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(Background: AMPK activation promotes glucose and lipid metabolism.
Results: Hepatic AMPK activities were decreased in fatty liver from lipodystrophic mice, and leptin activated the hepatic AMPK

Conclusion: Leptin improved the fatty liver possibly by activating hepatic AMPK through the central and sympathetic nervous

Significance: Hepatic AMPK plays significant roles in the pathophysiology of lipodystrophy and metabolic action of

~

J/

Leptin is an adipocyte-derived hormone that regulates
energy homeostasis. Leptin treatment strikingly ameliorates
metabolic disorders of lipodystrophy, which exhibits ectopic
fat accumulation and severe insulin-resistant diabetes due to
a paucity of adipose tissue. Although leptin is shown to acti-
vate 5'-AMP-activated protein kinase (AMPK) in the skeletal
muscle, the effect of leptin in the liver is still unclear. We
investigated the effect of leptin on hepatic AMPK and its
pathophysiological relevance in A-ZIP/F-1 mice, a model of
generalized lipodystrophy. Here, we demonstrated that lep-
tin activates hepatic AMPK through the central nervous sys-
tem and a-adrenergic sympathetic nerves, AMPK activities
were decreased in the fatty liver of A-ZIP/F-1 mice, and leptin
administration increased AMPXK activities in the liver as well
as in skeletal muscle with significant reduction in triglyceride
content. Activation of hepatic AMPK with A769662 also led
to a decrease in hepatic triglyceride content and blood glu-
cose levels in A-ZIP/F-1 mice. These results indicate that the
down-regulation of hepatic AMPK activities plays a patho-
physiological role in the metabolic disturbances of lipodys-
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trophy, and the hepatic AMPK activation is involved in the
therapeutic effects of leptin.

Leptin is an adipocyte-derived hormone that regulates
energy homeostasis mainly through the hypothalamus (1, 2).
In addition to food intake and energy expenditure, leptin
regulates glucose and lipid metabolism. Indeed, the useful-
ness of leptin treatment in various types of diabetes, includ-
ing type 1, type 2, and lipoatrophic diabetes, has been dem-
onstrated in rodent models (3~ 8). The clinical application of
leptin treatment has already begun (9-12), especially in
lipoatrophic diabetes that develops with lipodystrophy.

Lipodystrophy is a disease characterized by a paucity of
adipose tissue that leads to leptin deficiency. Patients with
lipodystrophy generally suffer severe insulin-resistant diabetes.
Although the molecular mechanism by which insulin resistance
develops in lipodystrophy is not fully understood, ectopic fat
accumulation in insulin target tissues such as skeletal muscle
and liver is thought to be one of the major causes for insulin
resistance. The pathological condition in which ectopically
accumulated fat exerts adverse effects against the cellular func-
tion is referred to as “lipotoxicity” (13). The amount of fat accu-
mulated in tissues is known to correlate with the severity of
insulin resistance (14). Lipoatrophic patients frequently
develop severe fatty liver and excess fat accumulation in the
skeletal muscle (15).

We and others have demonstrated that leptin effectively
improves insulin sensitivity accompanied by dramatic reduc-
tion of fat content in the liver and skeletal muscle in patients
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with lipodystrophy (3, 9 —~12). Using rodent models, it was dem-
onstrated that leptin activates AMPK?® in the skeletal muscle
through both central and direct pathways (16). AMPK is a het-
erotrimeric enzyme that is conserved from yeast to humans and
functions as a “fuel gauge” to monitor the status of cellular
energy. AMPK potently stimulates fatty acid oxidation by
inhibiting the activity of acetyl-CoA carboxylase (17). Thus,
AMPK activation by leptin is a plausible mechanism by which
leptin reduces ectopic fat in the skeletal muscle.

In addition to the skeletal muscle, recent studies have shown
the physiological significance of AMPK in the liver (18 -20).
However, the effect of leptin on hepatic AMPK activity remains
to be determined. The role of AMPK in the pathogenesis of
metabolic abnormalities in lipodystrophy also remains unclear.
In this study, we investigated the effect of leptin on hepatic
AMPK activities and the pathophysiological role of AMPK in
A-ZIP/F-1 mice, a well established mouse model of generalized
lipodystrophy (21).

EXPERIMENTAL PROCEDURES

Materials and Animals—All reagents were analytic grade
and obtained from Sigma unless otherwise stated. C57BL/6]
mice and Wistar rats were purchased from Japan SLC, Inc. The
F1 mice analyzed in Fig. 4 were obtained by crossing male
A-ZIP/F-1 mice on the FVB/N background with female leptin
transgenic mice on the C57BL/6] background (3, 22). A-ZIP/
F-1 and the F1 mice were studied with appropriate littermate
controls. Mice and rats were housed in an animal facility main-
tained at 20 °C with a 12:12-h light/dark cycle, allowed free
access to water and standard rodent chow, and were randomly
assigned to experimental groups. The mice were analyzed at the
age of 9-10 weeks (C57BL/6]) or 15 weeks (A-ZIP/F-1, F1).
Kyoto University Graduate School of Medicine Committee on
Animal Research approved all experimental procedures.

Drug Administration—For continuous treatment, leptin was
administered for 6 days using a subcutaneously implanted
osmotic pump (Durect) at the dose of 0.65 mg/kg/day. For sin-
gle intraperitoneal and intracerebroventricular (i.c.v.) injec-
tion, the dose of leptin was 1 mg/kg and 1 pug/mouse, respec-
tively. Prazosin (2.5 mg/kg/day) or propranolol (1 mg/kg/day)
was continuously co-administered with leptin for 6 days using
an independently implanted osmotic pump. A769662 was
administered once daily by intraperitoneal injection at the dose
of 30 mg/kg/day for 4 days.

Primary Hepatocyte—Hepatocytes were isolated from male
Wistar rats (100—150 g) by a two-step collagenase perfusion.
The portal vein was cannulated under chloral hydrate anesthe-
sia, and the liver was perfused with hepatocyte liver perfusion
medium and digest medium (Invitrogen). After perfusion,
hepatocytes were purified by filtration (100- wm mesh) and cen-
trifuged (100 X g, 1 min, four times) and seeded onto 6-well
culture plates coated with type I collagen (Iwaki) (1 X 10° cells/
well). Cells were cultured in DMEM containing 10% FBS, 100

3 The abbreviations used are: AMPK, 5'-AMP-activated protein kinase; A-ZIP,
A-ZIP/F-1 mice; LepTg, transgenic mice overexpressing leptin; BisTris, 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; HOMA-IR, homeo-
stasis model assessment insulin resistance; i.c.v., intracerebroventricular.
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nM insulin, 100 nm dexamethasone, 30 mg/liter kanamycin, and
5 units/ml aprotinin for 12 h, and the medium were replaced
with DMEM containing 10% FBS, 1 nm insulin, 1 nm dexameth-
asone, 30 mg/liter kanamycin, and 5 units/ml aprotinin for 6 h
prior to stimulation. The cells were stimulated by 100 ng/ml
leptin, 1 mM 5-aminoimidazole-4-carboxamide 1-B-D-ribo-
furanoside or 0.5 mMm 2,4-dinitrophenol for the indicated times.

Hepatic Vagotomy—Hepatic vagotomy was performed as
described previously (23, 24) with modifications. Briefly, a
hepatic branch of the ventral subdiaphragmatic vagal trunk was
cleft using micro scissors under ether anesthesia, and the
abdominal muscle wall and skin incision was closed with silk
sutures. Drugs were infroduced 1 week after the surgery.
Accomplishment of the amputation was visually confirmed
when sampling.

Chemical Sympathectomy—C57BL/6] mice were chemically
sympathectomized by continuous infusion of guanethidine (30
mg/kg/day) for 6 days as described above.

Tissue Sampling and Biochemical Analysis—Tissues were
rapidly isolated and frozen in liquid nitrogen by freeze-clamp-
ing (25) under chloral hydrate anesthesia after starvation for
6 h. Mice had been starved for 4 h previous to and during the
study in a single administration study. Blood glucose was deter-
mined by reflectance glucometer under ad libitum feeding con-
ditions. Plasma leptin was measured by RIA (Linco). Plasma
insulin (Morinaga), adipenectin (Linco), and interleukin-6
(R&D Systems) were measured by ELISA. Triglyceride content
was determined by E-test kit (Wako) in 2-propanol/heptane
extract of the tissues. Homeostasis model assessment insulin
resistance (HOMA-IR) was calculated on the assumption that
the titer of murine insulin is as much as that of human insulin.

