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ABSTRACT

Sodium glucose cotransporter 2 inhibitors (SGLT2i) reduce
cardiovascular events and onset and progression of renal
disease by mechanisms that remain incompletely understood
but may include clearance of interstitial congestion and
reduced glomerular hydrostatic pressure. The ongoing DAPA-
SALT mechanistic clinical study will evaluate natriuretic,
diuretic, plasma/extracellular volume, and blood pressure
responses to dapagliflozin in people with type 2 diabetes with
normal or impaired renal function (D-PRF and D-IRF, re-
spectively) and in normoglycemic individuals with renal
impairment (N-IRF). In this study, a mathematical model of
renal physiology, pathophysiology, and pharmacology was
used to prospectively predict changes in sodium excretion,
blood and interstitial fluid volume (IFV), blood pressure,
glomerular filtration rate, and albuminuria in DAPASALT. After
validating the model with previous diabetic nephropathy trials,
virtual patients were matched to DAPASALT inclusion/exclu-
sion criteria, and the DAPASALT protocol was simulated.
Predicted changes in glycosuria, blood pressure, glomerular
filtration rate, and albuminuria were consistent with other
recent studies in similar populations. Predicted albuminuria
reductions were 46% in D-PRF, 34.8% in D-IRF, and 14.2% in
N-IRF. The model predicts a similarly large IFV reduction

between D-PRF and D-IRF and less, but still substantial, IFV
reduction in N-IRF, even though glycosuria is attenuated in
groups with impaired renal function. When DAPASALT results
become available, comparison with these simulations will
provide a basis for evaluating how well we understand the
cardiorenal mechanism(s) of SGLT2i. Meanwhile, these sim-
ulations link dapagliflozin’s renal mechanisms to changes in
IFV and renal biomarkers, suggesting that these benefits may
extend to those with impaired renal function and individuals
without diabetes.

SIGNIFICANCE STATEMENT

Mechanisms of SGLT2 inhibitors’ cardiorenal benefits remain
incompletely understood. We used a mathematical model of
renal physiology/pharmacology to prospectively predict responses
to dapagliflozin in the ongoing DAPASALT study. Key pre-
dictions include similarly large interstitial fluid volume (IFV)
reductions between subjects with normal and impaired renal
function and less, but still substantial, IFV reduction in those
without diabetes, even though glycosuria is attenuated in these
groups. Comparing prospective simulations and study results
will assess how well we understand the cardiorenal mecha-
nism(s) of SGLT2 inhibitors.

Introduction

Sodium glucose cotransporter 2 inhibitors (SGLT2i) have
been shown to reduce cardiovascular (and particularly heart
failure) events and improve renal outcomes in people with
type 2 diabetes (T2D) (Zinman et al., 2015; Mosenzon et al.,
2019). Although SGLT2 inhibition produces an initial hemo-
dynamic drop in GFR, results from EMPA-REG, CANVAS,
and DECLARE outcomes trials demonstrated that kidney
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function in the treated groups stabilized, whereas the placebo
group progressed (Wanner et al., 2016; Guthrie, 2018; Mosen-
zon et al., 2019). Post hoc analyses of phase III studies have
found that dapagliflozin stabilized estimated GFR (eGFR)
decline for up to 2 years (Fioretto et al., 2015) and reduced
urinary albumin creatinine ratio (UACR) by 38%-48% in
those with elevated albuminuria at baseline (Dekkers et al.,
2018). Empagliflozin reduced the risk of new onset of macro-
albuminuria, doubling of serum creatinine, and initiation of
dialysis treatment, respectively (Wanner et al., 2016).

The mechanisms responsible for these cardiovascular
and renoprotective effects remain incompletely understood.
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Renoprotective mechanisms may include reduced glomerular
hydrostatic pressure, reduced proximal tubule sodium trans-
port both directly and through coupled NHES3 inhibition, and/
or reduced blood pressure (Hallow et al., 2018a). In addition,
sodium and glucose excretion with SGLT2i induces an osmotic
diuresis, which could be responsible for improved heart failure
outcomes (Hallow et al., 2018b).

Mathematical modeling provides a tool to describe, test, and
quantitatively evaluate proposed mechanisms by which SGLT?2
inhibition impacts renal and cardiovascular function. We
have previously modeled the renal effects of dapagliflozin
and identified a set of mechanisms capable of reproducing
urinary and plasma biomarker responses observed in
healthy subjects (Hallow et al., 2018a,b). Simulations with
this model have demonstrated mathematically that SGLT2i
reduces glomerular hydrostatic pressure as an indirect
consequence of reduced proximal tubule sodium reabsorp-
tion (Vallon and Thomson, 2017). This provides a plausible
explanation for the reduction in albuminuria and slowing of
renal progression observed with SGLT2i. In addition, simu-
lations predicted that SGLT2 inhibition will reduce intersti-
tial fluid volume to a greater extent than blood volume
compared with other forms of natriuretic/diuretic agents
(Hallow et al., 2018a; Mahato et al., 2018). This suggests that
in states of volume overload, such as heart failure, SGLT2
inhibition may relieve interstitial congestion without exces-
sive lowering of blood volume and blood pressure, thus main-
taining organ perfusion and possibly also preventing excessive
neurohormonal activation.

Although SGLT2 inhibition has been shown to reduce total
body fluid volume, no study has yet distinguished the relative
effects of SGLT2 inhibition on blood and interstitial fluid
volume during standardized sodium intake. The DAPASALT
study (NCT03152084) is an open label, phase IV, three-arm
mechanistic study designed to evaluate the natriuretic, di-
uretic, and blood pressure responses to 2 weeks of dapagli-
flozin treatment in people with T2D with and without renal
impairment and in normoglycemic individuals with renal
impairment. Data obtained from this study may allow clinical
evaluation of model-based mechanistic hypotheses, including
the relatively larger effect on interstitial fluid volume com-
pared with blood volume. The true test of any mathematical
model is its ability to prospectively predict behavior. In this
analysis, we extend our existing model to prospectively
simulate changes in urinary clinical chemistry variables,
blood volume, interstitial fluid volume, GFR, and urinary
albumin excretion rate (UAER) in the ongoing mechanistic
clinical DAPASALT study. This will evaluate the extent to
which we truly understand the renal mechanisms of SGLT2i
and may also identify gaps in our existing knowledge.

Modeling Renal Effects of Dapagliflozin 77
Methods

Modeling Approach Overview

Using a previously developed mathematical model of renal
function and diabetic kidney disease (Hallow et al., 2014, 2017,
2018a; Mahato et al., 2018), we generated a population of virtual
patients with diabetes and varying degrees of kidney injury by
varying model parameters associated with T2D, hypertension (a
common comorbidity with diabetes), and kidney injury. Because
the effects of T2D on kidney injury in the model were previously
developed based on data from db/db mice with or without unin-
ephrectomy (Mahato et al., 2018), we used human diabetic
nephropathy clinical trial data to recalibrate rate constants for
this component of the model and to validate the simulated re-
sponse to standard-of-care therapies [i.e., ACE inhibitors (ACEI)
and angiotensin receptor blockers (ARBs)]. We then selected
a population of virtual patients to match the DAPASALT in-
clusion/exclusion criteria and simulated the protocol of the ongoing
DAPASALT study.

Model Description

The model of renal function and diabetic kidney injury is summa-
rized in Fig. 1 and has been described in detail previously (Hallow
and Gebremichael, 2017a,b; Hallow et al., 2018a; Mahato et al.,
2018). This model describes the key physiologic processes of renal
function and their roles in maintaining Na* and water homeosta-
sis, as well as pathologic processes leading to renal injury and
proteinuria in diabetes. Full model equations are also provided in
the Supplemental Material. Here, we provide an overview of the
model and describe only key model equations necessary to un-
derstand how renal injury and albuminuria were modeled, how
parameters varied to generate virtual patients, and how SGLT2
inhibition was modeled.

Renal Vasculature. As shown in Fig. 1 (top left), the kidney is
modeled as a set of nephrons in parallel.

Renal blood flow is a function of the mean arterial pressure (MAP),
renal venous pressure, and renal vascular resistance, according to
Ohm’s law (Supplemental eqs. A1-A4). Renal vascular resistance
is the equivalent resistance of preafferent, afferent, efferent, and
peritubular arterioles and capillaries, and it also depends on the
number of nephrons.

Glomerular Filtration. Single nephron glomerular filtration
rate (SNGFR) depends on the glomerular ultrafiltration coefficient
(Kp) as well as the net filtration pressure across the glomerulus,
according to Starling’s equation:

SNGFR = K} (Pye ~ Piow — Tgo-aue) @

Here, Kris the glomerular ultrafiltration coefficient, P, is glomerular
capillary hydrostatic pressure, Pg,, is pressure in the Bowman’s
space, and 7g,.qug iS average glomerular capillary oncotic pressure.
The total GFR is then the SNGFR multiplied by the number of
nephrons (N,,ephrons):

GFR = SNGFR*N suphrons @)

ABBREVIATIONS: ACE, angiotensin converting enzyme; ACEI, ACE inhibitor; Ang, angiotensin; ARB, angiotensin receptor blocker; AT1,
Angiotensin Type 1; AT2, Angiotensin Type 2; CANAVAS, CANagliflozin cardioVascular Assessment Study; AVOID, Aliskiren in the Evaluation of
Proteinuria in Diabetes; Cg,, plasma glucose concentration; CKD, chronic kidney disease; D-IRF, patients with type 2 diabetes with impaired renal
function; D-PRF, patients with type 2 diabetes with preserved renal function; eGFR, estimated GFR; EMPAREG, Empagliflozin Cardiovascular
Outcome Event Trial in Type 2 Diabetes Mellitus Patients; GFR, glomerular filtration rate; IDNT, Irbesartan Diabetic Nephropathy Trial; IFV, interstitial
fluid volume; MAP, mean arterial pressure; NESTOR, Natrilix SR versus Enalapril Study in Type 2 diabetic hypertensives with micrOalbuminuRia;
NHE3, sodium-hydrogen exchanger 3; N-IRF, normoglycemic with impaired renal function; pother seiv, POdOCYyte injury; APerm, change in glomerular
membrane permeability; Py, glomerular capillary hydrostatic pressure; PT, proximal tubule; RAAS, renin-angiotensin-aldosterone system; RENAAL,
Reduction of Endpoints in NIDDM with the Angiotensin Il Antagonist Losartan Study; RCapumin, Proximal tubule capacity to reabsorb a filtered
albumin; SGLT, sodium glucose cotransporter; SGLT2i, SGLT2 inhibitor; SNGFR, single nephron glomerular filtration rate; T2D, type 2 diabetes;
UACR, urinary albumin creatinine ratio; UAER, urinary albumin excretion rate; UGE, urinary glucose excretion.
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Fig. 1. Base model of renal function. (Top left) The renal vasculature is modeled by a single preafferent resistance vessel flowing into N parallel nephrons.
(Bottom left) Glomerular filtration is modeled according to Starling’s law. Na* and water are reabsorbed at different fractional rates in the proximal tubule,
loop of Henle, distal convoluted tubule, and connecting tubule/collecting duct. Glucose and Na* reabsorption are coupled through SGLT2 and SGLT1 in the
proximal tubule. (Top right) The balance between Na* and water excretion and intake determine blood volume and Na* concentration. Na* and water move
between the blood and interstitial fluid across a concentration gradient, and Na* may be sequestered nonosmotically in a peripheral storage compartment.
Blood volume determines venous return and cardiac output, which together with total peripheral resistance, determine mean arterial pressure and
subsequently renal perfusion pressure, closing the loop. (Bottom right) Multiple regulatory mechanisms, including the RAAS and tubuloglomerular
feedback (TGF), provide feedback on model variables to maintain or return homeostasis. ®, flow rate; CD, collecting duct; CNT-CD, connecting tubule and
collecting duct; DLH, descending loop of Henle; Nxephron, number of nephrons; Pg,, pressure in the Bowman’s space; R.g, afferent arteriole resistance; RBF,
renal blood flow; RIHP, renal interstitial hydrostatic pressure set point; Ry cafr, preafferent arteriole resistance; Pyenous, venous pressure; LoH, loop of Henle;
Rperitubular, Peritubular capillary resistance; TPR, total peripheral resistance Adapted from Hallow et al. (2017).

