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ABSTRACT Reduced AMP kinase (AMPK) activity
has been shown to play a key deleterious role in
increased hepatic gluconeogenesis in diabetes, but the
mechanism whereby this occurs remains unclear. In this
article, we document that another AMP-dependent en-
zyme, AMP deaminase (AMPD) is activated in the liver
of diabetic mice, which parallels with a significant
reduction in AMPK activity and a significant increase in
intracellular glucose accumulation in human HepG2
cells. AMPD activation is induced by a reduction in
intracellular phosphate levels, which is characteristic of
insulin resistance and diabetic states. Increased gluco-
neogenesis is mediated by reduced TORC2 phosphor-
ylation at Ser171 by AMPK in these cells, as well as by
the up-regulation of the rate-limiting enzymes PEPCK
and G6Pc. The mechanism whereby AMPD controls
AMPK activation depends on the production of a
specific AMP downstream metabolite through AMPD,
uric acid. In this regard, humans have higher uric acid
levels than most mammals due to a mutation in uricase,
the enzyme involved in uric acid degradation in most
mammals, that developed during a period of famine in
Europe 1.5 x 107 yr ago. Here, working with resur-
rected ancestral uricases obtained from early hom-
inids, we show that their expression on HepG2 cells
is enough to blunt gluconeogenesis in parallel with an
up-regulation of AMPK activity. These studies iden-
tify a key role AMPD and uric acid in mediating
hepatic gluconeogenesis in the diabetic state, via a
mechanism involving AMPK down-regulation and
overexpression of PEPCK and G6Pc. The uricase
mutation in the Miocene likely provided a survival
advantage to help maintain glucose levels under condi-
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ine 3',5'-cyclic monophosphate sodium salt; G6Pc, glucose-6-
phosphatase; PEPCK, phosphoenolpyruvate carboxykinase;
PAMPK, phosphorylated) adenosine monophosphate kinase;
TORC2, transducer of regulated CREB activity 2
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tions of near starvation, but today likely has a role in the
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DIABETES IS A CONDITION that affects >2.5 X10® people
in the world and is continuing to increase in epidemic
proportions. While diabetes is on the rise, the preva-
lence of people with prediabetes or insulin resistance is
~2-fold higher than the prevalence of people with
diagnosed diabetes.

A characteristic feature of diabetes is increased he-
patic glucose production associated with insulin resis-
tance. Of interest, drugs that prevent hepatic glucose
production such as metformin are associated with the
activation of the energy sensor enzyme adenosine
monophosphate (AMP) kinase (AMPK; refs. 1, 2). In
turn, AMPK blocks hepatic gluconeogenesis, in part, by
inhibiting the transcription of the rate-limiting en-
zymes phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase (G6Pc) (3, 4). We have
recently shown that another AMP-dependent enzyme
in the liver, AMP deaminase (AMPD), is a natural
counterregulator of AMPK when activated (5), and
recent studies have shown that AMPK agonists may also
function as AMPD inhibitors (5-7).

In this article, we have tested the hypothesis that
AMPD may negatively regulate AMPK activation in the
liver in diabetes. Employing both diabetic mice and
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human HepG2 cells, we report that the activation of
AMPD isoform 2 (AMPD2) counterregulates AMPK
and increases hepatic glucose production, in associa-
tion with up-regulation of PEPCK and G6Pc. We also
show that the mechanism whereby AMPD blocks AMPK
is mediated by the downstream generation of uric acid
from AMP and that lower intracellular phosphate asso-
ciated with insulin resistance states is a key regulator of
the AMPD-AMPK functional interaction by controlling
the activation of AMPD.

MATERIALS AND METHODS

Ethics statement

All animal experiments were performed according to proto-
cols approved by the University of Colorado Animal Care and
Use Committee.

Induction of diabetes in mice and determination of serum
and hepatic parameters

Male mice in the C57/BL6 background aged 8 wk with a body
weight of 23-25 g were maintained in the specific pathogen-
free barrier facility at the University of Colorado Denver
before induction of diabetes. Diabetes was induced by intra-
peritoneal injections of streptozotocin (50 mg-kg™'-d~" for 5
consecutive days) dissolved in 10 mM citrate buffer, pH 4.5
(8). After streptozotocin administration, ~95% of mice be-
came diabetic. Only mice that developed hyperglycemia at 4
wk were included in the study. Control mice were injected
with citrate buffer only. All of the mice were euthanized 12 wk
after the last injection to obtain blood/serum samples and
liver tissues.

