrich]) and cell were incubated at 37 °C
in a non-CO2 incubator for 1h. Mitochondrial stress test reagents (Agilent) were diluted in
mitochondrial stress test medium and loaded into individual ports of a Seahorse XF24
Sensor Cartridge (Agilent) that had been hydrated in Seahorse XF Calibrant Solution
(Agilent) overnight at 37 °C. Final concentrations of stress test reagents were as follows: 8
UM oligomycin, 2.7 pM FCCP, 10 uM antimycin/rotenone. OCR was recorded and
calculated for baseline respiration and maximal respiration, reserve respiration and proton
leak. Measurement of total protein was also carried out subsequent to recording of the OCR
and confirmed to be similar in all treatment conditions.

Data are expressed as means + SE. Comparison between two groups were performed with
Student’s t-test. Comparisons between multiple groups were performed using one-way
ANOVA followed by Student-Neuman-Keuls post hoc test for multiple groups. p<0.05 was
considered significant.

Increased mitochondrial respiration in PDK4-deficient mice

To confirm the effect of PDK4 deficiency on mitochondrial bioenergetics in C57BI/6J mice,
initial experiments evaluated mitochondrial respiration in primary mouse hepatocytes
isolated from both wild type (WT) and PDK4-deficient (PDK4~/~) mice. Hepatocytes from
mice lacking PDK4 showed an increase in basal, maximal and reserve respiration without
significant change in proton leak (Figure 1). This result would be expected with
constitutively active PD activity due to loss of inhibition by PDK4. Examination of efficacy
of oxidative phosphorylation by expressing proton leak as a percentage of basal respiration
showed no significant difference between genotypes (Supplementary Fig 1A). The presence
of APAP also did not significantly affect parameters of proton leak, coupling efficiency, or
non-mitochondrial respiration (Supplementary Fig. 1B-D). To determine if deficiency of
PDK4 also influenced anaerobic respiration through glycolysis, liver lactate levels were
measured in both WT and PDK4~/- mice. No significant difference in lactate levels was
evident between the phenotypes (Supplementary Fig. 1E) suggesting that PDK4 deficiency
predominantly affects aerobic respiration.
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Protection of PDK4-deficient mice against APAP hepatotoxicity

The next series of experiments examined the effect of PDK4 deficiency on APAP-induced
hepatotoxicity, where female mice were administered 600 mg/kg of APAP and sacrificed 2,
6 and 24 h later. APAP administration progressively increased liver injury as indicated by
ALT release with maximal injury by 24 h after APAP (Figure 2A). Surprisingly, PDKA4-
deficient mice showed robust protection against APAP-induced hepatotoxicity at 6 and 24 h
(Figure 2A). Similarly, the more sensitive male mice showed severe injury 6 h after 300
mg/kg APAP (Figure 2B); the increase in plasma ALT activities was reduced by >95% in
male PDK4~/~ mice (Figure 2B) The plasma ALT data of the female mice were corroborated
by histology (Figure 3). H&E-stained liver sections showed extensive centrilobular necrosis
in WT mice by 6 h and necrosis with hemorrhage at 24 h, which was substantially attenuated
in PDK4-deficient mice (Figure 3). In addition to necrosis, DNA strand breaks as indicated
by the TUNEL assay are a hallmark of APAP-induced liver injury (Gujral et al., 2002). A
time-dependent increase of DNA damage was observed 6 and 24 h after APAP treatment in
WT animals (Figure 4). Like the areas of necrosis, DNA damage was absent in PDK4~/~
mice compared to WT animals at 6 h and was significantly reduced at 24 h (Figure 4).
Furthermore, male mice deficient in PDK4 were also protected against APAP hepatotoxicity
as seen by the dramatically reduced areas of necrosis in H&E stained tissue sections (Figure
5A) and reduced TUNEL staining (Figure 5B). Together these data indicate that in contrast
to our hypothesis, male and female PDK4~/~ mice were protected against APAP-induced
hepatotoxicity. Thus, deficiency of PDK4 enhances liver mitochondrial respiratory rates as
expected following unfettered PD activity, but paradoxically provides significant protection
against APAP-induced hepatotoxicity.

