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The Role of Liver Fructose-1,6-Bisphosphatase in
Regulating Appetite and Adiposity

Sherley Visinoni,! Nurul Fathiah Izzati Khalid,! Christos N. Joannides,! Arthur Shulkes,>
Mildred Yim,> Jon Whitehead,? Tony Tiganis,* Benjamin J. Lamont,! Jenny M. Favaloro,!
Joseph Proietto,! Sofianos Andrikopoulos,' and Barbara C. Fam'

Liver fructose-1,6-bisphosphatase (FBPase) is a regulatory en-
zyme in gluconeogenesis that is elevated by obesity and dietary
fat intake. Whether FBPase functions only to regulate glucose or
has other metabolic consequences is not clear; therefore, the aim
of this study was to determine the importance of liver FBPase in
body weight regulation. To this end we performed comprehen-
sive physiologic and biochemical assessments of energy balance
in liver-specific transgenic FBPase mice and negative control
littermates of both sexes. In addition, hepatic branch vagotomies
and pharmacologic inhibition studies were performed to confirm
the role of FBPase. Compared with negative littermates, liver-
specific FBPase transgenic mice had 50% less adiposity and ate
15% less food but did not have altered energy expenditure. The
reduced food consumption was associated with increased circulat-
ing leptin and cholecystokinin, elevated fatty acid oxidation, and 3-
B-hydroxybutyrate ketone levels, and reduced appetite-stimulating
neuropeptides, neuropeptide Y and Agouti-related peptide. Hepatic
branch vagotomy and direct pharmacologic inhibition of FBPase in
transgenic mice both returned food intake and body weight to the
negative littermates. This is the first study to identify liver FBPase
as a previously unknown regulator of appetite and adiposity and
describes a novel process by which the liver participates in body
weight regulation. Diabetes 61:1122-1132, 2012

ver recent years, excessive nutrient intake has

been associated with rapidly increasing rates of

obesity in both developed and developing so-

cieties (1). Despite much effort, the specific
biochemical mechanisms involved in body weight regula-
tion are not completely understood.

Body weight is maintained by a fine balance between
food intake and energy expenditure. Under normal con-
ditions, energy homeostasis is maintained through a com-
plex interaction between peripheral organs and the central
nervous system (CNS). Many peripheral signals from white
adipose tissue, the gut, and the pancreas are known to
regulate body weight (2). The CNS receives these signals
and adjusts food intake and energy expenditure accord-
ingly. Although not normally considered as one of the
classic body weight regulatory organs, indirect evidence
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has accumulated over the years in a variety of models to
suggest a role for the liver in controlling food intake (3-7).
Russek (7) was the first to propose that a signal to termi-
nate food intake was generated from the liver. This was
based on studies demonstrating that direct injection of
glucose into the liver of fasted dogs suppressed food in-
take more effectively than systemic injection of glucose
(7). Direct infusion of free fatty acids (FFAs) into the he-
patic portal vein of rats has also demonstrated an in-
volvement of the liver in lowering food intake through an
increase in liver fatty acid oxidation (FAO) (3,4). Con-
versely, the fructose analog 2,5-anhydro-p-mannitol (6) and
other metabolic and FAO inhibitors have been reported to
stimulate appetite when administered into animals (5,8,9).

The gene expressing fructose-1,6-bisphosphatase (FBPase)
is one of many genes upregulated in the liver by obesity and
fat (10,11). Even though FBPase is known as a regulatory
enzyme in gluconeogenesis, a previous study from our
laboratory showed that liver-specific FBPase transgenic
mice with a physiologic threefold level of overexpression
had no change in whole-body glucose tolerance or endog-
enous glucose production (12). Surprisingly, the mice con-
sistently displayed an approximate 10% reduction in body
weight compared with negative littermates (12), leading us
to propose that liver FBPase may have a novel role in the
control of body weight.

