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Abstract

Wehave explored the mechanism(s) related to FIAU-in-
duced liver toxicity, particularly focusing on its effect on

mitochondrial function in a human hepatoma cell line-
HepG2. The potential role of FMAUand FAU, metabolites
detected in FIAU-treated patients were also ascertained.
FIAU and FMAUinhibited cell growth and were effectively
phosphorylated. A substantial increase in lactic acid produc-
tion in medium of cells incubated with 1-10 ,uM FIAU or

FMAUwas consistent with mitochondrial dysfunction. Slot
blot analysis demonstrated that a two week exposure to 10
,uM FIAU or FMAUwas not associated with a decrease in
total mitochondrial (mt) DNAcontent. However, FIAU and
FMAUwere incorporated into nuclear and mtDNA and
relative values suggest that both compounds incorporate at
a much higher rate into mtDNA. Electron micrographs of
cells incubated with 10 ,IM FIAU or FMAUrevealed the
presence of enlarged mitochondria with higher cristae den-
sity and lipid vesicles. In conclusion, these data suggest that
despite the lack of inhibition of mtDNAcontent, incorpora-
tion of FIAU and FMAUinto mtDNAof HepG2 cells leads
to marked mitochondrial dysfunction as evidenced by dis-
turbance in cellular energy metabolism and detection of
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1. Abbreviations used in this paper: 3TC, (-)-2'-3'-dideoxy-3'-thiacy-
tidine; AZT, 3 '-azido-3 '-deoxythymidine; ddC,2 ',3 '-dideoxycytidine;
ddl,2',3'-dideoxyinosine; dThd, thymidine; FAU, 1-(2-deoxy-2-fluoro-
1-/3-D-arabinofuranosyl)-uracil; FHMAU, 1-(2-deoxy-2-fluoro-1-f3-D-
arabinofuranosyl)-5-hydroxythymine; FIAC, 1-(2-deoxy-2-fluoro-1-/3-
D-arabinofuranosyl)-5-iodocytosine; FIAU, 1-(2-deoxy-2-fluoro-1-f3-
D-arabinofuranosyl)-5-iodouracil; FIAU-MP, FIAU-5 '-monophosphate;
FIAU-DP, FIAU-5 '-diphosphate; FIAU-TP, FIAU-5 '-triphosphate;
FMAU, 1-(2-deoxy-2-fluoro-1-/3-D-arabinofuranosyl)-5-thymine; FMAU-
DP, FMAU-5 '-diphosphate; FMAU-MP, FMAU-5 '-monophosphate;
FMAU-TP, FMAU-5'-triphosphate; HBV, hepatitis B virus; LC/MS/
MS, liquid chromatography/mass spectrometry/mass spectrometry;
mtDNA, mitochondrial DNA; TMP, thymidine-5 '-monophosphate;
TTP, thymidine-5 '-triphosphate.

micro- and macrovesicular steatosis. (J. Clin. Invest. 1995.
95:555-563.) Key words: FIAU * FMAU- hepatitis B * liver
toxicity * mitochondria

Introduction

Hepatitis B virus (HBV)' can cause chronic hepatitis in humans
( 1 ) and it is postulated that tumor development may be triggered
directly by HBV or indirectly through chronic inflammation,
cirrhosis, and cell regeneration associated with the infection
(2). Approximately 300 million carriers are infected world-
wide. The only therapy for this disease is interferon alpha which
is effective in only 30% of patients with active liver disease,
representing only a minority of infected individuals.

In 1990, a halogenated nucleoside analogue FIAU was
found to have a potent in vivo activity against HBVinfection
in a chronically infected woodchuck animal model (3). Initial
clinical studies of FIAU conducted in HIV infected persons
with HBVco-infection for periods of 2 wk supported the animal
data with a marked suppression of circulating HBVDNA(4).
This effect lasted for several weeks after discontinuation of
therapy (5). Two subsequent studies were then conducted in
HIV negative HBVpositive individuals. The first study involved
a 4-wk course of therapy and no toxicity was noted. In a follow
up clinical course trial in June, 1993, the death of 5 of the 15
enrolled patients, some of whom had received FIAU in the
earlier 4-wk study, occurred after an 8-12-wk course therapy
(6). In these patients, major clinical toxicities included liver
failure with lactic acidosis, pancreatitis, neuropathy and myopa-
thy (5, 6). The liver biopsies showed massive micro- and mac-
rovesicular steatosis and the absence of glycogen as well as
enlarged and irregular mitochondria under electron microscopy
(5, 6). Liver mitochondrial damages subsequent to an inhibition
of mtDNA synthesis by FIAU or incorporation of FIAU into
the mitochondrial genome have been hypothesized as possible
causes of that toxicity (6, 7). Of note, mitochondrial toxicity
has already been suggested as being responsible for side-effects
of some nucleoside analogs including peripheral neuropathy
with ddC (8) and ddI (9) and myopathy with AZT (10). In
contrast, we recently demonstrated that bone marrow toxicity
of AZT, which is dose-limiting, is not related to inhibition of
mtDNA content ( 11).

