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Let us first start where we all agree: KATP channels are the
main conductance of the resting pancreatic b-cell, and their
closure by changes in the ATP/ADP ratio is the triggering
mechanism used by glucose to increase Ca21 flux into the
b-cell (1–3). When Cook and Hales (4) and Ashcroft et al.
(5) discovered the KATP channel and showed it was closed
by glucose metabolism, the source of the ATP that closed
the channel was not stipulated. In fact, we struggled to find
the first references to the term consensus model or canoni-
cal model in the literature. This is not mere semantics, as it
seems most parsimonious to us that both glycolytic and mi-
tochondrially derived ATP should be capable of closing the
channel. As Merrins and Kibbey (6) argue in their Counter-
point article in this issue of Diabetes, it is difficult to sepa-
rate glycolysis from oxidative phosphorylation (OXPHOS)
because they are tightly linked: inhibiting glycolysis will also
affect mitochondria by depriving them of pyruvate.

Merrins and Kibbey (6) present a highly provocative and
challenging point of view that the role of mitochondria as
key producers of the ATP that closes KATP needs to be dis-
carded on biochemical and experimental grounds, whereas
Rutter and Sweet (7) strongly questioned the need to dis-
card the prevailing model. In the summary that follows, we
will review the evidence supporting the novel hypothesis
and some problems with it. We direct interested readers to
the accompanying articles by Rutter and Sweet (Point) (7)
and Merrins and Kibbey (Counterpoint) (6) in this issue of
Diabetes.

Merrins and Kibbey (6) dispute the idea that b-cells use
the ATP made by mitochondria to close their KATP channels,
even though we all learned as students that for every 1 mol
glucose, 36 mol ATP is generated by OXPHOS. To be clear,
they do not dispute that mitochondrial ATP production is
important to the b-cell, only that its main job is not trigger-
ing a rise in Ca21 in response to glucose but pumping Ca21

out of the cell after the rise occurs. We do wonder, how-
ever, why the b-cell, a highly aerobic cell, would avoid using

the ATP made by OXPHOS, as the job of the b-cell is to se-
crete insulin and sustain glucose homeostasis regardless of
the prevailing ADP level. Why should the cell relegate the
crucially important job of detecting glucose and responding
with the secretion of insulin to a lesser generator of ATP?

No matter how many compelling arguments might be
put forth to support the theory that ATP synthesized by
pyruvate kinase (PK) from phosphoenolpyruvate (PEP) dur-
ing glycolysis is the key to understanding how KATP chan-
nels are closed by glucose metabolism through the action
of a proposed metabolon, the experimental data supporting
this theory are incomplete and contradictory. Furthermore
(as we discuss later), arguing over which component of
b-cell metabolism serves as the source of the ATP that gen-
erates islet oscillations may be asking the wrong question
altogether.

Lewandowski et al. (8) provided data showing that KATP

channels are inhibited when a solution containing ADP and
PEP is applied to inside-out patches containing KATP chan-
nels, suggesting that close apposition of PK to the channel
synthesizes enough local ATP to close the channel because
of the action of glycolysis alone (8). This is a key piece of
experimental evidence from Merrins’ group (9) that is cited
in support of the existence of a glycolytic metabolon in
b-cells. To those unfamiliar with the idea of a metabolon, it
is a closely linked collection of metabolic enzymes that have
tight interactions and can be isolated as a biochemical unit
(10). Such entities have been proposed for the enzymes of
the tricarboxylic acid cycle (11) and other metabolic units in
diverse organisms (12).

When we attempted to replicate the experiment of Lew-
andowski et al. (8) using identical methods and protocols
(4) to study the regulation of KATP channels of mouse
b-cells, insulin-secreting INS-1 cells, or human islets, we
could not replicate this effect in any of our tests (13). While
a negative result like ours does not refute the prior observa-
tion, we believe that the reported effect will also fail to be
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observed by other workers, perhaps because other factors
controlling the expression or localization of PK are labile,
are dependent on cell culture conditions, or are sensitive to
cell handling or the vagaries of patch formation.

