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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 
uid balance is signi�cantly 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 �gure 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 classi�ed based on the length of the Loop of
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Henle: super�cial nephrons and juxtamedullary nephrons. The super�cial 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 e�-
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 �ltered into the Bowman's capsule through the glomerular
capillaries. The glomerulus, a network of tiny capillaries, receives blood from the a�erent
arteriole. Due to the high pressure within the glomerulus, small molecules such as water,
electrolytes, and waste products are pushed through the �ltration barrier. This barrier is
formed by the podocytes of Bowman's capsule, whose foot processes create �ltration slits,
as well as the glomerular basement membrane (GBM) [50]. The �ltered 
uid then enters
the Bowman's capsule, where it becomes the �ltrate. The volume of �ltrate produced by
each nephron is referred to as the single-nephron glomerular �ltration rate (SNGFR). The
cumulative SNGFR of all nephrons in the kidney is known as the glomerular �ltration rate
(GFR), which is a key indicator of kidney function [26]. The �ltrate then moves on to the
proximal convoluted tubule for further processing

The proximal convoluted tubule (PCT) is the �rst 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 �ltered by the glomerulus, thereby contributing signi�cantly 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 
uid 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 �ltered sodium [16]. This active transport helps
dilute the tubular 
uid and contributes signi�cantly to the medullary osmotic gradient
[63]. A key distinction exists between super�cial and juxtamedullary nephrons: super�-
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 �rst 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 �nal stages of reabsorption occur,
ultimately forming urine as it progresses toward the renal pelvis.

1.1.3 Epithelial Cell

Given the in
ow �ltration, 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 classi�ed based on the pathway and energy usage:

ˆ Classi�cation 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.

ˆ Classi�cation 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

uid 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 super�cial nephron (right) and a juxtamedullary
nephron (left). The �gure 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 a�erent and e�erent arterioles, while the
urinary pole on the right transitions to the proximal tubule. The �gure 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
speci�c 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 in
uencing 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.

7



Figure 1.4: Schematic diagram of the epithelial cell in the proximal tubule (not all trans-
porters are shown). The �gure 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 �ltered sodium, highlighting its essential role in maintaining sodium
and 
uid balance, regulating blood pressure homeostasis, and contributing to the
pathophysiology of hypertension [106]. Recent evidence identi�es 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, e�ectively 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 �ltering 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 e�ective 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

uid homeostasis. ENaC activity is regulated by multiple mechanisms, including
proteolytic activation of its � and 
 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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e�ects re
ect AngII's complex regulatory impact on renal Na+ transport, which varies
signi�cantly 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-speci�c di�erences in AngII's
e�ects on renal transporters remain poorly understood.

Diuretics, a cornerstone of hypertension treatment, act on various nephron segments to
inhibit speci�c Na + transporters, promoting natriuresis and diuresis [10, 76, 39]. The three
main classes-loop diuretics, thiazides, and K+ -sparing diuretics|target di�erent trans-
porters, such as NKCC2, NCC, and ENaC, respectively, and are widely used for their
e�ectiveness and safety [39, 117, 118, 13, 95]. However, how these therapies interact with
sex-speci�c 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-speci�c di�erences in transporter pat-
terns under chronic AngII infusion, which will be introduced in detail in Chapter 3. Our
model aims to elucidate how sex di�erences in
uence renal responses to AngII and the na-
triuretic and diuretic e�ects of various diuretics, providing valuable insights for optimizing
hypertension management tailored to individual physiological di�erences.

1.2.2 Circadian Rhythm Modulation of Kidney Function

The kidney plays a central role in regulating extracellular 
uid and maintaining whole-
body electrolyte homeostasis. It achieves this by adjusting the proportion of sodium (Na+ )
reabsorbed from the glomerular �ltrate to balance Na+ intake and excretion in the urine.
With the kidneys receiving 20-25% of cardiac output [100], the glomerular �ltration rate
(GFR) and the �ltered Na + load are substantial, yet only about 1% of the �ltered 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 �ltered 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 "�ne-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]. Brie
y, 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 
ow, 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 e�ects 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 a�ects 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 speci�c 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

uxes 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 speci�c transporter 
ux functions, complemented
by equations accounting for physical factors like pressure and tubular dimensions. The
problem is formulated as an optimization task to e�ciently 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 segmenti . Water 
ux between compart-
ments is represented byJ 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;P C = 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;P C = 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 bu�er

