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Novel Hypothesis to Explain Why SGLT2 Inhibitors
Inhibit Only 30–50% of Filtered Glucose Load
in Humans
Muhammad A. Abdul-Ghani, Ralph A. DeFronzo, and Luke Norton

Inhibitors of sodium-glucose cotransporter 2 (SGLT2) are a novel
class of antidiabetes drugs, and members of this class are under
various stages of clinical development for the management of
type 2 diabetes mellitus (T2DM). It is widely accepted that SGLT2
is responsible for .80% of the reabsorption of the renal ﬁltered
glucose load. However, maximal doses of SGLT2 inhibitors fail to
inhibit .50% of the ﬁltered glucose load. Because the clinical
efﬁcacy of this group of drugs is entirely dependent on the amount
of glucosuria produced, it is important to understand why SGLT2
inhibitors inhibit ,50% of the ﬁltered glucose load. In this Perspective, we provide a novel hypothesis that explains this apparent
puzzle and discuss some of the clinical implications inherent in
this hypothesis. Diabetes 62:3324–3328, 2013

D

espite the irrefutable evidence for the important
role of hyperglycemia in the development of
diabetic microvascular complications (1,2) and
the large number of antidiabetes agents available
for the management of individuals with type 2 diabetes
mellitus (T2DM), the majority of subjects with T2DM still
manifest suboptimal glycemic control (3). Over half of all
patients with T2DM in the U.S. fail to meet the American
Diabetes Association treatment goal of HbA1c ,7%, and
a smaller number of subjects achieve the American College
of Clinical Endocrinologists goal of HbA1c ,6.5% with existing therapies (3). Progressive b-cell failure, weight gain, and
hypoglycemia are some of the obstacles for the achievement
of optimal glycemic control (HbA1c #6.5) in patients with
T2DM. Therefore, additional antidiabetes agents that are
effective in lowering the plasma glucose concentration
without weight gain and hypoglycemia are required for the
treatment of T2DM individuals. Sodium-glucose cotransporter 2 (SGLT2) inhibitors represent a novel class of
antihyperglycemic drugs that inhibit glucose reuptake in the
kidney and are under clinical development for the treatment
of T2DM (4). Dapagliﬂozin is approved in Europe, and
canagliﬂozin recently was approved in the U.S. This class
of drugs lowers the plasma glucose concentration by
inhibiting SGLT2, leading to glucosuria. Because SGLT2
inhibitors produce urinary glucose loss, they also promote
weight loss. Since the mechanism of action of the SGLT2
inhibitors is independent of insulin action and insulin secretion, they lower the plasma glucose concentration
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without increasing the risk of hypoglycemia. Moreover,
because of this unique mechanism of action, SGLT2 inhibitors are effective in lowering the HbA1c at all stages of diabetes (5), and they can be used in combination with all
other antihyperglycemic agents including insulin (6).
The efﬁcacy of SGLT2 inhibitors to reduce the HbA1c
and promote weight loss is highly dependent upon the
amount of glucosuria produced by these agents. Clinical
studies have demonstrated that the glucosuria produced
by these agents is less than would be expected from the
inhibition of SGLT2. In this Perspective, we suggest an
explanation for this paradox, discuss some of the clinical
implications of this explanation, and suggest mechanisms
to improve the clinical efﬁcacy of SGLT2 inhibitors.
THE PARADOX

