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Bioenergetic parameters and redox properties of energy 
transducing membranes in rat liver mitochondria and cyano
bacteria were investigated in the presence of the anti psoriatic 
compound anthralin (1,8-dihydroxy-9-anthrone). Trans
membrane pH and electrical gradients were determined 
using electron paramagnetic resonance spectroscopy. In 
mitochondria, ubiquinones 9, I 0 and other redox compo
nents of the electron transport chain are reduced by anthralin; 
the proton motive force is increased. In the absence of ADP, 
anthralin slightly stimul ates mitochondrial cyanide-insensi
tive oxygen consumption. It is suggested that increased cya
nide-inse nsitive respiration is due to enhanced autoxidation 
of mitochondrial components and/or catalyzed oxidation of 
anthralin. In the presence of ADP mitochondrial respiration 
is decreased , and ATP synthesis is inhibited. Uncoupler-in-

A 
nthralin ( l,8 ~dihydroxy-9-amhrone) is a very poreD[ 
antipsoriatic compound [I]. It is a strong reductam 
that is readi ly oxidized by ligh t, trace concentrations 
of metal ions, and oxygen. Its pharmacodynamic 
mode of action is not known in detail, but it has been 
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Abbreviations: 
AOP: ade nosine-diphosphate 
ATP: adenosine-triphosphate 
Bis-tris-propane: 1.3-bis-[tris(hydroxymcthyl)methylam,noJ-propane 
CCCP: carbonylcyanidc-m-ch lorophenylhydruonc 
EPR: electron paramagnetic resonance 
FAD: fl av ine-adcninedinuclcoride 
FCCP: ca rbonylcyanide-p-trifluoromethoxy-phenyl hydnzone 
Hepes: N -2-hydroxyethylpi perazine-N' -2-ethanesulfonic acid 
HPLC: high performance liquid chromatogr.aphy 
KC N: potassium cyanide 
K <I>: 2.S-di hydro-2 ,2 ,5.5 -tetramethy 1-3-1 (rri phenyl phosphonio)-

methyl]-I H-pyrrol- t -yloxy bromide 
NAD: nicocine-adeninedinucleotide 
NADP: oxidized nicotine-adenine-dinudeotide-phosphate 
Ni TEPA: nickel terraethylenepentamine sulfate 
PROXAD: 3-(aminocarbonyl)-2.2,S.S-tetramethyl- l -pyrrolidinyloxy 
PRO X CA: 3-carboxy-2 ,2,5.5 -tetra met hy I-I ~pyrrol id i n yl oxy 
I)ROXAM: 3-amino-2,2,5 ,S-tctramethyl- l -pyrrolid inyloxy 
Ihyl: Ihyl,koid 

duced mimcholldriai respiracion is also decreased by anthra
lin, indicating inhibition of the electron transport chain. In 
the cyanobacterium Sy"eriJococcu, pee 6311 anrlualin in
creases the pH gradient and decreases ATP levels. Thus, 
anthralin ac ts as an electron donor to membrane associated 
redox components and inhibits ATP synthesis in two differ
ent biologic systems. In human kcratinocyrcs oxygen metab
o lism is influenced by anthralin in a similar pattern as in 
isolated mitochondria, and ATP content is decreased. Be
ca use anthralin reacts with redox components in different 
biologic membranes, alterations of subcellular/cellular redox 
status and energy metabolism mjght contribute signi.ficantly 
to its 3miproliferative acdviry. J I"vest Dermato/ 94 :7 1-76, 
1990 

found that mitochondria arc target organelles of its action [2]. 
Anthralin binds to the plasma membrane ofk eratinocytes and sub
sequentl y accumulates in mitochondria 13/. It inhibics oxygen con
sumption in ker:ninocytes 14], fibroblasts 5], yeast and ascites cells 
[61. and skin 171. In keratinocytes respiration is inhibited at lower 
anthralin concentrations than thymidine incorporation. Thus, the 
anti respiratory effect of an thralin has been suggested as the main 
reason for its ancipsoriatic activity [41. However, modulation of skin 
phagocyte activiry [8,9J and arachidonic acid metabolism [10.11} 
Illay rep resent furth er important features that contribute to its clini
cal efficiency. Anthral in is nOt an uncoupler of ox-idative phospho
rylarion in rat liver mitochondria: ADP /0 ratios remain un
changed, and the ATPase activity is not stimulated (12). However, it 
has been suggested that it aces as an uncoupler of oxidative phospho
rylalion in plant [1 3] and animal [2. 14] mitochondria. 

