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Whole-body glucose homeostasis is coordinated through
secretion of glucagon and insulin from pancreatic islets.
When glucose is low, glucagon is released from a-cells to
stimulate hepatic glucose production. However, themech-
anisms that regulate glucagon secretion from pancreatic
a-cells remain unclear. Herewe show that ina-cells, the in-
teraction between fatty acid oxidation and glucose metab-
olism controls glucagon secretion. The glucose-dependent
inhibition of glucagon secretion relies on pyruvate dehy-
drogenase and carnitine palmitoyl transferase 1a activity
and lowering of mitochondrial fatty acid oxidation by in-
creases in glucose. This results in reduced intracellular
ATP and leads to membrane repolarization and inhibition
of glucagon secretion. These findings provide a new
framework for themetabolic regulation of thea-cell, where
regulation of fatty acid oxidation by glucose accounts for
the stimulation and inhibition of glucagon secretion.

Circulating glucose levels are under strict control by the
release of glucagon and insulin from pancreatic islets.
Glucagon secretion is increased when glucose levels are
low to stimulate glucose production from the liver. Circu-
lating glucagon levels are also elevated in individuals with
obesity and people with diabetes, and this is thought to
contribute to the development of hyperglycemia (1–4).

Treating hyperglucagonemia with glucagon receptor antag-
onists lowers HbA1c in patients with diabetes (5), but in-
creases the risk of hepatic steatosis (6) and possibly a-cell
hyperplasia (7). However, our limited knowledge of a-cell
function has made therapeutic intervention difficult.

Glucose is considered the major intrinsic regulator of
glucagon secretion at low glucose (<5 mmol/L). However,
the mechanism remains widely debated (8–10). The cur-
rent hypotheses include, but are not limited to, regulation
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• It has become clear that dysregulation of glucagon se-
cretion and a-cell function plays an important role in
the development of diabetes, but we do not know how
glucagon secretion is regulated.

• Here we asked whether glucose inhibits fatty acid oxi-
dation in a-cells to regulate glucagon secretion.

• We found that fatty acid oxidation is required for the
inhibitory effects of glucose on glucagon secretion
through reductions in ATP.

• These findings provide a new framework for the regu-
lation of glucagon secretion by glucose.
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of ATP-sensitive K1 (KATP) channels (11), store-operated
Ca21 channels (12), and reductions in cAMP (13). Common
for all is the assumption that at low glucose concentrations,
KATP channels are mostly closed and that inhibition of gluca-
gon release by glucose relies on an increase in ATP derived
from glucose oxidation. This creates a paradox, where ATP
needs to be high at both low and high glucose concentra-
tions. While previous findings suggest that glucose increases
intracellular ATP in a-cells, more recent findings suggest
that a-cells rely on fatty acid (FA) oxidation (FAO) for ATP
production at low glucose (14) to maintain glucagon secretion.
Although glucose and nonesterified FAs (NEFAs) circulate in
concentrations of 5–8mmol/L and 0.07–0.56mmol/L, respec-
tively (15–17), the mechanisms that control glucose-regulated
glucagon secretion are often investigated with glucose as the
only substrate (11,13,14,18–27). Here we hypothesize that the
effect of glucose on glucagon secretion and a-cell metabolism
depends on the presence of NEFA.

RESEARCH DESIGN AND METHODS

Human Islets
All work with human material was approved by the Na-
tional Committee for the Ethical Approval of Research,
Denmark, and the ethics committee at Lund University.
Human islets were obtained from the ADI Islet Core Lab-
oratory at the University of Alberta (Edmonton, Alberta,
Canada), or Nordic Network for islet transplantation via
Human Tissue Laboratory, EXODIAB/LUDC, Lund Uni-
versity (Lund, Sweden). None of the donors had diabetes
(Table 1). Islets were cultured at 37�C, 5% CO2 in RPMI
1640 (61870-010; 10% FBS, 1% penicillin/streptomycin).

Animals
All experiments were approved by the Danish Animal Inspec-
torate. Mice were housed on a 12–12-h light-dark cycle at
22�C with ad libitum access to standard chow and were
12–20 weeks old. Mice with overexpression of pyruvate dehy-
drogenase kinase 4 (Pdk4) were generated as previously de-
scribed (28). Briefly, mouse Pdk4 cDNA and rabbit b-globin
polyadenylation sequence, preceded by a loxP flanked neomy-
cin cassette, was inserted via PhiC31 recombinase-mediated
cassette exchange downstream of the chicken b-actin pro-
moter position at the Gt(ROSA26)Sor locus, in mouse
C57BL/6N JM8F6 embryonic stem cells. Recombinant em-
bryonic stem cells were then injected into blastocysts, and
the resulting chimeras were bred with C57BL/6J mice to
generate the line of conditional Pdk4 overexpression mice.

In these mice, Pdk4 transcription can be activated in a
Cre recombinase-dependent manner. The mice carrying the
Pdk4 transgene were crossed with mice carrying iCRE under
the prepro-glucagon (PPG) promoter (29). Mice with condi-
tional knockout of Cpt1a were generated as previously de-
scribed (30). a-Cell–specific GCamp3 mice were generated as
previously described (20). C57Bl6/J mice, referred to as wild-
type (WT)mice, were purchased from Janvier Labs (Le Genest-
Saint-Isle, France). For in vivo and ex vivo studies using the
Pdk4a knock-in (KI) and aCpt1amice, results from both sexes
were pooled, unless otherwise stated.

