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Summary: Complement activation and recruitment of inflammatory leukocytes is an important defense
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mechanism against bacterial infection. However, complement also can mediate cellular injury and contribute to
the pathogenesis of various diseases. With the appreciation that the C5b-9 membrane attack complex can injure
cells in the absence of leukocytes, a role for the terminal complement pathway in inducing cell injury and kidney
disease was shown in several experimental models, including the rat passive Heymann nephritis model of human
membranous nephropathy. In podocytes, sublytic C5b-9 activates a variety of downstream pathways including
protein kinases, lipid metabolism, reactive oxygen species, growth factors/gene transcription, endoplasmic
reticulum stress, and the ubiquitin-proteasome system, and it impacts the integrity of the cytoskeleton and slit
diaphragm proteins. C5b-9 also injures other kidney cells, including mesangial, glomerular endothelial, and
tubular epithelial cells, and it contributes to the pathogenesis of mesangial-proliferative glomerulonephritis,
thrombotic microangiopathy, and acute kidney injury. Conversely, certain C5b-9 signals limit complement-induced
injury, or promote recovery of cells. In addition to C5b-9, complement cleavage products, such as C5a and C1q,
can injure kidney cells. Thus, the complement system contributes to various kidney pathologies by causing
cellular damage in both an inflammation-dependent and inflammation-independent manner.
Semin Nephrol 33:586-601 C 2013 Elsevier Inc. All rights reserved.
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The complement system is composed of three
pathways, namely the classic (antibody-acti-
vated), alternative, and mannose-binding lectin

pathways, which contain more than 30 proteins
involved in activation and regulation.1–3 The functions
of the complement system are numerous, and although
this review focuses on complement-mediated cellular
injury, the complement system acts as a rapid and
efficient immune surveillance system, eliminates cel-
lular debris and infectious microbes, contributes sub-
stantially to homeostasis, and even may be involved in
the repair and regeneration of damaged tissues.2,3

Complement-mediated cellular injury has been impli-
cated in various diseases including glomerulonephritis,
sepsis, lupus, rheumatoid arthritis, myocardial infarc-
tion, multiple sclerosis, myasthenia gravis, organ trans-
plant rejection, and, more recently, osteoarthritis and
age-related macular degeneration.2–5 In early studies
of complement in experimental glomerulonephritis,
the focus was on antibody-dependent complement
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activation as a mechanism for recruitment of inflam-
matory leukocytes. With the appreciation that the C5b-
9 membrane attack complex can injure cells in the
absence of inflammation, a role for the terminal com-
plement pathway in inducing podocyte injury and
proteinuria was shown in rat passive Heymann neph-
ritis (PHN), an experimental model of human mem-
branous nephropathy (see Table 1 for a list of animal
models).6–8 Consistent with induction of proteinuria,
in PHN the C5b-9 complex has been localized in imm-
une deposits, and in plasma membranes on the soles of
the foot processes of visceral glomerular epithelial
cells (GECs, commonly known as podocytes). C5b-9
also has been shown to induce podocyte injury in
experimental anti–glomerular basement membrane
(GBM) nephritis, and is the key mediator of mesangial
injury in the anti-Thy1 model of human mesangial-
proliferative glomerulonephritis.4,9 Other human
kidney diseases or experimental models in which
complement is activated and there is C5b-9 assembly
and injury include acute kidney injury (AKI), tubu-
lointerstitial disease, and atypical hemolytic uremic
syndrome (aHUS).2–5,9 This article describes the
mechanisms by which complement induces cellular
injury and its role in the pathogenesis of renal disease.
The main focus is on signaling pathways activated
by the terminal pathway, that is, membrane attack
complex, C5b-9, in kidney glomerular and tubular
cells. Other components of the complement system,
such as C5a and C1q, are discussed briefly in the
context of renal cell injury. The effects of complement
on non–kidney cell injury also are presented where
appropriate to provide additional insights into relevant
mechanisms.
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Table 1. Animal Models of Complement-Induced Injury and Corresponding Human Diseases

Animal Model Corresponding Human Disease Site of Injury Complement Component

PHN Membranous nephropathy Visceral GEC (podocyte) C5b-9
Chronic BSA overload Proteinuric glomerulopathy Glomerular and tubular cells C5b-9, C3
Anti-Thy1 nephritis Mesangial-proliferative glomerulonephritis Mesangial cells C5b-9, C5a, C1q
Anti-GBM nephritis Anti-GBM nephritis Visceral GEC and GBM C5b-9, C5a, C1q
Thrombotic microangiopathy
(anti–glomerular endothelial
cell antibody nephritis)

HUS Glomerular endothelial cells C5a and/or C5b-9

Ischemia-reperfusion Acute tubular nephrosis Tubular epithelial cells C5b-9, C5a
Cisplatin-induced AKI Cisplatin nephrotoxicity Tubular epithelial cells C5a, C5a receptor

Abbreviation: BSA, bovine serum albumin.
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C5b-9–INDUCED RESPONSES IN CELLS

The assembly of C5b-9 in the plasma membrane of a cell
results in the formation of transmembrane channels or
rearrangement of membrane lipids, with loss of mem-
brane integrity. A single C5b-9 complex leads to lysis
of an erythrocyte, whereas lysis of nucleated cells requi-
res multiple C5b-9 lesions, and lower doses of C5b-9
induce sublethal (sublytic) injury in nucleated cells.1,10–12

In vivo, there are relatively few examples of comple-
ment lysis,2 and complement-mediated cellular injury
generally is associated with sublytic amounts of com-
plement. In addition to disrupting the plasma mem-
brane, sublytic doses of C5b-9 lead to cell injury
through the activation of specific signaling pathways
(Table 2).1,10–12 Such pathways have been character-
ized in numerous cell lines, as well as in in vivo
disease models. Pathways activated by C5b-9 in GECs
include protein kinases, phospholipases, reactive
oxygen species (ROS), transcription factors, growth
factors, proteinases, stress pathways, and others. Ulti-
mately, these signals may impact on metabolic path-
ways, and the structure or function of lipids and the
cytoskeleton, filtration slit diaphragm, or other cellular
compartments.

Although various signals of C5b-9 injure nucleated
cells, it should be noted that other signals are activated in
parallel to limit/restrict the complement-induced injury,
or to promote recovery. Indeed, nucleated cells are equi-
pped with several mechanisms that support resistance to
complement-dependent cytotoxicity.1,12 Thus, multiple
pathways may be activated simultaneously by sublytic
C5b-9 in nucleated cells, and there is likely an equilibrium
among pathways that lead to cellular injury with those
that are cytoprotective.
ACTIVATION OF PROTEIN KINASES

The activation of a signaling pathway after assembly of
sublytic C5b-9 in all probability starts at the plasma
membrane, where C5b-9 is assembled. Given that C5b-9
forms a membrane channel or a leaky patch, a C5b-9–
induced increase in cytosolic free Ca2þ concentration
resulting from a calcium influx has been reported in
various cell lines, including GECs.1,6,7,12 Sublytic C5b-9
also can induce Ca2þ release from intracellular storage
sites. Together, such changes in intracellular Ca2þ con-
centration can lead to the activation of protein kinases,
among which is protein kinase C.1,6,12 At the plasma
membrane of lymphoblastoid B cells, C5b-9 assembly
was shown to couple to heterotrimeric G proteins, which
then can activate downstream effectors.1 Sublytic C5b-9
induced transactivation of receptor tyrosine kinases at the
plasma membrane, in cultured GECs and in PHN.6,7 This
resulted in activation of the Ras–extracellular signal-
regulated kinase (ERK) pathway and phospholipase C-
γ1. Transactivated receptor tyrosine kinases potentially
serve as scaffolds for assembly and/or activation of
proteins, which then lead to activation of downstream
effector pathways, either independently or in conjunction
with the increased cytosolic Ca2þ concentration.
Complement-mediated activation of ERK was blocked
by expression of a dominant-inhibitory mutant of Ras or a
constitutively active RhoA mutant, or disassembly of
F-actin, indicating that the mechanisms involve the Ras
pathway and are facilitated by an intact actin cytoskele-
ton.6,7 The role of ERK in complement-induced injury
may be cytoprotective (see later).

