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AMP-activated protein kinase (AMPK) is a central energy
sensor that coordinates the response to energy challenges to
maintain cellular ATP levels. AMPK is a potential therapeutic
target for treating metabolic disorders, and several direct
synthetic activators of AMPK have been developed that show
promise in preclinical models of type 2 diabetes. These
compounds have been shown to regulate AMPK through
binding to a novel allosteric drug and metabolite (ADaM)–
binding site on AMPK, and it is possible that other molecules
might similarly bind this site. Here, we performed a high-
throughput screen with natural plant compounds to identify
such direct allosteric activators of AMPK. We identified a
natural plant dihydrophenathrene, Lusianthridin, which
allosterically activates and protects AMPK from dephos-
phorylation by binding to the ADaM site. Similar to other
ADaM site activators, Lusianthridin showed preferential
activation of AMPKβ1-containing complexes in intact cells
and was unable to activate an AMPKβ1 S108A mutant.
Lusianthridin dose-dependently increased phosphorylation of
acetyl-CoA carboxylase in mouse primary hepatocytes, which
led to a corresponding decrease in de novo lipogenesis. This
ability of Lusianthridin to inhibit lipogenesis was impaired in
hepatocytes from β1 S108A knock-in mice and mice bearing a
mutation at the AMPK phosphorylation site of acetyl-CoA
carboxylase 1/2. Finally, we show that activation of AMPK
by natural compounds extends to several analogs of Lusian-
thridin and the related chemical series, phenanthrenes. The
emergence of natural plant compounds that regulate AMPK
through the ADaM site raises the distinct possibility that
other natural compounds share a common mechanism of
regulation.
* For correspondence: Matthew J. Sanders, matthew.sanders@rd.nestle.com;
Kei Sakamoto, kei.sakamoto@sund.ku.dk.

© 2022 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for
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Natural plant compounds have traditionally been used in
herbal medicine for centuries for the treatment or prevention
of a variety of human diseases. Some of these natural products
are being assessed in clinical trials or have been used as lead
compounds, modified to improve efficacy and bioavailability,
to generate clinically relevant compounds (1–4). Interestingly,
a plethora of natural plant polyphenols, including resveratrol,
quercetin, and berberine, have been shown to activate the
energy-sensing enzyme, AMP-activated protein kinase
(AMPK), raising the possibility that some of their beneficial
effects may be mediated by activation of AMPK (5, 6).
Therefore, the potential role of AMPK in mediating the health
benefits of natural compounds and antidiabetic drugs has
stimulated interest in this enzyme as a therapeutic target for
treating various metabolic disorders.

AMPK is an evolutionary conserved Ser/Thr protein kinase
and functions to control cellular and whole-body energy ho-
meostasis (7, 8). AMPK is a heterotrimeric complex consisting
of a catalytic α subunit and regulatory β and γ subunits, and
multiple isoforms exist for each subunit (α1, α2, β1, β2, γ1, γ2,
and γ3) allowing for 12 AMPK complexes. The α catalytic
subunit contains an N-terminal kinase domain, which when
phosphorylated in a conserved activation loop (site Thr172) by
upstream kinases (liver kinase B1 and calcium/calmodulin-
dependent protein kinase kinase 2 [CaMKK2]) becomes acti-
vated (7, 9). The activated (Thr172-phosphorylated) form of
AMPK can be maintained by the binding of AMP or ADP to
the cystathionine β-synthase domains of the γ subunit (10, 11).
Furthermore, AMP can increase AMPK activity further
through an allosteric mechanism (12). In contrast, ATP an-
tagonizes the effects of AMP and ADP, and this forms the basis
by which AMPK can respond to fluctuations in the AMP:ATP
and ADP:ATP ratios during times of energy demand and
maintains ATP at a constant level.

Natural/naturally derived plant compounds, metformin and
canagliflozin, were shown to activate AMPK as a consequence
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Natural plant compounds directly regulate AMPK
of their ability to inhibit mitochondrial ATP production,
altering the AMP/ADP:ATP ratio and thus activate AMPK
through nucleotide binding to the γ subunit (13, 14). Inter-
estingly, this mechanism for activation of AMPK is currently
being exploited to develop compounds that “mimic” the effects
of exercise or metformin by inhibiting mitochondrial respira-
tion (15, 16). However, because of the fact that metformin,
canagliflozin, and natural plant compounds indirectly activate
AMPK, it is likely that these compounds have a combination of
AMPK-dependent and AMPK-independent effects (6). For
example, some of the effects of metformin may be the result of
modulating redox-dependent mechanism (17) or other
nucleotide-regulated enzymes, including fructose-1,6-
bisphosphatase 1 (18, 19).

In contrast to natural products that activate AMPK by
inhibiting mitochondrial respiration and disrupting the ho-
meostatic AMP/ADP:ATP ratio, the natural plant compound
salicylic acid, the active component of aspirin, activates AMPK
through a distinct mechanism (20, 21). The authors reported
that some of the beneficial effects of salicylic acid on lipid
homeostasis may be mediated by activation of AMPK (20, 22);
however, indirect effects on mitochondrial proton gradient
have also been reported (23). Importantly, salicylic acid is
being assessed in clinical trials for treating type 2 diabetes and
cardiovascular disease (24, 25). Whilst at high concentrations,
salicylic acid was shown to alter the ADP:ATP ratio of the cell,
at lower concentrations, salicylic acid activated an AMP-
insensitive AMPK mutant (γ2 R531G) in cells (20). Instead,
salicylic acid–induced activation of AMPK was blunted by a β1
S108A AMPK mutant (20), which has previously been shown
to alter the activation of AMPK by synthetic small-molecule
activators, including A-769662 and 991 (26, 27).

A-769662, a member of the thienopyridone family, was the
first direct activator of AMPK to be identified (28) that
appeared to regulate AMPK independent of the nucleotide-
binding site (26, 29, 30). Subsequently, several studies
identified similar direct AMPK activators such as 991 (a
benzimidazole derivative) and showed that they share a com-
mon mechanism of action (6). Through this research, a novel
regulatory site was identified (27) separate from the canonical
nucleotide-binding site in the γ subunit. This site, termed the
allosteric drug and metabolite (ADaM)–binding site, is formed
at the interface between the N-lobe of the α kinase domain and
the carbohydrate-binding module (CBM) of the β subunit (27,
31). Consequently, pharmaceutical companies have been using
this novel regulatory site to develop potent selective direct
synthetic activators of AMPK (6, 32). Some of these com-
pounds have shown in vivo efficacy and display beneficial ef-
fects in rodent and nonhuman primate models of type 2
diabetes (33, 34) and more recently in rodent models with
nonalcoholic steatohepatitis (35). These studies suggest that
direct activation of AMPK by targeting the ADaM-binding site
is a viable approach for treating metabolic disorders.

