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Abstract

Replicative senescence occurs due to an inability to repair DNA damage and activation of
p53/p21 and p16INK4 pathways. It is considered a preventive mechanism for arresting pro-
liferation of DNA-damaged cells. Stably senescent cells are characterized by a senescence-
associated secretory phenotype (SASP), which produces and secretes cytokines,
chemokines, and/or matrix metalloproteinases depending on the cell type. SASP proteins
may increase cell proliferation, facilitating conversion of premalignant to malignant tumor
cells, triggering DNA damage, and altering the tissue microenvironment. Further, senes-
cent cells accumulate with age, thereby aggravating age-related tissue damage. Here, we
review a heretofore unappreciated role for growth hormone (GH) as a SASP component,
acting in an autocrine and paracrine fashion. In senescent cells, GH is activated by DNA-
damage-induced p53 and inhibits phosphorylation of DNA repair proteins ATM, Chk2,
p53, and H2AX. Somatotroph adenomas containing abundant intracellular GH exhibit in-
creased somatic copy number alterations, indicative of DNA damage, and are associated
with induced p53/p21. As this pathway restrains proliferation of DNA-damaged cells, these
mechanisms may underlie the senescent phenotype and benign nature of slowly prolifer-
ating pituitary somatotroph adenomas. In highly proliferative cells, such as colon epithelial
cells, GH induced in response to DNA damage suppresses p53, thereby triggering senes-
cent cell proliferation. As senescent cells harbor unrepaired DNA damage, GH may enable
senescent cells to evade senescence and reenter the cell cycle, resulting in acquisition of
harmful mutations. These mechanisms, at least in part, may underlie pro-aging effects of
GH observed in animal models and in patients with chronically elevated GH levels.
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Aging is characterized by accumulated cellular damage re- and multiple comorbidities resulting from chronic illnesses [1,
sulting in functional and structural loss of tissue integrity, frailty, ~ 2]. Mechanisms contributing to the aging processes have been
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extensively reviewed [3-5], and several hallmarks of the aging
cell identified. These include genomic instability, cellular sen-
escence, telomere attrition, epigenetic alteration, mitochon-
drial dysfunction, stem cell exhaustion, loss of proteostasis,
deregulated nutrient sensing, and altered intercellular commu-
nication [5]. These processes may occur distinctively, but most
are interrelated, and delineating the contributions of each re-
spective mechanism to the aging process remains challenging.
Changes in growth hormone (GH)/insulin-like growth factor
1 (IGF1) axis signaling with age are well recognized [2], and
increasing evidence supports a role in cellular senescence. This
review focuses on mechanistic relationships between GH and
senescence, highlighting how senescence appears to underlie
age-associated processes and diseases [6].

Search Strategy and Selection Criteria

References for this mini-review were identified through
searches of PubMed for articles published from database
inception until October 15, 2021, using the terms growth
hormone, insulin-like growth factor, and somatotroph
in combination with the terms senescence, aging, DNA
damage, and DNA repair. English-language articles re-
sulting from these searches and relevant references cited
in those articles were reviewed. Relevant articles were also
identified through searching authors’ personal files. Greater
emphasis was placed on articles published in higher impact
journals, although formal systematic review and grading of
evidence was not undertaken.

Cellular Senescence

Senescence was originally identified by Hayflick [7],
describing what is now known as replicative senescence
in human fibroblasts after prolonged cell passaging in cul-
ture. Later studies showed senescence is characterized by
p16INK4 accumulation, which sustains stable prolifera-
tive arrest; p16INK4 expression correlates with chrono-
logical age in multiple tissues [8] and the INK4/ARF locus
is strongly linked to age-association pathologies [8-10].
Senescence-associated cell cycle arrest protects genomic in-
tegrity in response to genotoxic stress, cytokines, reactive
oxygen species, mitochondrial dysfunction, and oncogene
activation. Most senescence types are caused by DNA
damage triggered by replicative errors, telomere shortening,
and oxidative damage, although it may also be caused by en-
vironmental insults including UV light or chemotherapeutic
drugs. When the cell cannot repair DNA damage, it is either
destined to die from apoptosis or becomes senescent and
exits the cell cycle. DNA-damage-induced senescence is ini-
tiated by activation of the p53/p21 pathway, which triggers
cell cycle arrest (reviewed in (11-13)).

