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DEVELOPMENTAL PHARMACOLOGY: A REVIEW 6547 
OF ITS APPLICATION TO CLINICAL 

AND BASIC SCIENCEl 
JOHN T. WILSON 

Division of Developmental Pharmacology, Vanderbilt University 
School of Medicine, Nashville, Tennessee 

Drugs administered to the maturing host may (a) be used to alleviate 
diseases peculiar to his age group, (b) undergo alterations in metabolic fate 
and distribution to influence therapeutic effectiveness as compared with 
adults, or (c) show unexpected adverse effects as a result of systems placed 
at risk during development. Pharmacologic treatment of neonatal "physio­
logic" hyperbilirubinemia has been studied, and drugs undoubtedly will be 
designed for a specific effect on other diseases characterized by a slow rate 
of enzyme (or transport mechanism) maturation. Many developmental phar­
macology studies have considered the effect of host physiology on actions of 
a drug or, conversely, the effect of a drug on the host. For example, failure 
in drug efficacy may be secondary to a low conversion of the parent drug to 
active metabolite (host effect on drug) or structural malformations may be 
the result of drug action on a developing tissue (drug effect on host) . Dif­
ferences in clinical response or potential toxicity for a drug are demon­
strated by comparative studies in the adult versus the young. Of more im­
portance, however, is an explanation for the observed age-related differ­
ences in drug action. Such explanations are often broadly applicable to in­
vestigations with adults and enhance rational therapeutics in children. Un­
fortunately, more age-related drug actions have been described than ex­
plained. Developmental pharmacologists must now accept the challenge to 
build programs that encourage observation and explanation of drug-host in­
teractions on an age continuum (1). 

This review will cite studies to illustrate the three areas of developmen­
tal pharmacology outlined above. The effect of enzyme inducing agents on 
hyperbilirubinemia will be considered as an example of drug use for an ill­
ness commonly found in children. The development of liver mixed function 
oxidase activity as influenced by hormones will illustrate modification of 
drug fate by age of the host. Brief reference to tetracycline effects on teeth 

1 This monograph was prepared with support from the Clinical Pharmacology­

Toxicology Program (GM-15431) of the National Institute of General Medical 

Sciences. 
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424 WILSON 

and to changes in fetal physiology following drug administration during 
parturition will demonstrate adverse effects of drugs on the maturing host. 

DRUGS FOR A DISORDER COMMONLY FOUND IN CHILDREN 

Pharmacologic treatment of /typerbilirubinemia.-High blood levels of 
unconjugated bilirubin are associated with central nervous system dysfunc­
tion. The developing organism is particularly susceptible to the encephalo­
pathic effects of hyperbilirubinemia. Most studies indicate that the newborn 
has a relative hepatic immaturity of bilirubin uptake (2) and conjugation 
(3). Nonhemoglobin sources of heme (4) and reabsorption of deconjugated 
bilirubin from the gastrointestinal tract (S, 6) in neonates contribute to 

the load of bilirubin from hematologic sources presented to the liver for 
disposal. The not infrequent occurrence of septicemia, autoimmune hemo­
lytic disease, respiratory distress syndrome, or neonatal asphyxia influence 
the bilirubin binding capacity of albumin. This binding capacity is probably 
one of the main factors which determines whether or not an infant will 
show signs of bilirubin encephalopathy (7,8). Exchange transfusion is used 
to treat neonatal hyperbilirubinemia, but this procedure is not without risk 
(9, 10). Several pharmacologic agents have thus been considered for pro­
phylaxis or treatment of hyperbilirubinemia. Drug administration is much 
easier than an exchange transfusion, but other more important criteria such 
as efficacy, toxicity (immediate or delayed), onset of action, and overall 
safety as compared with other forms of treatment should be considered. All 
too often the simplicity of drug administration prompts widespread use be­
fore assessments of toxicity by controlled trials are completed. In the 
following discussion the pharmacologic treatment of hyperbilirubinemia will 
be considered with regard to efficacy, toxicity, and alternative forms of 
therapy. Since some confusion has arisen about possible selective efficacy of 
phenobarbital, pertinent data on patient selection, etiology of icterus, and 
patient age are listed in Table 1. 

Hyperbilirubinemia from conditions of known or suspected etiology.­
Investigations with animals provided evidence that conjugation and excre­
tion of bilirubin are enhanced after phenobarbital treatment (vide infr.a). 
This prompted a study by Yaffe et al (11) on the effect of phenobarbital in 
a 39.S week old patient with congenital nonhemolytic jaundice. Initial and 
subsequent treatments with phenobarbital produced a lowering of the serum 
bilirubin level. Indirect assessment of hepatic glucuronide formation was 
made by administering salicylamide to .this patient. Phenobarbital treatment 
produced an increase in the amount of salicylamide excreted as a glucuro­
nide conjugate and in the maximum excretion rate of salicylamide glucuro­
nide. Phenobarbital induction of hepatic glucuronyl transferase was consid­
ered as one factor responsible for the decrease in blood bilirubin and en­
hanced excretion of salicylamide glucuronide. In a· preliminary and then 
more detailed study, Crigler & Gold (12, 13) investigated the effect of phe-
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Subjects Number Age 

Hyperbilirubinemia from conditions of known or suspected etiology: 
Congenital non hemolytic icterus 1 39.5 wk 

Congenital non hemolytic icterus 

Congenital nonhemolytic icterus 
(siblings) 

Congenital nonhemolytic icterus 
(female siblings) 

Congenital non hemolytic icterus 
(Arias Group I) 

Congenital nonhemolytic icterus 
(Arias Group II) 

Gilbert's syndrome 

Gilbert's syndrome 

Intrahepatic biliary atresia 

Intrahepatic biliary atresia 

Chronic intrahepatic cholestasis 

Congenital extrahepatic biliary 
atresia 

2 

2 

4 

9 

13 

4 

186 d 

27 yo M 

31 yo F 

10 yo and 4 yo 

2-16 yo 

19-40 yo 

30 yo 

16-57 yo 

8 wk 

? (Child) 

Adults 

9-11 months 

Hyperbilirubinemia from conditions associated with the neonate: 
Neonates of epileptic or pre-eclamp- B W 2500 g During 

tic mothers. (Retrospective study 98 PB pregnancy 
excluding Rh-affected infants) 1469 C 

BW 1500-2500 g 
21 PB 

During 
pregnancy 

Comment on Treatment 

Lower bilirubin in 3 wk; rose 4th wk 
after PB discontinued. Bilirubin 
<3 mg% from 65.5-92 wk on PE. 

Lower bilirubin in 4 wk; rose about 
30 d after PB discontinued. Bili­
rubinabout8 mg%for 200 d onPB 

Lower bilirubin in about 5 d. 

Lower bilirubin but rose when dose 
tapered. 

Decline in blood bilirubin and loss 
of icterus which returned when 
PB discontinued. 

No effect after 3-32 wk of PB 

Maximum decline in about 20 d and 
increase in bilirubin level when 

PB discontinued. 
Fall in bilirubin in about 4 d and 

rose to pre-drug level about 3 wk 
after PB discontinued. 

Fall in bilirubin within 2-3 d.  

Lower bilirubin (from 8-4 mg%) 
while PB continued. 

Lower bilirubin; increased bile flow. 

Lower bilirubin level. 

No effect on level of conjugated bili­
rubin. 

Reference 

Yaffe 
(1966) (11) 

Crigler & Gold 
(1969) (13) 

Kreek 
(1968) (14) 

Ertel 
(1969) (15) 

Arias 
(1969) (16) 
Arias 
(1969) (16) 

Whelton 
(1968) (17) 

Black 
(1970) (18) 
Thompson 
(1970) (19) 
Sharp 
(1970) (20) 
Thompson 
(1967) (21) 
Cunningham 
(1968) (22) 

5.1 % with neonatal icterus (expect- TrolJe 
ed incidence without PB = 22.6%). (1968) (23) 

4.8% (1 infant) jaundiced (expected 
incidence without PB = 50%). 
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Subjects 

Neonates (prematures and autoim­
mune hemolytic disease excluded) 

Neonates (>2500 g BW with no 
autoimmune hemolytic disease) 

Neonates with bilirubin> 10 mg% 

Neonates with icterus (bilirubin 
<12 mg%), fullterm without 

hemolytic disease. 
Neonates (36 wk l}estation) of 

treated mothers (double blind) 

Neonates, fullterm 

Neonates, 1.5-2.5 kg 

Neonates, fullterm (no hemolytic or 
other disease, no breast-fed in­
fants) 

Neonates icteric (fullterm with 
bilirubin 8-16 mg%) 

Neonates 

Grecian neonates (double blind) 

12 PB 
16C 

Number 

159 C 
34 PB 
83 PB 
452 PB 

121 PB 

118 PB 

12 PB 
12 C 
52 PB 
12 C 

24 PB 
21 C 

23 PB 
23 C 
10 PB 
10 C 

20 PB 
20 C 
10 PB 
10 C 

10 PB 
14 C 
99 PB 
101") r' 

TABLE 1 (Continued) 
Age 

2 wk PTD or 
longer 

About 1d PTD 
>14 d PTD 
Infant only, for 

5 d 
About 1d PTD 

+infant for 5d 
>14 d PTD 

+infant for 5 d 
4 d  

1 d (avg. 2-3 d) 

From 31-33 wk. 
gestation 

8 hr for 3 d 

1st d for 6 d 

1st d for 4 d 

5th d for 4 d 

1st d for 10 d 

36 wk pregnancy 

Comment on Treatment 

Maximum bilirubin level (first 4d): 
C=5.9±O.5 mg%. 
PB=2.7 ±OA mg%. 
Bilirubin level <10 mg%: 

76.7% 
73.5% 
91.7% 
86.3% 

85.1% 

94.9% 

N a effect; possible decrease in dura­
tion of hyperbilirubinemia. 

