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Tributyltin (TBT) salts are well known skin irritants 
in rodents and l'mmans. TBT induced both the intra
cellular production of interleukin-la (IL-la) and its 
release into culture mediun1. in a murine keratinocyte 
cell line (HEL30). Here, we report that ll1.itochondria 
are important for TBT-induced IL-la production. 

Confluent cells were treated with increasing con
centrations of TBT (0-2.5 #-tM) or dimethylsulfoxide 
as vehicle control. At different times thereafter (0-24 
h), nuclear extracts were analyzed for nuclear fac
tor-IeB (NF-IcB) binding activity by electrophoretic 
mobility shift assay, and the released and cell-associ
ated IL-la was measured by enzyme-linked ill1.ll1.U
nosorbent assay. TBT induced a direct and concen
tration-related activation ofNF-IcB, which peaked at 
2 h and was blocked by pyrrolidinedithiocarball1.ate, a 
potent NF-1cB inhibitor, and rotenone, all. inhibitor of 
the electron entry froll1. complex I to ubiquinone. 
Rotenone also induced a concentration-related inhi
bition of IL-la synthesis induced by TBT, but rote
none did not completely abrogate TBT -induced 

T
he biocidal agent tributyltin (TBT) is used mainly in 
wood preservation, marine anti-fou ling paints, di sin
fection of circulating industria l cooling waters, and 
slime control in paper mills . The annu al world 
production of organotin compounds has grown rap

idly fi'om 500 tons in 1950 to more than 50,000 tons in 1986 (Snoeij 
e{ ai, 1987). Exposure of workers occurs princ ipaUy ducing the 
manuhlcture and formu lation of TBT compounds, in application 
and remova l of TBT paints, and from the use of TBT in wood 
preservatives. Exposure of the general public may come from 
contaminated food, particularly fish and she ll-fish, and from do
mestic application of wood preservatives . Occupational expos ure of 
workers to TBT can result in skin and eye irritation, and severe 
dermatiti s has been reported afte r direct contact with the skin 
(reviewed by World Hea lth Organ ization, 1990). 

Skin irri tation involves resident epiderma l cells, fibrob l:lsts of 
dermis , and endothelial cells as well as invading leukocytes inter-
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IL-la production, which suggests that other tran
scription factors may be involved in IL- la produc
tion. 

Prolonged treatment with ethidium bromide, an 
inhibitor of mitochondrial DNA and RNA synthesis, 
was used to partially deplete cells of functional nu
tochondria. After 5 d of treatn1.ent, n1.itochondrial 
conversion of tetrazolium bromide to formazan was 
reduced by 50%, and IL-la release was decreased by 
65%, whereas 11.0 induction of intracellular IL-la was 
observed. This effect was not due to inhibition of 
protein synthesis, because identical incorporation of 
eH]leucine into protein ill. control and ethidiUlll. 
bromide-treated cells was identical. This impairment 
of mitochondrial metabolism inhibited NF-1cB acti
vation by TBT. These findings indicate that l1.11to
chondria may be the source of second messenger 
molecules ill1.portant for TBT-induced IL-la produc
tion. Key lVol,ds: NF-KB/tm,/lscyiptioll jactoYs/ol'galloti/ls/ 
Yeactille o;~yge" species. ] [/Illest Demtatol 107:720-725, 
1996 

acting with each othe r under the control of a network of cytokines 
and lipid m ediators (Boss and Kapsenberg, 1993). Because of their 
anatomic location , a role for cytokines, especially interleukin-1 a 
(lL-1 ex ), produced by ke ratinocytes has been proposed (Kupper, 
1990) . The hypothes is is that when the epidemlis is damaged , active 
IL-la is re leased (Nickoloff cI ai, 1990). This re lease stimulates 
further produc tion of IL-l a together w ith syn thesis of other 
cytokines such as interleukin-G and interlcukin-8 and of intercel
lular adhesion molecules, thus amplifying the response (Kupper, 
1989). 

Many other factors increase lL- l a production , including lipo
polysaccharide, various to:--;ns, cy tokines , ultravio let radiation, and 
phorbol esters, but the molec ular m echanisms responsible for 
xenobiotic induction of IL-l a produ ction are not understood . In 
mouse keratinocytes IL-1 a -induced IL- l ex gene expression is reg
ulated by tyrosine kinase in combination with serine-threonine 
kinase, leading to activation of mitogen-activated protein kinase 
and later con verging into activation of transcription [;lctor activator 
protein-" (AP-l) (Lee el ai, 1994). 

