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Autosomal Dominant Polycystic
Kidney Disease: New Treatment
Options and How to Test Their Efficacy
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Abstract
Autosomal dominant polycystic kidney disease (ADPKD)
represents a slowly progressing cystic kidney disorder which
evolves into end-stage renal disease in the majority of patients. Currently, there are no established treatments to retard the progression of the disease, but several promising
therapeutic options are being tested in ongoing clinical trials. An inherent dilemma for the investigation of therapies in
ADPKD is the dissociation of the early onset and constant
rate of cyst growth from the delayed but accelerated loss of
renal function. In order to prevent the latter, one needs to
act on the former, i.e. current belief by experts in the field is
that (1) retardation of cyst growth will ultimately improve the
loss of glomerular filtration rate, and (2) cyst volume is an
ideal surrogate parameter for outcome in early ADPKD. The
present review will discuss the utility and the techniques for
kidney and cyst volume measurements to assess disease
progression in ADPKD, and summarizes ongoing clinical trials testing novel therapeutic options.
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Autosomal Dominant Polycystic Kidney Disease –
The Most Frequent Hereditary Renal Disease

Autosomal dominant polycystic kidney disease
(ADPKD) is a well-known chronically progressing cystic
renal disease. Approximately 1:800 to 1:1,000 people are
affected by the disease, although there are areas where
the incidence of this condition is more or less frequent.
The disease is inherited in an autosomal dominant fashion, progresses slowly over decades, and manifests clinically with hypertension, flank pain, hematuria and renal
cyst infections in adults. Extrarenal manifestations are
common but rarely prominent in early disease. The
pathogenesis of ADPKD is characterized by cyst development and growth in both kidneys [1, 2]. Typically, the size
of the kidneys increases from a normal size (150–200
cm3) [3] in adolescence to 11,500 cm3/kidney. The growing cysts gradually replace the functional renal parenchyma and distort the normal architecture of the kidney.
Despite the presence of innumerable cysts in both kidneys, glomerular filtration rate (GFR) is well preserved in
most patients up to the age of 30–40 years. Between the
ages of 40 and 70 years, however, renal function usually
declines in an accelerated fashion. End-stage renal disease (ESRD) with the need for dialysis or transplantation
affects approximately 50% of the patients with ADPKD
by the age of 70 years [4].
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How to Follow Disease Progression:
GFR versus Cyst or Kidney Volume

Currently, changes in GFR are considered the gold
standard for quantifying the progression rate in most
chronic renal diseases. However, owing to the remarkable
capability of intact nephrons to compensate for the loss
of functional parenchyma, GFR measurement may fail to
disclose ominous changes at early stages of kidney diseases. In his classical paper, Dalgaard [6] reported on 346
individuals from Denmark with polycystic kidneys and
found that palpable kidneys appeared in relatively young
patients long before the onset of uremia. He concluded
that cyst growth preceded and ultimately caused the
onset of uremia. Indeed, data from several longitudinal
ADPKD cohort studies have now demonstrated that cyst
volume growth represents a continuous process which
begins in childhood or adolescence [7–10] and precedes
GFR decline by years [11], as shown in figure 1.
Considering the grossly distorted kidney architecture
at the time when GFR starts to decline, early intervention
before cysts have replaced the bulk of intact renal parenchyma is probably warranted but a treatment effect on
GFR would be evident only after several years. GFR is
therefore not suitable as a primary end point for clinical
studies testing early intervention. There is not much
doubt that cyst growth is ultimately responsible for subsequent loss of glomerular filtration through direct (compression) and indirect (e.g. fibrosis) effects. Given the
continuous rate of cyst growth during early ADPKD, kidney or cyst volume enlargement is an obvious surrogate
endpoint for clinical trials at that stage, and attempts have
been made to correlate kidney volume progression with
GFR decline in several longitudinal studies by serial imaging.
Ultrasound is inaccurate for determining small changes in renal volume and is not suitable for very large kidneys. Using a long observation period with an average of
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7.8 years of follow-up, however, Fick-Brosnahan et al. [7]
were able to demonstrate a significant inverse relationship between the rate of kidney volume growth and the
rate of GFR decline. Computed tomography (CT) has
been used to monitor polycystic kidney volumes in several studies [12–14]. By combining data from a prospective and a retrospective study it could be shown that patients who develop renal insufficiency by the end of follow-up exhibit a markedly higher volume growth [11]. A
concern related to the use of serial CT for disease monitoring in ADPKD is the repeated exposure of young patients to ionizing radiation. Therefore, magnetic resonance imaging (MRI) based volumetry is emerging as the
method of choice to follow kidney volumes.
The Consortium for Radiologic Imaging Studies of
Polycystic Kidney Disease (CRISP) has recently published the results of yearly assessments of kidney and cyst
volume measurements by MRI, and GFR by iothalamate
clearance in 232 ADPKD patients who were followed over
3 years [9]. In that study, gadolinium-enhanced coronal
T1-weighted images were obtained and the volumes of
individual kidneys were measured using a stereologic
method counting the intersections of the kidney outlines
on a superimposed grid and summing the products of
the area measurements and slice thickness from the set
of contiguous images. A region-based threshold method
was used to calculate cyst volumes from T2-weighted coronal images. Although these patients had preserved renal
function and no case of nephrogenic systemic fibrosis
was reported in any of these patients, the CRISP investigators moved to the use of image sequences obtained
without gadolinium enhancement for further follow-up
(CRISP II), and did not notice a change in accuracy of the
volume measurements [15].
In the CRISP study it was found that total kidney volume and total cyst volume increased exponentially with
a mean (8SD) annual growth rate of 5.3 8 3.9%. The
baseline total kidney volume predicted the subsequent
rate of increase in volume, independent of age. Furthermore, higher rates of kidney enlargement were found to
be associated with a more rapid decrease in renal function. A baseline total kidney volume of 11,500 cm3 in 51
patients was associated with a decline in GFR by 4.3 8
8.1 ml/min/year (p ! 0.001) [9].
We have recently validated and extended some of the
results of the CRISP study in a Swiss cohort of young
ADPKD patients (age 18–42 years) with preserved GFR
[10]. Thus we were able to show that kidney volume
changes could be reliably assessed with MRI within a
time period as short as 6 months. Using a T1-weighted
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In 85% of the cases, ADPKD is caused by mutations in
the PKD1 gene which encodes the ciliary protein polycystin-1. In 15%, the PKD2 gene which encodes polycystin-2
is mutated. Mutations in other genes may account for
some cases but have not yet been characterized. Cases
with PKD1 gene mutations have a more severe course,
with ESRD occurring at an average age of 54 years which
is roughly 10 years earlier than in patients with mutations
in the PKD2 gene. Thus, fewer patients with PKD2 mutations reach ESRD during their lifetime [5].
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Conclusions