Effect of PDK4 deficiency on APAP metabolism

To better understand the mechanisms behind this protection, we evaluated if PDK4
deficiency affected the oxidative APAP metabolism in these mice. Hence, we measured
cyp2EL1 protein levels and APAP protein adducts. Although PDK4-deficient mice had
slightly higher expression of cyp2E1 protein levels at baseline, these levels were unchanged
after APAP unlike WT mice, which show elevation after APAP at both 2 and 6 h (Figure
6A). In addition, both WT and PDK4~/~ had the same levels of APAP protein adducts at
both time points (Figure 6D). These results indicate that PDK4 deficiency did not influence
the oxidative metabolism of APAP, suggesting that the protective mechanism was
downstream of adduct formation.

JNK activation and mitochondrial dysfunction in PDK4-deficient mice

APAP-adduct formation, especially in mitochondria, leads to the subsequent activation of
the MAP kinase JNK and its translocation to the mitochondria from the cytosol, which then
amplifies the mitochondrial oxidant stress, resulting in mitochondrial dysfunction and
release of intermembrane proteins (Ramachandran and Jaeschke, 2019). Examination of
these steps in the pathophysiology showed that both WT and PDK4~/~ mice developed
similar JNK activation in the cytosol and translocation to the mitochondria (Figure 7A).
Interestingly, however, significant protection was evident against mitochondrial dysfunction
since the AIF release observed in WT animals at 24 h was prevented in PDK4-deficient mice

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

Page 7

(Figure 7B). Measurement of hepatic GSH levels indicated a similar depletion at 2 and 6 h
in WT and PDK4 ™/~ mice. However, there was a full recovery of the GSH content to
baseline levels in PDK4-deficient mice at 24 h but only a partial recovery in WT animals
(Figure 8A). GSSG levels, a measure of oxidant stress, were undetectable at 2 and 6 h after
APAP most likely due to the low GSH levels. However, at 24 h, GSSG levels in WT animals
increased significantly compared to PDK4~/~ mice (Figure 8B). The resulting GSSG-to-
GSH ratio was 1.50 + 0.52 in WT and 0.23 + 0.01 in PDK4~/~ mice (P<0.05) consistent with
an oxidant stress in WT animals, which was largely prevented in PDK4-deficient mice. It is
established that peroxynitrite is a critical mediator of mitochondrial dysfunction after APAP
overdose (Cover et al., 2005). Because formation of nitrotyrosine adducts is an indicator of
peroxynitrite, liver sections were stained for nitrotyrosine adducts. APAP triggered extensive
nitrotyrosine staining at 6 h, which was prevented in livers of PDK4~~ mice (Figure 8C).
Together, these data indicate that the JNK-induced amplification of mitochondrial oxidant
stress and peroxynitrite formation and the mitochondrial dysfunction after APAP is
significantly blunted in the PDK4~/~ mice.

Alternate mechanisms of protection against APAP hepatotoxicity

Previous studies have shown that induction of proteins such as metallothionein (MT) (Liu et
al., 1999; Saito et al., 2010b) or heme oxygenase-1 (HO-1) (Chiu et al., 2002; Farombi and
Surh, 2006) can reduce liver injury after APAP overdose. Assessment of MT-1 and HO-1
showed substantial induction of mMRNAs of both proteins after APAP treatment (Figure
9A,B). However, the induction of these genes was substantially higher in WT animals
compared to the PDK4~/~ mice making it unlikely that these proteins could explain the
lower susceptibility of the PDK4-deficient animals (Figure 9A,B). Although the recovery of
hepatic GSH levels due to the induction of the rate-limiting enzyme of GSH synthesis, the
catalytic (gclc) as well as the modifier (gcIm) subunits of glutamate-cysteine ligase, limits
the severity of the injury (Du et al., 2014), there was a higher induction of gclc in WT
animals (Figure 9C) and similarly reduced mRNA levels of gclm in WT and PDK4~/~
animals (Figure 9D). In addition, expression of the mitochondrial anti-oxidant enzyme
MnSOD was also not altered (data not shown).

