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ABSTRACT The ob/ob mouse is genetically deficient in
leptin and exhibits both an obese and a mild non-insulin-
dependent diabetic phenotype. To test the hypothesis that
correction of the obese phenotype by leptin gene therapy will
lead to the spontaneous correction of the diabetic phenotype,
the ob/ob mouse was treated with a recombinant adenovirus
expressing the mouse leptin ¢cDNA. Treatment resulted in
dramatic reductions in both food intake and body weight, as
well as the normalization of serum insulin levels and glucose
tolerance. The subsequent diminishment in serum leptin
levels resulted in the rapid resumption of food intake and a
gradual gain of body weight, which correlated with the gradual
return of hyperinsulinemia and insulin resistance. These
results not only demonstrated that the obese and diabetic
phenotypes in the adult ob/ob mice are corrected by leptin
gene treatment but also provide confirming evidence that body
weight control may be critical in the long-term management
of non-insulin-dependent diabetes mellitus in obese patients.

Obesity is frequently characterized by a major peripheral
hyperinsulinemia, resulting from both higher insulin secretion
and reduced insulin clearance, as well as by marked insulin
resistance (1-3). The impaired glucose tolerance seen in
severely obese subjects can be explained by the presence of
major insulin resistance that cannot be fully compensated for
by adequate insulin secretion. With further intolerance to
glucose, fasting hyperglycemia and diabetes occur (4).

These abnormalities in glucose—insulin metabolism may be
improved after calorie restriction and weight loss in obese
diabetic patients (5-7). These treatments are associated with
improved insulin sensitivity, decreased glucose production,
and increased insulin secretion. Exercise, often added to
calorie restriction in treatment programs for obesity, also has
preventive effects on the development of diabetes (8, 9).
Although weight reduction can improve hyperglycemia, espe-
cially when treatment is initiated soon after diagnosis, normal
glucose tolerance may be difficult to achieve or maintain (10).

The ob/ob mouse is genetically deficient in leptin and
displays metabolic abnormalities similar to those seen in obese
humans with non-insulin-dependent diabetes mellitus. These
abnormalities include obesity, hyperglycemia, glucose intoler-
ance, and hyperinsulinemia (11-13). The excess of body weight
in ob/ob mice can be reduced by repeated injections of
recombinant leptin (14-16).

Herein we report that ectopically produced leptin after in
vivo gene delivery is efficacious in the control of food intake
and body weight. To accomplish this, we constructed a recom-
binant adenovirus containing the mouse ob cDNA and tested
the ability of this vector to express leptin in vitro and in vivo and
to correct the obese phenotype of the adult ob/ob mice.
Finally, we examined the possibility that the correction of the
obese phenotype might lead to the spontaneous correction of

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

14804

the metabolic abnormalities associated with the diabetes in this
genetically well-defined animal model.

MATERIALS AND METHODS

Animals. Male C57BL/6J-0b/ob mice and male wild-type
mice were obtained from The Jackson Laboratory and main-
tained under a 12-h light/12-h dark cycle at 22 = 2°C until they
were 14 weeks of age. At this time, they were caged individually
and monitored for body weight and chow consumption every
3 days. Animals had free access to water and standard mouse
chow. Recombinant adenovirus vectors were administered to
anesthetized 18- to 22-week-old mice by tail-vein injection.
Blood was collected from the tail vein at various intervals, and
leptin, glucose, and insulin levels were determined as described
below. All experiments were performed in accordance with the
animal guidelines at Baylor College of Medicine.

Leptin ¢cDNA and Expression in Escherichia coli. Murine
leptin cDNA was obtained by reverse transcription-coupled
PCR from mouse white adipose tissue. RNA was extracted
according to the method of Chomczynski (17). First-strand
cDNA was synthesized from 5 ug of total RNA from mouse
epididymal fat pad by the random-hexamers-primed reverse
transcription (Superscript, Life Technologies, Gaithersburg,
MD). The primers used for PCR span the region from bases
178 to 615 in the published sequence (18). The identity of the
product was confirmed by DNA sequencing. The PCR product
was inserted into the pQE-12 vector (Qiagen, Chatsworth, CA)
for expression of a carboxyl-terminal hexahistidine-tagged
leptin in E. coli. Recombinant proteins were purified under
denaturing conditions with a Ni?™ affinity column and dialyzed
in phosphate-buffered saline (PBS). The identity of mouse
leptin was confirmed by its molecular weight and partial
sequence determination of the amino terminus.