The purpose of this study was to explore the cellular and
molecular events related to FHAU-induced liver toxicity, partic-
ularly focusing on its effect on mitochondrial functions. The
human hepatoma HepG2 cell line isolated by Aden et al. (12)
and the 2.2.15 cell line which consists of HepG2 cells
transfected with HBV (13) were selected for these investiga-
tions since the HepG2 cell line retains many characteristics of
hepatocytes, is an adequate in vitro model in which to examine
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liver functions (14, 15), and can be transfected with HBV
leading to production of infectious virions (13). Only scant
data have been reported on the in vitro and in vivo metabolism
of FIAU but more extensive investigations have been carried
out with FIAC, a nucleoside extensively deaminated in vivo
to FIAU (16-18). From these studies, it is clear that several
metabolites of FIAU can be formed including FAU, FMAU,
FHMAUand glucuronides of FIAU and FMAU(16-18). Un-
published data from our laboratory substantiates these previous
reports and LC/MS/MS analysis of biological specimens of
FIAU-treated patients from the last clinical trial demonstrates
that FIAU is substantially metabolized to FAU and FMAU
(19). Since it is possible that these metabolites may also have
contributed to the liver induced toxicity observed in treated
patients, effects of these FIAU metabolic derivatives were also
investigated in HepG2 cells.

Methods

Materials. The HepG2 cell line was purchased from the American Type
Culture Collection (Rockville, MD) and HBV-transfected 2.2.15 cells
were obtained from Dr. G. Acs (Mt. Sinai Medical Center, New York).
3TC was obtained from Dr. Raymond F. Schinazi (Emory University,
Decatur, GA). FIAU, FAU, and FMAUwere obtained from Dr. J. J.
Fox (Memorial Sloan-Kettering Cancer Center, New York). FIAU and
FMAUnucleotides were synthesized in our laboratory according to
standard phosphorylation procedures published previously (20). [2-
'4C]-FIAU (56 mCi/mmol) and [methyl-3H]-FMAU (400 mCi/mmol)
were purchased from Moravek Biochemicals (Brea, CA). MEMwith
non-essential amino acids, sodium pyruvate, dialyzed fetal bovine serum
and lOx trypsin-EDTA were purchased from GIBCO BRL (Grand
Island, NY). Lactic acid assay kit was purchased from Boehringer
Mannheim Corp. (Mannheim, Germany). Luciferin-luciferase was ob-
tained from Calbiochem Corp. (La Jolla, CA). Alkaline phosphatase,
DNase I and snake venom 5 '-phosphodiesterase were purchased from
Sigma Chemical Co. (St. Louis, MO). All other chemicals and reagents
were of the highest analytical grade available.

Cell conditions. The HepG2- and HBV-transfected 2.2.15 cells were
grown in 25 or 75 cm2 tissue culture flasks in MEMwith non-essential
amino acids supplemented with 10% heat-inactivated dialyzed fetal bo-
vine serum, 1% sodium pyruvate, and 1% penicillin/streptomycin. The
medium was changed every three days and cells were subcultured once
a week.

Effects of compounds on cell growth. The HepG2 cells from stock
culture were diluted and plated into 12-well cell culture clusters with 2.5
X 104 cells/ml in each well. Various concentrations of FIAU, FMAU,
FAU or no compound (control) were added in media to each well. After
4 d of incubation, fresh medium with the tested compound was changed
every other day until termination of the experiment at 14 d. Every other
day the cells in one cell culture cluster were removed from the bottom
of each well by using 0.05% trypsin-0.02% EDTAand counted with a
hemocytometer under the microscope. Cell viability, as assessed by trypan
blue exclusion, was 95% or greater during experiments.

Determination of intracellular phosphorylated metabolites. Conflu-
ent HepG2 or 2.2.15 cells (2 x 106 cells/ml) were suspended in a total
volume of 10 ml medium per time period in 25 or 75 cm2 tissue culture
flask. After addition of radiolabeled 14C-FIAU( 124 dpm/pmole) or3H-
FMAU(888 dpm/pmole) at a final concentration - 2 /iM, cells were
maintained at 37°C under a 5% CO2 atmosphere for specified time
periods. At the selected time points (6, 24, 48, 72, 96 h), cells were
centrifuged at 1,200 rpm for 10 min in a Beckman GPRcentrifuge, and
were washed three times with 10 ml of cold phosphate-buffered saline.
Nucleotides present in the cell pellet were extracted by incubation over-
night at -20°C with 1 ml of 60% methanol and were then extracted
with 500 p1 of 60% methanol for 30 min in an ice bath. Combined
extracts were dried under a gentle nitrogen stream at room temperature
and the samples were stored at -20'C until analysis. Separation of

