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Abstract

Continuously elevated levels of growth hormone (GH) during life in mice are associated with
hepatomegaly due to hepatocytes hypertrophy and hyperplasia, chronic liver inflammation,
elevated levels of arachidonic acid (AA) at young ages and liver tumors development at old ages.
In this work, the hepatic expression of enzymes involved in AA metabolism, cPLA2a, COX1 and
COX2 enzymes, was evaluated in young and old GH-transgenic mice. Mice overexpressing GH
exhibited higher hepatic expression of cPLA2a, COX1 and COX2 in comparison to controls at
young and old ages and in both sexes. In old mice, when tumoral and non-tumoral tissue were
compared, elevated expression of COX2 was observed in tumors. In contrast, exposure to
continuous lower levels of hormone for a short period affected only COX1 expression in males.
Considering the role of inflammation during liver tumorigenesis, these findings support a role of
alterations in AA metabolism in GH-driven liver tumorigenesis.

Keywords
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1. Introduction

Growth hormone (GH) has a prominent role in the stimulation of body growth and
metabolism. It also influences cardiovascular, renal, reproductive and immune functions and
regulates body composition (Chhabra et a/., 2011, Chia, 2014, Guevara-Aguirre et al., 2018).
Accordingly, GH therapy restores growth velocity in GH-deficient children and improves
body composition, exercise capacity, skeletal integrity and quality of life in GH-deficient
adults (Chia, 2014, Pekic et al., 2017). It exerts its actions on different tissues through its
membrane receptor, which triggers multiple intracellular signaling pathways and induces the
expression of different genes. Insulin-like growth factor-1 (IGF-1) is a key transcriptional
target of GH in liver and other tissues and is the principal mediator of many GH actions
(Chhabra et al., 2011, Chia, 2014, Guevara-Aguirre et al., 2018).

Elevated levels of GH and IGF-1 promote hyperplasia, hypertrophy and alterations in
metabolism that may lead to different pathologies. In particular, the potential role of GH and
IGF-1 in the genesis and progression of cancer was recognized several years ago and has
been the focus of interest in recent years (Jenkins et al., 2006, Perry et al., 2013, Pekic et al.,
2017, Guevara-Aguirre et al., 2018, Boguszewski et al., 2019). As these peptides promote
cell proliferation, cell movement and angiogenesis and have anti-apoptotic effects,
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dysregulation of GH/IGF-1 axis may be linked to cancer occurrence or promotion (Chhabra
etal., 2011, Pekic et al., 2017). Indeed, evidence from epidemiologic, animal and /n vitro
studies support the notion that the state of the GH/IGF-1 axis influences carcinogenesis
(Chhabra et al., 2011, Pekic et al., 2017, Boguszewski ef al., 2019). In patients with
hepatocellular carcinoma (HCC), increased GH expression was observed in tumors in
comparison to non-tumoral surrounding tissue and GH levels were significantly associated
with tumor size, higher histological grade and poor patient survival (Kong et al., 2016).
Moreover, these authors have shown /n vivo that autocrine expression of GH promoted
oncogenicity and HCC xenograft growth (Kong et al., 2016).

Liver is a major target for GH action, where GH signaling is necessary for normal
hepatocyte proliferation and liver regeneration (Chia, 2014). In rodents, a role for GH in
liver tumorigenesis is particularly evident. GH deficiency was reported to suppress
carcinogen-induced liver tumor development in mice (Bugni et a/.,, 2001). In contrast,
transgenic mice overexpressing GH are more susceptible to hepatocarcinogenesis. These
mice exhibit hepatomegaly associated with hypertrophy and hyperplasia of hepatocytes
since young ages (Snibson et al., 1999, Miquet et al., 2013, Martinez et al., 2016). A state of
sustained increase in hepatocyte turnover and chronic inflammation precedes the
development of liver tumors, including HCC, which are most commonly observed within a
year (Quaife et al., 1989, Orian et al., 1990, Snibson et al., 1999, Bartke, 2003, Kopchick et
al., 2014). The hepatocarcinogenesis observed in GH-transgenic mice seems to be a direct
consequence of elevated GH levels, since IGF-1-transgenic mice do not develop liver tumors
(Quaife et al., 1989, Bartke, 2003, Kopchick et al.,, 2014). Moreover, the liver pathology
would not be due to the expression of the transgene in the liver or to the abnormal actions of
heterologous GH, since transgenic mice for GH releasing-hormone present similar liver
abnormalities (Bartke, 2003). Importantly, we have reported the dysregulation of several
oncogenic pathways in young adult GH-transgenic mice (Miquet et a/., 2008, Miquet et al.,
2013, Bacigalupo et al., 2019), some of which are altered since early ages (Martinez et al.,
2016). The molecular alterations and the preneoplastic liver pathology observed in these
animals are similar to those present in patients at high risk of developing hepatic cancer
(Snibson et al., 1999, Snibson, 2002, Miquet et af., 2013).

The process of hepatic carcinogenesis involves sequential events including chronic
inflammation, hyperplasia of hepatocytes, dysplasia and, finally, malignant transformation
(Snibson et al,, 1999, Wu, 2006, Schlageter et al., 2014, Llovet et al., 2016). Several lines of
evidence point to an important role of mediators of inflammation, such as prostaglandins
(PGs), in liver carcinogenesis (Wu, 2006, Wang et al., 2010, Zang et al., 2017, Kim et al.,
2018).