The identification of the ADaM site as a novel regulatory
site on AMPK has raised the possibility that endogenous
natural metabolite(s) may regulate AMPK. A recent publica-
tion reported that long-chain fatty acyl-CoAs may act as
2 J. Biol. Chem. (2022) 298(5) 101852
endogenous direct AMPK activators (36). In addition, the
demonstration that salicylic acid binds and regulates AMPK
through the ADaM site (20, 31) raises an intriguing possibility
that other naturally occurring compounds may also regulate
AMPK through this site. In this study, we identified natural
pure compounds from two chemical classes, phenanthrenes
and dihydrophenanthrenes, which directly activate AMPK
through the ADaM-binding pocket. These compounds in-
crease AMPK activity in intact cells and show dose-dependent
inhibition of de novo lipogenesis in primary hepatocytes. The
ability of these compounds to inhibit hepatic lipogenesis was
impaired by the AMPKβ1 S108A knock-in (KI) mutation in
the ADaM-binding site and mutation of the AMPK phos-
phorylation site in the substrate acetyl-CoA carboxylase 1/2
(ACC1/2). The identification of dihydrophenanthrenes and
phenanthrenes, in addition to the previously reported salicylic
acid, suggests that activation of AMPK through the ADaM site
could represent a common mechanism for natural plant
compounds to regulate AMPK. This study provides growing
evidence that natural compounds can regulate AMPK and
supports the concept that an endogenous mammalian natural
metabolite may bind to the ADaM site and activate AMPK.
Results

High-throughput screening of a natural bioactive library
identifies Lusianthridin as a direct activator of AMPK

To identify pure natural compounds or extracts that directly
activate AMPK, we performed a high-throughput screen of a
panel of natural bioactives (around 42,000 pure compounds,
extracts, and fractions) using the Homogenous Time-Resolved
Fluorescence (HTRF) KinEASE STK assay (37) and monitored
allosteric activation of recombinant human AMPKα2β1γ1
complex. We identified that Lusianthridin (Chemical Ab-
stracts Service [CAS] registry number: 87530-30-1, Fig. 1A), a
dihydrophenanthrene, is a direct allosteric activator of re-
combinant AMPK with a similar EC50 (�10 μM) and fold
activation compared with AMP (Fig. 1B). Hit confirmation was
carried out on a sample prepared by chemical synthesis, and
we show that there is comparable allosteric activation to the
natural Lusianthridin from the initial screening library
(Fig. 1C). The identity of all the Lusianthridin samples was
confirmed by our quality control analyses (Fig. S1).

To determine whether Lusianthridin mediated its effects
through the same binding site as AMP, recombinant AMP-
Kα2β1γ1 was incubated with varying concentrations of AMP
in the absence or the presence of fixed concentrations of
Lusianthridin. As shown in Figure 1D, incubation of AMPK
with AMP in the presence of its analog 5-aminoimidazole-4-
carboxamide-1-D-ribofuranosyl-5’-monophosphate did not
lead to a further increase in allosteric activation, consistent
with the ability of 5-aminoimidazole-4-carboxamide-1-D-
ribofuranosyl-5’-monophosphate to bind to the same binding
pocket as AMP in the γ subunit of AMPK. In contrast, A-
769662, which binds to the ADaM site, resulted in an
enhancement in AMP allosteric activation (Fig. 1E). Interest-
ingly, Lusianthridin also enhanced AMP allosteric activation,
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Figure 1. Identification of Lusianthridin as a direct activator of AMPK. A, structure of Lusianthridin. B, AMPK activity of bacterially expressed recom-
binant human α2β1γ1 complex in the presence of increasing concentrations of AMP or Lusianthridin. C, comparison of Lusianthridin isolated from a natural
source and Lusianthridin generated by chemical synthesis. AMPK activity was determined using the HTRF KinEASE assay kit, and results are presented as
fold increase in AMPK activity (±SEM, n = 3) relative to the activity in the absence of activator. D–F, recombinant α2β1γ1 was incubated with increasing
concentrations of AMP in the absence (black circles) or the presence of fixed concentrations of ZMP (D) (1.23–300 μM), Lusianthridin (E) (0.137–100 μM), or
A-769662 (F) (0.014–10 μM). The increasing concentrations are indicated on the graph by the arrow and represented by a different color. AMPK activity was
determined using the HTRF KinEASE assay kit, and results are presented as the ratio of 665/620 nm (STK1 substrate peptide phosphorylation). AMPK, AMP-
activated protein kinase; HTRF, Homogenous Time-Resolved Fluorescence; ZMP, 5-aminoimidazole-4-carboxamide-1-D-ribofuranosyl-5’-monophosphate.
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suggesting that Lusianthridin activates AMPK through a
distinct binding site to AMP (Fig. 1F).

Lusianthridin activates AMPK through the ADaM site

It is possible to distinguish ligands that regulate AMPK at
the two distinct regulatory sites on AMPK by their activity
profile against various AMPK complexes with mutations in
either the β or γ subunits (13, 20). As seen in Figure 2, A and B,
in contrast to AMP, Lusianthridin activates AMPK complexes
harboring a γ1 Arg to Gly mutation at residue 299 (R299G), to
the same extent as WT AMPKα2β1γ1 complexes. In contrast,
Lusianthridin did not activate α2β1γ1 complexes with a mu-
tation at Ser108 to Ala in the β1 subunit (S108A), and a
truncation at residue β1 186 that removes the N-terminal
CBM, thus this mutant is termed as ΔCBM (Fig. 2A). This
activity profile is characteristic of direct activators at the
ADaM-binding site as we also show here with the benchmark
compound, A-769662 (Fig. 2C). Consistent with this, we did
not detect Lusianthridin-stimulated allosteric activation of β2-
containing AMPK complexes (α2β2γ1), which fits with our
current knowledge that vast majority of the ADaM-site li-
gands, but not all (38), have no or an impaired activity profile
against β2-containing complexes (6, 27, 39) (Fig. S2).