Islet Isolation
Mice were euthanized by cervical dislocation, and islets were
isolated by Liberase injection (Roche, 05401020001) into the
common bile duct, as previously described (14,31), hand-
picked into 11 mmol/L glucose RPMI 1640 (61870-010; 10%
FBS, 1% penicillin/streptomycin), and incubated at 37�C in
5% CO2.

Immunohistochemistry
Pancreata from control and Pdk4aKI mice were fixed in 10%
neutral buffered formalin (Sigma-Aldrich, HT501128), cryo-
embedded, and cut into 5-mm sections. Sections were cos-
tained for glucagon (1:500; Sigma-Aldrich, G2654) and Pdk4
(dilution 1:50; Protein Tech, 12949-1-Ab) overnight at 4�C.
Isolated islets were stained for glucagon, insulin (1:100; Cell
Signaling, L6B10) and green fluorescent protein (GFP) for
Perceval detection (1:100; Abcam, ab13970). FACS-sorted
a-cells were seeded overnight before staining with glucagon
(Abcam, ab108426). Secondary antibodies were added before
counterstaining with DAPI. Imaging was performed on a Leica
SP5-X. Intensity of Pdk4 staining was analyzed in ImageJ soft-
ware (https://imagej.net/software/fiji/). Sections were blinded
and assigned to the respective genotype following analysis to
prevent bias.

Viral Constructs
To facilitate reporter expression in a-cells, adenoviruses car-
rying H2B-GFP or Perceval High Range (HR) under gluca-
gon promoter were created. A GUTR2 construct (32) was
used as a template to amplify GCG-H2B-mCherry cassette.
The amplified 3.5-kb fragment was cloned into pGEM, se-
quenced, and subsequently subcloned into shuttle pDUAL2-
V5His-bGH (Vector Biolabs, Malvern, PA). EcoRI restriction
site was then introduced downstream of the reporter. Perce-
valHR was amplified from FUGW-PercevalHR obtained from
Addgene (no. 49083) and cloned into pGEM. H2B-mCherry
was cut from the GCG promoter cassette in pDUAL2-V5His-
bGH using NotI and EcoRI and substituted with PercevalHR
or H2B-GFP. Sequences of all constructs were verified. Ad-
enoviruses were produced by Vector Biolabs.

Confocal Microscopy
Time-lapse imaging was performed on whole islets using
a Leica SP5-X with a 40× objective. For viral induction

Table 1—Human donor information

Donor No. Sex
Age

(years)
HbA1c
(%)

BMI
(kg/m2)

Donor 1 Female 59 4.8 26.4

Donor 2 Male 32 5.9 26.6

Donor 3 Male 48 5.5 27.5
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and dye loading, islets were incubated and parameters set as
stated in Table 2. Viral infection with PercevalHR (33) or
GFP was used to specifically identify changes in a-cells. Islets
were (unless otherwise stated) preincubated for 30 min in
1 mmol/L glucose Krebs Ringer Buffer (KRB; 140 mmol/L
NaCl, 4.6 mmol/L KCl, 2.6 mmol/L CaCl2, 1.2 mmol/LMgCl2,
1 mmol/L NaH2PO4, 25 mmol/L NaHCO3, 10 mmol/L
HEPES, pH7.4, and 6.6 mg/mL FA-free BSA) (6). Islets were
perifused with KRB containing a physiological relevant mix
and concentration of FAs (0.36 mmol/L NEFA) (21% palmi-
tate, 45.5% oleic acid, and 22.8% linoleic acid bound to FA-
free BSA in a 3.6:1 molar ratio) (16), FA-free BSA only, or no
BSA at 0.2 mL/min at 35�C. All solutions contained D-glucose
and/or carbonyl cyanide-4- (trifluoromethoxy)phenylhydra-
zone as indicated. Images were taken every 5min for ATP-Red
and every 2 min for all other experiments. Fiji/ImageJ was
used for analysis where fluorescence was normalized to the
initial condition (F/F0), and the last 6 min of each condition
was averaged for statistical analysis. Calcium imaging was per-
formed as previously described (20), and islets were perfused
with KRB, with or without 0.36 mmol/L NEFA and D-glucose,
as indicated, at a rate of 0.2 mL/min at 35�C. Images were ac-
quired in 1.28-Hz intervals. GCaMP calcium traces of individ-
ual islet cells were analyzed using MATLAB R2018b. Peaks
were identified by using built-in MATLAB functions msback-
adj(), trapz(), and findpeaks(), a minimal peak height of two
times the average intensity of all cell traces, a minimum peak
distance of two and width of one, with a peak prominence of
at least 1 SD of the individual cell trace.

FACS
Islets were isolated from B6J mice and cultured overnight
in the incubator (800 islets in 2.5 mL, 7 mmol/L glucose
RPMI 1640 [61870-010], 10% FBS, and 1% penicillin/strep-
tomycin). The next day, islets were dispersed using 50%
TrypLE for 5 min in a 37�C water bath. Then, 7 mmol/L
glucose RPMI was added before centrifugation and disper-
sion in KRB 1 3 mmol/L glucose 1 5% serum. Dispersed
cells were subjected to single-cell sorting based on their size
and autofluorescence. The sort was gated for exclusion of
duplets and other cell aggregates based on side scatter
(SSC) and forward scatter (FSC). a-Cells were distinguished
from non–a-cells based on size (FSC parameter) (34) and

autofluorescence (FITC parameter) (35) and sorted into
7 mmol/L glucose RPMI.

