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Abstract

Hypertension induced by chronic angiotensin II (Ang II) infusion serves as a valu-
able experimental model for studying blood pressure regulation and the kidney’s role
in electrolyte and fluid homeostasis. The kidney’s function is modulated by the renin-
angiotensin-aldosterone system (RAAS) and circadian rhythms, with notable differences
observed between males and females in the former. Under normotensive conditions, female
rat nephrons exhibit lower Na+/H+ exchanger 3 (NHE3) activity in the proximal tubule
but higher Na+ transporter activities along distal segments compared to males. Chronic
Ang II infusion reduces NHE3 activity, shifts Na+ transport downstream, and promotes
vasoconstriction, anti-natriuresis, and hypertension. These effects are further influenced
by diurnal oscillations in glomerular filtration, electrolyte transport, and renal transporter
regulation by circadian clock genes.

Using computational models of kidney function, this thesis explores two key areas: (i)
the impact of Ang II infusion on segmental electrolyte transport and diuretic responses in
male and female rat nephrons, and (ii) the influence of diurnal rhythms on the natriuretic
and diuretic effects of loop, thiazide, and K+-sparing diuretics under normotensive and
hypertensive conditions in male rats. Simulations suggest that NHE3 downregulation in
the proximal tubule is a primary driver of natriuresis and diuresis, with stronger effects
in males. In hypertension, the downstream shift in Na+ transport load amplifies the
effects of diuretics, with hypertensive females exhibiting larger relative increases in Na+

excretion due to their higher distal transport load. Additionally, diuretic responses vary
by time of day, with qualitatively similar diurnal oscillations observed in normotensive and
hypertensive kidneys. These findings provide insights into sex-specific and time-dependent
responses to hypertension and diuretic therapies, emphasizing the need to consider both
physiological context and administration timing in treatment strategies.
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Chapter 1

Physiology Background

The kidney is a complex organ that plays a vital role in critical physiological processes,
including the regulation of water and solute homeostasis, as well as blood pressure control
in mammals. Its ability to maintain electrolyte and fluid balance is significantly altered
under hypertension [150]. Additionally, under either normotension [24] or hypertension
[173], kidney function is modulated by circadian rhythms, which are governed by molecular-
level periodic regulatory mechanisms. However, the interplay between kidney physiology,
hypertension, and circadian rhythms has not been extensively studied using modeling
approaches. In this chapter, we provide the necessary background on renal physiology to
support our modeling studies, along with the motivations for conducting these researches.

1.1 Kidney Structure and Function

1.1.1 Kidney Anatomy

The kidneys are bean-shaped structures, characterized by a concave medial side and a
convex lateral side. They are positioned retroperitoneally along the posterior abdominal
wall.

As shown in Fig. 1.1, the kidney consists of two regions: the cortex and medulla.
The cortex contains renal corpuscles, tubules, collecting ducts, and vasculature, while
the medulla features straight tubules, collecting ducts, vasa recta, and pyramids [135].
Medullary rays, made up of straight tubules and collecting ducts, extend from the medulla
into the cortex. Pyramids are cone-shaped structures with their base facing the cortex
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and apices towards the hilum. The papillae at the pyramid tips drain into minor calyces
through the area cribrosa. A lobule consists of a collecting duct and the nephrons it drains
[98].

Figure 1.1: Diagram of kidney anatomy. The figure is reproduced from [135].

1.1.2 Nephron Structure

The nephron is the smallest functional unit of the kidney. It consists of a capsule, Bow-
man’s capsule, and a curved tubule with distinct segments responsible for water and solute
transport (see Fig. 1.2). Nephrons can be classified based on the length of the Loop of
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Henle: superficial nephrons and juxtamedullary nephrons. The superficial nephron is lo-
cated in the outer cortex and features a short loop of Henle that extends minimally into the
medulla. In contrast, the juxtamedullary nephron is positioned near the cortex-medulla
boundary and has a long loop of Henle that extends deep into the medulla, enabling effi-
cient urine concentration [40]. Both nephrons include key structures: Bowman’s capsule,
proximal convoluted tubule, loop of Henle, distal convoluted tubule, and collecting duct.

As shown in Fig. 1.3, blood is filtered into the Bowman’s capsule through the glomerular
capillaries. The glomerulus, a network of tiny capillaries, receives blood from the afferent
arteriole. Due to the high pressure within the glomerulus, small molecules such as water,
electrolytes, and waste products are pushed through the filtration barrier. This barrier is
formed by the podocytes of Bowman’s capsule, whose foot processes create filtration slits,
as well as the glomerular basement membrane (GBM) [50]. The filtered fluid then enters
the Bowman’s capsule, where it becomes the filtrate. The volume of filtrate produced by
each nephron is referred to as the single-nephron glomerular filtration rate (SNGFR). The
cumulative SNGFR of all nephrons in the kidney is known as the glomerular filtration rate
(GFR), which is a key indicator of kidney function [26]. The filtrate then moves on to the
proximal convoluted tubule for further processing

The proximal convoluted tubule (PCT) is the first segment of the nephron’s tubular
portion, located entirely in the cortex and serving as the longest segment of the nephron.
Following the PCT, the proximal straight tubule (S3 segment) forms the second segment
of the proximal tubule and extends into the medulla. Together, these two segments are
referred to as the proximal tubule, which plays a critical role in reabsorbing the majority
of sodium filtered by the glomerulus, thereby contributing significantly to the regulation
of plasma volume and blood pressure [56].

Following the proximal tubule, the loop of Henle is the next segment of the nephron and
plays a crucial role in establishing the kidney’s osmotic gradient, essential for water and
electrolyte balance. It consists of the descending thin limb, the thin ascending limb, and the
thick ascending limb, each with distinct characteristics and functions [91]. The descending
thin limb, located in the medulla, is highly permeable to water but not to solutes, facilitat-
ing passive water reabsorption and increasing the concentration of the tubular fluid as it
descends into the medulla. In contrast, the ascending limb is mostly impermeable to wa-
ter. The thin ascending limb allows passive solute reabsorption, while the thick ascending
limb actively reabsorbs sodium, potassium, and chloride via the N+-K+-2Cl- cotransporter,
accounting for approximately 20-25% of filtered sodium [16]. This active transport helps
dilute the tubular fluid and contributes significantly to the medullary osmotic gradient
[63]. A key distinction exists between superficial and juxtamedullary nephrons: superfi-
cial nephrons have shorter loops of Henle that remain in the outer medulla, limiting their
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role in creating the osmotic gradient and urine concentration, whereas juxtamedullary
nephrons possess long loops extending deep into the medulla. These longer loops am-
plify the osmotic gradient, making juxtamedullary nephrons essential for producing highly
concentrated urine, especially under conditions of water conservation [28].

The subsequent segments are the distal convoluted tubule, the connecting tubule, and
the collecting duct. The first two segments are located entirely in the cortex, while the col-
lecting duct spans the cortex, outer medulla, and inner medulla [130]. Multiple connecting
tubules converge into a single collecting duct, where the final stages of reabsorption occur,
ultimately forming urine as it progresses toward the renal pelvis.

1.1.3 Epithelial Cell

Given the inflow filtration, water and solute transport within the nephron is determined by
the cell-level structure of the nephron. The nephron is lined with epithelial cells connected
by multiprotein junctional complexes, tight junctions [27]. The space inside the nephron is
called the lumen. Luminal water and solute transport occurs through multiple mechanisms,
which can be classified based on the pathway and energy usage:

• Classification based on pathway:

1. Transcellular Transport: The water or solute transport occurs through the
epithelial cell, crossing both the apical and basolateral membranes.

2. Paracellular Transport: The water or solute transport occurs between ep-
ithelial cells, passing through the tight junctions.

• Classification based on energy usage:

1. Active Transport: Active transport refers to the movement of water or so-
lutes across cell membranes, often against their electrochemical or concentration
gradients, and requires direct or indirect energy input. Specialized membrane
proteins expressed on epithelial cells facilitate this process. For example, the
Na+-K+-ATPase pump on the basolateral membrane uses adenosine triphos-
phate (ATP) to transport sodium ions (Na+) out of the cell into the interstitial
fluid and potassium ions (K+) into the cell against the gradient [22]. How-
ever, in some cases, active transport can follow a gradient. For example, in the
Na+-K+-Cl- cotransporter, Na+ is transported along its concentration gradient,
which provides the driving force for the cotransport of K+ and Cl- against their
respective gradients [93].
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Figure 1.2: Schematic diagram showing a superficial nephron (right) and a juxtamedullary
nephron (left). The figure is reproduced from [99].
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Figure 1.3: The structure of Bowman’s capsule and the glomerular capillary tuft. The
vascular pole, located on the left, contains the afferent and efferent arterioles, while the
urinary pole on the right transitions to the proximal tubule. The figure is reproduced from
[115].
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2. Passive Transport: Transport that does not require direct energy input and
occurs due to existing concentration or electrochemical gradients. In addition to
paracellular transport due to tight junction permeability and osmotic gradient
and concentration gradient, some proteins on epithilieal cell membrane is called
channel, can assist passively transport solutes without directly using energy like
ATP. For example, ENaC on the distal segments are vital for Na+ reabsorption.

Take the epithelial cell in the proximal tubule as an example, as shown in Fig. 1.4.
NHE3 on the apical membrane facilitates the active transport of Na+ from the lumen into
the cell, driven by the electrochemical gradient of Na+, which is maintained by the Na+-
K+-ATPase pump [46]. The Na+-K+-ATPase on the basolateral membrane uses ATP to
actively transport Na+ from the cell to the interstitial space, against both its concentration
and electrochemical gradients. All paracellular transport through the tight junction is
passive, as it occurs due to tight junction permeability and existing gradients [84].

1.1.4 Channels and Transporters

Channels and transporters are integral membrane proteins that facilitate water and solute
movement across cell membranes. Channels enable passive transport driven by electro-
chemical gradients, while transporters mediate both passive and active transport. In the
latter case, transporters often require energy input, such as ATP, to move solutes against
their concentration gradient.

Adaptations of channels and transporters in the nephron are vital components of the
studies presented in this thesis. In this chapter, we will discuss their importance and
introduce key examples in detail.

Ion channels in the kidney play a critical role in regulating volume and ionic concen-
trations by facilitating the absorption or secretion of ions. Each nephron region expresses
specific ion channels that ensure proper electrolyte balance. Mutations in these channels
can result in renal diseases, including proteinuria, renal hypertension, and progressive loss
of renal function [75]. Transporters, such as the Na+-K+-ATPase and sodium-glucose co-
transporters (SGLTs), are essential for sodium reabsorption and maintaining electrolyte
homeostasis, directly influencing blood pressure and volume [41]. Water reabsorption in
the nephron depends on aquaporins and sodium-coupled transport mechanisms [69]. Aqua-
porins, such as AQP1 and AQP2, regulate transcellular water movement, which is vital for
urine concentration and hydration.

Below, we introduce some of the important channels and transporters that are the focus
of our studies in Chapters 3 and 4.
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Figure 1.4: Schematic diagram of the epithelial cell in the proximal tubule (not all trans-
porters are shown). The figure is adapted from [156], with added annotations.
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1. NHE3

The Na+/H+ exchanger 3 (NHE3) is a critical transporter involved in sodium ab-
sorption in the gastrointestinal tract and sodium reabsorption in the proximal tubule
of the kidney. In the proximal tubule, NHE3 is responsible for reabsorbing more
than 50% of the filtered sodium, highlighting its essential role in maintaining sodium
and fluid balance, regulating blood pressure homeostasis, and contributing to the
pathophysiology of hypertension [106]. Recent evidence identifies NHE3 activity as a
key factor in the development of hypertension, particularly in salt-sensitive [49] and
angiotensin II (Ang II)-induced [172] hypertension models.

2. NKCC2

The apical Na+-K+-2Cl- cotransporter NKCC2 (SLC12A1) is essential for NaCl re-
absorption in the thick ascending limb (TAL) of the loop of Henle. By facilitating
the TAL’s role in establishing a hyperosmotic renal medulla via the countercurrent
multiplier mechanism, NKCC2 is integral to blood pressure regulation [14]. This im-
portance is underscored by loss-of-function mutations in NKCC2, which cause Bartter
syndrome in both mice [132] and humans [148]. Loop diuretics target NKCC2 by
binding to its ion translocation pathway, effectively inhibiting ion reabsorption [88].

3. Na+-K+-ATPase

The Na+-K+-ATPase pump is a fundamental transporter in kidney function, with
particularly high expression in the distal convoluted tubule, where up to 50 million
pumps are present per cell [113]. This pump establishes and maintains a sodium
gradient critical for filtering waste products from the blood, reabsorbing essential
nutrients such as amino acids and glucose, regulating electrolyte balance, and main-
taining blood pH [36]. Its activity is essential for the kidney’s critical processes,
ensuring effective waste elimination and overall homeostasis.

4. NCC

The sodium-chloride cotransporter (NCC) in the distal convoluted tubule (DCT)
plays a critical role in regulating sodium and potassium balance. By controlling
sodium delivery to downstream nephron segments, NCC indirectly modulates potas-
sium secretion, ensuring overall potassium homeostasis and facilitating responses to
dietary potassium intake [55]. NCC activity is tightly regulated by hormones such
as aldosterone and angiotensin II (Ang II) [70]. Aldosterone enhances sodium re-
absorption via NCC under conditions of low blood volume, while Ang II promotes
NCC phosphorylation and activation, reinforcing its role in blood pressure regulation
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[71]. Thiazide diuretics inhibit NCC by binding to an orthosteric site within the ion
translocation pathway, locking the transporter in an outward-open conformation and
blocking sodium and chloride reabsorption [170].

5. ENaC

The epithelial sodium channel (ENaC) is a key channel for sodium transport in the
kidney’s collecting duct, playing a central role in maintaining sodium balance and
fluid homeostasis. ENaC activity is regulated by multiple mechanisms, including
proteolytic activation of its α and γ subunits, as well as ubiquitination and deubiqui-
tination processes [48]. Aldosterone, a critical regulatory hormone, enhances ENaC
activity by promoting its membrane insertion and reducing degradation through the
action of serum- and glucocorticoid-regulated kinase 1 (SGK1) [90]. Dysregulation
of ENaC is associated with conditions such as Liddle’s syndrome and nephrotic syn-
drome [5], highlighting its importance in sodium-related disorders. K+-sparing di-
uretics, including amiloride and triamterene, directly bind to the ENaC protein on
the apical membrane of collecting duct cells [52]. By blocking the channel’s pore,
these diuretics prevent sodium ion entry, disrupting the sodium-driven electrochem-
ical gradient that facilitates potassium secretion.

1.1.5 Diuresis, Natriuresis, and Kaliuresis

In this thesis, we will frequently use the terms diuresis, natriuresis, and kaliuresis to refer
to the increased excretion of water, Na+, and K+, respectively, compared to baseline levels.

1.2 Motivation of Thesis

1.2.1 Hypertension-induced Renal Adaptations

The renin-angiotensin-aldosterone system (RAAS) plays a central role in maintaining blood
volume, electrolyte balance, and vascular resistance, but its overactivation is a key driver
of hypertension [111]. Chronic infusion of angiotensin II (AngII) is commonly used as
a model for hypertension research, as it induces vasoconstriction, anti-natriuresis, and
sustained increases in blood pressure [87, 105, 150]. On a molecular level, prolonged AngII
infusion alters renal transporter expression, reducing levels of NHE3 and NKCC2 in certain
nephron segments while increasing NCC and ENaC abundance in others [105, 150]. These
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effects reflect AngII’s complex regulatory impact on renal Na+ transport, which varies
significantly between males and females [149].