Another approach to decrease oxidative stress within mitochondria could be by upregulation
of the uncoupling protein UCP2, which has been shown to be protective against APAP-
induced hepatotoxicity (Patterson et al., 2012). Surprisingly, while UCP2 protein expression
in control PDK4-deficient mice were like WT mice, APAP administration resulted in a
significant decrease in UCP2 protein expression in PDK4-deficient mice within 2 hours
when compared to WT mice (Figure 9E). Together, these data indicate that enhanced
induction of proteins known to attenuate APAP hepatotoxicity could not explain the different
susceptibility of WT and PDK4~/~ mice and suggests an alternate mechanism.

Oxidant stress and cell death in PDK4-deficient hepatocytes

To further explore mitochondrial mechanisms of protection against APAP-induced liver
injury in PDK4-deficient mice, experiments examining mitochondrial membrane potential
and superoxide production was then carried out in primary hepatocytes exposed to APAP /in
vitro. Exposure of WT hepatocytes to 5 mM APAP resulted in significant cell death as
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indicated by the release of LDH by 3 and 6 h after exposure, which was significantly blunted
in hepatocytes from PDK4-deficient mice at both time points (Figure 10A). This protection
against cell death was accompanied by a delay in loss of mitochondrial membrane potential
assessed by the JC-1 assay. The collapse of the membrane potential was rapid in WT
hepatocytes, but significantly slower in PDK4-deficient hepatocytes (Fig 10B). Finally, as a
direct measure of mitochondrial superoxide production, MitoSOX fluorescence was
examined in both WT and PDK4™/~ hepatocytes after APAP treatment. A significant
elevation in mitochondrial superoxide production was evident by 6 h after APAP treatment
in WT hepatocytes, which was attenuated in PDK4-deficient hepatocytes indicating that
metabolic adaptation in these mice prevents induction of superoxide production in response
to an APAP overdose (Figure 10C).

DISCUSSION

The objective of the current study was to evaluate the effect of altered mitochondrial
bioenergetics on APAP toxicity. The expectation with using PDK4-deficient mice towards
this was that the loss of PDK4 triggers substantial increases in PDC activities (Woolbright et
al., 2019; Zhang et al., 2014), which should result in increased basal and maximal
mitochondrial respiration in hepatocytes. We confirmed these results in untreated animals. A
further expectation was that the increased electron flux through the electron transport chain
would enhance the mitochondrial oxidant stress (Wu et al., 2018) and thus aggravate APAP-
induced liver injury, which is critically dependent on this mitochondrial oxidant stress and
peroxynitrite formation (Du et al., 2016). However, in contrast to our hypothesis, both male
and female PDK4-deficient mice showed a substantial resistance to APAP hepatotoxicity
compared to WT animals. Surprisingly, this was attributable to reductions in mitochondrial
oxidative stress, such as reduced peroxynitrite formation, without alterations in many of the
associated upstream mechanisms such as activation of JNK.

To investigate the mechanism of protection against APAP-induced liver injury in PDK4-
deficient mice, we first evaluated whether these animals may have reduced metabolic
activation of APAP. However, there was no significant difference in baseline levels of
cyp2E1 protein expression and the hepatic GSH content between the PDK4~/~ and WT
animals; in addition, the early GSH depletion after APAP treatment was similar. Importantly,
protein adduct levels of APAP were not different between WT and PDK4-deficient mice.
These data strongly suggest that formation of the reactive metabolite NAPQI was very
similar in the PDK4~/~ and the WT mice and this initiating event in the toxicity could not
explain the differences in cell death at 6 or 24 h.

