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Lactate activation of a-cell KATP channels
inhibits glucagon secretion by hyperpolarizing
the membrane potential and reducing Ca2þ entry
Karolina E. Zaborska 1, Prasanna K. Dadi 1, Matthew T. Dickerson 1, Arya Y. Nakhe 1, Ariel S. Thorson 1,
Charles M. Schaub 1, Sarah M. Graff 1, Jade E. Stanley 1, Roy S. Kondapavuluru 1, Jerod S. Denton 2,
David A. Jacobson 1,*
ABSTRACT

Objective: Elevations in pancreatic a-cell intracellular Ca2þ ([Ca2þ]i) lead to glucagon (GCG) secretion. Although glucose inhibits GCG secretion,
how lactate and pyruvate control a-cell Ca2þ handling is unknown. Lactate enters cells through monocarboxylate transporters (MCTs) and is also
produced during glycolysis by lactate dehydrogenase A (LDHA), an enzyme expressed in a-cells. As lactate activates ATP-sensitive Kþ (KATP)
channels in cardiomyocytes, lactate may also modulate a-cell KATP. Therefore, this study investigated how lactate signaling controls a-cell Ca2þ

handling and GCG secretion.
Methods: Mouse and human islets were used in combination with confocal microscopy, electrophysiology, GCG immunoassays, and fluorescent
thallium flux assays to assess a-cell Ca2þ handling, Vm, KATP currents, and GCG secretion.
Results: Lactate-inhibited mouse (75 � 25%) and human (47 � 9%) a-cell [Ca2þ]i fluctuations only under low-glucose conditions (1 mM) but
had no effect on b- or d-cells [Ca2þ]i. Glyburide inhibition of KATP channels restored a-cell [Ca2þ]i fluctuations in the presence of lactate. Lactate
transport into a-cells via MCTs hyperpolarized mouse (14 � 1 mV) and human (12 � 1 mV) a-cell Vm and activated KATP channels. Interestingly,
pyruvate showed a similar KATP activation profile and a-cell [Ca

2þ]i inhibition as lactate. Lactate-induced inhibition of a-cell [Ca2þ]i influx resulted
in reduced GCG secretion in mouse (62 � 6%) and human (43 � 13%) islets.
Conclusions: These data demonstrate for the first time that lactate entry into a-cells through MCTs results in KATP activation, Vm hyperpo-
larization, reduced [Ca2þ]i, and inhibition of GCG secretion. Thus, taken together, these data indicate that lactate either within a-cells and/or
elevated in serum could serve as important modulators of a-cell function.

� 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Pancreatic a-cells secrete glucagon (GCG) under low-glucose condi-
tions, which in turn stimulates hepatic glucose output [1e3]. Thus,
GCG secretion plays a key role in preventing hypoglycemia and
maintaining glucose homeostasis. Ca2þ entry into a-cells has been
shown to stimulate GCG secretion, and removal of extracellular Ca2þ

completely inhibits GCG secretion [4,5]. Glucose-regulated electrical
excitability controls a-cell Ca2þ entry through voltage-dependent Ca2þ

channels (VDCCs) [6e8], the activity and inactivation of which are
tightly controlled by membrane potential (Vm) [9,10]. These glucose-
regulated changes in a-cell Vm are regulated by the orchestrated
activity of many ion channels. For example, the activity of ATP-
sensitive Kþ (KATP) channels is a critical determinant of a-cell Vm,
Ca2þ entry and GCG secretion [11,12]. This indicates an important role
for Vm modulation of a-cell Ca2þ entry and GCG secretion; however,
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the mechanisms that control a-cell Vm and Ca2þ handling remain
poorly understood.
Pancreatic a-cells are much more glycolytically active than b-cells;
thus, the rate of mitochondrial glucose oxidation in a-cells is 20e40%
that of b-cells [13e15]. The increase in glycolytic activity may be due
in part to elevated levels of enzymes, such as lactate dehydrogenase
(LDH) and pyruvate dehydrogenase kinase 4 in a-cells compared to b-
cells; in fact, LDH is only expressed in a-cells and not in b-cells [13e
15]. Furthermore, studies on rodent islets cells have observed that LDH
activity is increased in non-b-cells, including a-cells [13,16]. Inter-
estingly, glycolytic enzymes or enzymes that metabolize glycolytic
products have been shown to interact with and modulate the activity of
ion channels. For example, LDH and pyruvate kinase interact with and
regulate KATP channel complexes [17e19]. LDH catalyzes the con-
version of pyruvate to lactate, which activates KATP channels in car-
diomyocytes to protect against myocardial ischemia or hypoxia [20].
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Thus, lactate and pyruvate have been shown to regulate KATP activity
[17e19]. Moreover, other glycolysis products such as 1,3-
bisphosphoglycerate also regulate KATP activity [21,22]. The high
expression of LDH in a-cells suggests that it may bind to and modulate
KATP channel function and thus GCG secretion. However, the role of
enzymes that regulate the production of glycolytic products or their
metabolism have not been assessed for their influence on human a-
cell Vm, Ca

2þ entry, or GCG secretion.
While a-cells metabolize glucose largely via anaerobic glycolysis [13]
that produces lactate, lactate is also elevated in cells when serum
lactate levels rise or via a lactate shuttle mechanism [23]. For example,
blood lactate concentrations are elevated postprandially (up to 1.5e
3.7 mM depending on the carbohydrate source) [24e28], which may
be an important contributor in controlling glucose inhibition of GCG
secretion. Schwann cells also produce and provide lactate for cells that
they support [29]. As they are present within and surrounding islets,
Schwann cells may influence the local concentration of lactate near a-
cells and thus control a-cell function [30,31]. Lactate is transported
into cells through monocarboxylate transporters (MCTs), which also
transport pyruvate across the plasma membrane [32,33]. Lactate entry
was demonstrated to be 3-fold greater in primary a-cells compared to
b-cells [16]. As MCTs and LDH are not expressed in b-cells, exoge-
nous lactate has no effect on insulin secretion [16,34]. However, the
role of lactate on a-cell function has not been determined.
This study demonstrated for the first time that lactate provides a signal
that robustly controls human and mouse a-cell Vm, Ca

2þ handling,
and GCG secretion. Lactate and pyruvate reduced mouse a-cell
intracellular Ca2þ ([Ca2þ]i) under low-glucose conditions but not b- or
d-cell [Ca2þ]i. Lactate also reduced human a-cell [Ca2þ]i under low-
glucose conditions but had no effect on both human and mouse
[Ca2þ]i under high-glucose conditions. Moreover, lactate hyper-
polarized mouse and human Vm by activating KATP channels. These
changes induced by lactate or pyruvate decreased mouse and human
GCG secretion specifically under low-glucose conditions. These
findings highlight the importance of lactate in controlling a-cell [Ca2þ]i
and GCG secretion.