Recombinant Adenovirus. A mouse leptin cDNA spanning
the region from bases 105 to 621 in the published sequence (18)
was inserted in pADL.1/RSV plasmid (19) to generate
pAd.RSV-mLeptin. This resulting plasmid contains the leptin
cDNA under the transcriptional control of the Rous sarcoma
virus (RSV) long terminal repeat and the bovine growth
hormone polyadenylylation signal sequence. PIM17, a plasmid
containing a replication-defective copy of the adenovirus
genome (20), and the pAd.RSV-mLeptin plasmid were co-
transfected into 293 cells. The recombinant adenovirus from a
single plaque was expanded and twice purified by cesium
chloride gradient ultracentrifugation. The purified virus was
dialyzed in 10 mM TrissHCl, pH 7.4/1 mM MgCl,/10%
glycerol. Viral titer was determined by plaque assay (21).

In Vitro Leptin Expression. Thirty plaque-forming units
(pfu) per cell were used to infect cultured Hep G2 cells. The
cells were incubated with the recombinant adenovirus for 1 h
and replaced in a fresh culture medium for 24 h. Then, the cells

Abbreviations: hAAT, human «-antitrypsin; RSV, Rous sarcoma
virus; pfu, plaque-forming unit(s).
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were washed with PBS and incubated in serum-free medium
for 12 h. Proteins in the medium were precipitated with 10%
trichloroacetic acid and centrifuged. The pellet was washed
and dissolved in 1% SDS/60 mM Tris"HCI, pH 6.8. Leptin was
detected by Western blot analysis.

Western Blot Analysis. Recombinant leptin was sent to
Research Genetics (Huntsville, AL) for the antibodies pro-
duction in rabbits. IgG fraction from rabbit antisera was
purified using a serum IgG purification kit (Bio-Rad). Western
blots with the purified rabbit IgG fraction identified a 16-kDa
band in the medium of Hep G2 cells infected with the
recombinant adenovirus containing the mouse leptin cDNA.
The specificity of the antibody was confirmed by the absence
of the 16-kDa band when rabbit preimmune serum or ob/ob
mouse serum was used. Sera from treated mice were electro-
phoresed on 10-20% SDS/polyacrylamide gels under reduc-
ing conditions and electroblotted onto nitrocellulose mem-
branes. Blots were blocked with 5% nonfat dry milk and then
exposed to rabbit anti-leptin antibodies for 1 h, washed in
PBS/0.05% Tween 20, and then incubated with goat anti-
rabbit IgG conjugated to horseradish peroxidase for 1 h. After
a second wash with PBS/0.05% Tween, the inmunocomplexes
were visualized by chemiluminescence (ECL kit, Amersham).
To quantify the amount of leptin in serum samples, serial
dilutions of purified recombinant leptin were electrophoresed
on the same gel, and band intensities were compared by
densitometry.

Glucose Tolerance Tests. After a 16-h fast, glucose at 1 mg/g
of body weight was injected intraperitoneally in awake mice.
Blood was sampled from tail vein before injection (time zero)
and 15, 30, 60, 120, and 180 min after glucose injection.

Blood Glucose and Serum Insulin Determinations. Blood
glucose was measured with a One Touch II glucose meter
(Lifescan, Mountain View, CA). Serum insulin was measured
with a rat insulin radioimmunoassay kit (Linco Research
Immunoassay, St. Charles, MO).

Statistical Analysis. Statistical analysis was done using the
unpaired ¢ test calculated with the SIGMASTAT program.

RESULTS

Leptin Expression in Adenovirus-Transduced Cells in Vitro.
A replication-deficient recombinant adenoviral vector was
constructed that contains the mouse leptin cDNA under the
transcriptional control of a RSV long terminal repeat pro-
moter. The ability of the recombinant adenovirus to produce
the leptin was tested in HepG2 cells. As shown in Fig. 14,
leptin was present in conditioned medium from cells trans-
duced with the recombinant adenoviral vector Ad.RSV-
mLeptin but not from cells transduced with either a control
recombinant adenovirus expressing human «;-antitrypsin
(hAAT; named Ad.RSV-hAAT) or PBS. The immunoreactive
protein exhibited a molecular mass of 16 kDa, consistent with
the known molecular mass of leptin. For comparison, a
hexahistidine-tagged leptin, which was expressed in E. coli and
purified with a Ni?* affinity column, is also shown in Fig. 14.
The slight difference in size reflects the inclusion of 14 amino
acids in the hexahistidine-tagged leptin construct.

