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Stimulation of Lipolysis but Not of Leptin Release
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Tissue from Stat5a and b Knockout Mice
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The present studies examined the effects of growth
hormone (GH) on lipolysis and leptin release by adi-
pose tissue from mice incubated for 24 h in primary
culture. In adipose tissue from control mice GH en-
hanced lipolysis without affecting leptin release. The
lipolytic action of GH was unaffected in adipose tissue
from Stat5b—/— male mice but leptin release was en-
hanced by GH in fat from Stat5b—/— mice. In adipose
tissue from StatSab—/— female mice no significant li-
polytic action of GH was seen but leptin release was
enhanced by GH. An insulin-like effect of GH on glu-
cose conversion to lactate was also seen in mice defi-
cient in Statbab—/—. These results suggest that the
lipolytic action of GH involves the Stat5 proteins while
the insulin-like effects of GH on glucose metabolism
and leptin release involve different mechanisms.
© 1999 Academic Press
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The disruption of the genes for both Stat5a and 5b
results in mice with severe growth retardation, a 50%
reduction in the serum IGF-1 content, and dramatic
reductions in the level of the major urinary proteins
[1]. These proteins are a family of «2-microglobulin-
related liver secretary proteins that are excreted in
male mouse urine at levels at least 3-fold higher than
in females and growth hormone is required for their
expression [2].

The present studies were designed to determine
whether the effects of GH on mouse adipose tissue are
affected by simultaneous disruption of both Stat5a and
5b proteins. There is a well established lipolytic effect

Abbreviations used: GH, growth hormone; STAT, signal transduc-
ers and activators of transcription.
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of GH on rat adipose tissue that is delayed in onset and
is seen in the presence of glucocorticoids [3—4]. It is
now thought that this anti-insulin effect of GH involves
decreases in the level of the G,,, protein [5, 6]. There is
another effect of GH that is insulin-like, immediate in
onset and is best seen in adipose tissue from hypoph-
ysectomized rats [3—4].

A delayed lipolytic effect of GH has been reported in
mouse adipose tissue [7]. Furthermore an insulin-like
effect of GH has also been seen after pre-incubation of
mouse adipose tissue [8]. The present studies indicate
that the lipolytic action of GH is abolished in adipose
tissue from mice deficient in both Stat5a and 5b pro-
teins (Stat5ab—/—) while the insulin-like effects of GH
are enhanced in adipose tissue.

MATERIALS AND METHODS

Epididymal adipose tissue for each experiment except those in-
volving Stat5ab—/— mice was obtained by pooling the tissue from
4—-6 fed male mice. The pooled adipose tissue was cut into small
pieces and incubated in 5 ml of a modified DMEM:Ham's F12 me-
dium for 24 h [9, 10].

Stat5b—/— mice and Stat5ab—/— mice (C57/B6 X 129SV strain)
were prepared as described by Teglund et al. [1]. The Stat5b—/—
male mice were compared to littermate controls (+/+) and both
groups were fed laboratory chow. However, Stat5ab—/— mice have
less than 20% of the fat pad content of controls if fed laboratory chow.
Stat5ab—/— mice as well as their controls were therefore fed for 4—8
weeks a pelleted high fat diet containing 27% casein, 20% Crisco,
46% sucrose, 2% RP vitamin mix and 5% RP mineral mix #10 that
was supplied by Purina Mills of Richmond, IN. The control group was
composed of two-thirds heterozygotes (+/—) for Stat5ab and one-
third Stat5ab (+/+) mice. While feeding mice this diet enhanced the
fat content of both groups the weight of the fat pads averaged 300
and 450 mg respectively in male and female Stat5ab—/— mice and
500 and 840 mg in control male and female mice. Some dwarf
Stat5ab—/— mice [about 10-20%] weighed less than 11 g and were
not used since these mice had insufficient fat for the studies. Simi-
larly controls that weighed over 28 g were excluded since they had
much larger amounts of adipose tissue. The weight of Stat5ab—/—
mice averaged 17 g in male and 16 g in female mice while male
controls averaged 26 g and 23 g for female controls in agreement
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TABLE 1

The Effects of GH on Lipolysis Were Unaffected
in Stat5b Knockout Mice

Stat5b+/+ Stat5b—/—
Parameter [21] knockouts [12]
Basal lipolysis in umol/g 27.8 =27 25.0 2.7
% increase due to 10 nM GH +38 * 6%* +31 * 11%*
Basal leptin release in ng/g 168 = 18 182 = 18
% change due to 10 nM GH -3+ 5% +21 + 8%*
Weight of mice (g) 275*1.1 29.7 24
Weight of epididymal adipose 470 £ 40 590 = 90
tissue/mouse (mg)
Serum leptin (ng/ml) 46 1.2 48 1.0

