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5-Aminoimidazole-4-carboxamide-1-B-p-ribofuranoside
(AICAR) Effect on Glucose Production, but Not Energy
Metabolism, Is Independent of Hepatic AMPK in Vivo™
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(Background: AMPK is implicated as the mediator of AICAR action on liver metabolism.
Results: AICAR suppresses glucose production independent of AMPK. Regulation of mitochondrial function is

Conclusion: Nucleotide monophosphates rely on AMPK to regulate energy metabolism but not to suppress glucose production.
Significance: Targeted AMPK activation will not lower glucose production in metabolic diseases but could improve hepatic
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Metabolic stress, as well as several antidiabetic agents,
increases hepatic nucleotide monophosphate (NMP) levels,
activates AMP-activated protein kinase (AMPK), and sup-
presses glucose production. We tested the necessity of hepatic
AMPK for the in vivo effects of an acute elevation in NMP
on metabolism. 5-Aminoimidazole-4-carboxamide 1-f3-p-ribo-
furanoside (AICAR; 8 mg-kg ™ "'min~')-euglycemic clamps were
performed to elicit an increase in NMP in wild type (a1 a2'°*/'°)
and liver-specific AMPK knock-out mice (a1a2'°'°% + Albcre)
in the presence of fixed glucose. Glucose kinetics were equiva-
lent in 5-h fasted ala2''°* and ala2''°* + Albcre mice.
AMPK was not required for AICAR-mediated suppression of
glucose production and increased glucose disappearance. These
results demonstrate that AMPK is unnecessary for normal 5-h
fasting glucose kinetics and AICAR-mediated inhibition of glu-
cose production. Moreover, plasma fatty acids and triglycerides
also decreased independently of hepatic AMPK during AICAR
administration. Although the glucoregulatory effects of AICAR
were shown to be independent of AMPK, these studies provide
in vivo support for the AMPK energy sensor paradigm. AICAR
reduced hepatic energy charge by ~20% in al1a2'°¥'°%, which
was exacerbated by ~2-fold in ala2'°¥!°% + Albcre. This corre-
sponded to a ~6-fold rise in AMP/ATP in ala2'°"'°% + Albcre.
Consistent with the effects on adenine nucleotides, maximal
mitochondrial respiration was ~30% lower in ala2'°¥/** +
Albcre than a1a2'°¥/'°% livers. Mitochondrial oxidative phos-
phorylation efficiency was reduced by 25%. In summary, these
results demonstrate that the NMP capacity to inhibit glucose
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production in vivo is independent of liver AMPK. In contrast,
AMPK promotes mitochondrial function and protects against a
more precipitous fall in ATP during AICAR administration.

The glucoregulatory system of the body coordinates glucose
supply and demand with such precision that arterial glucose is
maintained within narrow limits. Research has provided a
clearer understanding of the hormonal and interorgan commu-
nication required for normoglycemia in vastly different physi-
ological conditions (1). Indeed, disruption of this sensitive reg-
ulatory system has had a broad impact on public health (2). The
alarming prevalence of diabetes and associated metabolic dis-
orders makes the mechanistic understanding of glucose homeo-
stasis imperative.

AMP-activated protein kinase (AMPK)? is a conserved, het-
erotrimeric serine/threonine kinase composed of «, 3, and 7y
subunits (3). AMPK senses a decrease in cellular energy and
responds by triggering pathways that work to maintain energy
balance (3). Furthermore, ADP and AMP bind the AMPK vy
subunit, which primes the enzyme for aThr'”* phosphoryla-
tion and protects against dephosphorylation. Phosphorylation
increases AMPK activity, which is further stimulated by allo-
steric AMP activation (4). Removal of LKB1, the primary kinase
responsible for AMPK phosphorylation in the liver, blunts
AMPK activation and, interestingly, results in severe hypergly-
cemia (5). AMPK has been invoked as the major mediator of the
suppressive effects of biguanides, 5-aminoimidasole-4-carbox-
amide-1-B-p-ribofuranoside (AICAR), and a number of endo-
crine factors on hepatic glucose production. However, recent

2 The abbreviations used are: AMPK, AMP-activated protein kinase; AICAR,
5-aminoimidazole-4-carboxamide 1-B-p-ribofuranoside; NMP, nucleotide
monophosphate; FCCP, carbonylcyanide-p-trifluoromethoxyphenylhy-
drazone; EC, energy charge; GIR, glucose infusion rate; EndoRa, endoge-
nous glucose production; Rd, glucose disappearance; TG, triglyceride; ACC,
acetyl-coA carboxylase.
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studies in genetic models dispute the necessity of hepatic
AMPK for the acute effects of some anti-glycemic agents (6 - 8).
Adding yet another layer of complexity to the enigmatic role of
AMPK in glycemic control, AMPK activation is highest in phys-
iological conditions characterized by elevated glucagon action
and hepatic glucose production (9-11).