Serum Leptin Levels in Recombinant Virus-Treated ob/ob
Mice. To test the functionality of the recombinant adenoviral
vector in vivo, ob/ob mice were injected via the tail vein with
either Ad.RSV-mLeptin or the control virus Ad.RSV-hAAT
at 3 X 10° pfu per mouse. After recombinant adenovirus
injection, the mice were bled weekly and serum leptin levels
were determined. As shown in Fig. 1B, ob/ob mice that
received Ad.RSV-mLeptin had a serum leptin level of 0.9 =
0.5 ug/ml (n = 7) after 1 week. Serum samples from ob/ob
mice that received either Ad.RSV-hAAT or PBS had no
detectable leptin. After 3 week however, the serum leptin
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Fic. 1. (A) Expression of leptin by HepG2 cells transduced with
Ad.RSV-mLeptin (lane 2) or a recombinant adenovirus expressing the
hAAT, Ad.RSV-hAAT (lane 3), or the buffer (lane 4). Recombinant
leptin produced in E. coli is also shown (lane 1). Numbers at right
indicate molecular mass standards (in kDa). (B) Serum leptin levels in
ob/ob mice after recombinant adenovirus administration. The ob/ob
mice were injected with either Ad.RSV-mLeptin (o) or Ad.RSV-
hAAT (») at 3 X 10° pfu per mouse. Serum leptin concentrations were
measured by Western blot analysis. Two microliters of sera from
treated mice was electrophoresed on SDS/PAGE gels. Each point
represents the mean = SEM of seven mice. The limit of detection was
0.05 pg/ml. Three of 10 mice injected with Ad.RSV-mLeptin died
within the first 3 weeks for unknown reasons.

concentration in the leptin gene-treated mice fell to unde-
tectable level as expected.

Effects of de Novo Leptin Gene Expression on Food Intake
and Body Weight in 0b/ob Mice. Administration of 3 X 10° pfu
of Ad.RSV-mLeptin to 18- to 22-week-old ob/ob mice resulted
in a dramatic decrease in food intake and body weight. As
shown in Fig. 24, food intake of the leptin gene-treated mice
had declined by 93 = 4% below the pretreatment level at 1
week after viral injection. Five of seven leptin gene-treated
mice refused feeding for 2 weeks. At week 4, food intake
started to resume, which coincided with the reduction of serum
leptin levels. By week 5, leptin gene-treated mice had a food
intake similar to that of age-matched C57BL/6J mice (10.7 =
2.3 g per mouse per 3 days versus 12.0 = 0.7 g per mouse per
3 days). By week 7, food consumption of leptin gene-treated
mice was similar to that of PBS- or hAAT-treated mice (18.1 =
1.7 g per mouse per 3 days versus 19.0 = 2.0 or 20.5 = 1.3 g
per mouse per 3 days, respectively).

As shown in Fig. 2B, leptin-gene-treated mice lost 56 = 3%
of their body weight after 3 weeks. At this time, the body weight
of leptin-gene-treated mice were the same as that of age-
matched C57BL/6J mice (29.7 = 1.7 gversus 29.9 * 0.4 g, n =
7). As the serum leptin level fell and food consumption
increased after 3 weeks, the animals gradually regained weight
and reached 83 * 5% of their pretreatment weight by week 17.

Effects of Leptin Gene Expression on Glycemia, Insuline-
mia, and Insulin Resistance. The ob/ob mouse exhibits an
excessive deposition of body fat as well as a moderate degree
of hyperglycemia in the presence of hyperinsulinemia. Serum
insulin and glucose levels were measured after Ad.RSV-
mLeptin administration to determine whether the correction
of the obese phenotype will spontaneously lead to the correc-
tion of the hyperglycemia and hyperinsulinemia in this well-
characterized genetic model. Both fasting blood glucose (Fig.
34) and fasting serum insulin (Fig. 3B) levels decreased
significantly 1 week after Ad.RSV-mLeptin administration in
the ob/ob mice but remained elevated in hAAT- and PBS-
treated mice. At this time, fasting glucose and insulin concen-
trations in leptin-gene-treated mice were similar to those
observed in age-matched C57BL/6J mice (82 = 8 mg/dl and
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FiG.2. Reduction of food intake (4) and body weight (B) in ob/ob
mice after leptin gene administration. The ob/ob mice were injected
with either Ad.RSV-mLeptin (e ) or Ad. RSV-hAAT (2) at 3 X 10° pfu
per mouse or PBS only (O). The mice were caged individually. Food
intake and body weight were measured every 3 days. Food intake data
are expressed as number of grams consumed every 3 days. All points
represent the mean = SEM of seven mice (some error bars are hidden
within symbols).

