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Abstract
Thiazolidinediones (TZDs), such as troglitazone (TRO) and rosiglitazone (ROSI), improve insulin
resistance by acting as ligands for the nuclear receptor peroxisome proliferator-activated receptor-γ
(PPARγ). TRO was withdrawn from the market because of reports of serious hepatotoxicity. A
growing body of evidence suggests that TRO caused mitochondrial dysfunction and induction of
apoptosis in human hepatocytes but its mechanisms of action remain unclear. We hypothesized that
damage to mitochondrial DNA (mtDNA) is an initiating event involved in TRO-induced
mitochondrial dysfunction and hepatotoxicity. Primary human hepatocytes were exposed to TRO
and ROSI. The results obtained revealed that TRO, but not ROSI at equimolar concentrations, caused
a substantial increase in mtDNA damage and decreased ATP production and cellular viability. The
reactive oxygen species (ROS) scavenger, N-acetyl cystein (NAC), significantly diminished the
TRO-induced cytotoxicity, suggesting involvement of ROS in TRO-induced hepatocyte cytotoxicity.
The PPARγ antagonist (GW9662) did not block the TRO-induced decrease in cell viability,
indicating that the TRO-induced hepatotoxicity is PPARγ-independent. Furthermore, TRO induced
hepatocyte apoptosis, caspase-3 cleavage and cytochrome c release. Targeting of a DNA repair
protein to mitochondria by protein transduction using a fusion protein containing the DNA repair
enzyme Endonuclease III (EndoIII) from Escherichia coli, a mitochondrial translocation sequence
(MTS) and the protein transduction domain (PTD) from HIV-1 TAT protein protected hepatocytes
against TRO-induced toxicity. Overall, our results indicate that significant mtDNA damage caused
by TRO is a prime initiator of the hepatoxicity caused by this drug.
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Introduction
The antidiabetic thiazolidinediones (TZDs) troglitazone (TRO) and rosiglitazone (ROSI) have
been found to improve insulin resistance, leading to reduced blood glucose and insulin levels
and the preservation of pancreatic function (1-3). It is believed that TZDs work by sensitizing
the action of insulin by acting as ligands for the nuclear peroxisome proliferator-activated
receptor-γ (PPARγ) (4-5). TRO was the first member of the TZDs developed to treat type 2
diabetes. However, it was withdrawn from the market in 2000 because of reports of serious
hepatotoxicity. Another PPARγ agonist, ROSI, is still on the market. The rapid onset of changes
induced by TRO indicates that it has effects that are not mediated by PPARγ. Although a
number of hypotheses have been proposed to explain TRO-induced cell injury, including the
formation and accumulation of toxic metabolites, mitochondrial dysfunction and oxidant
stress, inhibition of the bile salt transporter and bile acid toxicity, and the induction of apoptosis
(rev. in 6), an initiating mechanism has yet to be fully identified.

Previous studies performed by other groups indicated that TRO induced mitochondrial
dysfunction during the development of toxicity (7-11). As a result of TRO-induced
mitochondrial dysfunction, it has been reported that the production of reactive oxygen species
(ROS) is increased in human hepatocytes (10,12). Also, there is a concomitant rise in the TRO-
induced initiation of apoptosis in different cell types (13,14). However, the mechanisms linking
TRO-induced oxidative stress to hepatic cell injury and the cellular targets for TRO have not
been fully identified. We hypothesized that one of these targets might be mitochondrial DNA
(mtDNA). We proposed that damage to mtDNA is an initiating event involved in TRO-induced
mitochondrial dysfunction and hepatotoxicity. To test this hypothesis, primary human
hepatocytes were exposed to TRO and ROSI. The results obtained revealed that TRO, but not
ROSI, when used at similar concentrations, caused a significant increase in mtDNA damage
which caused a subsequent decrease in ATP levels and ultimately led to a loss of cellular
viability. Furthermore, TRO induced apoptosis via a mitochondrial pathway in primary cultures
of human hepatocytes. In addition, we found that targeting the DNA repair protein
Endonuclease III (EndoIII) to mitochondria ameliorates TRO-induced toxicity, thus
demonstrating the involvement of mtDNA damage in TRO-induced toxicity.

