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Fig. 2. Membrane orientations of the N- and the C-termini of WFS1 protein as determined by trypsin proteolysis. WESI protein tagged with the HA
epitope at either the N- (A,C) or the C-terminus (B,D) was expressed in COS7 cells. (A,B) Schematic illustration and immunocytochemical
demonstration of the HA-tagged WFSI proteins used in (C) and (D). (C,D) Membranes from COS7 cells transfected with a plasmid encoding either
HA-mWFS1 or mWFS1-HA were treated with the indicated amounts of trypsin. After incubation for 30 min at 4 °C, the reactions were stopped by
boiling for 5 min, and subjected to SDS/PAGE and immunoblot analysis with anti-HA antibody.

Figs. 2A and B). HA-mWFS1 and mWFS1-HA proteins
were successfully expressed and localized to the ER, as
demonstrated by reticular staining in the cytoplasm
(Figs. 2A and B). Membrane preparation of cells ex-
pressed with either HA-mWFS1 or mWFS1-HA pro-
teins was then subjected to trypsin digestion followed
by SDS/PAGE and immunoblotting with an antibody
against the HA epitope. The HA-epitope tagged at the
N-terminus was completely digested with increasing
concentrations of trypsin (Fig. 2C). This was not due
to loss of membrane vesicle integrity, since no changes
in an ER-resident chaperone protein, GRP78, were de-
tected using an antibody against GRP78 in the same
membrane preparations {(data not shown). In contrast,
the C-terminal HA epitope was protected from trypsin
(Fig. 2D). These results indicated that WFS1 protein
has odd numbers of transmembrane segments with the
orientation of the N-terminus toward the cytoplasm
and that of the C-terminus toward the ER lumen. A sim-
ilar conclusion was obtained by trypsin-digestion of the
membrane, followed by detection with C-terminal or
N-terminal antibodies [15],

Determination of N-glycosylation sites.

Mouse WFS1 protein has six asparagine residues
with the consensus sequence for N-glycosylation (N-X-
S/T, where X is any amino acid except for proline).
According to a 9-transmembrane mode! with N-terminus
cytosolic/C-terminus luminal orientation, asparagines
663 and 748 would be localized in the ER. Therefore,
we mutated these two asparagine residues to aspartate
in order to determine whether one or both are N-linked

glycosylation site(s). Mutant WFS1 proteins in which
asparagine 663 and/or asparagine 748 was mutated to
agpartate [designated HA-mWFSI(N663D), HA-
mWEFS1(N748D), and HA-mWFS1(N663D/N748D})]
were successfully expressed in the ER (Fig. 3A). When
these WFS{ mutant proteins were subjected to SDS/
PAGE, HA-mWFSI{N&63D/N748D) migrated faster
than the HA-wild-type mWFS1 protein, while both
HA-mWFSI{N663D) and HA-mWFS1(N748D) mu-
tants were between the two (Fig. 3B). These results sug-
gested that both asparagine residues, 663 and 748, are
glycosylation sites and place the C-terminal stretch of
WFS1 protein within the intraluminal compartment.
Furthermore, as shown in Fig. 3C, although endoglycos-
idase H (Endo H) treatment of the wild-type WFSI pro-
tein resulted in faster migration of the protein, the
mobility of the double mutant [WFS1 (N663D/
N748D)] protein was not affected by treatment- with
Endo H. In addition, the double mutant protein exhib-
ited the same mobility as the wild-type WFS1 protein
treated with Endo H. These data demonstrated that no
asparagine residue other than N663 and N748 is
glycosylated. .

Reduced protein stability of N-glycosylation-defective
WESI protein

N-glycosylation reportedly plays an important
role in the stability of proteins such as the T cell
antigen receptor a-subunit [16], the o-subunit of the
nicotinic acetylcholine receptor [17], and apolipoprotein
B [18]. Therefore, to assess the role of N-glycosylation
in WFS] protein stability, we performed pulse-chase
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Fig. 3. Electrophoretic mobility and effect of endoglycosidase digestion on HA-tagged wild-type and mutant WFSI proteins. {A) Immunofluorescence
localization of HA-tagged WFS! proteins: upper left, wild-type HA-mWFS1; upper right, HA-mWFS1(N663D); lower left, HA-mWFSI(N748D);
lower right, HA-mWFSI(N663D/N743D). (B) COS7 cells transfected with 0.5 pg plasmids encoding either HA-tagged wild-type or mutant WFSI
proteins were lysed, subjected to SDS/PAGE, and probed with anti-HA antibody: lane 1, HA-mWFS1; lane 2, HA-mWFS1 (N663D/N748D); lane 3,
HA-mWFS1(NG63D); and lane 4, HA-mWFS1(N748D). (C) Lysates of COS7 cells transfected with either wild-type WFS1 cDNA or mutant constructs
were incubated at 37 °C for 1 h with or withdut endoglycosidase H {500 U) and were subjected to electrophoresis on NuPAGE 3-8% Tris-acetate gel.

experiments. In these experiments, COS7 cells tran-
siently transfected with either the HA-wild-type mWFS1
or mutant HA-mWFS1(N663D/N748D) cDNAs were
labeled for 3 h with [**Simethionine/cysteine and chased
for different intervals. As shown in Fig. 4, the wild-type
mWFES] protein was relatively stable; 65 £ 6% (n=3) of
the protein remained 18 h after its synthesis. In contrast,
only 44 + 5% (n=3) of mWFSI(N663D/N748D) re-
mained after 18 h. These data showed protein stability
to be reduced when both N-glycosylation sites were
disrupted. One could argue an increased turnover rate
of mWFSI{N663D/N748D) to be due to introducing
aspartate residues rather than lack of glycosylation. To
study the roles of N-glycosylation in various glycopro-
teins, asparagine residues in the consensus motif have
been substituted with a variety of amino acids, such as
aspartate ([19,20], this study), glutamine [14,21], alanine
[19,22], threonine [23], and isoleucine [24]. None of these
replacements were perfect, because introducing different
residues might have its own effects. In this study, we also
observed that WFSI1 protein in MING6 cells was more
rapidly degraded when treated with a glycosylation
inhibitor, tunicamycin (Fig. 1E). Thus, both molecular
and biochemical approaches indicated that glycosyla-
tion-defective WFS1 protein has reduced stability.
We therefore conclude that N-glycosylation affects
WFS1 protein levels. A previous study using the ER
resident glycoprotein ribophorin showed N-glycosyla-
tion to be necessary for calnexin binding, which prevents

the glycoprotein from being rapidly degraded {25},
Such a mechanism could also be operative in WFSI
protein.
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Fig. 4. Decreased stability of glycosylation-defective WFS! protein.
(A} HA-mWFS!] and HA-mWFS!(N663D/NT748D) profiles of radio-
labeled bands as a function of time of chase. A representative result
from three experiments is shown. {B) Data from three experiments are
summarized after normalization to time zero of chase. *P < 0.05.
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Fig. 5. Transmembrane topology model for mouse WFSI protein with
glycosylation sites. Membrane topology of mouse WFS! protein as
based on analysis using the SOSUI computer program [26] and data
obtained in this study. Two N-glycosylation sites in the C-terminus
stretch are depicted.

Herein, we defined the membrane topology of WFSI
by analyzing protease protection susceptibility: the ori-
entation of the N-terminus in the cytoplasm and the
C-terminus in the ER. This topology was supported by
determining the N-glycosylation sites to be N663 and
N748. A schematic diagram of WFSI protein deduced
from the current study and others is shown in Fig. 5.
WFS1 protein/wolframin is a type II transmembrane
protein and has long N-terminal and C-terminal
stretches. These stretches could interact with other mol-
ecule(s), thereby mediating specific functions. Further
study of these actions is clearly warranted. N663 and
N748 residues in murine WFSI protein correspond to
N661 and N746 in the human orthologue. Although
more than 100 mutations have been identified in
WFSI protein/wolframin and span the entire coding se-
quence, no mutations in these asparagine residues or
adjacent amino acids were found in patients with Wol-
fram syndrome or LFSNHL. Given that loss of the
functions of this protein is at least one of the pathogenic
mechanisms of Wolfram syndrome [6,15], future survey
of genomic sequences in patients with these diseases
might identify mutations in these glycosylation sites.