Serum glucose and blood HbAlc levels were determined
with a VetAce autoanalyzer (Alfa Wassermann, West Caldwell,
NJ, USA). Hepatic phosphate levels in MAPK lysates were
determined by an enzymatical kit (K410-100; BioVision, Mil-
patas, CA, USA) as per manufacturer’s instructions.

Western blot from liver and HepG2 homogenates

Livers and cultured cells were homogenized in MAPK lysis
buffer, as described previously (9). Sample protein content
was determined by the BCA protein assay (Pierce, Rockford,
IL, USA). Total protein (20 wg/lane) was loaded SDS-PAGE
(10% w/v) analysis and then transferred to PVDF mem-
branes. Membranes were incubated with primary antibodies
and visualized using a horseradish peroxidase (HRP) second-
ary antibody and the HRP Immunstar detection kit (Bio-Rad,
Hercules, CA, USA). Chemiluminescence was recorded with
an Image Station 440CF, and results were analyzed with the
1D Image software (Kodak Digital Science, Rochester, NY).
Primary antibodies used include AMPK (2603), Thr172-phos-
phorylated AMPK (2535), and actin (4967) were purchased
from Cell Signaling (Danvers, MA, USA). Antibodies to
PEPCK (PCKI1; H00005105-M01) and AMPD2 (H00000271-
MO04A) were purchased from Abnova (Walnut, CA, USA).
Transducer of regulated CREB activity 2 (TORC2; NB100-
79816) and G6Pc (NBP1-80533) from Novus (Littleton, CO,
USA), the uricase (sc33830) antibody was obtained from
Santa Cruz Biotechnologies (Santa Cruz, CA, USA), and
phosphorylated TORC2 (bs-3415R) was purchased from Bioss
(Woburn, MA, USA).
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Determination of AMPD activity in cultured cells and liver
homogenates

AMPD activity was determined by estimating the production
of ammonia by a modification of the method described by
Chaney and Marbach (10) from cells and livers collected in a
buffer containing 150 mM KCI, 20 mM Tris-HCI, 1 mM
EDTA, and 1 mM dithiothreitol. Briefly, the reaction mixture
consisted of 25 mM sodium citrate (pH 6.0), 50 mM potas-
sium chloride, and different concentration of AMP. The
enzyme reaction was initiated by the addition of the enzyme
solution and incubated at 37°C for 15 min. For determination
of AMPD regulation by phosphate in cells, phosphate (0-5
mM) was added to the lysates 30 min before the assay for
preincubation. The reaction was stopped with the addition of
the phenol/hypochlorite reagents: Reagent A (100 mM phe-
nol and 0.050 mg/ml sodium nitroprusside in H,O) was
added, followed by reagent B (125 mM sodium hydroxide,
200 mM dibasicsodium phosphate, and 0.1% sodium hypo-
chlorite in H,O) and incubated for 30 min at 25°C. The
absorbance of the samples was measured at 625 nm with a
spectrophotometer. To determine the absolute specific activ-
ity of ammonia production (micromoles ammonia/min), a
calibration curve was determined in the range of 5 uM to 1
mM of ammonia.

Cultured cells and overexpression of AMPD2 and ancestral
uricases

Stable overexpression of AMPD2 in HepG2 cells was per-
formed employing lentiviral particle codifying for human
AMPD?2, as described previously (5). Similarly, resurrected
ancestral uricases (11) were subcloned into the EcoRI and
Nod of the multicloning site of the pLVX-IRES-Puro vector
for generation of lentiviral particles ready for transduction in
HepG2 cells.

Determination of glucose production in HepG2 cells

HepG2 cells were grown to 80% confluency overnight, and
intracellular glucose levels were determined at baseline, 1 or
3 h in the presence of lactate, pyruvate (20:10 mM ratio), and
N-6,2'-O-dibutyryladenosine 3’,5'-cyclic monophosphate so-
dium salt (Bt,-cAMP; 100 pM; cat. no. D0627; Sigma, St.
Louis, MO, USA) employing a glucose oxidase-peroxidase-
based system (10009582; Cayman Chemicals, Ann Arbor, MI,
USA) from fresh lysates obtained with MAPK lysis buffer. In
experiments involving inosine, phosphate, or uric acid, cells
were preincubated overnight with these compounds prior to
exposing the cells to serum-free medium.

