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Preface

Broad derangements of oxygen metabolism, such as oxidative stress and hypoxia,

have been implicated in the genesis of kidney disease, independently of hemody-

namic and metabolic abnormalities. They further impact various biological reac-

tions linked to oxygen metabolism, such as nitrosative stress, advanced glycation,

carbonyl stress, and endoplasmic reticulum stress. This causal role of impaired

oxygen metabolism in kidney disease has implications for our understanding of

current therapeutic benefits accruing from antihypertensive agents, the control of

hyperglycemia/hyperinsulinemia or of hyperlipidemia, and the dietary correction of

obesity. The defense mechanisms against oxidative stress (e.g., the Nrf2-Keap1

system) and hypoxia (e.g., the HIF-PHD system) have been recently explored in

various cells, including kidney cells, and they include intracellular sensors for

oxidative stress and hypoxia. Novel approaches targeting these sensors may offer

clinical benefits in several disorders in which oxidative stress or hypoxia is a final,

common pathway. Leading basic researchers and clinical scientists have contrib-

uted to this book and provide up-to-date, cutting-edge reviews on recent advances

in the pathobiology of oxygen metabolism in kidney disease, especially oxidative

stress and hypoxia.

Sendai Toshio Miyata, MD, PhD

Erlangen Kai-Uwe Eckardt, MD

Tokyo Masaomi Nangaku, MD, PhD

February 8, 2010
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Part I

Oxidative Stress



Chapter 1

Oxidative Stress Injury in Glomerular

Mesangium

Josef Pfeilschifter and Karl-Friedrich Beck

Abstract The renal mesangium consists of glomerular mesangial cells and their

surrounding extracellular matrix. This highly specialized pericapillary tissue con-

stitutes the inner part of the glomerulus that supports the structure of the glomerular

capillaries. In the healthy glomerulus, mesangial cells act by synthesis and control

of extracellular matrix, by a well-organized production of a series of different

growth factors, and by a fine-tuned cross-talk with the neighboring glomerular

cells, namely the podocytes and the endothelial cells, as a regulatory device for

the maintenance of glomerular structure and function. Besides invading immune

cells, resident mesangial cells are considered the key players in modulating inflam-

matory signaling processes within the glomerulus. After exposure to cytokines,

mesangial cells amplify the inflammatory process by synthesizing high amounts of

cytokines, reactive oxygen species (ROS), and nitric oxide (NO). Oxidative and

nitrosative stress affects surrounding glomerular cells that subsequently may col-

lapse by apoptotic or necrotic mechanisms. We describe the sources and action of

oxidative and nitrosative signaling processes in the mesangium and we discuss

therapeutic strategies for the treatment of stress-induced cell damage in the course

of glomerular diseases.
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Abbreviations

AA Arachidonic acid

ACE Angiotensin converting enzyme

Ang II Angiotensin II

AP-1 Activator protein 1

ELAV Embryonal lethal abnormal vision

eNOS Endothelial NO synthase

ET-1 Endothelin-1

FeTSPP 5,10,15,20-Tetrakis (4-sulfonatophenyl) porphyrinato iron III chloride

FP15 Fe(III)Tetrakis-2-(N-triethylene glycol monomethyl ether) pyridyl

porphyrin

H2O2 Hydrogen peroxide

HIF Hypoxia-inducible factor

IL-1b Interleukin-1b
IL-8 Interleukin 8

iNOS Inducible NO synthase

L-NIL L-N6-(L-iminoethyl) lysine dihydrochloride

L-NMMA NG-Monomethyl-L-arginine

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MCP-1 Monocyte chemoattractant protein1

MIP-2 Macrophage inflammatory protein

MMP-9 Matrix metalloproteinase 9

Mox1 Mitogenic oxidase 1

NADPH Nicotinamide adenine dinucleotide phosphate

NFkB Nuclear factor kB
NIK NFkB-Inducing kinase

nNOS Neuronal NO synthase

Nox NADPH oxidase

O2
� Superoxide peroxynitrite

PDGF Platelet-derived growth factor

PDGFRa PDGF receptor a
PKB Protein kinase B

PKC Protein kinase C

PPAR Peroxisome poliferator activated receptor

PTK Protein tyrosine kinase

PTP Protein tyrosine phosphatase

RNS Reactive nitrogen species

ROS Reactive oxygen species

RT-PCR Reverse transcription polymerase chain reaction

sGC Soluble guanylyl cyclase

SOD Superoxide dismutase

TIMP-1 Tissue inhibitor or metalloproteinases 1

4 J. Pfeilschifter and K.-F. Beck



1 Introduction

The renal mesangium consists of glomerular mesangial cells and their surrounding

extracellular matrix. This highly specialized pericapillary tissue constitutes the

inner part of the glomerulus that supports the structure of the glomerular capillaries.