No effect 24-48 hr after treatment. 

Bilirubin of mother lowered after 
36 wk. Mean infant bilirubin on 
3rd d: 

4 . 4±2.3 mg% 
S.2±2.S mg% 

Mean bilirubin on 3rd d: 
5. 9±3.5 mg% )l"S. 
7.8±4.3 mg% 

No significant effect. 

Peak level on d 2. Early and rapid 
fall. Bilirubin on d 4: 
4.1 ±O.S mg% 

6 . 0±0 . 8  mg% 
More rapid fall and lower mean by 

d 10. 
Increase in salicylamide glucuro­

nide excretion from 5-10 d: 
59.2% 
34.9% 

4th d bilirubin less in treated pa-
.. ! __ .4.� I�nat DD __ ..l '1'201 r' ... �:4-"" 

Reference 

Maurer 
(1968) (24) 

Trolle 
(1968) (25) 

McMullin 
(1968) (28) 

Cunningham 
(1969) (29) 

Ramboer 
(1969) (30) 

Ramboer 
(1969) (30) 

Ramboer 
(1969) (30) 
Stern 
(1970) (32) 

Stern 
(1970) (32) 
Stern 
(1970) (32) 

Doxiadis 
(10"1(,\\ /2'2\ 
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TABLE 1 (Continued) 

Subjects Number 

Neonates from Lesbos (some with 220 PB 
ABO incompatibility; double 506 C 
blind study) 

Prematures 

Chinese infants with icterus (bili­
rubin 10-20 mg%) 

Neonates with Rh hemolytic dis­
ease (not double blind study) 

? 
ABO incompatibility 

PB 
C 

Nonspecific etiology 
PB 
C 

G-6-PD deficiency 
PB 
C 

30 PB 
30 C 

Neonates (hemolytic disease ex- 56 PB 
eluded, double blind study) 60 C 

Neonates fullterm (double blind; 139 PB 
hemolytic disease included) 139 C 

Low birth weight icteric neonates 101 PB 
(retrospective) 263 C 

Age 

Id 

2 wk 

Id 

Id 

2-10 hr for 5 d 

Comment on Treatment 

Need for exchange transfusion de­
creased in infants with ABO in­
compatibility. 15% C and 5% 
PB showed severe jaundice. 

Earlier peak value (4 d vs 6 d) and 
lower amount. 

Exchange transfusion required in: 

5% 
68% 

4% 
35% 

11% 
50% 

N umber of exchange transfusions 
per infant reduced except for 
those requiring it at birth. 

N umber of exchange transfusions 
decreased. Bilirubin higher in 
control after 4 d especially in 
>2500 g infant. 

No effect in Negro female at 5 d. 
Decreased level in Negro males 
and Caucasian males and females 
at 5 d. Race and sex possible influ-
ence. 

Reference 

Doxiadis 
(1970) (33) 

Doxiadis 
(1970) (33) t1 

Yeung & Field � 
(1969) (34) tIl 

McMullin 
(1970) (35) 

Vest 
(1970) (38) 

Kokosky 
(1970) (39) 

t"' 
o 
'""d 
is:: 
tIl 
Z 
o-J 
>­
t"' 
'"d 
::r: 
>­
:::0 
is:: 
>­
() 
o 
t"' 
o 

� 

During labor for Questionable to slight effect. Tox- Walker 
about 3 d emia with some effect. (1969) (40) 

C=Controls PTD = Prior To Delivery Age refers to day of life when 
treatment began. In some 
studies duration of treatment i13 

PB = Phenobarbital Treated 
M = Male, F=Female 
BW = Body weight 

NS = Not Statistically Significant 
d=day(s) 
yo = year old (for ___ d) is shown. 't 
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428 WILSON 

nobarbital on bilirubin metabolism in another patient with nonhemolytic un­
conjugated hyperbilirubinemia. Phenobarbital lowered the serum concentra­
tion of unconjugated bilirubin, and, when isotopically labeled bilirubin was 
used, a decrease in the half-life and total body pool of this pigment was noted. 
In vitro conjugation of p-nitrophenol by liver from this patient was increased 
and this supported the assumption by Yaffe, et al (1 1 )  that phenobarbital pro­
moted a decrease in hyperbilirubinemia via liver enzyme induction. 

Several workers described an effect of phenobarbital in siblings with 
congenital nonhemolytic, unconjugated hyperbilirubinemia. A brother and 
sister (14) were found to be jaundiced from the first week of life until the 
time of study when their ages were 27 and 31 years, respectively. It is of 
interest to note that both siblings were listed as above average in intelli­
gence and neither had a serum bilirubin level recorded above 16 mg%. On 
one occasion, the serum bilirubin in the male subject was lowered during 
cholestyramine treatment, and in the female sibling intake of phenobarbital 
prior to the study was associated with a decrease in jaundice. Previous in­
vestigations included a liver biopsy from both patients with the male show­
ing a deficient conjugation of p-nitrophenol and bilirubin. Both subjects 
showed a decrease in formation of menthol glucuronide as detected in the. 
urine. After about five days of an initial high dose regimen of phenobarbi­
tal, a decrease in serum bilirubin levels in both patients was found. Sedation 
and an allergy to phenobarbital precluded further studies with the male sibe 
ling. In the female, however, serum bilirubin fell to 0.3 mg% after 22 days 
of phenobarbital therapy. Additional treatment for five months produced bi­
lirubin levels near control values. Within a five month period the dose of 
phenobarbital was tapered to 32 mg per day and a rise in unconjugated lev� 
els of serum bilirubin was noted. An increase in the dosage of phenobarbital 
produced a subsequent fall in serum bilirubin. While phenobarbital was be­
ing tapered, the consumption of aspirin produced visible jaundice and, when 
the salicylates were stopped, the serum bilirubin rose. Urinary excretion of 
menthol glucuronide was followed during phenobarbital administration in 
the female subject and appeared to be indirectly correlated with the concen­
tration of serum bilirubin. This finding suggested that glucuronyl transfer­
ase activity for bilirubin was increased by pretreatment with phenobarbital. 
However, Kreek & Sieisenger (14) emphasize that their evidence is indi­
rect and does not exclude the formation of bilirubin metabolites other than 
the glucuronide. Congenital nonhemolytic hyperbilirubinemia was treated 
with phenobarbital in two sisters by Ertel & Newton (15) .  These siblings 
were jaundiced since the first week of life without any family history for 
icterus. One sister was ten and the other four years of age when phenobar­
bital treatment was begun. Prior to therapy, the level of unconjugated bili­
rubin ranged from 14-35 mg% and from 10-17 mg% in the older and 
younger sibling, respectively. There was no evidence of kernicterus or men­
tal retardation. Blood levels of bilirubin fell in both subjects following phe­
nobarbital the rapy , but it again rose with visible jaundice evident two weeks 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
97

2.
12

:4
23

-4
50

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



DEVELOPMENT AL PHARMACOLOGY 429 
after discontinuance of phenobarbital. Chronic therapy with phenobarbital 
for at least six months produced an anicteric state with blood bilirubin lev­
els less than 5 mg%. 

Arias et al ( 16) presented evidence for genetic heterogeneity and classi­
fied patients with chronic nonhemolytic unconjugated hyperbilirubinemia 
into two groups, Group I and Group II, with respective recessive and proba­
ble dominant mode of inheritance. Patients in Group I are more severely 
affected with hyperbilirubinemia often from birth, whereas patients in 
Group II show a milder form of icterus. Phenobarbital treatment of Group 
I patients was without effect on lowering serum bilirubin. Group II patients, 
however, responded to phenobarbital therapy with a decline in serum biliru­
bin levels which approached those of controls. Thus, in addition to the genetic 
pattern of transmittance (1 6) and clinical severity of icterus in patients with 
chronic nonhemolytic unconjugated hyperbilirubinemia, the response to 
phenobarbital may be used as a guide to distinguish Group I from Group II 
patients. 