[U-13C]Glucose Metabolomics
Cells were centrifuged and resuspended in 7 mmol/L glu-
cose RPMI, and 10,000 cells were incubated at 37�C in 5%
CO2 in 100 mL medium to recover for 1 h. The medium
was then replaced with KRB containing 1 mmol/L glucose
and 0.36 mmol/L NEFA for 30 min before being replaced
with KRB containing 1 mmol/L or 5 mmol/L [U-13C]glucose
and 0.36 mmol/L NEFA for 2 h. Cells were gently centri-
fuged, and the supernatant was removed. Then, 300 mL
90% high-performance liquid chromatography-grade metha-
nol was added, and cell pellets were frozen at �80�C. After
three cycles of snap-freezing in liquid nitrogen and vortex-
ing, cells were incubated on ice to precipitate proteins. Sam-
ples were then centrifuged at 12,000 rpm at 4�C for
15 min, and the supernatant was transferred to liquid chro-
matography–mass spectrometry and evaporated to com-
pleteness under a stream of N2. Ketovaline (not detected in
samples in a pilot experiment) was added as an internal
standard together with sample extract. Dried extracts were
derivatizatized with 3-nitrophenylhydrazine essentially ac-
cording to Hodek et al. (36) and thereafter analyzed by using
an ultrahigh performance liquid chromatography system (Agi-
lent 1290 Infinity II) connected to a Bruker timsTOF Pro
mass spectrometer (Bruker, Bremen, Germany) operated in
negative ionizationmode. Extraction and derivatization blanks
and calibration curves were derivatized and analyzed as sam-
ples. Data processing was performed with Bruker Compass
DataAnalysis 5.2 software and TASQ 2021b (Bruker). Calcula-
tion of [13C] labeling, including correction for natural isotopes,
was done according to Lind�en et al. (37).

Electrophysiology
Electrical activity of a-cells within intact mouse islets was
measured using a perforated-patch technique. During the
experiments, the islets were perfused with an extracellular
solution containing (mmol/L) 140 NaCl, 3.6 KCl, 1.3 CaCl2,
0.5 MgSO4, 10 HEPES, 0.5 NaH2PO4, and 5 NaHCO3 at pH
7.4, with NaOH and glucose/NEFA as indicated. The temper-
ature of the solution was controlled between 32 and 34�C.
The solution within the pipette contained (in mmol/L) 76 K2

SO4, 10 KCl, 10 NaCl, 1 MgCl2, and 5 HEPES (pH 7.35

Table 2—Time-lapse imaging parameters

Virus/dye Cat no., vendor Loading conditions
Excitation

wavelength (nm)
Emission

wavelength (nm)

PercevalHR N/A 24–48 h 37�C, 5% CO2 488 510–600

GFP N/A 24–48 h 37�C, 5% CO2 488 510–601

ATP-Red SCT045, Sigma-Aldrich 10 mmol/L, 2.5 mL/mL pluronic, 30 min 37�C 510 540–600

SNARF-5F S23923, Thermo Fisher 10 mmol/L, 2.5 mL/mL pluronic, 30 min 37�C 514 570–670

pHRodoRed P35372, Thermo Fisher 50 mL 30 min RT 560 500–600

N/A, not applicable; RT, room temperature.
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using KOH). The pore-forming antibiotic amphotericin B
(240 mg/mL) was included in the intracellular buffer to
achieve membrane perforation. a-Cells were distinguished
by their functional fingerprinting (38). Electrophysiological
measurements were performed using an EPC-10 patch-clamp
amplifier (HEKA Electronics, Ludwigshafen/Rhein, Germany)
and PatchMaster 2×91 software.

Hormone Secretion
Glucagon secretion was measured from groups of 10 islets/
replicate. Following isolation, islets were incubated for 1 h in
11 mmol/L glucose RPMI, washed once with KRB containing
0 mmol/L glucose, and preincubated in 2 mmol/L glucose
KRB with 0.36 mmol/L NEFA, unless otherwise indicated, for
1 h at 37�C in 5% CO2. Islets were then incubated sequentially
at 1 mmol/L and 5 mmol/L glucose with 0.36 mmol/L NEFA,
or as indicated, for 1 h. The supernatant was collected, and is-
lets were harvested in acid ethanol and sonicated. Glucagon
and insulin were determined using U-PLEX insulin and gluca-
gon kits (Meso Scale Diagnostics; K15145C-3 or K15303K-4),
according to themanufacturer’s instructions.

FAO
FAO was measured from 50 islets from WT or aCPT1a
knock-out mice (aCPT1aKO) and preincubated in 1 mmol/L
glucose with 0.36 mmol/L NEFA, using radiolabeled pal-
mitic acid [9,10-3H(N)] (Perkin Elmer), as previously de-
scribed (14).

In Vivo Measurements
Body weight, blood glucose, and blood ketones were mea-
sured between 8 A.M. and 10 A.M. using a Contour NEXT
glucose meter (Bayer) and FreeStyle Precision ketone meter
(Abbott).

Glucose Tolerance Test
Glucose tolerance tests were performed after a 6-h fast
(6 A.M.–12 P.M.). Mice were injected with D-glucose (2 g/kg;
Sigma-Aldrich) in sterile PBS, and blood glucose was mea-
sured at 0, 30, 60, 90, and 120 min using a Contour NEXT
(Bayer). Blood was collected at 0 and 30 min on ice into apro-
tinin (Sigma-Aldrich, A11S3), centrifuged at 2600g at 4�C for
10 min, and plasma was collected and stored at �80�C.
Plasma glucagon levels were measured using the R-PLEX glu-
cagon assay (Meso Scale Diagnostics, F201K-3, L45SA-2-2).