Mesangial cells are able to contract, and this helps to maintain the structure of

capillary loops and to regulate the capillary flow and ultrafiltration surface (for

review see [1–4]). However, the major regulation of the single-nephron glomerular

filtration rate (SNGFR) is conferred by the efferent and afferent arterioles. There-

fore, mesangial cell contraction is currently considered to contribute to the fine

tuning of SNGFR. In the healthy glomerulus, mesangial cells act by synthesis and

control of extracellular matrix, by a well-organized production of a series of

different growth factors and by a fine-tuned cross-talk with the neighboring glo-

merular cells, namely the podocytes and the endothelial cells, as a regulatory device

for the maintenance of glomerular structure and function [4, 5]. However, disease

states, caused by diabetes, autoimmune disorders, or inflammatory processes,

dramatically disturb the glomerular homeostasis, and this processes may lead to

necrosis, apoptosis, excessive production of extracellular matrix, fibrosis, and,

subsequently, loss of glomerular function [4]. In an inflammatory setting, polymor-

phonuclear cells and macrophages, which produce large amounts of inflammatory

mediators such as interleukin-1b (IL-1b) and tumor necrosis factor a (TNFa), but
also reactive oxygen species and nitric oxide, invade the glomerulus and activate

glomerular cells to participate in the production of these mediators. Besides invad-

ing immune cells, resident mesangial cells are considered the key players in

modulating inflammatory signaling processes within the glomerulus [4, 5]. After

exposure to cytokines, mesangial cells amplify the inflammatory process by synthe-

sizing themselves into high amounts of cytokines, reactive oxygen species (ROS),

and nitric oxide (NO). The primary ROS synthesized enzymatically is the radicalic

superoxide anion O2
�, which is decomposed to H2O2 or the highly reactive

hydroxyl radical. NO can react with different ROS or even molecular oxygen to

form the most prominent mediators of nitrosative stress, namely peroxynitrite or

N2O3, respectively. Oxidative and nitrosative stress affects surrounding glomerular

cells that subsequently may collapse by apoptotic or necrotic mechanisms. Here we

describe the sources and action of oxidative and nitrosative stress in the mesangium

and we discuss therapeutic strategies for the treatment of stress-induced cell

damage in the course of inflammatory glomerular diseases.

2 Sources of Oxidative and Nitrosative Stress in Mesangial Cells

Generally, all enzymes that use molecular oxygen as a substrate are potentially

generators of ROS. In most cases, ROS formation is undesirable and occurs when

the respective enzymatic reaction runs under adverse conditions such as substrate
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or cofactor deficiency. In contrast, nicotinamide adenine dinucleotide phosphate

(NADPH) oxidases produce exclusively ROS to kill invading micro-organisms or

to trigger mitogenic signaling cascades. Most of ROS-producing enzymatic reac-

tions result first in the generation of the superoxide anion, which is rapidly further

processed to more reactive compounds such as hydrogen peroxide, hydroxyl

radical, or hypochlorite. The synthesis of NO occurs – with few exceptions in –

in a more coordinated manner by the action of three different NO syntheses that are

tightly regulated at expression and activity levels and that fulfill specific physiolog-

ical tasks [6, 7]. Subsequently, reactive nitrogen species (RNS) are formed by the

reaction of NO with ROS.