nucleotides was performed on a Hewlett-Packard 1050 HPLC system
(Avondale, PA). The extracts were analyzed by anion exchange chro-
matography with a Partisil 10 SAX column (Jones Chromatography,
Lakewood, CO). Elution was carried out at 1 ml/min with 15 mM
KH2PO4 (pH 3.5) and a 45 min linear gradient of 1 MKH2PO4 (pH
3.5) from 0 to 100%, starting 10 min after the time of injection. The
total running time was 70 min. Under the conditions defined above, the
retention times of the unlabeled markers of FIAU, FIAU-MP, FIAU-
DP, FIAU-TP were 4, 18, 29, and 44 min, respectively. The retention
times of FMAU, FMAU-MP, FMAU-DPand FMAU-TP were 3, 10,
26, and 41 min, respectively. After fractionation (1 ml) of the eluate
and addition of scintillation fluor (5 ml), radioactivity was measured
by using a Beckman LS5000 TA scintillation counter equipped with an
automatic quench correction program. Reverse phase chromatography
was used to separate FIAU, FMAU, and FAU. Samples were examined
using Hypersil C-18 5/,m (Jones Chromatography, Lakewood, CO) as
stationary phase. Elution was carried out isocratically at 1 ml/min with
25 mMKH2PO4(pH 2.6) and 12% methanol. The retention times of
authentic standards of FAU, FMAU, and FIAU were 7.4, 16.5, and 28.2
mm, respectively.

Mitochondria isolation and phosphorylation studies. A l-ml pellet
of HepG2 cells was washed with cold 20 ml buffer containing 134 mM
NaCl, 5 mMKCl, 0.7 mMNa2HPO4, 2.5 mMTris at pH 7.5 and
subsequently centrifuged for 5 min at 2,500 rpm and 4°C in a Beckman
GPRcentrifuge. Cells were then resuspended at 4°C in 12 ml of buffer
containing 10 mMNaCl, 1.5 mMMgCl2 and 10 mMTris at pH 7.5
and incubated for 10 min. Swollen cells were disrupted with a glass
Dounce homogenizer and one-sixth volume of cold 2 M sucrose, 35
mMEDTA, 50 mMTris solution (pH 7.5) was added immediately
to stabilize mitochondria against osmotic rupture. Nuclei were then
eliminated by two successive sedimentations of 4 min each at 2,500
rpm in a Beckman GPRcentrifuge. The resulting supernatant was centri-
fuged at 14,000 rpm for 20 min in a Beckman J2_20 centrifuge to obtain
the mitochondrial pellet.

The mitochondrial pellet (600 Htg protein/sample) was resuspended
in incubation buffer containing 10 mMsuccinate, 2 mMATP, 2 mM
pyruvate, 1 mMmalate, 2 mMnicotinic acid, 10 mMMgCl2, 2 mM
KCl, 10 mMKH2PO4, and 25 mMTris-HCl at pH 8. Experiments were
initiated with addition of 3H-FMAU (888 dpm/pmole) or 14C-FIAU
(124 dpm/pmole) to achieve a final concentration of 10 IM. [3H]-
Thymidine (1,000 dpm/pmole) was used as positive control. After 30
min at 37°C, mitochondria were centrifuged at 15,000 g for 5 min and
washed three times with cold washing buffer containing 0.25 mMsu-
crose and 1 mMEDTA. Extraction of intra-mitochondrial nucleotides
and HPLC analysis was performed with a similar procedures used for
intracellular nucleotide determination as described above.

Effect of compounds on mtDNA content. After 14 d of incubation,
cells (5 x 104 per sample) incubated with varying concentrations of
FIAU or FMAUand no compound (control) were heated under alkaline
condition and the DNAwas immobilized on a Zeta-Probe membrane
(Bio-Rad, Richmond, CA) by using a slot-blot apparatus. The mtDNA
on the membrane was detected with a specific human oligonucleotide
mitochondrial probe, encompassing nucleotide positions 4212-4242
(21). A gel-purified 625-base pair fragment of a human beta-actin
cDNA plasmid was used as a probe for standardizing the amount of
total cellular DNAloaded on the membrane.

Incorporation of FIAU and FMAUinto nuclear and mtDNA of
HepG2 cells. Confluent cells (106 cells/ml) were incubated at 37°C for
4 d after addition of 14C-FIAU (124 dpm/pmole) or 3H-FMAU (888
dpm/pmole) to achieve a final concentration of 2 1iM. Cells were then
harvested and washed twice at 4°C with cell culture media. Total nuclear
DNAwas isolated as previously described in detail (22). Mitochondrial
DNAwas prepared from purified mitochondria by a modified procedure
of Welter et al. (23). All steps described below were performed at 4°C.