Confocal microscopy and determination of TORC2
location in HepG2 cells

HepG2 cells were grown in coverslips to 60% confluency and
fixed with 4% paraformaldehyde and permeabilized with
0.1% Triton-X in PBS before overnight incubation with
TORC2 antibody (1:50 dilution in PBS-Triton-X with 3%
milk). The next day, the cells were washed 3 times with
PBS-Triton-X and incubated for 1 h with an Alexa Fluor-488
anti-rabbit antibody. After incubation, cells were washed,
mounted with medium containing DAPI for nuclear staining,
and imaged with a confocal microscope for colocalization
studies. Imaging and analysis were performed with a laser-
scanning confocal microscope (LSM510; Carl Zeiss, Thorn-
wood, NY, USA) with a X63 oil-immersion objective and the
corresponding postacquisition software. Imaging experiments
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were performed in the University of Colorado Anschutz
Medical Campus Advance Light Microscopy Core.

RESULTS

Increased hepatic AMPD activity in livers of diabetic
mice is associated with lower AMPK activation and
higher PEPCK and G6Pc levels

We, and others, have recently reported that AMPD
activation leads to the inhibition of AMPK activity in

various cell lines (5, 6, 12). Since a decrease in hepatic
AMPK activity is a characteristic finding in diabetes
(13), we hypothesized that AMPD may be acting as a
natural counterregulator of AMPK in the livers of
diabetic mice. Diabetes was induced in mice with the
standard U.S. National Instutes of Health protocol of
streptozocin (14) and hyperglycemia confirmed by
measuring fasting serum glucose and HbAIC levels
(Fig. 14, B). At 12 wk after injection of streptozocin,
mice were euthanized, and livers were collected for
evaluation of AMPK and AMPD activity. As shown in

A C
400 = **
5 PAMPK | A — e —
© 300
£
[0}
[}
8
5™ e | R S
]
€
2 —— —
o 100 -
n - —— el
PEPCK
Control Diabetic
B G6Pc e
10.0 -1 *k
Q)
3 i ——————— | et
S Actin _—
(2]}
©
>
o
g 5.0 - I
3 R —
(7]
(@]
< % Control Diabetic
T
0.0
Control Diabetic
D E F,_
150 = 20 =
- *%*
3. *% .
< =
il —~ -og 6 —
© 2 a
£ < 5
= > ()]
o S S
g 100 1 | S 10 I S 4
a @ 2
s} [m] °
e} o o
c = @®
3 < L 24
7] )
2 —
0 0 0
Control Diabetic Control Diabetic Control Diabetic

Figure 1. Decreased AMPK phosphorylation and increased AMPD activity in the livers of diabetic mice. A) Serum glucose levels
in nondiabetic and diabetic mice. B) Blood HbAlc levels in nondiabetic and diabetic mice. C) Representative Western blot
demonstrating reduced AMPK phosphorylation (at Thr172) in the livers of diabetic mice compared to nondiabetics (n=>5
mice/group) with no difference in the expression of both total AMPK and total AMPD2. Reduced AMPK phosphorylation is
associated with higher PEPCK and G6Pc expression. D) AMPD2 Western blot densitometry, demonstrating no significant
change in expression. I) AMPD activity is higher in livers from diabetic mice compared to nondiabetics. F) Intrahepatic uric acid
levels in control (nondiabetic) and diabetic mice. **P < 0.01 vs. control nondiabetic mice.
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Fig. 1C, D, the active form of AMPK, as determined by
Western blot of phosphorylated AMPK (pAMPK) at the
Thrl72 position (15, 16), was decreased in livers of
diabetic mice compared to nondiabetic mice. This
decrease of pAMPK levels in diabetic mice was associ-
ated with higher expression of PEPCK and G6Pc,
rate-limiting proteins in gluconeogenesis (3, 4). No
difference in AMPD2 expression, the main isoform of
AMPD in hepatocytes (5), was observed between dia-
betic and nondiabetic mice. However, AMPD activity,
determined by measuring the formation of ammonia
from AMP, was significantly higher in the livers of
diabetic mice (Fig. 1E), documenting that the loss of
PAMPK in these mice is associated with increased
activity of AMPD. Consistent with this finding, intrahe-
patic uric acid levels, a downstream product of AMP
metabolism through AMPD2 are significantly higher in
diabetic mice compared to control animals (Fig. 1F).

