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Inhibition of Cellular Respiration by Doxorubicin

Zhimin Tao! Henry G. Withers, Harvey S. Penefsk§ Jerry Goodisman;* and
Abdul-Kader Souid#

Department of Chemistry, Syracuse barisity, CST, 1-014, Syracuse, New York 13244-4100, Department of
Pediatrics, Upstate Medical Uneérsity, State Uniersity of New York, Syracuse, New York 13210-2375, and
Public Health Research Institute, 225 Warren Street, Newark, New Jersey 07103

Receied Naember 12, 2005

Doxorubicin executes apoptosis, a process known to produce leakage of cytocrmochepening of
the mitochondrial permeability transition pores. To define the loss of mitochondrial function by apoptosis,
we monitored cellular respiration during continuous exposure to doxorubicin. A phosphorescence analyzer
capable of stable measurements over attl&als was used to measure JOIn solutions containing
glucose and cells, [£) declined linearly with time, showing that the kinetics of oxygen consumption
was zero order. Complete inhibition of oxygen consumption by cyanide indicated that oxidations occurred
in the respiratory chain. A decline in the rate of respiration was evident in Jurkat and HL-60 cells exposed
to doxorubicin. The decline was abrupt, occurring after al#bi of incubation. The inhibition was
concentration-dependent and was completely blocked by the pan-caspase inhibitor benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone. Respiration in resistant HL-60/MX2 cells, characterized by an altered
topoisomerase |l activity, was not inhibited by doxorubicin. A decline in cellular ATP was measured in
Jurkat cells after 24 h of incubation with 2@:M doxorubicin, paralleling the decline in respiration rate.
Thus, cells incubated with doxorubicin exhibit caspase-mediated inhibition of oxidative phosphorylation.

Introduction creases mitochondrial oxygen consumption). It has been sug-
. . o ] gested that the mitochondrial perturbations are transfent (
Doxorubicin, an anthracycline antibiotic, is a widely used  gjinjcally, the maximum concentration of plasma doxorubicin

anticancer drug1). This agent intercalates with DNA and  4¢er 30-60 mg/n? iv bolus dosing is 3-10 uM, with tyz, of
produces DNA breaks by stimulating topoisomerase lI-cleavable g o 2 5 min ty 1.9 + 0.6 h, andtyz, 39 + 19 h (13).

complex formation %, 3). Doxorubicin also targets the mito-

chondria, impairing cellular respiratiod<7). In the cell, the  higher than those of the plasma3). The serious side effects
quinone moiety of doxorubicin is reduced to semiquinone .t goxorubicin that limit its clinical use include cardiomyopathy,

radicals, generating reactive oxygen species, which directly \ich s, at least partially, a result of drug-induced mitochondrial
damage cell organelle§); Oxidative damage produced by the impairment ).

drug is partially mediated by the doxorubieifre(l1l) complex Although many of the processes involved in drug-induced

g&);g;ggti%g]e of these events is cell death, primarily by apoptosis have been identified, a full und_ersta_nding of apoptosis
e requires knowledge of the temporal relationships between them.
Apoptosis is executed by a series of cysteine proteases, termedhis necessitates direct measurement of the time course of
caspases. Caspase activation leads to mitochondrial dySfUnCtionndividua| processes, such as respiration. Here, we measure the
(11). The mitochondrial perturbation includes opening of the effect of doxorubicin on cellular mitochondrial oxygen con-
permeability transition pores (PTR)L2). The PTPs, formed at  sumption during doxorubicin exposure. The rate of respiration
contact sites between the inner and the outer mitochondrial jg unchanged for about 2 h, after which it decreases abruptly.
membranes, are composed primarily of cyclophilin D (inhibited e also measure cellular ATP levels, changes in which parallel
by cyclosporine A), the adenine nucleotide translocator (inhib- changes in respiration. The results show that cyanide-sensitive

ited by bongkrekic acid), and the voltage-dependent anion oxidative phosphorylation is inhibited in cells undergoing
channel. The PTPs permlt passage of protons (Wh|Ch CO”apse%poptosis in response to doxorubicin.

the mitochondrial membrane potentiahy, and leads to
uncoupling of oxidative phosphorylation) and low molecular
weight apoptogenic proteins (e.g., cytochromyewhich de-

However, cellular doxorubicin levels are usually-3000-fold

Materials and Methods

Chemicals. Solutions of doxorubicin HCI (3.45 mM) were
] purchased from GensiaSicor Pharmaceuticals (Irvine, CA). A
* To whom correspondence should be addressed. Tel: (J.G.) 315-443- o S
3035. Fax: 315—443—3070. E-mail: goodisma@mailbox.syr.(edu.)(A.—K.S.) lyophilized powder of caspase inhibitor | (z\/_AD-fmk, m.w. 467.5)
Tel: 315-464-5294. Fax: 315-464-7238. E-mail: souida@upstate.edu. Was purchased from Calbiochem (San Diego, CA). The Pd(ll)