Briefly, the cell pellet was homogenized in a buffer containing 0.25
Msucrose, 130 mMKC1, 30 mMTris-HCl, pH 7.6, 3 mMMg acetate,
1 mMDTT and then centrifuged at 1,200 rpm for 5 min in a Beckman
GPRcentrifuge. The supernatant, which included unpelleted mitochon-
dria was aspirated and recentrifuged in the same manner. The mitochon-
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dria in the supernatant were then layered on top of the sucrose gradient
which consisted of three concentrations of 1.0, 1.2, and 1.6 Msucrose
containing 10 mMTris-HCI, pH 7.6, 1 mMEDTA, and 0.1% bovine
serum albumin and centrifuged at 28,000 rpm for 3 h in a Beckman L8
ultracentrifuge. Three distinct bands appeared on each gradient interface.
The middle band (between 1.0 and 1.2 M sucrose gradient), which
represented the purified fraction of mitochondria was aspirated and di-
luted with water to reduce the density and subsequently centrifuged at
12,000 rpm for 30 min in a Beckman L8 ultra centrifuge to pellet the
mitochondria. This pellet was used to isolate the mtDNA according
to similar methods described above for cellular DNA. Radioactivity
incorporated into nuclear and mt DNAwas determined in a Beckman
LS 5000 TA counter. To assess the purity of isolated mtDNA, the same
amount of mt DNA which was used to determine radioactivity, was
analyzed by 0.8% agarose gel electrophoresis in the presence and ab-
sence of Ava II restriction enzyme.

Enzymatic digestion of radiolabeled nuclear and mitochondrial DNA.
"C- or 3H-radiolabeled nuclear DNAwas hydrolyzed with DNAse 1 (22
U) at 37°( for 1 h and digestion was confirmed by electrophoresis analy-
sis. Reaction volume was adjusted to 200 Ad with 20 1l of lOx phosphodi-
esterase I buffer (1.1 MTris-HCl, pH 9.0, 1.1 MNaCl, 0.15M MgCl2)
including 0.5 U of snake venom 5 '-phosphodiesterase. After incubation
at 370C for 4 h, 3 U of alkaline phosphatase were added in a final reaction
volume of 300 til including 0.5 M tris-HCI, pH 9.3, 10 mMMgCl2, 1
mMZnCl2, and 10 mMspermidine. This reaction was carried out at
37TC for 1 h. The digested material was then analyzed by the reverse
phase HPLC method described above. Hydrolysis of mtDNA was per-
formed under similar conditions as described for nuclear DNAexcept
that reaction volume and amount of enzyme were decreased by half.

Lactic acid determination. HepG2 cells (2.5 x 104 cells/ml) were
plated into 12-well cell culture clusters and treated with various concen-
trations of FIAU or FMAUunder similar conditions described above.
After 2 and 4 d of incubation, cell number in each well was determined
with a hemocytometer, and medium was collected and filtered by using
Acro disc LC13 PVDF from Fisher Scientific (Pittsburgh, PA). The
lactic acid content in the medium was measured using a Boerhinger
lactic acid assay kit, following the supplier's instructions. The amount
of lactic acid in the medium was expressed as mg of lactic acid produc-
tion per 106 cells (24).

Cell ATPdetermination by luciferase assay. HepG2 cells were incu-
bated under similar conditions described above. After 4 d, one set of
cell culture was used to measure cell number and the other to extract
the total ATP content with 1 ml of ice-cold 0.4 Mperchloric acid over
a 20-min incubation period (25). Luminescence was measured by using
a Beckman LS 7500 scintillation counter in the noncoincidence mode.
For each sample, 50 ill of diluted PCA extract was added to 1 ml
arsenate buffer (0.1 Msodium arsenate, 40 mMmagnesium sulphate,
pH 7.4), 1 ml PBS (pH 7.4) and 1 ml distilled water in a glass scintilla-
tion vial. The reaction was started by the addition of 100 ,l of luciferin-
luciferase and the vial was quickly transferred to the scintillation counter
(25, 26). Standard curves were linear over concentrations of ATP com-
prised between 5 and 75 pmol. The total ATP content within cell was
expressed as nmol of ATP per 106 cells.