ADPKD progression can be reliably assessed by MR
and CT imaging techniques and kidney volumetry. These
procedures can be used to test the effect of new investigational drugs in early stages of the disease, when GFR is
still preserved. In later stages of the disease, progression
could be monitored by following the decline of GFR, but
at that time therapeutic intervention might be too late to
significantly affect outcome.
There is reasonable hope that disease progression in
patients with ADPKD can be delayed with newer thera-

peutic approaches which are currently being tested. At
present, four treatment approaches which have been
based on novel pathophysiological insights and animal
data have been transferred to randomized clinical trials.
Results from these ongoing studies will become available
in 2010. Until then patients with ADPKD need to be advised to follow the current management recommendations, which at this time include optimal blood pressure
control, sufficient fluid intake and avoidance of smoking
and excessive caffeine intake.
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Lipocalin 2 is essential for chronic kidney
disease progression in mice and humans
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Mechanisms of progression of chronic kidney disease (CKD), a major health care burden, are poorly understood. EGFR stimulates CKD progression, but the molecular networks that mediate its biological effects remain
unknown. We recently showed that the severity of renal lesions after nephron reduction varied substantially
among mouse strains and required activation of EGFR. Here, we utilized two mouse strains that react differently to nephron reduction — FVB/N mice, which develop severe renal lesions, and B6D2F1 mice, which are
resistant to early deterioration — coupled with genome-wide expression to elucidate the molecular nature of
CKD progression. Our results showed that lipocalin 2 (Lcn2, also known as neutrophil gelatinase–associated
lipocalin [NGAL]), the most highly upregulated gene in the FVB/N strain, was not simply a marker of renal
lesions, but an active player in disease progression. In fact, the severity of renal lesions was dramatically reduced
in Lcn2–/– mice. We discovered that Lcn2 expression increased upon EGFR activation and that Lcn2 mediated its
mitogenic effect during renal deterioration. EGFR inhibition prevented Lcn2 upregulation and lesion development in mice expressing a dominant negative EGFR isoform, and hypoxia-inducible factor 1α (Hif-1α) was crucially required for EGFR-induced Lcn2 overexpression. Consistent with this, cell proliferation was dramatically
reduced in Lcn2–/– mice. These data are relevant to human CKD, as we found that LCN2 was increased particularly in patients who rapidly progressed to end-stage renal failure. Together our results uncover what we believe
to be a novel function for Lcn2 and a critical pathway leading to progressive renal failure and cystogenesis.
Introduction
Regardless of the initial insult, human chronic kidney disease (CKD)
is characterized by progressive destruction of the renal parenchyma
and the loss of functional nephrons, which ultimately lead to endstage renal failure (ESRF). CKD represents a worldwide concern:
in the United States, 102,567 patients began dialysis in 2003 (341
patients/million per year) (1), and similar rates were found in developing countries and in particular ethnic groups (2). However, these
numbers are a small fraction of the millions of patients who are
thought to have some degree of renal impairment. In the United
States, the prevalence of chronically reduced kidney function is 11%
of adults (3). Understanding the pathophysiology of CKD progression is, therefore, a key challenge for medical planning.
The mechanisms of CKD progression are poorly understood. It
has been shown that reduction of the number of functional nephrons triggers molecular and cellular events promoting compensatory
growth of the remaining ones (4). In some cases, this compensatory
process becomes pathological, with the development of renal lesions
and ESRF. Although the pathophysiology of compensation and progression is complex, unregulated proliferation of glomerular, tubular, and interstitial cells may promote the development of glomerulosclerosis, tubular cysts, and interstitial fibrosis (5–7). The molecular
programs that control this cascade of events are largely unknown.
Attempts to dissect the molecular basis of CKD have been facilitated by the development of several experimental models of renal
deterioration. Among these, the remnant kidney model is a mainConflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: J Clin Invest. 2010;120(11):4065–4076. doi:10.1172/JCI42004.
The Journal of Clinical Investigation

