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Neonatal Hyperoxia and Cytochrome P450 
Imprinting in Adulthood 

ABSTRACT. M'e hypothesized that during a critical neo- 
natal period hyperoxia may produce alterations of sex- 
specific cytochrome P450 isozymes in adulthood (enzyme 
imprinting). To test this, newborn rats were exposed to 24 
or 72 h of hyperosia ( 0 2  > 95%) within 24 h after birth 
and killed at 120 d. In males, significant negative imprint- 
ing (decrease) was found in total cytochrome P450 content 
and male-specific CYP2CI 1 in the hyperoxia groups. Pos- 
itive imprinting (increase) was noted in CYPl  A2 and male- 
specific CYP3A2 in the 72-h hyperosia group. These al- 
terations were essentially similar when expressed on a per 
microsomal protein or per liver basis. In addition, the level 
of hepatic glucocorticoid receptor in adult male rats was 
elevated after neonatal hyperoxia. In females, there was a 
significant body and liver weight loss after hyperoxic es-  
posure, which resulted in a negative imprinting of Cl'PI.42 
and female-specific 2C12 in the 72-h hyperosia group on 
a per liver basis. whereas the measured parameters were 
unaltered when espressed per microsome. In general, the 
changes were more marked with longer hyperoxic expo- 
sure, suggesting that more pronounced alterations may be 
induced with prolonged neonatal hyperosia. Because hy- 
perosic exposure in premature neonates is a common clin- 
ical practice and decreased CYP2CI I in adult males is 
expected to result in feminization. we believe that the scope 
of this work should be expanded and eventually tested for 
its relevance in human subjects. (Pediatr Res 35: 255-258, 
1994) 

Abbreviations 

P450, cytochrome P450 
CI'P, cytochrome P450 isozyme 
Ah, aryl hydrocarbon 
EROD, 7-ethoxyresorufin 0-deethylase 
GH, growth hormone 
MSG, monosodium glutamate 
PAN, polycyclic aromatic hydrocarbon 

There are two lines of report that suggest that hyperoxia given 
during a critical neonatal period may produce permanent alter- 
ations of P450 of liver in adulthood. a condition known as 
enzyme imprinting ( I ). The first investigation involves similarity 
between hyperoxia and halogenated hydrocarbon or PAH ad- 
ministration. The demonstration from this laboratory (2). show- 
ing induction of rat hepatic CY P l A l and I A2 by hyperoxia. is 
unusual and suggests the formation of endogenous ligand(s) for 

Ah receptor bq hyperoxic exposure. because an induction of 
these isozymcs has been principally associated with Ah receptor- 
ligand interaction with PAH (3). Several PAH have been shown 
to induce P450 enzyme imprinting. For example. 3-methylchol- 
anthrene given during the neonatal period results in decreased 
P450 content in adult female rats at 200 d of age (4). The second 
line of investigation involves P450 enzyme imprinting produced 
by neonatal administration of MSG. which is apparently the 
result of altered G H  secretion (5). Because hyperoxia of neonates 
inhibits glutamine synthetase (6).  a situation prone to increase 
glutamate. it was reasoned that P450 enLyme imprinting may 
likewise occur after neonatal exposure to hqperoxia. This hy- 
pothesis was tested with male and female rats by evaluating sex- 
specific P450 (primarily CYPICI I for male and CYP2CI2 for 
female), hyperoxia-inducible P450 (CY PI A I and I A?). and 
glucocorticoid receptors. 

MA-IERIALS A N D  METHODS 

. . l t ~ i t ~ ~ ~ l . s  ( ~ t l d  t r ( ~ ~ t t ~ ~ ( ~ t l t .  Newborn male and female pups ( 12 h 
old) with nursing mothers (Spraguc-Dawleq C D  strain. viral 
pathogen-free) from nine litters were pooled and randoml! as- 
signed to a control. 24-h (94-0.). or 79-h (72-0.) hqperoxia 
group. Litter size was maintained at 10 pups [five males (mean 
weight 7.2 g) and five females (mean weight 6.7 g)] per dam. The 
pups were housed with a dam in a Plexiglas chamber at 24-26°C 
with a continuous flow of oxygen (>97:';, 0 2 .  <O.OSr; C 0 2 )  (2). 
Dams in the hyperoxia group wcre exchanged daily with new 
dams without a decrease of the O2 concentration below 95";. 
The pups. which were kept on a 12-h light-dark cycle, wcre 
weaned from dams at 30 d. allowed rodent food and water iltl 
l i h i t l i t ~ l .  The rats were killed after intraperitoneal sodium pen- 
tobarbital injection (70 mg/kg) at 120 d. in accordancc with the 
guidelines of the University of California. Irvine. The livers were 
removed and weighed. and microsomes were isolated (5). 

