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Hemoglobin alters vitamin carrier uptake and vitamin D metabolism
in proximal tubule cells: implications for sickle cell disease. Am J
Physiol Cell Physiol 317: C993–C1000, 2019. First published Sep-
tember 11, 2019; doi:10.1152/ajpcell.00287.2019.—Kidney disease,
including proximal tubule (PT) dysfunction, and vitamin D deficiency
are among the most prevalent complications in sickle cell disease
(SCD) patients. Although these two comorbidities have never been
linked in SCD, the PT is the primary site for activation of vitamin D.
Precursor 25-hydroxyvitamin D [25(OH)D] bound to vitamin D-bind-
ing protein (DBP) is taken up by PT cells via megalin/cubilin
receptors, hydroxylated to the active 1,25-dihydroxyvitamin D
[1,25(OH)2D] form, and released into the bloodstream. We tested the
hypothesis that cell-free hemoglobin (Hb) filtered into the PT lumen
impairs vitamin D uptake and metabolism. Hb at concentrations
expected to be chronically present in the ultrafiltrate of SCD patients
competed directly with DBP for apical uptake by PT cells. By
contrast, uptake of retinol binding protein was impaired only at
considerably higher Hb concentrations. Prolonged exposure to Hb led
to increased oxidative stress in PT cells and to a selective increase in
mRNA levels of the CYP27B1 hydroxylase, although protein levels
were unchanged. Hb exposure also impaired vitamin D metabolism in
PT cells, resulting in reduced ratio of 1,25(OH)2D:25(OH)D. More-
over, plasma levels of 1,25(OH)2D were reduced in a mouse model of
SCD. Together, our data suggest that Hb released by chronic hemo-
lysis has multiple effects on PT function that contribute to vitamin D
deficiency in SCD patients.
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INTRODUCTION

Sickle cell disease (SCD) is one of the most prevalent
monogenic disorders and is caused by autosomal recessive
inheritance of pathogenic mutations in the �-globin subunit of
hemoglobin (Hb). These mutations increase Hb polymerization
in RBCs, forcing them into a sickled shape, and lead to
increased vascular blockage and hemolytic crisis in SCD pa-
tients (20). In recent years, therapeutic advances have signifi-
cantly extended SCD patient lifespan, causing a rise in the
prevalence of severe comorbidities, including sickle cell ne-
phropathy (SCN) (27). SCN currently accounts for up to 18%
of SCD patient mortality and is thought to arise as a conse-

quence of both recurring hemolytic crisis in the hypoxic renal
medulla and increased exposure to cell-free Hb released during
RBC hemolysis (27).

Although overall Hb levels in SCD patients are typically
lower than normal, the concentration of circulating cell-free Hb
in patients is chronically �10 times higher than in healthy
individuals. Moreover, plasma concentrations can reach up to
1 g/dl (620 �M) during times of hemolytic crisis (28). Cell-free
Hb circulates primarily as dimers (�32 kDa), which can
escape the glomerular barrier and enter the PT lumen. Based on
the estimated fractional filtration coefficient of 0.03, ultrafil-
trate concentrations of Hb in SCD patients range from �0.6
�M chronically to �20 �M during crisis (25). Recovery of
filtered proteins by proximal tubule (PT) epithelial cells is
accomplished through apical endocytosis mediated by megalin
and cubilin receptors (9). Megalin and cubilin each possess
multiple interaction sites that enable the binding and internal-
ization of numerous filtered proteins, including Hb (15, 17).
Once internalized, Hb releases heme, which triggers oxidative
stress and leads to cytoprotective responses, including induc-
tion of heme-oxygenase 1 (HO-1) expression in the PT (26).

An early sign of PT dysfunction is tubular proteinuria,
resulting from the incomplete recovery of normally filtered
proteins by this nephron segment and their consequent excre-
tion in the urine. Importantly, many young SCD patients
develop tubular proteinuria (1, 23, 24), suggesting that PT
dysfunction occurs early in the progression of SCN. Prolonged
PT dysfunction and tubular proteinuria have been linked to
kidney inflammation and fibrosis, which can lead to glomerular
damage and eventual renal failure (7, 29). Additionally, PT
dysfunction can prevent normal uptake of filtered vitamin
carrier proteins that bind to megalin and cubilin, including
vitamin D-binding protein (DBP) and retinol-binding protein
(RBP) (10, 42). Failure to reclaim these carrier proteins can
lead to vitamin deficiencies (5, 38). This is particularly true for
vitamin D, as the PT is the primary site for vitamin D
reclamation and activation (11). PT cells express mitochondrial
enzymes 25-hydroxyvitamin D-1 �-hydroxylase (CYP27B1)
and 1,25-dihydroxyvitamin D 24-hydroxylase (CYP24A1),
which, respectively, convert the precursor 25-hydroxyvitamin
D [25(OH)D; liberated from its DBP carrier] to its active form
1,25-dihydroxyvitamin D [1,25(OH)2D] or its degradation
product 24,25-dihydroxyvitamin D [24,25(OH)2D] depending
on vitamin D status (6). There is a high prevalence of vitamin
D deficiency in SCD patients that is difficult to treat effec-
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tively. Although the contribution of PT dysfunction to vitamin
D deficiency is unknown, assessing changes in vitamin D
activation by PT cells may provide a better understanding of
vitamin D status and treatment in SCD patients.