We have previously shown (Corsini e{ nl, 1996) that TBT
indu ced IL-la production is partially inhibited by addition for 24 h 
of a neutralizing antibody against IL-1 a, which suggests all auto
crine effect of lL-la on its own production. Because the inhibitiou 
is on ly parlial, however, other m echanisms may be invo lved in 
TBT-induced IL-1 a production . Indeed, we also showed (Corsini 
c { ai, 1996) that TnT-induced intracellular production oflL-l a can 
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be modulated b y treatment with an tioxidants, wh.ich su ggests a role 
for oxidative sp ecies in the m echanism of action o f TBT in IL- 1 a 
induc tion . An early toxic action of TBT in rat skin is to inhibit 
oxidative metabolic pa thways (Middleton, 1982); tl;organotins , in 
general , bind to a component of the aden osine triphosph ate (A TP) 
syntha se complex, disturb the proton gradient, and inh.ibit mito
chondrial ATP synthes is (Snoeij et 11/,1987; M arinov ich et 11/,1990). 
We hypothesize that this diverts e lectron s fro m the respiratory 
chain into the formation of reactive oxygen species known to b e 
involve d in activation of transcl'iption factors and productio n of 
cytokines (Ilnicka el Ill, 1993; Lee and Ilnicka, 1993; Baeuerle and 
Henkel,1994). 

It has a lso b een reported that TBT+ (a dissociatio n produ ct of the 
parent TBTX compound) and O 2 - can combine ch e mically at 
roOO'l temp e ra ture in pro te in-free m edium to produce the [iL-(su
peroxo)bis(tributylstannyl(I)] radica l (Rivera et aI, 1992) ; this may 
also h e re levant in an integra l cell system, indicating another 
possible m echanism, that of activating of TBT -induced transcrip
tion factors. Inducible expression ofIL- 1a is controlled by regula
tion o f the ac ti v ity of transcription factors, m ainly nuclear fac tor-KB 
(NF-KB) and AP-1 (Muegge and Durum, 1990; Fenton, 1992). 
Her e, we focu sed our attention on TBT-induced NF-KB activation, 
becau se NF- KB is a primary transcription fac tor and its activation 
occurs without n e w prote in synth es is. 

10 the res ting cell, NF-KB resides in the cytoplasm as a latent 
form c omplexed to the inhibitory protein IKB (Baeuerle and 
BaltiuLOre , 1988). Following cell stimulation, N F-KB is rapidly 
activated by its release £i'0111 IKB , which allows its migra tion in to the 
nucleu s and subsequent binding to DNA. Activation of NF-KB is 
generally controlled by reactive oxygen sp ecies and the cellular 
redox state and can be modulated b y antioxidants (Schreck et aI, 
1991, 1992). NF-KB contro ls the inducible expressio n of various 
genes that are involved in immune responses and inflammatory and 
cellul a r d efen se m ech anisms. Target genes include cytokines and 
their receptors, acute-phase proteins, and severa l v iral enhancers. 
Becau se of the pivotal role of IL-l a in immune and inflammatory 
reactio ns of the skin, the ability ofTBT to induce IL-1 a production 
both in vivo and ill vitro (Corsini et Ill , 1996) , and con sidering th at 
one of the intracellular targets of organotins is mitochondria 

, [reviewed in Snoeij et Ill , 1987) , we inves tiga ted the role of the 
latter in TBT-induced IL- la production. 

Here, we repor t that TDT promptly induced activated transcrip-
I tion factor NF-KB prior to IL-l a productio n . The de pletion of 

function al mitochondria b y long-teon treatment with ethidium 
bromid e resulted in a dramatic reduction of TBT -induced NF- KB 
ac tivation and IL-l a production, which sugges ts that mitochondria 
serve as mediators of TBT effects and gene- regulatory signaling 
pathways. 

MATERlALS AND METHODS 

CheD1.icals Tribu tyltin chloride (TBT) was obtained fro m Aldrich (Stein
hein, Germany); pyrrolidinedithiocarbamate (PDTC), butylated hyd ro:\.)'
anisole, cycloheximide, e thidium bromide (EBr). 3- (4,5-dil11 ethylthiazo l-2-
yl)-2,5-diphenyl-tetrazoliul11 bromide (MIT), and rotenone were obtained 
from Sigma C hemica l Co . (St. Lo uis , MO). All reagents were purchased at 
me highest purity avai lable. 

Cell Culture and Trcatmcnt Murine keratinocyte cell line HEL30 
(kindly suppHed by Dr. N .E. Fusellig, Can cer R.esearch Center, Heidelberg, 
Germany) was cultured as previously desc ribed (Corsini c/ Ill, 1994). Cell s 
were maintained in lU)MI 1640 medium (Sigma) supplemented with 10% 
fe ral calf serum (Sigma), penicillin (100 U per ml) , and streptomycin (100 
J,Lg per ml) (medium) at 37°C in a 5% CO, humidified incubator. 

