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Abstract
Background. Renovascular hypertension (RVH) is
characterized by chronic inflammation of the stenotic
kidney and progressive renal dysfunction. Neutrophil
gelatinase-associated lipocalin (NGAL), an acute phase
protein induced in inflammatory conditions and ischemia,
is a novel biomarker for acute kidney injury. We hypoth-
esized that chronic RVH would be associated with
increased renal and circulating NGAL levels.
Methods. We prospectively measured renal vein and
inferior vena cava (IVC) levels of NGAL and inflamma-
tory cytokines in essential hypertensive (EH) and RVH
patients, during constant sodium intake and anti-hyperten-
sive regimens, and compared them with systemic levels in
age-matched normotensive subjects (n = 22 each). In
addition, we measured urinary NGAL and kidney injury
molecule (KIM)-1 in all patients.
Results. Blood pressure, serum creatinine, estimated glo-
merular filtration rate (eGFR), lipid panels and medi-
cations were similar in RVH and EH. Systemic, stenotic
and contralateral renal vein levels of NGAL were all simi-
larly elevated in RVH versus normal hypertension and EH
(P < 0.05), as were renal vein levels of inflammatory
markers like tumor necrosis factor-α. Furthermore, renal
vein NGAL levels inversely correlated with eGFR, and
directly with renal vein (but not systemic) levels of
inflammatory markers. Urinary levels of NGAL and

KIM-1 were elevated in both EH and RVH, as were sys-
temic levels of C-reactive protein.
Conclusions. Chronic RVH is associated with elevated
NGAL levels, likely due to ongoing kidney and systemic
inflammation and ischemia. These findings may also
imply the occurrence of the inflammation process in
chronic RVH, which might contribute to the poorer out-
comes of RVH compared with EH patients.

Keywords: cytokines; inflammation; KIM-1; NGAL; renovascular
hypertension

Introduction

Renovascular hypertension (RVH), a common disorder in
patients with atherosclerotic vascular occlusive disease
of the kidney, is characterized by increased activity of
the renin–angiotensin system, reduced renal perfusion
pressure and progressive renal dysfunction [1]. Moreover,
the combination of RVH and decreased glomerular fil-
tration rate (GFR) predisposes to several complications
such as coronary artery disease, cerebrovascular disease
and peripheral vascular disease, leading to an increase in
cardiovascular mortality [2].
Recent studies have suggested a role for renal inflam-

mation in aggravating renal dysfunction in experimental
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RVH [3]. We have previously shown in swine RVH that
the post-stenotic kidney up-regulates the expression of the
proinflammatory chemokine monocyte chemoattractant
protein (MCP-1) [4] and NFκB [5], as well as an influx
of inflammatory cells [6], which are associated with
decreased GFR and impaired endothelial function. Fur-
thermore, a recent clinical study showed elevated systemic
C-reactive protein (CRP) levels and peripheral leukocytes
in patients with atherosclerotic renal artery stenosis versus
EH and healthy controls [7].

Neutrophil gelatinase-associated lipocalin (NGAL), a
25 kDa amino acid protein, is a member of the lipocalin
family largely expressed in activated neutrophils and
tubular epithelial cells in response to inflammation [8].
NGAL plays an important role in innate immunity.
Accumulating evidence also has established both urinary
and plasma NGAL levels as predictive biomarkers for
acute kidney injury (AKI) and its outcomes in varied
groups of patients including pediatric [9] and adult [10]
populations, critically ill patients [11] and contrast-
induced nephropathy [12]. NGAL may originate from
both renal and extra-renal sites. In ischemic murine AKI
models, NGAL mRNA expression is initially up-regulated
in the post-ischemic kidney, followed by increased
urinary NGAL levels within 2 h after acute ischemia [13].
However, whether NGAL is released from the post-steno-
tic kidney of chronic human RVH has not been
determined.