JNK activation in the cytosol and the translocation of phospho-JNK to the mitochondria is
the next step that amplifies the initial oxidant stress in mitochondria caused by protein
adduct formation (Hanawa et al., 2008; Saito et al., 2010a). Comparison of JNK activation
and its mitochondrial translocation at 2 h after APAP confirmed the activation and
translocation of INK after APAP exposure but did not reveal any differences between WT
and PDK4~"~ mice. However, the mitochondrial release of AIF, which together with
endonuclease G translocate to the nucleus and cause DNA fragmentation after APAP
overdose (Bajt et al., 2006, 2011), showed clear differences. The presence of cytosolic AlF
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in WT animals supports the conclusion that there was substantial mitochondrial dysfunction
in WT but not in PDK4~/~ mice. This was confirmed by the reduced nuclear DNA
fragmentation as indicated by the TUNEL assay. Furthermore, the dramatically reduced
nitrotyrosine staining and the low GSSG-to-GSH ratio in PDK4-deficient mice implies a
lack of amplification of mitochondrial oxidant stress in these animals compared to WT mice.
Together these data indicate that the protection in PDK4~/~ mice is related to prevention of
the INK-induced amplification mechanism of mitochondrial dysfunction and oxidant stress
without preventing JNK activation and translocation.

The question remains how the absence of PDK4 prevents a mitochondrial oxidant stress
despite the presence of all upstream events such as protein adduct formation, JNK activation
and mitochondrial INK translocation? Therefore, we assessed the expression of several
known protective genes in this model. Metallothionein (MT) is a protein high in cysteing,
which was shown to protect against APAP toxicity (Liu et al., 1999; Saito et al., 2010b). The
mechanism of protection involves the scavenging of excess NAPQI not detoxified by GSH
(Saito et al., 2010b). As such it acts upstream of mitochondria and prevents the
mitochondrial oxidant stress (Saito et al., 2010b) but would also inhibit JINK activation.
However, MT mRNA levels were induced more in WT animals than in PDK4~/~ mice
making it unlikely that MT induction could explain the protection of PDK4~/~ mice.
Although the reduced liver injury after APAP overdose caused by increased HO-1 gene
expression is related to the generation of antioxidants including biliverdin and bilirubin
(Chiu et al., 2002), the higher induction of HO-1 mRNA in WT animals correlates with the
higher injury in these animals. There was also no relevant difference in the induction of the
modifier (gcIm) and the catalytic (gclc) subunit of glutamate-cysteine ligase, suggesting that
the higher levels of hepatic GSH in the PDK4-deficient mice reflect the improved GSH
synthesis capacity in less damaged tissue.

We finally turned our attention to UCP2, which is an inducible protein that uncouples the
electron transport chain from ATP synthesis (Sluse et al., 2006). Adenoviral overexpression
of UCP2 attenuated the oxidant stress in mitochondria and significantly protected against
APAP hepatotoxicity (Patterson et al., 2012). In addition, UCP2 overexpression attenuated
JNK activation (Patterson et al., 2012). Although UCP2 protein expression was similar in
control WT and PDK4~/~ mice, UCP2 levels declined significantly within 2 hours of APAP
administration only in PDK4-deficient animals, despite there being no change in proton leak
or coupling efficiency after APAP. There is precedence for this, since it has been
demonstrated that loss of UCP2 can attenuate mitochondrial dysfunction without altering
uncoupling activity (Kukat et al, 2014). In addition, JNK activation, which is dependent on
the initial oxidant stress due to protein adduct formation in mitochondria, was not prevented.
This makes it unlikely that a general uncoupling effect of UCP2 protein expression could
have been the reason for the protection.

In the context of APAP-induced mitochondrial superoxide production after mitochondrial
JNK translocation, it has been shown that P-JNK translocation and binding to the outer
mitochondrial membrane protein Sab leads to Src homology 2 domain-containing tyrosine
phosphatase 1 (SHP1)-mediated inactivation of Src, which impairs mitochondrial electron
transport and induces ROS production (Win et al., 2011, 2016). Interestingly, /n vivo
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silencing of UCP2 was shown to cause a decrease in SHP1 activity (Basu Ball et al., 2011),
which would prevent Src inactivation and eliminate the amplification of the mitochondrial
oxidant stress (Win et al., 2016). Mitochondrial UCP-2 can be rapidly degraded by the
ubiquitin-proteasome system (Azzu and Brand, 2010), resulting in an extremely short half-
life of about 30 min (Rousset et al., 2007). Thus, it is feasible that the early cellular stress
induced by APAP metabolism specifically in PDK4-deficient mice, which are prone to
enhanced oxidant stress in the mitochondria due to the maximal activation of the PDC,
triggers an adaptive response with down-regulation of UCP2 and inactivation of Src
resulting in the selective inhibition of the late mitochondrial oxidant stress under the control
of INK. Based on our findings, more detailed studies into the stress-induced regulation of
UCP2 expression and how this translates into an uncoupling-independent modulation of the
mitochondrial oxidant stress are warranted.

