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Abstract

Renal complications affect nearly 30–50% of adults with sickle cell anemia (SCA), causing

significant morbidity and mortality. Standard renal function tests like serum creatinine and

glomerular filtration rate become abnormal in this disease only when renal damage has become

extensive and largely irreversible. Moreover, not all patients develop sickle nephropathy (SN).

Therefore, noninvasive biomarkers that predict early onset of SN are necessary. We performed a

cross-sectional analysis for nephropathy in 116 patients with sickle cell disease, analyzing urinary

kidney injury molecule-1 (KIM-1), liver-type fatty acid binding protein (L-FABP), N-acetyl-b-D-

glucosaminidase (NAG), neutrophil gelatinase-associated lipocalin (NGAL) and transforming

growth factor-β1 (TGF-β), together with conventional renal biomarkers (urine albumin and

osmolality, and serum creatinine and cystatin C estimated GFR) during routine clinic visits when

patients were at steady-state/baseline. We observed a distinct biomarker pattern: KIM-1 and NAG

emerged as biomarkers with a strong association with albuminuria. Surprisingly, and in contrast to

other acute/chronic renal disorders, NGAL, L-FABP, and TGF-β levels did not show any

relationship with albuminuria in patients with SCA. Our study identifies potential biomarkers for

SN, and suggests longitudinal validation of these biomarkers for early detection of SN, so that

therapeutic interventions can be applied before renal damage becomes irreversible.

Introduction

The kidney is affected in several different ways in sickle cell anemia (SCA). Children with

SCA develop hyposthenuria/urine concentrating defect (UCD), have supra-normal
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glomerular filtration rate (GFR) and proximal tubular function, and an impaired ability to

acidify urine or excrete potassium, develop microscopic hematuria and even gross hematuria

from renal papillary necrosis. [Reviewed in Refs. 1–4]. With increasing age, patients

develop glomerulopathy, resulting in micro-albuminuria (MiA, defined as urine albumin of

30–300 mg/g urine creatinine), which progresses to macro-albuminuria (MaA, defined as

urine albumin >300 mg/g urine creatinine), and subsequently to end stage renal disease

(ESRD) [1,2,5,6].). With time, the most common glomerular lesion in SN is focal and

segmental glomerulo-sclerosis, while membranous glomerulopathy has also been observed

in some cases. Studies show that gross proteinuria and ESRD is observed in 15–30% of

patients with SCA [7,8]. However not all patients with SCA develop SN, and it is not clear

what factors predict or promote the progression of SN in susceptible patients.

Renal complications are not identifiable at early stages of SN, since the classic biomarkers

of renal damage are not informative in this disease. Plasma creatinine levels are low due to

supra-normal creatinine excretion in the urine, and therefore serum creatinine rises only in

late stages of SN. SCA patients also have higher than normal GFR and renal blood flow;

therefore, urinary creatinine clearance is high from the resulting hyperfiltration. Subnormal

GFR and elevated serum creatinine levels develop only when significant proteinuria

develops [9]. Besides, GFR estimated from creatinine clearance or serum creatinine levels

[10] is fraught with errors due to high creatinine excretion in SCA, varying muscle mass and

hydration status. Therefore, early interventions that would prevent the progression of renal

damage cannot be applied, since SN is diagnosed when renal damage has become extensive

and largely irreversible.

One alternative method of estimating GFR more accurately is plasma cystatin C, that is

freely filtered at the glomerulus. Another commonly used biomarker of glomerulopathy is

albuminuria, specifically MiA and MaA. Novel biomarkers are needed for early diagnosis of

sickle glomerulopathy, before the damage to the kidney becomes irreversible, so that

therapeutic interventions are effective at preventing progression of renal damage. Recently,

several novel early biomarkers for detection of renal damage to specific regions of the

nephron were studied in a rat renal injury model in a large prospective study by the

Predictive Safety Testing Consortium, a collaborative consortium between industry,

academia, the US Food and Drug Administration and the European EMEA [11–14]. Most

promising of these biomarkers include urine kidney injury molecule-1 (KIM-1), liver-type

fatty acid binding protein (L-FABP), N-acetyl-b-D-glucosaminidase (NAG) and neutrophil

gelatinase-associated lipocalin (NGAL) [15]. Devarajan and coworkers have identified