T Syracuse University. complex ofmesetetra(4-sulfonatophenyl)tetrabenzoporphyrin (Pd
¥ State University of New York. phosphor sodium salt) was purchased from Porphyrin Products
¥ Public Health Research Institute. (Logan, UT). Dulbecco’s phosphate-buffered saline (PBS, without

1 Abbreviations: Pd phosphor, palladium derivative roésetetra(4- : ; : _
sulfonatophenyl)tetrabenzoporphyrihzero-order rate constant for cellular Calc'.um or magnesn}m), fetal prIne serum, and RPMI-1640
respiration; zZVAD-fmk, benzyloxycarbonyl-val-ala-asp-fluoromethyl ketone; medium (16-040) V_V'th L-glutamine (pH 7.154+ 0.1) were .
PTP, permeability transition poregyy, mitochondrial electrochemical ~ purchased from Mediatech (Herndon, VA). Human (promyelocytic)
potential. leukemia (HL-60), HL-60/MX2 (CRL-2257, a mitoxantrone-

10.1021/tx050315y CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/13/2006
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resistant derivative of the HL-60 cell line), and Jurkat clone E6-1  Phosphorescence measurements on cell suspensions were always
human acute T cell leukemia (TIB-152) cell lines were purchased carried out simultaneously on—4 samples from the same cell
from American Tissue Culture Collection (Manassas, VA). A culture in order to minimize errors due to variation in culture
luciferin—luciferase mixture (0.2 mg of luciferin and 22000 units preparation. Meaningful phosphorescence measurements could not
of luciferase per vial, stored at20 °C) and ATP (2umol per vial, be made until about 30 min after the addition of doxorubicin. This
stored at—20 °C) were purchased from Chrono-Log (Havertown, time was required for processing samples, including filling the glass
PA). The remaining reagents were purchased from Sigma-Aldrich vials, eliminating air bubbles, cleaning and warming the vials to
(St. Louis, MO). 37 °C, placing them in the instrument, and starting the program.

Solutions. A 2 mM solution of the Pd phosphor was prepared Measurements were then made sequentially on the different
by dissolving the powder at 2.5 mg/mL in @8 and was stored at ~ Samples. The missing points for early times did not affect
—20°C. Aqueous solutions of ATP (0.4 mM) were prepared in 10 Comparison of the rates of respiration among the different samples
mM Tris-HEPES (pH 7.5) and stored at70 °C. The final of cells from the.same culturg.. Usually, each of thebdsamples
concentration was determined by absorbance at 259 nm using d€Presented a different condition. The measurements were done
molar extinction coefficient of 15400L4). A working solution of simultaneously on these multiple samples from the same culture
ATP (4 uM) was prepared fresh in a solution containing 0.1 M preparation. Because of variability between_culturc_e preparations,
Tris-HEPES (pH 7.5), 5 mM MgG] and 0.1% fat-free bovine it is not _meanlngful to compar_E values obta_lned Wl_th different
serum albumin. A lyophilized powder containing luciferin (0.2 mg; Preparations. Only values for different conditions using the same
molecular weight, 280) and luciferase (22000 units) was freshly Preparation are comparable. When duplicate measurements for the
dissolved in 1.25 mL of PBS, protected from light, and placed on Sa@me condition and the same preparation were performed, the
ice. The final concentration of luciferin (570M) was determined ~ coefficient of variation irk was less than 10%.
from its absorbance at 327 nm, using the molar extinction coefficient ~ In some measurements, increasing the doxorubicin concentration
of 18000 (4). NaCN solution was prepared at 2.0 M and brought appeared to be associated with increased values 4f T@is is
to pH~7.5 with 12 N HCI. The zVAD-fmk solution was made by  believed to be an artifact of the measurement method, associated
dissolving 1.0 mg in 1.0 mL of DMSO (final concentration?2.14 with the red color of doxorubicin (since the excitation wavelength
mM) and was stored at20 °C. for the Pd phosphor is 625 nm). The red light scattered by

Cells. HL-60, the resistant clone HL-60/MX2, and human T-cell doxorubicin affects the measured phosphorescence decay curve,
lymphoma (Jurkat) cells were maintained in suspension cultures Which is fit to an exponentiahe™, leading to a lowered value of
as described2d). The resistance of HL-60/MX2 exhibits an altered 7 (S€€ equation below) and a higher calculategl.[@bsorbance
topoisomerase |l catalytic activity and reduced levels of topo- measuremgnts llnthe presence of cglls shoyved that t.he doxoruplcm
isomerase Ik and proteins (5). Cell count and viability were concentration did not change materlally dyrlng experiments lasting
determined by light microscopy, using a hemacytometer under UP 10 5 h. Thus, the artifact associated with the red color does not
standard trypan blue staining conditions. affect the time dependence of JO _

