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The aim of this study was to determine if complement pathway is activated in AKI; for this purpose, we measured, through ELISA
sandwich, the terminal lytic fraction of the complement system, called membrane attack complex (C5b-C9), in AKI patients
compared with patients with similar clinical conditions but normal renal function. Our data showed that complement system
is activated in AKI. Plasmatic MAC concentrations were significantly higher in AKI patients than in those with normal renal
function; this difference is maintained independently of the AKI etiology and is proportional to the severity of AKI, measured by
ADQI classification. In addition, we found that plasmatic MAC concentrations were significantly higher in patients who did not
recover renal function at time of hospitalization discharge, in patients who died during the acute process, and in patients who need
renal replacement therapy during hospitalization, but in this last group, the differences did not reach statistical significance. In
conclusion, plasmatic MAC concentration seems valuable as a marker of AKI severity.

1. Introduction

Epidemiological studies have reported that the risk of adverse
outcomes is proportional to the severity of acute kidney
injury (AKI) [1–4]. Accurate identification of patients with
severe renal injury early in the disease course could augment
the efficacy of available interventions and improve patient
outcomes. However, it is difficult to estimate the severity of
AKI at an early time point because AKI staging is based
on the magnitude of changes in serum creatinine and urine
output, surrogates of glomerular filtration rate (GFR) that
do not change until renal injury has occurred [5–7]. The
recent Kidney Disease Improving Global Outcomes clinical
practice guideline for AKI (K-DIGO) highlighted the need
for improved risk assessment for patients with established
AKI [8].

Many biomarkers have been proposed as early markers
of AKI, which may be useful for the detection of AKI
before increases in serum creatinine, neutrophil gelatinase-
associated lipocalin (NGAL), kidney injury molecule-1

(KIM-1), IL-18, cystatin C, liver-type fatty acid-binding pro-
tein, monocyte chemoattractant protein 1 (MCP-1), prepro-
epidermal growth factor (EGF), and urinary components of
renin-angiotensin system [9–16]. These biomarkers seem to
show different aspects of renal injury; cystatin C concen-
trations correlate with changes in glomerular filtration rate
whereas NGAL concentrations are related to tubular stress
or injury [17–20]; urinary EGF excretion was reduced in
cisplatin nephrotoxicity, in ischemic kidney injury [21], and
after ureteral obstruction supressing tubular apoptosis and
enhancing renal tubular cell regeneration [22, 23]. Munshi et
al. showed that urinary MCP-1 may be a useful biomarker
of AKI, providing the first evidence that urinary histone
assessment may be a useful tool in kidney disease [24].

These biomarkers change with treatment or recovery,
which suggests that they may be used to monitor interven-
tions [25].

Novel biomarkers increase our understanding of the
pathogenesis of AKI by identifying possible mechanisms of
injury. Currently NGAL is the most studied renal biomarker
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and probably the most promising of them because of the
results obtained in different scenarios and clinical conditions
[26–30].

Complement activation is an important mechanism of
renal injury in different diseases affecting each of the renal
compartments (glomerulus, tubulointerstitium, and vascular
departments) [31]. The complement system is an important
innate humoral defense system comprised of more than 20
plasma proteins that may be activated in a cascade fashion
by either the classic pathway (immune complex mediated) or
the alternative pathway. A regulatory system of both plasma
proteins and membrane bound proteins acts to prevent the
inappropriate activation of complement by autologous cells
[31].

Complement activation has been shown to be an impor-
tant event in the development of ischemic AKI in mice.
Studies in complement-deficient mice have shown that mice
are protected from renal failure after ischemia/reperfusion
(I/R) [31, 32], and that generation of the anaphylatoxin
C5a [33] and the membrane attack complex (C5b-C9 or
MAC) [32] may contribute to the pathogenesis of ischemic
AKI. The proximal tubule is the primary damaged site after
renal I/R; complement activation on the ischemic tubule
is an important contributor to ischemic AKI. In addition,
treatment with agents that inhibit the complement cascade
at specific steps has proven effective at ameliorating ischemic
AKI [33, 34]; and therapeutic targeting of classical and lectin
pathways protects from ischemia-reperfusion-induced renal
damage in animal model of kidney transplantation [35].
There is growing evidence that, in animalmodel of transplant
kidney, complement plays a critical role in the acute induction
of endothelial-to -mesenchymal transition, suggesting that
therapeutic inhibition may be essential to prevent vascular
damage and tissue fibrosis [36].