Materials and methods
Reagents

Human hepatocyte complete media (HHCM) was obtained from Celprogen (San Pedro, CA).
TRO (purity>98%) was obtained from Sigma (St. Louis, MO) or Cayman Chemical (Ann
Arbor, MI); ROSI and GW9662 were from Cayman Chemical (Ann Arbor, MI). The CellTiter
96 assay kit was obtained from Promega (Madison, WI), The Cell Death Detection
ELISAPLUS kit was from Roche Diagnostics Corporation (Indianapolis, IN). The ATP
bioluminescence assay kit was from Roche Molecular Biochemicals (Mannheim, Germany).
T25 and T75 tissue culture flasks, 60 or 100 mm diameter dishes, 24-well plates coated with
hepatocyte growth matrix were obtained from Celprogen (San Pedro, CA), polyornithine and
NAC were from Sigma (St.Louis, MO). Apurinic site-containing oligonucleotide for
Endonuclease III activity assay was from Trevigen (Gaithersburg, MD).

Cell culture and drug treatment
Primary cultures of human hepatocytes were obtained from Celprogen (San Pedro, CA). Cells
were grown in HHCM in an atmosphere of 5% CO2 at 37°C. Human hepatocytes were grown
in T25 or T75 flasks. For experiments, human hepatocytes were plated in 60 or 100 mm
diameter dishes or 24-well plates coated with hepatocyte growth matrix or previously coated
with polyornithine (1 μg/ml). Cells were grown until 80-100% confluency and cultures were
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used for experiments ∼2 days after plating. Human hepatocytes were exposed to different
concentrations (5-50 μM) of TRO or ROSI in HHCM for 24 h in a 5% CO2 atmosphere at 37°
C. Stock solutions of TRO, ROSI and GW9662 were prepared in dimethylsulfoxide (DMSO).
Control cultures not treated with TRO, ROSI or GW9662 received the same concentration of
DMSO as in the compound treated cultures. Cultures containing either GW9662 (10 μM) or
NAC (10mM) were pretreated for 15 min prior to TRO addition.

Assay for mtDNA damage
Human hepatocytes were exposed to either TRO or ROSI as described above. After treatment
cells were lysed in 10 mM TRIS-HCI (pH 8.0), 1 mM EDTA (pH 8.0), 0.5% SDS and 0.3 mg/
ml proteinase K overnight at 37°C. DNA isolation and quantitative alkaline Southern blots
were performed as previously described (16,17) with some modifications. High molecular
weight DNA was extracted with phenol, treated with RNase (to a final concentration of 1 μg/
ml), and digested to completion with BamHI (10 units/μg of DNA overnight). Digested samples
were precipitated, resuspended in TE buffer, and precisely quantified using a Hoefer TKO 100
minifluorometer and TKO standard kit. Samples containing 5 μg DNA were heated at 70° C
for 15 min and then cooled at room temperature for 20 min. A sodium hydroxide solution then
was added to a final concentration of 0.1 N and samples were incubated for 15 min at 37°C.
This alkali treatment produced single strand breaks at all abasic or sugar-modified sites in the
DNA. Gel electrophoresis and vacuum transfer were carried out as described previously (16,
17). Following prehybridization, membranes were hybridized with a denatured PCR-generated
mitochondrial probe (16,17), washed according to the manufacturer's suggestions, and
autoradiographed. Autoradiograms were scanned for hybridization band intensity. MtDNA
damage was assessed as the diminished intensity in the 16.5 kb restriction band, as compared
to control bands (DNA isolated from cultures not treated with TRO or ROSI). A decrease in
band intensity indicated that DNA breaks had caused smaller size fragments which migrated
further down in the gel and thus reduced the number of full size restriction fragments. The
number of breaks for the control group is by definition zero. Without a damaging agent control
mtDNA would have no breaks and this is the standard against which mtDNA which has been
exposed to a damaging agent is compared. Break frequency was determined as –ln (band
intensity after treatment with either TRO or ROSI/band intensity of control).

