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Pharmacological AMPK activation represents an attractive approach for the treatment of
type 2 diabetes (T2D). AMPK activation increases skeletal muscle glucose uptake, but
there is controversy as to whether AMPK activation also inhibits hepatic glucose produc-
tion (HGP) and pharmacological AMPK activators can have off-target effects that contrib-
ute to their anti-diabetic properties. The main aim was to investigate the effects of 991
and other direct AMPK activators on HGP and determine whether the observed effects
were AMPK-dependent. In incubated hepatocytes, 991 substantially decreased gluco-
neogenesis from lactate, pyruvate and glycerol, but not from other substrates.
Hepatocytes from AMPKβ1−/− mice had substantially reduced liver AMPK activity, yet the
inhibition of glucose production by 991 persisted. Also, the glucose-lowering effect of
991 was still seen in AMPKβ1−/− mice subjected to an intraperitoneal pyruvate tolerance
test. The AMPK-independent mechanism by which 991 treatment decreased gluconeo-
genesis could be explained by inhibition of mitochondrial pyruvate uptake and inhibition
of mitochondrial sn-glycerol-3-phosphate dehydrogenase-2. However, 991 and new-gen-
eration direct small-molecule AMPK activators antagonized glucagon-induced gluconeo-
genesis in an AMPK-dependent manner. Our studies support the notion that direct
pharmacological activation of hepatic AMPK as well as inhibition of pyruvate uptake
could be an option for the treatment of T2D-linked hyperglycemia.

Introduction
Type 2 diabetes (T2D) is a metabolic disorder characterized by elevated blood glucose (hypergly-
cemia), even in the starved state, due to decreased glucose utilization and disposal in peripheral
tissues, mainly skeletal muscle [1,2], although insulin resistance, particularly in liver, makes an
important contribution to hyperglycemia in T2D patients during starvation. The disease is also char-
acterized by increased hepatic glucose production (HGP) exacerbated by glucagon, whose levels are
increased in T2D [3]. Under normal conditions during short-term starvation, glucagon secretion
tends to maintain glycemia by increasing glycogen breakdown and by favoring gluconeogenesis
(GNG) over glycolysis in liver [4]. The mechanism of action of glucagon involves G-protein-coupled
plasma membrane adenylate cyclase activation, thereby increasing adenosine 30,50-cyclic monophosphate
(cAMP) production [5]. Increased cAMP leads to cAMP-dependent protein kinase (PKA) activation [6].
PKA phosphorylates liver 6-phosphofructo-2-kinase (PFK-2)/fructose-2,6-bisphosphatase (PFKFB1)
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to lower fructose-2,6-bisphosphate concentration [7–9], and by phosphorylating and inactivating liver-type
pyruvate kinase, glycolysis is inhibited [10,11]. These acute effects of glucagon to decrease fructose-2,6-
bisphosphate levels and inactivate pyruvate kinase partly explain how the hormone stimulates HGP. In the
long-term, glucagon increases the expression of the key gluconeogenic enzymes, glucose-6-phosphatase
(G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) [12,13]. Together these short- and long-term
effects increase net glucose output by the liver to maintain glucose homeostasis during starvation.
AMP-activated protein kinase (AMPK) is a well-recognized drug target for treating T2D [14]. We showed

that AMPK activation in hepatocytes leads to cyclic nucleotide phosphodiesterase-4B (PDE4B) activation,
antagonizing glucagon-induced cAMP accumulation and downstream PKA signaling [15]. Historically, AMPK
activation in skeletal muscle upon contraction was first shown to lead to insulin-independent stimulation of
glucose uptake [16], partly explaining the beneficial effects of exercise for managing the disease. Thereafter,
metformin was found to activate AMPK in liver [17], but whether AMPK activation is responsible for
decreased HGP is controversial. Treatment with 5-aminoimidazole-4-carboxamide riboside (AICAR) or metfor-
min at ‘therapeutic’ doses (below 100 mM) effectively reduced HGP and led to AMPK activation. However, the
use of transgenic mouse models suggested that these effects as well as glucose uptake and phosphorylation were
mostly AMPK-independent [18,19]. In contrast, genetic ablation of AMPKα2 in liver caused hyperglycemia
due to increased HGP and impaired capacity of leptin and adiponectin to reduce HGP [20]. Also, short-term
overexpression of constitutively active AMPKα2 led to mild hypoglycemia due to reduced HGP [21]. Lastly,
mice lacking liver kinase B1 (LKB1), the main upstream AMPK-activating kinase, were hyperglycemic and
resistant to metformin treatment [22]. It is thus still unclear whether and how AMPK controls HGP.
Compounds interfering with mitochondrial ATP production, such as metformin [23], activate AMPK indirectly

via an increase in intracellular AMP : ATP ratio. AICAR, the first pharmacological AMPK activator, is converted
in cells to the AMP analog ZMP [24]. More recently, a novel class of direct activators was discovered that bind to
a pocket between the AMPK α- and β-subunits, the so-called ‘Allosteric Drug and Metabolite’ or ‘ADaM’
binding site [25]. The first such compound was A769662 [26] that specifically activated AMPKβ1-containing het-
erotrimers [27,28]. Compound 991 is also AMPKβ1-specific, at least in cell-free assays [28], but at high doses,
991 activated both AMPKβ1- and AMPKβ2-containing complexes in skeletal muscle associated with increased
glucose uptake [29]. Recently, several ‘pan-β’ AMPK direct activators, namely SC4 [30], MK8722 [31] and PF793
[32] have been developed and some have successfully been used in vivo to reduce hyperglycemia in rodent
models of insulin resistance. Another small-molecule called O304 [33] has entered human clinical trials, but its
precise mode of action is uncertain. Although none of these novel compounds were reported to significantly
reduce HGP, the question was not always thoroughly addressed, as the main focus was on investigating increased
glucose uptake in skeletal muscle induced by compound treatment.
AMPK activation represents an attractive approach for the treatment of T2D, yet pharmacological AMPK

activators can have additional targets that contribute to their anti-diabetic effects. Understanding these side
effects might reveal novel therapeutic treatments. In the present study we investigated whether 991 affects HGP
from a variety of substrates in freshly isolated mouse hepatocytes. We also tested effects of intraperitoneal
administration of 991 to high-fat diet (HFD)-induced insulin resistant mice and to AMPKβ1−/− mice on a
normal chow diet using an intraperitoneal pyruvate tolerance test (IPPTT). New-generation direct small-
molecule AMPK activators were found to antagonize glucagon-induced HGP in an AMPK-dependent manner.
Our studies unravel both AMPK-independent and AMPK-dependent mechanisms by which 991 inhibits HGP
and support the notion that pharmacological hepatic AMPK activation as well as inhibition of pyruvate uptake
could be an option for the treatment of T2D-linked hyperglycemia.

Results
AMPK activator 991 inhibits GNG from various substrates
We previously reported that AMPK activation in primary mouse hepatocytes antagonizes glucagon signaling [15].
In line with this study, incubation of freshly isolated hepatocytes from overnight-starved mice (to deplete liver
glycogen) with 991 decreased glucose production by more than 75% from the classically used gluconeogenic sub-
strate mixture of lactate plus pyruvate in a physiological 10 : 1 molar ratio (Figure 1A). Remarkably, the inhibition
of GNG by 991 was observed not only in the presence of glucagon, but also under basal conditions (Figure 1A).
GNG inhibition by 991 was dose-dependent and incubation with 10 mM 991 resulted in ∼85% inhibition of
glucose production (Figure 1B). It was recently shown that metformin can inhibit hepatic GNG in vivo from
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Figure 1. Effects of 991 on HGP from lactate, pyruvate and other substrates.