Besides ERK, sublytic C5b-9 can activate the p38
kinase pathway in GECs.6,7,13 The functional role of
p38 appears rather complex. In GEC culture, the p38
pathway reduced complement-mediated cytotoxicity,
and the cytoprotective effect involved heat shock
protein-27. p38 activity was increased in glomeruli of
rats with PHN, and treatment of these rats with a p38
inhibitor exacerbated proteinuria. In keeping with these
experimental data, enhanced phosphorylation of p38 in
podocytes was reported in biopsy specimens of human
membranous nephropathy.7,14

Apoptosis signal-regulating kinase-1 (ASK1) is a
mitogen-activated protein kinase kinase kinase, which
is regulated by ROS, and can stimulate the p38 and
c-Jun N-terminal kinase (JNK) pathways. ASK1 was
activated in glomeruli of rats with PHN, and exposure of



Table 2. Signaling Pathways Activated by the C5b-9 Membrane Attack Complex

Pathways Examples and Effects

Intracellular Ca2þ Ca2þ influx and Ca2þ release from intracellular storage sites
Protein kinases Activation of protein kinase C (PKC), receptor tyrosine kinase (RTK), Ras-ERK, JNK, p38, and ASK1 (PHN)
Phospholipases Activation of phospholipase C (PLC)-γ1, cPLA2, and iPLA2-γ (phosphorylation) and AA release
Prostanoids Up-regulation of cyclooxygenase (COX)-2 (cultured GEC and PHN glomeruli) and COX-1 (PHN

glomeruli), production of prostanoids
ROS Superoxide production via NADPH oxidase and lipid peroxidation (PHN)

ROS production via xanthine oxidase pathway (PHN)
Generation of hydrogen peroxide by cytochrome P450 family of hemeprotein monooxygenases (cultured
GEC)

Growth factors Up-regulation of platelet-derived growth factor B-chain, HB-EGF (PHN), and Ret (PHN and cultured
mouse podocytes)

Increase of p21 and p27 CDK inhibitors, and decrease of CDK2 activity
Decrease of p57, and increase of Cdc2; cyclins B1, B2, and D1; and phosphorylated histone-3

Transcription factors DNA
damage

Activation of NF-κB (cultured GEC and in vivo)
Production of interleukin-8 and monocyte chemoattractant protein-1
Increase of p21, p53, GADD45, and checkpoint kinase-1 and kinase-2 (cultured GEC and PHN)

Endocytosis and
ectocytosis

Endocytosis (podocyte)
Ectocytosis in membrane vesicles (urinary space)

ER stress Damage of ER membrane and unfolded protein response (UPR) induction
Up-regulation of ER chaperones (Bip and GRP94), PERK stimulation, eukaryotic translation initiation
factor-2α subunit phosphorylation, and reduction of protein synthesis

Ubiquitin-proteasome
system

Polyubiquitination of glomerular proteins (PHN)
Up-regulation of ubiquitin proteasome system (cultured GEC)

Podocyte cytoskeleton Disassembly of F-actin filaments and focal adhesion complexes
Increase of RhoA and decrease of Rac1 and Cdc42 activities (cultured GEC)
Foot process effacement by induction of active RhoA in podocytes (in mice)
TRPC6 up-regulation (cultured GEC)

Filtration slit diaphragm Decrease of nephrin mRNA and protein (PHN)
Dissociation of nephrin from actin cytoskeleton and loss of slit diaphragm integrity
Alteration of podocin location and nephrin dissociation from podocin

Extracellular matrix Increase of α3, α4, and α5 type IV collagen mRNAs and de novo synthesis of type I collagen (PHN)
Up-regulation of matrix metalloprotease 9, TGF-β2, TGF-β3, and TGF-β type I and II receptors (PHN)
Transient increase of collagen IV and fibronectin mRNAs (cultured mesangial cells)

Cell cycle Increased DNA synthesis without cell proliferation (podocyte)
Activation of cell cycle and cell proliferation via PI3K (cultured mesangial cells)

Anti-apoptosis PI3K/Akt activation, Bad phosphorylation, and dissociation of the Bad/Bcl-XL complex
Up-regulation of caspase-8 inhibitor and cFLIPL, and down-regulation of FasL

Pro-apoptosis DNA damage via apoptosis regulating proteins (podocytes)
Up-regulation of ATF3 (mesangial cells)
Interferon regulatory factor 1–dependent caspase-8 activation (mesangial cells)
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cultured GECs to sublytic C5b-9 stimulated ASK1
activity, in part, via the reduced form of nicotinamide-
adenine dinucleotide phosphate (NADPH) oxidase and
ROS.7,15 In GECs that overexpress ASK1, complement-
induced p38 and JNK activation were amplified. The
level of ASK1 expression determined the functional
effect of p38 activation, that is, when ASK1 was over-
expressed, p38 activation was amplified, and C5b-9
assembly led to GEC injury via ASK1 and p38.
PHOSPHOLIPASE A2 AND PROSTANOIDS

Assembly of C5b-9 results in phospholipid hydrolysis
and the production of arachidonic acid (AA) and
prostanoids in various cells, including GECs and
tubular epithelial cells.1,12,16 These effects are mediated
by phospholipase C, phospholipase A2 (PLA2), and
others.6–8 In GEC, cytosolic PLA2 (cPLA2) plays an
important role in AA release, and sublytic C5b-9
stimulated cPLA2 activation, which was regulated by
changes in cytosolic Ca2þ concentration and by phos-
phorylation. Activation of cPLA2 and release of AA
was compartmentalized to specific organelles, in partic-
ular the endoplasmic reticulum (ER). cPLA2 mediates
C5b-9–dependent GEC injury (eg, cPLA2 provides AA
for metabolism to injurious prostanoids), and it may
induce membrane damage via phospholipid hydrolysis.
cPLA2 also modulates stress responses, which confer
cytoprotection (see later). Sublytic C5b-9–dependent
AA release in GECs also is mediated by calcium-
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independent PLA2-γ (iPLA2-γ), via an ERK or p38
pathway that involves iPLA2-γ phosphorylation.17,18

Activation of iPLA2-γ attenuated complement-induced
cytotoxicity. The mechanism of protection requires
further elucidation, although it has been suggested that
iPLA2-γ may facilitate metabolism of damaged/oxidized
phospholipid acyl chains to repair membrane lipids.