2. MATERIALS AND METHODS

2.1. Chemicals and reagents
All of the research materials were purchased from SigmaeAldrich (St.
Louis, MO, USA) or Thermo-Fisher (Waltham, MA, USA) unless
otherwise specified. A stable cell line with tetracycline-inducible
Kir6.2/SUR1 expression was previously described [35].

2.2. Ethical approval
The animals were handled in compliance with guidelines approved by
the Vanderbilt University Animal Care and Use Committee protocols
(protocol #M1600063-01). All of the mice used in these studies were
12- to 18-week-old age-matched males with a C57BL/6J background.
Transgenic mice expressing a tandem-dimer red fluorescent protein
(tdRFP) fluorescent reporter, specifically in a-cells, were generated by
crossing mice expressing GCG-IRES-Cre with mice expressing a tdRFP
fluorescent reporter preceded by a loxP-flanked STOP cassette in the
Rosa26 locus (aRFP) [36e38]. Transgenic mice expressing GCaMP3
fluorescent Ca2þ indicator, specifically in a-cells, were generated by
crossing mice expressing GCG-IRES-Cre with mice expressing
GCaMP3 preceded by a loxP-flanked STOP cassette in the Rosa26
locus (a-GCaMP3, Stock No. 014538; The Jackson Laboratory) [39].
Similarly, transgenic mice expressing GCaMP6s, specifically in d-cells,
were generated by crossing Sst-IRES-Cre mice (Stock No: 013044;
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The Jackson Laborator) with mice possessing the genetically encoded
Ca2þ indicator GCaMP6s preceded by a loxP-flanked STOP cassette
(Stock No: 028866; The Jackson Laborato) [40].
Healthy human islets were obtained from multiple isolation centers
through the Integrated Islet Distribution Program (IIDP). The IIDP ob-
tained informed consent for deceased donors in accordance with the
National Institute of Health guidelines before reception of human islets
for our studies. The work detailed herein was approved by the Van-
derbilt University Health Sciences Committee Institutional Review
Board (IRB# 110164). Human donor information is provided in
Supplemental Table 1.

2.3. Pancreas and islet preparation
Mouse pancreata were digested with collagenase P (Roche, Basel,
Switzerland) and islets were isolated via density gradient centrifugation
as previously described [41e43]. After isolation, mouse islets were
either dispersed into islet cell clusters (by titrating in 0.005% trypsin) or
maintained as whole islets. They were then plated on poly-D-lysine-
coated 35 mm glass-bottomed dishes (CellVis, Mountain View, CA,
USA) and cultured in RPMI 1640 medium containing 11 mM glucose
and supplemented with 15% fetal bovine serum (FBS), 100 IU∙ml�1

penicillin, and 100 mg ml�1 streptomycin at 37 �C in 5% CO2.
Human islets were dispersed into single cells by gently titrating in
TrypLE Express at 37 �C for 1e2 min. The cells were then incubated
with a previously characterized b-cell-specific monoclonal mouse anti-
human NTPDase3 antibody [44,45] (5 mg/ml, ectonucleotidases-ab,
RRID:AB_2752250; Quebec, Canada) for 30 min at 4 �C followed by
15 min incubation with anti-mouse IgG2a þ b magnetic MicroBeads
(Miltenyi Biotec, Auburn, CA, USA) at 4 �C. The magnetically labeled b-
cells were then separated from the other islet cells (non-b-cells) using
an LS column (Miltenyi Biotec). The non-b-cells (containing mainly a-
cells) were then either plated on poly-D-lysine-coated 35 mm glass
bottom dishes or allowed to re-aggregate in 24-well AggreWell 400
plates (STEMCELL Technologies, Cambridge, MA, USA) at 700e1000
cell density/pseudoislet for 6 days. Human non-b-cells and pseu-
doislets were cultured in CMRL-1066 (Corning, Cleveland, TN, USA)
media containing 5.6 mM glucose and supplemented with 20% FBS,
100 IU∙ml�1 penicillin, 100 mg ml�1 streptomycin, 2 mM GlutaMAX,
2 mM HEPES, and 1 mM sodium pyruvate. Dispersed human islet cells
were immunostained to confirm the successful separation of the b-
cells from the non-b-cells. The cells were plated on poly-D-lysine-
coated 35 mm glass-bottomed dishes and fixed in 4% para-
formaldehyde for 20 min. The cells were then stained with primary
antibodies (1:100 rat anti-insulin; DSH, Iowa City, IA, USA) and 1:200
mouse anti-glucagon (Abcam, Cambridge, MA, USA) followed by
secondary antibodies (1:500 anti-rat Alexa Fluor 488 and 1:500 anti-
mouse Alexa Fluor 546). Immunofluorescent images were obtained
using a Nikon Ti2 epifluorescence microscope equipped with a Prime
95B camera with 25 mm CMOS sensors and Nikon Elements software.

2.4. Intracellular Ca2þ imaging
Intracellular Ca2þ ([Ca2þ]i) imaging was conducted as previously
described using epifluorescent or confocal microscopy with Ca2þ dye
(Fura-2-acetoxymethyl ester [AM]) [46] or genetic indicators (GCaMP3
or GCaMP6s) [47]. The mouse islets and human non-b-cells were
loaded with Fura-2 AM (2 mM) for 25 min at 37 �C in 5% CO2. The
mouse islets and human non-b-cells were incubated in RPMI with
either 1 mM or 11 mM glucose for 30 min and then washed and
perfused with KrebseRinger HEPES buffer containing (mM) 119 NaCl,
10 HEPES, 4.7 KCl, 2 CaCl2, 1.2 MgSO4, and 1.2 KH2PO4 (pH 7.35
adjusted by NaOH) with the indicated glucose concentrations and
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


treatments (see the figure legends). To ensure that osmolarity changes
did not influence Ca2þ responses, we also conducted experiments
confirming lactate inhibition of a-cell Ca2þ handling using osmotically
balanced solutions (with mannitol; data not shown). The mouse b-cells
and human non-b-cells’ Fura-2 AM fluorescence was measured at
340 and 380 nm (F340/F380) every 5 s as an indicator of [Ca

