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    Abstract  

  In utero growth hormone exposure is associated with distinct immediate 
growth responses and long term impacts on adult physiological parame-
ters that include obesity, insulin resistance, and bone function. Growth 
hormone accelerates cellular proliferation in many tissues but is exempli-
fi ed by increases in the number of cells within the cartilaginous growth 
plate of bone. In some cases growth hormone also potentiates differentia-
tion as seen in the differentiation of adipocytes that rapidly fi ll upon with-
drawal of growth hormone. Growth hormone provokes these changes 
either by direct action or through intermediaries such as insulin-like 
growth factor-I and other downstream effector molecules. The specifi c 
mechanism used by growth hormone in programming tissues is not yet 
fully characterized and likely represents a multipronged approach involv-
ing DNA modifi cation, altered adult hormonal milieu, and the develop-
ment of an augmented stem cell pool capable of future engagement as is 
seen in adipose accrual. This review summarizes fi ndings of growth 
hormone’s infl uence on in utero and neonatal cellular and metabolic pro-
fi les related to bone and adipose tissue.  
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1         Fetal Programming 
and Growth 

    It is well recognized that the hormonal and envi-
ronmental milieu in which the fetus develops 
greatly impacts health and disease susceptibility 
in later life [ 1 ,  2 ]. Early intrauterine nutritional 
and environmental stressors or endocrine chal-
lenges may all program the fetus such that adult 
physiology is altered. For instance, metabolic 
bone diseases are purported to arise from prena-
tal undernourishment [ 3 ]. Evidence likewise 
exists for neonatal metabolic programming for 
obesity. Small for gestational age (SGA) off-
spring, often arising as a consequence of mal-
nourished mothers, is also correlated with adult 
hypertension, glucose intolerance, insulin resis-
tance, type 2 diabetes, dyslipidemia, reduced 
bone mass, and reduced bone strength. 
Differential fetal programming occurring at the 
gene level with methylation, gene silencing, and 
other epigenetic modifi cations permit adult onset 
disorders associated with SGA neonates 
(reviewed in [ 4 ]).  

2     Role of GH-IGF in Normal 
Growth and Development 

 Postnatally, the growth hormone (GH) insulin- 
like growth factor (IGF) axis is the predominant 
endocrine pathway that modulates overall body 
growth [ 5 ,  6 ]. In utero, GH plays a much reduced 
role as compared to postnatal development with 
other hormones assuming more prominent fetal 
roles: insulin, IGF-I, IGF-II, glucocorticoids, and 
thyroid hormones being essential in normal fetal 
growth [ 1 ]. Yet it is known that GH infl uences 
fetal growth. For instance, when mice transgenic 
for a GH construct are exposed to the transgene 
stimulus, hence elevated GH, in utero, they 
exhibit a 12 % reduction in birth weight [ 7 ] and 
calves born to dams given exogenous bovine 
somatotropin (GH) have reduced birth weights 
[ 8 ,  9 ]. Insulin levels of calves born to GH treated 
dams also tended to be reduced at birth [ 9 ] refl ect-
ing additional infl uences due to GH. 

 In a cohort of infants having low birth weight, 
at 1 year of age IGF-I levels were not associated 
with being born SGA. Likewise, when 17 years 
of age, there were no associations between IGF-I 
levels and being born SGA [ 10 ]. There was how-
ever a trend in children born SGA to have lower 
circulating GH as young adults [ 10 ] indicating 
persistent effects by early developmental experi-
ences on GH secretion. 

 Interestingly, despite the early growth com-
promise, approximately 90 % of SGA births have 
accelerated growth in the fi rst two postnatal years 
and achieve a fi nal height that is within the nor-
mal range [ 11 ,  12 ]. However the remaining 10 % 
of SGA births do not exhibit catch-up growth 
indicating sustained impairment of the GH-IGF 
endocrine axis suggesting fetal programming of 
the axis as a consequence of early growth 
 dysfunction [ 13 ]. 