We therefore investigated this potential regulatory role
of liver FBPase by using our transgenic mouse model that
specifically overexpresses FBPase in the liver. We report
that overexpression of this liver enzyme leads to the lean
body weight phenotype in the transgenic mice by markedly
reducing adiposity levels by ~50%. Reductions in food in-
take rather than elevated energy expenditure were found to
be the contributing factors. The appetite-stimulating neu-
ropeptides, neuropeptide Y (NPY) and Agouti-related pep-
tide (AgRP), were significantly suppressed, whereas the
circulating satiety hormones, cholecystokinin (CCK), and
leptin, rose significantly. Elevation of liver FAO via an in-
creased flux through the hexosamine biosynthesis pathway
(HBP) appears to be the key linking the increase in liver
FBPase to reduced food intake and adiposity in our
transgenic mouse.

RESEARCH DESIGN AND METHODS

Animals. Hemizygous transgenic mice (males and females) overexpressing the
human liver FBPase gene (FBP-1) specifically in the liver and their age-
matched negative littermate controls, both on a C57Bl6/J background, were
used unless otherwise stated. Mice were generated, maintained, and geno-
typed as described previously (12). All mice were maintained in accordance
with guidelines of the Austin Hospital Animal Ethics Committee (AEC#s:
A2007/2752 and A2009/03766).

Energy balance studies. Mice were individually housed and provided
a standard laboratory chow diet (3% fat, 77% carbohydrate, 20% protein) and
water ad libitum. Body weights were measured at 4, 8, and 12 weeks and
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subsequently each week until age 22 weeks. Food intake (g/day) was measured
each week from age 12 to 22 weeks. Subcutaneous, infrarenal, and gonadal fat
pads were collected and weighed in the nonfasted state. Voluntary physical
activity, resting energy expenditure (REE), respiratory quotient (RQ), and
levels of whole-body fat and glucose oxidation were assessed as previously
described (13-16).

Hepatic branch vagotomy. Common hepatic branch vagotomy was performed
on 16-week-old anesthetized mice that specifically targets the vagal nerve branch,
the major connection between the liver and brain (17). A laparotomy incision
was made on the ventral midline, and the abdominal wall was opened with
a second incision. The common hepatic vagal branch was located (under the
liver) and transected, stretching the fascia containing the common hepatic
branch using fine forceps. A similar incision was also made in the sham-operated
mice and the hepatic vagus nerve was located but not transected. The incisions
were sutured, mice were administered saline (1 mL) intraperitoneally to aid in
postsurgery recovery, and were allowed to recover for 1 week. Food intake and
body weight was subsequently measured weekly for 10 weeks.
Pharmacologic inhibition of FBPase. FBPase transgenic mice, negative
littermate controls (~16 weeks old), and NZO mice (7 weeks old) were gavaged
daily a 5 mg/kg dose of benzoxazole benzene sulfonamide, a commercially
available human-specific FBPase inhibitor (Calbiochem) (18,19), to specifically
target our construct or vehicle (water) 2 h before the dark cycle (feeding pe-
riod) for 10 days. Body weight and food intake measurements were taken daily.
On the 10th day of treatment, plasma was collected from anesthetized mice in
the fed state (1 h postdark cycle) via cardiac puncture, the whole brain was
collected, and fat depots were collected and weighed.

CCK1 receptor antagonist study. FBPase transgenic mice and negative
littermates (10 weeks old) were injected intraperitoneally with a 300 pg/kg
dose of lorglumide, a CCK1 receptor (CCK1R) antagonist (Sigma Aldrich, St.
Louis, MO) (20), or saline vehicle at the onset of the dark cycle, and food
intake was recorded 24 h later.