Phenobarbital has been used to treat patients with Gilbert's syndrome-a 
mild but prolonged unconjugated hyperbilirubinemia seen in adults. In a 30 
year old woman presumed to have Gilbert's syndrome, Whelton et al (17) 
studied the effect of phenobarbital on serum bilirubin levels and several pa­
rameters of liver structure. The patient had been jaundiced since ten days 
of life and gave no family history of icteric relatives or of hepatic disease 
or hemolysis. Approximately three weeks after discontinuance of phenobar­
bital, the serum bilirubin had risen to pretreatment levels. During phenobar­
bital administration, fecal urobilinogen and urine glucuronic acid excretion 
was increased. Based on their studies of urobilinogen in the feces, these 
workers suggest that the lowering of serum bilirubin levels was only in part 
due to an action of phenobarbital on glucuronyl transferase system for bili­
rubin. The amount of urobilinogen in feces before and after phenobarbital 
treatment fell short of the expected excretion of bilirubin as judged from 
the decline in serum icterus. Black & Sherlock (18) studied 13 patients; all 
except one were male. Within two to three days after initiation of pheno­
barbital treatment, the serum level of bilirubin fell as compared with pre­
treatment values. Approximately half of the patients had normal serum bili­
rubin levels after two weeks of phenobarbital treatment. In one patient, the 
level of bilirubin in plasma remained depressed while on chronic phenobar­
bital treatment for about 60 days. Serum bilirubin again rose to pretreat­
ment levels when phenobarbital was discontinued in this patient. Liver biop­
sies in three patients revealed a general increase in uridine diphosphate 
glucuronyltransferase activity for bilirubin while on phenobarbital therapy 
as compared with values before starting treatment. 

Several workers (19, 20) studied the effect of phenobarbital on cholesta­
sis in infants with intrahepatic biliary atresia. In the study by Thompson & 
Williams (19), an icteric infant with intrahepatic biliary atresia as shown 
by liver biopsy was treated with phenobarbital at the age of eight weeks. 
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430 WILSON 

There was an approximate 50% decrease in the level of serum bilirubin 
while phenobarbital therapy was continued. Pretreatment levels of bilirubin 
were again seen, however, when the drug was discontinued. Similar results 
on the depressant action of phenobarbital on serum bilirubin levels were 
found in a child studied by Sharp & Mirkin (20) and in adult patients with 
chronic intrahepatic cholestasis (21) .  Phenobarbital may have acted in 
these patients by increasing bile flow, since bilirubin was mainly in the con­
jugated form. Cunningham and coworkers (22) administered phenobarbital 
to a nine month old infant with complete extrahepatic congenital biliary 
atresia and found no effect on the serum level of conjugated bilirubin. 
These investigators suggest that phenobarbital may be used as a diagnostic 
agent to distinguish between complete and incomplete biliary obstruction. 

Hyperbilirubinemia from conditions associated with the neonate.-Clini­
cal trials have tested the efficacy of phenobarbital on a large number of in­
fants. In a preliminary communication, Trolle (23) reviewed the charts of 
infants born to mothers treated with phenobarbital for eclampsia or epi­
lepsy. This retrospective study suggested a lower incidence of hyperbiliru· 
binemia among infants from phenobarbital-treated mothers as compared to 
that expected from infants not exposed to phenobarbital. In a prospective 
study, Maurer et al (24) determined the level of unconjugated bilirubin in 
infants delivered of mothers treated with phenobarbital for at least 14 days 
prior to parturition. The maximum neonatal serum bilirubin level was 5.9 ± 
0.5 mg% for controls and 2.7 ± 0.4 mg% for infants of phenobarbital­
treated mothers. Serum bilirubin levels of phenobarbital exposed infants 
were also lower than those of control infants for each of the first four days 
of life. Breast feeding was more common for infants of phenobarbital­
treated mothers (50%) than it was for infants of control mothers (33%) . 
The authors stated, however, that the blood level of unconjugated bilirubin 
was not related to the feeding regimen although one would expect that 
breast fed infants would continue to receive phenobarbital secreted in the 
breast milk postpartum. A word of caution was voiced by these authors with 
regard to the potential harmful effects of phenobarbital on steroid metabo­
lism and other endogenous substrates. Trolle (25) used a prospective study 
design to determine blood bilirubin levels in infants exposed to phenobarbi­
tal during the latter part of gestation, during the neonatal period, or both. 
Blood bilirubin levels from untreated control infants born during the previ­
ous year were used to compare with bilirubin values from phenobarbital­
treated infants. A sample of control infants during the study year showed 
blood bilirubin values similar to those in infants of the preceding year. In­
fants from women treated for less than 30 hours with phenobarbital showed 
no difference in serum bilirubin levels versus those of control infants. 
Treatment of pregnant women for 14 days or more resulted in more infants 
with serum bilirubin levels less than 1 0  mg% as compared with infants from 
untreated women. Infants who received phenobarbital beginning only at 
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DEVELOPMENT AL PHARMACOLOGY 431 
birth showed a tendency toward lower serum bilirubin levels. When both the 
mother and infant were treated with phenobarbital, a greater reduction in 
the level of unconjugated bilirubin was seen in blood from infants delivered 
of mothers treated with phenobarbital for at least three days with continu­
ance of infant treatment during the neonatal period. These treatment regi­
mens revealed that when phenobarbital was given for more than one day 
prior to delivery and then continued in the neonate, a greater percentage of 
these infants had serum bilirubin levels of less than 10 mg% (94.9 percent 
of phenobarbital-treated subjects as compared with 76.7 percent of control 
subjects). It was pointed out that, except for treatment of both pregnant 
female and infant, the other treatment regimens did not influence the per­
centage of infants with serum bilirubin levels higher than 18 mg%. Acute 
toxicity was assessed by examining the effect of phenobarbital on binding of 
bilirubin to albumin. Elution of bilirubin-albumin on a Sephadex column 
and determination of albumin reserve binding capacity did not suggest that 
phenobarbital displaced bilirubin from albumin. Absence of disturbances in 
infant behavior and utilization of low doses of phenobarbital were used in 
an attempt to exclude adverse reactions to this form of therapy. In a subse­
quent report, Trolle (26) indicated that phenobarbital might have a benefi­
cial effect on mortality during the first week of life. Robinson's (27) com­
ments on this observation are of interest. Examination of Trolle's data (by 
Robinson) showed that the control group contained more infants in the 
lower birth-weight category and thus unduly influenced the mortality fig­
ures. Robinson's recalculations showed that no differences in mortality were 
apparent between control and phenobarbital-treated infants from 1000 to 
1500 grams or from 1500 to 2500 grams body weight. 

McMullin (28) reported on a pilot study in which phenobarbital was 
administered to four-day old infants who showed a Llood bilirubin above 10 
mg%. Phenobarbital was without effect on the late phase of jaundice in 
these neonates, but he suggested that this form of treatment may decrease 
the duration of hyperbilirubinemia. Further doubt was cast upon the efficacy 
of phenobarbital for hyperbilirubinemia by results of Cunningham et al 
(29). In their study, infants were not treated with phenobarbital until ob­
servance of icterus after the first day of life. All infants were healthy and 
over 2500 grams birth-weight. This study is not too dissimilar to the one by 
McMullin (28) because most of the infants were not treated until two to 
three days of age. These infants exhibited mild icterus and the blood biliru­
bin level did not exceed 12 mg%. Administration of phenobarbital twice a 
day for three days did not produce a decrease in the level of serum biliru­
bin. Cunningham and coworkers (29) suggested that, once jaundice had ap­
peared, phenobarbital treatment was without effect in ameliorating the level 
of serum bilirubin. In the study by Trolle (25) (vide supra) infants who 
showed a severe degree of jaundice (bilirubin levels above 18 mg%) failed 
to respond to phenobarbital given during the neonatal period. The question 
of 'effectiveness of phenobarbital after appearance of jaundice or in cases of 
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severe or a rapidly rising hyperbilirubinemia was raised by these studies. 
Phenobarbital treatment of mothers during the last trimester of preg­

nancy and its effect on hyperbilirubinemia during the first days of life was 
studied by Ramboer et al (30) . Pregnant females were treated from about 
32 weeks gestation with phenobarbital in a double-blind manner. All new­
borns showed gestational age of greater than 36 weeks duration. It is of 
interest that maternal blood levels of bilirubin were lowered in the pheno­
barbital-treated group after the 36th week of pregnancy. No significant dif­
ference was found in the mean cord blood bilirubin in infants from control 
o�' ph,enobarbital-treated mothers. On the third day of life, infants from 
phenobar-bital-treated mothers had a mean bilirubin level of 4.4 mg%, 
whereas those from control mothers had a level of 8.2 mg%. In another part 
of the study, full-term infants were given phenobarbital for three days be­
ginning within eight hours of life. No significant difference in blood biliru­
bin levels could be demonstrated for control or treated infants on the third 
day of life. Low birth weight infants treated with phenobarbital from the first 
to the seventh day of age also failed to show a statistically significant dif­
ference in semm bilirubin values on the fifth and seventh day of life. These 
workers (30 ) reported the effect of phenobarbital on two pairs of twins 
with eaeh of the phenobarbital-treated member of the pair showing a lower 
serum bilirubin peak value than his respective untreated twin. No statement 
is made about the identical or fraternal origin of these twins. It is of inter­
est, however, that a third pair Of twins both received phenobarbital and had 
identical peak levels of plasma bilirubin. Similar results for drug metaboliz­
ing enzymes were found for identical twins by Vesel! et al (31). Thus, the 
study by Ramboer et al (30) stiggests that treatment of fullterm or low 
birth weight infants with phenobarbital after birth produces very little 
effect on hyperbilirubinemia, but treatment of the mothers does reduce the 
level of bilirubin on the third day of life. This is in agreement with the 
study by Trolle et al (25) who found that an effective therapy regimen for 
phenobarbital-induced lowering of bilirubin levels was treatment of the preg­
nant woman. 