0.3 = 0.1 ng/ml in leptin-gene-treated mice versus 88 = 5
mg/dl and 0.4 = 0.1 ng/ml in C57BL/6J mice, respectively).
While serum insulin level was stably maintained for 2 weeks
more, blood glucose level was further reduced during the same
period. At week 3, the blood glucose level of the leptin-gene-
treated mice was only 55 * 9% (P < 0.001) of the age-matched
C57BL/6J mice. Fasting glucose level gradually returned to
normal values by week 13 and was maintained at 17 weeks. This
level was significantly lower than those of the hAAT- and PBS-
treated mice [85 * 6 mg/dl versus 122 = 7 mg/dl (P < 0.005)
and 109 = 9 mg/dl (P < 0.05), respectively]. After leptin
concentrations fell to undetectable levels in 3 weeks, serum
insulin also gradually increased in leptin-gene-treated mice,
albeit at levels that were still significantly reduced (68 * 6%;
P < 0.01) as compared with hAAT-treated mice after 17
weeks. No significant changes in fasting levels of glucose and
insulin were observed in the control mice. Compared with
glucose levels of C57BL/6J mice, the control ob/ob mice
maintained hyperglycemia during the entire observation pe-
riod. Thus, the administration of Ad.RSV-mLeptin resulted in
a significant reduction of serum insulin and normalization of
blood glucose levels in the ob/ob mice.

To determine whether reduced fasting blood glucose in
leptin-gene-treated mice was accompanied with correction of
glucose intolerance, glucose tolerance tests were performed on
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FiG. 3. Fasting glucose (4) and insulin (B) levels in ob/ob mice
after leptin gene administration. The ob/ob mice were injected with
Ad.RSV-mLeptin (e ) or Ad.RSV-hAAT (2) at 3 X 10° pfu per mouse
or PBS only (O) and periodically bled for serum insulin and blood
glucose measurements. These parameters were determined in 16-h
fasted mice. Each value represents mean = SEM of six to eight mice.
The mean values of serum insulin and blood glucose levels in age-
matched C57BL/6J mice were 0.4 = 0.1 ng/ml and 88 * 5 mg/dl,
respectively.

ob/ob mice at 5 and 17 weeks after administration of Ad.RSV-
mLeptin, Ad.RSV-hAAT, or PBS. The complete glucose
tolerance curves of treated mice and age-matched C57BL/6J
mice are shown in Fig. 4. Compared with C57BL/6J mice, the
blood glucose of hAAT- or PBS-treated mice attained much
greater peak concentrations and failed to return to the fasting
values at 2 h after glucose injection. At week 5 (Fig. 4A4),
response in leptin-gene-treated mice was similar to that of
C57BL/6J mice. As shown in Fig. 4B, the normalization of
glucose tolerance in the leptin-gene-treated ob/ob mice was
maintained at 17 weeks.

Normalization of glucose tolerance with significantly higher
serum insulin levels than that of the normal mice suggests the
presence of an insulin resistance state in the leptin-gene-
treated ob/ob mice. As shown in Fig. 5, the insulin-to-glucose
molar ratios in the ob/ob mice before treatment were between
350 X 107° and 640 X 107, which were 27- to 49-fold higher
than that in C57BL/6J mice (13 X 107°). Administration of
Ad.RSV-mLeptin in the ob/ob mice reduced the ratio signif-
icantly by 95 * 2% (P < 0.001) during the first 3 weeks, which
was similar to that of the C57BL/6J mice. However, at week
5, this ratio increased significantly by approximately 6-fold
(P < 0.05) as compared with that of the C57BL/6J mice. After
5 weeks, the increase in insulin resistance paralleled the
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FiG. 4. Glucose tolerance test in ob/ob mice after leptin gene
treatment. The ob/ob mice were injected with Ad.RSV-mLeptin (o)
or Ad.RSV-hAAT (») at 3 X 10° pfu/mouse or PBS only (O). Five
weeks (A4) and 17 weeks (B) after injection, glucose tolerance test were
performed on treated mice. Blood glucose were measured prior to and
at indicated times after intraperitoneal glucose injection. Glucose
tolerance test was also performed with age-matched C57BL/6J mice
(m) for comparison. Each value represents mean = SEM of six to eight
mice.

gradual gain in body weight. Neither the administration of
Ad.RSV-hAAT or PBS produced significant changes on in-
sulin resistance in ob/ob mice.