The present data also provide evidence that increased
WFS1 expression is the primary response of this protein
to ER stress. There is no increase in WFS1 protein
expression in response to tunicamycin, despite increased
WFS1 mRNA levels. This is apparently attributable to
the combined effects of increased mRNA levels and re-
duced protein stability. The increased WFS1 expression
in response to ER-stress raises the possibility that WFSI
protein is a component of the UPR and plays a protec-
tive role against ER stress. This notion is supported by

our recent findings that islets isolated from WFS1-defi-
cient mice exhibited increased susceptibility to ER
stress-induced apoptosis [7].
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For examining whether dissipating excess energy in the
liver is a possible therapeutic approach to high-fat
diet-induced metabolic disorders, uncoupling protein-1
(UCP1) was expressed in murine liver using adenoviral
vectors in mice with high-fat diet-induced diabetes and
obesity, and in standard diet-fed lean mice. Once diabe-
tes with obesity developed, hepatic UCP]l expression
increased energy expenditure, decreased body weight,
and reduced fat in the liver and adipose tissues, result-
ing in markedly improved insulin resistance and, thus,
diabetes and dyslipidemia. Decreased expressions of
enzymes for lipid synthesis and glucose production and
activation of AMP-activated kinase in the liver seem to
contribute to these improvements. Hepatic UCP1 ex-
pression also reversed high-fat diet-induced hyperpha-
gia and hypothalamic leptin resistance, as well as
insulin resistance in muscle. In contrast, intriguingly, in
standard diet-fed lean mice, hepatic UCP1 expression
did not significantly affect energy expenditure or he-
patic ATP contents. Furthermore, no alterations in
blood glucose levels, body weight, or adiposity were
observed. These findings suggest that ectopic UCP] in
the liver dissipates surplus energy without affecting
required energy and exerts minimal metabolic effects in
lean mice. Thus, enhanced UCP expression in the liver is
a new potential therapeutic target for the metabolic
syndrome. Diabetles 54:322-332, 2005
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n explosive increase in the number of diabetic
patients, which has become a major public
health concern in most industrialized countries
in recent decades (1), is mainly the result of
excess energy intake and physical inactivity. When food
intake chronically exceeds metabolic needs, efficient me-
tabolism causes excess energy storage and results in
obesity, a common condition associated with diabetes,
hyperlipidemia, and premature heart disease. Excess en-
ergy in cells lowers the response to insulin, namely insulin
resistance. However, the major treatment modalities for
diabetes, including insulin injection and coral sulfonyi-
ureas, aim at lowering blood glucose levels by driving
glucose into cells in peripheral tissues such as muscle and
fat. This further exacerbates insulin resistance when en-
ergy intake is in excess, resulting in a vicious cycle.
Therefore, novel therapies that promote increased energy
expenditure are needed. :
Inefficient metabolism, such as the generation of heat
instead of ATP, is a potential treatment strategy for type 2
diabetes associated with obesity. Uncoupling proteins
(UCPs) were discovered members of the mitochondrial
inner membrane carrier family. These proteins leak pro-
tons into the mitochondrial matrix, dissipating energy as
heat rather than allowing it to be captured in ATP (2).
UCP1 (thermogenin) was originally identified in brown
adipose tissue and demonstrated to mediate nonshivering
thermogenesis. UCP1 plays an important role in mediating
cold exposure-induced thermogenesis (3) and is also a
likely regulator of diet-induced thermogenesis (4).
Several laboratories have reported overexpression of
UCPs, using the transgenic approach, in mice (5-8). These
reports indicate that overexpression of UCPs in white
adipose tissue and skeletal muscle has preventive effects
on development of genetic and dietary obesity and the
resultant insulin resistance. However, it is still unclear
whether ectopic UCP1 expression exerts therapeutic ef-
fects after the development of diabetes associated with
cbesity.
The liver is one of the major metabolic organs involved
in glucose and lipid metabolism and insulin action. In
addition, the liver can store and release abundant fat

DIABETES, VOL. 54, FEBRUARY 2005
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TABLE 1

Sequences of quantitative RT-PCR prirers

Probe Primer 1 Primer 2

FAS b-tgcteccagetgeagge-8' §-gceeggtagetetgggteta-3’
8CD-1 b-tgggttggctactigtg-3' 5-gegtgggcaggatgaag-3’
SREBPI1c "-catggattgcacatttgaag-3 5-cetgtgtceectgtetea-3'

FAT b-tggctaaatgagactgggace-d’ 5'- acatcaccactecaatcecaag-3’
MCAD B-tcgaaagcggctcacaageag-3’ E-caccgeagetitcecggaatgt-3’
UCP2 B-cattetgaccatggtgegtactga-3’ -gttcatgtatctegtetigaccac-d’
PPAR-x .ggatgtcacacaatgeaattege-d' §'-tcacagaacggcttecteaggt-3'
PEPCK b-agcggatatggtgggaac-3’ 5-ggtctecactecttgtte-3’
G6Pase b-aaagagactgtgggcatcaate-3’ "-aatgectgacaagactecagec-3’
GAPDH -accacagtceatgecatcac-3’ 5-tccaccaccetgttgeigta-3’

FAS, fatty acid synthase; SCD1, stearoyl-CoA desaturase 1; FAT, fatty acid transporter; MCAD, medium-chain acyl-CoA dehydrogenase;
PEPCK, phosphoenclpyruvate carboxylase; G6Pase, glucose-6-phosphatase; GAPDH, glyceraldehyde-3-dehydrogenase.

dynamically, in response to the energy balance. We re-
ported that hepatic AKT activation resulted in marked
alterations in glucose and lipid metabolism (9}, suggesting
that the liver is a potential site of ectopic expression. We
herein expressed UCP1 protein in the liver, before or after
diabetes associated with dietary obesity had developed.
We found that hepatic UCP1 expression improved diabe-
tes and obesity under high-fat diet conditions through
local effects in the liver as well as remote effects in adipose
tissues, muscle, and the hypothalamus. However, in stan-
dard diet-fed lean mice, effects on glucose and lipid
metabolisra were minimal. Using gene transduction after
disease development, as in this study, provides useful
information allowing analysis of therapeutic, rather than
preventive, effects that would be difficult to examine using
congenitally gene-engineered animal models.

RESEARCH DESIGN AND METHODS

Preparation of recombinant adenovirus. Murine UCP1 cDNA (10) was
provided by Professor Leslie P. Kozak (Penningion Biomedical Research
Center). Murine liver carnitine palmitoyltransferase 1 (CPT1a) cDNA was
obtained by RT-PCR with liver total RNA and primers designed from the
reported sequence (GenBank accession no. NM_013495). Recombinant ade-
novirus, containing murine UCPL (11) or CPTla cDNA under the CAG
promoter, was prepared as described previously (12). A recombinant adeno-
virus bearing the bacterial B-galactosidase gene (Adex1CAlacZ) (13) was used
as a control.

Animals. Animal studies were conducted under protocols in accordance with
the institutional guidelines for animal experiments at Tohoku University. Male
C57BL/6N mice were housed individually and divided into high-fat diet (32%
safflower o], 33.1% casein, 17.6% sucrose, and 5.6% cellulose [14]) and
standard diet (65% carbohydrate, 4% fat, and 24% protein) groups at b weeks
of age, when body weighis were 21.2 + 0.25 g (means *+ SE). Four weeks after
separation, body weight-matched mice for each group received an injection of
adenovirus via the tail vein, Viruses were administered intravenously at a dose
of 2 X 10° plaque-forming units. For pair-feeding experiments, after 4 weeks
of highfat diet, mice were allotted into three groups, Two groups of mice
received an injection of UCP1 or LacZ adenovirus, After 24 h, raice in the third
group received an injection of LacZ adenovirus. The latter LacZ mice were
given their daily food allotments on the basis of the previous day’s consump-
tion by UCP1 mice,

Antibodies. UCP1, acetyl-CoA carboxylase 1 (ACC 1), and insulin receptor
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA}.
The o-subunit of AMP-activated protein kinase (AMPK), phospho-AMPK
(Thr172), and phospho-ACC (Ser79) antibodies were purchased from Cell
Signaling Technology (Beverly, MA). Affinity-purified antibody against insulin
receptor substrate 1 {(IRS1) was prepared as described previously (15).
Immunoblotting. Tissue samples were prepared as previously described (9),
and tissue protein extracts (260 pg of total protein) were boiled in Laermli
buffer that contained 10 mmol/ dithiothreitol and subjected to SDS-PAGE.
The immunoblots were visualized with an enhanced chemiluminescence
detection kit (Amersham, Buckinghamshire, T.K.).
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Triglyceride content of the liver. Frozen livers were homogenized, and
triglycerides were extracted with CHCl;:CH,OH (2:1, volvol), dried, and
resuspended in 2-propanol (16). Triglyceride contents were measured using
Lipidos liquid (TOYOBQ, Osaka, Japan).

