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Abstract

Zidovudine (AZT) is a potent inhibitor of human immunodeficiency virus (HIV) replication. In humans, as well as in animal models,
long-term treatment with AZT induces a severe myopathy characterised by structural and functional alterations of mitochondria associat
with depletion of mitochondrial DNA (mtDNA). In the present work, we compared the effects induced by AZT on mitochondria upon short-
or long-term treatments of cultured rat myotubes. Morphological alterations were investigated by electron microscopy, and mtDN/
depletion and deletions were analysed by Southern blot. Mitochondrial membrane potential was determined after JC-1 staining |
laser-scanning confocal microscopy in whole cells, and by flow cytometry in isolated muscle mitochondria. We found that the early effect
of AZT on mitochondrial functions were a marked, yet reversible reduction in mitochondrial membrane potential, in the absence of an
effect on mtDNA. The long-term treatment, in addition to mitochondrial membrane potential alterations, induced morphological change
in mitochondria, and a remarkable reduction in the amount of mtDNA, without any significant evidence of mtDNA deletions. In both
treatments, a block of the spontaneous contraction of myotubes was observed. To study in more detail the early effects induced by Az
the ability of the drug to interact with cardiolipin, an important component of internal mitochondrial membrane, was investigated by atomic
force microscopy (AFM) in an artificial membrane model system. The results suggest that the primary effects of AZT may be related to
physical interference with the membrane structure leading to a consequent modification of its physical characteristics. © 2001 Elsevi
Science Inc. All rights reserved.
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1. Introduction inhibits HIV-1 reverse transcriptase by terminating the
newly synthesized viral DNA chain [1]. Unfortunately, pa-
Zidovudine (3-azido-2, 3'-dideoxythymidine; AZT) is tients treated with AZT develop a toxic mitochondrial my-
a potent inhibitor of human immunodeficiency virus (HIV) opathy [2—6]. Typical morphological features of this my-
replication. The antiretroviral activity of AZT was found to opathy are the formation of ragged-red fibres and various
derive from its conversion into AZT triphosphate, which mitochondria abnormalities, including enlarged size and
abnormal cristae [3]. Mitochondrial ultrastructural changes
were also detected in AZT-treated animals [7-10] and in

* Corresponding author. Tel+39-382-506-333; fax:+39-382-303- human or mouse muscle cell cultures [11,12]. In humans, in
673. o . animal models, as well as in different human cell lines,
E-mail addressornella@manuzio.unipv.it (O. Cazzalini). mtDNA depletion was also observed [8,9,12,13]. Thus,
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benzimidazolylcarbocyanine iodide; SDH, succinate deydrogenase: cox, drial target to explain the toxic eﬁ?“ Qf AZT. It has been
cytochrome oxidase; and PCR, polymerase chain reaction. demonstrated that mtDNA depletion is dependent on the
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inhibition of DNA polymerasey, the matrix enzyme re- ma) and 0.05% w/v collagenase—dispase (Boehringer
sponsible for mtDNA synthesis [14,15]. An alternative pro- Mannheim). The digestion was performed by 5 successive
posal to explain the biochemical origin of mtDNA alteration 5-min incubations at 37° with gentle shacking. After pro-
is the massive conversion of guanosine into 8-OH- teolytic digestion, the cell suspensions were filtered through
guanosine induced by AZT [10,16]. a sterile nylon gauge, collected by centrifugation, and
The long-term AZT treatment has been shown to induce seeded on Petri dishes to allow adherence of contaminating
mitochondrial biochemical dysfunction in AIDS patients, fiproplasts in proliferation medium [for 100 mL: Dulbecco’s
rats and isolated cells [3,9,17-21]. Some biochemical alter- 1,4 dified Eagle’'s medium (DMEM, GIBCO) 40 mL,

ations were also reported in mitochondria after short-term \,cpg 104 (GIBCO) 40 mL, Ultroser G (GIBCO) 2 mL
AZT treatment [18]; in particular, we previously reported fetal bovine serum (FBS) 20%, 100 IU/mL of penicillin,
membrane potential abnormalities, both in isolated mito- 100 ug/mL of streptomycin]

chondria treated with AZTin vitro and in mitochondria
isolated from long-term AZT-treated rats [9].