In summary, our findings show a pronounced protective effect of PDK4-deficient mice
against APAP hepatotoxicity due to the inhibition of the mitochondrial oxidant stress and
peroxynitrite formation. The protection was not caused by inhibition of the oxidative
metabolism of APAP or the induction of adaptive genes such as metallothionein, heme
oxygenase-1 or UCP2. In contrast, the protection correlated with down-regulation of UCP2
protein expression, which has the potential to inhibit the amplification of the mitochondrial
oxidant stress through inhibition of SHP1-mediated inactivation of Src. Hence, genetic
deficiency of PDK4 induces significant adaptive changes in mitochondrial metabolism in
response to APAP, including changes in proteins such as UCP2, which render the mice
highly resistant to oxidative stress induced by APAP administration and hence provide
protection against liver injury. These data also re-iterate the importance of mitochondrial
bioenergetics in modulating APAP-induced hepatotoxicity and highlight the fact that the
mechanisms of early mitochondrial free radical generation responsible for the initial
activation of MAP kinases such as JNK are distinct from the subsequent Sab-SHP1-Src
mediated amplification of mitochondrial oxidative stress and dysfunction.
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GSSG glutathione disulfide
HO-1 heme oxygenase-1
JNK c-Jun N-terminal kinase
LDH lactate dehydrogenase
MAPK mitogen activated protein kinase
MT metallothionein
NAC N-acetylcysteine
NAPQI N-acetyl-p-benzoquinone imine
OCR oXxygen consumption rate
PDC pyruvate dehydrogenase complex
PDK4 pyruvate dehydrogenase kinase 4
SHP1 Src homology 2 domain-containing tyrosine phosphatase 1
SOD superoxide dismutase
TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling assay
UCP2 uncoupling protein 2
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HIGHLIGHTS
. PDK4-deficient mice were protected against acetaminophen hepatotoxicity
. The protection did not involve inhibition of drug metabolism or INK
activation
. PDK4-deficient mice showed less mitochondrial oxidant stress and
dysfunction
. Early mitochondrial oxidant stress is distinct from late amplification

mechanisms
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Figure 1:
PIgK4‘/‘ primary mice hepatocytes have higher respiration rates. Primary hepatocytes were
isolated from female wild type and PDK4 ™/~ mice, OCR was recorded by a Seahorse XF3
flux analyzer (n=4). (A) OCR recording at baseline and subsequent to treatment with 8 uM
oligomycin, 2.7 yM FCCP, and a 10 uM rotenone and antimycin mixture. (B) Basal
respiration, (C) Maximal respiration, (D) Reserve respiration and (E) proton leak were
calculated. All experiments were repeated four times, and data represent means + SE of n =
4. *p < 0.05 (compared with C57BL/6J controls, t = 0).
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Figure 2:
PDK4 deficiency protected mice against APAP hepatotoxicity. (A) Female wild type and

