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Abstract
The early stages of sickle cell nephropathy (SCN) manifest in children with sickle cell anemia (SCA) as hyperfiltration and proteinuria.
The physiological conditions of the renovascular system are among the most conducive to hemoglobin S polymerization in the body
and will magnify small changes in red cell volume thus crucially modulating intracellular concentrations of hemoglobin S. This large
cross-sectional study of children with sickle cell anemia measured glomerular filtration rates and microalbuminuria to report
prevalence, clinical correlates and uniquely, association with key red cell cation transport mechanisms. One hundred and twelve
patients (mean age 10.7±4.1) were recruited. The prevalence of hyperfiltration and microalbuminuria was 98% and 15.1%,
respectively. Glomerular filtration rates did not vary with age, but proteinuria became more prevalent with increasing age. Both
features associated with markers of hemolysis, while elevated hemoglobin F was protective, but no association was seen with systolic
or diastolic blood pressure. In multivariate analysis, both Gardos channel (b=0.476, P<0.001) and KCl co-transporter (KCC; b=�
0.216, P=0.009) activity, alongside age (b=0.237, P=0.004), remained independently predictive for microalbuminuria. Increased
activity of Gardos channel and Psickle positively associated with microalbuminuria, while increased KCC activity associated with a
reduction in microalbuminuria. This study demonstrates a direct link between the abnormally active red cell cation transport systems
in sickle cell disease and sickle organopathy. Small variations in the activity of these transport mechanisms predict for SCN and
measurement of them may help identify those at risk, while pharmaceutical manipulation of these excessively active systems may
ameliorate their risk.
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Introduction
Sickle cell anemia (SCA) is one of the most common monogenic
disorders in the world. It arises from a single point mutation
(c.A20T, p.Glu7Val), in the b globin gene, which causes
hemoglobin polymerization and abnormal red cell conforma-
tions, leading to vessel occlusion and ischemia-reperfusion injury.
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The disease is characterized by severe episodes of pain and
dysfunction of virtually every organ system in the body.
However, there is significant variation between patients in the
severity of this condition.1 As yet, it is not possible to reliably
identify those individuals most at risk of developing the more
severe complications of SCA, including renal damage.
Progressive renal damage, termed sickle cell nephropathy

(SCN) occurs in up to one-third of all patients and is strongly
associated with increased mortality.2 Clinical manifestations
begin early in childhood with glomerular hyperfiltration,
hyposthenuria, and distal renal tubular acidosis initially, and
albuminuria developing subsequently. The incidence of hyper-
filtration and albuminuria in children has been previously
reported as 76%, and 15.9%, respectively.3 Hyperfiltration
can develop as early as 12 months of age with an age-dependent
increase until the second decade of life, whereas albuminuria
generally only develops in the second decade of life.3–6 A
significant number of such patients go on to develop renal failure
as adults, requiring dialysis or transplantation.7 Patients with
SCA have a lowered life expectancy but while more sophisticated
medical provision has extended their lifespan, the proportion of
patients progressing to chronic organ damage including SCN has
consequently increased.8
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Although the full pathophysiology of SCN is incompletely
understood, the kidney microenvironment presents conditions
favorable toward sickle hemoglobin polymerization. Such
polymerization is influenced by the local oxygen tension and
promoted by both acidosis, which decreases the oxygen affinity of
hemoglobin S (HbS), and hypertonicity, which encourages
erythrocyte dehydration by osmosis, thereby increasing red
blood cell (RBC) HbS concentration. The importance of RBC
HbS concentration in the development of HbS fibers has long
been recognized.9 As deoxygenated RBCs squeeze through the
microvasculature, there is a lag time before the formation of HbS
fiber polymers. Most of the time, the red cells escape the hypoxic
microcirculation before this point and do not trigger sickling of
the red cell. However, the delay time to polymerization is highly
dependent on intracellular HbS concentration. This lag time is
inversely proportional to a high power of [HbS] meaning a little
solute loss and dehydration resulting in a small rise in [HbS]
markedly encourages sickling. Within the kidney, high oxygen
consumption leads to increased hypoxemia. The blood is
particularly acidic and hypertonic and the blood flow is slowed
as it passes through the medullary vasa recta. Together, these
factors contribute to a shorter HbS polymerization lag time, and a
longer period within the microvasculature in the kidney.
Given the importance of solute loss and red cell dehydration, it

