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Introduction: Growth hormone deficiency (GHD) is a rare endocrine disorder
characterized by reduced or insufficient secretion of growth hormone (GH). GHD
manifests with a heterogenous spectrum of symptoms mainly affecting
musculoskeletal and endocrine system, with an increased predisposition to
psychosocial disorders and ultimately reduced quality of life.

Method: We searched the main databases for studies describing the metabolic
effects of growth hormone and its deficiency. All full-text articles and major
reviews were manually searched for additional studies.

Result: Metabolic derangements of GHD are reported in carbohydrate (insulin
resistance, diabetes mellitus), lipid (hypercholesterolemia, hypertriglyceridemia),
and protein (decreased lean body mass) metabolism. Currently, recombinant
growth hormone (rhGH) replacement therapy is the primary standard of care for
the treatment of GHD. Understanding the impact of GH, including the effect of
GHD and rhGH therapy, on metabolism would be a critical step in development
of effective treatment and selecting the best management strategies.

Discussion: This article reviews research progress and aims to offer new
perspectives on the metabolic state of patients suffering from GHD and to
compile data about the impact of rhGH therapy on metabolic pathways.

growth hormone deficiency, child, growth hormone therapy, metabolism, rHGH

1 Introduction

Growth hormone (GH), a vital peptide hormone synthesized and secreted by cells of
the anterjor pituitary gland, plays a central role in promoting children’s growth and
development (1). Growth hormone deficiency (GHD) is a rare endocrine disorder
characterized by reduced or insufficient secretion of GH, leading to growth and
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developmental impairments in children. The prevalence of GHD
ranges from 1:4000 to 1:10000 (2).

GHD manifests with a heterogenous spectrum of symptoms
affecting musculoskeletal system (growth failure, decreased muscle
tone, osteoporosis), endocrine system (delayed puberty, obesity),
with an increased predisposition to psychosocial disorders
(impaired sleep, anxiety, depression, low self-esteem and social
isolation) (3-6). Metabolic derangements of GHD are reported in
carbohydrate (insulin resistance, diabetes mellitus), lipid
(hypercholesterolemia, hypertriglyceridemia), and protein
(decreased lean body mass) metabolism, a clinical profile similar
to Metabolic syndrome (7). Furthermore, fasting hypoglycemia is a
common metabolic characteristic of infants and children with GH
secretion defects. These patients exhibit increased insulin
sensitivity, which enhances glucose utilization and results in
fasting hypoglycemia. The hypoglycemia may result from reduced
gluconeogenesis, abnormal glycogenolysis, or a combination of
both, leading to reduced liver glucose output. In severe cases,
repeated hypoglycemic episodes may even cause brain damage (8).

GHD is categorized into isolated form or in association with
other pituitary hormone deficiencies. Most patients suffer from
isolated GHD which is often idiopathic (9). For the sake of
simplicity, when we refer to GHD in the rest of the paper, we
mean the isolated form. GHD may be further sub-classified in
etiology as congenital or acquired (due to tumor, trauma,
inflammation/infection, or radiotherapy) (10).

The current available treatment for GHD is growth hormone
substitution as early as diagnosis is established. For this purpose, the
recombinant growth hormone (somatropin or its analogues) is
administered subcutaneously with short-term (once-daily) or
long-term (once-weekly) formulations (11). Patients with
congenital GHD need recombinant human GH replacement
therapy at an early stage (often after first year of life) to promote
normal growth and development. Patients with acquired GHD may
also require additional targeted treatment based on the underlying
cause, including surgical treatment of brain lesions (5, 12, 13).

Although the major purpose of treatment in GHD is focused on
improving stature and body gesture, GH is shown to also improve
metabolism (14). GH increases amino acid uptake and protein
synthesis and at the same time reduces the protein catabolism (15).
In addition, GH enhances lipolysis, by promoting breakdown of
triglycerides in adipose tissue, and alters distribution of lipids, often
leading to a decrease in visceral and an increase in subcutaneous fat
(16, 17). Such contributions to body composition are evidenced by
improved lean body mass, reduced fat mass, and ultimately quality
of life following GH replacement therapy (14). Understanding the
impact of GH on metabolism, including the metabolic
consequences of GH deficiency and GH replacement therapy,
would be a critical step in development of effective treatment and
selecting the best management strategies.