Isoform-specific AMPK Activity—AMPK activities were
determined as described previously (26). Briefly, frozen tissues
were homogenized in Hepes/Triton-based lysis buffer and then
centrifuged. The supernatants were immunoprecipitated with
protein A-Sepharose beads and isoform-specific antibodies
against AMPK al or o2 (Millipore). Kinase activities in the
immune complex were determined by the phosphorylation of
the SAMS peptide using [y->*P]ATP.

Western Blotting Analysis— 40 ug of protein per each sample
was subjected to SDS-PAGE using 4-12% BisTris gel (Bio-
Rad). Antibodies were from Cell Signaling Technology or
Merck. ECL Plus (GE Healthcare) and LAS-1000 image ana-
lyzer (Fuji film) were used for detection and quantification.

Quantitative Analysis of Gene Expressions—Total RNA was
prepared using Isogen (Molecular Research Center). mRNA
levels were quantified by real time PCR with the Taqman
method (ABI Prism 7300). Primer sets and probes were as fol-
lows: 18 S, CGCGCAAATTACCCACTCCCGA, CGGCTAC-
CACATCCAAGGA, and CCAATTACAGGGCCTCGAAA;
AMPKal, TGCAAAGATAGCCGACTTTGGTCTTTCA,
GAACGTCCTGCTTGATGCACACAT, and TGGGTGAGC-
CACAGCTTGTTCTTA; and AMPKa2, TGATTCCAGCA-
CAGCTGAGAACCACT, AAGCATCGATGATGAGGTGG-
TGGA, and ACAAAGTGCTGCCAGTCAAAGAGC (probe,
forward, and reverse, respectively) Relative amounts of mRNAs
were normalized with the ribosomal 18 S RNA.
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FIGURE 1. AMPK activation in skeletal muscle and liver by leptin administration. Isoform-specific AMPK activities in gastrocnemius muscle (A) and liver (8)
from C57BL/6J mice after continuous saline or leptin administration are shown. Western blot analyses for phospho-AMPKa, AMPK «1 and a2 (C), and AMPK a1
and a2 mRNA levels normalized to 18 S ribosomal RNA (D) in liver are shown. AMPK activities in liver after 0.13 and 0.65 mg/kg/day continuous leptin infusion
(E) are shown. AMPK activities in liver 15 min to 6 h after single intraperitoneal injection of saline or leptin (F) are shown. Data are shown as ratios to saline or
quiescent control (mean =+ S.E.). [, saline; B, leptin. n = 4-6. %, p < 0.05; **, p < 0.01 versus saline.

Statistical Analyses—Two groups were compared by Stu-
dent’s ¢ test. Comparisons between multiple groups were eval-
uated by analysis of variance. p < 0.05 was considered statisti-
cally significant.

RESULTS

Effect of Leptin Treatment on AMPK al and a2 Activities in
Skeletal Muscle and Liver—The isoform-specific AMPK activ-
ities in skeletal muscles and liver were determined in leptin-
and saline-treated mice. Both AMPK «al and o2 activities in
skeletal muscle were increased 2-fold in leptin-treated mice
compared with saline-treated mice (Fig. 14). AMPK a1 and o2
activities in the liver were also increased 2.5- and 3.5-fold,
respectively (Fig. 1.B). The phosphorylation of AMPK - was also
increased in leptin-treated mice compared with saline-treated
mice (Fig. 1C). Meanwhile, protein or mRNA expressions of
AMPK o1 and o2 in the liver were not significantly different
between leptin- and saline-treated mice (Fig. 1, C and D).
Therefore, the increase of AMPK activities in the liver from
leptin-treated mice was not due to the increase in their expres-
sion levels.

When leptin was administered continuously, the activation
of AMPK in the liver was dose-dependent (Fig. 1E). After intra-
peritoneal single leptin injection, the activation of both AMPK
al and o2 was detected from 3 h while no activation was
observed within 1 h (Fig. 1F).

Mechanism of Hepatic AMPK Activation by Leptin—To clar-
ify whether leptin acts directly on hepatocytes, we examined
AMPK activities in isolated primary rat hepatocytes with or
without leptin (Fig. 24). The addition of leptin into the culture
medium increased neither AMPX a1 nor o2 activities. Next, we
examined the effect of leptin i.c.v, injection on AMPK activities
in the liver (Fig. 2B). The activation of both AMPK o1 and a2
was detected 3 h after leptin injection at the dose that did not
cause any effect when administered peripherally. These results
indicate that leptin activates AMPK in the liver mainly through
the CNS.

Therefore, we examined the involvement of autonomic
nerves in the effect of leptin on AMPK activation in the liver.

NOVEMBER 23, 2012 +VOLUME 287-NUMBER 48

Hepatic vagotomy did not show any effect on AMPK activation
by leptin in the liver (Fig. 2C). In contrast, chemical sympathec-
tomy by guanethidine treatment completely inhibited the acti-
vation of both AMPK «al and «2 by leptin in the liver (Fig. 2D).
We further investigated the involvement of the subtype-spe-
cific sympathetic nervous system. Administration of propra-
nolol, a B-antagonist, did not suppress AMPK activation in the
liver, whereas prazosin, an al-antagonist, completely inhibited
the activation of both AMPK «1 and o2 by leptin in the liver
(Fig. 2, Eand F).

AMPK ol and o2 Activities in Skeletal Muscle and Liver from
A-ZIP/F-1 Mice—To explore the pathophysiological role of
AMPK in lipodystrophy, we examined AMPK «l and a2 activ-
ities in skeletal muscle and liver from A-ZIP/F-1 (A-ZIP) mice.
Characteristics of A-ZIP mice used in this study are shown in
Table 1. Consistent with previous studies (21), A-ZIP mice
showed hyperglycemia and hyperinsulinemia, suggesting insu-
lin resistance, and also showed increased liver weight, suggest-
ing fatty liver. Plasma leptin and adiponectin levels were mark-
edly decreased, but the plasma interleukin-6 level was not
significantly different from that in WT mice. In these A-ZIP
mice, both AMPK «al and a2 activities in the liver were appar-
ently decreased compared with WT mice, although those in the
skeletal muscle were not significantly different from WT mice
(Fig. 3, A and B). AMPK a1 and o2 mRNA expressions in the
skeletal muscle were not significantly different in A-ZIP mice,
and those in the liver were rather increased compared with WT
mice (Fig. 3, Cand D). Therefore, the decrease in AMPK activ-
ities in the liver from A-ZIP mice was not due to the change in
their mRNA expressions. However, leptin treatment effectively
increased AMPK «l and o2 activities in the liver as well as in the
skeletal muscle from A-ZIP mice (Fig. 3, E and F).

Effect of Transgenic Overexpression of Leptin on AMPK ol
and a2 Activities in Skeletal Muscle and Liver from A-ZIP/F-1
Mice—To explore the chronic effect of leptin, we crossed trans-
genic mice overexpressing leptin (LepTg) and A-ZIP mice, pro-
ducing mice of four genotypes as follows: WT, LepTg, A-ZIP,
and A-ZIP/LepTg. AMPK «al and o2 activities in both the skel-
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FIGURE 2. Mechanism of hepatic AMPK activation by leptin administration. AMPK activities in isolated rat primary hepatocytes 10 min to 18 h after
stimulation by leptin, 5-aminoimidazole-4-carboxamide 1-B-p-ribofuranoside (AICAR) (40 min), or 2,4-dinitrophenol (DNP) (15 min) (A) are shown. AMPK
activities in liver 15 min to 3 h after i.c.v. administration of saline (sal) or leptin (lep) (B). The effects of hepatic vagotomy (C), chemical sympathectomy (D),
co-administration of antagonists against a1-adrenoreceptors (E) or B-adrenoreceptors (F) on hepatic AMPK activation by leptin are shown. Data are shown as

ratios to saline or quiescent control {(mean = S.E.). n = 4-6 (A, and C-£); n = 3-6 (B). *, p < 0.05; **, p < 0.01 versus control. n.s,, not significant.