stay, since nephron reduction characterizes the evolution of most
human CKD. Consequently, this model recapitulates many features
of human CKD, including hypertension, proteinuria, and glomerular
and tubulointerstitial lesions. Over the last 50 years, this model has
led to the discovery of critical pathways and, more importantly, to
the design of therapeutic strategies to slow the progression of CKD,
such as the widely clinically used renin-angiotensin inhibitors (8).
More recently, studies in various mouse strains have highlighted the importance of genetic factors in the evolution of experimental nephron reduction (9–11). We previously showed that the
course and extent of renal lesions following nephron reduction
vary significantly between two mouse strains: whereas FVB/N mice
develop severe lesions, (C57BL/6 × DBA2)F1 (hereafter referred to
as B6D2F1) mice undergo compensation alone (12). Moreover,
we observed that the development of renal lesions paralleled the
extent of cell proliferation (12). In fact, once the compensatory
growth is achieved, a second wave of cell proliferation occurs only
in the FVB/N strain. Hence, this model offers a powerful tool to
unravel the transcriptional programs and the critical mediators
that are selectively activated long after nephron reduction to drive
deterioration of the remaining nephrons.
In the present study, we performed an unbiased profiling of gene
expression in the kidneys of the FVB/N and B6D2F1 mouse strains,
2 months after nephron reduction, when renal lesions develop and the
second wave of cell proliferation is ongoing. We identified a critical
mediator of progressive renal failure, namely the carrier protein lipocalin 2 (Lcn2, or neutrophil gelatinase-associated lipocalin [NGAL],
siderocalin, 24p3, uterocalin), and uncovered what we believe to be a
novel function of Lcn2. Moreover, we elucidated a unique molecular
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humans may be generally applicable to many forms
of CKD, because Lcn2 is also expressed in obstructive uropathy (16), diabetic nephropathy (16), and in
damaged kidneys of patients with IgA nephropathy
(17) or HIV-associated nephropathy (18).
Our study shows that Lcn2, which is induced by
EGFR, controls aberrant growth of renal tubules
and cysts. Notably, we demonstrated that Lcn2 gene
inactivation inhibited proliferation of tubular cells,
which led to a marked decrease in cyst formation in
mice. Consistently, we identified cystic tubular epithelia as the major source of Lcn2 production. These
data suggest that Lcn2 might act as a tubulogenic
factor that controls cell growth. This is supported
by additional evidence: first, Lcn2 induced tubular
development in in vitro assays in the rat (35); second,
Lcn2 infusion favored tubular regeneration after
ischemic injury in mice (36); third, high LCN2 levels
were associated with a higher rate of cystic growth
in humans (37). This property was not limited to
mammalian cells: Lpr-1, a newly identified lipocalin
family member, controlled unicellular tube development in the excretory system of Caenorhabditis elegans
(38). Our data also suggest that Lcn2 may modulate
Figure 6
Lcn2 is a transcriptional target of EGFR. Lcn2 protein (A) and mRNA (B) expression tubular shape by controlling both cell proliferation
in mIMCD-3 cells, 24 hours after EGF treatment. (C and D) Overexpression of a and apoptosis. In fact, the beneficial effect of Lcn2
dominant negative EGFR isoform abolishes renal Lcn2 synthesis and prevents lesion gene inactivation in mutant mice was accompanied
development after nephron reduction. (C) Lcn2 mRNA expression visualized by in situ by a decrease in tubular apoptosis, consistent with
hybridization (original magnification, ×100) and (D) renal morphology (PAS, ×200) of a previous observation in proximal tubule lacking
kidneys from control and 75% Nx wild-type and EGFR-M mice, 2 months after surPkd1, a cystic disease–associated gene (39). However,
gery. Data are mean ± SEM; n = 2–3 and 6–10 for in vitro and in vivo experiments,
this
effect may be indirect, since Lcn2 silencing in
respectively. Wilcoxon test: *P < 0.05, vehicle- versus EGF-treated cells.
vitro did not affect the number of apoptotic tubular cells. Whether the growth-promoting effect of
sion of Lcn2 significantly correlated with hyperproliferation and Lcn2 is mediated by the binding of Lcn2 to a unique receptor, thus
CKD progression in both mice and humans. We have further iden- inducing a signaling cascade, or alternatively by iron mobilization,
tified Hif-1α as a crucial intermediate between EGFR and Lcn2 as suggested by the DFO experiments, remains to be elucidated.
In the present study we observed that Lcn2 gene inactivation proupregulation. Collectively, these results elucidate what we believe
to be a novel molecular pathway of CKD progression and show tected from glomerulosclerosis and interstitial fibrosis after nephron
that Lcn2 acts as a growth-promoting factor whose overexpression reduction, despite the fact that Lcn2 was expressed only by tubules.
identifies patients with rapid CKD progression.
The mechanism for this observation remains unknown. It may result
Lcn2, like all members of the lipocalin superfamily, binds hydro- from the perfusion and filtration of serum Lcn2 that we found by
phobic ligands; the ligand is thought to define the function of the immunostaining in the tubules. Alternatively, since injuries to tubuprotein. Lcn2 binds enterochelin (20), parabactin (20), and carboxy- lar cells, i.e., proteinuria, result in the expression of tubular cytokines
mycobactin (30), which are siderophores produced by bacteria for and growth factors that ultimately lead to mesangial cell proliferation
the purpose of binding iron. The siderophore-chelating property and matrix synthesis (40), it is tempting to hypothesize a crosstalk
of Lcn2 renders it a bacteriostatic agent (20). Consistent with this between tubular and surrounding renal cells. Studies in transgenic
finding, Lcn2 mutant mice have a profound defect in the defense mice strongly support this idea. For example, it has been observed
against E. coli (19, 31) and Mycobacterium tuberculosis (32). Nonethe- that mice that overexpressed VEGF selectively in tubules developed
less, Lcn2 expression dramatically increases in several aseptic patho- interstitial fibrosis and glomerular disease (41). And we have previlogical conditions such as cancers (33), inflammatory diseases (34), ously shown that the overexpression of a dominant negative isoform
and acute kidney injury (24), suggesting that Lcn2 may have other of EGFR in proximal tubules prevented the development of glomerufunctions. To date, study of its noninfectious activities has focused lar and interstitial lesions after nephron reduction (26). On the other
on its effects on cell proliferation and/or apoptosis (24), but proof hand, it has been shown that interstitial scarring resulted in the loss
of these in a physiological setting in vivo has been lacking. Even of microvessels, which, in turn, impacted the adjacent unaffected
in the case of acute kidney injury, a disease that is related to CKD, glomeruli (42). It is worthy of note that the synthesis of paracrine
it remains unclear whether Lcn2 is a critical mediator of tubular mediators may increase in proliferating tubular cells (43). Hence, we
changes (19). Hence, our work is the first clear demonstration to speculate that by inhibiting tubular cell proliferation, Lcn2 might
our knowledge that in vivo Lcn2 has a critical function in a patho- protect glomeruli and interstitium from lesions development.
Activation of EGFR has been implicated in the evolution of CKD.
logical condition other than infection, namely serving as a growth
regulator that mediates CKD progression. Our findings in mice and Overexpression of an active EGFR form, the c-erb-B2 receptor, inducThe Journal of Clinical Investigation
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Background and objectives: Potential therapeutic interventions are being developed for autosomal dominant polycystic
kidney disease (ADPKD). A pivotal question will be when to initiate such treatment, and monitoring disease progression will
thus become more important. Therefore, the prevalence of renal abnormalities in ADPKD at different ages was evaluated.
Design, setting, participants, & measurements: Included were 103 prevalent ADPKD patients (Ravine criteria). Measured
were mean arterial pressure (MAP), total renal volume (TRV), GFR, effective renal plasma flow (ERPF), renal vascular
resistance (RVR), and filtration fraction (FF). Twenty-four-hour urine was collected. ADPKD patients were compared with
age- and gender-matched healthy controls.
Results: Patients and controls were subdivided into quartiles of age (median ages 28, 37, 42, and 52 years). Patients in the
first quartile of age had almost the same GFR when compared with controls, but already a markedly decreased ERPF and an
increased FF (GFR 117 ⴞ 32 versus 129 ⴞ 17 ml/min, ERPF 374 ⴞ 119 versus 527 ⴞ 83 ml/min, FF 32% ⴞ 4% versus 25% ⴞ 2%,
and RVR 12 (10 to 16) versus 8 (7 to 8) dynes/cm2, respectively). Young adult ADPKD patients also had higher 24-hour urinary
volumes, lower 24-hour urinary osmolarity, and higher urinary albumin excretion (UAE) than healthy controls, although TRV
in these young adult patients was modestly enlarged (median 1.0 L).
Conclusions: Already at young adult age, ADPKD patients have marked renal abnormalities, including a decreased ERPF
and increased FF and UAE, despite modestly enlarged TRV and near-normal GFR. ERPF, FF, and UAE may thus be better
markers for disease severity than GFR.
Clin J Am Soc Nephrol 5: 1091–1098, 2010. doi: 10.2215/CJN.00360110