PDK4~/- mice were treated with 600 mg/kg APAP and plasma ALT activities were
measured at Oh, 2h, 6h and 24h post APAP. (B) Male wild type and PDK4~/~ mice were
treated with 300 mg/kg APAP and plasma ALT activities were measured. Data represent
means + SE of n = 4-6 animals per time point. *p < 0.05 (compared to controls, t = 0). #p <
0.05 (compared to the respective APAP group).
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Figure 3:
Histological assessment of APAP-induced liver injury in female mice (600 mg/kg). Liver

sections of female wild type and PDK4~/~ mice were stained with H&E; representative liver
sections are shown (x 50 magnification).
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Figure 4:
DNA fragmentation after APAP overdose (600 mg/kg). Liver sections of female wild type

and PDK4~/~ mice were stained with the TUNEL assay; representative liver sections are
shown (x 50 magnification).
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Figure 5:
Liver injury and DNA fragmentation after 300 mg/kg APAP in male mice. Liver sections of

male wildtype and PDK4~/~ mice were stained with H&E (A) and the TUNEL assay (B);
representative liver sections are shown (x 50 magnification).
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Figure 6:
PDK4 deficiency did not affect APAP metabolism. Female wild type and PDK4~/- mice

were treated with 600 mg/kg APAP or saline (control). Liver tissues were obtained from
controls and 2 and 6 h post APAP. (A) Liver homogenates were subjected to western blotting
for cyp2E1 and beta-actin. Densitometry was performed on the 2 h (B) and 6 h (C) samples
and the cyp2E1-to-beta actin ratios were calculated. (D) APAP—cysteine adducts were
measured by HPLC-ED in liver homogenate at 2 and 6 h post-APAP. Data represent means
+ SE of n = 4-6 animals per group. *p < 0.05 (compared to controls, t = 0). #p < 0.05
(compared to the respective APAP group).
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Figure 7:
JNK phosphorylation in liver cytosolic and mitochondrial fractions after APAP. Female wild

type and PDK4~/~ mice were treated with 600 mg/kg APAP or saline (control) and liver
tissues were obtained from controls and 2 h post APAP. (A) Cytosolic and mitochondrial
fractions were subjected to Western blotting for total INK and phospho-JNK. (B)
Mitochondrial release of apoptosis-inducing factor (AIF) at 24 h after APAP. Samples from
3-4 animals per treatment group were analyzed.
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Figure 8:
PDK4-deficient mice have less oxidant stress after APAP. Wild type and PDK4~/~ mice were

treated with 600 mg/kg APAP or saline as control. (A) Total GSH was measured in liver
homogenate at of controls and 2, 6 and 24 h post-APAP. (B) GSSG content in liver
homogenate. (C) Nitrotyrosine staining of representative liver sections (x 50 magnification).
Data represent means + SE of n = 4-6 animals per group. *p < 0.05 (compared to controls, t
=0). #p < 0.05 (compared to the respective APAP group).
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Figure 9:

Induction of protective genes after APAP. The mRNA levels of known protective genes and
UCP?2 protein expression was assessed in female wild type and PDK4~/~ mice treated with
600 mg/kg APAP or saline as control. Liver tissues were obtained 2, 6 and 24 h post APAP.
(A) Metallothionein-1 (MT-1) mRNA levels relative to controls. (B) Heme oxygenase-1
(HO-1) mRNA levels relative to controls. (C) GCLC and (D) GCLM mRNA levels relative
to controls. (E) Liver UCP2 and porin protein expressing levels were detected by western
blotting. Densitometry was performed to calculate the UCP2-to-Porin ratio. Data represent
means + SE of n = 4-6 animals per group. *p < 0.05 (compared to controls, t = 0). #p < 0.05
(compared to the respective APAP group).
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Figure 10:
Effect of APAP on mitochondrial viability in hepatocytes from wild type and PDK4~/~ mice.

Primary hepatocytes isolated from female wild type and PDK4~/~ mice were treated with
medium containing 5mM APAP or control medium. (A) Cell death, as indicated by the
percentage of lactate dehydrogenase (LDH) released into the culture media, was assessed in
untreated cells and at 3 and 6 h after APAP. (B) The mitochondrial membrane potential, as
indicated by the red/green fluorescence ratio, was determined with the JC-1 assay at 0, 3 and
6 h after 5mM APAP. (C) MitoSOX fluorescence. Data represent means + SE of n =4
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different cell isolations. *p < 0.05 (compared to controls, t = 0). #p < 0.05 (compared to the
respective APAP group).
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