TABLE1

Characteristics of A-ZIP/F-1 mice used in this study

Values are as follows: 7 = 8 —11 (glucose); n = 3-5 (leptin); n = 5-7 (other adipocy-
tokines).

A-ZIP/F-1 mice

325+ 04g
331 * 39 mg/dI°
0.46 * 0.1 ng/ml®
1.25 * 0.5 ng/ml®
1.46 * 0.5 pg/ml®
6.5 = 1.0 pg/ml
198 + 02 g

wWT

307 £08¢g

167 = 5.8 mg/dl

0.24 % 0.0 ng/m}

6.15 * 1.3 ng/ml

6.27 * 0.4 ug/ml
Interleukin-6 5.3 = 0.8 pg/ml
Liver weight 119+00g

“ p < 0.01 versus WT. Data are expressed as means £S.E.

4 p < 0.05 versus WT. Data are expressed as means =S.E.

Body weight
Glucose
Insulin
Leptin
Adiponectin

etal muscle and liver were markedly increased in LepTg mice
(Fig. 4, A and B). At this time, triglyceride contents in skeletal
muscle and liver in LepTg mice were reduced to more than half
of those in WT mice (Fig. 4, C and D). AMPK activities were
unchanged in the skeletal muscle but were apparently
decreased in the liver from A-ZIP mice when compared with
WT mice (Fig. 4, A and B). As to triglyceride contents, the
apparent increment was observed in both the skeletal muscle
and liver in A-ZIP mice (Fig. 4, C and D). However, AMPK
activities were increased, and triglyceride content was
decreased in A-ZIP/LepTg mice as well as in LepTg mice in
both the skeletal muscle and liver (Fig. 4, A-D). In accordance
with our previous report, blood glucose and plasma insulin lev-
els were lower in LepTg mice than in WT mice, and severe
hyperglycemia and hyperinsulinemia in A-ZIP mice were strik-
ingly ameliorated by transgenic overexpression of leptin (Fig. 4,
Eand F) (3).

Effect of AMPK Activator, A769662, on AMPK Activities and
Triglyceride Content in Skeletal Muscle and Liver from A-ZIP/
F-1 Mice—After intraperitoneal single injection of A769662, an
AMPK-specific activator, the activity of AMPK ol was
increased but that of a2 was not significantly increased in the
skeletal muscle (Fig. 54). The activity of both AMPK «1 and
a2 was clearly increased in the liver (Fig. 5B). Although
repetitive injection of A769662 for 4 days did not signifi-
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0.01 versus control.

cantly reduce triglyceride content in the skeletal muscle, it
effectively reduced triglyceride content to one-third of that
in saline-treated mice in the liver (Fig. 5, C and D). At this
time, the blood glucose level was significantly decreased, and
HOMA-IR, an index of insulin resistance, tended to be
decreased although plasma insulin level was not significantly
decreased (Fig. 5, E~G). Food intake and body weight were
not affected by A769662 (Fig. 5, H and I).
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plasma insulin (F), and calculated HOMA-R (G) after the repetitive A769662 administration (30 mg/kg/day for 4 days) are shown. Food intake (H) and weight

change (/) during the study period are shown.

DISCUSSION

This is the first report clearly demonstrating that leptin acti-
vates hepatic AMPK through the central nervous system and an
a-adrenergic effect in vivo. It had long been unclear whether
leptin activates hepatic AMPK in vivo. It was reported that
adenovirus-induced leptin overexpression failed to increase
hepatic AMPK activities (27). However, leptin-induced sup-
pression of gluconeogenesis was abolished in liver-specific
AMPK a2 knock-out mice, suggesting that leptin suppresses
gluconeogenesis through hepatic AMPK activation (18).
Furthermore, a slight increase in hepatic AMPK activity 45
min after leptin administration was reported in mice,
although it has been deemed as an artificial effect (28, 29). In
this study, we demonstrated that hepatic AMPK activation
by leptin is dose-dependent (Fig. 1E), and hepatic AMPK
activity clearly increases from 3 h after leptin administration
in mice (Fig. 1F).

In the skeletal muscle, AMPK is reported to be activated by
leptin both directly on skeletal muscles and indirectly through
the hypothalamic relay (16). In the liver, this study demon-
strated that leptin activates AMPK mainly through the CNS
and that leptin has no direct AMPK-activating effect on hepa-

tocytes (Fig. 2, A and B). There is a report showing the increase .
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in AMPK phosphorylation by leptin using Huh7 human hepa-
toma cells overexpressing leptin receptors; however, it was
observed only in the receptor-overexpressing cells (30). AMPK
activation in the skeletal muscle by leptin is biphasic, and the
former phase, which occurred in 15 min, is caused by direct
muscle stimulation (16). Meanwhile, hepatic AMPK activation
was detected only from 3 h after leptin administration, support-
ing the notion that leptin activates hepatic AMPK mainly
through the CNS.

The parasympathetic and sympathetic nervous systems
between the hypothalamus and liver play an important role in
regulating metabolism (31). In this study, chemical sympathec-
tomy completely inhibited hepatic AMPK activation by leptin
although hepatic vagotomy did not, indicating that leptin acti-
vates hepatic AMPK mainly through the sympathetic nervous
system (Fig. 2, C and D). Moreover, we demonstrated that
hepatic AMPK activation by leptin was mainly dependent on
the a-adrenergic effect but not on the B-adrenergic effect (Fig.
2, E and F). Not the B- but the al-adrenoreceptor stimulation
was shown to activate AMPK in isolated skeletal muscle, L6
myotubes, H9C2 cardiomyocyte, and rat heart (16, 32, 33),
although not the «l- but the B-adrenoreceptors mediate
AMPK activation in brown and white adipocytes (32, 34). The

JOURNAL OF BIOLOGICAL CHEMISTRY 40445

.20.



Hepatic AMPK in Lipodystrophy and Leptin Action

physiological significance of this adrenoreceptor tissue speci-
ficity will be an issue in the future.

Recent reports have revealed some adipocytokines harbor
the potential to activate AMPK in the liver or skeletal muscle.
AMPK potently stimulates fatty acid oxidation by inhibiting the
activity of acetyl-CoA carboxylase (17). Thus, we hypothesized
that AMPK might play a pathophysiological role in ectopic fat
accumulation and marked insulin resistance developed in lipo-
dystrophy. Indeed, analysis of A-ZIP mice revealed the decrease
in AMPK activities in the liver, suggesting the pathophysiolog-
ical significance of hepatic AMPK in the development of fatty
liver in lipodystrophy (Fig. 3B).

It is interesting that AMPK activities in the skeletal muscle
were not decreased in A-ZIP mice when compared with WT
mice. Basal AMPK activities in the skeletal muscle in fa/fa rats
were also not different from those from control rats (35, 36),
although AMPK activities in the liver in fa/fa rats and ob/ob
mice were decreased (37). Although it is unknown what deter-
mines the difference between the skeletal muscle and the liver,
some factors may counteract the decrease of AMPK activities
brought by leptin deficiency in the skeletal muscle.

We previously showed that transgenic overexpression of lep-
tin strikingly improves metabolic abnormalities in A-ZIP mice
(3). Insulin-stimulated PI3K activity in the skeletal muscle and
liver were amplified in LepTg mice (22). However, the underly-
ing molecular mechanisms of metabolic action of leptin have
not been fully clarified. Although leptin was reported to activate
AMPK in the skeletal muscle (16), the effect of leptin on hepatic
AMPK activity had been unclear. We found that leptin activates
both isoforms of AMPK not only in the skeletal muscle but also
in the liver in association with the reduction of tissue triglycer-
ide content in A-ZIP mice (Fig. 4). These results indicated the
therapeutic role of AMPK in the metabolic improvement by
leptin in lipodystrophy.