The aim of the present study was to analyse the effects
induced by AZT after short- and long-term treatments, using
primary cultures of rat myotubes. Morphological, biochem-
ical, and mtDNA alterations were investigated. Mitochon-

drial membrane potential modifications, as determined with were grown ir,' proliferatign medium for 10 days. At this
the fluorescent probe 5,8,6-tetrachloro-1,13,3-tetra- time, differentiation was induced by DMEM and MCDB

ethylbenzimidazolylcarbocyanine iodide (JC-1), were as- 104 medium 1/1, supplemented with 10% FBS and antibi-
sessed in rat isolated muscle mitochondria by flow cytomet- Otics. Myoblast growth and development of myotubes were
ric analysis, and in rat myotube cultures by laser-scanning followed by daily microscopic examinations under an in-
confocal microscopy. verted microscope. When the cultures were enriched in
In isolated mitochondria, the flow cytometric analysis Mmyotubes, usually after two weeks, 2 mg/mL (7.4 mM) for
showed an immediate alteration in mitochondrial membrane short-term treatment or 02g/mL (740 nM) for long-term
potential associated with a reduction in SDH activity. In of AZT (Burroughs Wellcome) were added to flasks or
cultured myotubes, the results showed that 72-hr AZT treat- coverslips. The last dose corresponds to the high daily dose
ment induced a dramatic, though reversible, reduction in used in the treatment of AIDS. The cultures treated with 2
mitochondrial membrane potential, in the absence of any mg/mL of AZT were processed for confocal microscopical
effect on mtDNA. The three-week treatment, in addition to analysis after 4, 24, 48, or 72 hr treatment and for mtDNA
mitochondrial membrane potential alterations, induced mor- depletion analysis after 72 hr treatment. The cultures treated
phological changes in mitochondria and a remarkable re-with 0.2 ug/mL were processed for cytochemical reaction,
duction in the amount of mtDNA, without any significant  electron, confocal microscopical analyses, and for mtDNA
evidence of mtDNA deletion. In both treatment schedules, a molecular studies after 3 weeks’ treatment: AZT was added
decrease in SDH activity and a block of the spontaneous g fjasks or coverslips 3 times/week. For mtDNA analysis
contraction of myotubes were observed. AFM analysis of 5.4 piochemical analyses, the myotubes grown in flasks

Q%T Or? cardiol_ipin crystal_lir?ehstructure SUQerStS tr:}e %o_ssli- were purified by 9000 rpm centrifugation in Percoll gradi-
llity that AZT interacts with the structure of mitochondrial ent. Untreated flasks or coverslips were followed concur-

memprane. The alteration of membrane_potentlal_ caused byrently as controls and all the experiments were performed at
AZT is thought to be related to a reversible physical effect .

. o least three times.
of this molecule on the structural organization of the mem-
brane, with consequent modification of its physical charac-
teristics.

2.1.2. Myotube culture

After 24 hr, the suspension cells were shifted to collagen-
coated (collagen type |, Sigma) flask or coverslip to allow
adherence and proliferation of myoblasts. The colonies

2.2. Electron microscopy analysis

Untreated and AZT cells treated for three weeks were
pelletted and then fixed in 2.5% glutaraldehyde-Na-cacodyl-
ate buffer (Merck) (0.1 M, pH 7.2) at 4° for 2 hr, rinsed in

2. Materials and methods

2. 1. Cell culture and treatments the same buffer, and post-fixed in 1% Qsi¥a-cacodylate
buffer. The same protocol was applied on untreated and
2.1.1. Isolation of satellite cells treated cells grown on coverslips.