The AA released by PLA2 enzymes is metabolized
to prostanoids by cyclooxygenase (COX) enzymes. In
resting GECs in culture and glomeruli of normal rats,
there is primarily expression of COX-1. In culture,
sublytic C5b-9 up-regulated COX-2 expression,
whereas both isoforms were up-regulated in glomeruli
of rats with PHN.6,7 Up-regulation of COX-2 was
dependent on activation of protein kinase C and JNK
(see later). Both COX isoforms were involved in
enhanced prostanoid generation. Nonselective COX
inhibition and selective inhibition of COX-2 reduced
glomerular prostanoid generation and proteinuria in
PHN; however, inhibition of both COX isoforms was
required to achieve a maximum antiproteinuric
effect.6,7,19 The antiproteinuric effects of COX inhib-
itors were independent of changes in glomerular
filtration. Reduction of proteinuria in PHN also was
induced by a thromboxane synthase inhibitor.6,7 A fish
oil diet, which shifts production of dienoic prostanoids
to inactive trienoic metabolites, decreased the produc-
tion of glomerular thromboxane A2 and had both a
protective effect on the development of proteinuria in
PHN, as well as a therapeutic effect after the onset of
proteinuria.6,7,20 Thus, a number of distinct experimen-
tal approaches support a role for C5b-9–dependent
prostanoid production in exacerbating proteinuria in
PHN. In regard to the mechanism, prostanoids may
increase glomerular transcapillary pressure, such that
proteinuria is increased on a hemodynamic basis, and/
or production of prostanoids may exacerbate
complement-induced GEC injury directly.6,8

PRODUCTION OF ROS

Production of ROS after assembly of sublytic C5b-9 has
been described in leukocytes, mesangial cells, GECs,
and proximal tubular epithelial cells.6–8,12,13,21,22 Among
the pathways for generating ROS is a multicomponent
enzyme complex, the NADPH oxidase, which in the
presence of NADPH reduces molecular oxygen to the
superoxide anion. Superoxide is metabolized further to
other ROS. GECs in culture and in vivo express
components of the NADPH oxidase, and incubation of
cultured GECs with complement stimulated superoxide
production via the NADPH oxidase.6,7 ROS also are
produced in PHN, and their generation is associated with
lipid peroxidation and modification of GEC membrane
proteins and GBM components by malondialdehyde
adducts.6,7,23 Inhibition of ROS production and lipid
peroxidation reduced proteinuria in PHN, implying that
complement-induced ROS exacerbate proteinuria by
damaging the glomerular capillary wall. The xanthine
oxidase pathway also has been implicated in ROS
generation in PHN, and blockade of xanthine oxidase
reduced proteinuria.24 A recent study addressed the cyto-
chrome P450 family of hemeprotein monooxygenases,
which generate superoxide and hydrogen peroxide during
the course of NADPH-dependent electron transfer.25

Overexpression of cytochrome P450 2B1 (CYP2B1) in
cultured GECs enhanced the complement-mediated gen-
eration of hydrogen peroxide, disruption of actin fila-
ments, and cytotoxicity. Conversely, these parameters
were reduced with CYP2B1 gene silencing. PHN was
associated with generation of glomerular cerium–hydro-
gen peroxide reaction products, malondialdehyde add-
ucts, proteinuria, and reduced expression of nephrin, the
key component of the filtration slit diaphragm.26 Inhib-
ition of CYP2B1 with piperine or cimetidine reduced
the cerium-hydrogen peroxide reaction products, malon-
dialdehyde adducts, and proteinuria, and attenuated the
reduction in nephrin expression.

Although robust production of ROS induces glomer-
ular damage, low concentrations of ROS may function as
signaling molecules. For example, in GECs in culture and
in vivo, complement-induced superoxide production
activated JNK.6,7,27 The process was dependent on
cPLA2 and AA release; the latter stimulated JNK activity
via the NADPH oxidase and production of ROS. JNK
activation was associated with cytoprotection. Thus, in
GECs exposed to C5b-9, ROS may both contribute to
cell injury and facilitate transduction of protective signals.

Another example of ROS production resulting from
C5b-9 assembly is the anti-Thy1 model of nephritis.
Glomeruli from rats with anti-Thy1 nephritis showed
enhanced production of hydrogen peroxide, superoxide,
and hydroxyl radicals. In parallel, there were increases in
glomerular Nicotinamide adenine dinucleotide (NADH)-
dependent and NADPH-dependent oxidative activities,
as well as a reduction in antioxidative activities, poten-
tially amplifying ROS-mediated glomerular damage.28 In
another study of anti-Thy1 nephritis, treatment of rats
with the antioxidant α-lipoic acid reduced glomerular
ROS production. In addition, α-lipoic acid reduced
glomerular cell proliferation, reversed an increase in
the expression of glomerular transforming growth
factor-β (TGF-β), and prevented transformation of
mesangial cells into myofibroblasts.29
GROWTH FACTORS, TRANSCRIPTION FACTORS,
AND DNA DAMAGE

The actions of complement may include stimulation of
cell proliferation and/or apoptosis, and may be asso-
ciated with induction of growth factors, growth factor
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receptors, and proteins that regulate the cell cycle.6–8

C5b-9 stimulated production of TGF-β in mesangial
cells.30 In PHN, platelet-derived growth factor B-chain
was up-regulated before the onset of proteinuria.
Although platelet-derived growth factor C-chain
expression was not shown in PHN, it was prominent
in podocytes in human membranous nephropathy.6–8,31

Heparin-binding epidermal growth factor-like factor
(HB-EGF) was induced in PHN, before the onset of
proteinuria.6,7 At this early time point, HB-EGF was
localized in the cytoplasm of GECs; as the disease
progressed, HB-EGF showed a nodular pattern within
GECs and along the GBM, consistent with secretion
and binding to the GBM. Ret (glial cell-derived
neurotrophic factor receptor tyrosine kinase) was up-
regulated in podocytes in PHN, and in cultured mouse
podocytes after stimulation with sublytic C5b-9.6,7 The
role of these growth factors in cell injury will require
further study.

Podocytes are believed to be terminally differenti-
ated cells with low proliferative capacity in vivo both
under normal circumstances and after injury.32 In
PHN, there is no evidence for podocyte proliferation
in response to C5b-9–induced injury, although an
increase in proliferating cell nuclear antigen expression
has been shown.6,7 Changes in cyclins, cyclin-
dependent kinases (CDKs), and CDK inhibitors also
have been shown in PHN.6–8 The p21 and p27 CDK
inhibitors were increased, in association with decreased
CDK2 activity. p57 was decreased, whereas Cdc2;
cyclins B1, B2, and D1; and phosphorylated histone-3
were increased. The low proliferative capacity of GECs
in response to injury may be, at least in part, caused by
an increase in the expression of specific CDK inhib-
itors. Administration of basic fibroblast growth factor
to rats with PHN attenuated increases in p21, and
stimulated GEC mitosis and ploidy.6–8

Nuclear factor-κB (NF-κB) and NF-κB–dependent
gene transcription was activated by complement in
cultured GECs and in vivo.6,7 NF-κB may, at least in
part, contribute to podocyte injury and proteinuria in
PHN. In autologous phase PHN with modest proteinu-
ria, administration of the NF-κB inhibitor, pyrrolidone
dithiocarbamate, reduced proteinuria; however, the
drug had no effect in PHN with high levels of urine
protein excretion.33 Down-regulation of nephrin expres-
sion up-regulated NF-κB in podocytes.7,34 Although
nephrin down-regulation has been reported in PHN
(discussed further later), it remains to be determined if
this specific nephrin effect on the NF-κB pathway is
present in membranous nephropathy. In human umbil-
ical vein endothelial cells, formation of sublytic C5b-9
promoted an increase in NF-κB.35 C5b-9 also stimu-
lated production of interleukin-8 and monocyte chemo-
attractant protein-1, and preincubation of these cells
with pyrrolidine dithiocarbamate prevented the C5b-9–
induced increases in interleukin-8 and monocyte che-
moattractant protein-1. Thus, sublytic C5b-9 can pro-
mote proinflammatory endothelial cell activation via
NF-κB.