In recent years, the impact of growth hormone deficiency on
carbohydrate, lipid, and protein metabolism in children has become a
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prominent area of research. This article reviews the research progress in
this area to provide new ideas for the diagnosis and treatment of GHD.

2 GH and glucose metabolism

2.1 Effects of GH and GHD on glucose
metabolism

GH can interact with insulin to maintain blood sugar stability.
GH can also directly inhibit glucose utilization by muscle and
adipose tissue, promote hepatic gluconeogenesis and
glycogenolysis, and thereby regulate blood sugar levels (16, 18,
19). GH also modulate the glucose hemostasis through leptin-
receptor (LepR) expressing cells in brain, which is supported by
the evidence of impaired hepatic insulin sensitivity in GHR-ablated
LepR expressing neurons (8, 20). Of note, several pathways in GH
signaling, including GHR/JAK2/SHC/MAPK, GHR/JAK2/STATs,
and IRS/PI3K/Akt pathways, are shared with insulin, which further
explains the fundamentals for metabolic interaction between GH
and insulin (21) (Figure 1).

Several studies on mice and human with GH defect have
elaborated on the role of GH in glucose metabolism and its clinical
consequences. Dominici et al. reported that mice with GHD and
GHR deficiency exhibited hypoglycemia, low insulin levels, and
enhanced insulin sensitivity (22). Yakar et al. found that transgenic
mice lacking GHR and overexpressing GH antibodies also displayed
high insulin sensitivity and reduced blood glucose and blood insulin
levels (23). The effect of GHD on glucose metabolism in the clinical
setting is further supported by Xu et al. using metabolomics. By using
NMR-based serum metabolomics, they compared 35 healthy children
with 45 children with GHD-induced short stature. The study found
that the serum levels of a-glucose, B-glucose, serine, lysine, and
glutamine were significantly reduced in children with GHD, while the
serum levels of citric acid, phenylalanine, and tyrosine were
significantly increased. After conducting a comprehensive
metabolic pathway analysis of the differential metabolites, Xu et al.
concluded that the observed changes resulting from GH deficiency
inhibit gluconeogenesis, glycolysis, and the conversion of
carbohydrates into amino acids (18). Similarly, Lan Li et al.
conducted fecal metabolomics analysis on short children with
different GH levels and discovered that glycolysis, gluconeogenesis,
and pyruvate metabolism are some key metabolic pathways that differ
between children with GHD, children with idiopathic short stature
(ISS), and healthy children (24).

2.2 Effects of rhGH replacement therapy
on glucose metabolism

GH and its analogues are important drivers of the glucose
metabolism and may induce hyperglycemia (25). Some studies
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FIGURE 1

GH and IGF-1 Regulation of Three Metabolic Pathways. GH inhibits glucose uptake in peripheral tissues and promotes hepatic gluconeogenesis and
glycogenolysis, while IGF-1 stabilizes blood glucose levels by enhancing glucose utilization and insulin sensitivity. In lipid metabolism, GH activates
hormone-sensitive lipase (HSL), promoting triglyceride breakdown in adipose tissue and steroidogenesis in adrenal glands, and reducing total
cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) levels, with IGF-1 complementing these effects by improving lipid profiles. In
protein metabolism, GH and IGF-1 enhance protein synthesis through the PI3K/Akt/mTOR signaling pathway, with GH also increasing amino acid
uptake and reducing protein degradation, thereby stabilizing protein metabolism. GH, Growth Hormone; IGF-1, Insulin-like Growth Factor 1; HSL,
Hormone-Sensitive Lipase; TC, Total Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol; GLU, Glucose; PI3K/Akt/mTOR, Phosphoinositide 3-
Kinase/Protein Kinase B/Mechanistic Target of Rapamycin. Arrows: Red, Promote; Blue, Inhibit; Green, Stabilize.