Similarly, kidney injury molecule (KIM)-1, a trans-
membrane type 1 glycoprotein expressed at very low
levels in the normal kidney, has been proposed as a prom-
ising biomarker for the early prediction of AKI. KIM-1 is
up-regulated in tubular epithelial cells of rats in response
to ischemia [14] and in urine of patients with AKI,
suggesting that KIM-1 is a sensitive indicator of acute
tubular injury [15, 16]. Its expression is also similarly
elevated in human renal biopsies of EH and patients with
renal diseases compared with normal controls [17–19].
However, whether its expression is up-regulated in RVH
patients remains unknown.

This study tested the hypothesis that atherosclerotic
RVH would be associated with increased renal and circu-
lating NGAL levels, as well as urinary NGAL and KIM-1
levels. In addition, we hypothesized that NGAL levels
would correlate with the elevation of inflammatory bio-
markers levels in essential hypertensive (EH) and RVH
patients.

Materials and methods

Patient population

The study was approved by the Institutional Review Board of the Mayo
Clinic in accordance with the Declaration of Helsinki and the Health In-
surance Portability and Accountability Act (HIPAA) guidelines. All
patients provided written informed consent before enrollment.

From 2008 to present, we prospectively enrolled patients with EH (n
= 22) or unilateral renal artery stenosis (n = 22), participating in pre-
viously described inpatient protocol studies [20]. In addition, sex– and
age-matched normotensive controls (n = 22) were recruited and serum
samples collected through the Mayo Clinic Biobank. Urine samples were
also collected from 16 consenting healthy age-matched potential kidney
donors. See the Supplementary data for detailed methods of subject
recruitment through the Mayo Clinic Biobank.

RVH patients included in the study met the entry criteria analogous to
those required for enrollment in the Cardiovascular Outcomes for Renal
Atherosclerotic Lesions (CORAL trial) [21]. The severity of renal artery
stenosis was determined by renal artery Doppler ultrasound velocity ac-
celeration (peak systolic velocity >200 cm/s), or MR/CT angiography
with evident stenosis >60% and/or post-stenotic dilation. Exclusion cri-
teria included patients with uncontrolled hypertension [systolic blood
pressure (SBP) >180 mmHg, despite antihypertensive therapy], diabetes
requiring insulin or oral hypoglycemic medications, recent cardiovascu-
lar event (myocardial infarction, stroke, congestive heart failure within 6
months), pregnancy and kidney transplant. In addition, patients with
AKI, defined in accordance with criteria established by the Acute
Kidney Injury Network (AKIN) [22], were excluded. In EH and RVH
patients, controlled sodium intake (150 mEq of sodium) was maintained
through the duration of the study. In addition, treatment with diuretics,
angiotensin-converting enzyme inhibitors or angiotensin receptor block-
ers was continued or initiated at the usual recommended daily dose. A
single dose of furosemide (20 mg) had been administered to EH and
RVH patients for unrelated protocol studies [20] 1 day before renal vein
sampling.

Clinical and laboratory parameters including age, sex, height, weight,
body mass index, systolic, diastolic, mean arterial pressure (MAP),
serum creatinine, proteinuria, plasma renin activity (PRA), uric acid, tro-
ponin I, low-density lipoprotein, high-density lipoprotein (HDL), total
cholesterol and triglyceride levels were evaluated at study entry by stan-
dard procedures. eGFR was calculated using the chronic kidney disease
epidemiology collaboration (CKD-EPI) formula [23]. In addition, co-
morbidities and medication intake were recorded, as well as cardiac
echocardiography-derived left ventricular ejection fraction (LVEF) and
left ventricular mass index (LVMI) assessed within 6 months before the
study. Single-kidney renal blood flow (RBF) was measured in RVH and
EH patients using multi-detector CT, as previously described [20].

