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The objective of this study was to determine whether the
sodium-glucose transporter SGLT1 in the ventromedial
hypothalamus (VMH) plays a role in glucose sensing and
in regulating the counterregulatory response to hypoglyce-
mia, and if so, whether knockdown of in the VMH can
improve counterregulatory responses to hypoglycemia in
diabetic rats or rats exposed to recurrent bouts of hypo-
glycemia (RH). Normal Sprague-Dawley rats as well as RH
or streptozotocin (STZ)-diabetic rats received bilateral VMH
microinjections of an adenoassociated viral vector contain-
ing either the SGLT1 short hairpin RNA (shRNA) or a scram-
bled RNA sequence. Subsequently, these rats underwent
a hypoglycemic clamp to assess hormone responses. In
a subgroup of rats, glucose kinetics was determined using
tritiated glucose. The shRNA reduced VMH SGLT1 expres-
sion by 53% in nondiabetic rats, and this augmented
glucagon and epinephrine responses and hepatic glucose
production during hypoglycemia. Similarly, SGLT1 knock-
down improved the glucagon and epinephrine responses in
RH rats and restored the impaired epinephrine response to
hypoglycemia in STZ-diabetic animals. These findings
suggest that SGLT1 in the VMH plays a significant role in
the detection and activation of counterregulatory responses
to hypoglycemia. Inhibition of SGLT1 may offer a potential
therapeutic target to diminish the risk of hypoglycemia in
diabetes.

The mechanisms the brain uses to detect and activate
counterregulatory hormone responses to hypoglycemia

have yet to be fully elucidated. In the brain, the dominant
sensors appear to be located in the ventromedial hypothal-
amus (VMH) (1–3), and it has been proposed that some
neurons in the VMH may use a sensing mechanism similar
to that in pancreatic b-cells in that the uptake and oxida-
tion of glucose determine their rate of firing (4). Glucose
can enter neurons through a number of different trans-
porters, including GLUTs and sodium-dependent glucose
cotransporters (sodium-D-glucose cotransporters [SGLTs]).
The latter operate by cotransporting glucose and sodium
into the cell along a sodium gradient created by the actions
of a Na+-K+ ATPase. Although the role of GLUTs in glucose
sensing has been more widely studied, the role of SGLTs has
received less attention.

The high-affinity SGLT1 is highly expressed in the
intestinal mucosa of the small intestine, the proximal
tubules of the kidneys, and the brain (5–8). The possibility
that SGLTs may be involved in glucose sensing was first sup-
ported by studies showing that inhibition of SGLTs in the
brain with intracerebroventricular delivery of phloridzin
enhance food intake (9) and inhibit glucose-induced ex-
citation of glucose-excited (GE) neurons in the VMH (4).
Hence, in addition to the more widely theorized KATP-
dependent mechanism of glucose sensing, it has been pos-
tulated that SGLTs may serve as a metabolism-independent
mechanism that regulates the activity of brain glucose-
sensing neurons because the entry of sodium can suffi-
ciently depolarize the neuron without the need for the
metabolism of glucose (10).
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In the adult rat, it has been shown that SGLT1, 3a, and
3b are expressed in the hypothalamus and that these trans-
porters may play a role in glucose sensing within hypotha-
lamic GE neurons (11). In the current study, we focused
on the 70–75 kDa high-affinity isoform SGLT1, the im-
portance of which in hypoglycemic glucose counterregula-
tion has yet to be explored. The objective of this study was
to determine whether SGLT1 in the VMH plays a role in
glucose sensing and specifically in regulating the coun-
terregulatory response to insulin-induced hypoglycemia.
To address this question, an adenoassociated virus (AAV)
expressing a short hairpin RNA (shRNA) against SGLT1
was used to locally reduce SGLT1 expression in the VMH
of nondiabetic and diabetic rats and to determine its
impact on the response to a standardized hypoglyce-
mic stimulus.