Glucose Filtration, Reabsorption, and Excretion. Glucose is
filtered freely through the glomerulus. Thus, the filtered load for
a single nephron is the product of SNGFR and average plasma glucose
concentration (Cg,):

d)glu.filtered = SNGFR*Cglu 3)

Glucose is reabsorbed by SGLT2 in the S1 and S2 segments of the
proximal tubule (PT) and by SGLT1 in the S3 segment, up to the
reabsorptive capacity of each segment (Supplemental eqs. A8 and A9).
Any unreabsorbed glucose then flows through the rest of the tubule
and is excreted in the urine (Supplemental eq. A10).

Na* Filtration and Reabsorption. The single nephron-filtered
Na* load is given by:

(I)Na,ﬁltered = SNGFRXCNa 4)

where Cy, is the plasma Na* concentration. Na* is reabsorbed
through different transporters at different rates in each segment

along the tubule. In the proximal tubule, NHE3 plays a major role in
Na* reabsorption, and thus NHES3 reabsorption is modeled explicitly.
In addition, coupling of glucose and Na* reabsorption through SGLT2
at a 1:1 molar ratio (Supplemental eq. A12) and by SGLT1 at
a 1:2 molar ratio (Supplemental eq. A13) is modeled. Additional
Na* reabsorption through other transporters is also accounted for
(Supplemental eq. A14). For the remaining nephron segments, we
approximate Na* reabsorption in each segment as distributed uni-
formly along the length and defined by a fractional rate of reabsorption
(Supplemental eqs. A15-A18).

Dapagliflozin treatment is not associated with changes in serum
potassium, so for simplicity, potassium filtration and reabsorption
were not tracked in the model (Yavin et al., 2016).

Water Reabsorption. Water reabsorption in the PT is isosmotic.
Thus, the rate of water reabsorption depends on the concentration
of osmolytes, including Na* and glucose, in the tubular fluid
(Supplemental eqs. A19-A21).
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The flow rates of osmolytes and water out of the PT are then used to
determine water reabsorption along the remaining nephron segments,
including regulation by vasopressin in the collecting duct, as described
previously and in the Supplemental eqs. A22—-A28.

Blood and Interstitial Fluid and Peripheral Sodium Stor-
age. Sodium and water are modeled as distributed between the
blood, interstitium, and a third compartment that stores Na*
nonosmotically (Fig. 1 (top right)) (Titze, 2009, 2014; Hammon
et al., 2015; Hallow et al., 2018b). Sodium and water are assumed
to move freely between the blood and interstitial fluid across
a Na* concentration gradient. Water and sodium intake rates are
assumed constant. Then, blood volume and blood sodium are the
balance between intake and excretion of water and sodium,
respectively, and the intercompartmental transfer between blood
and interstitium (Supplemental eqs. A29 and A30). Similarly,
interstitial fluid volume (IFV) depends on the intercompartmen-
tal transfer between blood and interstitium (Supplemental
eq. A31).

When interstitial sodium concentration exceeds the normal equi-
librium level, Na* is assumed to move out of the interstitium and is
sequestered in the peripheral Na* compartment, where it is osmoti-
cally inactive. Thus, the change in interstitial fluid sodium depends on
intercompartmental transfer and peripheral storage (Supplemental
eqs. A32—-A34). Sodium cannot be stored indefinitely; thus, there is
a limit on how much sodium can be stored.

Albumin Filtration, Reabsorption, and Excretion. The rate
of albumin filtration is a function of SNGFR, the plasma albumin
concentration Cgpumin, and the sieving coefficient K,pymin, as de-
scribed in Lazzara and Deen (2007):

d)albuminﬁltered = Kalbumin*SNGFR*calbumin (5)

The PT has limited capacity to reabsorb a filtered albumin (RC 3,min),
beyond which excess albumin is excreted.

(palbumin,reabs = min ((palbumin,ﬁltereds RCalbumin)- (6)
The UAER is then
UAER = (q)albumin,ﬁltered - q)albumin,reabs )*Nnephrons~ (7)

Kidney Injury. Nephron loss due to kidney injury was modeled by
reducing the number of nephrons. Although nephron loss in kidney
disease is progressive, we did not account for progressive nephron loss
in the current analysis, since all simulation durations were less than 6
months.

We assumed that, when glomerular capillary hydrostatic pressure
P, rises above some normal limit P, , it causes injury and
dysfunction of the glomerulus and podocytes. The magnitude of this
injury signal (GP,,,)is defined as:

GPiyjury = max(Py — Pyeo, 0). (8)
Glomerular hypertension causes glomerular hypertrophy, with up to
a 50% increase in glomerular volume observed within a few weeks in
diabetic and/or nephrectomized rats, mice, and humans (Flyvbjerg
et al., 2002; Levine et al., 2008; Bivona et al., 2011). The ultrafiltration
coefficient Kin eq. 1 above reflects both the permeability and surface
area of the glomerular membrane. The effect of glomerular hyperten-
sion on Ky through changes in the glomerular surface area (hypertro-
phy) is modeled as
d ® GPinjury .

gt (A54) = (4840 —ASAYF—

9)

ASA, o 18 the maximum increase in glomerular surface area (SA;
expressed as a percentage), and 7g4 represents the time constant for
the increase in surface area. ASA,,,. is fixed at 50%, and the time
constant 7gy is set so that a steady state is reached within a few weeks.
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Glomerular hypertension also contributes to progressive glomer-
ulosclerosis, which is a slower process than glomerular hypertrophy.
Mathematically, this can be represented as a decrease in glomerular
permeability APerm, so that the ultrafiltration coefficient K is given
by

Kf :Kf_o*(]. +ASA—APerm) (10)
where K is the normal ultrafiltration coefficient in the healthy state.
For this analysis, we assume that progression of glomerulosclerosis
over the simulation period (6 months or less) is minimal. Thus, APerm
is treated as a parameter representing damage that has already
accrued but does not change during the simulation.

Glomerular hypertension also damages podocytes, causing them to
leak protein. Reversible glomerular hypertensive injury to podocytes
is modeled as a sigmoidal function:

E,...GP],

w _ injury
"gp,selv Y <]
GPinjury Km.gp,seiv

(11)

There may some podocyte injury that is irreversible or that is due to
nonhemodynamic mechanisms. This is represented by a parameter
Mothersiev- The albumin sieving coefficient is then given by

Kalbumin = Kulbumino* (]- + I‘LgpAseiv + /J“other,seiv) (12)
where Kgpumino 1S the sieving coefficient under normal conditions.
Changes in albumin excretion are assumed to reflect near-instantaneous
(within hours to days) changes in glomerular hypertension. This
is consistent with the fast changes in proteinuria observed with
antihypertensive treatments and in diseases such as preeclampsia
(Mikami et al., 2014).

Regulatory Mechanisms. The model incorporates key intrinsic
and neurohormonal regulatory feedback mechanisms, as illustrated in
Fig. 1 (bottom right). 1) Tubuloglomerular feedback is modeled as
a signal from macula densa sodium flow (Supplemental eq. A45) that
signals the afferent arteriole (Supplemental eq. Al) to constrict or
relax. 2) Myogenic autoregulation is modeled as a function of
preafferent pressure (Supplemental eqs. A46 and A47) that signals
the preafferent arterioles (Supplemental eq. A1) to constrict or relax.
3) Vasopressin is modeled as a function of plasma Na* concentration
(Supplemental eq. A48) that alters collecting duct water reabsorption
(Supplemental eq. A25). 4) The pressure natriuresis phenomenon is
modeled as a signal from renal interstitial hydrostatic pressure
(Supplemental eqs. A49 and A50) that alters Na* reabsorption rates
along the nephron (Supplemental eqs. A14 and A16). 5) Whole-body
blood flow autoregulation is modeled as a signal from cardiac output
that modulates peripheral resistance (eq. 12; Supplemental eq. A51).
6) To describe the renin-angiotensin-aldosterone system (RAAS),
renin secretion is modeled as a function of macula densa sodium flow,
with a strong inhibitory feedback from angiotensin IT (AngII) bound to
the Angiotensin Type 1 (AT1) receptor (AT1-bound AnglIl) (Supplemental
egs. A52—-A55). Renin generates angiotensin I, which can be converted to
AnglII by ACE or chymase, or degraded (Supplemental eq. A56). AnglI can
bind to the AT1 or Angiotensin Type 2 (AT2) receptor, or it can be
degraded (Supplemental eq. A57). AT'1-bound AnglII signals efferent,
preafferent, and afferent vasoconstriction; PT sodium retention;
and aldosterone secretion (Supplemental eq. A59). Aldosterone
binds to the mineralocorticoid receptor (Supplemental eq. A60) and
signals sodium retention in the connecting tubule/collecting duct
(Supplemental eq. A61).

SGLT2 Inhibition. As described previously, the direct effect of
10 mg dapagliflozin once daily on SGLT2 was modeled as a constant
85.3% inhibitory effect on the glucose reabsorption rate per unitlength
through SGLT2 in the S1 and S2 segments (Supplemental eq. S68,
used above in Supplemental eq. S8) (Hallow et al., 2018a). After
initiating treatment with SGLT2i, urinary glucose excretion (UGE)
reaches a maximum within 24 hours and then settles to a stable level
slightly less than peak over the next several days. This is assumed to
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be in part due to compensation as SGLT1 and 2 are upregulated, and
as described previously (Hallow et al., 2018a), we assumed unreab-
sorbed glucose signals upregulation of SGLT, up to a maximum
increase in activity of 30% (Supplemental eqs. S68-S70). Lastly,
SGLT2i is assumed to have a weak inhibitory effect on Na* reabsorp-
tion through NHE3 (Fu et al., 2014; Pessoa et al., 2014; Coady et al.,
2017) (Supplemental eq. S71). We previously showed that 8% in-
hibition of NHE3 with SGLT2i is sufficient to explain observed
electrolyte excretion responses to SGLT2i (Hallow et al., 2018a).