Senescent cells are flattened, increased in size, and
vacuolated, and generally express senescence-associated
[B-galactosidase (SA-B-gal). Senescent human cells also
exhibit senescence-associated chromatin foci, and these,
along with SA-fB-gal, thus serve as senescence markers
[14-16]. A distinctive feature of stably senescent cells is
that they express and secrete multiple proteins as part of
the senescence-associated secretary phenotype (SASP),
including matrix metalloproteinases, IGF binding proteins,
the immunomodulators and chemokines interleukin-1 (IL-
1), IL-6, and IL-8, as well as vascular endothelial growth
factor A, all of which act in an autocrine and/or paracrine
fashion. The SASP configuration depends on senescence-
triggering stimuli and is usually cell-type specific [17, 18].
Importantly, while SASP may be beneficial in activating
immune responses to eliminate tissue senescent cells [10],
pathophysiological effects of senescent cells are also medi-
ated by SASP. Thus, SASP may reinforce senescence in an
autocrine manner, or induce senescence through paracrine
action on neighboring cells, altering tissue homeostasis
[19]. SASP also induces bystander DNA damage and acti-
vates p16 and p21 along with chemokines and interleukins
[20]. Furthermore, SASP factors may facilitate conversion
of premalignant to malignant cells and enhance tumor pro-
gression by sustaining chronic inflammation [13, 21]. Such
effects of stromal senescence were evident on established
cancers that become more invasive and metastasize more
readily when surrounded by an aged microenvironment
with increased numbers of senescent cells [22, 23]. In eld-
erly patients undergoing surgery, a panel of 7 SASP proteins
positively correlated with age, patient fragility, and adverse
postsurgery outcomes [24].

As DNA repair mechanisms are suboptimal in senescent
cells, these cells usually harbor damaged DNA. Senescent
cells accumulate with age in human [25, 26] and murine
[27, 28] tissue, potentially aggravating age-related tissue
damage, and, via paracrine SASP activity, alter the tissue
microenvironment, triggering changes in neighboring cells.

In light of the adverse effects of SASP on tissue homeo-
stasis, attempts have been made to eliminate senescent cells.
A pioneer study showed that clearance of p16INK4-positive
senescence cells by inducible apoptosis extended healthy
lifespan in genetically altered mice, providing evidence that
senescence may underlie certain aging phenotypes [29].
Small molecule senolytics selectively induce apoptosis in
senescent but not in proliferating cells, resulting in fewer
senescent cells [30]. Additionally, senomorphics, which
attenuate expression of SASP cytokines such as IL-6, are
currently undergoing clinical trials for treating a variety of
age-related pathologies [31].

Thus, cellular senescence may exemplify an “antagon-
istic pleiotropy” [32] that evolved as a beneficial protective
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mechanism restraining proliferation of DNA-damaged
cells, thereby preventing acquisition of harmful mutations,
while accumulation of senescent cells may negatively affect
tissue homeostasis and facilitate development of cellular
aging features.

GH in Aging and Senescence

Endocrine GH is mainly secreted by pituitary somatotrophs,
while peripheral tissues, including colon, breast, and
lymphocytes, locally express nonpituitary GH recognized
by the same GH receptor (GHR). Regardless of the source
of the GH ligand, activation of the surface GHR leads to
multiple intracellular metabolic and proliferative signals,
including those regulating the cell cycle [33, 34].

Many growth-promoting effects of GH are mediated
by IGF1, which has also been implicated in the aging pro-
cess. Specific roles for IGF1 and IGF1 receptor in human
aging and in experimental models have been extensively
discussed [35-37], with specific observations describing the
role of the IGF1 system in cellular senescence [38-41]. In
this review, we mostly focus on direct and indirect effects
of GH.