A

utosomal dominant polycystic kidney disease (ADPKD) is
the most prevalent inherited renal disease with an
estimated prevalence between 1:400 and 1:1000 (1).
The disease is characterized by pain, hematuria, and most
importantly by progressive cyst formation in both kidneys,
often leading to ESRD. Annually, 7.8 male and 6.0 female
individuals per million of the population start renal replacement therapy in Europe because of polycystic kidneys, which
is 6% of the new ESRD patients (2).
Current treatment cannot prevent renal failure.(3,4) However, a better understanding of the pathophysiology of the
disease and the availability of animal models identified promising candidate drugs for renal preservation (5). Clinical trials
have been initiated for vasopressin-2 receptor antagonists,
long-acting somatostatin analogues, and mammalian target of
rapamycin inhibitors (6).
When efficacy of these agents has been established, a pivotal
question will be when to initiate such treatment. Given that
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ADPKD is a progressive condition, it seems most appropriate
to initiate intervention as early in life as possible to delay or
prevent long-term consequences, including renal failure and
cardiac complications. On the other hand, ESRD occurs in
approximately 50% of affected subjects (7,8), and it is not appropriate to expose those subjects that will not reach ESRD to
excessive medical treatment to such an extent as to cause adverse events, especially because all candidate drugs have considerable side effects. Because of these reasons, it will be important to discover markers that identify ADPKD patients who
will develop rapid disease progression. In such patients, therapy could be instituted in an early phase.
It will therefore become important to define disease severity
in ADPKD. Criteria to make this distinction are not crystal
clear. GFR is believed to be stable for a long period, despite
progression of renal anatomical abnormalities, because of compensatory hyperfiltration. GFR is therefore assumed not to be
representative of disease severity (9,10). Total renal volume
(TRV) has been proposed as a surrogate marker for disease
progression (10). However, despite a significant overall association, there are subjects with a high TRV but normal renal
function (11). Another parameter that is decreased early in the
disease is urine concentrating capacity (12). Other candidate
markers to define disease severity are albuminuria (13,14) and
renal blood flow (RBF) (15,16). Despite evidence for the imporISSN: 1555-9041/506 –1091
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One hundred and eighteen consecutive patients with ADPKD visiting our outpatient clinic, meeting our inclusion and exclusion criteria
were asked to participate. Diagnosis of ADPKD was made based on
Ravine criteria (17). Subjects were ineligible to participate if they were
on renal replacement therapy; had undergone renal surgery; were
unable to undergo magnetic resonance imaging (MRI) (as having distorting foreign bodies or aneurysmal clips); had other systemic diseases
potentially affecting renal function (as diabetes mellitus and malignancies); or had other medical conditions that included pregnancy, lactation, or who were ⬍6 months postpartum. After screening, subjects
underwent an extensive medical history. Thirteen patients refused to
participate and two patients were not eligible to participate, leaving 103
patients for analyses. Subjects were scheduled for a 1-day outpatient
clinic evaluation.
Values of these patients were compared with healthy controls. These
were drawn from a pool of subjects who were screened for live kidney
donation and underwent the same evaluation, but without MRI (n ⫽
103). Values for healthy controls depicted in tables or figures are
derived from these live kidney donors. Twenty-four-hour urine collection was not available for all donor screenees. Values considering
24-hour urinary volume (osmolarity and albumin excretion) were
therefore drawn from subjects participating in the Prevention of Renal
and Vascular Endstage Disease (PREVEND) study (n ⫽ 103) (18,19).
Controls were matched for age and gender with ADPKD patients and
were considered healthy in case they had a history without cardiovascular and/or renal disease and used no medication [other than antihypertensive medication, but no angiotensin converting enzyme inhibitors (ACEIs)/angiotensin receptor blockers (ARBs)]. All patients and
controls were of Caucasian ethnicity. There was no difference in age
(P ⫽ 0.7), gender (P ⫽ 0.9), mean arterial pressure (MAP; P ⫽ 0.4), body
surface area (P ⫽ 0.5), or body mass index (BMI; P ⫽ 0.7) between the
two control groups (live kidney donors and the subjects from the
PREVEND study). Study site and laboratory methods were the same
for patients and the control groups (all subjects were seen in one
institution).
This study was performed in adherence to the Declaration of Helsinki. All subjects gave written informed consent.

sured with the Roche enzymatic creatinine assay. Creatinine values
were used to calculate an estimated GFR (eGFR) using the abbreviated
Modification of Diet in Renal Disease formula (20). Microalbuminuria
was defined as a urinary albumin excretion (UAE) of ⬎30 mg/24 h.
Urinary osmolarity was calculated as urinary osmolarity ⫽ 2(urinary
sodium concentration ⫹ urinary potassium concentration) ⫹ urinary urea
concentration (21). This calculated osmolarity was not different from
measured values (independent sample t test P ⫽ 0.94 in 100 samples,
measured in our own laboratory).
Renal function measurements were performed using the constant
infusion method with 125I-iothalamate and 131I-hippuran (22,23). Patients came nonfasting and were able to drink ad libitum except for no
caffeinated drinks. Antihypertensive medications were not withheld.
Smoking was not allowed during the measurement. After drawing a
timepoint-0 blood sample, a priming solution containing 20 ml of
infusion solution (0.04 MBq of 125I-iothalamate and 0.03 MBq of 131Ihippuran) was given at 08.00 hours, followed by a constant infusion at
6 to 12 ml/h, with the lowest infusion rates in subjects with impaired
renal function on the basis of previously known serum creatinine.
Plasma concentrations of both tracers were allowed to stabilize during
1.5 hours of equilibration, which was followed by two 2-hour periods
for simultaneous clearances of 125I-iothalamate and 131I-hippuran.
Clearances are calculated as U ⫻ V/Piot and (I ⫻ V)/Phipp, respectively.
Because urinary clearance of 131I-hippuran equals plasma clearance, in
case of perfect urine collection, we routinely use the ratio of plasmato-urinary clearance of 131I-hippuran to correct urinary clearance of
125
I-iothalamate for voiding errors (24). This method to correct for
urinary collection errors is extensively described and validated (22–24).
Coefficient of variation for GFR is 2.5% and for effective renal plasma
flow (ERPF) is 5% (22). RBF was calculated as ERPF/(1 ⫺ hematocrit).
RVR was calculated as MAP/RBF ⫻ 80,000 (16,25).
Patients underwent a standardized abdominal MRI protocol without
the use of intravenous contrast. Scanning was performed on a 1.5-Tesla
MRI Magnetom Avento (Siemens, Erlangen, Germany) with the use of
body matrix and spine matrix coils. T2 weighted fast imaging (true
FISP) series were scanned during breath-hold. T2 weighted turbo spin
echo (HASTE) series were scanned during free breathing with breath
triggering on the diaphragm (prospective acquisition correction—
PACE). Transversal images were obtained with a fixed slice thickness
of 5.0 mm. Coronal images were obtained with a fixed slice thickness of
4.0 mm. Renal volume was measured on T2 weighted coronal images.
Analyze Direct 8.0 (AnalyzeDirect, Inc., Overland Park, KS) software
was used to analyze the volumes. Foxel size was forced to cubic to
allow for three-dimensional viewing. Manual selection of the renal
contours on every fifth slice with semiautomated propagation was used
to obtain full selection of the kidneys, excluding the pyelum. All contours were checked manually before assessing TRV.