Con.fl uent cell s plated in a 24-well plate (Coming. inc., Coming, NY) 
were treated with 0.3 ml of medium containing different concentrations of 
TBT dissolved in dimeth)'lsulfoxide (DMSO) o r with DMSO alone as 
vehicle contro l. DMSO concentration in the culture media never exceeded 
0.1 % . After 24 h of incubation, thc culture mcdium was recovered and 
centrifuged for enzyme-linked immunosorbent assay (see below) determi
nation of IL-1 ex release. T he monolayers were washed once with PBS and 
lysed in 0.3 m! of PBS containing Triton XIOO (0.5%). and the intracellular 
lL-la ""as detennined. 
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Mitochondrial Function Assay To assess the ro le of mitochondria in 
TBT-induced IL- '1 CY production, cells were treated for 1 h with different 
concentrations of roteno ne, an inhibi to r of cornplcx-l , and then made 1 J.LM 
in TBT; 24 h later, IL-1CY production was measured. In addition, to confirm 
the ro le of mitochondria as TBT intracellular signal transducers. we 
depleted cells from functiona l mitochondria; 10' cells per ml were seeded 
and treated for 5 d with e thidium bromide (200 ng per ml) in medium 
supplemented with glucose (4.5 mg per ml) and uridine (5 (1.g per ml) , 
because respiration-deficient cells have been reported to become pyrimidine 
auxotrophs (King and Attardi, 1989). At this time. cells were confluent and 
the medium was made 1 (1.M in TBT or DMSO (0.05% fi nal concentration. 
vol / vol) was added fo r 30 min or 24 hand NF-KB activation or IL-l ex 
production was assessed. 

To evalu ate ll1itochondrial function, MTT conversion to fornlazan \-vas 
carried out as fo llows: 10" cells were seeded ill a 96-well plate and treated 
for 5 d with or without EBr (200 ng per ml) , after which TBT (1 (1.M) was 
added for 20 h; finally. 10 (1.1 of MTT solution in PBS (5 mg per ml) were 
added to each well . and MTT conversion to formazan was evaJuated 
spectrophotometricall y 4 h la ter as previousl), described (Gerlier and 
T homaset. 1986). R.esults are expressed as per cent of control. 

Protein Synthesis To assess that the reduction in TBT-induced TL-Icy 
production in EBr-treated cells was not d ue to inhibition of pro tein 
syn thesis. [,H]lellcine incorporation into protein was evaluated as follows: 
after 5 d of treatment with or without EBr (200 ng per ml) , 1 (1.Ci of 
[3H]lellcine (Amersham, BlIckinghamshire, UK) was added to each well in 
the presence or absence of TBT (1 (1.M) . [' H]Lcucine incorporation into 
protein was assessed 24 h later (Corsin i c/ ai, 1992) . R.esults are expressed in 
counts per mini (1.g of protein. Protein content of cell lysate was measured 
spectrophotol1l etrica lly accord ing to Bradford (1976) using a commercially 
available kit (Bio-R.ad Protein Assay, Bio-R.ad Laboratories, Riclunond, 
CAl· 

Enzyme-Linked lmmunosorbcllt Assay Costa r 3690 plates (Costar, 
Cambridge. MA) were coa ted overnight at 4°C with O.lml of monoclonal 
anti-murine fL-I CY antibody (Genzyme, Cambridge, MA) diluted to 1 /kg 
per ml in PBS. PBS containing Tween 20 (0.05%) was used to wash the 
plates. T he washed plates were blocked with 0.1 ml of PBS con taining 
bovine albumin (0.5%) and Tween 20 (0 .05%) for 30 min at room 
temperature. Samples (0.1 ml) at different dilutions or recombinant murine 
IL- lex (GenZ)'111e) were added for 1 h at room temperature . After three 
washes, 0. 1 ml of rabbit anti-murine lL-1CY antibody (GenZ)'me, 1:800 
diluted) was added to each well for 1 h and then 0. 1 ml of goat anti-rabbit 
IgG conjugated with alkaline phosphatase (Sigma) 1 :1 000 diluted for 1 hat 
room temperature. p-Nitrophenylphosphate (Sigma) was used as substrate. 
and the absorbance was measured at 405 nm. T he limit of sensitivity for this 
assay was 15 pg per ml. Results arc expressed in picograms per ml for 
extracellular TL- l ex and picograms per mg of protein for intracellular IL- l ex 
(to nornlalize the recovery of cell-associa ted lL-lCY). Prehminary studies 
showed that the maximum T BT or rotenone concentrations tested did not 
interfere ,,,ith th e cll zynlc-linkcd il11mUnOsorbel1 t assa y. 