In healthy normal glucose-tolerant individuals, the kidney
ﬁlters ;180 g (FPG 100 mg/dL 3 180 L/day) of glucose
daily. All of the ﬁltered glucose is reabsorbed by the kidney in the proximal tubule and returned to the circulation
(Fig. 1) by an SGLT mechanism (7). Two SGLTs are responsible for the glucose reabsorption in the proximal tubule: SGLT1 and SGLT2 (7). They are located in the luminal
membrane of the proximal tubule cells and couple sodium
and glucose transport from the glomerular ﬁltrate into the
tubular cell. The sodium electrochemical gradient generated by active sodium transport provides the energy required for glucose transport. SGLT1 is located in the more
distal S3 segment of the proximal tubule and has high afﬁnity (Km = 0.4 mmol/L) but low capacity for glucose
transport. Conversely, SGLT2 is located in the S1 and S2
segments of the proximal tubule and has a low afﬁnity
(Km = 2 mmol/L) but high capacity for glucose transport.
The SGLT2 transporter is expressed exclusively in the
proximal tubule of the kidney, while SGLT1 primarily is
expressed in the kidney and the gut, where it is responsible
for the majority of glucose and galactose absorption in the
gut. Under physiologic conditions, SGLT2 is responsible for
the absorption of ;80–90% of the ﬁltered glucose load,
while the remaining 10–20% of ﬁltered glucose is taken up
by the SGLT1 transporter (4,7).
Because SGLT2 is responsible for .80% reabsorption
of the ﬁltered glucose load, one would expect that inhibiting SGLT2 will produce massive glucosuria (.80% of
ﬁltered glucose load or .145 g glucose/24 h). All SGLT2
inhibitors produce a dose-dependent glucosuria. However,
the maximal amount of glucose excreted in the urine is
far lower than that taken up by SGLT2 in normal glucose
tolerant (NGT) individuals and does not exceed 35–40% of
the ﬁltered glucose load. For example, 20 mg dapagliﬂozin
produced ;55 g urinary glucose excretion (UGE) in 24 h in
NGT individuals compared with ;145 g/day taken up by
diabetes.diabetesjournals.org
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Another important physiologic consideration that must
be taken into account is the anatomical location of the two
transporters. As stated earlier, SGLT2 is located in the
proximal part of the proximal tubule (S1 and S2 segments),
while SGLT1 is located in the distal part (S3) of the
proximal tubule. Thus, the glomerular ﬁltrate ﬁrst passes
through SGLT2, where the majority of ﬁltered glucose
(;80–90%) is taken up. Micropuncture studies have conﬁrmed that by the time glomerular ﬁltrate reaches the
distal part of the proximal tubule, ;80–90% of ﬁltered
glucose has been reabsorbed (12). Thus, by the time glomerular ﬁltrate reaches SGLT1 in the S3 segment, only
a small amount of the ﬁltered glucose remains to be
“cleaned up” by the high-afﬁnity SGLT1 transporter.
IS THERE REALLY A PARADOX?

FIG. 1. Renal glucose reabsorption in the proximal tubule in NGT
individuals under physiologic conditions.

SGLT2 under physiologic conditions (8). Moreover, further
increase in dapagliﬂozin dose does not further increase
UGE (8). Thus, 500 mg dapagliﬂozin caused 58 g UGE/24 h.
Similar observations have been reported with other SGLT2
inhibitors currently under clinical development (9). Since,
under physiologic conditions, SGLT2 is responsible for
.80% of glucose reabsorption (.145 g/24 h), it is anticipated that speciﬁc SGLT2 inhibitors will produce .145 g
of glucosuria in NGT individuals. So, why then do all SGLT2
inhibitors produce only ;50–60 g glucosuria, which represents ,50% of the glucose-ﬁltered load?
Several explanations have been proposed to explain this
paradox (10). However, none are completely satisfactory.
Physiologic considerations. Clinical studies that have
measured the maximal renal glucose reabsorption capacity (Tmax ) have reported a value of ;300–350 mg/min (11).
It should be emphasized that this Tmax represents the sum
of maximal transport capacity of SGLT1 plus SGLT2. In
normal individuals, the ﬁltered glucose load is less than
the maximal glucose transport capacity (;180 g/day or
;124 mg/min). Thus, all of the ﬁltered glucose is taken up
in the proximal tubule. Glucosuria is produced only if the
ﬁltered glucose load exceeds 350 mg/min, as may occur in
individuals with poorly controlled diabetes. Under these
conditions, the Tmax is exceeded and all of the ﬁltered
glucose in excess of the Tmax is excreted in the urine. The
plasma glucose concentration at which the ﬁltered glucose
load reaches the Tmax is called the threshold, and in NGT
individuals the threshold is ;180 mg/dL. Above the threshold, UGE rate increases linearly and parallels the ﬁltered
load. However, the reabsorption and excretion curves display a nonlinear transition as the Tmax for glucose is
approached. This “rounding” of the curves is termed splay
and has been explained by heterogeneity in the Tmax of
individual nephrons or glomerulotubular imbalance (4).
Thus, the actual plasma glucose concentration at which
glucosuria is observed (observed threshold) is lower than
the theoretical threshold, which represent the Tmax. In
healthy individuals, the observed threshold is ;180 mg/dL
while based upon the reported Tmax the theoretical threshold is ;280 mg/dL.
diabetes.diabetesjournals.org

