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The inhibitory effect of growth hormone (GH) on adipose tissue growth and the stimulatory effect of GH on lipolysis are well known, but the mechanisms underlying these effects are not completely understood. In this study, we revisited the effects of GH on adipose tissue growth and lipolysis in the lit/lit mouse model. The lit/lit mice are GH deficient because of a mutation in the GH releasing hormone receptor gene. We found that the lit/lit mice had more subcutaneous fat and larger adipocytes than their heterozygous lit/+ littermates and that these differences were partially reversed by 4-week GH injection. We also found that GH injection to the lit/lit mice caused the mature adipose tissue and adipocytes to reduce in size. These results demonstrate that GH inhibits adipose tissue growth at least in part by stimulating lipolysis. To determine the mechanism by which GH stimulates lipolysis, we cultured adipose tissue explants and adipocytes derived from lit/lit mice with GH and/or isoproterenol, an agonist of the beta-adrenergic receptors. These experiments showed that whereas isoproterenol, expectedly, stimulated potent lipolysis, GH, surprisingly, had no effect on basal lipolysis or isoproterenol-induced lipolysis in adipose tissue explants or adipocytes. We also found that both isoproterenol-induced lipolysis and phosphorylation of hormone-sensitive lipase were not different between lit/lit and lit/+ mice. Taken together, these results support the conclusion that GH has lipolytic effect in mice but argue against the notion that GH stimulates lipolysis by directly acting on adipocytes or by enhancing β-adrenergic receptors-mediated lipolysis.
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Introduction

Growth hormone (GH), a polypeptide hormone produced by the anterior pituitary, is a major regulator of growth and metabolism. Many studies have demonstrated an inhibitory effect of GH on adipose tissue growth (1–3). In humans and mice, GH deficiency increases fat deposition whereas GH replacement treatment reverses this increase (3–5). It is believed that GH decreases body fat mass by both reducing lipogenesis and increasing lipolysis (6–8).

The lipolytic effect of GH has been observed in a variety of animals, including mice (9), rats (10), cattle (11), and humans (12, 13). However, studies of the underlying mechanism have generated seemingly conflicting results. In adipocytes derived from mouse 3T3-F442A preadipocytes and epididymal fat explants from rats, GH stimulated the release of glycerol, an indication of lipolysis (14, 15). These results suggest that GH directly acts on adipocytes to stimulate lipolysis. However, GH had no lipolytic effect on adipocytes derived from 3T3-L1 cells (16) or human adipose tissue (17). These results do not support a direct lipolytic effect of GH on adipocytes or adipose tissue. In human omental adipose tissue explants and adipocytes isolated from rat parametrial adipose tissue, the lipolytic effect of GH was undetectable in the absence of glucocorticoids (18, 19). These results suggest that the lipolytic effect of GH is dependent on other lipolytic hormones.

Epinephrine and norepinephrine are strong lipolytic hormones, and they cause fat breakdown by binding to the β-adrenergic receptors (20). Growth hormone administration significantly improved the lipolytic response of isolated adipocytes to epinephrine (21). Similar enhancing effect of GH was also observed in rat adipocytes (22). These results have led to the notion that GH stimulates lipolysis by enhancing the direct lipolytic effect of epinephrine or norepinephrine on adipocytes (17, 22). Because the mechanism by which GH increases lipolysis is not clear, we determined the effect of GH on lipolysis and explored the underlying mechanism in a GH-deficient mouse model.



Materials and methods


Animal experiments

Breeding pairs of C57BL/6J-Ghrhrlit mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). The lit mutation is a mutation in the growth hormone releasing hormone receptor (Ghrhr) gene, and homozygous lit/lit mice are GH deficient (23). Male lit/lit mice and male heterozygous littermates (lit/+) were used in this study. Lit/+ littermates were used as controls for lit/lit mice because wild-type littermates were not available and because lit/+ mice did not differ from wild-type mice in body weight (24). Mice were housed on a 12 h light/dark cycle at 23°C with ad libitum access to food and water. Mice were euthanized by CO2 inhalation and cervical dislocation. Euthanasia was performed between 9:00 a.m. and 11:00 a.m. All animal procedures used in this study were approved by the Virginia Tech Institutional Animal Care and Use Committee.

