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26.1 Introduction

Hypertension is a chronic disease that afflicts close to one-third of the adult
population worldwide [1-3]. This disease increases the risk for strokes, heart
attacks, atherosclerosis, and chronic kidney disease. There are numerous drugs that
are used to decrease blood pressure and control hypertension. These antihyperten-
sive drugs fall into four major classes:p-blockers, vasodilators, renin-angiotensin
system inhibitors, and diuretics. Antihypertensive drugs have been fairly effective in
lowering blood pressure but have varying effects on progression of diseases associ-
ated with hypertension [3—6]. Patients with hypertension also become less respon-
sive to drugs and can be treated with up to three antihypertensive drugs to control
blood pressure [7, 8]. Moreover, there are a number of patients that eventually
become resistant to antihypertensive drugs [3, 9, 10]. This suboptimal control of
blood pressure results in a higher incidence of strokes, heart attacks, atherosclerosis,
and chronic kidney disease [1-3]. This chapter will focus on the molecular path-
ways responsible for hypertensive renal damage that results in the progression of
chronic kidney disease to end-stage renal disease (ESRD).

Chronic kidney disease and ESRD prevalence have been steadily increasing with
the incidence of ESRD rising at a rate of 5-8% per year in the USA and world-
wide [2]. Elevated blood pressure is clearly associated with chronic kidney disease,
and decreasing blood pressure clearly slows but does not stop the progression of
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chronic kidney disease [3, 7, 11]. To this end, the increase in ESRD is beginning to
plateau and could be the result of improved rates of blood pressure control [3, 5].
In addition to elevated blood pressure, there are a number of molecular pathways
that contribute to hypertensive renal damage. These factors include hormonal and
paracrine factors, genetic and environmental factors, nephron number, renal hemo-
dynamic changes, tubulointerstitial changes, and inflammatory factors (Fig. 26.1).
Pathological changes in these factors during hypertension ultimately cause glomer-
ulosclerosis and tubulointerstitial fibrosis in the kidney resulting in progression to
chronic kidney disease.

Renal damage and chronic kidney disease in hypertension have become even
more complex by the coexistence of these diseases and also the presence of other
disease such as diabetes [12—16]. Patients in the category of uncomplicated hyper-
tension will develop minimal renal damage in the absence of a severe elevation in
blood pressure [12, 13, 16]. Kidney injury in uncomplicated hypertension has been
separated into distinct clinical and histopathological categories of benign or malig-
nant nephrosclerosis [12, 15, 16]. On the other hand, patients with diabetes and
nondiabetic chronic kidney disease have increased susceptibility to even moderate
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Fig. 26.1 Schematic representation of mechanisms contributing to the development of
hypertension-induced chronic kidney disease. Renal and vascular function and structural aspects
contribute to progression of kidney disease. These include low nephron number, endothelial dys-
function, and glomerular hypertension. Hormonal and paracrine factors, for example, an elevated
renin-angiotensin-aldosterone system (RAAS), oxidative stress (ROS), and inflammation, also
contribute to chronic kidney disease in hypertension. Interactions between renal vascular func-
tional and structural factors and hormonal and paracrine factors ultimately lead to glomeruloscle-
rosis and tubulointerstitial fibrosis resulting in progressive chronic kidney disease
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elevations in blood pressure [17-19]. The development of chronic kidney disease
increases the risk for adverse cardiovascular events and death in patients with hyper-
tension [2]. Kidney histopathology demonstrating vascular lesions of hyaline arte-
riosclerosis is a hallmark of hypertensive injury [14, 16]. This vascular pathology is
not always prominent in chronic kidney disease; however, there can be accelerated
segmental or global glomerulosclerosis evident in hypertension [14, 16].
Experimental investigations are beginning to understand the pathology observed
under these different clinical pathologies of renal disease in hypertension. Relevant
major underlying pathological and molecular mechanisms underlying hypertensive
renal damage will be addressed.

