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Abstract

Mitochondrial biogenesis (MB) is an adaptive response to maintain metabolic homeostasis after
mitochondrial dysfunction. Induction of MB during APAP hepatotoxicity has not been studied. To
investigate this, mice were treated with toxic doses of APAP and euthanized between 0 and 96h.
At early time points, APAP caused both mitochondrial dysfunction and reduction of mitochondrial
mass, indicated by reduced activity of electron transport chain (ETC) complexes | and IV and
depletion of mitochondrial DNA (mtDNA), respectively. Both ETC activity and mtDNA gradually
recovered after 12 h, suggesting that MB occurs at late time points after APAP overdose.
Immunofluorescent staining of mitochondria with mitochondrial outer membrane protein Tom20
further demonstrated that MB occurs selectively in hepatocytes surrounding necrotic areas. MB
signaling mediators including PPARy co-activator 1-a (Pgc-1a), nuclear respiratory factor-1
(Nrf-1) and mitochondrial fission protein dynamin-related protein-1 (Drp-1) were induced. Pgc-1a
was selectively increased in hepatocytes surrounding necrotic areas. In addition, the time course of
MB induction coincides with increased liver regeneration. Post-treatment with the known MB
inducer SRT1720 increased Pgc-1a expression and liver regeneration, resulting in protection
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against late liver injury after APAP overdose. Thus, induction of MB is an important feature
during APAP hepatotoxicity and liver regeneration.

Acetaminophen; hepatotoxicity; mitochondria biogenesis; regeneration; PPARy coactivator 1-a;

1. INTRODUCTION

Acetaminophen (APAP)-induced liver injury is the leading cause of acute liver failure in the
United States and many other Western countries (Lee, 2008). Numerous studies have
established the critical role of mitochondria in the initiation and progression of APAP
hepatotoxicity in both mice and humans (Placke et al., 1987; Meyers et al., 1988; Jaeschke,
1990; Kon et al., 2004; LoGuidice and Boelsterli, 2011; Ramachandran et al., 2011; McGill
etal., 2012a; 2014; Du et al., 2017). There is considerable evidence that the reactive
metabolite of APAP binds to mitochondrial proteins (Tirmenstein and Nelson, 1989; McGill
etal., 2012b; Xie et al., 2014, 2015) leading to altered mitochondrial morphology (Placke et
al., 1987), inhibition of mitochondrial respiration (Meyers et al., 1988), mitochondrial
oxidative stress and peroxynitrite formation (Jaeschke, 1990; Cover et al., 2005), loss of
mitochondrial membrane potential (Kon et al., 2004; McGill et al., 2011 ; Xie et al., 2014)
and release of mitochondrial proteins into the cytosol and plasma (Bajt et al., 2006; McGill
et al., 2012a; 2014). In addition, several interventions aimed at preventing or reducing
mitochondrial dysfunction have been shown to protect against APAP-induced liver injury,
including post-treatment with the antidote GSH or N-acetylcysteine (NAC) (James et al.,
2003; Knight et al., 2002; Saito et al., 2010) or SOD-mimetic Mito-Tempo (Du et al., 2017)
to scavenge ROS, inhibition of the mitochondrial membrane permeability transition (MPT)
(Kon et al., 2004; Ramachandran et al., 2011) and activation of autophagy to remove
damaged mitochondria (Ni et al., 2012).