RESEARCH DESIGN AND METHODS

Nine- to 11-week-old, male Sprague-Dawley rats (Harlan
Laboratories, Indianapolis, IN) weighing 280–330 g were
housed in the Yale Animal Resources Center in temperature-
and humidity-controlled rooms on a 12-h light-dark cycle
(lights on between 0700 and 1900 h). The animals had
free access to water and a standard rodent chow diet (Prolab
3000; Agway) and were acclimatized to handling for 1 week
before experimental manipulation. The animal care and ex-
perimental protocols were reviewed and approved by the
Yale Institutional Animal Care and Use Committee.

shRNA Vectors
We validated the knockdown efficiency of a number of
candidate shRNA plasmids in INS-1 cells inasmuch as the
SGLT1 expressed in this cell line is similar to what is
expressed in the VMH. We determined that the shRNA with
sequence 59-ACCTGAAAGTGCTTCCTCTTT-39 had the great-
est knockdown efficiency of SGLT1 (;52%, P = 0.01) (data
not shown). This shRNA was then commercially cloned into
the rAAV2-U6-SGLT1-terminator-CAG-EGFP-WPRE-BGH-
polyA vector (GeneDetect, Auckland, NZ). A control plasmid
containing a scrambled RNA sequence, 59-GGAATCTCATTC
GATGCATAC-39, was used as a negative control. The viruses
were bilaterally microinjected into the VMH, and subse-
quently, vascular catheter and brain guide cannulas were
implanted as described previously (12). The animals were
then stratified into one of the following studies.

VMH SGLT1 Expression
Nondiabetic, hypoglycemia-naive control (n = 3), recurrently
hypoglycemic (RH) (n = 3), and streptozotocin (STZ)-induced
diabetic (n = 4) rats were sacrificed without undergoing
a clamp procedure. The brains were rapidly removed and
frozen. Frozen micropunches were then taken through the
VMH, and SGLT1 mRNA was quantified in these samples
as described below.

Acute Hypoglycemia Studies
This study assessed whether knockdown of SGLT1 in the
VMH affects the counterregulatory response to an acute

bout of hypoglycemia in nondiabetic, hypoglycemia-naive
animals. Two weeks after AAV inoculation, both groups
of animals, one receiving the scrambled RNA AAV and the
other the SGLT1 shRNA AAV, were fasted overnight and on
the following day, underwent hyperinsulinemic-hypoglycemic
clamp (10 mU/kg/min) with or without a tritiated glucose
infusion to monitor glucose kinetics. After collection of
baseline blood samples, plasma glucose levels were lowered
to ;50 mg/dL and maintained there for ;90 min. For the
tracer study, a primed continuous infusion of [3H]glucose
(0.105 mCi/min) was initiated 150 min before the clamp
procedure, and then the tracer was infused at 0.120 mCi/min
for the rest of the clamp. The change in the [3H]glucose
infusion rate (GIR) was based on the changes in triti-
ated glucose activity observed in pilot experiments of
identical design. Throughout the study, blood samples
were collected at 30-min intervals to assess plasma glu-
cagon and insulin concentrations and every 10 min for
glucose tracer measurements (13). At the end of the
study, the animals were sacrificed and the brains rap-
idly removed and frozen for analysis of SGLT1 mRNA
expression.

RH Studies
Nondiabetic Sprague-Dawley rats that received either the
scrambled or the SGLT1 shRNA AAV were used for this
study. The RH regimen was initiated 10 days after surgery.
This regimen involved giving an intraperitoneal injection of
human regular insulin 10 units/kg (Eli Lilly, Indianapolis,
IN) once daily for 3 consecutive days. Food was removed
during this time, and plasma glucose levels were allowed to
drop to ;30–40 mg/dL for ;2 h. Blood glucose was mon-
itored from a tail nick every 30 min using the AlphaTRAK 2
glucometer (Abbott Laboratories, North Chicago, IL). After
the third bout of hypoglycemia and once euglycemia was
restored, the RH animals were fasted overnight. On the 4th
day, the mice underwent a hyperinsulinemic-hypoglycemic
clamp (10 mU/kg/min) during which plasma glucose was
lowered to ;50 mg/dL using a variable 20% dextrose in-
fusion for 90 min. The brains were collected at the end of
the study to validate the knockdown through quantification
of SGLT1 mRNA levels in VMH micropunches.