Recently, we used the same approaches and conditions that
failed to demonstrate PEP-induced KATP closure in patches
from b-cells on those obtained from neonatal rat cardio-
myocytes (Fig. 1). Cardiac cells were the original cell type in
which KATP channels were discovered (14) and also where
Weiss and Lamp (15,16) and Coetzee and colleagues (17)
showed that glycolytically generated ATP preferentially
suppressed KATP activity in excised membrane patches. We
found that, using this cell type, the combined application of
ADP and PEP to the inside-out patches did result in KATP

channel closure (Fig. 1A). This positive-control experiment
verified that our methods should have worked in b-cells
too, but they did not in any instance. While there are bio-
chemical data in heart cells that show that KATP channel
subunits and PK protein can be pulled down together, at

present no direct evidence for such a signaling complex ex-
ists in b-cells.

Of course, b-cells and heart cells differ not only in their
metabolism but also in the physiological role played by KATP

channels in the two tissues. In the heart, KATP channels do
not appear to be critical for the normal heartbeat, while un-
der pathophysiological conditions, such as ischemia, the nor-
mally closed channels open as ATP/ADP falls, limiting Ca21

influx and reducing the workload of the cell as a protective
mechanism (18–20). In b-cells, the closure of KATP, in con-
trast, is part and parcel of the physiological triggering mech-
anism of b-cell stimulus-secretion coupling (1,2,21). The
energy demands of the b-cell are also different from those
of heart cells. Heart cells must beat continuously for the or-
ganism to survive, while the b-cell is a glucose sensor that
increases its metabolic activity as glucose rises to trigger
Ca21 influx and insulin secretion, not primarily to meet its
own energy needs.

One must be cautious about extrapolating results ob-
tained from excised patches to the whole cell when trying
to interpret the metabolic source of the ATP that medi-
ates KATP channel closure. Merrins and Kibbey (6) dispute
the existence of mitochondria in their excised patches in
their Counterpoint article but cannot rule out that possi-
bility for each and every excised patch. They show that
applying pyruvate to the patches failed to close KATP. In
fact, in some instances, pyruvate increased KATP activity
for some reason. However, excising patches from the cell
may also pull KATP channels away from any mitochondria
that normally might be in the channel vicinity in situ and
be the dominant source of ATP. More than 10 years ago,
Rutter and colleagues (22) proposed that submembrane
domains near the KATP channel are regulated by ATP that
is locally generated by the close proximity to mitochondria.
Recent work by Fraser and colleagues (23), who have devel-
oped new optical methods to measure submembrane glyco-
lytic and OXPHOS activity in real time in b-cells, has
shown that mitochondria are closely apposed to the plasma
membrane.

Merrins and Kibbey (6) emphasize that their work with
mutant mice lacking specific PK isoforms is further proof
of their hypothesis. However, their study of mutants
lacked clear findings at the islet/cell and whole-animal
levels; only modest changes were seen in islet Ca21 oscil-
lations, in insulin secretion, or in whole-body glucose me-
tabolism, which were attributed to molecular redundancy
(24). An alternative explanation, however, is that the PK
isoforms are not critical to the control of insulin secretion
or b-cell function and that the lack of robust responses
they reported at the islet, cell, or whole-animal level in-
stead reflect only subtle actions, not key ones. Similarly,
the loss of b-cell PEPCK also did not produce a strong
phenotype (25). Can these mutants become glucose intol-
erant, perhaps under stress of a high-fat diet?