We tested Lusianthridin (10 μM) in a cell-free assay against
a panel of 140 human protein kinases to probe the specificity
of this compound for AMPK. Lusianthridin did not robustly
activate (>25%) any kinases in the panel, with most kinases
showing no significant alteration in their activity (Fig. S3).
AMPK was not activated by Lusianthridin since the recombi-
nant AMPK protein used in the kinase panel was
β2-containing complex (AMPKα1β2γ1). Lusianthridin
appeared to decrease the activity of a small subset of kinases,
however, with a number of those displayed over a 50%
reduction in activity (the proviral integration site for Moloney
murine leukemia virus 1 and dual-specificity tyrosine-
regulated kinase families). These kinases were reported to be
inhibited by several compounds (40) (Kinase Profiling Inhibi-
tor Database, http://www.kinase-screen.mrc.ac.uk/kinase-
inhibitors) and are also inhibited by A-769662 (29). These
data indicate that Lusianthridin is not a promiscuous allosteric
activator of protein kinases.

In addition to allosteric activation, we show that Lusian-
thridin also caused a dose-dependent protection against
dephosphorylation of AMPK by protein phosphatase 2Cα
(PP2Cα) in a cell-free assay (Fig. 2, D–F). Interestingly, similar
to A-769662, Lusianthridin displayed impaired protection
against dephosphorylation of the AMPKα2β1(S108A)γ1
mutant, whereas the effects of AMP are largely unaffected by
this mutation. Taken together, our in vitro data demonstrate
that Lusianthridin regulates AMPK through the ADaM-
binding pocket similar to synthetic direct activators,
including A-769662.

Lusianthridin increases AMPK activity in intact cells

To examine the effects of Lusianthridin in intact cells, we
used the human osteosarcoma U2OS cell line to monitor
activation of AMPK itself by determining the level of phos-
phorylation on AMPKα Thr172 and phosphorylation of an
established bona fide substrate, ACC. These effects were
routinely quantified using Western blot analysis using the LI-
J. Biol. Chem. (2022) 298(5) 101852 3
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Figure 2. Effects of Lusianthridin, AMP, or A-769662 on activation and protection from dephosphorylation of various AMPK mutant complexes. A–
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Natural plant compounds directly regulate AMPK
COR Odyssey system. Furthermore, we also used a phospho-
ACC (Ser79) cellular HTRF assay kit (96-well plate reader
assay format), which we optimized for this cell line to measure
activation of AMPK in a linear range across a number of doses
of compounds, including A-769662 and an AMP mimetic
prodrug, 5-aminoimidazole-4-carboxamide riboside (AICAR)
(Fig. 3A). Importantly, the ability of these compounds to
stimulate increases in phospho-ACC was comparable between
our Western blot analysis and HTRF assay (Fig. S4, A–C);
therefore, in some experiments, the HTRF assay was solely
used to monitor activation of AMPK in cells. Treatment of
cells with Lusianthridin increased phospho-ACC in a dose-
dependent manner (Fig. 3, A and B), with an improved
dose–response compared with salicylic acid (Fig. S4D). We
observed that Lusianthridin stimulated phospho-ACC after
incubation for 30 min, and this activity was maintained up to
the maximum time point tested in this study (4 h) (data not
shown). We were able to rule out that increases in [Ca2+] were
mediating Lusianthridin-induced increases in AMPK activity
through CaMKK2. Preincubation with the CaMKK2 inhibitor
STO-609 (41, 42) did not affect the dose–response of
Lusianthridin (Fig. 3C), whereas as expected, it impaired
ionomycin-mediated activation of AMPK (Fig. S5).

We generated a single β1 knock-out (KO) in U2OS cells to
monitor the dependency of ADaM-site activators for β1-
containing complexes. β1 deletion resulted in not only a
decrease in overall AMPKα expression but also a modest in-
crease in β2-isoform expression presumably to compensate for
the loss of β1 in these cells (Fig. S6). Importantly, despite the
4 J. Biol. Chem. (2022) 298(5) 101852
lower AMPKα expression and corresponding decrease in basal
phospho-ACC in these cells (Fig. S6), AICAR caused a dose-
dependent increase in phospho-ACC in both the U2OS
parental (WT) and β1 KO cells, with a comparable EC50

(Fig. 4A). A-769662, which has previously been reported to be
almost entirely β1 specific in intact cells (30), displayed an
almost complete ablation of its ability to increase phospho-
ACC in the β1 KO cells (Fig. 4B). Similarly, Lusianthridin
stimulation of phospho-ACC was almost completely abrogated
in the β1 KO cells (Fig. 4, C and D), consistent with our in vitro
data showing that Lusianthridin does not allosterically activate
recombinant AMPKβ2-containing complexes (Fig. S2B).
Lusianthridin increases ACC phosphorylation in cells through
activation of AMPK at the ADaM site

Next, we established a cellular model to monitor the
contribution of the ADaM-regulatory site in mediating the
cellular effects of AMPK in response to treatment with
Lusianthridin and other AMPK activators. To achieve this, we
generated a β1β2 double KO (DKO) U2OS cell line (Fig. S7).
We took advantage of the Flp-In T-Rex system in our AMPKβ
DKO cell lines to reintroduce and stably express the β1-WT or
β1-S108A mutant or the β2-WT or β2-S108A mutant.
Importantly, we were able to generate stable cell lines whereby
the expression of the β1 or β2 was comparable, and the α
subunit expression was restored to a similar level compared
with the U2OS Flp-In T-Rex parental cells (Fig. 5A). First, we
confirmed that AICAR stimulated phospho-ACC to a similar
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HTRF). A representative blot is displayed for the ionomycin-treated cell lysates using an automated capillary immunoblotting system (Sally Sue). AICAR, 5-
aminoimidazole-4-carboxamide riboside; HTRF, Homogenous Time-Resolved Fluorescence.
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extent in these genetically engineered new stable cell lines
(Fig. 5B), despite the fact that we observed a small decrease in
basal AMPK activity because of mutation of β1 S108A
compared with WT complexes as previously reported (26)
(Fig. S8). Notably, AICAR caused a greater fold increase in
maximal response in the β2-WT-expressing cells compared
with the β1-WT-expressing cells. Interestingly, as shown in
Figure 4A, AICAR also caused a greater fold increase in acti-
vation of AMPK in the β1-KO cells, suggesting that β2-
containing complexes appear to be more responsive to
AICAR in U2OS cells. In contrast to AICAR, the dose–
responses for A-769662 were impaired in both the β1-S108A
and β2-S108A mutants and β2-WT cells consistent with this
compound regulating AMPK through the ADaM site (Figs. 5C
and S8, B and C). Similarly, we show in the β1-S108A and β2-
S108A mutant and β2-WT cell lines that Lusianthridin
induced increases in phospho-ACC were blunted (Fig. 5, D and
E). These data demonstrate that the ability of Lusianthridin to
increase AMPK activity in these cells is mainly driven by
regulation through the ADaM site of β1-containing complexes.
Lusianthridin inhibits hepatic lipogenesis in an AMPK-
dependent manner

