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Supplementary Note 1 
 
We have previously shown that metformin inhibits the vacuolar H+-ATPase (v-ATPase) 
complex, triggering lysosomal translocation of AXIN and LKB1 to form the Ragulator-
v-ATPase-AXIN/LKB1-AMPK super-complex, leading to AMPK activation24,64,65. As 
shown in Fig. 1a, b and Extended Data Fig. 1b, c, we found that metformin at 
concentrations as low as 5 μM could robustly inactivate v-ATPase and activate AMPK 
in human or mouse primary hepatocytes, as determined by the signal from LysoSensor 
Green DND-189 dye (which decreases when lysosomal pH increases) and by increased 
phosphorylation of Thr172 on AMPKα and Ser79/Ser212 on ACC1/2. Since it has been 
suggested that the intracellular concentrations of metformin might be higher than the 
plasma concentrations due to possible cumulative effect, we also measured the activity 
of v-ATPase in cell-free assays using purified lysosomes, and found that 5 μM 
metformin was also sufficient to inhibit v-ATPase, as evidenced by decreases of ATP 
hydrolysis and proton transport activity (Extended Data Fig. 1d). Importantly, the 
cellular AMP:ATP and ADP:ATP ratios, absolute concentrations of AMP, ADP and ATP, 
as well as mitochondrial membrane potentials and mitochondrial oxygen consumption 
rates (OCR) were unchanged in metformin-treated cells, even after 48 h (Extended Data 
Fig. 1e-g). We also administered mice with a series of doses of metformin, and detected 
an average concentration of 15 μM metformin in the blood of mice taking metformin 
from drinking water at 1 g/l, and activation of AMPK in the liver in which the AMP:ATP 
and ADP:ATP ratios remained unchanged (Extended Data Fig. 1h-n). By contrast, in 
MEFs and HEK293T cells that lack the metformin transporter OCT1, we found that 
treatment with 200 μM or 300 μM metformin for 12 h led to intracellular metformin 
concentrations similar to those detected in the livers of mice administered with 
metformin in drinking water (Extended Data Fig. 1o, p). Under these conditions, while 
the v-ATPase was effectively inhibited, no elevation of AMP:ATP or ADP:ATP ratios, 
or disruption of mitochondrial membrane potentials and OCR, was detected (Extended 
Data Fig. 1q-t). Metformin in mitochondria was found to be at a similar concentration 
to that in the cytosol in MEFs (Extended Data Fig. 1u), indicative of no mitochondrial 
accumulation of metformin. To avoid possible side effects caused by the 12-h 
incubation of metformin in MEFs and HEK293T cells, we established MEFs and 
HEK293T cells with OCT1 stably expressed, and found that incubation for 2 h of 
metformin (5 µM) led to 34 µM and 35 µM metformin in MEFs and HEK293T cells, 
respectively, which are similar to those in primary hepatocytes (Extended Data Fig. 1v, 
w). Similar AMPK activation and unchanged AMP:ATP ratios were detected in the 
OCT1-expressing MEFs and HEK293T cells (Extended Data Fig. 1v, w). Therefore, 
clinical doses of metformin can activate AMPK without altering the levels of AMP or 
ADP. 
 
Of note, the intracellular metformin concentrations in cultured mouse primary 
hepatocytes were about 5 folds higher than that in the culture medium (Fig. 1b), 
consistent with the previous findings66,67. However, metformin concentrations in the 
liver from mice administered with 1 g/l metformin in drinking water were similar to 
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those in the plasma (Extended Data Fig. 1h). One possible explanation is that the 
secretion/elimination rates of hepatic metformin inside animals, driven by relatively 
low concentrations of metformin in hepatic vein and high capability of renal OCT2 
transporter in mouse models, are very high, 3 folds higher than the maximal hepatic 
metformin uptake rate68. This situation might be more pronounced in our mouse model 
that is treated with low metformin: a stable (at least 1 week) treatment with low 
metformin (1 g/l in drinking water). Such a high capacity of metformin clearance has 
been supported by some pharmacokinetic studies. For example, in short time durations 
(within 120 min) after intravenous injection (i.v.) of metformin, the plasma metformin 
concentrations were not dose-proportional, only with a narrow change between the 50 
mg/kg (mpk) and the 100 mpk groups, and were increased only at 200 mpk69. Given 
that the plasma metformin achieved in our model is far below that of i.v. at 50 mpk 
within 120 min, it is reasonable to suggest that metformin is rapidly eliminated in the 
liver and may therefore be equally distributed between liver and plasma.  
 