Renal vein and urine sampling

Blood samples for NGAL and inflammatory cytokine analysis were ob-
tained from the right and left renal vein and infra-renal inferior vena
cava (IVC) of all hypertensive patients by placing a catheter via the
femoral or internal jugular vein, as previously described [20]. For EH
patients, individual kidney (right and left) renal vein levels were aver-
aged. In normotensive controls, only peripheral (antecubital) blood
samples were collected. Samples were stored at −80°C until measure-
ment. Urine samples were collected in all hypertensive patients 1 day
before blood sampling, and in potential kidney donors from September
2010 to January 2011. Collected samples were centrifuged, and the
supernatant was stored.

Measurements

Aliquoted plasma samples were centrifuged at 3000 g/5 min and samples
(25 μL) incubated overnight at 4°C. Renal vein and IVC levels of inter-
feron (IF)-γ, tumor necrosis factor (TNF)-α, TNF receptor (sTNFR)-1
and macrophage inflammatory protein (MIP)-1δ were measured by
Luminex (Millipore, cat No: MPXHCYTO-60K; MPXHCYP2-62K and
HSCR-32K). Signals were read by the Bio-plex 200 systems (BIO-
RAD). In addition, to assess the severity of atherosclerotic disease, we
measured systemic levels of CRP by enzyme-linked immunosorbent
assay (ELISA) (R&D systems, Cat# DCRP00), and MCP-1, interleukin
(IL)-6, adiponectin and soluble receptor for advanced glycation end-pro-
ducts (sRAGE) levels by Luminex.

NGAL (ng/mL) was tested by ELISA according to manufacturer’s
protocol (BioPorto Diagnostics, Cat# KIT 036) in 10 μL of renal vein,
IVC plasma and urine samples diluted 1:500. Final volumes of 100 μL
were used for assay. Urinary KIM-1 levels were evaluated by ELISA
using a commercially available kit (R&D systems, Cat# DKM100).
Urinary NGAL and KIM-1 were expressed as nanogram/milligram of
urinary creatinine.

All measurements were performed by a single investigator blinded to
the clinical data.

Statistical analysis

Normally distributed data were expressed as mean ± SD, while non-nor-
mally distributed was expressed as medium (range). The Shapiro–Wilk
test was used to test for deviation from normality. Group comparisons
were accomplished using parametric analysis of variance followed by
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unpaired Student’s t-test and non-parametric (Wilcoxon and Kruskal–
Wallis) statistics as appropriate. Plasma levels of NGAL and inflamma-
tory markers were corrected for serum creatinine levels. Plasma and
urinary NGAL, as well as urinary KIM-1 levels were also corrected for
eGFR. Regressions were calculated by the least-squares fit to compare
renal function, injury markers and levels of inflammatory cytokines. Stat-
istical significance was accepted for P≤ 0.05. Statistical analysis was
performed using JMP software package version 8.0 (SAS Institute Inc.,
Cary, NC).

Results

Table 1 summarizes the clinical, laboratory and demo-
graphic characteristics of the patients included in the
study. SBP was elevated in EH and RVH patients com-
pared with normal (P < 0.05), with no significant differ-
ences found in antihypertensive regimens between the
groups. LVMI was similarly higher in RVH and EH com-
pared with normal (P < 0.05 both), but troponin I levels
and LVEF did not differ among the groups. Lipid profile
was similar in all patients, except that HDL levels were
lower in RVH compared with normal and EH patients.

Serum creatinine levels were higher and eGFR lower in
RVH compared with normal controls (both, P < 0.05
versus normal), but were not different from those in EH
patients (both P > 0.05). Systemic PRA levels were elev-
ated in both hypertensive groups (P = 0.008 and <0.0001

versus normal, respectively), but not different between
them (P = 0.12), although renal vein PRA levels were
higher in RVH compared with EH (P = 0.04). RBF was
lower in the stenotic kidney than in the contralateral
kidney or in EH (Table 1, P < 0.0001 and 0.0006, respect-
ively), underscoring the hemodynamic significance of the
stenoses. Urinary protein excretion and albumin/creatinine
ratio did not differ among the groups. Finally, serum uric
acid levels were significantly elevated in both hyperten-
sive groups, but higher in RVH patients compared with
EH (P = 0.04).