2þ]i using a
Nikon Ti2 microscope. Human a-cells were identified from the non-b-
cells by perfusing them with epinephrine (20 mM) at the end of each
protocol as previously described to increase [Ca2þ]i specifically in a-
cells [48]. Mouse a-cell GCaMP3 and d-cell GCaMP6s fluorescence
was measured at 488 nm every 5 s as an indicator of [Ca2þ]i using a
Zeiss Observer Z1 confocal microscope equipped with a Yokogawa
CSU-X1 spinning disk head and PerkinElmer Volocity software (Zeiss
spinning disk) or a Nikon Ti2 microscope. As GCaMP3 and GCaMP6s
are single wavelength Ca2þ probes, all of the data were normalized to
the minimum fluorescence intensity at 488 nm (F/Fmin).

2.5. Measurement of cytosolic lactate, Ad Laconic
Mouse aRFP islet cell clusters were transduced with a genetically
encoded Forster resonance energy transfer (FRET) lactate sensor
(Laconic; Addgene, Watertown, MA, USA) in an adenoviral format (Ad
Laconic; 5*106 PFU) in RPMI for 4 h at 37 �C in 5% CO2 as previously
described [49]. The cell clusters were imaged 24 h after incubation
with Ad Laconic using a Nikon Ti2 epifluorescence microscope. The
cell clusters were excited at 430 nm and the fluorescence emission
intensity of mTFP and Venus were measured every 5 s at 485 nm and
528 nm, respectively. The ratio between the emission wavelengths of
mTFP and Venus were used to quantify the intracellular concentration
of lactate within the cells. Transduced mouse a-cells were identified
by tdRFP fluorescence.

2.6. Thallium flux assay
Thallium (Tlþ) flux assays were conducted as previously described
[50]. Briefly, stably transfected T-REx-HEK-293 cells expressing Kir6.2/
SUR1 (KATP) channels were cultured overnight in Dulbecco’s Modified
Eagle’s Medium supplemented with 1% GlutaMAX, 10% FBS, and
1 mg/ml tetracycline at 37 �C in 5% CO2. The cells were washed with
assay buffer (Hanks’ balanced salt solution with 20 mM HEPES and pH
7.3) and then loaded with Tlþ-sensitive dye (Thallos-AM, 2 mM) for 1 h
at 37 �C. Plates were washed with assay buffer and a baseline
recording was collected at 1 Hz for 10 s (excitation 470 � 20 nm and
emission 540 � 30 nm) using a Panoptic whole-plate kinetic imager
(Wavefront Biosciences, Franklin, TN, USA). Lactate was then added
(7-point concentration curve; 0.05 mMe10 mM) and dissolved in
assay buffer containing KATP activator (VU0071063, 7 mM) for a 5-
minute incubation period while continuing data collection. Tlþ stim-
ulus buffer (5x in mM: 125 D-gluconic acid sodium salt, 7.5 Tl2SO4, 1
MgSO4, 1.8 CaSO4, 5 D-glucose, 20 HEPES, and pH 7.3) was added
and data were collected for an additional 3 min. The data were then
analyzed using GraphPad Prism.

2.7. Patch-clamp electrophysiology
For KATP current recordings, aRFP mouse islets were dispersed into
single cells by titrating in 0.005% trypsin and cultured overnight in
RMPI supplemented with 11 mM glucose at 37 �C in 5% CO2. Patch
electrodes (3e4 MU) employed for KATP current recordings were
backfilled with intracellular solution containing (in mM) 140 KCl, 0.5
MgCl2, 10 EGTA, 0.1 Mg-ATP, and 5 HEPES (pH 7.25 adjusted with
KOH). RFP-positive mouse a-cells were patched in extracellular so-
lution (EC) containing (in mM) 140 NaCl, 3.6 KCl, 0.5 MgSO4, 1.5
CaCl2, 0.5 NaH2PO4, 5 NaHCO3, and 10 HEPES (pH 7.35 with NaOH)
MOLECULAR METABOLISM 42 (2020) 101056 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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supplemented with 1 mM glucose and treatments as indicated in the
figure legends, with sucrose added as needed to match the osmolarity.
Whole-cell currents were measured as a function of the applied
membrane voltage (voltage ramp from �120 to 60 mV) in voltage-
clamp mode using an Axopatch 200B amplifier with pCLAMP10 soft-
ware (Molecular Devices, San Jose, CA, USA) every 15 s starting
immediately after a whole-cell configuration was established between
patch pipettes and a-cells as previously described [43,46,50]. This
recording protocol was repeated until the whole-cell currents reached
a plateau that corresponded to the maximum KATP current activation.
KATP currents stimulated by reducing intracellular ATP (0.1 mM) were
calculated by subtracting the initial current traces from the maximum
current traces.
For Vm recordings, aRFP mouse islets were partially dispersed into
islet cell clusters (20e50 cells) by titrating in 0.005% trypsin and
cultured overnight in RPMI supplemented with 11 mM glucose at 37 �C
in 5% CO2; human a-cell pseudoislets were cultured overnight in
CMRL-1066 supplemented with 5.6 mM glucose. Patch electrodes
utilized for Vm recordings were backfilled with intracellular solution
containing (in mM) 10 KCl, 76 K2SO4, 1 MgCl2, and 5 HEPES (pH 7.25
with KOH) supplemented with 0.4 mg/L of gramicidin perforating re-
agent. RFP-positive mouse a-cells and human a-cells were patched in
EC supplemented with 1 mM glucose. After a perforated-patch
configuration was established, the Vm of the a-cells within the aRFP
mouse islet cell clusters or human a-cell pseudoislets was recorded in
current-clamp mode. The electrical activity of the patched a-cells was
recorded for at least 10 min under these conditions; the patched a-
cells were then stimulated with treatments as indicated in the figure
legends.