Satellite cells (myoblasts) were isolated as described by ~ The cells were dehydrated and embedded in epoxy resine
Pinset and Montarras [22] from gastrocnemius, extensorand sectioned by ultramicrotome. Semifine sections (0.5
digitorum leg and soleum of male Wistar rats (Harlan Nos- wm) were stained with toluidine blue and observed by light
san, weight 100-150 g) by sterile dissection. All tissue were microscopy; ultrathin sections (80 nm) contrasted with ura-
thinly minced in PBS and then digested in MCDB 104 nyl acetate and lead citrate were examined by transmission
medium (GIBCO, BRL) containing 0.1% w/v trypsin (Sig- electron microscope (Zeiss EM 10).
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2.3. Cytochemical analysis for the succinate deydrogenase?2.4.3. Mitochondrial transmembrane potential

(SDH) and cytochrome oxidase (COX)

Control and cells treated with zidovudine for three weeks
were fixed in 1% formaline for 5 min. For SDH staining, 2
mM nitroblue tetrazolium (NBT, Sigma) was added to 50
mL of 0.1 M phosphate buffer at pH 7.8, and mixed with 50
mL of 50 mM sodium succinate (ICN Biochemicals). Fi-
nally, 0.1 mM phenazine methosulphate (PMS, Sigma) was
added. The reaction was performed for 30 min at 37°.

For COX staining, the reaction was performed for 20 min
in incubation medium containing 0.2 N-amino-diphe-
nylamine (Sigma) and 0.2 M 1-hydroxy-2-naphthoic acid
(Sigma) dissolved in 100% ethanol (BDH). This solution
was added, together with cytochromse(Fluka) (0.26 M
final concentration) to Dulbecco’s modified Eagle’s me-
dium (DMEM).

For the SDH and COX analyses, about 1000 cells from
control and treated cells were scored at 100X with the
microscope Leitz (Orthoplan). Statistical analysis was per-
formed by y? test.

2.4. Mitochondrial transmembrane potential

2.4.1. Isolation of mitochondria from skeletal muscle

The mitochondria were isolated from male Wistar rats.
Briefly, tissue was removed, minced, and digested with
Nagarase (5 mg/g, Subtilisin, ICN) for 10 min. The sample
was diluted in ice-cold homogenization medium containing:
0.3 M sucrose, 1 mM EGTA, 5 mM MOPS, 5 mM KRQO,,
0.1% bovine serum albumin (fatty acid-free), adjusted to pH

on myotubes

Coverslips of treated and untreated cells were washed
with PBS and incubated for 20 min at 37° with the fluores-
cent JC-1 probe (.g/mL, Molecular Probes) dissolved in
the incubation buffer (142 mM NacCl, 2.4 mM KClI, 1.2 mM
K,HPGQ,, 1 MM MgSQ,, 10 mM HEPES, 1.2 mM Cag|
and 10 mM glucose). This dye, at low mitochondrial mem-
brane potential, emits a green fluorescence, while at higher
membrane potential, JC-1 forms red fluorescent “J-aggre-
gates” [24,25]. The myotubes were examined with a Nikon
PCM2000 Confocal Microscope System equipped with a
Nikon Diaphot 300 inverted microscope and a 40X (1.3
NA) Nikon oil Fluor objective. The 488-nm Argon laser line
was directed to the sample with single mode fiber optic
cable, via high-precision laser coupler and through a 488/
543 nm excitation filter. Pinhole size was set at 20
Fluorescence emission light was passed back through a first
dicroic mirror and divided by a second dicroic mirror into
light emission higher or lower than 565 nm. Green emission
fluorescence was collected through a BA 515/530 nm filter.
Red emission fluorescence was passed through a BA 590/
660 nm filter. The image size was set at 1024024 pixels.
Laser line intensity, photometric gain, photomultiplier set-
ting, filter attenuation, and pinhole size were kept rigorously
constant throughout all the experiments. Confocal images
were processed by an Image Analysis System Zeiss (Jena)
KS 300 for evaluation.