Overexpression of AMPD2 in HepG2 cells leads to
up-regulation of PEPCK and G6Pc levels and
increased glucose production.

To better understand whether the association of AMPD
activity with hepatic gluconeogenesis was causative, we

stably overexpressed AMPD2 in human HepG2 cells to
obtain values of activity similar to those observed in the
livers of diabetic mice (Fig. 24, B). Interestingly and as
shown in Fig. 2C, D, overexpression of AMPD2 resulted
in a significant up-regulation of PEPCK and G6Pc.
Hepatic glucose production in AMPD2-overexpressing
cells was also determined at 3 h after serum-ree
conditions in medium supplemented with the gluco-
neogenic substrates, lactate, pyruvate, and the gluconeo-
genesis stimulant Bt,cAMP. This treatment resulted in
higher intracellular glucose levels in AMPDZ2-overex-
pressing cells compared to control HepG2 cells (Fig.
2E). The increase in intracellular glucose levels seems
to be derived from increased glucose production rather
than decreased utilization since removal of gluconeo-
genic substrate lactate and pyruvate resulted in no
glucose accumulation under the same conditions (Fig.
2E). Of interest, basal glucose levels in AMPD2-overex-
pressing cells tended to be higher than control cells,
perhaps as a result of increased basal expression of
PEPCK and G6Pc. Furthermore, inhibition of AMPD2
with pentostatin (10 wM), an inhibitor of AMPD activity
(17) (Fig. 3A), resulted in blockade of glucose levels
(Fig. 3B).
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Figure 2. Generation of high AMPD activity in human HepG2 cells demonstrate increased expression of gluconeogenic enzymes
and glucose production. A) Total AMPD activity in livers of mice (left side of histogram; white bar denotes nondiabetic control;
gray bar denotes diabetic cells) and HepG2 cells (right side of histogram; white bar denotes control cells, while gray bar denotes
AMPD2-overexpressing cells); n = 4 clones/group. **P < 0.05 vs. respective control. B) Representative Western blot for AMPD2
and actin loading control in control HepG2 cells and cells stably overexpressing AMPD2. C) Representative Western blot for
AMPD2, PEPCK, G6Pc, and actin loading control in control HepG2 cells (n=4) and cells stably overexpressing AMPD2 (n=4).
D) Western blot densitometry for PEPCK and G6Pc in control HepG2 cells (n=4) and cells stably overexpressing AMPD2 (n=4).
#%P < 0.01 vs. control. E) Glucose production in HepG2 cells control (left) and stably overexpressing AMPDZ2 (right) in control
conditions (white bars), in serum-free medium supplemented with lactate, pyruvate, and Bto-cAMP (gray bars) and serum-free
medium without lactate, pyruvate, and Bt,-cAMP (black bars). **P < 0.01 ws. control and no L/P; P < 0.01.
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AMPD2-dependent increase in glucose levels is
mediated by the blockade of AMPK activation

We next analyzed AMPK activity in control and AMPD2-
overexpressing cells exposed to serum-free medium for
up to 3 h. As shown in Fig. 44, exposure of cells to
serum-free medium and lactate, pyruvate, and Bto-
cAMP increased pAMPK levels in a time-dependent
manner in control cells. In contrast, no significant
up-regulation of pAMPK was observed in cells stably
overexpressing AMPD2, although we observed a signif-
icant rise in total AMPK levels, perhaps as a compensa-
tory mechanism secondary to the lack of AMPK activa-
tion. By comparison, there were 6.5-fold decreased
pAMPK levels in AMPD2-overexpressing cells com-
pared to control cells at 3-h postexposure of cells to
serum-free medium (Fig. 4B). Of interest, AMPD2-
overexpressing cells were associated with increased
total AMPK expression perhaps as a compensatory
mechanism. PEPCK expression also remained elevated
in AMPD-overexpressing cells in serum-free medium
(Fig. 4A). We next evaluated the role of AMPK on
AMPD?2 in hepatic glucose production by exposing the
cells (3 h) to serum-free medium in the presence of
lactate, pyruvate, and Bty,-cAMP, with or without the
AMPK agonist AICAR (1 uM). As shown in Fig. 4C,
AICAR up-regulated pAMPK expression in control
cells. This up-regulation was also observed in AMPD2-
overexpressing cells (4.3-fold increase compared to
nonexposed cells). Of interest, both glucose levels and
PEPCK expression were significantly decreased by
AICAR in AMPD2-overexpressing cells (Fig. 4D, L),
indicating that AMPK blockade may be important in
AMPD2-mediated expression of PEPCK and gluconeo-
genesis.