is clear HbS polymerization will be heavily influenced by the
activity of cation transport of the red blood cell membrane. Sickle
RBCs have unusually high permeability to cations, compared
to normal RBCs. Three transport mechanisms are primarily
responsible for this aberrant state.10 They are the KCl co-
transporter (KCC), which mediates obligatory coupled K+ and
Cl� efflux; an ill-defined cation conductance, sometimes referred
to as Psickle, which is activated by deoxygenation, HbS
polymerization and red cell shape change; and the Gardos
channel, a Ca2+-activated K+ conductance, stimulated in
particular by Ca2+ entry via Psickle. Solute loss via these transport
systems causes RBC dehydration and elevation of intracellular
[HbS] leading to a greatly increased propensity to polymerize
with a shorter lag time.
Small, inherited variation in the activity of these transporters

would cause similar variation in an individual’s HbS polymeri-
zation lag time and thus propensity to microvascular occlusion
and tissue damage. We predict that this variation would be most
marked in the renal system given the unique conditions that the
red blood cells are exposed to as they pass through the medullary
vasculature. We therefore investigated the hypothesis that
children with increased red cell cation transport activity would
be predisposed toward early renal damage, in the form of
hyperfiltration and microalbuminuria.
Methods

Patients

One hundred and twelve children (>4 years old) with SCA
(HbSS) attending the Pediatric Hematology clinic at King’s
College Hospital, London, UK, were recruited for the study.
Patients transfused in the preceding 4 months or taking
medications known to alter RBC permeability (eg, dipyridamole
and Ca2+ channel blockers) were excluded, but the study included
those on hydroxyurea (HU). All patients were in the steady state,
and had been without acute symptoms for at least 7 days.
Standard laboratory parameters, together with age, height,
weight, and blood pressure were recorded. GFR was calculated
2

using the Schwarz method if age �17 and MDRD, allowing
adjustment for ethnicity, if >17 years of age.12 Both systolic and
diastolic blood pressure recordings were compared with the
reference ranges established for a pediatric cohort with SCA13 and
categorized as normo- or hypertensive for both measurements.
Laboratory assays

RBC samples were washed in simple 3-(N-morpholino) propane-
sulfonic acid (MOPS)-buffered saline, comprising (in mM): 140
NaCl, 5 KCl, 1.1 CaCl2, 10 MOPS, 5 glucose, pH 7.4 at 37°C.
Oxygen tension was controlled using a Wösthoff gas mixing
pump with RBCs incubated in Eschweiler tonometers. RBC
permeability was assessed using radioactive tracers (86Rb+) to
measure activity of the main cation transport systems involved in
RBC dehydration: KCC, Gardos channel and Psickle. KCC was
measured as Cl�-dependent K+ transport using NO3

� to
substitute for Cl�. The Gardos channel was measured as
clotrimazole-sensitive K+ transport. Psickle is defined as the
deoxygenation-induced Cl�-insensitive K+ transport in the
continued presence of clotrimazole. This method separates
Gardos channel activity from that of Psickle. Assays were carried
out in the presence of ouabain and bumetanide to exclude any
contribution of flux via the other 2main RBC cation transporters,
the Na+/K+ pump and the Na+-K+-2Cl� cotransporter. The
concentration for the respective inhibitors was as follows: 5mM
for clotrimazole, 10mM for bumetanide, and 100mM for
ouabain. For full details of methods, see Hannemann et al.14
Statistical analysis