Diabetes Study
Following inoculation with either the scrambled or the
SGLT1 shRNA AAV, diabetes was induced using a single
intraperitoneal injection of STZ 65 mg/kg in saline. Diabetic
rats were not insulin treated, and plasma glucose concen-
trations in these animals averaged 300–400 mg/dL. Three
weeks later, the animals underwent a hypoglycemic clamp
study. For this purpose, a constant insulin infusion was given
through a venous catheter at a rate of 50 mU/kg/min to-
gether with a variable 20% dextrose infusion. Plasma glu-
cose levels in the diabetic animals before study onset (;400
mg/dL) were first lowered to match the euglycemic levels
observed in nondiabetic controls. Euglycemia was then
maintained for 30 min, and subsequently, plasma glucose
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was lowered and maintained at ;50 mg/dL for 90 min.
At the end of the study, the brains were collected for
quantification of SGLT1 mRNA expression to validate
knockdown.

Plasma Glucose, Hormone, and Catecholamine
Measurements
During the clamp studies, plasma glucose was measured at
10-min intervals using the glucose oxidase method (Analox
Instruments, Lunenburg, MA). Blood samples for plasma
hormones during the clamp were analyzed for insulin and
glucagon using commercially available radioimmunoassay
kits (Linco Research, St. Charles, MO). Plasma epinephrine
and norepinephrine concentrations were assessed by
high-performance liquid chromatography using electro-
chemical detection (Thermo Fisher Scientific, San Jose,
CA). The tracer assay was performed as described pre-
viously (13).

SGLT1 mRNA Analysis
mRNA levels were evaluated with a brilliant SYBR green
quantitative RT-PCR master mix kit (Bio-Rad). Total
cellular RNA was isolated from frozen VMH micropunches
using the RNeasy Plus Mini Kit (QIAGEN) according to the
manufacturer’s instructions. The forward primer sequence
for rat SGLT1 was 59-GCCTACGGAACTGGAAGCTG-39,
and the reverse primer sequence was 59-GACGGTGAC
GACGCTGATAG-39. Quantitative RT-PCR reactions were
made by combining 12.5 mL 23 SYBR RT-PCR Master
Mix, 0.5 mL upstream primer (10 mmol/L), 0.5 mL down-
stream primer (10 mmol/L), 0.0625 mL StrataScript RT/RNase
block enzyme mixture, 1.4375 mL RNase-free water,
and 10 mL (20 ng/mL) RNA template. The quantitative RT-
PCR was performed using a PCR Express thermal cycler
(Hybaid Ltd., Ashford, Middlesex, U.K.) in which the mix-
ture was heated to 65°C for 6.5 min for reverse transcrip-
tion, heated to 25°C for 10 min and then to 50°C for 1 h
and 85°C for 5 min, and cooled to 37°C for 30 min. A
real-time PCR reaction was performed using the MYiQ2
Real-Time PCR Detection System (Bio-Rad) in which the
mixture was heated to 95°C for 10 min and then cycled 45
times at 95°C for 15 s and 60°C for 1 min. To verify the
specificity of the amplification reaction, melting curve anal-
ysis was performed. The size of the amplified product was
confirmed by electrophoresis. The level of rat b-actin
mRNA was determined in all of the samples, and the ex-
pression of SGLT1 was normalized to rat b-actin. The
threshold cycle value was taken as the fractional cycle num-
ber at which the emitted fluorescence of the sample passes
a fixed threshold above the baseline. The 2DDCT method
was used to calculate the relative differences between ex-
perimental and control groups as a fold change in gene
expression (14). All reactions were run in a minimum of
two independent assays.

Immunohistochemistry for SGLT1
Nondiabetic, hypoglycemia-naive rats (n = 4) were deeply
anesthetized using sodium pentobarbital, the heart was ex-
posed, and the animals perfused with PBS followed by 10%

neutral-buffered formalin through the left ventricle. The
brains were then removed and immersed in 30% sucrose
in PBS for 18–36 h at 4°C. VMH sections (30 mm) were
taken through the brain by means of a cryostat and stored
at 220°C in cryoprotectant until histochemical processing
(15). The immunohistochemistry protocol used in the cur-
rent study was modified from previous studies (16). Brief-
ly, after blocking, free-floating sections were incubated
overnight with rabbit anti-SGLT1 (Cell Signaling) and
rabbit anti-GFAP antibody (Abcam) or with anti-NeuN
(Abcam) in fresh donkey serum. The following day,
the sections were washed and incubated in biotinylated
donkey anti-rabbit antibody for 1 h. The sections
were washed again and incubated with a cocktail of
Alexa Fluor 594–conjugated streptavidin and Alexa
Fluor 488–conjugated antiserum. Tissues were mounted
onto glass slides and imaged using an Olympus BX-50
fluorescence microscope. To assess the antibody specific-
ity of the rabbit anti-SGLT1 used for these experi-
ments, an SGLT1-specific blocking peptide was used
(Cell Signaling).