We next assessed the ability of Lusianthridin to activate
AMPK in a more physiologically relevant cell system. We
isolated hepatocytes from C57BL/6 WT mice and treated these
cells with various AMPK activators. We first monitored
AICAR-induced activation of AMPK by assessing phosphor-
ylation of ACC in these cells, which inhibits hepatic lipogenesis
(43). AICAR caused a robust dose-dependent increase in
phosphorylation of ACC and a corresponding dose-dependent
inhibition of lipogenesis (Fig. 6A). Lusianthridin also caused a
dose-dependent decrease in lipogenesis that correlates closely
with the rate of increase in ACC phosphorylation in primary
hepatocytes (Fig. 6B). To rule out the possibility that inhibition
of lipogenesis by Lusianthridin could be explained by cyto-
toxicity, we performed a colorimetric 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide (MTT) cell viability
assay. Under conditions where we observed cytotoxicity with a
known cytotoxic agent, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, an inhibitor of mitochondrial ATP
synthesis), we did not observe any changes in cell viability with
treatment of hepatocytes with Lusianthridin (up to 100 μM)
used in this study (Fig. S9).

To determine whether the ability of Lusianthridin to in-
crease phospho-ACC, and inhibit hepatic lipogenesis, was
dependent on AMPK, primary mouse hepatocytes were iso-
lated from WT and ACC1/2 double KI (ACC DKI) mice (43).
ACC DKI mice have an alanine mutation at the serine residue
(ACC1 Ser79Ala/ACC2 Ser212Ala) that is phosphorylated by
AMPK. This means that AMPK is not able to phosphorylate
and inhibit ACC, and thus, activation of AMPK does not lead
to a decrease in lipogenesis (43). We observed that
J. Biol. Chem. (2022) 298(5) 101852 5
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Lusianthridin (20 and 40 μM) and A-769662 (10 μM) were
ineffective at suppressing lipogenesis in primary hepatocytes
taken from ACC DKI mice, suggesting that regulation of
lipogenesis by these compounds is dependent on AMPK-
mediated phosphorylation of ACC (Fig. 6C). Taken together,
we demonstrate that Lusianthridin can activate AMPK in a
physiologically relevant cell system and leads to the inhibition
of hepatic de novo lipogenesis in an AMPK-dependent
manner.
Lusianthridin activates AMPK in primary mouse hepatocytes
through the ADaM site

Given the importance of the β1 S108 residue in mediating
the regulation of AMPK by ADaM-site activators (20, 26, 27),
we generated KI mice with an AMPKβ1 S108A (S108A KI)
6 J. Biol. Chem. (2022) 298(5) 101852
mutation in order to assess the contribution of the ADaM site
in the regulation of AMPK. We isolated hepatocytes from WT
and S108A KI mice to investigate the contribution of the
ADaM site in the regulation of lipogenesis by AMPK activa-
tors. First, we measured AMPK signaling in WT and S108A KI
hepatocytes after treatment with AICAR or Lusianthridin. As
shown in Figure 6D, we observed that AICAR increased
phospho-ACC to a similar extent in the WT and S108A KI
hepatocytes, whereas Lusianthridin displayed impaired AMPK
signaling (judged by phospho-ACC) in the S108A KI hepato-
cytes (Fig. 6E). Next, we measured the effect of these com-
pounds on lipogenesis in the S108A KI hepatocytes. First, we
observed an increase in basal lipogenesis in hepatocytes iso-
lated from S108A mice compared with WT mice (WT, 7.56 ±
0.89 nmol/h/mg versus S108A, 11.77 ± 1.03 nmol/h/mg),
consistent with a decrease in basal AMPK activity in primary
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hepatocytes and cell culture with this mutation. Despite this,
importantly, we demonstrate the ability of AICAR to increase
phospho-ACC to a similar extent in WT and S108A KI
hepatocytes, and thus, we observed a comparable inhibition of
lipogenesis in these hepatocytes (Fig. 6F). In conjunction with
impaired phosphorylation of ACC in S108A KI hepatocytes
treated with Lusianthridin, we observed a diminished ability of
Lusianthridin to inhibit lipogenesis in these hepatocytes
(Fig. 6F). These data are consistent with our in vitro and
cellular work showing that Lusianthridin mediates its effects
largely through binding to the ADaM site.

Phenanthrenes also directly activate AMPK through the
ADaM-binding site

The identification of Lusianthridin as a direct activator of
AMPK led us to test various analogs of this natural phyto-
chemical compound. We identified a number of dihy-
drophenanthrene analogs that lead to direct activation of
AMPKα2β1γ1 in the cell-free assay, and this work allowed us
to perform a structure–activity relationship study in parallel.
In addition, we showed that Lusianthrin (Fig. 7A), the corre-
sponding phenanthrene analog of Lusianthridin, directly allo-
sterically activated AMPKα2β1γ1 almost identically to
Lusianthridin (Fig. 7B). We show using our β1-WT, β-S108A,
β2-WT, and β2-S108A U2OS stable cell lines that Lusianthrin
activation of AMPK in cells is primarily achieved through its
ability to bind to the ADaM-binding site (Fig. 7, C and D).
Taken together, we show that activation of AMPK by natural
compounds extends beyond Lusianthridin and includes a
number of its analogs in the dihydrophenanthrene and the
phenanthrene series, suggesting that there is a common
mechanism for some natural plant chemical families to acti-
vate AMPK through the ADaM site.

Discussion

There are numerous natural plant compounds that have
been shown to activate AMPK (5, 6), and some of these
compounds exert beneficial metabolic effects. However,
because of the fact that most of these natural bioactives have
been demonstrated to indirectly activate AMPK through al-
terations in the AMP:ATP and ADP:ATP ratios via inhibition
of mitochondrial respiration (13), it has been suggested that
these compounds will likely have a combination of “AMPK-
mediated” and “AMPK-independent” effects. In fact, most of
the natural compounds that activate AMPK are antifungal and
antimicrobial agents that are produced in response to infection
(5), and therefore, AMPK activation is expected to be a
byproduct of their toxic nature. Salicylic acid, a natural com-
pound from willow bark, not only directly activates AMPK
through the ADaM-binding site (20, 31) but also perturb the
levels of ATP within the cell at high concentrations (23),
characteristic of the expected mechanism of action of most
natural compounds. This raises the possibility that other
naturally occurring compounds may also activate AMPK
directly.