To confirm the therapeutic role of hepatic AMPK in the
improvement of fatty liver by leptin in lipodystrophy, we inves-
tigated the effect of A769662, an AMPK-specific activator on
liver triglyceride content in A-ZIP mice. A769662 was shown to
activate AMPK and decrease acetyl-CoA carboxylase activity
and triglyceride in the liver of 0b/ob mice (38). It was also
reported that A769662 preferably works on the liver in vivo due
to the preference of tissue distribution of A769662 after injec-
tion (38). Indeed, although A769662 significantly activated only
AMPK «l and did not significantly decrease triglyceride con-
tent in the skeletal muscle, it effectively activated both AMPK
al and «2 and reduced triglyceride content to one-third in the
liver from A-ZIP mice (Fig. 5, A-D). These results indicated
that hepatic AMPK activation is involved in the improvement
of fatty liver by leptin in lipodystrophy. We could not find obvi-
ous decrease in the insulin levels. but the HOMA-IR tended to
decrease, suggesting hepatic AMPK activation leads to
improvement of insulin resistance in lipodystrophy (Fig. 5, F
and G).

In conclusion, this study demonstrates that leptin activates
AMPK not only in the skeletal muscle but also in the liver in
mice. Leptin activates hepatic AMPK mainly through the CNS
and a-adrenergic effects of sympathetic nerves. This study also
indicates that hepatic AMPK is involved in the development of

40446 JOURNAL OF BIOLOGICAL CHEMISTRY

metabolic disorders and their improvement by leptin in A-ZIP
mice. This study provides the useful notion to understand the
molecular mechanism by which leptin regulates energy metab-
olism and will guide the development of novel metabolic
pharmaceuticals.
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Abstract

We herein report a case of premature atherosclerosis in a patient with familial partial lipodystrophy (FPL),
diabetes mellitus, hypertension and hypertriglyceridemia. Sequencing of the candidate genes LMNA, PPARG
and CAVI associated with FPL revealed no genetic abnormalities, which indicated the activity of a novel
gene in this patient. The patient’s son showed milder fat loss and similar fat distribution compared to the .
proband; however, the son showed no signs of any atherosclerotic disease. Although a cluster of atherogenic
risk factors is likely to be the primary causes of atherosclerosis in our patient, other factors, including an un-
known gene associated with FPL, the severity of fat loss and gender, might affect the development of athero-

sclerosis.
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(Intern Med 51: 2573-2579, 2012)
(DOI: 10.2169/internalmedicine.51.7461)

Introduction

Lipodystrophies are a heterogeneous group of diseases
characterized by generalized or partial fat loss (1-5). Some
patients with partial lipodystrophies show fat hypertrophy in
other locations. Lipodystrophy is diagnosed on the basis of
fat loss in portions of the body determined with dual energy
X-ray absorptiometry (DEXA) and magnetic resonance im-
aging (MRI) scans. Lipodystrophies are rare and have both
inherited and acquired forms. Acquired lipodystrophies can
be generalized or partial. Although the causes of acquired
lipodystrophies are generally unknown, such acquired
lipodystrophies can be associated with signs of autoimmu-
nity. Patients with lipodystrophies often also have a cluster
of associated diseases, including insulin resistance, dyslipi-
demia, hypertension, fatty liver and diabetes, similar to that
observed in patients with metabolic syndrome. These pa-
tients often die of health problems, including ischemic heart
disease, cerebral infarction, renal failure, severe liver dys-

function and pancreatitis. Congenital generalized lipodystro-
phies (CGLs) are autosomal recessive disorders that, in most
patients, result from mutations in the genes encoding Seipin
and 1l-acylglycerol-3-phosphate-O-acyltransferase 2 (AG-
PAT2) (6). Familial partial lipodystrophies (FPLs) are
autosomal dominant disorders, and mutations in the genes
encoding laminin A/C, peroxisome proliferator-activated
receptor-y (PPARG) or caveolin have been reported in pa-
tients with FPL. Familial partial lipodystrophy, Dunnigan
variety (FPLD) is named after Dunnigan, who provided a
detailed description of the syndrome (7). FPLD is associated
with several mutations in the genes encoding laminin A/C.
However, a number of patients with FPL remain undiag-
nosed at the genetic level.

Women with FPLD have a higher prevalence of diabetes
and atherosclerotic vascular disease, higher serum triglyc-
eride (TG) levels and lower high-density lipoprotein (HDL)
cholesterol concentrations than men with FPLD (3, 9). How-
ever, some patients with CGL or FPL do not have overt
atherosclerotic diseases. Furthermore, the evidence for pre-
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Table 1. Biochemical Data of This Family

Metabolic variables ~ Patient 1 Patient2 Normal values

Plasma glucose 154 86 70-109 (mg/dL)
HbA1c 6.5 4.8 4.3-5.8 (%)
plasma insulin 5.6 2.2-12.4  (pU/mL)
plasma CPR 2.0 0.7-3.5 (ng/dL)
Serum triglycerides 755 125 35-149 (mg/dL)
Serum cholesterol 21 151 130-219  (mg/dL)
Serum HDL cholesterol 34 40 40-83 (mg/mL)
Serum leptin 36.1 3.9 (ng/mL)
Serum adiponectin 71 5.7 (pg/mL)
Urinary CPR 2003 68.7 (ug/day)

2005 74.8

2007 10

mature atherosclerosis in patients with CGL or other forms
of FPL is minimal, probably because the number of patients
with these conditions is small. The mechanisms underlying
the development of atherosclerosis in patients with FPL re-
main unknown. Therefore, in this case report, we include
the clinical findings and results of a genetic analysis for our
patient in order to clarify the mechanisms underlying athero-
sclerosis in FPL.

Case Report

The patient was a 48-year-old woman. When she was 16
years old, she had a body mass index (BMI) of 36.5, which
indicated obesity. At 35 years of age, she was diagnosed
with diabetes by a family doctor based on the presence of
high levels of hemoglobin Alc (HbAlc) and postprandial
glucose. Her diabetes remained uncontrolled (HbAlc level:
8.0%-12.0%) despite treatment with a combination of 10 mg
of glibenclamide and 0.6 mg of voglibose. At 40 years of
age, she was transferred to the hospital emergency room due
to convulsions and a disturbance of consciousness. Her mag-
netic resonance imaging (MRI, left panel) and magnetic
resonance angiography (MRA, right panel) findings showed
severe narrowing at the end of the internal carotid artery on
both sides with an old cerebral infarction in the right ante-
rior lobe (Fig. 3A, B). The narrowing in the proximal region
of the anterior and middle cerebral arteries on both sides is
indicated by arrows. The presence of lesions suggested a di-
agnosis of premature atherosclerosis, because the patient had
multiple atherogenic risk factors, including diabetes mellitus,
hypertension and hypertriglyceridemia. However, we could
not completely rule out moyamoya disease, because we did
not perform a biopsy of the lesions that narrowed the arte-
rial wall (10). We initiated treatment with 160 mg of valsar-
tan and 40 mg of Adalat-CR for hypertension in 2003 when
the patient was 43 years old. Her blood pressure was re-
duced to 130/50 mmHg. Subsequently, superficial temporal
artery-middle cerebral artery (STA-MCA) anastomosis was
performed. The patient was admitted to our hospital for dia-
betes care in May 2007 when she was 48 years old. At that
time, her height was 152 cm and she weighed 64 kg, which

indicated a body mass index of 27.2. She did not have a
history of either autoimmune or infectious diseases. She did
not have a habit of smoking or consuming alcohol. She had
entered menopause at the age of 40. Her HbAlc concentra-
tion was 6.5% (Table 1) and although her blood glucose