 Evaluating early effects of GH on infl amma-
tion and immune competence also suggests a 
direct role of GH in fetal and early neonatal 
development. Treating SGA rat pups with exog-
enous GH during the pre-weaning growth stage 
reverses the persistent negative effects on immune 
function that accompanies SGA [ 14 ]. The ability 
of GH to reverse chronic infl ammatory condi-
tions suggests that GH can restore epigenetic 
changes evoked by uterine growth perturbations. 
The responsiveness of the neonate demonstrates 
the plasticity of postnatal development. 

 As noted above, postnatal development is 
highly regulated by GH. For instance, in GH 
transgenic mouse models, mouse pups born and 
nursed by dams exposed to elevated GH grow 
approximately 50 % faster than contemporary 
pups nursed by dams with normal circulating 
GH [ 15 ] and transgenic pups stimulated to 
express GH likewise show signifi cant growth 
enhancement. In normal rodent development, the 
composition of gain is invariant such that each 
unit of gain is composed of the same proportions 
of water, lipid, protein and ash across the entire 
growth phase, despite the speed of accrual [ 16 ]; 
under conditions of elevated GH, composition of 
protein gain exceeds that of the other compo-
nents [ 17 ] indicating GH repartitions nutrients 
preferentially.  
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3     Programming Linear Bone 
Growth by GH 

 In addition to protein accretion, another key 
growth parameter controlled by GH is linear 
bone elongation and bone remodeling. A conse-
quence associated with SGA neonates is reduced 
bone mass and strength in adulthood refl ecting 
programming of this axis [ 18 ]. As noted above, 
the vast majority of SGA births achieve normal 
height within the fi rst 2 years [ 11 ,  12 ] demon-
strating competence of the growth plate chondro-
cytes regulating linear growth. Early therapeutic 
provision of GH to SGA neonates having suffi -
cient GH enhances the velocity of bone growth 
transiently but only for the duration of GH treat-
ment [ 4 ]. Similar acceleration effects of GH on 
linear growth rates have been reported for 
rodents. As seen in children, transient high GH 
levels in mice increased growth rate but did not 
alter overall outcome on bone length [ 7 ]. 
Importantly, for rodents the developmental stage 
of exposure is critical to bone elongation more so 
than duration of exposure [ 19 ]. Specifi cally in the 
mouse, provision of GH between birth and 
28 days is most infl uential on bone elongation 
and adult size. Initiating the elevated GH beyond 
28 days of age increases growth but not to the 
extent realized with earlier exposure despite the 
presence of a functional growth plate. At the cel-
lular level, GH accelerates bone growth by hyper-
plasia as opposed to growth plate chondrocyte 
hypertrophy [ 19 ]. 

 Calves and rodents exposed to elevated GH in 
utero have reduced birth weights. In mice, bone 
lengths are reduced postnatally and catch-up 
growth is not detected by weaning (22 days post-
natal) but if GH is provided after birth then the 
postnatal exposure to GH compensates for the in 
utero growth inhibition reversing the effect and 
overall bone length is restored [ 7 ]. In another 
model that altered fetal GH, treatment of preg-
nant sows with beta hydroxyl beta methylbutyr-
ate signifi cantly enhanced GH and IGF-I in the 
piglets [ 20 ]. In piglets from the treated dams, 
femur lengths remained signifi cantly reduced at 
6 months of age though measures of bone strength 

were improved. Taken together, these data indi-
cate exposure of the fetus to elevated GH 
represses linear bone into adulthood.  

4     Programming Adiposity 
by GH 

 Offspring from mothers who are undernourished 
during pregnancy exhibit SGA at birth and adult 
onset obesity, insulin resistance, hypertension, 
and metabolic dysfunction. These conditions can 
be ameliorated by providing exogenous GH at 
early postnatal stages with GH treatment improv-
ing cardiovascular function and reversing endo-
thelial dysfunction [ 14 ,  21 ]. For example, in rats, 
the adiposity that typically accompanies adult-
hood in offspring of undernourished mothers can 
be reversed by provision of GH treatment pre-
weaning ([ 22 ] and reviewed in [ 23 ]). Caution is 
warranted however as provision of GH to neo-
nates can result in the development of insulin 
resistance [ 24 ]. 