Cell viability
The CellTiter 96 assay (Promega), a colorimetric method for determining the number of viable
cells by assessing mitochondrial function, was performed 24 h after exposure to different
concentrations of TRO or ROSI (18). The reagent contains a tetrazolium compound [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium,
inner salt; MTS] and an electron-coupling reagent (phenazine methosulfate). MTS is
bioreduced by the dehydrogenase enzymes found in metabolically-active cells into a formazan
product soluble in tissue culture medium. The quantity of formazan product measured by the
amount of 490 nm absorbance is directly proportional to the number of living cells in culture.
The reagent is added to culture wells and the cells are incubated for 2 h. Optical density (OD)
was read at 490 nm in a microplate reader. Data are indicated as percentage of untreated
controls.

Protein transduction
MTS-EndoIII-TAT protein expression and purification was performed as described previously
(19). For expression analysis, human hepatocytes were grown in 60 mm dishes. Different
concentrations (10, 25 and 50 μg) of MTS-EndoIII-TAT in the elution buffer were added
directly to the HHCM and incubated either for 3 or 24 h. Control cells were incubated for 24
h in media containing elution buffer (EB) only. After the indicated time, mitochondrial
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fractions were isolated. For the viability study, cells were grown in 24 well plates and, prior
to addition of TRO, were preincubated with 25 μg/ml of MTS-EndoIII-TAT for 3 h. Control
cultures were preincubated with the same amount of EB for the same time.

Measurement of ATP levels
Cells were grown in 24-well culture plates and treated with TRO. To determine the total cellular
ATP concentration, an ATP bioluminescence assay kit (Roche Molecular Biochemicals,
Mannheim, Germany) was used. This kit employs a well-established technique which uses the
ATP dependency of the light omitting luciferase catalyzed oxidation of luciferin for the
measurement of extremely low concentrations of ATP (20). The emitted light is linearly related
to the ATP concentration and is measured using a luminometer. Values are shown as a
percentage of untreated control.

DNA Fragmentation Assay
The presence of fragmented nuclear DNA in the cytoplasmic fraction of cell lysates was
assessed by measuring DNA associated with nucleosomal histones using a specific two-site
ELISA with an antihistone primary antibody and a secondary anti-DNA antibody according
to the manufacturer's instructions. Briefly, the cells were grown in 24-well culture plates,
treated with TRO, washed twice with PBS, and incubated with 0.5 ml of lysis buffer for 20
min at room temperature. After centrifugation to remove nuclei and cellular debris, the
supernatants were diluted 1:4 with lysis buffer and 20 μl from each sample were analyzed by
ELISA. The intensity of the color that developed was determined by measuring the absorbance
at 405 nm, while that at 490 nm was used as a blank (reference wavelength). Each condition
was assessed at least in duplicate, and experiments were repeated three times independently.

Preparation of cellular fractions and Western blot analysis
Mitochondrial and cytosolic protein fractions were isolated from one 60 mm or 100 mm dish,
respectively, as described previously (16,17). The protein concentration was determined using
the Bio-Rad protein dye micro-assay according to the manufacturer's recommendations (Bio-
Rad, Hercules, CA). SDS-polyacrylamide gel electrophoresis and transfer of separated proteins
to PVDF-membranes were performed as previously described (16,17) with some minor
modifications. Blocking and antibody immunoblotting were performed in 5% nonfat dry milk
and Tris-buffered saline with 0.1% Tween 20 (TBS-T). TBS-T and TBS were used for washing.
Anti-cytochrome c monoclonal antibody was purchased from PharMingen (San Diego, CA);
caspase 3 (Cell Signaling; Beverly, MA); anti-actin and anti hemagglutinin (HA) antibodies
were obtained from Sigma (Sigma, St. Louis, MO). Complexes formed by these antibodies
were detected with horseradish peroxidase conjugated anti-mouse IgG or anti-rabbit IgG
antibodies (Promega, Madison, WI) using chemiluminescent reagents (SuperSignal, Pierce,
Rockford, IL).