Research has shown that female rodents exhibit distinct transporter expression pat-
terns compared to males, including increased NHE3 phosphorylation, altered transporter
localization, and reduced NaPi2, AQP1, and claudin-2 in the proximal tubule, alongside
greater NCC and ENaC abundance in more distal segments [149]. Functionally, males
display a larger rise in blood pressure and proteinuria in response to AngII compared to fe-
males [165, 146]. However, the mechanisms driving these sex-specific differences in AngII’s
effects on renal transporters remain poorly understood.

Diuretics, a cornerstone of hypertension treatment, act on various nephron segments to
inhibit specific Na+ transporters, promoting natriuresis and diuresis [10, 76, 39]. The three
main classes-loop diuretics, thiazides, and K+-sparing diuretics—target different trans-
porters, such as NKCC2, NCC, and ENaC, respectively, and are widely used for their
effectiveness and safety [39, 117, 118, 13, 95]. However, how these therapies interact with
sex-specific transporter expression patterns under AngII-induced hypertension is not well
characterized.

To explore these interactions, in our paper [171], we developed a computational model
of nephron epithelial transport that incorporate sex-specific differences in transporter pat-
terns under chronic AngII infusion, which will be introduced in detail in Chapter 3. Our
model aims to elucidate how sex differences influence renal responses to AngII and the na-
triuretic and diuretic effects of various diuretics, providing valuable insights for optimizing
hypertension management tailored to individual physiological differences.

1.2.2 Circadian Rhythm Modulation of Kidney Function

The kidney plays a central role in regulating extracellular fluid and maintaining whole-
body electrolyte homeostasis. It achieves this by adjusting the proportion of sodium (Na+)
reabsorbed from the glomerular filtrate to balance Na+ intake and excretion in the urine.
With the kidneys receiving 20-25% of cardiac output [100], the glomerular filtration rate
(GFR) and the filtered Na+ load are substantial, yet only about 1% of the filtered Na+ is
excreted in the urine under normal conditions [9]. This requires precise regulation of the
renal transport system, with nearly all nephron segments contributing to Na+ reabsorption.

In the proximal tubule, the Na+/H+ exchanger 3 (NHE3) mediates the reabsorption
of 50%-70% of filtered Na+ (with a higher proportion in male rodents) [29]. NHE3 is
also integral to pressure natriuresis, wherein elevated blood pressure leads to increased
Na+ excretion [97]. Another major site of Na+ reabsorption is the thick ascending limb,
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where the Na+-K+-2Cl- cotransporter 2 (NKCC2) handles 25%-40% of Na+ transport, with
higher activity in females [16, 60]. Further downstream, Na+-Cl- cotransporters (NCC) in
the distal convoluted tubule and epithelial Na+ channels (ENaC) in the connecting tubule
and collecting duct perform ”fine-tuning” of urinary Na+ excretion. The clinical relevance
of these transporters is underscored by the widespread use of thiazide and K+-sparing
diuretics, which target NCC and ENaC, respectively, in hypertension treatment [89].

While the kidney is often described as maintaining homeostasis through feedback and
adjustments, this perspective omits the dynamic nature of renal physiology. Like many
other systems, the kidney exhibits circadian rhythms with a 24-hour cycle. These rhythms
are governed by a central clock in the suprachiasmatic nucleus (SCN) of the hypothalamus
and peripheral clocks within renal cells, which can operate independently of the SCN
[54]. Both clocks rely on interactions among core clock genes [86, 162, 129]. Briefly, the
CLOCK and BMAL1 proteins dimerize to induce the transcription of Period (Per) and
Cryptochrome (Cry) genes, whose proteins, in turn, inhibit CLOCK-BMAL1 activity in
a feedback loop. This oscillation drives circadian rhythms in kidney function, such as
reduced nocturnal urine output in diurnal animals [42, 141]. Similar rhythmic patterns
are observed in electrolyte excretion, renal plasma flow, and GFR. Clock proteins regulate
key renal transporters, including NHE3, Na+-glucose cotransporter 1 (SGLT1), NKCC2,
NCC, and ENaC [42, 141].

Given the circadian variation in transporter expression, the effects of diuretics targeting
NKCC2, NCC, and ENaC—used to manage hypertension—may also vary depending on
the time of day [4]. To explore these dynamics, in our submitted paper, we employed
the computational model of water and electrolyte transport in the nephrons of a male
kidney, incorporating the circadian regulation of transporter activity. This model provides
a platform to investigate how the timing of diuretic administration affects natriuretic and
diuretic outcomes, which will be introduced in detail in Chapter 4.
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Chapter 2

Mathematical Modeling of Water
and Solutes Transport along the
Nephron in a Mammalian Kidney

This chapter aims to introduce the baseline transport model in our Chapter 3 and Chapter
4 to simulate segmental transport of water and solutes along the nephron. The model is
described in details in Refs. [82, 60, 83, 80, 79] and in particular, Ref. [77] has a complete
set of equations of the computational model.

2.1 Computational Cell: Overview

The nephron is divided into individual computational cells. As shown in the schematic
representations of nephron segments (Fig. 2.1), the four key compartments are illustrated:
the lumen (”L”) on bottom, blood (”B”) on top, and the cellular (”C”) denoted with blue
boxes, and paracellular (”P”) denoted with yellow boxes. The cellular and paracellular
compartments represent the interior of the cell and the paracellular space, respectively.
Each compartment within a computational cell can exchange water and solutes with other
adjacent compartments.

Solute and water transport in the kidney typically operates under homeostasis—where
water and solute distributions within the lumen rapidly reach a steady state compared
to slower processes, such as AngII-induced transporter adjustments and circadian regula-
tion. Therefore, epithelial transport is modeled as a steady-state problem. This modeling
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Figure 2.1: The schematic diagram of the n-th computational cell on a specific segment of
the nephron is shown, along with the computational cells before and after it. Compartments
include cellular (C), paracellular (P), lumen (L), and blood (B). White arrows represent the
fluxes of water or solutes, while the green arrow indicates the direction from the proximal
tubule to the collecting duct.
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employs multiple conservation laws and specific transporter flux functions, complemented
by equations accounting for physical factors like pressure and tubular dimensions. The
problem is formulated as an optimization task to efficiently compute the steady-state dis-
tribution of water and solutes along the nephron, using an in-house optimization solver.

The remainder of this chapter introduces the key equations used for steady-state simu-
lation. The notations, structure, and much of the detailed content in this section are based
on the well-known and widely regarded model described in Ref. [77], which is a cornerstone
in renal physiology modeling.

2.2 Conservation in Cellular and Paracellular Com-

partments

These cellular and paracellular compartments are assumed to be rigid, simplifying the con-
servation of water within them for each tubular segment i. Water flux between compart-
ments is represented by J i

v,ab, where positive values indicate transport from compartment
a to compartment b.

The conservation of water within the cellular and paracellular compartments, respec-
tively, is represented as

J i
v,LC + J i

v,BC + J i
v,PC = 0 (2.1)

J i
v,LP + J i

v,BP + J i
v,CP = 0 (2.2)

Analogously, for a non-reacting solute, k

J i
k,LC + J i

k,BC + J i
k,PC = 0 (2.3)

J i
k,LP + J i

k,BP + J i
k,CP = 0 (2.4)

For the reacting solutes, conservation is maintained for the total buffer

Ĵ i
CO2,m

+ Ĵ i
HCO−

3 ,m
+ Ĵ i

H2CO3,m
= 0 (2.5)

Ĵ i
HCO−

2 ,m
+ Ĵ i

H2CO2,m
= 0 (2.6)

Ĵ i
HPO2−

4 ,m
+ Ĵ i

H2PO−
4 ,m

= 0 (2.7)

Ĵ i
NH3,m

+ Ĵ i
NH+

4 ,m
= 0 (2.8)
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where Ĵ i
s,m represents on the segment i, the gross fluxes of solute s into the compartment

m = P or C, i.e.

Ĵ i
s,C = J i

s,LC + J i
s,BC + J i

s,PC (2.9)

Ĵ i
s,P = J i

s,LP + J i
s,BP + J i

s,CP (2.10)

Each compartment m has conservation of H+:∑
k∈SH

Ĵ i
k,m = 0 (2.11)

where SH = {H+,NH+
4 ,H2PO

−
4 ,H2CO3,H2CO2}.

The buffer pairs are assumed to remain at equilibrium:

pHi
m = pKA − log

Ci
A,m

Ci
B,m

(2.12)

where buffer pair (A,B) are one of (HCO−
3 ,H2CO3), (HCO

−
2 ,H2CO2), (HPO

2−
4 ,H2PO

−
4 ),

and (NH3,NH
+
4 ). pKA is the negative logarithm of the acid dissociation constant, KA, of

solute A. pHi
m is pH of the compartment m.

2.3 Conservation in the Lumen

To reflect the physical reality that, as filtrate in the lumen moves forward, there are contin-
uous water and solute fluxes between the lumen and cellular or transcellular compartments
due to the mechanisms mentioned in Subsection 1.1.3—even at steady state—the conser-
vation of luminal volume and solutes is reflected by equations follows:

dQi

dx
= Ĵ i

v,L (2.13)

d

dx
(QiCi

k,L) = Ĵ i
k,L (2.14)

where Ĵ i
v,L = J i

v,CL+J i
v,PL represents the gross volume flux into the lumen (primarily water

reabsorption, which is negative along most parts of the nephron). Ĵ i
k,L is the gross solute

k flux into the lumen. Qi denotes the volume flow, and Ci
k,L is the concentration of solute

k in the lumen of segment i.
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Similar to Section 2.2, for reacting solutes in the lumen, we consider conservation of
buffer pairs in equilibrium:

d

dx
(Qi(Ci

CO2,L
+ Ci

HCO−
3 ,L

+ Ci
H2CO3,L

)) = Ĵ i
CO2,L

+ Ĵ i
HCO−

3 ,L
+ Ĵ i

H2CO3,L
(2.15)

d

dx
(Qi(Ci

HCO−
2 ,L

+ Ci
H2CO2,L

)) = Ĵ i
HCO−

2 ,L
+ Ĵ i

H2CO2,L
(2.16)

d

dx
(Qi(Ci

HPO2−
4 ,L

+ Ci
H2PO−

4 ,L
)) = Ĵ i

HPO2−
4 ,L

+ Ĵ i
H2PO−

4 ,L
(2.17)

d

dx
(Qi(Ci

NH3,L
+ Ci

NH+
4 ,L

)) = Ĵ i
NH3,L

+ Ĵ i
NH+

4 ,L
(2.18)

2.4 Flux Calculations

2.4.1 Passive Fluxes

Though multiple mechanisms of water and solute exchange among lumen, epithelial cell,
and interstitial space as discussed in Subsection 1.1.3 and in [81, 158, 92], we introduce
three types of passive fluxes that occur without the involvement of any transporters:

1. Volume fluxes calculated by Kedem-Katchalsky equation [68]:

J i,ab
v = Âi

abL
i
p,ab

(
σi
ab∆πi

ab +∆P i
ab

)
(2.19)

where Âabi represents a scaling factor that defines the area available for transport
between compartments a and b, Lp, abi denotes the hydraulic permeability, ∆πi

ab =
RT

∑
∆Ci

ab represents the osmotic pressure gradient, RT is the product of the gas
constant and the thermodynamic temperature, σi

ab is the reflection coefficient, and
∆P i

ab signifies the hydrostatic pressure gradient.

2. Transmembrane fluxes of uncharged solute, driven across a membrane
passively by a chemical gradient:

J i,ab
k = Âi

abρ
i
k,ab

(
Ci

k,a − Ci
k,b

)
(2.20)

where ρik,ab denotes membrane permeability to solute k.
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3. Fluxes of charged particles, calculated using the Goldman-Hodgkin-Katz
current equation:

J i,ab
k = Âi

abρ
i
k,ab

zkF∆V i
ab

RT

Ci
k,a − Ci

k,b exp (−zkF∆V i
ab/RT )

1− exp (−zkF∆V i
ab/RT )

(2.21)

where ∆V i
ab represents the electrical potential gradient, zk is the ion valence, and

F denotes Faraday’s constant. For ion channels that display circadian variations in
expression (e.g., ENaC or ROMK), the channel permeability (ρik,ab) is modeled as
time-dependent.

2.4.2 Transporter-mediated Fluxes

In this subsection, we present the flux of some key active Na+ transporters in our baseline
nephron model, providing the audience with an understanding of their typical forms and
behavior.

1. NHE3

NHE3 is located on the apical membrane of the proximal tubule (PT) and thick
ascending limb (TAL). It moves Na+ into the cell and transports H+ and NH4

+ out.
The flux functions are derived in [157] and are represented below:

Ja =
xTTa

Σ
(Tb(α

iβe − αeβi) + Tc(α
iγe − αeγi)) (2.22)

Jb =
xTTb

Σ
(Ta(β

iαe − βeαi) + Tc(β
iγe − βeγi)) (2.23)

Jc =
xTTc

Σ
(Ta(γ

iαe − γeαi) + Tb(γ
iβe − γeβi)) (2.24)

Σ = (1 + αi + βi + γi)(Taα
e + Tbβ

e + Tcγ
e) + (Taα

i + Tbβ
i + Tcγ

i)(1 + αe + βe + γe)
(2.25)

where xT , Ta, Tb, and Tc are parameters. αi, βi, and βi represents [Na+], [H+], and
[NH4

+] in the cell, while αe, βe, and βe represents [Na+], [H+], and [NH4
+] in the

lumen.

2. Na+-K+-ATPase

Na+-K+-ATPase is an active transporter located on the basolateral membrane of
epithelial cells. Utilizing ATP, it drives Na+ out of the cell and K+ into the cell,
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thereby maintaining essential ionic gradients. The pump operates with a precise
stoichiometric ratio of 3 Na+ efflux to 2 K+ influx [112]. In our model, the functions
of fluxes through the pump are based on the derivation in subsection 8.2.2 of [78],
represented as:

JNaK
Na = JNaK,max

Na (
Ci

Na

Ci
Na +Ki

Na

)3(
Ce

K

Ce
K +Ke

K

)2 (2.26)

JNaK
K = −2

3
JNaK
Na (2.27)

where JNaK
Na and JNaK

K are fluxes of Na+ and K+, respectively (out of cell is positive).
Ci

s and Ce
s represent the concentration of solute s inside the cell and in the blood,

respectively. JNaK,max
Na , Ki

Na and Ke
K are parameters.

For transporters not mentioned, some, like the Na+-K+-2Cl- (NKCC2) and K+-Cl-

(KCC) cotransporters of the thick ascending limb, are modeled similarly to NHE3 [78].
The remaining transporters, such as ENaC, are modeled as described in other references,
including [18].
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Chapter 3

Sex Differences in Diuretic Response
in Hypertension

We conducted an investigation into the effects of chronic angiotensin II (AngII) infusion, a
commonly used experimental model for hypertension in rodents. Male and female kidneys
exhibit notable differences in their physiological responses to AngII-induced hypertension,
stemming from inherent sex differences in renal structure and function. These differences
influence key processes such as natriuresis, diuresis, and blood pressure regulation. To
explore these dynamics, we developed sex-specific computational models of renal epithelial
transport. In this chapter, we will describe the development of these models and their
application in analyzing the impact of AngII-induced hypertension on segmental electrolyte
transport. Additionally, we will examine predictions of the natriuretic and diuretic effects
of loop, thiazide, and K+-sparing diuretics under hypertensive conditions. This analysis
provides insights into the mechanisms underlying sex differences in renal function and
diuretic efficacy.