Mitochondrial biogenesis (MB) is the growth and division of existing mitochondria,
resulting in increased mitochondrial mass within cells. The primary purpose of MB is to
maintain or restore energy homeostasis during energy deprivation or following a
mitochondrial insult. Several signaling mediators control this process, but PPARy co-
activator-la (Pgc-1a) is thought to be the master regulator (Scarpulla, 2008). Although
Pgc-1a itself does not bind to DNA, it interacts with other transcription factors in the
nucleus to induce expression of genes that are important for MB (Scarpulla, 2008). In
particular, induction of nuclear respiratory factor (Nrf) 1 by Pgc-1a controls the coordinate
expression of other genes involved in MB in the nucleus and the mitochondria, especially
those encoding subunits of the electron transport chain (ETC) complexes (Baker et al., 2007;
Scarpulla, 2008). Importantly, Pgc-1a itself can be activated by the AMP-activated protein
kinase (Ampk) and Sirtuin-1 (Sirt-1). It is also important to note that mitochondrial
dynamics, involving mitochondrial fission and fusion are also carefully coordinated in order
to ensure proper organization of the mitochondrial network (Chan, 2006a,b). In some cases,
MB may determine whether a cell survives or dies (Jornayvaz et al., 2010; Scarpulla, 2008),
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and in fact, impairment of MB is thought to contribute to several forms of tissue injury. In
the liver, there is some evidence that the stress caused by chronic ethanol feeding can induce
MB (Han et al., 2012), though it is not yet clear what role this plays in alcohol-induced liver
injury. In extrahepatic tissues, kidney cells treated with pro-oxidants showed increased MB
after the initial stress, and overexpressing Pgc-1a enhanced recovery of mitochondrial
function (Rasbach et al., 2007). Pharmacological induction of MB enhances regeneration
and recovery in various rodent models of acute kidney injury (Rehman et al., 2013; Whitaker
et al., 2013; Funk and Schnellmann, 2013; Jesinkey et al., 2014; Garrett et al., 2014; Khader
et al., 2014) as well as other models of tissue injury (Finck and Kelly, 2007; St-Pierre et al.,
2005; Funk et al., 2010).

Since mitochondrial dysfunction is a key factor in APAP-induced liver injury (Jaeschke et
al., 2012), we hypothesized that MB could be affecting APAP hepatotoxicity. Therefore, the
major objective of the present study was to characterize the time course of MB following
APAP overdose and to determine whether or not induction of MB could be beneficial during
APAP hepatotoxicity.

2. METHODS

2.1. Animals

Male C57BL/6J mice (8-12 weeks old) were purchased from Jackson Laboratories (Bar
Harbor, ME) and kept in an environmentally controlled room with a 12 h light/dark cycle
and ad libitum access to food (LabDiet® PicoLab® Rodent Diet 20, #5053 Purina, Missouri,
USA) and water. Mice were i.p. treated with 200 or 300 mg/kg APAP (Sigma-Aldrich)
dissolved in warm saline after overnight fasting, and euthanized at the indicated time points
between 0 and 96h after APAP injection for collection of blood and liver samples. SRT1720
(EMD Millipore) was dissolved in 10% DMSO plus 2% Tween 20 and was i.p. administered
at either 1.5h or 12h and 36h post-APAP. All vehicle control mice received the same volume
of DMSO (1 mL/kg) and Tween 20 (0.2 mL/kg). Blood was drawn from the caudal vena
cava using a heparinized syringe. The liver was divided into several pieces some of which
were used for mitochondrial isolation (Du et al., 2015), others for embedding in OCT
medium for immunofluorescent staining or fixing in 10% phosphate-buffered formalin for
histological analysis. The remaining pieces were snap-frozen in liquid nitrogen and stored at
—-80°C for later analyses. All experimental protocols were approved by the Institutional
Animal Care and Use Committee of the University Kansas Medical Center and followed the
criteria of the National Research Council for the care and use of laboratory animals.

2.2. Biochemical assays

Plasma ALT activity was determined using an ALT kit (Pointe Scientific, MI). Hepatic
mitochondria were isolated, and submitochondrial particles were prepared by two cycles of
freezing/thawing. Mitochondrial respiratory complex | & IV enzyme activity was assayed as
described (Larosche et al. 2007; Kwong and Sohal, 2000). For complex | activity, the
reaction mixture contained 25mM potassium phosphate buffer (pH 7.4), 5 mM MgCly, 2mM
KCN, 2.5 mg bovine serum albumin, 100mM NADH, 100mM ubiquinone, and 2mg
antimycin. The reaction was initiated by addition of submitochondrial particles (20 -50mg
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of protein), and complex | activity measured by following the decrease in absorbance due to
oxidation of NADH to NAD at 340 for 2 min. Complex | activity was then calculated as the
difference between the total enzymatic rates and that obtained with the addition of rotenone
(5mg). For complex 1V enzyme activity, the assay mixture had 10 mM potassium phosphate
and 15 mM ferrocytochrome c, to which submitochondrial sample (1-5mg protein) was
added and the decrease in absorbance due to the oxidation of ferrocytochrome c followed at
550nm for 30s. Complex IV activity was then calculated from the initial rate. GSH and
GSSG levels were measured using a modified method of the Tietze assay as described
(McGill and Jaeschke, 2015).