Under conditions of complete SGLT2 inhibitions, SGLT1
remains the sole mechanism of renal glucose reabsorption.
Therefore, the amount of glucose excreted in the urine
after maximal SGLT2 inhibition will be highly dependent
upon the maximal SGLT1 glucose transport capacity and
will equal the glucose ﬁltration load minus the SGLT1
maximal glucose transport capacity. Therefore, to obtain
an estimate of the amount of glucose expected to be excreted in the urine with complete SGLT2 inhibition, it is
necessary to know the maximal glucose transport capacity
of SGLT1.
Maximal SGLT1 transport capacity in humans. Tmax
represents the maximal glucose transport capacity of both
SGLT1 and SGLT2. Thus, under conditions in which the
SGLT2 transporter is completely inhibited, the renal Tmax
represents the maximal SGLT1 glucose transport capacity
(Fig. 2). Based upon this reasoning, the renal Tmax can be
estimated in genetically manipulated mice lacking SGLT2
transporters, e.g., SGLT2 knockout mice, and in subjects
who received a maximal dose of SGLT2 inhibitor. If one
assumes that inhibition of SGLT2 with a speciﬁc SGLT2
inhibitor completely blocks the transporter and produces
maximal glucosuria, one can derive a reliable estimate of
maximal SGLT1 glucose transport capacity. Studies in NGT
individuals have reported that the maximal amount of urinary glucose excreted in the urine with dapagliﬂozin (8) and

