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Proteolytic processing of human growth hormone (GH) by
rat tissues in vitro: Influence of sex and age
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ABSTRACT. Although a wealth of evidence exists
indicating that proteolytic cleavage can enhance
the biological activity of the growth hormone (GH)
molecule, the mechanisms responsible for the gen-
eration of GH fragments are not completely un-
derstood. In the present work we investigated the
ability of different rat tissues to cleave 22 kDa GH,
as well as the influence of sex and age, the two ma-
jor physiological regulators of GH secretion on this
process. Our results show that tissue homogenates
obtained from rat liver, skeletal muscle or adipose
tissue (three well-documented target organs for
the hormone) are able to cleave 22K-GH, while the
hormone is resistant to cleavage by rat brain ho-

INTRODUCTION

Human growth hormone (GH) is among the more
heterogeneous polypeptide hormones. Several
mechanisms contribute to this heterogeneity, in-
cluding genetic, pretranslational, post-translational
and post-secretory events (revised in 1). Genetic
heterogeneity stems from the existence of five
closely-related genes (GH-N, GH-V, CS-A, CS-B
and CS-L) that constitute the GH gene family (2).
Among them, only the GH-N gene is expressed af-
ter birth, giving rise to pituitary GH (2), although
expression of the GH-N gene outside the pituitary
also exists (3-5).

Pretranslational heterogeneity is originated by
alternative splicing of the pre-mRNA. In the case
of pituitary GH, this mechanism produces two ma-
jor variants, 22K-GH and 20K-GH, with mol wt of
about 22,000 and 20,000 dalton respectively. 22K-
GH is the most abundant form of pituitary GH,
comprising almost 75% of GH immunoreactivity in
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mogenates. This process is rather selective for 22K-
GH, since the 20 kDa GH variant exhibits stability
to degradation by all tissue homogenates investi-
gated. Moreover, only a minor fraction of 22 kDa
GH is cleaved under our experimental conditions,
suggesting that GH microheterogeneity within the
22 kDa range may also determine hormone sus-
ceptibility. Finally, we also found that 22K-GH pro-
cessing shows important age-related changes (the
greatest intensity observed in 4-day-old pups),
while no gender-related differences exist in any of
the tissues investigated.

(J. Endocrinol. Invest. 23: 748-754, 2000)
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this organ. 20K-GH accounts for 5-10% of pituitary
GH and, except for longer half-life in plasma and
diminished insulin-like activity, its biological role
remains unknown (1). Other less abundant forms
of pituitary GH include post-translationally modi-
fied variants such as acetylated, deamidated and
glycosilated forms, as well as aggregates and frag-
ments of varying sizes. The physiological role of
these post-translational variants is also poorly un-
derstood (1).

Finally, GH heterogeneity can also originate as a
postsecretory event. Although GH is very stable in
plasma, it undergoes receptor-mediated internal-
isation in many organs, followed, in some in-
stances, by intracellular proteolysis. Although these
processes have usually been considered a mecha-
nism of hormone degradation and/or receptor
down-regulation (1), evidence also exists suggest-
ing that proteolytic cleavage of GH in peripheral
tissues may constitute a mechanism of hormone
activation. In this context, GH has been proposed
to be a prohormone that would require proteolyt-
ic processing to exert its full range of biological ac-
tivity (6, 7).

In order to gain further insight in the role of pe-
ripheral tissues in GH activation, in the present work
we investigated the ability of different rat tissue ho-



mogenates to generate low mol wt fragments of
GH in vitro, as well as the influence of age and sex,
two major regulators of GH secretion (8), in this pro-
cess.

MATERIALS AND METHODS
Animals

Male and female Wistar rats, bred in our facilities,
were used in this study. The animals were housed in
an isolated room, under a controlled 14-hour
light/10 hour dark cycle (lights on at 07:00 h). Dry
food (Panlab, Spain) and tap water were available
ad libitum. Three-month-old animals were used, ex-
cept for studies in infant rats in which experiments
were also performed in 4-, 12- and 20-day-old

pups.
Reagents

Recombinant human GH (22K-GH, Saizen) was ob-
tained from Serono (Madrid, Spain). 20K-GH was
kindly provided by the National Hormone and
Pituitary Program (NHPP, Torrance, CA). Polyclonal
rabbit anti-GH serum was a gift from Prof. J.A.F.
Tresguerres (Universidad Complutense, Madrid,
Spain). Phenylmethylsulfonylfluoride (PMSF) and
No-p-tosyl-L-lysine chloromethyl ketone (TLCK)
were purchased from Sigma Chemical Co (St. Louis,
MO). Protein-A-horseradish peroxidase conjugate
and the ECL kit were purchased from Amersham-
Pharmacia Biotech (Stockholm, Sweden).