In this investigation w e undcrrook ro further study the mecha
nism of action of anthralin. The interaction of anthralin with en
ergy transducing membranes was studied using mammalian (rat 
liver) mitochondria. intact ce lls o f rhe cyanobacterium (blue-green 
alga) Sy"u/'OCO{(IIS, and human keratinocytes. Three different bio
logic systems were investigated to separate genenl from specific 
effects on energy transduction and to reveal the relevance of these 
effects to biochemical events in skin. 

Mitochondria contain one osmotic compartment. The electro
chemical proton gradien t, which can be used for ATP synthesis. is 
generatC'd by a respiratory electron transport chain extruding pro
tons across rhe inner membrane. Cyanobacteria (with the exception 
of Gloeobacter) contain two osmotically independent compart
ments, the cytoplasmic and the thylakoid spaces. At the cytoplasmic 
membrane protons are expelled from the cytoplasm into the me-
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diu III upon energization by respiratory electron transport and/or a 
reversible ATPase, whereas at the thylakoid (intracytoplasmic) 
membrane protons are pumped inward inco the thylakoid space by 
respiratory or photosynthetic electron transport [15,161. 

MATERIALS AND METHODS 

Chemicals AnthraJin (1.8-dihydroxy-9-anthrone) was obtained 
through Hermal Chemje (Reinbeck, FRG), kept frozen in the dark, 
and purified by chromatograph y. Anthralin was always freshly dis
solved in dimethylsulfoxide, kept light protected, and used inunedi
ately. Carbonylcyanide-m-chlorophenylhydrazone (CCCP) and 
carbon y I cya nide-p-tri fl uorometh ox y ph e n y I h ydrazo ne (F CCP) 
were purchased from Sigma Chemical Co. (Sr. Louis, MO). The 
spin probes 3-(aminocarbony 1)-2,2,5,S-tetrameth y I-l-pyrrolidin
yloxy (PROXAD), 3-carboxy-2,2,5,5-tetramethyl-l-pyrrolidin
yloxy (PROXCA) and 3-amino-2,2,5,5-tetramethyl-l-pyrrolidin
yloxy (PROXAM) were purchased froIU Molecular Probes, Inc. 
(Junction Ci ty, OR). 2,5-dihydro-2,2,5,5-tetramethyl-3-[(tri
phenylphosphonio)methylJ-1 H-pyrrol-l-yloxy (K<I» bromide was 
a generous gift of Dr. K. Hideg (University of Pecs, Hungary). 
Nickel tetraethylenepentamine sulfate (Ni TEPA) was prepared by 
mixing equimolar amounts of nickel sulfate and tetraethylenepen
tamine and subsequent titration to pH 7.0 with sulfuric acid. 

Animals Female rats, weighing about 250 to 300 g, wereobrained 
from Simeonsen (Gilroy, CA). The animals had free access co a 
standard diet (Rodent Lab C how # 500 1, Purina, St. Louis, MO) 
and water. The envi ronmental conditions were as follows: rOOI11 
temperature 20' - 22' C, light cycle 12 h on/12 hoff. Studentt test 
for paired samples was used for statistical anaJysis. 

Mitochondria Rat li ve r miwchondria were prepared and sus
pended as described [t 7}. The protein concentration was deter
mined using Folin reagent [18]. Oxygen consumption was mea
sured by oxypolarography according to Ref 1 9. Respiratory state 4 is 
defined as oxygen consumption in nmol oxygen/min/mg mito
chondrial protein in the presence of oxygen and substrate; state 3 is 
defined as the respiratory rate under conditions as in state 4 plus 
ADP. Mitochondrial ATP was assayed as described [12J. 

Cyanobacteria Axenic culrures of SY',fCItOCO(Cus pce 6311 were 
grown photoautotrophically in medium C (20) + 10 mM sodium 
bicarbonate + 1 111M sodium carbonate at 30 W /m2, 30°C, sup
plied with a stream of 1 % CO2 in sterile air. Liglu inrensiries were 
measured on the surface of the vessel with a Li-1 SSD photometer 
from Li-Cor, fnc. (Lincoln, NE). Cells were harvesred during the 
exponential growth phase (2 d). For electron spin resonance spec
troscopy, measurements of respLratory oxygen uptake, and ATP 
assays cells were washed and resuspended in fresh medium C (with
Out carbonate buffer) supplemented with 50 mM Hepes/Bis-tri s
propane buffer, pH 7.0, to a density of 0.25 mg chlorophyll/ml, 
equiva lent to 6.3 mg prQ[ein/ml. Chlorophyll and protein were 
determined according to Mackinney [21J and Lowry (18J, respec
tively. ATP was extracred and assayed as described {22J. 