2.3. mtDNA levels

mtDNA was measured as previously described (Cover et al., 2005). Briefly, total hepatic
DNA was isolated with Genomic-tip 100/G columns (QIAGEN GmbH, Hilden, Germany)
then blotted onto Hybond-N nylon membranes (GE Healthcare). Membranes were first
hybridized with a 10.9-kilobase mtDNA probe (nucleotides 4964 —15,896) generated by
long PCR and labeled by random priming, then stripped and hybridized with a mouse Cot-1
nDNA probe (Invitrogen, Cergy Pontoise, France). The levels were determined by
densitometry analysis of autoradiographs and normalized to nuclear DNA levels.

2.4. Histology

Formalin-fixed tissue samples were embedded in paraffin and 5 um thick sections were cut
and transferred to glass slides. The slides were then stained with hematoxylin and eosin
(H&E) for evaluation of tissue necrosis. Necrosis was quantified by a pathologist (A.F.) who
was blinded to the sample identities. Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay was performed for assessment of DNA strand breaks with
the In Situ Cell Death Detection Kit, AP (Roche Diagnostics, Indianapolis, IN) following
manufacturer’s instructions. Sections were also stained for proliferating cell nuclear antigen
(PCNA) using a rabbit polyclonal anti-PCNA antibody, according to the manufacturer’s
instructions (Santa Cruz Biotechnology, Dallas, TX). Immunofluorescence staining was
performed with OCT-embedded tissue. Cryosections were cut 6 um thick and fixed with 5%
paraformaldehyde for 10 mins. After washing with 100D7 PBS, tissues were blocked with
5% normal goat serum followed by overnight incubation with the rabbit anti-Tom20
antibody (1:250 dilution) (sc11415 Santa Cruz, Dallas, TX) or anti-Pgc-1a antibody (1:250
dilution) (PA5-38021, Pierce, Rockford, IL). The secondary antibody was Alexa Fluor 594-
conjugated goat anti-rabbit antibody (A11037, Life Technologies, Eugene, OR). Nuclei were
stained with DAPI containing mounting medium (Life Technologies) when placing
coverslips, and images were obtained using a Zeiss Axiovert inverted fluorescence
microscope (Carl Zeiss AG, Jena, Germany).

2.5. Western blotting

Western blotting was performed as previously described (Bajt et al., 2000). The primary
antibodies used in this study were cyclin D1 (sc717), PCNA (sc7907) and Nrf-1 (sc33771)
from Santa Cruz Biotechnology (Dallas, TX); phosphorylated-Ampk (#2535), Drp-1
(#8570) and beta-actin (#4970) from Cell Signaling Technology (Danvers, MA); the Pgc-1la
(PA5-38021) antibody was purchased from Pierce (Rockford, IL). The Mitoprofile Total
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Oxphos Rodent WB antibody cocktail (Cat#ab110413) was from Abcam. Horseradish
peroxidase-coupled anti-mouse or anti-rabbit 1gG was used as the secondary antibody.
Proteins were visualized by enhanced chemiluminescence (Amersham Biosciences Inc.,
Piscataway, NJ).

2.6. Statistics

All data were expressed as mean = SEM. For two groups with normally distributed data, the
Student’s t-test was used. For comparison of more than two groups, statistical significance
was evaluated by one-way analysis of variance (ANOVA) followed by Student-Newman-
Keuls test for multiple comparisons. For non-normally distributed data, ANOVA was
performed on ranks, followed by Dunn’s multiple comparisons. P<0.05 was considered
significant.

3. RESULTS

3.1. Induction of mitochondrial biogenesis during APAP hepatotoxicity

To investigate the time course of mitochondrial biogenesis following APAP overdose,
C57BL/6J mice were treated with 200 or 300 mg/kg APAP and sacrificed at multiple time
points between 0 and 96h post-APAP. Two doses of APAP were chosen to provide a range of
injury, since the activation of recovery processes such as mitochondrial biogenesis, are
typically commensurate with initial liver injury. The 300mg/kg dose typically replicates an
APAP overdose and produced significant liver injury, which peaked at 12h (Figure 1), and
then began to normalize, as indicated by plasma ALT and centrilobular necrosis in H&E-
stained liver sections (Fig. LA—C). The 200mg/kg dose produced still substantial liver injury
as seen by plasma ALT release and extent of centrilobular necrosis (Fig 1A&B). Consistent
with mitochondrial dysfunction, activities of the ETC complexes | and IV were dose-
dependently impaired by more than 50% (300 mg/kg dose) at 24h post-APAP compared to
baseline for the 300mg/kg dose, slightly less impairment with the 200mg/kg dose (Fig.
2A,B). mtDNA levels in the liver also decreased during this time (Fig. 2C,D). Interestingly,
however, both ETC activity and mtDNA increased after 24h, and were mostly restored by
72h (Fig. 2). It is interesting to note that despite the 2—3 fold difference in liver injury
between the two doses (Figure 1 A & B) decrease in respiratory complex activity as well as
rate of recovery is not very different between the doses (Figure 2 A & B). This suggests that
the magnitude of injury at 200mg/kg APAP is sufficient to cause maximal induction of
mitochondrial biogenesis, suggesting a threshold response for this phenomenon. All these
data suggest that APAP overdose induces MB in mouse livers at later time points after
injury.