Supplementary Note 2 
 
We identified that, after subtracting hits from the DMSO control group, 3,042 proteins 
with at least one specific peptide hit from the mass spectrometry. Among these proteins, 
219 had been listed as lysosomal resident proteins70, and 58 had been shown to be 
related with lysosome by us and others. To avoid possible omission during the mass 
spectrometry analysis due to low expression levels or poor digestion by trypsin, we also 
tested metformin probe interactions with an additional 90 proteins from the list of 
lysosomal proteins70. Therefore, a total of 367 proteins were chosen for the verification, 
through which we identified PEN2 as a metformin-interacting protein that may 
participate in the activation of AMPK by low metformin. 
 
Interestingly, although PEN2 knockout blocked the activation of AMPK, as well as the 
inhibition of v-ATPase, in low metformin in primary hepatocytes, MEFs or HEK293T 
cells, we found that PEN2 is not required for maintaining the basal activity of v-ATPase 
(e.g., Extended Data Fig. 3a, c, i). Similarly, it has been shown that lysosomes in MEFs 
with PS1/2-DKO show intact pH71. However, in neuronal cells, it has been shown that 
PS1 is strictly required for maintaining lysosomal acidity72. Therefore, effects of γ-
secretase on lysosomal acidity might be cell type-specific. 
 
Supplementary Note 3 
 
PEN2 was originally identified as a component of the γ-secretase, an aspartyl 
intramembrane protease that catalyses the cleavage of a wide spectrum of type I integral 
membrane proteins including the precursor protein for beta-amyloid involved in the 
Alzheimer’s disease7,73,74 (see also the cryo-electron microscopy structure, PDB ID: 
6IYC75). In addition to PEN2, the γ-secretase comprises other subunits, including 
presenilin-1/2 (PS1/2, the catalytic subunit), nicastrin (NCSTN) and APH1A/B (or 
APH1A/B/C in mouse)74,76. We found that the activity of the γ-secretase holoenzyme 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/intramembrane-protease
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/integral-membrane-proteins
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/integral-membrane-proteins
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may be dispensable for the regulation of AMPK by metformin, because a triple 
knockout of APH1A/B/C in MEFs did not affect the activation of AMPK (Extended 
Data Fig. 3n). Consistent with this, treating MEFs with two γ-secretase inhibitors, 
DAPT77 or RO4929097 (ref. 78) did not affect metformin-induced AMPK activation 
(Extended Data Fig. 3m). By comparison, knockout of NCSTN dampened AMPK 
activation upon metformin treatment, possibly because NCSTN is required for 
maintaining the protein stability of PEN2 (ref. 79 and Extended Data Fig. 3p, in which 
the protein levels of PEN2 was decreased by approximately 60%; see also Extended 
Data Fig. 3r, o for the NCSTN knockout strategy). Indeed, re-introduction of PEN2 in 
NCSTN-/- MEFs restored AMPK activation (Extended Data Fig. 3q, see validation data 
in Extended Data Fig. 3r). Although PS1 and PS2 have been shown to be also required 
for PEN2 stability80,81, double knockout of PS1 and PS2 in MEFs caused a much milder 
reduction of PEN2 (about a 15% decrease, Extended Data Fig. 3s, and 4a, b), and did 
not affect metformin-induced AMPK activation. 
 
The dispensability of γ-secretase activity for the AMPK activation under metformin 
treatment was further confirmed by the effects of the two PEN2 mutants, PEN2-2A and 
PEN2-20A. Although both PEN2-2A and PEN2-20A blocked metformin-induced 
AMPK activation, PEN2-2A was found to even slightly increase the activity of γ-
secretase, as determined by the cleavage of Notch protein82, while PEN2-20A blocked 
the activity of γ-secretase (Extended Data Fig. 6m). 
 
Interestingly, although we have shown that the activity of γ-secretase is not required for 
the activation of AMPK under metformin treatment, metformin could slightly increase 
the activity of γ-secretase (Extended Data Fig. 6o) without altering the complex 
formation of γ-secretase (Extended Data Fig. 6n). In addition, one previous study 
reported that metformin promotes the γ-secretase-mediated production of Aβ42, as a 
result of autophagy induction in Tg6799 AD model mice83, although (possibly owing 
to different mouse models used) another study found the opposite, showing that that 
metformin prevents amyloid plaque deposition and memory impairment in APP/PS1 
mice84. Therefore, whether and how metformin affects neuronal degeneration awaits 
further investigation. 
 