In a study using transgenic mice overexpressing ovine GH under the control of the
metallothionein promoter (Mt-oGH), the long-term exposure to GH was associated with
elevated levels of arachidonic acid (AA) in the liver and of one of its metabolites,
prostaglandin E, (PGEy), in serum (Oberbauer et al,, 2011). AA is the long chain
polyunsaturated fatty acid most abundant in biological membranes. Its release from
membrane-bound phospholipids for subsequent prostaglandin synthesis is primarily
catalyzed by the cytosolic phospholipase A2a (cPLA2a). AA is then transformed to
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eicosanoids by the action of cyclooxygenases COX1 and COX2 (Niknami et a/., 2009,
Dennis et al., 2011, Kim et al., 2018). Higher hepatic mRNA levels of COX enzymes have
also been described in Mt-oGH mice (Oberbauer et af., 2011).

Altered metabolism of AA and lipid mediators have been associated with pathogenesis of
cancers, including HCC (Subbaramaiah et a/., 2003, Chi-Man Tang et al., 2005, Cervello et
al., 2006, Nakanishi et al., 2006, Wu, 2006, Breinig et al., 2007, Martin-Sanz et al., 2010,
Wang et al., 2010, Kim et al., 2018). Therefore, the enhanced AA metabolism reported in
Mt-oGH transgenic mice may constitute an unrecognized molecular mechanism implicated
in the liver pathology that develops in mice overexpressing GH. However, in that report
(Oberbauer et al., 2011) no histopathological study of the liver was performed and the
possible association of these findings with the hepatocarcinogenesis process was not
explored.

In order to investigate if alterations in AA metabolism may be associated with the process of
liver carcinogenesis observed in GH-transgenic mice, we used transgenic mice
overexpressing bovine GH, in which we have already described that several signaling
mediators involved in cell proliferation are exacerbated in young animals (Miquet et al.,
2008, Miquet et al., 2013, Martinez et al., 2016). In the present work, we have determined
the expression of key enzymes involved in AA metabolism and production of PGs, namely,
cPLA2a, COX1 and COX2, in the liver of young adult GH-transgenic mice, which exhibit
preneoplastic liver pathology, and in old animals, which display marked hepatic alterations
and frequently develop tumors. In addition, we assessed if a short-term continuous
administration of GH could induce changes in cyclooxygenases liver expression.

The results of the present study contribute to better characterize the molecular alterations
associated with sustained exposure to high GH levels that may play a prominent role in the
process of liver carcinogenesis. The elucidation of the molecular mechanisms underlying
GH action may have important implications in understanding human health and disease
(Chia, 2014).

2. Materials and methods

2.1. Transgenic mice overexpressing growth hormone

Transgenic PEPCK-bGH mice used express the bovine GH gene linked to control sequences
of the rat phosphoenolpyruvate carboxykinase (Pepck). These mice exhibit accelerated
postweaning growth that lead to a significant increase in body weight and organomegaly.
Normal-sized siblings were used as controls. Breeding system, animal housing and feeding
conditions have been previously described (McGrane et al., 1988, Miquet et al., 2013).

Young (2 months old) and old (10-13 months old) animals were used. Mice were fasted for
5h and anesthetized with isofluorane. Blood samples were collected by intracardiac puncture
and animals were immediately sacrificed by cervical dislocation to remove the liver. Serum
was separated by standard procedures and kept at =70°C until use together with liver. In old
GH-transgenic mice, liver tumor and non-tumor areas were dissected, processed in parallel,
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and stored as described above. A piece of liver from each animal was fixed and paraffinized
following standard procedures for histopathological analysis.

The appropriateness of the experimental procedure followed NIH Guidelines for the Care
and Use of Experimental Animals and protocols were approved by the Laboratory Animal
Care and Use Committee of Southern Illinois University (Springfield, IL, USA).

2.2. Swiss-Webster mice treated with growth hormone

Adult (3-4 months old) Swiss-Webster female and male mice were used. Animal housing
and feeding conditions have been previously described (Bacigalupo et al., 2019). Highly
purified porcine GH (Zamira Life Sciences Pty Ldt, Knoxfield, VIC, Australia) was
continuously administered to these mice by subcutaneous implantation of osmotic
minipumps (model 1007D, Alzet, Cupertino, CA, USA) that deliver hormone at a dose of
1mg/kg of body weight per day, as previously described (Diaz et al., 2014). Saline solution
was administered to control animals in a similar fashion. After five days of treatment,
animals were fasted for 6h and sacrificed by cervical dislocation. Livers were removed and
stored at —70°C.

Experiments were conducted following institutional regulations and protocols approved by
the Laboratory Animal Care Committee of the School of Pharmacy and Biochemistry of the
University of Buenos Aires.

2.3. Serum alanine transaminase (ALT) determination

Serum alanine transaminase (ALT) enzymatic activity was measured by a commercial kit
(Transaminasas 200, Wiener lab Group, Rosario, Santa Fe, Argentina) based on the reaction
catalyzed by ALT between L-alanine and a-ketoglutarate, coupled to a colorimetric reaction.

