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Abstract

The sexually dimorphic expression of cytochromes P450 (CYP) drug metabolizing enzymes 
has been reported in all species examined. These sex differences are initially expressed 
during puberty and are solely regulated by sex differences in the circulating growth 
hormone (GH) profiles. Once established, however, the different male- and female-
dependent CYP isoforms are permanent and immutable, suggesting that adult CYP 
expression requires imprinting. Since the hormone that regulates an adult function is 
likely the same hormone that imprints the function, we selectively blocked GH secretion in 
some newborn male rats while others also received a concurrent physiologic replacement 
of rat GH. Rats were subsequently challenged, peripubertally, with either a masculine-like 
episodic GH regimen or the GH vehicle alone. The results demonstrate that episodic GH 
regulation of male-specific CYP2C11 and CYP3A2, as well as female-predominant CYP2C6, 
are dependent on developmental GH imprinting. Moreover, the induction and/or activation 
of major components in the signal transduction pathway regulating the expression of the 
principal CYP2C11 isoform is obligatorily dependent on perinatal GH imprinting without 
which CYP2C11 and drug metabolism would be permanently and profoundly suppressed. 
Since there are additional adult metabolic functions also regulated by GH, pediatric drug 
therapy that is known to disrupt GH secretion could unintentionally impair adult health.

Introduction

Sexual dimorphisms of some dozen or more hormone- and 
drug-metabolizing constituent cytochromes P450 (CYPs) 
observed in rats, humans, and many other species examined 
(1) are defined by two characteristics. (i) Following puberty, 
males and females express different CYP profiles. In some 
cases, the isoforms may be sex exclusive as is the case 
of CYP2C12, only expressed in female rats (1, 2). More 
commonly, isoforms are sex predominant: for example, 
women express greater levels of CYP3A4 and CYP3A5 (3, 4)  
while in the case of mice, males express greater levels of 
CYP2D9 (2). (ii) The sexual dimorphisms in CYP expression 
are determined by sex differences in the circulating growth 
hormone (GH) profiles in adulthood. More specifically, 

it is not the amount of circulating GH per se, but rather, 
the sexually dimorphic ultradian rhythms in plasma GH 
that regulate sex-dependent isoforms of CYP. Although 
there are some variations between species, in general, 
males secrete GH in what is referred to as an 'episodic' 
profile characterized by several daily bursts of hormone 
separated by lengthy undetectable or barely detectable GH 
concentrations. In contrast, the adult female GH profile 
is considered 'continuous’ as there are far more secretory 
bursts, often at lower amplitudes of the hormone separated 
by briefer interpulse periods, often containing measurable 
levels of GH. In fact, these sex differences in the circulating 
GH profile are solely responsible for the sex difference in 

-21-0143

Key Words

 f CYP

 f growth hormone

 f imprinting

 f P450s

 f sexual dimorphism

 f transcription factors

Endocrine Connections
(2021) 10, 1167–1179

ID: 21-0143
10 9

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-21-0143

https://ec.bioscientifica.com © 2021 The authors
Published by Bioscientifica Ltd

mailto:shapirob@upenn.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-21-0143
https://ec.bioscientifica.com


S Banerjee et al. Growth hormone imprints 
early P450 expression

1168

PB–XX

10:9

CYP expression and resulting drug metabolism observed 
during adulthood (1, 5).

Most, if not all, sexual dimorphisms are a result 
of developmental hormone imprinting. Hormonal 
imprinting refers to a biological process in which the 
target tissue becomes responsive to the hormone. During 
the initial exposure, the hormone irreversibly reprograms 
the development of the affected tissue, likely through 
epigenetic alterations (6), so as to permanently alter some 
functional aspect normally responsive to the hormone 
and often establishing a sexual dimorphism (7). Moreover, 
the tissue is programmable for only a brief developmental 
period, after which time the tissue becomes permanently 
unresponsive to imprinting (8, 9, 10). Imprinting alone, 
however, is generally insufficient to ensure the expression 
of the programmed function. Accordingly, the expression 
of the affected function requires both imprinting and 
activation, the latter being a reversible process but required 
to express the imprinted function. For example, perinatal 
testosterone or its androgen/estrogen metabolites are 
required to permanently 'wire' or imprint the male brain 
to exclusively express masculine sexual behavior. However, 
the brain has to be stimulated or activated in adulthood 
by the same hormone to elicit the imprinted male sexual 
behavior. Both imprinting and activation are required 
for normal masculine sexual behavior (9, 10, 11), which 
explains why perinatally castrated males and intact 
females, not hormonally imprinted, are unable, regardless 
of adult hormone treatment, to exhibit normal masculine 
sexual behavior (9, 11).