The contents of this chapter are adapted from the paper: Kaixin Zheng and Anita
T. Layton, “Predicting Sex Differences in the Effects of Diuretics in Renal Epithelial
Transport during Angiotensin II-Induced Hypertension,” published in American Journal
of Physiology-Renal Physiology [171]. The material has been reformatted and adjusted to
meet the structural and stylistic requirements of this thesis.
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3.1 Method

3.1.1 Model Structure

In this study, we simulate the effects of hypertension, induced by a 14-day infusion of
AngII, on kidney function in male and female rats. This is achieved by adapting previ-
ously published sex-specific computational models of solute and water transport in the
epithelial cells of the superficial nephron of the rat kidney [60, 83]. The details of the com-
putational model are described extensively in Chapter 2. The model nephron is divided
into several functionally distinct segments: proximal convoluted tubule (PCT), proximal
straight tubule (S3), short descending limb (SDL), medullary thick ascending limb (mTAL),
cortical thick ascending limb (cTAL), distal convoluted tubule (DCT), connecting tubule
(CNT), cortical collecting duct (CCD), outer medullary collecting duct (OMCD), and
inner medullary collecting duct (IMCD). Each segment is modelled with different phys-
ical dimensions, transporter profile, permeability, and features like coalescence. In each
computational cell of individual segment, steady state luminal, cellular, and paracellular
concentrations and fluxes are calculated based on water conservation, non-reacting solute
conservation, and pH conservation. Model parameters are specified to simulate nephron
function in a male or female rat kidney, under normotensive or hypertensive conditions;
see Table 3.1 in Subsection 3.1.2. The model includes transporters shown in schematic
diagram Fig. 3.1.

3.1.2 Model Parameters for Hypertension

After a 21-day AngII infusion at 200 µg/min/kg, male and female Wistar rats do not
exhibit a significant change in GFR [146]. After a 14-day AngII infusion at 3.5 ng/min
[58], or 10 ng/kg/min [120], 60 ng/min [154], GFR in male Sprague–Dawley rats is not
significantly influenced. Consequently, we assume in both hypertensive male and female
models that both single-nephron glomerular filtration rate (SNGFR) and nephron number
remain unchanged. Transporter activities in a hypertensive male rat are primarily based
on measurements of transporter protein abundance [105]. Though the measured increases
in abundance of ENaC subunits vary over a wide range, a 21% increase in ENaC activity of
hypertensive male rats is assumed to yield Na+ excretion consistent with observation [34].
Chronic AngII infusion lowers urine osmolality [105], which can be attributed in part to
AngII-stimulated thirst and water intake. As such, we lower interstitial urea concentration
by a factor of 2.5 in the inner medulla. Interstitial concentrations of other solutes are
assumed to remain at baseline values. Further, the increased water intake suppressed
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Figure 3.1: Schematic diagram of a superficial nephron in a rat kidney, with its epithe-
lial cell components. The model accounts for the transport of 15 solutes and water. The
cell diagrams show primarily Na+, K+, and Cl- transporters. PCT, proximal convoluted
tubule; S3, proximal straight tubule; SDL, short descending limb; mTAL, medullary thick
ascending limb; cTAL, cortical thick ascending limb; DCT, distal convoluted tubule; CNT,
connecting tubule; CCD, cortical collecting duct; OMCD, outer medullary collecting duct;
IMCD, inner medullary collecting duct. Up/down arrow indicates transporter upregu-
lation/downregulation due to hypertension. Transporters not influenced are not shown.
Adapted from Ref. [60].
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arginine vasopressin (AVP) secretion. AVP increases water and urea permeabilities along
the inner-medullary collecting duct [128]. To account for these changes, we follow the
approach in [34] and assume that the tight junction accounts for 30% of total permeabilities
in the absence of AVP stimulation. With this assumption, AVP-induced increases in water
and urea permeabilities are estimated to be 3.4- and 5.4-fold, respectively. Thus, in the
hypertension simulations, inner-medullary collecting duct water and urea permeabilities
are reduced by factors of 3.4 and 5.4, respectively.

Transporter activities in a hypertensive female rat are also primarily based on mea-
surements of transporter protein abundance [150, 35]. Using the reported mean values did
not yield sufficiently large increases in urinary volume, Na+ excretion, and K+ excretion.
As such, most Na+ transporter activities were lowered to within one standard deviation of
mean values (see Table 3.1). It is noteworthy that inhibition of SGLT2 in the proximal con-
voluted tubule is experimentally observed to be coordinated with inhibition of NHE3 [108],
so NHE3 activity is assumed to be further decreased. We assume in hypertensive female,
fold increase of ENaC is significantly higher than in hypertensive male [150]. Changes
in inner-medullary collecting duct permeabilities to water and urea, as well as interstitial
urea concentration profile, are also adjusted the same way as in the hypertensive male rat
model (see above). Lower Na+-K+-ATPase activity is assumed to reflect the inhibition of
Na+-K+-ATPase in hypertension [160].

3.1.3 Diuretics Simulations

The effect of loop diuretics on NKCC2 activity is dose dependent. We simulated the
administration of loop diuretics by inhibiting NKCC2 by 70%. And to simulate the effect
on the urine concentrating ability of the kidney, we lowered the interstitial concentrations
of Na+, K+, Cl-, and urea, as was done in [80]) for a normotensive kidney. The effects of
thiazide diuretics and K+-sparing diuretics were simulated by 100% inhibition of NCC and
ENaC, respectively. Other model parameters were assumed unaffected.

3.2 Baseline Results

3.2.1 Hypertensive Effects

We conducted simulations to predict luminal fluid flow, solute concentrations, transcel-
lular and paracellular fluxes, urine output, and solute excretions at steady state, under
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Table 3.1: Hypertensive model parameter adaptations. HTN, hypertension; NTN, nor-
motension; NHE3, Na+/H+ exchanger isoform 3; ENaC, epithelial Na+ channel; NKCC2,
Na+-K+-2Cl- cotransporter 2 (A, B, F indicates isoform type); NCC, Na+-Cl- cotrans-
porter; SGLT1, sodium-glucose cotransporter 1; SGLT2, sodium-glucose cotransporter 2;
Pf , water permeability; Purea , urea permeability.

HTN-to-NTN ratios
Parameter Male Female

Proximal Convoluted Tubule
NHE3 0.78 [105] 0.79 [150]
Na+-K+-ATPase 1 0.8 [160]
SGLT2 1 0.65 [35]

S3
NHE3 0.55 [105] 0.67 [150]
Na+-K+-ATPase 1 0.8 [160]
SGLT1 1 2.05 [35]

Medullary Thick Ascending Limb
NHE3 0.55 [105] 0.67 [150]
NKCC2A 0.83 [105] 0.70 [150]
NKCC2F 0.83 [105] 0.70 [150]
Na+-K+-ATPase 0.7 [105] 0.62 [150, 160]

Cortical Thick Ascending Limb
NKCC2A 1.74 [105] 1.50 [150]
NKCC2B 1.74 [105] 1.50 [150]
NHE3 1 0.88 [150]
Na+-K+-ATPase 1 0.80 [160]

Distal Convoluted Tubule
NCC 1.93 [105] 2 [150]
Na+-K+-ATPase 1 0.80 [160]
NHE3 1 0.88 [150]
ENaC 1 2.42 [150]

Connecting Tubule
ENaC 1.21 [105, 34] 2.42 [150]
Na+-K+-ATPase 1 0.8 [160]
Apical Pf, principal cell 1 0.5 [35]
Pendrin 1 1.47 [35]

Cortical Collecting Duct
ENaC 1.21 [105, 34] 2.42 [150]
Na+-K+-ATPase 1 0.8 [160]
Pendrin 1 1.47 [35]
Apical Pf, principal cell 1 0.5 [35]

Outer-Medullary Collecting Duct
ENaC 1.21 [105, 34] 1.57 [150, 35]
Na+-K+-ATPase 0.7 [105] 0.77 [150]
Apical Pf, principal cell 1 0.6 [35]

Inner-Medullary Collecting Duct
Na+-K+-ATPase 0.7 [105] 0.616 [150]
Pf 1/5.4 [34, 128] 1/5.4 [34, 128]
Purea 1/3.4 [34, 128] 1/3.4 [34, 128]

Papillary Tip
Interstitial [urea] 1/2.5 [34] 1/2.5 [34]
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normotensive and hypertensive conditions. Figures 3.2, 3.3 summarize the predicted seg-
mental fluid, Na+, and K+ flows, and corresponding segmental transport and delivery.
In hypertension, Na+ transport is reduced along the proximal nephron segments, i.e., the
proximal tubule, via the downregulation of NHE3, and the medullary thick ascending limb,
via the downregulation of NKCC2 and Na+-K+-ATPase (Table 3.1). Consequently, the re-
absorption of Na+ along these segments decreases, by 7% in male and 9% in female (see
Figs. 3.2A1, 3.2A2). In contrast, along nephron segments downstream of the medullary
thick ascending limb, which include the cortical thick ascending limb, distal convoluted
tubule, connecting tubule, and collecting duct, segmental Na+ transport capacity is gen-
erally enhanced; activities of NKCC2, NCC, and ENaC are increased, although in female
the activities of NHE3 and Na+-K+-ATPase are assumed lowered (Table 3.1). With these
changes, Na+ reabsorption along these segments is predicted to be higher in the hyper-
tensive models compared to normotension, by 38% in male and 35% in female (see Figs.
3.2A1, 3.2A2), indicating a significant downstream shift in Na+ transport in hypertension.

Particularly noteworthy is the differential regulation of Na+ transport capacity along
the thick ascending limb: in hypertension and in both male and female models, NKCC2
activity is reduced along the medullary thick ascending limb but increased along the corti-
cal thick ascending limb (Table 3.1). As a result, Na+ transport is predicted to change in
opposing directions along the medullary versus cortical segments (see Figs. 3.2A1, 3.2A2).
Those changes mostly cancel out, resulting in a 5% increase in male and a 1% decrease
in female from the corresponding normotensive model in overall thick ascending limb Na+

reabsorption. These small changes suggest that the differential regulation of Na+ transport
capacity along the thick ascending limb is not to adjust the segmental Na+ reabsorption,
but perhaps to adapt to any changes in medullary oxygenation in hypertension (see Con-
clusion). The models predict an 110% increase in urinary Na+ excretion in hypertensive
male, compared to normotensive male, and an 80% increase in urinary Na+ excretion in hy-
pertensive female above normotensive female. The AngII-induced natriuresis is less strong
in females can be explained by their lower baseline NHE3 activity and lower fractional re-
absorption of Na+ by the proximal tubules. As such, the downregulation of NHE3 activity
in hypertension, by similar percentages in both sexes, yielded larger downstream shift of
Na+ load in males, and eventually a larger increase in urinary Na+ excretion.

Water transport is driven primarily by Na+ reabsorption; thus, hypertension induces a
shift in water transport like that of Na+, with water reabsorption significantly decreases
along the proximal tubule and distal convoluted tubule; in contrast, water reabsorption
generally increases along the downstream segments. Taken together, in hypertension urine
output is predicted to more than double in both sexes (Figs. 3.2C1, 3.2C2).

The reduced water reabsorption in hypertension lowers luminal [K+] and thus K+ trans-
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port along the proximal tubule. AngII-induced proximal tubule NHE3 downregulation
results in a significantly lower luminal [NH4+] into the downstream segment. While the
combined reabsorption of K+ and NH4+ is lower than in normotension, net K+ reabsorp-
tion increases in the medullary thick ascending limb. Along the cortical ascending limb, the
upregulated NKCC2 drives higher K+ reabsorption. Along the distal convoluted tubule,
the lower luminal [K+] elevates K+ secretion by 16% and 19% above normotension in male
and female, respectively. This trend is magnified along the connecting tubule, where K+

secretion is higher in hypertension by 115% in male (Fig. 3.2B1) and 142% in female (Fig.
3.2B2).

Along the collecting duct, K+ reabsorption increases by 52% in hypertensive male (Fig.
3.2B1) and 67% in hypertensive female (Fig. 3.2B2). Collectively, the models predict 78%
and 110% increases in urinary K+ excretion in hypertensive male and female, respectively,
above normotension.

3.2.2 NHE3 Downregulation in Hypertension

Our simulations suggest that NHE3 downregulation in the proximal tubule may be the
primary factor contributing to natriuresis and diuresis in hypertension.

We assessed the effect of the downregulation of NHE3 in hypertension (Table 3.1) by
conducting simulations in which proximal tubule NHE3 activity is set to normotensive
levels. Other hypertension-induced adaptations in the proximal tubule (specifically, the
downregulation of Na+-K+-ATPase and SGLT2 in female) and in other segments are rep-
resented. As might be expected, given the essential role of NHE3 in reclaiming filtered Na+,
returning NHE3 activity to the higher normotensive level substantially reduces Na+ excre-
tion to close to normotensive levels in both sexes (see Figs. 3.4A1, 3.4A2). The effect on
urine output is similar. These results support the downregulation of NHE3 in the proximal
tubule as the primary factor contributing to natriuresis and diuresis in hypertension.

Eliminating NHE3 downregulation increases proximal reabsorption of Na+ and de-
creases its delivery to distal segment. Consequently, ENaC-mediated Na+ is reduced,
which in turn attenuates K+ secretion. It is noteworthy that the extent to which K+ ex-
cretion is reduced differs significantly between male and female. In the hypertensive male
model without NHE3 downregulation, Na+ delivery to the connecting tubule is 43% lower
than the baseline hypertensive model (Fig. 3.5A1), resulting in a substantial 56% decrease
in K+ secretion along that segment (Fig. 3.4A1). In the hypertensive female model, Na+-
K+-ATPase and SGLT2 remain downregulated along the proximal tubule. Also, the thick
ascending limb accounts for a larger fraction of total Na+ transport. Consequently, even
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Figure 3.2: Segmental transport of Na+, K+, and water, obtained for the male and female
models, under normotensive (NTN) and hypertensive (HTN) conditions. PT, proximal
tubule; mTAL, medullary thick ascending limb; cTAL, cortical thick ascending limb; DCT,
distal convoluted tubule; CNT, connecting tubule; CD, collecting duct. UNa, Na

+ excre-
tion; UK, K

+ excretion; UV, volume excretion.
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Figure 3.3: Segmental delivery of Na+, K+, and water, obtained for the male and female
models, under normotensive (NTN) and hypertensive (HTN) conditions. PT, proximal
tubule; mTAL, medullary thick ascending limb; cTAL, cortical thick ascending limb; DCT,
distal convoluted tubule; CNT, connecting tubule; CD, collecting duct.
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with NHE3 activity at the normotensive level, Na+ delivery to the connecting tubule is only
24% lower than baseline hypertension (compare to 43% in male) as shown in Fig. 3.5A2,
and the resulting reduction in connecting tubule K+ secretion is only 10% (compared to
56% in male) as shown in Fig. 3.4A2. These results explain why the downregulation of
NHE3 in hypertension plays a more important role in hypertension-induced kaliuresis in
male than in female.

3.3 Diuretics Administration Results

3.3.1 Loop Diuretics

Loop diuretics is predicted to enhance hypertension-induced natriuresis, kali-
uresis, and diuresis.

We simulate the administration of loop diuretics by inhibiting NKCC2 by 70%. Simu-
lations were conducted using the normotensive and hypertensive models. Results for the
male and female models are shown in Fig. 3.6.