GH contribution to the aging process has been reviewed
in detail [42-435]. Briefly, aging in humans is associated with
somatopause, a spontaneous decline in GH secretion by ap-
proximately 15% for every decade of adult life as well as a
reduction in IGF1 [46, 47]. Similar declines were observed
across mammalian species due to decreased hypothalamic
growth hormone-releasing hormone (GHRH) secretion
[48, 49]. It has been suggested that suppression of the GH/
IGF1 axis is a component of a conserved pathway that
shifts energy usage away from growth and proliferation in
aging organisms [2]. These findings have prompted a hy-
pothesis postulating that GH signaling decline is associated
with organismal aging.

Whether attenuated GH levels and GHR signaling are
beneficial to optimizing human lifespan and thus, in turn,
attenuate deleterious impacts of age-associated diseases
including atherosclerosis, stroke, diabetes, and cancer, has
been the subject of intense study. Age-associated GH de-
cline may indeed be beneficial as human subjects with GH
receptor mutations and disrupted GHR signaling display
markedly reduced pro-aging features, including lower rates
of cancer development and diabetes [50, 51]. Animal models
with GH signaling deficiency exhibit extended lifespan,
with decreased incidence of cancer, age-associated meta-
bolic abnormalities, and decreased cognitive decline, as ex-
tensively reviewed [37, 43, 52]. GHR gene mutations occur
in bats, known for their unusual longevity compared to
similar sized mammals, exhibiting transcriptomic changes
that resemble those observed in GHR knockout mice [53,

54]. By contrast, GH excess both in human patients with
acromegaly and in murine transgenic models results in
shorter lifespan. Patients with acromegaly develop cardio-
vascular, cerebrovascular, and respiratory comorbidities
and show an increased cancer risk [55]. Transgenic mice
overexpressing heterologous GH have significantly de-
creased lifespan (~50%) with symptoms of accelerated
aging, including early development of mammary tumors
in females, increased astrogliosis, shortened reproductive
lifespan, and early onset of age-related changes in cogni-
tive function, hypothalamic neurotransmitter turnover, and
plasma corticosterone levels as well as an increased inflam-
matory state with adverse lipid profile [56-59]. Similarly, a
negative association between somatic growth and longevity
was demonstrated in mice [56, 60] and in dogs [61]. By
contrast, murine models with GH deficiency or GH re-
sistance have extended lifespan due to reduced activity of
TORCI1 kinase complex, resistance to neoplastic growth,
favorable metabolic profile, and other anti-aging features
[42,43,52,62]. In human cohorts enriched for offspring of
centenarians with familial longevity, entropic GH secretion
is reduced and tightly controlled [63]. These results under-
score a significant role for GH as an adverse determinant of
the aging phenotype.

