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Sodium-glucose cotransporter 2 (SGLT2), encoded by
SLC5A2, is primarily responsible for glucose resorption
from the proximal tubule of the kidney. Selective inhibitors
of SGLT2 (or SGLT2i), such as the gliflozins, are widely used
for the treatment of type 2 diabetes (T2D), since they
decrease blood glucose levels by increasing excretion of
the sugar in the urine (1). These glucose-lowering effects
might however be partially offset by the action of SGLT2i
to increase circulating glucagon levels (2). Whether SGLT2i
influence glucagon secretion via direct (3) or indirect/para-
crine (4,5) mechanisms remains keenly debated. A number
of studies have shown contrasting effects of SGLT2i on
pancreatic a-cells, with increases (3,6–9), decreases (10), or
no change (5,10) in glucagon secretion depending on the
species, preparation, glucose concentration, and gliflozin
used. Moreover, discordant results have been reported by
different investigators regarding expression of SGLT2 and
Slc5a1/SLC5A1 in mouse, rat, and human islets, as well as
sorted cell populations (3,5,8,10).

In this issue ofDiabetes, Saponaro et al. (11) shed further
light on the complex issue of SGLT2i and glucagon secre-
tion. Using a large number of donors, the authors show that
responses of isolated human islets to SGLT2i are highly
heterogeneous, with large variation in basal and secreted
glucagon levels as well as responsiveness to treatment. This
apparent heterogeneity was also reflected at the level of
SGLT2/SLC5A2 expression, shown using Western blotting
with antibodies validated according to established guide-
lines, or interrogation of bulk islet data from 207 donors
deposited in the Translational Human Pancreatic Islet Geno-
type Tissue-Expression Resource (TIGER) RNA-seq database.
While SGLT2was found to be strongly colocalized witha-cells,
high variability in the number of glucagon-positive/SGLT2i-
positive cells, as well as strength of colocalization, was
observed between donors and evenwithin different islets of

the same donor. As such, the authors conclude that
future studies assessing SGLT2i in human islets should
take into account the appreciable heterogeneity in SGLT2
expression and glucagon responses. The proposed mech-
anisms by which SGLT2i influence a-cell function are
shown in Fig. 1.

These findings corroborate earlier studies showing that
SGLT2i induce glucagon secretion from isolated human
islets (3,6), possibly via direct effects on SGLT2 expressed
in a-cells. Moreover, the studies further suggest that het-
erogeneity observed between human islet preparations might
contribute to some of the discrepancies previously reported in
the literature. Without a large number of donors, an exper-
iment is unlikely to be adequately powered to reliably detect
differences in SLC5A2 or glucagon secretion, giving rise to
conflicting results depending on whether the samples received
respond positively, negatively, or not at all to SGLT2i.

The study by Saponaro et al. raises a number of in-
teresting questions and avenues of future exploration con-
cerning SGLT2i and glucagon secretion. What are the
stimulus-secretion coupling mechanisms by which SGLT2i
affects a-cells? Based on its mode of action (inhibiting
a sodium-glucose cotransporter), SGLT2i can be expected
to repolarize a-cells by dual mechanisms. The reduction
of glucose uptake and metabolism will lower the cyto-
plasmic ATP/ADP ratio and increase KATP channel activity
(12). However, SGLT2i will also remove the depolarizing
effect of Na1 influx down its electrochemical gradient (9).
How these effects influence glucagon secretion is difficult to
predict given the complex relationship between membrane
potential and secretion in a-cells (12).

It is also important to elucidate why SGLT2 protein
expression is so variable between donors. Does this relate
to SLC5A2 transcript or mRNA abundance in the same donor,
or is SGLT2 regulated at the posttranscriptional/translational
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level in islets? To elucidate whether this heterogeneity is
an a-cell–intrinsic trait or reflects changes in other cell
types, further analyses of sorted populations should be
performed as new data sets become available. Suggesting
that the methodology used might also influence data,
SLC5A2 is readily detected in purified fetal and adult
human a-cells and at levels comparable to those of GLUT1
andGLUT3 (SLC2A1 and SLC2A3) (13) but appears virtually
absent from single-cell RNA-seq data sets (5).