Plasma NGAL

Systemic, stenotic kidney vein and contralateral kidney
vein levels of NGAL were all similarly elevated in RVH
compared with both EH and healthy volunteers
(Figure 1A, all P < 0.05), whereas neither systemic nor
renal vein NGAL levels in EH were different from normal
subjects. A direct correlation was found between systemic
and renal vein NGAL levels (P < 0.0001) and both also
correlated inversely with eGFR and directly with serum
creatinine levels in RVH patients (Figure 1B and C).
Moreover, stenotic kidney venous NGAL levels correlated
directly with stenotic kidney venous levels of all
measured inflammatory markers (Figure 2A–D), but not
with their systemic levels (Figure 2E–H). Neither systemic

Table 1. Clinical, laboratory and demographic data (mean ± SD) of healthy volunteers, EH and RVH patients

Healthy volunteers EH RVH

Demographics
Number of patients 22 22 22
Age (years) 69.1 ± 6.7 67.3 ± 12.7 65.6 ± 9.5
Gender (male/female) 11/22 11/22 11/22
Body mass index 25.6 ± 3.6 27.4 ± 3.4 27.4 ± 4.3
Duration of hypertension (years) 18.2 ± 7.3 15.2 ± 13.3

Related laboratory measures
Systolic blood pressure (mmHg) 120.4 ± 8.9 137.3 ± 21.6* 131.3 ± 20.3*
Diastolic blood pressure (mmHg) 70.6 ± 8.1 70.7 ± 15.3 70.3 ± 8.2
Mean blood pressure (mmHg) 87.2 ± 7.3 92.9 ± 13.9 90.6 ± 10.3
Total cholesterol (mg/dL) 178.3 ± 31.2 185.7 ± 33.1 171.1 ± 23.2
High-density lipoprotein (mg/dL) 57.9 ± 12.7 57.2 ± 16.5 43.1 ± 13.6*,†

Low-density lipoprotein (mg/dL) 95.2 ± 26.8 102.1 ± 26.2 99.2 ± 25.5
Triglycerides (mg/dL) 126.1 ± 43.0 146.3 ± 68.4 143.8 ± 89.3
Leukocytes (×109/L) 6.1 ± 1.7 6.4 ± 1.4 6.4 ± 1.4
Troponin I (ng/mL) 0.86 ± 0.18 0.94 ± 0.17 1.46 ± 0.48
Left ventricular EF (%) 64.0 ± 2.8 63.3 ± 3.5 61.1 ± 5.4
Left ventricular mass index (g/m2) 74.8 ± 23.3 109.0 ± 40.0* 105.9 ± 21.8*

Concomitant medication
No. of Antihypertensive drugs (median) 0 3 (1–4) 3 (1–4)
Lipid-lowering drugs (No. of patients) 0 18/22 17/22

Renal function
Serum creatinine (mg/dL) 0.9 ± 0.1 1.0 ± 0.3 1.2 ± 0.4*
eGFR-CDK-EPI (mL/min/1.73/m2) 75.8 ± 12.1 72.2 ± 20.3 62.2 ± 22.0*
Urine protein (mg/24 h) 88.1 ± 82.4 90.1 ± 75.1 82.8 ± 49.2
STK or single-kidney RBF (mL/min) — 368.3 ± 142.3 213.6 ± 123.9†

CLK-RBF (mL/min) 417.7 ± 128.9‡

Albumin/creatinine ratio (mg/g) 23.9 ± 15.4 18.2 ± 23.9 22.0 ± 36.3
Uric acid (mg/dL) 5.1 ± 1.1 6.1 ± 1.3* 7.4 ± 1.6*,†

EF, ejection fraction; eGFR-CKD-EPI, estimated glomerular filtration rate-chronic kidney disease epidemiology collaboration; STK, stenotic kidney;
CLK, contralateral kidney; RBF, renal blood flow.
*P≤ 0.05 versus normal.
†P≤ 0.05 versus EH.
‡P≤ 0.05 versus RVH (STK).
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nor RV levels of NGAL correlated with any measure of
blood pressure or LVMI.