Oxygen consumption. Oxygen consumption was measured with an 0,/CO,
metabolism measuring system (model MK-5000RQ; Muromachikikai, Tokyo,
Japan). Each mouse was kept unrestrained in a sealed chamber with an air
flow of 0.5 I/min for 5 h at 25°C without food or water during the light cycle.
Air was sampled every 3 min, and the consumed oxygen concentration (Vo)
was calculated.

Histological analysis. Livers as well as epididymal fat (white adipose tissue)
and brown adipose tissues were removed and fixed with 10% formalin and -
embedded in paraffin. Tissue sections were stained with hematoxylin and
eosin. Total adipocyte areas were traced manually and analyzed. Brown and
white adipocyte areas were measured in 100 or more cells per mouse in each
group.

Measurement of body temperature. Rectal temperature was measured
with & Thermalert TH-6 (Physitemp, Clifton, NJ).

Measurement of ATP. The ATP levels in liver homogenates were measured
with a luciferase-luciferin system (17) by using an ATP determination kit
(Molecular Probes, Eugene, OR).

Measurement of AMPK activity. Livers were homogenized, and aliquots of
supernatant were incubated with antiAMPK e-subunit antibody. AMPK
activity in the immunoprecipitates was assessed as a function of SAMS -
peptide phosphorylation, as previously described (18).

Tyrosine phosphorylation of insulin receptor and IRS1. Mice that were
fasted for 16 h received an injection of 100 pl of normal saline {0.9% NaCl),
with or without 10 units/kg body wt insulin, via the tail vein, Hindlimb muscles
were removed 300 s later and immediately homogenated. After centrifugation,
the resultant supemnatants were used for immunoprecipitation with anti-
insulin receptor or anti-TRS1 antibody. Immunoprecipitates were subjected to
SDSPAGE and then immuncblotted using anti-phosphotyrosine antibody
(4G10) or individual antibodies as described previously (15).

Blood analysis. Blood glucose was assayed with Antsense II (Horiba
Industry, Kyoto, Japan). Serum insulin and leptin were determined with ELISA
kits (Morinaga Institute of Biological Science, Yokohama, Japan). Serum
adiponectin and tumor necrosis factor-a (TNF-) concentrations were mea-
sured with an ELISA kit (Ohtsuka Pharmaceutical, Tokyo, Japan) and a TNF-
assay kit (Amersham Blosciences, Uppsala, Sweden), respectively. Serum
total cholesterol, triglyceride, and free fatty acid concentrations were deter-
mined with a Cholescolor liquid, Lipides liquid (TOYOBO), and NEFA C
{(Wako Pure Chemical, Osaka, Japan) kits, respectively.

Glucose, insulin, and leptin tolerance tests. Glucose tolerance tests were
performed on fasted (10 h) mice, Mice were given oral glucose (2 g/kg body
wt), and blood glucose was assayed immediately before and at 15, 30, 60, and
120 min after administration. Insulin tolerance tests were performed on fed
mice. Mice received an injection of human regular insulin (0.75 units/kg body
wt; Eli Lilly, Kobe, Japan} into the intraperitoneal space, and blood glucose
was assayed immediately before and at 20, 40, 60, and 80 min after injection.
Leptin tolerance tests were performed as reported previously {19) with slight
modification. Fasted (12 h) mice received an injection of mouse leptin (7.2
mg/kg body wt; R&D Systems) into the intraperitoneal space, and food intake
amounts for 12 h thereafter were determined. Ratios of food intake amounits
to those of vehicle-injected mice were calculated.

Quantitative RT-PCE-based gene expression. Total RNA was isolated
frorm 0.1 g of mouse hepatic tissue with ISOGEN (W ako Pure Chemical}, and

323



HEPATIC UNCOUPLING AS THERAPEUTIC TARGET .

A

IB: UCP1

days after injection
01 23 4 56 7 8910111213 1415

B3

days
D E F Day1-7 Day8-14
70 Hook 30+ 5 Hk n.s.
) 601 I 1 n.s. T
. l
= 501 TRl 5
E < 1 2
B 40 ® = 3+
= 2 £
S £ 22
> 20 g &
381 14
101
o v 35 4
lacZ UCP1 lacZz UCP1 lacZ UCP1 lacZ ycpq

FIG. 1. Hepatic UCP1 expression reduced body weight and blood glucose levels, A: Ectopic UCP1 expression in the liver in high-fat-fed mice was

. detected by immunoblotting of hepatic extracts (250 pg total protein/lane). Liver samples were collected at different times after adenovirus
injection. B and C; Body weights (B) and blood glucose levels (€) in the ad libitum-fed state after adenoviral administration in control (LacZ)
mice (@) and UCPI mice (O; » = 4 per group). D: Resting Vo, was measured on day 3 after adenoviral injectlon with open-circuit indirect
calorimetry. All mice were kept in a cage for ~5 h in the daytime without food or water (n = 5 per group). E: Rectal temperature was measured
in the ad libitum-fed state on day 7 after adenoviral injection (n = 6 per group). F: Average daily food intake amounts over the first and the
second weeks after adenoviral administration are presented. Regarding all panels, similar results were obtained from 10 or more experiments,
and representative results are presented as means = SE, *P < 0.05, **P < (.01 assessed by unpaired t test.

cDNA synthesis was performed with a Cloned AMYV First Strand Synthesis Kit
(Invitrogen, Rockville, MD) using 5 1 of total RNA. cDNA synthesized from total
RNA was evaluated in a realtime PCR quantitative system (Light Cycler Quick
System 350S; Roche Diagnostics, Mannheim, Germany). The relative amount of
mRNA was calculated with glyceraldehyde-3-dehydrogenase mRNA as the invari-
ant control. The primers used are described in Table 1.

All data were expressed as means * SE. The statistical significance of
differences was assessed by the unpaired ¢ test and onefactor ANOVA.

_RESULTS

Hepatic UCP1 expression increased energy expenditure
and reduced body weight and blood glucose levels in mice
.that had high-fat diet-induced obesity and diabetes.
C57BL/6 mice were on a high-fat diet for 4 weeks, resulting
in diabetes associated with obesity. The UCP1 adenovirus
vector (11) was then administered intravenously (UCP1
mice). Mice that were given the LacZ adenovirus were
-used as a control (LacZ mice). No significant alterations
were observed in body weights (Fig. 1B), blood glucose
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levels (Fig. 1C), food intake amounts, body temperature,
or plasma lipid parameters {data not shown) before versus
after LacZ adenovirus administration, Systemic infusion of
recombinant adenoviruses into mice through the tail vein
primarily resulted in expression of transgenes in the liver,
with no detectable expression in peripheral tissues such as
muscle, fat, kidney, or brain {data not shown), as reported
previously (20). As shown in Fig. 14, immunoblotting
revealed that ectopic UCPI expression in the liver peaked
on day 3. Maximal expression was maintained through day
8. After day 9, hepatic expression of UCP1 decreased, and
very small amounts of UCP] protein were detected on day
14 (Fig. 14).

