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Previous reports have demonstrated the in- 
hibition by bilirubin of cell growth in tissue 
culture (1, 2 ) .  The mechanism thought to be 
responsible for the inhibitory effects of 
bilirubin is the uncoupling of oxidative phos- 
phorylation within mitochondria (3).  The 
above studies were carried out in an attempt 
to explain the relationship of hyperbilirubine- 
mia to central nervous system damage in the 
neonatal period. In  recent years, hyper- 
bilirubinemia has been successfully treated 
by phototherapy (4, 5 )  , presumably causing 
the breakdown of bilirubin in the skin by 
photooxidation (2). I n  an attempt to corre- 
late these observations, a study was under- 
taken to determine the effects of bilirubin 
and light-treated bilirubin upon cultivated 
human fibroblasts derived from normal indi- 
viduals. 

Materials and Methods. The stock bili- 
rubin solution was prepared immediately 
prior to use by dissolving 48.6 mg of 
bilirubin (Pfanstiehl) in 10 ml of 0.1 M 
NaOH and diluting it to 100 ml with 0.1 M 
sodium phosphate buffer, pH 7.4, to give a 
final concentration of 8 x low4 M bilirubin. 
Part of this solution was exposed to fluores- 
cent light for 12 hr (100 W, 1 ft away). The 
treated and nontreated bilirubin solutions 
were diluted 1 : 16 in the culture medium pro- 
ducing a final concentration of 5 x 10W5 M 
bilirubin. 

Human skin biopsies were obtained from 
normal subjects using methods previously de- 
scribed (6).  The skin samples were cut into 
several pieces, immobilized under cover slips 
in 35-mm plastic petri dishes (Falcon) con- 
taining culture medium (nutrient mixture 
F10, supplemented with 15% fetal calf 
serum, and 100 units/ml of penicillin, 100 

pg/ml of streptomycin, and 0.25 pg/ml of 
Fungizone) and placed in a 5 %  carbon diox- 
ide atmosphere a t  37". After 3-4 weeks the 
cells were subcultured and maintained in cul- 
ture until an adequate population of cells was 
available for study. Replicate aliquots of 
cells suspensions, usually 3 X lo6 cells, were 
planted and fed daily with medium (6). Af- 
ter 4 days the medium was replaced by (i)  
medium, (ii) medium containing bilirubin, 
and (iii) medium containing light-treated 
bilirubin. Cells were harvested at  0, 6, 24, 
and 48 hr for cell count, protein determina- 
tion, and enzyme analysis. 

The cells were rinsed twice with normal 
saline. Four ml of EDTA ( 1 : 5000)-trypsin 
(0.25%) solution were added, and the result- 
ing cell suspension was centrifuged at  750g 
for 10 min. The cell pellet was resuspended 
in 2 ml of 0.3 M sucrose, pH 7.4, and frozen 
and thawed three times. A sample of the cell 
homogenate was used for enzyme analysis 
and the remainder was centrifuged at 4' in 
an IEC, HR-1 Head at 350g for 10 min to 
remove nuclear and cellular debris. The su- 
pernatant fraction was subjected to centrifu- 
gation at 4300g for 10 minutes, and the mi- 
crosomal fraction by centrifugation a t  78,- 
484g for 37 min. The remaini'ng supernatant 
fraction was defined as the high speed super- 
natant. 

The following enzyme analyses were per- 
formed: Acid phosphatase activity was deter- 
mined at pH 4.90 by using p-nitrophenol 
phosphate as substrate (7) ; a-glucosidase ac- 
tivity was determined by the method outlined 
by Nitowsky and Grunfeld (8) ;  glucose- 
6-phosphate dehydrogenase activity was de- 
termined by the method of Glock and 
McLean using glucose-&phosphate and 6- 
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FIG. 1. The relationship of bilirubin concentration to cell growth. 

phosphogluconate as substrates and measuring 
the reduction of NADP at 340 mp (9) ; lac- 
tate dehydrogenase was determined by the 
method of Wroblewski and LaDue ( 1 0 )  ; cyto- 
chrome c oxidase activity was determined by 
reduction of cytochrome c (Sigma) with sodi- 
um hydrosulfite and monitoring its reoxida- 
tion at  550 mp (1 1 )  ; succinic-cytochrome c 
reductase activity was determined by prein- 
cubating 0.1 ml of sample in a reaction mix- 
ture of 1.2% bovine serum albumin, 6 x 

M succinate and 
0 . 1  phosphate buffer, pH 7.4, after which 9.3 
mM cytochrome c was added and the reac- 
tion monitored at  550 mp ( 1 2 )  ; and NADH- 

2M KCN, 1.2 X 

cytochrome t reductase activity was deter- 
mined using the same method with the suc- 
cinate replaced by 2.7 X M NADH. 
Protein was determined by the method of 
Lowry et QZ. ( 1 3 )  and cell counts were per- 
formed utilizing a model F Coulter counter. 

