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Abstract: At the onset of diabetes, the kidney grows large and the glomerular filtration rate becomes
abnormally high. These structural and hemodynamics changes affect kidney function and may
contribute to the development of chronic kidney disease. The goal of this study is to analyze how
kidney function is altered in patients with diabetes and the renal effects of an anti-hyperglyceamic
therapy that inhibits the sodium-glucose cotransporter 2 (SGLT2) in the proximal convoluted tubules.
To accomplish that goal, we have developed a computational model of kidney function in a patient
with diabetes and conducted simulations to study the effects of diabetes and SGLT2 inhibition on
solute and water transport along the nephrons. Simulation results indicate that diabetes-induced
hyperfiltration and tubular hypertrophy enhances Na+ transport, especially along the proximal tubules
and thick ascending limbs. These simulations suggest that SGLT2 inhibition may attenuate glomerular
hyperfiltration by limiting Na+-glucose transport, raising luminal [Cl−] at the macula densa, restoring
the tubuloglomerular feedback signal, thereby reducing single-nephron glomerular filtration rate.

Keywords: SGLT2 inhibitors; epithelial transport; sodium transport; glucose transport; natriure-
sis; diuresis

1. Introduction

The prevalence of diabetes is rising worldwide, currently estimated to be 9.3% (463 mil-
lion people) and expected to reach 10.2% (578 million) by 2030 and 10.9% (700 million)
by 2045 [1]. In developed countries, type 2 diabetes is among the most common causes
of chronic kidney disease [2] and a major contributor to cardiovascular disease [3]. Even
though the pathways that link diabetes to chronic kidney disease remain incompletely
understood, diabetes is known to induce pathophysiological changes in the kidneys. At the
very onset of diabetes, the kidney grows large and the glomerular filtration rate (GFR) be-
comes supranormal [4]. These structural and hemodynamic changes affect kidney function
and may eventually lead to chronic kidney disease.

Throughout the animal kingdom kidneys are known primarily for their function as
filters, removing metabolic wastes and toxins from the blood for excretion in the urine.
But in mammals, kidneys specialize to serve various other essential regulatory functions,
including water, electrolyte and acid-base balance [5]. In humans, the pair of kidneys are
located in the abdominal cavity, with one on each side of the spine. A mammalian kidney
can be divided into an outer region (cortex) and an inner region (medulla). Each of the hu-
man kidneys contains about a million glomeruli, which are clusters of capillaries that each
receive blood from individual afferent arterioles branching off intra-renal arteries. Driven
by vascular hydrostatic pressure, a fraction of the water and solutes in that blood is filtered
through the glomerulus and becomes the tubular fluid of the nephron. The nephrons
adjust the content of the glomerular filtrate, via absorptive and secretive processes, medi-
ated by membrane transporters and channels on the renal tubular epithelial cells. Thus,
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what begins at the glomerulus as an ultrafiltrate of plasma is transformed into urine at
the end of the nephrons [5]. Regulation of the epithelial transport processes that match
urine output to both intake of fluids and solutes as well as to waste product production
is the subject of a large body of experimental and theoretical effort [6–9]. Computational
models have been developed to unravel the renal solute and water transport processes in
humans [10] and rats, under dietary [11–13] and therapeutic [14–16] manipulations, and
under pathophysiological conditions [17–19].

As previously noted, diabetes is a major risk factor for kidney disease. That is one
among many reasons for patients with diabetes to attain glyceamic control. A new class
of anti-hyperglycaemic drugs are the sodium-glucose cotransporter 2 (SGLT2) inhibitors,
which enhance urinary glucose excretion and attenuate postprandial increases in blood
glucose by targeting its reabsorption along the early proximal tubule [20]. As a cotrans-
porter, SGLT2 mediates glucose transport in a process that is coupled with Na+ transport;
thus, the inhibition of SGLT2 also reduces proximal tubular Na+ and fluid reabsorption,
and induces natriuresis and diuresis. Indeed, in addition to its anti-hyperglycaemic effect,
SGLT2 inhibitors have been reported to reduce blood pressure and protect diabetic patients
from heart failure [21,22]. The renal, metabolic, and cardiovascular impacts of SGLT2
inhibition have been reviewed in Refs. [23,24].

We have previously conducted model simulations to investigate kidney function in
diabetes and the renal effects of SGLT2 inhibition [15–17]. However, the computational
model used in those studies were based on a rat kidney. As such, even though some
of the model predictions are consistent with observations in patients with diabetes, the
translational value of those findings may still be limited. Thus, the goal of the present
study is to analyze kidney function in (human) patients with diabetes and the effects
of SGLT2 inhibition, using a computational model of a human kidney that we recently
published [10,25].

2. Results
2.1. Kidney Function under Non-Diabetic and Diabetic Conditions

We compare solute and water transport along the nephrons in a non-diabetic and
diabetic kidney. Key results are summarized in Figures 1 and 2. In these simulations, we
mimic the renal effects of diabetes as described in Materials and Methods. In particular,
diabetes induces glomerular hyperfiltration and tubular hypertrophy. Elevated GFR is
reflected on filtered solute loads, whereas tubular hypertrophy is reflected in the enhanced
transport; see below.
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Figure 1. Glucose handling under non-diabetic, moderate diabetes, and severe diabetes conditions.
(A), filtered glucose. (B), predicted glucose excretion. (C), glucose transport along the proximal
convoluted tubule (PCT) and S3 segment.
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excretion rates. (A3–D3) corresponding segmental transport.