In UCP1 mice, body weight and blood glucose levels
were markedly decreased (Fig. 1B and C) concomitantly
with hepatic expression levels of UCP1. On day 7, body
weights of UCP1 mice were significantly lower, by 13%,
than those of control mice. After day 9, body weight and
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blood glucose levels began to increase as the expression of
hepatic UCP1 declined. These findings indicate that he-
patic UCP] expression exerted therapeutic effects on
diabetes associated with diet-induced obesity.

Resting oxygen consumption on day 3 was markedly
increased, by 12%, in UCP1 mice compared with controls
(Fig. 1), whereas rectal temperature did not differ be-
tween the two (Fig. 1E)}. Thus, ectopic UCP1 in the liver,
like endogenous UCPL in brown adipocytes, promoted
inefficient metabolism, thereby enhancing energy expendi-
ture and leading to weight reduction. This effect, however,
was not suflicient to raise whole-body temperature. In
addition, hepatic UCP1 expression changed food intake.
Whereas without hepatic UCP1 expression, food intake
amounts in high-fat-fed mice were markedly increased
compared with those in standard diet-fed lean mice
(compare Figs. 1F and 5D), hepatic UCP1 expression
reversed hyperphagia in mice with high-fat diet-induced
obesity and diabetes (Fig. 1F). After day 8, concomitantly
with the drop in hepatic UCP1 expression, hyperphagia
was restored (Fig. 1F). In contrast, mice received an
intravenous injection of adenovirus encoding CPT1a, an-
other mitochondrial protein, did not show significantly
altered food consumption (data not shown), suggesting
that food intake suppression induced by hepatic UCP1
expression is not a nonspecific effect of expression of any
of the hepatic mitochondrial proteins.

To eliminate any secondary effects of reduced food

intake induced by hepatic UCP1 expression, we performed
pair-feeding experiments. In contrast to UCP1 mice, pair-
fed LacZ mice exhibited only slight decreases in body
weights and blood glucose levels (of 3.1 and 6.9%, respec-
tively, on day 7 after adenoviral administration). These
results suggest that increased energy expenditure is an
important mechanism underlying marked improvements
of obesity and diabetes in UCP1 mice.
Hepatic UCP1 expression decreased fat contents in
the liver and adipose tissues. Hepatic and adipose fat
accumulations were examined on day 7 after adenoviral
gene delivery. In the high-fat-fed control mice, liver weight
and triglyceride content were markedly increased com-
pared with the standard chow-fed lean mice (compare
Fig. 2A and B with Fig. bF and F, respectively). Hepatic
UCP1 expression significantly decreased liver weight (Fig.
2A) and triglyceride content (Fig. 2B) compared with LacZ
mice, with high-fat feeding. It is interesting that hepatic
UCP! expression also decreased fat content in their adi-
pose tissues. For example, epididymal fat weight was
significantly decreased in UCP1 mice compared with that
in conirols (Fig. 2C). Thus, hepatic expression of UCP1
exerts not only local effects in the liver but also remote
effects on metabolism in other tissues.

These results were confirmed by the histological find-
ings. No apparent infiltration or structural change was
observed in the livers of either LacZ mice or UCP1 mice,
indicating the absence of adenovirus-induced liver damage
(Fig. 2D). Whereas abundant lipid droplets were present in
the livers of control mice, these lipid droplets were
markedly diminished in UCPl mouse livers, indicating
marked improvement of fatty liver findings in response to
UCP! expression (Fig. 2D). Furthermore, the cell diame-
ters in epididymal fat (Fig. 2E) and brown adipose (Fig.
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2F) tissues were significantly decreased in UCP1 mice.
Expression levels of endogenous UCP1 protein in brown
adipocytes were similar in the two groups (Fig. 2G),
suggesting that energy expenditure in brown adipocytes
was not increased in TUJCP1 mice. These findings suggest
that hepatic UCP1 expression promotes hydrolysis of
triglycerides already stored in adipose tissues, leading to
smaller adipocytes with the resultant fatty acids being
mobilized and metabolized as a substrate for oxidation in
the liver.

Hepatic expressions of enzymes involved in lipid
metabolism and glucose production. To elucidate the
underlying mechanism whereby stored fat was decreased
in the liver by hepatic UCP1 expression, we examined the
expressions of proteins involved in lipid metabolism by
quantitative RT-PCR. Significant reductions in the expres-
sions of the lipogenic enzymes, including stearoyl-CoA
desaturase-1 and fatty acid synthase, were observed in
UCP1 mice (Fig. 34). Sterol regulatory element binding
protein 1c (SREBP1c) expression in the liver tended to be
diminished. In contrast, hepatic expressions of enzymes
involved in fatty acid oxidation tended to be increased. In
particular, expressions of fatty acid transporter and UCP2
were significantly increased (Fig. 3B).

We further examined expression levels of key enzymes for
hepatic glucose production. Hepatic phosphoenolpyruvate
carboxykinase and glucose-6-phosphatase expressions were
significantly decreased in UCP1 mice (Fig. 3C), suggesting a
decrease to contribute to improvement of diabetes,

UCP! expression may activate AMPK as a result of

decreased generation of ATP. AMPK activation reportedly
decreases malonyl-CoA generation via inhibition of ACC
(21), resulting in enhancement of fatty acid oxidation.
Therefore, ATP levels and AMPK phosphorylation in the
liver were examined in LacZ and UCP1 mice under ad
libitum feeding conditions. Hepatic ATP concentrations in
UCP1 mice were approximately half those in control mice
(Fig. 3D) but still ~2.3-fold those in standard diet—fed
control mice. Hepatic AMPK activity was increased 1.6-
fold in UCP1 mice compared with LacZ mice (Fig. 3E), The
phosphorylation state of the a-subunit of AMPK in the
liver was enhanced in UCP1 mice (Fig. 3F). Furthermore,
resultant enhancement of hepatic ACC phosphorylation
was observed (Fig. 3G). These findings suggest that AMPK
activation induced by UCP1 expression plays an important
role in the observed marked improvement of fatty liver
findings via enhanced fatty acid oxidation.
Glucose and lipid metabolism in UCP1 mice. The
results of oral glucose tolerance (Fig. 44) and insulin
tolerance (Fig. 4B) tests on day 7 after adenoviral admin-
istration clearly showed that hepatic expression of UCP1
markedly improved glucose tolerance and insulin sensitiv-
ity in obese and diabetic mice. Improved insulin sensitivity
in muscle was confirmed by enhanced insulin receptor and
IRS1 phosphorylation (Fig. 4C) in response to insulin
administration. Thus, hepatic UCP1 expression exerts a
remote beneficial effect on insulin sensitivity in muscle.

In addition, plasma lipid parameters were decreased in
UCPI1 mice. Total plasma cholesterol levels tended to be
decreased in UCP1 mice compared with controls, although
the changes were not statistically significant (Fig. 4D).
Plasma triglyceride and free fatty acid levels were signifi-
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FIG. 2. Hepatic and adipose fat accumulations were decreased in UCP1 mice. Mice were killed after a 10-h fast on day 7 after adenoviral injection,
and liver, epididymal fat (WAT), and brown adipose tissues (BAT) were removed. Liver weight (4), triglyceride content (B), and epididymal fat
weight (C) were determined (n = 6 per group). D-F: Histological findings with hematoxylin and eosin (HE) staining of the liver (D), WAT (F),
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Representative histological findings and immunoblots are presented. Data are presented as means + SE. *P < 0.05, **P < 0.01 assessed by

unpalred ¢ test.

cantly decreased in UCP1 mice (Fig. 4D). Thus, hepatic
UCP1 expression also improved diet-induced dyslipidemnia.
Serum insulin levels were markedly decreased, by 57%
(Fig. 4E), in UCP1 mice, despite lower blood glucose
levels (Fig. 1C), indicating marked improvement of sys-
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temic insulin sensitivity. Serum adiponectin and TNF-«
levels were similar in these groups (Fig. 4F), suggesting
that these adipocytokines are not involved in the improve-
ment of insulin resistance in UCP1 mice. In contrast,
serum leptin levels were significantly decreased, by 56%, in
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UCP1 mice compared with those in control mice (Fig. 4F)
concomitantly with decreased food intake (Fig. 1F). In
control mice that were fed a high-fat diet, marked hyper-
leptinemia was observed (serum leptin concentrations,
standard diet~fed mice versus high-fat diet-fed mice:
(.48 = 0.08 vs. 32 0.8 = 4.6 ng/ml) despite increased food
intake (compare Fig. 1F with Fig. bD), indicating leptin
resistance. The present results suggest that hepatic UJCP1
expression improves hypothalamic leptin resistance in
obese and diabetic mice. To directly test whether leptin
sensitivity was improved, we performed leptin tolerance
tests (Fig. 4G). Leptin was injected intraperitoneally into
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fasted mice, followed by measurement of 12-h food in-
takes. The food intake inhibition by leptin administration
was far more profound in UCP1 mice than in LacZ mice.
Thus, UCP1 mice responded strongly to leptin administra-
tion, clearly showing that hepatic UCP1 expression exerts
a therapeutic effect on hypothalamic leptin resistance.