Conversely, the NF-κB pathway can play a cyto-
protective role in complement-mediated injury.36

Enhanced complement-dependent cytotoxicity was
shown in mouse embryonic fibroblasts lacking the
p65 subunit of NF-κB or the IκB kinases α or β, and
in fibroblasts pretreated with an IκB kinase inhibitor.
Reconstitution of p65 into p65-null cells and over-
expression of p65 in wild-type cells decreased their
sensitivity to cytotoxicity. This effect of the NF-κB
pathway appeared to be mediated via JNK.

In cultured GECs and in PHN, sublytic C5b-9
induced DNA damage. These changes occurred in
association with increases in p21, the tumor-suppressor
gene p53, growth-arrest DNA damage-45 gene, and
checkpoint kinase-1 and kinase-2.6,7,37 Inhibition of the
ERK pathway attenuated the increase in p21 and
growth-arrest DNA damage-45 gene, and augmented
C5b-9–induced DNA damage. Induction of DNA dam-
age by C5b-9 may, in part, block the ability of GECs to
proliferate in response to injury.
C5b-9 ENDOCYTOSIS AND ECTOCYTOSIS

As noted earlier, nucleated cells possess various
resistance mechanisms against complement-dependent
injury. Among these is the elimination of C5b-9
complexes from the plasma membrane by endocytosis
and/or release of membrane vesicles (ectocytosis of
C5b-9).10,12 Elimination of C5b-9 is, in part, linked to
Ca2þ influx through the C5b-9 pores; chelation of
intracellular Ca2þ inhibits removal of C5b-9 com-
plexes and results in increased cell death.38 The effects
of Ca2þ appear to be mediated through various protein
kinases, phospholipases, and cytoskeletal elements. In
K562 cells, shedding of C5b-9 from the plasma
membrane began within minutes after C5b-9 assembly.
Concomitantly, C5b-9 entered the cells, accumulated
in a perinuclear, late recycling compartment, and co-
localized with endocytosed transferrin, whereas inhib-
ition of protein kinase C reduced endocytosis of C5b-
9.39 In the K562 cells, a key protein found to mediate
the membrane vesiculation of C5b-9 is mortalin/
GRP75. This protein promoted shedding of membrane
vesicles containing C5b-9 and protected cells from
complement-mediated lysis.39 Endocytosis and exo-
cytosis of C5b-9 also occurs in disease. In PHN, there
is morphologic evidence for C5b-9 endocytosis in
podocytes, as well as exocytosis in membrane vesi-
cles in the urinary space, potentially representing a
mechanism to protect podocytes from complement
attack.6,7,40



Figure 1. ER stress in the PHN experimental model of membra-
nous nephropathy and the anti-Thy1 nephritis model of mesan-
gial-proliferative glomerulonephritis. (A) The unfolded protein
response is induced in C5b-9–mediated podocyte injury. Glomer-
uli were isolated from normal rats (control) and from rats with PHN
on day 14, and lysates were immunoblotted with antibodies to BiP,
GRP94, or phospho-eukaryotic translation initiation factor-2α
subunit (eIF2α). (B) Preconditioning of rats with a subnephrito-
genic dose of Adriamycin or tunicamycin reduces proteinuria in
PHN. Rats were untreated, or were injected with Adriamycin or
tunicamycin, to up-regulate ER stress proteins. Four days later,
rats were injected with nephritogenic antibody to induce PHN (day
0). Urine protein excretion was measured on days 0, 7, 9, and 13.
This research was published originally by Cybulsky et al43,104 in
the Journal of Biological Chemistry. © American Society for
Biochemistry and Molecular Biology. (C) Preconditioning of rats
with a subnephritogenic dose of thapsigargin or tunicamycin
reduced proteinuria in rats with anti-Thy1 nephritis. Figure pro-
vided courtesy of Dr. Reiko Inagi (University of Tokyo).
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ENDOPLASMIC RETICULUM INJURY AND ER
STRESS

ER stress is a pathologic state that results in accumu-
lation of misfolded proteins in the ER.41,42 To rescue
such misfolded proteins, the ER has quality control
machinery in place, including the unfolded protein
response and ER-associated degradation. Complement-
dependent ER stress has been described in GECs and
mesangial cells. In GECs, sublytic C5b-9 induced
damage to the membrane of the ER, as well as the
unfolded protein response, and these effects were, in
part, enhanced by the activation of cPLA2, presumably
owing to phospholipid hydrolysis at the membrane
of the ER.7,41–43 Specifically, complement increased
expression of ER chaperones (glucose regulated protein
(GRP)-78 (BiP) and GRP94), and stimulated activation
of PERK (protein kinase R-like ER kinase), phosphor-
ylation of eukaryotic translation initiation factor-2α
subunit, and a reduction in protein synthesis. Reduction
of BiP expression or PERK deletion exacerbated
complement-mediated GEC injury, confirming a func-
tionally important, protective role for the unfolded
protein response. In addition, preconditioning of cells
with other stimuli that can increase expression of ER
chaperones (eg, puromycin aminonucleoside) limited the
amount of injury during subsequent complement attack.

The unfolded protein response was induced in glo-
meruli of proteinuric rats with PHN (Fig. 1A).7,41–44 A
recent study also showed simultaneous induction of
autophagy markers in PHN,44 and although ER stress
may be linked with autophagy, this link has not been
shown conclusively in PHN. Preconditioning of rats
with subnephritogenic doses of Adriamycin, or tunica-
mycin, attenuated proteinuria in PHN.7,41–43 Thus,
in vivo preconditioning to increase ER stress reduced
C5b-9–mediated GEC injury (Fig. 1B). ER stress
preconditioning also reduced C5b-9–mediated mesan-
gial cell injury in vivo (Fig. 1C).45 The ER chaperones,
BiP and ORP150, activation of PERK, and phosphor-
ylation of eukaryotic translation initiation factor-2α
subunit were enhanced in glomeruli of rats with anti-
Thy1 nephritis corresponding to the stage of mesangial
hypercellularity.45 Tunicamycin or thapsigargin given
to rats before induction of anti-Thy1 nephritis did not
affect renal pathology or function, although the com-
pounds increased expression of BiP and ORP150.
After induction of nephritis, glomeruli displaying
microaneurysms were reduced markedly in the rats
preconditioned with tunicamycin or thapsigargin com-
pared with nonpretreated rats, and mesangial prolifer-
ation, as well as proteinuria, were ameliorated. These
studies provide a rationale for developing nontoxic
preconditioning methods to induce ER stress in vivo,
which eventually may have applications to therapy of
complement-mediated glomerular injury.
UBIQUITIN-PROTEASOME SYSTEM

Two recent studies suggested that podocyte protein
misfolding is a consequence of C5b-9–induced injury
in membranous nephropathy. The studies showed
increased polyubiquitination of glomerular proteins in
PHN (Fig. 2A).46,47 In addition, increased ubiquitin
content and aggregation in podocytes was shown in



Figure 2. Ubiquitin is up-regulated in podocytes in experimental and human membranous nephropathy (MN).
(A) Confocal micrographs of immunofluorescent staining against ubiquitin (green) and collagen type IV (red) in
control and PHN rats (day 14). Arrows indicate podocytes. (B) Immunohistochemical staining of ubiquitin (red) in
human MN renal biopsy specimens. Short scale bars, 200� magnification; long scale bars, 1000� magnification.
p, podocyte. (C) Control and PHN rats were treated with vehicle or with the proteasome inhibitor MG132. Urine
albumin concentrations (in milligrams per deciliter) were measured on day 14, and were normalized against urine
creatinine concentrations (in grams per liter). *P o .005 versus control rats. **P o .01 versus PHN rats. This
research was published originally by Meyer-Schwesinger et al46 in the American Journal of Pathology. © American
Society for Investigative Pathology.
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human membranous nephropathy (Fig. 2B).48 Admin-
istration of a proteasome inhibitor to rats with PHN
exacerbated proteinuria, implying that degradation of
misfolded proteins by the ubiquitin-proteasome system
is a protective response in podocytes undergoing com-
plement attack (Fig. 2C).46,47 Ubiquitin C-terminal
hydrolase-L1, an enzyme with both ubiquitin ligase
and deubiquitinating activities, was implicated in
altering glomerular ubiquitination and development of
proteinuria in PHN,46 however, the precise mechanism
of action of ubiquitin C-terminal hydrolase-L1 will
require further study.