2.4. Histology and immunohistochemical staining

Liver sections were stained with hematoxylin and eosin (H&E) following standard
procedures for histomorphological evaluation. For immunostaining, procedures previously
described were used (Bacigalupo et al., 2019) and sections were incubated with anti-PCNA
(proliferating cell nuclear antigen, 1:100, sc-7907, Santa Cruz Biotechnology, Dallas, TX,
USA), anti-GHR (1:100, kindly provided by Dr. S.J. Frank) (Zhang et al., 2001), anti-
IGF-1R (1:100, sc-713, Santa Cruz Biotechnology), anti-COX1 (1:200, Ab109025, Abcam,
Cambridge, UK) or anti-COX2 (1:200, Ab15191, Abcam) antibodies. Negative controls
were performed in parallel by replacing primary antibody with PBS.

H&E and immunostained sections were observed using a light microscope (DM2000, Leica
Microsystems, Wetzlar, Germany); representative photomicrographs were obtained by a
Leica DFC400 digital camera and Leica Application Suite software (Leica Microsystems).
At least 20 optical fields were examined.

Cell and nuclear size of hepatocytes were estimated by counting the number of hepatocytes
per field and measuring the nuclear area, respectively. Hepatocyte proliferation was

determined by immunostaining for proliferating cell nuclear antigen (PCNA) and expressed
as the percentage of PCNA-positive (brown stained) nuclei. Measurements were performed
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using ImageJ 1.45s software. At least 10 fields were analyzed, and all hepatocytes within the
field were counted.

2.5. Immunoblotting

Liver extracts were obtained and subjected to SDS-polyacrilamide electrophoresis and
immunoblotting as previously described (Miquet et a/., 2013, Bacigalupo et a/., 2019). The
following primary antibodies were used: anti-COX1 (1:1000, Ab109025, Abcam), anti-
COX2 (1:1000, 160106, Cayman Chemical, Ann Arbor, MI, USA), anti-phospho-cPLA2
Ser505 (1:500, 2831, Cell Signaling Technology, Danvers, MA, USA) or anti-cPLA2 (1:500,
2832, Cell Signaling Technology). After detection of immunoreactive bands by
chemiluminiscence, membranes were stained with Coomassie Blue to control for total
protein load and blotting efficiency (Welinder et al., 2011, Bacigalupo et a/., 2019) instead
of immunoblotting of standard proteins since hepatic protein abundance of actin and tubulin
exhibits genotype-dependent variations (Miquet ef a/., 2013, Martinez et al., 2015). Intensity
of the bands detected after chemiluminescence reaction and Coomassie Blue staining was
quantified using Gel-Pro Analyzer software (Media Cybernetics).

2.6. Quantitative Real-time reverse transcriptase PCR (RT-qPCR)

Total RNA was extracted from liver tissue and retrotranscribed to cDNA as previously
described and following standard procedures (Bacigalupo et a/., 2019). Primers were
designed for specific amplification of GHR, IGF-1R, cPLA2a and Cyclophilin A as
reference gene, following general recommendations. Primers were obtained from
Invitrogen™ with sequences (5’ —3’): GHRF: CCAACTCGCCTCTACACC, GHRR:
GGGAAAGGACTACACCACCTG, /GF-1RF: TGCCAGTGAGGTTGAAGTAA, /GF-1R
R: CGAGCCTTTTGACTTTTGTT, cPLAZa F: TCAAGGACCCAAAGGCACCGA,
CPLAZa R: CGGCACGTCCTTCTCGGGTA, Cyclophilin AF:
GCGTCTCCTTGAGCTGTT, Cyclophilin AR: TCAGCCTGGTCAAAGGTGAT. Relative
gene expression levels were calculated by the comparative cycle threshold (Ct) method
(Pfaffl, 2001).

2.7. Statistical analysis

GraphPad Prism statistical program (GraphPad Software, San Diego, CA, USA) was used
for statistical analysis. Results are expressed as the mean + SEM of the indicated number ()
of different individuals per group. Two-way ANOVA and Bonferroni post-test were used to
assess genotype and sex differences. Unpaired Student’s #test was used to compare young
and old animals of the same sex and genotype and control and GH-transgenic old mice
(non-tumoral zone) of the same sex. To compare expression levels between tumoral and
non-tumoral zone of the same old GH-transgenic mouse, paired Student’s #test was applied.
Differences between control and GH-treated Swiss-Webster mice of the same sex and age
were assessed by unpaired Student’s £test. Data were considered significantly different if
£<0.05.
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3. Results

3.1. Liver macroscopic analysis

Exposure to high GH levels in mice promotes hypertrophy and hyperplasia of hepatocytes
that lead to hepatomegaly and, frequently, to liver tumor development (Orian et al., 1990,
Snibson et al., 1999, Snibson, 2002). The disproportional growth of liver is evidenced even
in absence of preneoplastic liver lesions (Martinez et a/., 2016). In accordance with previous
reports, young adult GH-transgenic mice used in this work exhibited hepatomegaly,
manifested by a higher liver to body weight ratio (LW/BW) than normal mice, which was
also observed in advanced age transgenic mice (Table 1). Higher LW/BW values were
obtained in old GH-transgenic males in comparison to age-matched GH-overexpressing
females. Besides, GH-transgenic males of advanced age exhibited a higher LW/BW ratio
than young animals, while no age-related differences were found for the other groups
analyzed.

Liver examination revealed the presence of hepatic lesions in old GH-transgenic mice. In
most cases, distinguishable tumors were found and were extracted to analyze and compare to
adjacent tissue. In some cases, small nodules were also observed which could not be
dissected to obtain enough tissue to perform the experiments. No macroscopic liver lesions
were observed in young transgenic mice, the same as in young and old controls, according to
previous reports (Miquet et al., 2013).