Incubation with Drugs. Cells were suspended at®€ells/mL ATP Content._ Auq extracts were p(eparfd by addlng.Z:ﬂO
in media (containing 6.0 mM N&PO, and 10 mM glucose; pH of 10% perchloric acid to pellets containing®kills. The mixture
~7.4), 10% fetal bovine serum, 2.0 Pd phosphor, and 1% fat- was sonlcateq on ice for SQ s, and the. supernatant was collected
free serum bovine albumin and placed at°&Z The drugs (e.g., Y centrifugation and neutralized by adding 2000f 2.0 M KOH.
doxorubicin, zZVAD-fmk, and NaCN) were then added. For each The Sample was incubated on ice for 15 min, and precipitated
condition, 1.0 mL (final volume after all additions, typicaly20 KCIO, was removed by centrifugation. The ATP content in the
uL) of the cell suspension was placed in 1.0 mL glass vials (8 mm resulting supermatant was determined immediately.
clear vials, Krackler Scientific, Albany, NY). The vials were sealed ~ The luciferin-luciferase bioluminescence system was used to
with a crimp top aluminum seal (using a Wheaton hand crimper; determine cellular ATP14, 20). Luminescence was measured at
Fisher Scientific) and placed in the instrument for oxygen measure- 37 °C using a luminometer (Chrono-Log Corp.) connected to a
ments at 37C. Mixing was accomplished with the aid of parylene- ~ Chrono-log AGGRO/LINK interface. The data were exported into
coated stirring bars (1.67 mmx 2.01 mm x 4.8 mm; V&P Microsoft Excel and analyzed as described below. The reaction
Scientific, Inc., San Diego, CA). mixture contained, in a final volume of 0.4 mL, 0.1 M Tris-HEPES
(pH 7.6), 5 mM MgC}, 0.1% fat-free bovine serum albumin, and
ATP (40-240 pmol) or cellular acid extracts {80 uL). The
reaction was started by rapidly injecting 4D of luciferin/luciferase
order rate constank, in xM O, min-* per 10 cells). [O3] in the mixture (5 nmol of luciferin and 176 units of luciferase) from a 50

suspension was determined, as a function of time, using the“" Hamilton syringe into 0.4 mL of rapidly stirred assay mixture.

phosphorescence of Pd(Hesetetra(4-sulfonatophenyl)tetraben- Light emission was measured every half second for 600 s, and

zoporphyrin. The phosphorescence decay of the probe was charihe resulting intensity vs curve was fit to an exponentiahe™*.
acterized by a single exponential, with the reciprocal of the As shown below, the [ATP] can be obtained from the value of the

Oxygen Consumption.Cellular respiration was measured at 37
°C (16—19). The substrate was glucose. The rate of respiration was
determined as the negative slope of the curve of |8t (zero-

phosphorescence decay timg eing linear in [Q], accordingto ~ €xponential parametér However, [ATP] is proportional t& only
1/t = 1 + 1° ky [OJ]. Here, 7 is the lifetime in the presence of ~ for concentrations below0.154M; thus, it was necessary to dilute
oxygen;° is the lifetime in the absence of oxygen; akgs the some cellular extracts before the measurements. Furthermore,
second-order oxygen-quenching rate constant. The drift of the pdVariations in the luciferin/luciferase used required that each batch
phosphor solution without cells was0.18uM O, min~t. ZVAD- be calibrated against standard solutions before use in ATP measure-
fmk alone had no effect on the value lof ments.

Samples were exposed to light flashes (10/s) from a pulsed light-
emitting diode array with peak output at 625 nm (OTL630A-5- Results

10-66-E, Opto Technology, Inc., Wheeling, IL). Emitted phospho-

rescent light was detected by a Hamamatsu photomultiplier tube Phosphorescence CalibrationFigure 1A is an example of

(#928) after first passing it through a wide-band interference filter o . . . L
centered at 800 nm. The amplified phosphorescence decay wad titration of dissolved @with ascorbic acid in the presence of

digitized at a rate of 1 MHz by a 20 MHz A/D converter (Computer 2scorbate oxidase. Two milliliters of Pd phosphor solution
Boards, Inc.). Two hundred fifty samples were collected from each (Containing media, 10% fetal bovine serum, 2. Pd
decay curve, and the data from 10 consecutive decay curves wergPhosphor, 1% fat-free albumin, and 1.25 units of ascorbate
averaged for calculation af The instrument was calibrated using oxidase, final pH~7.3) was titrated at 37C by addition of 10
ascorbate and ascorbate oxidase as described b&Bw ( uL aliquots of 10 mM ascorbate. fPwas measured electro-
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Figure 1. (A) Titration of dissolved @ in Pd phosphor solution by
ascorbate in the presence of ascorbate oxidase (using thlecrode).
Two milliliters of Pd phosphor solution containing media, fetal bovine
serum, albumin, and ascorbate oxidase (finalpH3) was titrated at
37°C by addition of 1QuL aliquots of 10 mM ascorbate. The apparent
stoichiometry (moles of ©@consumed per moles of ascorbate added)
was 0.67 2 > 0.991). (B) The reciprocal of measured phosphorescence
lifetime (1/r) is plotted vs electrochemically measured][@ solution
(two sets of experiments). The equatiom H 1/15 + k[O;] is used to
convert measured phosphorescence lifetinte [O,]. The quenching
constantkg), obtained from the slope of the best-fit straight ling%
0.92), is (152+ 11) x 1 M1 s'1. The value of I, from the
intercept, is 10087 156 s

150 200

chemically, as percent of saturati@ This was converted to
molar concentratiol© according to

_ (0:21x (1.013x 10°Pa)x 55.5 M

c 100 x K

where 0.21x (1 atm) is the partial pressure of oxygen in the
atmosphere, 55.5 M is the molarity of water, akd is the
Henry’s Law constant for dissolved oxygen in water at°87
5.211x 10° Pa. The calculated values Gfare plotted in Figure
1A.