3-B-Hydroxybutyrate study. Male C57BL/6J mice (10 weeks old) were sub-
cutaneously injected with a 10 mmol/kg dose of DL-3-hydroxybutyric acid (so-
dium salt, 98% purity 3-B-hydroxybutyrate[BHB]; MP Biomedicals) (5) or saline
at the onset of the dark cycle. Body weight and food intake were measured 1
and 2 h thereafter. Mice were left to recover for a week, and BHB adminis-
tration was repeated for plasma collection 1 h after administration only.
Hormone and metabolite assays. Cardiac punctures were performed on
anesthetized transgenic mice and negative littermates (~16 weeks old) in the fed
state (1 h into the dark cycle). Circulating ghrelin was measured using a specific
enzyme immunoassay (Phoenix Pharmaceuticals Inc., Belmont, CA), circulating
CCK was measured by an in-house radioimmunoassay (21), and circulating
leptin was measured by radioimmunoassay (Linco Research, St Charles, MO).
BHB was measured from cardiac plasma samples collected after an overnight
fast using a 3-hydroxybutyrate II reagent kit (Helena Laboratories Australia Pty
Ltd, Melbourne, VIC, Australia). Fructose-1,6-phosphate (F-1,6-P) and fructose-
6-phosphate (F6P) assays were performed as previously described (10).

FAO inhibitor study. FBPase transgenic mice and negative littermates
(10 weeks old) were gavaged with one dose (10 mg/kg) of etomoxir, a carnitine
palmitoyl-CoA transferase (CPT)-1a inhibitor (Sigma Aldrich, St. Louis, MO)
(22) or saline vehicle at the onset of the dark cycle. Food intake was recorded
24 h later.

O-linked N-acetylglucosamine transferase RL2 Western blotting.
Liver protein homogenates were processed and collected as previously de-
scribed (23), and RL2 protein levels, indicative of O-linked N-acetylglucosamine
transferase (OGT) (~135 kDa) (24) were determined by Western blotting as
previously described (25).

Hypothalamic dissection. Hypothalamic sections (arcuate nucleus [ARC])
and paraventricular nucleus [PVN, as a control]) were collected in hemizygous
mice (~16 weeks old) and in homozygous mice (~24 weeks old), 1 h into the
dark cycle as previously described (13,16,26).

Measurement of mRNA expression levels in hypothalamus and liver.
RNA was extracted from ARC, PVN, and liver samples using TRIzol (Invitrogen,
Mount Waverley, VIC, Australia), treated with DNasel (Ambion, Scoresby,
VIC, Australia), and cDNA was synthesized using 1 ng DNase-treated RNA
and random primers with the Promega Reverse Transcription kit (Annandale,
NSW, Australia). AGRP and proopiomelanocortin (POMC) primers for SYBR-
green real-time PCR were designed across an intron-exon boundary to ensure
nonamplification of genomic DNA. POMC primers: forward 5'-CTG GCC CTC
CTG CTT CAG-3'; reverse 5'-GGA TGC AAG CCA GCA GGT T-3' (0.3 pmol/L
each). AgRP primers: forward 5-TCC CAG AGT TCC CAG GTC TAA G-3';
reverse 5-TAG CAC CTC CGC CAA AGC-3’ (0.3 pmol/L each). Primers for
a-actin endogenous control were ised as previously described (27). TagMan
gene expression assays (Applied Biosystems, Scoresby, VIC, Australia) were
used for OGT (Mm00507300_m1), CPT-la (Mm00550435_m1), CPT-1c
(Mm00463970_m1), peroxisome proliferator-activated receptor (PPAR)«
(Mm00440939_m1), peroxisome proliferator-activated receptor-y coactivator-1
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(PGC1)-a (Mm01208832_m1), leptin (Mm00434759_m1), and NPY (Mm00445771_
ml). 18S primer mix from ABI was used as the endogenous control. ABI
sequence detection software and relative quantification using the compara-
tive ACt method was used.

Statistical analysis. All data are presented as mean = SEM. Comparisons
between single parameters were measured using one-way ANOVA analysis
(Minitab 15, 2007). The trapezoidal rule was used for area under the curve
(AUC). For repeated measures, a general linear model (GLM) ANOVA was
used for comparison and a Tukey post hoc ¢ test to determine significance
(Minitab 15, 2007). Significance was determined as P < 0.05.

RESULTS

Liver FBPase transgenic mice develop a lean body
weight phenotype. Male (Fig. 1A)and female (Fig. 1B)
hemizygous transgenic mice both weighed ~10% less than
their age matched negative littermates, evident from
8 weeks of age. Male homozygous transgenic mice (Sup-
plementary Fig. 1A) and females (data not shown) also
weighed significantly less. The reduced body weight in the
transgenic mice was associated with a significant re-
duction in white adipose tissue mass across all three
depots (subcutaneous, infrarenal, and gonadal) com-
pared with the negative male (Fig. 1C) and female (Fig. 1D)
littermates.