Urinary biomarker levels

Urine NGAL levels were similarly elevated in EH and
RVH patients compared with normal volunteers
(Figure 3A, both P < 0.05 versus normal), and did not
correlate with either renal vein (R2 = 0.01, P = 0.41) or
IVC (R2 = 0.02, P = 0.24) NGAL levels in hypertensive
patients.

Urinary KIM-1 levels were also elevated in EH and
RVH compared with normal, but were not different
between these hypertensive groups (Figure 3B, P = 0.35).
Finally, a statistically significant direct correlation was
found between urinary KIM-1 and urinary NGAL levels
(Figure 3C).

Renal inflammatory markers

Renal vein levels of IF-γ, TNF-α, TNFR-1 and MIP-1δ
were higher only in the stenotic kidney vein compared
with normal and EH (Table 2, P < 0.05 for all). In
addition, levels of IF-γ and TNF-α were higher in the
stenotic kidney vein compared with systemic and contral-
ateral kidney venous levels in RVH (Table 2,
P < 0.05 for all).

Markers of atherosclerotic disease and systemic
inflammation

White blood cell count did not differ among the groups
(Table 1). Systemic CRP levels were significantly and
similarly (P = 0.67) elevated in EH and RVH patients
compared with normal (Figure 4A, P = 0.05 and 0.007,
respectively). However, systemic levels of MCP-1, IL-6,

Fig. 1. Systemic and renal vein (RV) levels of NGAL in normal, EH, stenotic (STK) and contralateral (CLK) kidneys of RVH patients (A). The top
and bottom of the boxes are the estimated 75th and 25th percentiles, respectively. The vertical lines extend from the 75th percentile to the highest and
from the 25th percentile to the lowest data points. RV and systemic NGAL levels inversely correlated with eGFR (B), but directly with serum
creatinine (C, Scr) levels in RVH patients. *P < 0.05 versus normal, #P < 0.05 versus EH.
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adiponectin and sRAGE did not differ among the
groups (data not shown). Finally, no significant corre-
lations were found between systemic NGAL levels
and CRP (Figure 4B, R2 = 0.01, P = 0.55), MCP-1 (R2 =
0.001, P = 0.80), IL-6 (R2 = 0.003, P = 0.73), adiponectin

(R2 = 0.0009, P = 0.85) or sRAGE (R2 = 0.05, P = 0.13)
levels.
Statistical differences in plasma and urinary markers

between the groups persisted after adjustment for serum
creatinine and eGFR (Supplementary data, Tables S1–S3).

Fig. 2. Renal vein (RV) NGAL levels directly correlated with RV levels of MIP-1δ (A), IF-γ (B), TNF-α (C) and TNF receptor (TNFR-1) (D) in
renovascular hypertensive patients, whereas their systemic levels did not correlate (E–H).
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Discussion

This study demonstrates, for the first time, elevated
NGAL levels in both the systemic circulation and the ste-
notic kidney vein of RVH compared with EH patients.
The comparable systemic and renal venous levels of
NGAL may imply extra-renal production, yet their corre-
lations with GFR, serum creatinine and with increased
renal vein levels of inflammatory cytokines implicates
NGAL as a marker of renal inflammation and dysfunction
in renovascular disease. Taken together, our findings
support a role for renal inflammatory pathways as a com-
ponent of kidney injury beyond a stenotic lesion in
human RVH.