3.2. Mitochondrial biogenesis occurs selectively in hepatocytes surrounding necrotic

areas

To localize the area of MB in liver tissues after APAP overdose, mitochondria were stained
with Tom20, the central component of the TOM (translocase of outer membrane) receptor
complex. Consistent with the time course of ETC activity and mtDNA content, Tom20
staining began to increase in a subset of hepatocytes a few cells away from the necrotic area
boundary by 24h post-APAP (Fig. 3D, arrows). By 48h after APAP, intense Tom20 staining
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was evident exclusively in hepatocytes surrounding necrotic areas (Fig. 3E&F).
Interestingly, we also noticed a less-stained zonal area sandwiched between the necrotic area
and healthy hepatocytes at 12h (Fig. 3C), in which the hepatocytes might be in severe stress,
with excessive mitophagy taking place to remove damaged mitochondrial, thus decreasing
the amount of mitochondria in those hepatocytes.

3.3. Mitochondrial biogenesis signaling during APAP hepatotoxicity

To further investigate signaling events involved in MB after APAP-induced liver injury, we
performed immunoblotting for several major MB signaling mediators. Pgc-1a is considered
the master regulator of MB and activates the transcription factors that coordinate the
expression of nuclear and mitochondrial genes necessary for MB, particularly for expression
of ETC subunits (Baker et al., 2007; Scarpulla, 2008). Pgc-1a can itself be activated by
Ampk. Phosphorylation of Ampk was observed as early as 6 h after APAP treatment and this
was sustained until at least 48 h (Fig. 4A). Though expression of Pgc-1a was diminished
during early liver injury, protein levels were restored at 24h and appeared to increase at 48h
(Fig. 4A). Nrf-1, which is important for Pgc-1a function and helps to coordinate the
expression of MB genes (Scarpulla, 2012), also showed increased expression (Fig. 4A).
These changes were accompanied by a dramatic induction of the mitochondrial fission
protein Drp-1 (Fig. 4A), suggesting not only growth of existing mitochondria but also
division to form new healthy mitochondria. To examine areas of induction of biogenesis
signaling within the liver, sections were stained for the central regulator Pgc-1a.. We found
that Pgc-1a was evenly expressed in hepatocytes in all areas of the liver in control mice
(Fig. 4B). However, at 48h after APAP treatment, Pgc-la expression was exclusively
increased in hepatocytes surrounding necrotic areas (Fig. 4B). In addition, Pgc-1a staining
colocalized with the nucleus in these areas (Fig. 4C). Together with the selective increase in
staining of Tom20 in Figure 3, these data suggested that Pgc-1a translocated to the nucleus
and activated MB in hepatocytes surrounding necrotic areas.