Freshly isolated mouse hepatocytes were incubated for 30 min with the indicated concentrations of compounds or 0.1%

DMSO as vehicle control, for measurements of medium glucose from different substrates: 5 mM lactate (Lac) + 0.5 mM

pyruvate (Pyr) (A,B,F); from the indicated concentrations of either lactate (C) or pyruvate (D) alone; or from 5 mM of either

glycerol, dihydroxyacetone (DHA), galactose, fructose or alanine (E). Incubation media contained no glucose but contained

0.5 mM sodium octanoate as energy substrate. The hyperbolic curves that are traced in panels (C) and (D) were obtained by

fitting the mean data to the Michaelis–Menten equation. The data are means ± S.E.M. of 7 (A), 4 (B,C,D) or 3 (E,F) separate

experiments and * indicates a significant difference (P < 0.05) compared with vehicle controls (paired t-test).
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reduced substrates such as lactate, but not from oxidized substrates such as pyruvate [34]. Therefore, we investi-
gated effects of 991 on glucose production from different substrates. From either lactate or pyruvate alone,
glucose production increased dose-dependently, reaching a plateau at ∼20 mM lactate (Figure 1C) or at ∼2 mM
pyruvate (Figure 1D). A global best-fit of the mean data to the Michaelis–Menten equation gave Vmax and KM

values of 0.58 μmol/106 cells/30 min and 1.8 mM for control incubations and 0.19 μmol/106 cells/30 min and
1.1 mM for incubations with 991 from lactate; and Vmax and KM values of 0.76 μmol/106 cells/30 min and
0.53 mM for control incubations and 0.57 μmol/106 cells/30 min and 1.8 mM for incubations with 991 from pyru-
vate. Incubation with 991 thus decreased glucose production from both substrates at all concentrations tested, but
the effect of 991 on GNG from lactate was mainly to decrease maximal glucose production (Figure 1C), whereas
its effect on GNG from pyruvate mainly affected substrate concentration-dependence (Figure 1D). This difference
might be due to changes in substrate transport and/or in intracellular concentrations of pyruvate resulting from the
lactate dehydrogenase (LDH) reaction and in direct link with the cytosolic redox state (see below).
To pinpoint steps where 991 might act, we measured glucose production from alternative substrates.

Interestingly, while 991 had no effect on HGP from dihydroxyacetone, galactose or fructose, it slightly
decreased GNG from alanine (∼25%), and markedly decreased GNG from glycerol (∼50%) (Figure 1E), suggest-
ing possible inhibition of sn-glycerol-3-phosphate (Gro3P) dehydrogenase-1/2 (GPD1/2) by 991 (see below). It is
worth mentioning that HGP from glycerol makes an important contribution to total glucose production during
prolonged starvation [35] or in obesity [36] when adipose tissue lipolysis is high.
Next, we compared the effect of 991 on GNG with other direct AMPK activators. Incubation with SC4 and

A769662 effectively inhibited glucose production at concentrations of 10 mM and 100 mM, respectively,
whereas metformin and phenformin treatment, even at concentrations of 1 mM, only had modest effects
(Figure 1F). Incubation with 1 mM AICAR almost totally blocked glucose production, probably through
AMPK-independent inhibition of fructose-1,6-bisphosphatase (FBPase-1) by ZMP [37].
Direct inhibition of mitochondrial GPD2 by metformin might increase the cytosolic NADH : NAD+ ratio

and was recently proposed to be involved in its blood glucose lowering effect in rats [38]. When hepatocytes
were incubated with a high concentration of ethanol (0.1 M), known to rapidly increase the cytosolic NADH :
NAD+ ratio, we observed a modest inhibition of glucose production (Figure 1F). We therefore examined
whether the inhibition of GNG by 991 might be due to GPD2 inhibition. Although metformin and 991 have
very different chemical structures, we tested whether 991 might directly inhibit GPD2. The activity of purified
recombinant mouse GPD2 was inhibited dose-dependently by 991 with an IC50 value of ∼25 nM (Figure 2A).
When assayed in the presence of increasing concentrations of 991, the Vmax of GPD2 decreased accompanied
by an increase in KM for Gro3P (Figure 2B,C) suggesting noncompetitive mixed inhibition. GPD2 contains
very tightly, but not covalently, bound FAD that even remains in the enzyme after multi-step purification from
tissues [39]. We did try to measure GPD2-bound FAD by fluorescence but no changes indicative of displace-
ment were apparent upon addition of 991. Also, GPD2 inhibition by 991 was not competed out by inclusion of
additional FAD in the assay (data not shown). It is therefore possible that 991 might interfere with electron
transfer to and from bound FAD (see below). Interestingly, incubation of GPD2 with SC4 inhibited GPD2 with
similar potency to that seen with 991 (Supplementary Figure S2A, IC50 value =∼20 nM), but no inhibition was
seen in the presence of A769662 up to a concentration of 100 μM (Supplementary Figure S2B). We were also
able to confirm GPD2 inhibition by metformin (Supplementary Figure S2C), although the IC50 value of
∼20 μM was lower than the values of 50–100 μM previously reported [38], but was about three orders of mag-
nitude greater than that observed for the inhibition of GPD2 by 991 and SC4.
In intact rat liver mitochondria, the effect of 991 or metformin on oxygen consumption rate (OCR) was mea-

sured from different substrates with respiratory chain inhibitors (Figure 2D). In the presence of pyruvate and
malate to generate NADH, phenformin and to a lesser extent metformin inhibited complex I of the respiratory
chain as expected, whereas 991 was without effect. None of the compounds affected OCR from succinate via
complex II or from TMPD/ascorbate via complex IV (Supplementary Figure S3). From Gro3P as substrate on the
other hand, 991 inhibited respiration via complex II by ∼80%, while phenformin and metformin had less pro-
nounced effects (∼50% inhibition, Figure 2D,E). When mitochondrial GPD2 was assayed in situ by measuring
cytochrome c reduction from Gro3P, incubation with 991 inhibited GPD2 activity by ∼60% at 10 μM (Figure 2F).
Virtual docking experiments using bacterial Gro3P oxidase as template [38] suggested that 991, similar to

metformin and phenformin, most likely binds to the FAD-containing pocket of GPD2 (Figure 2G). In lieu of a
crystal structure of 991 bound to GPD2, an in silico docking approach was used to probe potential binding
sites using a homology model of GPD2. Simulations in Autodock Vina yielded a clear preference for the FAD
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Figure 2. Effects of 991 on GPD2 activity, OCR together with in silico molecular docking. Part 1 of 2

(A–C) Bacterially expressed purified recombinant mouse GST-GPD2 was assayed for DCPIP reduction from Gro3P as substrate

in the presence of the indicated concentrations of 991 or DMSO as vehicle control. The effect of increasing concentrations of

991 on the Gro3P saturation curves of GPD2 (B) was assessed for the determination of kinetic parameters using a

Hanes-Woolf plot (C). In (D) and (E), OCRs of freshly isolated rat liver mitochondria were measured by SeahorseTM in the

presence of 10 mM pyruvate (Pyr), 2.5 mM malate (Mal), 1 mM rotenone (Rot), 10 mM Gro3P, 1 mM oligomycin (Oligo) after

pre-incubation for 1 h with 10 mM 991, 100 mM phenformin, 100 mM metformin or DMSO as vehicle control. In (F) GPD2

activity in freshly isolated intact mitochondria was measured as reduction of added cytochrome c from Gro3P as substrate

after pre-incubation with 991 or DMSO as vehicle control. In (G) compound 991 was docked to a homology model of GPD2 by

in silico simulation. The favored docking conformation places 991 (green) in close proximity to the flavin of the bound FAD (red)

and several key active site residues (blue) previously highlighted in α-glycerophosphate oxidase [40]. The residues shown are