Morphological evaluation. HepG2 cells (2.5 X 104 cells/ml) were
plated into 35 x 10-mm tissue culture dishes and 10 ILM FIAU or
FMAUor no compound (control) were added to each dish. After a 4-
d incubation period, medium with and without (control) compounds
was changed every other day. At selected time points (day, 2, 4, 7, and
12), cells were fixed in 1%glutaraldehyde for one hr, rinsed in sodium
phosphate buffer and post-fixed in 1% osmium tetroxide for 1 h. The
cells were gradually dehydrated with graded concentrations of ethanol
starting with 50% through 100% ethanol to propylene oxide and subse-
quently slowly infiltrated with epon (embedding medium) and embed-
ded in epon. Lastly, cells were sectioned with a Reichert-Jung ultra-
microtome, stained with uranyl acetate and lead citrate, and examined
with a Hitachi 7000 electron microscope.

Results
Effect of FIAU, FMAU, and FAUon HepG2 cell proliferation.
HepG2 cell growth was assessed in the presence of various
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Figure 1. HepG2 cell growth over a 14-d time period in the absence
(0, control) and in the presence of 0.1 (A), 1 (-), and 10 (A) 'iM
FHAU(A) or FMAU(B). Each point represents the mean of two experi-
ments.

concentrations of FIAU, FMAU, and FAU as described in
Methods. Under these conditions, both FIAU and FMAUinhib-
ited cell growth in a dose-dependent manner, with a pronounced
effect at concentrations comprised between 1 and 10 .sM (Fig.
1, A and B). After 6 and 14 d of incubation, the IC50 values
for FIAU and FMAUwere 2.1 and 5.5 ,M, and 1.4 and 4.0
,sM respectively. In contrast, FAUhad no inhibitory effect on
cell proliferation at concentrations up to 10 .M.

Metabolism of FIAU and FMAU in HepG2 and HBV
transfected 2.2.15 cells. Confluent HepG2 and HBVtransfected
2.2.15 cells were exposed to 2.5 1M '4C-FIAU or 2.5 MM3H-
FMAUover a 4-d time period. Both FIAU and FMAUwere
rapidly phosphorylated within cells to their 5'-mono-, 5'-di-,
and 5'- triphosphate derivatives, as analyzed by anion exchange
chromatography. The intracellular concentrations of FIAU and
FMAU5 '-phosphorylated derivatives after 6-, 24-, 48-, 72-,
and 96-h incubation periods are illustrated in Table I. By 6
h, FIAU-TP was the predominant intracellular metabolite and
reached a mean concentration of 0.37 pmol/ 106 cells, and an
equilibrium approximating 0.3 pmol/ 106 cells was maintained
for the remaining 90 h of the experiment. Meanwhile, FIAU-
MPand FIAU-DP reached their maximum peaks at 48 h, and
subsequently slowly declined with concentrations below that of
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Table L Intracellular Concentration of FIAU- and FMAU-5'-
Phosphorylated Derivatives in Hep-G2 Cells after Exposure
to 2.5 jiM 14C-FIAU or 3H-FMAU

Metabolite
Time of
exposure Treatment MP DP TP

h pmol/10M cells

6 FIAU 0.04 0.06 0.33
FMAU 0.27 0.43 0.36

24 FIAU 0.08 0.08 0.31
FMAU 0.13 0.29 0.36

48 FIAU 0.25 0.10 0.36
FMAU 0.15 0.17 0.38

72 FIAU 0.12 0.08 0.31
FMAU 0.15 0.19 0.36

96 FIAU 0.10 0.07 0.26
FMAU 0.12 0.20 0.36

Values are mean of two experiments.

FIAU-TP at any time of exposure. FMAUwas also rapidly
phosphorylated to its 5 '-mono-, 5 '-di-, and 5 '-triphosphate. By
6 h, both FMAU-MPand FMAU-DP were already at their
highest intracellular levels and FMAU-TPaccumulated to con-
centration comprised between 0.3 and 0.4 pmol/ 106 cells. In
general, FMAUgenerated slightly higher 5 '-triphosphate me-
tabolite concentrations than FIAU. Using HBV-transfected
2.2.15 cells, similar concentrations of phosphorylated metabo-
lites were obtained with either FIAU or FMAUas compared to
non-infected HepG2 cells (data not shown). Further analysis
by reverse phase chromatography of extracellular medium of
2.2.15 cells 48 h after exposure of cells to FIAU revealed that
14 to 15%of FIAU was intracellularly converted to FAUwhich
was then released in medium while no FMAUwas detected.
Under similar conditions, FMAUremained unmetabolized and
no other derivative was detected.

Determination of FIAU and FMAUphosphorylation in iso-
lated mitochondria of HepG2 cells. Before performing the ex-
periment, a glucose 6-phosphatase assay was conducted to de-
tect the presence of cytosol in the mitochondrial fraction. Re-
lease of free phosphate was insignificant indicating a very low
percentage of cytosolic entities. A positive control performed
with 10 jM [3H]thymidine demonstrated conversion to its 5'-
phosphorylated derivatives, including thymidine-5 '-triphos-
phate (Fig. 2 A). In contrast, no 5 '-phosphorylated derivatives
were detected when '4C-FIAU (Fig. 2 B) or 3H-FMAU (Fig. 2
C) were incubated with mitochondria under similar conditions.