Data Analysis
All data are expressed as mean 6 SEM and were statisti-
cally analyzed using either Student t test or repeated-
measures ANOVA followed by post hoc analysis using
Prism 6.0 (GraphPad Software, San Diego, CA). Differ-
ences were considered significant at P , 0.05.

RESULTS

SGLT1 Expression
No significant differences in SGLT1 mRNA expression in
the VMH were detected in control, RH, and STZ-diabetic
animals (Fig. 1).

Acute Hypoglycemia Studies
In nondiabetic, hypoglycemia-naive rats, the SGLT1
shRNA reduced VMH SGLT1 mRNA expression by
53% (P , 0.03) (Fig. 2A) compared with the scrambled
RNA AAV controls. During the hypoglycemic clamp,
plasma glucose and insulin levels were indistinguishable
between the control (n = 19) and SGLT1 knockdown
groups (n = 19) (Fig. 2B and Table 1). Despite this,

Figure 1—Relative change in SGLT1 mRNA expression in the VMH of
RH and STZ-diabetic rats compared with nondiabetic, hypoglycemia-
naive control rats. Data are presented as mean 6 SEM.
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the GIRs were significantly reduced in the SGLT1 knock-
down group compared with the control group (P ,
0.001) (Fig. 2C). The decrease in GIR was associated
with an augmented glucagon and epinephrine response

to hypoglycemia (;60% and ;67%, respectively) in the
SGLT1 knockdown animals (Fig. 2D and E).

In a subgroup of SGLT1 knockdown (n = 5) and con-
trol (n = 6) rats, tracer studies were performed to assess

Figure 2—Acute hypoglycemia study. A: VMH administration of SGLT1 shRNA reduced SGLT1 mRNA by ;53%. B: Plasma glucose
concentrations during the clamp in control and SGLT1 knockdown (KD) groups. C: Diminished GIRs in SGLT1 KD compared with control
animals. Increased plasma glucagon (D) and epinephrine (E) responses to hypoglycemia in SGLT1 KD compared with control rats.
F: Hepatic glucose production (HGP) during hypoglycemia was 88% greater in the SGLT1 KD group than in controls. Data are mean 6 SEM.
*P < 0.05 vs. SGLT1 KD; ***P < 0.001 vs. SGLT1 KD.
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the mechanisms underlying the GIR differences observed
between the two treatment groups. Inasmuch as specific
activity was stable during the last 30 min of the clamp,
steady-state equations were applied. During insulin-
induced hypoglycemia, hepatic glucose production was in-
creased by 88% in the SGLT1 knockdown group compared
with controls (P , 0.05) (Fig. 2F). This effect was accom-
panied by increased responses of circulating glucagon and
epinephrine.

Recurrent Hypoglycemia
In RH rats, the SGLT1 shRNA decreased VMH SGLT1 mRNA
by 51% (P, 0.005) (Fig. 3A). Blood glucose levels during the
3 days of recurrent insulin-induced hypoglycemia did not
differ significantly between the control and SGLT1 knock-
down groups (Fig. 3B). During the hyperinsulinemic clamp
study, plasma glucose levels were indistinguishable between
the control and SGLT1 knockdown groups both at baseline
and during the period of hypoglycemia (Fig. 3C). GIRs during
the hypoglycemic clamping period, however, were reduced by
30% (P, 0.03) compared with controls given the scrambled
RNA AAV (Fig. 3D). The reduction in exogenous glucose
requirements was also associated with increased glucagon
and epinephrine secretion during the clamp (Fig. 3E and F).

Diabetes
In STZ-diabetic rats, VMH microinjection of SGLT1 shRNA
reduced SGLT1 mRNA expression by 57% (P , 0.007) (Fig.
4A). Baseline glucose levels in the diabetic animals did not
differ significantly in the SGLT1 knockdown (393 6 50
mg/dL) and the scrambled AAV control (371 6 36 mg/dL)
groups. During the euglycemic and hypoglycemic phases
of the clamp, plasma glucose and GIRs were comparable
in both groups (Fig. 4B and C). However, during the hypo-
glycemic clamp, epinephrine responses were increased
twofold in the SGLT1 knockdown group (Fig. 4D). No
significant stimulatory effect on the impaired glucagon
response in the diabetic rats was detected (Table 2).