NGAL as a novel sensitive marker of renal tubular damage in acute and chronic

nephropathy [16]. In this study, we explored the prevalence of SN using novel biomarkers

KIM-1, NAG, L-FABP, NGAL, and TGF-β, in addition to plasma cystatin C, urine

osmolality and urine albumin in patients with SCA and found a distinct pattern that

characterizes SN.
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Materials and Methods

Patient samples

The study was approved by the Institutional Review Board at Cincinnati Children’s Hospital

Medical Center and the University of Cincinnati. Concurrent urine and blood samples were

collected from patients with sickle cell disease after obtaining informed consent (and assent,

where applicable) during their routine clinical visit to the Cincinnati Sickle Cell Center by

the Repository of blood, Bone Marrow, Urine, Buccal cells, Skin Tissue, and Data from

Patients with Non-Malignant Blood Disorders. All patients were at baseline status (no acute

sickle event at least three weeks prior to sample collection). Spot urine samples were

obtained so to as to minimize the burden on the patients and simulate routine screening at

clinic visits. Blood samples were centrifuged at 4°C at 500g for 15 min to separate plasma.

Plasma and urine samples were stored at −80°C within 2 hr of collection until analysis.

Urine osmolality was measured using a Freezing point osmometer (Advanced Instruments

3250, Norwood, MA). Plasma Cystatin C was measured by nephelometry using a clinical

laboratory platform (BN ProSpec; Siemens Healthcare Diagnostics,

www.medical.siemens.com). Inter- and intra-assay coefficients of variation were <5% for

batched samples analyzed on the same day. The GFR was estimated from the cystatin C

measurements using the following formula: GFR = antilog [1.962 + 1.123*log(1/cystatin

C)], as described by Alvarez et al. [9]. Urine albumin was measured by immuno-

turbidometry using Dimension Xpand clinical chemistry system (Siemens Healthcare

Diagnostics, www.medical.siemens.com).

Measurement of urinary biomarkers

Urinary levels of KIM-1 and NGAL (both from R&D systems, Minneapolis, MN), total

TGF-β (Millipore, Billerica, MA) and L-FABP (CMIC Co., Tokyo, Japan) were measured

by enzyme linked immunosorbent assay (ELISA), as per manufacturers’ instructions. For

KIM-1 and NGAL ELISA, 50 μl of sample was used per sample and each sample was

analyzed in duplicates. For L-FABP assay 50 μl of samples were pretreated with the

provided reagent. Totally, 20 μl of pretreated samples were then used in the assay in

duplicates. Urine NAG activity was measured using a colorimetric assay (Roche

Diagnostics, USA). Briefly, 5 μl of sample was incubated with 100 μl of substrate solution

(3-Cresolsulfonphtha-leinyl-N-acetyl-b-D-glucosaminide) for 20 min at 37°C. The reaction

was stopped with a stop solution containing sodium carbonate and the optical density (OD)

measured at 580 nm. The OD values were subtracted from blank and NAG activity was

calculated and the activity was expressed in units per liter (U/L). Urine active TFG-β was

measured using an ELISA kit (R&D systems), as per the manufacturer’s instructions.

Briefly 100 μl of urine samples were treated with 20 μl 1N HCl for 20 min. The samples

were then neutralized with 20 μl of 1N NaOH/0.5M HEPES (pH 7.5). All urinary biomarker

levels were normalized with urine creatinine. Urine Creatinine was measured using an

alkaline picrate assay (R&D systems). All urinary biomarkers were expressed as a ratio of

urine creatinine.
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Statistical analysis

We used summary statistics: mean, standard errors, frequencies and range and ANOVA

using the GraphPad Prism software, version 5.0, to summarize the clinical and

hematological/renal parameter characteristics of the current cohort of sickle cell disease

patients in Tables I and II. Biomarker data were skewed, suggesting unequal variances

among the different albuminuria groups (NoA, MiA, and MaA). We log-transformed the

data to stabilize the variances and used general linear model (GLM) analysis to compare the

albuminuria groups, while accounting for age effect, if it existed. The albuminuria groups

were compared pair-wise by Tukey-Kramer test and p-values adjusted for the pair-wise

multiple comparisons are reported in the Figures, whenever they were statistically

significant (P < 0.05).