Hepatic UCP1 expression exerted minimal effects in
standard diet-fed lean mice. Hepatic UCP1 expression
reduced body weight and blood glucose and lipid levels in
obese and diabetic mice. These are very promising results
suggesting that ectopic UCP1 expression may be useful in
treating diabetic individuals who are obese. However, if
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FIG. 4. Hepatic UCP1 expression improved glucose tolerance and insulin sensitivity. A and B: High-fat-fed mice on day 7 after adenoviral
administration were subjected to glucose tolerance {A) and insulin tolerance (B) tests. Glucose tolerance tests were performed with an oral
glucose load (2 g/kg body wt) after a 10-h fast. Insulin tolerance tests were performed in an ad libitum-fed state. Data were expressed as
percentages of blood glucose levels immediately before intraperitoneal insulin loading (0.756 units/kg body wt). C: Insulin-stimulated tyrosine
phosphorylation of insulin receptor and IRS1 proteins in muscle (n = 3 per group). Mice that were fasted for 16 h received an intravenous
injection of 100 ul of normat saline with or without insulin (10 units/kg body wt). Hindlimb muscles were removed 300 s later, and lysates were
immunoprecipitated with each antibody, as indicated. Immunoprecipitates were subjected to SDS-PAGE and immunoblotted with anti-
phosphotyrosine antibody (4G10) or individual antibodies as indicated. D-F: Plasma lipid parameters (D; left, total cholesterol; middle,
triglyceride; right, free fatty acids), sernm insulin (E}, and adipocytokines (F; left, adiponectin; middle, TNF-w; right, leptin} of high-fat-fed mice
on day 7 after adenoviral administration were measured in the 10-h-fasted state. &: Leptin tolerance tests were performed on day 7 after
adenoviral administration as described in RESEARCR DESiGN AND METHODS. Data were expressed as ratios to the food intake amounts of
vehicle-treated mice (n = 6 per group). Data are presented as means = SE, *P < (.05, **P < (0,01 assessed by unpaired ¢ test.

this were also the case in lean individuals, then these
individuals would become leaner, possibly even develop-
ing mahutrition and hypoglycemia. We therefore per-
formed experiments with a similar design but used
9-week-old standard diet-fed lean mice, i.e., the same age
as the high-fat-fed mice.
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It is intriguing that although ectopic UCP1 expression
levels in the liver were similar under high-fat and standard
diet conditions (Fig. 54), the resultant phenotypes were
completely different. In standard diet-fed lean mice, he-
patic UCP1 expression did not alter body weight (Fig. bB),
fasting blood glucose levels (Fig. 5C), or food intake
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F1G. 5. Minimal efTects of hepatic UCP1 expression in standard diet—fed lean mice. A: Hepatic UCP1 expression in standard or high-fat diet—fed
mice on day 7 after adenoviral administration at 9 weeks of age. Liver extracts from mice were immunoblotted using anti-UCP1 antibody. B and
C: Body weights (B) and fasting blood glucose levels (C} were measured on day 7 after adenoviral injection. D: Food intake amounts were
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triglyceride contents (F), and epididymal fat weights (G) were determined (» = 6 per group) on day 7 after adenaviral injection. H and I: Resting
Vo, () and hepatic ATP levels (I) were measured in the same way as in previous figures. Hepatic ATP levels are presented as the relative
amounts compared with those in standard diet-fed control mice, Data are presented as means = SE, **P < (.01 assessed by one-factor ANOVA.

amounts (Fig. 5I)). In addition, hepatic weight (Fig. 5E),
triglyceride content (Fig. 5F), and epididymal fat weight
(Fig. 5G) were not changed. Thus, hepatic UCP1 expres-
sion did not exert significant effects on glucose metabo-
lism or adiposity in lean mice.

To determine why hepatic UCP1 expression in lean mice
did not significantly alter metabolic conditions, we measured
basal energy expenditure and hepatic ATP contents. Hepatic
UCP1 expression did not significantly change basal energy
expenditure (Fig. 5H) or hepatic ATP levels (Fig. 5I), sug-
gesting that UCPl ectopically expressed in the liver is
minimally involved in mitochondrial uncoupling, when sur-
plus energy is not stored in the liver. Thus, hepatic UCP1 is
likely to dissipate excess energy while having no effect on
required energy. These characteristics are favorable in terms
of therapeutic strategies for the metabolic syndrome.
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DISCUSSION
In this study, after mice had developed obesity-associated

diabetes, ectopically expressing UCP1 in the liver resulted
in marked improvements in both disease conditions. UCP1
expression would be expected to decrease ATP generation
in the liver and thus to activate hepatic AMPK. Indeed,
ATP contents were decreased, and AMPK and ACC phos-
phorylations were increased. AMPK reportedly phosphor-
ylates and inactivates ACC, resulting in a decrease in
malonyl-CoA generation (21). Because malonyl-CoA is a
negative regulator via suppression of CPT1, a rate-limiting
enzyme for fatty acid oxidation (22}, a decrease in malo-
nyl-CoA generation is likely to enhance fatty acid oxida-
tion to meet respiratory demands. Furthermore, hepatic
expressions of lipogenic enzymes were decreased by
UCPI1 expression in the liver, which may be explained by
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AMPK activation and possible SREBP1 reduction in the
liver; metformin reportedly activates AMPK and inhibits
hepatic SREBP1 expression (23). Taken together, the
results suggest that fatty acid synthesis was suppressed
with concomitant enhancement of fatty acid oxidation,
resulting in the marked decrease in hepatic triglyceride
contents.

How might a change in hepatic lipid metabolism affect
the energy balance of the entire body? It is noteworthy
that the weight and/or cell sizes of epididymal fat and
brown adipose tissues were markedly decreased by he-
patic UCP1 expression in the present study. Inhibition of
fat accumulation in adipose tissues was also observed in
UCPI and in UCP3 transgenic mice under the control of
muscle-specific promoters (7,8). Mice lacking ACC2,
which is predominantly expressed in the heart and muscle
of wild-type mice, also markedly inhibited fat accumula-
tion in their adipose tissues (24). In reports using trans-
genic models, muscle is a site of increasing energy
expenditure, through mitochondrial uncoupling, which
prevents obesity. In the present study, hepatic expression
of UCP1 reduced fat contents, rather than inhibiting fat
accumulation, not only in the liver but alsc in adipose
tissues, indicating promotion of hydrolysis of triglycerides
already stored in the adipose tissues. Thus, hepatic uncou-
pling is likely to convey signals to peripheral adipose
tissues. These signals might invelve an autonomic nerve
network, because the hydrolysis of triglycerides stored in
adipose tissues is controlled mainly by the cAMP-mediated
pathway, including syrapathetic nerve activation (25). Al-
ternatively, a decline in serum fatty acid concentrations,
observed in UCP1 mice, or some unlkmown factors se-
creted by the liver might trigger lipolysis in adipose
tissues. Although more work is required to elucidate the
mechanism underlying this remote effect, enhancement of
hepatic uncoupling is likely to exert therapeutic, rather
than preventive, effects on insulin resistance associated
with obesity. Thus, the liver is a potential therapeutic
target for diabetes with obesity. Furthermore, unraveling
the underlying mechanism may lead to development of
antiobesity pharmacological agents that promote lipolysis
in adipose tissues.