Under non-diabetic conditions, essentially all filtered glucose is reabsorbed along the
proximal tubules, with the proximal convoluted tubule and S3 segment reabsorbing 97%
and 2.6% of filtered glucose, respectively. See Figure 1C. In moderate diabetes simulations,
plasma glucose concentration is assumed to increase from 5 to 8.6 mM, which together
with the elevated GFR yields a filtered load of 1.52 mol·day−1 glucose. Despite filtered
glucose being approximately doubled, the proximal tubule glucose transport has yet to be
overwhelmed, with the proximal convoluted tubule and S3 segment reabsorbing 99.6% and
0.4% of the filtered glucose, respectively, leaving essential no glucose in the urine, consistent
with the observed absence in glucosuria in patients with moderate diabetes [26]. In severe
diabetes simulations, plasma glucose is further elevated to 20 mM, resulting in glucose
filtered load of 3.75 mol·day−1 glucose, which exceeds the glucose transport capability of the
proximal tubule. The fractional reabsorption of glucose by the proximal convoluted tubule
and S3 segment is predicted to be 73.7% and 9.1%, respectively. Downstream segments do
not possess significant glucose transport capacities. As such, the diabetic model predicts
absolute and fractional glucose excretion as 0.6 mol·day−1 and 16%, respectively.

Relative to the non-diabetic kidney, the moderate diabetic model assumes a 10% in-
crease in GFR and thus filtered Na+, which yields a corresponding 10% increase in total
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Na+ transport. The increase in Na+ reabsorption is largest in tubular segments where
diabetes induces significant increases in the expression of Na+ transporters. In partic-
ular, Na+ transport increases by 11.8% along the proximal convoluted tubules, where
hyperfiltration-induced changes in the torque augment the density of all transcellular trans-
porters. Diabetes also enhances the density of NKCC2 in the medullary thick ascending
limbs [17], resulting in an 35% increase in Na+ reabsorption. The enhanced Na+ transport
essentially compensates for the elevated filtered Na+ load in diabetes to yield Na+ excretion
similar to a non-diabetic kidney (Figure 2, panels A1–A3). Elevated Na+ reabsorption is
followed by increases in the reabsorption of Cl- and water (Figure 2, panels C3 and D3).
Compared to the non-diabetic case, urinary Cl- excretion is predicted to be 25% higher in
diabetes, whereas urine output is 35% higher (Figure 2, panels C2 and D2). Similar to Na+,
the higher filtered K+ load enhances its tubular reabsorption along the proximal tubules
and thick ascending limbs (Figure 2(B3)). These competing factors result in kaliuresis, with
K+ excretion predicted to be 48% higher in diabetes (Figure 2(B2)).

In the severe diabetes model, GFR and filtered Na+ both increase by 24%, resulting in
enhanced Na+ transport, notably by 22.5% along the proximal tubules and 47.4% along
the thick ascending limbs. As in the moderate diabetes case, the enhanced Na+ transport
essentially compensates for the elevated filtered Na+ load in diabetes to yield Na+ excretion
similar to a non-diabetic kidney (Figure 2, panels A1–A3). Model predictions of Cl- trans-
port are analogous as those for the moderate diabetes case (Figure 2(C2)). Compared to the
non-diabetic case, urinary Cl- excretion is predicted to be 48.8% higher in diabetes. Model
predicts more severe diuresis, with urine output predicted to be 115% higher than the
non-diabetic case (Figure 2(D2)), and more severe kaliuresis, with K+ excretion predicted
to be 63.4% higher (Figure 2(B2)).

2.2. SGLT2 Inhibition in a Non-Diabetic Kidney

In the non-diabetic setting, SGLT2 blockade has been found to induce a minor GFR
reduction: by 3% in non-diabetic subjects receiving canagliflozin or dapagliflozin for
4 days [17]. Thus, we assume that in the acute inhibition simulation a 3% reduction in
the SNGFR of all nephrons. Also, in the non-diabetic setting, SGLT2 blockade has been
reported to yield a urinary excretion of glucose that is ~45% of its filtered amount [27]. In
the present study, we assume 90% inhibition of SGLT2 in all nephrons, which results in
the excretion of 40% of the filtered glucose [27]. The model predicts that a small fraction
(14.5%) of the filtered glucose load is reabsorbed along the proximal convoluted tubule
segments, mediated by the remaining SGLT2 and also via the paracellular route, and 39.7%
in the S3 segment, most of which across SGLT1. See Figure 3.
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In Figures 3 and 4, the non-diabetic and diabetic cases without SGLT2 blockade
(denoted “ND” and “D”) results are the same as those in Figures 1 and 2, but presented
differently. Instead of actual values, we normalize the filtration and segmental transport
rates by their respective ND values. For excretion rates, we normalize by the D values,
because under non-diabetic conditions glucose excretion is essentially zero. By computing
these ratios, we can better understand how much each quantity changes in diabetes and
following SGLT2 inhibition. However, cross comparison (e.g., between filtration and
excretion) is meaningless due to their different reference values.
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Consider again the non-diabetic SGLT2 inhibition results. As we previously de-
scribed [16,17], SGLT2 inhibition elicits osmotic diuresis in the proximal tubule, thereby
reducing passive transport via the paracellular route in that segment. The high luminal
flow conversely stimulates active transport (via torque-induced increases in transcellular
transporter expression [18]), but the reduction in passive transport is greater, so that net
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Na+ reabsorption decreases in the proximal tubule, by 10.3%. Simulation results suggest
that the reduction in the proximal tubule Na+ transport is then partly compensated for
downstream, particularly beyond the medullary thick ascending limbs (Figure 4(A3)). The
elevated Na+ reabsorption along the connecting tubules is accompanied by enhanced K+

secretion (Figure 4(B3)). Consequently, SGLT2 inhibition in a diabetic kidney induces
diuresis, natriuresis, and kaliuresis, with urine output increases by 207%, Na+ excretion by
308%, and K+ excretion by 184% (Figure 4, panels A2–D2).