GPD2 residues equivalent to α-glycerophosphate oxidase Thr61, Leu63, His65, Phe286, Arg346, Lys429, Ile430 (tryptophan in

GPD2), and Thr431. Glucose production from lactate + pyruvate (H) or from glycerol (I) was measured as in Figure 1 with

© 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1321

Biochemical Journal (2022) 479 1317–1336
https://doi.org/10.1042/BCJ20220170

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/479/12/1317/934022/bcj-2022-0170.pdf by U

niversite C
atholique de Louvain user on 04 July 2022



binding site of GPD2 as the docking location for 991. The majority of the binding conformations of 991 clus-
tered at the active site of GPD2, with the most favorably bound conformation (based on an estimated binding
affinity of 991 at this position of −11 kcal/mol) effectively blocking the region between the flavin part of FAD
and key residues of the active site inferred from the homologous α-glycerophosphate oxidase [40].
Interestingly, incubation of hepatocytes with the known GPD2 inhibitor STK017597 only led to a modest

(∼20%) decrease in glucose production from lactate : pyruvate (Figure 2H), suggesting that GPD2 inhibition
alone cannot fully account for the inhibition of glucose production from these substrates by 991. On the other
hand, GPD2 inhibition by 991 could explain the inhibition of glucose production from glycerol (Figure 1E)
and indeed both 991 and STK017597 inhibited glucose production from glycerol (Figure 2I). The fact that
there was no synergistic effect of 991 and the GPD2 inhibitor on glucose production from glycerol compared
with 991 alone suggests the same underlying mechanism of inhibition of GNG, namely inhibition of GPD2. Of
note, in vitro phosphorylation studies identified Ser462 as a major AMPK phosphorylation site in mouse
GPD2 (Supplementary Figure S1). However, we were unable to detect any effect of in vitro phosphorylation of
recombinant GST-GPD2 by AMPK on GPD2 activity (data not shown). Interestingly, yeast GPD2 was phos-
phorylated and inactivated by the yeast AMPK homolog SNF1, proposed to limit glycerol production when
nutrients are scarce [41]. However, the equivalent site (Ser266) was not identified as a phosphorylation site for
AMPK in mouse GPD2.

Effect of 991 on cytosolic redox state
Metformin has been proposed to affect the intracellular redox balance, favoring a more reduced state (a higher
NADH : NAD+ ratio), thereby limiting GNG from reduced substrates such as lactate that need to be oxidized
in a reaction producing NADH [34,38]. We compared effects of increasing concentrations of 991, SC4,
A769662, metformin and phenformin, including doses inducing maximal AMPK activation in hepatocytes, on
the activity of purified dehydrogenases that constitute major redox shuttles between the cytosol and the mito-
chondrial matrix, namely cytosolic GPD1/mitochondrial GPD2 of the glycerol phosphate shuttle, cytosolic
malate dehydrogenase-1 (MDH1)/mitochondrial malate dehydrogenase-2 (MDH2) of the malate-aspartate
shuttle along with LDH. Incubation with 10 mM 991 had no effect on GPD1 or LDH activity, had no effect on
MDH2 activity, partly inhibited MDH1 activity (∼60%), but inhibited GPD2 activity by ∼90% (Supplementary
Figure S2D). SC4 (10 mM) also inhibited MDH1 (∼90%) and MDH2 (∼60%) and, like compound 991,
strongly inhibited GPD2 with little or no effect on LDH and GPD1 activity, respectively. Metformin and phen-
formin, on the other hand, had no effect on GPD1, MDH1/2 or LDH activities, but strongly inhibited GPD2
activity even at the lower dose of 100 mM (Supplementary Figure S2D). A769662 did not significantly inhibit
GPD2, but strongly inhibited (>80%) the other dehydrogenases at the highest dose of 100 mM. Of note, incuba-
tion with up to 10 mM 991 had no effect on the activities of purified glyceraldehyde phosphate dehydrogenase
(GAPDH), purified glutamate dehydrogenase or succinate dehydrogenase/complex II activity in mitochondrial
preparations (Supplementary Figure S2E–G).
Conventional methods to assess the cytosolic NADH : NAD+ ratio often rely on calculations based on sub-

strate : product concentration ratios, such as measurements of the lactate : pyruvate ratio from the equilibrium
LDH reaction. Otherwise, total nicotinamide dinucleotide concentrations can be measured in deproteinized
extracts, yet most intracellular NADH/NAD+ is probably protein-bound and only the free forms are relevant
for the control of redox reactions. Therefore, we took advantage of the recently developed ‘Peredox’ probe [42],
introduced by lentiviral expression in immortalized human hepatocyte (IHH) cells [43], to monitor real time
changes in free cytosolic NADH by fluorescence of the probe due to NADH binding. Live-cell imaging for up
to 30 min revealed that 991 did not alter the basal redox state in the presence of glucose alone (Supplementary
Figure S5A), consistent with the fact that under normal conditions the Gro3P shuttle makes only a minor con-
tribution to the total flux of reducing equivalents from the cytosol to mitochondria. The addition of lactate

Figure 2. Effects of 991 on GPD2 activity, OCR together with in silico molecular docking. Part 2 of 2

100 mM GPD2 inhibitor (GPD2i) STK017597 and/or 10 mM 991 or DMSO as vehicle control. The data are means ± S.E.M. of 5

(A) or 3 (B,C,E,F,H,I) separate experiments and * indicates a significant difference (P < 0.05) compared with vehicle controls

(paired t-test). The data in (D) are from one representative experiment with six technical replicates.
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rapidly increased fluorescence reaching a maximum after ∼5 min, after which the addition of pyruvate led to a
time-dependent decrease in fluorescence that plateaued off at a minimum level below basal at 20 min
(Supplementary Figure S5A). The addition of pyruvate led to a time-dependent decrease in basal fluorescence
that was unaffected by the addition of lactate thereafter (Supplementary Figure S5A) Interestingly, the increase
in fluorescence induced by lactate was decreased by 991 in a manner similar to that of pyruvate, indicating that
991 might alter the lactate : pyruvate ratio (Supplementary Figure S5A). Strikingly, incubation with 991 prior to
addition of lactate completely prevented lactate-induced increases in fluorescence (Supplementary Figure S5A)
suggesting a possible interference with cellular lactate uptake and/or subsequent pyruvate transport across
mitochondria.
It is noteworthy that incubation with 991 did not prevent or reverse the increase in fluorescence induced by

other reduced substrates, xylitol or ethanol (Supplementary Figure S5C), suggesting that the effect was specific
for lactate. Neither metformin nor phenformin, at doses up to 1 mM, altered changes in NADH fluorescence
in response to the addition of different substrates including lactate in these short-term incubations, whether
added before or after the substrate (Supplementary Figure S5B). Therefore, IHH cells expressing the Peredox
probe were incubated up to 24 h for IncuCyte® live cell imaging. In the presence of lactate and pyruvate (10 : 1
ratio), the fluorescence signal of the NADH probe slowly decreased over time, and this was exacerbated in the
presence of 991, but partly prevented by the addition of phenformin, whereas metformin only slightly increased
fluorescence compared with control incubations (Supplementary Figure S6).