Note. Cut pieces of epididymal adipose tissue from male mice fed
laboratory chow (80—-260 mg/tube) were incubated in 5 ml of medium
for 24 h in the presence of 25 nM dexamethasone. The number of
determinations for each group are shown in brackets. The increases
in lipolysis due to GH were statistically significant in both groups
and of leptin release in the Stat5b knockouts (p < 0.025 indicated by
an asterisk).

with prior studies [1]. Each experiment using adipose tissue from
Stat5ab—/— mice utilized tissue from a single animal divided be-
tween 4-8 tubes and the same was true for controls.

Aliquots (20 to 50 wl) of the medium were used to measure the
leptin content using radioimmunoassay Kits with antibody raised
against rat or mouse leptin and with rat or mouse leptin standards
from Linco Research, Inc. (St. Charles, MO). Lipolysis was measured
by analysis of glycerol release into the medium (10 to 50 ul aliquots)
by the procedure of Boobis and Maughan [11]. Lactate was measured
by the same procedure using lactate dehydrogenase [11]. The GH
preparation was human recombinant GH (lot PS9033AX) produced
by Genentech Inc. The insulin was bovine insulin obtained from
Sigma as were the other hormones and reagents.

The effects of added agents were calculated as the percentage
change from the incubation control in each experiment since this
resulted in a more normal distribution of the data. Statistical com-
parisons were made using Student’s t test on the paired differences.

RESULTS

Effect of deletion of the Stat5b gene on GH action in
mouse adipose tissue. GH increases the phosphoryla-
tion of Stat5b which is a substrate for the JAK2 kinase
activated by the GH receptor [12]. The lipolytic action
of GH was unaffected in StatS5b—/— mice (Table 1).
There was no effect of the Stat5b deletion on body
weight, serum leptin and only a small, but not statis-
tically significant, increase in the amount of epididy-
mal fat (Table 1). The data on body weight are in
agreement with those previously reported by Teglund
et al. [1].

We did not see any increase in leptin release due to
GH in the adipose tissue from control mice in the
presence of 25 nM dexamethasone. However, a statis-
tically significant increase (+21%) in leptin release due
to GH was seen in StatSb—/— mice (Table 1).

The stimulation of lipolysis by GH is not seen in
adipose tissue from Stat5ab—/— mice. There is an-
other Stat5 gene [Stat5a] that encodes a protein which
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is 95% identical in its amino acid sequence to Stat5b
and these proteins may be functionally redundant [1].
We therefore turned to studies using Stat5a and 5b
double knockout mice. While Stat5b—/— mice have the
same or a slightly higher weight and fat content that is
not the case for Stat5ab—/— mice which have 20 to 40%
decrease in body weight and an 80% reduction in fat
pad weight [1]. In our initial studies using Stat5ab—/—
mice there was so little body fat in animals fed labora-
tory chow that it was not possible to obtain enough
adipose tissue for in vitro studies. We therefore fed the
control and Stat5ab—/— mice for 4-8 weeks after
weaning on a synthetic diet containing 20% fat.

Basal lactate formation was 63% higher in adipose
tissue from StatSab—/— mice (Table 2). There was a
stimulation of lactate formation due to the combination
of insulin plus T; in adipose tissue from control which
was also 63% greater in fat from Stat5ab—/— mice.
However, while GH increased lactate formation by 34%
in adipose tissue from StatSab—/— mice in the pres-
ence of insulin plus T; it had no effect in tissue from
controls (Table 2). Furthermore there was no effect of
GH in the absence of insulin plus T, in Stat5ab—/—
mice. These data indicate that there is a higher rate of
glucose uptake and conversion to lactate in tissue from
Stat5ab—/— mice and that GH, in the presence of T,
and insulin, has an insulin-like effect in adipose tissue
of these animals.

We found that serum leptin levels were elevated by
52% in female mice but decreased by 28% in male
Stat5ab—/— mice (Table 3). The amount of fat in the
Statbab—/— mice was 40% less in the male mice and
49% less in the female mice (Table 2). It is unclear why
the serum leptin was elevated in the StatSab—/— fe-
male mice.