Immunohistochemistry
Dual immunohistochemical staining showed that SGLT1
was expressed in 98% of GABAergic, 2% of glutamatergic
neurons, and 70% of astrocytes in the VMH (Fig. 5). The
addition of an SGLT1-specific blocking peptide greatly di-
minished the immunoreactive-SGLT1 signal, suggesting
that the antibody was specific for SGLT1 (Fig. 6).

DISCUSSION

It is well recognized that the brain plays an important role
in hypoglycemia detection. The ability of glucose-sensing
neurons within the VMH to fulfill this role is crucial for
proper activation of the counterregulatory responses to
hypoglycemia. Previous studies have suggested that the
predominant glucose-sensing mechanism used by cells in the
VMH to drive the response to glucose decrements is a KATP-
dependent mechanism reliant on the oxidation of glucose.
However, it has also been suggested that hypothalamic
SGLTs might serve as an additional KATP-independent mech-
anism used to regulate glucose sensing (9). Nevertheless, the
potential contribution of SGLTs in hypoglycemia sensing has
received relatively little attention. Hence, the current study
was undertaken to examine whether SGLT1, the predomi-
nant SGLT in the VMH, plays a role in monitoring circulat-
ing glucose and, in turn, the activation of counterregulatory
responses. The current study provides evidence suggest-
ing that inhibition of SGLT1 within the VMH augments
the counterregulatory response to hypoglycemia, thus
providing a potentially novel therapeutic target for im-
proving sympathoadrenal responses to hypoglycemia in
type 1 diabetes.

To assess whether SGLT1 contributes to the magnitude
of the counterregulatory response to hypoglycemia, we
selectively knocked down VMH SGLT1 in rats using an
AAV expressing an shRNA against SGLT1 and subsequently
subjected the animals to a hypoglycemic clamp study.
Reducing SGLT1 expression by ;50–60% and presumably
the transport of glucose into VMH cells amplified both the
glucagon and epinephrine responses to acute hypoglycemia
in nondiabetic rats. This effect was accompanied by a reduc-
tion in the requirement for exogenous glucose as a result
of a nearly twofold increase in hepatic glucose produc-
tion. These data suggest that reducing the entry of glucose
into cells expressing SGLT1 within the VMH enhances the
hypoglycemic stimulus and, as a consequence, central ner-
vous system activation of counterregulatory responses to
hypoglycemia.

What was less clear from the current study was the
cellular phenotype targeted by the knockdown procedure,
that is, which specific cells were responsible for the observed
effects. The immunohistochemical data demonstrate that
SGLT1 is expressed in neurons (particularly GABA compared
with glutamate neurons) as well as in a large percentage of as-
trocytes in the VMH. O’Malley et al. (11) previously reported
that SGLT1 is expressed in hypothalamic GE neurons, which
is in keeping with previous studies showing that phloridzin,
a nonspecific inhibitor of SGLTs, can also reduce the ac-
tivity of hypothalamic GE neurons (4). If these observa-
tions extend to the current VMH experiments, knocking
down SGLT1 may enhance the glucoprivic stimulus in GE
neurons, causing more pronounced GE neuron inhibition
and, in turn, greater activation of counterregulatory responses.
It is noteworthy in this regard that our previous studies have
shown that a subclass of VMH GABAergic neurons appears

Table 1—Plasma insulin concentrations in rats receiving
VMH microinjections of scrambled RNA and SGLT1 shRNA
during hypoglycemic clamp

Experimental group

Scrambled RNA
controls (mU/mL)

(n = 19)

SGLT1
knockdown (mU/mL)

(n = 19)

Baseline 7 6 1 6 6 1

Hypoglycemia (60 min) 238 6 13 232 6 11

Hypoglycemia (90 min) 268 6 20 274 6 14

Data are presented as mean 6 SEM.
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to be glucose excitatory in nature (17). Thus, it is intriguing to
speculate that SGLT1 inhibition might be suppressing VMH
GABAergic neurons by limiting glucose entry into these

neurons, which in turn enhances the glucoprivic stimulus
induced by inhibition of the KATP-dependent pathway. In
keeping with this possibility, we have previously reported