With a 70% inhibition of NKCC2, Na+ reabsorption along thick ascending limb de-
creases by 16% in both normotensive and hypertensive male, and by 12% and 11% in
normotensive and hypertensive female, from their respective baseline (i.e., without loop
diuretics) models. Downstream segments compensate. In particular, Na+ reabsorption in-
creases significantly along the connecting tubule (see Figs. 3.6A1, 3.6A2). Together, these
changes result in substantial increases in Na+ excretion (67% and 66% in normotensive
and hypertensive male; 140% and 98% in normotensive and hypertensive female), above
the respective baseline cases. It is noteworthy that these are relative changes. Recall that
hypertension induces natriuresis. Thus, while these percentages are smaller in the hyper-
tensive models, especially in female, the administration of loop diuretics is predicted to
yield net Na+ excretion that is substantially higher in hypertension (with loop diuretics)
for both male (Fig. 3.6A1) and female (Fig. 3.6A2), compared to normotension (with
loop diuretics). The stronger natriuretic response in hypertension can be explained by
the downstream shift in Na+ transport in hypertension, such that the distal segments
cannot reabsorb much more Na+ even when some transporter activities are enhanced in
hypertension.

Partial NKCC2 inhibition is predicted to attenuate K+ reabsorption in thick ascending
limb, although that reduction is less than that in Na+ reabsorption. The higher Na+

delivery to the connecting tubule stimulates K+ secretion, by 160%, 58%, 26%, and 17%
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Figure 3.4: Segmental transport of Na+, K+, and water, obtained for the male and female
models, obtained for normotension (NTN), hypertension (HTN), and hypertension with
proximal tubule NHE3 activity set to normotensive value (denoted PT NHE3→ NTN). PT,
proximal tubule; mTAL, medullary thick ascending limb; cTAL, cortical thick ascending
limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting duct. UNa,
Na+ excretion; UK, K

+ excretion; UV, volume excretion.
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Figure 3.5: Segmental delivery of Na+, K+, and water, obtained for the male and female
models, obtained for normotension (NTN), hypertension (HTN), and hypertension with
proximal tubule NHE3 activity set to normotensive value (denoted PT NHE3→ NTN). PT,
proximal tubule; mTAL, medullary thick ascending limb; cTAL, cortical thick ascending
limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting duct.
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in normotensive male, hypertensive male, normotensive female, and hypertensive female,
respectively. Consequently, K+ excretion increases by 120% in normotensive male, 65% in
hypertensive male, 47% in normotensive female, and 38% in hypertensive female. In both
sexes, urinary K+ excretion is higher in hypertension than normotension (both with loop
diuretics), even though the relative increases are smaller in the former (Figs.3.6B1, 3.6B2).

Fluid excretions are enhanced in all cases, by 160% and 98% in normotensive and hyper-
tensive male (Fig. 3.6C1) and by 190% and 100% in normotensive and hypertensive female
(Fig. 3.6C2). Because thick ascending limb is essentially water impermeable, the diuretic
effect is attributable to the solute concentration increase due to NKCC2 downregulation,
which then attenuates water reabsorption downstream.

3.3.2 Thiazide

Thiazide diuretics is predicted to induce a stronger natriuretic response in
hypertension, especially in females.

We simulate the effects of the administration of a thiazide diuretic to the normotensive
and hypertensive models, for both males and females (Fig. 3.7). With NCC fully inhibited,
Na+ reabsorption along the distal convoluted tubule drops precipitously (Figs. 3.7A1,
3.7A2). The reduction in Na+ is partially compensated for along the connecting tubule
and collecting duct. Nonetheless, the models predict that the inhibition of NCC causes
a substantial natriuretic effect, with urinary Na+ excretion increases by 52% (40%) and
74% (49%) in the normotensive and hypertensive female (male) models, respectively. As
previously noted, the stronger natriuretic effect predicted in the hypertensive models can
be attributed, in large part, to the substantially higher Na+ flow into the distal segments
(without a diuretic). Indeed, to handle that larger Na+ flow, NCC activity is assumed
to essentially double in hypertension in both sexes. When NCC is inhibited by a thiazide
diuretic, it is more challenging for the segments downstream of the distal convoluted tubule
to compensate in the hypertensive models. Between the two sexes, the stronger natriuretic
response is predicted for the female models. That sex difference may be explained by the
relatively limited capacity of the female models’ other Na+ transport pathways in the distal
convoluted tubule and downstream segments to elevate their Na+ transport.

The enhanced ENaC-mediated Na+ transport increases K+ secretion along the connect-
ing tubule, resulting in kaliuresis (Figs. 3.7B1, 3.7B2). The elimination of NCC-mediated
Na+ reabsorption along the distal convoluted tubule is followed by a reduction in water
reabsorption, although the effect is much smaller (Figs. 3.7B1, 3.7B2). Unlike Na+, where
the connecting tubule partially makes up for the upstream transport impairment, water
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Figure 3.6: Segmental transport of Na+, K+, and water in male (A1-C1) and in female
(A2-C2) for normotension (NTN), normotension with 70% NKCC2 inhibition (NTN+loop),
hypertension (HTN), hypertension with 70% NKCC2 inhibition (HTN+loop). PT, proxi-
mal tubule; mTAL, medullary thick ascending limb; cTAL, cortical thick ascending limb;
DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting duct.
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reabsorption along the connecting tubule also decreases. Despite some partial compensa-
tion along the collecting duct, the models predict substantial diuretic effects (Figs. 3.7C1,
3.7C2).

3.3.3 K+-sparing Diuretics

K+-sparing diuretics is predicted to induce a stronger natriuretic response in
hypertension.

We then consider the effect of K+-sparing diuretics. All models predict that, when
ENaC is fully inhibited, Na+ transport along the connecting tubule reverses direction,
switching from reabsorption in baseline normotension or hypertension to (a small amount
of) secretion (see Figs. 3.8A1, 3.8A2). Despite some compensation along the collecting
duct, the inhibition of ENaC induces a substantial natriuretic effect, with urinary Na+ ex-
cretion increases by 200% (190%) and 210% (150%) in the normotensive and hypertensive
female (male) models, respectively. The stronger natriuretic effect predicted in the hyper-
tensive models is due to the enhanced Na+ transport by connecting tubule in hypertension:
in both hypertensive male and female models, the connecting tubule reabsorbs about twice
as much Na+ as the corresponding normotensive models (see Figs. 3.8A1, 3.8A2). As such,
when that Na+ transport capacity is blocked, it results in a larger natriuretic effect in the
hypertensive models.

The removal of ENaC-mediated Na+ reabsorption also abolishes K+ secretion along the
connecting tubule. This results in a substantial reduction of urinary K+ excretion. The
elimination of Na+ reabsorption and K+ secretion has opposing effects on water transport.
These competing effects result in some reduction in water reabsorption along the connecting
tubule (Figs. 3.8C1, 3.8C2); eventually, urine output increases by 59% (68%) and 50%
(44%) in the normotensive and hypertensive female (male) models, respectively.
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Figure 3.7: Segmental transport of Na+, K+, and water in male (A1-C1) and in female (A2-
C2) for normotension (NTN), normotension with 100% NCC inhibition (NTN+thiazide),
hypertension (HTN), hypertension with 100% NCC inhibition (HTN+thiazide). DCT,
distal convoluted tubule; CNT, connecting tubule; CD, collecting duct.
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Figure 3.8: Segmental transport of Na+, K+, and water in male (A1-C1) and in female
(A2-C2) for normotension (NTN), normotension with 100% ENaC inhibition (NTN+K+-
sparing), hypertension (HTN), hypertension with 100% ENaC inhibition (HTN+K+-
sparing). DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting duct.
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Chapter 4

Circadian Effects on Renal
Transporters in Hypertension

In this chapter, we investigate the impact of circadian rhythms on the efficacy of diuretic
therapies for hypertension. As previously discussed in Subsection 1.2.2, the kidney plays a
critical role in maintaining fluid and electrolyte balance, and its function is significantly in-
fluenced by the renin-angiotensin-aldosterone system (RAAS) and circadian clocks. Over-
activation of the RAAS, as observed in chronic Ang II infusion, leads to vasoconstriction,
sodium retention, and hypertension.

Key renal transporters, including NHE3, SGLT1, NKCC2, NCC, and ENaC, are reg-
ulated by circadian clock genes and are targeted by diuretics used to treat hypertension.
To assess the potential impact of circadian rhythms on diuretic efficacy, we employed
computational models of kidney function. Our simulations predicted significant time-of-
day differences in the natriuretic, diuretic, and kaliuretic responses to loop, thiazide, and
K+-sparing diuretics, both in normotensive and hypertensive conditions. These findings
highlight the importance of considering circadian rhythms in optimizing diuretic therapy
for hypertension.

The contents of this chapter are adapted from a paper by Dr. Anita T. Layton and me
(under review). The material has been reformatted and adjusted to meet the structural
and stylistic requirements of this thesis.
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4.1 Model Structures

Modeling the circadian clock network

We aim to simulate the modulation of key renal transporter activities in a male rat by
the circadian clock. We first develop a mathematical model of the core clock in the male
rat kidney. The clock model comprises a number of transcription factors that regulate
gene expression: the period homologs Per1 and Per2, the cryptochromes homologs Cry1
and Cry2, Rev-Erb and RAR-related orphan receptor (Ror), brain and muscle ARNT-Like
1 (Bmal1), and circadian locomotor output cycles kaput (CLOCK). A schematic diagram
of the clock network is shown in Fig. 4.1. Equations for the clock model are given in
Appendix A. Model parameters were obtained by fitting predicted profiles for mRNA
expression levels of core clock genes (Per1, Per2, Cry1, Cry2, Rev-Erb, Ror, Bmal1) with
their corresponding measured data reported in Ref. [167] and database [114], obtained
for the dark-dark cycles. The error of each parameter set is evaluated by first running a
simulation with the parameter set for a sufficiently long time. The least squares error is
then calculated by comparing the experimental data to the periodic solution with varying
phase shifts. Numerically determining the phase difference that yields the minimum error
defines the objective function to be minimized.

Modeling the circadian clock network

The model represents a superficial nephron of a male rat kidney. As depicted in Fig. 1,
the model nephron is divided into 10 functionally distinct segments: proximal convoluted
tubule (PCT), proximal straight tubule (S3), short descending limb (SDL), medullary
thick ascending limb (mTAL), cortical thick ascending limb (cTAL), distal convoluted
tubule (DCT), connecting tubule (CNT), cortical collecting duct (CCD), outer medullary
collecting duct (OMCD), and inner medullary collecting duct (IMCD). Each segment is
modeled with a series of computational cells assigned with specific physical dimensions,
transporter profile, and membrane permeability. 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. In each computational cell, steady-state luminal, cellular,
and paracellular concentrations and fluxes are calculated based on water conservation,
nonreacting solute conservation, and pH conservation. Model equations can be found in
Ref. [77].

We represent the circadian regulation of key Na+ transporters. Specifically, NHE3
expressed on the PCT, S3, mTAL, and cTAL, sodium-glucose cotransporter 1 (SGLT1) on
the S3, NKCC2 on the mTAL and cTAL, NCC on the DCT, and ENaC along the DCT,
CNT, and CD.
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Rohman et al. [126] experimentally verified that that NHE3 in the rat kidney is
transactivated by CLOCK-BMAL1, and that Cry1 and Per2 inhibit the CLOCK-BMAL1-
mediated transactivation of the NHE3 promoter, with the inhibition much stronger for
Cry1. Solocinski et al. [134] demonstrated that Per1 enhances NHE3 expression. There-
fore, we assume that NHE3 is activated by CLOCK-BMAL1 and PER1-CRY2, but inhib-
ited by PER1-CRY1, PER2-CRY1 and PER2-CRY2.

Crislip et al. [24] reported a significant increase in NKCC2 mRNA expression in Bmal1
knockout male mice compared to wild-type. Thus, we assume that NKCC2 is inhibited
by CLOCK-BMAL1. Given that NKCC2 mRNA exhibits sustained oscillations in Bmal1
knockout mice [24], we assume additionally that NKCC2 is also inhibited by PER1-CRY1,
PER1-CRY2, PER2-CRY1, and PER2-CRY2. Supporting experimental evidence is limited
and indirect: estrogen-related receptor beta (ERR), which displays a circadian rhythm in
the kidney with peak expression at ZT4, is known to positively regulate NKCC2 expression
in male mice [74], and estrogen receptor beta (ERβ) is downregulated by the PER-CRY
complexes [15].

SGLT1 is assumed to be activated by PER1-CRY1 and PER1-CRY2 but inhibited by
CLOCK-BMAL1. This assumption is supported by evidence that Per1 knockout decreases
SGLT1 expression in male mice [134], and that BMAL1 inhibits SGLT1 in Caco-2 cells
via activation of paired-homeodomain transcription factor 4 (PAX4) [142]. Additionally,
Stevenson et al. [140] demonstrated that activation of Bmal1 decreases renal SGLT1
levels in an SHP-dependent manner, whereas Clock-mutant and Bmal1-knockout mice show
elevated SGLT1 expression, supporting the idea that CLOCK-BMAL1 inhibits SGLT1.

In both male and female mouse kidneys ,NCC expression is positively regulated by
WNK4 [144], the expression of which increases significantly in male Bmal1-knockout mice
compared to wild-type [24]. Also, Per1 blockade inhibits NCC activity in male mice [122].
Thus, in the model NCC expression is suppressed by CLOCK-BMAL1 and activated by
PER1-CRY1 and PER1-CRY2. Based on findings in mice [45], ENaC is assumed to be
activated by CLOCK-BMAL1 and also by PER1-CRY1 and PER1-CRY2, which colocalizes
with CLOCK-BMAL1.

Transporter activities are assumed proportional to the corresponding mRNA expression
levels, and thus fluctuates with core clock protein levels. The links are described in Eqs.
A8-A12 in the Appendix and summarized in Fig. 4.1. Model parameters were obtained by
fitting predicted profiles for the transporters (NHE3, SGLT1, NKCC2, NCC, ENaC) with
data reported in Refs. [24, 168, 79].

Modeling the circulation regulation of renal hemodynamics

As was done in Ref. (36), the model represents the single-nephron GFR (SNGFR) of
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Figure 4.1: Schematic network of our mathematical model, which describes the interactions
of core clock components with key renal transporter genes. In the core clock network,
mRNAs are denoted by blue boxes, proteins by red boxes, and protein complexes by yellow
ovals. Solid lines represent the transactivation and dotted lines represent inhibition. The
model nephron includes the proximal convoluted tubule (PCT), S3 segment, medullary
thick ascending limb (mTAL), cortical thick ascending limb (cTAL), distal convoluted
tubule (DCT), connecting tubule (CNT), cortical collecting duct (CCD), outer medullary
collecting duct (OMCD), and inner medullary collecting duct (IMCD). Renal transporters
that are regulated by the circadian clock include NHE3, SGLT1, NKCC2, NCC, and ENaC.
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a wild-type male rat in a light-dark cycle, denoted SNGFRWT, as a sinusoidal function of
the Zeitgeber Time (ZT), denoted t, with a peak at ZT16:

SNGFRWT = SNGFR0 · (1 + 0.12 · sin(2π(t− 16 + 6)

24
)) (4.1)

ZT=0 (lights on) marks the start of the rest phase for nocturnal animals, whereas ZT12
(lights off) denotes the start of the active phase. The baseline SNGFR0 is taken to be 32
nl/min for the superficial nephron of a male rat.