Technical Implementation

The model was implemented in the open-source programming
software R 3.1.2, using the RxODE package (Wang et al., 2016). Prior
to availability of trial results, simulation results were placed in an
online repository at https:/bitbucket.org/hallowkm/dapasalt/sre/master/,
which provides time-stamping of the results.

Virtual Patient Generation

Baseline model parameters are given in Supplemental Tables 1-6.
A population of 4000 virtual patients was generated by random
sampling of a subset of model parameters over the ranges listed in
Table 1. Because the distributions of these parameters within the
population are generally unknown, a uniform distribution was used.
Parameters to be sampled were chosen based on their mechanistic role
of diabetes, kidney injury, and hypertension. Diabetes was simulated
by increasing average plasma glucose concentration Cg, over a range
of 7.8-14 mmol/L (corresponding to HbAlc of 6.5%—10.5%). Existing
glomerulosclerosis and nephron loss were represented by varying the
initial conditions for pressure-induced reductions in glomerular
permeability (APerm) and for nephron loss (Anephrons), respectively.
Here, 0% represents no injury, and 100% represents complete loss of
glomerular permeability or nephrons, respectively. Podocyte injury
(Mother,seiv) and PT albumin reabsorptive capacity (RCapumin) Were also
varied. Ranges for these parameters were chosen such that the
resulting proteinuria ranged from 0 to 10 g/day. Hypertension was
simulated by varying preafferent and afferent arteriole resistances,
PT and collecting duct fractional Na* reabsorption, and pressure
natriuresis sensitivity and renal interstitial hydrostatic pressure set
point, as previously described (Hallow et al., 2014; Hallow and
Gebremichael, 2017a). Sodium intake was also sampled to represent
normal population variability in sodium intake. Baseline renin and
aldosterone secretion (renin secretion rate, normalized aldosterone

TABLE 1

secretion rate) were varied to produce variability in baseline renin and
aldosterone concentrations. After simulating to a new steady state,
virtual patient values for key clinical measures were compared with
physiologically reasonable values, and virtual patients with values
falling outside of those ranges were rejected.

Model Calibration and Validation with Diabetic Nephropathy
Clinical Trials

We have previously described calibration and validation of several
key model behaviors: 1) We have calibrated the model to describe
observed blood pressure reduction and plasma renin changes in
response to antihypertensive therapies (ACEi including enalapril,
ARBs including losartan, renin inhibitors, thiazide diuretics, and
calcium channel blockers) and have shown that it is able to predict the
response to combinations of these drugs (Hallow et al., 2014; Hallow
and Gebremichael, 2017a). 2) We have shown that the model is able to
describe clinically observed changes in urinary glucose, sodium, and
volume; changes in plasma sodium and creatinine; and changes in
blood pressure in response to SGLT2 inhibition (Hallow et al., 2018a).
3) We previously demonstrated that the model describes progression
of albuminuria, hyperfiltration, and GFR decline in murine diabetes
models (Mahato et al., 2018). However, the ability of the model to
describe the effects of pharmacologic intervention in patients with
diabetic nephropathy has not previously been demonstrated. To this
end, we simulated several key clinical trials in diabetic nephropathy
[RENAAL (Brenner et al., 2001), IDNT (Lewis et al., 2001), NESTOR
(Marre et al., 2004), and AVOID (Parving et al., 2008)], focusing on the
short-term (=6 months) albuminuria and GFR changes. Over this time
period, GFR changes are likely due primarily to renal hemodynamic
alterations rather than changes in disease progression (Holtkamp et al.,
2011). In this analysis, we did not attempt to predict renal outcomes or
long-term changes in GFR.

Each study represents a different segment of the diabetic nephrop-
athy population and/or a different treatment regimen. RENAAL and
IDNT investigated ARBs losartan and irbesartan, respectively, in
patients with macroalbuminuria and low eGFR. IDNT also required
that patients were hypertensive at baseline. NESTOR evaluated the
ACEi enalapril in patients with microalbuminuria and moderate
eGFR. In these three studies, any prior ACEi or ARB treatment was
discontinued before randomization. The AVOID study investigated
the addition of the renin inhibitor aliskiren to background ARB
(losartan) in patients with macroalbuminuria. However, baseline

Parameters varied to produce virtual patients with varying degrees of diabetes, hypertension, and kidney dysfunction

Mechanism Parameter Definition Units Range Median Equation

Diabetic increase in plasma glucose Cglu Plasma glucose concentration mM 7.8-14 9.5 3

Glomerulosclerosis APerm Reduction in glomerular permeability % 0-80 32% 10

Nephron loss ANephrons Initial value for nephron loss % 0-95 51% 2

Podocyte damage due to nonhemodynamic  pother,seiv Permanent increase in sieving % 0-50 24.7% 12
factors coefficient

Variability in PT protein reabsorption RCabumin Proxima tubule capacity for protein pg/min per 1.1-2.1 1.68 6

reabsorption tubule
Variability in aldosterone secretion Aldo, Normalized aldosterone secretion rate — 0.5-1.5 1 A60
Variability in renin secretion ASEC, ¢nin,0 Change in renin secretion rate % —50 to +42% A52
+120

Variability in sodium intake DPNain Sodium intake rate mEq/day 80-200 159 A30

Increased renal vascular resistance Rpreatr Preafferent arteriole resistance mm Hg-min/l 14-26 20 Al

Increased renal vascular resistance Rasr Afferent arteriole resistance mm Hg-min/l 10-17 13 Al

Increased PT sodium reabsorption Npt PT fractional Na* reabsorption rate — 0.6-0.84 0.717 13

Increased collecting duct sodium Ned Collecting duct fractional Na* — 0.8-0.9 0.85 Al4
reabsorption reabsorption rate

Reduced sensitivity to pressure natriuresis Sp.N Pressure natriuresis sensitivity — 0-1 0.5 A50
signals

Altered pressure natriuresis set point RIHP, Renal interstitial hydrostatic pressure mm Hg 9.6-10 9.8 A50

set point
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albuminuria was less severe than in RENAAL and IDNT, and baseline
eGFR fell between that of RENAAL/IDNT and NESTOR.

RENAAL was used as a calibration study, and model parameters
previously calibrated using mouse data (specifically, parameters in eq.
11 defining the relationship between glomerular hydrostatic pressure
and protein sieving injury) were refined to improve the fit to the
RENAAL UACR data. No other model parameters required adjust-
ment. Then, IDNT, NESTOR, and AVOID were simulated, and results
were compared with reported changes in albuminuria and eGFR. It
should be noted that although the model calculates GFR directly (eqgs.
1 and 2), these studies estimated GFR based on serum creatinine.
Equations for estimating GFR are most accurate for GFR less than
60 ml/min.

Clinical Trial Simulation

For each simulated study, a subset of virtual patients was selected
from the full population of virtual patients based on the trial’s
inclusion and exclusion criteria for HbAlc/blood glucose, UAER or
UACR, GFR, and MAP. If more than 70% of patients in the trial were
on a background antihypertensive therapy, a run-in period with that
therapy was simulated before selecting the trial virtual patients.
Controlled sodium intake during a run-in period was modeled when
specified in the trial protocol. Treatment with study drug and dose was
simulated for the trial duration or for 12 months, whichever was
shortest.

Summary of Calibration/Validation Studies

RENAAL was a randomized, double-blind, placebo-controlled study
of losartan in patients with type 2 diabetes (T2D) and nephropathy
(UACR > 300 mg/g, serum creatinine 1.3—3 mg/dl) (Brenner et al.,
2001; de Zeeuw et al., 2004). If patients were taking ACEi or ARBs at
screening, these medications were discontinued and replaced by
alternative antihypertensive medications (primarily diuretics and
calcium channel blockers). In total, 1513 patients were randomized
to 50 mg of losartan or placebo once daily and uptitrated to 100 mg
after 4 weeks if blood pressure remained above target levels. The mean
follow-up time was 3.4 years. Only changes in UACR and eGFR at
12 months were used in the current analysis.

IDNT was a randomized, double-blind, placebo-controlled study of
irbesartan in patients with T2D, hypertension (systolic blood
pressure > 135 mm Hg, diastolic blood pressure > 85 mm Hg, or
documented treatment with antihypertensive), proteinuria (protein
excretion > 900 mg/24 hours), and serum creatinine 1-3 mg/dl in
women and 1.2-3 mg/dl in men (Lewis et al., 2001). All ACEi, ARBs,
and CCBs (calcium channel blockers) were discontinued for at least
10 days before screening and replaced with other agents. In total, 1715
patients were randomized to irbesartan titrated from 2.5 to 10 mg per
day or to placebo. The mean follow-up time was 2.6 years. Only
changes in UACR and eGFR at 12 months were used in the current
analysis.

NESTOR was a l-year randomized, double-blind, placebo-
controlled study of enalapril or the diuretic indapamine slow release
in patients with T2D, microalbuminuria (UAER 28.8-288 mg/day),
and hypertension (systolic blood pressure 140-180 mm Hg and
diastolic blood pressure < 110 mm Hg) (Marre et al., 2004). All ACEi,
ARBs, and CCBs (calcium channel blockers) were discontinued before
randomization. In total, 570 patients were randomized to one of three
groups: enalapril 10 mg, indapamine 1.5 mg sustained release, or
placebo.

AVOID was a 6-month randomized, double-blind, placebo-controlled
study of aliskiren added to 100 mg of losartan in patients with T2D
and macroalbuminuria (UACR > 300 mg/g) (Lewis et al., 2001).
Inclusion criteria included eGFR > 30 ml/min per 1.73 m? and serum
creatinine 1-3 mg/dl in women and 1.2-3 mg/dl in men. During a 3-
month run-in period, all RAAS blockers were discontinued and
replaced with 100 mg losartan daily, plus additional antihyperten-
sives as needed to achieve target blood pressure of <130/80 mm Hg.

Modeling Renal Effects of Dapagliflozin 81

In total, 599 patients were randomized to aliskiren (150 mg upti-
trated to 300 mg at 12 weeks) or to placebo.