Lean body weight phenotype is associated with
reduced food intake. Daily food intake was reduced by
~15% in male (Fig. 1E) and female transgenic mice (Fig. 1F)
compared with the negative littermates. No differences
in physical activity or resting energy expenditure (REE)
were seen with either sex (male: Fig. 1G and H, re-
spectively, and female: Fig. 1 [REE data not shown]).
Likewise, analysis in another transgenic line overexpressing
FBPase in both liver and hypothalamus (27) demonstrated
the same lean phenotype, reduction in food intake, and no
change in energy expenditure (Supplementary Fig. 2A-F).
Reduced food intake is associated with suppression
of appetite-stimulating neuropeptides. No differences
in ARC mRNA expression level of POMC (the precursor to
the appetite-suppressing neuropeptide a-MSH) were detec-
ted (Fig. 24). However, the appetite-stimulating neuro-
peptides, NPY and AgRP, were significantly reduced by
~b50% in the ARC of transgenic mice (Fig. 2B and C). PVN
sections showed no differences in expression in any of the
genes measured (data not shown).

Vagotomized FBPase transgenic mice have a
normalized phenotype. Hepatic branch vagotomies
were performed to establish whether the signal to inhibit
food intake in the transgenic mice was vagally mediated.
As expected, at 10 weeks after vagotomy recovery, sham-
operated transgenic mice ate less food compared with
sham-operated negative mice, whereas the vagotomized
transgenic mice ate more than the sham-operated trans-
genic mice (Fig. 34). This reduced food intake effect in
the transgenic mice was reflected in the significant weight
gain after vagotomy (Fig. 3B).

Specific pharmacologic inhibition of FBPase reverses
the lean body weight phenotype. Figure 4A-C illustrates
the normalization of food intake in the transgenic mice
after 10 days of FBPase inhibitor treatment with a con-
comitant increase in body weight. Inhibitor treatment had
no effect on food intake (Fig. 4A4) or body weight (Fig. 4B
and C) in the negative mice, implying specificity of the
inhibitor to the overexpressed gene. Vehicle-treated trans-
genic mice, as expected, had smaller fat depots, whereas
inhibitor-treated mice had similar fat depot masses to neg-
ative littermates (Fig. 4D). When the appetite-stimulating
neuropeptides were measured, NPY and AgRP mRNA levels
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FIG. 1. Characterization of liver FBPase transgenic (TG) mice. Body weights of male negative (NEG, white circles) and TG (black circles) mice from
hemizygous breeding from age 4 weeks to 22 weeks (NEG: n = 11 and TG: n = 14; AUC *P < 0.001 vs. NEG, GLM ANOVA) (A) and female NEG (white
circles) and TG (black circles) mice from hemizygous breeding from age 4 weeks to 22 weeks (NEG: n = 13 and TG: n = 10; AUC *P < 0.005 vs. NEG,
GLM ANOVA) (B). Fat pad mass of male hemizygous TG mice (black bars) compared with their NEG (white bars) littermates (NEG: n = 14 and TG n =
9; *P < 0.02 vs. NEG, one-way ANOVA) (C) and female hemizygous TG mice (black bars) compared with their NEG (white bars) littermates at age 24
weeks (NEG: n = 11 and TG: n = 6; *P < 0.05 vs. NEG, one-way ANOVA) (D). Average daily food intake of male hemizygous TG mice (black bars)
compared with NEG (white bars) littermates (NEG: n = 21 and TG: n = 14; *P < 0.0001 vs. NEG GLM ANOVA) (E) and of female hemizygous TG mice
(black bars) compared with NEG (white bars) littermates (NEG: n = 18 and TG; n = 10; *P < 0.05 vs. NEG, GLM ANOVA) (F'). Physical activity (NEG:
n =7 and TG: n = 5) (G) and resting energy expenditure (n = 4 for each group) (H) in male hemizygous transgenic mice (black bars) compared with
negative (white bars) littermates. I: Physical activity measurements of female hemizygous TG (black bars) compared with NEG (white bars) litter-
mates (NEG: n = 10 and Tg: n = 4). All data expressed as mean + SEM.
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FIG. 2. Neuropeptide levels of liver FBPase transgenic (TG) mice. ARC neuropeptide mRNA levels in hemizygous TG mice (black bars) compared
with negative (NEG, white bars) littermates measured by real-time PCR: POMC (A), NPY (B), and AgRP (C) (n = 4 for each group). *P < 0.03 vs.