26.2 Blood Pressure, Glomerular Hypertension,
and Nephron Number

Elevated blood pressure and nephron number are major contributing factors to
hypertensive renal damage and progression to chronic kidney disease (Fig. 26.2)
[14-16]. A systemic elevation in blood pressure has consequences on the renal vas-
cular bed and can eventually result in increased glomerular capillary pressure [15,
16]. The renal vasculature has autoregulatory mechanisms to maintain constant

Hypertension
< Afferent arteriolar hypertrophy < Adaptive hyperfiltration - ASNGFR
< Impaired RBF autoregulation <~ Pressure natriuretic rightward shift
< Increased glomerular capillary pressure < Increased glomerular capillary pressure
< Podocyte injury & proteinuria < Glomeruloscerosis

Chronic Kidney Disease

Fig. 26.2 Elevated glomerular pressure and nephron deficiency contribute to hypertension-
induced chronic kidney disease. Elevated vascular and glomerular pressure causes afferent arterio-
lar hypertrophy, impaired renal blood flow (RBF) autoregulation, and podocyte injury and
proteinuria. Low nephron number results in an increase in single nephron glomerular filtration rate
(SNGFR), rightward shift of the pressure-natriuretic relationship, and glomerular hypertension to
result in glomerulosclerosis
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renal blood flow and glomerular hydrostatic pressure [15]. Afferent arterioles
respond to an increase in systemic blood pressure by contracting through the vascu-
lar smooth muscle cell myogenic response and the macula densa-mediated tubulo-
glomerular feedback response [15, 20]. A sustained elevation in blood pressure does
not lead to glomerular lesions or damage as long as this afferent arteriolar autoregu-
latory response is properly maintained [15]. Glomerular nephron number, endothe-
lial dysfunction, elevated renin-angiotensin system, oxidative stress, and
inflammation contribute to changes in afferent autoregulation in hypertension [15,
20]. Renal blood flow autoregulation will ultimately be impaired and result in an
elevated glomerular capillary pressure [20]. The increase in glomerular capillary
pressure results in an increased filtration fraction and loss of glomerular filtration
barrier. Glomerular barrier breakdown and an increased glomerular capillary hydro-
static pressure will lead to clinical proteinuria and glomerular destruction [14-16].

Glomerular hypertension is a critical component in progression of kidney dam-
age in hypertension [13, 15, 21]. Afferent arterioles and glomerular capillaries will
have structural adaptations to the elevated systemic blood pressure [15, 22].
Adaptive structural changes of the afferent arterioles include narrowing of the
lumen diameter to combat the increase in wall stress [22—24]. Decreases in afferent
arteriolar diameter will result in amplifying the already elevated blood pressure [15,
23]. Over time the afferent arteriole will develop hypertrophy in response to chronic
blood pressure elevations [15, 23]. Afferent arteriolar hypertrophy leads to an isch-
emic injury in the glomeruli and tubulointerstitial structures [15, 22, 23]. At the
level of the glomerulus, increased capillary pressure results in capillary stretching,
endothelial damage, and breakdown of the capillary barrier [15, 23]. This leads to
increased glomerular protein filtration that causes segmental necrosis and glomeru-
losclerosis [15, 22, 23]. Glomerular sclerosis and preglomerular vascular structural
alterations can cause a further reduction in renal blood flow and enhancing the pro-
gression of chronic kidney disease [21-24].

Nephron number is another key component to the development of hypertension
and the likelihood for the development of hypertension-induced chronic kidney dis-
ease [25-27]. The human kidney can have anywhere from 200,000 to 2.5million
nephrons [25, 28, 29]. Brenner and colleagues proposed and provided convincing
data that low nephron number increased the potential for a person to develop hyper-
tension in adulthood [27, 28]. Approximately 50% of the children born with one
kidney will have a reduced glomerular filtration rate and develop hypertension by
the age of 18 [29, 30]. Hypertension occurs because a low nephron number leads to
a maladaptive glomerular hyperfiltration [25, 26]. Congenital or acquired nephron
deficiency reduces filtration surface area, thus reducing filtered load and renal
excretory capacity [27, 31]. Ultimately, this shifts the pressure-natriuretic curve to
the right and requires a higher arterial pressure to maintain proper sodium balance
over time [25, 26].