Tissue preparation and S9 fraction isolation

The rats were killed and tissue samples from liver,
skeletal muscle, adipose tissue, and brain were
processed as described elsewhere (9). Briefly, a
2.5% (wt/vol) homogenate of each tissue sample
was placed in an ice-cold buffer (50 mM PBS, pH
7.2; 1.15% KCI) and homogenised with a polytron
(Kinematica, Basel, Switzerland). The crude ho-
mogenates were sedimented at 1000 g for 2 min at
4 C, and the resulting supernatant was centrifuged
again at 9000 g for 30 min at 4 C to prepare S9
pellet and S9 supernatant fractions. S9 pellet frac-
tions (which contain large cellular organelles such
as lysosomes and mitochondria) were finally re-
suspended in ice-cold buffer, and their protein
concentration was determined with a commercial
kit (BioRad protein assay, Bio-Rad Laboratories,
Hercules, CA).

In vitro generation of human GH fragments

Different amounts of S9 fractions from each tissue
were incubated with 22K-GH or with 20K-GH in a
total volume of 500 pL, under gentle agitation.
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Reactions were carried out at 37 C for 45 min, and
then resolved in a 15% SDS-PAGE, and electro-
transferred onto nitro-cellulose paper (Trans-blot
Transfer Medium, BioRad). Membranes were then
incubated for 1 h with the anti-GH serum (dilution
1:1000), extensively washed, and incubated for 45
min with the protein A-horseradish peroxidase con-
jugate. Protein bands were visualised with the ECL
Western Blotting kit and photographed (Hyperfilm-
ECL, Amersham-Pharmacia Biotech).

Analysis of results

Immunoreactive GH bands were scanned with an
imaging densitometer (GS-670, BioRad) and optical
density (OD) was determined with the provided soft-
ware (Molecular Analyst, v 3.0.1, BioRad). Results are
presented in arbitrary OD units.

RESULTS

No differences in GH breakdown were found be-
tween male and female rat homogenates in any of
the tissues investigated (see below). Therefore,
pooled data are presented.

Incubation of 22K-GH with S9 fraction isolated
from rat liver, skeletal muscle or adipose tissue re-
sulted in the formation of low-weight GH-im-
munoreactive products. In the three tissues, the
major product detected showed a Mr of about
17,000 (Fig. 1A). Peptides of lower mol wt (about
8 kDa) were also found, though they were less ev-
ident (Fig. 1A). In contrast, the hormone was resis-
tant to degradation by brain homogenates (Fig.
1A), at least under our experimental conditions,
despite higher amounts of S9 fraction (up to 625
ug) were tested. In all cases, the hormone was re-
sistant to degradation by the supernatant obtained
during the isolation of the S9 fraction (Fig. 1B), in-
dicating the specific intracellular localisation of the
enzymes involved in GH processing. When 22K-
GH was denatured (by heating at 95 C for 10 min)
before incubation, a clearly different cleavage pat-
tern was observed (Fig. 1C). This finding may indi-
cate that denaturation of the molecule allows the
action of other types of enzymatic activity, thus
suggesting that preservation of the native struc-
ture of the 22K-GH molecule is necessary for spe-
cific proteolytic cleavage.