. l / c ~ u . s ~ i r c l t ~ ~ i ~ ~ ~ t . ~  (!f'P450 ( l ~ ~ z j ' ~ ) ~ ~ l . s  ( i t i i l  ( ~ t i v i t i ( , . \ .  P450 enzymes 
and activities were measured as described (7). Testosterone hy- 
droxylation was assayed as described (8). using nonsaturating 
substrate concentration to retain the specificity of the microso- 
ma1 hydroxylation pathways (6). Separation of testosterone me- 
tabolites was carried out by HPLC (Perkin-Elmer. Norwalk. CT) 
with a Supelcosil LC-18 reverse-phase Clx  column (5  pm. 150 x 
4.6 m m )  preceded by a Supelcosil LC- 18 guard column (Supelco 
Inc.. Bcllefonte. PA) and a LC-735 diode array detector. After 
addition of methyltestosterone. the samples were extracted in 
dichloromcthane, dried. injected. and eluted at a flow rate of I 
mL/min with column temperature at 40°C. A linear gradient of 
100% solvent A (H20:methanol:acetonotril. 64:35:1) to 55%) A 
and 45%~ solvent B (HrO:methanol:acetonotril. I 8:80:2) was used 
from 0 to 29 min. followed bv a linear gradient of 45% to 1007;' 
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Table I. /lleonatal hyJiemxia on microsomal en:ymes o(adult rat firer* 

Control 

I.IM ± O.ORI 
o.so'l±o.cm 

1.1 I I ± O.o:lh 
0.5M ± 

1.051 ± 0 .05 Jt 
0.5R I ± 

Control 

O.X3K ± 0.037 
O.lilli ± O.OX7 

!U<65 ± O.OX 7 
0.5X7 ± 0.04'1 

O.XO I ± 0.040 
0.59X ± O.oJ5 

• Values arc mean nmol/ mg microsomal protein ± SD. 11 = 5 for all groups. 
t Significantly different from the control group. I' < 0.05. 

Table 2. Neonatal hyf1£'mxia on testosterone hydroxylmion in 
adult rat lii'C'f* 

Control 

2a 1141.5±)00.3 776.1 ± I 7t 75'1.1 ± 
I lin 1793.0 ± 41i'l.2 1145.5 ± 1 nut I 176.7 ± 25K.4t 
6{1 22'1.0 ± 40.4 21i0.7 ± 41i.2 421i.4 ± I O.Rt 

• Values arc mean pmol metabolite formed/mg protein/min ± SD. 
Control. 11 = 4: 24-0,. 11 = 5: 72-0,. 11 = 4. 

t Significantly diflrrcnt from the control group. I'< 0.05. 
t Significantly different from the control group. f1 < 0.0 I. 
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Fig. I. Western blot analysis with anti-2C I I and anti-2C 12 antibod
ies .. ·1. Male rats ( 120 d old) that received 24 or 72 h of hyperoxia 
immediately after hirth. Each lane represents one animal. Western blot 
with anti-2C II antibody shows decreased 2C I I for the 72-h group (/wll'.l 
7-Y). /J. Female rats ( 120 d old) with anti-2C 12 antibody showing a 
slight tendency for decreased 2C 12 in hypcroxic groups. ( ·. In maks. the 
densitometric measurements of II for the and the 
groups were decreased ( 100 ± '10.7 ± 3.R''c . and 75.5 ± in 
control. and respectively:*. I'< O.Oil. In lrmales. the 
densities of anti-2C 12 showed a slight tendency to decrease (I 00 ± 
10.4':;,, '17.2 ± 2.Wi·. and 92.3 ± 2.6 '.·; in control. 24-0,. and 72-02• 

respectively). On a per liver basis. there was a 3()0;, decrease in the lt:male 
72-02 group (I 00.0 ± 5.0 r .1 70. 1 ± 2 .. l r; .. I'< 0.0 I). 

Inc .. Tampa. FL) attached in tandem with HPLC and testoster
one metabolites were identified with authentic standards. 

Western h/ot analrsis. Polyclonal anti-CYP I A I I I A2 serum 
(Oxford Biochemical Research Inc .. Oxford. Ml). MAb 1-7-1 
(anti-CYPIA l/IA2) and HyHel-9 (anti-chicken lysozyme, Dr. 
Park. NIH). polyclonal ant i-CY P2C I I and 2C 12 (Dr. I maoka. 
Osaka. Japan). and alkaline phosphatase-conjugated lgG (Sigma. 
St. Louis. MO) were used as described previously (7). 