3.2. Serum alanine transaminase (ALT) determination

In order to assess liver damage, serum alanine transaminase (ALT) levels were determined
(Table 2). Accompanying disproportional liver growth, overexpression of GH was associated
with higher serum ALT levels than control mice, both in young and old animals. High levels
of this enzyme in blood are indicative of liver injury or disease and are often found before
any other symptom (Kim et a/., 2008). When mice of different ages were compared, an
increment in ALT levels with age was observed only in GH-transgenic mice. Similar
genotype and age-related changes were observed for males and females. However, GH-
transgenic male mice reached higher ALT levels than females at advanced ages.

3.3. Liver histological analysis and evaluation of hepatocellular proliferation

Histological analysis of liver sections obtained from young mice overexpressing GH
confirmed the preneoplastic morphological alterations previously described (Miquet et al.,
2013, Martinez et al., 2016). Young GH-transgenic mice exhibited areas of cell dysplasia,
predominantly at the centrolobular level, with hepatocytes presenting cellular and nuclear
polymorphism (Supplementary Fig. 1 A-D). At advanced ages, overexpression of GH was
associated with extensive areas of cell dysplasia in the entire hepatic lobule with distortion
of histological architecture (Supplementary Fig. 1 E-I).

According to previous reports from our group, in young GH-transgenic mice these areas of
dysplasia were characterized by hepatocytes presenting large cellular and nuclear size,
together with exacerbated hepatocellular proliferation (Miquet et a/., 2013). In this work,
hepatocytes from old mice were analyzed. For GH-transgenic mice presenting liver tumors,
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tumoral and non-tumoral adjacent tissues were evaluated separately. Representative
microphotographs from H&E sections are shown in Fig. 1A, 11. Both female and male
transgenic mice exhibited a significant decrease in the nhumber of hepatocytes per
microscope field in comparison to controls, indicative of hepatocyte enlargement (Fig. 1B,
1J). Transgenic mice also displayed significantly higher mean nuclear size than normal mice
(Fig. 1D, 1L).

Comparison of tumoral and non-tumoral tissue was also performed and a higher number of
hepatocytes per field was found in liver tumors both from male and female transgenic mice
(Fig. 1C, 1K). When nuclear area was evaluated, tumoral tissue in females displayed
hepatocytes with smaller nucleus than those from the adjacent non-tumoral tissue (Fig. 1E).
In contrast, no significant differences in the nuclear area were found in hepatocytes from the
liver of male transgenic mice (Fig. 1M).

Cell proliferation was evaluated in old mice by the analysis of the S-phase-related
proliferating nuclear antigen (PCNA). Representative microphotographs are shown in Fig.
1F, 1N. The percentage of PCNA positive nuclei was higher in female and male mice
overexpressing GH in comparison to controls (Fig. 1G, 10). When PCNA staining was
assessed to compare the tumoral and non-tumoral zone, lower levels were found in the
tumoral zone in female mice, while non-significant differences were observed in males (Fig.
1H, 1P). Negative controls demonstrated reaction specificity (Supplementary Fig. 2A).

These results indicate that GH-overexpression is associated with dysplastic lesions and an
exacerbated proliferation of liver cells in old animals, similar to what was previously
reported for young GH-transgenic mice (Miquet et a/., 2013, Martinez et al., 2016).

GH action at the cellular level begins with its binding to its membrane receptor, GHR, which
in turns activates several signaling mediators. Among these, the JAK2/STATS5 signaling
pathways is considered the most important as it induces IGF-1 synthesis, which is the main
mediator of GH action in different tissues. In normal situations, IGF-1 produced in the liver
acts predominantly in other tissues since hepatocytes do not significantly express its
receptor, IGF-1R. On the contrary, on chronic liver disease, elevated production of IGF-1R
has been described, from the beginning of preneoplastic changes up to the established HCC
stage (Wu et al., 2011, Pivonello et al., 2014, Adamek et al., 2018). Consequently, the
expression of both receptors, GHR and IGF-1R, was analyzed by gPCR in the liver of old
GH-transgenic mice (Fig. 2). GHR mRNA was shown to be higher in both male and female
GH-transgenic mice in comparison to normal animals (Fig. 2A), in line with previous
reports using younger animals where higher GHR mRNA and protein levels were detected in
GH-transgenic mice (Martinez et al., 2015) and in accordance with the well-known up-
regulation of hepatic GHR expression by continuous exposure to GH (Maiter et al., 1988,
lida et al., 2004, Gonzalez et al., 2007). When tumoral and non-tumoral liver tissue was
compared, lower levels were observed in tumors, only in females (Fig. 2B). A similar pattern
was obtained when IGF-1R mRNA was determined (Fig. 2C, 2D).
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The expression of GHR and IGF-1R was also evaluated by immunohistochemical assays
(Supplementary Fig. 3) in the liver of old mice, demonstrating that both receptors were
expressed in hepatocytes.

3.4. Cytosolic phospholipase A2 alpha (cPLA2a) expression

Alterations in the metabolism of membrane phospholipids and lipidic mediators have been
associated with tumorigenesis (Wang et al., 2010). Higher activity of the 85-kDa cPLA2a.
enzyme has been observed in many tumors, including HCC (Niknami et a/., 2009, Dennis et
al., 2011, Yarla et al,, 2016, Kim et al., 2018). Consequently, its expression in young and old
normal and GH-transgenic mice was evaluated.

