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Endocannabinoids, endogenous ligands of cannabinoid receptor type 1
(CB1), have emerged as novel and important regulators of energy home-
ostasis. A report in this issue (see the related article beginning on page
423) demonstrates reduced body weight, fat mass, and appetite in CB1–/–

mice. Examination of the underlying mechanisms reveals a dual role for
endocannabinoids as they affect both appetite and peripheral lipolysis.
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Chronically elevated energy expendi-
ture without a corresponding increase
in energy intake leads to wasting and
death. Almost all species in the wild,
and the great majority of the human
race, struggle with such negative ener-
gy balance in their daily battle for sur-
vival. In sharp contrast, however,
modern industrialized societies are
threatened by the exact opposite:
chronically increased energy intake
without a respective increase in energy
expenditure. This constellation leads
to obesity and diabetes as well as a
variety of life-threatening conse-
quences of such diseases, such as can-

cer and cardiovascular diseases (1, 2).
While it appears intuitively obvious
that in the majority of cases, positive
energy balance should be corrected by
changes in lifestyle and/or diet, the
impressive dynamics of the spreading
obesity epidemic (3) certainly suggests
that, in modern industrialized civi-
lizations, an efficient and safe phar-
macological approach to treat obesity
would be useful. In light of this, it is
not surprising that within the past
decades, increasing attention has been
paid to central and peripheral regula-
tory components of energy metabo-
lism to develop pharmacological
modulators of appetite and energy
expenditure. From this perspective,
one of the great, and surprising, dis-
coveries of the past decade was the rev-
elation of an endocannabinoid system
and its influences on appetite and
metabolism (4–8).

Cannabinoids and endocannabi-
noids act via G protein–coupled
receptors. The strongest effects of
endocannabinoids on behavior, in-
cluding those related to food intake,
appear to be mediated by cannabi-

noid receptor type 1 (CB1), which is
the predominant receptor type in the
CNS. The molecular cascade trig-
gered by CB1 activation has been
studied in depth (reviewed in ref. 8).
In short, the dominant G protein sub-
types activated by CB1 belong to the
Gi/o family; these in turn alter electric
properties of membranes, second-
messenger systems, and immediate-
early genes. CB1 activation inhibits
voltage-gated L, N, and P/Q Ca2+ cur-
rents, while activating K+ currents;
and while agonists of CB1 induce the
inhibition of adenylyl cyclase, they
also induce the activation of focal
adhesion kinase and MAPK. CB1-
associated activation of G proteins
also underlies the stimulation of NO
synthase. Current ideology suggests
that the activation or inhibition of
CB1 (mainly by fatty acid ethanol-
amides) influences the aforemen-
tioned subcellular events and results
in changes in neurotransmitter
release at the level of axon terminals
(7). However, to date, the phenotype
of neurons in the hypothalamic
appetite center that are directly affect-
ed by cannabinoids has not been elu-
cidated. In this issue of the JCI, a
report by Cota et al. (9) greatly
advances our understanding of this
critical issue by pinpointing those
neuropeptide systems in the hypo-
thalamus that most likely mediate
cannabinoid-induced changes in
energy homeostasis. 

Cannabinoids and metabolism
Anecdotal evidence regarding the
robust effect of the recreational drug
marijuana (Cannabis sativa) on appetite
and food intake has been widely
known for centuries (10). However, it
was the discovery of marijuana’s main
psychoactive component, ∆9-tetra-
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hydrocannabinol, almost 40 years ago
(11) that triggered prospective scien-
tific endeavors to decipher the mech-
anism of action of this popular, albeit
mainly illegal, herbal drug. Advances
gained momentum when CB1 and
CB2 and their endogenous ligands
were discovered in the early 1990s
(4–6). In the brain, only CB1 appears
to be expressed (12) and mediates
effects of endogenous cannabinoids
(and most likely the psychoactive
ingredients of marijuana) on synaptic
transmission (7). It is intriguing to
note that endocannabinoids act on
presynaptic release of neurotransmit-
ters (7) while apparently being pro-
duced postsynaptically (13). A syn-
thetic receptor antagonist of CB1 was
shown to powerfully reduce food
intake and increase energy expendi-
ture (14), and, subsequently endo-
cannabinoids were shown to induce
food intake (15). These observations
paved the way for a possible drug can-
didate for treatment of obesity. In this
issue of JCI, Cota et al. (9) report that
CB1 gene disruption in mice (CB1–/–