In order to discriminate mitochondria on the whole pro-
file of myotubes, segmentation was interactively performed
referring to the Hue, Lightness and Saturation (HLS) colour
model. The HLS thresholds were interactively modified to

7.4, then transferred to a precooled glass homogenizer,0btain a binary image suitable to automatic measurements.
resuspended (1 g/2 mL of homogenization medium), and Assuming that red structures (JC-1 aggregates) are ener-
homogenized. The homogenate was centrifuged twice at9izeéd mitochondria and green structures (JC-1 monomers)

1000 X g for 10 min (5°) and the supernatant was centri-
fuged at 10,000< g for 10 min. The mitochondrial pellet
was resuspended in 1.5 mL of homogenization medium.

2.4.2. Mitochondrial transmembrane potential on
isolated mitochondria

Mitochondrial suspensions were incubated in medium
[110 mM KCI, 75 mM mannitol, 20 mM MOPS, 10 mM
glutamate, 1 mM malate, 1 mM EGTA, albumin 1 mg/mL
(pH 7.0-7.2)] for 1 min at room temperature in the dark
with JC-1 (1.5ug/mg protein) in a final volume of 1 mL. At
the end of incubation, the sample was analysed with a
Coulter Epics XL (Coulter Corp.) flow cytometer, by mea-
suring fluorescence intensity in the FL1 and FL2 channels
with band-pass filters centred at 525 nm and 575 nm, re-

are mitochondria not energized, two HLS intervals were
defined, red and green mitochondria area % were measured,
and red/green area % ratios were evaluated. All the above-
mentioned steps were recorded in a macro function, which
was automatically applied to all the images of the experi-
ments.

Semiquantitative analysis was performed both in control
and in treated myotubes. Typically, three cells were anal-
ysed in each field and at least 10 fields were considered.
Data analysed were from four independent experiments.
Statistical significance analysis was carried out by Student’s
t-test.

2.5. Biochemical analysis

2.5.1. Respiratory activity of isolated mitochondria

spectively. Fluorescence compensation was performed, as The oxygen consumption rate (@Owas determined

previously reported [23]. AZT (0.4, 0.8, or 2 mg/mL) was

polarographically using a Clark oxygen electrode (Gilson)

added and the samples were analysed immediately. Statisin a water-jacketed chamber (1 mL). Measurements were

tical significance analysis was carried out by Studett’s
test.

made at 25° in a medium containing: 110 mM KCI, 75 mM
mannitol, 20 mM MOPS, 10 mM glutamate, 1 mM malate,
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1 mM EGTA, albumin 1 mg/mL (pH 7.0-7.2). After mea- in each line. 18s rDNA and mtDNA are present in an almost
suring the basal QQwith NADH + H™ producing sub similar number of copies in a cell, so they develop on the
strates, ADP (0.M) was added. After ADP was depleted, hybridized filters at about the same time. Five micrograms
QO, was measured in the presence of rotenonqui8), of total DNA was digested wittXhol (2 U/ug DNA) and
succinate (5 mM), antimycin (7uM), ascorbate (1.87  electrophoresed through a 0.8% Seakem Gold Agarose gel.
mM), and N,N,N’,N’-tetramethylp-phenylendiamine  After capillary transfer to Z-probe GT membrane (Bio-

(TMPD, 1.5 mM) and KCN (5 mM). Rad), the filters were hybridized with two specific probes
both generated by PCR, gel-purified, checked with restric-

2.5.2. Mitochondrial enzyme activities on isolated tion enzymes, and labeled with digoxigenin by random

mitochondria and myotubes priming (Dig-DNA Labeling and Detection Kit, Boehringer