In this regard, we previously reported that adult male 
rats and men cannot be induced (regardless of GH treatment) 
to express the normal female profile of hepatic CYPs (3, 12, 
13, 14, 15) nor can adult female rats or women be induced 
to fully express the masculine CYP profile (14, 16, 17, 18). 
If CYP enzymes were not imprinted, then irrespective of 
sex, the same adult treatment should produce the same 
CYP expression levels in males and females. Since this is not 
the case, we had concluded that the sex differences in adult 
expression profiles of CYPs are permanent and irreversible, 
a condition demonstrating imprinting. Because an adult 
tissue/function is responsive to the same hormone by 
which it was imprinted, we had proposed, for the first 
time, that like androgens, perinatal GH is a developmental 
organizer required for the normal expression of adult CYP-
dependent drug metabolism. In this regard, we reported 
that adult expression of the principal male-specific 
CYP2C11 isoform in the rat is completely dependent on 
imprinting by developmental GH. In the absence of the 
perinatal hormone, CYP2C11 (comprising > 50% of the 

total male hepatic CYP content (19)) is permanently and 
irreversibly unresponsive to the inductive effects of the 
masculine episodic GH profile (6, 20, 21).

In our previous reports, we used primary hepatocyte 
cultures derived from adult male rats to demonstrate 
the permanent effects of developmental GH imprinting 
on CYP2C11 expression (6, 21). In the present study, 
we demonstrate, in vivo, similar imprinting effects of 
GH, to determine the earliest observable age when the 
imprinting effects are expressed, and now identify those 
CYP2C11 required transcription factors affected by 
GH imprinting. In addition, we have measured mRNA 
and/or protein levels of male-specific CYP3A2, female-
predominant CYP2C6 as well as signal transducer and 
activator of transcription 5 (STAT5), Janus kinase 2 (JAK2), 
suppressors of cytokine signaling (SOCS1, SOCS2, CIS), 
hepatocyte nuclear factor 6 (HNF6) and B-cell lymphoma 
6 (Bcl6); factors potentially involved in GH imprinting of 
CYP expression.

Materials and methods

Animal experimentation

Rats were housed in the University of Pennsylvania 
Laboratory Animal Resources facility under the supervision 
of certified laboratory animal medicine veterinarians and 
were treated according to the research protocol approved 
by the Institutional Animal Care and Use Committee of 
the University. Housing conditions, as well as breeding 
and treatment protocols, were reported previously (22, 23).  
Basically, neonatal male rat pups (Crl:CD(sd)BR) were 
injected, s.c., with either of two of four possible treatments. 
(i) The potent and permanent GH blocker (20, 23)  
monosodium glutamate (MSG), 4 mg/g body weight on 
alternate days, starting within 24 h of birth for a total of five 
injections. (ii) An equivalent amount of MSG NaCI diluent. 
(iii) Recombinant rat GH (2 IU/mg), 20 µg/100 g body weight, 
twice/day for the first 12 days of life. (iv) An equivalent 
amount of the GH bicarbonate diluent. Accordingly, control 
pups received treatments 2 and 4; MSG pups received 
treatments 1 and 4; MSG + GH pups received treatments 
1 and 3. At 28 days of age, the recently weaned male rats 
were injected, i.p., with either rat GH (20 µg/100 g body 
weight) twice per day for 5 days or an equivalent amount of 
GH diluent. The rats were euthanized 30 min following the 
tenth injection at 32 days of age. GH was purchased from 
Dr A F Parlow, National Hormone and Peptide Program, 
Harbor-UCLA Medical Center, Torrance, CA.
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RNA isolation

Total RNA from liver tissue was isolated using Trizol reagent 
(Life Technologies), purified with Qiagen RNeasy mini kit, 
and treated with DNase I in order to remove any traces of 
genomic DNA using RNase-Free DNase Set (Qiagen) according 
to the manufacturer’s protocol. RNA concentrations 
and purity were determined by UV spectrophotometry 
(A260/280 > 1.8 and A260/240 > 1.7) and integrity was 
verified by the intensities of 28S and 18S rRNA bands on a 
denaturing agarose gel visualized on a FluorChem IS-8800 
Imager (Alpha Innotech, San Leandro, CA).

Quantitative RT-PCR

Cyp2C11, Cyp2C6, Jak2, Cis, Socs1, Socs2, Hnf6, and Bcl6 
gene expressions were determined by quantitative RT-PCR 
(qRT-PCR) using SYBR green on an Applied Biosystem 
StepOnePlus Real-Time PCR System (Life Technologies). 
RNA isolation, concentration, and purity determination 
were performed as mentioned previously. cDNA synthesis 
was completed using the High-Capacity RNA-to-cDNA kit 
(Life Technologies) as per instructions with appropriate 
no-RT (-RT) and non-template controls. PCR primers for 
Cyp2C11 and Cyp2C6 (24), Cis, Socs1 and Socs2 (21) Jak2 
(25), Hnf6 (26), and Bcl6 (27) were synthesized by Integrated 
DNA Technologies (IDT, Coralville, IA). Gene expression 
was determined using peptidylprolyl isomerase A, Ppia 
(28), one of only a few housekeeping genes unaffected by 
sex and GH (29).