2.3. SGLT2 Inhibition in a Diabetic Kidney

SGLT2 inhibition attenuates diabetic-reduced hyperfiltration [28]. Thus, when simulat-
ing the effects of SGLT2 blockade, we lower GFR to its non-diabetic level of 151.2 L·day−1.
We consider an acute administration, so plasma glucose concentration is kept at 8.6 and
20 mM in the moderate and severe diabetes cases, respectively. First consider glucose
transport in the moderate diabetes case. With the above GFR assumption, SGLT2 inhibi-
tion reduces the filtered load of glucose from 1.52 to 1.3 mol·day−1. Glucose excretion is
predicted to be 0.69 mol·day−1, that is, 53.1% of filtered glucose. The predicted glucose
excretion is within the range of reported values [29]. The proximal convoluted tubule and
S3 segments reabsorb 0.23 and 0.38 mol glucose·day−1, respectively. In comparison, in the
absence of SGLT2 inhibition, the proximal convoluted tubule and S3 respectively reabsorb
1.51 and 0.01 mol glucose·day−1. See Figure 3.

In the severe diabetes case, glucose excretion is predicted to be 2.02 mol·day−1

(Figure 3B), which corresponds to 66.8% of filtered glucose, within the range of reported
values [29]. The proximal convoluted tubule and S3 segments reabsorb 0.5 and
0.5 mol glucose·day−1, respectively, compared to the respective rate of 2.8 and 0.34 mol
glucose·day−1 without SGLT2 inhibition (Figure 3C) It is noteworthy that whereas there
is glucose secretion across the tight junction in the absence of treatment, the paracellular
pathway mediates glucose reabsorption when SGLT2 is inhibited (owing to higher luminal
glucose concentration). Altogether these results suggest that, with 90% inhibition of SGLT2,
SGLT1 barely compensates for the blockade of SGLT2 in diabetes, because hyperglycemia
and the increased tubular glucose load already consume the full transport capacity of
SGLT1 in the absence of SGLT2 inhibition.

SGLT2 inhibition is predicted to significantly lower Na+ transport, primarily because
it normalizes GFR and filtered Na+ load. Our simulations suggest that, as in non-diabetic
case, blocking SGLT2 causes osmotic diuresis in the proximal tubule, thereby reducing
paracellular transport. In fact, the model predicts that the direction of paracellular Na+

transport is reversed in S3: owing to osmotic diuresis, the luminal-to-interstitial Na+

concentration gradient favors Na+ secretion into the lumen via the tight junctions. Con-
sequently, in the moderate diabetes case, Na+ excretion increases by 2.2 folds and urine
output by 1.7 folds; in the severe diabetes case, Na+ excretion and urine output increase by
4.9 and 1.9 folds, respectively (Figure 4, panels A2 and C2). The higher Na+ flow along the
distal tubular segments raises K+ secretion, increasing K+ excretion by 1.02 and 1.9 folds,
in the moderate and severe diabetes cases, respectively (Figure 4, panels B2). The predicted
increases, especially in urine output, are higher than reported values [30]. Excessive urine
output may result in volume depletion, which in turn activate mechanisms to reduce urine
production. Those mechanisms are not represented in the model, which may explain the
high urine output and excretion predictions.

3. Discussion

The main goal of this study is to extend a computational model of the human kidney,
and to apply that model to study the effects of diabetes and SGLT2 inhibition on solute
and water transport along the nephrons. Diabetes induces glomerular hyperfiltration and
tubular hypertrophy [31]. As a consequence, diabetes increases the reabsorption of Na+

and glucose via the sodium-glucose cotransporter SGLT2 in the early proximal tubule of
the renal cortex, and to a lesser extent, via SGLT1 in the S3 segment of the renal medulla.
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The elevated solute and water transport loads lead to an increase in Na+ transport (TNa). A
previous modeling study of the rat kidney [17] predicted a 50% increase in overall TNa, with
a disproportional increase in active TNa (64%). Active TNa is mediated by Na+/K+-ATPase
and requires oxygen consumption. Diabetes increases fatty acid metabolism, resulting in
the reduction of metabolic efficiency [32], including an increase in the amount of oxygen
required to transport a given amount of Na+. As a result, oxygen consumption to support
active TNa was predicted to almost double (88% increase [17]).

The present human kidney model predicts that the largest diabetes-induced increases
in TNa occur along the proximal tubules and thick ascending limbs (Figure 2(A3)). While
the proximal convoluted tubules reside in the well perfused renal cortex, the S3 and
medullary thick ascending limbs reside in the outer medullary, where the oxygen tension
is substantially lower than in the cortex [33,34]. Indeed, these segments are known to be
vulnerable to hypoxic injury. As such, the diabetes-induced increase in metabolic demand
may be particularly stressful for these segments. Taken together, the present model predicts,
in the moderate and severe diabetes cases, a 17% and 24%, respectively, increase in overall
TNa and a 29.4% and 37.5% increase in active TNa. The extent of hyper-glycemia in the
severe diabetes case is similar to the rat model [17]. However, the present model predicts a
smaller increase in TNa. That difference can be attributed to the smaller diabetes-induced
GFR and thus filtered Na+ load increases in humans. Nonetheless, the higher active
TNa, together with the diabetes-induced reduction in metabolic efficiency, likely yield
a substantial increase in oxygen demand. Without a corresponding increase in oxygen
supply, the higher metabolic demand may result in renal hypoxia, which is thought to be
an important mechanism in the development of diabetic kidney disease [35].

Vallon and co-workers proposed that in early diabetes, the enhanced reabsorption
along the proximal tubules, which is in part attributable to the increase in Na+-glucose
cotransport, has a primary role in the increase in SNGFR: the enhanced proximal tubular
transport lowers the tubuloglomerular feedback signal, i.e., the luminal [Cl−] sensed by
the macula densa cells, resulting in a feedback-induced increase in SNGFR. That “tubule-
centric” hypothesis was supported by micropuncture experiments in rats [36,37]. Predic-
tions of the present human kidney model are consistent with this tubule-centric hypothesis:
the enhanced proximal tubular transport in diabetes is predicted to lower luminal [Cl−]
at the macula densa by 24–27% in the moderate diabetes case, and by 32–52% in the se-
vere diabetes case, compared to the non-diabetic kidney, depending on nephron type. In
particular, luminal [Cl-] at the macula densa of the superficial nephron is predicted to be
28.3, 21.3, and 18.6 mM in the non-diabetic, moderate diabetes, and severe diabetes cases,
respectively. If GFR were set to non-diabetic levels in the moderate and severe diabetes
cases, the predicted macula densa luminal [Cl−] would be lower at 17.7 and 15.6 mM,
respectively. Thus, if tubuloglomerular feedback is present in a human kidney, the resulting
vasodilative signal predicted in diabetes could contribute to glomerular hyperfiltration.
Even though SNGFR was assumed known a priori in the simulations, a negative feedback
function can be defined that yields the assumed SNGFR given the predicted luminal [Cl−]
at the macula densa.