" level was found to be satisfactory on her first visit to our

hospital, her dose of insulin was increased to 72 U/day (1.1
Ulkg/day). Her serum TG level was 755 mg/dL. and her
HDL cholesterol level was 34 mg/dL; however, her blood
glucose level was well-controlled. This suggested that the
hypertriglyceridemia was due to insulin resistance. The pa-
tient did not have any other abnormal endocrinological find-
ings, including abnormal cortisol levels. Her serum leptin
level was 36.1 ng/mL, while her serum adiponectin level
was 7.1 pg/mL. Her urinary C peptide level was 68.7 pg/
day in 2003, 74.8 ug/day in 2005 and 10 pg/day in 2007.
This observation indicated a recent deterioration in insulin
deficiency despite the relatively conserved insulin levels ob-
served in 2003 and 2005. The patient had mild non-
proliferative diabetic retinopathy. Her total urinary protein
level was 1.0 g/day and her serum creatinine level was 1.06
mg/dL, which indicated overt diabetic nephropathy. An ab-
dominal echo showed mild fatty liver and the L/S ratio of
the computed tomography (CT) value was 1.3. The patient’s
serum albumin level, platelet count and hyaluronic acid level
were within normal limits, which suggested that she did not
have severe non-alcoholic steatosis hepatitis. She had no-
ticed a loss of subcutaneous fat over her forearms, lower
limbs and buttocks at 12 years of age. On admission, she
showed loss of subcutaneous fat deposits in the forearms
(right panel), lower limbs and buttocks, with prominent
lower limb musculature and excess fat deposition around the
face, neck and trunk (left panel, Fig. 1B). The patient’s
mother and son showed a similar distribution of fat atrophy
and we therefore considered an autosomal dominant pattern
of inheritance (Fig. 1A). The patient’s condition was clini-
cally diagnosed as FPL. The patient’s mother was diagnosed
with diabetes at 31 years of age and died of a cerebral in-
farction at 38 years of age. The patient’s father died of
chronic renal failure at the age of 75 and was not evaluated
for fat atrophy or glucose tolerance. We assessed body fat
distribution in the proband (Patient 1) in 2007 using DEXA
and MRI studies. Thoracic (left panel) and abdominal MRI
(right panel) revealed preservation of subcutaneous fat in the
abdominal and thoracic regions (Fig. 2A). MRI images ob-
tained at the level of the gluteal fat revealed a marked loss
of gluteal subcutaneous fat (Fig. 2B). Axial MRI performed
at the level of the thigh (upper panel) and calf (lower panel)
revealed a marked loss of subcutaneous fat in these regions
(Fig. 2C). Patient 1 had decreased amounts of subcutaneous
fat, particularly in the antero-lateral and posterior thigh and
calf regions. Axial MRI performed at the level of the fore-
arms (lower panel) revealed almost a complete absence of
subcutaneous fat in the forearms, while axial MRI per-
formed at the level of the arms (upper panel) revealed the
preservation of subcutaneous fat in this region (Fig. 2D).
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Figure 1. A. The pedigree of a Japanese family with lipodys-

trophy. While the proband (Patient 1) and her mother exhibit-
ed marked losses of subcutaneous fat in the lower limbs and
buttocks, the son (Patient 2) exhibited only a moderate loss of
subcutaneous fat. The proband and her mother both had dia-
betes mellitus. B. The phenotypic features of Patient 1 are
shown in the left panel. Note the prominent musculature of
the lower limbs as well as the preservation of abdominal and
cervical fat and the loss of fat in the lower limbs and gluteal
tissues. The right panel shows fat atrophy in the forearms and
conservation of subcutaneous fat in the arms.

The area of visceral fat located at the umbilical level meas-
ured 140.4 cm’. The regional and whole-body adipose tissue
distribution and body composition estimated by the DEXA
scan is shown in Table 2. Compared to normal subjects, Pa-
tient 1 had markedly lower levels of fat in her legs, with
prominent accumulation of fat in the trunk. She appeared to
have well-preserved skeletal muscle.

The son of Patient 1 (Patient 2) was a 19-year-old man.
His height was 163 cm and weight was 86.8 kg, thus sug-
gesting a body mass index of 32.7. His blood pressure
showed a normal range, and he did not have any health
problems except for obesity. We assessed fat atrophy in vari-
ous regions in Patient 2 using a DEXA scan and CT. As
shown in Table 2, we evaluated fat mass compared with two
controls. The average BMI in Control Group 2, which in-
cluded 72 healthy men between the ages of 20 and 29, was
22.4, while that in Control Group 3, which included 11
healthy men between the ages of 20 and 29, was 26.4. The
finding of a BMI in Patient 2 of 32.7 kg/m® indicated that %
fat and fat mass in one leg was relatively low, which sug-
gested fat atrophy in the legs. The CT images of Patient 2
showed relatively low levels of subcutaneous fat in the thigh
and buttocks (Fig. 4). Patient 2 had a marked loss of subcu-
taneous fat, particularly in the lateral thigh, calf and forearm
regions. Patients with FPL show marked losses of subcuta-
neous fat, particularly in the lateral thigh and calf re-

DOL 10.2169/internalmedicine.51.7461

gions (3). Therefore, the fat distribution pattern observed in
Patient 2 seemed to be similar to that of his mother (Patient
1) and was consistent with the above observations. The area
of visceral fat located at the umbilical level measured 69.5
cm’. Patient 2°s fasting serum TG level was 125 mg/dL and
his HbAlc level was 4.8%, both of which were within nor-
mal limits. An oral glucose tolerance test (OGTT) showed
that Patient 2’s blood glucose levels were 86, 111, 133 and
118 mg/dL, while his insulin levels were 5.6, 36.2, 92.9 and
68.8 pU/mL at 0, 30, 60 and 120 minutes. Therefore, the
OGTT showed normal glucose levels with relatively high in-
sulin levels. Both brain MRI and MRA showed normal re-
sults (data not shown). Therefore, Patient 2 did not have vis-
ceral obesity, hypertriglyceridemia, diabetes mellitus, hyper-
tension or premature atherosclerosis, although he seemed to
have partial lipodystrophy.

We examined the effects of pioglitazone on the metabolic
values and the changes in lean mass and fat mass regions in
Patient 1. We prescribed pioglitazone (15 mg/day) because
thiazolidinediones have been reported to be effective for gly-
cemic control in patients with FPL. We examined Patient 1’s
response to pioglitazone by monitoring her HbAlc levels
and the changes in her biochemical data, body weight, fat
and lean mass during treatment using DEXA. After three
months of treatment, Patient 1’s HbAlc level decreased
from 92% to 7.1% and remained at approximately 7.0%
thereafter, while her serum TG level decreased from 1,102
mg/dL to 431 mg/dL. After two weeks of pioglitazone treat-
ment, the dose of insulin was reduced to 18 U/day (0.26 U/
kg/day). After three months, Patient 1’s body weight in-
creased from 67.0 to 78.0 kg. We decreased the dose of pio-
glitazone to 7.5 mg to prevent additional gains in body
weight. The changes in fat and lean mass were monitored
during pioglitazone treatment using DEXA scans. In addi-
tion, we evaluated the changes in the leptin and adiponectin
levels during pioglitazone treatment. A comparison of the
results of the DEXA scans showed that the fat mass in-
creased by 2.6 kg, while the lean mass increased by 6.5 kg
during pioglitazone treatment. Pioglitazone induced in-
creases in fat mass predominantly in the trunk, and no in-
creases were detectable in the lower limbs. After three
months of treatment, the serum adiponectin level increased
from 7.1 to 24.0 pg/mL and the HDL cholesterol level in-
creased from 34 mg/dL to 45 mg/dL.

We examined the sequences of the entire coding region
and the exon-intron boundary regions of the LMNA, PPARG
and CAVI genes, which are known to be associated with
FPL; however, we found no mutations in these genes in the
proband.

Discussion

We herein report the case of a 48-year-old Japanese
woman (Patient 1) with diabetes and atypical FPL who
showed marked losses of subcutaneous fat in the forearms,
lower limbs and buttocks. The fat distribution pattern ob-
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Figure 2. The figure shows magnetic resonance imaging (MRI) results for Patient 1. A. Thoracic
MRI images taken at the level of the fourth thoracic vertebrae (left panel) and abdominal MRI im-
ages taken at the umbilical level (right panel) showed the preservation of subcutaneous fat in the
thoracic and abdominal regions. B. A T1-weighted MRI iinage taken at the level of the gluteal fat in-
dicated a striking loss of gluteal subcutaneous fat. C. MRI images taken at the level of the thigh (up-
per panel) and calf (Jower panel) revealed a nearly complete absence of subcutaneous fat. Patient 1
had decreased amounts of subcutaneous fat, particularly in the antero-lateral and posterior thigh
and calf regions. D. MRI images taken at the level of the arms (upper panel) and forearms (lower
panel) revealed a marked loss of subcutaneous fat in the forearms and preservation of fat in the

arms.

served in Patient 1 seemed to be similar to that seen in pa-
tients with atypical partial lipodystrophy with PPARG muta-
tions (11-13).