Western blotting

Whole cell lysate protein (30) was assayed for individual 
CYP isoforms and transcription factors by Western 
blotting (31). Briefly, 50 µg of protein were electrophoresed 
on 1.00 mm-thick SDS-polyacrylamide (10–12%) gels and 
electroblotted onto nitrocellulose membranes. The blots 
were probed with monoclonal anti-rat CYP2C11 and anti-
rat CYP3A2 (Detroit R & D Inc., Detroit, MI), monoclonal 
anti-rat CYP2C6 and polyclonal anti-SOCS2 (Santa Cruz 
Biotechnology, Inc.), monoclonal anti-pSTAT5 and 
polyclonal anti-pJAK2 (Cell Signaling Technology) and 
polyclonal anti-JAK2 (Upstate Cell Signaling Solutions) 
and detected with an enhanced chemiluminescence kit 
(Amersham, GE Healthcare Bio-Sciences Corp). Signals 
were normalized to a known control sample, for example, 
pSTAT5, pJAK2, etc., repeatedly run on all blots and/or 
to the expression of β-actin (Sigma–Aldrich). The protein 
signals were scanned and the densitometric units were 

obtained as integrated density values quantitated using 
a FluorChem IS-8800 Imager (Alpha Innotech) software 
supplied with the gel documentation system.

Statistical analysis

Puberty is a major life event during which profound 
anatomic, biochemical, physiologic, and behavioral 
systematic changes occur, of which sex-dependent 
parameters, such as we measured, are particularly responsive. 
Since each animal enters puberty at a somewhat different 
age, it was not surprising that a few rats were at an extreme 
place on the puberty spectrum at 32 days of age so that 
we occasionally came across an obvious statistical outliers 
(32) and, accordingly, they were eliminated from further 
statistical analyses. Otherwise, all data were subjected to 
ANOVA, and differences were determined using t statistics 
and the Bonferroni procedure for multiple comparisons.

Results

Developmental GH irreversibly programs hepatic 
CYP2C11 responsiveness to episodic GH regulation

CYP2C11 is the principal male-dependent form, comprising 
>50% of the total CYP isoforms in adult male rat liver (19), 
but effectively undetectable in the female liver, explaining 
its designation as male-specific (15). Furthermore, CYP2C11 
expression is first observed during puberty (33, 34) as a 
result of the inductive effects of a concomitant puberty-
initiated secretion of the masculine episodic GH profile 
(35, 36). In this regard, we chose to examine the earliest 
possible effects of neonatal GH imprinting on CYP2C11 
expression. Consequently, at 32 days of age, around the 
earliest outset of male puberty as characterized by the 
start of spermatogenesis, some of the control rats were just 
beginning to express small, above prepubertal levels of 
CYP2C11, whereas other rats were far more developmentally 
advanced; some approaching adult-like levels of the isoform 
(Fig. 1). Since puberty occurs during a relatively prolonged 
developmental period, it is not surprising that individual 
animals would exhibit pubertal changes (e.g. CYP2C11 
expression) at different rates.

Expression of episodic GH-dependent CYP2C11 was 
near totally suppressed in the liver from GH-devoid, 
neonatally MSG-treated male rats (Fig. 1). In contrast, 
neonatal administration of both MSG and GH resulted 
in substantial expression levels of CYP2C11 (~30% of 
control values) in the developmentally precocious cohort; 
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this in spite of the same total absence of circulating 
GH as observed in the MSG-treated rats. (Neonatal and 
subsequent adult circulating GH profiles resulting from all 
the present treatments have been reported elsewhere (6, 
21, 23).) In this regard, a minimal baseline level of hepatic 
CYP2C11 (~20 to 40% of normal) can be expressed in 
adults in the absence of GH, whereas full induction of the 
isoform requires exposure to the masculine episodic GH 
profile (36, 37, 38). Consequently, these findings indicate 
that neonatal GH programs developmental mechanisms 
responsible for the expression of GH-independent, baseline 
CYP2C11 expression.

Five days of exposure (i.e. 28–32 days of age) to 
an episodic GH profile (i.e. two i.p. injections/day) 
were completely ineffective in inducing CYP2C11 
expression in the MSG-alone treated neonates resulting 
in a permanent refractory response to the hormone. 
In contrast, peripubertal males neonatally treated 
with both MSG and GH responded to the episodic GH 
injections with a similar increase in CYP2C11 mRNA as 
observed in normal control rats (Fig. 1A). Protein levels 
of the isoform followed a similar inductive trajectory as 
controls, but never quite expressed the same maximum 
concentrations (Fig. 1B), possibly as a result of the mode 
of GH administration. That is, the most effective method 
of restoring normal CYP2C11 levels to GH-devoid rats is 
to renaturalize the physiologic circulating GH profiles 
of 6 daily pulses at ~1 h in duration, each interrupted by 
an interpulse absence of plasma GH for ~2 h duration by 
administering the hormone via an indwelling right atrial 
catheter attached to an electronic pulse simulator (38, 
39). Since the rats in the present study were too small to 
tolerate the procedure, and s.c. injections fail miserably 
to replicate the physiologic GH profile (40), we chose to 
administer two i.p. injections of rat GH whose absorption 
would mimic i.v. administration. In agreement with our 
present findings, we have reported (20, 39) that two daily 
i.v. pulses of rat GH to hypophysectomized (HYPOX) rats 
completely restored CYP2C11 mRNA concentrations, 
whereas protein levels and catalytic activity of the isoform 
increased to only ~65 to 70% of normal; a similar finding 
observed with other CYPs treated with suboptimal doses 
of inducers (41).