At odds with the results obtained with 22K-GH, we
found that when tissue homogenates were incu-
bated with 20K-GH the generation of low mol wt
products was absent (Fig. 1D). This finding indicates
that the enzymes involved in the breakdown of the
22K-GH are selective for this variant.
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Fig. 1 - Western blot analysis of hGH fragments generated in vitro.
Panel A: 22K-GH (100 ug) was incubated with 160 g of S9 fraction
isolated from rat liver, skeletal muscle, adipose tissue or brain.
Reactions were resolved by SDS-PAGE, electrotransferred onto ni-
trocellulose and incubated with anti-22K-GH serum. 22K-GH not
exposed to tissue extracts was used as control. In the densitomet-
ric evaluation, the percent of conversion (calculated as the 22K-
GH/17K-GH ratio or 22K-GH/8K-GH ratio) is shown. Each bar rep-
resents the mean=SE of 3 separate experiments. Panel B: Effect
of incubation of 22K-GH (100 ug) with the supernatant obtained
during the isolation of the S9 pellet fraction from liver or muscle
samples. Panel C: One hundred micrograms of 22K-GH were de-
natured by heating at 95 C for 10 min. prior to incubation with 160
pg of S9 fraction isolated from rat skeletal muscle samples.
Although 22K-GH breakdown can be observed under these ex-
perimental conditions, the cleavage pattern is different to that ob-
served with the native (control) hormone. Panel D: 20K-GH (100
pg) was incubated with 160 ug of S9 pellet fraction isolated from
rat liver or skeletal muscle homogenates. In contrast to the results
obtained with the 22 kDa variant, 20K-GH did not undergo pro-
teolytic cleavage in any of the tissues investigated. 20K-GH not
exposed to tissue extracts was used as control.
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Although the amount of 17K-GH generated was
similar in skeletal muscle and adipose tissue ho-
mogenates, it was sharply decreased (about 2-fold)
in liver homogenates (see Fig. 1A). To investigate
whether this finding could be due to the involve-
ment of different enzymatic activities, we analyzed
the effect of two protease inhibitors on the gener-
ation of GH fragments. Presence of 0.5 mM TLCK
(an inhibitor of tripsin-like proteases) in the incuba-
tion did not modify the pattern of generation of
low-weight variants in any tissue investigated (data
not shown). In contrast, incubation in presence of
1 mM PMSF (a serine-protease inhibitor) impeded
22K-GH cleavage in both skeletal muscle and adi-
pose tissue homogenates, while did not modify it in
liver homogenates (Fig. 2).

In the three tissues in which we found 22K-GH break-
down, increasing the amount of S9 fraction present in
the reaction induced an initial increase in the gener-
ation of low mol wt fragments, followed by a plateau
phase. Interestingly, when this maximum of conver-
sion was reached, there was still uncleaved 22K-GH
present in the reaction (Fig. 3A). To rule out the pos-
sibility of limited capacity of the proteolytic enzymes,
we incubated the highest amount of homogenate
tested (160 pg) with decreasing amounts of 22K-GH.
Interestingly, reducing the amount of 22K-GH pre-
sent in the reaction did not induce an increase in the
intensity of 22K-GH breakdown (despite the enzy-
matic activity was kept constant). In all cases, only a
minor fraction of 22K-GH (always lower than 20%) was
converted to the 17K-GH variant (Fig. 3B).

As stated above, results obtained with tissue ho-
mogenates from male or female rats were identical
in all cases (data not shown). In contrast, 22K-GH
breakdown showed important age-related changes
(Fig. 4). In both liver and muscle homogenates, the
greatest amount of conversion was observed in 4-
day-old pups and progressively decreased there-
after. Also in infant rats, 22K-GH was resistant to
breakdown by brain homogenates.

- + - + - + PMSF (1mM)