Statistics were performed using IBM SPSS, New York, USA.
Variables were approximated to normal distribution using
logarithmic transformation if necessary. Simple linear regressions
were performed for each parameter to search for potential
correlation with estimated glomerular filtration rate (eGFR) and
albumin/creatinine ratio (ACR). For binary variables, indepen-
dent t tests were calculated. Multiple linear regressions were used
to explore models that better predicted each outcome variable.
All variables that were significantly correlated with the outcome
of interest (P<0.05), were considered in each regression. Models
were built with a forward stepwise approach. The final models
included the variables that remained significantly associated with
eGFR or ACR after adjustment for the other variables in the
models. R-squares (R2) were used as measures of variance
explained by the models.
Results

A total of 112 patients were recruited to the study. All children
hadHbSS genotype. The mean age was 10.7±4.1 years (range 4–
19 years). There was an even split of gender within the cohort.
The clinical profile of the patients is summarized in Table 1.
The exact definition of glomerular hyperfiltration is not well

established and ranges from 125 to 175mL/min/1.73m2.15 Age
and ethnicity are important factors in determining an appropriate
threshold. Pediatric studies have demonstrated thresholds
between 130 and 140mL/min/1.73m2 are most commonly
used,16 while another retrospective review established 135mL/
min/1.73m2was appropriate in all children.17 A study looking at
African American adults determined hyperfiltration as a GFR>
140mL/min/1.73m2.18 We therefore chose this higher threshold
for our current study. Hyperfiltration was observed in 109 out



Table 1

Clinical Profile of Patients

Clinical Parameter
Number

of Patients Median Range

Age, y 112 10.7 4–19
Height, cm 112 141.7 97–181
Weight, kg 112 32.3 13–83
Sex Male—57; Female—55
Hydroxyurea Yes—43; No—69
Hb, g/dL 112 8.38 6.1–10.8
MCH, pg 112 28 19–39
MCHC, g/L 112 320 290–350
MCV, fL 112 85.4 63–121
Absolute retic, �109/L 112 373.65 121.0–790.0
Reticulocyte % 112 12.45 3.29–26.00
Neutrophils, �109/L 112 4.5 1.58–19.3
HbF (%) with HU 43 8.9 0.8–24.6
HbF (%) without HU 69 8.0 1.1–24.3
Bilirubin, mg/dL 112 2.28 0.76 –10.12
AST, IU/L 112 50.4 18.0–97.0
LDH, IU/L 112 578 318–868
Creatinine, mmol/L 112 29.6 13.0–90.0
eGFR, mL/min/1.73m2 112 237.7 118.6–415.8
ACR, mg/mmol 106 0.79 0.31–44.58
Systolic BP, mmHg 109 113 80–142
Diastolic BP, mmHg 109 67 47–81
Systolic BP>90th centile 32
Diastolic BP>90th centile 13
KCC activity (K+ influx mmol,

L cells.h)�1
111 2.46 0.35–6.01

Gardos Channel Activity (K+ influx
mmol, L cells.h�1)

111 0.74 0.01–5.10

Psickle activity (K
+ influx mmol,

L cells.h�1)
111 0.88 0.31–1.88

ACR= albumin/creatinine ratio, AST= aspartate transaminas, BP=blood pressure, eGFR=estimated
glomerular filtration rate (calculated by Schwarz method for age �17 and MDRD for >17 years of
age), Hb=hemoglobin, HbF=hemoglobin F, HU=hydroxyurea, LDH= lactate dehydrogenase,
MCH=mean cell hemoglobin, MCHC=mean cell haemoglobin concentration, MCV=mean cell
volume. Figure 1. (A) Estimated glomerular filtration rate (eGFR) measurements by

