harmful than more gradual adjustments.
An important caution in interpreting the
work of Kiessling et al. is that the research-
ers measured gene expression at the level of
mRNA (16). Itis important to determine the
dynamics of key proteins and posttransla-
tional modifications of proteins to more
fully appreciate the relevance of these find-
ings. Development of methods for noninva-
sive imaging of circadian clock dynamics in
various tissues within an animal would allow
studies similar to this one to become more
routine and would better equip us to develop
effective treatments for jet lag.

Our current understanding of jet lag
incorporates disorder at many levels. Dis-
order can exist between the timing of the
organism and the environment, within
the different organs in the organism, and
among the cells within a single tissue. The
study in this issue demonstrates that jet lag
may also include disorder among the circa-
dian clock genes within a cell.
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An energetic tale of AMPK-independent
effects of metformin
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Metformin has become a mainstay in the modest therapeutic armamen-
tarium for the treatment of the insulin resistance of type 2 diabetes melli-
tus. Although metformin functions primarily by reducing hepatic glucose
output, the molecular mechanism mediating this effect had remained elu-
sive until recently. Metformin impairs ATP production, activating the con-
served sensor of nutritional stress AMP-activated protein kinase (AMPK),
thus providing a plausible and generally accepted model for suppression of
gluconeogenic gene expression and glucose output. In this issue of the JCI,
Foretz et al. refute this hypothesis by showing that AMPK is dispensable for
the effects of metformin on hepatic glucose output in primary hepatocytes;
rather, their data suggest that the antidiabetic effects of metformin in the
liver are mediated directly by reducing energy charge.
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Metformin in the treatment

of type 2 diabetes

The increasing worldwide incidence of obe-
sity is driving an epidemic of type 2 diabetes
mellitus (T2DM), with global prevalence of
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the disease predicted to reach 5.4%, or 300
million people by 2025 (1). Individuals are
deemed to have T2DM if they have elevated
serum glucose levels — a pathology typical-
ly preceded by peripheral insulin resistance
and hyperinsulinemia without hypergly-
cemia — manifest by an impaired insulin-
stimulated glucose uptake and an impaired
reduction in glucose output from the liver.
T2DM and insulin resistance are associ-
ated with increased incidence of serious
cardiovascular morbidity and mortality,
and collectively these conditions contrib-
ute to the cluster of pathologies termed the
metabolic syndrome. A mainstay of phar-
macological therapy for individuals with
T2DM is the biguanide drug metformin,
one of only two commonly used drugs that
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augment or mimic insulin action (2, 3).
Metformin owes its use as an antidiabetic
drug to the recognition in the early 1900s
of the hypoglycemic effects of guanidine,
which was subsequently revealed as the
active antidiabetic component of the
French lilac (Galega officinalis), also known
as goat’s rue, a traditional botanic medi-
cine used to treat diabetes across medieval
Europe (4, 5). Metformin and a related
biguanide, phenformin, were introduced
in the 1950s to treat T2DM, but phenfor-
min was subsequently removed from the
market due to an unacceptable incidence
of severe lactic acidosis. Metformin, on the
other hand, has proven to be well tolerated
and highly efficacious in reducing blood
glucose in insulin-resistant individuals,
an effect largely attributed to reductions
in hepatic glucose output, although some
studies have reported increases in periph-
eral glucose uptake (6). Additional benefits
of metformin therapy include improved
insulin secretion and decreased cardiovas-
cular risk, although these effects could be
secondary to reductions in serum glucose
and insulin levels (7, 8).

Mechanisms of metformin action

The primary cellular target for metformin
is believed to be complex I of mitochon-
drial oxidative phosphorylation, although
the precise site of interaction has yet to be
established (9). Complex I is the sole entry
point for reduced NADH to contribute
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to the maintenance of the mitochondrial
proton gradient necessary for ATP produc-
tion, and its inhibition by metformin and
phenformin leads to a reduction in cellular
energy charge, a measure of the energetic
state of the cells” adenine nucleotide pool
defined as ([ATP] + 0.5[ADP])/([ATP] +
[ADP] + [AMP]). The metformin-induced
reduction in energy charge activates AMP-
activated protein kinase (AMPK), which
was therefore quite reasonably advanced
as the major mediator of the glucose-low-
ering effects of metformin (10). The abil-
ity of a constitutively active mutant of
the AMPK catalytic subunit to mimic the
actions of metformin further supports this
idea (11). In this issue of the JCI, however,
Foretz et al. report studies utilizing genetic
ablation of both AMPK catalytic subunits
and the upstream activating kinase LKB1
in liver and primary hepatocytes to show
clearly that AMPK and LKB1 are dispens-
able for metformin-induced decreases in
hepatic glucose output in mice (12). As
expected, metformin and other AMPK
activators caused a decrease in cellular ATP
and a concomitant increase in AMP, which
Foretz et al. suggest are responsible for the
metformin-induced reductions in hepatic
glucose production.