AMPK activation correlates with endocrine and energetic
states characterized by pro-oxidative, anti-lipogenic signaling
in the liver (9-14). Evidence supports a role for AMPK in reg-
ulating fat utilization and mitochondrial function in the liver
(15-17). Furthermore, AICAR (18 —20) and metformin (18, 21)
promote hepatic fat utilization and suppress lipogenic signal-
ing. A major complication in determining the necessity of
AMPK for the effects of glucagon, adiponectin, AICAR, and
biguanides on hepatic metabolism is that they increase levels of
nucleotide monophosphate (NMP) (6 —10), which has multiple
sites of action. To fully understand the mechanism of action of
these hormones and pharmaceutical agents, it is necessary to
distinguish the consequences of an increase in the NMP pool
from the activation of AMPK on hepatic metabolism.

In the present studies, we tested the extent to which meta-
bolic effects of increased hepatic NMP were dependent on
AMPK. These experiments were carried out using an AICAR-
euglycemic clamp in mice with a liver-specific removal of
AMPK. The results demonstrate in vivo that an increase in
hepatic NMP suppresses glucose production by a mechanism
that is independent of hepatic AMPK. This finding challenges
the paradigm that hepatic AMPK is required for acute gluco-
regulation by AICAR. However, these studies support the
hypothesis that AMPK maintains hepatic adenylate energy bal-
ance in the liver during AICAR administration by regulating
mitochondrial function.

EXPERIMENTAL PROCEDURES

Animal Models—All procedures were approved by Vander-
bilt University Animal Care and Use Committee. To generate a
liver-specific AMPK knock-out mouse, albumin-cre+ mice
were crossed with mice containing floxed AMPKal and a2
subunits on a C57BL/6 background. Genotyping and Western
blots were performed to confirm liver-specific deletion of
AMPK, defined as a1a2'°*"'* + Albcre or wild type, ala2'°*/'°%,
Mice were maintained on a 12:12 h light/dark cycle in a tem-
perature- and humidity-controlled environment and given a
chow diet (5.5% fat by weight; 5001 Purina laboratory rodent
diet) with free access to water. On the day of the study, unre-
strained 14-15 -week-old male mice were fasted 5 h prior to
clamp or sacrifice.

Surgical Procedures and Body Composition—All clamps were
performed in chronically catheterized mice as previously
described (22). Briefly, right jugular vein and left common
carotid artery catheters were surgically implanted 5-7 days
prior to study. The mice were individually housed postsurgery;
only mice within 10% of their presurgical weight were studied.
An uncatheterized cohort of 14-week-old male ala2'*'* and
ala2'*"'°* + Albcre mice were used to determine body com-
position using an mql0 nuclear resonance analyzer (Bruker
Optics).
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AICAR-Euglycemic and Saline Clamp—On the day of study,
the mice were placed in bedded containers without food and
water between 07:00 and 08:00 for a 5-h fast (t = —300 to 0
min). Infusion lines were connected to the indwelling catheters
90 min prior to infusions to minimize stress. AICAR (Toronto
Research Chemicals) or saline clamps were performed similar
to previously described insulin clamps (23) with minor modifi-
cations. At t = —90 min, a primed continuous infusion of
[3-’H]glucose was administered to determine 5-h fasting and
clamp glucose kinetics. Samples were taken at t = —15 and —5
min to determine basal blood and plasma parameters followed
by the start of a continuous infusion of donor erythrocytes to
prevent a fall in hematocrit during the clamp. At £ = 0 min,
AICAR or saline was delivered as a primed (40 mg-kg '), con-
tinuous infusion (8 mg-kg ™ "*min ") followed by a variable infu-
sion of 50% dextrose to clamp blood glucose levels at 110
mg-dl~'. The AICAR infusion rate was selected to parallel the
conditions of earlier clamps in rodents (24, 25), which afforded
a more robust basis for comparing AMPK-dependent and -in-
dependent changes in metabolism. [3-*H]Glucose was mixed
with the glucose infusate to minimize fluctuations in specific
activity during the clamp steady state. Arterial glucose was
monitored from a 5-ul blood sample (AccuCheck Advantage;
Roche Diagnostics) every 10 min, and the glucose infusion rate
(GIR) was adjusted to account for deviations from 110 mg-dl .
Glucose kinetics and plasma metabolites were determined
from arterial samples taken during the clamp steady state (¢ =
80-120 min). Blood samples were collected in EDTA-coated
tubes and centrifuged, and the plasma layer was stored at
—20 °C for subsequent analysis.

Plasma and Tissue Analyses—Immunoreactive insulin was
measured using a double-antibody method (26). Plasma
[3-’H]glucose radioactivity was determined by scintillation
counting (22), and rates of endogenous glucose production
(EndoRa) and disappearance (Rd) were calculated using
modified Steele’s non-steady-state equations (27). Lactate was
measured fluorometrically. Free fatty acids and plasma/liver
triglycerides were measured through enzyme-linked spectro-
photometric assays (NEFA C kit, Wako Chemicals; and Tri-
glycerides-GPO reagent set, Pointe Scientific).