One of the strongest pieces of data presented by the
group is their demonstration that the addition of amino
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Figure 1—KATP channel activity in the presence of PEP. KATP activ-
ity was studied from inside-out recordings obtained from two dif-
ferent tissues. Channel activity was evaluated in cardiomyocytes
isolated from neonatal rats (A) or in mouse b-cells (C). A and B:
When PEP was perifused, a clear reduction in KATP activity was ob-
served from recordings obtained from cardiomyocytes. In 4 out of
17 recordings, we did not observe a significant reduction in chan-
nel activity during PEP application, and these traces were removed
for the final analysis. C and D: From mouse b-cells, however, PEP
did not provoke a significant change in channel activity in any of
the total traces we recorded. Openings were recorded at a holding
potential of �50 mV and are displayed as downward deflections.
Channel activity was quantified as NPo (Po, open probability; N,
number of channels in the patch). Values are shown as the mean ±
SD, with P values indicated.
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acids to the recording chamber during cell-attached patch re-
cordings of KATP channels was able to close KATP, presumably
by activating the PEP cycle (24), and that mutant PK iso-
forms are unable to replicate this effect. It was surprising
that this same setup was not used to show that raising glu-
cose in the medium also closed the channel in wild-type PK
but not mutants lacking specific isoforms. We also worry
that alternative pathways for amino acid metabolism involv-
ing OXPHOS via the generation of pyruvate from PEP were
not considered (26–28). For example, Foster et al. (24) tested
the ability of amino acids to close KATP channels in b-cells
lacking PKM1. Since these cells only expressed PKM2, they
were not responsive to addition of amino acids and KATP ac-
tivity was unaffected; however, channel activity was reduced
after perifusion of amino acids in the presence of a PK acti-
vator, which suggested that allosteric activation of PKM2
was necessary to metabolize PEP, as previously reported by
other groups (29,30). What is surprising is that this sole ob-
servation was taken as a confirmation of the hypothesis that
PK makes the ATP that closes KATP channels. However, once
pyruvate is synthesized in b-cells by PK, it can be trans-
ported and metabolized into the mitochondria to make even
more ATP. This possibility was not discussed in Foster et al.
(24) or in the article that followed from Merrins’ group (9).

Another point worth considering is how mitochondrial
PEP in their scheme can diffuse from where it is made in
supposedly distant mitochondria to the vicinity of PK colo-
calized with KATP channels, while the ATP made by mito-
chondria cannot diffuse similarly to close KATP. We agree
with Rutter and Sweet (7) that this seems implausible.

As also discussed in the Point article by Rutter and Sweet
(7), there is little or no direct evidence that ADP falls so
low during islet oscillations that OXPHOS is rendered inca-
pable of synthesizing ATP while PK can keep chugging on
to make ATP (8,31). This has not been proven directly via
experiments (which would likely require a robust ADP sen-
sor), and the data we (13) recently published indicates the
opposite: using Perceval, we and others have shown that
the profile of ATP/ADP measured during calcium oscilla-
tions has a sawtooth shape (see Fig. 4 in Corradi et al.
[13]), the symmetrical shape of which shows that average
ATP/ADP is the same during the silent and active phases of
bursting. Further, the rapid addition of the OXPHOS inhibi-
tor sodium azide profoundly reduces ATP/ADP, whether ap-
plied during the silent or the active phase of bursting,
refuting the claim of Merrins and Kibbey that OXPHOS is
switched off during the silent phase. Moreover, an unbiased
reading of the literature does not support the contention
that the affinity of PK for ADP is greater than that of
OXPHOS; the literature shows the opposite (32–35).

We are aware of the criticism that mitochondrial inhibi-
tors of OXPHOS such as azide might disrupt PEP formation
and block glycolysis by substrate accumulation (36). How-
ever, in our hands, azide has very rapid effects that work
within seconds, seemingly too fast to cause a buildup of

glycolytic end products. We note that Sekine et al. (36) in-
cubated cells in rotenone for 30–60 min.