In this study, we used a library of natural compounds to
screen for direct allosteric activators of AMPK and identified
Lusianthridin, a dihydrophenanthrene, which directly acti-
vated the human AMPKα2β1γ1 complex. There are two key
J. Biol. Chem. (2022) 298(5) 101852 7
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regulatory sites in AMPK that direct activators have been
shown to bind to (i) the cystathionine β-synthase domains in
the γ subunit and (ii) the ADaM site located at the interface
between the α and β subunits. We showed in vitro that
Lusianthridin activated the AMPK γ1 R299G mutant, which
interferes with allosteric activation by AMP (26), but its effects
were abolished in various AMPK complexes, including (i) a β1
S108A mutant, (ii) a mutant with a deletion of the CBM of the
β1 subunit, and (iii) β2-containing complexes. The maximal
activation of AMPK by Lusianthridin was lower compared
with A-769662: however, similar to other ADaM site activators
with different stimulatory abilities, the reasons for this differ-
ence are not clear based on our currently understanding of the
molecular mechanism of ADaM-site activators. Furthermore,
the ability of Lusianthridin to protect AMPK from dephos-
phorylation by PP2Cα was altered in the β1 S108A mutant.
Lusianthridin-induced phosphorylation of ACC in U2OS cells
was profoundly reduced in stable cell lines (β1β2 DKO back-
ground) re-expressing a β1 S108A mutant, WT β2, or β2
S108A mutant compared to β1 WT. Consistent with these
observations, we show that activation of AMPK in the β1 KO
U2OS cells, thus expressing only β2 complexes, was blunted
after Lusianthridin treatment. This activation profile is char-
acteristic of activators at the ADaM-binding site, including
activation of AMPK by a benchmark compound A-769662
(31), suggesting that Lusianthridin binds to the same site. The
phosphorylated β1 S108 residue within the CBM provides
important interactions with residues in the AMPKα subunit
kinase domain, explaining the observations that mutation or
truncation of this region affects the action of ADaM site–
binding activators. The observation that β2-containing com-
plexes affect A-769662 and Lusianthridin is not clear from our
current structural understanding of this site, primarily because
there is no high-resolution cocrystal structure of the β2-
containing AMPK trimeric complex and an ADaM site–
binding activator. Furthermore, some potent ADaM-site
compounds (e.g., 991) are less impacted by a switch to β2-
containing complexes (27), which may simply reflect the fact
that these compounds bind tighter compared with A-769662
and Lusianthridin.

Previous studies have shown that the activity of synthetic
ADaM site–binding compounds, such as A-769662, is
impaired in β1 S108A mutant and WT β2 complex compared
with the β1 WT cell line, although an increase in AMPK
activity is observed at higher doses (300 μM) (20) (Fig. S10).
We observe with our stable cell lines that there is a sharp
increase in AMPK activity above 100 μM A-769662, which
could be due to a perturbation in ATP production (e.g., by
cellular toxicity) leading to indirect activation of AMPK and
not through the ADaM-binding site (Fig. S10). Therefore,
concentration and duration of the compound needs to be
carefully assessed, and in general, concentrations >100 μM
are not recommended to be used in cells when studying the
effects of A-769662 through the ADaM-binding site. The
authors monitored activation of AMPK after immunopre-
cipitation of the expressed complexes, which only captures
the intrinsic activity of AMPKα (regulated by Thr172 phos-
phorylation). It has been reported that ADaM site activators
are strongly driven by allosteric activation in cells (29, 44,
45), which is not captured by the in vitro AMPK activity
assay after immunoprecipitation. Therefore, changes in
phosphorylation of Thr172 are only observed at higher
concentrations of A-769662 than those that cause increases
in phosphorylation of ACC. We show in our U2OS WT cells
that A-769662 induces phosphorylation of ACC in the region
of an EC50 of 10 μM. The advantage of the U2OS stable cell
system that we have generated is that these complexes are
expressed in the AMPKβ1β2 DKO background, so phos-
phorylation of ACC can be used to monitor cellular AMPK
activation, which is complicated by the presence of endoge-
nously expressed AMPK in other cell systems that rely on
displacement of endogenous cellular β1 subunits (20).
Therefore, U2OS cells stably expressing the β1-WT, β1-
S108A mutant, WT-β2, or β2-S108A mutant in an
AMPKβ1β2 DKO background will be a more suitable tool in
identifying and assessing the activation of AMPK through the
ADaM site and β-specific activators.

Similar to A-769662, we observed a sharp increase in
phospho-ACC in β1-KO cells and β1-/β2-S108A mutant and
β2-WT stable cell lines at high concentrations of Lusianthridin
(above 100 μM) (Fig. S10). This likely occurs through a
decrease in ATP production and indirect activation of AMPK
as revealed through measurement of the adenine nucleotide
levels within the cells (Fig. S11). Lusianthridin did not have
J. Biol. Chem. (2022) 298(5) 101852 9
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significant effect on oxygen consumption rate up to 100 μM
(Fig. S11). This is consistent with a previous report for salicylic
acid that at low concentrations, salicylic acid activates AMPK
through the ADaM-binding site, and at high concentrations,
salicylic acid perturbs the nucleotide status of the cell, and this
leads to indirect activation of AMPK in cells (20). In contrast,
the majority of natural activators work through an indirect
effect, for example, quercetin, which we show here increases
phospho-ACC in β1 WT and β2 WT cell lines to a similar
extent, consistent with its reported ability to increase ATP
levels and indirectly activate AMPK (Fig. S10C). Taken
together, these β1-WT and β2-WT and S108A stable cells
robustly show the contribution of the ADaM site in mediating
the activation of AMPK by various compounds. We show that
concentrations of Lusianthridin below 100 μM regulate AMPK
almost exclusively through its ability to bind to the ADaM-
binding site in AMPK.

AMPK plays an important role in maintaining energy
homeostasis within the liver by primarily inhibiting lipid and
cholesterol synthesis and increasing fatty acid oxidation (6,
46, 47). As a consequence of its beneficial effects on liver
lipid homeostasis, AMPK has been implicated in treating
metabolic diseases with underlying problems in liver lipid
metabolism, including nonalcoholic fatty liver disease. Acti-
vation of AMPK has been reported to be beneficial in hepatic
lipid metabolism in preclinical models (48). Interestingly,
direct activation of the β1-isoform through the ADaM site
was demonstrated to improve nonalcoholic fatty liver disease
(49), suggesting that ADaM-site activators, which are often
more β1 selective, are likely to be effective in treating fatty
liver diseases. In line with this, we have demonstrated that
Lusianthridin dose-dependently activates AMPK, which is
associated with a corresponding decrease in de novo lipo-
genesis in mouse primary hepatocytes. We show that the
Lusianthridin effect (when treated up to 40 μM) was lost in
hepatocytes taken from mice with a DKI mutation in
ACC1/2 at the AMPK-phosphorylation site (43), demon-
strating that Lusianthridin-induced inhibition of lipogenesis
is mediated by its ability to activate AMPK. Consistent with
this, Lusianthridin, but not AICAR, displayed blunted in-
creases in ACC phosphorylation, which was associated with
an attenuated inhibition of lipogenesis in the β1 S108A
compared with the WT hepatocytes. These results provide
genetic evidence that Lusianthridin inhibits de novo lipo-
genesis in an AMPK-dependent manner by binding to the
ADaM site (under a certain range of concentrations) and
through phosphorylation of ACC, which is similar to the
action of salicylic acid (20, 50).