AMPD2-induced generation of inosine and uric acid
contributes to increased glucose production in
HepG2 cells

Activated AMPD2 converts AMP to IMP, followed by
entering into the purine degradation pathway in which
uric acid is the final product (5). Of these products,
both inosine and uric acid have been previously sug-
gested to play a role in diabetes (18-20). Consistent
with this and as shown in Fig. 54, B, intracellular levels
of inosine and uric acid are significantly increased in
AMPD2-overexpressing cells compared to control cells.
Furthermore, preincubation of cells with inosine or

URIC ACID AND HEPATIC GLUCONEOGENESIS
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Figure 3. Inhibition of AMPD activity results in
blockade of gluconeogenesis. A) Total AMPD
activity in HepG2 cells stably overexpressing
AMPD2 control (white bar) or in the presence of
the AMPD inhibitor pentostatin (100 wM, black
bar). #*P < 0.01 vs. control. B) Glucose produc-
tion in HepG2 cells stably overexpressing AMPD2
(right) in control conditions (white bar), in
serum-free medium supplemented with lactate,
pyruvate, and Bty,-cAMP alone (gray bar), or in
the presence of pentostatin (100 wM, black bar).
##P < 0.01 vs. control and serum-free medium
plus pentostatin.

uric acid further increased hepatic glucose production
in cells exposed to lactate, pyruvate and Bt,-cAMP and
serum-free medium for 3 h (Fig. 5C), suggesting that
these metabolites may mediate AMPD2-dependent in-
creased gluconeogenesis. To separate whether the ef-
fect of inosine was mediated by the downstream gener-
ation of uric acid, we then stably silenced purine
nucleoside phosphorylase (PNP) in HepG2 cells. This
way, PNP-deficient cells possess high intracellular ino-
sine levels (Fig. 5D) but much lower intracellular uric
acid levels compared to AMPDZ2-overexpressing cells
(Fig. 5F). As shown in Fig. 5F, hepatic glucose produc-
tion in PNP-deficient cells was decreased compared to
AMPD2-overexpressing cells, indicating that uric acid
but not inosine mediates AMPD2-dependent increased
gluconeogenesis.

Resurrection of ancestral uricases from hominids
restores uric acid-induced blockade of AMPK and
hepatic glucose production

We have previously reported that under starving—serum-
free conditions, uric acid plays a key role in inhibiting
AMPK activity in HepG2 cells (5). Unlike most mammals,
in humans, uric acid levels are high due to a missense
mutation in the uricase gene that occurred ~1.5 X 107 yr
ago (21, 22). To better understand the role of uric acid in
AMPK activity and glucose production, we expressed
resurrected uricases from ancestral hominids (Ancl9 and
Anc27) in HepG2 cells and confirmed that these cells did
not accumulate uric acid after stimulating AMPD2 activity
(0.4£0.1 pg/g of protein in control cells vs. 0.1£0.1 pg/g
of protein in Ancl9-expressing cells; P<<0.05) (11). As
shown in Fig. 64, expression of Anc19 and Anc27 resulted
in the up-regulation of pAMPK and a concomitant de-
crease in PEPCK and G6Pc levels. These changes were
maintained in serum-free medium (Fig. 6B). One poten-
tial mechanism whereby pAMPK blocks PEPCK and G6Pc
expression is by the phosphorylation of the transcription
factor TORC2 (CRTC2, CREB-regulated transcription
coactivator 2), which results in blocking its transport into
the nucleus (23, 24). As shown in Fig. 6C (top panels), we
found TORC2 is present in the nucleus of cells exposed to
lactate, pyruvate, and Bto-cAMP in serum-free medium for
3 h, where it colocalizes with the nuclear marker DAPI. In
contrast, TORC2 was retained in cells expressing the
ancestral uricase, Ancl19 in perinuclear locations (Fig. 6C,
bottom panels). These data suggest that uric acid may
mediate the cellular location of TORC2 by controlling
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free conditions (Fig. 6D, E). Likely as a result of lower
PEPCK and G6Pc levels, we found that glucose produc-
tion in Ancl9- and Anc27-expressing cells were signifi-
cantly reduced compared to control cells (Fig. 7A4). Of
interest, and as shown in Fig. 7B, readdition of uric
acid resulted in the activation of gluconeogenesis in
a dose-dependent manner, suggesting that the mech-
anism whereby uricase blocked glucose production is
mediated by uric acid degradation. Consistent with
this, readdition of uric acid reduced AMPK activa-
tion, which was induced by the introduction of Ancl9
in HepG2 cells (Fig. 7C).