Incorporation of FIAU and FMAUinto nuclear and mtDNA.
To evaluate the interaction of FIAU and FMAUwith total DNA,
confluent HepG2 cells were exposed for 4 d to radiolabeled
'4C-FIAU or 3H-FMAU at a final concentration of 2 MiM. Both
nuclear and mtDNA were isolated, purified and analyzed as
described in Methods. Identification and purity of mtDNAwas
performed by analysis with a 0.8% agarose gel electrophoresis
in the presence and absence of Ava II restriction enzyme. As
illustrated in Fig. 3, lane 2, a unique mtDNAband appeared at
the expected size range of 16.5 kb when compared with molecu-
lar weight markers IV (Fig. 3, lane 1). This mtDNAwas also
shown to retain expected cleavage sites for Ava II (Fig. 3, lane
3) as previously published (27). To determine quantitatively
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Figure 2. Anion exchange HPLCanalysis of radioactivity after exposure
of isolated mitochondria of HepG2 cells with [3H]thymidine (A), '4C-
FIAU (B), and 3H-FMAU (C).

the amount of radioactivity incorporated into nuclear and
mtDNA, as a function of 4-d exposure to cells with 2 jM FIAU
or FMAU, radioactivity was measured in purified nuclear and
mtDNA as described in Methods. FIAU was incorporated into
both nuclear and mtDNA with values of 90 and 9.6 pmole/jOg
DNA respectively. The amount of FMAUincorporated into
nuclear DNAwas 45.6 pmole/ jg DNA, being about twofold
lower as compared with that observed with FIAU, whereas
a modest increase of FMAUincorporation into mtDNA was

observed with a value of 11.5 pmole/,jg DNA. Identification
of the radioactivity detected in nuclear and mtDNA was per-
formed by enzymatically hydrolyzing the DNAto nucleoside
with subsequent HPLC analysis. Fig. 4 shows the radiochro-
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tion of mtDNAfrom
7.7- -9.8 HepG2 cells was per-5 5 formed as described in

5.5- Methods. MtDNA was
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0.4- fragments.

matograms of enzymatically digested nuclear (A and B) and
mitochondrial (C and D) DNAafter exposure of cells to either
14C-FIAU or 3H-FMAU. More than 94% of 14C radioactivity in
both nuclear and mtDNA coeluted with an authentic standard
of FIAU and the remainder coeluted with FMAU(1.5%) and
FAU(3.5%) standards. In contrast, all 3H-radioactivity coeluted
with an authentic FMAUstandard.

Effect of FIAU and FMAUon mtDNA content, extracellular
lactic acid levels and total ATP content in HepG2 cells. Table
II shows that FMAUexposed to HepG2 cells for 14 d had no
effect on mtDNAcontent at concentrations up to 10 MiM, while
FIAU only caused a 14% decrease in mtDNA content at a

concentration of 10 jtM. To observe the effect of FIAU and
FMAUon mitochondrial function, the lactic acid content in
HepG2 cell culture medium was determined. Table II demon-
strates that both FIAU and FMAUinduced increased lactic acid
production in HepG2 cells in a dose-dependent manner. After
2 d of incubation, enhancement in lactic acid production was
detected at concentrations of 1 AtM and predominately 10 AtM,
with both compounds. After incubation for 4 d, there was a
more profound effect in lactic acid production, resulting in a
twofold increase as compared with control when cells were
exposed to 10 MMFIAU or FMAU. In contrast, under similar
conditions, 3TC at concentrations comprised between 0.1 and
10 uM had no substantial effect on lactic acid production. As
described in Methods, HepG2 cells were incubated in the pres-
ence of various concentrations of FIAU or FMAUfor 4 d. After
extraction with 0.4 Mice-cold perchloric acid, the total (cellular
and mitochondrial) ATPcontent was measured by using a lucif-
erase assay. Both FIAU and FMAUinduced, in a dose-depen-
dent manner and to a similar degree, an increase of total AT?
content in HepG2 cells, suggesting a disturbance in energy me-
tabolism (Table II).

Electron microscopy evaluation. HepG2 cells incubated for
4 d with 10 MMFIAU or FMAU, as described in Methods,
were examined by electron microscopy. Electron micrographs
clearly delineate the formation of a large amount of lipid vesi-
cles within cells treated with FIAU (Fig. 5 B) and FMAU
(Fig. 5 C) relative to control cells (Fig. 5 A). In addition,
mitochondria of cells incubated with either FIAU (Fig. 6 B) or
FMAU(data not shown) were enlarged and displayed a higher
cristae density as compared with control (Fig. 6 A). In contrast,
3TC-treated cells did not induce any apparent morphological
changes under the same conditions (data not shown).