In young animals, higher cPLA2a protein and mRNA levels were observed in male and
female GH-transgenic mice in comparison to normal mice (Fig. 3A, 3B). Phosphorylated
cPLA2a at Ser505, the activated form of this enzyme, exhibited a similar profile (Fig. 3C).
When animals of advanced age were analyzed, elevated cPLA2a protein and mRNA
abundance was also observed in mice overexpressing GH in comparison to controls (Fig.
4A, 4B and 4D). For transgenic mice bearing liver tumors, relative expression of cPLA2a in
the tumoral zone was compared to its expression in the non-tumoral zone of the same liver
and no differences in cPLAZ2a protein and mRNA levels were found (Fig. 4A, 4C and 4E).
Similar results were obtained for males and females. Protein loading control was performed
by Coomassie blue staining (CBS) of PVDF membranes. Data are the mean + SEM of the
indicated number of samples per group (1), each one representing a different animal.
Different letters denote significant differences between normal and GH-transgenic, male and
female mice, assessed by two-way ANOVA (£<0.05).

3.5. COX1 and COX2 expression

Cyclooxygenases 1 and 2 enzymes are involved in the synthesis of molecules that could act
as mediators of inflammation, survival and proliferation. Higher expression of these
enzymes was suggested to be involved in carcinogenic processes (Chi-Man Tang et al.,
2005, Cervello et al., 2006, Wu, 2006, Breinig et al., 2007, Wang et al., 2010, Kim et al.,
2018). Therefore, the potential role of COX1 and COX2 in liver tumorigenesis in GH-
transgenic mice was analyzed.

Elevated COX1 and COX2 protein content was observed in young male and female GH-
transgenic mice in comparison to corresponding control (Fig. 5A and 5C). To further
confirm these results and assess for cellular distribution of COX enzymes,
immunohistochemistry assays were performed. Representative microphotographs are shown
in Fig. 5B, 5D. COX1 and COX2 staining was stronger in liver sections obtained from GH-
transgenic males and females, particularly at the cytoplasm of hepatocytes. Negative
controls demonstrated reaction specificity (Supplementary Fig. 2B, 2C).

COX1 and COX2 expression was also assessed in the liver of old mice (Fig. 6). Similar to
what was observed in young animals, expression of both enzymes was higher in the liver of
GH-transgenic mice in comparison to controls (Fig. 6A, 6B, 6D and 6E). COX1 and COX2
levels were also compared between non-tumoral and tumoral tissue from GH-transgenic
mice (Fig. 6C and 6F). No significant differences were observed in COX1 abundance. On
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the contrary, higher levels of COX2 expression were evidenced in the tumoral tissue, both in
males and females.

COX1 and COX2 expression was also analyzed by immunohistochemistry in liver sections
of old female mice. COX1 and COX2 staining was higher in GH-transgenic mice in
comparison to controls and was mainly observed in the cytoplasm of hepatocytes (Fig. 7A,
7B). A similar pattern was detected between tumoral and non-tumoral tissue derived from
GH-transgenic mice.

3.6. COX1 and COX2 expression in mice after a limited exposure to continuous GH levels

The increment in COX1 and COX2 expression observed in this line of GH-transgenic mice
could be directly associated with continuously elevated GH levels, but it also could be
consequence of the preneoplastic pathology these animals develop since young ages
(Martinez et al., 2015, Martinez et al., 2016). In order to elucidate this, osmotic minipumps
delivering GH at a dose of 1 mg /kg body weight per day were implanted in the
subcutaneous space of Swiss-Webster mice. Livers were obtained after five days of
treatment and COX1 and COX2 levels were analyzed by immunoblotting. In females, GH
administration did not induce changes in COX1 or COX2 expression in comparison to
controls (Fig. 8A, 8B, 8D and 8E). In contrast, GH-treated male mice exhibited higher levels
of COX1 than control animals, but a similar expression of COX2 was observed between
treated and non-treated male mice (Fig. 8A, 8C, 8D and 8F).

4. Discussion

GH is currently administered to children with retarded growth, related or not to GH
deficiency. In adults, it is also prescribed due to its beneficial effects over metabolism and
neuronal and reproductive function. GH abuse has also been reported since it modifies body
composition, increasing muscle mass and decreasing fat depots (Kemp et al., 2011, Laron,
2011). In humans, there are no conclusive studies that directly link GH treatment with tumor
development. In fact, GH replacement therapy in GH deficient adult and children is regarded
as safe when no other risk factors for malignancy are present (Pekic et al., 2017,
Boguszewski ef al., 2019). In acromegalic patients, prolonged GH excess appears to
marginally increase cancer incidence (Boguszewski et al., 2019).

Evidence in animals suggests that exposure to GH could provide a protumorigenic
environment, favoring survival of genetically damaged cells (Chhabra et al., 2011, Perry et
al., 2013, Pekic et al,, 2017, Boguszewski et al., 2019). Mice continuously exposed to
elevated GH levels display hepatomegaly since young ages and frequently develop liver
tumors, including HCC, by the first year of life (Orian et a/., 1990, Snibson et a/., 1999,
Martinez et al., 2016). This progression is accompanied by dysregulation of GH signaling
pathways, including those related to oncogenic processes, which starts prior to the
appearance of liver damage (Miquet et a/., 2008, Miquet et al., 2013, Martinez et al., 2016).