Intracellular phosphate regulates AMPD activity and
glucose production in HepG2 cells

The data presented here indicate that the activation of
AMPD in the liver in diabetic states is important for
increased gluconeogenesis. However, the mechanisms
resulting in increased AMPD activity in diabetes re-

URIC ACID AND HEPATIC GLUCONEOGENESIS

mains unclear. It has been previously reported that
phosphate is a natural inhibitor of AMPD activity, and
also, serum phosphate levels and transport are tightly
regulated by insulin (25-27). We have further con-
firmed the inhibition of AMPD2 by phosphate in a
dose-dependent manner by employing cell lysates incu-
bated at different phosphate concentrations, from 0 to
5 mM (Fig. 84). Of interest, and consistent with in-
creased AMPD activity, we found significantly de-
creased levels of phosphate in livers of diabetic mice
compared to nondiabetic (Fig. 8B). To better charac-
terize the role that phosphate may have in AMPD
activity, we exposed cultured cells to normal (1.2 mM)
and high-phosphate (2.5 mM) conditions for 3 d before
analyzing glucose production after 3 h postaddition of
serum-free medium in the presence of lactate, pyruvate,
and Bt,-cAMP. As shown in Fig. 8, exposure of cells to
high phosphate levels resulted in lower hepatic glucose
production compared to cells exposed to normal phos-
phate levels. This was associated with higher intracellu-
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lactate, pyruvate, and Bto-cAMP. The nuclear marker DAPI is shown in red; merged pseudocolor of TORC2 and DAPI is shown
in yellow. View: X63 in left 3 panels; X100 magnification in right 2 panels. D) Representative Western blot for TORC2 and
pTORC2 in HepG2 cells control or stably expressing ancestral uricase 19 (Ancl9) or uricase 27 (Anc27) under normal
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lar phosphate levels and overall lower AMPD activity in
cells exposed to 2.5 mM phosphate (Fig. 8D, ).

DISCUSSION

Lowering hepatic glucose production is a primary
therapeutic strategy to control diabetes (13, 28, 29).
Increased hepatic glucose production in diabetic states
may occur as a consequence of insulin deficiency or
insulin resistance that impairs glucose uptake in multi-
ple organs. Most of the strategies employed to reduce
hepatic glucose production in diabetes are associated
with stimulation of the energy sensor enzyme AMPK,
which is normally activated by an elevated AMP to ATP
ratio to block cellular anabolism (i.e., gluconeogenesis,
lipogenesis, glycogen synthesis; refs. 13, 24). Here, we
show that another AMP-stimulated enzyme, AMPD?2, is
a natural counterregulator of AMPK and that its activa-
tion in the liver of diabetic mice is associated with
reduced AMPK activity.

To understand the importance of activated AMPD in
diabetes, we stably overexpressed AMPD2 in human
HepG2 cells and achieved AMPD activity levels similar
to those found in mice that were diabetic for 12 wk. The
up-regulation of AMPD2 was associated with decreased
AMPK activation and increased glucose production and
with an up-regulation in the expression of the gluco-
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for pAMPK, AMPK, actin, and uricase in the same
conditions as in B.

neogenic rate-limiting enzymes PEPCK and G6Pc.
These data suggest AMPD2 may be a potential target in
the treatment of diabetes.