Effect of 991 on intermediary metabolite levels
To further investigate effects of 991 on glucose production, metabolite concentrations relevant to GNG were mea-
sured by GC–MS in freshly isolated mouse hepatocytes incubated without (glucose only) or with gluconeogenic
substrates lactate, pyruvate or both together in a 10 : 1 ratio (Figure 3 and Supplementary Figure S4). The only
metabolite whose relative concentration consistently increased in response to 991 treatment, regardless of the glu-
coneogenic substrates, was Gro3P (Figure 3A), coherent with GPD2 inhibition. Relative levels of several other
metabolites such as glucose 6-phosphate (G6P) decreased upon 991 treatment (Figure 3B). The most marked
decreases were seen for 3-phosphoglycerate (3PG) and phosphoenolpyruvate (PEP) levels (Figure 3C,D), suggest-
ing that the gluconeogenic step inhibited by 991 was upstream of PEPCK, thus potentially a mitochondrial step.
Interestingly, in the presence of pyruvate (alone or in combination with lactate), a decrease in aspartate levels was
also seen upon treatment with 991 (Figure 3E), suggesting that either pyruvate carboxylase activity or pyruvate
transport was affected by 991 treatment. Surprisingly, there were no significant differences in citrate, pyruvate or
lactate levels in hepatocytes incubated with 991 irrespective of the gluconeogenic substrates (Figure 3F–H), sug-
gesting that these metabolites are rapidly converted to products of near-equilibrium reactions or that differences
are compartmentalized and thus cannot be seen in full-cell extracts.

Compound 991 inhibits mitochondrial pyruvate transport
As pyruvate carboxylase and pyruvate dehydrogenase are both located in the mitochondrial matrix, pyruvate
has to be actively transported across the mitochondrial membrane to be further metabolized. The mitochon-
drial pyruvate carrier (MPC) uses the mitochondrial proton gradient to transport pyruvate from the cytosol to
the mitochondrial matrix. In freshly isolated mouse hepatocytes, 991 treatment decreased glucose production
from lactate : pyruvate by ∼70% while incubation with UK5099, an inhibitor of the MPC, almost completely
abrogated glucose production (Figure 4A). Hepatocyte glucose production from pyruvate alone was also inhib-
ited to a similar extent by 991 but when glucose production was measured from methyl pyruvate, which freely
crosses cell membranes thus circumventing the MPC, the effect of 991 to decrease HGP was abolished
(Figure 4B). To evaluate the implication of AMPK activation in the inhibition of GNG by 991, we resorted to
the use of hepatocytes from wild-type (WT) mice and from mice bearing a whole-body deletion of AMPKβ1
(AMPKβ1−/−). In cell-free assays, 991 more potently activates AMPKβ1-containing than AMPKβ2-containing
complexes [28] and rodent liver predominantly expresses AMPKα2β1γ1 [44]. Indeed, total AMPK activity was
reduced by ∼80% in extracts from AMPKβ1−/− versus WT hepatocytes incubated with or without compound
991 (Figure 4C) and effects of 991 treatment to increase AMPKα Thr172 as well as downstream acetyl-CoA
carboxylase (ACC) and regulatory-associated protein of mammalian target of rapamycin (Raptor) phosphoryl-
ation were almost completely abrogated in AMPKβ1−/− versus WT hepatocytes (Figure 4D).
Using an inhibitor-stop technique to measure radioactive pyruvate uptake by intact rat liver mitochondria [45],

we found that pyruvate transport was reduced by ∼60% after pre-incubation with 991, while ∼40% inhibition was
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Figure 3. Effects of 991 on metabolite levels by GC–MS in hepatocytes incubated with lactate, pyruvate or lactate +

pyruvate.

Freshly isolated mouse hepatocytes were incubated for 30 min in medium containing 5.5 mM glucose (None), 5 mM lactate

(Lac), 1 mM pyruvate (Pyr) or 5 mM lactate + 0.5 mM pyruvate (Lac + Pyr) along with 10 mM 991 or DMSO as vehicle control for

measurements of relative metabolite levels of Gro3P (A), G6P (B), 3PG (C), PEP (D), aspartate (E), citrate (F), pyruvate (G)

and lactate (H) by GC–MS. The data are means ± S.E.M. of six separate experiments and * indicates a significant difference

(P < 0.05) compared with vehicle controls (two-way ANOVA with an appropriate post-hoc test).
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Figure 4. Effects of 991 on AMPK activity and mitochondrial pyruvate uptake in WT versus AMPKβ1−/− mice.

In (A) and (B), glucose production from 5 mM lactate + 0.5 mM pyruvate (A), 1 mM pyruvate (Pyr) or 1 mM methyl-pyruvate (met-Pyr) (B) was

measured in freshly isolated mouse hepatocytes incubated as described in the legend to Figure 1 with 10 mM 991 or 10 mM UK5099 or with DMSO

(vehicle control; values are expressed as percent of vehicle control with lactate + pyruvate). Freshly isolated hepatocytes from WT or AMPKβ1−/−

mice were incubated for 30 min in medium containing 10 mM glucose and 10 mM 991 or DMSO as vehicle control for measurement of total AMPK

activity in lysates following immunoprecipitation with anti-AMPKα1 + anti-AMPKα2 antibodies (C) or for immunoblotting with the indicated

antibodies (D). Pyruvate uptake by mitochondria freshly isolated from WT or AMPKβ1−/− mouse livers (E) was measured using a rapid inhibitor-stop

technique with [14C]-pyruvic acid after pre-incubation with DMSO (vehicle control), 10 mM 991 or 10 mM of the MPC inhibitor UK5099. The data are

means ± S.E.M. of 3 (A,B,C) or 5 (E) separate experiments and * indicates a significant difference (P < 0.05) compared with vehicle controls (paired

t-test; A,B,C or by two-way ANOVA followed by an appropriate post-hoc test; E).
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seen in mitochondria pre-incubated with MPC inhibitor UK5099 (Figure 4E). The effects of 991 and UK5099
treatment to decrease mitochondrial pyruvate uptake were similar in hepatocytes from WT and from AMPKβ1−/−

mice, although absolute values of pyruvate uptake were reduced by ∼50% in hepatocytes from the knockout mice
(Figure 4E). These results suggest that the inhibition of mitochondrial pyruvate uptake by 991 does not involve
AMPK.

Role of AMPK in the inhibition of GNG by 991 in incubated hepatocytes and on
HGP in vivo
Although effects of 991 on AMPK activation and target phosphorylation were AMPKβ1-dependent (Figure 4C,D),
the 991-induced reduction in basal glucose production from either lactate or pyruvate alone or in combination was
similar in hepatocytes from WT versus AMPKβ1−/− mice (Figure 5A), indicating that AMPK activity does not
affect basal GNG. We next looked whether 991 could lower glycemia in diabetic mice in vivo. Compound 991 was
administered intraperitoneally to overnight starved high-fat diet (HFD)-induced insulin resistant mice and plasma

Figure 5. Effects of 991 on glucose production in hepatocytes from WT versus AMPKβ1−/− mice together with in vivo

measurements of fasting glycemia in insulin-resistant mice and IPPTT in WT versus AMPKβ1−/− mice.