Statistical Analysis
All data are presented as mean ± SEM. All statistics were
performed using GraphPad Prism 9 software (GraphPad
Software, San Diego, CA). Values outside of 2 SDs were
considered outliers and excluded. Specific statistical tests
and post hoc analyses are stated in each figure legend.

Data and Materials Availability
Data and materials from this study will be available upon
reasonable request.

RESULTS

NEFA Are Required for Glucagon Secretion
The effect of single FAs on glucagon secretion has previ-
ously been investigated (39,40). Here we explored how
NEFA, in a physiologically relevant mix and concentra-
tion, would affect glucose-regulated glucagon secretion.
Islets store FAs as triglycerides (41), which can potentially be
used for FAO at low glucose. We therefore preincubated WT
islets at 5 mmol/L glucose, 1 mmol/L glucose, or 1 mmol/L
glucose supplemented with 0.36 mmol/L NEFA. In islets pre-
incubated in 5 mmol/L glucose, an increase in glucose from
1 to 5 mmol/L reduced glucagon secretion (Fig. 1A). When
islets from the same mice were preincubated in 1 mmol/L
glucose, glucagon secretion was both lower at 1 mmol/L glu-
cose and not reduced in response to 5 mmol/L (Fig. 1A).
However, adding 0.36 mmol/L NEFA to the 1 mmol/L
glucose preincubation restored glucose-induced inhibition
of glucagon (Fig. 1A), without changes in glucagon con-
tent (Fig. 1B). These findings were not due to changes in
insulin secretion (Supplementary Fig. 1A and B). The ef-
fect of NEFA on glucagon secretion at 1 mmol/L glucose
was dose dependent and higher at 0.36 mmol/L than at
0 mmol/L NEFA, following a preincubation with the indi-
cated amount of NEFA at 1 mmol/L glucose (Fig. 1C). No
differences in secretion were observed at 5 mmol/L glucose,
and glucose was only repressive in the presence of 0.36
mmol/L NEFA (Fig. 1C and D). The presence of NEFA also af-
fected glucose-stimulated insulin secretion in the presence of
0.07 mmol/L NEFA (Supplementary Fig. 1C and D). Islets also
maintained the expected response to 10 mmol/L glucose in
the presence of 0.36 mmol/L NEFA, lowering glucagon and
stimulating insulin secretion (Supplementary Fig. 1E–H). The
glucose-induced reduction in glucagon secretion in the pres-
ence of NEFA was correlated with reduced FAO measured in
isolated mouse islets, preincubated in 1 mmol/L glucose with
0.36 mmol/L NEFA, when glucose was increased from
1 mmol/L to 5 mmol/L (Fig. 1E). Collectively, this suggests
that a-cells rely on the presence of NEFA to maintain the in-
hibitory effect of glucose on glucagon secretion.

Glucose Lowers Intracellular ATP in a-Cells
We explored how addition of NEFA affected intracellular ATP
by expressing the ATP sensor PercevalHR (33) specifically in
a-cells (Fig. 2A and B). Exposing mouse or human islets to
0.36 mmol/L NEFA in the presence of 1 mmol/L glucose in-
creased intracellular ATP in a-cells (Fig. 2C–F). When glucose
levels were then increased to 5 mmol/L in the presence of
0.36 mmol/L NEFA, intracellular ATP in a-cells was reduced
(Fig. 2C–F). The observed reduction in ATP was not an arti-
fact due to changes in intracellular pH (Supplementary Fig.
2A–D). Similar data were obtained using ATP-Red 1 dye (42)
in a-cells with nuclear GFP expression (Supplementary Fig.
2F–H). In these experiments, the non-GFP cells tended to in-
crease fluorescence intensity (Supplementary Fig. 2G and H),
as is expected for non–a-cells (24). The effect of glucose on
ATP in a-cells required the presence of NEFA as preincubation
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of islets at 1 mmol/L glucose removed the reduction in intra-
cellular ATP at both 5mmol/L glucose and 20mmol/L glucose
(Fig. 2G–J). The response to glucose was variable in these cells,
which could suggest that the degree of intracellular FA deple-
tion may differ between individual a-cells. When WT islets
were preincubated in 3 mmol/L glucose, which would spare
FA availability, intracellular ATP also decreased in response to
20mmol/L glucose (Fig. 2K and L). Notably, these ATPmeasure-
ments were performed in a buffer containing BSA (6.6 mg/mL),
which is required to bind NEFA. Previous ATP measurements
that show increased intracellular ATP in response to in-
creased glucose were performed without the addition of BSA
(11,14,19,21,43). Indeed, when the ATP measurements were
made in the absence of BSA in our experimental system, in-
creasing from 1 to 20 mmol/L glucose increased intracellular
ATP (Supplementary Fig. 2I). This suggested that a-cell
function may be affected by the presence of BSA. To test
this, we preincubated islets in 5 mmol/L glucose, with and
without BSA, in the absence of 0.36 mmol/L NEFA. In the
presence of BSA, glucagon secretion responded as expected
(Supplementary Fig. 2J). However, complete removal of BSA

impaired secretion at both 1 mmol/L and 5 mmol/L glucose
(Supplementary Fig. 2J). These differences were present with-
out changes in glucagon content (Supplementary Fig. 2K) or
insulin secretion and content (Supplementary Fig. 2L–M).
Together, these data suggest that under physiological condi-
tions, a-cells use FAs for ATP production and that elevations
of extracellular glucose lead to reductions in intracellular ATP.