subset of age. (B) Percentage prevalence of proteinuria, defined as urinary
albumin/creatinine ratio >3mg/mmol, by subset of age. Age categories: 2–5
years (n=22), 6–9 years (n=29), 10–14 years (n=37), >14 years (n=28).
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of 112 patients (98%). The mean eGFR was 249±56mL/min/
1.73m2 (range 118.6–415.8). There was no significant change in
the eGFR measurements with age (Fig. 1A). Urinary ACR was
measured in 106 patients. Microalbuminuria defined as an ACR
>3mg/mmol is established in adult populations and this
is commonly used in the pediatric population too.19 A large
US-based study20 confirmed the appropriateness of this thresh-
old. By this definition, 16 had proteinuria (15.1%). The age
range was 9 to 19 years and the prevalence increased with
age (Fig. 1B). In patients over the age of 14 years, the prevalence
was 28.5%.
Correlations of eGFR and ACR with the other clinical

measurements taken at the same time were assessed (Table 2).
In univariate analysis, statistically significant associations
between eGFR and markers of hemolysis were seen. Specifically,
there was an inverse relationship with steady state hemoglobin
(Hb) (r=�0.34, P<0.001) and mean cell hemoglobin concen-
tration (MCHC) (r=�0.254, P=0.007) and a positive correla-
tion with reticulocyte percentage (r=0.35, P<0.001), bilirubin
(r=0.22, P=0.019), and aspartate transaminase (AST) (r=
0.199, P=0.036). In multivariate regression of the factors
determining eGFR, only steady state Hb (b=�0.252, P=0.012)
and reticulocyte percentage (b=0.221, P=0.027) remained
independently predictive (R=0.401, R2=0.161, F(2,107)=8.4,
P<0.001).
3

In univariate analysis, ACR similarly correlated with low Hb,
high reticulocyte percentage and bilirubin, and age (r=�0.197,
P=0.042, r=0.22, P=0.021, r=0.253, P=0.009, r=0.308, P=
0.001, respectively). In this cross-sectional dataset we found that,
with the exception of 1 patient, microalbuminuria was present
only in patients older than 10 years of age. This finding is
consistent with previous reports.4,6,21 To ensure the data
collected for children below this age group were not distorting
the results, we further analyzed the subset of children over the age
of 10 years. In this group of 65 patients, the same associations
were found, but with stronger correlation coefficients (data not
shown). In multivariate analysis, only age (b=0.511, P=0.001)
and steady state Hb (b=�0.119, P=0.05) were independently
significant (R=0.356, R2=0.127, F(2,103)=7.478, P=0.001).
There was no correlation with systolic or diastolic hypertension,
use of HU or persistence of enuresis beyond 5 years of age with
either eGFR (P=0.283, P=0.282, P=0.765, P=0.385, respec-
tively) or ACR (P=0.540, P=0.836, P=0.458, P=0.559,
respectively) (Table 2).
Alongside routine clinical measurements, red cell cation

transport activities were measured. Renal medullary hypoxia is

http://www.hemaspherejournal.com


Table 2

Univariate Analysis of Estimated GFR and Albumin/Creatinine Ratio With Measured Clinical Parameters

eGFR ACR ACR in patients >10 years old

Clinical Parameter r coefficient P r coefficient P R coefficient P

Hb steady state �0.341 <0.001 �0.197 0.042 �0.308 0.014
MCHC �0.254 0.007 0.177 0.069 0.234 0.065
MCH �0.085 0.376 0.092 0.345 0.034 0.791
MCV �0.025 0.797 0.068 0.489 �0.004 0.976
Absolute retic 0.337 <0.001 0.096 0.323 0.161 0.208
Reticulocyte % 0.352 <0.001 0.223 0.021 0.291 0.021
Neutrophils �0.026 0.789 �0.029 0.768 0.021 0.873
Bilirubin 0.222 0.019 0.253 0.009 0.241 0.057
AST 0.199 0.036 �0.053 0.590 0.042 0.746
LDH 0.166 0.082 0.130 0.181 0.228 0.072
HbF �0.247 0.009 �0.119 0.224 �0.135 0.293
Age �0.082 0.393 0.309 0.001 0.283 0.024
Hydroxyurea use 0.765 0.395 0.458
Enuretic at 5 years 0.385 0.767 0.559
Gender 0.157 0.413 0.783
Systolic hypertension 0.283 0.507 0.540
Diastolic hypertension 0.282 0.164 0.836