Results

Prevalence of albuminuria and hyposthenuria in sickle cell disease

We enrolled 116 patients with sickle cell disease (90 patients with Hb SS [hereafter referred

to as SCA], 16 with Hb SC disease and 10 with Hb S/β+ thalassemia). Patients ranged from

6 to 56 years of age. The patient population was skewed towards a pediatric age group

(median age 18 years): this allowed the cohort to contain a large subset of patients without

gross evidence of renal pathology, allowing early biomarker evaluation.

The clinical characteristics and baseline laboratory data on hematological and renal

parameters of the patients with SCA versus those with other forms of sickle cell disease are

compared in Table I. The median age, blood pressure, blood urea nitrogen, serum creatinine

and urine specific gravity were similar in both groups. However, patients with SCA had

significantly lower hemoglobin, and higher reticulocyte counts, CRP and indirect bilirubin

than those with other forms of sickle cell disease, showing the higher hemolysis, anemia,

and inflammation present in patients with SCA. Also as expected, a significantly higher

proportion of SCA patients were on hydroxyurea or chronic transfusions. While 40.5% of

patients with SCA had albuminuria, only three patients in the “other” group had MiA while

the rest had normal urine albumin levels. Notably, all patients, regardless of the sickle

genotype, had a low specific gravity of 1.011.

Figure 1a shows the degree of albuminuria in all patients with sickle cell disease. MiA was

defined as urine albumin of 30–300 mg/g creatinine, MaA was defined as urine albumin

>300 mg/g creatinine. Urine albumin <30 mg/g creatinine was considered

normoalbuminuria (NoA). Albuminuria was more commonly observed in patients with SCA

(Hb SS disease) as compared with those with other forms of sickle cell disease: 34% of SCA

patients had MiA (mean urine albumin 64 ± 9 mg/g creatinine) and 6% percent had MaA

(mean urine albumin of 1521 ± 745 mg/g creatinine). The prevalence of albuminuria in

patients with other forms of sickle cell disease was low, with 3 (12%) patients with MiA.

Because of the low incidence and minimal MiA in patients with other forms of sickle cell

disease, only SCA [Hb SS] patients were analyzed in detail for biomarker analysis.

Table II compares the characteristics of SCA patients with NoA, MiA, and MaA. There

were no significant differences in hemoglobin, reticulocyte count and unconjugated bilirubin
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(markers of hemolysis), leukocyte counts (marker of inflammation), or commonly used

indicators of renal function (blood pressure, serum creatinine, BUN, specific gravity)

between these groups, underscoring the fact that routine renal indicators such as BUN,

creatinine, and blood pressure do not predict onset of SN. A similar proportion of patients

with NoA or MiA groups were on hydroxyurea or chronic transfusions (Fig. 1b). The

prevalence of albuminuria and its degree increased with age (Fig. 1c), with the median age

of patients with NoA, MiA, and MaA being 12, 20, and 25 years, respectively. There were

no significant differences in the urine albumin between males (n = 40) and females (n = 50)

with SCA.

Hyposthenuria or a urine concentrating defect (UCD) was observed in nearly all patients

with SCA, and appeared to gradually worsen with age (Fig. 1d). We found that the mean

urine osmolality, even in the youngest age group of 6- to 12-year-old patients with SCA was

502 ± 22 mOsm/Kg H2O, well below normal urine osmolality. It decreased further to 350–

375 mOsm in adults with SCA. Only two patients in the entire Hb SS cohort had an

osmolality >800 mOsm/Kg H2O and 6 patients had an osmolality >600 mOsm/Kg H2O. All

the rest had a urine osmolality <600 mOsm/Kg H2O. The urine osmolality of SCA patients

on hydroxyurea (418 ± 14.7) was not significantly different from those that were not on

hydroxyurea (461 ± 22), but SCA patients on chronic transfusions showed significantly

higher urine osmolality at 527 ± 32 mOsm/Kg H2O, (P < 0.05; Fig. 1e). While urine

osmolality on first morning urine samples has been shown to be higher than 600 mOsm, it is

pertinent to note that urine osmolality in this study was determined on a random spot sample

and should be interpreted with caution, since lower osmolality may result from a high fluid

intake.