The present results are also interesting with respect to
appetite regulation. Transgenic mice overexpressing UCP3
in skeletal muscle are reportedly hyperphagic (8), whereas
UCP1 transgenic mice show no changes in food intake (7).
In these transgenic mice, UCPs are continuously overex-
pressed throughout life, including in the fetal stage. In
contrast, the UCP was expressed after development of
diabetes with obesity in the present study. In obese
subjects, serum leptin levels are reportedly increased with
an increment in adipose tissue mass (26,27). Despite
increased serum leptin levels, neither appetite nor food
intake was suppressed, but instead increased, which is
explained by hypothalamic leptin resistance in obese
subjects. Herein, control mice on a high-fat diet were
hyperphagic compared with those on a standard diet,
whereas serum leptin levels were markedly elevated in
high-fat diet-fed mice, indicating the development of lep-
tin resistance. It is interesting that hepatic UCP1 expres-
sion reversed hyperphagia in high-fat diet-fed mice. Leptin
tolerance tests show marked improvement of hypotha-
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lamic leptin resistance in UCP1 mice, another remote
effect of hepatic UCP1 expression. In addition, increased
fatty acid oxidation might be involved in the decreased
food intake, because administration of peroxisome prolif-
erator-activated receptor (PPAR)-a agonists reportedly
reduces food intake amounts, but not in mice deficient in
PPAR-o (28). Furthermore, streptozotocin-induced hy-
perphagia was reportedly reversed by hepatic expression
of protein phosphatase-1 (29), suggesting that altering
hepatic metabolism modulates appetite. Vagal pathways
from the liver to the brain mediate the fat-induced changes
in hypothalamic neuropeptides and feeding behavior in
diabetic rats (30). Taken together with these observations,
through appetite modulation, the liver also holds promise
as a target for treatment of diabetes with obesity.

The most intriguing finding of the present study is that,
despite similar UCP1 expression levels in mice on high-fat
and standard diets, the resultant phenotypes were com-
pletely different. Hepatic UCPl expression exerted no
significant effects on food intake, weight change, or blood
glucose levels in standard diet-fed lean mice. No alter-
ations in energy expenditure or hepatic ATP contents were
observed with hepatic UCP1 expression, indicating that, in
the absence of a significant energy surplus, ectopic UCP1
has minimal effects on mitochondrial uncoupling. We
performed similar experiments in a mildly obese and
insulin-resistant model, 15% fat-fed mice. In these mice,
hepatic UCP1 expression did not change body weight or
food intake. Glucose tolerance and insulin sensitivity were
significantly improved, but the effects were smaller (data
not shown) than those in a more severely obese and
insulin-resistant model, 32% fat-fed mice, reported here.
Furthermore, under 32% high-fat-fed conditions in the
present study, although hepatic UCP1 expression de-
creased ATP levels in the liver, the reduced ATP concen-
trations still exceeded those in standard diet—fed mice,
suggesting that enhanced expression of UCPs in the liver
does not itself produce an energy shortage. Taken to-
gether, hepatic UCPI is likely to sense the metabolic state
in the liver and function according to the degree of stored
energy in the liver. In the reconstituted system, addition of
fatty acids is indispensable for proton transport by UCP1
(31,32). Although the underlying mechanism has been
widely debated (33,34), fatty acid cycling seems to be
important for proton transport by UCP1 (35,36). Via such
a mechanism, ectopic UCP1 activity in the liver may
depend on the metabolic state, probably on the amount of
stored fat in the liver. Thus, hepatic UCP1 seems to
dissipate surplus energy but not to affect required energy.
Therefore, the liver, in which intracellularly stored fat
changes dramatically according to the energy balance,
seems to be a good target tissue for enhanced expression
of UCPs. This feature is of particular importance, as
applied to therapeutic strategies for type 2 diabetes asso-
ciated with obesity and insulin resistance.

Recently, it was reported that, using a transgenic tech-
nique, skeletal muscle expression of UCP1 in genetically
obese mice lowers blood pressure (37), suggesting that
uncoupling decreases the risk for atherosclerosis in pa-
tients with obesity and type 2 diabetes, In addition, uncou-
pling reportedly decreases the production of reactive
oxygen species (38), although total oxygen consumption
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increases. A high mitochondrial electrochemical gradient
is associated with the production of reactive oxygen
species that may damage tissues, a possible cause of
diabetes complications and atherosclerosis (39). Thus, the
respiratory uncoupling increment in the liver may protect
tissues from oxidative stress. Taken together with the
results of the present study, enhancement of UCPs in the
liver is a potential therapy for the metabolic syndrome via
reductions in adiposity and blood glucose levels as well as
possibly reactive oxygen species in obese and diabetic
individuals.
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Abstract

To generate insulin-producing cells in the liver, recombinant adenovirus containing a constitutively active mutant of PDXI1
(PDX1-VP16), designed to activate target genes without the need for protein pariners, was prepared and administered intrave-
nously to streptozotocin (STZ)-treated diabetic mice. The eflects were compared with those of administering wild-type PDX!
(wi-PDX1) adenovirus. Administration of these adenoviruses at 2 x 10¥ pfu induced similar levels of PDX1 protein expression
in the liver. While wt-PDX1 expression exerted small effects on blood glucose levels, treatment with PDX1-VP16 adenovirus effi-
ciently induced insulin production in hepatocytes, resulting in reversal of STZ-induced hyperglycemia. The effects were sustained
through day 40 when exogenous PDX1-VP16 protein expression was undetectable in the liver. Endogenous PDX1 protein came to
be expressed in the liver, which is likely to be the mechanism underlying the sustained effects. On the other hand, albumin and trans-
ferrin expressions were observed in insulin-producing cells in the liver, suggesting preservation of hepatocytic functions. Thus, tran-
sient expression of an active mutant of PDXI1 in the liver induced sustained PDX] and insulin expressions without loss of
hepatocytic function. '
© 2004 Elsevier Inc. All rights reserved.

Keywords: Insulin; PDX1; Gene therapy; Diabetes; Adenovirus; Transdifferentiation

Type | diabetes mellitus is characterized by progres-
sive loss of pancreatic B cells, leading to a lifelong
dependency on insulin treatments. Recently, marked ad-
vances have been made in transplanting pancreatic islets
from human cadavers into type 1 diabetics [1]. However,
immune rejection and donor supply are still major chal-
lenges in islet cell transplantation. In this context, gener-
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ation of insulin-producing cells by somatic gene therapy
may represent a viable alternative for the treatment for
diabetes.

The liver is a possible target organ for generation of
insulin-producing cells. Pancreatic and hepatic tissues
both express several transcription factors such as
HNFlo and C/EBPp. In addition, these tissues also
have similar glucose sensing machinery consisting of
the GLUT?2 glucose transporter and glucokinase. Fur-
thermore, during embryogenesis, the liver and the ven-
tral pancreas appear to arise from the same cell
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population located within the embryonic endoderm
[2]. The gene most likely to be responsible for the differ-
ence between the liver and pancreas is pancreatic and
duodenal homeobox gene 1 (PDX1), also known as
IDX1/IPF1/STF1, PDX1 is expressed in pancreatic
buds in the endoderm prior to morphological develop-
ment of the pancreas [3,4] and has been shown to play
a fundamental role in regulating pancreatic develop-
ment. Gene disruption of PDX1 has been shown to in-
hibit pancreatic bud maturation and outgrowth,
resulting in complete absence of the pancreas [5] In
addition, conditional inactivation of PDX] in insulin-
producing cells results in a progressive loss of B cells,
suggesting PDX1 to play an essential role in maintaining
B cells {6,

Therefore, to generate insulin-producing cells, several
groups have overexpressed PDX] in various sites [7-11].
Adenovirus-mediated transfer of the PDX1 gene report-
edly ameliorates streptozotocin (STZ)-induced hyper-
glycemia in a short time (within 10 days) [7] as well as
for longer periods [12] via production of insulin in the
liver. However, helper-dependent adenovirus (HDAD)-
mediated PDX1 gene transfer into the liver reportedly
results in severe hepatitis and functional failure due to
production of pancreatic exocrine enzymes [10], In addi-
tion, transgenic mice overexpressing PDX]1 in the liver
also develop liver failure [11].