Pearson correlation coefficient calculated for continuous variables. Where non-normal distributions were seen, logarithmic transformation was performed. t Tests performed to compare means of categorical data
sets (last 5 rows). Subset analysis of patients older than 10 years of age was also performed for ACR to verify the associations seen as the prevalence of microalbuminuria (ACR>3mg/mmol) detected below this
age was very low.
ACR = albumin/creatinine ratio; AST= aspartate transaminas, eGFR= estimated glomerular filtration rate, Hb=hemoglobin, HbF=hemoglobin F, LDH= lactate dehydrogenase, MCH=mean cell hemoglobin,
MCHC=mean cell haemoglobin concentration, MCV=mean cell volume.
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well recognized; studies in rat and renal medullas have reported
physiological oxygen tensions of between 15 and 30mmHg.22

We measured transport activities at an oxygen tension of
35mmHg to assess red cell physiology under similar conditions
(Table 3). eGFR showed a modest positive correlation with
Gardos channel (r=0.234, P=0.002) and Psickle (r=0.326, P=
0.005) but no association with KCC activity (r=0.098, P=
0.309). ACR demonstrated similar positive associations with
Gardos channel (r=0.246, P=0.013) and Psickle (r=0.207, P=
0.033) activity, but in contrast, KCC activity was negatively
associated with ACR (r=�0.334, P=0.007). Again, looking at
the subset of older children, with respect to ACR, all above
association remained statistically significant and the correlation
coefficients strengthened. Figure 2 demonstrates the variation in
cation transport activity between patients with proteinuria,
defined as ACR >3mg/mmol, and those without. Activity levels
via both Gardos channel and Psickle were higher in patients with
microalbuminuria (P=0.029, P=0.025, respectively), while
KCC activity was significantly lower (P=0.003).
When the cation transport variables were added to the previous

multivariate regressionmodels, the significant predictors of eGFR
were unchanged, namely lower steady state Hb (b=�1.35, P=
0.014) and higher reticulocyte percentage (b=0.1, P=0.026).
However, the model for ACR prediction changed. Gardos
Table 3

Univariate Analysis of Estimated GFR and Albumin/Creatinine Ratio W

eGFR

Cation Transport System Activity (at 35mmHg O2) r coefficient P

KCC 0.098 0.309
Gardos channel 0.234 0.017
Psickle 0.326 0.001

Pearson correlation coefficient calculated for continuous variables. Where non-normal distributions were se
was also performed for ACR to verify the associations seen as the prevalence of microalbuminuria (ACR
ACR= albumin/creatinine ratio, eGFR=estimated glomerular filtration rate, KCC=potassium/chloride co
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channel (b=0.476, P<0.001) and KCC (b=�0.216, P=0.009)
activity, alongside age (b=0.237, P=0.004) were the only
independent predictors (R=0.600, R2=0.360, F(3,101)=
18.903, P<0.001). Moreover, the R2 value has markedly
improved to demonstrate a superior predictive model of ACR
than that by age and steady state Hb alone.
Correlation of the cation transport activities, at 35mmHg