Patient 1 had been severely obese since 16 years of age.
Her abdominal CT images showed visceral obesity. The age
of onset of diabetes mellitus in Patient 1 was 35 years,
which was relatively early compared to that observed in pa-
tients with type 2 diabetes mellitus. At 40 years of age, Pa-
tient 1 showed severe narrowing at the end of the internal
carotid artery on both sides with an old cerebral infarction
in the right anterior lobe, which suggested the presence of
premature atherosclerosis. Because Patient 1 had visceral
obesity and FPL, her intra-hepatic and intra-myocellular
lipid contents may have been increased, which may have
caused greater insulin resistance and worsened the athero-
sclerosis. The serum adiponectin levels are thought to be as-
sociated with the indices of insulin resistance and athero-
sclerosis (14, 15). Patient 1's serum adiponectin level was
7.1 pug/mL. The data suggested that Patient 1’s serum adi-

ponectin levels were relatively lower than those in 28
women with normal glucose tolerance (16). The level of
adiponectin may also have had an effect on atherosclerosis
in the case of Patient 1. Women with FPLD have a higher
prevalence of diabetes and atherosclerotic vascular disease,
higher serum TG levels and lower HDL cholesterol concen-
trations than men with FPLD (3, 9). Therefore, because Pa-
tient 1 was a woman with FPL and had a cluster of athero-
genic risk factors, including diabetes mellitus, hypertension
and hypertriglyceridemia, she had a predisposition for devel-
oping atherosclerosis. On the other hand, her son did not
have premature atherosclerosis. The reasons for this were
thought to be as follows: first, Patient 1’s son was a 19-
year-old man with a less severe amount of fat loss compared
to his mother; second, he did not have hypertriglyceridemia,
hypertension or diabetes mellitus, although he did have insu-
lin resistance. We previously reported the case of a Japanese
woman with diabetes with atypical FPL who had normal se-
rum TG levels and did not have overt atherosclerosis (17).
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Figure 3. Brain magnetic resonance imaging (MRI), which had been performed when Patient 1
was transferred to the emergency room for convulsions at 40 years of age, showed an old infarction
in the right frontal lobe (left panel), while brain magnetic resonance angiography (MRA) showed se-
vere narrowing in the end of both sides of the internal carotid artery (right panel). The narrowing in
the proximal region of both sides of the anterior cerebral and middle cerebral arteries is indicated

by arrows.

Table 2. Body Composition as Determined by DEXA Scan in the Patient 1 and the

Patient 2
Patient 1 Control 1 Patient 2 Control 2 Control 3

Height {(cm) 152.0 156.1+ 4.9 163.0 1722+53 1704+ 4.0
Body weight (kg)  69.0 55.1+6.7 86.8 66.4+9.9 80.4£8.7
BMI (kg/m?) 30.0 22.7£3.0 32.7 224£32 27.7£2.6
Age (years) 48 451+2.8 19 25.6%2.7 26.4+1.8
1) Fat (%)

whole body 316 30.3+£6.2 25.7 15.6+£9.5 256+6.2

one arm 46.4 26.9+7.3 30.6 11.9+59 20.1+6.4

one leg 15.4 33.2+57 20.3 16.3+6.4 25.0+£5.6

trunk 379 28.4+7.7 27.9 15.7+ 8.3 273+7.3
2) Fat Mass (kg)

whole body 23.8 16.8+5.2 19.3 10.8+6.4 20.7+6.8

one arm 1.5 0.7+0.3 1.6 04+0.3 0.8+£0.3

one leg 1.1 3.5+£1.0 2.7 22+1.1 3.9£1.1

trunk 15.0 71+28 10.8 4.8+3.4 10.0+£ 4.0
3) Lean Mass (kg)

whole body 49.0 35.3+ 3.1 53.7 520+ 5.4 55.5+0.2

one arm 1.7 1.7+0.2 3.5 27+04 29%03

one leg 5.9 6.6x0.9 10.0 10.2+ 1.6 10.9x1.4

trunk 23.9 16.3+1.3 27.3 22.7+23 24.6+25

3# Nosmal values in control 1 are obtained from 55 heaithy women betwaen the ages of 40 years and 49 years. Normal values in control 2 are
obtained from 72 healthy men between the ages of 20 years and 29 years, while ones in control 3 are obtained from 11 healthy men between
ages of 20 years and 29 years. Fat{%), Fat mass and Lean mass in one arm and leg indicates the mean values of left and right arm (or leg).

Therefore, the severity of atherosclerosis in women with
FPL seems to be variable, although the evidence for acceler-
ated atherosclerosis in patients with FPL is minimal.

Hegele RA has also reported FPLD with the LMNA co-
don 482 mutation to be associated with an increased risk of
developing early coronary heart disease (8). In that report,
the author speculated that LMNA mutations within arterial
walls may affect the progression of atherosclerosis. In addi-
tion, we can speculate that an unidentified gene may affect

arterial walls, which may have accelerated the progression
of atherosclerosis in the case of Patient 1.

Dyslipidemia is common in insulin resistance and is char-
acterized by fasting hypertriglyceridemia, low levels of HDL
cholesterol and a delayed clearance of TG-rich lipoproteins,
including very low density lipoproteins (VLDLs) (18, 19).
Recently, the mechanisms underlying the development of
hypertriglyceridemia in patients with general and partial
lipodystrophies have been reported (20, 21). Hepatic VLDL
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Figure 4. Computed tomography (CT) images of various regions of the patient’s son (Patient 2)
were obtained to evaluate fat distribution. A. CT images taken at the level of the gluteal fat were ob-

tained. B. CT images taken at the level of the thigh are shown in the left panel, while images taken at
the level of the calf are shown in the right panel. Patient 2 had decreased amounts of subcutaneous
fat, particularly in the lateral thigh and calf regions. C. CT images taken at the level of the forearms
are shown in the left panel, while images taken at the level of the arms are shown in the right panel.

Patient 2 had decreased amounts of subcutaneous fat, particularly in the lateral forearms. D. Tho-
racic CT images taken at the level of the fourth thoracic vertebrae are shown in the left panel, while
abdominal CT images taken at the umbilical level are shown in the right panel.

production increases in patients with insulin resistance and
partial lipodystrophy. In the case of Patient 1, the serum lev-
els of fasting TG, apolipoprotein C2, C3 and E were high
(data not shown), which indicated a high concentration of
VLDLs in the blood. Such high levels of VLDLs cause in-
creases in de novo lipogenesis in the liver. Therefore, the
presence of VLDL remnants may be the primary cause of
accelerated atherosclerosis in Patient 1.

Although the effects of thiazolidinediones on glycemic
control appear to vary in patients with FPL (11, 17, 22-26),
pioglitazone treatment decreased the levels of HbAlc and
fasting TG in the case of Patient 1. It is conceivable that
pioglitazone improves glycemic control and triglycemic con-
trol by reducing the levels of free fatty acids (FFA) in ve-
nous effluent from adipose tissue and by limiting the lipo-
toxicity of other insulin-sensitive tissues, e.g. the liver and
muscle (27, 28). In Patient 1, pioglitazone not only in-
creased fat mass, but also increased lean mass. Although the
significance of increased lean mass is not known, we might
speculate that pioglitazone improves glycemic control not
only by inducing adipocyte differentiation, but also by in-
creasing the lean mass.

In conclusion, we herein described a case of premature
atherosclerosis in a Japanese diabetic patient with atypical
FPL and hypertriglyceridemia. Pioglitazone was effective in
controlling the blood glucose levels, TG and adiponectin. In
this case, the sequencing of candidate genes LMNA, PPARG
and CAVI, which are known to be associated with FPL, re-
vealed no genetic abnormalities and therefore suggested that
a novel gene may be involved. Although a cluster of athero-

genic risk factors in a woman with FPL is likely to play a
major role in atherosclerosis, other factors, including genes
associated with FPL, might affect the development of athe-
rosclerosis. Further studies should be performed in order to
obtain additional clinical and genetic information to better
understand the mechanisms underlying premature atheroscle-
rosis in patients with FPL.
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Context: Lipodystrophy is a disease characterized by a paucity of adipose tissue and low circulating
concentrations of adipocyte-derived leptin. Leptin-replacement therapy improves eating and met-
abolic disorders in patients with lipodystrophy.