suggest long-term rhGH replacement therapy is associated with
increased level of insulin and impaired insulin sensitivity (26, 27)
(Table 1). Meazza et al. compared 16 children with GHD
undergoing rhGH replacement therapy with 20 healthy children.
After 12 months of thGH replacement therapy, they observed no
significant changes in serum glucose levels. However, there was an
increase in insulin levels, accompanied by decreased insulin
sensitivity (28). This result was also supported by Wang et al.,
who treated 17 children with GHD for 3 to 30 months using rhGH
and found no significant changes in blood sugar levels, but observed
an increase in insulin levels (33). Saenger also reported slightly
elevated insulin levels and normal blood glucose levels after 36

TABLE 1 Effects of rhGH replacement therapy on metabolism.

=

tissue and
adrenal glands

GH and IGF-1 Regulation of Three Metabolic Pathways

10.3389/fendo.2025.1553008

Protein

~—> Promote
—> Inhibit
—— Stabilize

months of thGH treatment in a group of children with GHD
(34). Additionally, a large sample of long-term follow-up
clinical data involving 100 children with GHD who underwent
rhGH replacement therapy for 5 years displayed no significant
changes in blood sugar and only slightly impaired insulin
sensitivity (35).

Some studies have reported that the fasting blood glucose levels
of children with GHD can also be significantly increased during
rhGH replacement therapy (29, 36, 37). Giordano et al. studied 51
children with GHD undergoing rhGH replacement therapy and
found varying degrees of increase in fasting blood glucose levels
after therapy (37). Likewise, Xue et al. also noted a significant

Metabolic = Post-Treatment Indicator Changes Influencing Factors References
Type Improvement
Carbohydrate Partial restoration of glucose levels, Increased insulin levels, mild rise or stable glucose Hormone dosage, treatment duration, (28-30)
slight decrease in insulin sensitivity ~ levels; minor insulin resistance in some patients follow-up time, individual variability
Lipid Improvement in lipid abnormalities, = Significant reduction in TC and LDL-C; slight Baseline metabolic status, treatment (17, 30)
reduced cardiovascular risk increase or stable HDL-C; increased frequency, age
adiponectin levels
Protein Enhanced amino acid utilization, Marked increase in IGF-1 levels, elevated amino IGF-1 sensitivity, baseline (31, 32)
improved protein synthesis acids (e.g., lysine, valine), reduced urea production | metabolic state

TG, total cholesterol; LDL-C, low-density lipoprotein; HDL-C, high-density lipoprotein; IGF-1, Insulin-like Growth Factor 1.
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increase in fasting blood glucose during 6 months of rhGH
replacement therapy in 60 children, with half of the participants
receiving high doses of rhGH (0.1 U/kg) (36). Ciresi et al. examined
the effect of two different weekly injection schedules on the
metabolic outcomes in children with GHD. The results revealed
that both thrice-weekly and daily rhGH replacement injections
increased fasting blood sugar in children, but rhGH replacement
therapy injected three times a week had a more pronounced effect
on blood sugar elevation (29).

Exogenous supplementation of rhGH affects insulin levels and
sensitivity, promotes gluconeogenesis and glycogenolysis, and
decreases glucose uptake in muscle and adipose tissue (15). An in
vivo study in mice showed a GH-induced increase in expression of two
pivotal genes in gluconeogenesis including phosphoenolpyruvate
carboxy-kinase and glucose-6-phosphatase (38). In addition, another
study on rats expressing human GH found increased activity of the
glycogen synthase (39). In vitro studies showed that GH upregulates
the p85 subunit in the phosphoinositide 3-kinase (PI3K) pathway,
which decreases the PI3K, a mediator downstream of the insulin
receptor, further explaining the insulin insensitivity in rhGH
replacement therapy (40). In clinical setting, variations in study
outcomes may be due to differences in hormone types, dosages,
administration frequency, follow-up duration, and sample sizes (41,
42), highlighting the need for further research to understand the
complex molecular mechanisms behind abnormal glucose metabolism
in pediatric GHD.