FIG. 2. Relationship between glucose ﬁltration load (GFL) and UGE
and the plasma glucose concentration under physiologic conditions and
during maximal inhibition of SGLT2.
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canagliﬂozin (9) is 55–60 g/24 h and that a 10-fold increase
in the drug dose does not cause any further increase in
glucose excretion. Based upon the fasting plasma glucose
concentration and glomerular ﬁltration rate reported in
these studies, the maximal SGLT1 glucose transport capacity (assumes that SGLT2 is completely inhibited) in
NGT individuals can be estimated at ;120 g/24 h (180 g
glucose is ﬁltered minus ;60 g UGE). Moreover, the plasma
glucose threshold for glucosuria in NGT individuals was
reduced by a maximal dose of canagliﬂozin (300 mg) to
;60 mg/dL (9). This value of plasma glucose threshold for
glucosuria represents 108 g renal glucose reuptake/24 h.
That the observed glucose threshold is somewhat lower
than the theoretical plasma glucose threshold, which represents the Tmax values, likely means that the 108 g/24 h is
an underestimation of SGLT1 maximal glucose transport
capacity and indicates that a value of ;120 g/24 h represents a realistic value for the maximal glucose transport
capacity of SGLT1. This value of SGLT1 Tmax represents
;25–30% of the total renal Tmax.
Glucose transport capacity has been measured in different parts of the rabbit proximal tubule and reported
to be 12.9 6 1.1 and 7.9 6 0.5 pmol/min/mm2 for the
proximal (S1) and distal (S3) parts (13). Immunohistochemical studies documented the absence of SGLT2 in the
distal part of the proximal tubule. Thus, it is likely that the
transport capacity of the distal part of the proximal tubule
represents the transport capacity of SGLT1. These observations are consistent with the estimate that SGLT1 contributes ;30% to the maximal renal glucose reabsorption
capacity. Since renal Tmax equals ;450 g/24 h, these estimates suggest that the SGLT2 Tmax is ;300–320 g/day, while
SGLT1 Tmax is ;120–140 g/24 h. This estimate of the SGLT1
Tmax is consistent with that based upon the amount of
glucosuria produced by maximal dose of a SGLT2 inhibitor.
Moreover, since under physiologic conditions SGLT2 is responsible for the reabsorption of ;150–160 g glucose/24 h,
this estimate of SGLT2 Tmax indicates that, under physiologic conditions, SGLT2 operates at 50% of its maximal
transport capacity, which is consistent with the transporter
physiologic occupancy reported recently with direct measurement of glucose ﬂux through SGLT2 (14). The above
discussion is consistent with a value of ;120 and ;320 g/24 h
for Tmax of SGLT1 and SGLT2, respectively. These values
indicate that by the time the renal ﬁltrate reaches the S3
segment, only ;15–20 g glucose (out of 170–180 g ﬁltered)
is left in the glomerular ﬁltrate and is “cleaned up” by
SGLT1. Thus, under physiologic conditions SGLT1 operates
at only 10–15% of its maximal transport capacity (Fig. 1).
How do SGLT2 inhibitors affect renal glucose
reabsorption? Under conditions of complete SGLT2
inhibition, e.g., with maximal dose of SGLT2 inhibitor or
in SGLT2 knockout mice, all of the ﬁltered glucose reaches
the distal part of the proximal tubule, and, as a result, the
SGLT1 transporter is forced to operate in full capacity.
This dictates that only the amount of ﬁltered glucose that
is in excess of the SGLT1 maximal transport capacity
(;120 g/day) will be excreted in the urine. Thus, a maximal dose of SGLT2 inhibitor will produce only 50–60 g
glucosuria/day in NGT individuals (180 g ﬁltered 2 120 g
reabsorbed by SGLT1) (Fig. 3), which is much less than
the amount taken up by SGLT2 under physiologic conditions (;140–160 g/24 h).
Because of the anatomical location of SGLT1, under
physiologic conditions, it operates at submaximal transport capacity (;10–15%) and, therefore, is responsible for
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FIG. 3. Renal glucose reabsorption in the proximal tubule in NGT
individuals under complete SGLT2 inhibition.

reabsorption of ,20% of the ﬁltered renal glucose load.
However, under conditions when SGLT2 is completely
inhibited, e.g., maximal dose of SGLT2 inhibitor or SGLT2
knockout, SGLT1 is forced to reabsorb glucose at its maximum capacity. As a result, the amount of glucose excreted
in the urine is signiﬁcantly less than that taken up by the
SGLT2 transporter under physiologic conditions.
IS THERE EXPERIMENTAL EVIDENCE IN SUPPORT OF
THIS HYPOTHESIS?

In the following discussion, we will make several predictions based upon the hypothesis presented above, and
we will contrast these predictions with published ﬁndings
in order to test the validity of this hypothesis.
Because the renal ﬁltered glucose load in NGT individuals (;170 g/day) exceeds the maximal SGLT1 transport
capacity, we anticipate that under hyperglycemic conditions, the amount of UGE caused by SGLT2 inhibition