As to the relationship between γ-secretase and ATP6AP1, we found that ATP6AP1 
showed some basal interaction with NCSTN, presenilins and APH1 (Extended Data Fig. 
7f), consistent with the previous studies showing that γ-secretase can interact with the 
v-ATPase complex85,86. We further showed that these interactions were promoted by 
metformin, and importantly were dependent on PEN2 (Extended Data Fig. 7f, g). Of 
note, ATP6AP1 itself did not bind Met-P1 (Extended Data Fig. 7h). These results 
therefore point to the conclusion that lysosomal PEN2 is recruited to ATP6AP1 of the 
v-ATPase complex by binding of metformin to the former. 
 
Supplementary Note 4 
 



6 

 

The observation that a portion of PEN2 is localised on the lysosome is consistent with 
previous findings that PEN2 is widely distributed across the cell, including the 
lysosome, ER and plasma membrane87. At this point, we really have no idea through 
which mechanism PEN2 is targeted to the lysosome, because no apparent lysosome-
targeting sequence is found on PEN2. It appears that autophagy is not involved in 
mediating the lysosomal localisation of PEN2: knockout of ATG5, or treatment of 
chloroquine, 3-MA or bafilomycin A, did not affect the localisation of PEN2 (Extended 
Data Fig. 4f). Similarly, inhibitors of endocytosis, such as Dynasore and Dyngo-4a 
which inhibit the dynamin-mediated endocytosis (including the clathrin-coated, pit-
mediated endocytosis, and the fast endophilin-mediated endocytosis), Nystatin and 
methyl-β-cyclodextrin which inhibit the clathrin-independent 
carrier/glycosylphosphatidylinositol-anchored protein-enriched early endocytic 
compartment endocytosis and the caveolae-dependent endocytosis, and cytochalasin D 
which inhibits macropinocytosis and phagocytosis, all failed to disrupt lysosomal 
localisation of PEN2 (Extended Data Fig. 4g). As for the roles of other γ-secretase 
subunits, we found that knockout of PS1 and PS2, NCSTN and APH1A/B/C, all failed 
to affect the lysosomal localisation of PEN2 (Extended Data Fig. 5a). Therefore, how 
PEN2 is targeted to the lysosome remains unclear. 
 
Supplementary Note 5 
 
We chose lysosomal protein extracts to identify potential targets of metformin, because 
we found that metformin was able to inhibit v-ATPase in purified lysosomes (e.g., 
Extended Data Fig. 1d), which suggested that the lysosomal proteins contain mediators 
that can signal to inhibit v-ATPase to prime AMPK activation. It was also because we 
had previously found that knockout of AXIN or LAMTOR1, factors of the lysosomal 
pathway, abolished metformin-induced AMPK activation64, which was recapitulated in 
this study (Extended Data Fig. 9a, b). Similarly, re-introduction of AMPKβ1-G2A 
mutant that cannot be localised to lysosome88, into AMPKβ1/2-DKO MEFs, did not 
mediate the activation of AMPK by low metformin (Extended Data Fig. 9h). In the 
subsequent verification processes following the mass analysis on the Met-P1:protein 
conjugates, we started with 219 such identified proteins, and 58 more proteins that had 
been shown to be related to the lysosome, either according to our mass spectrometry 
determination of the total proteins in the purified lysosomes or by others in the new 
literatures. We even went further to include 90 additional proteins in the list of 
“lysosomal proteins70” that were not among the hits from the Met-P1 conjugates, 
because some proteins, possibly owing to the low expression levels or poor digestion 
by trypsin, might have been missed by mass spectrometry. This resulted in a total of 
367 proteins to undergo subsequent verification processes. After gene silencing 
experiments, we found that knockdown, as well as all the other approaches, of PEN2, 
but not the others, abolished metformin signalling in MEFs based initially on AMPK 
activation. We have also shown that it is PEN2 that physically binds to metformin. 
However, we could not exclude the possibility that other cytosolic regulatory protein(s) 
may also translocate to the lysosome and participate in metformin signalling: AXIN, 
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cytosolically localised, is one of such examples. 
 