PDX1 has been shown to activate target genes by
association with several co-factors such as PBX f[13]
and the expressions of these protein partners are absent
in the liver. To produce a version of PDXI that would
activate target genes without the need for protein part-
ners, the VP16 activation domain from herpes simplex
virus was fused to the C-terminus of PDX1 (PDXI1-
VP16). In PDXI1-VP16 transgenic Xemopus tadpoles,
part or all of the liver is converted to pancreatic tissue,
while hepatic differentiation products are lost from the
regions converted to pancreas [14].

Therefore, in the present study, we prepared
PDX1-VPI6 adenovirus and compared the effects of
PDXI1-VP16 expression with those of wt-PDX1 in
the adult murine liver in vivo. These recombinant
adenoviruses were administered at a titer of
2% 10% pfu, which is one to two orders of magnitude
lower than those used in previous reporis [7,12). Here-
in we demonstrate PDX1-VP16 gene transduction to
induce hepatocytic production of insulin, but not glu-
cagon or amylase, more efficiently than wt-PDX1,
resulting in reversal of STZ-induced hyperglycemia.
We found that PDXI-VP16 gene therapy induced
endogenous PDX1 expression in the liver, and hence
sustained expression of insulin. In contrast to trans-
genic tadpole experiments, the conversion was partial
and liver-specific gene expressions including those of
albumin and transferrin were maintained in insulin-
producing cells.

Materials and methods

Recombinamt adencviruses. Murine PDX1 cDNA was cloned from
a MING ¢cDNA library by PCR. Using PCR, the Clal site was added to
murine PDX1 ¢DNA, which was digested with Clal and subcloned
into VP16-N (kind gift from Dr. H. Kanamori) as described [14].
Recombinant adenoviruses containing wt-PDX1 and PDXI1-VPI6
¢DNA were prepared as reported previously [15-17). LacZ adenovirus
was used as a control [18).

Animals. Male C5TBL/6N mice were purchased from Clea (Tokyo,
Japan), housed in an air-conditioned environment, with a 12-h light-
dark cycle, and fed a regular unrestricted diet. Diabetes was induced by
intraperitoneal injection of 160-170 mg/kg STZ (Sigma St. Louis, MQ)
in citrate buffer at 5-6 weeks of age. Blood glucose was determined
after a 10 h fast at 6 days after STZ injection; mice with fasting glucose
levels of 300-600 mg/dl were used for the experiments. The mice were
treated with 2 x 10® plaque-forming units of recombinant adenovirus
by systemic injection into the tail vein and killed 40 days after ade-
novirus injection. Serum insulin concentrations were measured using a
tat insulin ELISA Kit Ultra Sensitive (Morinaga, Tokyo, Japan).

Oral glucose tolerance tests. Oral glucose tolerance tests were per-
formed 40 days after adenovirus infusion. Serum glucose levels were
determined before, and 15, 30, 60, 90, and 120 min after, administra-
tion of oral glucose (1 g/kg body weight),

Immunoblotting. Liver samples were homogenized in buffer
(100 mM Tris, pH 8.5, 250 mM NaCl, 1% BP-40, and ! mM EDTA).
Tissue homogenates were centrifuged at 14,000g for 10 min at 4 °C.
Supernatants including tissue protein extracts (180 pg total protein)
were then boiled in Laemmli buffer containing 10 mM dithiothreitol.
Aliquots of proteins (15 pg) were subjected to SDS-PAGE, Immu-
noblot analyses were performed using ECL plus a Western Blotting
Detection System Kit (Amersham Buckinghamshire, UK). Antibodies
to PDXI1 (A-17, Santa Cruz Biotechnology, Santa Cruz, CA) and
HSV-1 VP16 (vA-19, Santa Cruz Biotechnology) were commercially
obtained.

Immunohistochemistry. Livers of mice were excised 40 days after
adenoviral treatment and fixed overnight in 10% paraformaldehyde.
Fixed tissues were processed for paraffin embedding and 3 pm sections
were prepared. For immunchistochemistry, the streptavidin-biotin
(SAB) method was performed using a Histofine SAB-PO kit (Nichirei,
Tokyo, Japan) for insulin, glucagon, and amylase, and a MAX-PO kit
(Nichirei} for somatostatin, and an EnVision kit/HRP (DAKO,
Glostrup, Denmark) for pancreatic polypeptide. Slides were depa-
raffinized, and then were either autoclaved in citrate buffer for antigen
retrieval before being incubated in blocking solution (for amylase,
somatostatin, and pancreatic polypeptide detection), or immediately
exposed to the blocking solution (for insulin and glucagon detection).
For insulin detection, sections were incubated for 18 h at 4 °C with
monoclonal antibody against human insutin (Sigma) diluted 1:1000 in
PBS. For detection of glucagon, sections were incubated for 18h at
4 °C with antiserum raised against human glucagon (DAKO) diluted
1:3000 in PBS. For detection of somatostatin, sections were incubated
overnight at 4 °C with rat anti-somatostatin monoclonal antibody
{Chemicon, Temecula, CA) diluted 1:100 in PBS. For detection of
pancreatic polypeptide, sections were incubated overnight at 4 °C with
antiserum raised against rat pancreatic polypeptide (LINCO, St
Charles, MO) diluted 1:100 in PBS. For detection of amylase, sections
were incubated for 18 h at 4 °C with antiserum raised against the C-
terminus of human amylase (Santa Cruz Biotechnology) diluted 1:1000
in PBS, Slides were then incubated with the biotinylated IgG for 1 h
and next with peroxidase-conjugated streptavidin for 30 min at room
temperature, Finally, immunoreactivity was visualized by incubation
with a substrate solution containing 3,3'-diaminobenzidine tetrahy-
drochloride {DAB).

Fluorescent immunocytochemistry. The 3 pm sections of paraffin-
embedded liver were processed as follows. For double staining of
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insulin and transferrin or albumin, the sections were incubated over-
night with antibodies against insulin and transferrin (goat polyclonal;
Santa Cruz Biotechnology} or albumin (rabbit polyclonal; Biogenesis,
Kingston, New Hampshire) at 4°C. Antibodies against insulin,
transferrin, and albumin were diluted 1:1000, 1:5000, and 1:5000,
respectively, in PBS. For double staining of insulin and transferrin, the
sections were then incubated for 1 h at room temperature in a mixture
of TRITC-conjugated sheep anti-mouse IgG and FITC-conjugated
donkey anti-goat IgG (Jackson Immuno Research, West Grove, PA)
diluted 1:1000 in PBS. For double staining of insulin and albumin, the
sections were incubated in a mixture of Alexa Fluor 488 goat anti-mose
IgG (Molecular Probes, Eugene, OR) and Alexa Fluor 546 goat anti-
rabbit IgG diluted 1:1000 in PBS. Sections were observed under a
fluorescence microscope {Leica DM RXA, Leica Microsystems,
Wetzlar, Germany). The image was analyzed with a Q-fluoro analyzing
system {Leica).

Results

To express a PDX1 mutant, in the liver, which is con-
stitutively active without association with protein part-
ners, we prepared a recombinant adenovirus encoding
the VP16 activation domain from herpes simplex virus
[19,20] fused to the C-terminus of murine PDX1
(PDX1-VP16). For comparison, we also prepared re-
combinant adenoviruses encoding the wild-type PDX1
(wt-PDX1) and LacZ. These recombinant adenoviruses,
at 2 x 10® pfu, were injected intravenously 6 days after
STZ administration, when hyperglycemia had already
developed; blood glucose levels after 2 10h fast were
approximately 400 mg/d! (Fig. 1B). Mice given the LacZ
adenovirus were used as controls (LacZ-mice). Systemic
infusion of recombinant adenoviruses into mice through
the tail vein caused transgene expression primarily in the
liver, with no detectable expression in peripheral tissues
such as muscle, fat, kidney or brain (data not shown), as
reported previously [21].