2.8. Glucagon secretion
The mouse and human islets were allowed to recover for 24 h after
isolation and 4 h after reception, respectively, in RPMI 1640 supple-
mented with 15% FBS, 11 mM glucose (5.6 mM for human islets), and
0.5 mg/ml BSA at 37 �C in 5% CO2. GCG secretion measurements
from static incubations were conducted as previously described [39].
GCG concentrations were determined by a Vanderbilt Hormone Assay
and Analytical Services Core using a GCG radioimmunoassay kit or
GCG Chemiluminescence ELISA (ALPCO; Salem, NH, USA) under the
conditions indicated in the figure legends.

2.9. Statistical analyses
All of the data are presented as mean � standard error (SE) for the
specified number of samples (N). The statistical analysis was con-
ducted using GraphPad Prism 8 with two-tailed t-tests or one-way
ANOVA as appropriate. P < 0.05 was considered statistically
significant.

3. RESULTS

3.1. Lactate reduces mouse and human a-cell [Ca2þ]i
Although lactate is an important energy source, nothing is known about
how it regulates a-cell function. Therefore, we tested whether lactate
regulates a-cell Ca2þ handling and if this is due to paracrine signaling
from b- or d-cells. This was accomplished in intact mouse islets using
genetically encoded Ca2þ indicator GCaMP expressed specifically in
either a- or d-cells, while b-cell [Ca2þ]i was monitored using a Ca2þ

dye (Fura-2 AM). Lactate (10 mM) significantly decreased [Ca2þ]i in the
mouse a-cells under low-glucose conditions (1 mM) (75 � 25%
decrease, P < 0.05, N ¼ 8, Figure 1A,C) but not in the b- (N ¼ 3,
Figure 1G,I) or d-cells (N ¼ 3, Figure 1D,F). Under high-glucose
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Figure 1: Lactate reduces ⍺⍺-cell [Ca2D]i. Representative a-cell GCaMP3 recording (A and B) and relative fluorescence AUC (C) at 1 mM and 11 mM glucose in whole mouse
islets in the presence or absence of 10 mM lactate. Representative d-cell GCaMP6 recording (D and E) and relative fluorescence AUC (F) at 1 mM and 11 mM glucose in whole
mouse islets in the presence or absence of 10 mM lactate. Representative Fura-2 AM recording from b-cells (G and H) and relative fluorescence AUC (I) at 1 mM and 11 mM
glucose in whole mouse islets in the presence or absence of 10 mM lactate. Representative a-cell Fura-2AM recording (J and K) and relative fluorescence AUC (L) at 1 mM and
11 mM glucose in dispersed human a-cells in the presence or absence of 10 mM lactate. N ¼ 3e8. The statistical analysis was conducted using the two-tailed unpaired Student’s
t-test, and uncertainty is expressed as SE (*P < 0.05 and **P < 0.01).

Original Article
conditions (11 mM), lactate transiently reduced b-cell [Ca2þ]i
(33 � 1% decrease, P < 0.01, N ¼ 3, Figure 1H,I) but did not impact
a- (N ¼ 3, Figure 1B,C) or d-cells (N ¼ 3, Figure 1E,F) [Ca2þ]i.
Moreover, the physiological plasma levels of lactate (2 mM) also
attenuated a-cell [Ca2þ]i under low-glucose conditions (1 mM)
(58 � 12% decrease, P < 0.05, N ¼ 4, Figure S1). These data
demonstrate that lactate significantly attenuated mouse a-cell [Ca2þ]i
4 MOLECULAR METABOLISM 42 (2020) 101056 � 2020 The Authors. Published by Elsevier GmbH. T
specifically under low-glucose conditions and transiently reduced b-
cell [Ca2þ]i under high-glucose conditions.
We next determined whether lactate transport into and/or meta-
bolism in a-cells plays a role in modulating Ca2þ handling. L-lactate
is the principal isomer produced by humans, while D-lactate is the
predominant isomer produced by some bacterial species [51,52].
The only a-cell LDH that can convert lactate into pyruvate is LDHA
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[53], which is selective for L-lactate. Therefore, we investigated the
effects of D-lactate on mouse a-cell [Ca2þ]i. Interestingly, D-lactate
(10 mM) had no effect on mouse a-cell [Ca2þ]i under low-glucose
conditions (1 mM) (N ¼ 3, Figure S2). This suggests that either
LDHA is involved in the inhibition of a-cell Ca2þ influx or that L-
lactate metabolism generates a signal that is required to limit a-cell
Ca2þ influx.
We then determined whether lactate also regulates human a-cell
[Ca2þ]i. This was achieved by imaging [Ca2þ]i in the human a-cells
that were dispersed and magnetically separated from the b-cells. To
confirm the successful separation of the b-cells from the non-b-cells,
we immunostained for insulin and glucagon. Most of the cells in the
non-b-cell fraction were glucagon-positive cells (Figure S3), indicating
the successful separation of the b-cells from the non-b-cells. To
confirm that the imaged cells were a-cells, we exposed the cells to
epinephrine (20 mM) at the end of the imaging protocol and only the
cells that showed an increase in [Ca2þ]i were considered a-cells [48].
Lactate (10 mM) significantly reduced [Ca2þ]i in the human a-cells
under low-glucose conditions (1 mM) (47 � 9% decrease, P < 0.01,
Figure 2: Pyruvate decreases ⍺⍺-cell [Ca2D]i. Representative a-cell GCaMP3 recording (
islets in the presence or absence of 10 mM pyruvate. Representative d-cell GCaMP6 recor
mouse islets in the presence or absence of 10 mM pyruvate. Representative Fura-2 AM r
glucose in whole mouse islets in the presence or absence of 10 mM pyruvate. N ¼ 3. Th
uncertainty is expressed as SE (*P < 0.05 and ***P < 0.001).
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N ¼ 4, Figure 1J,K) but had no effect under high-glucose conditions
(11 mM) (N ¼ 3, Figure 1K and L), highlighting the importance of
lactate as a modulator of human a-cell [Ca2þ]i.