oxygen tension, with the clinical parameters were assessed
(Table 4). Both Gardos channel and Psickle activity showed
moderate to strong correlation with markers of hemolysis,
namely low Hb (r=�0.414, P<0.001 and r=�0.562 P<
0.001), high reticulocyte percent (r=0.589, P<0.001 and r=
0.676, P<0.001), bilirubin (r=0.355, P<0.001 and r=0.384,
P<0.001), AST (r=0.345, P<0.001 and r=0.373, P<0.001),
and lactate dehydrogenase (LDH) (r=0.299, P=0.001 and r=
0.320, P=0.001) as well as a negative associate with HbF level
(r=�0.327, P<0.001 and r=�0.394, P<0.001), but no
association with age. Gardos channel also showed correlation
with MCHC (r=0.199, P=0.042). KCC activity showed a
different pattern. There was a negative association with steady
state Hb (r=�0.245, P=0.010) and MCHC (r=�0.353,
P<0.001) but no association with hemolytic markers. There
was also a statistically significant negative association with age
(r=�0.192, P=0.045) and HbF levels (r=�0.206, P=0.032).
ith Red Cell Cation Transport Systems

ACR ACR in Patients > 10 Years Old

r coefficient P r coefficient P

�0.260 0.007 �0.334 0.007
0.246 0.013 0.334 0.009
0.207 0.033 0.282 0.025

en, logarithmic transformation was performed. Subset analysis of patients older than 10 years of age
> 3mg/mmol) detected below this age was very low.

-transporters.



Figure 2. Comparison of red cell transport system activity measurements in
the presence or absence of microalbuminuria: (A) Gardos channel, (B) Psickle

conductance, (C) KCl co-transporter (KCC).

(2017) 1:1 www.hemaspherejournal.com
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Unsurprisingly, given the above associations, Psickle and Gardos
channel demonstrated strong correlation with each other (r=
0.74, P<0.001) but KCC did not have statistically significant
association with either of the other 2 cation transport
mechanisms.
Discussion

This study recruited a large cohort of patients with sickle cell
anemia to investigate causes and associations of early sickle
nephropathy.
The primary finding of this study is that in multivariate

regression analysis, Gardos channel and KCC activity, along with
age, are the most significant predictors of ACR, independent of
routine clinical measurements. This 3 variable model accounted
for 36% of the variability in ACR seen.
Of interest is the divergence of measured activities seen

between the 3 cation transport systems. Gardos channel and
Psickle show strong concordance with each other (R=0.74, P<
0.001) and both positively correlate with microalbuminuria
measurements as our hypothesis would suggest. Conversely,
KCC activity shows no concordance with the other 2 cation
transport systems and inversely associates with microalbumi-
nuria, that is, increased KCC activity measurement represents a
renoprotective state. When multivariate analysis was applied to
the channel activities, Gardos and Psickle were clearly co-linear
variables, whereas KCC was not predicted by either of the other
channel activities suggesting its independence (data not shown).
KCC activity was predicted to some extent by patient age. This
fall in activity with increasing age is previously observed yet
poorly understood.23 Some of the association between high KCC
activity and low ACR may be related to this phenomenon,
although the multivariate analysis suggests that age and KCC
independently effect ACR, at least to some extent. The physiology
underpinning this divergence of influence of the cation channels is
unclear and warrants further investigation. Psickle and Gardos
channel are thought to mediate red cell dehydration through
different mechanisms and under different conditions to KCC.10

Psickle activity leading to increased Gardos channel activity are
more directly related to HbS polymerization. KCC, however,
with its complex mechanisms of regulation involving multiple
conjugate pairs of protein kinases and phosphatases, and
intracellular Mg2+ levels, is less so.24 KCC, a volume-sensitive
transport system, is present in normal RBCs, but only active in
large, young RBCs contributing to solute loss, red cell shrinkage
and maturation from reticulocyte to mature erythrocyte. In SCD,
activity is around 50-fold higher, partly due to increased
expression, but primarily through abnormal regulation. Activity
is also highest in larger, less dense and younger RBCs.25 In our
study, the negative association of KCC with MCHC seen may
reflect this characteristic. Moreover, KCC activity is at its lowest
at low oxygen tensions of around 30mmHgO2, such as that seen
in the renal medulla26 whereas Psickle and Gardos both increase
activity with increasing hypoxia.14 Thus, KCC activity is unlikely
to be a final precipitator of renal insult, whereas both Psickle and
Gardos will be far more susceptible to the unique conditions of
the renal medulla. Previous studies have demonstrated that
increased circulating dense RBCs associate with markers of
hemolysis and sickle complications, in particular renal dysfunc-
tion.27,28 Given KCC activity is recognized to be lower in this
subpopulation, an overall net reduction in KCC activity will be
observed in a patient with a higher proportion of these dense

http://www.hemaspherejournal.com


Table 4

Correlation of Red Cell Cation Transport Systems With Measured Clinical Parameters