The discovery that Lusianthridin directly activates AMPK
prompted us to study previous literature published on this
compound. Members of the dihydrophenanthrene series
have been reported as plant phytoalexines that are produced
in response to a pathogen infection (51). Previous studies
have reported that Lusianthridin elicits an antimigratory ef-
fect (52) (0.5 μM, >12 h) and has anticancer properties
(10–20 μM, >72 h) (53). It would be interesting to determine
whether the ability of Lusianthridin to elicit these effects is
10 J. Biol. Chem. (2022) 298(5) 101852
mediated through regulation of AMPK using genetic KO
models. Dihydrophenanthrene natural products have been
reported in a number of families, including the Orchidaceae
(54), Dioscoreaceae (55), and Cannabinaceae (56). Interest-
ingly, these families also accumulate a number of related
compounds belonging both to the dihydrophenanthrene (to
which Lusianthridin belongs) and the phenanthrene (to
which Lusianthrin belongs) groups. The distribution and
biological activities of phenanthrenes has been recently
reviewed (57). This added to the present demonstration that
the natural phenanthrene Lusianthrin directly activated
AMPK through a mechanism similar to Lusianthridin and
incited us to investigate in more detail the structure–activity
relationship toward AMPK activation that could occur in
these groups of natural products.

The identification of natural plant dihydrophenanthrenes
and phenanthrenes that directly activate AMPK through the
ADaM site is an intriguing finding and builds on the previous
discovery that another natural product, salicylic acid, also
directly activates AMPK at this novel regulatory site. This
raises the distinct possibility that other natural plant
compounds may share the same common mechanism of
action. Alternatively, it may be completely coincidental
that these compounds contain the correct chemical proper-
ties to bind at the ADaM site, albeit at a lower affinity
compared with synthetic direct activators like A-769662 and
991. It is also entirely possible that a more potent natural
plant AMPK activator(s) already exists. An intriguing
possibility is that these natural compounds may directly
activate AMPK found in plants (sucrose nonfermenting-
related kinase [SnRK]), although very little is understood
about the SnRK proteins and regulation by small molecules.
It could be advantageous for plants to be able to modulate its
energy homeostasis in response to an infection, and activa-
tion of AMPK may represent a mechanism to do this. It will
be interesting to understand whether endogenous ligands in
plants play a role in directly regulating SnRK.

Natural plant compounds that have been shown to activate
AMPK are often produced in response to infection, and
because of their likely toxic nature, it was previously assumed
that all natural plant compounds indirectly activate AMPK
because of inhibition of ATP production. Often natural
compounds have been overlooked as potentially important
activators of AMPK because of this conjecture. Our study
provides further evidence that some natural plant com-
pounds directly activate AMPK, and further natural com-
pounds are likely to be discovered that also activate AMPK
through the ADaM site. Our current study mainly focuses on
the kinetics and mechanism of action in an in vitro setting.
For any future application(s), robust studies are required to
assess (dihydro)phenanthrenes in vivo particularly paying
close attention to the safety profile of these ingredients and
their bioavailability. Finally, when the ADaM site was
discovered, it was proposed that a natural endogenous
mammalian metabolite may bind at this site and regulate
AMPK. A recent study with endogenous long-chain fatty
acyl-CoAs (36) and our study provide growing support that
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natural compounds may bind to this novel regulatory site on
AMPK. It is an exciting time in the AMPK field as work
continues to assess whether the ADaM site has a major
physiological role to play in mammals.

Experimental procedures

Materials

A number of compounds were used in this study, AICAR
(Apollo Scientific; catalog no.: OR1170T), 991 (5-[[6-chloro-
5-(1-methylindol-5-yl)-1H-benzimidazol-2-yl]oxy]-2-methyl-
benzoic acid; CAS number: 129739-36-2) (44), and A-769662
(Selleckchem; catalog no.: S2697). STO-609 was purchased
from Tocris. Ionomycin was from MilliporeSigma. Cell culture
media were purchased from Invitrogen. All other reagents
were from MilliporeSigma if not otherwise stated.

Source and quality control of Lusianthridin

Lusianthridin (CAS: 87530-30-1) was purchased from
Analyticon (catalog no.: NP-012362) or custom synthesized by
Syngene. Quality control of Lusianthridin samples from the
initial screening library compared with the one obtained by
synthesis is shown in Fig. S1. We proceeded with caution when
sourcing Lusianthridin for our studies since we received
compounds from some suppliers that had the same molecular
weight but the incorrect MS/MS pattern, confirming that the
identity was not Lusianthridin (data not shown).

Antibodies

ACC (catalog no.: 3676), phospho-ACC1 (Ser79; catalog no.:
3661), AMPKα (catalog no.: 2532), phospho-AMPKα (Thr172;
catalog no.: 2535), AMPKβ1 (catalog no.: 4178), Raptor (cat-
alog no.: 2280), phospho-Raptor (S792; catalog no.: 2083),
AMPKβ1 (catalog no.: 12063), AMPKβ2 (catalog no.: 4148),
and AMPKβ1/2 (catalog no.: 4150) were obtained from Cell
Signaling Technology. Antibody against AMPKγ1 (catalog no.:
ab32508) was purchased from Abcam, and tubulin (catalog
no.: T6074), FLAG (catalog no.: F7425), and β-actin (catalog
no.: A2228) were purchased from MilliporeSigma. HTRF assay
for detection of phospho-ACC was obtained from Cisbio
(catalog no.: 64ACCPET).

Animal ethics and models

All the animal experiments were performed accordingly with
the European guidelines approved by the Switzerland autho-
rization to experiment on vertebrates under license VD3247
and the approval from internal ethics committee at Nestle
Research (ASP-17-03-INT) or were in accordance with
McMaster Animal Care Committee guidelines (AUP: 16-12-41,
Hamilton, ON). Generation of the ACC1/2 phospho-deficient
KI mice, ACC1 (Ser79Ala)/ACC2(Ser212Ala), and AMPKβ1
Ser108Ala KI mice were previously described (43, 58).