3.4. Induction of mitochondrial biogenesis protects against APAP hepatotoxicity

Stimulation of MB through Pgc-1a signaling has been reported to rescue mitochondrial
function and improve outcome in several pathologies, including cardiovascular diseases,
nephrotoxicity, neurodegenerative diseases and also chronic liver injury (Finck and Kelly,
2007; St-Pierre et al., 2006; Funk et al., 2010; Rehman et al., 2013). We hypothesized that
induction of MB would then protect against APAP-induced liver injury. To evaluate this, we
treated mice with APAP, followed by SRT1720, an established inducer of MB signaling
(Milne et al., 2007; Cameron et al., 2016). SRT1720 was given at 1.5h post-APAP to avoid
any relevant effect on metabolic activation of APAP. In support of the late induction of MB
(after 12h post-APAP), SRT1720 did not affect the early injury at 6h but significantly
decreased the late injury at 24h post-APAP, as indicated by the 38% reduction in plasma
ALT, decrease in the area of necrosis and of TUNEL-positive cells (Fig. 5A, B). This was
also supported by the timely and advanced Tom20 staining in hepatocytes surrounding
necrotic areas in the SRT1720-treated mice, while it was still mainly absent in the vehicle-
treated mice (Fig. 5C). In addition, total GSH levels were significantly increased while the
GSSG/GSH ratio was decreased (Fig. 5D, E), indicating a lower oxidant stress in these mice.
SRT1720 treatment also blunted the decrease in mitochondrial respiratory complex proteins
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seen after APAP by 24 hours (Fig. 6A-C), which could facilitate faster recovery of
mitochondrial function. Nrf 1 levels were not further increased by SRT1720 treatment (Fig.
6A, D); however, this may be due to their already significant induction after APAP, which is
probably the maximum levels which could be attained under these conditions.

3.5. Induction of mitochondrial biogenesis promotes liver regeneration after APAP
hepatotoxicity

Promoting liver regeneration may be a promising approach to the treatment of APAP-
induced liver injury because of the relatively late presentation of most patients who overdose
on APAP (Larson, 2007). MB has been reported to coincide with the tissue injury process,
and its induction has been shown to accelerate recovery and regeneration after injury in other
organs (Wagatsuma et al., 2011 ; Yin et al., 2008; Rasbach et al., 2007; Tran et al., 2011).
Since SRT1720 protected against late APAP-induced injury, we hypothesized that MB may
be important for liver regeneration after APAP hepatotoxicity. Consistent with our
hypothesis, liver regeneration, as indicated by PCNA expression, began at 24h post-APAP
(Fig. 7A), the same time point at which we first observed an increase in mtDNA. PCNA
levels continued to increase until at least 48h (Fig. 7A), similar to the time course for MB.
Interestingly, the regenerating cells, as indicated by PCNA-positivity, were also observed
selectively in hepatocytes surrounding necrotic areas (Fig. 7B). To further test this idea, we
treated mice with APAP followed by SRT1720 at 12h and 36h post-APAP. The time points
were chosen to avoid any effect on the early liver injury which may give the appearance of
improved recovery.

Interestingly, we observed an increased expression of Pgc-1a at 48h (Fig. 7C) as well as
both PCNA and cyclin D1 at both 48h and 72h (Fig. 7D, E) in the livers from the APAP +
SRT1720-treated animals compared with APAP + vehicle-treated mice, and this was further
confirmed by densitometric analysis of the blots (Fig. 7F, G). Overall, these data suggest that
MB plays a role in liver regeneration and may be important for recovery after liver injury.

4. DISCUSSION

There is considerable evidence that mitochondrial damage plays a major role in the
mechanisms of APAP-induced liver injury in both mice and humans (Placke et al., 1987;
Meyers et al., 1988; Jaeschke, 1990; Kon et al., 2004; LoGuidice and Boelsterli, 2011;
Ramachandran et al., 2011; McGill et al., 2012a, 2014). Recently it was also shown that the
removal of these damaged mitochondria by autophagy (mitophagy) can limit APAP-induced
cell death /in vivoand in vitro (Ni et al., 2012). However, little is known about the
mechanisms of recovery of mitochondrial mass and function or the role of MB in liver
regeneration during injury resolution. Our data suggest that MB signaling begins early after
APAP overdose, but that mitochondrial mass and function are not fully restored until late
time points. In addition, MB occurs selectively in hepatocytes surrounding necrotic areas.
Furthermore, induction of MB with a known MB-inducer protects against APAP
hepatotoxicity and promotes liver regeneration.
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4.1. Mitochondrial biogenesis mechanisms