Freshly isolated hepatocytes from WT or AMPKβ1−/− mice were incubated for 30 min in medium without glucose but with the

indicated substrates for measurement of glucose production (A). Basal levels of glucose production (DMSO condition),

expressed as fold of AMPKβ1−/− versus WT, were for Lac + Pyr: 1.3 ± 0.4; Lac: 1.2 ± 0.4; Pyr: 0.9 ± 0.1. In (B) HFD-induced

diabetic mice were starved overnight and fasting glycemia was measured at the indicated intervals after intraperitoneal (i.p.)

injection of 991 (dose of 10 mg per kg body weight) or DMSO as vehicle control. Standard diet-fed WT (C) and AMPKβ1−/− (D)

mice without access to food were subjected to an intraperitoneal pyruvate tolerance test (IPPTT, 1 g sodium pyruvate per kg

body weight) 2 h after injection of 991 or DMSO. In (A) the data are means ± S.E.M. of three separate experiments and

* indicates a significant difference (P < 0.05) compared with vehicle controls (paired t-test). The data in (B) and (C,D) are from

experiments with 5–7 animals per group and * indicates a significant difference (P < 0.05) compared with vehicle controls

(unpaired t-test).

© 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society1326

Biochemical Journal (2022) 479 1317–1336
https://doi.org/10.1042/BCJ20220170

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/479/12/1317/934022/bcj-2022-0170.pdf by U

niversite C
atholique de Louvain user on 04 July 2022



glucose concentrations were measured over time. Compound 991 only slightly decreased glycemia from 2–6 h after
administration (Figure 5B) and the effect was lost following refeeding. To test whether the glucose lowering effect
of 991 was due to a reduction in HGP and whether this implicated AMPK, WT versus AMPKβ1−/− mice main-
tained on a standard chow diet were starved overnight and injected with 991 for an IPPTT. In WT and
AMPKβ1−/− mice, basal glycemia was unaffected by administration of 991, suggesting that skeletal muscle glucose
uptake would not have been affected by 991. Indeed, skeletal muscle predominantly expresses
AMPKα2β2-containing trimers that are much less potently activated by 991 in vitro [28,29]. However following
pretreatment with 991, the pyruvate-induced increase in glycemia was abrogated both in WT mice and in
AMPKβ1−/− mice to about the same extent (Figure 5C,D). The dose of 991 (10 mg/kg) we used was the same as
the concentration of pan-AMPK activator MK8722 that was administered in vivo with blood glucose lowering
effects [31]. From the molecular mass of 991 (432 g/mol) and assuming a dilution space of 50%, this would give a
concentration of ∼50 μM. Although 991 binds to serum albumin which lowers its free concentration considerably,
the molecule was clearly effective in decreasing blood glucose in the IPPTTs (Figure 5C,D). Taken together, the
results suggest that the effect of 991 was mainly on HGP and AMPK-independent.

Effects of small-molecule AMPK activators on basal and glucagon-stimulated
GNG
Lastly, we explored effects of 991 together with some recently described pan-AMPK activators and AICAR as a
positive control on both basal and glucagon-stimulated glucose production in incubated mouse hepatocytes.
Compared with 991 and AICAR treatment, which substantially decreased glucose production from lactate :
pyruvate, incubation of mouse hepatocytes with identical concentrations of PF739 or MK8722 only slightly
decreased glucose production and O304 was without significant effect (Figure 6A). However, incubation of
hepatocytes with each of the compounds increased AMPK Thr172 and ACC Ser79 phosphorylation
(Figure 6B). Importantly, glucagon-stimulated increases in glucose production were antagonized in hepatocytes
treated with AMPK activators 991, PF739, MK8722 and AICAR (but not O304). Moreover, PF739 and
MK8722 treatment significantly counteracted the glucagon effect to increase glucose production in hepatocytes
from WT but not in AMPKβ1−/− mice (Figure 6C). We previously showed that the 991-induced reduction in
glucagon-stimulated intracellular cAMP levels was abrogated in hepatocytes from AMPKβ1−/− mice [15].
In line with this observation, we show here that glucagon-stimulated PKA activation was significantly reduced
by treating hepatocytes with AMPK activators 991, PF7389 and MK8722, and the effect was markedly reduced
in hepatocytes from AMPKβ1−/− mice (Figure 6D). The effect of AICAR to decrease PKA activation even in
hepatocytes from AMPKβ1−/− mice (Figure 6D) might have been due to the inhibition of adenylate cyclase.

Discussion
AMPK is well recognized as a target for T2D and pharmacological AMPK activation could be a viable strategy
to counteract its symptoms. Although there is good evidence that AMPK activation can increase glucose uptake
in skeletal muscle, there is controversy in the literature as to whether AMPK activation affects glucose produc-
tion by the liver. It has been proposed that in response to metformin treatment, decreased GNG could be inde-
pendent of AMPK [18] and/or indirect due to increased AMP and inhibition of FBPase-1 [37]. We previously
showed that AMPK activation by 991 increased glucose uptake in skeletal muscle [29] and antagonized
glucagon-induced cAMP/PKA signaling via PDE4B activation in hepatocytes [15]. In the present study we
show that, while on the one hand incubation of hepatocytes with 991 reduced basal glucose production mainly
via AMPK-independent mechanisms, on the other hand treatment with 991 and other direct pan-AMPK acti-
vators antagonized glucagon-stimulated glucose production and cAMP-mediated PKA activation in an
AMPK-dependent manner. A scheme summarizing the AMPK-dependent and AMPK-independent mechan-
isms by which 991 inhibits GNG is shown in Figure 7. AMPK-independent ‘off-target’ effects of 991 we
demonstrated are inhibition of GPD2 and the MPC. Whether 991 directly binds to and inhibits the MPC
remains to be established. Direct inhibition of GPD2 by 991 (Figure 2A–C) would account for the observed
decrease in glucose production from glycerol in hepatocytes by 991 (Figure 1E) and the rise in intracellular
Gro3P (Figure 3A). With lactate : pyruvate as substrate, incubation of hepatocytes with the GPD2 inhibitor
STK017597 only modestly decreased glucose production (Figure 2H), suggesting that GPD2 inhibition by 991
cannot fully account for its effect on glucose production. However, with glycerol as substrate, glucose produc-
tion was strongly (and non-synergistically) inhibited both by 991 and a GPD2 inhibitor (Figure 2I). In
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hepatocytes incubated with lactate and pyruvate alone or in combination, there was a marked decrease in intra-
cellular PEP concentration by 991 (Figure 3D), suggesting inhibition at a step preceding PEPCK in the gluco-
neogenic pathway from lactate or pyruvate. Indeed, 991 inhibited mitochondrial pyruvate uptake (Figure 4E),
but did not affect glucose production in hepatocytes incubated with methyl pyruvate, which freely enters mito-
chondria (Figure 4B). When administered intraperitoneally to HFD-induced insulin-resistant mice, 991 slightly
lowered plasma glucose concentrations (Figure 5B) but in chow-fed mice subjected to an IPPTT, the effect of
administration of 991 to oppose the rise in glycemia was similar in WT and AMPKβ1−/− mice (Figure 5C,D).
Ideally, the IPPTT should be conducted on insulin-resistant mice on a HFD for testing effects of small-
molecule AMPK activators (see below), however the AMPKβ1−/− mice would be expected to be more suscep-
tible to develop liver steatosis due to lack of ACC inhibition, thus complicating interpretation of the data.
Lastly, treatment of hepatocytes with recently described potent pan-AMPK activators MK8722 and PF739

barely affected basal glucose production but significantly antagonized glucagon-induced PKA activation
(Figure 6D) and glucagon-stimulated glucose production (Figure 6C) in an AMPK-dependent manner. We do
believe this short-term anti-glucagon effect of AMPK activation is (patho)physiologically relevant since

Figure 6. Effects of AMPK activators on basal and glucagon-stimulated glucose production and PKA activity in

hepatocytes from WT versus AMPKβ1−/− mice.