Glucose Metabolism in a-Cells Supports the Glucose
FA Cycle
Normal fuel homeostasis requires reciprocal regulation of
glucose and FAO. In the fed state, FAO is inhibited by the in-
creased availability of glucose through the glucose-FA cycle
(44–46). The pathway requires pyruvate, derived from glycol-
ysis, to enter the tricarboxylic acid cycle (TCA). Once pyru-
vate is converted to acetyl-CoA by pyruvate dehydrogenase
(PDH), it is condensed with oxaloacetate by citrate synthase
to form citrate. Citrate is either used in the TCA cycle or ex-
ported to the cytosol, where it acts as substrate for malonyl-CoA
synthesis. Production of malonyl-CoA near the mitochondrial
membrane leads to inhibition of carnitine palmitoyl 1a (CPT1a)

Figure 1—NEFAs are required for glucagon secretion. A: Glucagon secretion in response to 1 and 5 mmol/L glucose, with or without
0.36 mmol/L NEFA, from WT islets preincubated at 5 mmol/L or 1 mmol/L glucose, with or without 0.36 mmol/L NEFA (n = 7–8 mice).
B: Glucagon content for A. C: Glucagon secretion in response to 1 and 5 mmol/L glucose with 0 mmol/L (gray), 0.07 mmol/L (cyan), or
0.36 mmol/L (magenta) NEFA from WT islets following preincubation in 1 mmol/L glucose with 0 mmol/L (gray), 0.07 mmol/L (cyan), or
0.36 mmol/L (magenta) NEFA (n = 12–13 mice). D: Glucagon content for C. E: b-Oxidation measured in WT islet preincubated in 1 mmol/L
glucose with 0.36 mmol/L NEFA and exposed to 1 or 5 mmol/L glucose in the presence of 0.36 mmol/L NEFA (n = 5 mice). All data are rep-
resented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (See also Supplemental Fig. 1.) Statistics performed were two-way
ANOVA with �Sid�ak post hoc test (A and C), one-way ANOVA (B and D), and paired t test (E).
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and thereby inhibits long-chain FAO (46). Therefore, to under-
stand how glucose lowers intracellular ATP in a-cells, we used
stable isotope glucose tracer metabolite profiling. To obtain a

pure fraction, a-cells were FACS sorted using flavin-adenine di-
nucleotide autofluorescence (35). Unlike previously, here sorting
was done in 3 mmol/L glucose KRB with 5% FBS. Under these

Figure 2—Glucose lowers intracellular ATP in a-cells. A: Representative images of isolated islets stained for Perceval (yellow), glucagon
(magenta), and insulin (cyan); scale bar = 50 mm. B: Quantification of Perceval expression in glucagon and insulin-positive cells (n = 10
islets from three mice). C: Average ATP fluorescence measured specifically in a-cells in isolated islets from WT mice in the presence of
0.36 mmol/L NEFA (n = 25 cells from three experiments). D: Dot plots of the last three frames in each condition in C. E: Average ATP fluo-
rescence measured specifically in a-cells in isolated islets from human donors in the presence of 0.36 mmol/L NEFA (n = 17 cells from
three experiments). F: Dot plots of the last three frames in each condition in E. G: Average ATP fluorescence measured specifically in
a-cells in islets from WT mice in the absence of NEFA and perfused with 1 mmol/L and 5 mmol/L glucose (n = 17 cells from three experi-
ments). H: Dot plots of the last three frames in each condition in G. I: Average ATP fluorescence measured specifically in a-cells in islets
from WT mice in the absence of NEFA and perfused with 1 mmol/L and 20 mmol/L glucose (n = 25 cells from three experiments). J: Dot
plots of the last three frames in each condition in I. K: Average ATP fluorescence measured specifically in a-cells in islets from WT mice,
preincubated in 3 mmol/L glucose, in response to 3 and 20 mmol/L glucose (n = 15 cells from three experiments). L: Dot plots of the last
three frames in each condition in K. All data are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (See also
Supplemental Fig. 2.) Statistics were performed with one-way ANOVA with the Tukey post hoc test in D, F, H, J, and L.
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conditions, flavin-adenine dinucleotide fluorescence is high in
other islet cells, and a-cells can be sorted as the least fluorescent
fraction (Fig. 3A). This led to an a-cell fraction with 89% purity,
confirmed by glucagon staining. To understand how glucose is
metabolized in a-cells, the sorted a-cell fraction was preincu-
bated in 1 mmol/L glucose with 0.36 mmol/L NEFA and sub-
sequently transferred to 1 or 5 mmol/L [U-13C]glucose with
0.36mmol/L NEFA for 2 h (Fig. 3A).