Rutter and Sweet (7) argue that the true motor for cal-
cium oscillations is likely calcium itself, which provides
both positive feedback on ATP through mitochondrial ac-
tivity and negative feedback through ATP consumption by
pumps. This idea is at the core of the Integrated Oscillator
Model (37). Simulations with the model agreed in detail
with our experimental findings on azide and OXPHOS
activity in the silent phase (13). More generally, the long
history of mathematical modeling of metabolic oscillations
in islets has shown that, depending on conditions, oscilla-
tions in Ca21, ATP/ADP, and insulin secretion can be driven
either by oscillations in glycolysis or by Ca21-dependent
variation of ATP production and consumption. The charac-
teristics of the oscillations studied by Merrins and Kibbey
(e.g., sawtooth oscillations in ATP/ADP and fructose
1,6-bisphosphate) align best with the latter type (37,38). In
that class of oscillations, Ca21-dependent variations in con-
sumption (by Ca21 ATPases) are dominant (Fig. 2A), as
originally proposed by Detimary et al. (39) and shown in
Marinelli et al. (40). In fact, Ca21 and ATP/ADP oscillations
can occur in the model even with constant ATP production
(Fig. 2B). Oscillations in fructose 1,6-biphosphatase simi-
larly are not required. Thus, when Merrins and Kibbey say
“PKM2 activity peaks at the time KATP channels close,” they
are correct, and the model agrees but says the PKM2 activ-
ity just passively follows calcium through its stimulation of
pyruvate dehydrogenase. These points together suggest that
the precise location and timing of ATP production are not
critical for KATP closure during oscillations.
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Figure 2—Simulation of ATP consumption rate and production
rate using the Integrated Oscillator Model ver. 1.7 (42). A: Both con-
sumption and production increase during the active phase of oscil-
lations when intracellular calcium (not shown) is high and decrease
during the silent phase when calcium is low. B: The variation in
consumption rate is larger, and oscillations still occur when the
production rate is held fixed.
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An important caveat is that the models only address
whole-cell ATP and ADP concentrations. We currently have
neither models nor data about whether those concentra-
tions may have different dynamics in close proximity to
KATP channels. We do note, however, that ATP measured
under the plasma membrane showed a profile of submem-
brane ATP that resembled the patterns we and others have
monitored in the cytosol (41). The critique by Merrins and
Kibbey (6) in their Counterpoint that the sensor used by
Tengholm’s group (41) was not tethered to the plasma
membrane, and therefore lacked specificity as a submem-
brane sensor, is mitigated by their use of total internal re-
flection fluorescence microscopy to illuminate a restricted
region within 50–100 nm of the plasma membrane. We are
therefore not convinced that differences in submembrane
ATP, as proposed by Merrins, Kibbey, and colleagues (6,8,9),
are necessarily relevant. More data are clearly needed to in-
vestigate this further.

Resolution of this important controversy will require new
experimental evidence. First, it must be demonstrated that
KATP channels (themselves complexes of SUR1 and Kir6.2
subunits) indeed form a stable, biochemically functional
complex with PK that is in close proximity to the plasma
membrane. Furthermore, these complexes must also possess
the ability to exclude mitochondrially generated ATP within
their channel microdomain, so that KATP is exclusively inhib-
ited by PK-generated local ATP. According to the model out-
lined in the Point article by Rutter and Sweet (7), disruption
of the complexes by, for example, preventing critical protein-
protein interactions between the channel and PK would re-
sult in significant disruption of b-cell function. This should
manifest as a loss of islet oscillatory activity or reduced glu-
cose-induced insulin secretion. The authors of both the Point
and Counterpoint articles in this issue suggested the need
for experimental evidence along these lines. As the model
simulations shown here suggest that oscillations in ATP pro-
duction may not be required for the production of oscillatory
islet Ca or electrical activity, oscillatory PK-induced oscilla-
tions in submembrane ATP must be shown experimentally
as well. Conversely, according to the canonical model de-
fended by the Point article, block of mitochondrial ATP pro-
duction should markedly impair KATP channel closure. Note
that impairment of Ca or membrane potential oscillations
alone would not be definitive, because both models predict
this by different mechanisms.

In sum, we caution readers not to throw the baby out
with the bathwater. More research is still needed to fully
understand whether there is a direct glycolytic contribution
to the ATP that mediates KATP channel closure in b-cells,
and this needs to be done by more groups and with addi-
tional tools, some of which remain to be developed. Merrins
and Kibbey (6) have proposed a provocative model of b-cell
stimulus-secretion coupling that challenges the prevailing
gestalt. While that is how science can move forward, the
idea needs to be more rigorously tested. As Rutter and

Sweet (7) point out clearly, that will likely be difficult to
accomplish.

Acknowledgments. The authors are indebted to Drs. Richard Bertram
(Florida State University) and Patrick Fletcher (National Institutes of Health) for
helpful discussions. The authors thank Dr. Matt Brody (University of Michigan) for
supplying us with the cardiomyocytes.
Funding. This research was partially supported by the National Institute of
Diabetes and Digestive and Kidney Diseases, grants R01 DK46409 and U01
DK127747-01 (to L.S.S.). A.S.S. was supported by the Intramural Research
Program of the National Institute of Diabetes and Digestive and Kidney
Diseases.
Duality of Interest. No potential conflicts of interest relevant to this
article were reported.