FIG. 4. Predicted relationship between the fraction of ﬁltered glucose
excreted in the urine and the plasma glucose concentration during
maximal inhibition of SGLT2. The maximal SGLT1 transport capacity
was estimated at 120 g/day (see text for details). GFL, glucose ﬁltration load.
diabetes.diabetesjournals.org
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will increase linearly with the ﬁltered glucose load. Thus,
the fraction of the ﬁltered glucose load that is excreted in
the urine will increase with the increase in plasma glucose
concentration (Fig. 4). This prediction is consistent with
the relationship between the fractional excretion of glucose and the amount of glucose that is ﬁltered (which
reﬂects the level of plasma glucose concentration) in
SGLT2 knockout mice. Vallon et al. (12) reported that in
SGLT2 knockout mice, the fraction of ﬁltered glucose excreted in the urine increased linearly with the increase in
the amount of ﬁltered glucose such that under hyperglycemic conditions, the fractional excretion of glucose can
reach as high as 90%.
Conversely, under hypoglycemic conditions that decrease the ﬁlter glucose load below the SGLT1 maximal
transport capacity, SGLT2 inhibition will produce no glucosuria. This prediction is consistent with the observation
by Nagata et al. (15), who reported that a maximal dose of
tofogliﬂozin produced no glucosuria in mice when the
plasma glucose concentration was clamped at ;50 mg/dL
with insulin infusion. Conversely, phlorizin, which inhibits
both SGLT1 and SGLT2, produced signiﬁcant glucosuria at
the same plasma glucose concentration (i.e., 50 mg/dL).
We suggest that SGLT2 inhibitors force SGLT1 to reabsorb glucose at its maximum capacity. Therefore, we
would anticipate that, under conditions of complete SGLT2
inhibition, inhibition of SGLT1 will produce marked glucosuria. This prediction is consistent with the results
reported by Powell et al. (16) who demonstrated that
SGLT2 knockout mice manifest glucosuria which equals
;30% of ﬁltered glucose. However, breeding SGLT2
knockout mice with mice lacking SGLT1 to create the
double (SGLT1 and SGLT2) knockout mouse resulted in
a threefold greater glucosuric effect compared with that
observed in the SGLT2 knockout mouse (747 vs. 224
mg/day). Of note, mice lacking only SGLT1 manifested
only a small, nonsigniﬁcant amount of glucosuria (,15
mg/day). These results indicate that, in the presence of
SGLT2, the contribution of SGLT1 to renal glucose reabsorption is minimal. Conversely, under conditions of
SGLT2 inhibition, elimination of renal glucose reabsorption by SGLT1 profoundly enhances UGE. There are no
data in human regarding the expression of SGLT1 under
conditions of SGLT2 inhibition. However, in mice with
deletion of SGLT2, e.g., SGLT2 knockout mice, there is an
;30% decrease in SGLT1 expression. Of note, the SGLT1
knockout mouse provides an opportunity to deﬁnitively
test the present hypothesis by comparing the amount of
glucosuria produced with a SGLT2 inhibitor in SGLT1
knockout mice versus that in wild-type animals. We anticipate that glucosuria produced with a maximal dose of
SGLT2 inhibitors in wild-type mice will represent only
;30% of renal glucose excretion, while in SGLT1 knockout
mice, SGLT2 inhibitors will result in UGE, which approximates the ﬁlter glucose load.

TABLE 1
IC50 of SGLT2 inhibitors to human SGLT1 and SGLT2 transporters
Agent
Phlorizin
Tofogliﬂozin
Empagliﬂozin
Luseogliﬂozin
Dapagliﬂozin
Ipragliﬂozin
Canagliﬂozin
LX4211

IC50 for
SGLT2

IC50 for
SGLT1

SGLT2
selectivity (fold)

34.6
2.9
3.1
2.26
1.12
7.38
4.4
1.8

210
8,444
8,300
3,990
1,391
1,876
683
36

6
2,912
2,680
1,770
1,242
254
155
20

ﬁvefold greater (2.65 vs. 0.55%) compared with that in
subjects with a mean HbA1c ;8.0% (17). This can explain
the relatively modest decrease in HbA1c observed in clinical studies that had recruited subjects with a relatively
low HbA1c (mean 7.5–8.0%) (18).
Because of the potential gastrointestinal side effects
associated with SGLT1 inhibition, pharmaceutical companies have selected agents with greater selectivity for
SGLT2 over SGLT1 for clinical development. As demonstrated in Table 1, the selectivity of SGLT2 inhibitors under
clinical development is .100-fold greater for SGLT2
compared with SGLT1 (the ratio between half-maximal
inhibitory concentration (IC50) for SGLT1/SGLT2 .100).
Based upon our hypothesis, the amount of glucosuria
produced with sole inhibition of SGLT2 would be expected
to be markedly smaller than the amount of glucose reabsorbed by SGLT2 under physiologic conditions. However,
the combination of SGLT1 plus SGLT2 inhibition would
be expected to produce a robust glucosuria and greater
decrease in the plasma glucose concentration. Figure 5
depicts the fold increase in glucosuria in relationship to
percent inhibition of SGLT1 activity. We recognize that
complete inhibition of SGLT1 will produce severe gastrointestinal side effects, which may preclude the clinical
utility of a potent combined SGLT1/SGLT2 inhibitor, e.g.,
phlorizin. However, a potent SGLT2 inhibitor that only
partially inhibits SGLT1 can be free of gastrointestinal side
effects. With respect to this, studies with canagliﬂozin (19)
and LX4211 (20), which partially inhibit gut SGLT1, were
not associated with gastrointestinal side effects. Moreover,
low-dose (12.5 mg) acarbose, which inhibits glucose absorption via a different mechanism and is tolerated by
T2DM individuals, produces an ;30% decrease in the rate