The first evidence that rat mesangial cells are capable of producing ROS was

shown in 1983 [8]. Baud et al. demonstrated that phagocytosis of serum-treated

zymosan particles by mesangial cells was accompanied with the production of

superoxide anion (O2
�) and hydrogen peroxide (H2O2). Intriguingly, ROS produc-

tion was associated with the activation of lipoxygenase. Inhibition of lipoxygenase

activity by three different inhibitors attenuated ROS production, thus identifying

lipoxygenase as a source of ROS in mesangial cells. Later, ROS production was

also observed in human mesangial cells after stimulation with the cytokines IL-1b
and TNFa [9], and an NADPH-dependent oxidase has been characterized to be the

responsible enzyme for mesangial ROS production [10]. Importantly, cytokine-

induced ROS production is responsible for TNFa-induced apoptosis in rat mesan-

gial cells [11, 12]. Meanwhile, we know that a series of mediators such as high

glucose, angiotensin II, and many others induce ROS formation in mesangial cells,

indicating these glomerular pericytes as targets in diabetic nephropathy and hyper-

tension (reviewed in [13, 14]). At the molecular level, in particular NADPH

oxidases but also mediators derived from the arachidonic acid metabolism are the

responsible devices in ROS generating processes. It is worth mentioning that even if

NADPH oxidases have been known as the main source of ROS for a long time, the

catalytic subunit of the classical phagocytic NADPH oxidase p91phox or Nox2 has

never been detected immunologically in mesangial cells. This was amazing, as all

accessory subunits such as p22phox, p47phox, and p67phox, which are a prerequisite

for a functional NADPH oxidase complex, are expressed in mesangial cells (for

review see [15]). This enigma was deciphered in 2003 when Nox4 (formerly

renox), a catalytic subunit that can replace gp91phox that was first characterized

in 2000 in the renal cortex [16]. Nox4 has been demonstrated to confer angiotensin

II-mediated activation of protein kinase B/Akt in mesangial cells [17]. Nox1

(formerly Mox1 for mitogenic oxidase), an NADPH oxidase subunit with high

homology to Nox2 and Nox4, was first characterized in vascular smooth muscle

cells and different tissues [18]. Nox1 was also found to trigger ROS formation in rat

mesangial cells. Interestingly, Nox1 is expressionally controlled at the mRNA and

protein level by nitric oxide (NO) via a cyclic GMP (cGMP)-dependent mechanism

in rat mesangial cells [19].

The synthesis of NO by the inducible form of NO synthase (iNOS, also referred

to as NOSII or macrophage type of NOS) in mesangial cells was first described

indirectly by the measurement of cGMP, the main downstream effector of

6 J. Pfeilschifter and K.-F. Beck



NO-induced signaling in rat mesangial cells that were stimulated with IL-1b and

TNFa [20, 21]. iNOS expression is also induced by cyclic AMP (cAMP) [22]

and cytokine or cAMP-induced expression of iNOS is drastically inhibited by

growth factors such as platelet-derived growth factor (PDGF), transforming growth

factor b (TGF-b), or endothelin-1 (ET-1) [23–26] and glucocorticoids [27, 28]. By

contrast, cytokine-induced iNOS expression is upregulated in rat mesangial cells by

basic fibroblast growth factor [29] and ROS donors such as the hypoxanthine/

xanthine oxidase system or the redox-cycler DMNQ [30]. In human mesangial

cells considerable iNOS expression occurs only when combinations of cytokines

were administered as a cocktail [31]. Cloning and analysis of the 5’-flanking

regions of murine, rat, and human iNOS revealed a high species and cell specificity.

In mouse macrophages, induction of iNOS by interferon-g or lipopolysaccharide

(LPS) is mediated by g-activated sites, IFN-g-responsive elements, and nuclear

factor kB (NFkB) [32–34]. In rat mesangial cells, binding of the NFkB at the

appropriate site on the iNOS promoter is essential for the induction of iNOS by

IL-1b [35, 36] in rat mesangial cells. In contrast, ET-1 inhibits cytokine-induced

iNOS expression without affecting NFkB binding capacity, suggesting additional

mechanisms that are essential for cytokine-induced iNOS expression [37]. For the

induction of iNOS by cAMP, enhanced binding of the transcription factors CAAT/

enhancer-binding protein (C/EBP) and cAMP-responsive element-binding protein

(CREB) on the iNOS promoter has been reported [36]. The most important mecha-

nism that triggers human iNOS expression is obviously the IFN-g-JAK-2-STAT1a
pathway [38]. The role of NFkB in the expression of iNOS is possibly restricted to

warrant basal expression that is strongly modified by factors that confer posttran-

scriptional iNOS expression by regulating iNOS mRNA stability [39]. Probably the

synthesis of NO by mesangial cells occurs exclusively via the iNOS. Conflicting

results exist regarding the role of the so-called constitutive isoforms of NOS,

namely the neuronal form (nNOS, also referred to as bNOS or NOSI) and the

endothelial form (eNOS, also referred to as ecNOS or NOSIII) in mesangial cells.