Plasmids

All plasmid constructs were generated using standard mo-
lecular biology techniques. Construction of the polycistronic
AMPK expression vector for bacterial expression (59) contain-
ing N-terminally His-tagged human AMPKα2 (NM_006252),
AMPKβ1 (NM_006253), and AMPKγ1 (NM_002733) has been
previously described (47). For expression of the AMPK subunits
in mammalian cells (stable cell lines), human FLAG-β1 or
FLAG-β2 was cloned into a pcDNA5-FRT vector under the
cytomegalovirus promoter. Site-directed mutagenesis was car-
ried out according to the QuikChange method (Stratagene)
using KOD polymerase (Novagen). Sequences were verified
utilizing the BigDyeR Terminator 3.1 kit on a 3500XL Genetic
analyzer (ABI-Invitrogen).

Bacterial protein expression and purification

Recombinant N-terminally His-tagged AMPK complexes
were expressed in Escherichia coli and purified using nickel
affinity chromatography and gel filtration as described previ-
ously (27). AMPK was phosphorylated on αThr172 by over-
night incubation with Mg.ATP and recombinant CaMKK2 and
further purified with a final gel filtration step (27). A stock
solution of the activated AMPK complex was prepared at
around 5 mg/ml in 50 mM Tris (pH 8.0), 300 mM NaCl, and
1 mM Tris(2-carboxyethyl)phosphine.

AMPK assay and high-throughput screen

An HTRF-based assay was adopted for the high-
throughput screen to measure the activity of AMPK in
response to test samples (KinEASE STK S1 kit; Cisbio). We
have previously published this method (37), but briefly, the
screen was carried out in a 384-well format, with approxi-
mately 26 ng/ml purified AMPK enzyme (human AMP-
Kα2β1γ1 complex), ATP (100 μM), and a generic biotinylated
Ser/Thr protein kinase substrate (STK1; Cisbio). The enzy-
matic reaction was carried out for 30 min at 30 �C in the
absence or the presence of test samples including crude ex-
tracts and complex fractions (100 μg/ml) or pure compounds
and semipure fractions (10 μM) in 1% dimethyl sulfoxide final
concentration.

The amount of phosphorylated substrate was determined by
adding an antiphospho-STK-S1 antibody (Cisbio) coupled to
europium cryptate (donor) and a streptavidin coupled to
XL665 (acceptor), which binds the biotinylated substrate.
Upon excitation at 330 nm, the europium cryptate emits light
at 620 nm. If the donor and acceptor come in close proximity,
FRET occurs, leading to signal emission at 665 nm from the
acceptor. This signal is proportional to the amount of
phosphorylated substrate. The ratio between 665/620 was
measured using a Synergy Neo multimode reader (BioTek) and
correlates to AMPK activity.

In vitro protein kinase screen

All protein kinases in the kinase panel were expressed, pu-
rified, and assayed at the International Centre for Protein Ki-
nase Profiling (http://www.kinase-screen.mrc.ac.uk/), MRC
Protein Phosphorylation and Ubiquitylation Unit, University of
Dundee, as previously described (40). The compound was
screened in duplicate and the data reported as the percentage
J. Biol. Chem. (2022) 298(5) 101852 11

http://www.kinase-screen.mrc.ac.uk/


Natural plant compounds directly regulate AMPK
of activity when compared with a control without compound,
± SD).

HTRF cell-free assay

Phosphorylated recombinant AMPK was incubated with
varying concentrations of ligand for 30 min using substrate
and reagents from the HTRF-KinEASE Cisbio assay kit (STK
S1 Kit). Phosphorylation of the substrate was measured after
2 h at room temperature as per the manufacturer’s protocol
(37), and phosphorylated peptide was detected by performing
HTRF. The 665 nm/620 nm ratio was determined, and the
results are plotted as fold activation compared with the
respective AMPK complex without any compound.

AMPK protection against dephosphorylation assay

The assay was performed as previously described (26).
Briefly, the purified and phosphorylated (as described previ-
ously) human AMPK (either α2β1γ1 or α2β1γ1 S108A) was
incubated for 10 min at 37 �C with recombinant PP2Cα, in the
presence or the absence 5 mM MgCl2, along with either AMP,
A-769662, or Lusianthridin as indicated in the figure legend.
Reactions were terminated by the addition of SDS-gel loading
buffer, and AMPKα T172 phosphorylation was determined by
Western blotting.

Cell culture

U2OS Flp-In T-Rex cells were a kind gift from John Rouse
(MRC Protein Phosphorylation and Ubiquitylation Unit, Uni-
versity of Dundee). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM)–Glutamax supplemented with 10%
fetal calf serum and 1% penicillin–streptomycin. Cells were
seeded and incubated at 37 �C overnight before use in ex-
periments. For Western blot analysis, cells were washed
with PBS and scraped into lysis buffer (50 mM Hepes,
150 mM NaCl, 100 mM NaF, 10 mM sodium pyrophosphate,
5 mM EDTA, 250 mM sucrose, 1 mM DTT, 1% Triton X-100,
1 mM sodium orthovanadate, 0.5 mM PMSF, 1 mM benza-
midine HCl, 1 μg/ml leupeptin, 1 μg/ml pepstatin A, and
1 mMmicrocystin-LR). Lysates were centrifuged at 21,300g for
15 min, and protein concentration from the supernatant was
determined using Bradford reagent (Thermo Fisher Scientific)
and bovine serum albumin as standard.

Phospho-ACC HTRF Cisbio assay

Unless otherwise specified, cells were seeded at 50,000 cells
per well in a 96-well plate and treated the following day with
the indicated treatments as described in the figures, in cell
culture media lacking fetal bovine serum. Cells were lysed by
adding 50 μl of the Cisbio lysis buffer for 30 min at room
temperature before 16 μl of lysate was incubated with 4 μl of
the two antibodies in the phospho-ACC HTRF kit (1:40 dilu-
tion) as per the manufacturer’s protocol. Cell lysates were
incubated overnight before the ratio of 665/620 nm was
determined using a SpectraMax i3 plate reader fitted with a
HTRF cartridge (Molecular Devices). For Western blot
12 J. Biol. Chem. (2022) 298(5) 101852
analysis, 16 μl of lysate was resolved by SDS-PAGE before
being subjected to Western blot analysis using the indicated
antibodies in the figure legends.