Glomerular filtration rate in patients with sickle cell anemia

GFR, a measure of kidney function, normally ranges from 90 to 125 ml/min/1.73 m2 body

surface area [10]. The GFR values were estimated (eGFR) from plasma cystatin C levels

[11]. After filtration, cystatin C is normally catabolized in the renal tubules and none

appears in the urine, so urine collection methods cannot be used. However, equations have

been developed linking estimated GFR (eGFR) to serum cystatin C levels; and GFR has

been estimated using cystatin C in children with sickle cell disease [9]. GFR estimated from

plasma cystatin C was on the high normal range in young individuals with SCA (Fig. 2a). It

became subnormal only in patients >40 years of age. When eGFR was compared within the

NoA, MiA and MaA groups, we observed that patients with MaA had reduced GFR values

compared to patients with NoA and MiA, although this difference was not statistically

significant due to few patients in the MaA group (Fig. 2b).

Next-generation urinary biomarkers in patients with sickle cell anemia

We measured urinary KIM-1, NAG activity, NGAL, TGF-β, and L-FABP levels,

biomarkers which have been recently identified as useful in different forms of acute and/or

chronic renal injury, and analyzed those across albuminuria levels, after adjusting for age.

Since urine samples were spot samples, all biomarker data was normalized to urine

creatinine.
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Normal NAG activity in urine has been reported to be less than 2 U/l [17]. The urine NAG

activity was elevated above 2U/l in most SCA patients (Fig. 3a). When compared in groups

with different levels of albuminuria, NAG activity was increased above normal even in the

NoA group, and levels increased significantly in patients with MiA (P < 0.005; Fig. 3b). It is

therefore conceivable that elevations in NAG may precede MiA. It was also higher in

patients with MaA as compared with NoA, although the differences were not statistically

significant due to few patients in the MaA group. The potential of NAG as an early

biomarker of SN needs to be confirmed in a longitudinal analysis.

Urine KIM-1 is detected in acute kidney injury. KIM-1 was detected in all SCA urine

samples (Fig. 3c). When urinary KIM-1 levels were compared within the different

albuminuria groups, they were detected at lowest levels in patients with NoA, significantly

increased in patients with MiA (P = 0.005), and further increased in the MaA group (P =

0.0015; Fig. 3d), suggesting this may be another biomarker of relevance in SN that needs to

be confirmed in longitudinal studies.

Surprisingly, urine NGAL levels were significantly subnormal (<50 ng/mL) in most patients

with SCA. NGAL levels did not show any particular pattern with age or with albuminuria

groups. The overall urinary NGAL in most patients were well below levels usually seen in

patients with acute or chronic renal injury (Fig. 4a,b).

Urine L-FABP levels were the highest in the youngest group of 6–12 years old, a group that

had minimal evidence of renal injury, as measured by urine albumin, NAG and KIM-1.

Urine L-FABP also showed no trend with the degree of albuminuria (Fig. 4c,d).

Among the markers tested above, KIM-1, LFABP, and NAG showed no significant

differences associated with gender of patients. However mean NGAL levels were

significantly higher in the females (45 ± 10 ng/mL) than males (20 + 4.5 ng/mL; P < 0.03)

Recently, urine TGF-β levels have been reported to be elevated in patients with sickle cell

disease [18]. We measured TGF-β in the urine of all SCA patients using the methodology

described by Mohtat et al. [18] Except for one sample, TGF-β was undetectable in urine of

all other patients with SCA. We then measured the total urinary TGF-β levels in 12 patients

with NoA, 12 with MiA and all five patients with MaA using a second method. Many of the

urine samples did not have detectable levels. The mean, levels of urine TGF-β were 9.6 ±

2.9, 5.8 ± 2.5, and 7.8 ± 5.1 ng/g creatinine in the NoA, MiA, and MaA groups, respectively

(Fig. 5).