3 GH and lipid metabolism

3.1 Effects of GH and GHD on body lipid
metabolism

GH exhibits a significant lipid-lowering effect, potentially
through B-adrenergic activation, which stimulates hormone-
sensitive lipase, thereby indirectly promoting fat decomposition and
fatty acid oxidation. It also stimulates the expression of low-density
lipoprotein receptor (LDL-R) in the liver, facilitating the clearance of
low-density lipoprotein cholesterol (LDL-C), and regulating
lipoprotein metabolism. Consequently, GHD can disrupt lipid
homeostasis, leading to abnormal lipid profiles (17, 43, 44) (Figure 1).

Many studies have reported that GHD significantly impairs lipid-
lowering function, leading to fat accumulation. For instance, Misra
et al. reported that the body fat of children with GHD was considerably
high, particularly concentrated in the waist and hips, resulting in an
almost 35% increase in waist-to-hip ratio (45). Similarly, Lanes et al.
revealed that children with GHD exhibited increased body fat content
and adipose tissue accumulation in the epicardium, potentially serving
as a significant risk factor for cardiovascular disease (46). Additionally,
GHD may also alter various biochemical indicators in the body. Several
studies have shown that cholesterol (TC), triglyceride (TG), and low-
density lipoprotein-cholesterol (LDL-C) were significantly higher in
children with GHD compared to healthy children, while their levels of
high-density lipoprotein-cholesterol (HDL-C) are notably lower
(17, 44).
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Secreted by adipocytes, adiponectin is an endogenous bioactive
polypeptide or protein. Both adiponectin and fatty acid levels are
altered in children with GHD. Several studies have reported that
some fatty acids are significantly lowered in children with GHD
compared to healthy children (24, 47, 48). Lin Junhong et al.
reported that adiponectin levels in children with GHD were
significantly reduced, with adiponectin negatively correlating with
TG. They speculated that GH may be directly involved in regulating
blood lipids in children with GHD, with adiponectin potentially
playing a partial role in TG metabolism (17). Guoyou et al.
performed non-targeted metabolomic analysis on the serum of 29
children with GHD, 31 children with ISS, and 30 healthy children.
They found that methyl arachidonic acid was significantly reduced
in the GHD group and that lipid signaling and sphingolipid
metabolism pathways were significantly enriched (47).

Another mediator of the lipid metabolism and GH is betaine, a
modified amino acid consisting of glycine with three methyl groups.
Betaine levels in children with GHD are shown to be significantly lower
compared to healthy children (18). Betaine considerably increases
serum GH and IGF-1 levels, promoting fat transport and affecting
lipid metabolism. It enhancesB-oxidation of fatty acids to acetyl
coenzyme A, and provides methyl groups for the conversion of
phosphatidylethanolamine to phosphatidylcholine, thereby reducing
malate dehydrogenase activity (18). Reduced serum levels of betaine,
along with other biomarkers including serine, glutamine, lysine, o- &
[-glucose, myo-inositol, and glycerol could be used as an indicator for
diagnosis of GHD. In addition, exogenous supplemental betaine and
endogenous increase in lysine and glutamine could improve lipid
metabolism and thus might be regarded as potential treatments of
GHD (18, 49). However, there are currently limited studies on this
topic, and require further clinical trials.

3.2 Effects of rhGH replacement therapy
on body lipid metabolism

Lipid metabolism disorders have been shown to be improved by
standardized rhGH replacement therapy. While research findings on
the effect of rhGH replacement therapy on lipid metabolism in children
with GHD vary, the general consensus is that rhGH replacement
therapy can reduce blood TC and LDL-C levels, with either no impact
on or a potential increase in HDL-C levels. After 12 months of rhGH
replacement therapy in 60 children with GHD, Ming et al. observed
significant reductions in TC, TG, and LDL-C levels, along with an
increase in HDL-C levels. Particularly, these metabolic indexes were
more pronounced in children receiving high-dose rhGH replacement
therapy (17). Belceanu et al. studied 42 children with GHD and found
significant decreases in TC and LDL-C after 12 months of rhGH
replacement therapy, though HDL-C and TG levels remained almost
unchanged during the monitoring period (30).