Huma n Keratinocytes Suspensions of human keratinocytes were 
obrained from Dr. P. Elias (Univcrsiry of California, San Francisco). 
Keratinocy tes were isolated from human newborn foreskin by a 
treatment with trypsin and collagenase. The ce lls were plated onto a 
feeder monolayer of mitomycin C-treated 3T3 ce lls in 100 mm 
Perri dishes and grown Ln Dulbecco's modified Eagle's medium 
containing calcium at a concentration of 1.5 mM, 5% fetal calf 
serum, penicillin. streptomycin, and amphotericin B. Immediately 
prior to experiments, any remaining fibroblasts and 3T3 cel ls were 
removed frol11 the cultures by brief treatlnem with 0.1 % EDTA, as 
assessed by differenrial staining properties of these cel ls with acri
dine orange. First passage cells at different times of culture were 
used for all of the studies. The growth rate varied slightly for each 
keratinocyte cell line so that the day at which they seemed to be 
confluent varied slightly from experimem to experiment. The 
mono layers were subsequently trypsinized to obtain cel l suspen
sions and used immediately for the experiments. Oxygen COIlSUIllP-
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tion 119] and adenine nucleotide coment ft 21 of keratinocyte SllS

pensions were ana lyzed as described. 

Tocopherol and Ubiquinol / Ubiquinone Measurements A 
fast single-step lipid extraction procedure and high-performance 
liquid chromatography with in-Hne UV and electrochemical detec
tion were used for the simultaneous quantitarive determinacion of 
a-tocopherol. ubiquinols 9.10, and ubiquinones 9, 10 [23]. The 
HPLC system consisted of a Beckmann 114 MHPLC pump, a 
Rheodyne injection valve, an Altex Ultrasphere ODS co lumn (4.6 
mm X 25 cm, 5 ,lim particle size) , or an Ahex Ultrasphere oeryl 
column of equal dimension and panicle size, a Waters M 490 vari
able wavelength detector, and a Bioanalytical System LC 4B 3mper
omctric detector. 

Assay for Measuri ng Lipid Peroxidatioo The thiobarbituric 
acid test was used according to Ref 24. 

Bioenergetic Parameters Transmembrane pH and electrical 
gradients of Sytlccho(o(ws and mitochondria were calculared from 
the disrribution ratios of a weak acidfbase or a membrane permeable 
ion between the cel l (or mitochondrial) interior and the medium, 
respectively f25J . The distribmjon ratio and the internal volume/ 
external volume ratio have w be known for such calculations. These 
ratios were determined by electron paramagneric resonance spec
troscopy using Ilitroxide spin probes, by comparing the tota l signal 
of the whole sample with the imernal signal [26J. To obtain rhe 
internal s i g~a l , rhe ex ternal signal was 9uenched by addition of the 
paramagnetic broadening agent nickel l26]' The following nitrox
ides werc used: for volume determination PROXAD (uncharged) , 
for pH determination PROXCA (weak acid, pI<.. ~ 3.9) and 
PROXAM (weak base, p~ = 7.45). For measurement of the elec
trical potential K<I> was used [27]. The external pH was measured 
with an Orion combination pH electrode 91-1 (Orion, Boston, 
MA), connected to a Corning pH metcr 130. Under the experimen
tal conditions anthral in did not significantly reduce the nitroxide 
spin probes. 

pH and Volume Measurements Mitochondrial sllspensions 
were kepron ice. Anthralin and CCCP were dissolved in dimethyl
sulfoxide, added to mitochondria in respiratory state 4 (a-ketoglu
tarate, pyruvate, malate, P-hydroxyburyrate, each 2.5 mM), and 
incubated at 25°C for 1 min . Controls were treated with dimethyl
sulfoxide only. Subsequendy, PROXCA or PROXAD were added 
to l fin al concentration of 100 JIM , K<I> to 60 JIM. A 50-JlI sample 
was then transferred into a gas-permeable tubing and rapidly placed 
into the EPR cavity. Fo r determination ofimernal signals, Ni TEPA 
was added as a quencher at a final concentration of 150 mM . 

T o ensure viabi lity of cyanobacteria during the entire period of 
the mcasurements ce ll s were kept in 250-pl aliquots (in medium C 
+ 50 10M Hepes/Bis- tris-propane buffer, pH 7.0) under illumina
tion (50 W / m2) at 30°C in a water bath. Vials were sealed co avoid 
evaporation. Two-hundred-microliter aliquots of this suspension 
were stirred in the dark in a covered vessel under a stream of nitro
gen or oxygen for 5 min at 25°C co achieve dark anaerobic or 
aerobic conditions. Cells were incubated for 1 min with anthralin 
(100 JIM), freshly dissolved in dimethylsulfoxide or dimethylsul
foxide only (controls). This was foll owed by the addition of the 
nitroxidc PROXCA, PROXAM , or PROXAD at a final concen
trat ion of 250 JiM. Fifty microliters of the sample was then rapidly 
transferred into gas-permeable tubing and inserted into the EPR 
cavity. The cavity was flushed in the dark with either nirrogen or 
oxygen. Gas-permeable Teflon tubing was purchased from Zcuss 
Indusrrial Products, Inc. (Raritan , NJ) (0.032 inch inner diameter, 
0.005 inch wall thickness). 