T —— e < 22 kDa

- - — « 17 kDa
Liver Skeletal muscle Adipose tissue

Fig. 2 - Effect of class-selective protease inhibitors on 22K-GH
cleavage. 22K-GH (100 ug) was incubated with 160 ug of S9
fraction isolated from rat liver, skeletal muscle or adipose tis-
sue in presence of 1 mM PMSF (a serine-protease inhibitor),
and analyzed by western blot. While PMSF completely blocked
22K-GH breakdown in both skeletal muscle and adipose tissue,
it did not induce any effect in liver homogenates.
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Fig. 3 - Panel A: Effect of increasing the amount of S9 pellet
fraction on 22K-GH breakdown. One hundred micrograms of
22K-GH were incubated with increasing amounts (8, 20, 40, 80
and 160 ug) of rat skeletal muscle homogenates. Increasing the
amount of S9 fraction augmented the generation of 17K-GH
immunoreactivity until a plateau was reached. Densitometry de-
picts the percent of conversion (calculated as the 22K-GH/17K-
GH ratio). Results are the mean+SE of 3 separate experiments.
Panel B: A fixed amount of S9 pellet fraction (160 pg) was in-
cubated with decreasing amounts of 22K-GH. Notice that re-
ducing the amount of 22K-GH present in the reaction (and thus
increasing the enzyme/substrate ratio) did not produce an in-
crease in the percent of conversion. At all 22K-GH concentra-
tions tested, only a minor fraction (less than 20%) was cleaved.
Densitometry depicts the percent of conversion (calculated as
the 22K-GH/17K-GH ratio). Results are the mean=SE of 3 sep-
arate experiments, and are expressed in arbitrary OD units.

DISCUSSION

GH actions are exerted after binding to specific
membrane-bound receptors. It is presently known
that binding of GH to its receptor induces recep-
tor homodimerization which, in turn, promotes the
association and phosphorylation of the receptor-
associated tyrosine-kinase JAK-2. Once activated,
JAK-2 promotes the recruitment and phosphoryla-
tion of a cascade of target molecules, that are re-
sponsible for most of the biological actions of the
hormone (10, 11).

In addition, GH binding to its receptor also pro-
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Fig. 4 - Western blot analysis of age-related changes in the pat-
tern of 22K-GH cleavage. Tissue homogenates (160 ug) were
obtained from 4-, 12-, 20- and 90-day old rats. In both liver
(panel A) and skeletal muscle (panel B) generation of 17K-GH
was highest in 4-day-old rats and decreased thereafter. In the
densitometric evaluation, the percent of conversion (calculat-
ed as the 22K-GH/17K-GH ratio) in each tissue is shown. Each
bar represents the mean+SE of 2 separate experiments. At all
ages investigated, 22K-GH was resistant to degradation by rat
brain homogenates (panel C).

motes the internalization of the GH-GHR complex,
and its subsequent translocation to different cellu-
lar compartments, including the cell nucleus. The
biological significance of this process is not com-
pletely understood, although it has been suggest-
ed that GH would regulate the transcription of tar-
get genes by acting directly within the cell nucleus
(12-14), a mechanism of action also proposed for
other peptide hormones (15, 16). Alternatively, in-
ternalisation of the GH-GHR complex may provide
a mean for proteolytic breakdown of GH, resulting
in the generation of low mol wt variants. Although
GH proteolytic breakdown of GH in target tissues
has been usually considered as part of a mecha-
nism of hormone degradation, it may also consti-
tute a way for hormone activation. This latter pos-
sibility is in keeping with the consideration of GH
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as a prohormone that would need to be cleaved to
low mol wt variants in order to be able to exert its
full range of biological actions (6, 7).

Over the years, numerous GH fragments have been
synthesized or generated by proteolytic digestion
of the hormone in the laboratory, and experimen-
tal evidence exists suggesting that the multiple ac-
tions of GH are produced by different parts of the
molecule (6, 7, 17-19). Moreover, GH fragments can
be isolated from the pituitary, although at fairly
abundant concentrations; and from plasma, where
the 22 kDa form may even not be the predominant
GH variant (20, 21). The greater concentration of
GH fragments in plasma than in the pituitary sug-
gests that they originate by proteolytic breakdown
of the hormone in the periphery. The existence of
proteolytic activity toward GH has been reported
for several tissues in vitro, including thyroid gland,
skeletal muscle, liver and adipose tissue (9, 22-24
and the present study). These GH fragments would
recirculate and exert their specific actions through
binding to the GH receptors or to separate recep-
tors, not identified yet (25); or, alternatively, they
could exert their actions by acting directly within
the cell nucleus as proposed for the intact hor-
mone.

Nevertheless, the existence of GH breakdown in
peripheral tissues in vitro does not necessary reflect
a mechanism of GH activation in vivo, since cellular
integrity is not conserved in such experiments, and
the hormone may interact in vitro with enzymes that
would be taken apart in vivo. Therefore, one of the
major concerns arising from this kind of experi-
ments is whether the existence of GH cleavage in
peripheral tissues represents a physiological mech-
anism of generation of active peptides, or is a first
step in a general degradation pathway.