Mitochondrial complex | (NADH:ubiquinone reductase) Mannheim). The first was the d-loop sequence, a highly
activity was measured spectrophotometrically [26] at 30°. conserved region of mtDNA, and the second 18sgene.
The reaction mixture contained in a final volume of 1 mL: Prehybridization, overnight hybridization, and washing
20 mM potassium phosphate, pH 7.5, 1M NADH, 1 were performed at 68°. The probes were detected by an
mM KCN. The reaction was started by the addition of 50 anti-digoxigenin alkaline-phosphatase-conjugated antibody
mM ubiquinone-1 and read at 340 nm against a blank and the filters were developed for about 3 hr. Digitalized
containing all the components except the starter. After 2 images of the bands were by a UMAX Power Look II™
min, rotenone 1QuM was added to inhibit complex | and scanner (UMAX Data System) and densitometric analysis
the inhibited rate observed for a further 5 min. The rote- was performed on a Macintosh computer using the public
none-sensitive rate was calculated by subtracting the rote-domain NIH-Image program (developed at the U.S. Na-
none-inhibited rates from the ubiquinone-stimulated rate. tional Institutes of Health and available on the Internet at

Mitochondrial complex Il (succinate:ubiquinone reduc- http://rsb.info.nih.gov/nih-imagewith the aid of the bun-
tase, SDH) activity was assayed spectrophotometrically dled gel plotting macros. The d-loop/18s rDNA ratios were
[27] at 30° and followed for 6 min. The reaction mixture calculated and compared by Studestést analysis.
contained, in a final volume of 1 mL: triethanolamine/HCI
buffer 100 mM, pH 8.3, 0.5 MM EDTA, 2 mM KCN, 2 mM
iodonitrotetrazolium chloride, 1% dimethyl sulfoxide. The
reaction was started by the addition of 20 mM succinate and
read at 500 nm against a blank containing all components
except the starter.

Complex IV (cytochromes oxidase, COX) activity was
measured spectrophotometrically [28] at 30° and followed
for 1 min. The reaction mixture contained, in a final volume
of 1 mL: 0.2 M Tris—HCI buffer, pH 7, 0.001% lauryl-
maltoside. The reaction was started by the addition of 56
uM reduced cytochrome and read at 550 nm against a
blank containing 0.2 M Tris—HCI buffer, pH 7, 0.001%
lauryl-o maltoside, 56uM reduced cytochrome, and 10
uM potassium ferricyanide.

The activity of citrate synthase was measured [29] fol-
lowing the formation of 5-thio-2 nitrobenzoate from acetyl-
coenzyme A and 5;&dithiobis2-nitrobenzoicacid (DTNB)
at 412 nm (30°).

Protein concentration was assayed spectrophotometri-
cally following the method of Lowret al. [30] modified by
Schacterle and Pollak [31].

Data were analysed by the analysis of variance 2.7. Atomic force microscope (AFM) analysis
(ANOVA) and Student’'d-test for paired comparisons.

2.6.2. mtDNA deletion

For the analysis of mtDNA deletions, Southern blot anal-
ysis was performed on 5 regions of mtDNA amplified by
PCR reaction: fragment 1 5325 bp (L7721: GAC AAC
AAA TCT CCA CAA TG; H13046: AGT AAT TAG TGG
GGA GTA TC); fragment 2 “long” 16004 bp (P274: AAG
CTA GTA CCT CTC AGG GTT GG; P16278: GAG GGT
AGG CAA GTA AAG AGG G); fragment 3 7750 bp
(P1045: AAA GCATCT GGC CTA CAC CC; P8794: GGT
GGC CTT GGT ATG TTC CT); fragment 4 5496 bp
(P12962: CGC CAC ATC CAT AAC TGC T; P2157: GCT
CCA TAG GGT CTT CTC GT); fragment 5 655 bp (P117:
ACA GGC ATC TGG TTC TTA CT; P15762: CAT GTG
TAA TCT TAC CTC CA). PCR amplifications were per-
formed in 100uL reaction mixtures containing PCR buffer
I 1X (Perkin Elmer), 20QuM dNTPs, 500 nM primers, and
500 ng of total DNA. The PCR products were analysed both
in gel electrophoresis and by Southern blot, as previously
described.

Aliquots of ethanol solution of cardiolipin (Sigma) were

2.6. Molecular analysis of mtDNA dried by evaporation under gentle jet of,.NThe dried
powder was then re-hydrated in water in the absence and in
2.6.1. mtDNA depletion the presence of mM AZT and suspended by sonication.