RVH represents a common complication in patients
with atherosclerotic renal arterial disease, associated with
high rates of target organ injury [24]. Despite extensive
research, the mechanisms responsible for irreversible
parenchymal injury and occasionally progression to
end-stage renal disease from RVH remain obscure. Yet,

experimental studies attribute a cardinal role for inflam-
mation and ischemia in eliciting kidney damage.
This study assessed, for the first time, concomitant cir-

culating, renal vein and urinary levels of NGAL. NGAL
is an acute-phase protein induced in inflammatory con-
ditions and ischemia, and a reliable biomarker for predict-
ing AKI in various clinical settings [9–12] under
standardized conditions in stable hypertensive patients.
Our results show that systemic and renal vein NGAL
levels were elevated in chronic RVH patients compared
with EH and healthy volunteers, which may imply
ongoing inflammatory processes or acute ischemic events
in the post-ischemic kidney.
In humans, both systemic and renal NGAL pools have

been described [25], both of which may reflect extra-renal
disease. Systemic NGAL, usually found in low concen-
trations in the plasma, is up-regulated in response to a
variety of conditions, including inflammation, ischemia,
infections, neoplasia and atherosclerosis [26, 27]. Once
circulating NGAL reaches the kidney, it is filtered and
binds with high affinity to megalin, which is expressed in
proximal tubular cells. As a result, only a small proportion
of systemic NGAL normally is excreted in the urine. On
the other hand, the renal pool represents NGAL locally
produced at the thick ascending limb of Henle and col-
lecting ducts in response to acute processes linked to
kidney injury [25, 28].
Previous studies show that NGAL levels may facilitate

differentiating chronic kidney disease (CKD) and prerenal
reduction in GFR from intrinsic AKI patients [29, 30], sti-
pulating that NGAL is a marker of active kidney damage.
Nevertheless, its levels are also elevated in patients with
Stages 2–4 CKD and inversely correlate with eGFR [31].
Studies in mice have shown a direct relationship between
NGAL expression and CKD progression [32], suggesting
NGAL as a biomarker of AKI-to-CKD transition [33].
Remarkably, plasma and urinary NGAL levels in our
study population were substantially lower than those typi-
cally observed in patients with AKI (Supplementary data,
Table S4), arguing against the presence of AKI. However,
CKD alone was unlikely to account for the increase in
NGAL levels in our study, because eGFR and serum crea-
tinine levels did not differ between EH and RVH patients
and the differences between these groups persisted after
adjustment for both measures of renal function. Impor-
tantly, elevated NGAL levels in our RVH patients might
imply greater tissue damage in the post-stenotic compared
with EH kidney [20]. Furthermore, the relationship
between eGFR and serum creatinine with plasma NGAL
supports a role of this biomarker as a predictor of kidney
injury. However, we cannot exclude a role for intermittent
acute changes in post-stenotic renal perfusion pressure
that may induce recurrent hemodynamic injury to the
affected kidney.
Notably, NGAL levels are also elevated in patients with

cardiovascular diseases such as heart failure [34] and left
ventricular hypertrophy [17]. However, our enrolled
patients were free of symptomatic vascular disease other
than renovascular, and LVEF, LVMI, blood pressure and
troponin I levels did not differ between EH and RVH
patients, arguing against cardiovascular disease as the

Fig. 3. Urinary NGAL (A) and KIM-1 (B) levels in EH and RVH
patients. A direct correlation was found between urinary KIM-1 and
urinary NGAL levels (C). *P < 0.05 versus normal.
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primary determinant of NGAL elevation. Yet, a number
of studies documented a positive association between
NGAL levels and atherosclerotic disease, implicating
NGAL in the development of atherosclerosis [35, 36].
NGAL is also increased in conditions linked to athero-
sclerosis such as coronary artery disease [37] and abdomi-
nal aortic aneurysm [38]. Furthermore, NGAL levels are
elevated in patients with vascular remodeling and plaque
instability, in association with increased mortality rates
[39]. However, systemic levels of markers of active