There is a strong association between low nephron number and hypertension in
humans [25-27]. Patients with primary hypertension have been demonstrated to
have significantly fewer nephrons when compared to match control subjects [28,
32]. Australian Aboriginal population has a low nephron number and has been
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extensively studied [33, 34]. This unique human population has a high prevalence
of hypertension and chronic kidney disease [34]. There is still debate as to whether
hypertension is the cause or the consequence of nephron deficiency. The contribu-
tion for nephron deficiency to a progressive decline in glomerular filtration rate and
onset of hypertension is not clear. In line with decreased nephron number contrib-
uting to the hypertension, there are data from adult kidney donors. Normotensive
adult kidney donors had a 5 mmHg greater increase in arterial pressure 5-10 years
following donation compared to age-matched individuals with two intact kidneys
[35, 36]. Although a small increase, this significantly increases the risk for cardio-
vascular diseases. Renal compensatory growth in congenital or acquired low neph-
ron number could be a factor that leads to hypertension-induced kidney damage
[25, 26]. The kidney compensates for low nephron number by increasing the glo-
merular filtration carried out by each glomerulus or the single nephron glomerular
filtration rate [25, 27, 31]. This compensation results in the rightward shift in the
pressure-natriuretic relationship and eventually leads to extracellular fluid volume
expansion. To overcome this increase in extracellular volume, there is an increase
in arterial pressure. Increases in arterial pressure in a setting of low nephron num-
ber have a feed forward effect of increasing glomerular capillary pressure and pro-
moting hyperfiltration to the point where single nephron glomerular filtration rate
can no longer be increased [25, 27]. The increase in glomerular capillary pressure
results in glomerulosclerosis and further nephron loss and progression to chronic
kidney disease [25, 27]. Human studies support this scenario because there is an
inverse association between nephron number and glomerulosclerosis and intimal
thickening of interlobular arteries [29, 37]. Therefore, renal adaptation in response
to nephron deficiency increases the risk for developing hypertension and chronic
kidney disease.

The podocyte and filtration barrier appears to be a critical component with glo-
merular hypertension and low nephron number in hypertension-induced chronic
kidney disease [22, 38]. Podocyte density or insufficiency has been demonstrated to
be a contributor to the rapid progression of diabetic nephropathy in Pima Indians
[39]. Glomerular hyperfiltration associated with hypertension and low nephron
number damages the glomerular filtration barrier [22]. Damage to the glomerular
filtration barrier causes proteinuria and podocyte effacement [22, 38]. Podocytes
respond to injurious stimuli in different ways including gradual simplification of the
interdigitating process pattern until the cell flattens and lengthens [22, 38]. Podocyte
injury progresses and the podocytes will detach from the basal membrane or undergo
apoptosis [38]. Other factors such as an increased renin-angiotensin system and
oxidative stress associated with hypertension can accelerate podocyte hypertrophy
and apoptosis [22, 38]. This podocyte injury leads to passage of tubular-derived
products into the interstitium and peritubular capillary spaces to accelerate tubu-
lointerstitial injury and renal fibrosis [22, 38].

Progression of renal injury in hypertension can vary widely across animal mod-
els and human populations [14, 25]. The increase in blood pressure can cause renal
structural adaptations that contribute to chronic kidney disease [14, 22]. These
include vascular structural adaptations and responses to increases in glomerular
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capillary pressure [22-24]. Another factor is nephron number and if nephron
deficiency is congenital or acquired [25-27]. Other mechanisms responsible for
susceptibility to hypertension-induced renal injury include the complex interaction
between an elevated blood pressure, altered hormonal and paracrine factors, inflam-
mation, and underlying endothelial function and renal diseases [14—16]. The contri-
butions for endothelial function, renin-angiotensin system, oxidative stress, and
inflammation to hypertension-induced progression of chronic kidney disease will be
discussed in subsequent sections.

26.3 Endothelial Dysfunction

Endothelial cells are at an interface between circulating factors and organs includ-
ing the kidney. The endothelial layer contributes importantly to vascular function
and is critically involved in the control of vasomotor tone and permeability [40, 41].
It has become readily apparent that changes in the endothelial cells during diseases
can be predictive of long-term health [14—16]. During the course of hypertension,
there are changes in endothelial cells to a point where dysfunction occurs [14, 15].
Endothelial dysfunction is a precursor and predictor for chronic kidney disease as
well as cardiovascular morbidity and mortality [15, 40].

Endothelial cells produce important autocrine and paracrine factors and respond
to changes in circulating hormonal factors and cellular components such as inflam-
matory cells [40]. Major factors that vasodilate blood vessels and promote endothe-
lial cell health include nitric oxide, prostacyclin, and epoxyeicosatrienoic acids
(EETs) [40]. Generation of these endothelial factors tends to be decreased in disease
states that result in endothelial dysfunction [15, 40]. On the other hand, endothelial
cells generate or regulate vasoconstrictor factors such as thromboxane, angiotensin
II, and endothelin-1. Endothelial dysfunction in hypertension is associated with
elevated levels of these vasoconstrictor endothelial factors [15, 40]. Lastly, reactive
oxygen species and oxidative stress contribute significantly to endothelial dysfunc-
tion in hypertension [42]. Endothelial cell nitric oxide synthase (eNOS) uncoupling
and NADPH oxidase activity result in increased reactive oxygen species generation
and oxidative stress [42]. Hypertension causes endothelial dysfunction by tilting the
balance of the various endothelial cell factors (Fig. 26.3) [14, 40, 42].