So far, there is only one report describing the activity of eNOS in mesangial cells

[40]. Owada et al. [40] describe the formation of cGMP after activation of the

endothelin B receptor. In contrast, another report demonstrates that ET-1 induces

NO formation in the glomerulus but not in mesangial cells [41].

Interestingly, NO and ROS have a strong impact on the expression of their own

sources in mesangial cells. As exemplified for iNOS, both ROS and NO are able to

amplify cytokine-induced iNOS expression and NO synthesis in rat renal mesangial

cells [30, 42]. Importantly, in the same cell system cytokine-induced NO inhibits

the expression of Nox1 and the formation of ROS [19]. These results further

corroborate the hypothesis that ROS and NO – by modulating the expression of

their generating enzyme systems – shift the ROS/NO balance to a NO-dominated

chemistry in the course of an inflammatory process in mesangial cells [43].

At this point, it is important to note that the description of the sources of

mesangial ROS and NO production as mentioned above does not necessarily

mean that mesangial cells react exclusively in an autocrine/paracrine manner to

ROS or NO produced by their own synthesis machinery. The situation in the
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glomerulus is much more complex. The main glomerular source of oxidative and

nitrosative stress is invading immune cells that produce high amounts of ROS and

NO predominantly by the activity of Nox2 and iNOS in the glomerulus. Moreover,

the contribution of resident glomerular cells (e.g., endothelial cells by the activity of

Nox4 or eNOS) or the macula densa by the activity of nNOS on glomerular ROS/

NO production has to be considered.

3 Actions of Oxidative and Nitrosative

Stress in Mesangial Cells

Both ROS and NOmodulate a series of signaling pathways that finally may alter the

susceptibility to cell death by necrosis and apoptosis or that affect other phenotypic

changes as cell growth or migration. At the molecular level, ROS and NO deter-

mine the constitution of the phosphoproteome by affecting protein kinases or

phosphatases, they modify protein activity by oxidation, nitration, or nitrosation,

or they directly change the transcription by influencing the activity of several

transcription factors [44–46]. Intriguingly, ROS and NO may counteract their

specific functions by scavenging each other or they act together forming reactive

metabolites such as peroxynitrite or other reactive compounds that exert toxic

effects by nitrating proteins or lipids [43]. However, the synthesis of ROS and

NO occurs timely and spatially separated within the glomerulus and, as mentioned

above, the machineries of NO and ROS synthesis are potently influenced by their

own products. Taking these phenomena into account, we developed the hypothesis

that, for example, in the inflamed mesangium, the chemistry of oxidative and

nitrosative stress is dominated in the early phases by the action of “classical”

ROS such as O2
� and H2O2 mainly via the activation of NADPH oxidases,

followed by a phase of nitrosative stress after the induction of iNOS with

subsequent formation of peroxynitrite and N2O3, and finally a resolution phase

with suppressed ROS production and with the presence of high amounts of NO. We

hypothesized that the activity of iNOS is eventually inhibited by substrate depletion

or NO-mediated inhibition of the iNOS enzyme, leading to the resolution of the

inflammatory process and retaining a balanced synthesis of small amounts ROS and

NO within the glomerulus [43, 47].

3.1 Oxidative and Nitrosative Stress and Apoptosis

Removal of dispensable or injured cells by apoptosis is a prerequisite for the

homeostasis in healthy tissue, but also for the resolution of many diseases. A role

for apoptosis in removing mesangial cells in areas of mesangial hypercellularity

was first demonstrated in 1994 by Baker et al. [48] in a rat model of anti-Thy1.1
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mesangioproliferative nephritis. However, whether mesangial apoptosis has

beneficial or detrimental effect depends on the biological context (e.g., the presence

of growth factors, cytokines, ROS, NO, or the composition of the extracellular

matrix) [49]. The participation of NO and ROS in apoptotic or necrotic cell death in

cultured mesangial cells has been shown by several reports [11, 12, 50–52].