DISCUSSION

Adenoviral vectors have been used to transfer genes in various
animal models of metabolic disorders (22). We have admin-
istered through tail-vein injection a recombinant adenovirus
expressing mouse leptin to treat a genetically defined mouse
model of obesity and non-insulin-dependent diabetes. This
treatment led to the production of serum leptin levels in the
ob/ob mice that were 70 times higher than those in the
C57BL/6J mice (23), which resulted in a rapid reduction in
food consumption and a drastic weight loss.

The serum leptin levels in treated animals did not persist
beyond 2-3 weeks. While the reason for the loss has not been
examined directly, several previous studies have suggested that
adenovirally transduced cells are destroyed by a host immune-
mediated response in vivo (24, 25). In addition, recent studies
have demonstrated that cellular and humoral responses to the
transgene-encoded product may also play an important role in
limiting the duration of transgene expression (26, 27). Despite
of the lack of persistence of leptin gene expression, a complete
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FiG. 5. Insulin resistance in ob/ob mice after leptin gene treat-
ment. After administration of Ad.RSV-mLeptin (e¢) or Ad.RSV-
hAAT (¢) at 3 X 10° pfu per mouse or PBS only (O), the mice were
periodically bled for serum insulin and blood glucose measurements.
The insulin-to-glucose molar ratio was determined in fasted mice. The
same parameters were also measured in age-matched C57BL/6J mice
(m) for comparison. Each value represents mean = SEM of six to eight
mice.

correction of the obese phenotype was achieved after leptin
gene transfer in the ob/ob mice. The rapid resumption of food
intake to pretreatment values and the gradual body weight gain
after serum leptin fell to undetectable levels are indicative that
the treatment produced no long-lasting ill effects.

Our data showed that hyperinsulinemia and insulin resis-
tance were also corrected after leptin gene administration in
the ob/ob mice. While the effect on hyperinsulinemia has been
observed previously by administration of recombinant leptin in
the ob/ob mice (14, 28), the present study showed that serum
insulin and insulin resistance were completely normalized
after only 1 week of leptin gene treatment, even when the mice
were still severely obese. It is not clear at this time if the
correction of hyperinsulinemia and insulin resistance are the
result of fasting induced by leptin gene treatment or if high
levels of serum leptin have direct effects on circulating insulin
levels and its actions.

Fasting blood glucose was also reduced after leptin gene
administration. The persistence of the effects of leptin gene
treatment on glucose levels after resumption of food intake
suggests that body weight reduction improves insulin action.
However, it is also possible that this effect may be caused by
serum leptin at concentrations below the limit of sensitivity of
our assay. It has been shown that low doses of recombinant
leptin normalized glucose levels in ob/ob mice without any
significant change of body weight and food intake (14).

Glucose tolerance test revealed sustained high glucose levels
in the control ob/ob mice. This exaggerated hyperglycemia in
response to a glucose load was corrected after leptin gene
treatment. The long-term normalization of glucose tolerance
in the leptin-gene-treated ob/ob mice suggests that insulin
resistance in these animals can be compensated for by elevated
insulin secretion after glucose challenge.

Thus, leptin gene administration led to a total correction of
the obese phenotype of the ob/ob mice. This correction was
accompanied with the normalization of several metabolic
abnormalities, including hyperinsulinemia, insulin resistance,
and impaired glucose tolerance. Therefore, the treatment also
resulted in the correction of the non-insulin-dependent dia-
betic phenotype in the ob/ob mouse.

The diminution of leptin expression led to the rapid re-
sumption of food consumption to pretreatment level and a
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gradual gain of body weight. It also led to a gradual increase
of serum insulin and the recurrence of insulin resistance. The
results suggest that body weight is a critical parameter in the
return of hyperinsulinemia and insulin resistance in this wel-
defined genetic mouse model. These data also provide sub-
stantiating evidence that body weight control needs to be
emphasized in the long-term management of obese patients
with non-insulin-dependent diabetes mellitus.
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