Endothelial dysfunction in hypertension leads to renal vasoconstriction and vas-
cular damage [14, 16, 43]. The capillary system in the renal medulla becomes dam-
aged in hypertension [43]. Renal medulla hypoxia occurs with hypertension and
endothelial damage resulting in vascular rarefaction of the capillaries [15, 43, 44].
Reduced nitric oxide synthesis by endothelial cells is a key event underlying dam-
age to kidney arteries, arterioles, and capillaries [45, 46]. This reduced nitric oxide
bioavailability can enhance the progression of chronic kidney disease in hyperten-
sion [43, 46].

Nitric oxide signaling is impaired in spontaneously hypertensive rats (SHR) and
deoxycorticosterone (DOCA)-salt hypertensive rodents and is linked to renal injury
[47, 48]. Factors that contribute to impaired nitric oxide signaling include decreased
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Fig. 26.3 Endothelial dysfunction is an early event that precedes cardiovascular events and end-
organ damage in hypertension. Generation of endothelial nitric oxide and epoxyeicosatrienoic
acids (EETs) are decreased in hypertension. Endothelin-1, angiotensin II, and thromboxane gen-
eration are increased and contribute to endothelial dysfunction. Chronic kidney disease progres-
sion is accelerated in the presence of endothelial dysfunction

L-arginine bioavailability, decrease in cofactors required for nitric oxide synthesis,
and increased production of superoxide [42, 43]. Nitric oxide production could be
decreased due to inappropriate phosphorylation of eNOS to decrease enzymatic activ-
ity [49]. Endothelial cell oxidative stress during hypertension has been connected with
renal damage [43, 47]. An increase in reactive oxygen species production and
decreased antioxidant defense capacity predispose tissues to damage [43, 47]. Overall,
there is strong evidence for decreased nitric oxide and increased oxidative stress that
contributes to endothelial dysfunction and the progression of chronic kidney disease.

Decreased cyclooxygenase (COX) generation of prostacyclin (PGI,) and epoxy-
genase generation of EETs by endothelial cells also contribute to renal vasocon-
striction and endothelial dysfunction in hypertension [50, 51]. Decreased EET
levels are a key factor early in the progression of endothelial dysfunction in hyper-
tension [50, 52]. Angiotensin II hypertension is associated with an increased renal
vascular expression of soluble epoxide hydrolase (sSEH) enzyme that degrades EETs
and results in decreased EET levels [52]. Likewise, sEH inhibition has been demon-
strated to increase renal vascular EET levels, decrease blood pressure, and prevent
hypertensive kidney injury [52-54]. Inflammatory responses are another factor
critically involved in endothelial dysfunction [55, 56]. Endothelial cell upregulation
of adhesion molecules, chemokine generation, and production of plasminogen acti-
vator inhibitor-1 occur in hypertension [57]. Elevated circulating IL-6 and TNF-a
levels are key inflammatory factors leading to endothelial dysfunction and chronic
kidney disease progression in hypertension [58—60]. Recent efforts have focused on
increasing EETs and decreasing inflammation as a means to improve endothelial
function in hypertension and prevent renal injury [61].

Vasoconstrictor factors also influence endothelial function in hypertension and
the progression of kidney disease. Endothelin-1 (ET-1) is generated by endothelial
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cells and is a potent renal vasoconstrictor [55, 62, 63]. Renal ET-1 levels are
increased in hypertension and can contribute to arteriolar remodeling [62, 63].
Increased oxidative stress results from increased ET-1 levels [64—66]. ET-1 can also
increase TGF-P that contributes to renal vascular inflammation and fibrosis in
hypertension [62, 67]. Elevated angiotensin II levels contribute to endothelial dys-
function and renal damage in hypertension [14, 63, 68]. Angiotensin II causes renal
vasoconstriction, increases oxidative stress and inflammation in endothelial cells,
and results in vascular remodeling [42, 69]. An endothelial and vascular factor
linked to angiotensin II is 20-hydroxyeicosatetraenoic acid (20-HETE). 20-HETE is
a renal vasoconstrictor with pro-inflammatory actions. Endothelial cell angiotensin
converting enzyme activity is increased by 20-HETE and contributes to angiotensin-
dependent hypertension [70]. 20-HETE has also been associated with chronic kid-
ney disease [50, 71, 72]. Taken together, there is strong evidence that increased
endothelial cell 20-HETE, angiotensin II, and ET-1 in hypertension participate in
endothelial dysfunction and chronic kidney disease.