Psickle Gardos Channel KCC

Clinical Parameter r coefficient P r coefficient P r coefficient P

Hb �0.562 <0.001 �0.414 <0.001 �0.245 0.010
MCHC 0.026 0.788 0.148 0.122 �0.424 <0.001
MCH 0.139 0.146 0.171 0.072 �0.245 0.010
MCV 0.149 0.118 0.165 0.083 �0.223 0.019
Absolute retic 0.473 <0.001 0.328 <0.001 0.205 0.031
Reticulocyte % 0.676 <0.001 0.589 <0.001 0.044 0.646
Neutrophils 0.087 0.363 0.131 0.170 0.147 0.126
Bilirubin 0.384 <0.001 0.355 <0.001 �0.110 0.252
AST 0.373 <0.001 0.345 <0.001 0.028 0.772
LDH 0.320 0.001 0.299 0.001 �0.142 0.140
HbF �0.394 <0.001 �0.327 <0.001 �0.206 0.032
Age 0.033 0.730 0.106 0.267 �0.192 0.045
HU medication 0.858 0.679 0.363

All correlations are with transport activities measured at 35mmHg oxygen.
Pearson correlation coefficient calculated for continuous variables. For binary variables, independent t-tests were performed. Where non-normal distributions were seen, logarithmic transformation was performed.
AST= aspartate transaminase, Hb=hemoglobin, HbF=hemoglobin F, HU=hydroxyurea, LDH= lactate dehydrogenase, MCH=mean cell hemoglobin, MCHC=mean cell haemoglobin concentration, MCV=
mean cell volume.

Brewin et al. Early markers of sickle nephropathy in children with sickle cell anemia are associated with red cell cation transport activity
RBCs. In contrast to KCC activity, Gardos channel activity
associates with increased MCHC and both Gardos Channel and
Psickle activity associate with markers of hemolysis and both are
positively associated with microalbuminuria. Together, this
suggests that microalbuminuria is precipitated by an increased
population of older denser RBCs in the circulation, driven by
Gardos channel and Psickle mediated cation loss. The reduced
KCC activity measured possibly reflects the altered constitution
of the RBC population as a whole, namely a greater population of
small dense RBCs, relative to the large young RBCs. Further
studies are clearly required to understand and investigate this
interplay better.
The eGFRmeasurements in our study were significantly higher

than that previously reported in the literature. We found the
prevalence of hyperfiltration to be 98%, higher than that
reported previously of around 75%.3,29 We also did not see the
previously reported trend of rising GFR in the first decade of life,
followed by a gradual fall late in the second decade. Studies
comparing measured and calculated methods have demonstrated
that eGFR using Schwarz method overestimates the GFR,
similarly, the MDRD formula is recognized to be least precise
when calculating high values of GFR. These estimation errors
may therefore explain the discrepancy. This may also influence
the strength of the conclusions drawn from the clinical and cation
transport data. Although univariate analysis demonstrated that
Gardos channel and Psickle activities, were significantly associated
with eGFR, these variables did not influence the final model in
multivariate regression. The multivariate model, including steady
state Hb and reticulocyte percentage, was poorly predictive of
eGFR, only accounting for 16% of the variability of eGFR. A
further consideration with regard to GFR is the unknown
significance of hyperfiltration in SCN, which may either be a
cause of SCN, or a compensatory mechanism in response to early
SCN. Reduction in functioning renal nephrons, perhaps due to
papillary necrosis, leads remaining nephrons to hypertrophy and
increase filtration.30 Additionally, the significance of the hyper-
dynamic blood flow consequent on the chronic anemia should
not be overlooked. A third of patients with thalassemia and
predominantly those who were not transfused also have
hyperfiltration.31 Further longitudinal data are required to fully
6