Analysis by mass spectrometry revealed that the content
of all measured metabolites, except for citrate, increased or
trended toward an increase in 5 mmol/L compared with

1 mmol/L glucose (Fig. 3B). The percentage of 13C enrichment
was only increased in a-ketoglutarate (a- KG) and trended to-
ward an increase in citrate (P = 0.101), while the enrichment
for succinate decreased (Fig. 3C). The similar citrate content
and small increase in 13C enrichment could suggest that citrate
is being used to generate other metabolites not measured
here. The increased percentage of 13C enrichment in a-KG
could suggest that citrate may be converted to a-KG. Alterna-
tively, cataplerosis of citrate could explain why there is no in-
crease in the total content of the metabolite (Fig. 3D). The
combination of increased a-KG and decreased succinate

Figure 3—Increased glucose metabolism leads to citrate–a-ketoglutarate cycling in a-cells. A: Schematic of experimental approach.
B: Relative abundance of intracellular metabolites in FACS-sorted a-cells exposed to 1 or 5 mmol/L glucose with 0.36 mmol/L NEFA.
C: Molar percentage enrichment from [U-13C]glucose in FACS-sorted a-cells exposed to 1 or 5 mmol/L glucose with 0.36 mmol/L NEFA.
D: Proposed model for glucose metabolism in a-cells. All data presented are mean ± SEM. *P < 0.05, **P < 0.01. Statistics were per-
formed with the Student t test (B and C).
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Figure 4—Regulation of FAO is vital for glucose-induced glucagon repression. A: A depiction of the interaction between glucose and FAO
pathways. PC, pyruvate carboxylase. B: From left to right: glucagon (cyan), Pdk4 (yellow), and composite staining in pancreatic sections
from control and Pdk4aKI mice. Scale bar = 25 mm. C: Pdk4 staining intensity measurements for control (Con) and Pdk4aKI mice (n = 4
mice). D: Average ATP fluorescence measured specifically in a-cells in isolated islets from control and Pdk4aKI mice (n = 43 and 30 cells
from three to four experiments for control and Pdk4aKI, respectively). E: Dot plots of the last three frames of each condition in D. F: Gluca-
gon secretion from whole islets isolated from control and Pdk4aKI mice in response to 1 or 5 mmol/L glucose in the presence of
0.36 mmol/L NEFA (n = 29 and 25 mice for control and Pdk4aKI, respectively). G: Glucagon content for F. H: Glucagon secretion at 1 and
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enrichment suggests that the increases in total concentrations
of fumarate, malate, and succinate content may be derived
from anaplerotic metabolism. On the basis of the findings in
this experimental setup, it is likely that a proportion of citrate
is used in the glucose FA cycle or for FA synthesis (Fig. 3D).

Glucose Regulates Glucagon Secretion Through PDH
and CPT1a
For glucose to contribute to the glucose FA cycle, pyruvate
derived from glucose must enter the TCA cycle as oxaloace-
tate through pyruvate carboxylase or as acetyl-CoA through
PDH. The two metabolites can then be condensed by citrate
synthase to form citrate. The activity of PDH is determined
partly through inhibitory phosphorylation by pyruvate de-
hydrogenase kinases (PDK) (Fig. 4A). Mouse and human
a-cells both express high levels of Pdk4 mRNA compared
with other islet cell types (47,48). PDK4 expression is regu-
lated by changes in substrate availability, and consequently,
expression is increased in both skeletal muscle (49) and
islets (50) during fasting. To determine whether the glu-
cose-FA cycle is important for the effect of glucose on intra-
cellular ATP and glucagon secretion, we generated a mouse
model in which Pdk4 was specifically overexpressed in
a-cells (Pdk4aKI). In these mice, the higher PDH phosphor-
ylation would lead to lower influx of pyruvate into the TCA
cycle through PDH. PDK4 staining intensity was observed
exclusively in a-cells and was twofold higher in Pdk4aKI
mice than in controls (Fig. 4B and C). In these mice, the
glucose-induced reduction in intracellular ATP (Fig. 4D and E)
and glucagon secretion (Fig. 4F) was lost, without changes
in glucagon content (Fig. 4G). In addition, the loss of glu-
cose-induced suppression of glucagon secretion in Pdk4aKI
mice led to an increase in insulin secretion at 5 mmol/L
(Supplementary Fig. 3A and B), supporting observations
that glucagon can potentiate insulin secretion at low glu-
cose concentrations (51). This suggests that PDK4 plays a
key role in the regulation of glucagon secretion and that en-
try of pyruvate as acetyl-CoA into the TCA cycle is important
for the reduction of glucagon secretion and intracellular ATP
in a-cells. These findings were confirmed by treatment of
islets with the PDK inhibitor dichloroacetate, which re-
moved the effect of 5 mmol/L glucose on glucagon secre-
tion (Fig. 4H).

Cpt1aKO in a-cells leads to decreased long-chain FAO
and reduced glucagon secretion at low glucose (14), iden-
tical to the effects observed when islets are incubated
with low substrate levels (Fig. 1A). We therefore investi-
gated the effect of glucose on ATP levels in islets from
mice with Cpt1aKO specifically in a-cells (aCPT1aKO).

Intracellular ATP did not change in a-cells from these
mice when exposed to 0.36 mmol/L NEFA or 5 mmol/L
glucose, but instead continuously decreased (Fig. 4J and K),
suggesting that a-cells rely on FAO to maintain ATP, as pre-
viously observed (14). Some studies have suggested that in-
hibition of mitochondrial FAO can activate peroxisomal FAO
(52–54). We therefore measured whole-islet FAO in control
and aCPT1aKO mice at 1 and 5 mmol/L glucose. FAO in
whole islets was lower in aCPT1aKO mice at 1 mmol/L glu-
cose and was unaffected by 5 mmol/L glucose (Fig. 4K).
These findings indicate that the glucose-FA cycle is active in
a-cells and that glucose inhibits glucagon secretion by low-
ering FAO and intracellular ATP.