As shown in Fig. 1A, immunoblotting of hepatic ly-
sates on day 3 after adenoviral administration with
anti-PDX1 antibody revealed that ectopic expression
of wt-PDX1 or PDX1-VPi6 was obtained in the liver,
Administration of recombinant adenoviruses at the
same titer induced similar levels of PDXI1 protein
expression.

We next examined the effects of treatment with these
adenoviruses on STZ-induced hyperglycemia (Fig. 1B).
Administration of wt-PDX1 adenovirus did not signifi-
cantly decrease fasting blood glucose levels through
day 20. Although, interestingly, fasting blood glucose
levels were slightly but significantly decreased after day
30 as compared with those in STZ-treated LacZ-mice,
administration of wt-PDX1 adenovirus at such a low
titer exerted only very small effects in terms of reversal
of hyperglycemia.

In contrast, administration of PDX1-VP16 adenovi-
rus more effectively reversed STZ-induced hyperglyce-
mia (Fig. 1B). Hepatic expression of PDXI1-VP16

induced significant, profound decreases in fasting blood
glucose levels. Although fasting blood glucose levels
rose slightly between day 10 and day 15, the therapeutic
effects were sustained throughout the experiments. As
shown in Table 1, some variation in results was ob-
served. Thirteen percent of PDX1-VP16-mice exhibited
almost no decrease in blood glucose levels, although
the proportion of these mice was significantly lower than
that of wt-PDX1-mice. In contrast, in 27% of PDX]1-
VP16-mice, fasting blood glucose levels were lower than
200 mg/d!. No such normalization of glucose levels was
obtained by wt-PDX1 adenovirus administration {Table
1). Thus, PDX1-VP16 expression in the liver more effec-
tively lowered blood glucose levels and these effects per-
sisted even after adenoviral-mediated gene expression
had declined.,

To examine the mechanism whereby administration
of PDX1-VP16 adenovirus efficiently and persistently
lowered blood glucose levels in STZ-treated mice, liver
sections from these mice on day 40 after adenoviral
administration were immunostained with anti-insulin
antibody (Fig. 1C). No insulin staining was detectable
in the livers of LacZ-mice. In wt-PDX1-mice, very faint
staining with anti-insulin antibody was detected in the
liver. In contrast, in PDX1-VP16 mice, strong insulin
staining was detected in the cytoplasm of hepatocytes
in scattered portions of the liver. The insulin positive
cells were seen mostly around vessels. The scant residual
insulin-positive cells in the pancreas did not differ signif-
icantly among these mice (data not shown}. Thus, insu-
lin secretion from hepatocytes is likely to contribute to
lowering blood glucose levels in PDX1-VP16-mice.

To confirm that the hepatocytes were secreting insu-
lin, serum levels of immunoreactive insulin in these mice
on day 40 after adenoviral administration were mea-
sured. In LacZ-mice, STZ treatment induced severe
insulinopenia: fasting serum insulin levels were less than
40 pg/ml (Fig. 1D}, resulting in severe hyperglycemia.
Adenoviral administration of the wt-PDX1 gene slightly
increased serum insulin levels. It contrast, PDX1-VP16
adenoviral administration resulted in a substantial in-
crease in serum insulin levels, i.e., more than 6-fold
(Fig. 1D). On the other hand, fasting serum insulin lev-
els in the control C57BIf6éN mice of the same age, with-
out STZ treatment, were 340.7 & 29.9 pg/ml (n==6).
Thus, hepatic PDX1-VP16 expression improved fasting
serum insulin levels to approximately two-thirds those
in normal mice. These data suggest that transient
PDX1-VP16 expression in the liver exerted sustained
and stronger effects in terms of production and secretion
of insulin as compared with wt-PDX]1 expression, result-
ing in the reversal of STZ-induced hyperglycemia.

Oral glucose tolerance tests were performed using
LacZ-mice, wt-PDX1-mice, and PDX1-VP16-mice on
day 40 (Fig. 2A). STZ-treated LacZ-mice exhibited
hyperglycemia: more than 450mg/dl throughout the
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Fig. 1. Effects of wt-PDX1 and PDX1-VP16 adenoviral gene therapy on STZ-induced diabetic mice. (A) Liver lysates from STZ-mice infused with
2 x 10° pfu/body of adenovirus containing wt-PDX1 (left lane) or PDX1-VP16 (right lane) were immunoblotted with anti-PDX1 antibody. {B)
Fasting blood glucose levels of STZ-mice treated with LacZ adenovirus (closed circle; n = 13), wt-PDX1 adenovirus (open square; # = 8) or PDXI1-
VP16 adenovirus (open circle; n= 15), Amount of injected adenoviruses was 2 x 10°pfu/body in all experiments. (C) Liver sections from LacZ-mice
(left panels), wt-PDX1-mice (middle panels), and PDX1-VP16-mice (right panels) on day 40 after adenoviral treatment were immunostained with
anti-insulin antibody. Qriginal magnification 100x (upper panels) and 200 (lower panels). (D) Fasting serum insulin levels 40 days after adenoviral
treatment with LacZ (open bar; n=17), wt-PDXI1 (gray bar, n=2_8), or PDX1-VP16 (black bar; n=7) adenovirus. Data are presented as
means & SEM. *P < 0.05, **P < 0.01 versus wt-PDX1, ¥p < 0.05, and *#p < 0.01 versus LacZ, assessed by unpaired 1 test,

tests. In PDX1-VP16-mice, glucose levels throughout
the tests were significantly lower than those in wt-
PDXI1-mice. The blood glucose levels peaked at 30 min
after glucose load and thereafter tended to fall, although
the reversal was incomplete at 120 min. These findings
suggest that, in PDX1-VPIl6-mice, glucose-responsive
insulin secretion from the liver is involved in lowering
post-prandial blood glucose levels but is not enough to

rapidly reverse a rise in blood glucose levels after a glu-
cose load, in contrast to that from the pancreas by B
cells.

Using HDAD, PDX1 expression in the liver report-
edly induces expression of exocrine enzymes in insulin-
producing cells in the liver and causes severe hepatitis.
It has also been reported that, in transgenic mice express-
ing PDX]1 ectopically in the liver, not only insulin but
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Table 1

Distribution of blood glucose levels in ¢ach treatment group

Blood glucose (mg/dl) 100-200 200-300 300400 400-500 500600
LacZ (%) 0 0 8 69 23
wi-PDX1 (%) 0 12 50 38 0
PDX1.VP16 (%) 27 47 13 13 0

Blood glucose levels were determined 40 days after each adenoviral treatment. Blood glucose levels of mice before the adenoviral treatment (6 days
after STZ injection) were all above 300 mg/dl. (Lac Z; n= 13, wt-PDX]; n =8, and PDXI1-VP16; n=15.)
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Fig. 2. Effects of wt-PDX1 and PDX1-VP16 adenoviral gene therapy on blood glucose levels after a glucose load, and glucagon, somatostatin,
pancreatic polypeptide, and amylase expressions, (A) Blood glucose levels during oral glucose tolerance testing (1 g/kg body weight) in LacZ-mice
(closed circle; n=T7), wt-PDX1-mice {open square; n=8), and PDX1-VPl6-mice (open circle; n =7) on day 40 after adenovirus administration.
Data are presented as means = SEM. (B) immunochistochemical staining of livers from LacZ-mice (b,fj,n), wt-PDX1-mice (c,g,k,0), and PDXI-
VP16-mice (d,h,1p) with glucagon (b—d), somatostatin (f-h), pancreatic polypeptide (j-1) or amylase (n-p) antibody. Secticns of normal pancreas
were used as positive controls for each staining procedure (a,e,i,m). Original magnification 100x,

also other endocrine hormones as well as pancreatic exo-
crine genes are expressed, resulting in dysmorphogenesis
and hepatic failure [10). In contrast, in the present study,
adenovirus-mediated transduction of the wt-PDX1 or

the PDX1-VP16 gene into the liver did not induce lobe
structural abnormalities or substantial infiltration of
inflammatory cells (Fig. 2B). Furthermore, using immu-
nohistochemistry, no immunoreactivity against glucagon