Ĵ i
CO2 ;m + Ĵ i

HCO �
3 ;m + Ĵ i

H 2CO3 ;m = 0 (2.5)

Ĵ i
HCO �

2 ;m + Ĵ i
H 2CO2 ;m = 0 (2.6)

Ĵ i
HP O 2�

4 ;m + Ĵ i
H 2P O �

4 ;m = 0 (2.7)

Ĵ i
NH 3 ;m + Ĵ i

NH +
4 ;m = 0 (2.8)
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where Ĵ i
s;m represents on the segmenti , the gross 
uxes of solutes into the compartment

m = P or C, i.e.

Ĵ i
s;C = J i

s;LC + J i
s;BC + J i

s;P C (2.9)

Ĵ i
s;P = J i

s;LP + J i
s;BP + J i

s;CP (2.10)

Each compartmentm has conservation of H+ :
X

k2 SH

Ĵ i
k;m = 0 (2.11)

where SH = f H+ ; NH+
4 ; H2PO�

4 ; H2CO3; H2CO2g.

The bu�er pairs are assumed to remain at equilibrium:

pHi
m = pK A � log

Ci
A ;m

Ci
B;m

(2.12)

where bu�er pair (A,B) are one of (HCO�
3 ; H2CO3); (HCO�

2 ; H2CO2); (HPO2�
4 ; H2PO�

4 );
and (NH3; NH+

4 ). pK A 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 re
ect the physical reality that, as �ltrate in the lumen moves forward, there are contin-
uous water and solute 
uxes 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 re
ected by equations follows:

dQi

dx
= Ĵ i

v;L (2.13)

d
dx

(Qi C i
k;L ) = Ĵ i

k;L (2.14)

whereĴ i
v;L = J i

v;CL + J i
v;P L represents the gross volume 
ux into the lumen (primarily water

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

k 
ux into the lumen. Qi denotes the volume 
ow, andC i
k;L is the concentration of solute

k in the lumen of segmenti .
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Similar to Section 2.2, for reacting solutes in the lumen, we consider conservation of
bu�er pairs in equilibrium:

d
dx

(Qi (C i
CO2 ;L + C i

HCO �
3 ;L + C i

H 2CO3 ;L )) = Ĵ i
CO2 ;L + Ĵ i

HCO �
3 ;L + Ĵ i

H 2CO3 ;L (2.15)

d
dx

(Qi (C i
HCO �

2 ;L + C i
H 2CO2 ;L )) = Ĵ i

HCO �
2 ;L + Ĵ i

H 2CO2 ;L (2.16)

d
dx

(Qi (C i
HP O 2�

4 ;L + C i
H 2P O �

4 ;L )) = Ĵ i
HP O 2�

4 ;L + Ĵ i
H 2P O �

4 ;L (2.17)

d
dx

(Qi (C i
NH 3 ;L + C i

NH +
4 ;L )) = Ĵ i

NH 3 ;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 
uxes that occur without the involvement of any transporters:

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

J i;ab
v = Â i

abL
i
p;ab

�
� i

ab� � i
ab + � P i

ab

�
(2.19)

where Âabi represents a scaling factor that de�nes the area available for transport
between compartmentsa and b, Lp; abi denotes the hydraulic permeability, � � i

ab =
RT

P
� C i

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

ab is the re
ection coe�cient, and
� P i

ab signi�es the hydrostatic pressure gradient.

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

J i;ab
k = Â i

ab�
i
k;ab

�
C i

k;a � C i
k;b

�
(2.20)

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

J i;ab
k = Â i

ab�
i
k;ab

zkF � V i
ab

RT

C i
k;a � C i

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 (� i

k;ab) is modeled as
time-dependent.