Measurements and Definitions

Statistical Analyses

Blood pressure (BP) was assessed with an automatic device (Dinamap) for 15 minutes during the renal function measurement. Systolic
and diastolic BP values were used to calculate MAP using the standard
formula MAP ⫽ 2/3 ⫻ diastolic BP ⫹ 1/3 ⫻ systolic BP. Patients
collected a 24-hour urine sample before the outpatient visit. Weight and
height were determined. BMI was calculated as weight in kilograms/
height2 (measured to the nearest 0.5 kg and 0.5 cm, respectively).
Urinary albumin concentration was determined by nephelometry
(BNII, Dade Behring Diagnostics, Marburg, Germany). Blood samples
were drawn before renal function measurement for determination of
serum electrolyte, hemoglobin (Hb), creatinine, and urea. Concentrations of Hb, sodium, potassium, cholesterol, and glucose were measured in serum or urine using standard methods. Creatinine was mea-

Analyses were performed with SPSS version 16.0 (SPSS, Inc., Chicago, IL). Parametric variables are expressed as mean ⫾ SD, whereas
nonparametric variables are given as median (interquartile range). A
two-sided P ⬍ 0.05 was considered to indicate statistical significance.
Differences between ADPKD patients and healthy controls were tested
using an independent sample t test when normally distributed or a
Mann–Whitney test when not normally distributed. Analyses were
performed for ADPKD patients and healthy controls and divided into
quartiles of age, illustrating the differences between patients and controls in the different stages of disease. P values for differences between
the age quartiles were obtained using an ANOVA or a Kruskal–Wallis
test. To investigate whether TRV was associated with GFR, ERPF, FF,
and RVR, multiple regression analysis was performed. Logarithmic

tance of finding early renal abnormalities in ADPKD, systematic evaluation of hemodynamic parameters, especially with
respect to RBF, renal vascular resistance (RVR), and filtration
fraction (FF), has received little attention. Therefore, we investigated renal parameters in ADPKD at different ages in comparison to healthy subjects.

Materials and Methods
Patients
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INTRODUCTION — Autosomal dominant polycystic kidney disease (ADPKD) is a common
disorder, occurring in approximately 1 in every 400 to 1000 live births [1-3]. It is estimated
that less than one-half of these cases will be diagnosed during the patient's lifetime, as the
disease is often clinically silent [1].
Approximately 85 percent of families with ADPKD have an abnormality on chromosome 16
(PKD1 locus) that is tightly linked to the alpha-globin gene locus [4]. The remaining patients
have a different defect that involves a gene on chromosome 4 (the PKD2 locus).
(See "Genetics of autosomal dominant polycystic kidney disease and mechanisms of cyst
growth".)
Patients with PKD2 have a less severe phenotype than those with PKD1, but neither disorder
is benign [5]. Cysts occur later in PKD2 disease, as does end-stage renal disease (mean age
74.0 versus 54.3 years in PKD1) [6]. As a result, false negative results are more likely when
screening young subjects with PKD2 disease. (See "Course and treatment of autosomal
dominant polycystic kidney disease".)
The diagnosis of and screening for ADPKD will be reviewed here. The course and treatment
of this disorder are discussed separately. (See"Course and treatment of autosomal dominant
polycystic kidney disease".)
OVERVIEW — The diagnosis of ADPKD relies principally upon imaging of the kidney [7].
Typical findings include large kidneys and extensive cysts scattered throughout both
kidneys. Because of cost and safety, ultrasonography is most commonly used as the imaging
modality. In certain settings, genetic testing is required for a definitive diagnosis.
Important issues related to the diagnosis of ADPKD include the presence or absence of a
family history of the disease, the number and types of renal cysts, and the age of the
patient.
POSITIVE FAMILY HISTORY
Screening and diagnosis of asymptomatic individuals — Screening for the diagnosis of
ADPKD in an asymptomatic individual at risk because of a positive family history usually

These criteria were derived from an ultrasonographic study of 128 individuals at risk for
PKD1 that compared imaging findings with genotype [10]. The specificity of these criteria
was found to be 100 percent for all patients at risk for type 1 ADPKD [9,11]. By comparison,
the sensitivity of these findings varies by patient age [9,11]. Among patients between 15
and 30 years of age at risk for type 1 disease, the sensitivity of these criteria is 95 percent.
The sensitivity increases to 97 to 100 percent for those older than 30 years of age. Thus, a
negative ultrasound can definitely exclude type 1 disease when the patient is older than 30
years, although the false negative rate at age 20 is only about 4 percent [10,11].
At risk for type 2 ADPKD — Some asymptomatic patients at risk for ADPKD are from
families with known and well-characterized pathogenic mutations in the PKD2 locus. In this
setting, testing for the known mutation is more definitive and may be more cost-effective
than ultrasonography.
If genetic testing is not available or less desirable, established ultrasonographic criteria are
less sensitive for patients who are known to be at risk for type 2 ADPKD. In this setting,
some clinicians would use the ultrasonographic criteria created for those at risk for ADPKD
but of unknown familial genotype, as noted above.
Other imaging modalities — Because CT and magnetic resonance imaging (MRI) are more
sensitive than ultrasonography, the sonographic criteria listed above are not applicable to
these modalities. Contrast enhanced CT scanning or MRI or heavy-weighted unenhanced T2
MR images can reliably detect small cysts of 2 to 3 mm diameter [12].
Although not formally evaluated and only studied in small case series and reports, we
believe that a negative test (no cysts in either the kidneys or the liver) found with these
techniques by 20 years of age virtually excludes the presence of PKD, at least for type 1
disease.
Conversely, among patients with equivocal ultrasonographic studies, these techniques may
demonstrate numerous small cysts, thereby possibly precluding the need for genetic testing.
Approach after equivocal ultrasound results — No formal studies have compared CT or
MRI techniques, or genetic testing among at risk adult patients with equivocal
ultrasonographic results. In the setting of an equivocal ultrasound, some clinicians prefer
genetic testing, while others choose either a CT scan or MR study with genetic testing
performed if the diagnosis remains uncertain after additional radiologic evaluation.
(See 'Genetic testing' below.)
Infant/child — In an infant/child at 50 percent risk for ADPKD, ultrasonography of the
kidney is less useful than in adults, with inconclusive results being noted in one-half of those
at risk (particularly children less than five years of age) [13]. As previously mentioned, we
recommend NOT screening in children. However, if desired, we use renal ultrasonography
for initial evaluation because it is safe and inexpensive.
The finding of large echogenic kidneys without distinct macroscopic cysts in infants is highly
suggestive of the disease. The presence of one cyst is adequate for the diagnosis in an atrisk child (0 to 15 years of age) [13].
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Abstract
It is known that many tubular proteins are involved in the
pathogenesis of autosomal-dominant polycystic kidney disease (ADPKD), which causes 8–10% of the cases of end-stage
renal disease (ESRD) worldwide. Neutrophil gelatinase-associated lipocalin (NGAL) is a protein expressed on tubular cells
of which the production is markedly increased in response
to harmful stimuli such as ischemia or toxicity. In the present
study, serum and urinary NGAL levels were evaluated in 26
ADPKD subjects. Both levels were significantly higher in patients than in controls (sNGAL 174 8 52 vs. 50 8 27 ng/ml,
p ! 0.05; uNGAL 119 8 42 vs. 7 8 6 ng/ml, p ! 0.005) and
a close correlation was also found between these parameters and the residual renal function (sNGAL/GFR: r = –0.8,
p = 0.006; sNGAL/Creatinine: r = 0.9, p = 0.007; uNGAL/GFR:
r = –0.49, p ! 0.05; uNGAL/Creatinine: r = 0.84, p ! 0.001).
Patients were further divided into two groups according to
the cystic development assessed with echotomography;
subjects with higher cystic growth (HCG) presented higher
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sNGAL and uNGAL levels with respect to others (sNGAL: 242
8 89 vs. 88 8 34 ng/ml, p ! 0.05; uNGAL: 158 8 45 vs. 73 8
27 ng/ml, p ! 0.05). The strict correlation between NGAL
levels and residual renal function is perfectly in accord with
recent studies on patients with other ESRD-associated diseases. We can hypothesize that tubular cells produce big
quantities of NGAL as a consequence of increased apoptosis
following chronic damage or as a compensatory response,
similar to that observed in acute stress conditions (ischemia,
toxicity ...). Finally, our last finding that patients with HCG
showed higher levels of NGAL suggests that this protein
could be also involved in the cyst growth process, as previously reported about epithelial and tumoral expansion.
Copyright © 2007 S. Karger AG, Basel