3.2. Pyruvate attenuates mouse a-cell [Ca2þ]i
LDHA is known to catalyze the conversion of pyruvate into lactate;
therefore, we investigated whether pyruvate mimics the effects of
lactate on a-cell Ca2þ entry. Pyruvate (10 mM) also attenuated a-cell
[Ca2þ]i under low-glucose conditions (1 mM; 34 � 13% decrease,
N ¼ 3, P < 0.05, Figure 2A,C) but not under high-glucose conditions
(11 mM; N ¼ 3, Figure 2B,C). Pyruvate had no effect on b- (N ¼ 3,
Figure 2G,I) or d-cells (N ¼ 3, Figure 2D,F) under low-glucose con-
ditions (1 mM), but pyruvate transiently decreased b-cell [Ca2þ]i under
high-glucose conditions (11 mM) (29 � 1% decrease, N ¼ 3,
P < 0.001, Figure 2H,I). This may suggest that a-cell glycolytic pro-
duction of pyruvate reduces Ca2þ and GCG secretion. As glucose in-
hibits GCG secretion with a U-shaped concentration response,
elevations of glucose levels above 11 mM begin to lose inhibitory tone
on GCG secretion. Interestingly, we found that glucose inhibition of
A and B) and relative fluorescence AUC (C) at 1 mM and 11 mM glucose in whole mouse
ding (D and E) and relative fluorescence AUC (F) at 1 mM and 11 mM glucose in whole
ecording from b-cells (G and H) and relative fluorescence AUC (I) at 1 mM and 11 mM
e statistical analysis was conducted using the two-tailed unpaired Student’s t-test, and
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Figure 3: Lactate entry into ⍺⍺-cell via monocarboxylate transporters reduces
[Ca2D]i. Representative lactate entry recording (A) and relative fluorescence AUC (B)
from dispersed red fluorescent protein-expressing (aRFP) a-cells in 1 mM glucose
before and after the addition of 10 mM lactate. Representative a-cell GCaMP3
recording (C) and relative fluorescence AUC (D) at 1 mM glucose in whole islets in the
presence or absence of 10 mM lactate continuously treated with a MCT1/2/4 inhibitor
(2 mM BAY8002) or vehicle control (E,F). Representative a-cell GCaMP3 recording (G)
and relative fluorescence AUC (H) at 1 mM glucose in whole islets in the presence or
absence of 10 mM lactate continuously treated with a MCT1 inhibitor (100 nM 7ACC2).
N ¼ 3. The statistical analysis was conducted using the two-tailed unpaired Student’s
t-test, and uncertainty is expressed as SE (*P < 0.05 and ****P < 0.0001).

Original Article
pyruvate activity on a-cell Ca2þ was lost under 20 mM glucose con-
ditions, and pyruvate was still able to inhibit Ca2þ influx (62 � 14%
decrease, N ¼ 3, P < 0.05, Figure S4A and B). These data show that
pyruvate attenuates mouse a-cell [Ca2þ]i only under glucose condi-
tions when GCG secretion occurs.

3.3. Monocarboxylate transporters transport lactate into mouse a-
cells
Lactate is known to enter the cells through MCTs [32,33] and acti-
vate the Gai/o-coupled receptor GPR81 [54,55]; therefore, we wanted
to establish whether lactate transport into a-cells is required for its
effect on [Ca2þ]i. Using the Laconic intracellular lactate sensor, we
found that treatment with exogenous lactate resulted in its transport
into a-cells (Figure 3A,B, N ¼ 3, P < 0.0001). To determine if GPR81
is involved in lactate response, we activated GPR81 with a selective
agonist (3Cl-HBA, 50 mM) and found no effect on a-cell [Ca2þ]i
(N ¼ 3, Figure S5A and B). To confirm this, we incubated islets with
pertussis toxin (1 mg/ml for 24 h) to inhibit Gai/o signaling. Under
these conditions, lactate was still able to reduce a-cell [Ca2þ]i
(N ¼ 3, Figure S5C and D, P < 0.05). We next assessed whether
lactate transport through MCTs is required for lactate-induced
reduction in a-cell [Ca2þ]i. In the presence of MCT1/2/4 inhibitor
(BAY8002, 2 mM), lactate inhibition of islet a-cell [Ca2þ]i under low-
glucose conditions (1 mM) was abolished (N ¼ 3, Figure 3CeF).
However, as the MCT1 inhibitor (7ACC2, 100 nM) did not impact the
lactate inhibition of a-cell [Ca2þ]i, MCT1 was not required for the
lactate effect. Taken together, these data demonstrate that lactate
transport through MCTs (presumably MCT2 and/or MCT4) is neces-
sary for lactate entry into a-cells and the resulting inhibition of Ca2þ

influx.

3.4. Lactate hyperpolarizes mouse and human a-cells
To investigate the mechanism(s) by which lactate transport controls a-
cell [Ca2þ]i, we assessed if VDCC activity could be impacted by
changes in Vm. Treatment with lactate resulted in hyperpolarization of
mouse (14 � 1 mV hyperpolarization, N ¼ 3, P < 0.05, Figure 4A,B)
and human (12 � 1 mV hyperpolarization, N ¼ 3, P < 0.01,
Figure 4D,E, and G) a-cell Vm. This resulted in either slowing or in-
hibition of action potential firing in both mouse (1.9� 0.4 Hz decrease,
P < 0.05, N ¼ 3, Figure 4C) and human (0.4 � 0.1 Hz decrease,
N ¼ 3, Figure 4F; P < 0.05) a-cells. These data suggest that lactate
activates a hyperpolarizing conductance in a-cells, which is predicted
to limit VDCC activity and reduce Ca2þ influx.
To determine if Kþ channels such as KATP contribute to lactate-induced
Vm hyperpolarization, we first clamped a-cell Ca2þ with a constant Vm
depolarization by shifting the reversal potential through Kþ channels
with high (30 mM) Kþ and KATP activator diazoxide (200 mM). Under
these conditions, lactate had no effect on a-cell [Ca2þ]i (N ¼ 3,
Figure 4H,I). This suggests that a Kþ channel is likely responsible for
lactate-induced hyperpolarization.