Energy charge regulation
of hepatic glucose output
Considerable recent research has been
devoted to understanding the endocrine
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Figure 1

Regulation of hepatic glycolytic/gluconeogen-
ic pathways. Metformin inhibits mitochondrial
complex | and increases the AMP/ATP ratio,
which leads to the activation of the energy-
sensing kinase AMPK. Foretz et al. (12) show
that activation of AMPK is dispensable for
metformin-induced reduction in hepatic glu-
cose output. While multiple regulatory points
exist for direct AMP- and ATP-mediated
effects on glycolysis and gluconeogenesis,
the mechanism of energy charge regulation
of gluconeogenic gene expression described
by Foretz et al. is currently unknown. PEP,
phosphoenolpyruvate.

control of hepatic glucose output, in par-
ticular the opposing actions of the pan-
creatic hormones insulin and glucagon
in maintaining euglycemia. Less well rep-
resented in the recent literature are stud-
ies of the role of intracellular metabolites
as cell-autonomous regulators of hepatic
glucose output. The anabolic process of
gluconeogenesis is an energetically costly
program, requiring 6 ATP equivalents per
molecule of glucose synthesized. To main-
tain normal cellular energy charge, a hepa-
tocyte must balance this energy demand
with production, likely through the oxi-
dation of molecules such as fatty acids.
In times of poor substrate availability or
hypoxia, or upon treatment with metfor-
min, energy charge decreases and glucose
output must be reduced accordingly. This
energetic expense of glucose synthesis is
exemplified in recent studies examining
the decreased hepatic energy state associ-
ated with prolonged fasting or glucagon
treatment in mice (13).

A rich body of literature in the latter
half of the twentieth century defined the
exquisite control energy charge can exert
on gluconeogenic and glycolytic flux via
allosteric regulation of key enzymes in this
pathway (Figure 1). For example, AMP syn-
ergizes with the regulatory sugar fructose
2,6-bisphosphate to stimulate phospho-
fructokinase and inhibit fructose-1,6-
bisphosphatase, and a decrease in energy
charge activates glycolysis by releasing ATP-
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mediated inhibition of L-type pyruvate
kinase and phosphofructokinase (14-16).
Additionally, high ATP levels block the
entry of pyruvate into the tricarboxylic
acid (TCA) cycle by inhibiting pyruvate
dehydrogenase (17). These effects alone
might explain how the decreased energy
charge induced by metformin suppresses
hepatic glucose output. In addition to
energy charge, the NADH/NAD* ratio
can also control metabolic rates; a more
reduced state would be expected to slow
TCA cycle flux through product inhibi-
tion and increase reduction of pyruvate to
lactate, both leading to a more glycolytic
state. When the data are viewed in total, it
is clear that hepatocytes possess a myriad
of options for the autonomous regulation
of glucose synthesis and that changes in
kinase activity probably represent a sec-
ondary mode of regulation that may be
sufficient but are not necessary for the
control of glucose output.

The effect of changes

in gluconeogenic gene expression
on hepatic glucose output

Just as reduced glucose output correlates
with decreased energy charge, AMPK-inde-
pendent reduction in the levels of mRNAs
encoding the key gluconeogenic proteins
PPARY coactivator 1o (PGC-1a), cytosolic
phosphoenolpyruvate carboxykinase
(PEPCK), and the catalytic subunit of
glucose-6-phosphatase (G6Pase) also cor-
relates with a lowered energy charge state.
Interestingly, by forced overexpression
of the gluconeogenic master coactivator
PGC-1a, Foretz et al. found that these
changes in gene expression did not cause
the reduced glucose output, but rather
represented a parallel effect of depleted
energy stores (12). This observation con-
tributes to a growing body of data indicat-
ing that acute changes in gene expression
are not the sole determinant of glucose
output. For example, genetic manipula-
tion of PEPCK protein levels in mouse
liver has little effect on gluconeogenic
flux, and in diabetic rats and in humans
there is a lack of correlation between
the expression of gluconeogenic genes
and measures of hepatic glucose output
(18, 19). It should be noted that several
studies have appeared describing possible
mechanisms by which metformin or other
AMPK activators regulate gluconeogenic
gene expression through AMPK (20, 21).
However, given the current data of Foretz
et al. (12), as well as the frequent lack of
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correlation between glucose output and
gluconeogenic gene expression, the con-
tribution of these pathways to the phar-
macological actions of metformin needs
to be reevaluated.

AMP vs. AMPK

The lessons from the study by Foretz et
al. (12) highlight the dangers inherent
in accepting models based on abundant
correlation, chemical inhibitors and
activators, or even compelling plausibil-
ity when such data are not supported
by loss-of-function experiments. Such
erroneous conclusions are not novel in
the AMPK field; the initial enthusiasm
for AMPK as a mediator of contraction-
stimulated glucose uptake in muscle has
not been supported by genetic experi-
ments in vivo (22, 23). It is likely that
elevated AMP/ATP ratio and AMPK
activation represent two parallel, and
at times redundant, pathways that both
attempt to retain a normal energy status
by exerting similar effects on metabolic
pathways. Nonetheless, an alternative
explanation for the AMPK-independent
effects on hepatic glucose output and
gluconeogenic gene expression observed
by Foretz et al. (12) could be the presence
of an additional energy charge-regulated
kinase that could compensate for the lack
of AMPK. That the effects are also LKB1
independent and that there are no other
AMPK-related kinases known to be regu-
lated by AMP makes this explanation less
likely. However, novel mechanisms could
allow other kinases to recognize energy
charge and modulate glycolytic/gluco-
neogenic flux accordingly. Indeed, recent
work has indicated a metformin-induced
but AMPK-independent inhibition of the
mammalian target of rapamycin com-
plex 1 (mTORC1) kinase, highlighting
the plurality of energy charge-responsive
kinases (24).