Remarkably, whereas ROS and NO donors dose-dependently increased apoptotic

or necrotic cell death in rat mesangial cells, exposure of mesangial cells to equimo-

lar amounts of NO and ROS had no toxic effects indicative for high susceptibility of

mesangial cells to oxidative stress or NO. Otherwise, peroxynitrite, a most promi-

nent anticipated mediator of nitrosative stress that is formed by the reaction of O2
�

with NO, does not obviously exert toxic effects. This reflects the potent intrinsic

defense system against RNS in rat mesangial cells [51]. These results were later

corroborated by a report that describes enhanced formation of ceramide after

stimulation with NO or ROS, indicating a potential role for ceramide as a potential

mediator of NO- and ROS-induced cell death [53]. Remarkably, SIN-1, a substance

that produces equimolar amounts of NO and O2
� and that is therefore accepted as a

peroxynitrite generator, had no effect on ceramide formation and cell death, and

this clearly indicates that peroxynitrite is not toxic to mesangial cells. In contrast,

glomerular endothelial cells showed enhanced ceramide formation and cell death

after treatment with SIN-1. Obviously, endothelial cells lack a protective system

against nitrosative stress comparable to that of mesangial cells

3.2 Effects of ROS and NO on the Phosphoproteome

Phosphorylation and dephosphorylation of serine/threonine or tyrosine residues in

target proteins by protein kinases or protein phosphatases determine the final

outcome of most important cellular signaling processes. Consequently, the activity

of the responsive kinases and phosphatases governs the constitution of the cellular

phosphoproteome. Analysis of the human genome revealed the existence of about

500 protein kinases that represent the so-called kinome [54]. Moreover, alternative

splicing of many of these genes may result in a high structural diversity of protein

kinases [55]. Nearly 200 genes encode for protein phosphatases representing the

phosphatome. Notably, around 700 genes control the phosphoproteome of a cell,

and this indicates the high complexity of physiologic and pathophysiologic pro-

cesses triggered by these important groups of enzymes.

Intriguingly, ROS and NO greatly affect the constitution of the cellular

phosphoproteome. In a recent review, Chiarugi and Buricchi propose an elegant

model for the effects of ROS on protein tyrosine phosphorylation [56]. Protein

tyrosine phosphatases (PTPs) are commonly downregulated by oxidation of their

sulfhydryl groups by hydrogen peroxide or other ROS [57]. In most cases this

process is reversible by the action of antioxidants, and therefore, constitutes a well-

defined regulatory mechanism [58]. In contrast, many protein tyrosine kinases

(PTKs) are upregulated by oxidation. Mechanistically, as exemplified for the
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insulin receptor kinase, activation by ROS is achieved by a conformational change

of the enzyme after oxidation of several cysteine residues [59]. Since many PTKs

regulate their activity by autophosphorylation, ROS-mediated downregulation of

PTPs strongly contributes to a ROS-induced activity of PTKs. Importantly, this

process is reversible, and a decrease of the intracellular redox potential by a reduced

activity of ROS-producing enzymes or by an oxidant-mediated increase of protec-

tive mechanisms results in the reconstitution of the phosphoproteome. In this

scenario PTPs become hyperactive due to their high phosphorylation state (as a

result of high activity of PTKs in the presence of ROS) and the recovery of their

activity by reduction of cysteine residues. Simultaneously, cysteine residues of

PTKs were reduced and – due to the high activity of PTPs – PTKs become depho-

sphorylated, leading to an inhibition of PTK activity and subsequently to the

abrogation of a series of signaling pathways induced by growth factors and cyto-

kines. Taken together, a fine-tuned redox balance determines induction and resolu-

tion of PTK-mediated signaling cascades. As exemplified for PKCg, a classical

calcium- and diacylglycerol-dependent form of protein kinase C, ROS are also able

to activate serine/threonine kinases [60].