Complement activation in kidney occurs via the alterna-
tive pathway [31] and is independent of natural antibody [37].

Uncontrolled alternative pathway activation within the
microvasculature is the primary cause of atypical haemolytic
uremic syndrome (aHUS) [38]. The complement is also an
important mediator of injury in ANCA-associated vasculitis
[39] and antiglomerular basement membrane disease [40].

The MAC forms pores in cells resulting in cell activation.
At high concentration, it causes cell death by lysis. Sublytic
doses of MAC can activate renal parenchymal cells, which
then release proinflammatory cytokines, reactive oxygen
species, vasoactive chemicals, and profibrotic factors [41–44].

The aim of this study was to determine if MAC serum
concentrations may allow clinicians to identify AKI-patients
at high risk of adverse outcomes.

2. Material and Methods

2.1. Patients. We designed a case-control study that enrolled
patients diagnosed with AKI in the Hospital del Mar in
Barcelona, Spain, between October 2010 and December 2012.
Patients were enrolled if they were at least 18 years of age and
ADQI (Acute Dialysis Quality Initiative) serum creatinine
criteria were met. Patients with chronic kidney disease were

excluded. A control group included patients with the same
clinical condition but normal renal function.

Case and control groups were classified according to the
main etiology of AKI in four groups: septic group, ischemia-
reperfusion group, nephrotoxicity group, and multifactorial
group. The septic group included patients admitted in Inten-
sive Care Unit (ICU) with sepsis or septic shock diagnosis
with AKI (case group) or normal renal function (control
group). Ischemia-reperfusion group included renal allograft
recipients with delayed graft function (case group) or imme-
diate good renal function (control group). Nephrotoxicity
group included domiciliary hospitalization patients under
colistin treatment with AKI (case group) or normal renal
function (control group). Colistin is an antibiotic with a well-
documented tubular toxicity [45]; domiciliary patients were
enrolled, to avoid selection bias between septic and toxicity
groups. Finally amultifactorial groupwas designed including
patients with multiple AKI risk factors such as dehydration,
contrast administration, and nonsteroidal anti-inflammatory
therapy with AKI (case group) or normal renal function
(control group).

AKI was defined according to the ADQI (Acute Dialysis
Quality Initiative) criteria (RIFLE classification) [15, 16].
Briefly, patients were classified into the “risk” category if
serum creatinine increased 1.5-fold, “injury” if serum cre-
atinine increased 2-fold, and “failure” if serum creatinine
increased 3-fold. The outcome criteria of loss of renal func-
tion and end-stage renal disease (ESRD) were defined by the
duration of AKI.

Urine output criteriawere not used in diagnosis or staging
because these data were not available.

Patients were followed until time of hospital discharge or
death and were staged according to the maximum increase in
serum creatinine using the RIFLE classification.

For each individual patient, we recorded demographical
data, past medical history, and laboratory data on admission
and when AKI was solved.

This study adhered to the Principles of Helsinki Decla-
ration, and the hospital’s Ethics Committee (CEIC-IMAS)
approved the study protocol, and all participants gave their
written informed consent to participate in this study.

2.2. Plasma Samples and MAC Measurement. Samples were
collected at the time of AKI diagnosis, except in ischemia-
reperfusion group, in which samples were collected on the
seventh day after transplantation, and when AKI was solved.

Whole blood samples were collected in EDTA tubes to
prevent further in vitro complement activation. Samples were
transported on ice and centrifuged to obtain plasma, and
plasma was stored in aliquots at –80∘C avoiding multiple
freeze/thaw cycles.

Plasma samples were thawed at 37∘C, and sandwich
ELISAswere used tomeasureC5b-C9membrane attack com-
plex (MAC) according to themanufacturer’s protocol (Hycult
biotech). Briefly, samples and standards were incubated in
microtiter wells coated with antibodies recognizing human
MAC, streptavidin-peroxidase conjugatewas used to bind the
biotinylated tracer antibody, and the enzyme reaction was
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stopped by the addition of oxalic acid. The absorbance at
450 nm was measured with a spectrophotometer, a standard
curve was obtained by plotting the absorbance versus the
corresponding concentrations of the MAC, and finally, the
MAC concentrations were determined from the standard
curve.