References

1. Henquin J-C. The dual control of insulin secretion by glucose involves
triggering and amplifying pathways in b-cells. Diabetes Res Clin Pract
2011;93(Suppl. 1):S27–S31
2. Thompson B, Satin LS. Beta-cell ion channels and their role in regulating

insulin secretion. Compr Physiol 2021;11:1–21
3. Rorsman P, Eliasson L, Kanno T, Zhang Q, Gopel S. Electrophysiology of

pancreatic b-cells in intact mouse islets of Langerhans. Prog Biophys Mol Biol
2011;107:224–235
4. Cook DL, Hales CN. Intracellular ATP directly blocks K1 channels in

pancreatic B-cells. Nature 1984;311:271–273
5. Ashcroft FM, Harrison DE, Ashcroft SJ. Glucose induces closure of single

potassium channels in isolated rat pancreatic beta-cells. Nature 1984;312:
446–448
6. Merrins MJ, Kibbey RG. Glucose regulation of b-cell KATP channels: it is

time for a new model! Diabetes 2024;73:856–863
7. Rutter GA, Sweet IR. Glucose regulation of b-cell KATP channels: is a new

model needed? Diabetes 2024;73:849–855
8. Lewandowski SL, Cardone RL, Foster HR, et al. Pyruvate kinase controls

signal strength in the insulin secretory pathway. Cell Metab 2020;32:
736–750.e5
9. Ho T, Potapenko E, Davis DB, Merrins MJ. A plasma membrane-

associated glycolytic metabolon is functionally coupled to KATP channels in
pancreatic a and b cells from humans and mice. Cell Rep 2023;42:112394
10. Tian T, Fan J, Elf SE. Metabolon: a novel cellular structure that regulates
specific metabolic pathways. Cancer Commun (Lond) 2021;41:439–441
11. Wu F, Minteer SD. Tricarboxylic acid metabolon. Methods Enzymol 2019;
617:29–43
12. Menard L, Maughan D, Vigoreaux J. The structural and functional coordi-
nation of glycolytic enzymes in muscle: evidence of a metabolon? Biology
(Basel) 2014;3:623–644
13. Corradi J, Thompson B, Fletcher PA, Bertram R, Sherman AS, Satin LS.
KATP channel activity and slow oscillations in pancreatic beta cells are
regulated by mitochondrial ATP production. J Physiol 2023;601:5655–5667
14. Noma A. ATP-regulated K1 channels in cardiac muscle. Nature 1983;
305:147–148
15. Weiss JN, Lamp ST. Cardiac ATP-sensitive K1 channels. Evidence for
preferential regulation by glycolysis. J Gen Physiol 1989;94:911–935
16. Weiss JN, Lamp ST. Glycolysis preferentially inhibits ATP-sensitive K1
channels in isolated guinea pig cardiac myocytes. Science 1987;238:67–69
17. Hong M, Kefaloyianni E, Bao L, et al. Cardiac ATP-sensitive K1 channel
associates with the glycolytic enzyme complex. FASEB J 2011;25:2456–2467
18. Arakel EC, Brandenburg S, Uchida K, et al. Tuning the electrical properties of
the heart by differential trafficking of KATP ion channel complexes. J Cell Sci
2014;127(Pt 9):2106–2119

diabetesjournals.org/diabetes Satin, Corradi, and Sherman 847

D
ow

nloaded from
 http://diabetesjournals.org/diabetes/article-pdf/73/6/844/760855/db240131.pdf by guest on 11 July 2024