In a previous work in young GH-transgenic mice, we described that hepatomegaly was
associated with hepatocytes of greater size with larger nuclei and a higher proliferation rate,
but no macroscopic alterations were observed (Miquet et al., 2013). In the current work, we
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expanded our analysis to older GH-overexpressing mice. These animals displayed similar
alterations in hepatocyte size and its proliferative state, but histological architecture was now
distorted and liver macroscopic lesions were evident, with tumors found in most of the
transgenic animals under study. Although hepatocarcinogenesis in GH-transgenic mice was
described as directly associated to GH action in the liver, as mice overexpressing IGF-1 do
not exhibit hepatic tumors (Quaife et al., 1989, Bartke, 2003, Kopchick et al., 2014), IGF-1
signaling could also be involved in this process since MRNA expression of its receptor,
IGF-1R, and GH receptor, GHR, are augmented in the liver of these mice.

Liver tumoral tissue displayed hepatocytes of lower size, which, in females, exhibited
smaller nuclei and a lower proliferation rate. These alterations observed in tumors from GH-
transgenic females were accompanied by a lower expression of GHR and IGF-1R mRNA. In
males, hepatocytes from tumors were also smaller, but exhibited no differences in nuclei
size, proliferative state and GHR and IGF-1R mRNA expression in comparison to non-
tumoral tissue.

These results suggest a direct association between hepatocyte growth and proliferation and
GHR and IGF-1R expression in mice continuously exposed to elevated levels of GH since
birth, which are in line with the previously described role of these receptors in hepatocytes
growth, proliferation and differentiation (Chhabra et al., 2011, Pivonello et al., 2014).

This process, associated with elevated levels of GH, is accompanied by an increment in
circulating ALT levels in young animals before the development of liver tumors, which then
exacerbates with age. Serum ALT activity has been regarded as a reliable and sensitive
marker of liver disease: upon hepatocellular injury or death, it is released from damaged
liver cells, increasing its serum activity (Kim et al., 2008). Our results showing higher ALT
levels in old GH-transgenic males than in females are in line with the notion that levels of
this enzyme differ with gender, with higher values in men than in women (Kim et a/., 2008).

HCC usually develops in the presence of continuous inflammation and hepatocyte
regeneration, with mediators of inflammation such as PGs being important actors in
hepatocarcinogenesis (Wu, 2006, Wang et a/., 2010, Zang et al., 2017). High levels of AA, a
precursor of PGs synthesis, have been described in the phosphatidyl choline phospholipid
pool of hepatic membranes of another GH-transgenic mouse line (Murray et al., 1994,
Oberbauer et al., 2011). Consequently, we analyzed the expression of enzymes involved in
AA metabolism in our GH-transgenic mice to assess its potential role in the liver pathology
these animals develop.

Mice overexpressing GH exhibited an increment in the hepatic expression of cPLA2a. in
comparison to control animals. This effect was observed in young and old, male and female
mice; however, no significant differences were found between tumors and the adjacent
tissue. Dysregulation of cPLA2a was reported in transformed cells and it is believed to play
an important role in the pathogenesis of many human cancers (Nakanishi et al., 2006,
Niknami et al., 2009, Dennis et al., 2011, Kim et al., 2018). In fact, the use of PLA2s
inhibitors for various inflammatory and oncologic diseases is under clinical trials (Yarla et
al., 2016).
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Male and female GH-transgenic mice also displayed higher hepatic levels of COX1 and
COX2 than normal animals, both during young adulthood and at advanced ages. When the
expression of these enzymes was evaluated in tumoral and non-tumoral tissue, elevated
levels of COX2 were observed in tumors. On the contrary, our findings show that COX1
expression was similar in the tumors and the surrounding tissue.

While COX2 expression is undetectable in most normal tissues, it is rapidly induced by
mitogenic and inflammatory stimuli (Cervello et al., 2006, Breinig et al., 2007, Wang et al.,
2010, Kim et al., 2018). In the adult liver, the rapid expression of COX2 upon
proinflammatory stimuli is almost restricted to the non-hepatocyte cell population, but
hepatocytes express this isoenzyme under chronic pro-inflammatory conditions and during
liver regeneration after partial hepatectomy (Martin-Sanz et al., 2010). It is well-established
that COX2 is overexpressed in a multitude of premalignant, malignant and metastatic
cancers, including hepatocellular carcinoma (HCC) (Chi-Man Tang ef a/., 2005, Cervello et
al., 2006, Wu, 2006, Breinig et al., 2007). A role for COX1 in oncogenesis has also been
postulated, since this enzyme is up-regulated in some human cancers, including HCC. Both
COX1 and COX2 expression was reported to be higher in well-differentiated HCC than in
the poorly-differentiated tissues, suggesting that these enzymes may be involved in the early
stages of hepatocarcinogenesis (Chi-Man Tang et al., 2005, Cervello et al., 2006, Wu, 20086,
Breinig et al., 2007). As a consequence of COX overexpression, prostaglandin levels
increase, which may affect many mechanisms involved in oncogenesis, including
stimulation of cell growth, inhibition of apoptosis, angiogenesis, invasiveness and metastatic
potential of tumor cells (Cervello et al.,, 2006, Wu, 2006, Wang et al., 2010, Kim et al.,
2018).