Developmental GH permanently imprints CYP2C6 
suppression by episodic GH

Although titulary female-predominant, the sex difference 
in CYP2C6 is minimal compared to CYP2C11. Moreover, 
unlike CYP2C11, GH suppresses CYP2C6 expression (the 
masculine episodic profile more so than the feminine 
continuous profile), so that adult HYPOX maximizes the 
expression of the isoform eliminating sex differences (38, 
42, 43). In agreement, peripubertal male rats neonatally 
treated with MSG (i.e. MSG-alone or MSG + GH) and 
subsequently injected with GH-vehicle, like the HYPOX 
rat, expressed maximal concentrations of CYP2C6 that 
were considerably greater than intact controls (Fig. 2A). 
Administration of episodic GH to these GH-devoid rats 
reduced CYP2C6 mRNA and protein levels only in the males 
treated neonatally with both MSG + GH, demonstrating 
that the developmental hormone irreversibly imprints 

Figure 1
Hepatic male-specific CYP2C11 mRNA (A) and protein (B) levels in 
peripubertal (32 days old) male rats challenged with rat GH and 
previously treated as neonates with rat GH and/or MSG. Isoform levels 
are presented as individual values per animal so that increasing animal 
numbers are assigned to increasing CYP2C11 concentrations. Neonatal 
treatments are indicated in parentheses while peripubertal treatments 
are shown following the broken arrows. See 'Materials and methods' 
section for all treatment details.
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GH suppression of CYP2C6 in male rats. (Recall that the 
HYPOX rat is normally imprinted by perinatal GH and 
like CYP2C6 in the neonatally MSG + GH treated rats, 
responds to the suppressive effects of restored episodic 
GH treatment (38, 42, 43)). In agreement, additional 
statistical comparisons (P < 0.01) of CYP2C6 levels (mRNA 
and protein) between male rats that received either diluent 
or GH as neonates, but otherwise both treated neonatally 
with MSG and peripubertal GH (Fig. 2) demonstrated the 
suppressive imprinting effects of neonatal GH in response 
to peripubertal GH.

GH regulation of CYP3A2 expression is programmed 
by developmental GH

Unlike male-specific CYP2C11 whose expression is 
dependent on the initiation of puberty, adult-like 
expression levels of male-specific CYP3A2 have been 
observed as early as the first and second week of life (33, 
34). The different developmental patterns may be due 
to the fact that adult levels of CYP2C11 are dependent 
on the secretion of the masculine episodic GH profile at 
puberty, whereas maximum CYP3A2 levels are expressed 
in the absence of GH (e.g. HYPOX); the episodic profile 
being somewhat repressive, whereas the feminine profile is 
entirely suppressive (38, 44).

We observed that neonatal exposure to MSG-alone 
resulted in a small but significant repression of CYP3A2 
protein that responded to an inductive effect of episodic 
GH administration (Fig. 2B). The CYP3A2 findings in the 
MSG-alone treated males were reverse of that observed in 
HYPOX male rats (38, 44, 45, 46). Whereas both animal 
models are examples of GH depletion, CYP3A2 is repressed 
in the MSG rats, but over-expressed in the HYPOX rats. 
Moreover, administration of the episodic GH profile 
induced CYP3A2 in the MSG rats but suppressed the 
isoform in the HYPOX rats. A relevant difference between 
these animals is imprinting; the MSG-treated rats are 
not imprinted by GH, whereas the adult HYPOX rats are 
normal perinates developmentally exposed to endogenous 
GH. These findings would suggest that early GH imprints 
CYP3A2 expression. In agreement, when the neonates 
were exposed to MSG as well as GH, they expressed normal 
control-like levels of CYP3A2 (Fig. 2B). Unfortunately, 
unlike normally GH-imprinted rats, for example, adult 
HYPOX (39), two daily GH pulses were unable to alter 
CYP3A2 levels in the neonatal MSG + GH perinates. In this 
regard, CYP3A2, in contrast to other CYPs, only responds 
(in this case suppression) to the fully restored physiologic 
circulating GH profile of 6 daily pulses each containing 

Figure 2
Hepatic female-predominant CYP2C6 mRNA and protein levels (A) and 
male-specific CYP3A2 protein levels (B) in peripubertal (32 days old) male 
rats challenged with rat GH and previously treated as neonates with rat 
GH and/or MSG. Peripubertal treatments are indicated within the 
brackets along the x-axis while the neonatal treatments, in a larger font, 
are below the brackets. Results are presented as a percentage of mRNA 
and protein in control rats arbitrarily designated as 100%. Values are 
means ± s.d. of at least eight rats/data point. *P < 0.01(CYP2C6) or *P < 
0.05(CYP3A2), vs CONTROL; †P < 0.01 compares peripubertal GH 
treatment with vehicle treatment of rats exposed to the same neonatal 
treatment. See 'Materials and methods' section for all treatment details.
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>3.5 µg GH/min/mL plasma (38, 39, 47). An additional 
statistical comparison found no difference in CYP3A2 
when comparing the isoform in rats that received either 
GH diluent or GH as neonates, but otherwise, both groups 
were treated neonatally with MSG and peripubertal GH. 
As just mentioned, CYP3A2 in GH-imprinted males, 
including HYPOX, is only responsive to the normal GH 
secretory profile. Accordingly, our CYP3A2 conclusions 
have to be based on the results of rats exposed only to 
neonatal MSG.