Global function of the ubiquitin-proteasome system
was enhanced in cultured GECs undergoing comple-
ment attack despite a modest reduction in proteasomal
enzymatic activity.47 This increase in the ubiquitin-
proteasome system function may have been owing to
complement-stimulated conjugation of ubiquitin to
proteins, although changes in deubiquitination cannot
be excluded. Exposure to complement, however,
impaired ER-associated degradation function in GECs;
possibly, misfolded proteins in the ER may have been
competing for ER resident enzymes or chaperones, or
there was disrupted protein retrotranslocation to the
proteasome.47 Another study showed that PHN is
associated with increased expression of genes encoding
ubiquitin-conjugating enzymes and de-ubiquitinating
enzymes.49 The results of these various studies imply
that complement may up-regulate the activity and/or
expression of ubiquitin-proteasome system components
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as a cytoprotective mechanism to alleviate protein
misfolding in podocytes.

ALTERATIONS TO THE PODOCYTE CYTOSKELETON

The structure of the podocyte foot processes is sup-
ported by F-actin filaments. In glomerulopathies (eg,
membranous nephropathy), there is condensation of
actin filaments at the base of effaced podocyte foot
processes together with disruption of slit diaphragms
and filtration slits. In cultured GECs, it has been shown
that sublytic C5b-9 can disassemble F-actin filaments
and focal adhesion complexes.6–8,13,50 The process was
associated with adenosine triphosphate depletion and
dephosphorylation of paxillin, but was not prevented
by tyrosine phosphatase inhibition. Proteolysis of focal
adhesion or cytoskeletal proteins did not occur, which
favors dynamic disassembly and reassembly, perhaps
mediated by Rho guanosine triphosphatases (GTPases).
Moreover, α3β1 integrins, which are among the mole-
cules mediating attachment of GECs to the underlying
GBM, remained intact, in keeping with the normal
distribution of β1 integrins on the basal aspect of
effaced foot processes in kidney biopsy specimens of
human membranous nephropathy.6

Changes in the actin cytoskeleton may be, at least in
part, regulated by Rho GTPases. In cultured GECs,
sublytic C5b-9 increased RhoA activity and decreased
activities of Rac1 and Cdc42.7,51 Analogous changes in
these activities were observed in glomeruli of rats with
PHN. Cultured GECs expressing constitutively active
RhoA showed a smaller and round contour, and prom-
inent cortical F-actin, whereas those expressing consti-
tutively active Rac1 underwent morphologic changes
resembling process formation. Expression of constitu-
tively active RhoA attenuated complement-mediated
cytotoxicity, whereas cytotoxicity was augmented by a
dominant-negative RhoA. Thus, complement can alter
the balance of RhoA, Rac1, and Cdc42 activities in
GECs, and the activity of Rac1 may contribute to
process formation, while activation of RhoA in the
setting of complement attack may contribute to foot
process effacement. Indeed, induction of glomerular
RhoA activity in mice results in foot process effacement
and proteinuria.52 In keeping with the effect of RhoA,
expression of a constitutively active Ras protected GECs
from complement cytotoxicity.7,53 This protective effect
of Ras was dependent on remodeling of the actin cyto-
skeleton, and was associated with a reduction in Rac
activity, thereby altering the equilibrium of Rho GTPase
activity.

Another potential mediator of the actin cytoskeleton
is transient receptor potential channel (TRPC)-6 (a
nonselective cation channel). The TRPC6 channel is
functionally connected to the podocyte actin cytoske-
leton, and mutations are associated with hereditary
focal segmental glomerulosclerosis. Enhanced expres-
sion of wild-type TRPC6 was found in human protei-
nuric kidney diseases, including membranous
nephropathy, whereas in cultured GECs, complement
up-regulated TRPC6 protein.7,54 Thus, the effects of
complement on the cytoskeleton could involve TRPC6.

CHANGES TO THE FILTRATION SLIT DIAPHRAGM

As noted earlier, nephrin is a key component of the
filtration slit diaphragm, and is crucial for maintaining
glomerular permselectivity.26 A number of studies
have shown effects of complement on nephrin expres-
sion. Nephrin messenger RNA (mRNA) and/or protein
decreased in PHN.6,7 In rats with PHN before the onset
of proteinuria, there was complement-dependent dis-
ruption or dislocation of slit diaphragms and formation
of occluding-type junctions, as well as a reduction in
nephrin expression, an alteration in the distribution of
nephrin, and a reduction in the fraction of nephrin that
was bound to actin.6,7 It was concluded that the onset
of proteinuria in PHN is caused by complement-
dependent dissociation of nephrin from the actin
cytoskeleton and loss of slit diaphragm integrity.
Nephrin expression was reduced and its distribution
was altered in human membranous nephropathy.6,7

Podocin, a protein localized at the insertion of the
slit diaphragm, associates with the nephrin cytoplasmic
tail and provides a scaffolding function.26 In PHN, the
location of podocin was altered before the onset of
proteinuria, and nephrin was dissociated from podo-
cin.7,55 The actin-associated portion of nephrin was
reduced, and a fraction of nephrin (but not podocin)
appeared to be shed into the urine. By analogy, nephrin
was shed from cultured cells injured by complement,
and this finding may, at least in part, explain why total
nephrin is reduced in experimental and human mem-
branous nephropathy. Shedding of intact podocytes
into the urine, however, also may account for loss of
nephrin in PHN.6,7

The function and localization of nephrin, as well
interactions of nephrin with various binding partners,
appear to be regulated post-translationally (eg, by
tyrosine phosphorylation).26 The cytoplasmic domain
of nephrin contains six conserved tyrosine residues,
and several of these residues can be phosphorylated by
the Src family tyrosine kinases. Tyrosine phosphor-
ylation of nephrin appears to augment its interaction
with podocin.7,56 Src activation was reported in PHN
along with an increase in tyrosine phosphorylation of
nephrin, which would imply an enhanced interaction of
nephrin with podocin. In this study, there were no
changes in nephrin expression. An increasing number
of nephrin binding partners are being discovered, and
the effects of C5b-9 on these various interactions and
slit diaphragm integrity will require further study.
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EXTRACELLULAR MATRIX TURNOVER

Exposure of cultured mesangial cells to sublytic C5b-9
caused a transient increase in type IV collagen and
fibronectin mRNAs.57 By analogy, glomerular deposi-
tion of type IV collagen was increased in anti-Thy1
nephritis, and the increase was attenuated in
C6-deficient rats.58 Studies in PHN have suggested
that expansion of the GBM is, at least in part, caused
by altered synthesis of extracellular matrix components
by the complement-injured podocytes.6–8 Changes in
GBM components or enzymes involved in extracellular
matrix remodeling have been reported in active HN or
PHN. In active HN, there was altered synthesis of
laminin, fibronectin, entactin, and heparan sulfate pro-
teoglycans, whereas mRNA levels of α3, α4, and α5
type IV collagen chains were increased in glomeruli of
rats with PHN, and there was de novo synthesis of type
I collagen.6–8 Expression of agrin was decreased in
active HN, and this reduction correlated inversely with
the amount of proteinuria.6,7 Matrix metalloproteinase-
9 (an enzyme with proteolytic activity against type IV
collagen) was up-regulated in PHN in a complement-
dependent manner, and administration of antihepara-
nase antibody reduced proteinuria.6–8 TGF-β family
members may mediate the metabolism of extracellular
matrix components. Expression of TGF-β2 and TGF-
β3 (but not TGF-β1), as well as TGF-β type I and type
II receptors, were increased in PHN in a complement-
dependent manner.6–8,59 In human membranous nephr-
opathy, expansion of the GBM is the result of
increased deposition of type IV collagen isoforms α3,
α4, and α5, as well as laminin, nidogen, and fibronec-
tin, with subsequent accumulation of collagen IV iso-
forms α1 and α2.6,7 In summary, assembly of C5b-9 in
podocytes may promote formation of an expanded and
disorganized GBM, whereas up-regulated secretion of
proteolytic enzymes may alter breakdown or turnover
of glomerular capillary wall components, and contrib-
ute to proteinuria.