Statistical analysis
Data are expressed as means ± SE. Statistical significance was determined using one way
ANOVA followed by Bonferroni analysis. Viability data for the PPARγ antagonist, NAC and
MTS-EndoIII-TAT were compared to TRO-only data using unpaired Student's t-test to
determine statistical significance. The results were considered to be statistically significant if
P<0.05 was achieved.
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Results
TRO, but not ROSI, induced mtDNA damage in human hepatocytes

To determine whether TRO or ROSI caused damage to mtDNA, a quantitative Southern blot
technique was employed. The two groups were treated as described in the methods, and mtDNA
integrity assessed at 24 h (Fig. 1, panels A-D). We found that TRO caused significant damage
to mtDNA in human hepatocytes after 24 h of exposure, ranging from a low of approximately
2 breaks per 105 normal nucleotides to 1 break per 104 nucleotides (Fig. 1, panels A and C).
The same concentrations of ROSI damaged mtDNA to a much lesser extent (Fig. 1, panels B
and D). The results (Fig. 1, panels B and D) obtained from these studies revealed that the
number of mtDNA breaks in ROSI-treated cultures was approximately 3-5 fold less than in
TRO treated cells.

TRO, but not ROSI, decreased cell viability
To evaluate whether the observed increase in mtDNA damage affected viability following
exposure to TRO, cell viability was assessed 24 h after exposure to 5-50 μM TRO (Fig. 2A).
For comparison, human hepatocytes were treated with the same concentrations of ROSI (Fig.
2B). Cell viability progressively decreased as the concentration of TRO was increased (Fig.
2A), whereas the ROSI treatment had no effect on cellular viability, even at the highest
concentration used (Fig. 2B).

Effect of an antioxidant and a PPARγ antagonist on cell viability
To determine whether ROS generation is involved in TRO-induced cytotoxicity, the effect of
an antioxidant, NAC (a precursor compound for glutathione formation) on cell viability was
evaluated. As shown in Fig. 3A, 10 mM NAC significantly diminished TRO-induced
cytotoxicity, suggesting that ROS generation is responsible for cell death. To evaluate whether
the PPARγ activation is responsible for the TRO-induced decrease in hepatocyte viability, cells
were treated with TRO in the presence of 10 μM of the PPARγ antagonist GW9662. The results,
shown in Fig. 3B, indicate that GW9662 did not protect hepatocytes from TRO-induced
toxicity, demonstrating that TRO-induced cell toxicity is PPARγ-independent.