[O2] decreased linearlyr{ > 0.991) with ascorbate added.
The slope of the line £0.668) may be compared with the
theoretical stoichiometry (mol of ODconsumed per mol of
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Figure 2. Doxorubicin effect on Jurkat cell respiratio(A) Jurkat
cells were suspended at®kells per mL media, 10% fetal bovine serum,

2 uM Pd phosphor, and 1% albumin. One milliliter of each cell
suspension was placed a 1 mL glass vial, which was sealed and
placed in the instrument for [{p measurements. Minute zero corre-
sponds to the addition of doxorubicin. Diamonds, untreated cells with
best-fit line; triangles and circles, cells treated with 5 and M0
doxorubicin, respectively. Lines are drawn parallel to best-fit line for
untreated cells. (B) Modulation of doxorubicin effect of cellular
respiration by zZVAD-fmk. Jurkat cells were processed as above. Minute
zero corresponds to the addition of 2M doxorubicin. Diamonds,
cells plus DMSO with linear fit; squares, cells plus/2@ doxorubicin

plus DMSO with line parallel to previous linear fit; and triangles, cells
plus 20uM doxorubicin plus 2Q«M zVAD-fmk with best-fit line. (C)
Inhibitory effect of NaCN. Jurkat cells were processed as above. Minute
zero corresponds to the addition of 2M doxorubicin and 10 mM
cyanide. Squares, cells plus 10 mM NaCN with best-fit line (slepe
—0.128); circles, cells plus 20M doxorubicin with best-fit line after
120 min (slope= —0.20); and filled squares, cells plus 2M
doxorubicin and 10 mM NaCN with best-fit line (sloge —0.462).

ascorbate added) of 0.5. The discrepancy is due to the fact tha
the total molarity of the solution and the Henry’s Law constant
used in the equation above are appropriate for pure water, but
the values appropriate for our solutions are not known.
Multiplication of the above equation by (0.5/0.668) converted
percent saturatiors, as measured electrochemically, to,]JO
according toC = S1.696uM).

Phosphorescence lifetimeg) (vere measured in a series of
ascorbate/ascorbate oxidase solutidi®, (simultaneously with
electrochemical measurement of JOResults are shown in

Ezigure 1B as a plot of 1/vs [O,], which is linear (> = 0.987)
as it should be according to the theoretical relation:

1=1i ko)

T

T

The value of the quenching constégt determined from the
slope of the plot, was 96.& 1.2uM~1 s™1. The value of 1#°,
from the intercept, was (1008% 156) s'1. The above equation
was used to calculate pPfrom measured values af
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Figure 3. Effects of doxorubicin on the respiration oféLourkat cells in 1 mL total volume (sealed). (A)JjGas a function ot for untreated cells
(empty squares), cells incubated with 281 doxorubicin (gray circles), and cells incubated with 4@ doxorubicin (black triangles). Values of

k were derived by fitting six-point segments (corresponding to 35 mi
plotted vs segment start time. (C) Derivkedalues and statistical erro
statistical errors for 4@M drug, plotted vs segment start time.

Effect of Doxorubicin on Cellular Respiration. Jurkat cell
respiration in the presence of 5 and @@ doxorubicin is shown
in Figure 2A. For untreated cells, respiration was constant a
[O4] was a linear function of time (slope —1.70uM Oz/min/
1P cells). The rate constaktis the negative of the slope. For
treated cells, the rate of cellular mitochondrial oxygen consum

n) of these plots to lines. (B) Dieviakeks and statistical errors for no drug,
rs for 201 drug, plotted vs segment start time. (D) Deriiedtalues and

of 20 uM doxorubicin was about 0.2@M Oy/min/1® cells.

The value ofk in the presence of 28M doxorubicin plus 10
nd mM NaCN was about 0.46M O,/min/1( cells (Figure 2C).

The first two values were similar to the drift observed in the

control Pd phosphor solutions (without cells) containing 10 mM
p- NaCN alone (0.13«M O, min~1) or 20 uM doxorubicin (0.29

tion was similar to the rate for untreated cells during the first uM O, min™). Thus, NaCN completely inhibited respiration

120 min of drug exposurek = 1.71 uM Oz/min/1( cells in
the presence of BM doxorubicin and 1.92M O,/min/1( cells
in the presence of 10M doxorubicin. (The dark line in Figure
2A is a least-squares linear fit to the data for untreated cel

in treated and untreated cells. Note tkatvhen both cyanide
and doxorubicin were present, was approximately the sukn of
in the presence of cyanide akih the presence of doxorubicin.