GFR in Bmal1 knockout mice exhibits an ultradian rhythm different from wild-type,
with two peaks at ZT4 and ZT16; the 24-hour cumulative GFR are similar in the two
genotypes (37). Based on these findings, we model SNGFR in Bmal1-knockout rat, denoted
SNGFRKO, as:

SNGFRWT = SNGFR0 · (1 + 0.12 · sin(2π(t− 4 + 3)

12
)) (4.2)

Modeling the effects of hypertension on renal epithelial transport

We investigate the effect on kidney function in a male rat with hypertension induced
by 14-day infusion of ANG II. Following the approach in Ref. [171], we incorporate
hypertension-induced changes into the renal epithelial transport model described above.
These changes include changes in transport activities, membrane permeabilities, and in-
terstitial fluid composition. Among the transporters of which the circadian regulation
is represented in the present model, NHE3 and NKCC2 along the mTAL are downregu-
lated in hypertension; NKCC2 along the cTAL, NCC, and ENaC are upregulated, whereas
SGLT1 remains unchanged. The links between clock proteins and transporter activities
are assumed the same in normotension and hypertension, as is the SNGFR profile.

Modeling the effects of diuretics on renal epithelial transport

We consider the effects of loop diuretics, thiazide diuretics, and K+-sparing diuretics on
renal transport and excretions. Loop diuretics inhibit NKCC2, and its administration is
assumed to significantly impair the model kidney’s ability to generate an axial osmolality
gradient. Thus, we lower the interstitial fluid concentrations of selected solutes [80], but
keep the interstitial urea concentration at the papillary at the baseline hypertension value
(which is assumed to be lower than in normotension) [171]. SNGFR is assumed to retain
its baseline profile. Thiazide diuretics inhibit NCC. We simulate a dosage of thiazide
diuretics that induces 100% inhibition of NCC. All other model parameters remain at
baseline values. Interstitial concentration profiles are assumed unchanged. K+-sparing
diuretics inhibit ENaC. We simulate a dosage of K+-sparing diuretics that induces 100%
inhibition of ENaC. Interstitial concentration profiles are again assumed unchanged.
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4.2 Results

4.2.1 Diurnal Oscillations in Clock Gene and Transporter

Using the baseline model parameters (see A), the circadian clock network model predicts
that the expression levels of all core clock components exhibit limit-cycle oscillations with a
24-h period. Time-profiles of core clock components, together with the experimental data
[167], are shown in Fig. 4.2. Model parameters were chosen to ensure good agreement
between the predicted profiles and data.

Oscillations in the core clock components drive oscillations in the expression levels
of NHE3, SGLT1, NKCC2, NCC, and ENaC. We identify parameters that describe the
regulation of NHE3 expression by CLOCK-BMAL1 and the PER-CRY complexes that the
predicted NHE3 time profiles agree with the normotensive male mouse data in the database
[114] from the mice experiment [167] in constant dark environment. As shown in Fig.
4.3A, the predicted NHE3 expression profile exhibits good agreement with experimental
data. Similarly, model parameters that link the expression levels of SGLT1, NCC, and
ENaC to core clock proteins were fitted, so that the predicted transporter expression levels
approximate rat data obtained in light-dark cycles [168]. Results are shown in Fig. 4.3B,
4.3C, and 4.3D.

Like NHE3, NKCC2 expression is also regulated by CLOCK-BMAL1 and the PER-
CRY complexes. We fit those parameters against data measured in wild-type and Bmal1-
knockout rats [24]. To simulate the renal peripheral clock in Bmal1-knockout rats, we
reduce the maximal transcription rate for Bmal1 by 40%. We then compare the predicted
NKCC2 expression levels in these two groups at noon and midnight with values reported in
Ref. [24]. Results are shown in Fig. 4.3E and 4.3F. Using these parameters, the predicted
NKCC2 levels for both wild-type and Bmal1-knockout align with experimental data ob-
tained at noon and midnight. The suppression of Bmal1 transcription is predicted to cause
a significant phase shift in NKCC2 oscillations: the peak time occurs at ZT15 in wild-type,
but shifts to ZT0 in Bmal1-knockout. Additionally, Bmal1 knockout substantially increases
average NKCC2 expression (46%), whereas the oscillation amplitude decreases (85%).

The amplitudes and peaks (normalized by means) of the predicted core clock gene and
transporter mRNA time profiles for the wild-type model are summarized in Table 4.1.
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Figure 4.2: Comparison of simulated circadian gene and protein profiles with data from
46-hour experiments starting at ZT18 [167, 114]. A1-A3, B1-B3, simulated mRNA
expression levels (Simulation) compared with experimental data (Experiment), normal-
ized by mean experimental values; C1, C2, simulated concentrations of PER1–CRY1,
PER1–CRY2, PER2–CRY1, and PER2–CRY2 protein complexes, normalized by their re-
spective mean simulated values; C3, simulated BMAL1 mRNA expression levels (Bmal1,
S), experimental BMAL1 mRNA levels (Bmal1, E), and normalized CLOCK–BMAL1 com-
plex concentrations (CB). Gray shading and white regions correspond to dark and light
phase, respectively.

43



Figure 4.3: Comparison of simulated transporter expression with corresponding experimen-
tal data. A-D, Transporter expression simulation (Simulation) and experimental profiles
(Experiment) of NHE3, SGLT1, NCC, ENaC respectively. E, Simulation of NKCC2 ex-
pression in wild-type (WT, simulation) and corresponding experimental data at noon and
midnight (WT, experiment). F, Simulation of NKCC2 expression after Bmal1 knockout
(KO, simulation) with corresponding experimental data at noon and midnight (KO, ex-
periment). Values are normalized by mean expression level in wild type. Gray shading
and white regions correspond to the dark and light phases, respectively.
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4.2.2 Bmal1-knockout Effects on Na+ Transport and Excretion

We then investigate how Bmal1 knockout affects nephron function at different times of day.
To that end, we incorporate the predicted time profiles of NHE3, SGLT1, NKCC2, NCC,
and ENaC (Fig. 4.3), together with the time-varying SNGFR (Eqs. 4.1 and 4.2), into the
nephron transport model, and we conduct simulations to predict water and solute transport
along individual nephron segments and urine excretions, at different ZT. As noted above,
we simulate conditional Bmal1 knockout by reducing the maximal transcription rate of
Bmal1 by 40%. SNGFR and the predicted transporter profiles are shown in Fig. 4.4.
Segmental Na+ reabsorption and Na+ excretion are summarized in Fig. 4.5.

Bmal1 knockout leads to a significant reduction in circadian oscillation amplitudes in
CLOCK-BMAL1 (results not shown), in NKCC2 as previously noted, and in all other trans-
porters (Fig. 4.4). The mean transporter expression levels over 24 hours significantly in-
crease, except for NHE3 and ENaC, consistent with the assumption that CLOCK-BMAL1
inhibits these transporters (Fig. 4.4). Mean NHE3 and ENaC expression levels remain
close to wild type. This result may be attributed to the non-linearity of the model, where
the mean expressions of NHE3 and ENaC are initially less sensitive to Bmal1 knockout due
to the high CLOCK-BMAL1 regulation threshold (Appendix, Table A4). When the maxi-
mal Bmal1 transcription rate is reduced to zero, oscillations for all transporters disappear,
with the mean expressions of NHE3 and ENaC reduced by 24% and 65%, respectively,
relative to wild type.

A comparison between SNGFR in the model wild-type and Bmal1-knockout rats (Fig.
4.4A) and the predicted urinary Na+ excretion (Fig. 4.5F) suggests that Na+ excretion is
primarily driven by SNGFR. In Bmal1-knockout rats, cumulative Na+ excretion during the
inactive (light) phase is 110% higher than wild-type. This difference is primarily due to the
higher cumulative SNGFR and thus filtered Na+ load in Bmal1-knockout rats in the inac-
tive phase (by 7%). In contrast, during the active (dark) phase, the cumulative SNGFR is
6% lower in Bmal1-knockout rats, and perhaps more importantly, their cumulative activity
of NHE3 is 10% higher. As a result, cumulative Na+ excretion in Bmal1-knockout rats is
predicted to be 55% lower than wild-type. This pattern aligns with experimental findings
[66], in which cumulative Na+ excretion in Bmal1-knocout male mice was found to be 46%
higher than wild type during inactive phase but 24% lower than in active phase.
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Figure 4.4: Comparison of model GFR and simulated transporter expression between wild
type (WT) and conditional Bmal1 knockout (KO) male rat. (A): GFR is normalized by
baseline GFR at ZT10 in the wild type; (B-F) simulated transporter expression levels are
normalized by mean experimental values the same as in Fig. 4.3. Gray shading and white
regions correspond to the dark and light phases, respectively.
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Figure 4.5: Comparison of segmental Na+ transport and urinary Na+ in wild type (WT)
and Bmal1 knockout (KO) male rats. PT, proximal tubule; TAL, thick ascending limb;
DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting duct. TNa, Na

+

transport; ENa, excretion.
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4.2.3 Transport and Excretions in Normotension and Hyperten-
sion

In the next set of simulations, we assess the differences in nephron function in a nor-
motensive and hypertensive rat throughout the day. Simulations were conducted for a
normotensive and a hypertensive rat kidney, using the same SNGFR and clock gene pro-
files. The predicted filtered Na+ load, urinary output, Na+ and K+ excretions are shown
in Fig. 4.6. Selected predicted segmental transport profiles are shown in Fig. 4.7.

As expected, the hypertensive-induced downregulation of NHE3 results in reduced Na+

reabsorption along the proximal tubule (Fig. 4.7A). In both normotension and hyperten-
sion, proximal tubule Na+ reabsorption peaks around ZT14, a result of the competing
effects of the diurnal rhythms in SNGFR and NHE3, which peak at ZT16 and ZT11, re-
spectively. Proximal tubule outflow and thus Na+ delivery to the loop of Henle downstream
peak at ZT16; as a result, Na+ reabsorption along the thick ascending limb also peaks at
ZT16 (Fig. 4.7B). Na+ transport along the thick ascending limb is similar in normotension
and hypertension throughout the day, because the hypertension-induced downregulation
of NHE3, NKCC2, and Na+-K+-ATPase along the medullary thick ascending limb, and
the resulting decrease in Na+ reabsorption, is compensated by the upregulation of NKCC2
along the cortical thick ascending limb.

Along the downstream segments, Na+ reabsorption and K+ transport (secretion or
reabsorption, depending on the segment) are enhanced by the upregulation of NCC and
ENaC in hypertension (Figs. 4.7C-4.7I), with the exception of the collecting duct, a result
that is consistent with published modeling results [171]. That increase persists throughout
the day. It is noteworthy that model simulations did not predict a significant phase shift
in the segmental transport profiles in hypertension. This result is attributable, in large
part, to the assumption of the same diurnal oscillations in SNGFR in normotension and
hypertension, which yield similarly shaped oscillations in Na+ transport in all segments
and in urinary Na+ excretion.

Changes in SNGFR and transporter activities together yield oscillations in urine output
and excretion rates that are essentially in phase with SNGFR rhythms; see Fig. 4.6. Urine
output and excretions are elevated in hypertension, with larger increases during the dark
(active) phase. At ZT4, urine output, Na+, K+, and water excretions are 90%, 72%, and
140%, respectively, higher in hypertension; at ZT16, the increases are 61%, 20%, and 58%,
respectively. It is noteworthy that urinary Na+ and volume peak at ZT18, a consequence
of high SNGFR and low Na+ transporter activities. The predicted patterns of Na+ and
water excretions align with experimental reports for normotensive and hypertensive mice
[30].
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Figure 4.6: Na+ inflow and Na+, K+, and water excretions. A, Estimated Na+ inflow
into the nephron for our model under both normotension and hypertension. B-D, Na+,
K+, and water excretions under normotension (NTN) and hypertension (HTN). ENa, Na

+

excretion; EK, K
+ excretion; EV, water excretion.
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Figure 4.7: Comparison of segmental Na+, K+, and water transport under normotension
(NTN) and hypertension (HTN). PT, proximal tubule; TAL, thick ascending limb; DCT,
distal convoluted tubule; CNT, connecting tubule; CD, collecting duct. TNa, Na

+ trans-
port; TK, K

+ transport; TW, water transport.
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4.2.4 Circadian Regulation of Diuretic Effects in Hypertension

Model simulations are then conducted to investigate the effects of administration time
of loop, thiazide, and K+-sparing diuretics on the function of a hypertensive rat kidney.
Predicted segmental Na+ transport and urinary excretion are shown in Fig. 4.8 for ZT4 and
ZT16, which correspond to the trough and peak times in the simulated SNGFR. Analogous
results for K+ and water are shown in Figs. 4.9 and 4.10, respectively. As expected,
each class of diuretics exerts the largest effect on Na+ reabsorption along the primary
segment that expresses the target transport: thick ascending limb for loop diuretics, distal
convoluted tubule for thiazide diuretics, and connecting tubule and collecting duct for
K+-sparing diuretics. The lowered Na+ reabsorption enhances natriuresis throughout the
day, with the effect being larger during the active (dark) phase for all three diuretics. The
dark phase is also when Na+ reabsorption is higher in each of these segments; see Figs.
8B-8E. The ratio between urinary Na+ excretion at ZT16 and ZT4 is approximately 6 for
three diuretics (Fig. 4.8). The natriuretic effect is the largest for the K+-sparing diuretics,
for both ZT4 and ZT16 (Fig. 4.8F) because there are fewer segments downstream of
its target site (connecting tubule and collecting duct) to compensate for the suppressed
ENaC-mediated Na+ reabsorption.

Consistent with Na+ excretion, predicted urinary K+ excretion is higher during the
dark (active) phase, in both normotension and hypertension, with and without diuretics.
Loop and thiazide diuretics both enhance K+ excretion, with the increases (but not the
actual excretions) somewhat larger during the light (inactive) phase. K+-sparing diuretics
essentially eliminate K+ secretion along the CNT, in fact switching it to a small amount
of net reabsorption during the light phase. As intended, K+-sparing diuretics lowers K+

excretion throughout the day, with the effect larger at ZT16 (-83%) than at ZT4 (-65%);
see Fig. 4.9F.

Water transport essentially follows Na+ transport along water-permeable segments.
Thus, the predicted segmental water transport and urine output results are qualitatively
similar to Na+, with the diuretic effect predicted to be larger during the active (dark)
phase; see Fig. 4.10. The diuretic effect is largest for loop diuretics, because it impairs
the concentrating mechanism and lowers interstitial fluid osmolality, resulting in atten-
uated water reabsorption and elevated urine volume (Fig. 4.10F). This is true for both
normotension and hypertension.
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Figure 4.8: Comparison of Na+ transport and excretion, obtained for ZT4 and ZT16, in
normotension (NTN), hypertension (HTN), hypertension with loop diuretic administration
(HTN+loop), hypertension with thiazide administration (HTN+thiazide), and hyperten-
sion with K+-spring administration (HTN+K+-sparing). PT, proximal tubule; TAL, thick
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting
duct. TNa, Na+ transport; ENa, Na+ excretion.
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Figure 4.9: Comparison of K+ transport and excretion, obtained for ZT4 and ZT16, in
normotension (NTN), hypertension (HTN), hypertension with loop diuretic administration
(HTN+loop), hypertension with thiazide administration (HTN+thiazide), and hyperten-
sion with K+-spring administration (HTN+K+-sparing). PT, proximal tubule; TAL, thick
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting
duct. TK, K+ transport; EK, K+ excretion.
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Figure 4.10: Comparison of water transport and excretion, obtained for ZT4 and ZT16, in
normotension (NTN), hypertension (HTN), hypertension with loop diuretic administration
(HTN+loop), hypertension with thiazide administration (HTN+thiazide), and hyperten-
sion with K+-spring administration (HTN+K+-sparing). PT, proximal tubule; TAL, thick
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting
duct. TW, water transport; EW, water excretion.
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Table 4.1: Peak time and relative amplitude of predicted mRNA oscillations in the kid-
neys of wild-type normotensive male rats. Relative amplitude is calculated as (peak -
trough)/mean.

mRNA Peak time (ZT) Relative amplitude
Per1 10 91%
Per2 12 127%
Cry1 17 76%
Cry2 12 34%
Rev-Erb 20 140%
Ror 18 98%
Bmal1 10 160%
NHE3 11 32%
NKCC2 15 64%
SGLT1 11 21%
NCC 14 31%
ENaC 15 110%
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Chapter 5

Conclusion

5.1 Physiological Implications

5.1.1 Sex Differences in AngII-induced Hypertension

In many mammalian and avian species, pre-menopausal females have a lower blood pres-
sure and a lower prevalence of hypertension compared to age-matched males [127, 161].
This phenomenon is observed not only in humans but also in genetic models of hyperten-
sion, including spontaneously hypertensive rats and Dahl salt-sensitive rats, where males
tend to experience hypertension at an earlier stage and with more severity than their fe-
male counterparts [109]. Despite these observations, the precise mechanisms responsible
for these differences in blood pressure regulation between males and females remain inad-
equately elucidated. One of the suggested mechanisms underlying this sexual dimorphism
is differences in the function of the RAAS. The RAAS is important in the regulation of
body fluid and blood pressure homeostasis, and overactivation of the RAAS contributes to
the development of numerous pathophysiological processes, notably, the development and
progression of hypertension. There is an expanding literature regarding sex differences in
the expression of RAAS components [94, 103, 53, 73], as well as in functional responses to
RAAS activation to both acute and chronic AngII infusion [110].