Freshly isolated hepatocytes from WT mice were incubated for 30 min with 991 or novel small-molecule AMPK activators

(10 mM), 1 mM AICAR or DMSO as vehicle control in medium containing 10 mM glucose for measurement of [14C]-glucose

production from lactate + [14C] pyruvate (A) or for immunoblotting lysates with the indicated antibodies (B). Hepatocytes from

WT or AMPKβ1−/− mice were pre-incubated for 30 min with AMPK activators as in (A) prior to incubation for 30 min in the

presence or absence of glucagon (10 nM) for measurement of [14C]-glucose production from lactate + [14C] pyruvate (C) or

measurement of PKA activity (D). The data are means ± S.E.M. of 6 (A) or 4 (C,D) separate experiments and * indicates a

significant difference (P < 0.05) compared with vehicle controls (paired t-test).
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glucagon levels are abnormally elevated in T2D, which exacerbates HGP. Also, the insulin-sensitizing effects of
liver AMPK activation in HFD-induced diabetes by preventing steatosis and insulin-resistance would be benefi-
cial. The experimental presence of glucagon is probably the key to see effects of AMPK activation and, although
absent from most in vitro hepatocyte incubations, the hormone would be present in starved animals and
during the development of diet-induced insulin resistance. Chronic oral administration of a small-molecule
AMPK activator (‘C24’) reduced blood glucose and lipid levels in plasma, reduced hepatic expression of
PEPCK and G6Pase and improved the glucose tolerance in diabetic db/db mice [46]. However, based on the
administration of direct AMPK activators MK8722, PF249 and PF739 in vivo, it was concluded that AMPK
activation in the liver would not be significant for glycemic control and that the only beneficial effect of AMPK
activation would be in skeletal muscle to increase glucose uptake [31,32]. However, anti-glucagon effects were
not studied and even in starved mice timing would be crucial for drug administration since glucagon levels rise
and fall transiently. Therefore, we do maintain there is still a case for AMPK activation in the liver to oppose
the effects of elevated circulating glucagon levels and improve (hepatic) insulin resistance that characterize

Figure 7. Scheme summarizing the effects of compound 991 and AMPK activation on HGP.

In hepatocytes, an increase in [AMP]:[ATP] ratio resulting from ATP consumption during GNG as wells as 991 and other pharmacological

compounds that directly activate AMPK would lead to activation of PDE4B to subsequently decrease cAMP levels, reduce PKA activation and

decrease PKA-induced inactivation of liver-type pyruvate kinase (PKLR) and PKA-induced PFK-2 inactivation of PFKFB1 (to raise

fructose-2,6-bisphosphate concentration; not shown in the scheme). The net result would be a lowering of glucose production induced by

glucagon. In addition, 991 directly inhibits both mitochondrial GPD2 activity and pyruvate transport through the MPC in an AMPK-independent

manner, to decrease glucose production from lactate:pyruvate and glycerol. Enzymes involved in GNG are shown in green and those catalyzing key

regulatory steps are highlighted in brown. * Indicates energy-consuming (ATP or GTP using) reactions. GCGR, G-protein-coupled glucagon

receptor; AC, adenylate cyclase; GLUT2, glucose transporter-2; MCT1, monocarboxylate transporter-1; GK, glucokinase; G-6-P, glucose

6-phosphate; PGI, phosphoglucose isomerase; F-6-P, fructose 6-phosphate; PFK-1, 6-phosphofructo-1-kinase; F-1,6-P2, fructose

1,6-bisphosphate; ALDO, aldolase; GA-3-P, glyceraldehyde 3-phosphate; TIM, triosephosphate isomerase; DHAP, dihydroxyacetone phosphate;

1,3-BPG, 1,3-bisphosphoglycerate; PGK, phosphoglycerate kinase; 3-PG, 3-phosphoglycerate; PGAM, phosphoglycerate mutase; 2-PG,

2-phosphoglycerate; ENO, enolase; OAA oxaloacetate; PC, pyruvate carboxylase. For other abbreviations, see text.
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T2D. Ideally, drugs should be pan AMPK activators targeted to liver and muscle and avoiding AMPK activa-
tion in hypothalamus and heart, which could have adverse effects on food intake and hypertrophy, respectively.
Also, AMPK activation should not be too strong or of too long duration to avoid risks of shutting down
protein synthesis and causing cell cycle arrest. Further research is thus needed to develop more organ-specific
AMPK activators targeting only skeletal muscle and/or liver to minimize unwanted side effects.

Materials and methods
Materials
Compound 991 was kindly provided by Kei Sakamoto (Nestlé, CH) or from CliniSciences (Paris, FR; ref
AOB8150-10). SC4 was kindly donated by Jonathan Oakhill (St. Vincent’s Institute, University of Melbourne,
AU). PF739 and MK8722 were purchased from Glixx Laboratories (Hopkinton, MA, U.S.A.). O304 (synthe-
sized as HY112233 by MedChem Express) was from Bio-Connect (Te Huissen, NL). GPD2 inhibitor
STK017597 was from Vitas M Chemical Limited (Hong Kong). Glucagon (reconstituted GlucaGenTM) was
from Novo Nordisk. Metformin, phenformin, AICAR and other reagents were from Sigma–Aldrich. Cell
culture reagents were from Life Technologies. [γ-32P] ATP, L-[U-14C] lactic acid and [1-14C] pyruvic acid were
from PerkinElmer. Anti-total ACC (Merck Millipore, Catalogue No. 04-322), anti-P-Ser79-ACC (Merck-
Millipore, Catalogue No. 07-303), anti-GAPDH (Merck-Millipore, Catalogue No. MAB374), anti-total
AMPKβ1 (R&D Systems, Catalogue No. AF2854), anti-P-Thr172-AMPK (Cell Signaling Technologies,
Catalogue No. 2535), anti-total Raptor (Cell Signaling Technologies, Catalogue No. 2280), anti-P-Ser792-
Raptor (Cell Signaling Technologies, Catalogue No. 2083), anti-P-Thr56-eukaryotic elongation factor-2 (eEF2)
(Cell Signaling Technologies, Catalogue No. 2331) and anti-total eEF2 (Cell Signaling Technologies, Catalogue
No. 2332) antibodies were from the sources cited. Anti-total AMPKα1 and AMPKα2 antibodies were kindly
provided by Grahame Hardie (University of Dundee, U.K.; see https://mrcppureagents.dundee.ac.uk/
reagents-antibodies for details) or obtained from Bethyl Laboratories (Catalogue No. A300-507A for the
anti-AMPKα1 antibody and Catalogue No. A300-508A for the anti-AMPKα2 antibody). For immunoblotting,
the anti-total AMPKα antibody from Cell Signaling Technologies (Catalogue No. 2532) was used. Recombinant
bacterially expressed AMPK (α1β1γ1) was activated with recombinant bacterially expressed LKB1 complex
[47]. A mouse GPD2 cDNA clone provided in a pCMV6 vector was obtained from OriGene Technologies
(Catalogue No. MC206608) and subcloned into a pGEX6p1 vector generously donated by Christopher Proud
(South Australian Health & Medical Research Institute, University of Adelaide, Australia) for bacterial expres-
sion and purification of a Nt-GST fusion protein as previously described [48]. IHH cells were kindly provided
by Bart Staels (Pasteur Institute & University of Lille, France). pcDNA3.1-Peredox-mCherry [49] was obtained
from the Addgene collection (plasmid #32383) and Peredox-mCherry was subcloned using a Gateway strategy,
into pTM978 (PGK > Gateway-IRES-Neo), a derivative of pTM898 [50] where the cloning site was replaced by
a Gateway cassette, for production of lentiviral particles in HEK293T cells following a protocol similar to [51].
AMARA peptide was kindly synthesized by Dr. V. Stroobant (Ludwig Institute, Brussels).