Electron Param agnetic R esonance (EP R) Spectroscopy 
First dcrivative EPR seectra were obtained at 25°C with a Varian 
E- I09E spectrometer (X-band), operating at 100 kHz modulation 
frequency. 1.0 Gauss modulation, 10 mW microwave power, scan 
range of 20 Gauss, scan time of 4 min. and time constant of 64 rns. 
Because nitroxides are reduced to EPR silent hydroxylamines in 
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mi[ochondria and cyanobacteria, the highfield peak of the spectrum 
of both the rota I and the internal signal was continuously recorded 
to monitor the kinetics of the nitroxide reduction. The highfield 
peak was chosen as an indicator of the amount of nitroxide present 
because from the three peaks of the nitroxide spectrum it allows the 
best distinction between the free water signal and the membrane 
bound signal [28]. When necessary, the height of the internal signal 
was corrected graphically for an unquenched or membrane bound
signal. To obtain the true accumulation of the spin probes. signal 
heights were reextrapolated to the time point of addition to the 
sample. 

Computation Concentration ratios were calcu lated by dividing 
the distribution ratio, M ;'lItnW/Me1I:lenW' of acid. amine. and cation by 
the volume ratio. Vinte'Ml/V~ucrrW' Both ratios are given by the for
mula below, where V is the sample volume, H the signal height, G 
the gain in absence of quencher (-Q) and in presence of quenchcr 
(+Q): 

M or VillUfMI 

M or V u,rnuJ 

H+Q 

(
G+Q. V-q) . 

H-q G-q. V +Q -H.,q 

ApH (chemical potential) and AIJI (electrical potential) across the 
mitochondrial membrane were computed from the concentrarion 
f3tios using well-established formulae [251. For calculating the pH 
gradients across membranes in cyanobacteria it was necessary to 
measure both the distribution of an acid and an amine to solve the 
problem of twO internal compartments in these organisms [291. 
Formulae for this case have been derived [30]. A cytoplasmic vol
ume of 90% of the total cell volume [31] was used throughom all 
calculations, 

RESULTS 

Rat Liver Mitochondria At an external pH of 6.78 the mito
chondrial proton chemical potential (6pH) in respiratory state 4 is 
de[ennined as a pH difference of -0.15 units or +9 mV. The elec
trical potential (6",) is -109 mV. This corresponds to a proron 
Illotive force of - 100 mY. After addition of the uncoupler CCCP 
the mitochondrial matrix becomes more acidic (.1pH illcreases to 
-0.32 units) and more positive (.1/j1 decreases (0 -9 mY). There
fore. the mitochondria are de-energized by the protonophore. as 
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indicated by a nearly abolished proton motive force of +10 mY. 
Conversely. with anthralin the matrix becomes more alka line (l\pH 
is +0.03 units), and l\1JI is increased to -135 mV, Energization is 
therefore enhanced as demonstrated by a stronger protOn mOtive 
force of -137 mV (Table I). Anthralin is a strong inhibitor of 
mitochondrial respiration in metabolic state 3 (substrate and ADP 
present). Respiration in metabolic state 4 (substrate. no ADP) is only 
slightly stimulated in a cyanide-insensitive manner (Fig I). Stimula
tion of mitochondrial oxygen consumption by (he uncoupler 
CCCP is abolished by an[hraiin ifit is given before or after addition 
of CCCIl in the presence of NAD- and FAD-dependent substrates 
(Table II ) (dara Ilotshown for FAD dependentsubstrate). The redox 
state of mitochondrial ubiquinoljubiquinone couples was investi
gated in the presence of increasing anthralin concentrations. 
Anthralin caused a significant reduction of mitochondrial ubiqui
none 9 and 10 to the corresponding ubiquinols (Table Ill) . Mem
brane concentrations of the lipophilic antioxidant a-tocopherol re
mained unchanged (Table III). and thiobarbituric acid reactive 
products. indicative of lipid peroxidation. were not formed under 
these conditions (data not shown). Mitochondrial ATP content is 
significantly reduced after incubation with anthralin (Fig 2). 