A widely utilized experimental model of hypertension is the infusion of AngII via os-
motic minipump at 400 ng/kg/min [87, 43, 166, 17]. The kidney’s response to the chronic
infusion of AngII, a Na+-retaining hormone, is biphasic. In male rodents, 3-day low-dose
infusion of AngII stimulates the activation of sodium transporters all along the nephron
[104]. With continued AngII infusion, pressure natriuresis takes effect to reinstate fluid and
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electrolyte homeostasis, whereby proximal and medullary NHE3 and medullary NKCC2
pool sizes decrease, while cortical NKCC2, NKCC2p, NCC, NCC-p, and cleaved ENaC
subunits remain activated [105, 150]. Notably, the shift of Na+ transport capacity to dis-
tal segments in AngII-induced hypertensive male rodents renders their transporter more
similar to that of normotensive females, allowing for better fine-tuning of Na+ transport.
AngII infusion in female C57BL/6J mice amplified the baseline profile by decreasing the
pool size of NHE3 and increasing the pool sizes of NCC and ENaC [150].

Model simulations indicate that this beneficial pattern, with the lower proximal and
medullary thick ascending limb Na+ transporter abundance along with enhanced distal
and collecting duct transport capacity, facilitates pressure natriuresis by significantly sup-
pressing proximal and medullary thick ascending limb Na+ transport. Model simulations
predict that fractional Na+ transport along proximal tubule and medullary thick ascending
limb in male and female rat nephrons decreases by approximately 10%. Most of that reduc-
tion can be attributed to the inhibition of NHE3 along the proximal tubule. Without that
adaptation, the natriuretic effect would be much attenuated, with urinary Na+ excretion
decreased by more than 1/3 from the baseline hypertensive models (Figs. 3.4A1, 3.4A2).

Oxygen tension is lower in the renal medulla than in renal cortex [169]. AngII-induced
vasoconstriction can lead to pathogenesis of pulmonary hypertension [47], which may result
in hypoxemia [152]. Because tubular Na+ reabsorption is a major contributor of oxygen
consumption in kidney [82, 83], a partial redistribution of the workload required for Na+

reabsorption from the renal medulla to the cortex may serve to avoid severe medullary
hypoxia. Model simulations suggest that upregulation of ENaC and NCC shifts Na+

reabsorption load from medullary segments (collecting duct) to cortical segments (distal
convoluted tubule and connecting tubule); see Fig. 3.2.

Increased urinary Na+ excretions are observed in both humans with essential hyperten-
sion [101, 64] and rodents with spontaneous [155] or AngII-induced hypertension [104, 150].
Model simulations predict that female rats with AngII-induced hypertension have smaller
increase in urinary Na+ excretions than that in male (Figs. 3.2A1, 3.2A2), consistent
with findings in AngII infusion experiments [105, 150]. Model simulations suggest that
difference may be attributed to the lower baseline NHE3 activity in females. When AngII
infusion leads to a reduction of proximal tubule Na+ transport, distal Na+ flow is increased
more in males, resulting in a stronger natriuretic effect. Indeed, females appear to be more
resistant to AngII-induced hypertension, a sex difference that may be attributed to higher
bioavailability of nitric oxide in females [163, 164] and a less reactive RAAS [65].

In separate studies, Edwards et al. applied computational models of epithelial transport
in nephrons to study the impact of 14-day AngII infusion on the handling of Na+ and K+ in
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male [34] and female [35] rats. Their simulations predict that in both sexes AngII infusion
stimulates distal Na+ reabsorption and K+ secretion, and that a substantial downregulation
of proximal tubule NHE3 is needed to reestablish Na+ balance at 2 weeks. As discussed
above, a similar downstream shift in Na+ reabsorptive and K+ secretive loads is seen
in our simulation results. A comparison between the predicted urinary excretion (Fig.
3.4) indicates that the contribution of hypertension-induced downregulation of PT NHE3
activity to downstream shift of Na+ transport is stronger in the hypertensive male model
than female. When PT NHE3 activity was returned to the (higher) normotensive value,
the male model predicted substantially lower urine output and Na+ and K+ excretion
rates that are close to normotensive excretions (Fig. 3.4). In contrast, K+ excretion in
particular is notably higher than the normotensive excretion and closer to the hypertensive
value in the female model (Figs. 3.4B1, 3.4B2). That sex difference can be attributed to
the hypertension-induced transporter alterations in the PCT. In males, that is limited to
a reduction in NHE3 activity, whereas in females, Na+-K+-ATPase and SGLT2 activities
are also downregulated. Our simulations of the administration of diuretics on nephron
transport in a hypertensive kidney indicate that the natriuretic and diuretic effects are
generally stronger in females, consistent with experimental findings [21, 11, 12]; more
below.

Loop diuretics.

Expressed on the apical membrane of the thick ascending limb and macula densa cells,
NKCC2 can be inhibited by loop diuretics such as furosemide. Micropuncture studies by
Hropot et al. [57] on male Sprague-Dawley rats reported an approximately four-fold in-
crease in early distal Na+ delivery after the administration of furosemide. Reyes reported
that administration of furosemide to healthy adults yielded dose-dependent natriuresis
[121]. In humans, dysfunction of NKCC2 in humans is linked to type 1 Bartter syndrome
[132], a nephropathy that involves severe salt-wasting and the inability to generate concen-
trated urine. A mouse model of Bartter’s syndrome exhibit polyuria [145]. Consistent with
these observations, model simulations suggest that a partial (70%) inhibition of NKCC2 in
normotension leads a substantial increase in early distal delivery of Na+ (see Figs. 5.1A1,
5.1A2), resulting in approximately 0.67- to 1.4-fold increase in urinary Na+ excretion. A
completely inhibition of NKCC2 in normotension yields 8.6- to 18-fold increase in Na+

excretion, coupled with a rise of approximately 2.0- to 4.3-fold in early distal Na+ flow
(see Figs. 5.2A1, 5.2A2). Alterations of segmental Na+, K+, and water transport are
predicted to be similar in hypertension, with segmental transport shifted downstream, and
a magnification of the natriuresis, diuresis, and kaliuresis induced in hypertension. Model
simulations predict that the loop diuretics induced natriuretic response is stronger in hyper-
tension than normotension, in both sexes. That is because of the downstream shift in Na+
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transport that is already present in hypertension; as a result, the distal segments are less
able to reabsorb an elevated Na+ load even with some transporter activities upregulated
in hypertension.

Thiazide diuretics.

NCC plays a crucial role in kidney function, specifically electrolyte and fluid homeostasis
by mediating Na+ and Cl- reabsorption in the initial segment of the distal convoluted
tubule. Mutations in the NCC result in Gitelman syndrome, a salt-wasting disorder [147].
Given its major role in the regulation of salt, fluid, blood pressure, NCC is a target for a
class of antihypertensive medications, thiazide diuretics [116]. Thiazide diuretics, an FDA-
approved drug class, target NCC and impede the reabsorption of 3% to 5% of luminal
Na+ in the distal convoluted tubule of the nephron [3]. This action facilitates natriuresis
and diuresis. Commonly utilized thiazide diuretics include hydrochlorothiazide (HCTZ),
chlorthalidone, and indapamide [38].

Model simulations identify a notable sex difference: thiazide diuretics induce a stronger
natriuretic response in normotensive and hypertensive females, compared to males. That
prediction is consistent with the observed higher prevalence of hyponatremia in women
taking thiazide diuretics compared to men [124, 131, 51]. That sex difference may be
explained by the higher Na+ transport already handled by the distal tubular segments in
females (without thiazides). When NCC is inhibited, the other Na+ transport pathways
in the distal convoluted tubule and downstream segments are less able to further elevate
their Na+ transport to compensate.

Inhibition of NCC results in substantially increased delivery of Na+ to the distal seg-
ment of the distal convoluted tubule and collecting tubule (Figs. 3.7A1, 3.8A1). The
higher Na+ flow enhances Na+ reabsorption in the principal cells via ENaC on the apical
membrane and the aldosterone-sensitive Na+-K+-ATPase pump on the basolateral mem-
brane. The enhanced Na+ flux generates an electrical potential favorable for K+ secretion
into the lumen. Model simulations predicted considerable increases in urinary K+ excre-
tion (Figs. 3.7B1, 3.7B2). Indeed, a drop in serum K+ is a well-known effect of thiazide
diuretics [102].

K+-sparing diuretics.

The final adjustment of Na+ reabsorption occurs along the distal segments, which
include terminal segment of the distal convoluted tubule, the connecting tubule, and the
collecting duct. Along these segments, Na+ reabsorption is mediated by the amiloride-
sensitive ENaC [44], located on the apical membrane. Loss-of-function mutations in ENaC
occurs in pseudohypoaldosteronism type 1, the dominant form of which is very severe [19].
Gain-of-function mutations in ENaC leads to Liddle syndrome, which is characterized by
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Figure 5.1: Segmental delivery of Na+, K+, and water for normotension (NTN), normoten-
sion with 70% NKCC2 inhibition (NTN+loop), hypertension (HTN), hypertension with
70% NKCC2 inhibition (HTN+loop). PT, proximal tubule; mTAL, medullary thick as-
cending limb; cTAL, cortical thick ascending limb; DCT, distal convoluted tubule; CNT,
connecting tubule; CD, collecting duct.
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Figure 5.2: Segmental delivery of Na+, K+, and water for normotension (NTN), normoten-
sion with 100% NKCC2 inhibition (NTN+loop), hypertension (HTN), hypertension with
100% NKCC2 inhibition (HTN+loop). PT, proximal tubule; mTAL, medullary thick as-
cending limb; cTAL, cortical thick ascending limb; DCT, distal convoluted tubule; CNT,
connecting tubule; CD, collecting duct.
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hypertension and hypokalemic alkalosis associated with hypoaldosteronemia [1]. Both the
hypertensive male and female models predict that the connecting tubule reabsorbs twice
as Na+ as much Na+ as the corresponding normotensive models (Figs. 3.2A1, 3.2A2).
Consequently, when the major Na+ transport pathway is blocked, the natriuretic effect
is predicted to be stronger in hypertension (Figs. 3.8A1, 3.8A2). Under most conditions,
loop diuretics are K+-wasting, and patients may require K+ supplementation. Remarkably,
Wang et al. [153] demonstrate that in mice fed a low-Na+, high-K+ diet, loop diuretics
are K+-sparing. Normally, K+ is absorbed along the thick ascending limb. However, when
the mice are fed a low-Na+, high-K+ diet, their thick ascending limb of these mice mediate
significant K+ secretion. That switch is driven by the elevated activities of NKCC2 and
Renal Outer-Medullary K+ channels (ROMK), which provide an electrochemical gradient
that favors K+ secretion, transforming loop diuretics into K+-sparing agents.

5.1.2 Circadian Regulation in a Hypertensive Rat Kidney

Even though the occurrence of circadian rhythms is well known in several renal functions
[67, 23], their clinical importance has yet to be completely understood. In both humans
and rodents, disruption of the circadian rhythms, including changes in time zone, is asso-
ciated with an increased risk of cardiovascular disease [119, 31]. Given the marked diurnal
variations in urinary excretion, the plasma concentration or bioavailability of drugs that are
eliminated by the kidneys might depend on the circadian expression of renal transporters,
even if these drugs do not target renal transporters. The circadian rhythm is also known
to affect the pathogenesis or progression of some renal diseases, such as renal tissue fibrosis
[20] and kidney stones [133, 123]. The morbidity of patients with chronic kidney disease,
as well as patients on hemodialysis or peritoneal dialysis, may be partially attributed to
the disruption of the circadian rhythm of key renal functions [72, 125]. The circadian
rhythm is followed by blood pressure in humans as well, with values 10–15% lower during
nighttime than during daytime, in a phenomenon known as dipping [7]. The absence of a
nocturnal blood pressure decrease (i.e., non-dipping) is associated with target organ dam-
age [151]. The interactions among the central and peripheral clocks, and the organ and
tissue systems, are intriguing and complex. What are the underlying mechanisms that lead
to the emergence of circadian rhythms in these processes? For example, the determinants
of blood pressure dipping and its disappearance has yet to be understood. What are the
clinical implications of the disappearance of these circadian rhythms? And how should
pharmacological treatments be timed to maximize their effectiveness?

As a step towards answering these questions, we developed a detailed computational
model of the circadian regulation of epithelial transport in a rat kidney. Most published
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modeling studies of nephron epithelial transport focus on steady-state results [60, 171, 80,
59, 139], with a few exceptions such as Refs. [79, 33, 32, 137], where the circadian regu-
lation of key renal transporters is represented. A key difference between those published
studies [79, 33] and the present model is that the former represent mouse kidneys, whereas
the present model simulates a rat kidney. Also, the published studies [79, 33, 32, 137] pre-
scribe the circadian oscillations of the transporter activities, whereas in the present study,
transporter activities are computed based on circadian protein levels, which are predicted
by a detailed computational model of the renal circadian clock that simulates the interac-
tions among Per, Cry, Bmal1, Clock, Ror, and Rev-Erb. By modeling the clock explicitly,
we are able to predict the effect of clock gene knockout on kidney function (see Fig. 4.1).

By modeling the renal circadian clock and its regulation of transporter activities, our
model can predict the extent to which Na+, K+ and water transport by a nephron is
modulated by the renal circadian clock. A similar renal circadian clock was developed in
Ref. [107] to predict the circadian regulation of Na+ and water transport by a proximal
convoluted tubule cell. That model [107] does not differentiate between homologs of Per
and Cry. However, Per1 and Per2 have been shown to exert opposite effects on NHE3
expression [126, 134]. Even though direct evidence is not currently available, it does not
seem unreasonable to imagine that distinct roles of Per and Cry homologs on the circa-
dian regulation of key renal transporters may be revealed in the future. Thus, the present
model represents the Per and Cry homologs separately and allows the four protein com-
plexes (PER1-CRY1, PER1-CRY2, PER2-CRY1, PER2-CRY2) to have different effects on
transporter expression levels.