19. Nichols CG, Singh GK, Grange DK. KATP channels and cardiovascular
disease: suddenly a syndrome. Circ Res 2013;112:1059–1072
20. Weiss JN, Yang J-H. Oscillations at odds in the heart. J Gen Physiol
2010;135:303–305
21. Rorsman P, Ashcroft FM. Pancreatic b-cell electrical activity and insulin
secretion: of mice and men. Physiol Rev 2018;98:117–214
22. Kennedy HJ, Pouli AE, Ainscow EK, Jouaville LS, Rizzuto R, Rutter GA.
Glucose generates sub-plasma membrane ATP microdomains in single islet
beta-cells. Potential role for strategically located mitochondria. J Biol Chem
1999;274:13281–13291
23. Wang Z, Gurlo T, Matveyenko AV, et al. Live-cell imaging of glucose-
induced metabolic coupling of b and a cell metabolism in health and type 2
diabetes. Commun Biol 2021;4:594
24. Foster HR, Ho T, Potapenko E, et al. b-Cell deletion of the PKm1 and
PKm2 isoforms of pyruvate kinase in mice reveals their essential role as
nutrient sensors for the KATP channel. eLife 2022;11:e79422
25. Abulizi A, Cardone RL, Stark R, et al. Multi-tissue acceleration of the
mitochondrial phosphoenolpyruvate cycle improves whole-body metabolic health.
Cell Metab 2020;32:751–766.e11
26. Martin F, Soria B. Amino acid-induced [Ca21]i oscillations in single
mouse pancreatic islets of Langerhans. J Physiol 1995;486(Pt 2):361–371
27. Newsholme P, Bender K, Kiely A, Brennan L. AAmino acid metabolism,
insulin secretion and diabetes. Biochem Soc Trans 2007;35(Pt 5):1180–1186
28. Chandel NS. Amino acid metabolism. Cold Spring Harb Perspect Biol
2021;13:a040584
29. Zhang Z, Deng X, Liu Y, Liu Y, Sun L, Chen F. PKM2, function and
expression and regulation. Cell Biosci 2019;9:52
30. Ashizawa K, Willingham MC, Liang CM, Cheng SY. In vivo regulation of
monomer-tetramer conversion of pyruvate kinase subtype M2 by glucose is
mediated via fructose 1,6-bisphosphate. J Biol Chem 1991;266:16842–16846
31. Merrins MJ, Corkey BE, Kibbey RG, Prentki M. Metabolic cycles and
signals for insulin secretion. Cell Metab 2022;34:947–968

32. Podest�a FE, Plaxton WC. Kinetic and regulatory properties of cytosolic
pyruvate kinase from germinating castor oil seeds. Biochem J 1991;279(Pt 2):
495–501
33. Schering B, Eigenbrodt E, Linder D, Schoner W. Purification and properties of
pyruvate kinase type M2 from rat lung. Biochim Biophys Acta 1982;717:337–347
34. Boehme C, Bieber F, Linnemann J, Breitling R, Lorkowski S, Reissmann
S. Chemical and enzymatic characterization of recombinant rabbit muscle
pyruvate kinase. Biol Chem 2013;394:695–701
35. Pharaoh G, Kamat V, Kannan S, et al. The mitochondrially targeted
peptide elamipretide (SS-31) improves ADP sensitivity in aged mitochondria
by increasing uptake through the adenine nucleotide translocator (ANT).
Geroscience 2023;45:3529–3548
36. Sekine N, Cirulli V, Regazzi R, et al. Low lactate dehydrogenase and high
mitochondrial glycerol phosphate dehydrogenase in pancreatic beta-cells.
Potential role in nutrient sensing. J Biol Chem 1994;269:4895–4902
37. Bertram R, Satin LS, Sherman AS. Closing in on the mechanisms of
pulsatile insulin secretion. Diabetes 2018;67:351–359
38. Bertram R, Marinelli I, Fletcher PA, Satin LS, Sherman AS. Deconstructing
the integrated oscillator model for pancreatic b-cells. Math Biosci 2023;
365:109085
39. Detimary P, Gilon P, Henquin JC. Interplay between cytoplasmic Ca21
and the ATP/ADP ratio: a feedback control mechanism in mouse pancreatic
islets. Biochem J 1998;333(Pt 2):269–274
40. Marinelli I, Thompson BM, Parekh VS, et al. Oscillations in K(ATP)
conductance drive slow calcium oscillations in pancreatic b-cells. Biophys J
2022;121:1449–1464
41. Li J, Shuai HY, Gylfe E, Tengholm A. Oscillations of sub-membrane ATP
in glucose-stimulated beta cells depend on negative feedback from Ca(21).
Diabetologia 2013;56:1577–1586
42. Fletcher PA, Marinelli I, Bertram R, Satin LS, Sherman AS. Pulsatile basal
insulin secretion is driven by glycolytic oscillations. Physiology (Bethesda)
2022;37:0

848 Commentary Diabetes Volume 73, June 2024

D
ow

nloaded from
 http://diabetesjournals.org/diabetes/article-pdf/73/6/844/760855/db240131.pdf by guest on 11 July 2024