TABLE 2

Comparison of GH Effects on Lipolysis and Lactate
Formation in Stat5ab Double Knockout Mice

Controls StatSab—/—
Parameter n =17 n=18
Basal lactate formation in wmol/g 115 + 11 188 = 19
% change due to GH -9 *= 6% —6 = 4%
% change due to insulin + T, +24 = 4%** +39 = 8%**
% change due to GH in presence +1 7% +34 = 11%**
of insulin + T,
Basal lipolysis in umol/g 38.5*+40 43.3+ 2.8
% change due to GH +19.0 = 6.2**% +7.3 = 4.9%

Note. Pieces of epididymal or parametrial adipose tissue (approx-
imately 80 mg/tube from control and 42 mg/tube from Stat5ab—/—
fed the high fat diet were incubated for 24 h in 5 ml of medium
containing 25 nM dexamethasone without, with 10 nM GH, or with
10 nM insulin plus 10 nM T,. The values are from 17 control mice (6
females and 11 males) and 18 Stat5ab—/— mice (9 females and 9
males). Statistically significant effects of added hormones are as
follows based on the paired differences: *p < 0.05 and **p < 0.01.
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TABLE 3

The Lipolytic Effect of GH Is Abolished in Adipose Tissue
from Stat5ab—/— Mice

%

Parameter Control StatSab—/— difference

Mouse weight in grams

) 26407 17.0 £0.8* —36%

? 23.2+0.2 16.1 +£0.4* —30%
Fat weight in milligrams

3 500 * 20 300 =+ 40* —40%

? 800 = 60 410 + 35* —49%
Serum leptin

3 7.6 0.7 55+ 0.8

? 73+1.0 111=*+11* +52%
Lipolysis at 24 h in wmol/g

3 354 46 £ 4

? 36 +4 40 =3
% change due to GH

) +1+ 4% +14 = 8%

? +234 +51% +4*+48%* —83%

Note. Ten male and 18 female controls were compared to 10 male
and 20 female Stat5ab—/— mice. All mice were fed the high fat diet.
Basal leptin release and lipolysis were measured over 24 h in the
presence of 25 nM dexamethasone. The amount of adipose tissue
incubated per tube averaged 65 mg for male and 96 mg of female
controls while from the Stat5ab—/— mice it averaged 40 mg for males
and 50 mg of females. The values are shown as the mean = SEM and
significant differences between the two groups are indicated by an
asterisk (p < 0.05). The effect of 10 nM GH on lipolysis is shown as
the % change based on paired analysis. Only the increase in lipolysis
due to growth hormone in female controls was significant (p < 0.001).

The studies on the Stat5ab—/— mice utilized mice
fed the high fat diet (Tables 2-3). The data from
Statbab—/— mice of both sexes were combined in the
studies shown in Table 2. There was a 19% increase in
lipolysis due to GH in adipose tissue from control mice
that was statistically significant (Table 2). In contrast
there was no significant increase in lipolysis using
adipose tissue from Stat5ab—/— mice. Examination of
the data indicated that the increase in lipolysis due to
GH was primarily in the female controls so we ex-
panded the series to 58 mice and the data are shown in
Table 3 for each sex. For reasons that are unclear,
lipolysis was only increased by GH in the adipose tis-
sue from the female controls of this strain fed the high
fat diet. There was a 23% increase in lipolysis due to
GH in fat from female mice fed the high fat diet. Basal
lipolysis was unaffected in adipose tissue from female
Stat5ab—/— mice but there was no significant effect of
GH on lipolysis in the fat from these mice (Table 3).

We could not demonstrate any effect of GH on leptin
release in control female mice fed the high fat diet in
either the absence or presence of dexamethasone (Fig.
1). However the release of leptin by adipose tissue from
Stat5ab—/— mice was reduced by half in the absence of
dexamethasone (Fig. 1). Furthermore this defect was
reversed in the presence of GH which stimulated leptin
release by +107 * 24% (p < 0.05) in the 7 paired
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experiments using adipose tissue from female Stat5a/
b—/— mice (Fig. 1). There was also an increase in leptin
release due to GH in tissue from Stat5a/b—/— mice if
incubated in the presence of 200 nM dexamethasone
but the effect was one-third that seen in the absence of
dexamethasone and statistically insignificant (+33 +
30%) in the experiments shown in Fig. 1. The data in
Fig. 1 also demonstrate that the ability of dexametha-
sone to stimulate leptin release was unaffected by
Statba/b deletion.