Introduction

Autosomal-dominant polycystic kidney disease (ADPKD) is a genetic disorder characterized by renal tubular
cell proliferation and multiple cyst formation. For many
reasons which are still unknown only in a variable percentage of patients affected these cysts undergo progressive enlargement, causing symptoms including hematuria and hypertension, leading to end-stage renal failure.
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Table 1. Patients’ profile and comparison of serum and urinary levels of NGAL between healthy subjects and ADPKD patients

Group

n

Age

Gender
M/F

sCr
mg/dl

GFR
ml/min

Raff

Ydis

sNGAL
ng/ml

uNGAL
ng/ml

ADPKD patients
Control subjects

26
26

43812
3788

14/12
13/13

2.281.5
0.980.3

59838
115832

382
–

1084
–

174852a
50827

119842b
786

sCr = Serum creatinine; GFR = glomerular filtration rate (Cockcroft-Gault); Raff = relatives affected; Ydis = years of disease;
sNGAL = serum NGAL; uNGAL = urinary NGAL. a p < 0.05 vs. controls; b p < 0.005 vs. controls.

The mechanism underlying the above disorder is not
yet fully understood, although it seems clear that PKD1,
PKD2 and PKD3 gene mutation, causing abnormal polycystins function, merely signals the onset of a process
which subsequently involves several further components,
including other tubular proteins, cytokines and growth
factors. Findings of previous studies conducted on mice
models of PKD have underlined that cyst development is
also linked to tubulointerstitial abnormalities whereas
cultured parietal epithelial cells express increased levels
of tubular stress proteins, such as MCP-1 and osteopontin, suggesting they might play a role in cystogenesis
[2, 3].
Neutrophil gelatinase-associated lipocalin (NGAL) is
a protein produced by neutrophils and various epithelial
cells, including renal tubular cells [4] in reply to numerous pathological conditions including ischemic, toxic or
infective renal damage [5–7]. The aim of the present study
was therefore to assess the potential role of this protein
by analyzing its urinary and serum levels in a group of
patients with ADPKD.
development, evaluated echotomographically.
words moved from right column
Materials and Methods
Patient Profile
The study was conducted on 26 ambulatory ADPKD patients
(14 M, 12 F; mean age 43 8 12 years) who had not undergone hemodialysis or renal transplantation. The mean serum creatinine
level of patients was 2.2 8 1.5 mg/dl, and the GFR (creatinine
clearance assessed using the Cockcroft-Gault formula) was 59 8
38 ml/min. The diagnosis of ADPKD, made on the basis of typical
ultrasound or CT findings, was confirmed by the identification
of hepatic cysts or a positive familiar history. Any patients underwent treatment with steroids, immunosuppressors, ACE inhibitors or angiotensin receptor blockers throughout the study. None
of the patients were affected by any neoplastic disease, concomitant infections and leukocyte formula alterations, and gave their
fully informed consent to take part in the study, which was approved by the local ethics committee. Table 1 provides details of
the characteristics of the patients. According to other authors [8],
the patients were divided into two groups on the basis of the cyst
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development, evaluated echotomographically. Patients with n !
10 cysts and renal length !16 cm (n = 15) were assigned to the low
cyst growth (LCG) group, while patients with n 1 10 cysts and
renal length 116 cm (n = 11) were assigned to the high cyst growth
(HCG) group.
Control Group
The control group consisted of 26 healthy volunteers (13 M, 13
F; mean age 37 8 8 years) with mean serum creatinine levels of
0.9 8 0.3 mg/dl and a mean GFR (creatinine clearance assessed
using the Cockcroft-Gault formula) of 115 8 32 ml/min. All control subjects gave their fully informed approval to take part in the
study.
Collection of Blood and Urine
Blood samples were taken in the morning without any food
intake, also collecting the second urine miction of the day. The
blood samples were placed immediately into chilled vacutainer
tubes containing potassium ethylenediaminetetraacetate and the
plasma was promptly separated in a refrigerated centrifuge. The
samples were then stored at –80 ° C until assayed.
Ten milliliters of fresh urine was mixted with 1 ml of 10 mM
tris buffer, pH 8.6 with 0.05% Tween 20 and 0.01% of NaN3 containing protease inhibitors (10 mM benzamidine, 10 mM aminocaproic acid, 20 mM ethylenediaminetetracetate and aprotinin).
This mixture was centrifuged at 3,000 rpm for 8 min and stored
at –80 ° C until assayed. All the urine and blood specimens were
used for the study within 1 month after collection.
NGAL ELISA Assay
NGAL was measured in the blood and urine using ELISA
commercial available kit (Antibody Shop, Gentofte, Denmark)
according to the manufacturer’s instructions. All specimens were
often diluted to obtain concentration for the optimal density
reading described in the ELISA kit instruction. The enzymatic
reactions were quantified in an automatic microplate photometer.
All measurements were made in a triplicate and in a blinded manner. NGAL levels were expressed as ng/ml.
Statistical Analyses
A statistical analysis of data was made using Microsoft Excel
(version 5.0) software and the GraphPad Prism (version 4.0) package. An unpaired two-tailed t test was used for comparing the two
groups, and Pearson’s correlation coefficient was employed to test
correlations between variables. p ! 0.05 was considered statistically significant. All data were expressed as mean 8 SD.
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Table 1. Patients’ profile and comparison of serum and urinary levels of NGAL between healthy subjects and ADPKD patients
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GFR
ml/min
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uNGAL
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43812
3788

14/12
13/13
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0.980.3
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382
–

1084
–

174852a
50827

119842b
786

sCr = Serum creatinine; GFR = glomerular filtration rate (Cockcroft-Gault); Raff = relatives affected; Ydis = years of disease;
sNGAL = serum NGAL; uNGAL = urinary NGAL. a p < 0.05 vs. controls; b p < 0.005 vs. controls.