Animals
All animal experiments were approved by the Université catholique de Louvain Brussels local ethics committee
(reference numbers 2017/UCL/MD/016 and 2021/UCL/MD/028) and conducted in accordance with EU
Directive 2010/63/EU for animal experiments. Adult C57BL/6J wild-type and AMPKβ1−/− male and female
mice (4–6 months old) and adult male Wistar rats (12–15 weeks old) were obtained from the local animal facil-
ity. The animals were maintained on a 12 h light/12 h dark cycle with free access to food and water. Animals
were fed a standard chow diet except for those used in Figure 5B, which were maintained on a 60%-fat HFD
(D12492, Research Diets, U.S.A.) for 8 weeks before the experiment to induce insulin resistance. Animals were
starved overnight before preparing hepatocytes for glucose production experiments or for isolation of liver
mitochondria or for measurements of fasting glycemia. AMPKβ1−/− C57BL/6J mice were generated as previ-
ously described [52] and breeding pairs were kindly provided by Professor Bruce Kemp (St. Vincent’s Institute,
Melbourne, Australia) to start a colony in the local animal facility. Mice were anesthetized by intraperitoneal
injection of 20 mg/kg Rompun (xylazine) + 100 mg/kg Imalgene (ketamine). Rats were anesthetized by intraper-
itoneal injection of 20 mg/kg Rompun (xylazine) + 20 mg/kg Dolethal (sodium pentobarbital).
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Mouse hepatocyte isolation and incubation
Mice were anesthetized and livers were washed with 50 ml of Krebs-HEPES pH 7.65 supplemented with
0.5 mM EDTA and digested with a solution of 50 ml of Krebs-HEPES, pH 7.65, containing 30 mg of collage-
nase from Clostridium hystolyticum (Sigma, Catalogue No. C5138) and 0.5 mM CaCl2 by perfusion through the
inferior vena cava at a rate of 5 ml/min as described [18]. Freshly isolated hepatocytes were incubated in
Krebs-Ringer bicarbonate buffer (144 mM NaCl, 5.8 mM KCl, 1.4 mM MgSO4, 1.4 mM KH2PO4, 25 mM
NaHCO3, 0.4 mM CaCl2) that had been gassed with 95% O2/5% CO2 and supplemented with either 0.5 mM
sodium octanoate or 10 mM glucose with or without compounds and substrates for glucose production as
stated in the Figure legends. Typically, cells were distributed in 0.5 ml suspensions containing ∼106 cells. After
30 min, the hepatocyte incubations were rapidly centrifuged to snap-freeze supernatants for glucose determin-
ation and pellets for protein or metabolite extraction using liquid N2.

Glucose production
Typically, medium glucose from incubations conducted without exogenous glucose was measured spectro-
photometrically [18] on a 0.3 ml aliquot of cell-free supernatant. Alternatively, for incubations in the presence
of medium glucose, conversion of [U-14C] lactate (specific activity 40 mCi/mmol) to [14C] glucose was mea-
sured on a 0.2 ml aliquot of supernatant after anion removal on 1 ml Dowex 1X8 chloride columns washed
with 1 ml methanol, followed by liquid scintillation counting [53]. For glucose production measurements when
galactose or fructose were used as substrates, a glucose oxidase assay kit was used (Sigma Catalogue No.
GAGO20).

Metabolite quantification by GC–MS
After incubation with the compounds and substrates as indicated in the figure legends, hepatocytes were col-
lected by short centrifugation and rapidly washed with ice-cold 0.9% (w/v) NaCl before lysis in 1 ml of cold
(−80°C) 50% (v/v) methanol kept on dry ice. Cold (−80°C) chloroform kept on dry ice (1 ml) was added and
the samples were maintained on dry ice for 30 min. After centrifugation (20 000g × 10 min at 4°C) the polar
upper phase was collected and vacuum-dried. Samples were derivatized with 20 ml of 2% (w/v pyridine) meth-
oxyamine for 90 min at 30°C and with 40 ml of N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) for
30 min at 37°C. Samples (1 ml) were injected in splitless mode for GC–MS with settings as described [54].

Cell lysis and immunoblotting
Following hepatocyte incubation, frozen cell pellets were lysed in 0.3 ml of buffer containing 50 mM HEPES
pH 7.5, 1 mM EDTA, 1 mM EGTA, 0.1% (v/v) 2-mercaptoethanol, 10 mM NaF, 1 mM Na4P2O7, 1 mM
sodium β-glycerophosphate, 0.5 mM Na3VO3, 1 mM dithiothreitol, 0.1% (w/v) Triton X-100 and CompleteTM

protease inhibitor cocktail (Roche). Extracts were centrifuged (20 000g × 5 min at 4°C) and protein concentra-
tions were measured by Bradford assay. For immunoblotting, 20 mg of protein samples were loaded on 7.5%
(w/v) polyacrylamide gels. Following SDS–PAGE, proteins were transferred to PVDF membranes, which were
then blocked in Tris-buffered saline (TBS) containing 0.1% (v/v) Tween and 5% (w/v) bovine serum albumin
(BSA). The membranes were incubated overnight at 4°C with the indicated primary antibodies diluted in block-
ing buffer, then washed extensively before and after incubation for 1 h with horseradish peroxidase-conjugated
secondary antibodies. Anti-total ACC, anti-phospho ACC, anti-total Raptor, anti-phospho Raptor, anti-total
AMPKβ1 and anti-phospho AMPK were used at a dilution of 1 : 1000. Anti-total eEF2 was used at a dilution
of 1 : 5000. Anti-GAPDH and anti-phospho eEF2 were used at a dilution of 1 : 20 000. Anti-total AMPKα1 +
AMPKα2 antibodies were used at a dilution of 1 : 10 000. Immunodetection was by ECL Classico substrate
(Merck Millipore). Immunoblots were quantified by densitometry using ImageJ software.

Isolation of rat liver mitochondria for measurements of OCR and
mitochondrial pyruvate uptake
Mitochondria were isolated from the liver of an overnight starved rat in mitochondrial assay solution (MAS)
containing 2 mM Hepes, pH 7.2, 70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 1 mM
EGTA. After Dounce homogenization in 40 ml of MAS and centrifugation (600g × 10 min, 4°C), mitochondria
were pelleted from the supernatant (10 000g × 10 min, 4°C) and washed twice. Mitochondria were resuspended
for protein estimation and diluted in MAS with 0.2% (w/v) BSA to load 4 mg per well in a SeahorseTM 96 well
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culture plate. After centrifugation (2000g × 20 min, 4°C), mitochondria were pre-incubated for 60 min at 37°C
in a CO2-free incubator in the presence of the different compounds as indicated in the figure legends. Standard
substrates for complex I-dependent baseline measurements (2 mM ADP, 2.5 mM malate and 10 mM pyruvate)
were added just before the start of the experiment. To determine GPD2-dependent OCR, 10 mM Gro3P was
used as substrate and 100 mM TMPD together with 10 mM ascorbate was used as electron donor to determine
complex IV-dependent OCR. At least three cycles of mixing/measuring (3 min/4 min) were performed for each
injection and complex-dependent respiration was calculated by the difference between the mean OCR before
versus after injections. Mitochondrial uptake of 0.2 mM [14C] pyruvate was measured for 2 min at 4°C after
10 min pre-incubation in respiration buffer (3 mM Hepes pH 7.4, 120 mM KCl, 5 mM KH2PO4, 1 mM EGTA,
0.1 mM malate, 1 mM antimycin, 1 mM rotenone and 3 mM ascorbate + 3 mM TMPD) to create an artificial
proton gradient required for pyruvate transport by the MPC using an inhibitor-stop technique [55].