26.4 Renin-Angiotensin-Aldosterone System

An inappropriate activation of the renin-angiotensin-aldosterone system (RAAS)
contributes not only to hypertension but also to the progression of chronic kidney
disease to ESRD (Fig. 26.4) [73, 74]. Angiotensin II has numerous hormonal actions
that alter cardiovascular and renal function. Synthesis of angiotensin II depends on
the release of renin by the juxtaglomerular cells in the kidney [73]. The hydrostatic
pressure at the level of the afferent arterioles, angiotensin II levels, and salt delivery
to the macula densa cells regulates renin release [20]. Angiotensinogen is converted
to angiotensin I by renin. ACE then converts angiotensin I to angiotensin II at the
level of endothelial cells and cell membranes in the heart, brain, and kidney [20,
73]. Angiotensin II has biological actions on the renal arterioles and epithelial cells
that are mediated via the angiotensin type 1 (AT1) or angiotensin type 2 (AT2)
receptors [20, 72]. AT1 receptors are responsible for the majority of the actions
attributed to angiotensin II. Angiotensin IT AT1 receptor activation mediates renal
hemodynamic actions, endocrine actions, and mitogenic effects in the kidney [73].
AT?2 receptors in the kidney can oppose the AT1 receptor activities [ 73]. Hypertension
is accompanied by an inappropriate AT1 receptor activation that results in deleteri-
ous events and renal damage [72, 73].

Renal hemodynamic actions of angiotensin II are due to actions on the afferent
and efferent arterioles [20]. Angiotensin II causes vasoconstriction of afferent and
efferent arterioles leading to a reduction in renal blood flow and an elevated glo-
merular capillary in hypertension [20]. Increased intrarenal angiotensin II levels in
hypertension enhance preglomerular arteriolar and tubuloglomerular feedback sen-
sitivity [74, 75]. These angiotensin actions in hypertension increase renal vascular
resistance, increase glomerular capillary pressure, and shift the pressure-natriuretic
curve to the right [15, 76]. Angiotensin II also stimulates aldosterone secretion
that causes a further shift in the pressure-natriuretic curve [15, 74, 76]. The renal
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Fig.26.4 Hormonal and paracrine factors contribute to hypertension-induced chronic kidney dis-
ease. Elevated renin-angiotensin-aldosterone system (RAAS) leads to decreased renal blood flow
(RBF) and glomerular filtration rate (GFR), inflammation, and oxidative stress. Inflammation
involves macrophage infiltration and T-cell activation with generation of cytokines and growth
factors. Reactive oxygen species (ROS) increases NADPH oxidase (NOX) activity, decreases
nitric oxide (NO) bioavailability, and causes lipid peroxidation and inflammation. There are exten-
sive interactions between RAAS, inflammation, and ROS that contribute to hypertension-induced
chronic kidney disease

hemodynamic actions of angiotensin II are not the only actions contributing to
hypertension-induced chronic kidney damage.

Angiotensin II has potent inflammatory actions that contribute to the pathogen-
esis of chronic kidney disease [72, 73]. Immune and inflammatory responses in
renal endothelial and epithelial cells are intensified by angiotensin II [58, 59, 77,
78]. Chemotaxis, proliferation, and differentiation of monocytes into macrophages
are stimulated by angiotensin II [59, 78]. Angiotensin II stimulation of pro-fibrotic
cytokines and growth factors have detrimental effects on the kidney [59, 74].
Activation of TGF-f causes hypertrophy and proliferation of mesangial cells [59,
79]. TGF-p upregulates type 1 procollagen, plasminogen activator inhibitor-1, and
fibronectin [59, 79]. Increases in growth factors such as TGF-f, VEGF, and IGF
cause proliferation of fibroblasts and increase extracellular matrix protein synthesis
as well as by decreasing apoptosis of resident interstitial cells leading to glomerulo-
sclerosis and renal interstitial fibrosis [14, 59, 79]. Likewise, aldosterone potentiates
TGF-f mitogenic activity and exerts pro-inflammatory and pro-fibrotic actions [55,
59]. Consequently, an elevated RAAS in hypertension makes a critical contribution
to renal fibrosis and glomerulosclerosis.
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In addition to and linked to the inflammatory actions, angiotensin II stimulates
ET-1 generation and increases oxidative stress [67, 80]. Angiotensin II via AT1
receptors is a potent stimulator of NADPH oxidase and increases ET-1 generation
in renal arterioles [67, 68, 80]. ET-1 is a factor that in the kidney recruits T cells and
macrophages and increases NF-kB in activated B cells [59, 67, 77, 78]. Increases in
reactive oxygen species lead to additional renal injury that enhances inflammation
and fibrosis [43, 47]. Angiotensin II actions in hypertension include inflammation,
accumulation of cells and matrix, and exacerbation by increased cell adhesion to
result in renal injury [73, 74]. Glomerulosclerosis and tubulointerstitial fibrosis in
response to an elevated RAAS create a progressive course of chronic kidney dis-
ease, proteinuria, decline in glomerular filtration rate, and a vicious cycle of con-
tinuous RAAS activation [73, 74].