Four mouse experiments were performed in this study. In the first mouse experiment, 9-week-old lit/lit and lit/+ mice were injected subcutaneously with recombinant bovine GH (The National Hormone and Peptide Program, Torrance, CA, USA) at 2 μg/g body mass or with an equal volume of control (0.01 M NaHCO3, vehicle for GH), at approximately 9:00 a.m., once a day for 4 weeks. Bovine GH was used because it was easier to obtain than mouse or human GH and because it was effective in stimulating body growth and IGF-I gene expression in mice, based on a previous study (25). Mice were weighed weekly at 9:00 a.m. during this experiment. Mice were euthanized for isolation of inguinal subcutaneous fat pads at the end of the experiment. In the second mouse experiment, 17-week-old mice were injected subcutaneously with recombinant GH or control once a day for 4 weeks as described above, and euthanized for isolation of the inguinal fat pads at the last day of the experiment. The inguinal fat pads in this study referred to the subcutaneous fat pads between the lumbar spine and the groin. In the third mouse experiment, the inguinal subcutaneous fat pads were taken from 13-week-old mice for explant culture and for isolation of the stromal vascular fraction (SVF). In the fourth mouse experiment, 13-week-old mice were injected intraperitoneally with 10 μg/g body mass of isoproterenol (Sigma-Aldrich, St. Louis, MO, USA); 15 minutes after the injection, mice were euthanized for collection of blood and fat tissue. In all of these experiments, food was not removed from mice prior to drug administration or euthanasia.



Histology

Adipose tissue samples were fixed in 10% formalin (Fisher Scientific, Pittsburg, PA, USA) for approximately 18 h, and then embedded in paraffin for sectioning. Tissue sections were stained with hematoxylin and eosin (Fisher Scientific). Micrographs were randomly taken from each section. The areas of adipocytes in ten randomly selected micrographs, each of which contained around 150 adipocytes, were measured for each mouse using the ImageJ software (NIH, Bethesda, Maryland, USA).



Culture of adipose tissue explants

Freshly isolated inguinal subcutaneous fat pads were cut into pieces of 5 to 10 mg. Fat tissue pieces were incubated in Krebs Ringer bicarbonate buffer (pH 7.4) supplemented with 4% of bovine serum albumin (BSA), 1 mg/ml of glucose (Fisher Scientific), and 100 ng/ml of recombinant bovine GH or equal volume of PBS at 37°C in an atmosphere of 5% CO2 and 90% humidity. Medium samples were taken at 4 h and 24 h of culture. Medium samples were immediately centrifuged to remove any debris and stored at -20°C for glycerol assay.



Isolation of the stromal vascular fraction from fat

Freshly collected inguinal subcutaneous fat pads were cut into small pieces and then digested with 1 mg/ml collagenase D (Roche, Indianapolis, IN, USA) in HEPES buffer (0.1 M HEPES, 0.12 M NaCl, 0.05 M KCl, 5 mM glucose, 1.5% BSA, and 1 mM CaCl2, pH 7.4) at 37°C with shaking at 115 rpm for 1 h. The digestion was subsequently filtered through a 240 µm (pore size) mesh filter followed by a 40 µm mesh filter. The filtrate was centrifuged at 400 ×g for 5 min, and the pellet, i.e., the SVF, was washed twice with the HEPES buffer and then resuspended in growth medium. The growth medium consisted of Dulbecco’s Modified Eagle’s Medium Nutrient Mixture F-12 Ham (DMEM/F12) (Mediatech, Manassas, VA, USA), 10% of fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA, USA), 2 mM of L-glutamine (Mediatech), and 1% of 100× antibiotics-antimycotics (ABAM) (Mediatech).