Is, Figure 3A shows the analysis of oxygen measurements on

and the two fainter lines are drawn parallel to the least-squares10® cells/mL, either untreated or treated with 20 or 4B

fit line.) After 120—140 min, the value ok in the presence of
5 uM doxorubicin declined to 1.2&M O2/min/1® cells (an
approximate 28% decrease from untreated cells), and in t
presence of 1M doxorubicin, it declined to 0.5&M O/

doxorubicin (as in Figure 2). Here, six-point segments (total

time 35 min, since measurements were made every 7 min) were
hefitted to lines; the magnitude of the slopk) (with statistical

error is shown in Figure 3BD, plotted against the start time

min/1® cells (an approximate 67% decrease from untreated of the segment. Figure 3B is for no drug, Figure 3C is for 20
cells) (Figure 2A). Similar behavior was observed for cells uM doxorubicin, and Figure 3D is for 40M doxorubicin. In

treated with 20 and 40M doxorubicin (data not shown). For
t < 120 min, [Q] decreased linearly, witk = 1.46 and 1.64
1M Oo/min/1C cells, for 20 and 4Q«M, respectively. Fot >
140 min, we foundk = 0.23 and 0.37«M Ox/min/1® cells,
representing 84 and 77% decreases, respectively.

This inhibitory effect of doxorubicin on cellular respiration
was completely blocked by the presence of®0of the caspase
inhibitor zZVAD-fmk (Figure 2B). Three repetitions of these

the first casek was constant, but in the presence of 20 or 40
uM drug, there was a sudden dropkrat about 150 min.
Another way to demonstrate the sudden drop in respiration
and also to comparevalues for treated and untreated cells for
long treatment times involved the following experiment. Two
10 mL cultures of Jurkat cells were prepared; each contained
10P cells/mL, one with addition of 2@M doxorubicin and one
without the addition. Both samples were incubated afG7

experiments consistently showed very similar results. For the open to the air. Every hour, startingtat 0, a 1 mLsample of

untreated cells in Figure 2B = 2.55. For the treated cells,

each was taken and placed in sealed vials for phosphorescence

k = 1.49 fort > 120 min (an approximate 42% decrease from measurement of [§)in the usual way, alternating between the

untreated cells). With 2aM zVAD-fmk, the plot of [O;] vs t
was linear for all times, wittk = 2.36, essentially the same as
for untreated cells. Thus, the data show that caspase activiti
mediate the effect of doxorubicin on mitochondria and that abo
2 his required to execute mitochondrial dysfunction.

The inhibitory effect of NaCN is shown in Figure 2C. The
value ofkin the presence of 10 mM NaCN was about Qui3
O2/min/1® cells. The value ok after 120 min in the presence

two. One measurement was made per minute. Because more
than 10 min was required to load and equilibrate samples,

iesmeasurements could be made onWl5 min after taking a

ut sample. The results are shown in Figure 4A (open circles for
no drug and filled squares for 20M drug). The set of [Q
values for each sample was fitted to a line to obtaifThe k
values with statistical errors are plotted in Figure 4B. For
untreated cellk was essentially constant, although it increased
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Figure 4. Effect of doxorubicin on the respiration of Jurkat cells. Two
cultures of 10cells per mL were incubated at 8C, one without drug
and one with 2:M doxorubicin. Every hour, samples of both cultures
were withdrawn for measurement of O(A) Measured [Q] vs t.
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Figure 5. Effects of doxorubicin on the respiration of HL-60 and HL-
60/MX2 cells The cells were processed as described in the legend to
Figure 2. Minute zero corresponds to the addition ofiRDdoxorubicin
to HL-60 (A) or HL-60/MX2 (B) cells. (A) Solid diamonds, untreated
cells with linear fit; triangles, treated cells with fit to two lines for
150 min andt > 150 min; light diamonds, treated cells plus 2B
zVAD-fmk; and circles, cells plus 10 mM NaCN. (B) Diamonds,
untreated cells with linear fit; squares, treated cells with linear fit; and

150

Circles, untreated cells; filled squares, drug-treated cells. (B) Values triangles, treated cells plus zVAD-fmk.

of k derived from the results of A. For untreated ceksincreased
slightly afte 1 h and remained constant thereafter; for treated dells,

had the same value as for untreated cells initially but dropped markedly

after 1 h and remained constant thereafter.

slightly after the first point (as noted, doxorubicin may increase
the rate of respiration at early times). The valud &dr treated

of respiration in HL-60/MX2 cells during upt4 h ofincubation
with 20 uM doxorubicin. The fact that inhibition of respiration
by doxorubicin was not observed in HL-60/MX2 cells, which
lack topoisomerase Il activity, indicated that topoisomerase I
was required for doxorubicin-induced execution of apoptosis

cells was about the same as for untreated cells at early timesand promotion of mitochondrial dysfunction. It also appears that

(first set of [y] values) but dropped aftel h and remained

doxorubicin enhanced HL-60/MX2 respiratierl.8-fold. This

constant thereafter, never decreasing to zero. Note that, becausgrug effect was fully inhibited by cyanide or rotenone (not
drug was always present, the incubation time for the second shown). Thus, the enhancement was not mediated by redox
set of [y] values was about 100 min. Thus, these experiments cycling of doxorubicin by mitochondrie6y.

show a sudden drop in respiration after about 100 min of
incubation. That this is less than previously found time$%0
min) may be associated with the increased oxygen present.