Discussion

In this study, we assessed the degree of SN in a relatively young cohort of patients so

evaluations for novel urine biomarkers of renal damage could be done before gross

nephropathy develops. Our clinical and biochemical data shows that standard renal tests are

not indicative of nephropathy in this disease, and confirm previous reports that prevalence of

albuminuria in SCA increases with age [19–23], and that albuminuria is more commonly

seen in patients with SCA as compared with those with Hb SC or Hb S-β+ thalassemia [21].

Guasch et al. have reported that 70% of adults with SCA have albuminuria, while only 40%
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of adults with other types of sickle cell disease have albuminuria [21]. Our data shows the

same trend, although a lower percentage of SCA patients have albuminuria, due to inclusion

of a younger patient population. A similar frequency of albuminuria has been reported in the

younger patients with SCA [24–26]. Our studies indicate that albuminuria could be a useful,

albeit delayed biomarker of SN. Studies in diabetic nephropathy suggest that glomerular

damage has already commenced when MiA is detected, [27] and not all diabetic patients

who have MiA go on to develop MaA [28]. Whether MiA is a predictable biomarker of

progressive SN can only be determined by a longitudinal analysis. Recently, albuminuria in

SCA has been associated with pulmonary hypertension, [29] suggesting that a common

underlying mechanism that affects that cardio-pulmonary-renal axis may be implicated in

sickle nephropathy and pulmonary hypertension.

Unlike albuminuria, UCD is reported to develop early and universally in patients with SCA

[30–34]. Its onset is dependent on the sickle hemoglobin dosage [32,33]. Our studies

confirm results reported nearly five to six decades back, showing presence of hyposthenuria

in infants and children with SCA [31,33,34]. Hyposthenuria is also observed in older

persons with sickle cell trait [9,30,33]. It is to be noted that urine osmolality was measured

without water deprivation; despite this, patients on chronic transfusion in our cohort showed

significantly improved urine osmolality. Two studies on small numbers of patients have

showed improved osmolality on transfusions when patients were under 10 years or 15 years

of age [33,34]. Since our observations were measured using spot urine samples in the clinic,

the results have been normalized to urine creatinine for all biomarkers. They need to be

interpreted with some caution for urine osmolality. We observed no significant difference in

urine osmolality (or albuminuria) in patients that were on hydroxyurea versus those not on

hydroxyurea, consistent with an earlier report on lack of effect of hydroxyurea on

albuminuria in Hb SC patients [35]. However, it is likely that the hydroxyurea group of

patients is a biased set of patients with more severe disease. Hence the data are not directly

comparable, unless a prospective study is done. Perhaps the BABY-HUG cohort [36] will

shed light on the role of hydroxyurea in reducing hyposthenuria.

The Predictive Safety Testing Consortium (PSTC), a collaborative consortium between

industry, academia, the FDA and EMEA, performed studies on a rat renal injury model to

identify the next generation renal biomarkers, and has recently published its detailed report

[11–14]. We explored these new generation urinary biomarkers in SCA, simulating an

outpatient setting with spot urine samples.

NAG is a lysosomal enzyme that is constitutively expressed in proximal tubular epithelial

cells, and released in the urine when there is proximal tubular injury. It has been found to

independently predict development of albuminuria in diabetes [11]. Voskaridou et al.

showed that in Hb S-β thalassemia patients, NAG activity was a reliable predictor of

proteinuria [17]. Our data shows that increased NAG is also observed in some patients with

NoA and is associated with increasing albuminuria, corroborating its role as a potential

biomarker for SN. Our data also suggest that despite supra-normal proximal tubular function

in SN, concomitant proximal tubular damage must exist, leading to the increase in NAG

release.
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KIM-1 is a proximal tubular trans-membrane protein and has been shown to be expressed in

fibrotic areas of damaged kidneys. KIM-1 is not expressed in normal kidneys but

upregulated in de-differentiated proximal tubules after ischemic and nephrotoxic injury [11].