Studies on neonatal hyperbilirubinemia and phenobarbital have raised 
two questions: (a) Would phenobarbital administration reduce icterus after 
it had appeared in the neonate and (b) how did the effect of phenobarbital 
on liver glucuronide forming capacity correlate with a reduction in serum 
bilirubin levels? These questions were considered by Stern et al (32) .  Infants 
received phenobarbital within the first 24 hours of life in one part of the study 
or, in another part, infants received the barbiturate on the fourth day of life 
if they had a minimum serum bilirubin level of 8 mg%. Measurement of sali­
cylamide glucuronide in the urine of phenobarbital-treated infants served as 
an estimate of hepatic glucuronide forming enzyme activity. In newborns 
treated with phenobarbital from the first day of life, a reduction in the serum 
level of bilirubin was seen on days four and five. Phenobarbital-treated in­

fants also showed an earlier plateau of serum bilirubin levels at two days' as 
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DEVELOPMENTAL PHARMACOLOGY 433 
compared with four days on the control group. After three days of phenobar­
bital treatment, the absolute level of serum bilirubin was lower and the rate 
of fall was greater than in control infants. In the control group, the level of 
serum indirect bilirubin on day four was 6 ± 1.6 for females and 6 ± 0.9 
for males. Icteric infants treated with phenobarbital from the fifth to tenth 
day of life showed a reduction in serum bilirubin levels by day ten. These 
infants also showed a greater rate of decline in the level of serum bilirubin 
as compared with control infants. In infants treated with phenobarbital for 
the first ten days of life, urine salicylamide glucuronide increased 59.2% 
from the fifth to tenth day of life as compared with 34.9% in the control 
group. At five days of age the percent of salicylamide glucuronide in urine 
was indirectly correlated with serum bilirubin levels in both phenobarbital 
and control infants. Salicylamide glucuronide excretion in the urine thus 
appeared to be appropriate for a gross estimate of hepatic glucuronide­
forming activity and to serve indirectly as a monitor for hepatic capacity to 
conjugate indirect bilirubin. These workers offered supporting evidence for 
an effect of phenobarbital on the bilirubin glucuronide forming system and 
also showed that this drug was effective in lowering serum bilirubin levels 
in icteric infants. Like other studies, however, their results again revealed 
a delay of approximately three days before a significant reduction in serum 
bilirubin levels were found. Although phenobarbital may not be useful for 
lowering of serum bilirubin levels on an acute basis, it was shown that the 
rate of decline in serum bilirubin is enhanced by prior treatment with phe­
nobarbital beginning at birth. As pointed out by Stern and coworkers (32) 
studies on the correlation between bilirubin levels in serum and excretion of 
salicylamide glucuronide again emphasize the hepatic immaturity as a criti­
cal factor in the production of neonatal icterus. 

Neonatal hyperbilirubinemia of specific etiology has been studied with 
regard to possible alterations in the effect expected from phenobarbital. 
Doxiadis (33) studied the effect of phenobarbital on neonatal jaundice asso­
ciated with glucose-6-phosphate dehydrogenase (G-6-PD) deficiency and with 
geographical differences in the incidence of neonatal icterus. He observed 
that, although the frequency of G-6-PD deficiency in southern Greece was 
2.92%, in Rhodes, 12.5%, and in Lesbos, 4.93%, children both with and 
without this deficiency in Lesbos had a higher incidence of severe neonatal 
jaundice. In all three regions the incidence of neonatal jaundice (bilirubin 
level above or equal to 16 mg%) was higher in infants who also had G-6-
PD deficiency. Furthermore, infants with G-6-PD deficiency showed a hy­
perbilirubinemia associated with red cell hemolysis. Occurrence of neonatal 
icterus without availability of exchange transfusion prompted a study on 
efficacy of phenobarbital for hyperbilirubinemia in these Grecian infants. 
When a double blind study design was used, phenobarbital treatment of 
women approximately 36 weeks pregnant produced lower cord blood biliru­
bin values. More infants in the phenobarbital-treated group had blood bili­
rubin less than 4 mg% and less than 16 mg% on the fourth day of life as 
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compared with control infants. Gradual elimination of bilirubin in the stools 
of phenobarbital-treated infants was found. This study included only 
women who took at least 1 gram of phenobarbital. In another part of the 
study by Doxiadis (33) women 32 to 38 weeks pregnant from the island of 
Lesbos were used. Some of the infants in this study showed evidence of 
ABO blood group incompatibility. Phenobarbital treatment of the mothers 
reduced the number of exchange transfusions required in infants with or 
without ABO incompatibility and the severity of jaundice was similarly re­
duced. In additional studies, Grecian premature infants were given pheno­
barbital from the day of birth and showed a lower peak level of blood bili­
rubin. Not unlike the study by Stern et al (32), an earlier peak level of 
serum bilirubin was found in these infants treated with phenobarbital after 
birth. Based on his experience with a high-risk population, Doxiadis sug­
gests that phenobarbital should be used prophylactically for pregnant 
women on the island of Lesbos and that it may be considered for women 
suspected of bearing children of low birth weight or with excessive hemoly­
sis. 

Yeung & Field (34) reported on the effect of phenobarbital on hyperbi­
lirubinemia in icteric Chinese infants. These neonates had a serum bilirubin 
of 10-20 mg% and were less than two weeks of age when placed on the study. 
These authors pointed out that, in control infants with hyperbilirubinemia 
from all causes, 45% required an exchange transfusion whereas this proce­
dure was performed in only 4% of phenobarbital-treated subjects. In most 
cases, the exchange transfusion was performed within 24 hours after initia­
tion of drug therapy. Infants with hyperbilirubinemia due to ABO incom­
patibility showed lower levels of bilirubin in the phenobarbital-treated group 
from days three to five as compared with untreated controls. Only one infant 
in the phenobarbital-treated group required exchange transfusion. Infants 
with G-6-PD deficiency and hyperbilirubinemia showed a 50% and 11 % in­
cidence of exchange transfusion for controls and phenobarbital treated, re­
spectively. The effect of phenobarbital in infants with hyperbilirubinemia as­
sociated with cephalohematoma or immaturity was also examined, but the 
number of cases in the study was too low to draw any definite conclusions. 
Phenobarbital treatment of hyperbilirubinemia in infants from nonspecific 
causes showed that only 4% of these infants required exchange transfusion 
as compared with about 35% of control infants. Phenobarbital treatment of 
these infants also lowered the mean level of blood bilirubin during the course 
of treatment. The data presented by these workers is somewhat difficult to 
interpret because little information is given about the number of icteric in­
fants who entered this study at a particular age in either the control or pheno­
barbital-treated group. As emphasized in their study, however, phenobarbital 
did appear to reduce the number of exchange transfusions for hyperbilirubi­
nemia of varied etiology. Another interesting aspect of their study is that an 
effect of phenobarbital was noted in icteric infants. This does not agree with 
the results of McMullin (28) or Cunningham et al (29), but does support the 
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DEVELOPMENT AL PHARMACOLOGY 435 
findings by Stern et al (32) with regard to an effect of phenobarbital after 
appearance of jaundice. A difference in phenobarbital effects in icteric in­
fants may be partly explained by race, since Chinese infants do not usually 
show clinical icterus until the third day of life. Thus, in the absence of anemia 
or a severe hemolytic disorder, there may be relative differences in matura­
tion of liver function between Caucasian and Chinese infants. This in turn 
may modify their response to phenobarbital, but, until more information is 
available on the number of infants selected for study at each postnatal age 
(34) this point will not be resolved. 