 Elevated GH in adult mice signifi cantly 
increases circulating insulin with the levels 
remaining elevated even after reducing circulat-
ing GH levels demonstrating insulin resistance 
[ 25 ]. Insulin resistance is observed in SGA prepu-
bertal children (reviewed in [ 4 ]) and Jensen et al. 
[ 13 ] suggest that those that do not experience 
catch-up growth may be even more at risk for type 
2 diabetes. Concern surrounds  therapeutic GH 
treatment of SGA children because GH reduces 
insulin sensitivity potentially exacerbating the 
risk of diabetes. Although insulin levels in chil-
dren born SGA return to normal levels following 
cessation of GH treatment [ 4 ], the SGA children 
who have been treated with GH are not yet old 
enough to fully evaluate consequences of GH 
treatment on adult carbohydrate metabolism. 

 Insulin resistance promotes the retention of 
lipid stores thereby contributing to adult onset 
obesity refl ecting. The elevated insulin, as a conse-
quence of the elevated GH, may also induce lipo-
protein lipase further promoting adipose storage. 
Prenatal adipocyte differentiation with enhanced 
lipogenic and adipogenic capacity also promotes 
adult obesity as seen in SGA offspring [ 26 ]. 
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White adipose tissue in humans and rodents pos-
sess a reservoir of precursor cells that can con-
tinue to differentiate [ 27 ,  28 ]. In a GH transgenic 
mouse model in which the GH transgene can be 
directly and specifi cally regulated to increase cir-
culating GH, elevated GH either in utero or post-
natally results in increased adipose depot size 
and lipid stores [ 7 ]. The adiposity was due to 
both greater adipocyte numbers as a result of 
hyperplasia and differentiation driven by GH and 
enlarged cellular lipid content [ 25 ,  29 ]. 

 A possible mechanism explaining GH contri-
butions to the development of SGA, and thus 
future adiposity, is the impact of GH on maternal 
leptin levels. Elevated GH can drive adipocyte 
differentiation increasing maternal adipose stor-
age potential thereby increasing overall level of 
leptin in circulation. Notably, concomitant with 
enhanced adipose content driven by elevated GH, 
in transgenic mice transiently exposed to elevated 
GH, associated with the elevated leptin levels is 
elevated NPY gene and protein expression sug-
gesting leptin resistance [ 30 ]. However, maternal 
exposure to GH also drives the development of 
fetal adiposity as seen in sheep treated with GH. 
Although leptin levels were reduced in both the 
dam and the fetus as a response to treatment, adi-
pose was signifi cantly amplifi ed [ 31 ] indicating 
the direct effect of GH on adipose metabolism. 

 An additional mechanism of potential GH 
programming lies in its effects on membrane lip-
ids. Elevated GH alters cellular membrane char-
acteristics to create a more unsaturated lipid 
profi le [ 32 ]. Membrane desaturase pathways acti-
vated in response to GH cause a net fl ux through 
the lipid metabolism pathways to generate eico-
sanoids [ 33 ]; many of the changes are consistent 
with the infl ammation conditions observed in 
chronic health disturbances associated with the 
obesity and other adult sequelae of SGA [ 24 ].  