RAAS inhibition is a common and effective treatment for hypertension. Evidence
in humans suggests that blockade of the RAAS provides renal protection beyond
blood pressure lowering in hypertension [6, 81, 82]. RAAS blockade reduces urinary
protein and overall renal risk to a greater degree than other blood pressure-lowering
therapies [81, 82]. This additional renal protection could be in part due to the anti-
inflammatory actions demonstrated for RAAS inhibitors [73, 82, 83]. RAAS inhibi-
tion reduces renal cell proliferation, circulating T cells, and cytokine production [56,
84, 85]. The renin inhibitor, aliskiren, markedly reduces TGF-f3, albuminuria, and
renal fibrosis in hypertensive mice independently of a change in blood pressure [14,
16]. On the other hand, AT?2 receptor activation could combat hypertension-induced
chronic kidney disease [73]. AT2 receptor activation reduces renal inflammation in a
mouse model of renal fibrosis [72, 73]. Taken together, RAAS inhibition appears to
be a therapeutic approach that can combat progressive kidney disease in hyperten-
sion by mechanisms independent of blood pressure lowering.

26.5 Reactive Oxygen Species

Oxidative stress and the generation of reactive oxygen species are due to an imbal-
ance between oxidants and antioxidants that can result in kidney damage (Fig. 26.4)
[42, 86, 87]. Patients with mild to moderate renal insufficiency or ESRD have oxi-
dative stress [14, 16, 88]. Elevated reactive oxygen species production has been
shown in humans with renovascular, essential, and malignant hypertension [14, 16].
Increased plasma malondialdehyde levels, a marker of oxidative stress, are increased
in patients with chronic renal failure when compared to those with essential hyper-
tension despite similar blood pressures suggesting that inflammation and an altered
redox state could be the reason for the increase in oxidative stress [16, 88].
Hypertension and chronic kidney disease have increased levels of oxidant mole-
cules including hydrogen peroxide or hydroxyl radicals and decreased antioxidants
like catalase, glutathione dismutase, or superoxide dismutase [42,43, 87]. Asymmetric
dimethylarginine, a nitric oxide synthase inhibitor, is increased in chronic kidney
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disease [86, 87]. These changes result in reactive oxygen species generation by the
arterioles, macula densa, podocytes, and epithelial cells [86, 87]. NADPH oxidase
(NOX) has surfaced as the main source for reactive oxygen species in renal arterioles
[87]. Vasoactive agents such as angiotensin II, shear stress, and inflammation can
induce NOX or mitochondrial reactive oxygen species generation [87]. Reactive oxy-
gen species have renal vascular actions to cause afferent arteriolar constriction,
reduce nitric oxide levels, and contribute to hypertension and kidney injury [87, 89].

Indeed, elevated reactive oxygen species production by NOX and hypertension
is closely associated with kidney damage as shown in different models of hyperten-
sion Dahl salt-sensitive rats, deoxycorticosterone acetate (DOCA) salt rats, and
angiotensin II hypertensive rats [90, 91]. In regard to a prominent role of oxidative
stress in hypertensive kidney injury, it is important to note that NOX-mediated reac-
tive oxygen species production in hypertension is linked to endoplasmic reticulum
(ER) stress. Accumulating evidence shows that during ER stress, reactive oxygen
species production by NOX is increased [92, 93]. It is also demonstrated that in a
setting of ER stress, reactive oxygen species are produced by NOX2 and NOX4 and
play a critical role in hypertension [94]. Indeed, hypertension has been recently
linked to ER stress, and there is accumulating evidence that ER stress is an impor-
tant factor in hypertensive kidney injury [95-97]. The role of NOX-mediating ER
stress in the above models of hypertensive renal injury remains to be explored, but
a role of NOX2 has been shown to be associated with ERstress-induced renal cell
death [98]. These findings provide a link between oxidative stress and ER stress in
hypertensive renal injury.