NEG, one-way ANOVA. All data expressed as mean = SEM.

were both decreased in vehicle-treated transgenic mice,
whereas inhibitor-treated mice exhibited normalized levels
to that of the negative littermates (Fig. 4F).

Circulating satiety hormones from the gut are
increased in transgenic mice. Levels of the hunger
hormone ghrelin remained unchanged (negative: 1300 *=
343 pg/mL vs. transgenic: 15634 *= 562 pg/mL, n = 4),
whereas circulating CCK (Fig. 5A) and leptin (Fig. 5B)
levels were both elevated ~30% in the transgenic mice.
Duodenal CCK peptide concentrations remained unchanged
(negative: 43 = 16 pmol/g vs. transgenic: 35 = 12 pmol/g, n =
6), suggesting CCK secretion rather than peptide synthesis
was enhanced in the transgenic mice. Administration of the
CCKIR antagonist, lorglumide, caused the transgenic mice
to consume the same amount of food as the negative lit-
termates 24 h after injection (Fig. 5C), supporting vagal
nerve and CCKI1R involvement.

The ketone body, BHB, raises circulating CCK levels
in vivo. We have previously shown a positive association
between increased levels of the ketone body BHB (a by-
product of liver FAO) and increased CCK levels in humans
(21). Circulating BHB levels in the transgenic mice were
significantly higher than in the negative littermates (Fig. 5D).
To determine whether BHB could lower food intake by
triggering CCK and/or leptin secretion, studies were
conducted in C57Bl/6J wild-type mice. Food intake was
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significantly reduced 1 h after BHB administration com-
pared with vehicle-treated mice (Fig. 5F). CCK was sig-
nificantly elevated in the BHB-treated mice (Fig. 5F);
however, circulating leptin was lower (negative: 2.18 =
0.26 pmol/mL vs. transgenic: 1.51 = 0.14 pmol/mL, n = 4;
P =0.03).

Liver and whole-body FAO is increased in transgenic
mice. Measurement of CPT1-a, the rate-limiting enzyme
involved in liver FAO, demonstrated an approximate
twofold elevation in mRNA expression levels in the
transgenic mice (Fig. 6A), suggestive of increased FAO. To
exclude any hypothalamic contribution, we measured
CPT1-a and CPT1-c (brain-specific isoform) and found
undetectable levels of CPT1-a and no difference in CPT1-c
levels (data not shown). Genes regulating fatty acid
synthesis (fatty acid synthase [FASN]), stearoyl-CoA-
desaturase (SCD1), and sterol regulatory element binding
transcription factor-1 (SREBF1) were not significantly
different between the transgenic and negative littermate
mice (Supplementary Table 1). At a whole-body level, RQ
was significantly lower in the transgenic mice (Fig. 6B),
suggesting increased fat oxidation, and was verified by
the calculated fat oxidation rate (Fig. 6C). No differences
could be detected in glucose oxidation rates (negative:
0.007 £ 0.003 mg/min/g vs. transgenic: 0.007 = 0.0005
mg/min/g, n = 4).
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NEG sham; #P < 0.05 vs. TG sham, one-way ANOVA. All data expressed as mean = SEM.
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FIG. 4. Pharmacologic inhibition of FBPase in transgenic (TG) mice. Percentage daily food intake (A), body weight (B), AUC body weight (C), fat
pad mass (D), and ARC neuropeptide mRNA levels (E) of FBPase inhibitor (INHIB)-treated (dashed line) and vehicle (VEH)-treated (bold line)
hemizygous TG (black bars/circles) and negative (NEG, white bars/circles) littermate mice after 10 days of inhibitor (5 mg/kg) treatment (n = 4
for each group). *P < 0.05 vs. all groups, one-way ANOVA. All data expressed as mean = SEM.