GH-transgenic mice exhibit signs of morphological alterations since early ages, product of
the exposure to GH since birth. It should be noticed that these changes may be induced by
the pathological context generated by elevated circulating levels of this hormone, rather than
being a direct consequence of GH action in the liver. Therefore, the expression of COX
enzymes was evaluated in mice exposed to continuously elevated levels of GH but for a
limited period and at lower concentrations.

Opposite to what was observed in GH-transgenic mice, which displayed up-regulation of
COX1 and COX2 in both sexes, exposure to lower levels of hormone for a short period
seems to only affect COX1 levels in males. Considering the physiological profile of GH
concentration in blood, which is markedly pulsatile in males, a more pronounced effect of
GH continuous treatment could be expected in this sex, in line with what was observed for
the expression of other proteins (Diaz et al., 2014, Bacigalupo et a/., 2019). In females,
where GH release is also pulsatile but with more frequent peaks and thus is commonly
considered as “continuous”, sustained exposure to GH is less effective. In GH-transgenic
mice the extremely high levels of GH since birth often produce similar changes in both sexes
(Miquet et al., 2013, Bacigalupo et al., 2019). In order to fully elucidate the effects of
continuous GH administration on the expression of COX enzymes, further investigation
involving different GH doses and treatment periods should be performed.
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Although the precise mechanisms underlying GH-induced cPLA2 and COX enzymes
expression are yet to be elucidated, considering the role of inflammation in liver
tumorigenesis, our findings suggest that alterations in AA metabolism could be involved in
GH-driven tumorigenesis.
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Refer to Web version on PubMed Central for supplementary material.
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. GH-transgenic mice frequently develop chronic liver inflammation and then
HCC.
. Altered metabolism of AA have been associated with pathogenesis of HCC.

. GH-transgenic mice exhibited higher liver expression of cPLA2a and COX

enzymes.
. Elevated expression of COX2 was observed in liver tumors.
. Limited exposure to GH is associated to higher COX1 levels only in males.
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Figure 1. Microscopic analysis of livers from old male and female GH-overexpressing transgenic
mice (T) and normal controls (N).

Liver sections from old female (A) and male (I), normal and GH-transgenic mice were

stained with hematoxylin and eosin (H&E) and representative photomicrographs are shown
(original magnification 400X). The number of hepatocytes per field, indicative of cell size,
was analyzed in non-tumoral tissue from normal and GH-transgenic females (B) and males
(J), and the comparison between tumoral and non-tumoral tissue was also performed in GH-
transgenic females (C) and males (K). The mean hepatocyte nuclear area was measured in
non-tumoral tissue from normal and GH-transgenic females (D) and males (L), and the
comparison between tumoral and non-tumoral tissue was also performed in GH-transgenic
females (E) and males (M). Hepatocellular proliferation was assessed by measuring the
expression of the proliferating cell nuclear antigen (PCNA) by immunostaining in liver
sections from old female (F) and male (N), normal and GH-transgenic mice and
representative photomicrographs are shown (original magnification 400X). The percentage
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of positive PCNA nuclei was analyzed in non-tumoral tissue from normal and GH-
transgenic females (G) and males (O), and the comparison between tumoral and non-
tumoral tissue was also performed in GH-transgenic females (H) and males (P). Data are the
mean + SEM of the indicated number () of different individuals per group. Unpaired
Student’s #test was used to assess differences between normal and GH-transgenic mice, and
paired Student’s #-test was used to assess differences between tumoral and non-tumoral
tissue. ns stands for non-significant.
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Figure 2. GHR and IGF-1R expression in the liver of female and male old GH-transgenic mice.
Liver extracts from female (F) and male (M), normal (N) and GH-transgenic (T) old mice

were evaluated for GHR and IGF-1R expression by the determination of mRNA levels
relative to Cyclophilin A by RT-qPCR analysis. Results obtained in non-tumoral tissue from
normal and GH-transgenic, female and male mice are displayed in (A) and (C) and the
comparison between tumoral and non-tumoral tissue from GH-transgenic males and females
is shown in (B) and (D). Data are the mean + SEM of the indicated number of samples per
group (), each one representing a different animal. Unpaired Student’s #test was used to
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assess differences between normal and GH-transgenic mice, and paired Student’s £test was
used to assess differences between tumoral and non-tumoral tissue. ns stands for non-
significant.
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Figure 3. cPLA2a expression and phosphorylation in the liver of female and male young GH-
transgenic mice.
Liver extracts from female (F) and male (M), normal (N) and GH-transgenic (T) young mice

were evaluated for cPLA2a protein expression by immunoblotting and densitometric
analysis (A). Liver cPLA2a expression was also evaluated by the determination of mMRNA
levels relative to Cyclophilin A by RT-gPCR analysis (B). The activated form of this enzyme
was assessed by immunablotting using anti phospho-PLA2a Ser505 antibody (C).
Representative immunoblots are shown.
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Figure 4. cPLA2a expression in the liver of old female and male GH-transgenic mice.

Liver extracts from female (F) and male (M) normal (N) and GH-transgenic (T) old mice

were evaluated for cPLA2a protein expression by immunoblotting and densitometric
analysis, and for mRNA levels relative to Cyclophilin A by RT-gPCR analysis.

