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he atypical antipsychotic drugs
(AAPD:s), especially olanzapine
(OLZ), quetiapine, and risperi-
done, are the most widely used
treatments for schizophrenia (SCH) and
other psychotic illnesses, having, in the
last decade, displaced the typical antipsy-
chotic drugs (TAPDs), such as haloperi-
dol, chlorpromazine, and others of that
class. However, as a group, the AAPDs
are currently receiving an unprecedented
level of scrutiny in the scientific literature
and public forums because some recent
well publicized studies have not confirmed
some key aspects of their reputed advan-
tages for efficacy, cost-effectiveness, and
tolerability (1, 2). The propensity of OLZ,
once the most widely used AAPD, to
cause weight gain, glucose dysregulation,
lipid increases, especially triglycerides, and
diabetes mellitus (DM), including diabetic
ketoacidosis, has been linked to the very
high rate of ischemic cardiovascular dis-
ease and a 20- to 25-year- shorter life
span of people with SCH in the United
States. Clozapine (CLZ), which is much
less widely used than OLZ because of its
risk for agranulocytosis, produces weight
gain similar to that of OLZ. In this issue
of PNAS, Kim et al. (3) show for the first
time that these two AAPDs stimulate hy-
pothalamic AMP-protein kinase (AMPK)
through histamine; receptor (HIR) antag-
onism, a likely molecular basis for their
metabolic liability. They demonstrate that
activation of hypothalamic AMPK was
abolished in HIR knockout mice. Other
AAPDs that produce less weight gain
than CLZ and OLZ were less effective at
activating AMPK in intact animals.

AMPK: A Histamine; Receptor-Mediated
Metabolic Regulator

Kim et al. also show that CLZ treatment
blocked the ability of the anorexigenic
peptide, leptin, as well as insulin, to re-
duce hypothalamic phosphorylated
AMPK, a clear demonstration of central
insulin resistance, which is believed to be
the core pathophysiology of the metabolic
syndrome, a well established cluster of
symptoms and signs associated with in-
creased risk for ischemic cardiovascular
disease (4). Activation of AMPK func-
tions as a fuel sensor and has been shown
to stimulate ATP-forming (catabolic)
pathways and inhibit ATP-using (ana-
bolic) pathways at the cellular level, which
also serves to regulate energy balance at
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the whole body level (5). It may mediate
the action of antidiabetic drugs such as
metformin and peroxisome proliferator-
activated receptor vy agonists (5). The
findings of Kim et al. are also consistent
with previous research from Masaki and
Yoshimatsu (6), who showed that HIR
knockout mice gradually developed late-
onset obesity, which is caused by hy-
perphagia, and that younger nonobese
knockout mice exhibited impaired leptin
responsiveness and disruption of the
diurnal rhythm of feeding. Importantly,
central administration of an HIR ago-
nist affected feeding behavior, body
weight, and c-fos-like immunoreactivity
in the hypothalamus, suggesting that the
H1R may be a novel therapeutic target
for the treatment of obesity (6).

Typical vs. Atypical Antipsychotic Drugs

Before further discussion of the results of
Kim et al. (3), it is important to under-
stand current concepts of the differences
between TAPDs and AAPDs. AAPDs
are distinguished from the TAPDs by
their greatly diminished liability to cause
extrapyramidal (parkinsonian) side effects.
At least three AAPDs, CLZ, quetiapine,
and melperone, but no TAPDs, have been
found to be tolerable to patients with
Parkinson’s disease who develop L-dopa-
induced psychosis (7). Interest in the
AAPDs was further stimulated by the evi-
dence from the prototypical AAPD, CLZ,
that it was more effective for treating psy-
chosis in patients with SCH who had
failed to respond to TAPDs and had ad-
vantages for negative symptoms, suicidal-
ity, and cognition (8, 9). However, these
advantages have been challenged in two
recent government-sponsored clinical tri-
als (1, 2) that failed to demonstrate the
expected efficacy advantages for the
AAPDs, other than CLZ, over TAPDs.
The discrepancies between these results
and the preponderance of evidence sup-
porting the view that the AAPDs have
genuine advantages over the TAPDs re-
quires extensive further study (Interna-
tional Psychopharmacology Algorithm
Project, www.ipap.org).