Prcparation ofNuc1car Extracts aud Electrophoretic Mobility Shift 
Assay (EMSA) Nuclear extracts were prepared essentially as described by 
Schreiber e/ al (1989). Confluent cell s in 60-ml11 petri dishes were washed 
once with co ld PBS after which 2 ml of a hypotonic lysis buffer were added 
to each dish (buffer A: 10 mM HEPES, pH 7.8, 10 mM KCI, 2 mM MgCI" 
1 111M dithiothreitol, 0.1 111M ethylenediamine tetraacetic acid, 0.1 mM 
phenylmcthylsulfonyl fluoride). Cells were incubated on icc for 15 min. 
after which 125 ILl of a lO'X, Nonidet P-40 solu tion were added , and cells 
were scraped, mixed fo r 15 s, and then centrifuged for 30 s at 12,000 rpm. 
T he pelleted nuclei were washed once with 400 (1.1 of buffer A plus 25 (1.] of 
10% NP-40, centrifuged, and then suspended in 50 /kl of buffer C [50 mM 
HEPES, pH 7.8 . 50 mM KCl, 300 mM NaCl, 0.1 111M ethylenediamine 
tetraacetic acid . 1 111M dithiodlreitol. 0.1 mM phenylmethylsulfonyl fluo
ride, 10% (vol / vol) glycerol]. mixed for 20 min , and centrifuged for 5 min 
at 12.000 rpm. T he supernatant containing nuclear proteins was harves ted, 
protein co ncentration was detcnnincd , an d the supe rn atant "vas stored at 
- 80°C until used in EMSA . EMSA was performed as follows. Binding 
reaction mixtures (20 (1.1) containing 5 (1.g of protein from nuclear extract, 
0.5 (1.g polydeo:\.)'inosinic-deoxyc)'tidy1.ic acid, polydeo:\.)'inosinic-dco:\.)'
c)'tidyli c acid (Sigma), 10.000 cpm 30P_labeled probe in binding buffer [10 
mM HEPES. pH 7.9, 50 mM NaCl, 1 mM ethylenediamine tetraacetic acid , 
1 mM dithiothreitol, 10% (v01lvol) glycerol. 1 % Ficoll, and 0.2 /kg pCI' ml 
albumin] were in cubated for 30 min at room temperature before separation 
in a 7% acrylamidc gel in 1 X Tris(hydro:\.),methyl)aminomethane-borate
ethylenediamine tctraacetic acid fo llowed by autoradiography. A double
stranded oligonucleotide contain.ing the binding site [or NF-K13 {5 '-
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Table I. TBT induces IL-1 a Production in a 
Conce ntration-Dependent F ashion" 

Concentrat.ion Entracellula r IL- l CI In tracellula r IL- l CI 

(f.LM) (pg/ml) (103 pg/mg) 

0 n.d. 2. 18 ::': 0.34 
0.1 n. d. 3.44 ::': 0.46" 
0.6 65 ::': 14 5.38 ::': 0.50" 
1.0 371 ::': 28 10.21 ::': 1.92" 
2.5 623 ::': 11 0 7.52 ::': 2.25" 

" H EL30 cells were treated with difte rcnt concentra tions or TBT (0. 1-2.5 11M) or 
DMSO as vch icle con trol (0 .uM ). After 24 h of IrC;l t m c llt the rdense of JL- l L'l~ 

(cxuaccllular IL- J 0') and the cell-associated I L- 'J 0' (in traccllul nr IL-I u) were m easured 
by enzyme-lin ked i111111unosorbcl1 t" assay. Mean ::!: 51) of three to fo ur determin ations. 
Statistica l analys is b y D unnett's tcst, " p < 0.05 .. nel " p < 0.(1') IJcrSIl$ control (0 J.LM). 
n.d. , not detec table , below limi t of de tection . 

GTCTCGCAATTCCCCTCTCTCAG-3') was labeled with [CI_32Pjd ATP 
(Amcrsham) using T4 polynucleotide kinase (Amersham). 

Electron Microscopy HEL30 cell s were treated wi th TET (10 f.LM) or 
DMSO as vehicle control. After 5 min the cells were fi xed in 3.3% 
glu ta raldehyde in 25 f.LM phosphate bufFe r fo r 1 h at 4°C. then t.rea ted with 
1% osmium tetroxide in phosphate buffer fo r I h at 4°C and dehydrated and 
embebbcd in Araldite epoxy res in (Sigma). 

Statistical Analysis All experiments were performed at least twice; 
representative resul ts arc shown. Results arc expressed in mean ::': SD. 
Statistical signi fIcance was determined by Student's t tcst or DUllnett's 
mul ti ple comparison test, as indicated, after analysis of va riance. 