5     GH Programming of Leptin 

 Leptin, fi rst identifi ed in adults, has a clear role in 
postnatal and adult energy metabolism (reviewed 
in [ 34 ]). The fetus too is exposed, in varying 
degrees, to leptin derived from the maternal 

 circulation, the placental, and the fetus itself. 
Leptin is known to effect pre- and postnatal 
development with autocrine/paracrine mecha-
nisms preferred over the endocrine system [ 34 ]. 
Leptin regulates brain and bone development in 
the fetus [ 35 ], controls intrauterine and periuter-
ine growth, and programs appetite drive in the 
neonate to facilitate rapid body weight accrual 
[ 36 ] indicating that in fetal metabolism, leptin 
has an analogous role as it does in the adult. Fetal 
exposure to leptin is also intimately involved in 
fetal programming of adult satiety including that 
of hunger- mediated ingestive behavior. 
Specifi cally, reduced neurotransmission of leptin 
signals of energy storage adequacy during neona-
tal life chronically alter adiposity and food intake 
regulation at later ages [ 36 ,  37 ]. 

 Leptin levels correlate with birth weight: SGA 
infants have low leptin levels while large for ges-
tational age babies born to mothers with diabetes 
have high leptin concentrations [ 38 ]. This asso-
ciation appears to be independent of the GH/IGF 
endocrine axis reviewed by [ 36 ] although GH 
can impact maternal and fetal leptin levels as 
detailed below. 

 Despite the knowledge of leptin’s involvement, 
the specifi c mechanistic role of leptin in fetal life 
is less well defi ned especially in light of the var-
ied sources of leptin. As an example, insulin and 
IGF-I concentrations are directly correlated with 
leptin in newborn [ 39 ] but the correlation does 
not answer the mechanistic question of whether 
leptin is directing fetal growth or the leptin is a 
mere refl ection of adipose accrual in the growing 
fetus since fetal  adipose is signifi cant source of 
leptin [ 40 ]. It is also known that leptin in fetal 
circulation can be regulated by circulating insulin 
[ 41 ] and dams with elevated insulin infl uence the 
leptin levels in the fetus. Further, leptin derived 
from the placenta may infl uence fetal growth by 
infl uencing placental function. 

 Maternal leptin levels increase over the course 
of pregnancy while the fetus during the fi nal 
 trimester of gestation contributes ever increasing 
amounts of leptin as the fetal white adipose 
depots enlarge [ 36 ]. The placenta synthesizes 
leptin with the majority entering maternal circu-
lation though the role of placental leptin in the 
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fetus varies by species (reviewed [ 34 ]) as does 
the placenta’s permeability to leptin. In the sheep 
maternal and fetal leptin levels correlate with 
nutritional plane of the dam but that does not hold 
true for primates [ 40 ]; the rat placenta is more 
similar to the sheep with leptin permeable to the 
placenta [ 42 ]. 

 Elevated maternal leptin in mice correlate 
with reduced placental and fetal weights of their 
offspring [ 43 ]. In contrast, human offspring born 
to mothers with gestational hyperleptinemia are 
born with higher leptin levels and are at risk of 
being large for gestational age [ 36 ]. These moth-
ers also had elevated insulin that increases pla-
cental leptin synthesis leading to greater exposure 
of the fetus [ 44 ]. In a prospective human study 
designed to assess the impact of maternal weight 
gain during pregnancy on offspring body weight, 
it was found that cord leptin was positively asso-
ciated with birth weight and excessive weight 
gain during pregnancy was directly associated 
with cord hyperleptinemia [ 45 ]. In a separate 
prospective human study, elevated maternal 
leptin levels accompanied SGA births [ 46 ] indi-
cating that elevated maternal leptin refl ected 
impaired fetal growth. Thus the infl uence of 
maternal leptin in human fetal development 
remains indeterminate. 

 Circulating neonatal leptin, for human infants, 
is associated with numerous fetal growth indica-
tors including body weight, bone length as 
refl ected in crown rump length, adiposity, and 
bone mineral density (reviewed in [ 34 ]). Low 
leptin in SGA neonates correlates with elevated 
leptin and leptin resistance at adulthood. The ini-
tial function of neonatal leptin resistance may be 
permissive for the catch-up growth seen in the 
majority of SGA offspring [ 47 ]. In neonatal pigs 
and humans exhibiting nutritionally induced 
SGA birth weights, nutritionally adequate diets 
during the postnatal period facilitates catch-up 
growth though there is a greater proportion of 
lipid accumulation than would accompany nor-
mal developmental growth [ 48 ]. 