The mechanism underlying the above disorder is not
yet fully understood, although it seems clear that PKD1,
PKD2 and PKD3 gene mutation, causing abnormal polycystins function, merely signals the onset of a process
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clearance assessed using the Cockcroft-Gault formula) was 59 8
38 ml/min. The diagnosis of ADPKD, made on the basis of typical
ultrasound or CT findings, was confirmed by the identification
of hepatic cysts or a positive familiar history. Any patients underwent treatment with steroids, immunosuppressors, ACE inhibitors or angiotensin receptor blockers throughout the study. None
of the patients were affected by any neoplastic disease, concomitant infections and leukocyte formula alterations, and gave their
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development, evaluated echotomographically. Patients with n !
10 cysts and renal length !16 cm (n = 15) were assigned to the low
cyst growth (LCG) group, while patients with n 1 10 cysts and
renal length 116 cm (n = 11) were assigned to the high cyst growth
(HCG) group.
Control Group
The control group consisted of 26 healthy volunteers (13 M, 13
F; mean age 37 8 8 years) with mean serum creatinine levels of
0.9 8 0.3 mg/dl and a mean GFR (creatinine clearance assessed
using the Cockcroft-Gault formula) of 115 8 32 ml/min. All control subjects gave their fully informed approval to take part in the
study.
Collection of Blood and Urine
Blood samples were taken in the morning without any food
intake, also collecting the second urine miction of the day. The
blood samples were placed immediately into chilled vacutainer
tubes containing potassium ethylenediaminetetraacetate and the
plasma was promptly separated in a refrigerated centrifuge. The
samples were then stored at –80 ° C until assayed.
Ten milliliters of fresh urine was mixted with 1 ml of 10 mM
tris buffer, pH 8.6 with 0.05% Tween 20 and 0.01% of NaN3 containing protease inhibitors (10 mM benzamidine, 10 mM aminocaproic acid, 20 mM ethylenediaminetetracetate and aprotinin).
This mixture was centrifuged at 3,000 rpm for 8 min and stored
at –80 ° C until assayed. All the urine and blood specimens were
used for the study within 1 month after collection.
NGAL ELISA Assay
NGAL was measured in the blood and urine using ELISA
commercial available kit (Antibody Shop, Gentofte, Denmark)
according to the manufacturer’s instructions. All specimens were
often diluted to obtain concentration for the optimal density
reading described in the ELISA kit instruction. The enzymatic
reactions were quantified in an automatic microplate photometer.
All measurements were made in a triplicate and in a blinded manner. NGAL levels were expressed as ng/ml.
Statistical Analyses
A statistical analysis of data was made using Microsoft Excel
(version 5.0) software and the GraphPad Prism (version 4.0) package. An unpaired two-tailed t test was used for comparing the two
groups, and Pearson’s correlation coefficient was employed to test
correlations between variables. p ! 0.05 was considered statistically significant. All data were expressed as mean 8 SD.
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Fig. 1. Differences in serum NGAL concentrations between ADPKD patients and
control subjects. * p ! 0.05.
Fig. 2. Differences in urinary NGAL concentrations between ADPKD patients and
control subjects. ** p ! 0.005.
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and urinary levels of NGAL, serum creatinine and GFR (Cockcroft-Gault) in
ADPKD patients

Serum and Urinary NGAL Levels in ADPKD Patients
and Control Subjects
In healthy subjects, serum NGAL levels (sNGAL) were
50 8 27 ng/ml, while urinary NGAL levels (uNGAL)
were 7 8 6 ng/ml, values falling within the normal range.
On the contrary, in ADPKD patients sNGAL levels were
174 8 52 ng/ml and uNGAL levels were 119 8 42 ng/ml
with a statistical significance with respect to controls
(sNGAL, p ! 0.05; uNGAL p ! 0.005; fig. 1, 2, respectively). Data from the comparisons made between the
variables are reported in table 1.
NGAL Levels and Renal Function in ADPKD Patients
In ADPKD subjects, sNGAL levels were inversely correlated with the residual GFR (r = –0.8, p = 0.006) and
directly correlated with serum creatinine (r = 0.9, p =
0.007). Likewise, uNGAL levels were inversely correlated
with the residual GFR (r = –0.49, p ! 0.05) and directly
related to creatininemia (r = 0.84, p ! 0.001). The complete data on these correlations are shown in table 2.
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vs. 73 8 27 ng/ml, p ! 0.05; fig. 3, 4). Full data about the
two groups are reported in table 3.

Discussion

NGAL Levels and Cyst Development
ADPKD patients were further divided into two groups
on the basis of number of cysts and renal dimensions
evaluated with echotomography. Patients with n ! 10
cysts and a renal length !16 cm (n = 15) were assigned to
the LCG group, and patients with n 1 10 cysts and a renal
length 116 cm (n = 11) were assigned to the HCG group.
No statistically significant differences were found between the two groups for the residual GFR. On the contrary, HCG patients showed significantly higher serumand urinary-NGAL levels than LCG patients (sNGAL:
242 8 89 vs. 88 8 34 ng/ml, p ! 0.05; uNGAL: 158 8 45

ADPKD, the most common hereditary monogenic disorder worldwide, has a prevalence of 1/750 among newborns and causes 8–10% of cases of end-stage renal disease
(ESRD). Its progression rate varies greatly between patients and about 50% of subjects with ADPKD eventually
reach ESRD [9]. The reason for this individual variability
is not yet fully understood and can only be partly explained on the basis of various genetic-environmental
patterns. Currently, the pathogenesis of the disease itself
is widely debated. Although PKD1, PKD2 or PKD3 gene
mutations, which lead to the synthesis of functionally abnormal polycystins is the main factor underlying the dysregulation of tubular cells, which triggers cystogenesis, it
is now evident that numerous other proteins participate
in the development and progression of the disease.
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control subjects. * p ! 0.05.
Fig. 2. Differences in urinary NGAL concentrations between ADPKD patients and
control subjects. ** p ! 0.005.
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Table 3. Comparison of serum and urinary levels of NGAL between the low- and the high-cyst growth groups (see text)

Group

n

Ydis

nCyst

rLen
cm

sCr
mg/dl

GFR
ml/min

sNGAL
ng/ml

uNGAL
ng/ml

HCG
LCG

11
15

782
481

>10
<10

17.882.1
12.381.9

2.581.1
1.980.8

49813a
58819

242889b
88834

158845b
73827

Ydis = Years of disease; nCyst = number of cysts; rLen = renal length. a p not significant vs. LCG group; b p < 0.05 vs. LCG group.