At the end of the clamp, the mice were euthanized through
cervical dislocation, and liver tissue was excised and freeze-
clamped (<20 s) to prevent hypoxia driven changes in nucleo-
tides. Hepatic adenine nucleotides were measured via HPLC
through Vanderbilt’'s Hormone Assay and Analytical Services
Core. ~60 mg of frozen liver tissue was rapidly homogenized in
0.6 ml of ice-cold 0.4 M HCIO, containing 0.5 mm EGTA. Sam-
ples sat on ice for 3 min and were then centrifuged at 3200 X g
at 4 °C for 5 min. The supernatant was neutralized with 0.5 M
K,CO,. Samples sat on ice for another 3 min and were centri-
fuged at 3200 X gat 4 °C for 5 min, and the supernatants were
saved for HPLC nucleotide analysis as previously described
(10). Energy charge (EC) was calculated from the results as fol-
lows: EC = ([ATP] + 0.5[ADP])/([ATP] + [ADP] + [AMP]).

For glycogen measurements, the liver was homogenized in
0.03 N HCI (0.1 mg of tissue/ul) and incubated at 80 °C for 10
min. A volume of the digest was applied to chromatography
strips, dried, washed three times in 70% EtOH, and briefly
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rinsed with acetone. The chromatography strips were incu-
bated in 5 ml of NaOAc-amyloglucosidase at 37 °C in a shaking
water bath for 3 h. Glycogen concentration was determined
from the isolate through an enzyme-linked colorimetric assay.

Immunoblotting—40-70 mg of liver tissue was homoge-
nized in an extraction buffer (50 mm Tris, 1 mm EDTA, 1 mm
EGTA, 10% glycerol, 1% Triton X-100, pH 7.5) containing pro-
tease (Pierce) and phosphatase inhibitors. Homogenates were
centrifuged for 20 min at 4500 X gat 4 °C, and the supernatants
were assayed for protein concentration using the Bradford
method. 5-25 ug of protein were separated in NuPAGE 4-12%
(v/v) Bis-Tris gels (Invitrogen) and transferred to a PVDF mem-
brane. The membranes were blocked in 5% milk (w/v) and
probed for tAMPK, pAMPK"™"72, pACC5”?, tACC, B-actin (Cell
Signaling Technology), total OXPHOS, VDACI, and GAPDH
(Abcam). HRP-linked a-rabbit and a-mouse secondary anti-
bodies were applied for ECL and visualization. Immunoblots
for total OXPHOS were performed on mitochondrial extracts
and normalized to VDACI. Image] software was used for
densitometry.

Mitochondria Isolation and Oxygen Consumption—Mito-
chondrial isolation was performed using standard homogeni-
zation and differential centrifugation methods as previously
described (28). Briefly, liver tissue was weighed and subse-
quently minced in 5 ml of ice-cold mitochondrial extraction
buffer containing 250 mum sucrose, 2 mm KH,PO,, 1 mm EGTA,
and 20 mM Tris'HCl (pH 7.2). The minced tissue was washed
twice and homogenized at 600 rpm with a Teflon Potter-Elve-
hjem pestle (6 up and down pulses). The homogenate was cen-
trifuged for 10 min at 800 X g at 4 °C. The mitochondria-rich
supernatant was then pelleted by centrifugation at 8000 X g at
4 °C for 10 min and gently resuspended in 0.5 ml of ice-cold
extraction buffer. The mitochondrial sample received a second
centrifugation at 8000 X gat 4 °C for 10 min, and the final pellet
was resuspended in 200 ul of extraction buffer. Mitochondrial
protein concentration was measured using the Bradford
method. The freshly isolated liver mitochondria were used for
oxygen consumption measurements. High resolution respi-
rometry (Oroboros Instruments) was performed in duplicate at
37 °C in MiR05 (0.5 mm EGTA, 3 mm MgCl,-6H,0, 20 mm
taurine, 10 mm KH,PO,, 20 mm HEPES, 1g/liter BSA, 60 mm
potassium-lactobionate, 110 mm sucrose, pH 7.1, adjusted at
30 °C) as previously described (29). State 2 oxygen flux was
assessed following titration of complex I substrates glutamate
(10 mm) + malate (2 mm) + pyruvate (5 mm). State 3 oxygen
consumption supported by complex I substrates was evaluated
by a 5 mm ADP addition. State 4 was determined by titrating
oligomycin (2 ug/ml). Carbonylcyanide-p-trifluoromethoxy-
phenyl-hydrazone (FCCP) was added in 0.05-um steps to
determine maximal electron transport system-mediated oxy-
gen flux. An aliquot of freshly isolated mitochondria was frozen
at —80 °C for immunoblot analysis.

Statistical Analysis—Comparisons were made using two-
tailed ¢ tests or two-way analysis of variance and Fisher’s least
significant difference test for specific differences. The data are
expressed as means * S.E. Significance was p = 0.05.
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TABLE 1

Body composition and 5-h fasted metabolites of wild-type (a1a2'2/'°%)
and liver-AMPK knockout (a1a2'®/'°* + Albcre) mice

Plasma metabolites were isolated from arterial blood samples taken from 5-h fasted
ala21% and ala2'*'°* + Albcre mice. Body composition was performed on a
separate cohort of ala2'"** and a1 a2'*/*** + Albcre mice. The data are expressed
as means = S.E. (n = 5-13 in each group).