Total DNA was prepared, from untreated and AZT Under these conditions, large crystalline structures are
treated cells, according to the method of Maniatis [32]. To formed; the concentration of AZT used apparently does not
investigate mtDNA depletion, 18s rDNA was chosen as interfere with the formation of these crystals. A drop of
internal standard to correct differences in the DNA loaded suspension was placed on a freshly cleaved mica surface
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Fig. 1. Some ultrastructural aspects of control and three-week AZT-treated myotubes. (a) Low magnification of a normal myotube: around thenycleus, m
scattered myofilaments and some mitochondria are observable. N, nucleus. Magn. 25.100X. In the insert at the higher magnification, a normebmitochond
with a medium electron dense matrix and lamellar cristae is appreciable (M). Magn. 43.000X. (b) In the low magnification electron micrograph of ar
AZT-treated myotube, scattered myofilaments and some swollen mitochondria (M) are detectable. In the high magnification electron micrograph (c
myofilaments (mf) transversally, obliquely, and longitudinally sectioned and two swollen mitochondria (M) with few peripheral cristae areisitalarly

N, nucleus. Magn. 47.000X.

and the crystals observed by AFM (Digital Instruments  The swelling of mitochondria was observed in myotubes
Nanoscope Il Multimode) working in tapping mode [33]. only after three weeks of AZT treatment by electron mi-
croscopy. These organelles showed a very light matrix in
which different size vescicules, probably representing resid-
3. Results ual cristae, were observable. Typical aspects of such ultra
structural modifications are shown in Figs. 1 and 2.
Cytochemical analysis of SDH and COX activities showed
a statistically significant decreade € 0.01) in the number of
SDH-positive cells, as compared to untreated myotubes, after
48-hr AZT treatment, and after long-term AZT treatment. In

gated during 3-week AZT treatment. After a 2-week treat- .
L : contrast, no differences between treated and untreated cells
ment, examination by phase-contrast microscopy showed . -
. were observed after the COX cytochemical staining.
that myotubes assumed a long and spindle-shaped morphol-

ogy, as compared to untreated control cells. Moreover, func-

tional alterations were also observed since the spontaneou$8.2. Mitochondrial transmembrane potential

contraction was abolished during the first week of long-term

AZT treatment, and after 48 hr in short-term AZT treatment  Alterations of the mitochondrial energy transducing
(data not shown). mechanism were previously obseniad/ivo andin vitro by

3.1. Morphological and cytochemical observations

Morphological and cytochemical effects were investi-
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is shown. (a) Vescicular residues of cristae; (b) widening of external camera; (c) small tubular and/or vescicular peripheral cristae; (dpne=matrik
residuals; (e) inner membrane dividing a mitochondrion into two compartments; in the right compartment a smaller mitochondrion-like structure is
observable. Magn. 43.000X.

measuring the mitochondria electrical transmembrane po-3.2.2. Mitochondrial transmembrane potential

tential QW) [9]. In this work, the analysis of the mitochon- on myotubes

drial transmembrane potential was performed in isolated  Control myotubes (Fig. 4a) preferentially displayed red

muscle mitochondria and in living cells with JC-1 and fluorescence, indicating that a high fraction of mitochondria

analysis by flow cytometry and by laser-scanning confocal are in the energized state. Myotubes treated with the higher

microscopy, respectively.

a b

3.2.1. Mitochondrial transmembrane potential on
isolated mitochondria

Fig. 3a shows a typical image obtained from control
mitochondria incubated for 1 min with JC-1. The flow
cytometric analysis revealed that immediate addition of
AZT (0.8 mg/mL) caused an alteration in mitochondrial
transmembrane potential (Fig. 3b) in about 55% of the total
mitochondrial population. A 40% decrease € 0.01) in _ o _ _ )
the FL2/FL1 ratio was observed, as Compared with the F|g._3. Cytofluprlmetrlc _analy_S|s of rr_]embran_e potential changes, in mus-

L . ) cle-isolated mitochondria stained with JC-1 in (a) control and (b) AZT-

control samples. Similar results were obtained with 0.4 and yeated sample (0.8 mg/mL, 1 min). Data are expressed as the ratio of JC-1
2 mg/mL of AZT (not shown). fluorescence intensity of FL2/FL1 channels.