Inhibition of FAO in the transgenic mice leads to
increased food intake. Transgenic mice treated acutely
with a single dose of the inhibitor etomoxir, a compound
specifically inhibiting liver CPT1-a activity (28), increased
food intake 24 h after administration compared with vehicle-
treated transgenic mice and was normalized to the level
of the vehicle and inhibitor-treated negative littermates
(Fig. 6D).

Pharmacologic inhibition of FBPase elevates weight
gain in the NZO mouse. To determine the effect of ele-
vated FBPase in a polygenic animal model of obesity and
insulin resistance (29), NZO mice were treated with the
allosteric FBPase inhibitor for 15 days, resulting in a sus-
tained increase in food intake (18.6%; Fig. 7A) and body
weight (11.5%; Fig. 7B) compared with vehicle-treated mice.

1126 DIABETES, VOL. 61, MAY 2012

Determining the mechanism for increased FAO in the
transgenic mice. We have previously reported lowered
glycolysis and ATP levels in B-cell-specific FBPase trans-
genic mice (30). Reduced ATP leads to increased AMP-
activated protein kinase (AMPK) levels and activation of
energy-generating pathways such as FAO. Therefore, we
postulated that AMPK might be elevated in our transgenic
mice; however, neither ATP nor phosphorylated-AMPK
levels were increased (Supplementary Table 1) implying
an AMPK-independent pathway in action.

We have shown that F-1,6-P (substrate) and F6P (product)
levels are elevated in our transgenic mice (Supplementary
Table 2) and that FGP is the entry substrate for the HBP (31).
To determine whether this pathway was activated, we
measured mRNA expression and protein levels of OGT,
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(E) and circulating CCK concentration at 1 h (F') after BHB (10 mmol/kg) administration to C57Bl/6J mice (n = 16). *P < 0.05 vs. NEG, one-way

ANOVA. All data expressed as mean = SEM.

the rate-limiting enzyme. Figure 8A demonstrates that mRNA
and protein levels of liver OGT were both elevated in the
transgenic mice, but there was no increase in the other rate-
limiting enzyme glutamine:F-6-P aminotransferase (GFAT;
Supplementary Table 1). A recent article suggested that OGT
can form a physical complex with one of the regulators of
FAO, PGCl-a (32). PGCl-a, has been documented to regu-
late CPT1-a, via activation of PPARa (33). When we mea-
sured PGC1-a and PPARa mRNA in transgenic mouse livers,
both were significantly upregulated (Fig. 8B and C re-
spectively). The proposed mechanism linking FBPase to the
HBP and FAO is illustrated in Fig. 8D, and Fig. 8F illustrates
the final schematic of the proposed working model.

DISCUSSION

Obesity has become a major global health issue partly be-
cause its major complication is the development of type 2
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diabetes. Paradoxically, several antidiabetes medications,
including the thiazolidinediones, sulfonylureas, and insulin,
have the undesired side effect of promoting weight gain.
Because there are data showing inappropriate elevation of
gluconeogenesis in type 2 diabetes (34), a recent target for
glucose-lowering medications has been the gluconeogenic
enzyme FBPase (35,36). Liver FBPase was increased in
animal models of obesity and insulin resistance, in patients
with type 2 diabetes (30), and after fat-feeding in mice and
rats (10,11). The NZO mouse is a model of obesity, glucose
intolerance, and liver insulin resistance (37) associated with
increased liver FBPase (10,29). After administration of a
specific liver FBPase allosteric inhibitor, we were surprised
to find significant, sustained increases in food intake and
body weight gain compared with vehicle-treated mice.
Similarly, administration of another selective FBPase in-
hibitor to ZDF rats also resulted in a significant increase in
body weight after 1 month of treatment (36). Together, the