ala2!ox/tex ala2'* + Albcre

Body composition

Body weight (g) 28.3 £ 1.0 28.2 + 0.8

Fat (%) 93+ 1.1 10.6 + 0.5

Muscle (%) 87.6 + 3.1 86.9 + 0.5
Plasma metabolites

Blood glucose 118 +3 117 £ 4

Insulin (ng/ml) 1.9 +0.3 2.1 *04

Triglycerides (mg/dl) 95+ 8 82 +7

Lactate (mmol/liter) 0.7 £ 0.1 0.6 = 0.1

Free fatty acids (mEq/liter) 0.30 = 0.03 0.38 = 0.07

RESULTS

Body Composition and 5-h Fasted Metabolites—A cohort of
14-week-old ala2'*'°* and ala2'*'** + Albcre mice were
assayed to determine whether the absence of hepatic AMPK
impacted whole body weight and composition. There were no
apparent differences in body composition (Table 1). 5-h fasted
arterial glucose, plasma insulin, free fatty acids, lactate, and
triglycerides (TGs) were not different between ala2'"'** and
ala2!°¥1% + Albcre (Table 1).

AICAR-mediated Inhibition of Glucose Production Is Inde-
pendent of Acute AMPK Activation—In vivo and in vitro deliv-
ery of AICAR to hepatocytes inhibits glucose production (8,
24). To test whether AICAR requires AMPK for the inhibition
of endogenous glucose production (EndoRa), AICAR was con-
tinuously infused at 8 mg-kg™"*min "', and blood glucose was
clamped at ~110 mg-dl~'. During the experimental period, the
GIR required to maintain euglycemia (Fig. 1A) was similar
between genotypes in both saline and AICAR clamps (Fig. 1B);
however, the sustained elevation in GIR was significantly higher
with the infusion of AICAR than saline controls. EndoRa and
glucose disappearance (Rd) were indistinguishable between
genotypes prior to and during the AICAR or saline clamp
(Fig. 1, C and D). AICAR inhibited EndoRa equivalently in
ala2'*"% and ala2'9'°% + Albcre mice (0.8 = 1.4and 1.1 =+
2.4 mgkg ''min ). Likewise, AICAR induced an equal incre-
mentin Rd in ala2'°°% and a1a2'¥'°% + Albcre mice (31.0 *
1.2 and 32.8 * 1.5 mg-kg™ "*min~"). Plasma insulin levels were
indistinguishable between the saline and AICAR clamp groups
(Table 2). The data show that the inhibition of EndoRa by
AICAR (Fig. 1, C and D) is disassociated from its capacity to
activate AMPK (Fig. 2A) in vivo. AMPK deletion also provoked
a reduction in liver glycogen (Table 2), which did not impact
AICAR-mediated inhibition of EndoRa.

The 2-h AICAR infusion blunted plasma free fatty acid and
plasma TG concentrations in ala2'** and a1 a2'°*'** + Alb-
cre mice (Table 2). Indeed, AICAR was so potent at clearing free
fatty acids that circulating levels were undetectable in a1a2'>/'
mice (Table 2). AICAR elicited 6.6 = 0.6- and 5.2 * 0.5-fold
increases in plasma lactate over saline in ala2'°¥'°* and
ala2'*"'* 4+ Albcre mice, respectively. The elevation in plasma
lactate, however, was partially attenuated in ala2'/*** + Alb-
cre mice (Table 2).
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FIGURE 1. Acute inhibition of glucose production by AICAR is independent of hepatic AMPK. A and B, arterial glucose (A) and GIR (B) during AICAR and
saline clamps in a1a2'”'"*and a1a2'*/'* + Albcre mice. Mice were fasted 5 h prior to the primed (40 mg-kg ") infusion of AICAR (8 mg-kg ™~ "-min ") or saline.
Blood glucose was clamped at 110 mg-dl™", and the time course is displayed to demonstrate experimental quality. 50% dextrose was infused to maintain
euglycemia during the steady state of the clamp (t = 80-120 min). Cand D, endogenous glucose production (EndoRa) and disappearance (Rd) during the basal
period (5-h fasted) (C) and steady state of the AICAR clamp (D) in a1 02'°1°% (W) and a102'/'%* + Albcre () mice. GIR means from the experimental period were
analyzed for significance. The data are expressed as means + S.E,, n = 5-12 in each group. *, p =< 0.05 versus saline.