Ischemia-reperfusion is a well-recognized pathophysiology in sickle cell disease. Therefore

we explored the role of KIM-1 as a potential urinary biomarker of SN. Several studies on

acute kidney injury have indicated the usefulness of this marker in predicting adverse

outcomes. However its usefulness in chronic kidney disease is still being debated. KIM-1

has been found to be elevated in various types of glomerulonephritis, chronic allograft

nephropathy, and hypertension, but its levels have not been shown to correlate with

proteinuria. Our data indicates that KIM-1 has a strong association with increasing

albuminuria in SCA, and appears to be a promising biomarker of SN. This is perhaps

reflective of patchy regeneration of proximal tubule cells that might accompany this form of

chronic nephropathy. Lowering of urinary KIM-1 and NAG levels have been shown to be

associated with the regression of MiA in type 1 diabetes mellitus [37].

However, it was surprising that urinary NGAL levels were subnormal in the majority of our

SCA patient population, given that almost all of them show evidence of damage to the loop

of Henle, manifest as hyposthenuria, and a proportion of them have albuminuria. NGAL is

normally present in the systemic circulation, but only very small amounts are normally

expressed in the kidney, and therefore very small quantities are normally detected in the

urine. NGAL is one of the earliest molecules that is most upregulated in the loop of Henle

and collecting duct segments after ischemic or nephrotoxic acute kidney injury, leading to

markedly increased concentrations in the urine. While systemic NGAL is normally freely

filtered across the glomerulus, it is largely and efficiently reabsorbed in proximal tubules

[11,16]. Proximal tubular function is supra-normal in SCA, and it is likely that any filtered

NGAL may be reabsorbed much more efficiently, resulting in subnormal urinary NGAL

levels in SN. Alternately, other unidentified mechanisms peculiar to SCA may explain the

low urinary NGAL levels. For example, the same pathology that leads to damaged distal

nephron cells and hyposthenuria in SN may also preclude any ability of these cells to induce

NGAL expression, even under conditions of renal stress. Thus, the characteristically low

urine NGAL concentration in SN may play a more important role in excluding other forms

of chronic kidney disease where increased urine NGAL is a reliable predictor of progression

[11,16].

Elevated renal TGF-β signaling is well established in diabetic nephropathy and in

hypertension. Urinary TGF-β levels have also been shown to be increased in diabetic

patients and other forms of renal disease, with the highest levels seen in obstructive uropathy

[38,39]. Tubular damage has been implicated with high urine TGF-β, more than

glomerulopathies [38]. Increased TGF-β activity in the kidneys has not been shown in sickle

cell disease, despite that fact that polymorphisms in genes in this pathway have been shown

to be associated with stroke, priapism, GFR, and pulmonary hypertension [40–44]. Most

recently, Mohtat et al. have reported elevated urine TGF-β levels in patients with sickle cell

disease. Notably, they also showed an inverse correlation of urine TGF-β levels with

increasing age, a finding incongruous to increasing SN with age [18]. In our study, urinary

TGF-β was present at very low to undetectable levels in our patient population and showed

no association with the degree of albuminuria. Perhaps, a larger study with determination of
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TGF-β in a 24-hr urine collection would yield definitive results on the role of urinary TGF-β

in sickle cell disease.

L-FABP seemed to show a negative correlation to age and albuminuria. L-FABP levels

decreased with age, a finding that was unexpected and contrary to that predicted with

increasing kidney damage. L-FABP is thought to be an endogenous antioxidant that

suppresses tubulo-intestinal damage and is a marker of chronic kidney damage and its

progression [11]. Therefore, decreasing levels of L-FABP with increasing albuminuria is

unexpected in SCA, given the high oxidant state in this disease, and is a distinct finding

ruling out its value as a biomarker for SN. L-FABP, like creatinine, may not be an important

diagnostic tool for analyzing renal injury in SCA.

Currently there are no clinical tests readily available for L-FABP, KIM-1, and NGAL.

However a chemiluminescent microparticle immunoassay has been developed for urine

NGAL (ARCHITECT analyzer, Abbott Diagnostics, Abbott Park, IL), that is undergoing

multicenter validation [45]. Use of KIM-1 as a biomarker for renal injury is also being

undertaken in several preclinical and some clinical trials [46].