Episodic GH activation of STAT5 is dependent on 
developmental GH imprinting

The terminal transducer in the signaling transduction 
pathway mediating episodic GH induction of CYP2C11 is 
STAT5b. This transcription factor must be activated (i.e. 
phosphorylated), homodimerized, and translocated to 
the nucleus, where it binds to a promoter site initiating 
transcription of the Cyp2C11 gene (48). The livers from 
all animals in every treatment group were analyzed 30 
min after the last GH pulse; an optimal time to measure 
the STAT5b response (49). In this study, we used an 
antibody against pSTAT5 (i.e. the activated form) that 
might recognize pSTAT5a as well as pSTAT5b. However, 
the male liver contains considerably less STAT5a than 
STAT5b, and only the latter is obligatory for the expression 
of the male pattern of hepatic gene expression (48, 50). 
Furthermore, whereas the masculine episodic GH profile 
can activate both forms of STAT5, activation levels of 5b 
are substantially greater than 5a (49).

Peripubertal challenge with GH caused less than a 
doubling in pSTAT5 concentrations in the MSG-alone 
treated rats, but a 12-fold increase in the neonates 
treated with both MSG and GH (Fig. 3), indicating that 
maximal, that is, effective (49), activation of STAT5, 
likely STAT5b, by episodic GH requires perinatal GH 
imprinting. In this regard, GH activation of STAT5b is 
generally commensurate with nuclear translocation and 
subsequent binding to the Cyp2C11 promoter (6, 21). 
The fact that peripubertal GH was capable of activating 
STAT5 in animals that did not express CYP2C11 (Fig. 1) 
agrees with previous findings that GH activation of the 
transcription factor developmentally precedes the ability 
of the liver to express CYP2C11 (50, 51). Moreover, we 
found that the large variation in pSTAT5 induction 
levels did not statistically correlate with the variations in 
individual CYP2C11 levels, revealing the normal, though 
highly variable, ontogenetic expression profile of the 
transcription factor.

Regulation of JAK2 is not dependent on 
GH imprinting

Activation of JAK2 by the hormone-bound growth 
hormone receptor (GHR) is an early step in the JAK2–
STAT5b–CYP2C11 pathway (18, 48, 50). Neonatal exposure 
to either MSG or MSG + GH resulted in elevated JAK2 
mRNA and protein levels that were about 2.5 to 1.5 times, 
respectively, greater than control concentrations (Fig. 4). 
When the two MSG groups were peripubertally treated with 
GH, JAK2 levels declined, more so in the MSG + GH group, 
to control-like concentrations. Due to a paucity of material, 
we were limited to measuring pJAK2 in only two or three 

Figure 3
Hepatic pSTAT5 protein levels in peripubertal (32 days old) male rats 
challenged with rat GH and previously treated as neonates with rat GH 
and/or MSG. Peripubertal treatments are indicated within the brackets 
along the x-axis while the neonatal treatments, in a larger font, are below 
the brackets. Results are presented as a percentage of protein in control 
rats arbitrarily designated as 100%. Values are means ± s.d. of at least 
eight rats/data point. *P < 0.01, vs control; †P < 0.01 compares 
peripubertal GH treatment with vehicle treatment of rats exposed to the 
same neonatal treatment. See 'Materials and methods' section for all 
treatment details. Note the break in the y-axis.
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animals from the peripubertal GH injected groups (not 
presented). Although found at much lower concentrations, 
pJAK2 levels appeared to reflect that of total JAK2. Although 
pJAK2 has been reported to increase rapidly following GH 
administration, it declines to near baseline after ~30 min 
(18, 49) as we observed with JAK2 (Fig. 4). Nevertheless, 
other than a somewhat elevated response in the MSG-
alone groups, we found nothing that would suggest GH 
imprinting of JAK2 regulation. Since JAK2 mediates the 
actions of many non-GH factors (52), it seems reasonable 
that its expression would not depend on GH imprinting.

Developmental GH imprints optimal response of 
the SOCS family of inhibitory proteins to episodic 
GH regulation

The SOCS family of inhibitory proteins are negative 
regulators of GH signaling. Their actions are particularly 

important in regulating the effects of episodic GH on such 
male-dependent parameters as growth, musculoskeletal 
metabolism, and CYP expression (18, 48). Consequently, 
we decided to examine the early effects of neonatal 
GH on both the baseline levels (i.e. sans GH) and the 
responsiveness to peripubertal GH of three of the most 
commonly referenced SOCS, that is, CIS, SOCS1, and 
SOCS2. (We had previously reported that SOCS3 was 
neither imprinted by GH (21) nor responsive to the actions 
of episodic GH (18). Consequently, we omitted analysis of 
SOCS3 from the present study.)

Earlier, we (18, 21), as well as others (48) had implicated 
SOCS2 as a requisite factor in the regulation of the episodic 
GH–GHR–JAK2–STAT5b–CYP2C11 pathway. SOCS2 mRNA 
in both the neonatally MSG and MSG + GH treated males 
exhibited the same highly depressed concentrations (Fig. 5) 
as observed in GH-depleted HYPOX rats (18, 27, 53). When 
the animals were challenged, peripubertally, with episodic 
GH, mRNA levels doubled in the MSG-alone treatment 
group but quadrupled in the MSG + GH group. Protein levels 
of SOCS2 were much less responsive to GH than the mRNA. 
In fact, only the MSG + GH treatment group exhibited a 
small increase in SOCS2 protein following peripubertal GH 
injections. This finding is quite understandable in light of 
previous reports demonstrating that transcription levels of 
the SOCS family may be detectable 30 min following a GH 
pulse (the time of our study) but peaks after 90 min (18, 
27, 53). Consequently, translation of the SOCS proteins 
lags considerably behind transcription initiation which, 
in fact, is the required timing for terminating GHR–JAK2 
activation of STAT5b (48). The present finding supports the 
conclusion that developmental GH is required, at least, for 
optimal induction of SOCS2 by episodic GH.