Cellular senescence is an important element of the aging
process, and evidence supports involvement of GH in
signaling pathways underlying the senescence phenotype.
Pituitary tumor transforming gene (Pttg) is the index mam-
malian securin responsible for faithful sister chromatid
separation during mitosis [64-66]. Pttg overexpression re-
sulted in pituitary tumor development in Pttg transgenic
mice [67], while Pttg” mice exhibit pituitary hypoplasia
[68]. However, due to distorted securin function, both Pttg
overexpression and Pttg deletion result in pituitary aneu-
ploidy and chromosomal instability with increased DNA
damage. Pituitary glands in Pttg” mice exhibit a senescent
phenotype with increased SA-f3-gal activity and induced
senescence-associated p53/p21 pathway, resulting in de-
creased pituitary cell proliferation and decreased organ
size [69]. To identify mechanisms underlying these spe-
cific effects, we tested the DNA damage signaling pathway
and found increased ataxia telangiectasia mutated (ATM),
Milh1, and MIh3 kinase expression, indicative of DNA
damage, while p21 mRNA and protein expression was also
induced, protecting DNA-damaged pituitary cells from fur-
ther proliferation. We also found that, in Pttg” mice, GH
closely associated with a senescent phenotype, and higher
p21 expression and more abundant SA-f3-gal activity was
observed in pituitary somatotrophs compared with other
pituitary cell types. Human GH-secreting pituitary aden-
omas also exhibit significantly increased p21, p53, and
SA-B-gal expression compared with other pituitary tumor
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types [70]. Similar results were obtained with whole-exome
sequencing of 159 prospectively resected pituitary aden-
omas, which showed that somatic copy number alteration
(SCNA), indicative of chromosomal instability, is highest
for both p53 and p21 expression in GH-secreting tumors
as compared with nonfunctioning adenomas. GH secre-
tion depends on cAMP activation and GHRH stimulation,
and treatment with forskolin, an activator of cAMP, and
with a GHRH analogue induced GH production as well
as DNA damage accumulation [71]. Thus, by inducing
DNA damage, GH may establish senescence in pituitary
adenoma somatotrophs.

Association of GH with senescence was confirmed
in both pituitary and nonpituitary cells. Nutlin3 (nutlin)
is a small molecule that activates DNA damage pathway
by protecting p53 from degradation [72], and treatment
with nutlin induces a strong senescence phenotype. Rat pi-
tuitary GC cells and primary pituitary cells treated with
nutlin showed induced GH mRNA and protein expression.
Similar results were obtained in human MCF7 breast and
HCT116 colon adenocarcinoma cells. We also found that
pS53, a senescence activator, binds the GH promoter and
induces both GH promoter activity and GH mRNA tran-
scription. Importantly, GH is not only induced but is also
secreted from senescent cells, thus constituting a SASP com-
ponent. In human pituitary GH-secreting adenomas, GH
expression closely correlates with SA-B-gal expression, and
treatment of primary pituitary adenoma cells with nutlin
in vitro also resulted in significantly increased secreted GH
in culture medium. In vivo experiments confirmed this ob-
servation, as mice injected with nutlin and exhibiting high
tissue p53 also demonstrate increased pituitary, lung, and
liver local GH mRNA levels [73]. Thus, in senescent cells,
GH expression is triggered by pS53.

pS3 displays a positive-negative feedback regula-
tion with GH. p53 induces GH, while GH, in turn,
significantly suppresses p353 in vitro and in vivo [74].
Thus, mice bearing xenografts expressing high circu-
lating GH exhibit decreased colon and liver p53 ex-
pression. Consistent with these findings, when patients
with acromegaly were treated with the GHR antagonist
pegvisomant, colon mucosal p53 was markedly induced,
indicative of the antiproliferative impact of attenuating
GH signaling clinically [74, 75]. GH-induced p53 sup-
pression appears to be mediated by activation of E3
ligase tripartite motif-containing 29 (TRIM29) [54],
which binds p53, rendering p53 susceptible to ubiquitin-
ation [76]. GH markedly upregulates both TRIM29 and
ubiquitin E3 ligase Pirh2, likely responsible for rapid
p53 degradation after GH treatment [74]. In human
colon, age-associated DNA damage induces GH, and GH
suppressive action on DNA damage response (DDR) and

DNA repair pathways results in further DNA damage
accumulation, a hallmark of an aging microenvironment
(Chesnokova et al, Cell Reports, in press).

GH Effects in Senescent Cells

GH may exert autonomous and nonautonomous ef-
fects in senescent cells. As p53 plays an important role in
establishing senescence, induced GH may suppress p353,
changing the senescent cell profile; it can also affect p53
expression in neighboring nonsenescent cells via paracrine
actions. p53 suppression is often associated with increased
proliferation, and when suppressed, senescent cells, usually
harboring unrepaired damaged DNA, may reenter the cell
cycle, while in neighboring nonsenescent cells, proliferation
potential may also increase.