To test whether PDK4 expression in a-cells contributes
to the regulation of glucagon secretion in vivo, we mea-
sured blood glucose and plasma glucagon in Pdk4aKI
mice (Fig. 5). Glucose tolerance and plasma glucagon lev-
els were unaffected in male and female Pdk4aKI mice
(Fig. 5A–I). However, unlike controls, glucagon levels
failed to reduce in female Pdk4aKI mice after glucose ad-
ministration (Fig. 5I). This was also the case when sexes
were combined to increase statistical power (Fig. 5C). No
changes in body weight, blood glucose, or ketones were
observed between genotypes (Fig. 5J–L). This suggests
that, while PDK4 expression in a-cells is an important
regulator of glucose-regulated glucagon secretion, it is not
enough to drive the development of hyperglycemia or
hyperketonemia in vivo.

Glucose Repolarizes a-Cells to Inhibit Glucagon
Secretion
Pancreatic a-cells express KATP channels (48,55). It was pre-
viously suggested that closure of the channel leads to reduced
action potential height (via voltage gated Na1 channels), re-
duced Ca21 influx, and inhibition of glucagon secretion, a
mechanism that would require increased ATP in response to
glucose. The observation that glucose decreased intracellular
ATP in the presence of NEFA therefore prompted us to in-
vestigate the electrical activity in a-cells under these experi-
mental conditions. The addition of 0.36 mmol/L NEFA at
1 mmol/L glucose had little effect on plasma membrane po-
tential (Fig. 6A–C). Unlike in control recordings without
NEFA and BSA (Fig. 6A), adding 5 mmol/L glucose in the
presence of 0.36 mmol/L NEFA repolarized the membrane
(Fig. 6B and C) and reduced the firing frequency of action po-
tentials (Fig. 6D). Subsequent addition of the KATP channel
blocker tolbutamide (100 mmol/L) caused a rapid and strong
depolarization (Fig. 6B and C). This could indicate that the
reduction in ATP caused by increasing glucose levels leads to

5 mmol/L glucose following treatment with or without dichloroacetate (DCA; n = 7 mice). I: Glucagon content for H. J: Average ATP fluo-
rescence measured specifically in a-cells in isolated islets from control and aCPT1aKOmice (n = 32 and 30 cells from three to four experi-
ments in control and aCPT1aKO, respectively). K: Dot plots of the last three frames of each condition in J. L: b-Oxidation measured in
aCPT1aKO islets exposed to 1 or 5 mmol/L glucose in the presence of 0.36 mmol/L NEFA (n = 7–8 mice). All data are represented as
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, *O.E., overall effect of genotype, P < 0.05. (See also Supplementary Fig. 3.) Statistics
performed were unpaired t test (C, G, and I), two-way ANOVA with the Tukey (E and K) or �Sid�ak (F and H) post hoc test, and mixed-effects
analysis with the �Sid�ak post hoc test (L).
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Figure 5—Overexpression of Pdk4 in a-cells affects glucose-regulated glucagon secretion in vivo. A: Intraperitoneal (i.p.) glucose toler-
ance test in control and Pdk4aKI mice (n = 22 for control and Pdk4aKI). B: Area under the curve (AUC) for A. C: Plasma glucagon at 0 and
30 min after i.p. glucose injection (n = 25–26 mice). D–F: Data from female mice in A–C (n = 12 and 11 for control and Pdk4aKI, respectively
in D and E and n = 11 and 12 for control and Pdk4aKI, respectively in F. G and H: Data from male mice in A–C (n = 10 and 11 for control
and Pdk4aKI, respectively, in F and n = 14 for control and Pdk4aKI in H). J: Body weight measurements in control and Pdk4aKI mice (n =
17–20 mice). K: Blood glucose measurements in control and Pdk4aKI mice (n = 17–18 mice). L: Blood ketone measurements in control
and Pdk4aKI mice (n = 10–11 mice). All data are represented as mean ± SEM. *P < 0.05, **P < 0.01. Statistics performed were unpaired t
test (B, E, H, J, K, and L) and two-way ANOVA with the �Sid�ak post hoc test (C, F, and I).
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opening of KATP channels and suggests that membrane po-
tential in a-cells is more negative than previously reported
(11). Electrical activity (11) and FAs (40) have both been sug-
gested to regulate glucagon secretion through changes in
cytosolic calcium. To investigate whether the addition of
0.36 mmol/L NEFA affected this parameter, we used mice ex-
pressing the cytosolic calcium sensor GCaMP3 specifically in
a-cells (20). The addition of 0.36 mmol/L NEFA did not affect
oscillation frequency ina-cells at 1mmol/L. Increasing glucose
to 5 mmol/L lowered oscillation frequency (Fig. 6E and F) as
expected, in line with previous observations recorded in the
absence of NEFA (20). This suggests that at low glucose, the
membrane potential is depolarized and that increasing glu-
cose repolarizes the plasma membrane to inhibit electrical
activity, calcium entry, and glucagon secretion.

DISCUSSION

Here we propose that the regulation of ATP production in
a-cells is highly dependent on enzymes that promote
FAO, such as PDK4 and CPT1a. We find that inhibition of
pyruvate entry into the TCA cycle as acetyl-CoA, or FA
transport into the mitochondria, disconnects changes in
glucose levels from changes in ATP production and gluca-
gon secretion. Based on the observations made here, we
suggest that glucose regulates glucagon secretion, not by
increasing intracellular ATP, but by inhibiting FAO to
lower intracellular ATP.