In conclusion, the molecular mechanisms behind renal damage in SCA are unknown. It is

believed that renal injury is mainly from glomerular damage that manifests itself as

proteinuria, [47] and UCD is mainly reflective of distal tubular damage, presumed to be

secondary to the hypoxic hyperosmotic medullary environment that promotes sickling,

causing progressive damage to the vasa recta and tubules. However, not all patients with

SCA develop SN, and standard renal parameters become abnormal very late in the course of

SN, necessitating screening tools/biomarkers to predict renal damage before it becomes

irreversible. Our data shows a distinct biomarker pattern in SCA, identifying KIM-1 and

NAG as two potential biomarkers of early SN. Our data also suggests cystatin C may be a

good estimate of GFR in SCA and confirms existing data on SN using conventional renal

parameters. It also emphasizes the need for longitudinal analysis of MiA, KIM-1, and NAG

for their potential as screening tools for SN. A noninvasive urine biomarker analysis at

routine clinic visits that can predict SN will allow early diagnosis and effective therapeutic

interventions to prevent progression of renal damage and end stage renal disease.
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Figure 1.
Urine albumin and osmolality in patients with sickle cell anemia and other forms of sickle

cell disease (a) Albuminuria in patients with SCA (Hb SS disease) and other forms of sickle

cell disease (Hb SC and Hb S-β+ thalassemia; other SCD). The percentage of patients with

NoA, MiA, and MaA is indicated on the right and the three albuminuria groups are

separated by dotted lines. (b) Prevalence of albuminuria in SCA patients on hydroxyurea

(HU), on chronic transfusions (Txn) or on neither HU nor Txn (No HU/Txn). The three

albuminuria groups are separated by dotted lines. Each symbol in panels (a) and (b)

represents an individual patient. Open symbols = NoA, gray symbols = MiA, black symbols

= MaA. (c) The degree and prevalence of albuminuria at different ages in patients with SCA.

Column bars represent a specified age group with open bar = NoA, gray bar = MiA and

black bar = MaA. (d) Urine osmolality in patients with SCA across different age groups. (e)

Urine osmolality in SCA patients on HU, Txn or No HU/Txn. Each symbol represents an

individual patient. Numbers listed above each group or bar represent the number of patients

in each group in all panels.
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Figure 2.
Plasma Cystatin C Estimated GFR (eGFR) in patients with SCA (a) across different age

groups and (b) different albuminuria groups. Values between dashed lines in panel (a)

represent normal GFR values. Numbers of patients in each age group (n) is listed above both

panels and the mean ± SEM of eGFR in the NoA, MiA, and MaA groups are listed above

the columns in panel (b).
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Figure 3.
Urine N-acetyl-b-D-glucosaminidase (NAG) Activity and Kidney Injury Molecule-1

(KIM-1) Levels in Patients with SCA. (a) NAG activity across different age groups and (b)

different albuminuria groups. Values below the dashed line represent normal NAG levels

reported. (c) KIM-1 levels across different age groups, and (d) different albuminuria groups.

Numbers of patients in each age group (n) is listed above the graphs and the mean ± SEM of

NAG activity and KIM-1 levels in the NoA, MiA, and MaA groups are listed above the

columns in panel b and d, respectively. Statistically significant differences between the

albuminuria groups, adjusted for age are shown with the corresponding P value.
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Figure 4.
Urine neutrophil gelatinase-associated lipocalin (NGAL) and liver-type fatty acid binding

protein (L-FABP) levels in patients with SCA. (a) NGAL levels across different age groups

and (b) different albuminuria groups. (c) L-FABP levels across different age groups and (d)

different albuminuria groups. Numbers of patients in each age group (n) is listed above the

graphs. The mean ± SEM of NGAL and L-FABP levels in the NoA, MiA, and MaA groups

are listed above the columns in panel (b) and (d), respectively.
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Figure 5.
Urine TGF-β Levels in patients with SCA with different levels of albuminuria. (a)Total

TGF-β was measured in a dozen urine samples in the NoA, MiA groups and all samples in

the MaA groups. Mean ± SEM are depicted above the groups. (b) Active TGF-β levels in the

urine in all SCA patients. Number of urine samples analyzed from each group is shown

above the graph. No active TGF-β was detectable in 89 samples and one sample showed

detectable levels of TGF-β. The standards used for both types of ELISAs showed the

expected levels of TGF-β (The correlation coefficient (r2) for the standard curve for the

ELISA assays was 0.988 for panel (a) and 0.99 for panel (b).
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