Culture of the stromal vascular fraction cells

The SVF cells were expanded in growth medium for approximately 4 days. The SVF cells were induced to differentiate into adipocytes as described before (26). In brief, the SVF cells at nearly 100% confluency were cultured in DMEM/F12 medium supplemented with 5% FBS, 1% ABAM, 2 mM L-glutamine, 17 nM insulin, 0.1 µM dexamethasone, 250 µM 3-Isobutyl-1-methylxanthine (IBMX), and 60 µM indomethacin (MP Biomedical, Solon, OH), for 2 days. Insulin, dexamethasone, and IBMX were all purchased from Sigma-Aldrich. The SVF cells were then cultured in DMEM/F12 supplemented with 10% FBS, 2 mM L-glutamine, 1% ABAM, and 17 nM insulin for 2 days. Lastly, the SVF cells were cultured in DMEM/F12 supplemented with 10% FBS, 2 mM L-glutamine, and 1% ABAM, for 4 days. To determine the effect of GH on lipolysis, the SVF cells on the 8th day of differentiation were treated with 100 ng/ml recombinant bovine GH or control in serum- and insulin-free medium for 4 h and 24 h, and medium samples were taken for glycerol assay.



Glycerol and non-esterified fatty acid assays

Concentrations of non-esterified fatty acids (NEFA) in serum samples (7 μl) were measured as indicators of lipolysis in mice using the HR Series NEFA HR kit from FUJIFILM Wako Diagnostics (Richmond, VA, USA). Concentrations of NEFA in medium samples were undetectable using the HR Series NEFA HR kit; therefore, concentrations of glycerol were measured as indicators of lipolysis in cultured adipose explants and adipocytes. Glycerol concentrations in medium samples (10 μl) were measured using the Glycerol Colorimetric Assay Kit from Cayman Chemical (Ann Arbor, Michigan, USA). These assays were performed essentially according to the manufacturers’ instructions. Each sample was analyzed in duplicate. The detection limit of the glycerol assay was 2.5 mg/L or 0.027 mM, and the detection limit of the NEFA assay was around 1 mEq/L or 1 mM according to the manufacturers’ manuals.



Western blot analysis

Adipose tissue (200-300 mg) was homogenized in 1 ml of radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.1% SDS, 0.5% sodium deoxycholate) supplemented with protease inhibitors and phosphatase inhibitors (Roche). The homogenate was centrifuged at 10,000 ×g for 20 min at 4°C. The clear phase was collected and centrifuged again at 13,000 ×g for 10 min. Protein concentrations were measured using a BCA protein assay kit (Thermo Scientific, Rockford, IL, USA). Equal amounts of protein samples were separated by 8% SDS-PAGE and transferred electrophoretically onto nitrocellulose membranes. The membranes were immunoblotted first with 1:1000 diluted antibody for phosphorylated hormone sensitive lipase (Phospho-HSL, Ser563) (Cell Signaling, Danvers, MA, USA) and then with 1:1000 diluted antibody for total HSL (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Primary antibodies were detected by 1:1000 diluted horseradish peroxidase-coupled IgG (Santa Cruz Biotechnology) followed by Pierce ECL substrate (Thermo Scientific). Chemiluminescent signals were detected by exposing the membrane to a CL-Xposure film (Thermo Scientific, Rockford, IL, USA).



Statistical analysis

ANOVA followed by Tukey’s test was used to compare multiple means. T-test was used to compare two means. These analyses were performed using the General Linear Model of JMP (SAS Institute Inc., Cary, NC, USA). All data are expressed as mean ± SEM (standard error of the mean).




Results


GH deficiency increased adipose tissue growth

To determine the effect of GH deficiency on adipose tissue mass, we compared body mass and inguinal fat pad mass among 13-week-old lit/lit mice, lit/+ mice, and lit/lit mice that had been injected with GH for the last 4 weeks. Before GH injection (i.e., at 9 weeks of age), average body mass of lit/lit mice was approximately 50% of that of lit/+ mice (P < 0.05, Figure 1A). Four-week GH injection slightly increased body mass of lit/lit mice (Figures 1A). At 13 weeks of age, mass and body mass percentage of inguinal subcutaneous fat pads were 50% and 200% greater, respectively, in lit/lit mice than in lit/+ mice (P < 0.05, Figures 1B, C). However, these differences no longer existed between lit/lit mice injected with GH and lit/+ littermates (Figures 1B, C). Overall, these data indicate that GH deficiency increased whereas GH injection reduced adipose tissue mass in mice.