C5b-9 also has been implicated in tubulointerstitial
extracellular matrix changes.8,60 C5b-9 up-regulated
collagen gene expression in cultured tubular epithelial
cells.61 In rats with Adriamycin nephropathy, C5b-9
deposition was present on the apical surface of prox-
imal tubular epithelial cells and in the peritubular
region. There was peritubular myofibroblast accumu-
lation, associated with increased interstitial extracellular
matrix deposition and tubulointerstitial injury. These
changes were reduced substantially in C6-deficient rats,
implicating a role for C5b-9. Thus, the study60 sug-
gested that glomerular filtration of complement compo-
nents and the intratubular formation of C5b-9 is a
promoter of peritubular myofibroblast accumulation in
experimental focal segmental glomerulosclerosis. Anal-
ogous results have been reported in a model of chronic
bovine serum albumin overload-induced proteinuria.62

Mice with C3 deficiency were protected significantly
against the protein overload–induced renal interstitial
inflammatory response and fibrosis, and these mice had
less severe podocyte injury and less proteinuria com-
pared with wild-type animals. These interstitial changes
were dependent on C3 that was ultrafiltered through the
glomerular capillary wall, rather than locally synthe-
sized C3. Finally, there was evidence for complement
activation on the luminal surface of the tubules in
kidney biopsy specimen from human patients with
proteinuric kidney disease.63

ACTIVATION OF THE CELL CYCLE

Assembly of large amounts of C5b-9 complexes on the
plasma membrane inevitably leads to cell lysis and
death. However, sublytic C5b-9 has a range of effects
on cell survival (discussed later), and the cell cycle. For
example, sublytic C5b-9 has been shown to promote
proliferation in various cell types including Schwann
cells, aortic smooth muscle cells, and aortic endothelial
cells.1 As discussed earlier, in podocytes, a number of
reports showed modulation of various CDKs and CDK
inhibitors by complement,7 and that C5b-9 increased
DNA synthesis, but C5b-9 did not induce cell prolifer-
ation.64 Similar dissociation between DNA synthesis
and cell proliferation after stimulation by C5b-9 was
observed in oligodendrocytes, terminally differentiated
cells similar to podocytes.65 Low proliferative capacity
of the terminally differentiated cells may account for
such dissociation; it was suggested that the failure to
sustain high-level expression of the cdc2/cyclin B
complex required for mitosis or a failure to get this
complex into the nucleus may account for the failure to
progress to mitosis.64 In contrast, a recent study showed
that sublytic C5b-9 promotes cell proliferation in
cultured rat mesangial cells (see later).66 C5b-9–medi-
ated cell-cycle activation also was reported in
aortic endothelial cells, and inactivation of the fork-
head transcription factor, FOXO1, downstream of Akt
was implicated.67 Thus, sublytic C5b-9 can activate the
cell cycle and promote proliferation in certain cells
including mesangial cells, but in terminally differenti-
ated cells such as podocytes and oligodendrocytes,
cell-cycle activation does not necessarily result in
proliferation.

PRO-APOPTOTIC AND ANTI-APOPTOTIC EFFECTS
OF C5b-9

The anti-apoptotic effect of C5b-9 has been studied
extensively in oligodendrocytes. In these cells, sublytic
C5b-9 induced strong phosphatidylinositol 3-kinase
(PI3K)/Akt activation, phosphorylation/inactivation of
the pro-apoptotic protein, Bad, and dissociation of the
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Bad/Bcl-XL complex, and this cascade of events
promoted cell survival, likely by preventing mitochon-
drial insertion of Bad.68 Other mechanisms used by
C5b-9 to exert anti-apoptotic effects in these cells
include the up-regulation of the caspase-8 inhibitor,
c-FLIPL, and down-regulation of the apoptotic ligand,
Fas-ligand (FasL).69 On the other hand, the pro-
apoptotic effect of C5b-9 is well documented in various
cells including glomerular mesangial cells70 (also see
next section) and glomerular endothelial cells.71 In
podocytes, C5b-9 induced DNA damage, but character-
istic apoptosis was not detected by the terminal
deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling or the DNA ladder
techniques.37 Based on these mixed pro-apoptotic and
anti-apoptotic effects of sublytic C5b-9, it was proposed
that even necrotic cell death induced by C5b-9 may
involve apoptosis-regulating proteins and may be
viewed as programmed necrosis.72 For example, fibro-
blasts from mice deficient in the pro-apoptotic protein
Bid were shown to resist C5b-9–induced cell lysis.72

Thus, C5b-9 plays a spectrum of roles in necrotic and
apoptotic cell death via apoptosis-regulating proteins
and also exerts anti-apoptotic effect in certain cell types.

COMPLEMENT AND MESANGIAL CELL APOPTOSIS
AND PROLIFERATION

In addition to podocyte injury, an important role for
complement has been shown in mesangial cell injury.
In the rat anti-Thy1 model of mesangial-proliferative
nephritis, an acute peak of glomerular cell apoptosis
was observed 1 hour after injection of the antibody
(first phase), followed by a much milder increment of
apoptosis between 6 and 24 hours after injection
(second phase).73 The first phase of apoptosis was
absent in C6-deficient rats, implying dependence on
C5b-9.73 In contrast, the second phase of apoptosis was
similar in control and C6-deficient rats, suggesting that
this phase is C5b-9–independent.73 Thus, the evidence
supports the role of complement in acute mesangial
loss in the anti-Thy1 nephritis model both via assembly
of C5b-9 and via other components (eg, C1q, see later).
More recently, sublytic C5b-9 was shown to promote
apoptosis in mesangial cells by up-regulating activat-
ing transcription factor 3.74,75 The same investigators
also reported a role for interferon regulatory factor
1–dependent caspase-8 activation in C5b-9–induced
mesangial cell apoptosis.76 Complement-mediated
mesangial cell apoptosis is likely to contribute to the
pathogenesis of diseases such as IgA nephropathy and
lupus nephritis, in which mesangial cell damage and
proliferation is the main feature. In addition, it was
suggested that mesangial cell apoptosis may play an
important role in regulating the recovery phase of
mesangial proliferative glomerulonephritis.73
In contrast to the pro-apoptotic action of C5b-9 in
mesangial cells, the effect of C5b-9 on mesangial
proliferation appears to be unresolved. By using anti-
Thy1 antibody and human complement, it was shown
that sublytic C5b-9 inhibits mesangial proliferation,
measured by 3H-thymidine.77 More recently, however,
sublytic C5b-9 was shown to promote mesangial pro-
liferation via PI3K.66 The latter study also used the anti-
Thy1 antibody and human complement, but quantified
cell proliferation by bromodeoxyuridine incorporation
into nuclear DNA.66 Further studies including cell-
count quantification likely will provide a more definitive
answer as to whether sublytic C5b-9 has pro-proliferative
or anti-proliferative actions in mesangial cells.