Discussion
FIAU, a nucleoside fluorinated in the carbohydrate moiety syn-
thesized in the 1970s (28) and initially developed for treatment
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Table II. Effect of FIAU and FMAUon Mitochondrial Functions in Hep-G2 Cells

Lactic acid production
Ratio to control of ATP content

Compound Concentration mtDNA synthesis Day 2 Day 4 (mmol/106 cells)

[LM % mg/JO6 cells

0 100 2.40+0.30* 2.25+0.33 9.24
FIAU 0.1 101 2.41+0.16 (0.4%)' 2.68+0.52 (19.1%) 9.69

1 118 2.58+0.29 (7.5%) 3.02+0.61 (34.25%) 14.40
10 86 3.38+0.30 (40.8%) 4.56+0.27 (102.7%) 22.28

FMAU 0.1 100 2.38+0.34 (0%) 2.76+0.54 (22.7%) 9.48
1 97 2.46+0.29 (2.5%) 3.22+0.50 (43.1%) 16.33

10 100 3.62+0.16 (50.8%) 5.33+0.92 (136.9%) 23.54
3TC 0.1 ND 2.40+0.12 (0%) 2.39+0.12 (6.2%) ND

1 2.36+0.12 (0%) 2.44+0.18 (8.4%)
1.0 2.36+0.01 (0%) 2.35+0.08 (4.4%)

Values are mean of two experiments except * data represents mean ± SD of three different experiments. * The number in the bracket is the
percentage of increase on lactic acid production compare with control. ND, Not determined.

of herpes simplex virus and cytomegalovirus infections (18,
29) was recently reported to be also effective against HBV
replication (3, 4). The anti-HBV activity of the 5 '-triphosphate
form of FIAU is assumed to result from its selective inhibition
of viral targets, possibly HBVDNApolymerase (30). In con-
trast to herpes simplex virus, HBV does not encode a deoxy-
nucleoside kinase and therefore the activation of FIAU is medi-
ated by host cell enzymes, including thymidine kinase, thymi-
dylate kinase and pyrimidine diphosphate kinase leading to
formation of FIAU-TP, the likely active metabolite. Unantici-
pated lethal toxicity after 8-12 wk of treatment with FIAU in
HBV infected patients has led the scientific community to at-
tempt to understand the possible molecular mechanism(s) of
this FIAU-causing toxicity (6, 19).

Mitochondrial toxicity has been suggested to play a key
role in this FIAU-causing liver failure (6, 7). Evidence for
mitochondrial damage in FIAU-treated patients includes severe
lactic acidosis with massive macro- and microvesicular steatosis
in liver biopsies suggestive of a disturbance in energy metabo-
lism processes in which mitochondria are usually involved. Fur-
thermore, electron micrographs revealed enlarged and irregular
mitochondria in those patients (5, 6).

In an attempt to elucidate FIAU-induced liver toxicity with
possible molecular target sites, the present study examined the
degree of toxicity of FIAU in a HepG2 cell line as well as
potential mechanisms which may have led to impairment of
cellular and mitochondrial functions in FIAU-treated patients.
As shown in Fig. 1, a dose-dependent inhibition on cell growth
was observed with FIAU and FMAU, a metabolite which was
detected by our laboratory in biological fluids of FIAU-treated
patients (19). Consistent with recently published data (30),
FIAU was effectively phosphorylated to its triphosphate but
rapidly plateaued to phosphate derivative levels well below
those previously reported (30), probably reflecting our use of
confluent rather than proliferating cells. A similar pattern profile
was observed with FMAU, in agreement with the same affinity
of these compounds for host phosphorylating enzymes (31).
The degree of phosphorylation of FIAU and FMAUwas not
affected when metabolism was investigated in 2.2.15 cells
which have integrated HBV genomic sequences and produce
infectious virions (13). This data is consistent with the non

induction of nucleoside kinases by HBVand raises the question
as to whether these infected cell cultures metabolize FIAU in
a similar fashion as those livers of HBV infected patients. In-
deed, it is important to note that in these in vitro studies, only
conversion of FIAU to FAUwas observed while both FAUand
FMAUare detected in biological fluids of FIAU treated patients
(19).

Although inhibition of mtDNAsynthesis by FIAU or incor-
poration of FIAU into the mitochondrial genome have been
hypothesized, no data has yet been reported. In the present
study, both FIAU and FMAU, at concentrations inhibiting more
than 75%of cell growth, had no detectable effect on the mtDNA
content of HepG2 cells after 14 d of continuous exposure to
drugs, suggesting that FIAU and FMAUmay not affect the
quantitative synthesis of mtDNA.