DISCUSSION

The lipolytic action of GH on rat adipose tissue first
reported by Fain et al. [13] requires the presence of
glucocorticoids and is now thought to be secondary to a
reduction in the levels of G,,, in adipocyte membranes
[5, 6]. While a reduction in the level of G,,, in adipo-
cytes might explain the lipolytic action of GH, the
insulin-like effects of GH on leptin release and lactate
formation may not be linked to a reduction in G,,,. It
appears that GH has multiple effects on rodent adipose
tissue and that leptin release is stimulated when lipol-
ysis is unaffected and the reverse is seen with respect
to lipolysis.

It is well-established that the addition of GH to ad-
ipose tissue from hypophysectomized rats results in an
inhibition of lipolysis and stimulation of glucose me-
tabolism [3, 4]. We saw a stimulation by GH of glucose
conversion to lactate in adipose tissue from Stat5ab—/—
mice in the presence of insulin plus T (Table 2). This is
an insulin-like effect of GH. Furthermore the basal
formation of lactate was 63% higher in fat from the
Stat5ab—/— mice. One complication in the interpreta-
tion of the data from the StatSab—/— mice was the
reduced adipose tissue mass in both male (40%) and
female (46%) StatS5ab—/— mice even on the high fat
diet (Table 3). Therefore it is difficult to determine
which effects of deletion of the Stat5a and Stat5b gene
products are due to direct effects versus indirect effects
due to a reduction in fat content.

GH signaling involves the JAK2 tyrosine kinase
which has been reported to initiate a wide variety of
pathways including the Ras, mitogen-activated protein
kinase, Stath, insulin receptor substrate, phosphati-
dylinositol 3-kinase, Elk-1, and p125 focal adhesion
kinase pathways [14-17]. Since GH can apparently
activate most if not all of the pathways activated by
insulin it is unclear why GH and insulin have such
different effects on metabolism and why GH is a phys-
iological antagonist of insulin [12].

There is evidence that the glucocorticoid receptor is a
transcriptional co-activator for Stat5. The formation of
casein in mammary epithelial cells is synergistically
induced by either GH or prolactin in the presence of
glucocorticoid [18]. Stocklin et al. [19] found that Stat5
forms a complex with the glucocorticoid receptor which
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FIG. 1. GH stimulates leptin release in adipose tissue from mice deficient in both Stat5a and 5b in the absence of dexamethasone. Seven
female controls were compared to 7 Stat5ab—/— female mice. All mice were fed the high fat diet. Leptin release was measured over 24 h in
the absence or presence of 200 nM dexamethasone either without or with 10 nM GH. The amount of adipose tissue incubated per tube
averaged 130 mg for controls while from the Stat5ab—/— mice it averaged 75 mg. The values are shown as the means of 7 paired experiments
for each group. Statistically significant effects of GH are indicated by an asterisk based on paired differences (p < 0.05).

binds to DNA independently of the glucocorticoid re-
sponse element and upregulates Stat5-response ele-
ment-containing promoters. In contrast the complex of
Stat5 with the glucocorticoid receptor diminishes the
effects of glucocorticoids mediated through a promoter
containing the glucocorticoid response element [18].
Our data suggest that the stimulation of lipolysis due
to GH in the presence of glucocorticoids, at least in
female mice, may involve Stat5 proteins in a manner
similar to that for the synergistic stimulation of casein
MRNA formation by GH and glucocorticoids in mam-
mary cells [19].

However there was a stimulation of leptin release by
GH alone in adipose tissue from StatS5b—/— mice (Ta-
ble 1) or Statsab—/— mice (Fig. 1) and an insulin-like
effect of GH on lactate accumulation under appropriate
conditions in Stat5ab—/— mice (Table 2). Yamauchi
et al. [14] have shown that GH can stimulate the ty-
rosine phosphorylation of the insulin receptor sub-
strate proteins secondary to JAK2 kinase activation
and our results suggest that this effect is enhanced in
fat from Stat5ab—/— mice.

An indication of some of the complexities in the reg-
ulation of lipid metabolism by GH is the recent report
that in a transgenic strains of rats carrying a low copy
numbers of a transgene for GH had low GH levels in
plasma but a normal nose to tail length [20]. However,
there was massive obesity in these animals which re-
sulted in a doubling in body weight by 25 weeks. It is
unclear what was responsible for the obesity but the
administration of GH for a week resulted in a decrease
in fat content [20].