Nitric oxide and peroxynitrite are also able to modulate kinase or phosphatase

activity, leading to changes, for example, in the three main mitogen-activated

protein kinase (MAPK) pathways [44, 61, 62]. Changes in the phosphorylation

pattern by NO or peroxynitrite are triggered by different mechanisms, affecting,

for example, sulfhydryl groups by nitrosation or tyrosine residues by nitration.

However, in contrast to ROS, which exert their effects mainly by oxidative

processes, NO bears additionally the ability to act via a well-defined physiological

receptor, the soluble guanylyl cyclase (sGC). Cyclic GMP produced by the activity

of sGC triggers phosphorylation cascades that may counteract the oxidative

response. In rat mesangial cells, elevated cGMP levels as evoked by stimulation

with atrial natriuretic peptide (ANP) augment the expression of MAP kinase

phosphatase in glomerular mesangial cells, thereby affecting phorbol ester-

induced mesangial cell proliferation [63] and inhibiting endothelin-1-induced

activation of c-Jun, NH2-terminal kinase (JNK), and p42/p44 (ERK-1/ERK-2)

MAPK pathways [64, 65]. In contrast, both NO and ROS are able to activate

p42/p44 (ERK-1/ERK-2) MAPK-mediated pathways in mesangial cells. Nitric

oxide activates p42/p44 MAPK via cGMP-dependent and -independent mechan-

isms by inhibition of tyrosine phosphatases [66], whereas ROS formation induced

by angiotensin II treatment stimulates phosphorylation of p42/p44 MAPK via the

activity of Nox4 [67]. It is worth mentioning that angiotensin II also triggers

PKB/Akt-dependent signaling [17], phosphorylation of 3-phosphoinositide-

dependent protein kinase-1 (PDK-1) [68], and JNK [69] in a ROS-dependent

manner, indicating that angiotensin II-evoked redox signaling triggers nearly

all pathways required for mesangial cell matrix formation or proliferation.

Augmented PDGF receptor phosphorylation by NO-dependent inhibition of

PDGF receptor phosphotyrosine phosphatase by NO may counteract cGMP-

mediated anti-proliferative effects in mesangial cells [70].
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3.3 Effects of Oxidative and Nitrosative Stress
on the Transcription Pattern of Mesangial Cells

Besides their ability to potently impact signaling processes that alter the gene

expression pattern, both autacoids NO and ROS are able to directly affect

gene expression at the transcriptional, posttranscriptional, and posttranslational

levels [44–46, 71]. A series of so-called redox-sensitive transcription factors are

responsive to nitrosative or oxidative stress, and such effects were best characterized

for nuclear factor kappa B (NFkB), activator protein 1 (AP-1), and hypoxia-induc-

ible factor 1 (HIF-1) [45, 71–74]. A series of reports describe the action of ROS or

NO on the gene expression pattern inmesangial cells of murine, human, or rat origin.

For these investigations, some authors administered ROS or NO exogenously using

compounds such as the redox cycler 2,3-dimethoxy-1,4-naphthoquinone (DMNQ)

or the xanthine oxidase/(hypo)xanthine system for the production of the superoxide

anion, glucose oxidase for the production of H2O2, or different NO-producing agents

such as diethylenetriamine/NO (DETA/NO) or S-nitrosoglutathione (GSNO). To

assess the effects of endogenously produced ROS or NO, mesangial cells were prone

to conditions mimicking (a) activation of the renin-angiotensin-aldosterone system

(RAAS), (b) diabetic nephropathy by elevated glucose levels, or (c) inflammation by

the cytokines IL-1b and TNF-a or aggregated immunoglobulin. The resulting

expression patterns were then compared with that of mesangial cells that were

additionally treated with suitable inhibitors for NADPH oxidases or inducible

NO-synthase such as diphenylene iodonium (DPI) or NG-monomethyl-L-arginine

(L-NMMA), respectively, or with scavengers of ROS such as N-acetyl-cysteine.
To our knowledge, the first report that describes the action of endogenously