2.4.2 Transporter-mediated Fluxes

In this subsection, we present the 
ux 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 
ux functions are derived in [157] and are represented below:

Ja =
xT Ta

�
(Tb(� i � e � � e� i ) + Tc(� i 
 e � � e
i )) (2.22)

Jb =
xT Tb

�
(Ta(� i � e � � e� i ) + Tc(� i 
 e � � e
i )) (2.23)

Jc =
xT Tc

�
(Ta(
 i � e � 
 e� i ) + Tb(
 i � e � 
 e�i )) (2.24)

� = (1 + � i + � i + 
 i )(Ta� e + Tb� e + Tc
 e) + ( Ta� i + Tb� i + Tc
 i )(1 + � e + � e + 
 e)
(2.25)

where xT ; Ta; Tb, and Tc are parameters. � i ; � i , and � i represents [Na+ ], [H+ ], and
[NH4

+ ] in the cell, while � e; � e, and � e 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,

18



thereby maintaining essential ionic gradients. The pump operates with a precise
stoichiometric ratio of 3 Na+ e�ux to 2 K + in
ux [112]. In our model, the functions
of 
uxes through the pump are based on the derivation in subsection 8.2.2 of [78],
represented as:

J NaK
Na = J NaK;max

Na (
C i

Na

C i
Na + K i

Na
)3(

Ce
K

Ce
K + K e

K
)2 (2.26)

J NaK
K = �

2
3

J NaK
Na (2.27)

whereJ NaK
Na and J NaK

K are 
uxes of Na+ and K+ , respectively (out of cell is positive).
C i

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

respectively. J NaK;max
Na ; K i

Na and K e
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 Di�erences in Diuretic Response
in Hypertension

We conducted an investigation into the e�ects of chronic angiotensin II (AngII) infusion, a
commonly used experimental model for hypertension in rodents. Male and female kidneys
exhibit notable di�erences in their physiological responses to AngII-induced hypertension,
stemming from inherent sex di�erences in renal structure and function. These di�erences
in
uence key processes such as natriuresis, diuresis, and blood pressure regulation. To
explore these dynamics, we developed sex-speci�c 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 e�ects
of loop, thiazide, and K+ -sparing diuretics under hypertensive conditions. This analysis
provides insights into the mechanisms underlying sex di�erences in renal function and
diuretic e�cacy.

The contents of this chapter are adapted from the paper: Kaixin Zheng and Anita
T. Layton, \Predicting Sex Di�erences in the E�ects 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 e�ects 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-speci�c computational models of solute and water transport in the
epithelial cells of the super�cial 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 di�erent phys-
ical dimensions, transporter pro�le, permeability, and features like coalescence. In each
computational cell of individual segment, steady state luminal, cellular, and paracellular
concentrations and 
uxes are calculated based on water conservation, non-reacting solute
conservation, and pH conservation. Model parameters are speci�ed 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 signi�cant 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
signi�cantly in
uenced. Consequently, we assume in both hypertensive male and female
models that both single-nephron glomerular �ltration 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 super�cial 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 in
uenced 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 su�ciently 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 signi�cantly higher than in hypertensive male [150]. Changes
in inner-medullary collecting duct permeabilities to water and urea, as well as interstitial
urea concentration pro�le, are also adjusted the same way as in the hypertensive male rat
model (see above). Lower Na+ -K+ -ATPase activity is assumed to re
ect the inhibition of
Na+ -K+ -ATPase in hypertension [160].

3.1.3 Diuretics Simulations

The e�ect 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 e�ect
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 e�ects of
thiazide diuretics and K+ -sparing diuretics were simulated by 100% inhibition of NCC and
ENaC, respectively. Other model parameters were assumed una�ected.

3.2 Baseline Results

3.2.1 Hypertensive E�ects

We conducted simulations to predict luminal 
uid 
ow, solute concentrations, transcel-
lular and paracellular 
uxes, 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 
uid, Na + , and K+ 
ows, 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 signi�cant downstream shift in Na+ transport in hypertension.

Particularly noteworthy is the di�erential 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 di�erential 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 signi�cantly 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 signi�cantly 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 magni�ed 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 e�ect 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 (speci�cally, 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 �ltered 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 e�ect 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 di�ers signi�cantly 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 signi�cantly 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.

30



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
e�ect 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 e�ects 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 e�ect, 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 e�ect predicted in the hypertensive models can
be attributed, in large part, to the substantially higher Na+ 
ow into the distal segments
(without a diuretic). Indeed, to handle that larger Na+ 
ow, 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 di�erence 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 e�ect 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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