Figure 3—RH study. A: SGLT1 shRNA reduced VMH SGLT1 mRNA levels by ;51% of rats exposed to RH. B: Blood glucose during the
3 days of insulin injection before clamp showed no significant difference between the control and SGLT1 knockdown (KD) groups. C: Plasma
glucose concentrations during the clamp in the control and SGLT1 KD groups. D: GIRs during the clamp were diminished in RH + SGLT1
KD rats compared with RH + scrambled AAV. Plasma glucagon (E) and epinephrine (F ) levels were increased in SGLT1 KD rats. Data are
mean 6 SEM. *P < 0.05 vs. RH + SGLT1 KD; **P < 0.01 vs. RH + SGLT1 KD.
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that diminishing VMH GABA tone increases the counter-
regulatory response to hypoglycemia in nondiabetic rats
(18) as well as in rodent models of type 1 diabetes and
iatrogenic RH with impaired counterregulation (19,20).

The current immunohistochemical data also demon-
strate that SGLT1 is expressed in the majority of astrocytes
within the VMH. The functional role of these astrocytic
transporters remains unclear. Astrocytes can temporarily

supply neurons with fuel derived from stored glycogen,
which could provide extra substrate during hypoglycemia
(21–25). Furthermore, changes in astrocyte glucose uptake
kinetics and/or metabolism might spare glucose for the
neuron, thereby changing the balance between neuronal
and astrocytic glucose oxidation. Indeed, this has been
reported in RH rodents (26). Although it is difficult to be
certain from the present quantitative PCR analysis (which
was conducted in whole VMH punches) whether the reduc-
tion in SGLT1 expression might be localized to astrocytes or
neurons, the data suggest that reducing glucose uptake
through SGLT1s in the VMH can be beneficial for enhanc-
ing the counterregulatory responses to hypoglycemia during
subsequent episodes of hypoglycemia.

Given that SGLT1 expression was not shown to be
influenced by RH or diabetes, it is important to note that
changes in SGLT1 expression are not likely to be driving the
pathophysiology of either of these conditions. SGLT1 has
a Km of ;0.4 mmol/L for D-glucose, and its transport
depends on the sodium gradient created by the actions

Figure 4—Diabetes study. A: SGLT1 shRNA AAV microinjection reduced VMH SGLT1 mRNA levels ;57%. B: Plasma glucose concen-
trations during the clamp in control and SGLT1 knockdown (KD) groups. C: GIRs during the clamp were matched in STZ + SGLT1 KD rats
compared with STZ + scrambled AAV rats. D: A significant increase in the epinephrine response to hypoglycemia in STZ-diabetic rats was
found. *P < 0.05 vs. STZ + SGLT1 KD; **P < 0.01 vs. STZ + SGLT1 KD.

Table 2—Plasma glucagon concentrations in STZ-diabetic
animals (with scrambled AAV or SGLT1 shRNA AAV) at
baseline and during hypoglycemic clamp

Experimental group

STZ + scrambled
RNA (pg/mL)

(n = 5)

STZ + SGLT1
knockdown (pg/mL)

(n = 6)

Baseline 65 6 6 71 6 4

Hypoglycemia (30 min) 91 6 30 105 6 22

Hypoglycemia (60min) 108 6 12 162 6 41

Hypoglycemia (90 min) 150 6 24 161 6 32
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of Na1-K1 ATPase. Brain glucose levels usually fluctuate
between 0.75 and 2.5 mmol/L, and this would suggest that
under normal circumstances or under conditions of hyper-
glycemia in diabetes, SGLT1 is likely saturated. However,
the Km makes SGLT1 ideally suited to operate as an alter-
nate gateway for glucose entry into brain cells during mild-
moderate hypoglycemia (i.e., the conditions similar to
those of the current study) where brain glucose levels
can reach ;0.5 mmol/L.

In summary, the current data demonstrate in three dif-
ferent rodent models (acute hypoglycemia, RH, and STZ-
diabetes) that selective knockdown of SGLT1 in the VMH is
capable of amplifying the counterregulatory responses to
hypoglycemia. These findings indicate that SGLT1 within the
VMH plays a significant role in hypoglycemia detection and
that the ability to enhance the glucoprivic stimulus by reducing

glucose entry through VMH SGLT1 transporters in neurons
and astrocytes may offer a potential therapeutic target to
diminish the risk of insulin-induced hypoglycemia in diabetes.
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