Moreover, the model predicts that, by limiting Na+-glucose transport, SGLT2 in-
hibition significantly increases macula densa luminal [Cl−], which may then attenuate
glomerular hyperfiltration via tubuloglomerular feedback. In particular, following the
administration of a SGLT2 inhibitor to the moderate diabetes model, macula densa lu-
minal [Cl−] along the superficial nephron is predicted to be 39.2 mM with the assumed
GFR-lowering effect, and 51.4 mM without. The corresponding predictions for the severe
diabetes model are 36.4 and 48.1 mM, respectively, with and without the GFR-lowering
effect. Similar trends are observed in the juxtamedullary nephrons. These results are consis-
tent with clinical data showing that chronic SGLT2 inhibition induced a reduction in eGFR
in type 2 diabetes mellitus patients, even among those with chronic kidney disease [38].
Lowering glomerular hyperfiltration on the single nephron level by SGLT2 inhibition may
provide long-term beneficial effects in the diabetic kidney. One question is: To what extent
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does SGLT2 inhibition reduces tubular Na+ transport and oxygen consumption along the
nephron? The model predicts that the administration of SGLT2 inhibitors in a diabetic
kidney decreases overall TNa by 21.8%, but with most of that reduction occurring via the
paracellular pathway and with active TNa decreased by only 3%.

In sum, we have developed the first computational model of detailed epithelial
transport in the kidney of a patient with diabetes. The model predicts that, similar to
rodents, diabetes-induced tubular hypertrophy in humans may contribute to glomerular
hyperfiltration via a (hypothesized) tubuloglomerular feedback signal [36], which in turn
results in major increases in transport load and metabolic demand. The model can be used
to assess the effects of other commonly-prescribed medications, such as blockers of the
angiotensin II system, on kidney function in diabetes, and to assess the extent to which
those effects translate to a kidney with reduced nephron number and impaired function.

It is noteworthy that the present model has adopted many of the assumptions made
in a kidney model of a male rat [14,16,39]. Major sexual dimorphism has been revealed
in the abundance of electrolyte transporters, channels, and claudins in male and female
rodents [40,41]. Findings by Veiras et al. indicated that, compared with male rat nephrons,
female rat nephrons exhibit lower activities of major Na+ and water transporters along
the proximal portion of the renal tubule (proximal tubule), resulting in significantly larger
fractional delivery of Na+ and water to the downstream nephron segments in female
kidneys. Along the distal nephron segments, the female kidney exhibits a higher abundance
of key Na+ transporters, relative to male, resulting in similar urine excretion between the
sexes. Some of these sex differences in rodent kidney function likely translate to humans.
Men are known to have higher blood pressure compared to age-matched women before
menopause [42,43]. Given the kidney’s key role in blood pressure control, the observed
sex differences in hypertension prevalence may be attributable, in part, to differences in
kidney structure and function [44–46]. Major differences between the rodent and human
kidneys notwithstanding, a computational model of the kidney of a woman, inspired by
renal transport pattern in the female rodents [47–49], may be useful in analyzing kidney
function of a female patient with diabetes and in identifying the mechanisms that explain
the observed sex differences in diabetic kidney disease [50].

4. Materials and Methods

We previously developed an epithelial cell-based model of solute transport along the
nephrons of a human kidney [10,25]. In this study, we extend that model to simulate a
diabetic kidney. The model represents six classes of nephrons: a superficial nephron, which
turns at the outer-inner medullary boundary, and five juxtamedullary nephrons, which
reach into differing levels of the inner medulla. The superficial nephrons account for 85%
of the nephron population, and extend from the Bowman’s capsule to the papillary tip. The
remaining 15% of the nephrons are juxtamedullary nephrons that possess loops of Henle
that reach to different depths in the inner medulla; most of the long loops turn within the
upper inner medulla. Each model nephron is represented as a tubule lined by a layer of
epithelial cells, with apical and basolateral transporters that vary according to cell type.
The model assumes that the connecting tubules coalesce successively within the cortex,
resulting in a ratio of loop-to-cortical collecting duct of 10:1 [51]. The model collecting
ducts traverse through the outer medulla, and when they reach the inner medulla, the
collecting ducts again coalesce successively. A schematic diagram for the model is shown
in Figure 5. In a non-diabetic kidney, single-nephron glomerular filtration rate (SNGFR) is
set to 100 and 133 nL/min for the superficial and juxtamedullary nephrons, respectively.
Assuming a total of 1 million nephrons in each kidney, this yields a single-kidney GFR of
105 mL/min.
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sentative superficial nephron and 5 representative juxtamedullary nephrons, each scaled by the 
appropriate population ratio. Only the superficial nephron and one juxtamedullary nephron are 
shown. Along each nephron, the model accounts for the transport of water and 15 solutes (see 
text). The diagram displays only the main Na+, K+, and Cl− transporters. mTAL, medullary thick 
ascending limb; cTAL, cortical thick ascending limb; DCT, distal convoluted tubule; PCT, proxi-
mal convoluted tubule; CNT, connecting duct; CCD, cortical collecting duct; SDL, short or outer-
medullary descending limb; LDL/LAL, thin descending/ascending limb; OMCD, outer-medullary 
collecting duct; IMCD, inner-medullary collecting duct. 