Figure 1 | Effects of GH deficiency and GH injection on body mass and fat mass of mice. Three groups of 9-week-old male lit/lit, lit/lit, and lit/+ mice from the same litters were injected with 2 μg/g body mass of recombinant bovine GH, vehicle control, and vehicle control, respectively, once a day for 4 weeks. Body mass and mass of inguinal subcutaneous fat pads were recorded at the beginning (wk 0) and end (wk 4) of the experiment. (A) Body mass. (B) Mass of inguinal subcutaneous fat pads. (C) Inguinal fat pad mass as percentage of body mass. Data are expressed as mean ± SEM (n = 5 mice). Means labeled with different letters are statistically different (P < 0.05).





GH deficiency increased adipocyte size

To determine if GH inhibits adipose tissue mass by inhibiting adipocyte hypertrophy, we compared the sizes of adipocytes in the inguinal fat pads from 13-week-old lit/+ mice, lit/lit mice, and lit/lit mice injected with GH for 4 weeks (Figures 2). Most adipocytes in lit/lit mice appeared to be larger than in lit/+ mice and GH-injected lit/lit mice (Figures 2A). The average size of adipocytes in lit/lit mice was more than twice that of adipocytes in lit/+ mice (P < 0.05, Figures 2B). GH injection reduced the average size of adipocytes in lit/lit mice by nearly 40% (Figures 2B). Overall, these data indicate that GH deficiency increased the size of adipocytes whereas GH injection reduced this increase in mice.




Figure 2 | Effects of GH deficiency and GH injection on average adipocyte size in mice. Three groups of 9-week-old male lit/lit, lit/lit, and lit/+ mice from the same litters were injected with GH, vehicle control, and vehicle control, respectively, once a day, for 4 weeks. Inguinal subcutaneous fat pads were collected at the end of the experiment for sectioning and staining. (A) Representative micrographs of fat sections. (B) Average adipocyte size. Data are expressed as means ± SEM (n = 5 mice). Means not sharing the same letter label are statistically different (P < 0.05).





GH injection caused adipose tissue and adipocytes to reduce in size

The results above demonstrate that GH deficiency is associated with increased adipose tissue mass and adipocyte size. We next determined if GH injection would cause mature adipose tissue and adipocytes to reduce in size. To this end, we compared the mass of inguinal fat pads and the size of adipocytes in lit/lit mice before (at 17 weeks of age) and after 4 weeks of injection of GH or control (at 21 weeks of age). The body mass of lit/lit mice without GH injection did not change significantly from 17 weeks to 21 weeks of age (Figures 3A). Four-week GH injection increased the average body mass of lit/lit mice by approximately 20% (P < 0.05, Figures 3A). However, 4-week GH injection decreased the mass and body mass percentage of inguinal fat pads in lit/lit mice by nearly 50% (P < 0.05, Figures 3B C).




Figure 3 | Body mass and inguinal subcutaneous fat mass of lit/lit mice before and after GH injection. Body mass and mass of inguinal subcutaneous fat pads were recorded from three groups of mice: 17-week-old lit/lit mice (indicated as lit/lit 0 wk in the graphs), 21-week-old lit/lit mice injected with GH for 4 weeks (indicated as lit/lit GH 4 wk in the graphs), and 21-week-old lit/lit mice injected with control for 4 weeks (indicated as lit/lit 4 wk in the graphs). (A) Body mass. (B) Fat mass. (C) Fat mass as percentage of body mass. Data are expressed as means ± SEM (n = 4 mice). Means labeled with different letters are statistically different (P < 0.05).



Adipose tissue from 21-week-old lit/lit mice injected with GH appeared to contain more small adipocytes than 21-week-old lit/lit mice injected with control and lit/lit mice before receiving GH injection (Figures 4A). The average size of adipocytes from 21-week-old lit/lit mice injected with GH for the last 4 weeks was approximately a half that from 21-week-old lit/lit mice injected with control or that from lit/lit mice before receiving GH injection (P < 0.05, Figures 4B). Overall, these data demonstrate that GH injection caused mature adipose tissue to reduce in mass and mature adipocytes to reduce in size.