3.5. Lactate and pyruvate activate KATP channels in a-cells
To determine the ion channels involved in lactate-induced inhibition of
a-cell [Ca2þ]i, we utilized pharmacology and ion substitution. First, we
tested Cl� channels by imaging the response of mouse a-cells to
lactate in Cl�-free solution and found that lactate was still able to
reduce a-cell [Ca2þ]i (59 � 3% decrease, P < 0.01, N ¼ 3,
Figure 5A,B) in the absence of Cl� flux. Next, we investigated the
contributions of large conductance calcium-activated Kþ channels (BK)
and G protein-coupled inwardly rectifying Kþ channels (GIRK) to the
lactate effect on a-cell [Ca2þ]i using the BK channel inhibitor
6 MOLECULAR METABOLISM 42 (2020) 101056 � 2020 The Authors. Published by Elsevier GmbH. T
(Iberiotoxin, 100 nM) and a GIRK channel blocker (Tertiapin-Q,
100 nM). Lactate retained its ability to reduce a-cell [Ca2þ]i in the
presence of Iberiotoxin and Tertiapin-Q (BK: 73 � 13%, P < 0.05,
N ¼ 3, Figure 5C,D; GIRK: 70 � 14%, N ¼ 3, P < 0.05, Figure 5E,F).
We also investigated the role of KATP channels and found that during
lactate treatment, the addition of the KATP channel inhibitor glyburide
(100 mM) attenuated the lactate-induced reduction of a-cell [Ca2þ]i
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Lactate hyperpolarizes ⍺⍺-cells. Representative membrane potential (Vm) recording (A) and average Vm (B) from dispersed fluorescent protein-expressing (aRFP) a-
cells at 1 mM glucose in whole mouse islets (N ¼ 3 cells/3 mice) before and after the addition of 20 mM lactate. Representative membrane potential (Vm) recordings (D and G) and
average Vm (E) from a-cells at 1 mM glucose in human non-b-cells pseudoislets (N¼ 6 cells/3 islet donors) before and after the addition of 20 mM lactate. Average action potential
frequency from aRFP a-cells at 1 mM glucose in whole mouse islets (N ¼ 3 cells/3 mice; C) and human non-b-cell pseudoislets (N ¼ 6 cells/3 islet donors; F) before and after the
addition of 20 mM lactate. Representative a-cell GCaMP3 recording (H) and relative fluorescence AUC (I) at 1 mM glucose in whole islets in the presence or absence of 10 mM
lactate continuously treated with 30 mM KCl and 200 mM diazoxide (N ¼ 3 mice). The statistical analysis was conducted using the two-tailed unpaired Student’s t-test, and
uncertainty is expressed as SE (*P < 0.05 and **P < 0.01).
(N ¼ 3, P < 0.01, Figure 5G,H). This suggested that KATP is respon-
sible for the lactate-induced Vm hyperpolarization and the resulting
reduction of [Ca2þ]i.
To test if lactate and pyruvate activate KATP channels, we measured
KATP currents and used a fluorescent Tlþ flux readout for KATP
channel activity [50]. Using a 7-point concentration curve (0.05 mMe
10 mM), we determined that Tl þ flux through KATP channels was
activated by both lactate (N ¼ 3, Figure 6A,B; EC50: 1.8 mM � 95%
confidence interval [95% CI]: 0.69e5.4 mM) and pyruvate (N ¼ 3,
Figure 6C,D; EC50: 1.9 mM�[95% CI]: 1.4e3.4 mM). Lactate and
pyruvate can activate KATP channels in the presence of low glucose
(Figure S6A and B) or with a pharmacological KATP activator (7 mM;
Figure 6AeD). We next measured KATP currents in mouse a-cells and
MOLECULAR METABOLISM 42 (2020) 101056 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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found that the KATP current density was significantly increased in a-
cells in response to lactate (N ¼ 4, Figure 6E,F, P < 0.01) and py-
ruvate (N ¼ 4, Figure 6G,H, P < 0.001). Taken together, these data
demonstrate that lactate and pyruvate activate KATP channels in
mouse a-cells, which mediates the lactate-induced reduction of a-
cell [Ca2þ]i.

3.6. Lactate and pyruvate reduce GCG secretion
As Ca2þ entry into a-cells stimulates GCG secretion [4,5], we next
investigated the effects of lactate and pyruvate on GCG secretion in
human and mouse islets. Lactate significantly reduced GCG secretion
in both the mouse (62 � 6% decrease, P < 0.05, N ¼ 3, Figure 7A)
and human (43 � 13% decrease, N ¼ 5, P < 0.01, Figure 7B) islets
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Lactate reduces ⍺⍺-cell [Ca2D]i through activation of KATP channels.
Representative a-cell GCaMP3 recording (A) and relative fluorescence AUC (B) at 1 mM
glucose (without Cl�) in whole islets in the presence or absence of 10 mM lactate.
Representative a-cell GCaMP3 recording and relative fluorescence AUC at 1 mM
glucose in whole islets in the presence or absence of 10 mM lactate continuously
treated with a BK channel inhibitor (100 nM Iberiotoxin; C and D) or GIRK channel
inhibitor (100 nM Tertiapin-Q; E and F). Representative a-cell GCaMP3 recording (G)
and relative fluorescence AUC (H) at 1 mM glucose in whole islets in the presence or
absence of 10 mM lactate or KATP channel blocker (100 mM glyburide). N ¼ 3 mice.
The statistical analysis was conducted using two-tailed unpaired Student’s t-test, and
uncertainty is expressed as SE (*P < 0.05 and **P < 0.01).

Figure 6: Lactate and pyruvate activate KATP channels. Representative thallium
(Tlþ) flux recordings from T-REx-HEK-293 cells expressing KATP channels treated with
lactate (A; N ¼ 3) or pyruvate (C; N ¼ 3) (0.5, 2.5, and 10 mM) and uninduced KATP
cells. Fluorescence values were normalized (F/F0) to baseline values recorded before
Tlþ addition. Dose-dependent activation of KATP by lactate (B; N ¼ 3) or pyruvate (D;
N ¼ 3). Area under the curve data are expressed as % activation calculated as %
change in KATP activation by lactate or pyruvate compared to KATP activation by vehicle
control (assay buffer with 7 mM KATP activator). Estimated EC50 values were calculated
using 3-parameter (lactate) or 4-parameter (pyruvate) logistic regression fit. Repre-
sentative KATP current recorded from dispersed red fluorescent protein-expressing
(aRFP) a-cells in the presence or absence of 20 mM lactate (E) or 20 mM pyruvate
(G). Average KATP currents (N � 28 cells/4 mice) from a-cells in the presence or
absence of 20 mM lactate (F) or 20 mM pyruvate (H). The statistical analysis was
conducted using the unpaired two-tailed Student’s t-test, and uncertainty is expressed
as SE (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