The model accounts for the following 15 solutes: Na+, K+, Cl−, HCO3−, H2CO3, CO2, 
NH3, NH4+, HPO42−, H2PO4−, H+, HCO2−, H2CO2, urea, and glucose. The model is formu-
lated for steady state and consists of a large system of coupled ordinary differential equa-
tions and algebraic equations [10]. Model solution describes luminal fluid flow, hydro-
static pressure, luminal fluid solute concentrations and, with the exception of the descend-
ing limb segment, cytosolic solute concentrations, membrane potential, and transcellular 

Figure 5. Schematic diagram of the nephron system (not to scale). The model includes 1 representative
superficial nephron and 5 representative juxtamedullary nephrons, each scaled by the appropriate
population ratio. Only the superficial nephron and one juxtamedullary nephron are shown. Along
each nephron, the model accounts for the transport of water and 15 solutes (see text). The diagram
displays only the main Na+, K+, and Cl− transporters. mTAL, medullary thick ascending limb;
cTAL, cortical thick ascending limb; DCT, distal convoluted tubule; PCT, proximal convoluted tubule;
CNT, connecting duct; CCD, cortical collecting duct; SDL, short or outer-medullary descending
limb; LDL/LAL, thin descending/ascending limb; OMCD, outer-medullary collecting duct; IMCD,
inner-medullary collecting duct.

The model accounts for the following 15 solutes: Na+, K+, Cl−, HCO3
−, H2CO3, CO2,

NH3, NH4
+, HPO4

2−, H2PO4
−, H+, HCO2

−, H2CO2, urea, and glucose. The model is
formulated for steady state and consists of a large system of coupled ordinary differen-
tial equations and algebraic equations [10]. Model solution describes luminal fluid flow,
hydrostatic pressure, luminal fluid solute concentrations and, with the exception of the
descending limb segment, cytosolic solute concentrations, membrane potential, and tran-
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scellular and paracellular fluxes. Model parameters that describe a non-diabetic kidney
can be found in Ref. [10].

4.1. Glucose Transport in the Proximal Tubule

Under physiological conditions, the filtered load of glucose is fully reabsorbed in the
proximal tubule via SGLTs on the apical side and glucose transport facilitators (GLUT)
on the basolateral side. The proximal convoluted tubule expresses the high-capacity, low-
affinity transporter SGLT2 together with basolateral GLUT2, whereas the S3 segment
expresses the lower capacity, higher affinity transporter SGLT1 and basolateral GLUT1.
SGLT1 expression level was chosen such that following SGLT2 inhibition, the non-diabetic
model predicts SGLT1-mediated transport of ~60% of the filtered glucose [52]. The model-
ing of glucose and Na+ fluxes across SGLT2 and SGLT1 cotransporters, and glucose fluxes
across GLUT1 and GLUT2 have been described in our previous studies [14,16,17,39].

4.2. Simulating a Diabetic Kidney

We simulate two diabetic conditions, one in which plasma glucose is elevated from the
non-diabetic value of 5 mM to 8.6 mM (which we refer to as the “moderate diabetes case”)
and the other in which plasma glucose is 20 mM (the “severe diabetes case”). Diabetes
induces renal hypertrophy, hyperfiltration, and alterations in transporter expression. Thus,
in addition to increasing plasma glucose concentration, we simulated diabetic conditions
by increasing SNGFR by 27 and 10% [4] in superficial and juxtamedullary nephrons,
respectively, in both the moderate and severe cases. To simulate tubular hypertrophy, we
increased tubular diameter and length of the proximal tubules by 10% in the moderate
case and by 28% in the severe case; and we increased the diameter and length of the
distal segments by 18 and 7%, respectively, in the moderate case, and by 42 and 7%,
respectively, in the severe case [17,53]. Furthermore, the activity of SGLT2 is upregulated
by +38%, GLUT2 by +50%, and NKCC by +10%. SGLT1 activity is downregulated by
−33%. Na/K-ATPase activity is increased by +10% along all nephron segments, except
the thick ascending limb and inner medullary collecting duct. Along the thick ascending
limbs, Na/K-ATPase activity is increased by +20%. For the inner medullary collecting
duct, Na/K-ATPase activity is increased by +50% along the initial 2/3 and +150% along
the remainder of the segment in the moderate diabetes case, and by +150% along the entire
segment in severe diabetes. Transcellular water permeability is enhanced along the cortical
and inner-medullary collecting duct segments by 55 and 40%, respectively [17].

Author Contributions: Conceptualization, A.L.; methodology, A.L.; software, R.H.; validation,
A.L. and R.H.; formal analysis, A.L. and R.H.; investigation, A.L. and R.H.; resources, A.L.; data
curation, A.L.; writing—original draft preparation, A.L.; writing—review and editing, A.L. and R.H.;
visualization, R.H.; supervision, A.L.; project administration, A.L.; funding acquisition, A.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Canada 150 Research Chair program and by the Natural
Sciences and Engineering Research Council of Canada, via a Discovery award (RGPIN-2019-03916)
to A.L.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Computer code will be made publicly available upon the acceptance
of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.



Int. J. Mol. Sci. 2021, 22, 5819 11 of 12

References
1. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.;

Ogurtsova, K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results
from the International Diabetes Federation Diabetes Atlas. Diabetes Res. Clin. Pract. 2019, 157, 107843. [CrossRef]

2. Foley, R.N.; Collins, A.J. End-stage renal disease in the United States: An update from the United States Renal Data System. J. Am.
Soc. Nephrol. 2007, 18, 2644–2648. [CrossRef] [PubMed]

3. Koye, D.N.; Magliano, D.J.; Nelson, R.G.; Pavkov, M.E. The global epidemiology of diabetes and kidney disease. Adv. Chronic
Kidney Dis. 2018, 25, 121–132. [CrossRef] [PubMed]

4. Mogensen, C. Glomerular filtration rate and renal plasma flow in short-term and long-term juvenile diabetes mellitus. Scand. J.
Clin. Lab. Investig. 1971, 28, 91–100. [CrossRef] [PubMed]

5. Eaton, D.C.; Pooler, J.; Vander, A.J. Vander’s Renal Physiology, 7th ed.; McGraw-Hill Medical: New York, NY, USA, 2009.
6. Hoenig, M.P.; Zeidel, M.L. Homeostasis, the milieu interieur, and the wisdom of the nephron. Clin. J. Am. Soc. Nephrol. 2014, 9,

1272–1281. [CrossRef]
7. Dantzler, W.H.; Pannabecker, T.L.; Layton, A.T.; Layton, H.E. Urine concentrating mechanism in the inner medulla of the

mammalian kidney: Role of three-dimensional architecture. Acta Physiol. 2011, 202, 361–378. [CrossRef]
8. Palmer, L.G.; Schnermann, J. Integrated control of Na transport along the nephron. Clin. J. Am. Soc. Nephrol. 2015, 10, 676–687.