Results. Bilirubin in concentrations greater 
than 3.3 X M caused inhibition of cell 
growth (Fig. 1 ) .  The inhibitory effect of 16  
X M bilirubin was not observed when a 
similar concentration of light-treated biliru- 
bin was used (Fig. 2 ) .  

M )  or light-treated 
bilirubin ( 5  X low5 M )  had no demonstra- 
ble effect upon the specific activities of acid 

Bilirubin ( 5  X 
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FIG. 2 .  The effect of bilirubin and light-treated bilirubin upon cell number (A) ; and total pro- 
tein (B.) 

phmphatase, a-glucosidase, glucose-6-phos- 
phate dehydrogenase, lactate dehydrogenase, 
cytochrome c oxidase, or succinate-cytochrome 
c reductase. On the other hand, the specific 
activity of NADH-cytochrome c reductase 
was reduced by about 35% in the cultures 
containing 5 X liOa5 M bilirubin compared 
to either control cultures or cultures contain- 
ing light-treated bilirubin. In  Table I is 
shown the inhibition of NADH-cytochrome 
c reductase when cells are grown in the 
presence of different bilirubin concentra- 
tions. These experiments were carried out 
with duplicate samples and were repeated 
three times. In each instance, similar findings 
TABLE I. Effects of Bilirubin upon NADH- 
Cytochrome c Reductase Activity" in Cell Cultures. 

NADH-Cytochrome c reductase 
activity 

Cells + 
Bilirubin light-treated 
conc ( M )  Cells f bilirubin bilirubin 

~ ~ 

0 0.72 0.69 
I x 10-5 0.74 0.71 
2 x 10-5 0.68 0.74 
3 x 10-5 0.62 0.64 
5 x 10-5 0.48 0.68 

10 x 10-5 0.12 0.70 
15 X lo-" 0.01 0.69 

" @moles of cytochrome c reduced/min/mg of pro- 
tein. 

TABLE 11. Effect of Bilirubin upon NADH Cyto- 
chrome c Reductase Activity." 

Light-treated 
Bilirubin conc Bilirubin bilirubin 

0 0.75 0.75 
3 x 10-5 0.68 0.79 
5 x 10-5 0.46 0.71 

10 x 10-5 0.20 0.68 
15 X 0.06 0.75 

a &moles of cytochrome c reduced/min/mg of to- 
tal protein. 

were observed. I n  Table I1 are results of 
varying bilirubin concentrations added di- 
rectly to the assay system for NADH- 
cytochrome c reductase. Bilirubin added di- 
rectly to the assay system inhibits NADH- 
cytochrome c reductase activity to1 a degree 
comparable to that observed when bilirubin 
is added to cell cultures. Light-treated 
bilirubin had no inhibiting effect upon the 
enzyme activity when added directly to the 
assay mixture. 
Discussion. These observations utilizing 

normal human diploid cells confirm the pre- 
viously reported toxicity of bilirubin in tissue 
cultures ( 1 ,  2 ) .  I n  contrast to the findings 
of Cowger et al. (1) using L-929 cells, 
bilirubin toxicity was demonstrated in the 
presence of albumin in our culture medium. 
This difference might be explained by differ- 
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ence in cell types or by Ernster’s observation 
( 3 )  that bilirubin toxicity in the presence of 
albumin is related to the molar ratio of 
bilirubin to albumin. I n  our experiments the 
bilirubin: albumin ratio is 100: 1, exceeding 
the 1:l  ratio required to produce bilirubin 
toxicity ( 3 ) .  The demonstration of inhibition 
of NADH-cytochrome c reductase by biliru- 
bin in a purified enzyme system (1) ,  in hu- 
man fibroblast cultures and in the in vitro 
enzyme assay suggest that bilirubin toxicity 
in vivo may be due to either the uncoupling 
of oxidative phosphorylation or a block in 
intracellular respiration. The observation of 
similar degrees of inhibition of NADH- 
cytochrome c reductase activity when bili- 
rubin is added during growth or directly 
to the assay system suggests inclusion of 
bilirubin within the mitochondria and conse- 
quent inhibition of the assay system. 

The toxic effect of bilirubin upon cell 
growth and its inhibition of NADH- 
cytochrome c reductase were prevented when 
bilirubin was exposed to light. The mecha- 
nism by which bilirubin is rendered “nontox- 
ic” is thought to be the splitting of its tetra- 
pyrrole structure into dipyrroles ( 2 ) .  What- 
ever the exact mechanism by which light 
renders bilirubin “nontoxic,” the products 
produced do not appear to have adverse 
effects upon either cell growth or enzyme 
activity. 

Summary. The effect of bilirubin and light- 
treated bilirubin upon cultivated human 
fibroblasts was studied. The toxic effects of 
bilirubin upon cell growth and inhibition of 
NADH-cytochrome G reductase activity 

which were demonstrated could be prevented 
when bilirubin was exposed to light. The pro- 
ducts of light-treated bilirubin did not pro- 
duce adverse effects upon cell growth or en- 
zyme activity. 
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