CLINICAL IMPLICATIONS

Based upon our hypothesis, the fraction of ﬁltered glucose
excreted by SGLT2 inhibitors will increase with the increase in the plasma glucose concentration (Fig. 4).
Therefore, we anticipate that the clinical efﬁcacy of SGLT2
inhibitors will be greater in subjects with a high HbA1c
compared with those with low HbA1c. Consistent with this,
the decrease in HbA1c observed with dapagliﬂozin (5 mg)
in subjects with HbA1c 10–12% (mean HbA1c = 10.8%) was
diabetes.diabetesjournals.org

FIG. 5. Predicted fold increase in the level of glucosuria produced by
SGLT2 inhibitors in relation to the percent inhibition of SGLT1 activity.
DIABETES, VOL. 62, OCTOBER 2013

3327

SGLT2 INHIBITORS AND GLUCOSURIA IN HUMANS

of intestinal glucose appearance in the systemic circulation (21). Thus, we speculate that similar inhibition of
glucose absorption by the inhibition of SGLT1 activity (i.e.,
30%) is likely to be clinically well tolerated. Based upon
the model that we have presented, an SGLT2 inhibition
that is capable of inhibiting 30% of SGLT1 transport capacity will increase the amount of glucosuria by ;80%
compared with a highly speciﬁc SGLT2 inhibitor. Thus, an
SGLT2 inhibitor with a lower IC50 for SGLT1 (such that the
drug produces partial inhibition of SGLT1, i.e., ;30%) will
profoundly augment the ability of SGLT2 to produce glucosuria and lower the plasma glucose concentration while
avoiding potential gastrointestinal side effects. Moreover,
because of the important role SGLT1 in intestinal glucose
absorption, partial inhibition of SGLT1 will 1) produce an
“acarbose-like effect” and ameliorate postprandial hyperglycemia (21) and 2) result in more food ingredients
reaching the colon with stimulation of glucagon-like
peptide-1 (GLP-1) secretion. A recent 24-week clinical trial
has reported an 11 and 20% increase in fasting and postprandial GLP-1 levels in newly diagnosed T2DM individuals receiving a mean of 268 mg acarbose/day (22). Of note,
a similar increase in plasma GLP-1 levels has been reported in subjects receiving LX4211 (23). Thus, the combination of dipeptidyl peptidase-4 inhibitor with such a
dual SGLT1/SGLT2 inhibitor will also activate the incretin
axis and would have a robust effect in lowering the plasma
glucose concentration and body weight (23). It remains to
be seen whether further increase in glucosuria will affect
the rate of urinary and genital infections caused by SGLT2
inhibitors or how the dual SGLT1/SGLT2 activity is affected by renal function.
In summary, why do SGLT2 inhibitors produce UGE,
which is ,50% of the ﬁltered glucose load? It is simply
because they are speciﬁc SGLT2 inhibitors. Under physiologic conditions, SGLT1 operates at submaximal transport capacity. Complete inhibition of SGLT2 forces SGLT1
to reabsorb glucose in full capacity, and therefore, only the
fraction of ﬁltered glucose that escapes SGLT1 will be excreted in the urine. Thus, we anticipate that future SGLT2
inhibitors with the ability to partially inhibit SGLT1 will
produce more robust glucosuria compared with highly speciﬁc SGLT2 inhibitors.
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