The effect of phenobarbital on neonatal hyperbilirubinemia of specific 
etiology, namely, Rhesus hemolytic disease, was studied by McMullin et al 
(3S ) .  The mean gestational age, birth weight, and cord bilirubin level of 
control and treated infants were similar. If need for exchange transfusion 
is taken as an index of efficacy of phenobarbital treatment, then infants in 
the treated group required fewer exchange transfusions per infant. How­
ever, severely affected infants requiring an exchange transfusion at birth 
showed no effect on the number of exchange transfusions per infant in con­
trol versus phenobarbital-treated groups. If transfusions required at birth 
were excluded, then the number of exchange transfusions per infant in the 
treated group for all infants or for infants requiring the exchange transfu­
sion at birth were decreased as compared with the nonphenobarbital-treated 
group. A lack of information about the level of blood bilirubin, duration of 
phenobarbital treatment, or time of exchange transfusion following initia­
tion of phenobarbital treatment presents some difficulty with interpretation 
of these results (36, 37) . Frequency of exchange transfusion and level of 
hyperbilirubinemia following phenobarbital administration to fullterm and 
low birth weight infants was investigated further by Vest et al (38) . They 
excluded infants with hemolytic disease, and the study was conducted in a 
double blind fashion. Phenobarbital was started on the first day of life with 
dosage varying according to the weight category of the infant. Mean body 
weight for treated infants was 2070 grams and for control infants, 2203 
grams. When all infants were considered without regard to body weight, the 
frequency of exchange transfusion was reduced in phenobarbital-treated in­
fants. On the fourth day of life, the serum bilirubin level in phenobarbital­
treated infants remained lower than that of the control group and this dif­
ference was exaggerated when only fullterm infants (greater than 2500 
grams body weight) were considered. In infants less than 2500 grams body 
weight there was a significant difference in serum bilirubin levels between 
placebo and phenobarbital-treated infants on the seventh day of life as com­
pared with a significant difference found with fullterm infants noted on the 
third day of life. 

Factors other than hemolytic disease have been shown to modify the level 
of serum bilirubin and a response to phenobarbital. Efficacy of phenobarbital 
for hyperbilirubinemia with regard to race and sex of the infant was ex­
amined by Kokosky et al (39) . Infants were treated with phenobarbital soon 
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after birth in a double blind study. An extra water-treated control was pro·· 
vided for the ethanol vehicle of phenobarbital elixir. Ethanol was found to 
have no effect on serum bilirubin level. On the third and fifth day of life the 
serum bilirubin level showed some variation with regard to race and sex. 
Caucasian males showed a greater mean difference (controls minus pheno­
barbital-treated) in blood bilirubin levels on the third and fifth day of life 
than did Negro males. A similar finding was noted' with Caucasian females 
versus Negro females. In general, females showed a lower mean difference 
than did males of both races, a finding not confirmed by Stern et al (32). 
Phenobarbital-treated Negro females failed to show a statistically significant 
decrease in the level of serum bilirubin on either the third or fifth day of life. 
Phenobarbital pretreatment of Caucasian females produced a decrease in the 
level of serum bilirubin on the fifth day but not on the third day of life. When 
the effect of sex on the level of serum bilirubin was examined, Caucasian or 
Negro male controls had a higher serum bilirubin level than female controls 
on the third and fifth day of life, respectively. No significant differences on 
the third arid fifth day of life in the serum bilirubin level were found in either 
Caucasian or Negro phenobarbital-treated males versus females. The effect 
of race was also examined. Untreated Caucasian males had higher levels of 
serum bilirubin on days three and five as compared with untreated Negro 
males. Similar findings were observed for phenobarbital-treated Cansasian 
males versus Negro males. No race difference was demonstrated for pheno­
barbital-treated Caucasian females versus similarly treated Negro females. 
In general, when examined on the third and fifth day of life, control Cauca­
sian males showed the highest level of serum bilirubin. This gronp of infants 
also showed the greatest mg% fall in serum bilirubin following treatment 
with phenobarbital for three to five days. Conversely, control Negro females 
had the lowest level of serum bilirubin at age three and five days and also ex­
hibited the least amount of response to phenobarbital pretreatment. Exam­
ination of differences in serum bilirubin levels with regard to race indicates 
that race influences the response to phenobarbital in the male. These workers 
pointed out that when all their data in control versus phenobarbital-treated 
infants were compared without regard to race or sex, a significant reduc­
tion in serum bilirubin levels 'on days three and five were observed. No 
explanation is available for the observed differences with regard to race 
and sex, especially in the Negro female. 

Walker et al (40) studied hyperbilirubinemia in the low birth weight 
infant in relation to phenobarbital and toxemia of pregnancy. Barbiturate­
treated women who showed no evidence of toxemia produced infants in whom 
the level of serum bilirubin did not differ significantly from nontoxemic moth­
ers without barbiturate treatment. No control or barbiturate-treated women 
who were toxemic showed infants with a blood bilirubin level of above 15 
mg%. When all mothers were considered without regard to toxemia, non­
barbiturate-treated mothers' produced infants 11 % of whom had blood bili­
rubin levels greater' than 15 mg% whereas those mothers treated with the 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
97

2.
12

:4
23

-4
50

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



DEVELOPMENTAL PHARMACOLOGY 437 
barbiturate showed 2-6% of their infants with this level of bilirubin. Dr. 
Walker and coworkers suggested that toxemia of pregnancy had an ameli­
orating effect on hyperbilirubinemia which was exerted through a process 
dissimilar to that found with barbiturates. 

Waltman et al (41) gave an infusion of ethanol to pregnant women 
shortly before delivery as a prophylactic measure for neonatal hyperbiliru­
binemia (Table 2) . From one to five days after birth the infants from etha­
nol-treated women showed lower serum bilirubin values as compared with 
infants from untreated control mothers. Treatment of mothers with ethanol 
at least two hours before delivery yielded infants who had a maximum se­
rum bilirubin level of approximately one-half of that of infants from con­
trol mothers. In a subsequent report, Waltman et al (42) found that treat­
ment of women from 3 to 96 hours prior to delivery produced infants with 
lower serum bilirubin levels from three to five days of life and a lower 
mean maximum level as compared with untreated controls. Infants from 
WOmen who received ethanol (less than 100 grams) more than 96 hours or 
less than 3 honrs prior to delivery showed no difference in their serum bili­
rubin levels as compared with untreated controls. These workers found no 
acute toxic effects in infants delivered of ethanol-treated mothers, and they 
suggest that microsomal enzyme induction, which may have occurred as a 
result of ethanol infusion, is not regarded as a damaging or toxic effect. 
Comments on enzyme induction by Meldolesi (43) would not support this 
assumption. Safety of ethanol relative to phenobarbital was considered by 
Waltman et al (42) because of rapid elimination of the former compound. 
Potential toxicity of ethanol, however, probably shares some characteristics 
that were explored for phenobarbital (44) . Isaac & Dundee (45) raise an 
additional question about adverse effects in mothers who were given etha­
nol. A rapid infusion of 8% ethanol was associated with a higher incidence 
of thrombosis and phlebitis. They also mentioned in vitro studies wherein 
the ethanol in saline solution produced red cell hemolysis. Flock, et al (46) 
showed that an acute dose of ethanol in the rat altered brain utilization of 
glucose. Although glucose is probably not the only source of nutrients for 
the neonatal brain, administration of a drug that may interfere with glucose 
utilization (if these rat studies can be extended to man) may place the in­
fant at risk for neurological damage. 

If ethanol acted by inducing hepatic bilirubin glucuronyl transferase, 
then it is puzzling that no effect was seen in mothers treated with ethanol 
96 hours or more before delivery. Furthermore, the metabolism of ethanol, 
and its possible inducing effect on hepatic microsomal drug metabolizing 
enzymes, show some differences as compared with other enzyme inducing 
agents. Participation of the classical mixed function oxidase system in the 
hepatic microsomal oxidation of ethanol has been questioned by Khanna et 
al (47) . Ethanol metabolism as measured in vivo (48 ) or in vitro (49) did 
not respond in the expected manner to agents that either inhibit or induce 
mixed function oxidase activity. A role for NADPH oxidase and catalase 
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TABLE 2. DRUG TREATMENT OF HYFERBILffiUBINEMIA 

Subjects Number Age Comment on Treatment Reference 

Ethanol Treatment: 
Neonates without hemolytic disease 

Diethylnicotinamide Treatment: 

10 EtOH 
10 C 
15 EtOH 

11 EtOH 
18 C 

Congenital nonhemolytic icterus 2 
(female siblings) 

Neonates (twins without hemolytic 1 0  treated 
disease) 1 0  C 

Glutethimide Treatment: 
Gilbert's syndrome 

C = Controls 
PB = Phenobarbital Treated 
M = Male, F = Female 
BW = Body weight 

1-2 d PTD Lower bilirubin from 2-5 d of life. WaItman 
Mean maximum :  (1969) (4 1 )  

4 .6 ±0 .4 mg% 
8 . 0 ± 0 . 8  mg% 

3-96 hr PTD Mean peak = 4 . 8  mg% WaItman 
Daily mean less from d 3-5 (1969) (42) 

<3, > 96 hr PTD No effect 
Mean peak = 7 .5 mg% 

10 yr Some decrease in serum bilirubin. Ertel 
4 yr More rapid rise when drug dis- ( 1969) (15) 

continued. 
2 d for 7 d B ilirubin lowered by 6th d of life. Sereni 

(1967) (55) 

18 yo M Fall in bilirubin in about 6 d to ap- Black 
proximately normal level while (1970) (18) 
on drug. 