mice) unmasked a dual role of endo-
cannabinoids in the regulation of
energy balance, including both central
orexigenic and peripheral adipogenic
effects. These studies, in conjunction
with the fact that cannabinoid recep-
tor antagonist compounds are cur-
rently in clinical trials as antiobesity
drugs in Europe, raise the hope that
single-drug therapies could be suc-
cessful in the treatment of obesity.

Central and peripheral mode of
action of endocannabinoids
The work by Cota et al. (9) and previ-
ous studies on cannabinoids will give
rise to guarded optimism — yet again
— that pharmacological strategies,
now targeting the cannabinoid sys-
tem, may succeed in counterbalanc-
ing overeating and a sedentary
lifestyle. Previously, similar hopes
were generated every time a novel
molecule (hormone, peptide, or neu-
rotransmitter) was discovered to
affect energy metabolism. Cota et al.
provide compelling evidence that
endocannabinoids act at various
regions of the hypothalamus that
regulate energy homeostasis, includ-
ing the lateral hypothalamus, arcuate

nucleus, and paraventricular nucleus,
in conjunction with direct effects in
fat cells on lipogenesis to promote a
positive energy balance. If the recep-
tor, CB1, is blocked (in this case by
knockout of the gene), the overall
effect will be to decrease appetite and
lipogenesis in white fat: CB–/– ani-
mals are leaner because their caloric
intake is lower when they are young.
However, in older animals, increased

peripheral energy expenditure ap-
pears to be the predominant defense
against adiposity in these animals
compared with their wild-type litter-
mates (9). Cota and colleagues show
that CB1 is expressed in key hypo-
thalamic peptidergic systems of
appetite regulation, including those
producing corticotropin-releasing
hormone (CRH) in the paraventricu-
lar nucleus, cocaine amphetamine–

Figure 1
Schematic illustration showing the relationship between hypothalamic peptidergic circuits
that express CB1 receptors (yellow cirlces), as described by Cota et al. (9), and some of
those that do not. The former include cells that produce CART and pro-opiomelanocortin
(POMC) in the arcuate nucleus (ARC); neurons that express MCH (blue) and orexin (ORX;
red) in the lateral hypothalamic (LH) region; and neurons that produce CRH (brown) in
the paraventricular nucleus (PVN). CB1 receptors are produced in the cytosol of these cells
(yellow circles outlined in black) and are transported (white arrows) to axon terminals.
Here, the receptors, upon activation (black arrowheads) by endocannabinoids (ECB) or
other agonists, are thought to affect the release of neuromodulators (MCH, ORX, CART,
corticotropin-releasing factor) to the synaptic cleft. A population of neurons in the medi-
al arcuate nucleus produces neuropeptide Y (NPY) and agouti-related protein (AgRP), both
of which are considered regulators of energy homeostasis. The NPY/AgRP–producing neu-
rons, as well as those that produce ghrelin (GHR), were not found to contain CB1 recep-
tors (9). GHR is also produced in the stomach and, together with the adipose hormone
leptin, reaches hypothalamic peptidergic circuits via the circulation. The source of endo-
cannabinoids in the hypothalamus is yet to be determined. Similarly, the hierarchical rela-
tionship between CB1-containing axon terminals and other axon terminals and their post-
synaptic targets needs to be established to allow a better understanding of the
hypothalamic signaling of cannabinoids. Putative inhibitory (–) and stimulatory (+) influ-
ences on food intake of the various elements of the peptidergic system are shown. Note
that this influence on food intake may not reflect electrophysiological effects of the respec-
tive peptides. III, third ventricle.