Enhancing mtDNA repair reduced TRO-induced cell death
Previously, we have reported conditional expression of the Escherichia coli Endo III gene in
HeLa cells and targeting of this DNA repair protein to mitochondria (21). Because stable
transfection with a plasmid is difficult in primary culture, we used a protein transduction
strategy to deliver the repair protein to hepatocytes. To accomplish this we used the 11 amino
acid Protein Transduction Domain (PTD) from the HIV-1 TAT protein (TAT-PTD). When the
TAT-PTD is fused to other proteins, it confers to them the ability to be taken up into cells
(22). To send the transduced proteins to mitochondria we used the same MTS (from human
MnSOD) as has been used in the previous studies (21). The construct used for expressing and
purifying recombinant EndoIII is outlined in Fig. 4A. We used oligonucleotides to assemble
the synthetic MTS positioned on the N-terminus of the protein followed by the EndoIII
sequence. For the C-terminus of the protein, we used another synthetic construct containing
the TAT-PTD and ten consecutive histidine residues for purification by immobilized metal
affinity chromatography. Also, to facilitate the detection of recombinant EndoIII, a
hemagglutin tag (HA) was included. The complete fusion construct was made with several
rounds of PCR amplification. The PCR products were cloned and their sequence verified to
exclude errors introduced by PCR. The fusion constructs were placed under the control of the
inducible T7 lac promoter in pET series vectors (Novagen) and introduced into E. coli BL21
cells for expression. The bacteria were grown in liquid cultures, collected by centrifugation,
and used for subsequent purification of the recombinant protein as previously described (19).
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Because fusion constructs contained a stretch of ten histidines, we were able to purify these
proteins from the E. coli lysates by employing a nickel-NTA column (Qiagen) with buffer
containing imidazole. The purity of the eluted protein was assessed by SDS-PAGE and Western
blot (data not shown). N-terminal sequencing verified that the purified protein had intact MTS.
The activity of the fusion protein was accessed using an enzyme activity assay (data not shown)
prior to adding to the cells as described in (21) except that radiolabelled apurinic site-containing
oligonucleotide was used instead of radiolabelled thymine glycol containing oligonucleotide.
Prior to the viability study, we evaluated whether MTS-EndoIII-TAT protein could be
transduced into hepatocytes and targeted to mitochondria. Hence, hepatocytes were incubated
with MTS-EndoIII-TAT (10, 25 and 50 μg) at two time points (3 and 24 h) and mitochondrial
fractions were isolated by differential centrifugation as described in the experimental
procedures section. Fig. 4B shows the results of Western blot analysis which was performed
using anti-HA antibody. The presence of distinct bands (about 30 kD) in mitochondrial extracts
isolated from cells transduced with EndoIII confirms that the transduced protein is localized
in mitochondria (Fig.4B, top panel). Mitochondrial localization was verified by
immunodetection of the mitochondrial protein cytochrome c (Fig.4B, bottom panel). The effect
of MTS-EndoIII-TAT protein transduction on TRO-induced cell toxicity is shown in Fig. 4C.
There is an increase in cell viability in the MTS-EndoIII-TAT pretreated cells.

TRO decreased cellular ATP concentrations
ATP concentrations were assessed in either TRO- or ROSI-treated groups at 24 h. A
progressive decrease was seen at concentrations between 5 and 50 μM for TRO-treated
hepatocytes after 24 h (Fig. 5A). ROSI treatment did not decrease cellular ATP levels (Fig.
5B).

TRO induced apoptosis in human hepatocytes
To determine whether exposure to TRO induced normal human hepatocytes to undergo
apoptosis, a DNA fragmentation assay was performed (Fig. 6A). Beginning with the lowest
concentration, an increase in DNA fragmentation was seen in cultures treated with 5-20 μM.
We were unable to measure the DNA fragmentation at 35 and 50 μM because of the high
percentage of cells that detached and floated off of the culture vessel at those concentrations.
Additionally, apoptosis was confirmed by assessing caspase 3 activation (Fig. 6B). There is a
significant decrease in the total caspase 3 level in the fractions isolated from hepatocytes treated
with 35 or 50 μM TRO (Fig. 6B). To determine whether the induction of apoptosis was via a
mitochondrial-induced mechanism, the release of cytochrome c into the cytosol was evaluated
using Western blot analysis (Fig. 6C). Beginning at 20 μM, an increasing amount of
cytochrome c was found in the cytosol of hepatocytes exposed to TRO for 24 h.