Kuehn et al. [10] have shown that the expression of the
kidney-injury molecule-1 (KIM-1), a protein of tubular
origin for which urinary and tissue expression have been
seen to increase in experimental models of renal ischemia
or cisplatin administration [11, 12], is particularly high
and upregulated in the tubular epithelium of polycystic
kidney tissue of the mouse, suggesting that it may play a
role in the de-differentiation of these cells and in the development of interstitial fibrosis associated with this condition. A similar role might thus be played by another
chemokine, monocyte chemoattractant protein-1 (MCP1) which, in nephritis with a tubular proteic overload, has
a capacity to trigger chemotaxis of the inflammatory cells
with consequent interstitial tubular damage and progression to chronic renal failure [13]. Zheng et al. [14] observed an increased urinary excretion of this protein in
ADPKD patients, and in vitro research findings have
shown that the epithelial cystic cells are the main source
of its production, thus suggesting that it may be involved
in the pathogenesis and progression of the disease. Isoform-B of beta-N-acetylhexosaminidase (Hex B) was
correlated with an ultrasonography score (kidney size +
number of cysts) of disease severity in 92 ADPKD patients without end-stage renal failure; this again confirms
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the hypothesis that tubular damage plays a role in the
progression of polycystic disease [8].
The aim of the present study, on the other hand, was
to consider for the first time in literature another protein
of tubular origin, NGAL. This protein appears to play different roles in kidney, only some of which have been well
defined. For example, it is known that it acts as an iron
transporter, and thus appears to be involved in the embryonic and adult development of the renal epithelium
through the induction of iron-dependent cellular signals
with a consequent inhibition of the apoptotic processes
[4]. This inhibition probably underlies the protective effect of NGAL against ischemic damage: increased serum
and urinary levels of this protein have been observed in
response to experimentally induced renal failure, and
preventive administration of NGAL enhances the ability
of the organ to sustain this type of stress [6, 15, 16]. An
acute increase in NGAL levels has also been observed in
other experimental models of tubular injury, including
damage from cisplatin and viral infections [5, 7] and, in
humans, after coronary angiography and cardiopulmonary bypass surgery [17, 18]. The findings made in the
present study clearly demonstrate that in ADPKD patients, serum and urinary NGAL values are significantly
Bolignano /Coppolino /Campo /Aloisi /
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Kuehn et al. [10] have shown that the expression of the
kidney-injury molecule-1 (KIM-1), a protein of tubular
origin for which urinary and tissue expression have been
seen to increase in experimental models of renal ischemia
or cisplatin administration [11, 12], is particularly high
and upregulated in the tubular epithelium of polycystic
kidney tissue of the mouse, suggesting that it may play a
role in the de-differentiation of these cells and in the development of interstitial fibrosis associated with this condition. A similar role might thus be played by another
chemokine, monocyte chemoattractant protein-1 (MCP1) which, in nephritis with a tubular proteic overload, has
a capacity to trigger chemotaxis of the inflammatory cells
with consequent interstitial tubular damage and progression to chronic renal failure [13]. Zheng et al. [14] observed an increased urinary excretion of this protein in
ADPKD patients, and in vitro research findings have
shown that the epithelial cystic cells are the main source
of its production, thus suggesting that it may be involved
in the pathogenesis and progression of the disease. Isoform-B of beta-N-acetylhexosaminidase (Hex B) was
correlated with an ultrasonography score (kidney size +
number of cysts) of disease severity in 92 ADPKD patients without end-stage renal failure; this again confirms
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the hypothesis that tubular damage plays a role in the
progression of polycystic disease [8].
The aim of the present study, on the other hand, was
to consider for the first time in literature another protein
of tubular origin, NGAL. This protein appears to play different roles in kidney, only some of which have been well
defined. For example, it is known that it acts as an iron
transporter, and thus appears to be involved in the embryonic and adult development of the renal epithelium
through the induction of iron-dependent cellular signals
with a consequent inhibition of the apoptotic processes
[4]. This inhibition probably underlies the protective effect of NGAL against ischemic damage: increased serum
and urinary levels of this protein have been observed in
response to experimentally induced renal failure, and
preventive administration of NGAL enhances the ability
of the organ to sustain this type of stress [6, 15, 16]. An
acute increase in NGAL levels has also been observed in
other experimental models of tubular injury, including
damage from cisplatin and viral infections [5, 7] and, in
humans, after coronary angiography and cardiopulmonary bypass surgery [17, 18]. The findings made in the
present study clearly demonstrate that in ADPKD patients, serum and urinary NGAL values are significantly
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higher than in control subjects and also correlate with
both residual glomerular filtration rate and creatininemia, suggesting that the levels of this protein may in
some way be influenced by the degree of the underlying
altered renal function.
Our data are thus in agreement with those reported in
recent studies demonstrating the same correlations in
other diseases leading to chronic renal failure (CRF), vasculitic processes [19] and pediatric nephritis [20, 21] particularly. In the latter case, Devarajan et al. [6, 7, 15, 16]
have suggested that serum NGAL might be used as a new
marker of renal function, based on the evidence that this
protein correlated with GFR better than creatinine and
cystatin C. The biological mechanisms underlying this
correlation have not yet been fully defined. As this is a
protein produced principally by tubular cells, it might at
first appear possible to exclude the hypothesis that a reduced renal clearance capacity is the principal causative
factor. On the contrary, the diffuse state of organic dysfunction associated with CRF, which also involves the
inflammatory system, could stimulate serum NGAL hyper-production by different tissues (blood, epithelia and
endothelium) in response to chronic insult from uremic
toxins. The close correlation between sNGAL, uNGAL
and residual renal function (GFR and creatininemia),
however, suggests that the increase in the levels of this
protein is largely attributable to tubular renal cells. This
may depend on an increased apoptosis of these cells or,
more probably, on a compensatory mechanism with a
protective significance, as observed in conditions of acute
stress following ischemia, infection or the administration
of cisplatin. The latter hypothesis is definitely the more
intriguing in the definition of a possible role played by
NGAL in the pathophysiology of chronic renal failure.
A further end-point in the present study was to test the
hypothesis that increased NGAL levels in ADPKD patients might be not only the consequence of an aspecific
reduction in renal function, but also be somehow influ-

enced by the process of cystogenesis, which is in itself
typical of ADPKD. Therefore, according to other authors
[8], we divided our patients into two groups on the basis
of cyst development and kidney dimensions (LCG and
HCG). Notwithstanding the lower development of cysts,
the renal function (GFR) of the LCG group subjects was
not significantly better than that of HCG group subjects.
In the literature, it has been reported that in ADPKD the
phenotypic severity does not always exactly correspond
to the severity of renal impairment [22]. In patients with
a greater cyst development, sNGAL and uNGAL levels
were significantly higher than in others, thus suggesting
that this protein may also be involved to a certain extent
in cystogenesis.
It is important to bear in mind that NGAL also plays
an important role in the embryonic and adult development of the renal epithelium, through a mechanism based
on the induction of iron-dependent cellular signals with
a consequent inhibition of the apoptotic processes [4].
Different studies have previously demonstrated that
NGAL is also involved in other epithelial proliferative
processes, including those concerning keratinocytes [23]
and some tumoral cells, including those in breast carcinoma. In the latter case it has been seen how NGAL can
protect the metalloproteinase-9 matrix from degradation
forming a complex with it and thus contributing to tumor
growth [24, 25]; as the same metalloproteinases play a key
role in the development and progression of polycystic disease as already described in literature [26], thus NGAL
could represent a fundamental protagonist in determining this condition.
In conclusion, it is evident that the present study is
only preliminary. Although we have highlighted a close
link between NGAL and ADPKD, the findings reported
cannot clarify the basic pathophysiological significance
of this relationship. The hypothesis formulated should
therefore be confirmed by further in-depth studies.
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