 In rats, restricting maternal dietary protein to 
induce intrauterine growth restriction and SGA 
pups, these SGA pups, when adults, have excess 
abdominal adipose depots [ 49 ]. Further, as adults, 

the fat depots exhibit altered gene profi les for 
genes associated with lipid metabolism and adipose 
accrual upregulated. Interestingly, neonatal pro-
vision of exogenous leptin to SGA piglets and rat 
pups reverses the adipocyte proliferation induced 
by intrauterine growth restriction [ 37 ,  48 ]. 
Excessive calories in the neonate creating 
“maternal diet-induced obesity”, leads to leptin 
resistance in adulthood optimizing conditions 
favorable for adult onset metabolic disease [ 50 ]. 
McMillen et al. [ 51 ] reported that fetal leptin can 
modify adipocyte metabolism leading to dis-
rupted appetite regulation of the neonate culmi-
nating in programmed leptin resistance, enhanced 
adiposity, and adult obesity. It is also known that 
leptin can drive adipocyte differentiation. The 
action of leptin and leptin resistance in the neo-
nate clearly requires additional study. 

 Leptin resistance occurs when the receptors 
for leptin fail to transmit adequacy of energy 
stores. It is speculated that leptin resistance, 
 programmed during fetal and neonatal life, repre-
sents impaired maturation of the neural circuits 
informing the body of energy stores [ 48 ]. 
The reduced leptin levels in SGA infants are sus-
pected to disrupt normal neuronal programming 
and adult regulation of appetite. Supporting this 
concept is that provision of leptin to SGA rodent 
pups can normalize adult metabolism [ 37 ]. 
Increased expression of fetal neuropeptide-Y 
(NPY), leptin’s receptor, may also contribute to 
the obesity that follows SGA [ 26 ,  51 ]. 

 Dysregulation of GH early in life can increase 
adipocyte proliferative and differentiative poten-
tial thereby predisposing an individual to elevated 
leptin levels that would impact adult life. In GH 
transgenic mice with a regulated promoter 
enabling transient exposure to excessive GH, 
mice transiently exposed to elevated GH during 
early postnatal development rapidly become 
obese upon withdrawal of the elevated GH; 
accompanying the adiposity is an overall increase 
in circulating leptin [ 25 ]. In these animals, each 
adipocyte expresses less leptin such that on a per 
gram of adipose basis leptin secretion is reduced 
but the cumulative amount is greater due to the 
overall enhanced adipose storage. It is hypothe-
sized that the reduced leptin expression at the 
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adipocyte level represents a GH induced insulin 
resistance and reduced adipocyte glucose utiliza-
tion. At the hypothalamus, elevated leptin corre-
sponds to enhanced transcript and protein 
expression of NPY [ 30 ]. Mice in which the GH 
remains elevated also exhibit reduced leptin 
expressed on per gram of lipid [ 29 ]. 

 Whether GH directly alters leptin in utero or 
whether it is through a secondary mechanism 
remains unknown. However, GH can drive adipo-
cyte differentiation enabling future adiposity, and 
potentiate insulin and leptin resistance. Enlarged 
adipose depots will synthesize more leptin fur-
ther exacerbating the leptin resistance. Taken 
together, altered perinatal leptin levels can affect 
fetal programming and ultimately potentiate 
adult metabolic disorders.  

6     Conclusion 

 Growth hormone directly impacts bone length 
and strength postnatally while substantive evi-
dence exists to demonstrate a signifi cant role of 
GH in utero with adult consequences. Similarly 
GH modulates adipose development pre- and 
postnatally at both the proliferation and differen-
tiation stages, including adipose membrane 
involvement. Growth hormone may exert its pro-
gramming infl uence through leptin and persistent 
effects on its action. Additional studies are neces-
sary to characterize the contribution of GH and 
the mechanistic changes that mediate the fetal 
programming observed.     
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