The localization of SGLT2 also poses a conundrum. Given
its role to transport glucose and Na1 across the membrane,
SGLT2 would be expected to be present on the cell surface.
However, despite extensive antibody validation, SGLT2
appears to be localized primarily within the cytoplasm of
human a-cells. While the authors show that SGLT2 might

translocate to the cytoplasm depending on glucose concen-
tration, it should be noted that G-protein–coupled receptors
such as GLP1R only appear in the cytosol upon prolonged
stimulation with orthosteric ligand (14). Novel chemical
probes against SGLT2might be helpful in clarifying whether
SGLT2 compartmentalization represents a real phenome-
non or, alternatively, reflects the fixation protocol and
antibody used.

It is also assumed that SGLT2i are highly selective for
SGLT2. However, off-target effects cannot be completely
excluded. Indeed, the SGLT2i canagliflozin has been reported
to activate AMP kinase by inhibiting mitochondrial function
(15). The finding that SGLT2i decrease cardiovascular
mortality risk in patients with T2D (16) and heart failure
(17) might be attributed to such off-target effects, since

Figure 1—Schematic showing effects of SGLT2i on a-cell function. SGLT2i have been proposed to influence glucagon release through
direct, paracrine, and indirect effects. Direct: Binding of SGLT2imight alter intracellular glucose andNa1 concentration, leading to changes in
a-cell metabolism and membrane potential. Glucagon is decreased through poorly defined and complex mechanisms involving a-cell
repolarization. Paracrine: Insulin binds to the insulin receptor on d-cells to increase SGLT1/2 activity, leading to Ca21 release from intracellular
stores and stimulation of somatostatin release, which tonically inhibits glucagon secretion. SGLT2i block this effect by binding to either
SGLT1 or SGLT2 on the d-cell membrane, decreasing somatostatin secretion and releasing a-cells from tonic inhibition (but note that
Saponaro et al. [11] did not detect presence of SGLT2 in d-cells, unlike what has been reported by others [4]). Indirect: SGLT2i stimulate
glycosuria, which lowers blood glucose levels. a-Cells respond to hypoglycemia by releasing glucagon, which increases endogenous
glucose production. Heterogeneous: SGLT2/SLC5A2 expression is highly variable between donors and even islets of the same individuals.
Some individuals/islets respond to SGLT2i, whereas others are less responsive, unresponsive, or even inhibited. If studies are underpowered,
and depending on the samples examined (i.e., responsive, nonresponsive, or inhibited), effects of SGLT2i are likely to be reported as either: 1)
positive, 2) negative, or 3) absent. EGP, endogenous glucose production; KATP channel, ATP-sensitive potassium channel; SST,
somatostatin; Veh, vehicle. Adapted from Servier Medical Art under a CC BY3.0 license (https://creativecommons.org/licenses/by/3.0/).
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SGLT2/SLC5A2 is expressed at low levels in cardiomyocytes
(18), being ;1% of that found in in the kidney (9).

Lastly, what is the relative contribution of direct (i.e.,
a-cell–centric) and indirect (i.e., via somatostatin or hy-
poglycemia) SGLT2i actions on glucagon secretion in vivo
in humans? As for in vitro experiments, studies have
shown opposing effects of SGLT2i in volunteers: under
isoglycemic/euglycemic hyperinsulinemic conditions, glu-
cagon has been reported to either increase (19) or remain
unchanged (2,20). To this end, preclinical mouse studies
using Cre-Lox, or high-fidelity reporter approaches (21),
might help to untangle some of the complexity of SGLT2i
action in the a-cell on a more homogenous background.

In summary, Saponaro et al. provide new insight into
SGLT2i action in the islet, by showing the presence of
considerable heterogeneity between donors in terms of
SGLT2 expression and ligand responsiveness. Going for-
ward, it will be important not only to account for this
heterogeneity but also for researchers to work together,
using well-validated reagents, standardized protocols, and
adequately powered experiments, to see whether or not
these findings will impact treatment of patients with
SGLT2i.
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