Original Article
under low-glucose conditions (1 mM) but had no effect under high-
glucose conditions (11 mM). Similarly, pyruvate reduced GCG secre-
tion under low-glucose conditions (1 mM) in the mouse (62 � 11%
decrease, N ¼ 3, P < 0.01, Figure 7C) and human (37 � 3%
decrease, N ¼ 3, P < 0.01, Figure 7D) islets but not under high-
glucose conditions (11 mM). These responses follow the glucose-
sensitive changes in a-cell Ca2þ handling observed in response to
lactate and pyruvate. These data indicate that lactate and pyruvate
inhibition of a-cell [Ca2þ]i limits GCG secretion.
8 MOLECULAR METABOLISM 42 (2020) 101056 � 2020 The Authors. Published by Elsevier GmbH. T
4. DISCUSSION

Secretion of islet GCG plays a key role in maintaining blood glucose
homeostasis; however, our understanding of a-cell function remains
poorly understood. It has been established that Ca2þ entry is required
for GCG secretion but the factor(s) that modulate a-cell Ca2þ handling
are still largely unknown. In this study, we demonstrated for the first
time that lactate signaling plays a key role in regulating both human
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: Lactate and pyruvate reduce islet glucagon secretion. Average GCG
secretion from mouse (A) and human (B) islets treated with or without 10 mM lactate at
1 mM (mouse N¼ 3; human N ¼ 5) and 11 mM glucose (mouse N ¼ 6; human N¼ 5)
normalized to the total islet number and 11 mM glucose. (B) Average GCG secretion
from mouse (C) and human (D) islets treated with or without 10 mM pyruvate at 1 mM
and 11 mM glucose normalized to the total islet number and 11 mM glucose (N ¼ 3).
The statistical analysis was conducted using the two-tailed unpaired Student’s t-test,
and uncertainty is expressed as SE (*P < 0.05 and **P < 0.01).
and mouse a-cell Vm, Ca
2þ handling, and GCG secretion. We found

that lactate and pyruvate reduced a-cell [Ca2þ]i under low-glucose
conditions and that lactate entry into a-cells through MCTs is
required for the inhibition of [Ca2þ]i. Moreover, lactate hyperpolarized
both mouse and human a-cell Vm by activating KATP channels. Lactate
and pyruvate activation of KATP channels inhibited Ca2þ entry and
resulted in inhibition of GCG secretion from both mouse and human
islets. Taken together, these data suggest that lactate is a critical
regulator of a-cell Ca2þ handling and GCG secretion.
Pancreatic a-cell Ca2þ handling and GCG secretion is controlled by
metabolism; however, the influence of lactate and pyruvate on a-cell
Ca2þ handling have not been determined. Lactate plays important
roles in controlling Ca2þ handling in other tissues; for example, lactate
inhibits Ca2þ entry into the myometrium [56]. Lactate-induced inhi-
bition of Ca2þ entry into the myometrium is abolished by depolarization
with KCl, suggesting that myometrial Kþ channels are activated by
lactate; this is similar to our findings demonstrating that lactate re-
duces a-cell [Ca2þ]i through a-cell Vm hyperpolarization by KATP
activation. Moreover, lactate causes intracellular acidification in the
myometrium, similar to lactate-induced acidification of rat islet non-b-
cells (presumably a-cells) [16]. High glucose also results in a-cell
acidification [57], which contributes to glucose inhibition of GCG
secretion. As proton movement during lactate transport through MCTs
causes intracellular acidification [58], lactate-induced a-cell proton
flux could contribute to reducing GCG secretion. Low levels of MCT
expression in b-cells do not allow significant lactate transport or pH
changes in response to elevations in extracellular lactate [16]. The
reduced rate of lactate transport likely contributes to the lack of effect
of lactate on b- and d-cell [Ca2þ]i under low-glucose conditions and
only transient effects on b-cell [Ca2þ]i under high-glucose conditions.
However, the transient reduction in b-cell [Ca2þ]i had no effects on a-
cell [Ca2þ]i under high-glucose conditions. Interestingly, pyruvate
MOLECULAR METABOLISM 42 (2020) 101056 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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exerted similar inhibitory effects on mouse pancreatic a-cell [Ca2þ]i
and GCG secretion as lactate, which differed from previous data ob-
tained from perfused rat pancreas showing that pyruvate increases
GCG secretion [34]. This discrepancy could be explained by species
differences as well as different experimental conditions (different
glucose concentrations and secretion measurements). These findings
on rat islets were suggested to be due to metabolic activation of GCG
secretion by pyruvate entry into a-cells through MCT and a lack of
effect of pyruvate on other islet cells due to a lack of MCT expression.
Our findings also suggest that lactate and pyruvate enter a-cells
through MCTs but are further in line with data showing that metabolic
factors such as glucose can intrinsically impart inhibitory tone on a-cell
GCG secretion [59]. Our data provide novel details on pyruvate and
lactate control of a-cell function through inhibition of cytoplasmic Ca2þ

handling, which illuminate mechanistic insights into how metabolic
intermediates can impact GCG secretion.
It has been well established that a-cell Ca2þ entry through VDCCs is
tightly coupled to changes in Vm. The a-cell Vm is controlled by ion
channels, such as KATP channels, voltage-gated Kþ (Kv) channels, G
protein-coupled inwardly rectifying Kþ (GIRK) channels, and two-pore
domain Kþ (K2P) channels [6,9,10,12,39,40,60,61]. Inhibition of Kþ