Figure 4 | Adipocyte size of lit/lit mice before and after GH injection. Inguinal subcutaneous fat pads from 17-week-old lit/lit mice, 21-week-old lit/lit mice injected with GH for 4 weeks, and 21-week-old lit/lit mice injected with control for 4 weeks, indicated as lit/lit 0 wk, lit/lit GH 4 wk, and lit/lit 4 wk, respectively, in the graphs, were sectioned and stained with hematoxylin and eosin. (A) Representative photos of adipose tissue sections. (B) Average area of adipocytes. Data are expressed as mean ± SEM (n = 4 mice). Means labeled with different letters are statistically different (P < 0.05).





GH had no lipolytic effect on adipose explants or adipocytes from ad lib-fed mice

The above results demonstrate that GH reduces adipose tissue mass and adipocyte size. One possible mechanism by which GH causes these changes is increased lipolysis. Therefore, we next determined if GH induces lipolysis in adipose tissue and adipocytes. We cultured adipose tissue explants from lit/lit mice with or without 100 ng/ml (~ 4.5 nM) GH for 4 h (short term) and 24 h (long term). Addition of GH to adipose explants culture did not affect glycerol release to the medium in either 4 h or 24 h of treatment (Figures 5A). To confirm this result, we isolated the stromal vascular fraction cells from the inguinal subcutaneous fat from lit/lit mice, induced the cells to form adipocytes, and then incubated the formed adipocytes with 100 ng/ml GH. Again, GH had no effect on medium concentration of glycerol in either 4 h or 24 h of GH treatment (Figures 5B). These data show that GH had no direct effect on lipolysis in cultured mouse adipose tissue or adipocytes.




Figure 5 | Effect of GH on lipolysis in adipose tissue and adipocytes. (A) Effect of GH on lipolysis in adipose tissue explants. Inguinal subcutaneous fat explants from ad lib-fed lit/lit mice were cultured with vehicle control or 100 ng/ml GH for 4 h and 24 h, and glycerol concentration in the medium was measured. Concentration of glycerol in the medium was normalized by the mass of adipose tissue. (B) Effect of GH on lipolysis in adipocytes. The stromal vascular fraction cells were isolated from ad lib-fed lit/lit inguinal subcutaneous fat and differentiated into adipocytes in culture. Adipocytes were then treated with control or 100 ng/ml GH for 4 h and 24 h. Glycerol concentration was normalized by total protein content of adipocytes. Data are expressed as mean ± SEM (n = 5 mice). Both 4-h and 24-h GH treatments had no effect (P > 0.1) on glycerol release from either adipose tissue or adipocytes. * represents multiplication.





GH did not change isoproterenol-induced lipolysis in cultured adipose tissue or adipocytes from ad lib-fed mice

Multiple studies have shown that GH can enhance epinephrine-induced lipolysis (17, 27, 28). To determine if this is how GH reduces the mass of adipose tissue or the size of adipocytes in mice, we cultured the adipose tissue explants from ad lib-fed lit/+ and lit/lit mice with isoproterenol, a potent beta-adrenergic agonist (29, 30), or isoproterenol in combination with GH. Isoproterenol alone stimulated a remarkable release of glycerol from both lit/+ and lit/lit adipose tissue explants to culture medium (P < 0.05, Figures 6A), but the amount of glycerol released was not different between lit/+ and lit/lit adipose tissue (Figures 6A). Treating the adipose explants from either lit/+ or lit/lit mice with GH did not change the isoproterenol-induced release of glycerol (Figures 6A).




Figure 6 | Effect of GH on isoproterenol-induced lipolysis in adipose tissue and adipocytes. (A) Effect of GH on isoproterenol-induced lipolysis in adipose tissue explants. Inguinal subcutaneous fat explants from ad lib-fed lit/+ mice and lit/lit littermates were cultured with 10 μM isoproterenol (ISO), 10 μM ISO and 100 ng/ml GH, or vehicle control for 4 h, and glycerol released into the medium was measured. (B) Effect of GH on isoproterenol-induced lipolysis in adipocytes. Adipocytes were differentiated from the stromal vascular fraction cells isolated from ad lib-fed lit/lit inguinal subcutaneous fat. Adipocytes were cultured with 10 μM ISO, 10 μM ISO and 100 ng/ml GH, or vehicle control for 4 h, and glycerol released into the medium was measured. Data are expressed as mean ± SEM (n = 5 mice). Means labeled with different letters are statistically different (P < 0.05). * represents multiplication.