understand the intricacies of this phenomenon in sickle cell
disease and a more refined method for accurately estimating GFR
from other biochemical markers such as creatinine and cystatin
C.
Although the primary objective of this study was to assess the

role of cation transport activity with respect to SCN, this was a
comparatively large cohort study and it is worth reflecting on the
clinical associations seen. The incidence of proteinuria was
similar to that previously reported,5,6 as was the age of onset
being predominantly after the age of 10 years.4,32 For
comparison, a large cross-sectional study established a rate of
9.5% in healthy children between 6 and 19 years of age,20 while
another study specific to Nigerian school children reported a rate
as high as 33%,33 although this study was significantly flawed in
that it did not establish basic phenotype data such as SCA status.
As has been previously reported, there was a modest association
of both eGFR and proteinuria with hemolytic markers. However,
contrary to other studies, we did not find any association with
neutrophil count.3,4 We also did not find an association with
hypertension and either eGFR or microalbuminuria which has
been previously reported.3,5 Blood pressure in our group was
adjusted for age, gender, and height and matched to disease-
specific reference ranges to identify hypertension; however, as
blood pressure was only recorded at 1 visit the readings are
difficult to interpret. We also found no associations with the use
of HU, suggesting that neither hyperfiltration nor proteinuria are
linked to SCA symptoms used to select patients for this therapy,
although it is difficult to establish this from our cross-sectional
study and impossible to know the effect HU therapy has had on
these measures. Previous reports have shown HU administration
reduces glomerular hyperfiltration, and also improves micro-
albuminuria.28,34,35 Moreover, the difference in HbF% between
the subpopulation of patients on HU was not significantly
different to those not prescribed HU. Compliance with this
medication is a well-recognized problem, especially in the
pediatric population. This study did not take account of such
confounders, looking only at whether it was being prescribed to
determine status. This possibly also explains why no variation in
cation transport activities was seen between patients on HU and
those not.
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Red cell dehydration is one of the fundamental pathological
processes in sickle cell disease, directly influencing HbS
polymerization, and contributing to the increased red cell
rigidity, which leads to vaso-occlusion, hemolysis and a whole
cascade of downstream abnormalities, including tissue infarction,
oxidative stress and hypercoagulability. Initial published analysis
of the same cohort demonstrated that Psickle and Gardos channel
activity, but not KCC, positively correlated with persistence of
enuresis beyond the age of 5 years.36 Further analysis here
has revealed the activity of both KCC and Gardos channels,
alongside age, to be the strongest independent predictors of
microalbuminuria in our cohort, over and above the clinical
measurements recorded. We suggest KCC and the Gardos
channel/Psickle conductance systems represent divergent red cell
dehydrating mechanisms and may be responsible for different
aspects of sickle cell pathophysiology. It would be most
interesting to further investigate these cation channels in other
cohorts, for example, young adults with SCA, or indeed those
with sickle cell trait, in whom nephrotoxicity is beginning to be
recognized as a complication. Nonetheless from our current
study, the importance of these cation transport systems in sickle
organopathy is clear. At least some of the variation in the activity
of these transport pathways is likely to be inherited, and may
explain why some children and adults with SCA are predisposed
toward renal disease. Moreover, as changes in RBC permeability
are likely to be detectable before renal damage occurs, these
findings suggest a potential prognostic test for SCN to inform
patient management, while pharmaceutical modification of
Gardos channel, Psickle, and KCC activity may be beneficial in
preventing progression of SCN, and, potentially, other forms of
sickle organopathy.
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