channels can result in reduced GCG secretion due to depolarization-
induced voltage-dependent inactivation of VDCCs as well as voltage-
dependent Naþ channels [8,11,12,61]. However, hyperpolarization
has also been shown to inhibit a-cell VDCC activity during glucose
stimulation [6,39,62e66]. Furthermore, somatostatin (SST) signaling-
induced activation of GIRK channels hyperpolarizes a-cell Vm to inhibit
GCG secretion [67]. Our findings with lactate treatment also support
that hyperpolarization of a-cell Vm limits GCG secretion by reducing
VDCC activity. The importance of lactate and pyruvate-mediated Vm
hyperpolarization is exemplified in hepatocytes, where it increases
activity of Kþ channels and potentially Naþ/Kþ ATPase [68]. While this
suggests that lactate has intrinsic effect(s) on Vm, paracrine signals
(such as SST) are known to hyperpolarize a-cell Vm [67]. However, our
data demonstrating that single a-cells exhibit lactate-mediated inhi-
bition of [Ca2þ]i indicates an intrinsic Vm hyperpolarizing mechanism.
Furthermore, lactate does not impact b-cell insulin secretion [16,34]
and is not predicted to impact SST secretion as there is no response of
d-cell [Ca2þ]i to lactate. Inhibition of Gi signaling had no impact on
lactate-induced inhibition of a-cell [Ca2þ]i. Taken together, this sug-
gests that lactate entry into a-cells activates a Kþ channel leading to
Vm hyperpolarization, which ultimately inhibits Ca2þ entry and GCG
secretion.
One of the critical Kþ channel regulators of a-cell Vm is the ATP-
sensitive KATP channel. As lactate and pyruvate are known to be
metabolized and increase ATP production, KATP activity is likely
modulated by lactate and pyruvate. Indeed, we found that inhibition of
KATP channels abolished the lactate-induced reduction in a-cell
[Ca2þ]i. This is an interesting finding as lactate and pyruvate-mediated
increases in ATP are predicted to close KATP channels and depolarize
a-cell Vm. However, glucose-induced ATP production in a-cells is
significantly lower than in b-cells [34,69] and the ATP/ADP ratio is
much higher in a-cells compared to b-cells under low-glucose con-
ditions [15]. This is due to metabolic differences observed between b-
and a-cells (a-cells are more glycolytic active and do not produce as
much ATP due to lower oxidative phosphorylation). Even if lactate and
pyruvate were to increase a-cell ATP levels, then this would be pre-
dicted to inhibit KATP channels. Thus, this suggests that lactate and
pyruvate control of ATP levels does not lead to inactivation of KATP.
While it has been proposed that the ATP/ADP ratio is the primary
regulator of KATP, there are other mechanisms that control KATP that
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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have not been assessed in a-cells. For example, pyruvate and lactate
allosterically activate cardiomyocyte KATP channel complexes with
lactate dehydrogenase [17]. This is consistent with our findings
showing that lactate and pyruvate activate a-cell KATP channels.
Although LDH control of KATP is a likely candidate for the lactate-
mediated reduction in a-cell [Ca2þ]i, pH can also regulate KATP ac-
tivity [70]. As pyruvate and lactate movement across MCTs causes
intracellular acidification and KATP is inhibited by acidification, the
changes in pH by lactate or pyruvate likely do not activate KATP
channels. This is further supported by our studies clamping intracel-
lular pyruvate and lactate under physiological pH levels that both
resulted in increased KATP activity. This suggests the exciting possi-
bility that glycolysis might also contribute to activation of a-cell KATP
channels through LDHA. This is supported by data showing that in-
hibition of KATP under euglycemic glucose conditions leads to stimu-
lation of GCG secretion [71]. However, pharmacological inhibition of
whole islet KATP channels also causes significant increases in insulin
and SST secretion under euglycemic conditions, which may explain
why other groups have observed sulfonylurea inhibition of GCG
secretion [72,73]. How glucose production of lactate and pyruvate
contributes to glucose inhibition of GCG secretion remains to be
determined; however, our results suggest that ATP is not the only
signal that a-cells utilize to control KATP conductance and thus GCG
secretion.
Lactate is a major source of energy and can have autocrine-, para-
crine-, and endocrine-like effects. Importantly, during postprandial
elevations of blood glucose, its metabolism leads to an increase in
blood lactate and pyruvate levels [24e28]. The carbohydrate type
plays an important role in the postprandial increase in lactate and
pyruvate concentrations, with high-sucrose [26] and high-fructose [25]
meals leading to greater lactate and pyruvate levels than high-starch or
high-glucose meals, respectively. While this suggests that elevations in
blood lactate and pyruvate could play a role in postprandial inhibition of
GCG secretion, plasma pyruvate levels do not reach more than 1 mM,
which does not activate KATP or influence a-cell Ca2þ handling.
However, lactate levels range from 1.5 to 3.7 mM postprandially,
which is at or above the EC50 for KATP activation and also reduces a-
cell [Ca2þ]i. Therefore, the combined elevations in glucose and lactate
could help reduce GCG secretion postprandially. Interestingly, insulin
resistance in T2D leads to increased blood lactate levels [74e78] due
to mitochondrial dysfunction and hypoxic conditions [79e81].
Furthermore, due to increased basal plasma lactate levels, the post-
prandial change in lactate following a meal is significantly reduced in
T2D. Thus, this reduction in meal-induced lactate response may
contribute to postprandial hyperglucagonemia in T2D patients [82] due
to reduced lactate inhibition of GCG secretion. GCG signaling also in-
creases hepatic lactate output [83] and thus in T2D, elevated GCG
levels may contribute to increased lactate levels. It has become clear
that there is a bidirectional communication between the liver and a-
cells that impacts GCG secretion and a-cell hyperplasia. For example,
reduced liver GCG signaling results in increased hepatic amino acid
output that increases a-cell proliferation and GCG secretion [84].
Therefore, increased hepatic lactate output during elevated GCG
signaling might serve to reduce GCG secretion and potentially a-cell
proliferation. Taken together, our findings illuminate that alterations in
lactate levels may serve an important signaling role in GCG secretion.
Furthermore, insulin resistance-induced perturbations in lactate ho-
meostasis could be involved in dysfunctional GCG secretion.
In conclusion, our data indicate that lactate plays a key role in regu-
lating a-cell Ca2þ handling and GCG secretion. This suggests the
10 MOLECULAR METABOLISM 42 (2020) 101056 � 2020 The Authors. Published by Elsevier GmbH. T
exciting possibility that lactate and pyruvate and/or enzymes in the
pathway play an important role in controlling a-cell function. As
exogenous lactate is only able to exert its effects under conditions that
stimulate GCG secretion, this suggests that either intrinsic lactate may
play a role in glucose inhibition of GCG secretion or that exogenous
lactate can only inhibit secretagogue-stimulated Ca2þ entry. While we
also observed that pyruvate inhibits a-cell Ca2þ handling and GCG
secretion, the pyruvate concentration used in our studies significantly
exceeded circulating pyruvate levels; this indicates that fluctuations in
serum pyruvate do not play a role in modulating a-cell function.
However, circulating postprandial lactate levels reach concentrations
(�1.5 mM) that activate KATP channels, which may play a role in
modulating GCG secretion. Importantly, the postprandial increase in
blood lactate levels is diminished in T2D; thus, reduced lactate inhi-
bition of GCG secretion may contribute to hyperglucagonemia in T2D
patients. Overall, these observations improve our understanding of the
molecular mechanisms regulating a-cell Vm, [Ca2þ]i, and GCG
secretion.
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