Emans et al. [37] reported that wild-type rats exhibit a circadian rhythm in kidney
tissue oxygenation, with lower levels during the light phase and higher levels during the dark
phase, peaking at ZT16.9. Kidney oxygenation is a result of the balance of oxygen delivery
and consumption, which in turn are determined by renal hemodynamics and metabolism,
respectively. In contrast to the 24-hour circadian rhythm in wild-types, SNGFR and thus
Na+ transport in Bmal1-knockout exhibit a double-peak, 12-hour rhythm (Fig. 4.4A).
Given that renal metabolism is driven primarily by tubular active Na+ transport, we
hypothesize that renal tissue oxygenation in Bmal1-knockout exhibits a different rhythm,
with a 12-hour period instead of 24.

In Ref. [171], we published the first computational model of epithelial transport in
the kidney of a rat with hypertension. That model was formulated for steady state. With
circadian rhythms incorporated, the present model predicts that due to pressure natriuresis,
Na+, K+, and water transport is suppressed along the proximal tubule in the hypertensive
rat, but is generally elevated along the distal segments (Fig. 4.7). These competing effects
result in hypertension-enhanced natriuresis, diuresis, and kaliuresis throughout the day
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(Fig. 4.6). The hypertensive kidney model allows us to investigate how administration time
may impact the natriuretic and diuretic effects of diuretics in a rat with hypertension. In
fact, while Dutta et al. simulated the administration of the same three classes of diuretics
[33], they used a normotensive kidney. Our simulations indicate that effects of the diuretics
are qualitatively similar in the normotensive and hypertensive kidneys (Fig. 4.8, 4.9, 4.10).
All three diuretics yield stronger natriuretic and diuretic effects during the active phase,
with K+-sparing and loop diuretics producing the strongest natriuretic and diuretic effects,
respectively (Figs. 4.8, 4.9).

5.2 Limitations and Future Work

The goal of this study is to develop computational tools for conducting in silico experiments
to advance our understanding of the kidney’s role in pathogenesis and treatments of hyper-
tension. As we apply the models to conduct simulations and analyze data, it is important
to understand and acknowledge their limitations. These limitations include the scarcity
of direct measurements of transport activities, and the limited availability of experimental
data at the cellular level, including details of intracellular signaling pathways, especially
in female species [96]. Additionally, the current models represent a superficial nephron,
which account for two-thirds of the total nephron population of a rat kidney [6]. Focus on
the superficial nephron allows us to better understand the impact of hypertension-induced
alternations in individual transporters. The rest of the nephrons are juxtamedullary one,
which can be incorporated in a more comprehensive computational model of kidney func-
tion to provide more accurate predictions of whole-kidney function (e.g., Refs. [136, 61].

The present models are formulated for AngII-induced hypertension, which accounts for
a disproportionally large fraction (nearly half) of published hypertension animal research
studies [43]. Other forms of hypertension, e.g., genetic animal models of hypertension,
mineralocortical-salt hypertension, L-NAME-induced hypertension, etc. likely have differ-
ent effects on kidney function. However, sex-specific renal transporter measurements are
mostly unavailable in these animal models. Furthermore, people with hypertension often
suffer from other diseases such as diabetes, which induces renal hypertrophy, hyperfiltra-
tion, and alterations in transporter expression [59, 143]. Normal pregnancy is characterized
by massive increases in plasma volume and electrolyte retention. In humans, GFR increases
by 40–50% during pregnancy [8]; in rats, about 30% [159]. That marked increase in fil-
tration matched by major adaptations in nephron transport, to avoid excessive water and
electrolyte loss. How gestational hypertension modifies renal transporter pattern is now
known. Understanding kidney function in pregnancy [138, 139] and hypertension may lead
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to better treatment options for gestational hypertension and preeclampsia.

The effectiveness of an antihypertensive medication is typically measured by how much
it lowers blood pressure. The kidney model used in the present study predicts urine output
and excretions, but not extracellular fluid volume or blood pressure. Indeed, the present
model does not include other key regulatory mechanisms in blood pressure regulation, such
as the renin-angiotensin system, renal sympathetic nervous system, oxidative stress/nitric
oxide pathway, and endothelin system. Some of these systems regulate blood pressure by
acting on the kidneys. Furthermore, circadian oscillations in GFR and urinary excretion
may impact the drug’s excretion and pharmacokinetics. Thus, while diuresis and natri-
uresis, taken in isolation, would lower blood pressure, the picture is complicated by the
contributions of the other systems noted above. To assess the time-of-day variations of
the effectiveness of antihypertensive drugs, the present nephron models can be combined
with whole-body blood pressure regulation models [85, 2]. The resulting integrative model
would take into account the multiple feedback controls and correctly link natriuresis and
diuresis to extracellular fluid volume and blood pressure.

Besides the circadian clock, sex is another key modulator of blood pressure regulation.
Sex-based differences in blood pressure and its dysregulation have been observed across
various mammalian and avian species [127]. Studies in animal models of hypertension,
such as spontaneously hypertensive rats [62] and Dahl salt-sensitive rats [25], reveal that
males tend to develop hypertension earlier and more severely than females. Similarly,
premenopausal women typically exhibit lower blood pressure and a lower incidence of hy-
pertension compared to men of the same age [161], although that female advantage vanishes
in postmenopausal women over the age of 60. Sex differences are evident across organ and
tissue systems that are involved in blood pressure regulation, collectively contributing to
differences in blood pressure and hypertension between the sexes. The present model sim-
ulates kidney function in a male rat. Future studies should extend the circadian regulation
model to a female rat kidney, followed by whole-body models of circadian regulation of
blood pressure control in both sexes. Model simulations may yield insights into the mech-
anisms via which each transcription factor contributes to blood pressure phenotype, and
explain any sex differences.
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René J. M. Bindels, and Sabina Jeleń. Functionomics of NCC mutations in gitelman
syndrome using a novel mammalian cell-based activity assay. American Journal of
Physiology-Renal Physiology, 311(6):F1159–F1167, 2016.

[148] Rosa Vargas-Poussou, Delphine Feldmann, Martin Vollmer, Martin Konrad, Lisa
Kelly, Lambertus PWJ van den Heuvel, Lamia Tebourbi, Matthias Brandis, Lothar
Karolyi, Steven C Hebert, et al. Novel molecular variants of the Na-K-2Cl cotrans-
porter gene are responsible for antenatal bartter syndrome. The American Journal
of Human Genetics, 62(6):1332–1340, 1998.

[149] Luciana C. Veiras, Adriana C.C. Girardi, Joshua Curry, Lei Pei, Donna L. Ralph,
An Tran, Regiane C. Castelo-Branco, Nuria Pastor-Soler, Cristina T. Arranz,
Alan S.L. Yu, and Alicia A. McDonough. Sexual dimorphic pattern of renal trans-
porters and electrolyte homeostasis. Journal of the American Society of Nephrology,
28(12):3504–3517, 2017.

81



[150] Luciana C Veiras, Brandon E McFarlin, Donna L Ralph, Vadym Buncha, Jessica
Prescott, Borna S Shirvani, Jillian C McDonough, Darren Ha, Jorge Giani, Susan B
Gurley, et al. Electrolyte and transporter responses to angiotensin ii induced hyper-
tension in female and male rats and mice. Acta Physiologica, 229(1):e13448, 2020.

[151] P Verdecchia, G Schillaci, M Guerrieri, C Gatteschi, G Benemio, F Boldrini, and
C Porcellati. Circadian blood pressure changes and left ventricular hypertrophy in
essential hypertension. Circulation, 81(2):528–536, 1990.

[152] Jean-Frédéric Vodoz, Vincent Cottin, Jean-Charles Glérant, Geneviève Derumeaux,
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Appendix A

Equations and Parameters of Clock
Gene and Transporter Expression

A1 Governing Equations Overview

Eq. A1-A21 are 25 governing equations of 12 mRNAs: Per1, Per2, Cry1, Cry2, Rev-Erb,
Ror, Bmal1, NHE3, NKCC2, SGLT1,NCC, and ENaC; 7 proteins: PER1, PER2, CRY1,
CRY2, REV-ERB, ROR, and BMAL1; and 5 protein complexes: PER1-CRY1, PER2-
CRY1, PER1-CRY2, PER2-CRY2, and CLOCK-BMAL1. Because in our formulation
all mRNA are regualted by 5 protein complexes in an analogous pattern, we unify the
formulation by defining a regulation factor FX (Eq. A13) where X is the name of mRNA.
All parameters are listed with description in Section A4.

A2 mRNA equations

d[Per1]

dt
= −dm Per1 · [Per1] + V Per1 · FPer1 (A1)

d[Per2]

dt
= −dm Per2 · [Per2] + V Per2 · FPer2 (A2)

d[Cry1]

dt
= −dm Cry1 · [Cry1] + V Cry1 · FCry1

(1 + ( REV ERB
Ki Cry1 rev

)hill Cry1 REV)
(A3)
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d[Cry2]

dt
= −dm Cry2 · [Cry2] + V Cry2 · FCry2

(1 + ( REV ERB
Ki Cry2 rev

)hill Cry2 REV)
(A4)

d[Rev-Erb]

dt
= −dm rev · [Rev-Erb] + V Rev · Frev (A5)

d[Ror]

dt
= −dm Ror · [Ror] + V Ror · FRor (A6)

d[Bmal1]

dt
= −dm Bmal1 · [Bmal1] +

V Bmal1 · (1 + fold Bmal1 · ( [ROR]
Ka Bmal1 Ror

)hill Bmal1 ROR)

1 + ( [REV-ERB]
Ki Bmal1 rev

)hill Bmal1 REV + ( [ROR]
Ka Bmal1 Ror

)hill Bmal1 ROR

(A7)

d[NHE3]

dt
= −dm NHE3 · [NHE3] + V NHE3 · (1 + fold NHE3 · (

[CLOCK− BMAL1]

Ka NHE3 cb
)hill NHE3 cb · (1

+(
[PER1− CRY2]

Ka NHE3 P1C2
)hill NHE3 p1c2))/(1 + (

[CLOCK− BMAL1]

Ka NHE3 cb
)hill NHE3 cb · (1 + (

[PER1− CRY2]

Ka NHE3 P1C2
)hill NHE3 p1c2)

·(1 + (
[PER2 CRY1]

Ki NHE3 p2c1
)hill NHE3 p2c1) · (1 + (

[PER2 CRY2]

Ki NHE3 p2c2
)hill NHE3 p2c2) · (1 +

[PER1− CRY1]

Ki NHE3 p1c1
+)hill NHE3 p1c1) (A8)

d[NKCC2]

dt
= −dm NKCC2 · [NKCC2] + V NKCC2 · FNKCC2 (A9)

d[SGLT1]

dt
=−dm SGLT1 · [SGLT1]

+
V SGLT1(1 + fold SGLT1 · ( [PER1−CRY1]

Ka SGLT1 p1c1
+ [PER1−CRY2]

Ka SGLT1 p1c2
)hill NCC p1c)

1 + ( [CLOCK−BMAL1]
Ki SGLT1 cb

)hill SGLT1 cb + ( [PER1−CRY1]
Ka SGLT1 p1c1

+ [PER1−CRY2]
Ka SGLT1 p1c2

)hill NCC p1c

(A10)

d[NCC]

dt
=−dm NCC · [NCC]

+
V NCC(1 + fold NCC · ( [PER1−CRY1]

Ka NCC p1c1
+ [PER1−CRY2]

Ka NCC p1c2
)hill NCC p1c)

1 + ( [CLOCK−BMAL1]
Ki NCC cb

)hill NCC cb + ( [PER1−CRY1]
Ka NCC p1c1

+ [PER1−CRY2]
Ka NCC p1c2

)hill NCC p1c

(A11)
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d[ENaC]

dt
=−dm ENaC · [ENaC]

+
V ENaC(1 + fold ENaC · ( [CLOCK−BMAL1]

Ka ENaC cb
)hill ENaC cb(1 + ( [PER1−CRY1]

Ka ENaC p1c1
+ [PER1−CRY2]

Ka ENaC p1c2
)hill ENaC p1c)

1 + ( [CLOCK−BMAL1]
Ka ENaC cb

)hill ENaC cb(1 + ( [PER1−CRY1]
Ka ENaC p1c1

+ [PER1−CRY2]
Ka ENaC p1c2

)hill ENaC p1c)

(A12)

FX = (1 + fold X · ( [CLOCK BMAL1]

Ka X cb
)hill X cb))/(1 + (

[CLOCK BMAL1]

Ka X cb
)hill X cb

·(1 + (
[PER1 CRY1]

Ki X p1c1
)hill X p1c1) · (1 + (

[PER1 CRY2]

Ki X p1c2
)hill X p1c2)·

(1 + (
[PER2 CRY1]

Ki X p2c1
)hill X p2c1) · (1 + (

[PER2 CRY2]

Ki X p2c2
)hill X p2c2))

(A13)

A3 Protein Equations

d[PER1]

dt
= −dp PER1 · [PER1] + kp PER1 · [Per1]− kass p1c1 · [PER1] · [CRY1]

−kass p1c2 · [PER1] · [CRY2] + kdiss p1c1 · [PER1-CRY1] + kdiss p1c2 · [PER1-CRY2]
(A14)

d[PER2]

dt
= −dp PER2 · [PER2] + kp PER2 · [Per2]− kass p2c1 · [PER2] · [CRY1]

−kass p2c2 · [PER2] · [CRY2] + kdiss p2c1 · [PER2-CRY1] + kdiss p2c2 · [PER2-CRY2]
(A15)

d[CRY1]

dt
= −dp CRY1 · [CRY1] + kp CRY1 · [Cry1]− kass p1c1 · [PER1] · [CRY1]

−kass p2c1 · [PER2] · [CRY1] + kdiss p1c1 · [PER1-CRY1] + kdiss p2c1 · [PER2-CRY1]
(A16)
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d[CRY2]

dt
= −dp CRY2 · [CRY2] + kp CRY2 · [Cry2]− kass p1c2 · [PER1] · [CRY2]

−kass p2c2 · [PER2] · [CRY2] + kdiss p1c2 · [PER1-CRY2] + kdiss p2c2 · [PER2-CRY2]
(A17)

d[PER1-CRY1]

dt
= kass p1c1 · [PER1] · [CRY1]− kdiss p1c1 · [PER1-CRY1]− d p1c1 · [PER1-CRY1]

(A18)

d[PER2-CRY1]

dt
= kass p2c1 · [PER2] · [CRY1]− kdiss p2c1 · [PER2-CRY1]− d p2c1 · [PER2-CRY1]

(A19)

d[PER1-CRY2]

dt
= kass p1c2 · [PER1] · [CRY2]− kdiss p1c2 · [PER1-CRY2]− d p1c2 · [PER1-CRY2]

(A20)

d[PER2-CRY2]

dt
= kass p2c2 · [PER2] · [CRY2]− kdiss p2c2 · [PER2-CRY2]− d p2c2 · [PER2-CRY2]

(A21)

d[REV-ERB]

dt
= −dp REV · [REV-ERB] + kp REV · [Rev-Erb] (A22)

d[ROR]

dt
= −dp ROR · [ROR] + kp ROR · [Ror] (A23)

d[BMAL1]

dt
=−dp BMAL1 · [BMAL1] + kp BMAL1 · [Bmal1]− kass cb · [BMAL1]

(A24)

+kdiss cb · [CLOCK-BMAL1] (A25)

d[CLOCK-BMAL1]

dt
=−d cb · [CLOCK-BMAL1] + kass cb · [BMAL1] (A26)

−kdiss cb · [CLOCK-BMAL1] (A27)
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A4 Baseline parameters