produced ROS on gene expression in mesangial cells was published by Satriano

et al. in 1993 [75]. The authors demonstrate that ROS, produced by murine mesan-

gial cells after stimulation with TNF-a and aggregated immunoglobulin, enhanced

the expression of monocyte chemoattractant protein 1 (MCP-1) and moncyte

colony-stimulating factor 1 (CSF-1). The same group also observed later a ROS-

dependent upregulation of the genes for RANTES (regulated upon activation,

normal T cell expressed and secreted) and ICAM-1 (intercellular adhesion mole-

cule-1), further corroborating a prominent role for ROS in mesangial chemokine

signaling [76]. Intriguingly, originally noninflammatory pathways are able to induce

the expression of proinflammatory chemokines. Ha et al. [77] demonstrated that

high glucose induced the expression of MCP-1 via the activation of the transcription

factor NFkB and the production of ROS, clearly indicating a proinflammatory effect

of high glucose conditions. In fact, ROS-induced activation of MAP kinases,

followed by activation of the transcription factors NFkB andAP-1, is a key signaling

pathway induced by ROS in mesangial cells as exemplified for the expression of the

matrix metalloprotease 9 gene [78]. Moreover, a further target that exerts chemo-

kine-like functions, namely osteopontin, has been characterized to be upregulated

via aldosterone/cytokine-induced ROS formation in rat mesangial cells [79].
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High glucose potently induces generation of ROS via activation of protein

kinase C (PKC) in mesangial cells [80]. Besides activation of the transcription

factors AP-1 and NFkB by PKC-induced ROS, elevation of TGF-b levels is a main

feature of ROS activity in mesangial cells. TGF-b-induced SMAD signaling cas-

cades, in turn led by an upregulation of collagens 1, 3, and 4, fibronectin, and

plasminogen activator inhibitor 1 (PAI-1) to an excessive formation of ECM, which

caused glomerular fibrosis as a cardinal symptom of diabetic nephropathy not only

by a enhanced expression of matrix components [81, 82] but also by a reduced

expression of ECM-degrading factors [83]. Importantly, PKC is not only a prereq-

uisite for high glucose-induced ROS formation. Activation of PKC is also regulated

by a fine-tuned redox mechanism that may under certain circumstances constitute a

positive regulatory loop, further amplifying the actions of ROS on cell death or

gene regulation [84, 85].

It is worth mentioning that one of the first cell systems that was used to analyze

NO-mediated gene expression were human renal mesangial cells. Brown et al. [86]

found that protein and mRNA expression of the inflammatory chemokine IL-8 was

drastically upregulated by NO. Meanwhile, a series of genes were found to be under

expressional control by NO or ROS in mesangial cells. In our lab, we could

demonstrate that certain genes are regulated in a coordinated fashion by NO and

ROS [30, 42], whereas others are regulated in an opposite manner by the autacoids

NO and ROS [78, 87].

The aim of most studies performed to analyze NO-dependent gene expression

was to define a more or less unique and ubiquitous signaling machinery that triggers

NO-mediated gene expression. This goal has so far not been attained. By contrast,

the analysis of NO-modulated mRNA and protein expression revealed that a variety

of signaling cascades are involved in NO-evoked cell responses.

Nevertheless, our current understanding of the biology of NO signaling focuses

on three different pathways that are involved in triggering NO-driven responses

directly to the transcriptional machinery of the cell or in mediating posttranscrip-

tional or posttranslational mechanisms and, subsequently, to changes in the gene

expression pattern. These pathways include (a) the cGMP signaling pathway [88],

(b) interference with hypoxia-mediated signaling [89], and (c) interference with

redox signaling (e.g., posttranslational changes of proteins by nitration of tyrosine

residues or nitrosation of cysteine residues) [47].

During the past 15 years, several so-called differential display methods have

been developed or improved to analyze the mRNA and protein expression

patterns of cultured cells and tissues. We successfully used the RNA arbitrarily

primed reverse transcription–polymerase chain reaction (RAP-PCR) to analyze

NO-mediated gene expression on the mRNA level [90]. We also directly focused

on NO-driven protein expression using a two-dimensional protein gel electropho-

resis protocol. Besides these “arbitrary” approaches, we also investigated the NO-

dependent regulation of gene products that are considered as key players in several

forms of glomerulonephritis. These experiments revealed a series of genes that

were expressionally controlled by NO. As exemplified for the NO-dependent

regulation of SPARC (secreted protein acidic and rich in cysteine), SMOC-1
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