regulated transcript (CART) in the
arcuate nucleus, and melanin-con-
centrating hormone (MCH) and
orexin/hypocretin in the lateral
hypothalamus–perifornical region.
Therefore, it is likely that by modu-
lating food intake and mechanisms
regulating energy expenditure, endo-
cannabinoids or their antagonists
will affect the signaling flow between
these hypothalamic circuits and
other neuronal networks with which
these peptidergic systems interact
(Figure 1). This central mechanism
may dominate cannabinoid effects at
younger ages but appears to diminish
with age (9). Whether it is chronolog-
ical aging per se or other develop-
mental processes, for example, puber-
ty, that affects the function of
relevant hypothalamic circuitry and
thereby enables this impairment of
cannabinoid signaling still needs to
be clarified. In addition, it must be
determined whether such a shift in
endocannabinoid signaling during
the aging process also occurs in
humans. Nevertheless, the observa-
tion that CB1 is present in adipocytes
and that CB1 activation affects lipo-
genesis provides an alternative and/
or complementary mechanism for
the unidirectional effect of cannabi-
noids on energy balance.

The endocannabinoid system as
promising drug target for obesity
Cota and colleagues (9) have provid-
ed an insightful look into the mecha-
nism of cannabinoid action. It is par-
ticularly intriguing that a system
known to be an essential part of CNS
mechanisms controlling reward and
memory functions has now been
identified as one of the very few orex-
igenic components of energy-balance
regulation, in which targeted gene
disruption is followed by a lean phe-
notype. Intriguingly, the other orexi-
genic system that demonstrates a sim-
ilar phenotype after ablation is that
which produces MCH (16), which
Cota et al. now directly connect to the
endogenous cannabinoid system. On
the other hand, the arcuate nucleus
neuropeptide Y/agouti-related pro-
tein (NPY/AgRP) system, which Cota
et al. demonstrate is not directly tar-
geted by endocannabinoid action,

appears to be a less critical (or a func-
tionally more redundant) player in
the chronic maintenance of energy
balance (17). However, disruption of
NPY Y1 or Y2 receptors, which are
intricately related to some of the pep-
tidergic neurons (18–21) that are
shown by Cota et al. to express CB1
receptors, attenuate the development
of type 2 diabetes (22, 23). 

The hedonic component of hyper-
caloric nutrition (24) could possibly
be targeted by a CB1 antagonist,
which might be able to diminish the
possibly addictive aspect of food
intake in some individuals, in com-
bination with decreasing orexigenic
drive and lipogenesis. As depicted in
Figure 1, there is a redundancy of
connectivity among hypothalamic
peptidergic systems, some of which
simultaneously utilize other neuro-
transmitters and peptides as well
(25). An intricate relationship exists
between axonal processes and post-
synaptic targets of the various sys-
tems, but interactions also occur 
between different axon terminals
presynaptically. Thus, to understand
endocannabinoid signaling within
the hypothalamus, it will be neces-
sary to combine classical light and
electron microscopic analyses of
chemically identified anatomical
interactions with state-of-the-art elec-
trophysiological approaches. Such
approaches have recently been used
to better understand the hypothala-
mic signaling of two other metabol-
ic hormones, ghrelin and leptin (26,
27). Determining the central action
of these molecules will most likely
require the application of interdisci-
plinary techniques that include neu-
rophysiology, molecular biology, 
biochemistry, and pharmacology.
Regarding the cannabinoid system
and obesity therapies, it will be par-
ticularly important to expand exper-
imental studies to include other
brain sites, including the cortex and
basal forebrain, and their functions.
The anecdotal and experimental evi-
dence of marijuana’s appetite-regu-
lating effects also shows clear alter-
ations of other CNS mechanisms,
such as learning, memory, aggres-
sion, and addiction (10). While exper-
imental design generally demands

that one focus on only one type of
behavior in the experimental sys-
tem, this approach may have grave
consequences for therapeutics. For
example, the weight-reducing ef-
fects of an antagonist of CB1 could
enhance attention, drive, and focus
at the expense of emotions and so-
cial behavior. Nevertheless, as the
smoke continues to clear, the can-
nabinoid system may prove to be an
extremely promising target for the
development of medications for
obesity and cachexia (9).
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Renal fibrosis: not just PAI-1 in the sky

Agnes B. Fogo

Department of Pathology, Vanderbilt University Medical Center, Nashville, 
Tennessee, USA

A delicate balance exists between ECM synthesis and degradation such
that interruption of the corresponding pathways results in increased
plasminogen activator inhibitor-1 (PAI-1), pathological matrix accu-
mulation, and glomerulosclerosis. A new study (see the related article
beginning on page 379) demonstrates that therapy with a mutant PAI-1
increases matrix turnover and reduces glomerulosclerosis by competing
with endogenous PAI-1, suggesting therapeutic utility in the treatment
of fibrotic renal disease.