We also determined if GH would enhance isoproterenol-induced lipolysis in adipocytes. As indicated by the amount of glycerol released to the medium, isoproterenol had a strong effect on lipolysis in adipocytes (P < 0.05, Figures 6B), but this effect was not affected by the presence of GH (Figures 6B).

Overall, these data indicate that GH had no effect on isoproterenol-induced lipolysis in adipose tissue or adipocytes from ad lib-fed mice.



GH deficiency did not affect isoproterenol-induced lipolysis in ad lib-fed mice

In the final experiment of this study, we compared isoproterenol-induced lipolysis in ad lib-fed lit/+ and lit/lit mice. In this experiment, we injected lit/+ and lit/lit mice with isoproterenol and collected blood samples immediately before and 15 min after the injection. Isoproterenol injection caused a significant increase in blood concentration of non-esterified free fatty acids (NEFA), an indication of increased lipolysis, in both lit/+ and lit/lit mice (P < 0.05, Figures 7A). However, the increase was not different between lit/+ and lit/lit mice (Figures 7A). Hormone sensitive lipase (HSL) is a key enzyme for epinephrine- or norepinephrine-induced lipolysis, and its activity is enhanced by phosphorylation (31). We compared the level of isoproterenol-induced phosphorylation in HSL in lit/lit and lit/+ adipose tissue. As revealed by a Western blot analysis (Figures 7B), there was no difference in the abundance of phosphorylated HSL between lit/+ and lit/lit adipose tissue (Figures 7C). These data together demonstrate that GH deficiency did not alter epinephrine- or norepinephrine-induced lipolysis in mice.




Figure 7 | Effect of GH deficiency on isoproterenol-induced lipolysis in mice. Ad lib-fed Lit/+ mice and lit/lit littermates were intraperitoneally injected with 10 μg/g body mass of isoproterenol (ISO). Blood samples were collected immediately before and 15 min after the injection, and inguinal subcutaneous fat pads were taken 15 min after the injection. (A) Serum concentrations of non-esterified fatty acids (NEFA). Means labeled with different letters are statistically different (P < 0.05, n = 4 mice). (B) Western blots of phosphorylated hormone-sensitive lipase (pHSL) and total HSL in adipose tissue. Beta-actin was measured as a loading control. (C) Density ratio of pHSL to total HSL. pHSL/HSL is not different between lit/+ and lit/lit mice.






Discussion

Although GH is essential for whole body growth, it inhibits adipose tissue growth (1–3). We conducted the present study in GH-deficient lit/lit mice to understand the mechanism by which GH inhibits adipose tissue mass. We found that although lit/lit mice weighed only a half of normal mice at the same age, the former contained significantly more subcutaneous fat, and that GH replacement treatment efficiently decreased the deposition of subcutaneous fat in lit/lit mice. These results are consistent with those from studying the GH receptor knockout mice (32, 33). In the present study, we also found that the epididymal fat mass was not different between lit/+ and lit/lit mice (data not shown). Li and colleagues have noticed that GH receptor disruption did not affect the epididymal fat mass in mice either (34). Therefore, the subcutaneous fat appears to be more sensitive to GH than the epididymal fat, which is a major visceral fat pad in rodents (35).

Since increases in adipose tissue mass can be the result of increased adipocyte size, we determined the effects of GH deficiency and GH replacement on the size of adipocytes in mice. We found that GH-deficient lit/lit mice had much larger adipocytes in subcutaneous fat than lit/+ controls. Similar result was also found in GH receptor null mice (32). These results support the mechanism that GH inhibits adipose tissue mass at least in part by inhibiting adipocyte hypertrophy. In this study, we also found that GH administration to lit/lit mice caused mature adipocytes to reduce in size. In line with this result, GH treatment decreased adipocyte volume in GH-deficient humans (36, 37). These results support the notion that the inhibitory effect of GH on adipocyte hypertrophy in vivo is at least in part mediated through increased lipolysis (13, 38).