PRO-APOPTOTIC AND ANTI-APOPTOTIC EFFECTS
OF C5A

C5a is a cleavage fragment of C5 generated by the
action of C5 convertase. C5a is biologically active, and
it signals through a specific G-protein–coupled receptor;
C5a classically acts as a potent anaphylactic and chemo-
tactic factor and mediates inflammation. In addition,
C5a has been implicated in apoptosis, with both anti-
and pro-apoptotic actions. In a rat model of sepsis, C5a
blockage markedly reduced thymocyte apoptosis while
inhibiting caspase-3, -6, and -9 activation, mitochondrial
cytochrome C release, and Bcl-XL down-regulation,78

indicating that C5a is pro-apoptotic in this setting. On
the other hand, anti-apoptotic, cell-protective actions of
C5a have been reported in various neural cells.
C5-deficient mice were more susceptible to hippocam-
pal excitotoxic lesions compared with C5-sufficient
mice.79 In primary murine cortico-hippocampal neurons,
C5a reduced glutamate neurotoxicity and this effect
occurred via the C5a receptor and ERK activation.80 An
anti-apoptotic effect of C5a also was reported in
neutrophils, and was mediated by the PI3K-Akt path-
way.81 Because neutrophils are important mediators of
injury in certain forms of inflammatory glomeruloneph-
ritis, C5a conceivably may exacerbate glomerular
inflammation by protecting neutrophils from death. In
a proliferative glomerulonephritis model induced by
injecting mice with horse spleen apoferritin and lip-
opolysaccharide, C5a-receptor knockout mice showed a
lower number of infiltrating interstitial cells and reduced
tubular cell apoptosis.82 In this model, the proliferative
glomerular lesions did not, however, differ between
knockout and control mice.82 Combined with the pre-
vious observation that the C5a receptor is expressed in
proximal tubular cells in the human kidney,83 C5a is
likely to contribute to tubular damage by promoting
tubular cell apoptosis via the C5a receptor in this model.

Mice deficient in the complement regulatory protein
factor H spontaneously develop a chronic membrano-
proliferative glomerulonephritis, which resembles human
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dense deposit disease or C3 nephropathy.84 The factor
H–deficient mice show thickening of the GBM and
electron dense deposits, albuminuria, glomerular neu-
trophil infiltration, and accelerated mortality. In these
mice, additional gene deletion of C5 did not affect the
changes in GBM morphology, although C5 deletion
partially attenuated albuminuria, neutrophil infiltration,
and mortality.85 Injection of anti-GBM antibody into
young factor H–deficient mice induced acute glomer-
ular C3 deposition, albuminuria, and neutrophil infil-
tration, all of which were absent in injected wild-type
control mice. Deletion of C5, but not C6, in the factor
H–deficient mice ameliorated glomerular neutrophil
infiltration, suggesting that C5a, but not C5b-9, is
responsible for glomerular inflammation.85 Thus, C5a
likely plays multifaceted roles in kidney pathology,
acting as a chemoattractant/anti-apoptotic factor for
inflammatory cells and as an apoptotic factor for
kidney resident cells (eg, tubular cells).

SIGNALING OF APOPTOSIS BY C1q

C1q is a component of C1 together with C1r and C1s.
In human beings, C1q nephropathy is a rare cause of
nephrotic syndrome, and histologically features mesan-
gial proliferation, accompanied by electron dense
deposits observed by electron microscopy and C1q
deposits by immunofluorescence staining. C1q was
shown to enhance apoptosis in cultured rat mesangial
cells induced by a C1q-binding anti-Thy1 monoclonal
antibody.86 C1q-induced apoptosis also has been
reported in human fibroblasts. p38 and downstream
transcription factors such as ATF2, ETS domain tran-
scription factor 1, and C/EBP homologous protein have
been implicated in C1q signaling.87 Thus, in addition
to C5b-9, C1q is likely to contribute to mesangial cell
apoptosis.

ENDOTHELIAL CELL INJURY AND AHUS

A role for C5b-9 in mediating glomerular endothelial
cell injury was shown a number of years ago in a rat
model of thrombotic microangiopathy induced by the
administration of anti–glomerular endothelial cell anti-
body.9,88 Injury to glomerular endothelial cells, capil-
lary thrombus formation, and impaired renal function
developed in complement-sufficient rats, but all
changes were prevented in complement-depleted and
in C6-deficient rats. In addition to damaging endothe-
lial cells in this model, it is likely that C5b-9 activated
these cells and promoted adherence of blood cells to
the capillary wall. C5b-9 has been shown to stimulate
secretion of von Willebrand factor multimers from
endothelial cells, stimulate endothelial prothrombinase
activity, and induce expression of tissue factor on
the surface of endothelial cells.88 As noted earlier,
such changes may involve NF-κB and inflammatory
cytokines.

In human beings, glomerular endothelial cell injury
is a prominent feature of aHUS. One of the most
striking advances in therapeutics in nephrology in
recent years was the recognition that unregulated
complement activation contributes to the development
of aHUS, which has led to the successful therapeutic
use of an inhibitory humanized anti-C5 antibody
(eculizumab). It was reported that 60% of patients
with aHUS have inherited or acquired abnormalities in
the regulatory proteins of the alternative pathway of
complement.89 Briefly, in patients who have gain-of-
function mutations in activating proteins (eg, C3,
factor B) or loss-of-function mutations in regulatory
proteins (factor H, I, and membrane cofactor protein),
unregulated activation of the alternative pathway
occurs on glomerular endothelial cells, resulting in
thrombotic glomerulopathy.90 It is not known why
glomerular endothelial cells are particularly vulner-
able. Furthermore, given that eculizumab inhibits the
cleavage of C5 to C5a and C5b by the C5 convertase,
C5a and C5b-9 both may be involved in the patho-
genesis of aHUS. The experimental models described
earlier provide insights into how C5b-9 leads to
endothelial injury in aHUS. Interestingly, Escherichia
coli Shiga toxin, a pathogenic factor in classic HUS,
was shown to induce activation of the complement
alternative pathway on the surface of cultured endo-
thelial cells.91 In an in vivo mouse model of Shiga
toxin/lipopolysaccharide-induced HUS, deletion of
factor B partially protected against thrombocytopenia
and glomerular damage, implying a pathogenic role
for the alternative complement pathway.91 In human
beings, successful use of eculizumab has been report-
ed in Shiga-toxin–producing E coli HUS,92 suggesting
that Shiga toxin HUS also may be complement-
mediated.