J. Clin. Invest. 112:326–328 (2003). doi:10.1172/JCI200319375.

Progressive fibrosis leads to end-
organ failure in multiple organs,
including heart, lung, liver, and kid-
ney. The process of substitution of
functional parenchymal cells by
fibrotic tissue has been intensively
investigated. Past progress over the
last few decades has resulted in
remarkable gains in slowing the pro-
gression of chronic kidney disease.
The major emphasis has been on con-
trol of blood pressure, both systemi-

cally and within the glomerulus. The
efficacy of angiotensin I–converting
enzyme inhibitors was linked to con-
trol of glomerular pressure beyond
systemic pressure effects mediated by
dilation of the efferent arterioles of
the glomerulus (1). However, normal-
ization of glomerular pressure did
not completely halt progression, nor
could it regress existing fibrosis.
Numerous additional factors thus
were implicated in progressive renal
injury, including modulation of ECM
and parenchymal and infiltrating cell
interactions. In addition to angio-
tensin, TGF-β has been recognized as
a key mediator of renal fibrogenesis.
Interestingly, both angiotensin and
TGF-β induce plasminogen activator
inhibitor-1 (PAI-1) (2).

PAI-1 and fibrosis mechanisms
How might PAI-1 affect fibrosis? 
PAI-1 is the major inhibitor of tissue-
type plasminogen activator (t-PA) and

urokinase-type plasminogen activator
(u-PA), which activate plasminogen to
yield plasmin, which in turn degrades
fibrin. PAI-1 not only inhibits fibri-
nolysis but also has complex interac-
tions with matrix, promoting net pro-
teolysis (3). t-PA, u-PA, and plasmin
can degrade a wide range of ECM pro-
teins; they also activate latent MMPs,
in particular MMP-1 and MMP-3,
and indirectly activate MMP-2. Mod-
els of glomerular sclerosis and/or
interstitial fibrosis have been devel-
oped in both rats and mice to further
examine these mechanisms. Noble
and colleagues previously demon-
strated that direct manipulation of
the plasmin/plasminogen activator
system with recombinant t-PA treat-
ment decreased glomerular matrix
accumulation in the anti-Thy1 model
of glomerular matrix expansion (4).
This model does not result in pro-
gressive renal damage and shows no
attendant interstitial fibrosis but
allows in vivo determination of mech-
anisms of glomerular matrix accu-
mulation. Interstitial fibrosis can be
induced in vivo in either rats or mice
by unilateral ureteral obstruction
(UUO). In contrast to the anti-Thy1
model, UUO does not result in signif-
icant glomerular lesions but demon-
strates early macrophage infiltration
and robust interstitial fibrosis, along
with tubular injury. The unobstruct-
ed contralateral kidney serves as an
ideal control. The UUO model thus
allows in-depth in vivo study of mech-
anisms of interstitial fibrosis, and
interactions between epithelial and
infiltrating cells. The use of diverse
models of renal scarring thus allows

Address correspondence to: Agnes B. Fogo,
MCN C3310, Department of Pathology,
Vanderbilt University Medical Center,
Nashville, Tennessee 37232, USA. 
Phone: (615) 322-3114; Fax: (615) 343-7023;
E-mail: agnes.fogo@vanderbilt.edu.
Conflict of interest: The author has declared
that no conflict of interest exists.
Nonstandard abbreviations used:
plasminogen activator inhibitor-1 (PAI-1);
tissue-type plasminogen activator (t-PA);
urokinase-type plasminogen activator 
(u-PA); unilateral ureteral obstruction
(UUO); angiotensin type 1 (AT1); 
epithelial-mesenchymal transition (EMT).