DAPASALT Study Protocol. DAPASALT is an open label,
mechanistic, three-arm study to evaluate the natriuretic effect of
2 weeks of dapagliflozin treatment with participants on a fixed sodium
diet. The study population consists of three groups of patients
(Caucasians, age 18-75 years of age) with either 1) T2D without renal
impairment (HbAlc 6.5%—-10%, eGFR 90-130 ml/min per 1.73 mz), 2)
T2D with impaired renal function (HbAlc 6.5%—-10%, eGFR 25-50 ml/
min per 1.73 m?), or 3) normoglycemic individuals with impaired renal
function (eGFR 25-50 ml/min per 1.73 m?) and confirmed diagnosis of
focal segmental glomerular sclerosis, IgA, or membranous glomerular
nephropathy. For inclusion, patients must also have been treated with
an ARB for at least 6 weeks prior to starting the trial, and for the
individuals with T2D, a stable dose(s) of appropriate glucose-lowering
medications other than SGLT2i must be present. Patients must also
have stable urinary sodium excretion on two successive 24-hour
measures during the run-in period. Patients with systolic and diastolic
blood pressure above 160/110 mm Hg, respectively, were excluded.
Full inclusion and exclusion criteria are included in the Supplemental
Material. The study aims to enroll 51 patients, 17 per arm, to ensure
that 15 patients complete each arm. A 2-week screening and run-in
period precedes the active treatment period, and patients receive
standardized meals with a sodium content of 150 mmol/day starting at
6 days before treatment and continuing through the study. Subjects
receive 10 mg pf dapagliflozin daily for 14 days, followed by a 4-day
washout period. The washout period was not considered in the
analysis presented here. Study endpoints are given in Table 2. Plasma
volume will be measured by indocyanine green distribution, and
extracellular fluid volume will be measured by bioimpedance spec-
troscopy analysis.

Results

Virtual Patient Population. Of the 4000 potential vir-
tual patients generated, 3389 had physiologically reasonable
steady-state values (MAP 70-160 mm Hg, GFR 15-150 ml/
min, UAER 0-10,000 mg/day) and were considered accept-
able. As shown in Fig. 2, top row, the distributions of baseline
GFR, MAP, and UACR in the acceptable virtual patient
population covered a wide range, providing a sufficient pop-
ulation from which to sample clinical trial populations. UAER
was lognormally distributed, and GFR and MAP were nor-
mally distributed. Table 3 summarizes the number of micro-
albuminuric, macroalbuminuric, and hypertensive virtual
patients within each GFR category. Figure 3 illustrated the
effect of virtual patient differences in nephron number,
glomerulosclerosis, and blood glucose on baseline GFR and
UAER. As expected, GFR was lower and SNGFR was higher in
virtual patients with greater nephron loss ). Virtual patients
with higher glomerulosclerosis tended to have lower GFR,
although some virtual patients had low GFR with minimal
glomerulosclerosis (). Blood glucose was not associated with
GFR (). UAER increased with moderate nephron loss, but it
decreased again as nephron loss increased further (). UAER
tended to be higher in virtual patients with more glomerulo-
sclerosis (), and there was no association between blood
glucose and UAER ().

To replicate trials in which patients were on an ARB therapy
at baseline (AVOID and DAPASALT), virtual patients were
simulated on an ARB to reach a new baseline. As shown in
Fig. 2, bottom row, this shifted the virtual population distribu-
tions of UAER, GFR, and MAP to the left, but the full range of
each variable was still covered.
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TABLE 2
Primary and secondary endpoints of the DAPASALT study

Variable Type Measure Time Points
24-h sodium excretion Primary Change in mean Baseline vs. mean of days 2—4
Secondary Baseline vs. mean of days 12-14
Secondary Days 12-14 vs. days 15-17
24-h sodium excretion Secondary Change in mean Baseline vs. day 4
24-h sodium excretion Baseline vs. day 13
24-h systolic blood pressure Day 13 vs. day 17
24-h systolic blood pressure
24-h systolic blood pressure
Plasma volume Secondary Change in mean Baseline vs. Day 4
Baseline vs. Day 14
Day 14 vs. Day 17
Extracellular fluid volume Secondary Change in mean Baseline vs. Day 14

Calibration and Validation: Simulation of Previous
Diabetic Nephropathy Clinical Trials. After selecting
study populations from the larger virtual population by
applying each trial’s inclusion/exclusion criteria for albumin-
uria and eGFR, the virtual study populations produced were
reasonably representative of the clinically reported baseline
albuminuria and eGFR measures in each study (Fig. 4, top
row). There was heterogeneity across studies in albuminuria
measurement used (UACR or UAER) and statistic reported

(geometric mean or median, S.D., interquartile range, or
95% confidence interval), and we did not explicitly try to fit
these values.

The simulated response for each trial also reproduced the
reported reductions in albuminuria and eGFR. For RENAAL,
model parameters were optimized to fit the observed albumin-
uria response. For the remaining studies, the model-predicted
response reasonably reproduced the observed changes in
albuminuria and eGFR. One exception to this was the AVOID

No ARB background
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Fig. 2. (A-C) Virtual patient population covers the physiologic range of baseline UAER, GFR, and MAP. (D - F) After run-in on an ARB (losartan, 100 mg),

baseline distributions are leftward-shifted but still cover a wide range.
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TABLE 3

Prevalence of albuminuria and hypertension in virtual patient population by renal function status
Renal Function Microalbuminuria Macroalbuminuria Hypertensive
Impaired, GFR < 60 ml/min (n = 592) 43.4% 58.0% 83%
Moderate impairment, GFR 60-90 (n = 794) 53.4% 46.5% 71.6%
Normal, GFR > 90 ml/min (n = 2003) 61.1% 38.9% 68.6%

GFR response. This study showed a placebo-adjusted increase
in eGFR—a finding that is inconsistent with a considerable
body of studies showing reductions in eGFR with RAAS
blockade, both alone and in combination (Mann et al., 2008;
Holtkamp et al., 2011). However, it should be noted that the
model does not reproduce this unexpected behavior.
Prospective Simulation of DAPASALT. Figure 5 shows
the virtual study populations for each arm in DAPASALT.
The arms for T2D with preserved renal function, T2D with
impaired renal function, and normoglycemic with impaired
renal function will be referred to here as D-PRF, D-IRF, and
N-IRF. There were no inclusion/exclusion criteria for UAER.
Although each arm of the DAPASALT study will include
15-17 subjects, a larger number of virtual patients were
included in the virtual population to allow the model to
capture the full range of responses that might be observed.
Figures 6-8 show the simulated time course of key end-
points measured in the study for each of the three study arms,
and Fig. 9 compares the response between the three groups at
key time points. The washout period was not simulated. As
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expected, predicted 24-hour UGE is highest in the D-PRF
group, lower in D-IRF, and lowest in N-IRF (median 94.6, 35.9,
and 19.7 g/day on day 14, respectively). In all groups, 24-hour
Na™ excretion is predicted to peak on day 1, overcompensate
and dip just below baseline on day 2, and then quickly return
to baseline as the virtual patients again reached Na* balance.
Water excretion is also predicted to peak on day 1, but it
subsequently normalizes more slowly than Na* excretion. In
addition, water excretion is predicted to take longer to return
to baseline in renally impaired groups (around day 14)
compared with the normal renal function group (around
day 7).

Urinary Na* and water excretion are not in parallel because
urinary Na* excretion reflects changes in proximal tubule Na™*
reabsorption, whereas water excretion reflects changes in
both proximal tubule and the distal nephron. Compensatory
mechanisms eventually restore both Na* and water balance,
but mechanisms regulating Na* balance (e.g., renin, pressure
natriuresis) achieve balance more quickly than mechanisms
regulating water balance (mainly vasopressin).
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Fig. 3. Effect of virtual patient parameter values on baseline GFR and UAER.
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Fig. 4. Simulated and observed baseline (top row) and change from baseline (bottom row) in GFR/eGFR and UAER of key diabetic nephropathy clinical
trials. Boxes: simulated median and interquartiles; gray circles: individual virtual patients; red: clinical study reported values. (RENAAL (Brenner
et al., 2001): UACR is geometric mean + S.D.; IDNT (Lewis et al., 2001): UAER median and interquartile range, no measure of variability reported for
change in UAER; NESTOR (Marre et al., 2004): UAER geometric mean and interquartile range; AVOID (Parving et al., 2008): UAER geometric mean
and 95% confidence interval. For all studies, eGFR is mean * S.D.. No S.D. reported for RENAAL change in eGFR.)

The decrease in MAP in D-PRF is predicted to be slightly
larger than in the D-IRF group (—5.1 vs. —3.6 mm Hg). MAP
reduction in the N-IRF group is predicted to be small (1 mm Hg).

Our simulations predict that the initial reduction in GFR will
be much smaller in the impaired renal function groups (—3.8 and
—2.3 ml/min in D-IRF and N-IRF groups, respectively) compared
with the D-PRF group (—15.2 ml/min). The initial reduction in
GFR also varied widely within the D-PRF group, as indicated by
the width of the interquartile range (Fig. 6). Further analysis
showed that the largest drops occurred in hyperfiltering virtual
patients (baseline GFR > 110 ml/min, analysis not shown).

UAER is predicted to decrease substantially in all three
groups. In patients with diabetes, the UAER reduction is
predicted to be less but still quite large in the impaired renal
function group (34.8%) compared with the normal renal
function group (45.8%). A smaller reduction (14.2%) is predicted
in the N-IRF group. Our simulations predict that the maximum
UAER reduction will occur within 14 days.

As we have modeled previously, reductions in IFV are
predicted to be much greater than reductions in blood volume.
Predicted blood volume reduction is largest in the D-PRF
(210 ml), smaller in D-IRF (150 ml), and smallest in the N-IRF
group (40 ml). On the other hand, predicted IFV reduction is
larger in the D-IRF group than in the D-PRF group (1.81 vs. 1.681)
and was still substantially reduced in the N-IRF group (11). Thus,
the ratio of IFV to blood volume reduction is predicted to be larger
in the renal impairment groups than in normal renal function.

Discussion

Clinical Implications of Model Predictions. Given the
weaker glycosuria response to SGLT2i in patients with renal
impairment and in nonpatients with diabetes, volume changes
resulting from osmotic diuresis with SGLT2i might be
expected to be diminished in these populations. However,
the model predicts IFV reduction will be similar in T2D with
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Fig. 5. Baseline characteristics of DAPASALT virtual study arms (T2D preserved GFR n = 250, T2D low GFR n = 250, non-T2D low GFR n = 272). Red

bars: study inclusion exclusion criteria.

and without renal impairment and that nondiabetics with
renal impairment will see smaller but still substantial IFV
reductions, even with much lower UGE. Assuming IFV plays
an important role in the cardiovascular benefits of SGLT2i,
this is consistent with recent findings of the DAPA-HF
(Dapagliflozin in Patients with Heart Failure and Reduced
Ejection Fraction) study, in which significant improvements
in the primary endpoint (worsening of heart failure or
cardiovascular death) were seen across all baseline GFRs
and independent of diabetic status (McMurray et al., 2019).
The model also suggests a mechanistic explanation for these
predictions. Within a single nephron, predicted changes in
water excretion were similar between D-PRF and D-IRF
groups. However, because the D-PRF have more functioning
nephrons, the initial peak in water excretion in this group was
larger (Fig. 6). The modeling suggests this causes a larger
vasopressin response, which limits further excretion and
quickly returns water excretion to baseline. In D-IRF, the
predicted initial water excretion and thus vasopressin re-
sponse is lower, so compensation occurs more slowly, allowing

similar total water excretion and thus similar volume changes
as in the D-PRF group, even though the initial peak was
smaller.