CIS, another member of the SOCS family of inhibitory 
proteins, has also been implicated in the regulation of the 
episodic GH–GHR–JAK2–STAT5b–CYP2C11 pathway (18, 
21). Similar to HYPOX rats (53), CIS mRNA levels in the 
MSG-alone treated males were ~35% lower than controls 
but rebounded to control-like concentrations following 
episodic GH administration (Fig. 6A). In contrast, rats 
neonatally exposed to MSG and GH exhibited the same level 
of CIS mRNA as controls that were also normally exposed to 
neonatal GH. When the MSG + GH rats were peripubertally 
challenged with episodic GH, like normal animals (18, 52), 
they responded with a near six-fold increase in levels of the 
transcript. Thus, we see that exposure to developmental 
GH is required for episodic GH induction of CIS mRNA.

Lastly, we measured the effects of developmental GH 
on the peripubertal expression of SOCS1 mRNA (Fig. 6B). 
In agreement with SOCS2 (Fig. 5) and CIS (Fig. 6A) findings, 

Figure 4
Hepatic JAK2 mRNA and protein levels in peripubertal (32 days old) male 
rats challenged with rat GH and previously treated as neonates with rat 
GH and/or MSG. Peripubertal treatments are indicated within the 
brackets along the x-axis while the neonatal treatments, in a larger font, 
are below the brackets. Results are presented as a percentage of mRNA 
and protein in control rats arbitrarily designated as 100%. Values are 
means ± s.d. of at least eight rats/data point. *P < 0.01, vs control; †P < 
0.01 compares peripubertal GH treatment with vehicle treatment of rats 
exposed to the same neonatal treatment. See 'Materials and methods' 
section for all treatment details.
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SOCS1 levels were reduced in both the GH-depleted MSG 
and MSG + GH rats, more so in the latter. Whereas episodic 
GH injections resulted in a significant decline in SOCS1 
mRNA concentrations in the MSG-alone treated males, 
neonatal exposure to GH (imprinting) blocked the effects 
of MSG, responding to peripubertal GH with a two-fold 
increase in transcript levels.

Regulation of HNF6 is not dependent on 
GH imprinting

The liver-enriched transcription factor HNF6 is more 
highly expressed in female than male liver and serves to 
transactivate the female-specific CYP2C12 promoter. The 
continuous secretory GH profile characteristic of the female 
rat increases HNF6 expression, which in synergy with HNF3 
stimulates CYP2C12 expression while simultaneously 

Figure 5
Hepatic SOCS2 mRNA and protein levels in peripubertal (32 days old) 
male rats challenged with rat GH and previously treated as neonates with 
rat GH and/or MSG. Peripubertal treatments are indicated within the 
brackets along the x-axis while the neonatal treatments, in a larger font, 
are below the brackets. Results are presented as a percentage of mRNA 
and protein in control rats arbitrarily designated as 100%. Values are 
means ± s.d. of at least eight rats/data point. *P < 0.01, vs control; †P < 
0.01 compares peripubertal GH treatment with vehicle treatment of rats 
exposed to the same neonatal treatment. See 'Materials and methods' 
section for all treatment details.

Figure 6
Hepatic CIS (A) and SOCS1 (B) mRNA levels in peripubertal (32 days old) 
male rats challenged with rat GH and previously treated as neonates with 
rat GH and/or MSG. Peripubertal treatments are indicated within the 
brackets along the x-axis while the neonatal treatments, in a larger font, 
are below the brackets. Results are presented as a percentage of mRNA 
in control rats arbitrarily designated as 100%. Values are means ± s.d. of 
at least eight rats/data point. *P < 0.01, vs control; †P < 0.01 compares 
peripubertal GH treatment with vehicle treatment of rats exposed to the 
same neonatal treatment. See 'Materials and methods' section for all 
treatment details.
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repressing male-specific CYP2C11. In contrast, the masculine 
episodic GH profile activates hepatic STAT5b, which blocks 
HNF6, as well as HNF3 expression, which in turn prevents 
CYP2C12 induction and allows for CYP2C11 expression 
(54, 55). In agreement, we have found that episodic GH 
injections reduced HNF6 mRNA concentrations several 
folds in both MSG-alone and MSG + GH treated males  
(Fig. 7) suggesting that regulation of the transcription factor 
in male rats does not require GH imprinting. This conclusion 
seems reasonable considering that HNF6 is basically a 
female-dependent factor required for the expression of 
female-specific CYP2C12 and there would appear to be no 
reason for its expression to be imprinted in males.