Discussion
In this study we investigated the effect of TRO and ROSI, which are PPARγ agonists, on
mtDNA damage, mitochondrial dysfunction and cellular viability in primary human
hepatocytes. We found that only TRO caused a significant increase in mtDNA damage and
decrease in ATP concentrations, which was associated with a significant decline in cellular
viability. ROSI, which is another PPARγ agonist and is still on the market, caused much less
damage to mtDNA and had no effect on both ATP levels and cellular viability. It is worth
noting that since our discovery, almost twenty years ago, that mitochondria can repair some
types of damage to its DNA (23), we have actively studied damage and repair in mtDNA
resulting from exposure to a variety of toxins. TRO is the most potent mtDNA toxin, on a molar
basis, of any of the toxins we have studied. Maximal plasma concentrations in humans after
treatment with therapeutic doses of TRO have been reported to be 0.4-2.4 mg/l (0.9-6.4 μM)
(24). The concentrations of TRO used in our study were higher than plasma concentrations
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under therapeutic conditions in humans. However, it has been reported that TRO is
concentrated in the liver of animals after oral administration (25). Also, clinically, TRO was
administered for a long term, thus likely increasing its accumulation in the human liver. If TRO
accumulated in human liver during treatment, as appears likely, the hepatocytes would be
exposed to higher concentrations of the drug than those measured in plasma. For comparison,
we chose to use equimolar doses of ROSI to those used for TRO. ROSI is a much more potent
PPARγ agonist and, therefore, the doses we used are well above the therapeutic doses used.
This makes the lack of toxicity even more striking.

The reason that TRO is more toxic than other TZDs is likely due to its difference in chemical
structure. In addition to having a TZD ring, which is essential for enhancing PPARγ function,
it also has the chroman ring of vitamin E. This chroman ring can be metabolized to a quinone,
which can undergo redox cycling to generate ROS. It has been shown that one of the metabolites
of TRO is a TZD-quinone. It is possible that this TZDquinone can be further metabolized to
undergo ring opening and thus form a bifunctional reactive intermediate which could
covalently bind to DNA and proteins and continue to redox cycle via its quinone moiety to
produce localized ROS. While these structural issues relating to TRO have yet to be fully
resolved, the present work with NAC clearly supports the concept that TRO elicits its unique
toxic properties through the generation of ROS (26). Our data is in good agreement with
previous studies which provided evidence that TRO induced ROS production in human
hepatocytes (10,12).

To confirm that the effect of TRO treatment on cell viabity was PPARγ-independent, we
utilized the potent and selective PPARγ antagonist GW9662 (15). In our experiments, GW9662
did not decrease TRO-induced cytotoxicity, indicating that this drug cytotoxicity is PPARγ-
independent in human hepatocytes.

The involvement of mitochondria in apoptosis was established by the finding that cytochrome
c was translocated to the cytosol following exposure to TRO. Previous studies by our research
group, as well as those of others, have established that damage to mtDNA following oxidative
stress is an initiator of cell death (21,27-31). These studies have shown that when mtDNA
repair is enhanced by targeting a recombinant DNA repair enzyme to mitochondria, there is a
decrease in oxidative stress-induced cell death. Previously we have shown that conditional
targeting of EndoIII to mitochondria enhanced repair of oxidative damage to mtDNA and
increased cellular resistance to ROS (21). In the present study we have used the same DNA
repair protein, EndoIII from E.coli, but utilized a protein transduction technique, due to the
difficulty in obtaining stably-transfected clones in cells in primary culture. We have utilized
this approach previously for a different bacterial DNA repair enzyme, Exonuclease III (19). In
the present study we show that the recombinant protein MTS-EndoIII-TAT can be transduced
into human hepatocytes and targeted into mitochondria. Also, targeting MTS-EndoIII-TAT
into mitochondria of human hepatocytes increases cell viability after TRO treatment,
establishing that mtDNA damage is involved in the initiation of TRO-induced toxicity.