A second finding, which we demonstrated previously in
single virtual patients (Hallow et al., 2018a), is that glomer-
ular hydrostatic pressure reductions, which likely play a large
role in dapagliflozin’s renoprotective effects, are predicted to
be similar in patients with normal or impaired renal function,
and initial GFR drop is expected to be smaller in impaired
renal function. The sustained glomerular pressure reduction
likely explains why the antiproteinuric effects are sustained in
patients with low GFR (Heerspink et al., 2016; Fioretto et al.,
2018).

Comparison with Available Data. Although DAPA-
SALT study results are not yet available, several available
data support the predicted responses. Our simulations re-
produce higher UGE observed in patients with normal versus
impaired renal function (List et al., 2009; Kohan et al., 2014).
Predicted MAP reductions of 3-5 mm Hg are consistent with
previous studies (List et al., 2009; Wilding et al., 2009;
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Ferrannini et al., 2010). The simulations reproduce the well
known initial drop in GFR with SGLT2i initiation. This
reversible initial reduction is followed by a much slower rate
of GFR decline (Wanner et al., 2016). Our simulations predict
the initial GFR drop with dapagliflozin will be smaller in
D-IRF than D-PRF. The predicted magnitude in D-IRF
(—3.8 ml/min) is consistent with reported eGFR changes in
clinical studies of diabetic chronic kidney disease (CKD). In
the DERIVE study, in patients with T2D with stage 3a CKD
treated with dapagliflozin, GFR fell by 5 ml/min per 1.73 m? at
week 4 (Fioretto et al., 2018). A similar reduction (—4 ml/min
per 1.73 m?) was observed with canagliflozin at week 6 in T2D

with stage 3 CKD (Yamout et al., 2014). Another small study
in patients with more severe CKD (mean eGFR 30.3 ml/min
per 1.73 m?) found a smaller (1.3 ml/min per 1.73 m?) re-
duction. This is consistent with our predicted smaller initial
GFR reduction in patients with lower baseline GFR.

Most studies reporting renal function changes with SGLT2i
have used serum creatinine to estimate GFR, although a few
used inulin clearance or other methods to measure GFR
directly. eGFR is accurate for GFR less than 60 ml/min per
1.73 m? but may be less accurate for higher GFRs. Studies
reporting eGFR changes in patients without renal impairment
have reported reductions of 4 to 5 ml/min per 1.73 m?®
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(Heerspink et al., 2016), and pooled analyses have shown no
dependence of change in eGFR on baseline eGFR (Petrykiv
et al., 2017). However, studies that measured GFR directly
have found larger reductions. In one study, GFR dropped by
10.8 ml/min initially in patients with T2D and normal renal
function treated with dapagliflozin (Lambers Heerspink et al.,
2013). Another study reported reductions of 5, 10, and 12 ml/min
in fasted, euglycemic, and hyperglycemic states, respectively
(van Bommel et al., 2020). Cherney et al. (2014) found that
empagliflozin reduced GFR in hyperfiltering patients with type 1
diabetes by 25-45 ml/min per 1.73 m?, depending on glycemic
state. They found no GFR change in nonhyperfiltering patients.

The magnitude of changes predicted in the DAPASALT D-PRF
group (—15.2 ml/min) are consistent with studies measuring
GFR directly, and it is possible that measured changes in eGFR
in DAPASALT may underpredict true changes in GFR. Our
simulations are also consistent with a larger initial GFR drop in
hyperfiltering than nonhyperfiltering patients.

The model-predicted changes in albuminuria are consistent
with studies showing consistent proteinuria reduction with
SGLT2i. In patients with T2D and moderate renal function
(baseline eGFR of 72-82 ml/min per 1.73 m?), 10 mg dapagli-
flozin reduced UACR by 45% at week (Heerspink et al., 2016)
and reduced 24-hour UAER by 36.2% at 6 weeks (Petrykiv

¥20z ‘0T 1udy uo sfeulnor 134SY e Buo'seuuno fiedseed | wouy papeojumoq


http://jpet.aspetjournals.org/

24hr Na® Excretion

24 hr Water Excretion

1.5-

88 Hallow et al.
24hr UGE
150 -
80 -
100-
&
) T 40-
E o
S} w
£ :\
50 - AN
\J
0 -~ l""" e
0 5 10 0 5

Day

0.0- -

-4 -

Day
GFR

10~ 50-

T

~

-10-

ml/min
%

L}

1

_20 - 1

1

-50- *

1

-30- F
1

-40-
-100-

0 5 10 0 5

Day

Interstitial Fluid Volume

Day

-10-

-15-

10 0 5 10
Day

Glomerular Hydrostatic Pressure

-8-

e 1 2 -
10 0 5 10

Day Day

Fig. 8. DAPASALT N-IRF arm. Simulated time course for change from baseline with 10 mg dapagliflozin. Solid line: median; dashed lines: 25%-75%;

pink bands: 0%—100% range of response.

et al,, 2017). In T2D patients with stage 3a CKD and
albuminuria, UACR fell 30.7% at week 4 and 41.7% by week
12 (Fioretto et al., 2018), whereas in stage 3b-4 CKD, UACR
was reduced 38.4% over 102 weeks. Our predicted reductions
of 45% and 35% in T2D with normal and impaired renal
function, respectively, are consistent with these findings.
Fewer data are available on fluid volume changes with
SGLT2i. As we predict here and in previous analyses of single
virtual patients (Hallow et al., 2018a,b), SGLT2i may elicit
much larger relative reductions in IFV than in blood volume.
This decongestive effect without excessive reduction in blood
pressure and organ perfusion may explain the unexpectedly

large benefits on heart failure (Zinman et al., 2015; McMurray
et al., 2019). To our knowledge, DAPASALT will be the first to
measure changes in both IFV and blood volume in the same
study. However, studies have separately reported measures
that reflect blood or total extracellular fluid volume change.
SGLT2i have consistently been found to increase hematocrit,
suggesting blood volume reduction. Hematocrit increases of
1.3% and 2.2% were reported in T2D with normal renal
function (Lambers Heerspink et al., 2013; Wada et al., 2019).
Ifred blood cell volume remains constant, the model-predicted
changes in blood volume correspond to 1.7% hematocrit in-
crease in T2D with preserved GFR, consistent with these
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studies. Hematocrit changes may also reflect changes in
hematopoiesis (Maruyama et al., 2019), but these effects were
not modeled here. Two recent studies used bioimpedance to
measure extracellular water changes. Unfortunately, these
studies did not report hematocrit, so relative reductions in
blood and interstitial volumes cannot be determined. These
studies were nonrandomized and were not placebo-controlled
and thus should be interpreted with care. In Ohara et al.
(2019), extracellular water was reduced by 8.4% in patients
with diabetes with impaired renal function treated with
dapagliflozin, and our simulations predict a 9.5% reduction.
A recent observational study in T2D with normal renal
function treated with empagliflozin or dapagliflozin reported
a smaller reduction (400 ml/1.73 m?) at day 3. A third study
with tofogliflozin showed a 0.3-kg reduction in extracellular
water (Kamei et al., 2018). This study actually showed a non-
significant hematocrit decrease, inconsistent with other stud-
ies consistently showing increases.

Model Validation. Models cannot reproduce all aspects of
physiology and disease. Making predictions and comparing
with clinical data are ways to determine whether the model is
“good enough” or whether important mechanisms are missing.
We previously showed that the model reproduces biomarker

and blood pressure responses to RAAS blockers, diuretics, and
calcium channel blockers in hypertension (Hallow et al., 2014)
and urinary and serum biomarker responses to dapagliflozin
in normal subjects (Hallow et al., 2018a). Here, we further
retrospectively validated the kidney injury and albuminuria
components of the model by demonstrating reasonable agree-
ment between model predictions and observed changes in
albuminuria and eGFR for previous diabetic nephropathy
clinical trials. This validation demonstrated that the renal
physiology/pathophysiology/pharmacology represented in the
model is sufficient for describing responses in this population
and provides confidence for making prospective predictions in
similar populations treated with SGLT2i.

Limitations. The model captures some but not all sources
of variability in SGLT2i response. Thus, predicted interquar-
tile ranges are likely narrower than true interquartile ranges.
DAPASALT virtual patients were selected based on inclusion/
exclusion criteria. Because we do not know the true baseline
characteristics, virtual and real populations may differ. In
particular, because no limits were placed on UACR in the
DAPASALT protocol, virtual and real baseline UACR could
be quite different, which could impact predicted treatment
responses. Few studies report time courses for albuminuria
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changes prior to 4 weeks. If the model overestimates the speed
of UAER reduction, the 2-week UAER response may be
overpredicted. For the normoglycemic arm, we did not distin-
guish between mechanisms of IgA nephropathy, focal seg-
mental glomerular sclerosis, or membranous glomerular
nephropathy. Once study results are available, comparison
of simulated and observed baseline characteristics and
responses may provide further information for better model-
ing these populations.

Conclusions

The model predicts similarly large IFV reduction between
D-PRF and D-IRF and less, but still substantial, IFV re-
duction in N-IRF, even though glycosuria is attenuated in
groups with impaired renal function. When DAPASALT
results become available, comparison with these prospective
simulations will provide a basis for evaluating how well we
understand the renal and volume homeostasis mechanism(s)
of SGLT2i. If the prospective simulations predict the results
well, this will also provide further validation of the model as
a tool for future predictions.
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FULL MODEL EQUATIONS

Renal Vasculature
The glomeruli are modeled in parallel, and in series with the preafferent (interlobar, interlobular,
and arcuate arterioles) and peritubular vasculature. Glomerular capillary resistance is assumed

negligible. Thus, renal vascular resistance RVR is given by:



(Raa+Rea)

Nnephrons

RVR = Rpreaff + + Rperitubular Eq. Al

Rpreaft and Rperitubular are lumped resistances describing the total resistance of preafferent and
peritubular vasculatures, respectively, while Raa and Rea are the resistances of a single afferent or
efferent arteriole, as determined from Pouiselle’s law, based on the arteriole’s diameter d, length

L, and blood viscosity u:

_ 128uLgq

_ 128uLeq
Raa -

i Req = Eq. A2

4 4
Tdgq Tdgg

Nnephrons is the number of nephrons. All nephrons are assumed identical, and the model does not

account for spatial heterogeneity.