DNA damage accumulates with age and is considered
both a marker of and a cause of aging [2, 5, 75, 77].
As unrepaired DNA damage often renders the cell pre-
maturely senescent, mechanisms regulating DDR play
an important role in senescence development. ATM is a
key component of signaling pathways activated by DNA
damage [34]. Activation of ATM by autophosphorylation
at Ser1981 phosphorylates checkpoint kinase 2 (Chk2)
to arrest cell proliferation [35], and phosphorylates p53
at Ser1$, resulting in its activation and stabilization [36].
In turn, phosphorylated p53 promotes cell cycle arrest
and activates DNA repair proteins [37]. ATM also phos-
phorylates y-histone 2A variant (YH2AX) which marks
DNA-damaged sites to assemble DNA repair protein [33,
38, 39]. In both normal colon cells and in human 3-di-
mensional intestinal organoids, GH, activated in response
to DNA damage-induced p53, decreases ATM kinase
activity and suppresses ATM autophosphorylation, re-
sulting in decreased H2AX and p53 phosphorylation. In
both in vitro and in vivo models, high levels of GH were
shown to induce TRIM29 and suppress the tat interacting
protein 60 kDa (Tip60), leading to ATM deactivation
[42]. Furthermore, by suppressing DDR activity, GH in-
creases unrepaired DNA both in vivo and in vitro, as evi-
denced by suppression of nonhomologous end-joining
and homologous recombination, and also increased DNA
damage detected by Comet assay [78, 79]. Thus, GH in-
duced in damaged senescent cells results in accumulated
DNA damage in neighboring cells to alter the tissue
microenvironment.

In the pituitary, these mechanisms underlying GH
action could explain the unique properties of senescent
GH-secreting pituitary adenoma cells, potentially linking
hormone hypersecretion to genome instability [71], and
also providing an explanation for why pituitary adenomas
are almost invariably benign. GH is also associated with
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senescence in other tissues, likely through signaling path-
ways described above. For example, skin fibroblasts derived
from patients with acromegaly exhibit shortened telomeres
and cellular senescence [80], senescence is induced in adi-
pose tissue derived from 10-month-old GH-transgenic
females, and the number of SA-B-gal positive cells is in-
creased in GH-injected 19-month-old female mice as com-
pared with age-matched saline-injected controls [81, 82].

Conclusions

The role of GH in the development and maintenance of
senescence is complex. Persistently elevated circulating or
intracellular GH abundance may induce DNA damage,
evoking senescence in highly differentiated and minimally
proliferating cells such as aging dermal fibroblasts [83], adi-
pocytes [84], and pituitary somatotrophs [85]. By contrast,
in highly proliferative cells such as colon cells, senescence
and p53 upregulation induces endogenous GH, which, in
turn, suppresses p33, predisposing senescent cells for cell
cycle reentry and potentially for neoplastic transformation.
GH, as a component of SASP, may enhance the proliferative
potential of neighboring cells via paracrine action, and, by
suppressing DNA damage repair, may also increase DNA
damage accumulation in bystander cells. Furthermore, de-
pending on tissue type and proliferative properties, several
lines of evidence derived from cell, animal, and human
observations suggest that GH may induce a senescence-
enhancing aging phenotype or may enable DNA-damaged
cells to proliferate and acquire harmful mutations, also a
hallmark of aging [5]. These mechanisms, at least in part,
may underlie the pro-aging effects of GH observed in
animal models and in patients with chronically elevated
GH levels.

Given the evidence supporting a prosenescent function
of GHR signaling in cell, animal, and human models, the
inappropriate administration of GH as an “anti-aging”
or “anti-frailty” agent should be viewed with caution.
Importantly, adult GH replacement is only approved for
patients with proven GH deficiency, or for those with
AIDS-associated muscle wasting [86, 87]. The benefits of
unapproved GH abuse by athletes, or by those seeking an
anti-aging elixir, have not been substantiated in rigorously
controlled trials, and the safety and ethical use of GH has
not been justified [34].
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