2.3. Statistical Analyses. Data are presented as mean (± stan-
dard deviation), absolute numbers, or percentages. Statistical
significance was evaluated by using the Student’s t-test or
Paired t-test when it was required. Multiple-group compar-
isons were performed using ANOVA test, and univariate
receiver-operating characteristic (ROC) curve analysis was
performed to determine whether plasmatic MAC concen-
trations predicted AKI and the predictive value of MAC for
AKI. ROC curves were considered statistically significant if
the 95% CI of the area under the ROC curve (AUC) did not
overlap 0.5. Statistical tests were performed in SPSS software,
v 21, Chicago, IL, USA.

3. Results

3.1. Patient Characteristics. A total of 156 patients were
included. Eighty one of them (52%) were diagnosed as having
AKI and 75 (48%) were controls with normal renal function
(non-AKI patients). Distribution according to the main AKI
etiology was as follows: septic group (𝑛 = 27; AKI 13
patients (52%) versus non-AKI 14 patients (48%)), ischemia-
reperfusion group (𝑛 = 51; AKI 29 patients (57%) versus
non-AKI 22 patients (43%)), nephrotoxicity group (𝑛 = 49;
AKI 21 patients (43%) versus non-AKI 28 patients (57%)),
and multifactorial group (𝑛 = 29; AKI 18 patients (62%)
versus non-AKI 11 patients (38%)). Distribution according to
the main etiology is detailed in Figure 1.

All patients were Caucasian, mean age was 61.3 ± 15.2
years, and 102 (65%) were men. There were no statistically
significant differences in demographic variables and past
medical history data betweenAKI group and non-AKI group.
Baseline characteristics of the study population are shown in
Table 1.

For analysis, patients were assigned to their worst RIFLE
category according to serum creatinine criteria. Fifteen
patients (18.5%) were included in “risk” group; 13 patients
(16%) were included in “injury” group; 33 patients (40.7%)
were included in “failure” group; 20 patients (24.8%) were
included in “loss” group, and nobody was classified in End-
Stage-Renal-Disease (ESRD).

During hospitalization, 27 AKI patients needed renal
replacement therapy; 21 of them recovered renal function,
fully or partially, without the need to hemodialysis at time of
discharge. In the AKI group (81 patients), at time of hospital
discharge, 60 patients recovered partial or full renal function,
36 (23.1%) and 24 (15.4%), respectively.

3.2. Plasmatic Concentrations of C5B-C9 Complement Mem-
brane Attack (MAC). Plasmatic MAC concentration was sig-
nificantly higher in AKI-patients than in those with normal
renal function (5848±83 versus 3702±52mAU/mL,𝑃 < 0.01)
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Figure 1: Distribution according to the AKI etiology, expressed in
absolute numbers.
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Figure 2: Comparison of MAC plasmatic concentrations between
AKI patients and control patients.

(Figure 2). The difference is maintained independently of the
AKI etiology (Table 2) and is proportional to the severity of
AKI, measured by RIFLE classification; the mean value of
MAC concentrations in “Risk” patients was 4905.4mAU/mL
and in “Injury” patients was 5246.3mAU/mL, and the
mean value of plasmatic MAC in “Failure” patients was
6971mAU/mL, showing a progressive increase. In addition,
correlation coefficient showed a direct relationship between
serum creatinine and MAC plasmatic concentrations (Pear-
son coefficient 0.28, 𝑃 < 0.01).

In AKI-patients, plasmatic MAC concentration showed a
significant decrease when AKI was solved (5213 ± 685 versus
3402.5 ± 465mAU/mL, 𝑃 < 0.02). In contrast, plasmatic
MAC of non-AKI patients did not show any change when
the acute episode (sepsis, colistin administration, etc.) was
solved.
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Figure 3:Univariate receiver-operating characteristic (ROC) curves
for MAC plasmatic concentrations.

Plasmatic MAC concentration was significantly lower
in AKI-patients who recovered renal function, compared
with those patients who did not recover renal function at
time of hospital discharge (5076.3 ± 277 versus 6146.8 ±
390mAU/mL, 𝑃 < 0.001).

In AKI-patients who died during hospitalization, we
found significantly higher plasmatic MAC concentrations
comparedwithAKI-patients who survived (7026±170 versus
5216 ± 240mAU/mL, 𝑃 < 0.001).