While the regulation of AMPK by AMPD2 may be
mediated, in part, by the direct reduction of AMP levels
as a consequence of the metabolism of AMP to IMP, we
also found that uric acid, a downstream product of
AMP metabolism, can inhibit AMPK activity as well.
This is of particular interest in humans, as they have
higher uric acid levels than other mammals due to the
mutation of the uricase gene that occurred in the
mid-Miocene. Indeed, our group has postulated that
the loss of uricase may have provided a survival advan-
tage to early hominoids due to the ability of uric acid to
stimulate fat accumulation and raise blood pressure
(30-32). The period during which the mutation oc-
curred was associated with remarkable famine and
starvation for the hominoid apes living in Europe that
are thought to be our ancestors (30, 31). Consistent
with this hypothesis, we found that expression of differ-
ent uricases resurrected from early hominoids could
prevent the increased intracellular glucose levels asso-
ciated with increased AMPD2 expression. On the basis
of these findings, we propose that the loss of uricase
may have raised hepatic uric acid levels, thereby stim-
ulating hepatic glucose production and serum glucose
levels that would provide fuel for the brain and other
organs during the prolonged starvation that occurred
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Figure 8. Intracellular phosphate regulates AMPD activity and glucose production in HepG2 cells. A) AMPD activity in cell
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during this time. Thus, the loss of uricase may have  response may be the mechanism underlying the activa-
functioned as a “thrifty gene” as proposed by James  tion of AMPD2 in the liver. Consistent with this, we also
Neel in 1962 (33) that would have improved survival found that intrahepatic levels of phosphate were signif-
during food scarcity but in modern societies might  icantly reduced in diabetic mice. It is important to note
predispose to obesity and diabetes. that since AMPD activity was increased in isolated
The mechanism by which AMPD is activated in  activity assays, in which the influence of high uric acid
diabetes remains unknown. However, our data suggest ~ and low phosphate would not be expected to be
it may be related to low hepatic levels of phosphate.  present, it suggests that the increased AMPD activity
Insulin not only stimulates glucose uptake, but also may persist despite removing these modulators. Fur-
uptake of phosphate and potassium into multiple tis-  thermore, recently it has been shown that AMPK down-
sues (25, 26, 34). Low intracellular phosphate levelsare  regulates phosphate transport in the kidney (36), thus
known to activate AMPD in the liver (35). Here, we  suggesting a potential autoregulatory mechanism me-
show that exposure of cells to high phosphate levels for ~ diated by AMPD by allowing its activation after intracel-
3 days results in the blockade of glucose production in  lular phosphate depletion.
an AMPD-dependent manner. Therefore, in diabetic In summary, we propose that under normal condi-
states induced by insulin deficiency (type 1 diabetes) or  tions (Fig. 9), insulin secretion favors both glucose and
resistance (type 2 diabetes), the lack of an insulin  phosphate uptake in the liver. When ATP depletion
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Figure 9. Proposed role of AMPD2 and uric acid in hepatic
glucose production in diabetic states. Under normal conditions
(left side of panel), insulin secretion favors both glucose and
phosphate uptake by the liver. When ATP depletion occurs and
the AMP/ATP ratio rises, AMPK is activated by its phosphoryla-
tion at threonine-172 to block anabolic routes, including gluco-
neogenesis, while AMPD activity is reduced by intracellular
phosphate. The mechanism whereby AMPK blocks gluconeo-
gensis is mediated by the phosphorylation of TORC2 and
PEPCK and G6Pc-reduced transcriptional activity. In contrast, in
insulin-deficient or insulin-resistant states (right side of panel),
intrahepatic phosphate levels decrease, and AMPD2 is thus
activated and uric acid generated. Increased AMPD activity and
uric acid levels block the activation of AMPK, leading to the
translocation of TORC2 to the nucleus and the transcription of
PEPCK and G6Pc that along with increased availability of
gluconeogenic substrates in diabetic states (lactate and pyru-
vate) stimulate de novo production of glucose.

occurs and the AMP/ATP ratio rises, AMPK is activated
to block anabolic routes, including gluconeogenesis, in
order to switch the cellular energy state into the
production of ATP. This mechanism is mediated by the
phosphorylation of TORC2 by pAMPK and the block-
ade of PEPCK and G6Pc transcription. In contrast, in
insulin-deficient or insulin-resistant states, intrahepatic
phosphate levels decrease, AMPDZ2 is activated, and uric
acid is generated. Increased AMPD activity and uric
acid levels block the activation of AMPK leading to the
translocation of TORC2 to the nucleus and the tran-
scription of PEPCK and G6Pc that along with increased
availability of gluconeogenic substrates in diabetic
states (lactate and pyruvate) stimulate de novo produc-
tion of glucose.
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