Metabolic Side Effects of Antipsychotic
Drugs

Most AAPDs, including aripiprazole, pali-
peridone, quetiapine, risperidone, and
ziprasidone, produce, on average, little or
no weight gain (1, 11, 12). It should be

noted that some TAPDs produce weight
gain that may be comparable with CLZ
and OLZ (11). However, since the intro-
duction of the AAPDs, there has been a
0.7% per year higher rate of increase in
type II DM in patients with SCH com-
pared with the general population, which
itself has experienced a steadily increasing
rate of DM (13). For sure, some of the
increases in weight and DM in patients
with SCH during the last decade are
caused, in part, by diet and exercise
changes that have caused the entire popu-
lation to do the same. However, it is clear
that OLZ and CLZ produce rapid or de-
layed, but sustained, weight gain that is
drug-related (11, 12, 14). Together, all of
these factors have contributed to the large
increase in morbidity and mortality caused
by DM and ischemic cardiovascular dis-
ease in the seriously mentally ill popula-
tion. Thus, identification of the HIR as an
important target for minimizing weight
gain raises the possibility of using this in-
formation to guide therapeutic attempts
to alleviate the metabolic side effects and
develop novel AAPDs, lacking HIR an-
tagonism, that should cause fewer meta-
bolic side effects (15).

There is other evidence that blockade
of the HIR may be the major reason for
weight gain of at least some AAPD:s,
some of which points toward other phar-
macologic bases for weight gain produced
by other APDs, as well as CLZ and OLZ.
Thus, Kroeze et al. (16) correlated the
weight gain reported for 17 antipsychotic
drugs (11) with their affinities for 12 G
protein-coupled receptors and found that
the most important predictor was HIR
affinity. Further evidence regarding hista-
mine and weight gain is that betahistine,
an H1R agonist/H3 antagonist, attenuated
the weight gain due to OLZ in first epi-
sode patients with SCH (17).

In support of the relationship between
AMPK and OLZ-induced weight gain,
Dwyer et al. (17), in their review of the
mechanistic connections between glucose/
lipid distrubances and weight gain induced
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by antipsychotic drugs, mentioned, but did
not present the actual data then or since,
their finding that both 5-aminoimidazole-
4-carboxamide riboside, which activates
AMPK in the hypothalamus, and OLZ
activated AMPK in PCI12 cells. They then
suggested that the ability of OLZ to acti-
vate glucose-sensing neurons in the hypo-
thalamus could increase appetite, weight
gain, and mobilization of glucose from
peripheral stores of glycogen and that
AMPK activation was a likely possibility
to explain both glucose and lipid abnor-
malities, as well as weight gain, attribut-
able to OLZ. Kim et al. (3) have now
provided the first experimental evidence
to support this hypothesis.

Multiple Factors Contribute to
Antipsychotic-Drug-Induced Metabolic
Side Effects

There is marked variability in weight gain
among patients treated with CLZ and
OLZ, which could be caused by differ-
ences in HIR structure or expression, as
well as a variety of other risk factors.
Some individuals treated with other
AAPDs that have no effect on AMPK,
e.g., risperidone and aripiprazole (3), are
associated with marked weight gain in a
small proportion of patients. In addition
to HIR affinity, and after adjustment for
D, receptor affinity, which, along with
5-HT>4 receptor antagonism plays a key
role in their mechanism of action (19),
eight other G protein-coupled receptors
were found to correlate with weight gain
produced by 17 APDs. In rank order,
these were affinities for 5-HT,c, aqa,
S-HT()’ A, OB, M3, S-HTZA, and app Ie-
ceptors (16). Much additional evidence
supports the role of 5-HT,¢ receptor an-
tagonism as the most important (16). Fur-
ther research on the molecular mecha-
nisms by which these receptors mediate
metabolic side effects is needed. They
may well act via AMPK or downstream
from it. AAPDs have been suggested to
cause appetite stimulation and weight gain

. Lieberman JA, Stroup TS, McEvoy JP, Swartz MS, Rosen-
heck RA, Perkins DO, Keefe RS, Davis SM, Davis CE,
Lebowitz BD, et al. (2005) N Engl J Med 353:1209-1223.