TABLE 2

A. AICAR _Saline AICAR _Saline
Clamp metabolltes ' ' ' . PAMPKT!2 i S s
Plasma and liver metabolite concentrations during the saline or AICAR (8
mg-kg min~") euglycemic clamp from ala2'>** and ala2'*""** + Albcre mice. Total AMPKoL S S s s
Plasma metabolites were isolated from arterial blood samples drawn from external- LR -—
ized catheters in conscious, unstressed mice during the clamp steady state. Liver GAPDH [ * ;. Q”
triglycerides and glycogen were measured from freeze-clamped tissue excised at the tAMPK/GAPDH 1.0£0.02 1.0+0.06 ND ND
end of the clamp. Blood glucose means from the experimental period were analyzed 172 - e
for significance. The data are expressed as means = S.E. (1 = 4—7 in each group). ~pAMPK " "“/GAPDH *1.4+0.13 1.0£0.10 ND ND
ND, values lower than detectable range.
lox/lox lox/lox
ala? ala? + Albcre B. pACCS79 P
Blood glucose (mg/dl)
Saline clamp 109 = 4 113 = 4 Total ACC  em e e cmme e G = ="
AICAR clamp 111 £2 112+ 5 .
- BActin  — — — —— — ——
Insulin (ng/ml)
Saline clamp 41205 30x07 tACC/BActin  1.0£0.09 1.0+0.06 1.0+0.11 1.0+0.08
camp —— e PACCS™/BActin  1.0£0.10 1.0£0.03  ND ND
Triglycerides (mg/dl) —— —
Saline clamp 41 x5 45+ 5 ala2oviex a1a 2" Albcre
+ 14 + 44
AICAR clamp_ =l S FIGURE 2. Effect of AICAR on liver AMPK activation state. Total, pAMPK™'72
Lactate (mmol/liter) (A) and total, pACCS”° (B) from the livers of a12'*'**and a1a2'/'"* + Albcre
Saline clamp 0.8 = 0'1‘2 0.7 % 0~1a R mice following the AICAR or saline clamp. The data are normalized to GAPDH
AICAR clamp 50%05 3.7+ 0.3 or B-actin and expressed as means = S.E. Values below the blots are arbitrary
Free fatty acids (mEq/liter) units normalized to a1a2''"°* saline controls, n = 5-6 in each group. *, p =
Saline clamp 0.47 =0.06 0.48 = 0.07 0.05 versus saline. ND, values lower than detectable range.
AICAR clamp ND“ 0.06 = 0.02*
Liver triglycerides (mg/g of liver)
Saline clamp 24.6 = 0.8 29.1 £ 2.0 i i £ 3 _
AICAR dlamp o7t 1m 967 x 7 reduced hepatic TG concentrations compared Wlth saline con
. . trols (19.7 = 1.5 versus 24.6 = 0.8 mg/g of liver, p = 0.08).
Liver glycogen (mg/g of liver) lox/lox R K -
Saline clamp 72 +22 31+ 08 ala2 + Albcre mice did not experience the same AICAR-
AICAR clamp 14.6 +34° 21+ 04°

mediated reduction as hepatic TG concentrations were signif-
icantly higher than a1a2'*"'°* (26.7 + 2.7 and 19.7 * 1.5 mg/g
of liver) (Table 2). Inhibitory phosphorylation of acetyl-CoA
carboxylase (pACC®”®) was similar between ala2'°*'** saline
and AICAR groups at the end of the clamp (Fig. 2B). Indeed,
AICAR can promote carnitine palmitoyltransferase-1
activity independent of changes in malonyl-CoA (30).

“p = 0.05 versus saline.
» p = 0.05 versus ala2!'o¥/1ox
¢ p = 0.08 versus saline.

AMPK activation during energy stress is implicated in fat
utilization in the liver (15). Liver TG levels in ala2!°'*% and
ala2'*'*x + Albcre mice at the end of the saline infusion were

not statistically different (24.6 = 0.8 and 29.1 * 2.0 mg/g of
liver) (Table 2). The AICAR infusion in ala2'°¥* mice

FEBRUARY 28, 2014+VOLUME 289-NUMBER 9 ASEVB\

Thus, AICAR facilitates a decrease in liver TGs via hepatic
AMPK.
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FIGURE 3. Liver AMPK deletion exacerbates AICAR effects on hepatic energy state. A and B, hepatic adenine nucleotides (A) and the total adenine
nucleotide pool (TAN, B) were measured by HPLC from liver extracts taken from a1a2'®'"*and a1a2'®'°% + Albcre mice at the end of the AICAR or saline clamp.
C, hepatic ZMP levels were also measured to assess the quality of AICAR delivery into the liver. D, energy charge was calculated by the following equation,
([ATP] + 0.5[ADP])/([ATP] + [ADP] + [AMP]), to assess the energy state of the liver. £, the AMP/ATP ratio was provided for each clamp group. The data are
expressed as means * S.E., n = 5-6 in each group. ¥, p = 0.05 versus saline; 1, p = 0.05 versus a1 a2'ox/1ex,