The regulation of fatty acid metabolism may represent one of the
potential mechanisms by which rhGH replacement therapy improves
GHD. However, there are inconsistencies in findings across different
studies. Li et al. conducted serum metabolomic analysis on 57 children
with GHD undergoing rhGH replacement and observed a significant
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increase in stearic acid, myristic acid, palmitoleic acid, dodecanoic
acid, heptadecanoic acid, and oleic acid, following the treatment. The
reduction of fatty acids in patients with GHD was restored to normal
levels after thGH treatment. Additionally, the study revealed that
stearic acid, myristic acid, palmitoleic acid, dodecanoic acid, and
heptadecanoic acid were negatively correlated with the age of the
subjects, with the younger subjects demonstrating higher clinical
efficacy compared to older ones (24). Based on these findings, it was
speculated that initiating rhGH replacement therapy at a younger age
result in better outcomes. Meanwhile, other studies have also reported
that adiponectin levels increased in children with GHD after rhGH
replacement therapy, potentially due to the direct effects of GH (48).
The study by Lin et al. also supported this finding but suggested that
the results might be influenced by the small number of children with
GHD and the wide variation in serum adiponectin levels (17). Some
researchers have also reported no significant changes in adipose tissue
levels after rhGH replacement therapy (50).

Another important metabolic effect of rhGH is its cumulative
side effect on cardiovascular morbidity and mortality. It has been
suggested that GH could increase the risk of atherosclerosis directly
via triggering the inflammatory process in atherogenesis (51), by
increasing the risk of type 2 diabetes mellitus (52, 53), or by
inducing dyslipidemia (17). The latter has been studied with its
association with a biomarker of atherosclerosis, the carotid intima-
media thickness (cIMT). Saygili et al. studied 71 children with
isolated GHD and found a considerable increase in cIMT in GHD
patients receiving rhGH compared to the control group (52). In
contrary, a study on 60 Chinese children with GHD (17) reported a
significant decrease in the TC, TG, LDL-C, and cIMT, as well as a
significant increase in the HDL-C following one year of rhGH
therapy. This result was further supported by a recent prospective
study on 24 children with GHD reported improved lipid profile and
cIMT after receiving one year of rhGH (54). The evidences of rhGH
on lipid profile and risk of cardiovascular disorders are not univocal
and this topic is still partially matter of debate. Further prospective
research on the effect of thGH on the risk of atherosclerosis in
patients with GHD is required to establish a uniformed guideline on
monitoring of cardiovascular system. Until then, close monitoring
of the lipid metabolism in patients with GHD is highly
recommended to mitigate the potential adverse effects of lipid
metabolism disorders.

4 GH and protein metabolism

4.1 Effects of GH and GHD on protein
metabolism

Under normal eating conditions, GH plays a significant role in
protein metabolism. It not only promotes protein synthesis in
muscles and at the systemic level but also enhances the utilization
of amino acids for protein synthesis. GH also helps reduce protein
decomposition by decreasing amino acid oxidation, amino acid
degradation, and hepatic urea formation. GH also modulates the
maintenance of the protein pool under fasting and stress conditions
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(31, 55, 56). Children with GHD experience abnormal protein
metabolism, leading to specific metabolic changes in amino acids
and ultimately resulting in growth restriction. Amino acids are the
building blocks of proteins. Lysine is an essential amino acid, which
promotes the secretion of GH receptors in tissues. The receptors bind
to GH, which in turn induces IGF-1, promoting growth and
development (Figure 1). Studies have shown that lysine levels in
children with GHD are significantly lower than those in normal
children, which may contribute to disorders in the growth and
development of children with GHD (18, 57, 58). Moreover, some
studies have reported that GHD is associated with decreased valine
and phenylacetate levels, along with increased acetate levels. Notably,
valine and phenylacetate levels are positively correlated with GH peak
levels (24). Valine is an essential bioactive molecule that plays a
crucial role in protein synthesis, energy metabolism, and nutrient
absorption. Phenylacetic acid is a bacterial metabolite derived from
aromatic amino acids that can disrupt redox homeostasis. Disorders
in phenylacetic acid metabolism may result in increased oxidative
stress in children with GHD, thereby raising the risk of cardiovascular
complications. Therefore, whether supplementing specific amino
acids can improve the protein metabolism levels in children with
GHD remains to be supported by extensive clinical and laboratory
data and will be a key focus of future research in this area.