Glucocorticoid receptor hinding study. The cytosol of homog
enates was treated with dextran-coated charcoal for 2-4 min at 
4T to remove endogenous steroids. Free and total receptor assays 
were carried as described (9). 

Statis!ical anal.\'sis. Results are expressed as mean ± SD and 
plotted. Statistical significance of the difference between control 
and groups was determined by one-way analysis of 
variance and the Dunnett's 1 test. 

RJ-:SUI.TS 

Body, lira ll'eight. and P450 mntent. In male rats. hypcroxia 
groups showed a slight tendency for body weight loss. Female 
rats in the 72-0, group showed an II<;.;, decrease in body weight 
(265.4 ± llU 1'£'rsus 273.2 ± 14.9 g. f1 < 0.05 . n = 5) and a 16S;, 
decrease in liver weight (9.02 ± 0.96 1'£'1'.\11.\ 7.55 ± 0.79 g. f' < 
0.05, 11 = 5 ). Likewise. the microsomal protein content per liver 
was decreased by 22% in the female 72-0, group ( 114.08 ± 
19.43 l'ersu., 88.42 ± I 5.11 mg. p < 0.05. n = 5 ). although the 
values per gram of liver were not altered among the three groups 
including both males and females. 

P450 content as expressed per mg microsomal protein of the 
male 72-0, group showed slight ( 10%) but significant depression 
(Table I. f1 < 0.05 ). whereas in females there was no change of 
P450. 

CTP:!C /1. The activity of 2a testosterone hydroxylase was 
decreased by 32 % and 33<;;, in the 24-0, and the 72-0, groups. 
respectively. The activity of 16<t testosterone hydroxylase was 
reduced by 36 '!o and 34% in the 24-0, and the 72-0, groups. 
respectively (Table 2). 

Figure I ..I shows Western hlot analyses of microsomal P450 
protein from the three groups of male rats using anti-CYP2C I I 
antibody. which cross-reacts with CYP2C 12. 2(' 13. and 2Cn. 
Lane 0 is from female control rat and the main band at 49 kD 
appears to represent cross-reacting CYP2C 12. Lanes I through 
9 are from male rats and arc composed of dense bands of 
CYP2CII (and probably 2('6) at 50 kD and light bands of 
CYP2C 13 at 48kD. The densities of the 24-0, and the 72-0, 
groups were 90.7 % and 75.5 ');., of the control values. respectively 
(Fig. I C). results consistent with those obtained for 2n and 16n 
testosterone hydroxylase activity. indicating a 25-35 ':;, decrease 
of CYP2C II in the 72-0, group. Male-specific CYP2C 123 was 
unchanged among the three groups. In female rats from the three 
groups, there were no changes (data not shown). 

C TP lC fl. Because the suhstrate for I 5 11-hydroxylase specific 
for CYP2C 12 is not available. we used immunoblot to charac
terize the changes of female-specific CYP2C 12 in female rats. 
Anti-CYP2C 12 cross-reacts with CYP2C6. 2C I I. and 2(' 13. 
CYP2C 12 is shown as dense bands at 49 kD in lanes I through 
9. which appeared to be unaltered among control. 24-0,. and 
72-0, groups (Fig. I 8). Densitometric measurements showed a 
slight tendency to decrease (Fig. I C). Because this measurement 
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Table 3. ,\'c,otl~ttr/ /rj'[ii'ro.vit~ otl rotti/ ,qlr 

Male 

Control 24-(I2 72-O2 

-- 
0 1  = 5) (11 = 4) (11 = 4) 

0.40 -c 0.03 
- -- 

0.44 + 0.0 I t 0.45 + 0.03 

* Values are mean pniol 'I+-dcnamethasone houndlmg protein f SD. 
t Significantly different from the control group. IJ < 0.05. 

control 2 4 . 0 2  7 2 - 0 2  control  2 4 - 0 2  7 2 - 0 2  

Male Female 

Fig. 2 .  Neonatal h!peroxia and EROD acti~lt! in the adult. I.(,// 
/itrtic,l. In males. EROD was significantl! increased with (**. 1) < 0.01. 
HyHcI-9: 10.57 + I .  I X v \  13.05 + 1.13 pmol/mg o f  microsoma1 protcin) 
or without [*. 11 < 0.05. Ah(-)] n(>nspecitic antihod! in the 71-0, group. 
The 1-7-1 antihod! abolished a s~gniticant ditkrence in the EKOD 
actlvlt) of control and 72-02 groups. Klrlr/ /iotr(,l. I n  fem;iles. there has 
a slight tendenc) for EROD activit! per mlcrosome to decrease in 
hyperonia groups. There was. however. a slgn~ticant decrease In EKOD 
activity per liver (I935 t 320 \ , \  273 1 + 466 pmol. 11 < 0.01 ). 