Objective: The aim of the study was to clarify the pathogenic mechanism of eating disorders in
lipodystrophic patients and the action mechanism of leptin on appetite regulation.

Subjects and Interventions: We investigated food-related neural activity using functional mag-
neticresonance imaging in lipodystrophic patients with or withoutleptin replacement therapy and
in healthy controls. We also measured the subjective feelings of appetite.

Results: Although there was little difference in the enhancement of neural activity by food
stimuli between patients and controls under fasting, postprandial suppression of neural ac-
tivity was insufficient in many regions of interest including amygdala, insula, nucleus accum-
bens, caudate, putamen, and globus pallidus in patients when compared with controls. Leptin
treatment effectively suppressed postprandial neural activity in many of these regions of
interest, whereas it showed little effect under fasting in patients. Consistent with these results,
postprandial formation of satiety feeling was insufficient in patients when compared with
controls, which was effectively reinforced by leptin treatment.

Condlusions: This study demonstrated the insufficiency of postprandial suppression of food-re-
lated neural activity and formation of satiety feeling in lipodystrophic patients, which was effec-
tively restored by leptin. The findings in this study emphasize the important pathological role of
leptin in eating disorders in lipodystrophy and provide a clue to understanding the action mech-
anism of leptin in human, which may lead to development of novel strategies for prevention and
treatment of obesity. (J Clin Endocrinol Metab 97: 3663-3671, 2012)

Lipodystrophy is a disease characterized by a paucity
of adipose tissue due to genetic or acquired condi-
tions that alter the ability to store triglyceride in adipose
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tissue (1-4). Patients with lipodystrophy have abnor-
mally low circulating concentrations of adipocyte-de-
rived leptin and frequently develop a wide range of met-

Abbreviations: BMI, Body mass index; CGL, congenital generalized lipodystrophy; FDR,
false discovery rate; fMRI, functional magnetic resonance imaging; RO, region of interest;
VAS, visual analog scale.
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abolic disorders including insulin-resistant diabetes,
hypertriglyceridemia, and fatty liver (1, 5, 6). Lipodys-
tropic patients also exhibit eating disorders, which
makes diet therapy difficult (7).

We and others have demonstrated that leptin-replace-
ment therapy effectively improves metabolic disorders in
patients with lipodystrophy (1, 8, 9). In this context, leptin
was also shown to suppress appetite in lipodystrophic pa-
tients (7, 10). Leptin treatment decreased satiation time,
i.e. the time to voluntary cessation of eating, and increased
satiety time, i.e. the time to hunger sufficient to consume
a full meal. However, there is no report on the comparison
of eating behaviors between healthy subjects and patients
with lipodystrophy. Therefore, the pathophysiological
role of leptin in eating disorders in patients with lipodys-
trophy remains unclear.

Leptin is a hormone secreted by the adipocytes, which
serves to communicate the status of body energy store to
the central nervous system and controls eating behavior
and energy expenditure (11-16). From experimental stud-
ies in human and animals, it has long been established that
leptin suppresses energy intake mainly by acting on the
hypothalamus (7, 17, 18). However, there is little infor-
mation about how the neural networks including the hy-
pothalamus are influenced by leptin signals. Recently the
advent of functional neuroimaging techniques such as
functional magnetic resonance imaging (fMRI) has been
providing novel insights into homeostatic and hedonic as-
pects of human eating behavior. {MRI measurements of
food-related neural activity in congenital leptin-deficient
patients were reported (19-21). These studies revealed
that leptin treatment modulates neural activity in reward-
and food-related areas such as the ventral striatum and
orbitofrontal cortex.

In the present study, to reveal the pathogenic mecha-
nism of eating disorders in lipodystrophic patients, we
measured food-related neural activity by fMRI scans and
investigated subjective feelings of appetite under both fast-
ing and postprandial conditions in patients and age- and
sex-matched healthy subjects. In addition, we performed
the same sequential analyses in the same patients with
leptin-replacement therapy. Data from these experiments
might provide useful notions to understand the patholog-
ical role of leptin in eating disorders associated with lip-
odystrophy and action mechanism of leptin on appetite
regulation.

Materials and Methods

Subjects
Ten patients with lipodystrophy and 10 healthy subjects
participated in the study. Among the 10 patients, six had

J Clin Endocrinol Metab, October 2012, 97(10):3663-3671

congenital generalized lipodystrophy (CGL), two had ac-
quired generalized lipodystrophy and the remaining two had
Dunnigan-type partial lipodystrophy. Five of the six CGL pa-
tients were homozygous or compound heterozygous for mu-
tations in the seipin gene (2). The etiology of the remaining
CGL patient was unknown. One of the two patients with
Dunnigan-type partial lipodystrophy was heterozygous for a
mutation in the LMNA gene, whereas the other patient had
an unknown etiology. For controls, age- and sex-matched
healthy subjects with normal weight [body mass index (BMI)
between 18.5 and 25.0 kg/m?] were recruited. None of the
control subjects had a past or present history of psychiatric,
neurological, endocrine, metabolic, gastrointestinal, or eating
disorders, and none was taking medications at the time of
study. For both patients and controls, individuals with con-
traindications for magnetic resonance imaging scanning in-
cluding claustrophobia and the presence of a cardiac pace-
maker or other metallic fragments in the body were excluded.
Allthe subjects had been stable at their body weight for atleast
3 months before recruitment. Characteristics of all the sub-
jects are summarized in Supplemental Table 1, published on
The Endocrine Society’s Journals Online web site at htep://
jcem.endojournals.org. All the subjects were right-hand dom-
inant according to the Edinburgh Handedness Inventory (22).
The means of BMI and basal plasma leptin concentrations in
patients were apparently lower than those in controls. All the
patients had received leptin-replacement therapy as described
below for more than 2 months. For patients, the entire study
was conducted during their hospitalization period at Kyoto
University Hospital. Study protocols were approved by the
Ethical Committee of Kyoto University Graduate School of
Medicine. After detailed explanation of the study design and
any potential risks, written informed consent was obtained
from all subjects before study initiation.

Leptin- replacement therapy

Recombinant methionyl human leptin (meterleptin) was
provided by Amylin Pharmaceuticals, Inc. (San Diego, CA).
Meterleptin was administered sc once a day at the physiolog-
ical replacement dose on the basis of information provided by
Amylin (1).

Study design

All the fMRI scans were performed at Kyoto University
Hospital between 1300 and 1400 h under fasting and post-
prandial conditions on separate days (Supplemental Fig. 1A).
For the fasting condition, subjects were prohibited from eat-
ing for 18 h from the night before the examination. For the
postprandial condition, subjects ate a meal 1 h before the
examination. In addition, fMRI scans were performed for pa-
tients with and without leptin treatment (leptin-on and leptin-
off, respectively) under both fasting and postprandial condi-
tions. For the leptin-off condition, leptin-replacement therapy
was discontinued for more than 4 d. All the subjects were given
practice trials outside the scanner and were familiarized with
scanning procedures and safety regulations.

fMRI procedures

Blood oxygen level-dependent (BOLD) response to stimuli
was measured by fMRIon a 3-Tesla Trio MRI scanner (Siemens,
Erlangen, Germany). Whole-brain images were acquired in axial

-31-



J Clin Endocrinol Metab, October 2012, 97(10):3663-3671

orientation using the following parameters: repetition time,
3000 msec; echo time, 30 msec; flip angle, 90°; voxel size, 3 X 3 X
3 mmy; field of view, 192 X 192 mm; matrix size, 64 X 64; and
number of slices, 48. The experiment was conducted in three
separate sessions of 18 min, 42 sec each. In each session, 45 food
and 30 nonfood pictures were presented randomly in an event-
related design (Supplemental Fig. 1B). Food pictures were chosen
to suit each subject’s taste based on preliminary hearing inves-
tigations and included various kinds of food, such as warm
meals, desserts, fruits, and vegetables (Supplemental Fig. 1C).
Nonfood pictures contained scenery comprising naturally oc-
curring objects, such as trees, bushes, grass, rocks, water, and
flowers (Supplemental Fig. 1B). Each picture was presented for
5 sec, followed by 3 sec for the rating image (Supplemental Fig.
1C). Although subjects were presented with rating image, they
were asked to rate how much they liked to eat each food or how
much they liked each nonfood picture on a scale of 1 (not so
appealing) to 4 (highly appealing) by pressing a button with their
dominant hand. Next, a mosaic picture was presented for 7 sec
as a resting baseline. All pictures were projected onto a screen in
the scanner room using Presentation version 9.6 software (Neu-
robehavioral Systems, Albany, CA) and viewed through a mirror
mounted on the head coil. Subjects were instructed to focus all
their attention on the pictuces.