atherosclerotic disease such as CPR, MCP-1, IL-6, adipo-
nectin and sRAGE were not different between RVH and
EH patients, arguing against a markedly greater diffuse
atherosclerotic burden in RVH, despite their renal artery
atherosclerotic lesions. Pertinently, we found lower HDL
levels in RVH patients compared with EH and normal
controls, which may imply increased cardiovascular risk
in this group of patients [40]. Similarly, previous studies
in patients with atherosclerotic renal artery stenosis found
that a drop in HDL was associated with intra-renal athero-
sclerotic vessel disease and global glomerulosclerosis
[41]. Hence, we cannot exclude a link between mild
atherosclerosis or low HDL and elevated NGAL.
Importantly, our study showed that renal vein levels of

several inflammatory biomarkers were higher in the post-
stenotic kidney of RVH compared with EH patients and
normal controls, consistent with an important inflamma-
tory component beyond the stenotic lesion. This associ-
ation between renal ischemia and inflammation is
increasingly being identified in experimental and human
RVH [42]. Rats with unilateral renal artery stenosis show
an interstitial chronic inflammatory infiltrate in the
ischemic kidney consisting of B lymphocytes, T lympho-
cytes and macrophages [3, 43], suggesting that inflam-
mation triggers interstitial extracellular matrix
accumulation and fibrosis in the clipped kidney. Further-
more, plasma levels of soluble CD40 ligand, a transmem-
brane protein of the TNF superfamily involved in
inflammation and thrombosis, are increased in RVH
patients compared with normal controls [44]. These find-
ings corroborate and extend data from our group showing
that chronic swine RVH is associated with renal and sys-
temic inflammation, leading to kidney functional deterio-
ration [4]. Our results indicated that the stenotic human
kidney in RVH is also a source of inflammation. These
pro-inflammatory cytokines, possibly released by par-
enchymal or inflammatory cells that populate the kidney,
might impair reparative processes and induce kidney
deterioration.
Some of the inflammatory markers up-regulated in the

stenotic RVH kidney are capable of stimulating epithelial
cells to synthesize NGAL [45]. In support of this notion,
we found that renal vein NGAL levels directly correlated

Table 2. Systemic and renal vein (RV) levels (mean ± SD) of PRA, NGAL and cytokines in healthy volunteers, EH and RVH patients

Healthy volunteers EH RVH

Systemic Systemic RV Systemic CLK RV STK RV

PRA (ng/mL/h) 0.5 ± 0.5 7.9 ± 8.1* 10.3 ± 10.4 13.9 ± 13.7* 15.3 ± 14.5 20.0 ± 16.4†

NGAL (ng/mL) 65.6 ± 24.0 84.2 ± 44.4 66.4 ± 36.7 117.0 ± 53.3*,† 128.3 ± 45.1*,† 110.5 ± 50.2*,†

IF-γ (pg/mL) 4.8 ± 2.8 6.5 ± 4.1 5.7 ± 4.7 5.8 ± 2.0 6.1 ± 3.5 9.7 ± 3.4*,†,#,‡

TNF-α (pg/mL) 3.6 ± 1.6 3.9 ± 1.9 4.1 ± 2.0 4.7 ± 2.1 4.9 ± 1.2 6.8 ± 2.3*,†,#,‡

TNFR-1 (pg/mL) 964.1 ± 272.6 1104.5 ± 498.4 1016.5 ± 449.2 1160.0 ± 387.8 1115.0 ± 449.4 1457.8 ± 859.8*,†

MIP-1δ (pg/mL) 2146.3 ± 2324.4 2619.2 ± 1474.5 2343.8 ± 1300.8 3573.0 ± 2553.6 3520.6 ± 3103.2 4235.8 ± 3528.0*,†,‡

CLK, contralateral kidney; STK, stenotic kidney; IF, interferon; TNF, tumor necrosis factor-α; TNFR, TNF receptor; MIP, macrophage inflammatory
protein.
*P≤ 0.05 versus normal.
†P≤ 0.05 versus EH (RV).
#P≤ 0.05 versus RVH (systemic).
‡P≤ 0.05 versus RVH (CLK).