Enzyme assays
AMPKα1 + AMPKα2 activity immunoprecipitated from 100 mg of hepatocyte lysates was measured as
described [15] in kinase assay buffer (10 mM MOPS pH 7.0, 0.5 mM EDTA, 10 mM magnesium acetate, 5 mM
dithiothreitol, 0.2 mM AMP) by measuring 32P incorporation from 0.1 mM [γ-32P] ATP (specific radioactivity
1000 cpm/pmol) into 200 mM substrate ‘AMARA’ peptide (sequence AMARAASAAALRRR) [15]. Cell lysates
were assayed for PKA in the same buffer, by measuring phosphorylation of a heart PFK-2-derived substrate
peptide (sequence PVRMRRNSFT) with or without PKA inhibitor peptide (sequence
TYADFIASGRTGRRNAIHD) present, as described [15]. Purified recombinant GPD2 was assayed spectro-
photometrically by decoloration of the blue dye 2,6-Dichlorophenolindophenol (DCPIP) used as artificial elec-
tron acceptor [56]. After adding 5–10 mg GST-mGPD2 per 1 ml of 50 mM Tris–HCl pH 7.4 containing
50 mM KCl, 1 mM EDTA, 1 mM Gro3P, 10 mM DCPIP absorbance was followed at 600 nm over 10 min at
room temperature. Alternatively, GPD2 activity in rat liver mitochondria (∼1 mg of total protein) was mea-
sured by reduction of cytochrome c (10 mg/ml) added to 0.9 ml of 50 mM potassium phosphate buffer pH 7.6
containing 250 mM sucrose, 1 mM EDTA, 25 mM sodium azide, 1 mM KCN, 0.2% (w/v) BSA, 5 mM Gro3P
and following absorbance at 550 nm. Rabbit muscle GPD1 (Sigma–Aldrich, Catalogue N° 10127752001) activ-
ity was measured by following NADH oxidation in 1 ml of 50 mM Tris–HCl buffer pH 7.4 containing 1 mM
EDTA, 1 mM dihydroxyacetone phosphate and 0.2 mM NADH spectrophotometrically at 340 nm. Pig heart
MDH2 (Sigma–Aldrich, Catalogue N°10127256001) and plant MDH1 [57] were assayed by following NADH
oxidation in 1 ml of 0.1 M potassium phosphate buffer pH 7.4 containing 5 mM MgCl2, 1 mM oxaloacetate
and 0.2 mM NADH spectrophotometrically at 340 nm. Rabbit muscle LDH (Sigma–Aldrich, Catalogue
N° 26230325) was assayed by following NADH oxidation in 1 ml of 50 mM Tris–HCl buffer pH 7.4 containing
0.2 M NaCl, 0.2 mM NADH and 1 mM pyruvate spectrophotometrically at 340 nm.

Live-cell monitoring of cytosolic NADH : NAD+ ratio
IHH cells were lentivirally transduced with the NADH-sensitive Peredox probe under the control of a phospho-
glycerate kinase (PGK) promoter. Selection for neomycin/G418 resistance was maintained until all cells were
positive for stable red fluorescence due to the mCherry moiety of the probe. For real-time monitoring of
NADH-sensitive green fluorescence (microscope: Zeiss Axiovert 200 M, software: Zeiss Axiovision 4.8, filters:
FITC channel with excitation at 480 nm/emission at 535 nm, objective: Zeiss Fluar 20×, camera: Zeiss
AxioCam MRm) based on [42], cells were plated on 15 mm-diameter circular glass cover slips and transferred
to Krebs-Ringer buffer supplemented with 5 mM Hepes, pH 7.4 and 10 mM glucose for 15 min prior to ana-
lysis. At least 30 cells were selected for parallel measurement of instant fluorescence over initial fluorescence (F/
F0) ratios. After the establishment of a stable baseline, data were acquired every 5 s for at least 5 min after add-
ition of compounds or substrates and then every 10–20 s for up to 30 min. For long-term incubations up to
24 h, IHH cells were cultured in standard DMEM media in transparent 96 well-plates (eight wells per condi-
tion) and the Incucyte© in-incubator imaging system (Sartorius) was used to acquire phase-contrast and fluor-
escent (green for analysis at 405/525 nm and red for normalization at 580/630 nm) pictures every hour and
relative intensity was calculated as instant fluorescence over initial fluorescence (F/F0) ratios.

In vitro phosphorylation
Recombinant GST-GPD2 (5 mg) was incubated for 1 h with 1U of activated recombinant AMPK in 50 ml of
kinase assay buffer (see AMPK assay). For measurements of the stoichiometry of phosphorylation, proteins
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were separated by SDS–PAGE in 7.5% (w/v) polyacrylamide gels. Gels were stained using PageBlue (Thermo
Fisher Scientific) for protein band quantification by Odyssey (Licor) infrared imaging. Bands were then excised
from the gels for measurement of 32P-incorporation or for phosphorylation site identification as described
previously [58]. Briefly, tryptic peptides were separated by reverse-phase HPLC and radioactive peaks were
analyzed by LC–MS/MS. Multi-stage activation was enabled for phosphate neutral loss of 98, 49 or 32.66 with
respect to the precursor m/z. Peak lists were generated and searched using SequestHT and PhosphoRS 3.1
against a home-made protein database containing the mouse GPD2 sequence from Uniprot. Phosphorylation
site identification was performed as described [58] and validated manually.

Virtual docking experiments
A structural model of Mus musculus GPD2 was generated using the I-TASSER server for structure prediction
[59], with the 2.3 Å crystal structure of Streptococcus sp. α-glycerophosphate oxidase (PDB ID: 2RGH) as tem-
plate model [40] and local structure quality of the model further improved in the GalaxyRefine web server [60].
Compound 991 for in silico docking was prepared in JLigand [61] and restraints and hydrogens generated
using ProDrg [62] and AceDrg [63]. A basic docking approach in Autodock Vina [64] was used for simulated
docking experiments, with the entire protein molecule enclosed within the docking search area.

In vivo monitoring of glycemia and IPPTT
Mice were starved overnight and glucose concentrations were measured on blood drops taken from the tip of
the tail at the indicated time intervals using a hand-held strip-glucometer (Freestyle Lite, Abbott, Belgium). For
compound treatment, 2 h before starting measurements, 991 (10 mg per kg of bodyweight) or DMSO vehicle
control were injected intraperitoneally after dissolving in ∼400 ml/mouse of saline (0.9% w/v NaCl) with
10 mM NaOH to improve compound solubility as described [65]. For IPPTT, sodium pyruvate was dissolved
in water at neutral pH and injected intraperitoneally (∼500 ml per mouse) at a dose of 1 g per kg of
bodyweight.

Statistical analysis
The results are expressed as means ± S.E.M. of the number of independent experiments/technical replicates
indicated in the figure legends. All two-group comparisons were done by paired two-sided Student’s t-tests and
multi-group comparisons were carried out by ANOVA followed by appropriate post-hoc tests, and P < 0.05 was
considered significant. GraphPad Prism software was used for statistical analysis and generation of graphics.

Data Availability
All relevant data are contained within the main article and its Supplementary Files.
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