Representative immunoblots are shown (A). Results obtained in non-tumoral tissue from
normal and GH-transgenic, female and male mice are displayed in (B) and (D) and the
comparison between tumoral and non-tumoral tissue from GH-transgenic males and females
is shown in (C) and (E). Protein loading control was performed by Coomassie blue staining

Mol Cell Endocrinol. Author manuscript; available in PMC 2021 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Piazza et al.

Page 24

(CBS) of PVDF membranes. Data are the mean £ SEM of the indicated number of samples
per group (1), each one representing a different animal. Unpaired Student’s #test was used
to assess differences between normal and GH-transgenic mice, and paired Student’s #test
was used to assess differences between tumoral and non-tumoral tissue. ns stands for non-
significant.
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Figure 5. COX1 and COX2 expression in the liver of young GH-transgenic mice.
Liver extracts from female (F) and male (M), normal (N) and GH-transgenic (T) mice were

evaluated for COX1 and COX2 protein expression by immunoblotting and densitometric
analysis (A, C). Protein loading control was performed by Coomassie blue staining (CBS) of
PVDF membranes. A composite image of lanes taken from the same gel is shown in (A).
Data are the mean + SEM of the indicated number of samples per group (7), each one
representing a different animal. Different letters denote significant differences between
normal and GH-transgenic, female and male mice, assessed by two-way ANOVA (£<0.05).
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Liver COX1 and COX2 expression was also evaluated by immunostaining of liver sections
and representative photomicrographs are shown (original magnification 400X) (B, D).
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Figure 6. COX1 and COX2 expression in the liver of old GH-transgenic mice.
Liver extracts from female (F) and male (M), normal (N) and GH-transgenic (T) mice were

evaluated for COX1 and COX2 protein expression by immunoblotting and densitometric
analysis. Representative immunoblots are shown (A, D). Results obtained in non-tumoral
tissue from normal and GH-transgenic males and females are displayed in (B) and (E) and
the comparison between tumoral and non-tumoral tissue from transgenic males and females
is shown in (C) and (F). Protein loading control was performed by Coomassie blue staining
(CBS) of PVDF membranes. Data are the mean + SEM of the indicated number of samples
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per group (77), each one representing a different animal. Unpaired Student’s #test was used
to assess differences between normal and GH-transgenic mice, and paired Student’s #test

was used to assess differences between tumoral and non-tumoral tissue. ns stands for non-
significant.
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Figure 7. COX1 and COX2 immunostaining in the liver of old female GH-transgenic mice.
The expression of these enzymes was analyzed in liver sections from old female GH-

overexpressing transgenic mice (T) and normal controls (N). From GH-transgenic mice,
microphotographs from both non-tumoral and tumoral tissue are shown (original
magnification 400X).
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Figure 8. COX1 and COX2 expression in the liver of GH-treated Swiss-Webster mice.
Liver extracts of female and male mice treated for 5 days with GH (1mg/kg of body weight

per day) by continuous infusion with an osmotic minipump (GH) or their respective controls
were evaluated for COX1 (B, C) and COX2 (E, F) protein expression by immunaoblotting
and analyzed by densitometry. Representative immunoblots are shown (A, D). Protein
loading control was performed by Coomassie blue staining (CBS) of PVDF membranes. A
composite image of lanes taken from the same gel is shown for males in (A). Data are the
mean + SEM of the indicated number of samples per group (), each one representing a
different animal. Unpaired Student’s #test was used to assess differences between control
and GH-treated mice. ns stands for non-significant.
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Table 1

Body and liver weight in young and old male and female GH-overexpressing transgenic mice and normal

controls.

Age Genotype and sex ~ Body weight (g)  Liver weight (g)  Liver weight/body weight (%)

Young adult (7=8)  Normal females 20.2+06a 091+0.04a 45+0.2a
Normal males 244+10b 1.10+0.07a 45+02a
Transgenic females 36.1+11c 27+0.1b 74+02b
Transgenic males 376+08¢c 28+0.1b 74+02b

Old (7=18-23) Normal females 339+15a 7 127+008a " 39+02a
Normal males 35.1+15a " 166+007a " 49x02a
Transgenic females 455+ 10p ¥ 37+01p ¥ 80+0.2b
Transgenicmales  491+22H ™ 47+03¢ ™ 9.9+06c

Data are the mean + SEM of the indicated number () of different individuals per group. Different letters denote significant differences between
normal and GH-transgenic, male and female mice, assessed by two-way ANOVA (/<0.05). Asterisks indicate significant differences between
young and old animals of the same sex and genotype by unpaired Student’s #test.

*
F<0.05,
*ok
F<0.01,
Aok

*
£<0.001,

HAAAA
F<0.0001.
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Table 2

Serum alanine transaminase (ALT) levels in young and old male and female GH-overexpressing transgenic
mice and normal controls.

Plasma ALT (U/L) Young adult (n=17-21) Old (n=27-31)

Normal females 16+3a 15+2a
Normal males 14+2a 16+2a
Transgenic females 39+3b 61+5b F
Transgenic males 47+4D 86+5¢c ¥

Data are the mean + SEM of the indicated number () of different individuals per group. Different letters denote significant differences between
normal and GH-transgenic, male and female mice, assessed by two-way ANOVA (/<0.05). Asterisks indicate significant differences between
young and old animals of the same sex and genotype by unpaired Student’s #test.

*
P<0.05,

*:

*
P<0.01.
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