FL2/FL1 ratio
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Fig. 6. Effect of AZT on mtDNA depletion in myotube cultures. Southern
blot of extracted DNA from control myotubes (C) and myotubes treated for
three weeks with 0.2.g/mL of AZT (T). From top to bottom: linearized
mtDNA, 18s rDNA. Mobility of standard molecular weight indicated on
the left. Results shown are from one out of five independent experiments.

Fig. 4. Confocal images of myotubes stained with JC-1 (a) prior to treat-
ment; (b) after 72-hr AZT (2 mg/mL) treatment; (c) 72 hr following the end o )
of AZT (2 mg/mL) treatment; and (d) after AZT (0,2g9/mL) three-week about 74%. Statistical analysis demonstrated that the AZT

treatment. response was highly significan® (< 0.01).

dose of AZT showed no effect after 4 and 24 hr. Alterations 3-3- Biochemical analysis
in mitochondrial energy transduction were observed after 48 ) o
hr, whereas 100% green fluorescence after 72-hr treatments-3-1- OXygen consumption and enzyme activity of
was detected (Fig. 4b). This effect was found to be revers- ISolated mitochondria _ _
ible, since 72 hr following the end of AZT treatment, the '€ OXygen consumption rate increased 4-fold in the
analysis of the red/green ratios showed that about 629% ofPresence of ADP. AZT (0.8 mg/mL) caused a slight de-
mitochondria returned to the energized state (Fig. 4c). The €r€ase in Q@ The SDH activity decreased to 42% of
long-term AZT-treated myotubes (Fig. 4d) displayed a pre- control value P < 0.04) when measured polarografically
dominant green fluorescence, indicating the presence of2nd to 49% of control value when measured spectrophoto-
high proportion of depolarized mitochondria. Fig. 5 shows Metrically. AZT at the concentration of 0.4 mg/mL was not
the magnitude of the shift, expressed as the red/green fluo-£ffective; at 2 mg/mL it decreased SDH activity to 39%.
rescence ratio for long-term AZT-treated cells, as compared '€ COX activity was never altered.
to untreated control cells; the red fluorescence was lost by
3.3.2. Enzyme activity of myotubes
The biochemical analyses were performed after 48 hr

2 125 and three-week AZT treatments. The activities of NADH-
< dehydrogenase, COX, and citrate synthase were not affected
S 100 (data not shown). However, biochemical analyses showed a
*E statistically significant decreas® (< 0.05) of SDHactiv-

é ity both in short- (5.21+ 0.52) and long-term treatments

8. L5 (6.88 = 0.86), if compared to the control (8.69 0.39).

wn

=

& 50 3.4. Molecular analysis of mtDNA

=

§ - The mtDNA depletion caused by AZT treatment was
%" ’ investigated by treating myotubes for three weeks (032

§ mL) or 72 hr (2 mg/mL). Fig. 6 shows the Southern blot

0

analysis of DNA extracted from control and long-term

AZT AZT-treated myotubes. Densitometric analyses of the la-
Fig. 5. Changes in the red/green fluorescence ratios for untreated andb€lled bands revealed a decrease in mtDNA in treated myo-
three-week AZT-treated myotubes. tubes. The difference between the treated and untreated
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4. Discussion