is based on microsomal protein, we calculated the values per 
liver, which showed a decrease of 30"; in thc 77-O2 group ( 1 1  < 
0.01). The light bands above CYP7CI2 at 50 kD probably 
represent CY P2C6. In males. this band represents a combination 
of ZC6 and 7C1 I .  shown in lane 0. Thus. these studies demon- 
strate that CYP7C I2 decreased in female rats on a per liver basis 
after neonatal exposure to hyperosia. In male rats from three 
groups. the results were identical with that shown in lane 0 of 
Figure 1 B and showed no changes among the three groups (data 
not shown). 

(')'P3:12. Testosterone 61j hydrosylasc activity. representing 
male-specitic CYP3A2. increased almost ?-fold in male rats of 
the 72-0: group (Table 2). 

Gllrcoc~ortic~oitf rclc,cytor. The total number of glucocorticoid 
receptors increased by 10% in the 74-02 group in the males (1, 
< 0.05) and increased further ( 1  2 .55 ) in the 72-0> group com- 
pared with the controls. the latter showing large individual vari- 
ations (Table 3). In the females, there was a tendency for increase 
in the hyperoxia groups. These results arc similar to those of 
hypophysectomy in males and kmales. 

C')'PI..I 1/1..1-7. In males. EROD activity was significantly in- 
creased in the 77-O2 group ( p  < 0.01. Fig. 2). which was similar 
to HyHe 1-9 (nonspecific antibody control). MAb 1-7-1 abol- 
ished a significant difference in the EROD activity of control 
and 72-O2 groups in male rats. indicating that the increased 
EROD activity was likely due to an increase in CYP I A I / I A2. 
Although in female rats there was no significant ditfirence be- 
tween control and hyperoxia groups per mg microsomal protein. 
there was a significant decrease of EROD activity per liver (273 I 
f 466 \lcrsir.s 10 35 f 330 pmol. 11 < 0.01 ). 

CYPIAZ protein (53 kD). as identified in our previous study 
(7). was seen as the major band for control. 24-02, and 72-02 
groups (Fig. 3.4 and B). Light bands below CYPIA2 protein are 
probably a degradative product of IA2 (10). In males. CYPIA? 

'cc~~c,orric,oitI r.c~.cy~tor. o/'trc/ltli rtrr lr~c,r.* 

t~e111;1Ie 

Control 24-0: 72-0, 
0 1  = ;) 0 1  = 5 )  0 1  = 5 )  

0.35 + 0.04 0.40 2 0.05 0.39 ? 0.oi 
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Fig. 3. Western hlot analgsis \ k i t h  ant!- I A7 ant~hod!. .I. In malt\ 
with pol!clonal anti-l r\I/I.r\2 ant~hod! sho\\ing l i Z 2  proteln. the rnuior 
hands are dcnser in the 77-0, group ( I ( ~ t r c s \  - - Y )  compared w i t h  those of 
controls (I l i~rc, \  1-3). 11. In ti.n~ale\. I A 2  proteins \rere unaltered among 
the three proup\. ('. In males. the dcn\itornctric rnca\urenicnt\ fix thc 
72-0: group \ h o ~ e d  ;I 43' ; increase o\er the control \ali~e ( 100.0 t 
23.8'; 1.t 142.2 -c 2 1.3';: *. 11 < 0.05). In li.rnale\. lhcrc \\ere n o  change\. 

protein bands were denser in the 72-0. group compared with 
those in the controls and showed a 32"; increase o w r  the control 
value by densitometric measurements (11 < 0.0 I .  Fig. 3C'). A 
small increment in IA l protein could have been missed in this 
study because of the vcry low constitutive level of Ct 'PI  A I. In 
females, C\'PIA2 proteins were unaltered aniong the three 
groups (Fig. 311 and C'). These results are consistent with the 
values of EROD activity shown in Figure 2 and show increased 
CYP I A2 in males atier neonatal hyperoxia. the only documented 
enzyme imprinting involving this cubbmil\ of P450 to date. 

