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A fine balance: an autoregulatory gene
therapy approach to treat obesity and
achieve energy homeostasis
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Homeostatic systems exist in higher
organisms to maintain weight stabi-
lity through a balance between food
intake and energy expenditure.
However, our ‘Western’ lifestyle has
prevailed over these mechanisms
such that the prevalence of obesity
has increased to pandemic levels and
associated with this there has been a
parallel escalation in the prevalence
of type II diabetes.1 The acknowl-
edged consequences of these dis-
eases are increased morbidity and
mortality, especially from cardiovas-
cular disease, and an overwhelming
financial burden on health care. Life-
style changes (diet and exercise) or
bariatric surgery can have some
impact, but disappointingly few
individuals are successful in achiev-
ing or maintaining weight loss.2

Pharmacologic therapies have been
met with limited success or had
additional obstacles, such as adverse
effects, that make them less palata-
ble.3 The recent report by Cao et al.4

presents an alternative proof-of-
concept approach to attain weight
reduction and energy balance in
mouse models of obesity. They have
used gene therapy technology in the
central nervous system (CNS) to
express a potent neuropeptide,
brain-derived neurotrophic factor
(BDNF), to induce weight loss and
improve glucose homeostasis in
obese mice. However, they have
coupled this with a novel autoregu-
latory component using micro-RNA
(miRNA) to BDNF, which relies on
physiologic signals to determine
when weight control is achieved
and to prevent further uncontrolled
weight loss and cachexia.

The regulation of body weight and
energy homeostasis is overseen by
the CNS, specifically the hypothala-
mus and brain stem.5 The nutrient
status of the body is communicated

by a plethora of peptides, mostly
released from fat (For example, leptin)
or the gastrointestinal system (For
example, ghrelin, insulin, PYY,
oxyntomodulin).2 These peripheral
signals are able to reach the hypotha-
lamus through a permissive blood–
brain barrier or peptide-specific trans-
port mechanisms. Their information
is integrated in specific hypothalamic
collections of neurons (nuclei), which
send signals to the cerebral cortex and
brainstem, promoting behaviors that
affect food intake and energy expen-
diture. For example, a key peripheral
peptide is leptin, which is released in
proportion to fat mass and indicates
that food intake should decrease to
prevent further weight gain. This
anorexigenic signal reaches the
arcuate nucleus (ARC) to inhibit
appetite-stimulating orexigenic neu-
rons, which express NPY, agouti-
related protein (AgRP) and GABA.
At the same time, there is activation of
anorexigenic neurons, which express
the pro-opiomelanocortin (POMC)
peptide. POMC is processed to pro-
duce a- and b-melanocyte-stimulating
hormones, which act on melanocortin
receptors in the paraventricular nu-
cleus and additional hypothalamic
and brainstem regions to decrease
appetite and increase energy expen-
diture. A proportion of the paraven-
tricular nucleus neurons contain
BDNF, which operates downstream
of melanocyte-stimulating hormone,
and is the neuropeptide of interest in
the study by Cao et al.4

The centralized regulation of en-
ergy homeostasis in the CNS pro-
vides an attractive target for gene
transfer therapy for obesity. Systemic
gene therapy approaches may not be
potent enough to have effects at the
hypothalamic level. For example,
despite the exciting potential of
leptin at the time of its discovery,

its promise as an anti-obesity treat-
ment was short-lived because of its
inability to affect CNS appetite cen-
ters due to ‘leptin resistance,’ which
occurs with obesity.6 To circumvent
this problem, one solution is to
directly target the CNS using ‘neu-
rotherapy’ where gene therapy
approaches are attractive, avoiding
the impracticality of multiple CNS
injections or continuous infusions.
Also, because so many of the known
regulatory molecules are peptides,
they can be expressed from their
cDNA for continuous production.
The replication-deficient adeno-asso-
ciated virus (AAV) has been the
vector of choice for animal studies.
AAV serotypes 2, 3, and 5 have
tropism for neuronal tissue and
transduce brain cells when directly
injected into the CNS.7 Stereotactic
injection of AAV into the third
cerebral ventricle, adjacent to the
hypothalamus, or into the nuclei
themselves have been used success-
fully to express leptin, POMC and
leukemia inhibitory factor resulting
in weight loss in rodent models of
obesity.8,9 Alternatively, inhibition of
the orexigenic peptide expression,
such as AgRP10 has been achieved
through RNA interference.