In contrast, differences in MAC concentrations between
AKI-patients who needed renal replacement therapy com-
pared with those who did not need hemodialysis during AKI
episode did not reach statistical significance (6158.9 ± 527
versus 5699.2 ± 595mAU/mL, 𝑃 < 0.07).

The discrimination value of the plasmatic MAC con-
centration for AKI diagnosis was established by means of
a receiver-operating characteristic (ROC) curve, with an
area under the curve (AUC) of 0.75 (95% CI 0.64 to 0.86;
𝑃 < 0.001) (Figure 3), and the cut-off value with the best
sensitivity (75%) and specificity (70%) in predicting AKI was
established in 3900mAU/mL, positive predictive value 70%.

4. Discussion

Our data showed that complement pathway is activated in
AKI, regardless the etiology of AKI, leading to the pro-
duction of lytic complex C5b-C9 or MAC. Plasmatic MAC
concentrations significantly decrease when AKI is solved. In
addition, MAC concentrations were directly proportional to
the severity of AKI, quantified by RIFLE classification.

These data agree with previous studies that showed
complement activation as an important mechanism of renal
injury in different diseases, aforementioned, aHUS [38], renal

Table 1: Baseline characteristics of study population.

AKI (𝑛 = 81) Non-AKI (𝑛 = 75)
Age (years) 64.3 ± 14.3 61.5 ± 16.4
Male sex 50 (61.7%) 52 (69.3%)
Diabetes mellitus 21 (25.9%) 14 (18.7%)
Hypertension 55 (67.9%) 44 (58.7%)
Coronary artery disease 6 (7.5%) 16 (21.3%)
Mortality 17 (21%) 11 (14.7%)
AKI: Acute kidney injury.

Table 2: Plasmatic membrane attack complex concentrations and
etiologies.

AKI Etiology AKI Non-AKI 𝑃

Septic group 5407.5 ± 997.4 3743.4 ± 408.3 0.001
Ischemia-reperfusion
group 8040 ± 816.4 4450.6 ± 382.7 0.001

Nephrotoxicity group 4906.6 ± 636.5 1278.7 ± 152.3 0.002
Multifactorial group 4720.6 ± 257 2312.3 ± 236.4 0.001
AKI: Acute kidney injury.

injury in ANCA-associated vasculitis [39], and antiglomeru-
lar basement membrane disease [40]. The proximal tubule is
the primary site of injury after renal I/R, and complement
activation on the ischemic tubule is an important cause of
ischemic AKI [31]. C6-deficient mice, unable of generating
MAC, are protected from renal I/R [32]. Given that comple-
ment activation is most prominent in the tubulointerstitium,
the primary targets of MAC are likely tubular epithelial cells.
MAC formation on the cell surface could contribute to cell
necrosis, exacerbate adenosine triphosphate depletion (ATP)
in hypoxic cells [46], and trigger intracellular signaling path-
ways and cell activation [47]. Fewer neutrophils infiltrated
the kidneys in C6 deficient mice after I/R [32], which may
be a direct effect of reduced inflammatory signaling. When
complement is activated on cell or tissue surfaces, some
of the formed MAC remains soluble (cytolytically inactive)
and can increase adhesion molecule expression and promote
neutrophil infiltration [48, 49] providing another potential
link between complement activation on the tubular epithelial
cells and renal inflammation.

In our study, plasmaticMAC concentrations identify AKI
patients at risk of developing serious outcomes like death
during hospitalization or unrecovered renal function at time
of hospital discharge. Plasmatic MAC concentrations were
high in AKI patients who needed renal replacement therapy,
but these differences did not reach statistical significance,
probably due to sample size.

The discrimination value of MAC concentrations was
established by means of a ROC curve, and our results
demonstrated that MAC AUC was not very different to that
previously observed in NGAL studies [50].

Our study has several limitations. It is retrospective in
nature, despite the fact that serum samples were prospec-
tively collected. In our hospital there is not any important
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Cardiac Surgery Department, and the I/R humanmodel used
was a renal allograft transplantation, which may add some
immunological factors to the I/R derived injury. However,
our results were consistent across the 4 types of AKI assessed.

In conclusion, plasmaticMAC concentration seems valu-
able as a marker of severity in AKI patients of different
etiologies. Larger studies are needed to delineate its true
power of discrimination.
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