Western blot analysis

About 20 μg of total protein was resolved by SDS-PAGE
on 4 to 12% NuPAGE and transferred to Odyssey nitrocel-
lulose membranes (LI-COR Biosciences). Membranes were
blocked for 1 h at room temperature in LI-COR blocking
buffer (catalog no.: 927-60001; LI-COR Biosciences). The
membranes were subsequently incubated with primary an-
tibodies (1:1000 dilution) in 10 mM Tris (pH 7.6), 137 mM
NaCl, and 0.1% (v/v) Tween-20 containing 5% (w/v) bovine
serum albumin overnight at 4 �C. Primary antibodies were
detected using LI-COR IRDye infrared dye secondary anti-
bodies (1:10,000 dilution) and visualized using an Odyssey
Infrared imager (LI-COR Biosciences). Quantification of the
bands was performed using the Odyssey software and
expressed as a ratio of the signal obtained with the phospho-
specific antibody relative to the appropriate total antibody.
For capillary Western blotting, cell lysates were diluted in
Sally Sue SDS buffer to 0.2 mg/ml (60). Samples were pre-
pared and analyzed according to the manufacturer’s in-
structions (ProteinSimple).

CRISPR/Cas9-mediated deletion of AMPKβ

AMPKβ1 single and AMPKβ1/β2 DKO U2OS Flp-In T-Rex
cell lines were generated by Horizon Discovery. For the
AMPKβ1 single KO cells, plasmids contain Cas9 and
guide sequence targeting the first exon of AMPKβ1 (GAAG
ACGCCGACCTCTTCCA). Once a homozygous AMPKβ1
KO clone was identified, the AMPKβ1/β2 DKO was generated
with plasmid containing Cas9 and guide sequence targeting
the first exon of AMPKβ2 (CCCGGCCCACTGTTATCCGC).
Cells were genotyped and analyzed by Western blotting to
determine AMPKβ1 and AMPKβ1/β2 expression.

Generation of isogenic stable cell lines

Stable cell lines expressing human β1/2 (WT or S108A
mutant) under a constitutive promoter were made using the
Flp-In system (Invitrogen), in the U2OS Flp-In T-Rex
AMPKβ1/β2 DKO background. The AMPK β subunits were
cloned into an Flp-In expression vector and cotransfected with
the Flp recombinase vector, pOG44, which results in targeted
integration of the expression vector to the same locus in every
cell (integrated FRT site) ensuring homogeneous high levels of
gene expression. U2OS Flp-In T-Rex AMPKβ1/β2 DKO cells
(1 × 106) were plated in a 10 cm dish in medium containing
selection antibiotics. On the day of transfection, cells were
washed once with PBS, and fresh medium was added without
additional antibiotics. Complementary DNA constructs
encoding FLAG-AMPK β1/2 WT or β1/2 S108A mutant were
transfected along with pOG44 (1:9) using FUGENE HD
transfection reagent (Promega; catalog no.: E2311). About 24 h
post transfection, medium was replaced with fresh medium
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without additional antibiotics. About 48 h post transfection,
cells were trypsinized and divided into two 20 cm culture
dishes containing fresh medium. About 24 h later, cells were
cultured in medium containing 200 μg/ml hygromycin B
(Thermo Fisher Scientific; catalog no.: 10687010). Medium
was replaced every 2 to 3 days until resistant colonies
appeared. Single colonies were isolated using cloning rings
(MilliporeSigma; catalog no.: C1059) and expanded and
maintained in selection medium containing 200 μg/ml
hygromycin B.

Hepatocyte isolation and lipogenesis assay

Primary hepatocytes were isolated from the indicated mice
(10–15 week old males) by collagenase perfusion and cultured
as previously described (43, 61). Briefly, the cells were plated in
M199 medium containing Glutamax and supplemented with
100 U/ml penicillin, 100 μg/ml streptomycin, 10% (v/v) fetal
calf serum, 500 nM dexamethasone (MilliporeSigma), 100 nM
triiodothyronine (MilliporeSigma), and 10 nM insulin (Milli-
poreSigma). The hepatocytes were attached for 4 h and then
maintained in M199 medium with antibiotics and 100 nM
dexamethasone for 16 h. The experiments were performed the
following morning by treating with the compounds (as indi-
cated in the figure legends) followed by cell lysis for Western
blot analysis or lipogenesis assay. Rate of de novo lipogenesis in
mouse primary hepatocytes was measured as incorporation of
[14C] into fatty acids using [1-14C]-acetate (PerkinElmer) as
substrate (43, 47).

Oxygen consumption measurements

Oxygen consumption in isolated HepG2 cells was measured
in a Seahorse XFe96 instrument (Agilent Seahorse). HepG2
cells were seeded directly into Seahorse 96-well tissue culture
plates (XFe96 FluxPak; catalog no.: 102416-100; Agilent) at a
density of 20,000 cells per well. Two days after seeding, the
cells were washed twice in DMEM (XF DMEM, pH 7.4; catalog
no.: 103575-100; Agilent) with 5 mM glucose, 2 mM gluta-
mine, 1 mM sodium pyruvate added. The cells were allowed to
equilibrate for 20 min and maintained at 37 �C during the
experiment. Respiration rates were determined every 6 min
before and after stimulation with compounds. Respiratory
chain inhibitors were added at the following final concentra-
tions: complex V inhibitor oligomycin (2.5 μg/ml), complex I
inhibitor rotenone (1 μM), complex III inhibitor antimycin A
(1 μg/ml), and the protonophore FCCP (2 μM).

Nucleotide measurements

Treated cells were extracted with ice-cold extraction solu-
tion MeOH:H2O:CHCl3 (methanol:water:chloroform) in a
proportion of 5:3:5 containing 13C standards. The resulting
upper phase was recovered and dried overnight in a vacuum
centrifuge (Labconco). Prior to measurement, dried samples
were dissolved in 60% (v/v) acetonitrile/H2O, and supernatants
were analyzed by LC–MS.

Metabolites were separated on ZIC-philic column (100 × 2.1
mm, 5 mm, Merck Sequant) with solvent A being H2O
containing 10 mM ammonium acetate (NH4Ac) and 0.04% (v/
v) ammonium hydroxide (NH4OH), pH ~9.3 and solvent B
being acetonitrile. A linear gradient from 90% to 25% B was
applied, and eluting metabolites were analyzed with an Orbi-
trap Fusion Lumos mass spectrometer (Thermo Fisher Sci-
entific) with spray voltages of 3500 and 3000 V for positive and
negative mode, respectively. The full scan was measured with
on-the-fly alternating positive and negative mode scans, which
covered m/z ranges from 75 to 750 and from 85 to 850,
respectively, at a resolution of 60,000. Instrument control and
data analysis was conducted using Xcalibur (Thermo Fisher
Scientific).
Data availability

All the data are contained within the article.
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