Implications for the development

of therapeutic agents

AMPK has been a target attractive to
a pharmaceutical industry eager to
develop new drugs for the treatment of
insulin resistance and diabetes mellitus.
It is important to emphasize that while
Foretz et al. show that acute delivery of
metformin to hepatocytes inhibits glu-
cose output in the absence of AMPK (12),
there are no data to refute the notion
that pharmacologic activation of AMPK
would produce the same effect without
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decreasing ATP levels. As noted above,
genetically activated AMPK does suppress
hepatic glucose output, and it is not sur-
prising that there would exist multiple
parallel pathways for eliciting critical
metabolic responses. Nonetheless, these
new results call for a serious reexamina-
tion of whether any other of the biologi-
cal responses attributed to AMPK, which
now include such critical phenomena as
anticancer activity, are in fact due direct-
ly to changes in energy charge or other
related kinases (25).
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Radioprotection: smart games with death
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The efficacy of cancer treatment by radiation and chemotherapeutic drugs
is often limited by severe side effects that primarily affect the hematopoi-
etic system and the epithelium of the gastrointestinal tract. Progress in
understanding differences in the mechanisms involved in the responses
of normal and tumor cells to genotoxic stress has led to the development
of new rational approaches to selective protection of normal cells, such
as suppression of apoptosis by pharmacological inhibition of p53 or acti-
vation of NF-kB. Another promising approach presented in this issue by
Johnson et al. is based on the idea of using pharmacological inhibitors of
cyclin-dependent kinases (CDKs) to convert normal cells into a radioresis-
tant state by inducing reversible cell cycle arrest at the G/S transition. The
evidence indicates that this approach is likely to be specific for protection
of normal cells and may, therefore, have clinical potential as an adjuvant

in anticancer therapies.

Importance and challenges

of clinical radioprotection

While radiotherapy is a powerful anti-
cancer treatment approach, it is associ-
ated with severe side effects that drasti-
cally limit its therapeutic capacity. Two
of the most radiosensitive tissues — the
hematopoietic (HP) system and the gas-
trointestinal (GI) tract — provide the
biggest clinical challenges. The outcome
of radiotherapy would be substantially
improved if its therapeutic index could
be increased by selective reduction of
damage to the HP and GI systems, with-
out an increase in the radioresistance of
tumors. There is evidence indicating that
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increasing the cumulative radiation dose
by as little as 10%-20% might make a dif-
ference between incomplete and com-
plete eradication of tumors, as shown, for
example, for head and neck cancer (1). In
order to allow for increased radiotherapy
doses, pharmacological approaches to
radioprotection of normal tissues must
be developed. These approaches must be
strictly selective for healthy tissues and
must be safe (i.e., must not promote the
development of radiation-induced sec-
ondary cancers).

Since the killing of cells by radiation is
mediated by the ionization of irradiated
matter, the most well-characterized prin-
ciple of radioprotection involves using
antioxidants, which act as scavengers of
reactive oxygen species. The only drug
currently approved for clinical use to pro-
tect against the toxicity of radiotherapy,
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amifostine, works in this way (2). How-
ever, clinical use of amifostine is compli-
cated by its own toxicity and lack of suf-
ficient selectivity in protection of normal
versus tumor cells (2).

Targeting apoptotic mechanisms

for radioprotection: p53 inhibitors

In the 1990s, it became clear that the mas-
sive cell loss that occurs in radiosensitive
tissues and embryos after irradiation and
leads to lethality is not due to irreversible
damage of cells but rather to activation
of apoptosis. This apoptosis is largely
p53 dependent, and p53-deficient mice
are resistant to doses of radiation that
kill wild-type mice by inducing lethal HP
acute radiation syndrome (3). Important-
ly, apoptotic mechanisms are frequently
inactivated in tumors, as part of their pro-
gression toward unconstrained growth
(4). These findings presented an attractive
opportunity for the development of phar-
macological inhibitors of p53 capable
of providing reversible radioprotection
by temporarily blocking p53-mediated
apoptosis. The feasibility of this idea was
proven by isolation of small molecule p53
inhibitors, named pifithrins, that demon-
strated radioprotective efficacy in mice
(S, 6). Since p53-dependent apoptosis is
considered a major component of p53
tumor suppressor activity, concerns
regarding the safety of pharmacological
pS3 inhibition have slowed down clini-
cal developments based on this approach.
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