AMPK Counters a Decrease in Hepatic Adenylate Energy
Charge during an Acute AICAR Challenge in Vivo—The primed
AICAR infusion resulted in comparable hepatic ZMP levels in
the two genotypes (Fig. 3C). The conversion of AICAR to ZMP
utilizes ATP (31), and ZMP has been demonstrated to inhibit
complex I respiration in isolated mitochondria (16). Adenylate
kinase maintains the equilibrium between ATP, ADP, and
AMP; physiological and pharmacological perturbations in
metabolism can alter this balance (6,8 —11). Thus, hepatic ATP,
AMP, and ADP were measured to investigate how an acute
AICAR infusion perturbs hepatic adenylate energy balance in a
euglycemic, in vivo setting. Liver ATP levels were comparable
in ala2'°% and ala2'9'°* + Albcre mice (1.7 = 0.12 versus
1.5 = 0.09 umol-g ') that received the saline infusion (Fig. 34).
The AMP/ATP ratio and EC were similar to previous measure-
ments taken under postabsorptive conditions (11). The AICAR
infusion resulted in a significant reduction in the total adenine
nucleotide pool (3.3 + 0.09 to 1.6 = 0.02 wmol-g~ ") in ala2'**/**
and mice lacking hepatic AMPK (3.1 * 0.06 to 14 =+
0.08umol-g™ ') (Fig. 3B). Hepatic AMP levels were equivalent
(0.43 = 0.04 versus 0.47 = 0.03 pwmol-g™ ") in saline control
groups. However, AICAR elicited a significant increase in AMP
in ala2!°¥1°% + Albcre over al a2 mice (0.43 + 0.02 versus
0.61 = 0.09 wmol-g~") (Fig. 3A). AICAR also elicited a reduc-
tion in ATP and ADP levels in both groups (Fig. 34). The fall in
ATP was exacerbated in the absence of hepatic AMPK. The
deleterious effect of AICAR on the adenylate pool is exempli-
fied by the magnitude of change in EC and the AMP/ATP ratio.
ala2'*"'* mice sustained a ~20% reduction in EC, whereas
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ala2'*'** + Albcre mice incurred a nearly 2-fold greater
reduction (Fig. 3D); the relative amount of available high energy
adenylate phosphate was severely reduced as reflected by the
~3- and ~6-fold rise in the AMP/ATP ratio in ala2'**** and
ala2'*'* + Albcre mice, respectively (Fig. 3E). Thus, AMPK
limits the fall in energy charge during an acute AICAR infusion
in vivo. These data are consistent with the effects of metformin
and AICAR in vitro (8).

Mitochondria from ala2'*"* + Albcre Mice Display Impair-
ments in Mitochondrial Function—Livers from ala2'*"°* + Alb-
cre mice demonstrate an impaired capacity to utilize fat and
maintain ATP levels during an acute AICAR challenge. Given
the importance of oxidative phosphorylation in these interre-
lated processes, we hypothesized that hepatic mitochondria
from ala2'"'** + Albcre mice would demonstrate impair-
ments in integrative oxidative phosphorylation function com-
pared with WT littermates. Polarographic oxygen consump-
tion measurements were performed on mitochondria isolated
from the livers of ala2'**'** and ala2'*'** + Albcre mice.
The absence of hepatic AMPK had no effect on glutamate-,
malate-, and pyruvate-supported basal oxygen consumption
(state 2) (Fig. 44). ADP-stimulated oxygen consumption (state
3), however, was attenuated in ala2'*'°* + Albcre mice (Fig.
4A). The addition of the ATP-synthase inhibitor oligomycin
demonstrated that nonphosphorylating oxygen consumption
was no different between a1a2'"'°* and ala2'*'°* + Albcre
mice (Fig. 4A). Absolute FCCP-stimulated, uncoupled respira-
tion was significantly higher in al1@2'***** mice (Fig. 44) but
equaled ala2'*'** + Albcre when normalized to state 3 and
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FIGURE 4. Oxygen flux data from mitochondria isolated from the livers of a1a2'°*/'** and a1a2'°*"** + Albcre mice. A, mitochondrial respiration was
measured in the presence of the OXPHOS substrates glutamate, malate, and pyruvate (State 2) in the presence of saturating ADP (State 3), oligomycin (Leak),
and FCCP (electron transport system, ETS). B, the respiratory control ratio (RCR) is defined as the ratio of state 3 to state 2 oxygen consumption. C, mitochondrial
complex expression in isolated mitochondria from the livers of a1a2'"'** and a1a2'*'** +Albcre mice was measured through Western blotting (normalized to
VDAC1). The representative images are lanes obtained from different parts of the same immunoblot. The data are expressed as means = S.E.,, n = 5-6in each group.
1, p = 0.05 versus a1a:2'°/'% §, p > 0.05 versus a1a2'"/'°% absolute rates are significantly different but not when normalized to state 3 and leak respiration.

Leak respiration.®> Impaired state 3 respiration in ala2'*/'** +

Albcre mice led to a reduction in the respiratory control ratio—an
index of mitochondrial efficiency— compared with ala2'°/!°*
controls (Fig. 4B). These data indicate that hepatic AMPK sup-
ports efficient coupling of ADP phosphorylation and oxygen con-
sumption. In addition, the removal of hepatic AMPK was suffi-
cient to reduce the expression of mitochondrial complexes II and
III (Fig. 4C). These results are consistent with the demonstration
that hepatic AMPK activity is protective against a greater reduc-
tion in EC and elevation in the AMP/ATP ratio in response to
AICAR.

DISCUSSION

Compounds (endogenous and pharmaceutical) and condi-
tions that increase hepatic AMPK activity have been demon-
strated to mitigate hepatic processes central to the etiology of
diabetes and obesity (6 —8, 18 —21, 32-38). Here we use genetic
tools to distinguish between the AMPK-dependent and -inde-
pendent effects of AICAR in vivo. Recent evidence challenges
the role of AMPK as an indispensable arbiter for the anti-glycemic
action of biguanides and adiponectin in hepatocytes (6 —8). The
studies herein define the regulatory role of energy state in terms of
those metabolic effects that are mediated by hepatic AMPK and
those that are not. This was accomplished by increasing the NMP
concentration in the presence of a fixed glucose concentration

3 C. M. Hasenour, D. E. Ridley, C. C. Hughey, F. D. James, E. P. Donahue, J.
Shearer, B. Viollet, M. Foretz, and D. H. Wasserman, unpublished
observation.
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using an AICAR-euglycemic clamp technique in the presence and
absence of hepatic AMPK in vivo.