The work reported here adds to the growing body of evidence which indicates that the non-
receptor mediated effects of TRO act through interactions with mitochondria (32). Initially, it
was found that there was a rapid depolarization of the mitochondrial membrane (ΔΨ) when a
variety of cells, including hepatocytes, were exposed to TRO, which was associated with an
increase in cytosolic calcium (11) and swelling of mitochondria (33). Additionally, it was
observed that the loss of membrane potential correlated with a drop in ATP (11). As a result
of this mitochondrial dysfunction, it has been reported that the production of ROS is increased
and there is a concomitant rise in the initiation of apoptosis. By integrating the previous work
by others with that reported here, we believe it is possible to develop a mechanistic explanation
for the extra receptor properties of TRO (Fig. 7). The TRO-induced production of ROS (initial
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ROS, Fig. 7) leads to the oxidation of key components within mitochondria, including mtDNA.
This DNA is more vulnerable to damage caused by ROS than its nuclear counterpart because
of its lack of protective histones and close location to the source of ROS generation. The exact
origin of initial TRO-induced oxidative stress still needs to be elucidated (question mark in the
Fig.7). We can speculate that candidate sites of ROS production are mitochondria or
membrane-bound enzymes such as NADPH oxidases, or redox of TRO itself. The oxidative
damage to mtDNA causes an increase in the production of ROS (secondary ROS, Fig. 7) by
causing aberrant respiratory complex formation through the lack of coordination between
components of the electron transport chains coded by mtDNA and those coded by nuclear
DNA. The resultant production of ROS is able to initiate the formation of a vicious cycle in
which ROS cause damage to mtDNA which causes further impairment in the formation of
respiratory complexes and a concomitant increase in ROS production which leads to even more
damage to mtDNA. As the damage to mtDNA rises, there is a concomitant drop in ATP
production resulting from the impairment of the two electron reduction. This reduction in
electron transport causes a decrease in mitochondrial depolarization. This link between mtDNA
damage and ΔΨ has been established by Santos and colleagues (34). As this process continues,
there will be a diminution in cellular functions caused by the drop in ATP production. Depletion
of mtDNA is known to suppress ATP synthesis and leads to defects in cellular function (35).
Moreover, dysfunction of electron transport chains could cause additional production of ROS
(secondary ROS, Fig. 7) and, in this way, enhance the cellular signals to initiate cell death.
One of the manifestations of this decreased cellular function in hepatocytes is the inhibition of
the bile salt export pump that has been observed following treatment with TRO (26). As this
deleterious process continues, the mitochondrial permeability transition pore will open and the
cell will die either by apoptotic mechanisms if ATP is still present in sufficient quantities, or
necrotic mechanisms, if ATP has been depleted.