We next evaluated the respiration of HL-60 cells in the
presence of 20M doxorubicin, with and without 2@M zVAD-
fmk (Figure 5A). Oxygen consumption was unchanged during
the first 150 min of incubation with doxorubicin. The value of
k (in uM O2/min/1® cells) for untreated cells was 1.11; for
doxorubicin-treated cellst (< 150 min), k = 1.22; and for
doxorubicin-treated cells with 20M zVAD-fmk, k = 1.21.
After 150 min of incubation, the value & for doxorubicin-
treated cells declined to 0.69 (about 43% inhibition). The value
of k in the presence of 10 mM NaCN was 0.03 (Figure 5A).
Thus, the effect of doxorubicin on HL-60 respiration was very
similar to its effect on Jurkat cells.

In HL-60/MX2 cells, the value ok for untreated cells was
about 1.65uM Oy/min/1® cells; for cells incubated with 20
uM doxorubicin, the value ok was about 2.94M Oy/min/1(?
cells (a 1.8-fold increase); and for cells incubated withuR0
doxorubicin plus 2QuM zVAD-fmk, the value ofk was about
2.87 uM O,/min/1C cells (Figure 5B). These results were
consistently reproducible and demonstrated a lack of inhibition

Luminescence Calibration. Cellular ATP was determined
from the luminescence vs time curve in the presence of luciferin
and luciferase. The observed luminescence as a function of time
should follow ae "t + 3, with o proportional to the initial
[ATP]. Attempts to fit our experimental data to this three-
parameter form were unsuccessful because the scatter in
measured intensities was a large fraction of the variation in light
intensity over 600 s, making the determination of three
parameters unreliable. (Typical intensity plots are shown in the
top panel of Figure 6.) Instead, we fit our data to the
two-parameter exponential forAe ¥, as shown in the top panel
of Figure 6, for which the exponential fits are 41.27°-8°03%
and 35.43 €%-00042 |t s obvious that, if. is much smaller than
B (very small [ATP]),k will approach 0, whereas i is much
larger thang (very large [ATP]),k will approachy, the rate
constant for the ATPluciferin reaction. For small [ATP], the
value ofk must be proportional ta/g, i.e., to the initial [ATP];
but for larger [ATP], the value ok will approach a limiting
value.

This behavior is shown in the bottom panel of Figure 6, which
gives the resultsk(values) of fitting exponentials to lumines-
cence vs time data sets obtained for a series of solutions of
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Figure 6. Top panel: Plots of measured luminescence intensity L vs
t, with exponential fits [ = A exp(—kt)], from which k values and
[ATP] are determined (see below). These results are for [AFP]10

uM. The best-fit exponentials, shown, are 41.27-@%% and 35.43

e 000042 Bottom panel: Calibration curve for luminescence mea-
surement of ATP. Three solutions were prepared for each ATP
concentration indicated. Luminescence intensity as a function of time
was measured for each solution out to 600 s and fitted to the exponential
[A exp(=kt)]. Average values ok and standard deviations are shown
for each concentration. The valuelofs linear in [ATP] for [ATP] <
0.15uM (the dashed curve is a fit o= b{1 — exp(—c[ATP]}); so,

for accurate determination of ATP, some solutions were diluted before
measurement.

known [ATP] from 0 to 0.6uM. Three data sets were obtained
and analyzed for each [ATP]. In the bottom panel of Figure 6,
we plot the average value kfwith the standard deviation. (The
dashed curve is a fit to the analytic forln= a — be cATPl,

for clarity.) It is evident that one can measure [ATP] reliably
by our method only when [ATP] is less than QuaM. For
solutions of higher [ATP], it was required to dilute the sample
before measurement to make [ATP] less thanuOR It should
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Figure 7. Effect of doxorubicin on cellular ATP. Jurkat cells were
suspended at 2Qells per mL media, with 10% fetal bovine serum
and 1% albumin, and incubated at 3Z in sealed containers either
alone (open circles), with 206M doxorubicin (squares), or with 20
mM NaCN (triangles). At indicated time points= 0 corresponds to

the addition of doxorubicin or NaCN), three 1 mL samples of each
cell suspension were removed and processed for cellular ATP deter-
mination. ATP concentrations are given as percents of concentration
att = 0 (before incubation). Mean and standard deviations are shown
for each measurement.