AMPK activation is broadly implicated in the transcriptional
control of mediators of gluconeogenesis (17, 39 —44). Cre-me-
diated removal of the AMPKa2 catalytic subunit from the liver
results in substantial increases in fasting glucose and insulin
(45). It has also been demonstrated that the overexpression of
constitutively active AMPKa2 reduces fasting glucose with a
concomitant attenuation of phosphoenolpyruvate carboxyki-
nase and glucose-6-phosphatase gene expression (17). More-
over, AICAR attenuates the gene expression of phosphoenol-
pyruvate carboxykinase and glucose-6-phosphatase; this effect
has been attributed to AMPK activation (40, 42, 44), but the
requirement for this enzyme in acute control has recently been
strongly contested in primary hepatocytes and metabolic tests
in vivo (8). We demonstrate that the genetic removal of both
AMPKal and a2 catalytic subunits from the liver has no impact
on rates of endogenous glucose production or disappearance in
the conscious, 5-h fasted mouse. During euglycemia, liver
AMPK is neither required for the AICAR-mediated inhibition
of EndoRa nor its stimulation of glucose disappearance. These
data impart two important results regarding the role of AMPK
in the acute glucoregulation: the genetic deletion of AMPK
from the liver (a) does not affect 5-h fasting glucose kinetics and
(b) is unnecessary for the AICAR-mediated suppression of
EndoRa in the short-fasted mouse.

Although these studies highlight the power of AICAR to
inhibit glucose production in vivo, the results do not discount
the possibility that hepatic AMPK participates in the regulation
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of glucose flux under other conditions. The experiments were
designed to study glucose flux in the short-fasted, postprandial
mouse to limit the effects of fast duration on hepatic nucleo-
tides and AMPK signaling. Applying physiological stressors
that reduce energy state (i.e., acute, high intensity exercise) may
uncover a role for hepatic AMPK in glucoregulation that is not
evident when energy state is reduced using AICAR. These and
other recent studies (6, 8, 10) emphasize the need to demarcate
the in vivo effects of AMPK in physiology from pharmacology.

Recent literature on glycemic regulation by glucagon (10)
and biguanides (6, 8) has reinvigorated the conversation sur-
rounding AMP and energy charge as regulatory variables (46,
47). Glucagon-mediated flux through phosphoenolpyruvate
carboxykinase appears to generate an autoregulatory feedback
loop limiting the amount of ATP disposed to gluconeogenesis
(10). These studies demonstrate that the unique plasticity of
liver EC has an important function in response to a normal
elevation in endocrine action. Indeed, glucagon provokes dis-
tinct changes in liver function that correspond to a relative
decrease in available ATP (10), despite the stimulation of fat
oxidation and suppression of triglyceride synthesis (48).

A therapeutic advantage of AMPK-activators like AICAR
and biguanides is that they are not dependent on cataplerotic
flux for an increase in the AMP/ATP ratio. Rather, metformin
has been shown to inhibit mitochondrial complex I activity (49,
50), depress energy charge, and activate AMPK (8). AMP has
the capacity to inhibit fructose 1,6-bisphosphatase (51) and
adenylyl cyclase (6). ZMP, the AMP mimetic generated from
AICAR, also inhibits the former (38) and interferes with com-
plex I activity in isolated mitochondria (16). In well controlled
conditions in which glucose is tightly regulated, the AICAR
infusion induces a large drop in the total adenine nucleotide
pool, EC, and an increase in the AMP/ATP ratio. The AICAR
stimulated fall in ATP is even larger in the absence of hepatic
AMPK, which manifests into a greater drop in EC and increase
in AMP/ATP. In vivo (37, 52) and in vitro (8, 16) delivery of
AICAR can disrupt the hepatic adenylate energy pool and
induce a drop in ATP. AMPK clearly plays a protective role,
maintaining energy state in the presence of the metabolic chal-
lenge induced by nucleotide phosphate disequilibrium.

Substrate utilization and energy production are functionally
linked through oxidative phosphorylation. Physiological condi-
tions characterized by increases in ATP demand also corre-
spond to elevations in fat, amino acid, glycerol, and lactate uti-
lization in the liver (53). The AICAR infusion provokes a fall in
available energy. Liver AMPK knock-out impairs mitochon-
drial function and fat utilization, which exacerbates the effects
of AICAR on hepatic energy state. Energy production from fat
primarily results from the generation of reducing cofactors
for oxidative phosphorylation. Additionally, AMPK promotes
mitochondrial complex II and III expression, which serve as
sites for the provision of reducing equivalents. During AICAR
delivery, the efficient coupling of reduced cofactors with ATP pro-
duction may be vital to preserving energy charge. Reductions in
complex II and III expression and mitochondrial efficiency may
trigger the larger increment in the AMP/ATP ratio observed in
AMPK-deficient livers. It should be noted that impairments in
hepatic energy homeostasis in ala2'"'** + Albcre mice only
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emerged with AICAR administration. No differences in adenine
nucleotides, EC, or AMP/ATP were observed in short-fasted,
euglycemic ala2'/* and ala2'*** + Albcre mice receiving
the saline infusion. Thus, defects in substrate utilization and
mitochondrial function in ala2'**'°* + Albcre mice only
affect liver energy state when linked with elevated metabolic
stress.