[CrossRef]
9. Layton, A.T. Feedback-mediated dynamics in a model of a compliant thick ascending limb. Math. Biosci. 2010, 228, 185–194.

[CrossRef]
10. Layton, A.T.; Layton, H.E. A Computational Model of Epithelial Solute and Water Transport along a Human Nephron. PLoS

Comput. Biol. 2018, 15, e1006108. [CrossRef]
11. Weinstein, A.M. A mathematical model of the rat kidney: K+-induced natriuresis. Am. J. Physiol. Renal Physiol. 2017, 312,

F925–F950. [CrossRef]
12. Layton, A.T.; Edwards, A.; Vallon, V. Renal potassium handling in rats with subtotal nephrectomy: Modeling and Analysis. Am.

J. Physiol. Renal Physiol. 2017, 314, F643–F657. [CrossRef]
13. Edwards, A.; Castrop, H.; Laghmani, K.; Vallon, V.; Layton, A.T. Effects of NKCC2 isoform regulation on NaCl transport in thick

ascending limb and macula densa: A modeling study. Am. J. Physiol. Renal Physiol. 2014, 307, F137–F146. [CrossRef]
14. Layton, A.T.; Laghmani, K.; Vallon, V.; Edwards, A. Solute transport and oxygen consumption along the nephrons: Effects of Na+

transport inhibitors. Am. J. Physiol. Renal Physiol. 2016, 311, F1217–F1229. [CrossRef] [PubMed]
15. Layton, A.T.; Vallon, V. SGLT2 Inhibition in a Kidney with Reduced Nephron Number: Modeling and Analysis of Solute Transport

and Metabolism. Am. J. Physiol. Renal Physiol. 2018, 314, F969–F984. [CrossRef] [PubMed]
16. Layton, A.T.; Vallon, V.; Edwards, A. Modeling oxygen consumption in the proximal tubule: Effects of NHE and SGLT2 inhibition.

Am. J. Physiol. Renal Physiol. 2015, 308, F1343–F1357. [CrossRef] [PubMed]
17. Layton, A.T.; Vallon, V.; Edwards, A. Predicted consequences of diabetes and SGLT inhibition on transport and oxygen consump-

tion along a rat nephron. Am. J. Physiol. Renal Physiol. 2016, 310, F1269–F1283. [CrossRef]
18. Layton, A.T.; Vallon, V.; Edwards, A. Adaptive Changes in GFR, Tubular Morphology and Transport in Subtotal Nephrectomized

Kidneys: Modeling and Analysis. Am. J. Physiol. Renal Physiol. 2017, 313, F199–F209. [CrossRef] [PubMed]
19. Sgouralis, I.; Evans, R.G.; Gardiner, B.S.; Smith, J.A.; Fry, B.C.; Layton, A.T. Renal hemodynamics, function, and oxygenation

during cardiac surgery performed on cardiopulmonary bypass: A modeling study. Physiol. Rep. 2015, 3, e12260. [CrossRef]
20. Layton, A.T. Sweet success? SGLT2 inhibitors and diabetes. Am. J. Physiol. Renal Physiol. 2018, 314, F1034–F1035. [CrossRef]
21. Neal, B.; Perkovic, V.; Mahaffey, K.W.; de Zeeuw, D.; Fulcher, G.; Erondu, N.; Shaw, W.; Law, G.; Desai, M.; Matthews, D.R.

Canagliflozin and cardiovascular and renal events in type 2 diabetes. N. Engl. J. Med. 2017, 377, 644–657. [CrossRef]
22. Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.;

Woerle, H.J.; et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N. Engl. J. Med. 2015, 373,
2117–2128. [CrossRef]

23. Vallon, V.; Thomson, S.C. Targeting renal glucose reabsorption to treat hyperglycaemia: The pleiotropic effects of SGLT2 inhibition.
Diabetologia 2017, 60, 215–225. [CrossRef] [PubMed]

24. Layton, A.T.; Vallon, V. Cardiovascular benefits of SGLT2 inhibition in diabetes and chronic kidney diseases. Acta Physiol. 2018,
222, e13050. [CrossRef] [PubMed]

25. Hu, R.; McDonough, A.A.; Layton, T.A. Sex differences in solute and water handling in the human kidney: Modeling and
functional implications. iScience. 2021.