Supplementary Note 6 
 
The KD values of PEN2 for metformin were determined to be 1.7 µM and 0.15 µM by 
ITC and BIAcore, respectively. Similarly, we found that metformin at 5 µM sufficiently 
inhibited the activity of v-ATPase in vitro (e.g., Extended Data Fig. 1d), and that 5 µM 
metformin could promote the interactions between PEN2 and ATP6AP1 in both cell 
lysates and in vitro (in purified proteins). However, intracellular concentrations of 
metformin were estimated to be over 10 µM for AMPK activation in the various cells: 
hepatocytes at 25 µM of metformin, MEFs at 15 µM, and HEK293T cells at 20 µM 
(Fig. 1b, and Extended Data Fig. 1o, p). One possible explanation for a higher 
intracellular concentration than the KD values may be that diffusion for the 
monoprotonated metformin to the lysosome may be hindered by its positive charge, 
such that there needs to be presence of higher intracellular concentrations of metformin. 
Evidence in support of this is that metformin can be immobilised by copper and iron 
ions in cells89-91. In addition, the cytosolic face of the lysosome tends to be positively 
charged, adding a possible hindrance of metformin from reaching to the lysosomal 
surface92. 
 
Supplementary Note 7 
 
Although we and others20 have shown that low metformin could reduce severity of fatty 
liver on HFD-treated mice, systematic reviews and meta-analysis on patients concluded 
that metformin did not have a substantial impact on liver disease93,94. The 
ineffectiveness observed in human patients might be attributed to the fact that the time 
duration for taking metformin is not long enough or punctuated. In particular, we found 
that 4 months’ administration of low metformin was required for reducing hepatic fat 
in mice. Requirement of such a long duration may be explained by: a) a mild promotion 
of β-oxidation by low metformin, as determined by the conversion rates of [U-13C]-
palmitate to the intermediates of the TCA cycle (Extended Data Fig. 13g); b) no effect 
on TAG synthesis from fatty acids by low metformin, as determined by the conversion 
rates of [U-13C]-palmitate to TAG (Extended Data Fig. 13h). Furthermore, although low 
metformin efficiently inhibited the de novo lipogenesis, as determined by the 
conversion rates of [U-13C]-glucose to TAG (Extended Data Fig. 13h), the rates of de 
novo lipogenesis is intrinsically low, particularly in HFD-fed mice in which the de novo 
lipogenesis is strongly supressed by the abundant, exogenous fatty acids. Moreover, the 
ineffectiveness of fatty liver alleviation in patients might also be caused by the nature 
of the development of fatty liver among different individuals: if the fatty liver is not 
caused by over-eating like that of HFD-treated mice, but is caused by other reasons 
such as different genetic backgrounds, metformin may not have an effect.  
 
Supplementary Note 8 
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It has been shown that autophagy plays critical roles in mediating many beneficial 
effects of AMPK, including improvement of hepatic fat-related decreases and glucose 
tolerance, and lifespan extension (reviewed in ref. 95). Since we have shown that low 
metformin inhibits the activity of v-ATPase and hence decreases lysosomal acidity, it 
is interesting to determine whether autophagy could still happen under metformin 
treatment. We found that in MEFs, the increase of lysosomal pH, and the increase of p-
AMPK signals emerged after 8 h of metformin treatment and p-AMPK signals 
remained relatively constant up to 72 h. The decrease of p62, as autophagy indicators, 
however, only became obvious after 30 h of metformin treatment, accompanied with a 
recovery of overall lysosomal acidity as assessed by Lysosensor (Extended Data Fig. 
14a, b). Therefore, v-ATPase inhibition and AMPK activation seem to occur much 
earlier than autophagy induction. Even though v-ATPase was inhibited to elevate the 
lysosomal pH at an early stage of metformin treatment, it did not impair the initiation 
of autophagy at later stages. It remains intriguing as to if the same lysosomes undergo 
autophagy as those inhibited of the v-ATPase. 
 
Supplementary Note 9  
 
Another important downstream event of AMPK is to promote the production of the 
reactive oxygen species (ROS)96,97. It has been shown that metformin can increase ROS 
production in both mammalian cells (e.g., in 3T3-L1 cells treated with 4 mM 
metformin98) and in C. elegans99. We also found that in nematodes, metformin 
increased ROS by approximately 37% on average, which could be blocked by N-acetyl 
cysteine (NAC) (Extended Data Fig. 14c). We also observed that metformin-mediated 
lifespan extension of C. elegans was blocked by NAC (Extended Data Fig. 14d), as 
shown previously96,99. Of note, no elevation of AMP:ATP and ADP:ATP ratios was 
observed in C. elegans (Extended Data Fig. 13b, f), indicating that metformin at such a 
concentration is not sufficient to cause mitochondrial damage. Consistently, one recent 
study suggests that the effects of metformin on lifespan extension can be achieved only 
when the energy states are not altered36. On the contrary, it was shown that if AMP:ATP 
and ADP:ATP ratios are elevated by metformin (e.g., administered to aged nematodes), 
the nematode lifespan is even shortened despite the elevation of ROS36.   
 