Interactions between oxidative stress, renal vascular function, and inflammation
are contributing factors to kidney disease progression in hypertension. Excess reac-
tive oxygen species leads to oxidative stress and predisposes the kidney to tissue
damage [14, 42, 43]. Reactive oxygen species enzyme activation in renal arterioles
results in redox signaling to generate inflammation transcription factors [86, 87]. A
subsequent decrease in nitric oxide bioavailability leads to lipid peroxidation and
production of growth factors to induce renal fibrosis [42, 87]. Reactive oxygen spe-
cies also promote accumulation of myofibroblasts via epithelial-mesenchymal tran-
sition of proximal tubular and mesangial cells [99]. This results in remodeling of the
extracellular matrix of the tubulointerstitium leading to renal fibrosis, a common
feature of hypertensive renal injury [99]. In addition to direct actions to constrict the
afferent arteriole, reactive oxygen species can enhance tubuloglomerular feedback
responses to further increase renal vascular resistance [87]. Endothelial cell genera-
tion of COX-derived thromboxane increases in response to elevations in oxidative
stress [87]. Thromboxane causes afferent arteriolar vasoconstriction and increases
platelet activity [86, 87]. At the level of kidney epithelial transport, reactive oxygen
species diminishes oxygen utilization for sodium transport [87]. Overall, increases
in reactive oxygen species cause endothelial dysfunction, afferent arteriolar con-
striction, and renal inflammation resulting in progression of chronic kidney disease
to ESRD in hypertension.
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26.6 Inflammation

Inflammation is an important contributing aspect to endothelial dysfunction and
renal injury in hypertension. In addition, there have been a number of rodent studies
that have demonstrated that the adaptive immune response and renal inflammation
participate in the development of hypertension [56, 59]. Multiple studies with
immunosuppressive agents such as mycophenolate mofetil (MMF) and the TNF-a
receptor blocker etanercept lower blood pressure and decrease renal damage [59,
100-102]. A role for T cells and B cells in hypertension and progression of kidney
disease has also been examined [56, 103, 104]. Mice deficient in T and B cells dem-
onstrate attenuated angiotensin-dependent hypertension [59, 104, 105]. Interestingly,
adoptive transfer of T cells but not B cells restored the hypertensive response to
angiotensin II [59, 78]. Mice lacking T and B cells also attenuated renal injury asso-
ciated with angiotensin hypertension [59, 78]. MMF inhibition of T and B cell pro-
liferation was demonstrated to lower blood pressure in Dahl salt-sensitive
hypertension [106]. Other studies have determined a potential contribution for
CCRS5-positive cells and RANTES [59, 60, 106]. As a whole, experimental studies
have supported the concept that activated T cells in the kidney and cytokine release
contribute to the development of hypertension.

Cytokine activation has deleterious actions on renal vascular and tubular epithe-
lial cells that contribute to hypertension and progression of chronic kidney disease
(Fig. 26.4). Elevations in Thl cytokines such as TNF-o and IL-6 associate with
increased blood pressure [58, 59, 107]. Likewise, hypertensive patients have an
upregulation of the T-cell renin-angiotensin system [77]. Glomerular epithelial and
endothelial cell has an increased production of TNF-a in angiotensin hypertension
[108]. TNF-a receptor antagonism decreases blood pressure and reduces renal
injury in DOCA-salt, angiotensin, and autoimmune-associated hypertension [102,
107, 108]. Renal injury prevention by etanercept can be independent of blood pres-
sure lowering. IL-6 is another cytokine that can contribute to renal inflammation,
hypertension, and progressive renal damage [56, 58]. Angiotensin-dependent hyper-
tension is attenuated in IL-6-deficient mice [58]. These findings have demonstrated
that T-cell infiltration into the kidney and generation of TNF-a and IL-6 contribute
to hypertension and kidney damage.

MCP-1 and activation of CCR2 receptor can contribute to hypertension and
chronic kidney disease. The MCP-1 inhibitor bindarit decreases renal inflammation
and fibrosis and improves renal endothelial function independent of blood pressure
lowering [109]. CCR2 inhibition also decreases renal inflammation and delays the
progression of angiotensin hypertension [107]. The inflammatory cytokine IL-17
produced by Th17m CD8+ cells, neutrophils, and T cells also contributes to hyper-
tension [110]. Angiotensin-dependent hypertension and renal inflammation are
decreased in IL-17-deficient mice (110). Finally, Tregs are another cell type that
influences blood pressure control and progressive renal injury in hypertension [59,
60]. Tregs reduce T-cell activation and are protective in hypertension. Dahl salt-
sensitive hypertensive rats that harbor Brown Norway chromosome 2 have increased
Treg cells and increased generation of the cytokine IL-10 to reduce blood pressure



26 Molecular Pathways in Hypertensive Renal Damage 457

and decrease renal injury [60]. Taken together, T-cell activation of pro-inflammatory
cytokines contributes to hypertension and kidney disease progression that can be
opposed by Tregs that limit T-cell activation.