What is novel about our work is that we are reporting a potential mechanism implicating TRO-
induced mtDNA damage as an initiator of a vicious cycle of events which leads to a decline
in cellular function and ultimately to cell death. Furthermore, we demonstrate that by enhancing
mtDNA repair we can block this mechanism of toxicity. This work suggests a new method for
blocking the toxicity of this and other drugs and toxins that work through similar mechanisms.
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ABBREVIATIONS
DMSO, dimethylsulfoxide
EB, elution buffer
EndoIII, Endonuclease III
HA, hemagglutin
HHCM, human hepatocyte complete media
mtDNA, mitochondrial DNA
MTS, mitochondrial translocation sequence
NAC, N-acetyl cystein
PPARγ, peroxisome proliferator-activated receptor γ
PTD, protein transduction domain
ROS, reactive oxygen species
ROSI, rosiglitazone
TZDs, thiazolidinediones
TRO, troglitazone
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Fig. 1.
TRO damaged mtDNA to a greater extent than ROSI in primary human hepatocytes. (A and
B) Representative autoradiograms from a Southern blot analysis of mtDNA from human
hepatocytes after 24 h of treatment with the indicated concentrations of TRO (panel A) or ROSI
(panel B). A decrease in band intensity represents an increase in mtDNA damage. (C and D)
Break frequency per 16.5 kb fragment of mtDNA after 24 h of treatment with the indicated
concentrations of TRO (panel C) or ROSI (panel D). Break frequency was determined as
described in the “Materials and Methods”. Intensity of the band was determined by
densitometry, and break frequency was determined as –ln (band intensity after treatment with
either TRO or ROSI/band intensity of control). The mean results ± SE are shown. (n > 3). *,
P < 0.05.
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Fig. 2.
TRO, but not ROSI, significantly diminished viability in primary cultures of human
hepatocytes. (A) TRO significantly decreased viability in primary cultures of human
hepatocytes after 24 h of treatment. (B) The same concentration of ROSI had no effect on
hepatocyte viability. The mean results ± SE are shown. (n ≥ 3). # , P < 0.01, * *, P < 0.001.
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Fig. 3.
The effects of NAC and GW9662 on cell viability following treatment with TRO. Cells cultures
were pretreated with either 10 μM GW9662 or 10 mM NAC for 15 min prior to addition of
TRO. (A) 10 mM NAC significantly reversed the TRO-induced decline in cell viability. (B)
10 μM GW9662 did not block TRO-induced toxicity in human hepatocytes. The mean results
± SE are shown. (n ≥ 3). *, P < 0.05.
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Fig. 4.
Enhancing mtDNA repair by using MTS-EndoIII-TAT protein transduction reduced cell death
after TRO treatment. (A) Schematic representation of the construct used for the expression of
the fusion MTS-EndoIII-TAT protein. (B) Analysis of mitochondrial fractions after
transduction of MTS-EndoIII-TAT. Western blots containing 40 μg of mitochondrial fractions
after transduction of MTS-EndoIII-TAT protein for the indicated time points. Top panel shows
the results of Western blot analysis using anti-HA antibodies. Immunodetection of cytochrome
c was performed to show that recombinant proteins are in mitochondria (bottom panel). (C)
MTS-EndoIII-TAT protein transduction enhanced cell viability after TRO treatment. The mean
results ± SE are shown. (n ≥ 3). *, P < 0.05.
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Fig. 5.
TRO significantly decreased ATP levels in human hepatocytes. Cells were treated with the
indicated concentration of TRO (panel A) or ROSI (panel B) for 24 h and ATP production was
measured. The mean results ± SE are shown. (n ≥ 3). *, P < 0.05.
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Fig. 6.
TRO induced apoptosis, caspase 3 activation and cytochrome c release from mitochondria in
human hepatocytes. (A) DNA fragmentation was measured by an ELISA assay using
absorbance (OD 405-490 values). Culture of human hepatocytes for 24 h in the presence of
TRO caused fragmentation of DNA. The mean ± SE are shown (n=3). *, P < 0.05. (B) Caspase
3 antibodies were used to recognize the full length (35-kD) fragment. (C) Western blots for
cyrochrome c were performed on the cytosolic protein fraction from human hepatocytes
exposed to different concentrations of TRO for 24 h. Equal loading was confirmed using anti
actin antibody.
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Fig. 7.
Schematic model of the proposed effects of TRO-induced mitochondrial dysfunction in the
development of hepatoxicity. This schematic describes the model discussed in detail in the
text. TRO-induced production of ROS (initial ROS) causes damage to all components within
the mitochondria, including mtDNA. MtDNA damage results in alterations in mtDNA
transcription and reduction in the number of mitochondrially-encoded proteins, leading to
decline in ATP production and impaired electron transport. The impaired electron transport
causes additional ROS production (secondary ROS), thus establishing a vicious cycle since
any damage to the respiratory chain may enhance ROS production. This increased oxidative
stress and decreased ATP generation exacerbates the mitochondrial dysfunction, heightens the
oxidative stress to all mitochondrial components, and further intensifies the TRO-induced
oxidative stress in human hepatocytes until apoptosis or necrosis results.
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