RESULTS 

TBT Induces NF-KB Activation and IL-1a Production A 
murine ke ratinocyte ce ll line H EL30, kn o wn to produce IL-l a 
similarly to murine primary keratinocytes , w as examined for its 
response to T BT. Table I shows that T BT induced a concentra
tion-rela ted increase in bo th intracellu~ar and extracellular IL-1 O'. 
[ntr~ceUul a r IL-l a in creased &om 0. 1 to 1 /-LM , declining therea fte r 
beca use o f cytoto xicity, as indica ted by lactate de hydrogen ase 
leakage (data not shown) . T BT-induced IL-1 a production is no t 
due to endo toxin contamination , as shown by addin g pol ymixin B: 
the percentage increase of intrace llular IL-l a was 357 ± 32 
(mean ± SD) and 33 1 ± 35 for T BT (1 /-LM) and T BT plus 15 /-Lg 
polymixin B per ml , respectively. 

To assess th e ro le of mitochondria in T BT-induced IL-1 a 
produ ction, we first treated confluent kera tinocytes with non
cyto toxic concen tration s o f rotenone, an inhibitor of the entry of 
e lec trons from compl ex J to ubiquinone. R otenone signifi cantl y 
redu ced bo tb IL -1 O' re lease and the intracellular increase induced 
by 1 /-LM T BT (Fig 1). Inte res tingly, no change in consti tutive 
IL-1O' levels was observed (Fig 1B), which sugges ts that o ther 
m ech anism s are probably in volved in the m aintenance o f the 
consti tu tive IL-1 O' level; only the indu cible expression o f IL-1 O' is 
m odul ated by rotenone . 

W e next assessed the ability ofTBT to indu ce N F- KB activation . 
T BT was able to induce a concentration-rela ted ac tivation o f 
NF-/(B (Fig 2A), that peaked at 2 h and declined thereafte r (Fig 
2B) . T he declin e can be explained by the ability of N F-KB to 
control the expression o f IKB by m eans of an inducible autoregu
latory path way: it has been reported that the reexpression OflKB is 
associated with a downregulation of NF-KB DNA-binding activity 
(Sun el ai , 1993). p65 has been reported to be a potent inducer of 
IKB (Sun el ai, 1993) . Preliminary supershift analysis of o ur nuclear 
extract indica ted p65 as one of the protein s present in the NF- KB 
dimer, w hich may explain the decline observed in NF-KB activa
tion . Prio r treatm ent w ith 10 /-LM cycloheximide, a prote in synthe
sis inhibitor, did not prevent TBT -induced NF-KB (Fig 2A), which 
indicates that T BT directly ac tivates N F-KB . NF-/(B ac tiva tion 
preceded IL-1 O' production, w hich began 4 h afte r treatment 
(C orsini el ai, 1996) . T BT -induced NF-KB activation could be 
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Figure 1. Concentra t ion-dependent reduction of TBT -induced 
IL-IO' production by rotenone. Confluent cells were trea ted for 1 h with 
different concentra tions of rotenone (0 - 50 f.LM ) and then TET (1 flM ) Or 
DMSO vehicle cOll trol was added for 24 h. Figure lA shows the 
concentrarion- dependent inhibition by rotenone of TET-induced lL- l C! 
release and intracellular IL-'I 0: increase. whereas Fig 1B illustrates the lack 
of effect of rOtenone on IL-l o: synthes is in control ce lls. Values are mean ::!: 
SO of three to foll!' determinations. Sta tistical anal ys is by Dunnett's multiple 
comparison test, with ' p < 0.05 and " p < 0.0 1 IIcrSIIS TET-treated celli 
(without prior rotenone treatment, 0 f.LM) . n.d., not detectable, below limit 
of detection. D. intracellular lL-1 CI ; . , extracellula r IL-I CI . 

m o dulated by POTC, a poten t an tioxidan t inhibitor of NF- K13 
ac tivation , and by butylated h ydroxyaniso le (Fig 3) . 

Figure 4 shows the effec t of 20 /-LM ro tenone on both TBT 
indu ced N F-I<B ac tivation (iI/set) and in tracellular IL-1 O' increase 
(bar elw!'I) . As expected , ro tenone prevented NF-KB acti vation 
induced by T BT, con fi rming the ro le o f mitochondrial ubiquinone 
in the generation o f reactive oxygen species. Under these experi
mental conditions, intracellular IL-l a production w as only pal'tially 
inhibited (Fig 4, bar chart) . Taken together these data indica te that 
inhibitio n o f the mitochondrial fo rmati on of reactive oxygen 
species specifically m odulates the activ ation o f NF-KB and IL- l a 
neosynth esis. 