Developmental GH imprints Bcl6 expression

The transcriptional repressor Bcl6 is a male-specific 
rat hepatic gene protein elevated following HYPOX, 
suppressed by pulses of GH, and implicated in murine 

sex-dependent CYP expression (27, 56). In agreement, 
we observed that GH-devoid MSG-alone and MSG + GH 
peripubertal males expressed elevated concentrations of 
Bcl6 mRNA, more so in the former (Fig. 8). When the rats 
were challenged with episodic GH injections, Bcl6 mRNA 
levels were unresponsive and remained elevated in the 
MSG-alone treated males but were suppressed to control-
like levels in the MSG + GH group. These results indicate 
that normal expression levels of Bcl6 mRNA in both the 
presence and absence of peripubertal GH are dependent 
on developmental GH. However, due to a paucity of 
information regarding the role of Bcl6 in the regulatory 
expression of male-specific CYPs in the rat, any significance 
of our finding could only be speculative.

Figure 7
Hepatic HNF6 mRNA levels in peripubertal (32 days old) male rats 
challenged with rat GH and previously treated as neonates with rat GH 
and/or MSG. Peripubertal treatments are indicated within the brackets 
along the x-axis while the neonatal treatments, in a larger font, are below 
the brackets. Results are presented as a percentage of mRNA in control 
rats arbitrarily designated as 100%. Values are means ± s.d. of at least 
eight rats/data point. *P < 0.01, vs control; †P < 0.01 compares 
peripubertal GH treatment with vehicle treatment of rats exposed to the 
same neonatal treatment. See 'Materials and methods' section for all 
treatment details.

Figure 8
Hepatic Bcl6 mRNA levels in peripubertal (32 days old) male rats 
challenged with rat GH and previously treated as neonates with rat GH 
and/or MSG. Peripubertal treatments are indicated within the brackets 
along the x-axis while the neonatal treatments, in a larger font, are below 
the brackets. Results are presented as a percentage of mRNA in control 
rats arbitrarily designated as 100%. Values are means ± s.d. of at least 
eight rats/data point. *P < 0.01, vs control; †P < 0.01 compares 
peripubertal GH treatment with vehicle treatment of rats exposed to the 
same neonatal treatment. See 'Materials and methods' section for all 
treatment details.
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Discussion

The adult responsiveness to a particular hormone is 
predetermined, that is, imprinted, during development 
by this same hormone (7, 57), and in agreement, we 
have reported that regulation of adult drug metabolism 
by GH is accordingly imprinted by postpartum GH (6, 
12). To examine the developmental process by which 
perinatal GH imprints adult CYP expression, we blocked 
GH secretion in newborn male rat pups with MSG, a 
specific disrupter of the differentiating hypothalamic 
GH-releasing hormone nuclei (58, 59), while having no 
effect on liver development (45). Furthermore, a cohort of 
MSG-treated neonates were simultaneously administered 
physiologic replacement levels of rat GH during this 
'critical (i.e. irreversible) developmental period' for the 
hypothalamic–pituitary–hepatic axis (19, 21). Whereas as 
little as the first dose of neonatal MSG nearly eliminates 
GH from the circulation, concurrent GH replacement 
at the specified dosage and length of treatment restores 
the normal age-dependent plasma concentrations of the 
hormone in affected pups (21). However, following the 
withdrawal of GH treatment, plasma GH concentrations 
become undetectable in both MSG-treated groups, 
those receiving and those not receiving neonatal GH 
replacement, as the hypothalamic GH regulatory nuclei 
were permanently destroyed by MSG in both groups 
(6, 21). Regardless of the same total absence of plasma 
GH, the two MSG treated groups expressed antithetic 
peripubertal expression levels of hepatic CYP2C11. 
The MSG-alone treated males exhibited a total loss of 
CYP2C11 mRNA and protein. In contrast, the neonatally 
MSG + GH exposed rats, also having no detectable plasma 
levels of GH, expressed ~30% control levels of CYP2C11. 
Evidently, even though there was no circulating GH after 
12 days of age in the MSG + GH treatment group, neonatal 
replacement GH alone appears to have programmed a 
permanent liver imprint allowing for GH-independent 
baseline expression of CYP2C11 not observed in the MSG-
alone treatment group. Moreover, peripubertal males 
not imprinted by neonatal GH (MSG only treatment) 
were completely unresponsive to episodic GH induction 
of CYP2C11 expression. In contrast, when the same 
neonatal treatment was supplemented with rat GH, the 
rats were responsive to the episodic GH profile exhibiting 
a dramatic induction of CYP2C11, establishing perinatal 
GH as a requisite developmental organizer or imprinter, 
in an in vivo model.

In addition to examining the effects of GH imprinting 
on CYP2C11 expression, we also included, in the present 

study, male-specific CYP3A2 and female-predominant 
CYP2C6. In contrast to male-specific CYP2C11 whose 
optimal levels are dependent on the presence of the 
masculine episodic GH profile, maximum CYP3A2 levels 
are expressed in the absence of GH; the episodic GH profile 
being somewhat repressive (38, 44). CYP3A2 expression in 
animals not imprinted by GH (i.e. MSG-alone) exhibited 
the complete opposite response to GH than that of normal 
controls. That is, in the absence of circulating GH, CYP3A2 
concentrations declined but rebounded above normal 
when exposed to episodic GH. In contrast, CYP3A2 
concentrations in the MSG + GH rats did not decline in the 
absence of circulating GH nor did episodic GH produce 
an elevation of the isoform. These findings suggest that 
developmental GH imprints the CYP3A2 response; whether 
in the postpubertal absence or presence of the hormone.