PTD = Prior To Delivery 
NS = Not Statistically Significant 
d = day (s) 
yo = year old 

Age refers to day of life when 
treatment began. In some 
studies duration of treatment 
(for ___ d) is shown. 
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DEVELOPMENT AL PHARMACOLOGY 439 
activity with regard to hepatic microsomal oxidation of ethanol was sug­
gested by Tephly et al (48) whereas Lieber & DeCarli (50 )  presented evi­
dence for participation of the mixed function oxidase system not associated 
with generation of peroxide. Studies by Rubin et al (5 1 , 52) showed inhibition 
of mixed function oxidase activity by ethanol. Tolerance to ethanol after bar­
biturate treatment may result from an increase in liver acetaldehyde dehy­
drogenase activity, but in the mouse, pretreatment with ethanol did not en­
hance this enzyme activity (53 ) .  The effect of ethanol on conjugation reac­
tions depends upon substrates used in the study. Amsel & Levy (54) found 
that salicylurate formed from salicylate was not affected by ethanol admin­
istration in man, but formation of the glycine conjugate of benzoate (hip­
puric acid ) was decreased after an acute dose of ethanol. 

Additional drugs have been evaluated for treatment of hyperbilirubine­
mia (Table 2 ) .  Ertel & Newton ( 1 5 )  used diethylnicotinamide (Cora­
mine) to reduce the level of serum bilirubin in two sisters with congenital 
nonhemolytic jaundice. The level of bilirubin was lowered in these diethyl­
nicotinamide-treated subjects, and, on discontinuance of therapy, the serum 
bilirubin rose within two weeks. In this condition, diethylnicotinamide was 
less effective than phenobarbital treatment such that the siblings were 
placed in chronic phenobarbital therapy for alleviation of their jaundice. 
Sereni et al (55 )  evaluated the effect of diethylnicotinamide on serum bili­
rubin levels in neonatal twins. One twin of each pair was injected with di­
ethylnicotinamide from the second to the ninth day of Ii fe. Both mono- and 
dichorionic twins showed a decrease in blood bilirubin values at 96 and 192 
hours of age when treated with diethylnicotinamide. It is of interest to note 
that monochorionic twins who were not treated had similar serum bi­
lirubin values during the first ten days of life. Although diethylnicotinam­
ide did have an effect on neonatal serum bilirubin values, the effect, not 
unlike that of phenobarbital, was not evident until three days of treatment. 
Thus, the acute use of this agent for the rapid lowering of serum bilirubin 
levels is not recommended. Glutethimide was used in one male subject with 
Gilbert's syndrome in order to note any effects of this drug on persistent 
unconjugated hyperbilirubinemia ( 18 ) .  Within about six days a fter starting 
treatment, serum bilirubin levels fell to approximate those found in healthy 
control patients. These levels were maintained for 19 days of treatment 
with glutethimide. 

Since the use of phenobarbital and other drugs for hyperbilirubinemia 
represents a new form of therapy for this condition, critical comments 
about study design and potential toxicity were prompted by some of the 
articles cited above. The reader is referred to analyses by Robinson 
(56 ) ,  Wilson (44" 57 ) ,  Davies (58) , McMullin (37, 59) ,  Walker (36 ) ,  
Behrman & Fisher (60) ,  Thaler & Schmid ( 61 )  for further information 
on the clinical use of phenobarbital to alleviate icterus. Precautions with 
chemical therapeutic agents for neonatal hyperbilirubinemia emphasized in 
these papers should not be neglected when future studies are designed or 
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440 WILSON 

when follow-up examinations are performed on those infants already 
treated with phenobarbital. Another treatment regimen, in addition to phe­
nobarbital or exchange transfusion, is· phototherapy. For a: discussion of 
phototherapy in hyperbilirubinemia, please refer to work by Lucey et al 
(62) , Giunta & Rath (63 ) ,  Callahan et al (64) and Patel et al (65) on its 
clinical effectiveness ; to studies by Silberberg et al ( 66) and Glauser et al 
(67) on photode·gradation of bilirubin ; to toxicity studies by Sisson et a:I 
(68) and Kopelman et al (69) ; and to general reviews by Behrman & Hsia 
( 70) and by Lester & Troxler (7 1) .  

Animal studies.-Clinical trials with phenobarbital to  reduce hyperbiliru­
binemia were undertaken because animal studies showed an effect of this 
barbiturate on ·bilirubin glucurc

i
nyl transferase activity and bile flow. In 

the maturing mouse, injection of phenobarbital for three days produced an 
increase in bilirubin glucuronyl transferase activity in liver homogenates. 
This increase was not dependent on or influenced by adrenalectomy, hy­
pophysectomy, or gonadectomy. Rabbits responded in a similar manner 
and showed excretion of exogenous bilirubin in the bile. Bile flow was in­
creased and the clearance of bilirubin after phenobarbital treatment of 
young rabhits was enhanced as compared with controls. Pretreatment of 
pregnant does for three to four days prior to delivery produced young rab­
bits with a greater capacity to rid the serum of an exogenous bilirubin load 
(72) . Adult rats showed an increase in bilirubin conjugation observed by 
the third day after phenobarbital treatment (73) : Pregnancy lowered the 
ability of female rats to conjugate bilirubin, but conjugation returned to 
control levels three days after delivery. Treatment of pregnant rats with 
phenobarbital during the last week of gestation increased bilirubin conju­
gating activity in the dam as well as the newborn. An increase in morbidity 
and mortality with young from phenobarbital-pretreated dams was noted. 
The Gunn rat, in the homozygous recessive form, exhibits high levels of 
tinconjugated bilirubin in serum and a deficiency of bilirubin glucuronyl 
transferase in the liver. DeLeon and coworkers (74) were unable to en­
hance bilirubin conjugation by administration of phenobarbital to these 
young rats. These studies with Gunn rats and with patients who showed a 
deficiency of bilirubin conjugation as well as a failure in response to pheno­
barbital suggested that complete deficiency of bilirubin glucuronyl transfer­
ase would preclude an action of phenobarbital on this system ( 16 ) .  In con­
trast to the homozygous Gunn rat, Robinson (75) produced an increase in 
excretion of conjugated bilirubin after phenobarbital treatment of heterozy­
gous Gunn rats. The maximum excretion 6f bilirubin in homozygous Gunn 
rats treated with phenobarbital did not change as compared with control 
homozygous rats. Bile flow was increased in homozygous as well as hetero­
zygous strains of rats by phenobarbital treatment. Thus, in the Gunn rat, 
ability to form the bilirubin glucuronide rather than a defect in bile .flow 
appeared to account for the phenobarbital effect. Potrepka & Sprat (76) 
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DEVELOPMENTAL PHARMACOLOGY 441 
cast doubt on the enhanced bilirubin glucuronyl transferase activity as the 
sole explanation for rapid clearance of bilirubin in phenobarbital-treated 
subjects. As opposed to the study of Catz & Yaffe (72 ) ,  these workers 
found no increase in specific activity ( micromoles bilirubin conjugated per 
milligram protein ) after phenobarbital pretreatment of guinea pigs. The 
effect of phenobarbital may be species specific and call for more direct stud­
ies in man before enzyme inducing effects of this agent are accepted as the 
primary explanation for its mechanism of action on the hepatic clearance 
of bilirubin. 

Hepatic uptake and transport of bilirubin may be enhanced by phenobar­
bital, as suggested by Roberts & Plaa (77) . The relation of bile flow to liver 
microsomal enzyme induction was considered by Klaassen ( 78) . As com­
pared with other agents such as 3-4-benzpyrene and 3-methylcholanthrene, 
phenobarbital was the only drug that increased bile flow and microsomal 
enzyme activity. Liver weight gain after pretreatment with phenobarbital 
was not correlated with an increase in bile flow in the rat. Changes in 
plasma levels of bilirubin in relation to bile flow or liver conjugating activ­
ity were not determined, and leave open the question of relative importance 
of each factor to bilirubin clearance following phenobarbital treatment. In a 
subsequent study, Klaassen (79 ) found that pretreatment with phenobarbi­
tal enhanced the biliary excretion of drugs that were not conjugated prior 
to excretion. For most agents studied, a correlation was noted between bili­
ary excretion and disappearance o f  the drug from plasma. This study sug­
gested that an increase in bile flow provoked by phenobarbital could explain 
the enhanced clearance of some but not all drugs that were excreted without 
undergoing conj ugation. Results with indocyanin green disappearance from 
plasma in phenobarbital-treated rats suggested that this drug was stored i n  
the liver rather than excreted in the bile. Enhanced excretion of phenol red 
or succinyl sulphathiozole was not observed even with an increase in bile 
flow. Levine et al (80 )  showed that transport of conjugated metabolites ont 
of the liver cell was unaffected by phenobarbital treatment. Phenobarbital 
had no effect on the biliary excretion of nonmetabolizable compounds such 
as stilbestrol monoglucuronide or phenophthalein glucuronide, although 
there was an increase in bile flow. These workers postulated that phenobar­
bital is without effect on the hepatic system responsible for transport of cer­
tain metabolized compounds to bik Excretion of compounds that require 
prior metabolism, however, was increased by phenobarbital pretreatment. 
These articles by Klaassen (79 ) and by Levine et al ( 80 )  suggest that the 
primary action of phenobarbital is at the level of uptake and metabolism by 
the hepatic cell rather than export of the metabolite, and that enhancement of 
bile flow contributes to the hepatic clearance of some drugs and possibly of 
bilirubin. 