To our knowledge, evidence regarding the physio-
logical importance of GH processing in target tis-
sues is several fold. First, GH fragments with a mol
wt similar to those isolated in vitro can be found in
serum after im administration of the intact hormone
(9). Since GH is very stable in plasma, these mole-
cules are thought to be formed in the peripheral
tissues following receptor-mediated endocytosis
(1). Second, the enzymes involved in GH processing
show a rather specific distribution. Inhibitor studies
provided initial characterization of at least two dif-
ferent types of enzymatic activity. A chymotripsin-
like serine protease activity, localized exclusively to
the 9000 g pellet fraction, was found in skeletal
muscle and adipose tissue homogenates. A similar
enzymatic activity has been previously reported in
muscle homogenates, but also in thyroid gland ho-
mogenates (9). On the other hand, liver enzymes
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showed identical subcellular localization, although
cleavage pattern obtained was different, and their
specific activity toward GH was 2-fold lower than
that of muscle or adipose tissue homogenates and
was not impeded by the same protease inhibitors.
Interestingly, all these tissues (with the only excep-
tion of thyroid gland) are important target tissues
for GH action. In contrast, GH processing activity
was absent in brain, an organ in which GH actions
are not so clearly documented to the present.
Thirdly, the specificity of GH cleavage also accounts
for the substrate, since only 22K-GH was suscepti-
ble to undergo proteolytic cleavage, while the 20
kDa variant was resistant to it. The 20 kDa GH vari-
ant is originated in the pituitary by alternative splic-
ing of the pre-mRNA, which results in the loss of
part of exon 3. 20K-GH accounts for about 5-10%
of pituitary GH, but its biological role remains un-
known (1). Although the tertiary structure of 20K-
GH has not been completely elucidated, the hor-
mone has a reduced affinity for the GHR, thus sug-
gesting that it has a different conformational fold-
ing than the 22 kDa variant. Although we do not
have any readily explanation for the resistance to
degradation showed by the 20K-GH variant, it is
tempting to speculate that a specific protein folding
is needed to allow the action of enzymes involved
in the breakdown of the 22 kDa GH molecule. In
this context, it is also interesting to point out that
when the 22 kDa variant was denatured prior to in-
cubation with the S9 pellet fraction, a different
cleavage pattern was observed, thus suggesting
the involvement of a different enzymatic activity.
This substrate specificity even exists within 22K-GH,
since only a fraction of this variant was susceptible
to proteolysis by peripheral tissue homogenates,
at least under our experimental conditions. Micro-
heterogeneity of pituitary-derived 22K-GH was rec-
ognized a long time ago, and to the present, two
deamidated, one acetylated and two glycosylated
forms have been reported within the 22 kDa range
(1, 26, 27). Although the physiological significance
of these variants is not yet understood (1), it has
been shown that deamidation of pituitary-derived
GH results in an increased susceptibility of the 22
kDa variant to metabolization by serine-proteases;
a process that can be counteracted by the protease
inhibitor PMSF (28). Hence, it is tempting to spec-
ulate that the presence of microheterogeneity in
22K-GH of recombinant origin may explain the par-
tial breakdown observed in the present work.
Finally, the fact that GH cleavage shows important
age-related changes also supports the physiologi-
cal relevance of this process. GH levels undergo
important changes throughout life in both humans



and laboratory animals. GH levels are high during
the intrauterine life, fall sharply after birth, and then
remain low until puberty, when an increased GH
secretion occurs. After this period GH levels pro-
gressively decline again, until old age (revised in
29). Interestingly, we found that the generation of
low mol wt GH fragments increased during the ear-
ly postnatal period, when growth is largely inde-
pendent from the hormone (30-32). Whether this
increased generation of low mol wt GH variants
found in rat pups is a mandatory process for GH ac-
tions during this period remains to be elucidated.

In summary, our data show the existence of an age-
dependent and tissue-specific proteolytic activity
towards human 22K-GH by rat tissue homogenates.
While the exact physiological role of the low weight
hGH fragments generated necessitates further in-
vestigation, our results suggest that GH breakdown
in the target tissues may be one of the mechanisms
underlying the actions of GH.
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