CYP2C6 expression levels are repressed by GH 
hormone; more so by the masculine episodic profile 
than the feminine continuous profile, explaining its 
designation as female-predominant (38, 42, 43). In 
agreement, peripubertal male rats neonatally treated with 
MSG (i.e. MSG-alone or MSG + GH) expressed CYP2C6 
concentrations that were considerably greater than intact 
controls. However, administration of episodic GH reduced 
CYP2C6 levels only in the animals treated neonatally 
with both MSG + GH, demonstrating that the normal 
suppressive effects of episodic GH are dependent on 
imprinting by developmental GH.

The present findings indicate that CYP2C11 is not the 
only isoform in male rats imprinted by developmental GH. 
Whereas the imprinting effects of developmental GH are 
most dramatically demonstrated by CYP2C11, the more 
subtle, though still physiologically significant effects on 
CYP3A2 and CYP2C6 may be explained by the fact that, 
unlike CYP2C11, neither CYP3A2 nor CYP2C6 is dependent 
on GH for their expression and consequently, may be less 
dependent on its imprinting. Moreover, episodic GH acts 
as an inducer, but instead, acts as a repressor in regulating 
CYP3A2 and CYP2C6 expression. Similarly, delimited 
effects of GH imprinting on CYP isoforms expressed in 
female rats have been reported (60).

What, then, are the defects in the GH-inductive 
response of CYP2C11, the isoform for which we have the 
most mechanistic information, in adult rats neonatally 
treated with MSG? That is, why is the isoform unable to 
respond to GH? In this regard, GH signaling in the liver by 
the episodic profile (in contrast to the continuous profile) 
is initiated by hormone binding to and the resulting 
activation of the GHR on the surface of the target cell. 
This allows for the recruitment and/or activation of two 
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molecules of JAK2, which then cross-phosphorylate each 
other, as well as phosphorylating the receptor on key 
tyrosine residues. STAT5b, a latent transcription factor, 
binds to these phosphorylated receptor docking sites 
and is, in turn, phosphorylated and homodimerizes and 
translocates to the nucleus, where it binds to promoter 
sites initiating transcription of GH-regulated genes. 
An important negative regulatory mechanism of GH 
signaling, the SOCS family of inhibitory proteins, which, 
depending on the protein, inhibit GH signaling by 
inactivating JAK2, by competing with STAT5b for common 
tyrosine-binding sites on the intracellular tail of the GHR, 
and/or by the proteasome-dependent mechanism that 
results in the degradation of the (GH–GHR–Jak2)–SOCS 
complex (48, 61, 62). At least four possible components in 
this signal transduction pathway as well as the associated 
transcription repressor Bcl6 were permanently altered by 
neonatal MSG. The response to episodic GH of neonatally 
MSG + GH treated rats increased hepatic CIS, SOCS1, 
SOCS2, as well as pSTAT5 by ~6-, ~2-, ~4-, and ~12-fold, 
respectively. With the exception of SOCS1 whose levels 
were reduced by episodic GH; CIS, SOCS2, and pSTAT5 
concentrations were increased by an average of ~2-fold in 
the MSG-alone treated perinates. Here we see the greatest 
difference in findings between the present in vivo study with 
that of previous reports using primary hepatocyte cultures 
(6, 21) that found CIS, SOCS1, SOCS2, and pSTAT5b to 
be totally unresponsive to episodic GH in hepatocytes 
from MSG-alone treated male rats. Unlike the hepatocyte 
cultures, however, the livers from the in vivo study were 
exposed to factors, that is, cytokines, other than GH that 
could have been responsible for the small induction levels 
of the affected transducers in the MSG-alone treated male 
rats. Clearly, then, neonatal exposure to MSG irreversibly 
suppresses GH activation of CYP2C11-dependent signal 
transduction at multiple steps. Whether the multiple 
defects in the signaling pathway are all independently 
induced or rather the result of an initial upstream defect 
(i.e. GHR) cascading dysfunctions down the signaling 
pathway requires further investigation.

The considerable peripubertal variation in CYP2C11 
expression levels ranging from barely detectable to near-
adult concentrations in the GH-imprinted rats compared 
to the activation of all measured dependent signaling 
factors suggests that the signal transduction pathways 
required for GH induction of CYP2C11 are in place before 
the developmental expression of the isoform.

Our findings demonstrate that perinatal GH imprints 
a sexually dimorphic, latently expressed program, which 
at its earliest expression, is subsequently responsive to 

GH during puberty. The imprinting is obligatory and 
occurs during a critical developmental period, whereas 
the imprinted program is first expressed around the 
time of puberty. Since there is a myriad of metabolic 
functions in humans, including growth rates and lean 
body mass; cardiovascular, bone, adipose, and muscle 
physiology; protein, carbohydrate, lipid, and electrolyte 
metabolism all regulated, at least in part, by GH, and like 
CYP expression, exhibit permanent sexual dimorphisms 
(cf. ref 1), it may be that these adult functions also require 
perinatal GH imprinting and could be vulnerable to 
pediatric drug therapy known to inadvertently disrupt 
GH secretion.
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