Although incorporation of FIAU into total DNAhas been
previously reported (32, 33), it is yet unclear whether FIAU is
able to incorporate into mtDNA and whether incorporation of
that drug into nucleic acids is predominant in one of the two
cellular compartments. In addition, no data are yet available on
whether FMAUcan also incorporate into either nuclear and
mtDNA. In our studies, both radioactive FIAU and FMAUwere
detected in nuclear DNAand mtDNAand absolute values would
suggest a preferential incorporation into nuclear DNA rather
than mtDNA. However, mtDNArepresents < 1%of total DNA
in mammalian cells (34), suggesting that both FIAU and
FMAUincorporate at a much higher rate into mtDNA than
nuclear DNA. Consistent with previous studies which demon-
strated that FIAU and FMAUare not subtrates for mitochondrial
thymidine kinase (35), phosphorylation of these two com-
pounds was not detected in isolated mitochondria of HepG2
cells (Fig. 2). Therefore, as suggested previously with ddC
(36), a transport carrier on the mitochondrial membrane may
be responsible for the uptake of intracellular FIAU and FMAU
nucleotides toward the mitochondrial space resulting in a subse-
quent incorporation into mtDNA. In contrast to 2 ',3 '-dideoxy-
nucleosides which lacks a free 3 '-hydroxyl group, FIAU con-
tains a 3'-hydroxyl group probably leading to incorporation
into DNAat internucleotide linkages. This incorporation would
result in unfunctional DNAat the transcriptional level and prob-
ably affect gene expression of nuclear and mtDNA which are
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important for cell function and thereby leading to cell damage.
The potential role of FIAU and FMAUincorporation into nu-
cleic acids and into mtDNA in particular, in mediating toxicity
of HepG2 cells is further suggested by their major effects on

Figur-e 5. Electron micrograph of a control HepG2 cell (A alld the sam11e
cell line incubated over 4 d with 10 pM FIALU B) or 10 pM FMAL
(C. x 12.000.

the cellular energy metabolism of the mitochondria. When a
mitochondrial dysfunction occurs, cells can react in different
ways to compensate the decreased mitochondrial function. For
instance, glycolysis can be enhanced as reflected by an increase
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Figure 6. Electron microscopy evaluation of mitochondria in control
HepG2 cell (A) and cell exposed over 4 d with 10 MMFIAU (B).
x30,000.

in lactic acid production. A significant increase in lactic acid
content was detected in HepG2 cells culture medium after 4 d
exposure to FIAU or FMAU(Table II), a phenomenon consis-
tent with clinical observation of FIAU-treated patients. The cel-
lular ATPcontent in HepG2 cells after 4 d treatment with FIAU
or FMAUmarkedly increased in a dose-dependent manner, sug-
gesting that the mitochondrial dysfunction induced by FIAU
and FMAUmight initiate a glycolysis acceleration as a compen-
satory mechanism leading to energy enchancement. Meanwhile,
mitochondria may react in some way leading to an increased
mitochondrial volume and mitochondria numbers per hepato-
cyte, similarly as observed with liver cirrhosis (37). Consistent
with that hypothesis, mitochondria of HepG2 cells incubated
with FIAU or FMAUwere enlarged and displayed a higher
cristae density (Fig. 4 B) which also reflect the activation of
compensatory energy mechanism. The electron micrographs
(Fig. 3, B and C) further demonstrate that both FIAU and
FMAUcould cause micro- and macrovesicular steatosis in
HepG2 cells as demonstrated in liver cells of FIAU-treated
patients. The elevated cellular ATP levels concomittant to a
possible disturbance in the TCA cycle in mitochondria could
build up the steatosis which is a main route for energy storage.

In summary, the present data suggest that both FIAU and
FMAUcan cause mitochondrial dysfunction like ddC and ddl
(38), but through different mechanisms. Notably, they do not
decrease mtDNA replication but are incorporated into nuclear
and mtDNA possibly resulting in unfunctional nucleic acids.
There is a major disturbance in cellular energy metabolism,
reflected by an increase in cellular ATP content, lactic acid
production and higher cristae density of mitochondria. Further-
more, the micro and macrovesicular steatosis as well as the
morphological change of mitochondria detected in HepG2 cells
after exposure with FIAU and FMAUare consistent with the
clinical observations in FIAU treated patients. These studies
emphasize the importance of such biochemical studies in the
development of novel entities for the treatment of viral infec-
tions and underlines the potential role of metabolites such as
FMAUin a possible synergistic toxicity with the parent drug.
The absence of such mitochondria effects with 3TC (Table
II) and (-)-2',3'-dideoxy-5-fluoro-3'-thiacytidine (39), two
nucleoside analogs being developed for the treatment of HIV
and HBV infections (40-42) demonstrate that each nucleoside
should be considered as a unique entity and further emphasizes
the usefulness of that class of compound to treat such viral
infections.
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