Despite the fact that the lipolytic effect of GH in vivo was observed more than a half century ago (39), the underlying cellular and molecular mechanism is not completely understood. One of the questions regarding this mechanism is if GH stimulates lipolysis by directly acting on adipocytes and activating the signaling pathways leading to the activation of key lipolytic enzymes such as adipose triglyceride lipase and hormone-sensitive lipase (31). As discussed in the Introduction section of this paper, previous studies have generated seemingly conflicting answers to this question. In this study, we treated adipose tissue explants and adipocytes from lit/lit mice with GH or isoproterenol or both, and found that whereas isoproterenol caused marked release of glycerol from both adipose tissue explants and adipocytes, GH had no effect on glycerol release from either adipose tissue explants or adipocytes. These in vitro data indicated that unlike isoproterenol, GH had no direct effect on the lipolysis pathway in adipose tissue or adipocytes. Although we did not directly demonstrate GH responsiveness in the adipose tissue explants and adipocytes, which is a limitation of this study, our observation that GH had no direct lipolytic effect on adipose tissue or adipocytes from lit/lit mice is consistent with earlier observations that GH had no lipolytic effect in differentiated 3T3-L1 adipocytes (16), and that GH alone did not cause lipolysis in human fat explants or isolated adipocytes (17, 18). However, there have been studies showing that GH directly stimulated lipolysis (15, 40–43), perhaps through the GH receptor-mediated JAK2-STAT5 pathway (44, 45) or the MEK-ERK pathway (8). Adding to these conflicting results is a recent study finding that adipocyte-specific STAT5 knockout did not affect lipolysis in subcutaneous or inguinal adipose tissue in mice (46). These discrepancies are difficult to reconcile. Rate of lipolysis and the underlying pathway varies with the nutritional status of the animal (31, 47). Fasting is known to enhance the lipolytic effect of GH (48, 49). So, one possible cause for these seemingly conflicting results is that animals, adipose tissue, or adipocytes used in these studies differed in the nutritional status.

Growth hormone could stimulate lipolysis in adipocytes by enhancing the responsiveness of adipocytes to hormones such as epinephrine and norepinephrine, which have direct, strong effects on the lipolysis pathway (31). This possibility is supported by previous studies showing that GH increased epinephrine-induced lipolysis in cultured human adipose tissue (40), and that GH increased the function of β1 and β3 adrenergic receptors in isolated rat adipocytes (28). However, this possibility is not supported by the results from the present study. In this study, we found no difference in isoproterenol-induced lipolysis between cultured lit/+ and lit/lit adipose tissue or adipocytes. We also showed that isoproterenol-induced lipolysis was not different between lit/+ and lit/lit mice. Hormone-sensitive lipase (HSL) is one of the key enzymes catalyzing the hydrolysis of triglyceride (50), and is activated by epinephrine and norepinephrine upon binding to their β-receptors (51). Our data showed no difference in isoproterenol-induced phosphorylation of HSL in subcutaneous fat between lit/+ and lit/lit mice. These results together argue against the notion that GH stimulates lipolysis in mice by enhancing the responsiveness of adipocytes to epinephrine or norepinephrine.

In summary, the results of the present study indicate that GH inhibits subcutaneous adipose tissue growth in mice at least in part by increasing lipolysis. However, the results of this study do not support the notion that GH stimulates lipolysis in mice by directly activating the lipolysis pathway or by enhancing epinephrine- or norepinephrine-induced lipolysis in adipocytes. Besides epinephrine and norepinephrine, hormones such as glucagon and glucocorticoids can directly induce lipolysis (31, 52). Therefore, GH might stimulate lipolysis by enhancing the responsiveness of adipose tissue to glucagon or glucocorticoids. Insulin has not only potent lipogenic but also strong antilipolytic effects (31). Long-term GH action inhibits insulin sensitivity and induces insulin resistance (53–55). Therefore, GH might stimulate lipolysis by suppressing the antilipolytic effect of insulin. Leptin is another major hormone affecting lipolysis, and interestingly, hypoleptinemia stimulates lipolysis by activating the hypothalamic-pituitary-adrenal axis (47). This suggests that GH could also affect lipolysis through a pathway commencing outside of the adipose tissue. We also cannot rule out the possibility that an unknown developmental defect caused by the lit mutation or an unknown mutation associated with the lit mutation prevents the adipose tissue of lit/lit mice from directly responding to GH. These and other possible indirect mechanisms by which GH stimulates lipolysis in animals remain to be studied in the future.
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