Pgc-1la is generally thought to be the central mediator of MB signaling (Komen and
Thorburn, 2014). Activation of Pgc-1a signaling can occur through both increased
expression of the protein and post-translational modification, including phosphorylation by
active Ampk and deacetylation by Sirtl (Komen and Thorburn, 2014). However, activation
of Pgc-1a is not enough to induce MB. As a co-activator, Pgc-1a must interact with other
transcription factors to transactivate expression of MB genes. One such transcription factor
is Nrfl (Scarpulla, 2012). Upon activation, Pgc-1a and Nrfl induce expression of nuclear
genes that are important for MB, including mitochondrial transcription factor A (Tfam).
Tfam is a key transcription factor for expression of genes encoded in mtDNA and is also
involved in mtDNA replication (Scarpulla, 2012). The fact that we observed phosphorylation
of Ampk and increased expression of Nrfl and Pgc-1a. in our samples suggests that all of
the key signaling steps required for MB are activated during APAP hepatotoxicity. The
reason for the delayed Pgc-1la induction in our experiments is not clear; however, it is
important to remember that induced expression is only one of the ways in which Pgc-1a
activity can be increased. It is possible that post-translational modifications of Pgc-1a could
occur at earlier time points prior to induction of protein expression. Additional studies are
needed to assess these mechanisms.

We have previously suggested that APAP overdose induces zonated histological changes in
the centrilobular areas of the mouse liver; ranging from inner to outer areas includes necrosis
(zone 1), mitochondrial spheroid formation (zone 2), autophagy (zone 3) and mitochondrial
biogenesis (zone 4) (Ni et al., 2013). By staining mitochondria with mitochondrial protein
Tom20, we noticed a minimally-stained zonal area sandwiched between the necrotic area
and healthy hepatocytes at 12h post APAP (Fig. 3C). Although these cells were still
surviving, their mitochondrial function may have been severely impaired due to the close
proximity to the centrilobular areas, and excessive mitophagy could be taking place to
remove damaged mitochondria, thus decreasing mitochondrial staining in those hepatocytes.
Interestingly, we also observed that Tom20 staining started to increase from 24h post-APAP
in a subset of cells, and the increased Tom20 staining was exclusively in hepatocytes
surrounding necrotic areas by 48h (Fig. 3D, E, F). The fact that we also observed a selective
increase of Pgc-1a at 48h in these areas (Fig. 4B) further demonstrates that activation of
Pgc-1a signaling may promote MB in these hepatocytes. Coincidently, most of the cells
surrounding necrotic areas at 48h were positive for the hepatocyte proliferation marker
PCNA (Fig. 6B). This suggested that induction of MB may predispose these hepatocytes
towards cell regeneration.

SRT1720 is a derivative of the natural product resveratrol that is thought to be a potent
activator of Sirtl and Pgc-1a (Milne et al., 2007; Cameron et al., 2016), although it has
been suggested that it may act on Sirtl indirectly or even have off-target effects that lead to
MB (Pacholec et al., 2010; Huber et al., 2010; Komen and Thorburne, 2014). In fact, the
effect of resveratrol and its derivatives also seems to involve activation of Ampk (Komen
and Thorburne, 2014). In any case, SRT1720 is widely accepted as a useful inducer of
Pgc-1a signaling and MB. Our data provide preliminary evidence that post-treatment with
SRT1720 to induce Pgc-la signaling protects against APAP-induced late liver injury and
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enhances liver regeneration after APAP overdose (Fig. 5, 6). It has previously been shown
that knockdown of Pgc-1a in mice exacerbates APAP-induced liver injury (Ye et al., 2014).
Although the authors of the latter study concluded that the protective effects of Pgc-1a are
due to upregulation of antioxidant genes, it is possible that impairment of MB also played a
role. Together, the data suggest that MB is important for recovery of liver function after
APAP treatment.

4.2. Mitochondrial biogenesis and mitochondrial dynamics in APAP hepatotoxicity

Recent studies have just begun to explore mitochondrial dynamics (fission, fusion, and
mitophagy) during APAP hepatotoxicity (Dara et al., 2015; Kang et al., 2016; Ni et al.,
2012; 2013; Ramachandran et al., 2013). In particular, APAP-induced the translocation of
Drp-1 to mitochondria in mouse livers and appeared to cause mitochondrial fission in
primary mouse hepatocytes (Ramachandran et al., 2013). The Drp-1 activation was mediated
by receptorinteracting protein (Rip) kinase signaling, as indicated by the fact that
knockdown of Rip3 expression in the liver prevented Drp-1 translocation and reduced the
liver injury (Ramachandran et al., 2013). Other studies have also shown protection against
APAP toxicity by inhibition of Ripl /in vivo (Dara et al., 2015; Zhang et al., 2014; Takemoto
et al., 2014) and /n vitro (Ramachandran et al., 2013). Although these data suggest that
mitochondrial fission is detrimental during APAP hepatotoxicity, it is known that
mitochondrial fission is necessary for MB. Thus, while excessive fission may be harmful at
early time points during APAP hepatotoxicity, it is likely to be beneficial at late time points.
The latter idea is supported by our data and by the fact that increased MB has been observed
by electron microscopy in healthy regenerating hepatocytes surrounding areas of necrosis
after APAP treatment (Ni et al., 2013). There is also increasing evidence that autophagy is
important for the removal of damaged mitochondria at early time points after APAP
overdose (Ni et al., 2012; 2013). Autophagy is activated in hepatocytes after APAP
treatment, and N-acetylcysteine (NAC) prevents both autophagy induction and injury
suggesting that preventing mitochondrial damage by scavenging the reactive metabolite of
APAP eliminates the need for autophagy (Ni et al., 2012).