4.2 Effects of rhGH replacement therapy
on protein metabolism

GH is a hormone primarily responsible for promoting protein
synthesis in the human body. Liver cells are vital target organs of GH.
GH has been known to exert its therapeutic effects via IGF-1. The
rhGH replacement therapy has been shown to stimulate the synthesis
and secretion of IGF-1 and IGFBP3 in children with GHD. IGFBP3
upregulates the activity of IGF-1, which in turn inhibits protein
degradation, and enhances the amino acid uptake and cell
proliferation, thus improving liver function, promoting protein
synthesis, reducing protein degradation, and sustaining positive
nitrogen balance in children with GHD (31, 55, 56). The rhGH
replacement therapy has also been shown to reduce urea excretion,
urea flux, and urea production rate while enhancing protein synthesis
and promoting growth and development in children with GHD.
Additionally, the rhGH replacement therapy offers application
prospects to improve the body’s protein metabolism. Several studies
have shown that the rhGH replacement therapy has a unique impact
on promoting protein metabolism in patients undergoing surgery as
well as during wound healing in burn patients (59-62). The rhGH
replacement therapy also has the potential to improve gastrointestinal
function. Studies have shown that rhGH promotes the intestinal
uptake and utilization of glutamine, in turn, promoting intestinal
cellular proliferation and repair to maintain optimal intestinal
mucosal barrier function (32). Also, the intermediate products of
hydroxyproline metabolism, i.e., prolyl-hydroxyproline and
isoleucamide-hydroxyproline have been shown to be present in
significantly elevated levels during the six months of rhGH
replacement therapy. Prolyl-hydroxyproline is a critical collagen
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degradation product that is found in human blood circulation. The
results of in vitro experiments have identified that it affects fibroblast
proliferation, regulates chondrocyte differentiation, and promotes
osteoblast differentiation by enhancing Foxol expression (43). Thus,
the rhGH replacement therapy has been shown to play a critical role in
improving the body’s protein metabolism (Table 1).

5 Summary and outlook

GH, a key endocrine hormone is known to play a key role in
promoting optimal growth and maintaining metabolic homeostasis in
children. Children with GHD have been known to exhibit apparent
retardation in growth and development as well as severe abnormalities
in carbohydrate, lipid, and protein metabolism. These metabolic
abnormalities threaten children’s physical and psychological health.
The rhGH replacement therapy has been shown to effectively improve
the growth curve and metabolic status in children, in turn, promoting
their growth and development and improving their quality of life.

Despite the presence of several studies on abnormal carbohydrate,
lipid, and protein metabolism in children with GHD, these topics still
need further in-depth study and exploration. The currently available
literature is mainly focused on a particular aspect of metabolism and
does not systematically explain the comprehensive impact of GHD on
various metabolic levels of carbohydrates, lipids, and proteins. Also,
most studies focus on detecting and observing biochemical indicators;
however, they lack an in-depth discussion of the underlying
mechanisms. Additionally, the sample size is small and the research
subjects mostly constitute specific ethnic groups, limiting the universal
applicability of these results.

Therefore, a comprehensive, multi-level, and multi-dimensional
approach is required to unravel the mechanisms underlying GHD.
Integrating multi-omics research tools, such as proteomics,
metabolomics, and genomics will enable systemic identification of
these metabolic mechanisms. These mechanisms should be validated
by large-scale, long-term follow-up studies and clinical data. This will
help deepen our understanding of the metabolic role of GHD and
provide scientific and personalized guidance for clinical treatment.
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