In Stat5b—/— mice there was no impairment of the
lipolytic action of GH and Teglund et al. [1] found no
growth retardation of these mice. However, Udy et al.
[2] reported that in male but not in female mice growth
during the first 6 weeks of life was markedly retarded.
They also reported that the mice had significantly less
adipose tissue during the first 9 weeks of life but that
subsequently some of the Stat5b knockout mice devel-
oped obesity [2]. We found only a small increase in
adipose tissue in Stat5b deficient mice. Furthermore
both we and Teglund et al. [1] found a marked retar-
dation of growth as well as fat accumulation in
Stat5ab—/— mice which could not be corrected even on
a high fat diet. In conclusion we suggest that the acti-
vation by GH of lipolysis involves Stat5ab while the
mechanism for stimulation of leptin release and glu-
cose conversion to lactate appears to involve other
pathways.

ACKNOWLEDGMENTS

The authors thank Lisa Pouncey for skilled technical assistance.
This work was supported by the Harriett S. Van Vleet Chair of
Excellence in Biochemistry (J.N.F.) and GM-55972 to S.W.B.

REFERENCES

1. Teglund, S., McKay, C., Schuetz, E., van Deursen, J. M., Stravo-
podis, D., Wang, D., Brown, M., Bodner, S., Grosveld, G., and
Ihle, J. N. (1998) Cell 93, 841-850.

2. Udy, G. B, Towers, R. P., Snell, R. G., Wilkins, R. J., Park, S-H.,
Ram, P. A., Waxman, D. J., and Davey, H. W. (1997) Proc. Natl.
Acad. Sci. USA 94, 7239-7244.

204



Vol. 263, No. 1, 1999

10.
11.

12.

. Richelsen, B. (1997) Horm. Res. 48, 105-110.
. Scanes, C. G. (1995) in Growth Hormone (Harvey, G., Scanes,

C. G., and Daughaday, W. H., Eds.), Chap. 21, pp. 379-387. CRC
Press, New York.

. Doris, R., Vernon, R. G., Houslay, M. D., and Kilgour, E. (1994)

Biochem. J. 297, 41-45.

. Yip, R. G. C., and Goodman, H. M. (1999) Endocrinology 140,

1219-1227.

. Fielder, P. J., and Talamantes, F. (1987) Endocrinology 121,

493-497.

. Fielder, P. J., and Talamantes, F. (1992) Metab. 41, 415-419.
. Fain, J. N., and Bahouth, S. W. (1998) Metabolism 47, 1455—

1461.

Fain, J. N., and Bahouth, S. W. (1998) Biochem. J. 332, 361-366.
Boobis, L. H., and Maughan, R. L. (1983) Clin. Chim. Acta 132,
173-179.

Argetsinger, L. S., and Carter-Su, C. (1996) Physiol Revs. 76,
1089-1107.

205

13

14.

15.

16.

17.

18.

19.

20.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

. Fain, J. N., Kovacev, V. P., and Scow, R. O. (1965) J. Biol. Chem.
240, 3522-3529.

Yamauchi, T., Kaburagi, Y., Ueki, K., Tsuji, Y., Stark, G. R., Kerr,
. M., Tsushima, T., Akanuma, Y., Komuro, I., Tobe, K., Yazaki, Y.,
and Kadowaki, T. (1998) J. Biol. Chem. 273, 15719-15726.
Hodge, C., Liao, J., Stofega, M., Guan, K., Carter-Su, C., and
Schwartz, J. (1998) J. Biol. Chem. 273, 31327-31336.

Zhu, T., Goh, E. L. K., and Lobie, P. E. (1998) J. Biol. Chem. 273,
10682-10689.

Kim, S-0., Jiang, J., Yi, W., Feng, G-S., and Frank, S. J. (1998)
J. Biol. Chem. 273, 2344-2354.

Doppler, W., Groner, B., and Ball, R. K. (1989) Proc. Natl. Acad.
Sci. USA 86, 104-108.

Stocklin, E., Wissler, M., Gouilleux, and Groner, B. (1996) Na-
ture 383, 726-728.

lkeda, A., Chang, K-T., Matsumoto, Y., Furuhata, Y., Nishihara,
M., Sasaki, F., and Takahashi, M. (1998) Endocrinology 139,
3057-3063.



	MATERIALS AND METHODS
	TABLE 1

	RESULTS
	TABLE 2
	TABLE 3

	DISCUSSION
	FIG. 1

	ACKNOWLEDGMENTS
	REFERENCES