Depletion of Functional Mitochondria Results in a Reduc
tion of TBT Effects Organ otin compounds are generally de
scribed as powerful metabolic inhibito rs because o f their ability to 

interfere w ith mi tochondda (reviewed by Snoeij et ai, 1987). 
Indeed, treatm ent of HEL30 cells wi th a toxic concentration of 
T n T (1 0 /-LM) resul ted in very rapid (5 min) and d ramatic morpho
logic changes in mitochondria: the o rgan elles become round in 
shape and sw ollen (Fig 5) , confirming mitochondria as an impor
tant intracellular target o fTBT. Lower concentrations o fTBT were 
no t tes ted . 

In o rder to substantiate furth er the in volvement of mitochondria 
in both T BT -induced N F-KB acti va tio n and IL-l a production, we 
trea ted cells fo r 5 d with e thidium b romide (200 ng per ml), a 
specific inhibito r of mitochondrial DNA and RNA synthesi 
(Knight, 1969; Wiseman et ai , 1978) . T his procedure has been used 
to deplete cells of a fun ctioning m itochondrial e lectron transport 
sys tem (Nass, 1972 ; Wiseman et ai , 1978; Shultze-Osthoff et ai, 
1993 ) . M easurement o f the conversion of MTT to fo rmazan , to 
assess mi tochondrial fun ction , revealed that 5 d o f treatment with 
EBr reduced MTT conversion by 50%, whereas no inhibition of 
pro te in synthesis wa s detec ted (Table II) . Addition ofTBT (1 /-LM) 
in the control group resulted in a slight reduction of MTI' 
conversion , associated with a significant increase in protein synthe
sis, which is in agreement with T BT-induced IL-1O' neosynthesis. 
On the contrary, the addition of T BT in the EBr- treated group 
stimulated pro tein synthesis to a lesser extent, without affecting the 
effect ofEBr on MT T conversion . Table III show s IL-l a release 
induced by TBT was 65% lower (p < 0.01) in EBr-trea ted cells, 
w hereas intracellular IL-l a wa at control (EBr 200 ng per mIl 
levels. T his confirms the important role of mitochondria in TBT
induced IL-1 a pro duction . It is interes tin g to no te (Table III) dlat 
EBr treatm ent in creased the intrace llular IL-l a leveL The respira
to ry-defi cient cells were also examin ed for the activation ofNF-KB 
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Figure 2. Concentration dependence and time course of TBT
induced NF-KB activation. Confluent cells were incubated in (A ) for 30 
min w ith different concentrations ofTBT (0 - 2.5 fLM) or, in (8) for different 
times (0-4 h) with I fLM TBT. (A) also shows the effect of cycloheximide 
(10 J.LM) on TBT-induced NF-KB activation (0, control; 1 /-lM, TBT), and 
(B) shows the effect of NF-KB competition when a I DO-fold excess of cold 
probe (+ ) was used to demonstrate NF-KB complex specificity. Cells were 
treated for 1 h with cycloheximide, and T BT (1 fLM) was then added for 30 
min. Equal amounts (5 fLg) of nuclear extracts were analyzed by EMSA, 
with a 32P_labeled DN A probe detecting the binding activity of NF- KB. 

in response to T BT. In cell s treated w ith TBT for 30 min , TBT 
induced NF-KB activation in control cells, w hereas EBr-treated 
cells responded only w eakly (Fig 5), confirming that depletion of 
the mitochondrial electron transport system largely abrogates TBT
induced NF-KB activation. 

C TBT C TBT 

• • porc l00,.M . '. 
_NF-.B 

""probe 

C TBT C TBT 

• • BHA 55 "M 

_NF·.B 

Figure 3. Antioxidants inhibit TBT-induced NF-KB activation. 
Confluent cells were treated for 1 h with POTC (+, 100 fLM) , butylated 
hydroxyanisole (+ , 55 fLM) , or OMSO vehicle control (-), and 1 fLM TBT 
was then added for 3D min . Equal amounts (5 fLg) of nuclear extracts were 
analyzed by EMSA, with a 32P-labeled DNA probe detecting the binding 
activiry of NF-KB . 
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Figure 4. Rotenone inhibits TBT-indu ced NF-KB activation (i"set) 
and intracellular IL-10' content (bal' clr""t). Confluent cells were 
incubated for 1 h wirh rotenone (+ , R.ot 2D fLM) or vehicle control (- ) and 
then 1 /-lM TBT or DMSO vehicle control W<1S added for 30 min (NF-KB 
acti va tion) or for 24 h (in tracellular IL- I a). In the ;rrsfl (-) indicates 
without rotenone and (+ ) -indicates with rotenone. Mean ::t SO of three to 
fO ll[ determinations; Student's t tcst, •• p < 0.01 lIem lS relevant control and 
§§p < 0.01 versrrs TBT-trea ted ce lls. 