Fig. 4. Systemic levels of CRP in normal, EH and RVH patients (A).
Systemic NGAL levels did not correlate with CRP levels in EH and
RVH patients (B).
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with renal vein levels of all measured inflammatory bio-
markers, while their systemic levels did not. Nevertheless,
unlike other inflammatory biomarkers, NGAL levels from
the stenotic and contralateral kidneys, in addition to sys-
temic NGAL levels, were all similarly elevated in RVH
patients, implying a more generalized level of systemic
NGAL production, possibly in circulating leukocytes.
These observations suggest that NGAL might be pro-
duced both within and outside the kidney as a component
or consequence of renal inflammation. Nevertheless, the
low NGAL gradient across the stenotic kidney may also
reflect a continuous rate of renal NGAL production
combined with a long plasma half-life, although renal
production alone might not suffice to sustain equivalent
concentration of NGAL in the infra-renal IVC, which
represents the entire systemic venous circulation.

In order to evaluate its origin, we measured urinary
levels of both NGAL and KIM-1, which were elevated
similarly in RVH and EH patients, implying some degree
of kidney damage in both groups. Incidentally, urinary
levels in RVH reflect combined contribution from both
the stenotic and contralateral kidneys. Thus, the elevated
urinary but unaltered plasma NGAL levels in EH patients,
in contrast to the increase in both in RVH, may support
the contention that systemic NGAL in RVH was primarily
produced in response to renal inflammation observed only
in this group.

This study is limited by its relatively small study popu-
lation and cross-sectional nature. The specific criteria
used in our patient selection may limit the translation
power of our findings to the more complex ARAS patients
encountered in clinical practice. Pertinently, the majority
of patients were treated with blockers of the renin–angio-
tensin system and statins, which may mask atherosclerotic
disease activity. In addition, our studies involved measure-
ments at a single time point; the predictive value of
NGAL on clinical kidney outcomes should be addressed
in future investigations. Furthermore, the lack of associ-
ation between either systemic or RV NGAL levels with
any measure of blood pressure or LVMI limits the poten-
tial role of NGAL as a predictive marker. We also did not
examine the independent contribution of atherosclerosis
on NGAL levels, which warrants independent and
thorough future studies. Nevertheless, our results demon-
strate that RVH is associated with concurrent parenchymal
inflammation and elevated NGAL levels.

Conclusions

RVH is associated with chronic hypoperfusion of the
renal parenchyma, which compromises renal hemody-
namics and function. Therefore, it is critical to identify
the mechanisms underlying renal tissue injury to prevent
progression to renal failure. We observed that elevated
renal vein levels of inflammatory biomarkers in the post-
stenotic kidney of RVH patients correlated with NGAL
levels, indicating active renal inflammation. However,
because renal venous and systemic plasma NGAL levels
were all similarly elevated, yet correlated specifically with
renal release of inflammatory signals, a considerable

proportion of circulating NGAL might have been pro-
duced outside the kidney, but conceivably in response to
renal inflammation and dysfunction. The association
between stenotic kidney vein NGAL levels and GFR
might reflect both acute and chronic inflammatory pro-
cesses of renal injury, which represent important contribu-
tors toward kidney functional deterioration in RVH
patients. Future studies will need to dissect and identify
the specific mechanisms eliciting NGAL production in
patients with RVH and renal inflammation. Recognition
of components related to acute injury and inflammation in
the post-stenotic kidney, as well as their relationship to
systemic inflammation and GFR, may constitute an
important step for formulating new endpoints and design-
ing novel therapeutic approaches for this disorder.

Supplementary data

Supplementary data are available online at http://ndt.
oxfordjournals.org.
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