Syoechococcus During dark aerobiosis and anaerobiosis the pH 
gradient across the thylakoid membrane is about 1.0 pH unit and 
between 0.2-0.5 pH units across the cytoplasmic membrane (Table 
I). Anthralin increases the proton gradients of dark anaerobic Syne
(hoco((us, resulting in an increase of 0.65 pH units across the thyla
koid membrane and 0.20 pH unics across the cytoplasmic mem
brane (Table f) . In dark aerobic cells, the increase in only 0.3 pH 
units for the thylakoid and 0.13 pH units for the cytoplasmic mem
brane. Because of che very slow diffusion ofK<!) into the cells it was 
not possible to calculate eleC[ricai potentials in Sy",~,lrococws. Oxy
gen uptake in the dark is sti mulated by anthralin (Table II) . This 
stimulation is saturated at 100 J-lM anthralin. Both the cyanide sen
sitive and insensitive oxygen uptake arc stimulated and further in
crcased by addition to sarurating concentrations (100 JiM) of the 
uncouplcr CCCP. Identical respiratory rates were observed with 
CCCP in the absence or presence of anthralin. In [he absence of 
intact cells no oxygen uptake was observed after addition of anthra
lin to the buffer. After addition of 100,uM anthralin to dark aerobic 
cells at ATP level decreased from 5.8 to 3.8 nmol ATP/mg protein 
(Fig 2). 

Table I. Effects of Anthralin on Mitochondrial' and CyanobaC[erial· Bioenergetic Parameters 

<lpH <1'1' 
pH <lpH (internal-external) (internal-external) pmf 

Mitochondria (internal) (internal-external) (mV) (mV) (mV) 

Control 6.78 -1l.15 9 -109 -100 
±0.08 ±0.07 ±4 ±8 ±4 

CCCI' 6.61 -1l.32 19 -9 10 
±O.D6 ±O.O7 ±4 ±4 ±O 

Amhnllll 6.96 0.03 -2 -135 -137 
±0.06 ±0.01 ±I ±7 ±5 

Cyano~ctcria pH pH pH <lpH <lpH 
(cytosol) (thylakold) (extern:ll) (cytOsol-lhylako;d) (cytosol-extern:ll) 

Aeroblc-(:omrol 7.02 6.07 6.83 0.95 0.19 
±0.04 ±0.08 ±O.OI 

+Anthnlin 7.15 5.90 6.83 1.25 0.32 
±0.03 ±0.04 ±0.01 

Anaeroblc-control 7.13 6.23 6.83 0.90 0.30 
±0.03 ±0.06 ±0.01 

+Anthralin 7.33 5.78 6.83 1.55 0.50 
±0.05 ±0.02 ±0.01 

• Mi'Olhrmdna pmf (prown mouv~ force) - /J.'t' (inrcrnal-t-llilernal) - 2.3 RT /J.pH (inlernal-uternal)/F. R. T. and F a~ th~ gu conSllnt, absolul~ I~mperaturr and Faraday 
consunt. tMpecnvdy (2.3 RT/ F - 59 mV .n 25" C). Th~ ext~mal pH wu 6.93 ± 0.02./CCCPI- 1 JIM. lanthralinJ- 100 JIM. M~an values ± sundard deviation. n - 3. 

~ CyaNobacltrra /J.pl l (cytosol-external) is thegradi~ntacross .he plasma IIlclIlbrane.I:J.pli (cytosol-thylakOld) IS thc gradient acronthe thybkoid lllembrane:(alllhnltnJ - 100pM, 
Mean valu~5 ± st;l,ndard d~viatlOn. n - 4. Anthralin caused a ~igmficant (p < 0.01) Inct~:l.~~ IlIlh~ proton motive fo[c~ in mitochondna and an Increase (p < 0.01) In cyanobacterial 
proton gradients. 
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Figure 1. The effect of anthr~lin on mitochondria' respiranon: 10 mM 
substrate (malate, pyruvue. a-kt-togluurate. p-hydroxyburyrate. each 2.5 
mM). 1.2 mg mltochondri .. 1 protem. sucrose 250 mM. Tris-HCl 10 mM, 
potasslUlTl dihydrogcnphosrhate 10 mM. pH 7.0. 37-C. State 3 respiration 
was induced by addition 0 600 ~M ADP. Representative data are shown. 
n = 3 to 4. 