DISCUSSION 

T he concentrations used in these studies were in the range reached 
ill vivo . When T BT was applied (Middleton , 1982) to rat dorsa l skin 
as a sin gle cutaneous dose of 67 nmol per cm2

, steady- state levels of 
0.44 nmoIlmg dry weight were attained in dle v iable epidermis in 
1 h. If skin contains 70% water and 20')10 protein, this is equivalent 
to 1.3 nmoIlmg protein . The concentrations used for our ill II i tra 

studies (0.1-1 J.LM) are equivalent to 0.28-2.8 nmoIlmg cellular 
protein. TBT was indeed a potent inducer of 1L-1 0' ill IIi/rD. T h e 
lower intracellular rL-IO' content at higher concentration s ofTBT 
is due to TBT's cytotoxicty, which results in leakage rather than de 
ItO I/O synthesis of IL-l O'. Others have shown (Snoeij et (/ /, 1986; 
Marinovich ct (/ /, 1990) in other cell types that triorganotin 
compounds at con centrations higher than th ose distw-bing mito
chondrial respiration (> 1 J.LM) severely dam age cell m embran es. 

Our experiments document a requirem ent for mitochondria in 
TBT -induced IL-1 a productio n . Effects of triorganotin salts on 
mitochondria have b een studied extensively (reviewed in Snoeij rl 

(/ /, 1987) , and three diffe rent types of in teraction have been 
distinguished. In m edium containing halides, the trio rganotin salts 
cause an exchange of halide fo r hydw:-:yl io ns across the mitoch o n
drial m embrane , resulting in a dis turbance of the existin g pl'Oton 
gradient; the triorganotins also bind to a componen t of the ATP 
synthase complex, inhibiting ATP production ; and gross mitochon
drial swellin g was noted following incubation with tria lkyltin 
compounds (see also Fig 5). In plant mitochondria , dibu tylchlo
romethyltin ch.lo ride h as been shown to inte rac t with the function-

Table II. Mitochondrial Depletion Results in a 
Reduction of MTT Conversion" 

T rea tll1(;: 11 t 

Control 
EBr (200 Ilg/llll) 

TBT, 1 fLM 
EBr + TBT 

MTT Conversion 
(% of control) 

100 :t 3 
48 ::t 3" 

80 :t 2" 
56 :t 1"" 

Protein Syn thesis 
(cpml fLg pro tein) 

272 :t 72 
288 :t 49 

.1590 :t 106/' 
572 :t 61(," 

" HEL30 cells were trea ted with EDr fo r 5 d "lid then TDT (1 J-LM) or DMSO as 
vehicle con trol was added. Afrer 24 h of treatment MTT convers io n (00 value in 
control was "1 .4 16 ::t 0.025) and IJHlleucine incorporation in tO proteins were assessed. 
Mean ± SD of six to e ight determinations. Student's [ rest. I, p < 0.0 1 ,Iers"s conrrol 
and (" p < 0.0 1 /lers"s TDT 1 J.LM. 



724 COR-SIN I ET AL 

Figure 5. Electron microscopy shows 
swelling of mitochondria in HEL30 
cells after treatment with TBT (10 /LM). 
(aJ Control cells. (IJJ Cells 5 min after treat
ment with TBT. 

ally distinct pool of ubiquinone associated with oxidation of 
succinate and L-malate, thus inhibiting mitochondrial electron 
transport (Moore e/ ai, 1980). Early investigations with isolated 
mitochondria showed that ubiquinone is the major source of 
reactive oxygen species derived from the mitochondrial chain 
(Cadenas e/ ai, 1977) in which electrons are transferred from 
ubisemiquinone to molecular oxygen, resulting in the formation of 
superoxide anions. We speculate that TBT may induce increased 
radical production at the ubiquinone site of the respiratory chain. 

Inhibition of electron entry to the ubiquinone pool of the 
respiratory chain by the complex J inhibitor rotenone indeed 
resulted (Fig 1) in a significant and concentration-related reduction 
ofTBT -ulduced IL-1ex release and mtracellular IL-1ex mcrease. Tlus 
does not exclude the possibility that TBT may also affect mitochon
drial calcium homeostasis, which also controls the mitochondrial 
respiratory cham (Richter and Frei, 1988), but it is not clear 
whether changes m calcium metabolism precede or succeed the 
oxidative stress. 