Our findings suggest that in a-cells, FAO is subject to
suppression from glucose, as suggested by the glucose-FA
cycle. Despite this, a-cells do oxidize glucose to some ex-
tent (56,57), at least in the absence of other substrates

Figure 6—Glucose-induced reduction in ATP repolarizes the plasma membrane in a-cells. A: Representative trace of membrane potential
measurements in a-cells from intact islets in response to 1 or 5 mmol/L glucose without 0.36 mmol/L NEFA. B: Representative traces of
membrane potential measurements in a-cells in response to 1 or 5 mmol/L glucose with 0.36 mmol/L NEFA and with or without tolbuta-
mide (Tolb). C: Minimum potential measurements from B (n = 2–5 cells from three mice). D: Action potential frequency measurements
from B (n = 5 cells from three mice). E: Representative trace of calcium oscillations in an a-cells in intact WT islets. F: Accumulated data
from E measuring calcium spike frequency (n = 18 cells from three experiments). All data are represented as mean ± SEM. **P < 0.01,
***P < 0.001. Statistics performed were one-way ANOVA with the Tukey (C, D, and F) post hoc test.

1456 Lipids and the Regulation of Glucagon Secretion Diabetes Volume 72, October 2023



and BSA, where increases in extracellular glucose results
in ATP production (11,19,21,24,58). However, we show
here that in the absence of BSA, a-cells do not secrete
much glucagon and do not respond to glucose. While it is
not clear why BSA is important for a-cell function, albu-
min has previously been shown to impact both intracellu-
lar lipid, pH, and redox homeostasis (59,60). Depleting
endogenously released FAs by adding FA-free BSA to dis-
persed b-cells has been shown to prevent signaling that
stimulates Ca21 oscillations and insulin secretion (33).
However, here we observed intact regulation of glucagon
secretion with FA-free BSA when whole islets are preincu-
bated in 5 mmol/L glucose, suggesting that this is not oc-
curring in the current experimental paradigm. Whether
this discrepancy is due to differences in the experimental
paradigm or the two cell types is unclear.

Previous hypotheses of how glucose regulates glucagon
secretion suggest that increased ATP from glucose oxidation
leads to membrane depolarization in a-cells (11,22). How-
ever, as with the previous measurements of ATP, these
experiments were performed with glucose as the only sub-
strate. The findings we present here show that glucose repo-
larizes the plasma membrane in a-cells when applied in the
presence of NEFA, consistent with the observed reduction
in ATP under the same experimental conditions. The finding
that this effect was reversed by tolbutamide suggests it re-
flects activation of KATP channels. It has previously been
suggested that a reduction in intracellular ATP could lead to
reduced Na1/K1 pump activity (14); however, this would
lead to a depolarization of the membrane, unlike what we
see here. It is, therefore, more likely that activation of KATP

channels drives the change in membrane potential in a-cells
in response to increased glucose levels. In addition, the cur-
rent observation that ATP is reduced may also be aligned
with the proposed reduction in intracellular cAMP in a-cells
(13). While, the apparent Km of adenylate cyclase for ATP is
�0.6 mmol/L (61), for some isoforms, the Km is substan-
tially altered when bound to Gas (62) supporting the possi-
bility that lowering of intracellular ATP could contribute to
the lowering cAMP. The lower cAMP could also be caused
by increases in intracellular FAs as a consequence of the
lower FAO at higher glucose, as adenylate cyclase in other
tissues has been suggested to be inhibited by increases in in-
tracellular FA levels (59).

Concentrations of 5 mmol/L glucose and 0.36 mmol/L
NEFA mimic plasma levels of macronutrients after an
overnight fast; however, after a glucose challenge, post-
prandial NEFA levels may be as low as 0.07 mmol/L, with
plasma glucose concentrations of 8 mmol/L in human
subjects (17). Under conditions with 0.07 mmol/L NEFA,
we observed lower glucagon secretion at low glucose and
no effect of increasing glucose concentrations. This sug-
gests that the lowering of plasma levels of glucagon in re-
sponse to a glucose tolerance test may also be driven by
changes in FA availability. This is supported by the ex vivo
experiments presented here. However, overexpression of

PDK4 in a-cells results in a rather mild phenotype. That
PDK4 overexpression in a-cells alone is not enough to drive
the development of hyperglycemia or hyperketonemia in vivo
is not surprising. Other models of impaired glucagon secre-
tion also have relatively mild phenotypes (7,14,21,63). In the
case of this model, this may reflect that paracrine factors also
contribute to the inhibition glucagon secretion. Despite this,
our data indicate that changing PDH activity in a-cells can af-
fect circulating glucagon levels. Thus, a-cells may rely on sens-
ing circulating levels of FA as well as glucose. However, it
should be considered that other substrates, such as amino
acids, could also contribute and thereby regulate glucagon se-
cretion in a-cells (64).

In conclusion, we propose a framework for a-cell me-
tabolism and glucose-regulated glucagon secretion, recip-
rocal to that observed in b-cells (65), in which the
metabolic phenotype of a-cells enables a specialized glu-
cose response, which lowers intracellular ATP and leads to
reduced glucagon secretion through activation of KATP

channels and repolarization of the plasma membrane.
This model of a-cell metabolism and glucagon secretion
suggests that a-cells can act as sensors of changes in both
circulating glucose and NEFA concentrations.
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