12 34 869 B9 W
gl : = ﬁi The present study shows that AZT significantly induced:
iF N o (1) mitochondrial membrane potential alterations in isolated
: - ol e mitochondria; (ii) mitochondrial membrane potential alter-
ations in myotubes, associated with a block of the sponta-
neous contractions of myotubes, both in short- and long-
term treatments; and (iii) morphological mitochondrial
alterations and mtDNA depletion in long-term treatment. In
particular, rat muscle cells exposed to clinically relevant
concentrations of AZT for three weeks showed changes of
5 mitochondria at the morphological, biochemical, and mo-
lecular level. At the ultrastructural level, it has been ob-
Fig. 7. Effect of AZT on mtDNA deletions in myotubes cultures. Gel served in rat myotubes that the mitochondria damage pro-
electrophoresis of five regions of mtDNA amplified by PCR reactions from Ceeds through a series of stages towards a mitochondrial
control myotubes and myotubes treated for three weeks with @@L of disruption. The early change observed is a dilution of the
AZT. Results shown are from one out of five independent experiments. matrix material as shown by the decrease in its electron
Lanes 1,3, 5, 7, and 9: regions from mtDNA in control myotubes; lanes 2, jensity. |t has been suggested that ultrastructural modifica-
4, 6, 8, and 10: regions from mtDNA in AZT-treated myotubes. . . .
tions are related to alterations in mtDNA, as a consequence
of the inhibitory effect of AZT on DNA polymerase
samples was about 40% (< 0.05). Noeffect was de- [7,34]. The depletion of mtDNA was observed in muscle
tected after short-term treatment AZT. biopsies of treated patients [13] and of treated rats with AZT
To investigate the presence of deletions in mtDNA in [7,9]. On the other hand, no change in mtDNA amount
long-term treated myotubes, the entire molecule was eval-between AZT treated and untreated human or mouse cul-
uated. The migration patterns of PCR products shows thetured muscle cells was detected [12,21]. In contrast, in rat
absence of deletions in AZT-treated myotubes (Fig. 7). The myotubes we observed a significant depletion of mtDNA

data were confirmed by Southern blot analysis. (about 40%) after long-term, but not after short-term treat-
ment.
3.5. Atomic force microscopy (AFM) In agreement with the results obtained by Southern blot

analysis in human samples and in cultured human muscle

In order to investigate whether the effect of AZT on cells [13,20,21,35], no deletions were detected by PCR
membrane potential may be related to a modification of the amplifications of entire mtDNA after long-term AZT treat-
membrane physico-chemical properties, the effect of AZT ment in rat myotubes.
was investigated on cardiolipin liquid-crystalline structure. The inhibition in mitochondrial energetic functions was
In Fig. 8 are shown the images of the structure of cardiolipin shown in human studies [20,36,37], in animal model sys-
after AZT treatment (Fig. 8b), with respect to the control tems [8,18], and in mitochondria isolated from rat skeletal
(Fig. 8a). The presence of large crystals could be observedmuscle, brain and liver [18]. Alterations in energy transduc-
in both samples. In the case of pure cardiolipin, molecular ing mechanisms were previously observed by measuring the
details inside the crystals were seen (Fig. 8a). Interestingly, electrical transmembrane potentidd¥) of muscle mito-
in the presence of AZT, no molecular order could be found chondria of long-term AZT-treated rats; these membrane
(Fig. 8b). potential abnormalities closely resemble those of mitochon-
dria in the presence of externally added AZT [9].

Using the fluorescent dye JC-1, an effective probe for
detecting rapid changes in mitochondrial activity, we pro-
vide the first direct evidence in living cells that AZT induces
alterations in the mitochondrial transmembrane potential,
even after a short-term treatment. This result was also con-
firmed in isolated muscle mitochondria stained with JC-1
and analysed by flow cytometry.

The respiratory chain enzymes have been studied in
muscle from AZT-treated AIDS patients [20,38], in long-
term AZT-treated rats [39], and in human cell lines [17,21],
Fig. 8. AFM images of (a) cardiolipin hydrated in@ and (b) cardiolipin ywth_ contrasting results. We have o_bserved no modifications
hydrated in HO plus 5uM AZT. The images were obtained by Tapping In citrate Syntha_s_e’ CytOChrmeOXK_jase' or NADH dey- .
Mode in air and the diagonal lines visible in both images indicate steps of drogenase activities. At variance with the above enzymatic
large crystals. activities, the SDH was decreased by short- (about 40%)
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