Anion binding proteins have been proposed as factors responsible for 
uptake of bilirubin and other drugs by liver of various species (81) .  These 
anion accepting proteins have been named Y and Z. Y was found to in-
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442 WILSON 

crease with age and following administration of phenobarbital. In the mon­
key, the decline in the level of serum bilirubin was correlated with the rise 
in hepatic concentration of Y protein as the animal matured ( 81) . A pro­
longed disappearance of BSP in plasma of these young monkeys was as­
cribed to a defect in hepatic uptake of the dye. Concentrations of Z protein 
at birth were similar to those in the adult. Liver bilirubin binding proteins 
were also studied in the rat by Grodsky et al (82). Binding proteins were 
preferentially located in the liver and found to be low in the young and fetal 
rat as compared with the adult. This maturational change in binding protein 
was not found in kidney, brain, spleen, or muscle. BSP competed with bili­
rubin for the binding protein. Thus, substances that require uptake by the 
liver cell but do not require conjugation with glucuronic acid ( e.g. BSP) 
may lower bilirubin clearance by competition for the uptake mechanism. 
Reyes and coworkers ( 83) administered phenobarbital to rats and found an 
increase in Y protein. After phenobarbital pretreatment there was an in­
crease in the first order rate constant for removal of BSP from plasma. 
This rate constant for BSP and the amount of Y protein returned to normal 
within about nine days after discontinuance of phenobarbital. Phenobarbital 
did not increase the amount of Z protein. Phenobarbital may thus operate 
through several mechanisms to promote the plasma clearance of bilirubin. 
These mechanisms include enhanced uptake and conjugation of bilirubin with 
an additional effect on bile flow. Contribution of each action in patients 
with unconjugated hyperbilirubinemia during the newborn period remains 
to be clarified. Multifaceted causes of icterus in newborns suggest that 
icterus lowering effects of phenobarbital may utilize several mechanisms 
of action to produce the desired effect. This subject was recently reviewed 
by Berk et al ( 84) . 

In summary, phenobarbital effectively lowered serum levels of unconju­
gated bilirubin in most fullterm infants without severe jaundice or in pa­
tients with moderate jaundice of varied etiology. Observance of an effect in 
the neonate required treatment while in utero or from the first day of li fe i f  
normal peak levels of hyperbilirubinemia in the first week of life were to  be 
altered. An effect of phenobarbital solely on glucuronyl transferase, bile 
flow, or hepatic uptake of bilirubin cannot be used to explain the anicteric 
action of this drug. Rather, an interaction of these phenobarbital-mediated 
factors with situations that produce the endogenous load of bilirubin must 
be considered. Since phenobarbital induction of enzyme activity or anion­
binding protein probably requires about three days to approach a maxi­
mum, it is not surprising that an effective reduction of serum bilirubin lev­
els requires at least three days of prior administration of phenobarbital. 
This lag period places it Iow an the list for the treatment of hyperbilirubine­
mia on an acute basis. Most of the reports cited here echo caution about the 
use of phenobarbital or other serum bilirubin lowering drugs in newborn 
infants because of their lack of specificity and potential toxicity unrelated 
to acute effects on the bilirubin metabolic system. 
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DEVELOPMENT AL PHARMACOLOGY 443 
HOST MATURATION AND FATE OF DRUGS 

Numerous studies have demonstrated a lower level of hepatic mixed 
function oxidase activity in young versus adult animals. After birth there is  
a normal age-dependent maturation of this enzyme system. Biochemical and 
physiologic regulation of the developmental pattern for drug metabolism re­
mains unknown, but the influence of hormonal changes that occur during 
the first days and weeks of life has been emphasized recently. Both steroid 
and polypeptide hormones may affect the normal postnatal development of 
hepatic microsomal drug metabolic enzyme activity. Identification of such 
hormonal or other factors as determinants of the normal maturation of this 
system may have the additional advantage of providing probes for biochem­
ical studies on rate limiting steps in drug metabolism. 

Soyka and coworkers (85, 86) suggested that high serum levels of pro­
gesterone inhibit liver mixed function oxidase activity. Some inhibition of 
p-nitroanisole o-demethylation was noted with certain metabolites of pro­
gesterone, but one active metabolite, pregnanolone, did not inhibit NADPH 
cytochrome-c reductase activity. Increased resistance to the toxicity of  
both progesterone and pregnanolone were found as  the newborn rat ma­
tured. Significant conversion of pregnanolone to pregnanediol was demon­
strated in three-day old rats. A major portion of pregnanolone toxicity re­
sulted from increased brain sensitivity rather than from higher brain uptake 
or decreased hepatic metabolism of this steroid. Feuer & Liscio (87 )  pro­
posed a role for steroid inhibition of mixed function oxidase activity in the 
rat. Early weaning produced rat pups with an enhanced 3-methylcoumarin-
3-hydroxylase activity and a decrease in sleeping time to pentobarbital. This 
evidence is suggestive but inconclusive, since drug metabolism was not com­
pared with blood levels of endogenous or exogenous specific steroids. It was 
also assumed that steroids transferred to the young animal via placenta or 
milk would act solely on the liver and not influence the function of other 
endocrine organs such as the pituitary. In a study by Henderson (87a ) ,  pro­
longation of weaning did not affect the development of aminopyrine deme­
thylation. If liver drug metabolic enzyme activity were inhibited by one or 
more maternal steroids, then this phenomenon should be demonstrable in 
preparations of pup or lactating dam plasma. As seen in Figure 1 ,  no in 
vitro inhibition of hexobarbital or aniline metabolism was observed after 

the addition of various amounts of plasma from ten-day old suckling rats or 
lactating females. This study assumes that plasma protein binding of the 
steroid did not prevent detection of an inhibitor. It is unlikely that the 
amount of protein-bound steroid changes with age such that the presumed 
high concentration of a steroid inhibitor would not be detected (88 ) .  Davies 
et al (89 ) did not find an endogenous inhibitor of male rat liver drug me­
tabolism in liver preparations from female rats. Thus, no in vitro inhibitor 
was detected in plasma from lactating females or in liver of mature fe­
males. 
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EFFECT OF MATERNAL OR PUP PLASMA ON 

HEXOBARBITAL AND ANILINE M E TABOLISM IN THE RAT 
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, FIG, L Effect of Maternal or Pup Plasma on Hexobarbital and Aniline Metabo­
lism in the Rat. Male (250g) or lactating Female ( 180g) Fischer rats were used. The 
reaction mixture contained 0.25 ml 9000 X g supernatant fraction (equivalent to 1/12 
g liver) ,  substrate (hexobarbital 1.5 /Lmoies or aniline 5 /Lmoles )  and cofactors ( in 
/Lmoles/2.5 ml) : glucose-6-phosphate, 9 ;  NADP, 2,08 ; and MgSO., 24.2. Potassium 
phosphate buffer O.1M pH 7.35 was added to adjust the mixture volume to 2.5 ml. 
The reaction mixture was incubated under oxygen at 37° for 20 min. For the pur­
pose of calculation, plasma was considered as "liver equivalent." 