Renal blood flow (RBF) is a function of the pressure drop across the kidney and RVR, according to

Ohm’s law:

MAP—P GFR(%)

- —vei nephrons

RBF — renal-vein + |4 Eq A3
RVR RVR

Renal venous pressure (Prenal-vein) is treated as constant. The second term in this equation accounts
for lower flow through the efferent arterioles due to GFR. As an approximation, all filtrate is
assumed reabsorbed back into the peritubular capillaries, so that peritubular flow is the same as

afferent flow.
Pgc is determined according to Ohm’s law:

ch = MAP — RBF * (Rpreaff + Raa/Nnephrons) Eq. A4



Determination of MAP, Psow and Tgo-avg are described later.

Single nephron glomerular filtration rate (SNGFR) is defined according to Starling’s equation,
where Ks is the glomerular ultrafiltration coefficient, Pg is glomerular capillary hydrostatic
pressure, Pgow is pressure in the Bowman’s space, and Mgo-avg is average glomerular capillary

oncotic pressure.
SNGFR = K5 (ch — Psow — 7Z'go—avg) Eq. A5
The total GFR is then the SNGFR multiplied by the number of nephrons:

GFR = SNGFR * N Eq. A6

nephrons

Glucose filtration, reabsorption, and excretion
Glucose is filtered freely through the glomerulus, so that single nephron filtered glucose load is:
Dy fitterea = SNGFR * Cgypyy Eq. A7
where Cqu is the plasma glucose concentration.
Glucose reabsorbed in the S1 and S2 segments is given by:
Pyiureabs.siz = MNPy rirteredr Jgius12 * Lpt,s12) Eq. A8

where Jgus12 is the rate of glucose reabsorption per unit length of the S1 and S2 segments
together, and Lpis12 is the length of the PT S1 and S2 segments together. Similarly, glucose

reabsorbed in the S3 segment is given by:

qjglu,reabs,S?; = min( ]glu,53 * Lpt,S?w Cpglu,filtered - cpglu,reabs,SlZ) Eq- A9



Any unreabsorbed glucose then flows through the rest of the tubule and is ultimately excreted,

so that the rate of urinary glucose excretion (Ruae) is:

Ryge = q)glu,out—PT = (pglu,filtered - (pglu,reabs,512 - (pglu,reabs,53 Eq. A10

Glucose reabsorption occurs exclusively in the PT through Na* glucose cotransporters (SGLT).
SGLT2 in the S1 and S2 segments of the PT reabsorbs 90-97% of filtered glucose, while SGLT1 in
the S3 segment reabsorbs the remaining 3-10%(39-43). At high plasma glucose concentrations,
filtered glucose can exceed the kidney’s capacity for reabsorption, and the excess glucose is
excreted. Jgiu,s12 and Jgu,s3 represent the number and function of SGLT2 and SGLT1 transporters
respectively. The values were determined such that 95% of filtered glucose is reabsorbed in the
S1 and S2 segments, while the remaining glucose was reabsorbed in the S3 segment, and so that
all glucose is reabsorbed and urinary glucose excretion is zero for blood glucose concentrations

up to 9 mmol/I(44).

Na* filtration and reabsorption in the PT

Similarly to glucose, Na* is freely filtered across the glomerulus, so that the single nephron filtered

Na* load is given by:

Dpafittered = SNGFR * Cyg Eq.All



where Cna is the plasma Na* concentration.

The rate of Na* reabsorption through SGLT2 equals the rate of glucose reabsorption in the S1 and

S2 segments, since SGLT2 reabsorb sodium and glucose at a 1:1 molar ratio:

cI)Na,reabs—SGLTZ = (pglu,reabs,512 Eq. A12

The rate of Na* reabsorption through SGLT1 is twice the rate of glucose reabsorption in the S3

segment, since SGLT1 reabsorb sodium and glucose at a 2:1 molar ratio:

DNareabs—SGLT1 = 2 * Dy, reabs,s3 Eq. Al13

Total PT Na* reabsorption is then given by:

cDNa,reabs—PT = (pNa,filtered * (nNa,reabs—PT,NHEB + 77Na,reabs—PT,other) + q)Na,reabs—SGLTZ +

®nareabs—SGLT1 Eq. Al4

where Nna, reabs-pT,NHE3 @Nd NNa, reabs-pT,other are the fractional rates of PT sodium reabsorption through

NHE3, and through mechanisms other than SGLT2 and NHE3. Na* flow rate out of the PT is then:

(DNa,out—PT = (pNa,filtered - (DNa,reabs—PT Eqg. A15

For the remaining nephron segments, we approximate Na reabsorption in each segment as distributed

uniformly along the length, and the rate of reabsorption per unit length is formulated so that the degree of
flow-dependence can be varied. For a given segment, the nominal rate of reabsorption per unit length rio is
given by the following, where 1 is the baseline fractional rate of reabsorption, ®na0(0) is the rate delivered

to the segment under baseline conditions, and L is the segment length.



_ MiPNa,io(0)

rp = 1 Eq. AL6

where i is the ascending LoH (ALH), DCT, or CNT/CD.

The actual rate per unit length r; is then the nominal rate augmented by a flow-dependent component, as
shown in Eq 17. The coefficient B determines the degree of flow-dependence: for B=0, there is no flow
dependence; for B=1, changes in reabsorption are directly proportional to flow.

Bmi(d’Na,i(O)—d?Na,io(O))
Li

o= Ti'o + Eq Al7

Na flow along each segment is then:
Dpg,i(x) = PN, i(0) — ryx Eq. A18

®n,,i(0) is obtained from the Na flow out of the preceding tubule segment.

Water Reabsorption along the tubule

Water reabsorption in the PT is isosmotic. Therefore, water leaving the PT and entering the loop

of Henle is given by:

q)osm,filtered
(Dwater,out—PT = (pwater,in—DCT = SNGFR * Eq. Al19
osm,out—PT

where filtered osmolytes include both sodium and glucose:
‘posm,filtered =2x (pNa,filtered + cDglu,filtered Eq. A20

Dosmout—PT = 2 % Pnaout—pr T ¢glu,out—PT Eq. A21



In the loop of Henle (LoH), water is reabsorbed in the water permeable descending LoH (DLH) due
to the osmotic gradient created by actively pumping sodium out of the water-impermeable
ascending limb (ALH). The osmolality along the length of the DLH Osmpin, which is assumed in

equilibrium with the osmolality in the surrounding interstitium Osm;s, is given by:

TALHX
Osmp,y(x) = 0sm;s(x) = Osmp;(0)e®water,in-pcTOS™pLH(©) Eq. A22

Here, x is the distance along the tubule length, and Rawx is the rate of sodium reabsorption per

unit length in the ascending loop of Henle (Eq. A17). Water flow through the DLH is then given by:

Dy ater,pLH (0)0smpy (0) Eq. A23

q)water,DLH (x) = OsmpLa @)

The ALH and the distal convoluted tubule (DCT) are modeled as impermeable to water, so that

the flow through these segments equals the flow out of the DLH:

cI)Water,ALH (x) = (Dwater,DCT (x) = (Dwater,DLH(L) Eq. A24

In the collecting duct (CD), water reabsorption is driven by the osmotic gradient between the CD

tubular fluid and the interstitium, and is modulated by vasopressin, as described later:

_ Osmep(L)
q)water,reabs— CD — :uvasopressinq)water,CD(O) * (1 - osmys(L)

Eq. A25

Where the osmolality in the CD Osmcp(L) accounts for sodium reabsorbed in the collecting duct:

osm,cd (0)_2*(¢Na,cd(0) — ®Nacd (L))

‘bwater,CD (O)

@
Osmgp(L) = Eq. A26

Then, single nephron water excretion rate is given by:



(Dwater,CD(L) = chater,CD(O) - q)water,reabs— CD Eq- A27

And urine flow rate is then:
@ yrine = SNGFR * q)water,CD(L) Eq. A28
Whole Body Sodium and Water Balance and Peripheral Sodium Storage

We incorporated that three compartment model of volume homeostasis into the renal physiology model, to
allow evaluation of the potential role of peripheral sodium storage in the renal response to dapagliflozin.
Titze et al have demonstrated dynamic changes in non-osmotically stored sodium in peripheral tissues
(Hammon et al. 2015), and we have previously shown that this mechanism is necessary in order explain
constant plasma Na+ concentration observed with electrolyte-free water clearance with SGLT2 inhibition
(Hallow et al., 2017). Parameters for this portion of the model are given in Table S1. Sodium and water are
assumed to move freely between the blood and interstitial fluid. Water and sodium intake rates were assumed
constant. Then blood volume (V) and blood sodium (Nanieod) are the balance between intake and excretion

of water and sodium respectively, and the intercompartmental transfer.

d
E (Vb) = Waterin - Waterout + Qwater([Na]blood - [Na]IF) EQ-AZQ

d
E (Nablood) = cI)Na,intake - cI)Na,excretion + QNa([Na]IF - [Na]blood) Eq- A30

Sodium concentrations in the blood and interstitial compartments are assumed to equilibrate quickly. Change

in interstitial fluid volume (IFV) is a function of intercompartmental water transfer.

S UFV) = Quater(INaliz — [Nalpiooa) Eq. A31



When interstitial sodium concentration [Na]ir exceeds the normal equilibrium level [Na]irr, Na+ moves out
of the interstitium and is sequestered in the peripheral Na+ compartment, at a rate of ®nastored, Where it is
osmotically inactive. Thus, the change interstitial fluid sodium depends on intercompartmental transfer and
peripheral storage. Sodium cannot be stored indefinitely, and thus there is a limit Nastored,max on how
much sodium can be stored. The peripheral sodium compartment can be effectively removed from the model

by setting Qnastored tO Z€rO.

(Nastoredmax—Nastored) ([Na] JF— [Na] IF,ref) Eq. A32

Nastoredmax

Dygastored = Onastored *
d —
PT: (Nastorea) = DN stored Eqg. A33

d
T (Na;r) = Qna([Nalpiooa — [Nalir) — DN stored Eq. A34

Blood and IF sodium concentrations are then given by:

[Nalpipoq = ~2ieod Eqg. A35
VB
[Na],p = 2&r Eq. A36
alir = Jay Q.

Tubular Hydrostatic Pressure

Hydrostatic pressure in the Bowman’s space is a key factor affecting GFR, and this pressure is influenced
by both morphology and flow rates through the tubule. Changes in Na and water reabsorption along the
nephron, which can occur either due to disease or treatments, can alter GFR by altering tubular pressures.

Thus dynamically modeling tubular pressures can be critical to understanding GFR changes.