Image processing and statistical analysis of fMRI
data

The fMRI data were preprocessed and statistically analyzed
using SPM2 (Wellcome Department of Cognitive Neuroscience,
University College London, London, UK) and MATLAB 6.5
(The Mathworks Inc., Natick, MA). Functional images were
realigned to the first image and normalized into the Montreal
Neurological Institute coordinate by an echo planar imaging
template. Normalized images were then smoothed with a 6-mm
full-width-at-half-maximum isotropic Gaussian kernel. The
functional data were temporally filtered using an autoregressive
model and a high pass filter with a cutoff of 128 sec. Five ex-
perimental conditions (food picture, nonfood picture, rating for
food picture, rating for nonfood picture, and pressing button)
were modeled by a function convolved with a hemodynamic
response function in the general linear model, and an activation
parameter was estimated at each voxel for each stimulus type.
Significant signal changes were identified with a voxel-by-voxel
analysis on the basis of a comparison of the mean signal ampli-
tude during the periods of stimulation and those of resting base-
lines, as determined by # test comparisons. At the first level, a
statistical parametric map for comparing brain activation to
food greater than nonfood was generated for each subject and
each condition. These contrast images were then entered into a
second level random effect analysis. In the random effects anal-
ysis, one-sample z test resulted in images for within-group anal-
ysis. For between-group analysis, two-sample ¢ tests created im-
ages for control vs. patient comparison, and paired £ tests created
images for leptin-on vs. leptin-off comparison. Finally, we trans-
formed the ¢ statistics into Z-scores and generated a Z-score map
image. The Z-score maps were then superimposed onto the mag-
netic resonance images to allow visual inspection of the com-
posite images. We set the significance threshold at P < 0.03, false
discovery rate (FDR) corrected, for whole-brain analysis, and
P <0.005, uncorrected, for region of interest (ROI) analysis with
a spatial extent of 10 contiguous voxels. For ROl analysis, brain
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regions known to be involved in energy homeostasis and appetite
regulation were chosen on the basis of previous comparable
fMRIstudies (23-29). These regions included the hypothalamus,
orbitofrontal cortex, amygdala, hippocampus, insula, nucleus
accumbens, caudate, putamen, and globus pallidus. ROT were
defined using the Wake Forest University Pickatlas (30) and the
AAL Talairach Daemon atlas (Research Imaging Center, Uni-
versity of Texas Health Science Center, San Antonio, TX) (31).
Regions that were unavailable in these libraries (e.g. nucleus
accumbens) were drawn within the Wake Forest University Pick-
atlas using three-dimensional spheres centered at a voxel loca-
tion determined based on a relevant fMRI study (23).

Measurement of subjective feelings

The participants were asked to provide subjective hunger rat-
ings on a 100-mm visual analog scale (VAS) immediately before
every scanning to assess their hunger feelings (32, 33). Higher
scores indicated stronger hunger. In addition, appetite was also
measured using the mean value of the rating scale for 135 food
pictures while viewing them in the scanner. Higher values indi-
cated stronger desire to eat the food in each picture.

Biochemical analyses

Blood samples were obtained in the fasting state. Plasma glu-
cose concentrations were determined by a glucose oxidase
method (Arkrey Marketing Inc., Tokyo, Japan), and plasma in-
sulin concentrations were determined by use of an enzyme im-
munoassay method (TOSOH, Corp., Tokyo, Japan). Plasma lep-
tin concentrations were determined by a competitive RIA
method (Millipore Inc., Billerica, MA).

Statistical analysis

Differences between patients and controls in age, BMI,
plasma leptin concentration, plasma glucose, and plasma insulin
were determined using unpaired ¢ tests. Differences between bio-
chemical values under leptin-on and leptin-off conditions were
determined by paired two-tailed # tests. Differences between pa-
tients and controls regarding VAS hunger scores and rating
scores for food pictures were calculated using repeated measure
ANOVA. P < 0.05 was considered statistically significant,

Results

Comparison of neural response to food-specific
stimuli between healthy controls and patients
with lipodystrophy .

A within-group analysis of controls and patients for the
contrast of food greater than nonfood revealed no signif-
icant activation in whole brain analysis at a significance
level of P < 0.05 (FDR corrected). With a within-group
ROl analysis for the contrast food greater than nonfood in
healthy controls, significant activation was detected in the
bilateral orbitofrontal cortex, amygdala, insula, caudate,
putamen, and globus pallidus under the fasting conditions
(Fig. 1A). However, significant activation was detected
only in the bilateral orbitofrontal cortex and left insula
under the postprandial conditions (Fig. 1B). On the other
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FIG. 1. Neural response to food-specific stimuli in healthy controls and leptin-off patients.
Food-specific activations in ROl in the brains of controls (A and B) and patients (C and D)
under fasting (A and C) and postprandial (8 and D) conditions. Activation is overlaid onto the
group average T1-weighted anatomical axial images (right is right side of the brain). The
brighter yellow color represents the higher Z-score. ROl areas are the hypothalamus,
orbitofrontal cortex (OFC), amygdala, hippocampus, insula, nucleus accumbens (Nacs),

caudate, putamen, and globus pallidus (G. pallidus).

hand, in leptin-off patients, significant activation was de-
tected in the left orbitofrontal cortex, right amygdala, left
hippocampus, bilateral insula, bilateral caudate, left pu-
tamen, and bilateral globus pallidus under the fasting con-
ditions (Fig. 1C). Significant activation was also detected
in most of these areas under the postprandial conditions
(Fig. 1D). Coordinates and maximum Z-scores in ROI
areas under fasting and postprandial conditions in con-
trols and patients are shown in Supplemental Table 2.
Next, we directly compared the contrast food greater
than nonfood between controls and patients by a between-
group ROI analysis (Table 1). Under the fasting condi-
tions, a significant difference in activity was detected be-
tween controls and patients only in the left insula and left
caudate. Activity was down-regulated in the left insula and
up-regulated in the left caudate in patients compared with
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controls. On the other hand, under the
postprandial conditions, a significant
difference in activity was detected in
many areas, including the right orbito-
frontal cortex, right amygdala, left in-
sula, left nucleus accumbens, bilateral
caudate, left putamen, and left globus
pallidus between controls and patients.
Activity was up-regulated in all these
areas except the right orbitofrontal cor-
tex in patients.

These results indicate that the sup-
pression of neuronal response to food-
specific stimuli after a meal is attenu-
ated in patients with lipodystrophy
compared with healthy subjects.

Comparison of subjective feelings
of appetite between healthy
controls and patients with
lipodystrophy

Subjective feelings of appetite were
evaluated in healthy controls and lep-
tin-off patients. Mean values of the self-
reported hunger score on a 100-mm
VAS were not significantly different be-
tween controls and patients under the
fasting conditions (controls: 79.90 =+
4.11; patients: 87.50 £ 4.55) (Fig. 2A).
In contrast, under the postprandial
conditions, the score was significantly
higher in patients than in controls (con-
trols: 17.00 £ 3.09; patients: 53.0 =
6.76). Consistent with the VAS results,
mean values of rating scores for the 135
food pictures were also not different be-
tween controls and patients under the
fasting conditions (controls: 3.11 # 0.13; patients: 3.21 %
0.20), but they tended to be higher in patients than in
controls under the postprandial conditions (controls:
2.20 £ 0.24; patients: 2.78 = 0.23) (Fig. 2B).

These results indicate that the formation of a satiety
feeling after a meal is attenuated in patients with lipodys-
trophy compared with healthy subjects.

Effects of the leptin-replacement therapy on
neural response to food-specific stimuli in patients
with lipodystrophy

A within-group analysis of leptin-on patients for the
contrast food greater than nonfood revealed no significant
activation in whole brain analysis at a significance level of

P < 0.05 (FDR corrected). With a within-group ROI anal-
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