It has also been suggested that ROS modulates AMPK activity (e.g., ref. 14). In MEFs, 
we failed to detect any increase of ROS in low metformin (Extended Data Fig. 14f), 
suggesting that metformin may only increase ROS at high concentrations. Consistently, 
pre-treatment of NAC (24 h) on MEFs, HEK293T cells or primary hepatocytes did not 
alter the activity of AMPK under low metformin (Extended Data Fig. 14g, h). Similarly, 
NAC did not alter the activity of AMPK in C. elegans (Extended Data Fig. 14i), 
although metformin did elevate ROS in the nematodes. Therefore, it is reasonable to 
suggest that low metformin activates AMPK in an ROS-independent manner. Such a 
conclusion may also be supported by the previous reports that ROS could only activate 
AMPK in a condition where mitochondria were severely damaged and AMP levels were 
elevated100,101. 
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Supplementary Note 10 
 
Since the activity of v-ATPase exerts a critical role in modulating the activity of 
mTORC1102, we also examined mTORC1 signalling in PEN2-KO MEFs/HEK293T 
cells, and ATP6AP1-KO MEFs/HEK293T cells re-introduced with ATP6AP1 or its 
Δ420-440 treated with metformin. We found that while metformin treatment reduced 
levels of phosphorylated S6K (a substrate of mTORC1), the deficiency of the PEN2-
ATP6AP1 axis rendered low metformin unable to dampen mTORC1, indicating that 
the PEN2-ATP6AP1 axis is required for metformin to inhibit mTORC1, through 
inhibiting the v-ATPase (Extended Data Fig. 14l, m). The v-ATPase is thus the 
converging point for both metformin and low glucose, to regulate both AMPK 
activation and mTORC1 inhibition, with the former targeting ATP6AP1 and the latter 
changing the conformation of aldolase25, both of which are integral components of the 
v-ATPase complex103-108. 
 
However, mTORC1 does not seem to be involved in the (AMPK-mediated) beneficial 
effects of metformin, on the physiological processes investigated in this study. For the 
roles of mTORC1 (inhibition) in promoting post-prandial glucose absorption, 
controversial results have been shown. Although the dominant-negative form of mTOR 
expressed in duodenum is able to promote glucose absorption109, many other studies 
have shown that inhibition of mTORC1 by short-term rapamycin treatment even 
impairs glucose tolerance (e.g., ref. 110). Therefore, roles of mTORC1 in glucose 
tolerance may be context-dependent. As for the roles of mTORC1 in hepatic TAG 
reduction, it has been shown that hepatic depletion of Raptor, which leads to a 
constitutive inactivation of mTORC1, did not affect HFD-induced fatty liver in mice111. 
Although long-term rapamycin treatment can alleviate fatty liver112, such an effect was 
later attributed to the inhibition of mTORC2113, given that liver-specific knockout of 
Rictor, which renders mTORC2 inactivated blocks the HFD-induced hepatic TAG 
accumulation114. Therefore, inhibition of mTORC1 unlikely plays a significant role in 
the fatty liver alleviation. Finally, although knockdown of Raptor (daf-15), or treatment 
of rapamycin has also been shown to extend lifespan in C. elegans115, metformin could 
still extend lifespan in the Raptor deficient nematodes116, suggesting that mTORC1 
does not play a dominant role in lifespan extension under metformin treatment. 
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Supplementary Fig. 1 | Uncropped gels for Fig. 1 to 4 and Extended Data Fig.1 to 14. After
electrophoretic transfer of proteins, the PVDF membranes were cut into strips containing sets of
samples, and were then subjected to immunoblotting. Show here are films that had been
exposed and developed to the membrane strips. The Pierce™ Prestained Protein MW Marker
(Cat. 26612, ThermoFisher Scientific) was used as the protein markers.
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Fig. S9l
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Fig. S11f
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Fig. S12d
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Fig. S12j
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Fig. S13i
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Fig. S14i
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Met-P1 Met-P1

Met-P2 Met-P2

Supplementary Fig. 2 | NMR spectrums of Met-Ps. The 1H NMR spectrum of Met-P1 (top left),
13C NMR spectrum of Met-P1 (top right), 1H NMR spectrum of Met-P2 (bottom left), and 13C NMR
spectrum of Met-P2 (bottom right) are shown. See also Extended Data Fig. 2a, c, and the
“Synthesis of metformin probes” of Methods section.
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