DIABETES, VOL. 61, MAY 2012 1127


http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1511/-/DC1

REGULATION OF BODY WEIGHT BY LIVER FBPase

A
3.0 *
T 25 ‘
%~
<D 20|
Z Z
L5 15
=3 10 [
L
G 05
0.0
NEG TG
C
*
0.045 -
© . 0.040 -
£ Z 0035 I
S5 0.030
52 0025
2E 0.020 1
S5 0015
= E
S E 0010
0.005
0.000
NEG TG

Food intake
(% of neg vehicle)

0.76
0.74 -
0.72 1
0.70 -
0.68 -
0.66 -

0.64
0.62
0.00

RQ

NEG TG

O

140 1
120 ¢

100 *
80 -
60 -
40
20 -

0- : — ‘
NEGveh TGveh NEGlorg TG lorg

-

A

FIG. 6. Fat oxidation in liver FBPase transgenic (TG) mice. Liver CPT1-a mRNA levels (A), whole-body RQ (B), and whole-body fat oxidation rates
(C) in TG and negative (NEG) littermate mice (n = 4). *P < 0.05 vs. NEG, one-way ANOVA. D: Food intake after FAO inhibition with etomoxir
(10 mg/kg) treatment (n = 6). *P < 0.05 vs. all groups, one-way ANOVA. All data expressed as mean = SEM.

data suggest that upregulation of liver FBPase may not only
be important in glucose metabolism but may also play a
significant part in a homeostatic mechanism to control body
weight in states of excess nutrient intake.

Overexpression of FBPase specifically in the liver of mice
resulted in a lean body weight phenotype that was observed
consistently throughout adult life, a finding that has not
been reported previously. In association with this lean
phenotype, there was a dramatic >50% reduction in white
adipose tissue mass across the three fat depots measured.
We did not directly measure lean body mass so cannot
discount the possibility that such a reduction may also be
a contributing factor. Nonetheless, the large decrease in
adiposity suggests that liver FBPase may be highly im-
portant in regulating adiposity. We found that reduced
food intake, rather than increases in energy expenditure,
was strongly associated with the reduction in adiposity
and was specific to liver FBPase expression because we
have previously shown no body weight phenotype in mice
specifically overexpressing FBPase in the B-cell (30).
Reductions in the appetite-stimulating neuropeptides
(NPY and AgRP) were the basis of this effect, which we
were able to reverse with pharmacologic inhibition of
FBPase (along with body weight and food intake). The
lack of effect of the inhibitor in the negative littermates is
not surprising, given we are proposing that the action of
FBPase occurs to limit the amount of weight gained in
response to nutrient overconsumption. Body weight is
regulated by a plethora of endogenous hormone/peptide
combinations, and FBPase alone is not critical in these
situations. Studies in humans with a deficiency in en-
dogenous liver FBPase (due to mutations in the FBPI1
gene) causes a disruption in gluconeogenesis that leads
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to recurrent episodes of fasting hypoglycemia and lactic
acidosis that is often lethal during the neonatal period
and infancy (38-43). These studies show no evidence of
increased body weight or appetite in response to reduced
FBPase levels and, in fact, show that alternate metabolic
consequences occur when FBPase is nonfunctional. This
evidence substantiates our hypothesis that increased
liver FBPase does not function in the normal physiologic
regulation of body weight but acts only when the system
is exposed to excess nutrients (i.e., fat). Furthermore, our
data demonstrate a strong link between liver and the
hypothalamus to suppress appetite-stimulating hormones
to lower food intake and reduce adiposity, an observation
never before reported.