Complement-mediated endothelial injury also plays
an important role in cardiovascular disease.93 C5b-9
and C5a activate endothelial cells and up-regulate
proinflammatory adhesion molecules such as E-selec-
tin, P-selectin, vascular cell adhesion molecule-1, and
intercellular adhesion molecule-1. Expression of these
adhesion molecules promotes leukocyte infiltration
into the vessel wall. Within the intima, monocytes
transform into foam cells and release inflammatory
cytokines, which promote infiltration and proliferation
of vascular smooth muscle cells, leading to formation
of a complex atherosclerotic plaque covered by a thin
fibrous cap. Continuing cytokine production promotes
expression of tissue factor, a potent activator of blood
coagulation, in various cellular components of the
plaque, and when the fibrous cap thins and breaks
(plaque rupture), this internal prothrombotic complex
is exposed to blood, leading to thrombus formation.
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Further support for the role of complement in athero-
sclerosis can be found in increased C3 deposition
within the intima of human atherosclerotic lesions
and deposition of activated complement components
C3d and C5b-9 in human coronary thrombi.
ISCHEMIA-REPERFUSION AND CISPLATIN-INDUCED
AKI

Complement activation increasingly has been appreci-
ated to play a role in the pathogenesis of AKI.
Transient cross-clamping of the renal arteries in exper-
imental animals to induce ischemia-reperfusion of the
kidney has been used extensively as a model system
to mimic AKI/acute tubular necrosis in human beings.
A number of reports have documented complement
pathway inhibition as protective against ischemia-
reperfusion injury.94 Most of these articles attributed
the protective effect to mitigation of the complement
effects on endothelial cells with less leukocyte infiltra-
tion, less local coagulation, and less compromise of
small-vessel blood flow. However, there is also evi-
dence that C5b-9 injures tubular epithelial cells
directly. C3-, C5-, and C6-deficient mice were pro-
tected against renal ischemia-reperfusion injury
whereas C4-deficient mice were not,95 suggesting that
the alternative pathway contributes to the injury.
Reconstitution of C6-deficient mice with injection of
C6 restored the injury, indicating that C5b-9 is respon-
sible.95 In contrast, inhibition of C5a with an antibody
did not impact on tissue injury and myeloperoxidase
level in C6-deficient mice, implying that C5a-mediated
neutrophil infiltration does not have a significant role
in this model.95 However, in another study using the
same ischemia-reperfusion model, blockage of the C5a
receptor was shown to ameliorate renal injury both in a
neutrophil-dependent and neutrophil-independent man-
ner.96 More recently, the role of complement in renal
ischemia-reperfusion injury was addressed in C3a- and
C5a-receptor–deficient mice. C5a- and C3aþC5a-
receptor–deficient mice were protected from injury,
and it appeared that receptors expressed on tubular
epithelial cells and inflammatory cells contributed to
injury.97 Miwa et al98 reported that gene deletion of
alternative pathway components (ie, C3, factor B,
properdin, C3a receptor, or C5a receptor), but not of
C4 or mannose-binding lectin, protected against
ischemia-reperfusion injury in decay-accelerating fac-
tor and CD59 double-knockout mice.98 In this study,
an anti-C5 antibody showed greater protection than the
gene deletion of the C5a receptor, suggesting that both
C5a and C5b-9 contribute to the injury.98 Complement
also was shown to have an important role in cytokine
production by tubular epithelial cells after renal
ischemia-reperfusion.99 Thus, complement contributes
to ischemia-reperfusion injury of the kidney at multiple
levels, including neutrophil chemotaxis, vascular endo-
thelial cell damage, and direct tubular injury, and both
C5a and C5b-9 most likely contribute. A role for
complement also has been reported in ischemic injury
of other organs (eg, myocardial infarction and
stroke).93

Another example of the role of complement in AKI
can be found in the model of cisplatin-induced neph-
rotoxicity. Both C5a- and C5a-receptor–deficient mice
were protected against cisplatin-induced AKI.100

Administration of C5 or C5a in the C5-deficient mice
restored the sensitivity to cisplatin, whereas double
knockout of CD59a and CD59b (regulatory proteins
for the assembly of C5b-9) did not affect sensitivity,
suggesting that the signaling triggered by C5a and its
receptor, but not C5b-9, is likely to contribute to
cisplatin-induced nephrotoxicity.100 Cisplatin induced
expression of multiple cytokines and caspases in the
renal tubules, and this induction was diminished in C5-
deficient mice and was restored by administration of
C5 or C5a.100 The C5a receptor was shown to be
expressed in proximal and distal tubular epithelial cells
in the human kidney.83 More recently, expression of
the C5a receptor was reported in the thick ascending
limb of Henle and the first part of the distal convoluted
tubule in the human kidney.101 In addition, under
inflammatory conditions, the C5a receptor was
expressed de novo in the proximal tubule.101 Taken
together, it appears that the C5a receptor is up-
regulated when tubular cells are injured and the C5a/
C5a-receptor pathway may exacerbate tubular damage
by further up-regulating inflammatory cytokines and/or
promoting tubular cell apoptosis.

CONCLUSIONS

At present, treatment of human glomerulonephritis
often relies on nonspecific immunosuppressive agents.
There are, however, potential opportunities to use
therapies based on disease mechanisms. These could
include drugs that block complement activation, as
well as compounds that inhibit cytotoxic signaling
pathways or enhance cytoprotective signals. Experi-
mental data indicating that C5b-9 plays a key role in
the development of proteinuria in experimental mem-
branous nephropathy prompted a study of eculizumab
in patients with idiopathic membranous nephropathy.
Unfortunately, there was no effect on proteinuria or
renal function after 16 weeks of treatment, probably
because of inadequate dosing of eculizumab.102 How-
ever, patients who received eculizumab in an open-
label extension for a period of 12 months showed
a significant decrease of proteinuria. Similarly, the role
of complement activation in endothelial cell injury
and thrombotic microangiopathy has been recognized
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in an animal model.9,88 This knowledge led to the
successful use of eculizumab in the treatment of
aHUS and Shiga-toxin–induced HUS.89,92 Eculizu-
mab currently is being tested in the treatment of dense
deposit disease and C3 nephropathy, both of which
have histologic features of membranoproliferative
glomerulonephritis and are caused by abnormal com-
plement activation (US Clinical Trial number:
NCT01221181). Thus, eculizumab potentially could
be a treatment for membranous nephropathy and other
forms of glomerulonephritis. Newer agents that mod-
ulate the complement system are being developed. For
example, TT30 is a fusion protein of the C3 fragment-
binding domain of complement-receptor type 2 and
the complement alternative pathway inhibitory
domain of factor H. It was designed to inhibit the
C3 activation step and, indeed, was shown to protect
paroxysmal nocturnal hemoglobinuria erythrocytes
effectively from complement-mediated hemolysis.103

TT30 and other complement-modulating agents
may prove useful in complement-mediated glomerulo-
pathies.

In this article, we have described many signaling
pathways that are triggered by C5b-9. As shown in
some experimental models, these pathways may
present additional opportunities for pharmacologic
interventions, such as drugs to inhibit or activate
protein kinases, modulators of eicosanoid metabolism,
blockers of prostanoid receptors, anti-oxidants, poten-
tiators or correctors of ER stress, potentiators of the
ubiquitin-proteasome system, and inhibitors of apop-
tosis. It is also conceivable that inhibition of tran-
scription factors, such as NF-κB, modulation of the
cytoskeleton, or stabilizing the behavior of the slit
diaphragm proteins may have beneficial impact. In
pursuing these opportunities, one has to consider the
complexities of certain pathways. For example, pros-
tanoids could be toxic or protective depending on the
context.6,7 Similarly, although ROS generally are toxic
to the cells, a lower amount of ROS may activate
cytoprotective signaling pathways such as JNK.24

Thus, precise understanding of the mechanisms
involved will be required to identify effective thera-
peutic interventions.

Finally, future research also should focus on poten-
tial therapeutic interventions in nonglomerular diseases.
As discussed earlier, a role for complement has been
shown in experimental models of AKI, and the con-
tributions of both C5b-9 and anaphylatoxins such as
C5a have been shown.94,100 Atherosclerosis potentially
can contribute to the development of chronic renovas-
cular disease, and complement activation has been
implicated in the pathogenesis of atherosclerosis.93

Thus, it is conceivable that modulation of the comple-
ment system could be beneficial in diseases such as
AKI and renovascular disease.
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