26. Nauck, M.A. Update on developments with SGLT2 inhibitors in the management of type 2 diabetes. Drug Des. Dev. Ther. 2014,
8, 1335. [CrossRef]

27. Seman, L.; Macha, S.; Nehmiz, G.; Simons, G.; Ren, B.; Pinnetti, S.; Woerle, H.J.; Dugi, K. Empagliflozin (BI 10773), a potent and
selective SGLT2 inhibitor, induces dose-dependent glucosuria in healthy subjects. Clin. Pharmacol. Drug Dev. 2013, 2, 152–161.
[CrossRef]

28. Cherney, D.Z.I.; Perkins, B.A.; Soleymanlou, N.; Maione, M.; Lai, V.; Lee, A.; Fagan, N.M.; Woerle, H.J.; Johansen, O.E.;
Broedl, U.C.; et al. Renal hemodynamic effect of sodium-glucose cotransporter 2 inhibition in patients with type 1 diabetes
mellitus. Circulation 2014, 129, 587–597. [CrossRef] [PubMed]

http://doi.org/10.1016/j.diabres.2019.107843
http://doi.org/10.1681/ASN.2007020220
http://www.ncbi.nlm.nih.gov/pubmed/17656472
http://doi.org/10.1053/j.ackd.2017.10.011
http://www.ncbi.nlm.nih.gov/pubmed/29580576
http://doi.org/10.3109/00365517109090667
http://www.ncbi.nlm.nih.gov/pubmed/5093523
http://doi.org/10.2215/CJN.08860813
http://doi.org/10.1111/j.1748-1716.2010.02214.x
http://doi.org/10.2215/CJN.12391213
http://doi.org/10.1016/j.mbs.2010.10.002
http://doi.org/10.1371/journal.pcbi.1006108
http://doi.org/10.1152/ajprenal.00536.2016
http://doi.org/10.1152/ajprenal.00460.2017
http://doi.org/10.1152/ajprenal.00158.2014
http://doi.org/10.1152/ajprenal.00294.2016
http://www.ncbi.nlm.nih.gov/pubmed/27707706
http://doi.org/10.1152/ajprenal.00551.2017
http://www.ncbi.nlm.nih.gov/pubmed/29361669
http://doi.org/10.1152/ajprenal.00007.2015
http://www.ncbi.nlm.nih.gov/pubmed/25855513
http://doi.org/10.1152/ajprenal.00543.2015
http://doi.org/10.1152/ajprenal.00018.2017
http://www.ncbi.nlm.nih.gov/pubmed/28331059
http://doi.org/10.14814/phy2.12260
http://doi.org/10.1152/ajprenal.00557.2017
http://doi.org/10.1056/NEJMoa1611925
http://doi.org/10.1056/NEJMoa1504720
http://doi.org/10.1007/s00125-016-4157-3
http://www.ncbi.nlm.nih.gov/pubmed/27878313
http://doi.org/10.1111/apha.13050
http://www.ncbi.nlm.nih.gov/pubmed/29424089
http://doi.org/10.2147/DDDT.S50773
http://doi.org/10.1002/cpdd.16
http://doi.org/10.1161/CIRCULATIONAHA.113.005081
http://www.ncbi.nlm.nih.gov/pubmed/24334175


Int. J. Mol. Sci. 2021, 22, 5819 12 of 12

29. List, J.F.; Whaley, J.M. Glucose dynamics and mechanistic implications of SGLT2 inhibitors in animals and humans. Kidney Int.
2011, 79, S20–S27. [CrossRef]

30. Mordi, N.A.; Mordi, I.R.; Singh, J.S.; McCrimmon, R.J.; Struthers, A.D.; Lang, C.C. Renal and cardiovascular effects of SGLT2
inhibition in combination with loop diuretics in patients with type 2 diabetes and chronic heart failure: The Recede-CHF trial.
Circulation 2020, 142, 1713–1724. [CrossRef]

31. Vallon, V. The proximal tubule in the pathophysiology of the diabetic kidney. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011,
300, R1009–R1022. [CrossRef] [PubMed]

32. Baines, A.; Ho, P. Glucose stimulates O2 consumption, NOS, and Na/H exchange in diabetic rat proximal tubules. Am. J. Physiol.
Renal Physiol. 2002, 283, F286–F293. [CrossRef]

33. Chen, J.; Edwards, A.; Layton, A.T. Effects of pH and medullary blood flow on oxygen transport and sodium reabsorption in the
rat outer medulla. Am. J. Physiol. Renal Physiol. 2010, 298, F1369–F1383. [CrossRef] [PubMed]

34. Fry, B.C.; Edwards, A.; Layton, A.T. Impacts of nitric oxide and superoxide on renal medullary oxygen transport and urine
concentration. Am. J. Physiol. Renal Physiol. 2015, 308, F967–F980. [CrossRef]

35. Fine, L.G.; Norman, J.T. Chronic hypoxia as a mechanism of progression of chronic kidney diseases: From hypothesis to novel
therapeutics. Kidney Int. 2008, 74, 867–872. [CrossRef]

36. Vallon, V.; Richter, K.; Blantz, R.C.; Thomson, S.; Osswald, H. Glomerular hyperfiltration in experimental diabetes mellitus:
Potential role of tubular reabsorption. J. Am. Soc. Nephrol. 1999, 10, 2569–2576. [CrossRef] [PubMed]

37. Thomson, S.C.; Vallon, V. Effects of SGLT2 Inhibitor and Dietary NaCl on Glomerular Hemodynamics Assessed by Micropuncture
in Diabetic Rats. Am. J. Physiol. Renal Physiol. 2021, 320, F761–F771. [CrossRef] [PubMed]

38. Barnett, A.H.; Mithal, A.; Manassie, J.; Jones, R.; Rattunde, H.; Woerle, H.J.; Broedl, U.C. EMPA-REG RENAL Trial Investigators
Efficacy and safety of empagliflozin added to existing antidiabetes treatment in patients with type 2 diabetes and chronic kidney
disease: A randomised, double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol. 2014, 2, 369–384. [CrossRef]

39. Layton, A.T.; Vallon, V.; Edwards, A. A computational model for simulating solute transport and oxygen consumption along the
nephrons. Am. J. Physiol. Renal Physiol. 2016, 311, F1378–F1390. [CrossRef] [PubMed]

40. Veiras, L.C.; Girardi, A.C.C.; Curry, J.; Pei, L.; Ralph, D.L.; Tran, A.; Castelo-Branco, R.C.; Pastor-Soler, N.; Arranz, C.T.;
Yu, A.S.L.; et al. Sexual Dimorphic Pattern of Renal Transporters and Electrolyte Homeostasis. J. Am. Soc. Nephrol. 2017, 28,
3504–3517. [CrossRef] [PubMed]