The vagus nerve serves as the primary line of commu-
nication between the liver and the CNS and has both in-
hibitory and stimulatory effects on food intake (44,45).
Indeed, hepatic branch vagotomies in our transgenic mice
increased food intake and, consequently, body weight
gain, demonstrating a requirement for vagal nerve signal-
ing. In fact, we found a clear 30% increase in circulating
CCK and leptin levels in the transgenic mice, hormones
known to act via the vagus nerve, supporting a role for this
nerve in mediating FBPases’ satiety effects. Furthermore,
studies using the specific CCK1R antagonist, lorglumide,
clearly showed increased food intake in the transgenic
mice to similar levels seen in the negative mice. The par-
adoxic finding of increased leptin in the transgenic mice is
surprising given that leptin is tightly regulated with adi-
posity. There is a possibility that FBPase may activate
a signal from the liver to adipose tissue to stimulate leptin
production and secretion, however, this has not been in-
vestigated. Nevertheless, our data lend critical support for
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the important and essential involvement of the vagus nerve
in the altered body weight of the FBPase transgenic mice.

Our group has previously shown that increased levels of
circulating BHB, a by-product of liver FAQO, is linked to
elevated CCK levels in humans (21). Our transgenic mice
also have elevated circulating BHB levels, and when BHB
was administered to C57BL/6J mice, food intake decreased,
which was associated with higher circulating CCK con-
centration. These data not only support a positive link
between BHB and CCK levels as seen in humans (21) but
also provide direct evidence that ketones are effective in
lowering food intake through CCK stimulation. However,
the mechanism(s) by which BHB regulates CCK production
and secretion is not understood. The increases seen in
CPT1-a, its regulators PGCl-a and PPAR«a (33,46), and the
elevated food intake after etomoxir inhibition, support the
BHB data and the overall finding of increased FAO, and are
consistent with the increase seen in whole-body fat oxida-
tion (RQ and fat oxidation rates). Our data demonstrate for
the first time that increased FAO plays a key role in the
reduced appetite of our liver-specific FBPase transgenic
mice.

In seeking the reason for increased FAO, we considered
alterations in ATP levels and induction of AMPK, known to
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be intimately involved in FAO. Our previous character-
ization of the B-cell- specific FBPase transgenic mice
showed reduced glycolysis and pancreatic ATP levels (30).
A reduction in ATP levels may also be occurring in the
liver-specific FBPase transgenic mice to increase liver
FAO (and generate more ATP) via AMPK activation. How-
ever, no differences were found when liver ATP and
phospho-AMPK levels were assessed, implying an AMPK-
independent pathway. The HBP has been proposed as
another cellular sensor of energy availability in muscle
and fat (31,47,48), with the main enzyme, OGT, acting as
a catalytic subunit for the target of many substrates (32).
The transgenic mice have increased glycerol gluconeo-
genesis and circulating glycerol levels (27) leading to el-
evated F6P levels, the substrate for the HBP and the
product of the reaction that FBPase catalyses, and to-
gether with elevated OGT levels, implies increased HBP
flux. Recently, PGCl-a has been shown to form a com-
plex with OGT (32) and was significantly elevated in our
transgenic mice. PGC1-a works with PPAR« to mediate
CPT1-a transcriptional activation (33,46) and thus acti-
vate FAO, which as our data clearly show, does occur.
Thus, the action of liver FBPase that appears to regulate
food intake in our transgenic mice is likely due to an
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increased flux through the HBP because its activation
leads to increased CPT1-a expression (via PGC-la and
PPAR« upregulation) and an overall increase in FAO.

In conclusion, we show that a specific upregulation of
FBPase in the liver leads to increased FAO, overproduction
of BHB, stimulation of CCK and leptin release, and the
generation of a vagal signal leading to reduction in the
appetite stimulating hormones, NPY and AgRP, and a sub-
sequent reduction in food intake. We propose that in-
creased expression of liver FBPase after nutrient excess,
such as a high-fat diet (10,11), is a novel negative feedback
mechanism developed to limit weight gain in response to
an abundance of dietary fat. Furthermore, our finding
provides strong evidence that any drug to successfully
inhibit FBPase will lead to weight gain. Unlike the insulin-
sensitizing thiazolidinediones that increase subcutaneous
but decrease visceral fat deposition (49), the use of FBPase
inhibitors would also likely increase all fat depots, poten-
tially worsening metabolic control for patients with type 2
diabetes. We have clearly demonstrated that liver FBPase
should be viewed not only as a mediator of glucose me-
tabolism but also as an important regulator of appetite and
adiposity.
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