20

s
m

s
ra

' i §B

f

[s2]

[ATP] in nmol / 10° cells

E-

0

0 2 4

incubation time, h

Figure 8. Jurkat cells were suspended af £6lls per mL media with
10% fetal bovine serum and 1% albumin and incubated &C3With
stirring in containers open to the air. Under these conditions of
incubation, stirring reintroduced oxygen into the suspension so #je [O
of the cell suspension did not decrease witfihe reaction mixtures
contained no additions (circles), 201 doxorubicin (dark squares), or

20 uM doxorubicin plus 20uM zVAD (light squares). A1 h time
intervals, three samples of each condition were analyzed for ATP as
described. Mean [ATP], with standard deviations, is shown. The dashed
line is a linear fit to the first four points, showing that doxorubicin
treatment did not decrease cellular ATP during the first 3 h.

6

2 and 3 h; further investigation will be necessary to determine

be noted that the calibration against standard ATP solutions haswhether this increase is significant.

to be performed for each luciferin solution, because of variations

A second series of experiments was designed to show the

from one preparation to another, and the experimental measureeffect of zVAD. Jurkat cells were suspended af &6lls per
ments should be done soon after calibration, because the solutiormL media with 10% fetal bovine serum and 1% albumin and

degrades in a few days.

Cellular ATP. Jurkat cells were suspended af tells per
mL media with 10% fetal bovine serum and 1% albumin and
incubated at 37C in sealed containers for up to 3 h. The results
of measurement of ATP are shown in Figure 7, as 100 times
the ratio of measured ATP at timie¢o measured ATP at time
0. Three conditions were used as follows: no addition of drug
(circles), with addition of 2QuM doxorubicin (squares), and
with addition of 20 mM NaCN (triangles).tAL h intervals after
addition of doxorubicin or cyanide, three 1 mL samples of each
cell suspension were taken for analysis of ATP. With no
addition, cellular ATP remained constant. The addition of
doxorubicin had no effect on cellular ATP at 1 h, but at 3 h,
ATP decreased to 36% of its initial value. The addition of
cyanide produced a sharp decrease in cellular ATPlaand
a further decrease to 20% of its initial value at 3 h. For all three
conditions, there was a small increase in cellular ATP between

incubated at 37C in containers open to the air for up to 5 h
(Figure 8). Three conditions were used as follows: untreated
(circles), addition of 2QuM doxorubicin (dark squares) and
addition of 20 uM doxorubicin plus 20uM zVAD (light
squares). At time 0 and at five succeeglib h time intervals,
three samples were collected from each of the three conditions
and analyzed for ATP as described above. Each result shown
in Figure 8 is the mean of three values with standard deviations.
For untreated cells, ATP did not decrease durirey5hh period

and may even have increased (slop®.38 4+ 0.18 nmol/16
cells/h). With 20uM doxorubicin, there was an overall decrease
of about 25% in cellular ATP. However, there was no apparent
effect for the first 3 h: The slope of the line fitted to the first
four points, shown as a dashed line in Figure 8, was actually
positive (0.66+ 0.16 nmol/16 cells/h). After 3 h, cellular ATP
decreased rapidly (the slope of the linear fit to the last three
points was—2.4 4+ 0.3 nmol/16 cells/h). With 20uM zVAD
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added in addition to 2@M doxorubicin, cellular ATP did not decrease for at ledd h of thetreatment, and a significant
decrease with time. Indeed, cellular ATP increased slightly: The decrease has occurred by 2 h, slightly earlier than for respiration.
slope was 0.5% 0.24 nmol/16 cells/h, equal (within statistical Observations relevant to the role of mitochondia} were
error) to the slope for untreated cells and to the slope for presented in a series of papers by Green and co-worRers (
doxorubicin-treated cells for < 3 h. It is clear that zZVAD 24) who examined the apoptotic response of HL-60 and other
nullifies the doxorubicin-induced attenuation of cellular ATP cells following short exposures to actinomycin D, etoposide,
as well as the doxorubicin-induced inhibition of respiration.  or staurosporine. It was found that apoptosis was initiated
without significant changes iM\y and the changes iy

Discussion occurred only later in the cell death pathway. The authors
concluded that collapse dfy, resulting from formation of the
Anthracyclines are known to target the mitochonddaT). PTP, was not a critical feature of apoptos?)( Studies of

However, incubations of beef heart submitochondrial particles single cells treated with etoposide or actinomycin D showed
with doxorubicin produced no noticeable effect on oxygen that, if caspases were not activated, the mitochondria maintained
consumption 17). Thus, the effect of this drug on cellular critical functions, such as the generation of ATP, even after
respiration is likely indirect, perhaps mediated by induction of release of cytochrome (23). In contrast, caspase activation
apoptosis. We utilized zVAD-fmk (a pan-caspase family inhibi- disrupts complexesdll of the mitochondrial electron transport
tor) (21) in order to investigate whether caspases mediate chain, resulting in diminished\y and generation of reactive
doxorubicin’s effect on cellular respiration (Figures 2B and 5). oxygen specie24). The results in Figures 2 and 3 and Figures
Resistant (HL-60/MX2) and sensitive (HL-60 and Jurkat) cells 7 and 8 agree with these reports and show that caspase activation
were used to explore the role of topoisomerase |l activity impairs oxidative phosphorylation. The decrease in cellular ATP
(deficient in HL-60/MX2) in doxorubicin-induced mitochondrial ~ (Figures 7 and 8) also emphasizes the importance of mitochon-
dysfunction. Cellular oxygen consumption (Figuress) and drial death during apoptosid ).