Androgenic and estrogenic steroids influenced the level of drug metabo­
lism when these hormones were administered in vivo and sex differences in 
this metabolism are found in some animals ( 90, 91 ) .  Davies et al (89 )  
showed that the apparent Michaelis constant ( Km )  o f  ethylmorphine me­
tabolism for immature male and female rats was similar, but the Km for 
mature male animals was lower than that of females. Castration of male 
animals did not affect the Km but it did lower the rate of metabolism 
( Vmax) to a level approaching that of the female. Castration of the fe­
male rat had no effect on either the KID or Vmax. These workers suggest 
that testosterone may affect the amount of drug metabolic enzyme protein 
but not the apparent Km. Treatment of female or castrated male rats with 
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DEVELOPMENT AL PHARMACOLOGY 445 
androgenic or male rats with estrogenic steroids raised and lowered, respec­
tively, the metabolism of estradiol and hexobarbital (91 ,  92) . Gram et al 
(93 ) examined the effect of age and sex steroids on the apparent Km and 
Vmax of ethylmorphine and aniline metabolism by rat liver microsomes. By 
four to five weeks of age, the Vmax for ethylmorphine increased whereas 
that for aniline metabolism increased as early as one week of age. The ap­
parent Km for aniline slowly increased to six weeks of age, but that of 
ethylmorphine was low at one week, higher between weeks two and three, 
and then decreased to lower levels after four weeks of age. No correlation 
of these parameters with hepatic cytochrome PASO content was found. It 
is of interest that others have found little relation between the level of drug 
metabolism and ability to synthesize heme (94 ) or the level of liver cyto­
chrome PASO (95) in samples of immature liver. Gram et al ( 93) ques­
tioned the role of testosterone as a primary determinant of the sex differ­
ence in drug metabolism in the rat. Although liver ethylmorphine metabo­
lism increased at around three to four weeks of age, a maximum increase in 
the weight of testis and seminal vesicle was not seen until six and eight to 
nine weeks, respectively. Testosterone concentration in the blood of neona­
tal animals is high, decreases until about 30 days of age and then slowly 
increases to reach adult levels in 60 to 90 day old rats (96) . Mature male or 
female rats "programmed" (97-99) with one injection of testosterone as 
neonates showed no change in the biotransformation of estrogen to water­
soluble products (92) .  Sex steroids undoubtedly influence the level of drug 
metabolic enzyme activity in some animals, but their role in the postnatal 
maturation of this activity may be more passive than primary and subject to 
interaction with other humoral factors. 

Studies with growth hormone indicate that hormonal factors can influ­
ence liver drug metabolism to produce age-related changes in the fate of 
drugs. Growth hormone, although found in the pituitary of the IS-week old 
fetus ( 100 ) and present, possibly in high levels, in blood of the human new­
born (l01-10 1c ) ,  is apparently not required for fetal growth ( 102-105) . 
The primary role for an action of this hormone in the young infant remains 
obscure. Several studies, however, suggest a causal relationship between 
high blood levels of growth hormone and the capacity of the neonate's liver 
to metabolize drugs. Implantation of a growth hormone secreting pituitary 
tumor into young rats prevented the normal postnatal development of the 
hepatic microsomal system responsible for hexobarbital metabolism ( 1 06) . 
In fact, hexobarbital metabolism in the adult was decreased to a level nor­
mally seen in the 20 day old rat. In a subsequent study, the administration 
of growth hormone to immature rats also impaired drug metabolism and 
prevented its age-related development ( 107) .  Thus, the fact that growth 
hormone could markedly impair hepatic drug metabolism in both immature 
and adult rats suggests that it may indeed play an essential role in the regu­
lation of hepatic microsomal drug metabolizing enzyme activity. Prelimi-
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446 WILSON 

nary measurements show higher serum levels of immunorcactive growth 
hormone associated with low hepatic mixed function oxidase activity in 
one- to ten-day old rats as compared to 30-day old animals ( 108) . These 
and other investigati ons in progress suggest that high blood levels of 
growth hormone, or a growth hormone-like substance [e.g., human placental 
lactogen (109, 1 10) ] ,  or both, modulate the level and postnatal maturation of 
liver microsomal drug metabolism. 

DRUG EFFECTS ON THE DEVELOPING HOST 

Effect on morphogenesis.-Organ system maturation predisposes the fc­
tus and young child to drug-mediated disturbances in organ development. 
For example, tooth texture can be modified by early ingestion of tetracy­
clines. Previous workers ( 1 1 1, 1 1 2 )  have noted an association between tet­
racycline exposure and brownish discoloration of the teeth in children and 
adults. Recent studies have emphasized the relation of time, dose, and fre­
quency of tetracycline administration to the development of changes in 
tooth texture. Anthony (1 13) described an infant born to a woman who 
received a course of tetracycline for two weeks and then another six-week 
treatment regimen beginning about the seventh or eighth month of gestation. 
Deciduous teeth showed a yellowish-brown discoloration, which darkened 
with time. At the age of seven years the child showed four permanent inci­

sors that were normal in texture. Failure to find tetracycline effects on the 
secondary teeth were probably related to time of drug administration dur­
ing pregnancy. Enamel deposition for secondary teeth begins about the time 
of birth and continues until the age of about eight years. In contrast, 
enamel formation in the primary teeth can be seen from about four to six 
months of gestation until the child is 12 months old. Time of tetracycline 
exposure is thus an important factor in predicting the involvement of pri­
mary or secondary tooth discoloration. In another study, Grossman et al 
(1 14) examined this subject in relation to the dose of tetracycline adminis­
tered. Differences in tooth shade were determined without knowledge of 
previous drug exposure. Children in this study were 6 to 12 years of age 
and had been treated previously with D-methylchlortetracycline or tetracy­
cline. The number of courses of tetracycline was directly correlated with 
darkening of teeth. However, little cosmetic effect was noted with as many 
as five courses of tetracycline during the course of tooth formation. Incisor 
discoloration was correlated with tetracycline administration during the pe­
riod of crown calcification ( before four and one-half years of age ) .  Little 
difference in tooth discoloration was found on comparison of children with 
exposure during the first year to those exposed after three years. Emphasi s  
in this study was o n  the color of permanent incisors, but other teeth, whose 
calCification is not complete until a fter five years of age, may be of cosmetic 
importance. In summary, alterations in tooth texture from tetracycline may 
be expected to occur with an increascd incidence if a high or repetitive dose 
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DEVELOPMENT AL PHARMACOLOGY 447 
of the drug is given during a time in fetal or child life when tooth minerali­
zation is in progress. 

Effect on fetal physiology.-The maternal-fetal relationship often places 
the unborn child at risk from drug exposure. Changes in fetal physiology 
are commonly noted at the time of birth when a large number of analgesic, 
tranquilizing, and sedative compounds are used. Unexpected drug effects on 
this two-life system are now being encountered with increased frequency 
due to technological improvements in fetal monitoring systems. Considera­
tions of an enhanced susceptibility of the intrauterine patient to adverse 
drug effects include : (a) fetal homeostasis as influenced by drug-mediated 
changes in maternal physiology, (b) indirect dosing of the fetus by drugs 
administered to the mother, and ( c )  dependence on maternal metabolic and 
excretory parameters for drug elimination. A few recent studies will demon­
strate some of these drug effects on fetal physiology. 

Anesthesia is given during labor and delivery for maternal indications, 
but this treatment is not without effects on the fetus. Lidocaine, prop ito­
caine, or mepivacaine for paracervical block anesthesia was studied by 
Shnider et al (1 15) . In some cases fetal distress and neonatal depression 
were noted. In a subsequent study Asling et al (1 16) found fetal acidosis 
and bradycardia in association with fetal blood levels of mepivacaine higher 
than those of the mother. Direct absorption of the anesthetic agent from the 
paracervical region into fetal blood was postulated. A similar interpretation 
was offered to explain perinatal deaths after mepivacaine paracervical block 
as described by Rosefsky et al ( 1 1 7 ) .  In their study, the finding of mepiva­
caine in a urine sample of the newborn infant suggested an inadequate neo­
natal capacity to metabolize the drug. Exchange transfusion has been used 
successfully to treat a critically ill infant who had measurable blood levels of 
mepivacaine following use of this drug for paracervical block anesthesia 
(1 18) .  Murphy et al ( 1 19) recorded fetal bradycardia and two fetal deaths 
associated with bupivacaine paracervical block. Similar deleterious effects 
of mepivacaine on the neonate were noted after direct injection of this drug 
into the fetus (120). Vasopressors have been used to correct adverse effects 
of maternal anesthetic agents, and the question of fetal risk from these cor­
rective measures has arisen. In pregnant sheep near term, Shnider et al 
( 121 ) found fetal hypoxia and acidosis in association with spinal hypoten­
sion. Correction of maternal hypotension with ephedrine stopped the pro­
gession of changes in fetal acid-base parameters. However, in hypotensive 
sheep given methoxamine as the corrective agent, the condition of the fetus 
worsened, possibly due to underperfusion of the placenta (122) . Analgesic 
agents administered as premedication during labor are not without effects 
on the fetus or neonate. For example" premedication with narcotics pro­
duced neonatal depression and changes in acid-base parameters even with 
addition of a narcotic antagonist (123 ) . Neonatal depression was also found 
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448 WILSON 
, , 

after administration of large doses of barbiturates to mothers during labor 
( 124 ) .  Behavioral and EEG pattern changes in the neonate as related to 
mat�rnal medication during labor have been noted (125).  More detailed re­
views of metabolic changes in the intrauterine patient as influenced by ma­
ternal drug administration have appeared recently (126, 127) . 
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