Similar to the effects of metformin, ZMP interferes with
complex I and impairs state 3 respiration (16). AICAR may
promote AMPK-dependent and -independent fat transport
into the mitochondria yet impede cofactor oxidation. As a
result, liver energy charge may decline despite a relative abun-
dance of substrate, NADH, and FADH,. A similar hypothesis
has been proposed for the actions of metformin (54).

The deleterious effect of AICAR on EC may be compounded
by the inhibition of hepatic glucose uptake. AICAR delivery
into the portal vein renders the liver insensitive to net hepatic
glucose uptake, even during hyperglycemia and hyperinsuline-
mia (52). In vitro work confirms that AICAR reduces glucoki-
nase translocation and glycolysis in hepatocytes (55), in AMPK-
dependent (56) and -independent (57) conditions. Our AICAR
delivery rate was selected to permit a reasonable physiological
comparison between our results and earlier AICAR-euglycemic
clamps in rodents (24, 25). The resulting dose was sufficient to
perturb hepatic adenylate energy balance, and we expect that
the depletion of ATP could contribute to an inhibition of liver
glycolysis (56, 57). AICAR also elevates plasma lactate in vivo
(24, 37), which may result from increased production from
muscle (58) and impaired uptake in the liver (38). Because
AICAR induced an equal increment in glucose disappearance,
it is reasonable to assume that muscle lactate production is
unaffected by liver AMPK knock-out. The attenuated elevation
in plasma lactate in ala2'**'** + Albcre mice may instead
reflect a switch in substrate uptake and utilization in the liver
during AICAR administration.

The metabolic challenge induced by AICAR inhibits both
glucose flux in and out of the liver, effectively generating a con-
dition in which the liver may become more reliant on fat oxida-
tion. Ample molecular and physiological evidence connects
AMPK activation with fat utilization in the liver. AICAR
reduces hepatic TGs under various conditions in rodents (18 —
20) and increases fatty acid oxidation in hepatocytes (21, 30,
59). Knock-out of the AMPKa2 subunit in the liver (45) results
inincreased circulating fatty acids, TGs, and a decrease in 3-hy-
droxybutyrate, whereas the short term overexpression of a con-
stitutively active form of AMPKa2 reduces plasma TGs and
increases B-hydroxybutyrate (17). Together, these results sug-
gest that AMPK mediates fatty acid uptake and oxidation. Our
data demonstrate that the acute effect of AICAR on hepatic TG
utilization requires liver AMPK. pACC®” is undetectable in
ala2'*"'* 4+ Albcre mice and, thus, higher in AICAR-treated
ala2'"'°* mice (Fig. 2B), implicating increased carnitine
palmitoyltransferase-1 activity as a potential mechanism for
elevated fat oxidation in the liver. However, pACC3”® was not
different between a1a2'**'** saline and a1 2'*/'°* AICAR. It is
plausible that increased NMP drives fatty acid flux away from
de novo lipogenesis and through carnitine palmitoyltrans-
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ferase-1 (30), in an AMPK-dependent and pACC%”°-indepen-
dent manner.

Lastly, AMPK has been shown to regulate mediators of TG
and cholesterol synthesis (14, 60 — 62). At the end of the AICAR
infusion, higher liver TGs in ala2'*'** + Albcre mice could
conceivably result from an impaired inhibition of TG synthesis
or esterification. If this were the case, one might expect circu-
lating TGs to follow a similar trend, yet circulating TGs were
equivalent in ala2'¥'°* and ala2'¥'°* + Albcre mice. Evi-
dence from these studies point to impairments in fat utilization
as a source of elevated TGs in the livers of ala2'*/'** + Albcre
mice following AICAR administration.

Collectively, the data provide in vivo support for the energy
sensor paradigm (63). AMPK acts as a sensor and safeguard of
the hepatic adenylate energy pool during an acute challenge to
the energy status of the liver. The absolute amounts of ATP,
ADP, and AMP in the liver are dictated by changes in synthesis
and breakdown, with adenylate kinase coordinating their
relative balance. Genetic deletion of AMPK exacerbates the
AICAR-mediated disturbance of the adenylate pool and a larger
reduction in available ATP. The evidence suggests that AMPK
works to promote fat utilization and mitochondrial function
during a pharmacological increase in ATP consumption, as
liver AMPK knock-out leaves liver TGs elevated. These data
prove that AMPK is not required for the acute inhibition of
endogenous glucose production during elevations in AMP, the
AMP/ATP ratio, or ZMP in vivo. This and other recent
research (6—8) have important implications for therapeutics
designed to target the pathogenesis of diabetes and metabolic
diseases.
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