Human Keratinocytes Incubation of human keratinocytes with 
10,liM andualin results in a signi ficant decrease of cellular ATP 
content (Fi g 2) and inhibition of cyanide-sensitive respiration 
(Table II). Oxygen uptake of keratinocytes is stimulated by the 
uncoupler of oxidative phosphorylation FCCP and diminished by 
the electron transport chain inhibitor cyanide. FCCP-stimulatcd 
oxygen uptake or keratinocytes is abolished by pretre:lotment of the 
cells with anthralin, and in cyanide-inhibited keratinocytes anthra
lin causes a small increase in oxygen uptake (Table It). 

DISCUSSION 

Mechanism of Antb.ralin Action in Mitochondria 

Prolon motilll: force a"d membrtltle redox components It is unequivocally 
shown that mitochondria are energized by anthralin, as indicated by 
the increase of the proton motive force. Conversely, the protono
phonc ullcoupler CCCP nearly abolishes the mitochondrial proton 
motive force (Table I). This finding is in agreement with previous 
studies [121 that indicate that anth ralin is nOt an uncoupler of oxida
tive phosphorylation. Anthralin reduces mitochondrial ubiqui
nones to the correspond ing ubiquinols (Table III) . Ubiquinol/one 
redox cycles participate in mitochondrial proton translocation [32}. 
Low-temperature EPR (electron paramagnetic resonance) studies 
have also revealed significant differences between the oxidation 
state of redox components (iron-sulfur clusters) in anthralin-treated 
mitochondria as compared to control mitochondria (Fuchs, to be 
published), showing these centers to be in a more reduced state. The 
induced changes in the redox state of mitochondrial ubiquinol / 
ubiquinone and iron sulfur clusters might be linked to the observed 
increase in mitochondrial proton motive force. 

Respirario" Respiration during oxidative phosphorylation (respira
tory state 3) and uncoupler-stimulated respiration arc inhibited by 
anthralin (Fig I, Table II). Because both effects arc observed in the 
presence of NAD- and FAD-dependent substrates, the inhibition 
site is located be tween the ubiquinone pool and the terminal cy
tochrome oxidase. Cyanide insensitive oxygen consumption is 
slightly increased. No thiobarbituric acid reactive products were 
formed, and the lipid-sol uble, chain breaking antioxidant Cl-to-
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copherol was not decreased in an thralin-treated mitochondria. This 
indicates the absence of lipid peroxidation. It is suggested that in 
mitochondria anthralin may produce reactive oxygen species by 
catalyzed reaction either directly with oxygen [33,34] or indirectly 
via reduction of mitochondrial redox components to autoxidizable 
products (e.g., ubisemiquinones) 1351. No significanc oxygen con
sumption by anthralin was measured in the absence of mitochon
dria. Supcroxide dismutase and ca talase did not affect anthralin-in
duced stimulation of cyanide-insensitive respiration in 
mitochondria (data Ilotshown). This may be due to limited access of 
the enzymes to hydrophobic membrane compartments in which rhe 
lipophilic anthralin is accumulated. Furthermore, anthralin is also 
reported to inhibit superoxide dismutase and catalase [36]. 

ATPase Attil/ity Although the mitochondrial proton motive force 
is increased by an thralin, ATP synthesis decreases [12J. Reconsti
tuted, oligomycin-sensitive FOF\-ATPase and ATPase activity in 
intact mitochondria is not influenced by the drug in the absence of 
an uncoupler [12], but in this case only a small portion of the total 
(latent) activity is revealed. However, uncoupler stimulated FoFl
ATPase activity is inhibited by anthralin, indicating an oligomycin
like effect (Fuchs, to be published). 

Mechanism of Anthralin Action in SynechococCflS 

Respiratiotl Anthralin causes an increase of oxygen uptake in Syne
,hococCIIs. Cel l- independent autoxidation of anthralin can be ex
cluded, because stimulation of oxygen uptake is saturated at about 
90 JiM and no significant oxygen consumption by anthtalin was 

Table II. Effects of Anthralin in Uncoupler-Stimulated and 
Cyanide-Inhibited Oxygen Consumption in Cyanobacteria,· 

Mitochondria,' and Kera tinocytesf 

MClllbr:lIle source Additions Oxygen consumprion" 

cyanobacteria I. none 1.64±0.14 
2. 100 JIM anth ralin 5. 14 ± 0.54 
3. 1 00 ~M anthralin 9.46 ± 1.20 

100 I'M CCCP 
4. 100 I'M CCCP 9.50 ± 1.25 
5. I mM KeN 0.23 ± 0.05 
6. I mMKCN 0.90 ± 0.25 

100 jiM anthralin 
7. 1 mMKCN 3.39 ± 0.37 

100 ~M anthralin 
100 1,M CCCP 

mitochondria I. none 15.3 ± 4.2 
2. 50 JI M an thrallll 18.4 ± 5.3 
3. 0.5 I'M CCCP 68.6± 12.7 
4. 50 jiM anth n lin 13.8 ± 4.5 