Adapting from Jensen et al(16), tubular flow rates described in the main text can be used to determine tubular
pressure. The change in intratubular pressure dP™ over a length of tubule dx can be defined according to

Poiseuille’s law as:

dpr = -2 (x)dx Eq. A37

nD*

Eq. 36 describes the relationship between transtubular pressure P and tubular diameter D, where Dy is the

diameter at control pressure Pc, and B is the exponent of tubular distensibility.
B
= =(x) Eq. A38

Substituting and assuming uniform interstitial pressure throughout the kidney, we obtain:

1281

P\ 4B
dp =~ (%) " @uvater () dx Eq A39

Integrating over a tubule segment length, we obtain inlet pressure as a function of the outlet pressure and the

flow rate:

1

B
[ p4B+1 | (4[3+1)128nP f q)water(x)dx]‘* +1 Eq A40

out D4
The pressure calculated at the inlet to the PT is used as Psow in EQ. A5 above.

Because the diameter of the CNT/CD changes as nephrons coalescence, calculating pressure along this
segment is challenging. Under normal conditions, pressure drops 5-7mmHg across the CNT/CD. Thus, an

effective control diameter was calculated to give this degree of pressure drop under baseline conditions.

Glomerular Capillary Oncotic Pressure
The glomerular capillary oncotic pressure is calculated using the Landis Pappenheimer equation, where Cpyrot

is the concentration of protein at the point of interest.



T = 1.629 * Cpror + 0.2935 * C2po Eq. A4l

Plasma protein (Cprotplasma) iS assumed constant. Protein concentration at the distal end of the glomerulus

(Corot-glom-out) 1S determined as:

RBF
Cprot—glom—out = Cprot—plasma * RBF—GFR Eq- A42

Protein concentration is assumed to be varying linearly along the capillary length, and thus the oncotic

pressure mg,_qyg IS calculated using the average of the plasma protein concentration and protein

concentration at the distal end of the glomerulus.

The model does not account for filtration equilibrium, which may occur in some species.

Regulatory Mechanisms

Multiple control mechanisms act on the system to allow simultaneous control of Cns, CO, MAP, glomerular
pressure, and RBF. For each control mechanism, the feedback signal p is modeled by one of two functional
forms. The choice of functional form is determined by whether a steady state error is allowed in the
controlled variable X. When a steady state error is not allowed (i.e. X always eventually returns to the
setpoint Xo), the effect is defined by a proportional-integral (P1) controller. The initial feedback signal is
proportional to the magnitude of the error (X-Xo), with gain G. But the feedback continues to grow over time
as long as any error exists, until the error returns to zero. The integral gain K; determines the speed of return

to steady-state.

All other mechanisms, for which the controlled variable can deviate from the setpoint at steady-state, are

described by a logistic equation that produces a saturating response characteristic of biological signals:



u=1+S*<+XO)—O.5> Eq. Add

1+exp( poo

Here, m defines the slope of the response around the operating point, and S is the maximal response as

X goes to +oo.

Control of plasma Na concentration by vasopressin
Changes in plasma osmolality are sensed via osmoreceptors, stimulating vasopressin secretion, which exerts
control of water reabsorption in the CNT/CD. To insure that blood sodium concentration Cna is maintained

at its setpoint Cnap at steady state, this process is modeled by a PI controller:

Myasopressin = 1 + GNa-vp * (Cna + Kizyp * [ (Cna — Cnag)dt) Eq. A45
The parameters Gnavp and Ki.yp are gains of proportional and integral control, respectively.
Tubular Pressure Natriuresis

For homeostasis, Na excretion over the long-term must exactly match Na intake (the principle of Na
balance). Any steady-state Na imbalance would lead to continuous volume retention or loss— an untenable
situation. Pressure-natriuresis(2), wherein changes in renal perfusion pressure (RPP) induce changes in Na
excretion, insures that Na balance is maintained. It may be partially achieved through neurchumoral
mechanisms including the RAAS, but there is also an intrinsic pressure-mediated effect on tubular Na

reabsorption, where renal interstitial hydrostatic pressure (RIHP) is believed to be the driving signal. RIHP

is a function of peritubular capillary pressure, and is calculated according to Ohm’s law:

Rafr+Re
F'peritubular = MAP — RBF * (Rpreaff + M) Eq. A46

Nnephrons

As a simplification, we assume an increase in peritubular pressure will generate a proportional increase in

RIHP. Since the kidney is encapsulated, we assume interstitial pressure equilibrates and changes in one



region are transduced across the kidney. The relationship between RIHP and fractional Na reabsorption rate

of each tubular segment is then modeled as:

1
Ni—sodreab — Ni-sodreab,0 * <1 + SP—N,i * (1+exp(RIHP—RIHP0) - 0-5)> Eq. A47

where i = PT, LoH, DCT, or CNT/CD. 1;_so4rean,0 is the nominal fractional rate of reabsorption for that
tubule segment. RIHP, defines the setpoint pressure and is determined from RIHP at baseline for normal Na

intake. Sp.n; defines the maximal signal as RIHP goes to .

Control of Cardiac Output

CO, which describes total blood flow to body tissues, returns to normal over days to weeks following a
perturbation (38). CO regulation is a complex phenomenon that occurs over multiple time scales, but we
focus only on long-term control (days to weeks), which is thought to be achieved through whole-body
autoregulation - the intrinsic ability of organs to adjust their resistance to maintain constant flow(38). The
total effect of local autoregulation of all organs is that TPR is adjusted to maintain CO at a constant resting
level. The feedback between CO and TPR is modeled with a Pl controller, such that CO is controlled to its

steady-state setpoint COy.

TPR=TPR o *(1+ Geo-tpr * (CO + Ki_gpr * [(CO — COp)dt) ) Eq. A48

Control of Macula Densa Sodium Concentration by Tubuloglomerular Feedback
Tubuloglomerular feedback (TGF) helps stabilize tubular flow by sensing Na concentration in the the macula
densa, which sits between the LoH and DCT, and providing a feedback signal to inversely change afferent

arteriole diameter. The TGF effect is defined as:



1
Wrgr = 1+ Stgr * ( Gy - 0.5> Eq. A49

1+exp( mTGr

The basal afferent arteriole resistance Raa is then multiplied by prer to obtain the ambient afferent arteriolar
resistance. The setpoint Cnamp,o iS the Na concentration out of the LoH and into the DCT in the baseline

state at normal Na intake.

Myogenic Autoregulation of Glomerular Pressure

Glomerular hydrostatic pressure is normally tightly autoregulated, and changes very little in response to
large changes in blood pressure. This autoregulation is in part through myogenic autoregulation of the
preglomerular arterioles. While the pressure drop and thus myogenic response varies along the arteriole
length, we make the simplifying assumption that the preafferent vasculature responds to control pressure at

the distal end.

1

Hautoreg = 1+ Sautoreg * Ppreafferent—Ppreafferent0) 0.5 Eq A0
1+exp( Mautoreg )
Pressure at the distal end of the preafferent vasculature is given by:
Ppreafferent = MAP — RBF * Rpreaff Eq A51

The basal preafferent arteriole resistance Rpreatr is then multiplied by pauworeg t0 Obtain the ambient preafferent

arteriolar resistance.

Renin-Angiotensin-Aldosterone System Submodel

Renin is secreted at a nominal rate SECeno modulated by macula densa sodium flow, as well as by

a strong negative feedback from Angiotensin Il bound to the AT1 receptor.



SECrenin = Wmnd-renin * HaT1 * Ursna * SECrenin,O Eq- A52
The macula densa releases renin in response to reduced sodium flow:

e_Amd—ren(¢Na,md_ ¢Na,md,0) Eq A53

Hmd—renin

We have found that the inhibitory effect of AT1-bound Angll on renin secretion can be well described by

the following relationship:

AT1-bound—-Angll ) Eq. A54

Mar1 = AaTiren (ATl—bound—AngIIO
Renal sympathetic nerve activity is assumed to exert a linear effect on renin secretion. Renin secretion may
also be controlled by baroreceptors in the afferent arteriole. However, it is difficult to distinguish between
the effects of macula densa sodium flow and preafferent pressure in most experiments, since these variables
move in the same direction. As a simplifying assumption, and because have previously found that is provides
a better fit to available data (results not published), we neglected the baroreceptor effect and implicitly

assume that it is accounted for by the effect of macula-densa sodium flow.

Plasma renin concentration (PRC) is then given by:

d(PRC)
“ar SECrenin — Karenin * PRC Eq. AS5
Where Kgenin is the renin degradation rate. PRA can be related to PRC by the conversion factor 0.06

(ng/ml/hr)/(pg/ml).

Angiotensin | is formed by PRA, assuming that its precursor angiotensinogen is available in excess and the
plasma renin activity (PRA) is the rate-limiting step. Angl is also converted to Angll by the enzymes ACE

and chymase, and is degraded at a rate of Kg,ang.

_d(Adrzg’) = PRA — (ACE + Chymase) * Angl — Kg angiAngl Eq. AS6

Angiotensin 1l is formed from the action of ACE and chymase on Angl, can be eliminated by binding to

either the AT1 or AT2 receptors at the rate Kar: and Karz respective, and is degraded at a rate of Kd,Angll.



d(A+£qII) = (ACE + Chymase) * Angl — (Kur1 + Karz) * Angll — K4 angnAngll Eq.

A57
The complex of Angiotensin Il bound to the AT1 receptor is the physiologically active entity within the
pathway, and is given by:

d(AleoundAngII)
dt

= (Kar1) * Angll — K4 ar1 AT1_bound_Angll Eq. A58
AT1-bound Angll has multiple physiologic effects, including constriction of the efferent, as well and
preglomerular, afferent, and systemic vasculature, sodium retention in the PT, and aldosterone secretion.

Each effect is modeled as:

1
AT1—boundAngH0—AT1—b0und_AngIl>

-0.5

HaT1,i = 1+ Sary,i *

1+exp< mATL

Eqg. A59

where i represents the effect on efferent, afferent, preafferent, or systemic resistance, PT sodium

reabsorption, or aldosterone secretion.

Aldosterone is the second physiologically active entity in the RAAS pathway, acting by binding to
mineralocorticoid receptors (MR) in the CNT/CD and DCT to stimulate sodium reabsorption. MR-bound
aldosterone is modeled as the nominal concentration Aldo,0 modulated by the effect of AT1-bound Angll,

and the normalized availability of MR receptors (1 in the absence of an MR antagonist).

MR — bound_Aldo = Aldog * pyur1 *MR Eq. A60

The effects of MR-bound aldosterone on CNT/CD and DCT sodium reabsorption are modeled as:

1
Haidoi = 1+ Saido,i * < MR—bound Aldoo—MR—boundAldo) - 05) Eq. A61

1+exp( Maldo,i

Where i isthe CNT/CD or DCT.