4.3. Conclusions

We demonstrated that MB occurs selectively in hepatocytes surrounding necrotic areas in
APAP hepatotoxicity and that its induction attenuates the injury and promotes liver
regeneration. We found that, after an initial reduction due to mitochondrial damage and
possibly mitophagy, mitochondrial mass and function increase and return to normal levels
after APAP-induced liver injury. We also observed the activation of MB signaling in
hepatocytes surrounding necrotic areas. Furthermore, post-treatment with the Sirt1 activator
SRT1720 protects against APAP-induced liver injury and induced PCNA and cyclin D1
expression in the liver, suggesting that MB is important in both injury and liver regeneration
after APAP toxicity. Induction of MB may be a promising therapeutic approach for patients
presenting late after APAP overdose.

Acknowledgments

This work was supported in part by the U.S. National Institutes of Health grants R01 DK102142 (W.X.D/HJ.), P20
GM103549 (H.J.), P30 GM118247 (H.J.), and doctoral and postdoctoral fellowships (to M.R.M. and B.L.W.) from

Food Chem Toxicol. Author manuscript; available in PMC 2018 October 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Du et al.

Page 10

the National Institute of Environmental Health Sciences “Training Program in Environmental Toxicology” grant
T32 ES007079. Additional support came from a Biomedical Research Training Program (BRTP) award from the
University of Kansas Medical Center (to K.D.).

Abbreviations

ALT alanine aminotransferase
APAP acetaminophen

Drp-1 dynamin-related protein-1
ETC electron transport chain
GSH reduced glutathione

GSSG glutathione disulfide

JINK c-jun N-terminal kinase
MB mitochondrial biogenesis
MPT mitochondrial permeability transition

mtDNA mitochondrial DNA

NAPQI N-acetyl-p-benzoquinone imine
Nrf-1 nuclear respiratory factor-1
PCNA proliferating nuclear antigen

Pgc-la PPARy co-activator 1-a

RIP3 receptor-interacting protein kinase-3

Tom20 the central component of the TOM (translocase of outer membrane) receptor
complex

ROS reactive oxygen species

TUNEL terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling assay
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Highlights

. A delayed induction of mitochondrial biogenesis occurs after acetaminophen
overdose

. Mitochondrial biogenesis is prominent in hepatocytes surrounding areas of
necrosis

. Regions with enhanced mitochondrial biogenesis also upregulate liver
regeneration

. Pharmacological induction of mitochondrial biogenesis promotes liver

regeneration
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Figure 1. Time course and dose response of liver injury after acetaminophen treatment
Mice were treated with 200 or 300 mg/kg acetaminophen (APAP) and sacrificed at various

time points between 0 and 96h. (A) Plasma alanine aminotransferase (ALT) activity. (B)
Avreas of necrosis (%). (C) Representative H&E-stained liver sections (original magnification
50x) after 300 mg/kg APAP with necrotic areas outlined. Necrotic areas were identified by
lack of nuclear staining or pyknotic nuclei and lines were marked along the boundaries. Data
are expressed as mean + SEM for n = 4-6 animals per group and time point.
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Figure 2. Electron transport chain activity and mitochondrial DNA levels in the liver after
acetaminophen treatment