ATP content (Figures 7 and 8) were determined during  Mizutani et al. 25) found that incubation of HL-60 cells with
continuous exposure to doxorubicin. The presence of cyanidedoxorubicin for up ¢ 8 h led to HO,-mediated oxidative

in these experiments inhibited cellular respiration (Figures 2C damage of DNA, which in turn led to an indirect generation of
and 5A) and ATP content (Figure 8), thus establishing that both H,O, via activation of NAD(P)H oxidase. The end result was
processes occurred primarily in association with oxidations in an increase im\y and activation of caspase-3. Dorosho#y (
the respiratory chain. reported that high concentrations of doxorubicin (139)

The results show that doxorubicin induces apoptosis (activa- Stimulated oxygen consumption when added to isolated cardiac
tion of caspases), which impairs respiration. Thus, the decreasenitochondria. The stimulation was more readily demonstrable
in oxygen Consumption Is a consequence of apoptosis_ The facﬂn the presence of KCN and rotenone. The overall increase in
that the combination of cyanide and doxorubicin leads to greater 0Xygen consumption was attributed to the production of
oxygen consumption than with cyanide alone (Figure 2C) Superoxide aniorb). The enhancement of@onsumption was

suggests that doxorubicin may slightly stimulate oxygen con- immediate, required NADH, and was more pronounced in the
sumption, as shown previousl¢, (5). presence of rotenone or cyanide. It was concluded that mito-

chondrial NADH dehydrogenase reduced doxorubicin to its
semiquinone, with subsequent transfer of electrons to O
(5-7).

The observation that oxygen consumption in the present
experiments was completely inhibited by NaCN (Figures 2C
and 5A) strongly supports the conclusion that the observed O
consumption occurred in the mitochondrial respiratory chain.
If reactive oxygen species were produced, their amounts did
that is expected to decrease mitochondrial respiration. not significantly add to the observgd respiratic_)n. It is _also

o . o unlikely that small amounts of reactive oxygen intermediates
_Theinhibitory effect of doxorubicin on respiration, observed e responsible for the observed inhibition of respiration and
in our experiments on Jurkat and HL-60 cells, was evident lowering of ATP levels since the effects of doxorubicin were

within 2=3 h of incubation with the drug (Figures 2A,B and o\ ented when zVAD-fmk was included in incubation mix-
5A). This inhibitory effect was blocked by ZVAD-fmk (Figures v ra5 Thys, it is clear that, in our experiments, doxorubicin

2B and 5A) and was not observed in HL-60/MX2 cells (Figure o atment executed apoptosis within abdi ofdrug exposure,

5B), which lacked tc_)p0|somerase I a_lc_tm_ty. Thus_, |t_|s_ _clear decreasing mitochondrial oxidative phosphorylation (Figures

from these observations that doxorubicin-induced inhibition of 5_, o4 8). Furthermore, the decline in cellular ATP contributed

respiration requires caspase and topoisomerase Il activities. 1, {he mechanism of cell death by apoptosis (Figures 7 and 8),
The rate of respiration in cells exposed to the drug remains |t is worth noting that the doxorubicin-induced cellular ATP

close to the rate in untreated cells for about 2.5 h and then depletion started earlier and was more pronounced in the sealed

decreases, remaining relatively constant thereafter. (For cellsyials (Figure 7) than the open containers (Figure 8).

exposed to the drug in the presence of air, the decreake in  |n summary, the results presented show that cells exposed to

occurs sooner, at about 1.5 h, as seen in Figure 4. It is knowndoxorubicin exhibit partial, dose-dependent inhibition of oxida-

that drugs such as doxorubicin are more effective in inducing tive phosphorylation. The inhibition occurs after a few hours

apoptosis when oxygen is present, possibly because reactivesf exposure to the drug, is mediated by caspases, and requires
oxygen species play a role.) As will be shown in a future topoisomerase Il activity.

publication, other apoptosis-inducing drugs (e.g., actinomycin

D) behave differently: They decrease respiration in Jurkat cells ~ Acknowledgment. The work was supported by a fund from
gradually, starting at the earliest times for which measurementsthe Paige’s Butterfly Run. We thank Bonnie Toms for her help
can be made. The data in Figure 7 show that ATP levels do notin preparing and maintaining the cell cultures.

It has been reported that doxorubicin increased the perme-
ability of the inner mitochondrial membrane by opening the
mitochondrial PTP. In adenocarcinoma cells, doxorubicin (17
uM for 60 min) decreased the value afp by about 30%, an
effect that was blocked by zVAD-fmK7§. Such an effect on
Ay would be expected to uncouple phosphorylation from
oxidation. In addition, doxorubicin increases the permeability
of the outer mitochondrial membrane to cytochraenan effect
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