41. Sabolic, I.; Vrhovac, I.; Eror, D.B.; Gerasimova, M.; Rose, M.; Breljak, D.; Ljubojevic, M.; Brzica, H.; Sebastiani, A.; Thal, S.C.
Expression of Na+-D-glucose cotransporter SGLT2 in rodents is kidney-specific and exhibits sex and species differences. Am. J.
Physiol. Cell Physiol. 2012, 302, C1174–C1188. [CrossRef]

42. Stamler, J.; Stamler, R.; Riedlinger, W.F.; Algera, G.; Roberts, R.H. Hypertension screening of 1 million Americans: Community
hypertension evaluation clinic (CHEC) program, 1973 through 1975. JAMA 1976, 235, 2299–2306. [CrossRef]

43. Wenger, N.K.; Arnold, A.; Merz, C.N.B.; Cooper-DeHoff, R.M.; Ferdinand, K.C.; Fleg, J.L.; Gulati, M.; Isiadinso, I.; Itchhaporia, D.;
Light-McGroary, K. Hypertension across a woman’s life cycle. J. Am. Coll. Cardiol. 2018, 71, 1797–1813. [CrossRef]

44. Leete, J.; Layton, A.T. Sex-specific long-term blood pressure regulation: Modeling and analysis. Comput. Biol. Med. 2019, 104,
139–148. [CrossRef] [PubMed]

45. Leete, J.G.S.; Layton, A.T. Modeling Sex Differences in the Renin Angiotensin System and the Efficacy of Antihypertensive
Therapies. Comput. Chem. Eng. 2018, 112, 253–264. [CrossRef]

46. Ahmed, S.; Layton, A.T. Sex-specific computational models for blood pressure regulation in the rat. Am. J. Physiol. Renal Physiol.
2019, 318, F888–F900. [CrossRef]

47. Hu, R.; McDonough, A.A.; Layton, A.T. Functional implications of the sex differences in transporter abundance along the rat
nephron: Modeling and analysis. Am. J. Physiol. Renal Physiol. 2019, 317, F1462–F1474. [CrossRef]

48. Hu, R.; McDonough, A.A.; Layton, A.T. Sex-Differences in Solute Transport along the Nephrons: Effects of Na+ Transport
Inhibition. Am. J. Physiol. Renal Physiol. 2020, 319, F487–F505. [CrossRef] [PubMed]

49. Li, Q.; McDonough, A.A.; Layton, H.E.; Layton, A.T. Functional implications of sexual dimorphism of transporter patterns along
the rat proximal tubule: Modeling and analysis. Am. J. Physiol. Renal Physiol. 2018, 315, F692–F700. [CrossRef] [PubMed]

50. Maric-Bilkan, C. Sex Differences in Diabetic Kidney Disease. In Mayo Clinic Proceedings; Elsevier: Amsterdam, The Netherlands, 2020.
51. Oliver, J. Nephrons and Kidneys: A Qualitative Study of Development and Evolutionary Mammalian Renal Architecture; Harper and Row:

New York, NY, USA, 1968.
52. Abdul-Ghani, M.A.; DeFronzo, R.A.; Norton, L. Novel hypothesis to explain why SGLT2 inhibitors inhibit only 30–50% of filtered

glucose load in humans. Diabetes 2013, 62, 3324–3328. [CrossRef] [PubMed]
53. Baumgartl, H.-J.; Sigl, G.; Banholzer, P.; Haslbeck, M.; Standl, E. On the prognosis of IDDM patients with large kidneys. Nephrol.

Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Renal Assoc. 1998, 13, 630–634. [CrossRef] [PubMed]

http://doi.org/10.1038/ki.2010.512
http://doi.org/10.1161/CIRCULATIONAHA.120.048739
http://doi.org/10.1152/ajpregu.00809.2010
http://www.ncbi.nlm.nih.gov/pubmed/21228342
http://doi.org/10.1152/ajprenal.00330.2001
http://doi.org/10.1152/ajprenal.00572.2009
http://www.ncbi.nlm.nih.gov/pubmed/20335320
http://doi.org/10.1152/ajprenal.00600.2014
http://doi.org/10.1038/ki.2008.350
http://doi.org/10.1681/ASN.V10122569
http://www.ncbi.nlm.nih.gov/pubmed/10589696
http://doi.org/10.1152/ajprenal.00552.2020
http://www.ncbi.nlm.nih.gov/pubmed/33645318
http://doi.org/10.1016/S2213-8587(13)70208-0
http://doi.org/10.1152/ajprenal.00293.2016
http://www.ncbi.nlm.nih.gov/pubmed/27707705
http://doi.org/10.1681/ASN.2017030295
http://www.ncbi.nlm.nih.gov/pubmed/28774999
http://doi.org/10.1152/ajpcell.00450.2011
http://doi.org/10.1001/jama.1976.03260470017018
http://doi.org/10.1016/j.jacc.2018.02.033
http://doi.org/10.1016/j.compbiomed.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30472496
http://doi.org/10.1016/j.compchemeng.2018.02.009
http://doi.org/10.1152/ajprenal.00376.2019
http://doi.org/10.1152/ajprenal.00352.2019
http://doi.org/10.1152/ajprenal.00240.2020
http://www.ncbi.nlm.nih.gov/pubmed/32744084
http://doi.org/10.1152/ajprenal.00171.2018
http://www.ncbi.nlm.nih.gov/pubmed/29846110
http://doi.org/10.2337/db13-0604
http://www.ncbi.nlm.nih.gov/pubmed/24065789
http://doi.org/10.1093/ndt/13.3.630
http://www.ncbi.nlm.nih.gov/pubmed/9550638

	Introduction 
	Results 
	Kidney Function under Non-Diabetic and Diabetic Conditions 
	SGLT2 Inhibition in a Non-Diabetic Kidney 
	SGLT2 Inhibition in a Diabetic Kidney 

	Discussion 
	Materials and Methods 
	Glucose Transport in the Proximal Tubule 
	Simulating a Diabetic Kidney 

	References