Mice were treated with 200 or 300 mg/kg acetaminophen (APAP) and sacrificed at various
time points between 0 and 96h. After isolation of liver mitochondrial by subcellular
fractionation, enzyme activity of mitochondrial complex | (A) and complex IV (B) were
then measured over time. Mitochondrial DNA (mtDNA) levels in the liver were also
measured over time and expressed as absolute content (C) or normalized to nuclear DNA
(D). Data are expressed as mean £ SEM for n = 4-6 animals per group and time point.
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Figure 3. Immunofluorescent staining of Tom20 in the liver after APAP treatment
Mice were treated with 300 mg/kg acetaminophen (APAP) and sacrificed at various time

points between 0 and 72h. Liver cryosections were stained with the mitochondrial protein
Tom20 as described in the methods section and immunofluorescence images acquired on an
inverted fluorescence microscope (Original magnification 200x). “N” indicates the necrotic
area, which was identified based on absence of nuclear staining and cell contents, and is
outlined with a dotted line.
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Figure 4. Activation or expression of mitochondrial biogenesis signaling mediators after
acetaminophen treatment

Mice were treated with 300 mg/kg acetaminophen (APAP) and sacrificed at various time
points between 0 and 48h. (A) Liver homogenates were separated by SDS-PAGE and
expression of several major mitochondrial biogenesis (MB) markers was assessed by
immunoblotting. (B) Liver cryosections from controls and animals after 48h APAP were
subjected to immunofluorescent staining of Pgc-1a (red). (C) For co-localization studies, in
some liver sections 48h after APAP, Pgc-1a and nuclear DAPI signals were false colored
green and red, respectively, to observe the merged signal as yellow (Original magnification
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100x). Inset shows a magnification of the indicated area to show yellow merged signal in
cell nuclei outside necrotic area. Necrotic areas were identified by pyknotic nuclei in DAPI
images and marked as indicated.
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Figure 5. Induction of mitochondrial biogenesis protected against acetaminophen hepatotoxicity
Mice were treated with 300 mg/kg acetaminophen (APAP) followed by 10 mg/kg SRT1720

or its vehicle 1.5h later, and sacrificed at 6h or 24h post-APAP. (A) Plasma alanine
aminotransferase (ALT) activity. (B) H&E- or TUNEL-stained liver sections at 24h
(Original magnification 50x). (C) Immunofluorescent staining of Tom20 (red) in liver tissue
at 24h (Original magnification 100x). Necrotic areas were identified by lack of nuclear
staining or pyknotic nuclei in corresponding DAPI images and marked as indicated. Double
white lines highlight cells with enhanced Tom20 staining around the necrotic area. (D) Total
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GSH levels and (E) GSSG/GSH ratio at 24h. All measurements were carried out as
described in the materials and methods section. Data are expressed as mean + SEM for n =
4-6 animals per group and time point. *P< 0.05 vs. APAP+Veh.
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Figure 6.
Induction of mitochondrial biogenesis blunted APAP-induced loss of mitochondrial protein.

Mice were treated with 300 mg/kg acetaminophen (APAP) followed by 10 mg/kg SRT1720
or its vehicle 1.5h later, and sacrificed at 24h post-APAP. Following sacrifice, expression of
mitochondrial complex 111 Core protein 2 (48 kD) and complex V alpha (55 kD) subunits, as
well as Nrf 1 (69 kD) levels were analyzed in liver homogenates by western blotting (A),
followed by densitometry for complex V (B), complex Il (C) and Nrf 1 (D). Data represent
means + SEM for n = 4-6 animals per group. *P< 0.05 vs. Ctrl. #P < 0.05 vs. APAP + \eh.
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Figure 7. Induction of mitochondrial biogenesis promoted liver regeneration after
acetaminophen treatment

Mice were treated with 300 mg/kg acetaminophen (APAP). Some animals were treated with
either SRT1720 (SRT) or its vehicle (\eh) as described in the materials and methods section,
12h and 36h post-APAP and sacrificed at 48h or 72h post-APAP. Following sacrifice,
temporal expression of proliferating cell nuclear antigen (PCNA) was analyzed in liver
homogenates by (A) western blotting, and (B) by immunohistochemistry on liver sections at
48h post-APAP (Original magnification 50x). Liver cryo-sections were also used for
immunofluorescent staining of Pgc-1a in controls and animals treated with APAP + SRT720
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(Original magnification 100x). Pgc-1a. (92 kD), PCNA (36 kD) and cyclin D1 (37 kD)
expression were also examined by western blotting in livers from mice treated with
SRT1720 (SRT) or its vehicle (Meh) at 48h (D, with densitometry in F) and 72h (E, with
densitometry in G). Data are expressed as mean £ SEM for n = 3-5 animals per group and
time point. *P< 0.05 vs. Ctrl. #P<0.05 vs. APAP + \eh.
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