Table A1: Degradation rates (in hour−1) of protein complexes, mRNAs, and proteins .
Parameter Value Description

d cb 0.098775151 CLOCK-BMAL1 complex degradation rate
d p1c1 2.747914868 PER1-CRY1 protein complex degradation rate
d p1c2 3.857884688 PER1-CRY2 protein complex degradation rate
d p2c1 1.98150769 PER2-CRY1 protein complex degradation rate
d p2c2 0.009962143 PER2-CRY2 protein complex degradation rate

dm Bmal1 10.29999143 Bmal1 mRNA degradation rate
dm Cry1 1.680357077 Cry1 mRNA degradation rate
dm Cry2 1.102297307 Cry2 mRNA degradation rate
dm Per1 0.393284589 Per1 mRNA degradation rate
dm Per2 0.199538876 Per2 mRNA degradation rate
dm Rev 0.202152455 Rev mRNA degradation rate
dm Ror 0.733726737 Ror mRNA degradation rate

dm NHE3 2.6212974828 NHE3 mRNA degradation rate
dm NKCC2 0.147706095 NKCC2 mRNA degradation rate
dm SGLT1 0.9719928901 SGLT1 mRNA degradation rate
dm NCC 0.11428499820 NCC mRNA degradation rate
dm ENaC 1.4666546516 ENaC mRNA degradation rate
dp BMAL1 0.1223564 BMAL1 protein degradation rate
dp CRY1 0.07170199 CRY1 protein degradation rate
dp CRY2 0.063886143 CRY2 protein degradation rate
dp PER1 2.118148503 PER1 protein degradation rate
dp PER2 1.092137167 PER2 protein degradation rate
dp REV 1.54249893 REV-ERB protein degradation rate
dp ROR 0.110251246 ROR protein degradation rate

Table A2: Activation ratios (dimensionless).
Parameter Value Description
fold Bmal1 29.23079974 Activation ratio of Bmal1 by ROR
fold Cry1 17.45987491 Activation ratio of Cry1 by CLOCK-BMAL1
fold Cry2 13.21473162 Activation ratio of Cry2 by CLOCK-BMAL1
fold Per1 2.431717595 Activation ratio of Per1 by CLOCK-BMAL1
fold Per2 3.308354134 Activation ratio of Per2 by CLOCK-BMAL1
fold Rev 118.5947203 Activation ratio of Rev by CLOCK-BMAL1
fold Ror 5.603448203 Activation ratio of Ror by CLOCK-BMAL1

fold NHE3 5.63209402975596 Activation ratio of NHE3 by CLOCK-BMAL1 and PER1-CRY2
fold NKCC2 0.385311524 Activation ratio of NKCC2 by CLOCK-BMAL1
fold SGLT1 2.36457412221910 Activation ratio of SGLT1 by CLOCK-BMAL1
fold NCC 1.026401864136 Activation ratio of NCC by PER1-CRY1 and PER1-CRY2
fold ENaC 6.2735611435 Activation ratio of ENaC by CLOCK-BMAL1
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Table A3: Hill coefficients (dimensionless).
Parameter Value Description

hill Bmal1 REV 6.315290784 Hill coefficient regulation of Bmal1 by REV-ERB
hill Bmal1 ROR 10.19219221 Hill coefficient regulation of Bmal1 by ROR

hill Cry1 cb 4.565210968 Hill coefficient regulation of Cry1 by CLOCK-BMAL1
hill Cry1 p1c1 1.768766266 Hill coefficient regulation of Cry1 by PER1-CRY1
hill Cry1 p1c2 1.438000996 Hill coefficient regulation of Cry1 by PER1-CRY2
hill Cry1 p2c1 1.589908884 Hill coefficient regulation of Cry1 by PER2-CRY1
hill Cry1 p2c2 1.830362004 Hill coefficient regulation of Cry1 by PER2-CRY2
hill Cry1 Rev 4.820086463 Hill coefficient regulation of Cry1 by REV-ERB
hill Cry2 cb 1.367823416 Hill coefficient regulation of Cry2 by CLOCK-BMAL1

hill Cry2 p1c1 2.1098479 Hill coefficient regulation of Cry2 by PER1-CRY1
hill Cry2 p1c2 2.026033401 Hill coefficient regulation of Cry2 by PER1-CRY2
hill Cry2 p2c1 1.602187775 Hill coefficient regulation of Cry2 by PER2-CRY1
hill Cry2 p2c2 1.655287085 Hill coefficient regulation of Cry2 by PER2-CRY2
hill Cry2 rev 1.032736435 Hill coefficient regulation of Cry2 by REV-ERB
hill Per1 cb 4.096754782 Hill coefficient regulation of Per1 by CLOCK-BMAL1

hill Per1 p1c1 4.137208965 Hill coefficient regulation of Per1 by PER1-CRY1
hill Per1 p1c2 4.352895626 Hill coefficient regulation of Per1 by PER1-CRY2
hill Per1 p2c1 4.556232531 Hill coefficient regulation of Per1 by PER2-CRY1
hill Per1 p2c2 3.006414519 Hill coefficient regulation of Per1 by PER2-CRY2
hill Per2 cb 5.973526978 Hill coefficient regulation of Per2 by CLOCK-BMAL1

hill Per2 p1c1 4.917946201 Hill coefficient regulation of Per2 by PER1-CRY1
hill Per2 p1c2 4.094774755 Hill coefficient regulation of Per2 by PER1-CRY2
hill Per2 p2c1 4.287994314 Hill coefficient regulation of Per2 by PER2-CRY1
hill Per2 p2c2 5.627510726 Hill coefficient regulation of Per2 by PER2-CRY2
hill Rev cb 13.59046465 Hill coefficient regulation of Rev-Erb by CLOCK-BMAL1

hill Rev p1c1 4.593824878 Hill coefficient regulation of Rev-Erb by PER1-CRY1
hill Rev p1c2 4.473939935 Hill coefficient regulation of Rev-Erb by PER1-CRY2
hill Rev p2c1 4.502871061 Hill coefficient regulation of Rev-Erb by PER2-CRY1
hill Rev p2c2 4.474437607 Hill coefficient regulation of Rev-Erb by PER2-CRY2
hill Ror cb 11.23225359 Hill coefficient regulation of Ror by CLOCK-BMAL1

hill Ror p1c1 3.346138809 Hill coefficient regulation of Ror by PER1-CRY1
hill Ror p1c2 4.279505041 Hill coefficient regulation of Ror by PER1-CRY2
hill Ror p2c1 3.213895403 Hill coefficient regulation of Ror by PER2-CRY1
hill Ror p2c2 4.047251298 Hill coefficient regulation of Ror by PER2-CRY2
hill NHE3 cb 2.2098682284 Hill coefficient regulation of NHE3 by CLOCK-BMAL1

hill NHE3 p1c1 4.0457153929 Hill coefficient regulation of NHE3 by PER1-CRY1
hill NHE3 p1c2 5.8872697770 Hill coefficient regulation of NHE3 by PER1-CRY2
hill NHE3 p2c1 5.1885742129 Hill coefficient regulation of NHE3 by PER2-CRY1
hill NHE3 p2c2 1.7481499102 Hill coefficient regulation of NHE3 by PER2-CRY2
hill NKCC2 cb 21.63335325 Hill coefficient regulation of NKCC2 by CLOCK-BMAL1

hill NKCC2 p1c1 10.57552098 Hill coefficient regulation of NKCC2 by PER1-CRY1
hill NKCC2 p1c2 11.3012353 Hill coefficient regulation of NKCC2 by PER1-CRY2
hill NKCC2 p2c1 11.0258738 Hill coefficient regulation of NKCC2 by PER2-CRY1
hill NKCC2 p2c2 15.74026414 Hill coefficient regulation of NKCC2 by PER2-CRY2
hill SGLT1 cb 1.8701185743 Hill coefficient regulation of SGLT1 by CLOCK-BMAL1
hill SGLT1 p1c 5.86981584935250 Hill coefficient regulation of SGLT1 by PER1-CRY1 and PER1-CRY2
hill NCC cb 2.1869392091 Hill coefficient regulation of NCC by CLOCK-BMAL1
hill NCC p1c 4.8511288196 Hill coefficient regulation of NCC by PER1-CRY1 and PER1-CRY2
hill ENaC cb 6.4999347889 Hill coefficient regulation of ENaC by CLOCK-BMAL1
hill ENaC p1c 10.4928793515923 Hill coefficient regulation of ENaC by PER1-CRY1 and PER1-CRY2
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Table A4: Regulation thresholds (dimensionless).
Parameter Value Description
Ka Bmal1 ror 0.788134198 Regulation threshold of Bmal1 by ROR
Ka Cry1 cb 2.965895772 Regulation threshold of Cry1 by CLOCK-BMAL1
Ka Cry2 cb 9.818058078 Regulation threshold of Cry2 by CLOCK-BMAL1
Ka Per1 cb 3.045974034 Regulation threshold of Per1 by CLOCK-BMAL1
Ka Per2 cb 0.996030215 Regulation threshold of Per2 by CLOCK-BMAL1
Ka Rev cb 2.407381652 Regulation threshold of Rev-Erb by CLOCK-BMAL1
Ka Ror cb 2.531369156 Regulation threshold of Ror by CLOCK-BMAL1

Ka NHE3 cb 3.0427238397 Regulation threshold of NHE3 by CLOCK-BMAL1
Ka NKCC2 cb 1.238599283 Regulation threshold of NKCC2 by CLOCK-BMAL1
Ki SGLT1 cb 5.414004356 Regulation threshold of SGLT1 by CLOCK-BMAL1
Ki NCC cb 0.5108645898 Regulation threshold of NCC by CLOCK-BMAL1
Ka ENaC cb 3.2433974568 Regulation threshold of ENaC by CLOCK-BMAL1
Ki Bmal1 rev 0.000960248 Regulation threshold of Bmal1 by REV-ERB
Ki Cry1 p1c1 2.559548048 Regulation threshold of Cry1 by PER1-CRY1
Ki Cry1 p1c2 2.536630442 Regulation threshold of Cry1 by PER1-CRY2
Ki Cry1 p2c1 2.455448644 Regulation threshold of Cry1 by PER2-CRY1
Ki Cry1 p2c2 3.054560489 Regulation threshold of Cry1 by PER2-CRY2
Ki Cry1 rev 3.597110237 Regulation threshold of Cry1 by REV-ERB
Ki Cry2 p1c1 2.852145929 Regulation threshold of Cry2 by PER1-CRY1
Ki Cry2 p1c2 3.094816119 Regulation threshold of Cry2 by PER1-CRY2
Ki Cry2 p2c1 2.709023574 Regulation threshold of Cry2 by PER2-CRY1
Ki Cry2 p2c2 2.309457939 Regulation threshold of Cry2 by PER2-CRY2
Ki Cry2 rev 0.378297016 Regulation threshold of Cry2 by REV-ERB
Ki Per1 p1c1 1.010242998 Regulation threshold of Per1 by PER1-CRY1
Ki Per1 p1c2 1.721720548 Regulation threshold of Per1 by PER1-CRY2
Ki Per1 p2c1 1.624880971 Regulation threshold of Per1 by PER2-CRY1
Ki Per1 p2c2 0.368879768 Regulation threshold of Per1 by PER2-CRY2
Ki Per2 p1c1 1.063344333 Regulation threshold of Per2 by PER1-CRY1
Ki Per2 p1c2 0.568083313 Regulation threshold of Per2 by PER1-CRY2
Ki Per2 p2c1 0.86599114 Regulation threshold of Per2 by PER2-CRY1
Ki Per2 p2c2 0.467627765 Regulation threshold of Per2 by PER2-CRY2
Ki Rev p1c1 84.46016203 Regulation threshold of Rev-Erb by PER1-CRY1
Ki Rev p1c2 83.99580669 Regulation threshold of Rev-Erb by PER1-CRY2
Ki Rev p2c1 84.00271945 Regulation threshold of Rev-Erb by PER2-CRY1
Ki Rev p2c2 83.99582755 Regulation threshold of Rev-Erb by PER2-CRY2
Ki Ror p1c1 1.094009455 Regulation threshold of Ror by PER1-CRY1
Ki Ror p1c2 2.291802041 Regulation threshold of Ror by PER1-CRY2
Ki Ror p2c1 0.17734771 Regulation threshold of Ror by PER2-CRY1
Ki Ror p2c2 3.087808611 Regulation threshold of Ror by PER2-CRY2

Ki NHE3 p1c1 0.5248622142 Regulation threshold of NHE3 by PER1-CRY1
Ka NHE3 p1c2 0.51148790424 Regulation threshold of NHE3 by PER1-CRY2
Ki NHE3 p2c1 0.04273092406 Regulation threshold of NHE3 by PER2-CRY1
Ki NHE3 p2c2 0.50842406780 Regulation threshold of NHE3 by PER2-CRY2
Ki NKCC2 p1c1 7.111624431 Regulation threshold of NKCC2 by PER1-CRY1
Ki NKCC2 p1c2 6.374145136 Regulation threshold of NKCC2 by PER1-CRY2
Ki NKCC2 p2c1 6.328221462 Regulation threshold of NKCC2 by PER2-CRY1
Ki NKCC2 p2c2 0.944237431 Regulation threshold of NKCC2 by PER2-CRY2
Ka SGLT1 p1c1 5.579866217 Regulation threshold of SGLT1 by PER1-CRY1
Ka SGLT1 p1c2 0.3368079674 Regulation threshold of SGLT1 by PER1-CRY2
Ka NCC p1c1 0.61559096740 Regulation threshold of NCC by PER1-CRY1
Ka NCC p1c2 0.17552314947 Regulation threshold of NCC by PER1-CRY2
Ka ENaC p1c1 1.0303132234 Regulation threshold of ENaC by PER1-CRY1
Ka ENaC p1c2 0.22547393780 Regulation threshold of ENaC by PER1-CRY2
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Table A5: Association and dissociation rates (in hour−1) for the protein complexes.
Parameter Value Description

kass cb 0.008965832 CLOCK-BMAL1 association rate
kass p1c1 0.614435343 PER1-CRY1 association rate
kass p1c2 3.17074452 PER1-CRY2 association rate
kass p2c1 0.011242223 PER2-CRY1 association rate
kass p2c2 0.323930911 PER2-CRY2 association rate
kdiss cb 0.000499612 CLOCK-BMAL1 dissociation rate
kdiss p1c1 1.079660064 PER1-CRY1 dissociation rate
kdiss p1c2 0.016210814 PER1-CRY2 dissociation rate
kdiss p2c1 1.493335258 PER2-CRY1 dissociation rate
kdiss p2c2 0.146751896 PER2-CRY2 dissociation rate

Table A6: Translation rates (in hour−1).
Parameter Value Description
kp BMAL1 3.271143875 Bmal1 translation rate
kp CRY1 0.738295688 Cry1 translation rate
kp CRY2 0.829860113 Cry2 translation rate
kp PER1 3.798692975 Per1 translation rate
kp PER2 1.980575626 Per2 translation rate
kp REV 0.206633966 Rev-Erb translation rate
kp ROR 1.875730412 Ror translation rate

Table A7: Maximal transcription rates (in hour−1).
Parameter Value Description
V Bmal1 0.646614483 Bmal1 maximal transcription rates
V Cry1 0.401023403 Cry1 maximal transcription rates
V Cry2 0.65185826 Cry2 maximal transcription rates
V Per1 1.109303016 Per1 maximal transcription rates
V Per2 1.671549554 Per2 maximal transcription rates
V Rev 0.006423385 Rev-Erb maximal transcription rates
V Ror 0.373099089 Ror maximal transcription rates

V NHE3 2.0096808453 NHE3 maximal transcription rates
V NKCC2 0.521355199 NKCC2 maximal transcription rates
V SGLT1 1.0020169907 SGLT1 maximal transcription rates
V NCC 0.36248470731 NCC maximal transcription rates
V ENaC 0.52277652371 ENaC maximal transcription rates
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