0.5 I'M CCCP 
5. 0.5 I'M CCCP 16.7±6.3 

50 JIM anth ralin 

kerJtlnocytes I. none 22.0 ± 2.0 
2. 10 JIM .anthralin 16.0 ± 3.0 
3. 2 I'M FCCP 39.0 ± 6.0 
4. l O.uM amhnlin 27.0 ± 4.0 

211M FCCP 
5. I mM KCN 0 
6. 10 ~M an th ralin 2.0 

I mM KCN 

• Syntfh lKO((wJ: 6.8 mg prO!eln/ ml , mcu~lIon time 2 mm . 50 mM Hepes/ BIS.tris 
prop,me huffer. pH 7.0.111 25 - C. dut aeroblollS: means ± SI.mdud devilinon. n - 4 10 
6 . 

• Mrl()(h""Jn·d. 1.2mg proleln. IIlCUbaliOn lime 2 mln.sucr~ 250 mM. Tns-HCIIO 
mM. potassium dlhydrogenphosph20te 10 mM, pH 7.0 at 37 - C. MetabotlC51ale is 4: 10 
mM 5UMIr.lIe (mltale. pyruv~le. a·keloglulnate. P-hydroxybutyfl(e. each 2.5 mM); 
meln) ± stancLud deviation. n - 4. 

• KtrllIImx ytes: 1.3 X 107 cdls/ ml Dul~cosmodlfied E.:!.gle medium. incubation time 
45 111111 , 35~ C; means ± liundard devl~tlon . n - J 10 4. Inhlblnon of bll$~1 ~nd un· 
couple(· slllllubled (esplrltion of kenunOCYles by anlhnllll is Sign ificant. p < 0.01. 

J Oxygell uptake is In natonu/ mm/ mg protein forcyanobuterll and mllochondril. 
alld III nrllolr/ lllin/ 107 cells for kentmocytd. 
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Table Ill. Mitochondria! Ubiquinol/Ubiquinone Content and Tocopherol Concentration in the Presence of Anthralin· 

Taul Total 
Anthralin Ubiquinone 9 Ubiquino19 ubiquinone 9 Ubiquinone to Ubiquinol to ubiquinone 10 Tocopherol 

0 0.45 0.60 1.05 0.OB9 0.022 0.111 0. 16 
±0.04 ±O.OB ±O.11 ±O.olB ±0.02 ± 0.033 ±0.03 

2.5 0.39 0.79 I.IB 0.057 0.041 0.09B 0.14 
±O.OS ±O. IB ±O.IS ± 0.0 14 ±0.024 ±0.02S ±O.oJ 

25 0.23 0.92 1.15 O.oJS 0.063 0.09B 0.15 
±0.03 ±O.OS ± O.OB ±O.OOB ±O.OIS ±0.022 ±0.02 

250 O.OB 1.05 1.13 0.025 0.OB2 0.107 0.14 
±0.03 ±O.OS ±O.O7 ±O.OI4 ±0.015 ±O.23 ±O.O2 

• All concenU:II IOIIJ u(' nmolfmg protein. LIVer mitochondria were tncubued With Increasing concc:nlr.ulonsof :mthralm for 5 min at 25 · C In:a buffcr used for measuring oxygen 
consumption. Subscque-nd y. rnitochondn:lol susJ>Cnsions were analyzed simulnn('ousiy fora-tocopherol and ublquinol/olle content. Values are means ± stlInd.ud deviation. n - • . 
Decrease: In ubiquinone and increase 11\ ubiquillol content IS 51gninant at 25 nmol anthralin/mg prottJn, p < 0.0 1. 

measured in the absence of cyanobacteria. Anthra,lin-induced in
crease of cyanide sensitive and insensitive oxygen uptake is asso
ciated with membranes as demonstrated by its stimulation with 
CCCP. Cyanobacterial respiration is reduced about 80% by KCN. 
which represents inhibition of the terminal cytochrome aa3 [15.16]. 
An autoxidizable iron-sulfur cluster was suggested to be responsible 
for the cyanide insensitive part of oxygen uptake [15] . Because 
branching of both e1ecrron pathways occurs at the level of the qui
none pool [37], anthralin must feed electrons inco the respiratory 
chain before the quinone pool. Because the respiratory rates with 
CCCP in the absence and presence of anthralin are identica l. any 
inhibitory effect on the respiratory chain can be excluded. The 
differem composition of the mitochondrial and cyanobacterial elec
tron transport chain may be responsible for the antirespiratory effect 
in mitochondria (in the presence of ADP) and the prorespiratory 
effect in cyanobacteria (in the presence of endogenous ADP). 