2. Jones PB, Barnes TR, Davies L, Dunn G, Lloyd H,

Hayhurst KP, Murray RM, Markwick A, Lewis SW (2006)
Arch Gen Psychiatry 63:1079-1087.

3. Kim SF, Huang AS, Snowman AM, Teuscher C, Snyder
SH (2007) Proc Natl Acad Sci USA 104:3456-3459.

. Johnson LW, Weinstock RS (2006) Mayo Clinic Proc
81:1615-1620.

. Hardie DG (2006) Annu Rev Pharmacol Toxicol 47:185-210.

. Masaki T, Yoshimatsu H (2006) Trends Pharmacol Sci
27:279-284.

. Fernandez H, Trieschmann ME, Friedman JH (2003) Drug
Safety 26:643-659.

. Emsley R, Oosthuizen P (2003) Psychiatr Clin North Am
26:141-163.

9. Woodward ND, Purdon SE, Meltzer HY, Zald DH (2005) Int

J Neuropsychopharmacol 8:457-472.

&~

[ ¥

=

o

because of a variety of other factors, in-
cluding glucose transporters, cytochrome
P450 enzymes, aryl hydrocarbon, recep-
tors, K* channels, and glucose-sensing
systems (18). It is highly likely that phar-
macogenomic studies will lead to clinically
useful predictors of tolerability and effi-
cacy to guide choice of atypicals or their
SUCCESSOTS.

In addition to weight gain, CLZ and
OLZ produce marked increases in lip-
ids, especially triglycerides, and other
signs of insulin resistance (12, 20). This
finding would suggest that the activation
of AMPK should also contribute to the
increase in lipids produced by CLZ and
OLZ. However, there is inconsistent
evidence that the increase in lipids pro-
duced by CLZ or OLZ is significantly
correlated with weight gain. Further,
H1R knockout mice show no significant
increases in the levels of serum triglycer-
ides, free fatty acid of glucose (6).
Other mechanisms as noted above may
be more responsible for the lipid-raising
effects of the AAPDs.

Relationship Between Weight Gain and
Clinical Response

Kim et al. (3) found that CLZ had no ef-
fect on AMPK activation in mouse cortex
or cerebellum, but they did not report on
its effects on limbic system AMPK activ-
ity, which would be most relevant to its
ability to improve psychopathology.
However, there is extensive evidence dem-
onstrating a correlation between improve-
ment in psychopathology with CLZ and
OLZ and weight gain (21-23). Further
study to determine whether there is a
common neurochemical mechanism link-
ing clinical response and weight gain is
indicated. CLZ and OLZ are the two an-
tipsychotic drugs for which there is the
best evidence that they are effective in
patients who fail to respond to other anti-
psychotic drugs. It could be that a rela-
tionship between 5-HT,c affinities, or
some other pharmacologic characteristic
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of the AAPDs, which is the basis for the
ability of weight gain to predict improve-
ment in psychotic symptoms.

A number of key issues remain to be
investigated. Metformin and thiazo-
lidinedione, both extensively used to treat
type II DM, like OLZ and CLZ, have
also been reported to increase skeletal
muscle and hepatocyte AMPK activity
(24). Recently, the effectiveness of met-
formin was shown to attenuate further
weight gain and decrease a surrogate
marker of insulin sensitivity in 39 adoles-
cents whose weight had increased by
>10% during <1 year of OLZ, risperi-
done, or quetiapine treatment (25). Re-
gardless of whether these clinical results
are replicable, additional research is
needed to further study the importance of
the effects of metformin and OLZ on hy-
pothalamic AMPK activation with regard
to type II DM and metabolic burden and
to clarify the interactions between these
two agents.

It is interesting to note that chlorprom-
azine, the first antipsychotic drug of the
modern era, was originally developed in
the search for a better antihistamine (26).
We have now come full circle. With the
accumulating evidence for the role of
HIR antagonism in causing the metabolic
effects of OLZ and CLZ, it is clearly of
interest to develop agents that minimally
affect HIR activity or specific agents that
reverse the effects of CLZ and OLZ on
HIR directly or can otherwise attenuate
their ability to activate AMPK. The
search for a more effective HIR agonist
should now be a high priority, not only to
counteract the adverse metabolic effects
of CLZ and OLZ but also to inhibit the
appetite for all of those who need assis-
tance in reducing caloric intake (10).
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