The results presented here show that neonatal hyperosia of 24 
or 72 h duration altered the profiles of P450 in adult rats in a 
gender-differentiated manner. The 120-d interval between ox\-  
gen exposure and the observed efTects is consistent with lifelong 
changes in the regulation of these enzymes (enzyme imprinting) 
There was a general trend for the 71-h exposure group to s h o ~  
more pronounced alterations than those seen in the 24-h expo- 
sure group. ind~cating the need for further enamlnatlon of dose- 
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response of the measured parameters with the hyperoxic expo
sure of varied concentration and duration. 

In rats. P450 exhibit a high degree of sex specificity. Sex
specific P450 for males include CYP2CII. 2CI3. 2A2. and 3A2 
and for females. CYP2C 12 and 2A I. Enzyme imprinting of P450 
has been demonstrated primarily in sex-specific P450. as ob
served after exposure to est rogenic or androgenic compounds 
(I). neonatal castration (I). MSG administration ( 5 ). and expo
sure to xenobiotics ( 4 ). Man y studies have demonstrated that the 
characteristic gender-specific pattern of G H secretion is of prime 
importance in the expression of male- or female-specific P450 
isozymes (I). which may be one of the targets of androgen 
imprinting for sexual differentiation occurring during a critical 
neonatal period (I). Neonatal castration results in a decrease in 
CYP2Cll and an increase in CYP2CI2 in adult male rats (I). 
By depleting GH-releasing factor through destruction of arcuate 
nucleus of hypothalamus. MSG treatment of neonates produced 
a decrease in male-specific CYP2C I I. 3A2. and 2A2 and an 
increase in female-specific CYP2A I in adult male rats (II). In 
both instances. the patterns of P450 isozyme changes are signif
icantly different from the results of the current study. Hypoph y
sectomy of adult male rats showed a decrease in CYP2C II. an 
increase in CYP3A2 (I. II). and an increase in glucocorticoid 
receptor ( 12). a pattern similar to that seen in the male rats in 
current investigation. In female rats. hypophysectomy results in 
a decrease in CYP2C 12 (II). Our results. showing a decrease of 
this isozyme expressed per microsome. a denominator used in 
other published studies. may ultimately become significant if 
hyperoxic exposure is prolonged. Thus. the altered profiles in 
both males and females in this study arc similar to the acute 
effects of hypophysectomy. It remains to be seen that the changes 
of P450 isozymes seen in this study are indeed a manifestation 
of pituitary pathology. Similarly. the relationship between the 
current observation and a karyorrhexis of the pontosubicular 
region of brains seen after neonatal hyperoxic exposure ( 13) 
needs to be defined. The neonatal rats exposed to I OO'ii, oxygen 
for 2 h demonstrated decreased glutamine synthetase activity of 
brain (6). which is expected to cause an accumulation of gluta
mate. a situation similar to that with MSG administration . Such 
a mechanism may also contribute to the development of the 
observed effects in the current study. The pathogenetic mecha
nism. however, may be more complex than the hypothalamo
pituitary involvement: we showed that neonatal hyperoxia pro
duced permanent up-regulat ion of CYP I A2 in the liver. Assum
ing that an induction of CYP I A I I I A2 by hyperoxia is mediated 
through Ah receptors as in PAH (3 ). the increased glucocorticoid 
receptor level seen in this study may be mediated through 
demonstrated structural homology between a xcnobiotic-respon
sive element of CYP I A I gene and a glucocorticoid-responsive 
element of the glucocorticoid receptor gene ( 14 ): both elements 
promote transcription of their respective gene products. Further
more. changes in sex steroids occurring secondary to the altera-

tions of sex-specific P450 isozymcs may likewise contribute to 
the ultimate outcome. 

Whatever the mechanism may be. a long-lasting decrease in 
CYP2C II may he expected to femini ze the male rats because 
the level of estradiol mav have been elevated in these rats for 
several reasons: androgen's arc normally deactivated by hydrox
ylation by CYP2CII. and decreased CYP2CII and a subsequent 
reduction of hepatic clearance of androgens may produce excess 
estrogen through extrahepatic aromatization of surplus andro
gens ( 15). In addition . CYP2CII plays an important role in the 
deactivation of estrogens via 16a-hydroxylation and catechol 
formation ( 15 ). Down-regulation of CYP2C II is expected to 
facilitate the accumulation of estradiol. Furthermore. an in
creased level of estradiol mav create a vicious cvclc because it 
has been established that estradiol interacts with. hypothalamic 
receptors and modifies the release of neuroendocrine factors 
including somatostatin and GH-relcasing factor ( 15) and thus 
down-regu lates CYP2C II. 
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