Cardiac Model

The ventricular mechanics portion of the model was adapted from a previously published model by Arts,

Bovendeerd, and colleagues (1, 6). Many equations were used verbatim from these previous papers. We

repeat those equations here for the reader’s convenience, but refer the reader to the original publication
for more complete explanation. Here we present equations for the left ventricle; analogous equations

were used for the right ventricle.
The volume of blood inside the left ventricle chamber Vi, is given by:

d(Vi)
d—t,f = OQmitrat — Qaorta Eq. A62

where Qmirra and Qaorta are blood flow rates through the mitral and aortic valves, respectively, as
described later. Bovendeerd et al showed that left ventricular pressure Py, can be related to LV volume V),

and LV wall volume V,, by the following (Ref 6, Eq. 7):

Py =3 (07 — 20y, ) In (1 + Z—:”) Eq. A63

v

Here ot and omr are mechanical stresses in the myocardium along the longitudinal fiber the radial
direction respectively. ot is comprised of the sum of the passive stress along the fiber oms and active
fiber stress oa . The passive stress along the fiber is a function of the longitudinal stretch along the fiber As
and the myocardial longitudinal stiffness cr (Ref 6, Eq. 14).

A1) _ Ar=>1
am,f(af)z{UfO(ecf(Of ) 1)} ,1ff<1 Eq. A64

And mean passive radial stress is a function of the radial stretch A, and the myocardial radial stiffness ¢,

(Ref 6, Eq. 15).



oo (6D — 1)} =1
A <1

Oy () = 70l

Eq. A65

As shown by Bovendeerd et al, the longitudinal stretch A¢ is related to chamber blood volume and wall

volume by (Ref 6, Eq. 8):

1
1 =
V1v+ng

3
A=|——F Eg. A66
f <V1v,cavity "%Vw) g

Viv,cavity is the chamber volume at zero transmural pressure.
The radial stretch A, is given by (Ref 6, Eq. 9):
A = 272 Eq. A67

where Cr and Care the stiffness of the myocardial tissue in the longitudinal and radial directions,

respectively.

LV active stress is a function of contractility (c), sarcomere length Is, sarcomere shortening velocity Vs, and
time elapsed since beginning of contraction (t,). These equations were taken exactly as shown in Ref 6, Eq.

10-13.

Table S1. Baseline Renal Model Parameters

Parameter Definition Value Units




B Tubular compliance 0.2 -

MNNa, CNT-CD Fractional rate of CNT/CD Na+ reabsorption 0.827* -

NNa, DCT Fractional rate of DCT Na+ reabsorption 0.5 -

NNa, ALH Fractional rate of PT Na+ reabsorption 0.8 -
through PT NHE3

MNNa, reabs-PT,NHE3 Fractional rate of PT Na+ reabsorption 0.3 -
through PT NHE3

MNNa, reabs-PT,other Fractional rate of PT Na+ reabsorption 0.35 -
through non-NHE3, non-SGLT2 mechanisms

DOnaaLHo Rate of sodium delivered to the ALH under 2.02* pl/min
baseline conditions

Onajintake Sodium intake rate 100 mEq/day

Tx,SGLT Time constant for SGLT expression
adaptation

B LoH flow dependence coefficient 0.75 -

Cau Plasma glucose concentration 5 mmol/L

Calbumin Plasma albumin concentration 35 mg/dl

Corot Plasma protein concentration 7 g/dl

daa0 Nominal afferent arteriole diameter 11 pum

deao Nominal efferent arterial diameter 16.5 pum

Dc,cnt-cd Connecting tubule/collecting duct effective 22 pum
diameter at control pressure

De,dct Distal convoluted tubule diameter at control 17 pm
pressure

De,ih Loop of Henle diameter at control pressure 17 um

De,pt Proximal tubule diameter at control pressure 27 um

Jglus12 Rate of glucose reabsorption through SGLT2 0.2 mmol/min/
in the PT S1 and S2 segment per unit length mm




Jgius3 Rate of glucose reabsorption through SGLT1 0.025 mmol/min/
in the PT S3 segment per unit length mm
Kalbumino Albumin sieving coefficient 0.06 %
Ko Glomerular ultrafiltration coefficient 4 L/min-mmHg
Laa Average afferent arteriole length 73.6* um
Lea Average efferent arteriole length 73.6* um
Lent-co Connecting tubule/collecting duct effective 10 mm
length
Lact Distal convoluted tubule length 5 mm
LioH,Asc Ascending loop of Henle length 10 mm
LioH,Desc Descending loop of Henle length 10 mm
Lpt,s1 Length of the PT S1 segment 5 mm
Lpt,s2 Length of the PT S2 segment 5 mm
Lpt,s3 Length of the PT S3 segment 4 mm
Nnephrons Number of nephrons 2e6 -
[Na]ref Normal blood/IF equilibrium sodium 140 mmol/L
concentration
Nastored Maximum peripherally stored sodium 2000 Mmol
Pc,ent-cd CNT/CD control pressure 5 mmHg
Pcdt DCT control pressure 6 mmHg
Pe,ih,asc Ascending loop of Henle control pressure 7 mmHg
Pe,Ih, desc Descending loop of Henle control 8 mmHg
pressure
Pe,pt,s1 PT S1 segment control pressure 20.2 mmHg
Pe,pt,s2 PT S2 control pressure 15 mmHg
Pe,pt,s3 PT S3 control pressure 11 mmHg




Quwater Rate constant for water transfer 1 1/min
between blood and IF

Qna Rate constant for sodium transfer 1 1/min
between blood and IF

Qna,storage Rate constant for sodium storage/release 0.02 1/min
from the peripheral compartment

Rpreaft,0 Nominal preafferent arteriole resistance 14 mmHg-min/L

RCalbumin PT capacity for albumin reabsorption 1.7 pg/min/tubule

I Blood viscosity 5e-7 mmHg-min

Wateri, Water intake rate 2.1 L/day

Xsglt,max Maximum increase in SGLT expression 30 %

*Value calculated based on other parameters under baseline conditions
Table S2. Regulatory mechanisms model parameters
Parameter Definition Value Units

®Ona,md,0 Setpoint for sodium flow delivered to the 0.885* pl/min
macula densa

Amd-renin Scaling factor for macula densa renin 0.9 -
secretion

Aldo Aldosterone concentration setpoint 85 pg/ml

AT1-bound-Angllo AT1-bound Angll setpoint 16.6* pg/ml

CnaMD,0 Macula Densa sodium concentration 63.3* mEq/L
setpoint

Gco-tpr Proportional gain for cardiac output — TPR 0.1 -
controller

GnNa-vp Proportional gain for vasopressin control of 0.1 -
sodium concentration

Ki-tpr Integral gain for vasopressin control of 0.1 -

sodium concentration




Ki-vp Integral gain for vasopressin control of 0.005 -
sodium concentration

Maldo,cnt-cd Slope factor for aldosterone effect on 0.5 -
CNT/CD sodium reabsorption

Maldo,dct Slope factor for aldosterone effect on 0.5 -
CNT/CD sodium reabsorption

MAT1-aff Slope factor for AT1-bound Angll effect on 16 -
afferent resistance

MAT1-eff Slope factor for AT1-bound Angll effect on 16 -
efferent resistance

MAT1-preaff Slope factor for AT1-bound Angll effect on 16 -
preafferent resistance

MAT1-pt Slope factor for AT1-bound Angll effect on 16 -
proximal tubule Na+ reabsorption

Mautoreg Myogenic autoregulation slope factor 2 -

MTcr Tubuloglomerular feedback signal slope 6 -
factor

Poreafferent,0 Preafferent arteriole pressure setpoint 71%* mmHg

RIHP, Renal interstitial hydrostatic pressure 9.66* mmHg
setpoint

Saldo-cnt-cd Scaling factor for aldosterone effect on 0.2 -
CNT/CD sodium reabsorption

Saldo-dct Scaling factor for aldosterone effect on DCT 0.05 -
sodium reabsorption

SaT1-aldo Scaling factor for AT1-bound Angll effect on | 0.02 -
aldosterone secretion

SaT1-aff Scaling factor for AT1-bound Angll effect on | 0.8 -
afferent resistance

SAT1-eff Scaling factor for AT1-bound Angll effect on | 0.8 -

efferent resistance




SaT1-preaft Scaling factor for AT1-bound Angll effect on | 0.8 -
preafferent resistance

SATLpt Scaling factor for AT1-bound Angll effect on | 0.1 -
proximal tubule Na+ reabsorption

Sautoreg Preafferent autoregulation signal scaling 1 -
factor

Ster Tubuloglomerular feedback signal scaling 0.7 -
factor

Sp-N,CcNT-DC CNT-DC pressure-natriuresis signal scaling 0.5 -
factor

Sp-n,pCT DCT pressure-natriuresis signal scaling 0.1 -
factor

Sp-N,LoH LoH pressure-natriuresis signal scaling 0.1 -
factor

Se-n,pT PT pressure-natriuresis signal scaling factor | 0.5 -

Table S3. Renin Angiotensin Aldosterone System model parameters

Parameter Definition Value Units
ACE ACE activity 47.65* /min
Chymase Chymase activity 2.5% /min
Kar1 AT1-receptor binding rate 12.1* /min
Kar2 AT2-receptor binding rate 4% /min
Kd,Ang! Angl degradation rate 0.0924 /min
Kd,Ang! Angll degradation rate 0.146 /min
Ka,at1 AT1-bound Angll degradation rate 3.47 /min
Kd renin Renin degradation rate 4 /min




Table S4. Renal Disease Model Parameters

Parameter Definition Value Units Eq.

ASAmax Maximal glomerular surface area increase | 50 % 30

APerm Decrease in glomerular membrane 0 % 31
permeability

y Hill coefficient for glomerular pressure 2 - 32
effect on podocyte injury

Mother,seiv Podocyte damage due to non- 0 - 33
hemodynamic factors

Tsa Time constant for glomerular hypertrophy 30

Emax Maximum fold increase in sieving 4 - 32
coefficient due to glomerular pressure

Km,gp,seiv Glomerular pressure difference that elicits | 25 mmHg 32
half the maximal effect on albumin seiving

Paco Glomerular hydrostatic pressure above 65 mmHg 29
which podocyte injury occurs

Xsglt,max Maximum increase in SGLT expression 30 % 26

Table S5. Model Initial Conditions
Variable Definition Value Units

Angl Angiotensin | 8.164* pg/mg

Angll Angiotensin Il 5.17* pg/mg

AT1-bound Angll AT1-bound Angli 16.6* pg/mg

AT2-bound Angll AT2-bound Angll 5.5% pg/mg

co Cardiac Output 5 L/min

BV Blood Volume 5 L

IFV Interstitial Fluid Volume 12 L

Nabiood Blood sodium amount 700 mEq

Naie Interstitial sodium amount 1400 mEq

Nastored Stored sodium amount 0 mEq

PRC Plasma Renin Concentration 17.84 pg/ml