The actions of renal inflammatory cytokines on the renal vascular and epithelial
cells contribute significantly to kidney disease associated with hypertension. Renal
hemodynamic consequences for elevated kidney cytokines are a reduced renal
blood flow and rightward shift of the pressure-natriuretic relationship [56, 111].
Although the contribution for specific cytokines has been difficult to determine,
renal inflammation decreases renal blood flow and glomerular filtration rate and
leads to a progressive decline that results in ESRD [56]. One cytokine that could
contribute to impaired renal hemodynamics is MCP-1 and CCR2 receptors. CCR2
receptor inhibition improves renal hemodynamics in hypertension [107]. TNF-a
that is administered acutely can lower renal blood flow and glomerular filtration rate
[112]. TGF-B is a growth factor that impairs afferent arteriolar autoregulatory
responses [113]. The impaired afferent arteriolar autoregulatory responses have
been attributed to TGF-f stimulation of reactive oxygen species [113]. IL cytokines
also have renal vascular actions. IL-2 has been demonstrated to decrease glomerular
filtration rate when given to patient [114]. Overall, these findings demonstrate that
cytokines and inflammation can have detrimental actions on renal hemodynamics
that contribute to the progression of chronic kidney disease in hypertension.

Glomerular and interstitial macrophage infiltrations are characteristic to progres-
sive chronic kidney disease in hypertension [14—16]. Glomerular hypertension and
increased angiotensin II can stimulate renal inflammation [14—16]. Cytokines and
chemokines including MCP-1 and VEGF have direct actions on renal tubular and
glomerular cells [56]. Macrophage infiltration increases production of IL-1, TNF-a,
and MCP-1 contributing to the progressive renal injury [115, 116]. All glomerular
cell types such as podocytes, mesangial cells, and endothelial cells contribute to the
progression of glomerular injury in hypertension [56]. VEGF has been demon-
strated to be increased in podocytes and contributes to the development of glomeru-
lar sclerosis [56, 117]. IL-1, RANTES, MCP-1, and TGF-p are activated at the level
of mesangial cells to result in mesangial cell proliferation [117, 118]. Mesangial
cells fibroblast phenotype then secretes extracellular matrix and further contributes
to glomerular sclerosis in hypertension [117, 119, 120]. Endothelin-1, TGF-f, and
PDGF increase in glomerular endothelial cells in response to increased shear stress
in hypertension [117, 121]. Glomerular endothelial cell activation can also increase
TNF-a and MCP-1 to increase inflammatory cell infiltration [122, 123]. Endothelial
cell inflammation can result in microthrombi, hyaline deposition, and destruction of
the glomerular basement membrane in hypertension [117, 124]. Renal inflamma-
tion also is involved in tubulointerstitial damage in hypertension. Interstitial infiltra-
tion of inflammatory cells occurs in the early phases of kidney disease associated
with hypertension [117, 124, 125]. Macrophages and T and B cells and their migra-
tion to the interstitium in hypertension are driven by tubular expression of chemo-
kines and adhesion molecules [124, 125]. Thus, inflammation and cytokines
contribute significantly to progressive glomerular and tubulointerstitial injury in
hypertension.
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Conclusion

Renal damage and progression to ESRD in hypertension is due to the interaction
of complex mechanisms. Factors such as blood pressure, elevated glomerular
pressure, and low nephron number can accelerate renal damage in hypertension.
Although blood pressure is a contributing factor to hypertensive renal damage,
other mechanisms act independent of blood pressure.Endothelial dysfunction
and altered regulation of endothelial-derived factors contribute to chronic kidney
disease progression. A central role for the RAAS in hypertensive renal damage
has been demonstrated, and pharmacological RAAS blockade is an extremely
valuable approach to decrease progressive kidney disease in hypertension. There
is also a complex interaction between the RAAS, reactive oxygen species, and
inflammation that accelerate renal damage in hypertension. A deeper under-
standing of the molecular mechanisms that contribute to chronic kidney disease
in hypertension will identify novel therapeutic targets to prevent renal damage in
hypertension.
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