The early part of the study by Cao
et al.4 mirrors the design of these
previous CNS gene therapy reports,
but with hypothalamic AAV-derived
expression of BDNF. They arrived at
this candidate neuropeptide ration-
ally, based on their previous obser-
vations that housing mice in an
enriched environmental and social
setting not only was neuroprotective,
but serendipitously resulted in de-
creased weight gain and improved
glucose homeostasis over time.11 The
improvements were also accompa-
nied by an increase in BDNF expres-
sion in the hypothalamic ARC.
Furthermore, others had shown that
the loss of just a single BDNF allele
led to hyperphagia and obesity.12,13

With this knowledge in hand, they
used direct hypothalamic injection of
AAV to express BDNF using the
constitutively active cytomegalo-
virus enhancer-chicken b-actin pro-
moter.4 Expression was achieved in
AgRP/NPY neurons, and the result
was significant loss of weight and fat
mass in normal chow-fed mice, with
a greater than 90% decrease in
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perigonadal fat compared with con-
trols by day 50. However, there was
no plateau in weight loss to the end
of the study, indicating that the
system could cross over to patholo-
gical weight loss. In fact, in the obese
leptin-receptor-deficient db/db mouse
model, they mention the need to
euthanize the animals due to wast-
ing if BDNF expression continued
unchecked. These experiments con-
firmed that BDNF has potential for
gene therapy for obesity, but also
that a major risk of this approach is
that continued and unregulated ex-
pression of a potent weight loss-
inducing neuropeptide can induce
unhealthy wasting or cachexia.

To address this, the researchers
exploited a second important obser-
vation. Accompanying the BDNF-
induced weight loss, there was a
15-fold increase in AgRP gene
expression in the neurons, likely a
physiologic but futile attempt to
combat further decreases in weight.
The single AAV-BDNF construct was
modified by downstream addition of
a cassette containing the sequence for
an interfering miRNA under the
regulation of the weight loss respon-
sive AgRP promoter, reducing BDNF
protein levels in the hypothalamus
by 50%. When the mice were in
positive energy balance (gaining
weight), BDNF was expressed unfet-
tered from the constitutive chicken
b-actin promoter, resulting in weight
loss in db/db mice. As further weight
loss continued, compensatory activa-
tion of the AgRP promoter occurred
to drive expression of the miRNA

and downregulate BDNF peptide
synthesis. With this modification,
the system was now reliant on the
neurons’ own abilities to sense
energy balance and respond. This
resulted in more moderate weight
loss, compared with a construct
expressing scrambled miRNA, and
there was a plateau in weight before
pathologic effects could occur.
Presumably, this approach led to
oscillations in BDNF, with high
levels when the animal is on a
trajectory for weight gain and then
low levels with the resultant weight
loss (Figure 1).

A few regulatable gene therapy
systems are available, including tet-
racycline-controlled systems (‘Tet-
on’ and ‘Tet-off’), rapamycin-FK506,
and progesterone receptor/RU486.14

However, the authors rightly point
out the limitations of these exogen-
ously regulated systems for CNS
gene therapy, as well as later clinical
applications. The concept behind the
autoregulatable system designed by
Cao et al.4 could have wider applica-
tions to gene therapy beyond treat-
ment for obesity, to be used
wherever the level of a transgene
product requires a natural ‘brake’,
comprised of a suitable and physio-
logic counter-regulatory promoter
to drive miRNA expression. Our
knowledge of the repertoire of regu-
latory peptides for appetite and
energy expenditure has increased
exponentially over the last decade
and there are numerous peptides
known to decrease appetite and/or
increase metabolic rate, and which

could have potential for a similar
autoregulatory approach in the
hypothalamus.2,5 Overall, for those
of us in the field of obesity and
molecular therapy, the investigators
have left us satisfied, but with an
appetite for more.
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Figure 1 The design of the autoregulatory system by Cao et al.4 for treatment of obesity. The constitutive CMV-chicken b-actin promoter
drives expression of BDNF to induce weight loss. As weight loss continues, the AgRP promoter is activated as a normal physiologic response,
transcribing an miRNA to BDNF, which decreases BDNF peptide synthesis through translational repression and mRNA degradation.
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