Inducible expression of IL-1ex is regulated via transcription 
factors, maully NF-/<B and AP-1 (Muegge el. ai, 1990; Fenton, 
1992). NF-/<B activation is generally controlled by reactive mfygen 
species and the cellular redox state and can be inhibited by 
antioxidants-especially PDTC (Schreck e/ ai, 1992)-or iron 
chela tors . Mitochondrial reactive oxygen species specifically mod
ulate the activation of NF-KB (Schreck et ai, 1991) and are also 
mvolved Ul AP-1 activation (Devary c/ ai, 1991; Iltucka et ai, 1993; 
Lee and Ilnicka, 1993). We have shown (Figs 2-4) that TBT 
induces a direct and concentration-dependent activation of NF- KB 
that could be modulated by antioxidants, such as PDTC or 
butylated hydroll.'Y3lusole, and by rotenone. Under our experimen
tal conditions a variable NF-KB activation Ul control cells was 
observed; this may be explamed by experimental variability and by 
a difference in the exposure time of autoradiography, as suggested 
by the free probe signal. Reactive oxygen species may combine 
with TBT to form radicals (Rivera e/ ai, 1992), which may also 
account for the activation of transcription factors. For the short 
time exanuned (30 mm), we can exclude autocrme induction of 
NF-KB activation by IL-1a itself, because adding a neutralizing 

Table III. Mitochondrial Depletion Reduces TBT
Induced IL-11l! Production 

Treatment 

Control 
EBr, 200 ng/ml 

TBT,l/LM 
EBr followed by TBT 

Extracellular IL-1 a 
(pg/ml) 

n.d. 
n.d. 

463 :t 73 
164 :t 27" 

Intracellular 1L-1 a 
(10' pg/mg) 

0 .73 :t 0.14 
1.34 :t 0.14 

3.40 :t 0.67 
1.20 :t 0.24" 

1-I.EL30 cells were treated with EBr for 5 d and then TBT or DMSO as vehicle 
control was added. Afler 24 h tL-l a release (extracellular 1L-1 0') and cell-associated 
(incracellular IL-l a ) were measured by cnzyme-linked immunosorbcnt assay . Mean :t 
SO of three to four determination s. Studcnt's t tcst, " P < 0.01 ,' CYSIIS TBT-created cells. 
n,d .. not detectable. below limi t of detection. 
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antibody to murine IL-lex did not prevent NF-KB activation and 
early (4 h) IL-1ex production induced by TBT (data not shown) . 
Under the same experimenta l conditions, however, inrubition of 
the intracellular IL-1a increase was partial, which indicates that 
other transcription factors may be involved in TBT -induced 1L-1 ex 
neosynthesis, most probably AP-1. Indeed, preliminary data show 
that 1 /LM TBT is able to induce AP-1 activation after 1 h of 
treatment. Taken together, these data indicate that inhibition of the 
formation of free radicals modulates the activation of NF-KB and 
IL-1a neosynthesis mduced by TBT. 

To substantiate that TBT -induced lL-l ex production and NF-KB 
activation Ul keratmocytes require functional nlitocbondria, w e 
partially depleted cells of functioning mitochondria by a 5-d 
treatment with etludium bromide, which selectively blocks the 
synthesis of nlitochondrial DNA and RNA (Nass, 1972; Wiseman 
et ai, 1978) . The treatment reduced mitochondrial function as tested 
by MTT conversion by 50°1<" and TBT -induced IL-l a production 
was grea tly reduced. This effect is not due to inlubition of protein 
synthesis, as judged by [3HJleucine incorporation and by the 
observation that these cells actually had a lugher constitutive level 
of intracellular IL-1 a . It h as been suggested (Kripke, 1991) that 
w hen skin is treated with DNA-damaging agents, epidermal cells 
are activated to release growth factors such as lL-l, IL-6, and 
granulocyte-macrophage colony stimulating factor in order to 
promote cell repair and development. EBr-treated cells can be 

EBr 
o 200 

EBr 
200 0 
+ + 
• 

TBT 1 !LM 

4 NF-KB 

free probe 

Figure 6. Mitochondrial depletion results in inhibition of TBT
induced NF-kB activation. Cells were treated for 5 d with EBr (200 ng 
per ml) in medium supplemented with 4.5 mg glucose per ml and 5 I1g 
uridine per mi. after which TBT (1 /LM) or DMSO vehicle control (0) was 
added for 30 min. Equal amounts of nuclear extracts (5 /Lg) were analyzed 
in EMSA with a 32P_Iabeled DNA probe that detects binding activity of 
NF-KB. 
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fur the r stimu lated to pro du ce IL-J £Y , ho wever, e .g., by treatment 
with phorbo l es ters (da ta no t sho w n), wh ich bypass the m itochon
dri a l intracell u lar signa ling pathwa y. It sti ll remains to be reso lved 
w hich sign aljng pathway EDr u ti lizes in the ind uction of IL-l a. 
Nli toc hondrial impai rment also resu lts in a redu ction o f TllT 
induced NF-I(B activation. Taken together, these findin gs suppo rt 
the r o le of mitocho ndria as th e source o f second messenger 
molecules impo rtan t fo r TBT -induced NF-I(13 ac ti vation and IL - I Q' 

neo synthcsis. 
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