Proton Gradietus a'id ATP Synthesis Anthralin increases the proton 
gradients across the cytoplasmic and thylakoid membranes in Sy,rt
chococcus. Thus. anthralin does not act as an uncoupler but as an 
electron donor for the respiratory electron transport chain. Al
though anthralin causes an increase in ~pH . the ATP level de
creases. We suggest that the cyanobacterial AoA,-ATPase is the 
most likely target of inhibition of ATP symhesis. 
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Figure 2. The effect of anthr:alin on ATP content of cyanobacteria. mito
chondria and kc:r.I.t_inocytes. Synuhocoaus: 6.8 mg protein/ ml , 50 mM 
Hepes/Dis-tris propane buffer. pH 7.0. at 2S-C. dark 2erobiosis, anthralin 
100 14M, means. n = 4. Mitochondria: 1.2 mg protein/ mi incubation me
dium. 3rC. to mM substr:ate (malate. pyruvate. a-ketoglutarate. P-hy
droxybutyrate. each 2.5 mM); anthralin 50 ,uM, means, n'" 4. Ker:atino
cytes: 1.3 X 10' cells/ml Dulbeco's modified Eagle's medium. incubation 
time 30 min. 3S- C; anthralin to 14M, means n "'"' 3 to 4. ATP Content of 
anthralin-treated preparations was different from thaI of controls, p < 0.0 1; 
stand:ud deviation was less [han 5%. 

Anthralin and Keratinocytes W e bdievc that the action of 
anthralin on keratinocyte suspensions occurs solely through its ef
fect on mitochondria. because the data obta ined from these whole 
cells arc in agreement with the results obtained using isolated mito
chondria (Figs I and 2, Table II) in the following ways: a) Cyanide 
sensitive oxygen uptake of keratinocytes is inhibitcd by anthralin, 
and consequently ATP content ofkeratinocytcs declines; b) anthra
lin-induced stimulation of oxygen uptake in cyanidc-inhibited ker
atinocytes may be due to the formation of reactive oxygen species; c) 
uncoupler-induced respiration is diminished by anthralin , indicat
ing inhibition of the electron transport chain. Therefore it is sug
gested that the imeraction o f anthralin with energy-transducing 
membranes. such as the inner mitochondrial membrane. also occurs 
in keratinocytes. This is in accordance with microspectrofluoro
metric investigations in cultured fibroblasts. which revealed that 
anthralin causes striking structural alterations of fibroblast mito
chondria 138J. 

Mechanism of Action of Anthralin: General Considcl'3tions 
In isolated cells anthralin is readily converted to the anthralin anion 
138], which rapidly autoxidizes. The ultimate reactive species at 
cellular targe t sites is not known. Our results show that anthraJin 
acts as an electron donor to membrane-associated redox components 
and inhibits ATP synthesis in three different biologic systems. ATP 
depletion will limit energy-dependent metabolism and thereby, 
e.g .• may inhibit cell proliferation. Anthralin-induced changes in 
the cellular redox state have already been desctibed [38]. Basic.lly, 
because of the very low redox potential [Eo' - -O.75VJ [39], 
anthralin is capable of reducing NAD(P). flavins. quinones. and 
various components of the electron transport chain. Unna already 
pointed out in 1916 that the anti psoriatic potency of anthranol 
compounds did not correlate with their reducLng potential [34]. 
However. this conclusion was drawn from studies in non-biologic 
systems and did not include kinetic considerations. Krebs and SchaJ
[egger also suggested [40] that the reducing potentiaJ of anthtanol 
compounds does not correlate with their antipsoriatic activity. It 
remains to be detennined which pharmacodynamic profile of antip
soria tic drugs can be attributed to their redox properties or free 
radical generating/modulating potencial [41]. It seems plausible 
that such redox interactions could also occur at other membranc 
sites, e.g. , plasma membranes such as those of keratinocytes and 
Ileutrophils. Because the redox status of plasma membranes is an 
important control mechanism in cell function [42], it is suggested 
that modulation of membrane redox status may be a common func
tion of anthralin action. 

WI' rh ,mk uHfri, RothJuss Jor hI" uerllrnllrch m'cal assistaller. Ral'a(ch u'as su~ 
porltd by ,hI' Offier oj Biological Ellrrgy Rtsta1Ch , Dtpartlnl'nt oj Entrgy, tht 
NatioPlo f Institutes oj Health (CA 47597), ,he National Foundation Jor Canerr 
Researrh, arId tht Dtumht Forsch ungs,~f",titlSchaJ' , 
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