We previously reported that Hb directly competes with
albumin for endocytic uptake by PT cells (14). Because albu-
min and DBP have similar secondary structures, we hypothe-
sized that Hb may also inhibit DBP uptake by PT cells.
Additionally, Hb-induced cytotoxicity could impact vitamin D
metabolism by PT cells, as oxidative stress has been linked to
altered activity or expression of PT vitamin D hydroxylases
(12, 41, 45). Reduced DBP uptake and impaired vitamin D
metabolism in the PT could play a significant role in the
development of vitamin D deficiency in SCD patients. Thus,
we set out to assess how exposure to cell-free Hb affects the
uptake of vitamin carriers DBP and RBP and vitamin D
hydroxylase expression in PT cells. We found that chronically
filtered levels of Hb significantly inhibit DBP uptake by PT
cells, similarly to what we previously reported for albumin.
Uptake of RBP was considerably less sensitive to Hb, suggest-
ing that Hb binding competition is selective for a subset of
structurally related megalin/cubilin ligands. Prolonged expo-
sure to Hb led to increased oxidative stress in PT cells and to
a selective increase in CYP27B1 mRNA levels, although pro-
tein levels of both CYP24A1 and CYP27B1 were unaffected.
Moreover, exposure to Hb impaired vitamin D activation by
PT cells. Finally, we confirmed that plasma levels of
1,25(OH)2D are reduced in a mouse model of SCD. Together,
our data suggest that increased cell-free Hb levels in SCD
patients may impair vitamin D reclamation and activation by
PT cells, which could contribute to vitamin D deficiency
commonly observed in patients.

MATERIALS AND METHODS

Cell culture. Opossum kidney (OK) cells (RRID:CVCL_0472)
were cultured in DMEM/F12 medium with 5% FBS (Atlanta Biolog-
icals) and 5 mM GlutaMAX (Gibco). LLC-PK1 cells (RRID:
CVCL_0391) were cultured in DMEM/F12 medium with 10% FBS
(Atlanta Biologicals) and 5 mM GlutaMAX (Gibco).

Hemoglobin and fluorescent protein conjugates. Hb was isolated
and prepared as previously described, and concentrations were calcu-
lated per mole of heme (14). Purified Hb, DBP (GC-Globulin; Athens
Research & Technology) and RBP (RBP4; Athens Research & Tech-
nology) were labeled with Alexa Fluor-488 or Alexa Fluor-647, as
indicated using the Protein Labeling Kit (Invitrogen) according to the
manufacturer’s instructions.

Quantitation and imaging of endocytosis. In experiments measur-
ing the uptake of a single protein, OK (4 � 105) or LLC-PK1
(5 � 105) cells were plated in duplicate to triplicate samples on
12-mm Transwell (0.4 �m pore) polycarbonate membrane inserts
(Corning) in a 12-well plate, with 0.5 ml of apical and 1.5 ml of
basolateral culture medium. The following day, cells were transferred
to an orbital shaker set at 146 rpm in the incubator and allowed to
grow for an additional 3–4 days with daily medium changes. Studies
in our laboratory demonstrate that chronic exposure to orbital shear
stress enhances cell differentiation and endocytic capacity (22). Cells
were incubated in serum-free medium with Alexa Fluor-647-DBP (25
nM in OK cells, 500 nM in LLC-PK1 cells) or Alexa Fluor-647-RBP
(100 nM in OK cells, 500 nM in LLC-PK1 cells) for 1 h at 37°C under
orbital shear stress in the presence or absence of unlabeled oxyhemo-
globin (oxyHb) as specified.

For experiments measuring the dual uptake of two fluorescently
tagged proteins by spectrofluorimetry, OK (6 � 104) cells were plated

in sextuplicate samples on a glass-bottomed, black-welled 96-well
plates (Perkin-Elmer) with 200 �L of medium. Cells were cultured for
2 days with daily medium changes. Cells were then incubated with
apically added 0.6 �M Alexa Fluor-647-BSA (Invitrogen) or 25 nM
Alexa Fluor-647-DBP and 0–20 �M Alexa Fluor-488-Hb, as indi-
cated in 50 �L of serum-free medium for 2 h at 37°C.

To quantify the uptake of fluorescent ligands, filters were washed
three times with cold PBS containing Ca2� and Mg2�, solubilized in
300 �l of 20 mM MOPS, pH 7.4, and 0.1% Triton X-100 for 30 min
at 4°C with shaking, and fluorescence was quantified using the
GloMax Multi-Detection System (Promega). Experiments conducted
on 96-well plates were solubilized in 150 �L. For imaging, cells on
filter supports were washed, fixed in 4% paraformaldehyde, and
imaged using a Leica TCS SP5 confocal microscope. Maximum
projections of confocal stacks were created in FIJI.

Quantitative PCR analysis. OK (4 � 105) cells or LLC-PK1
(5 � 105) cells cultured on filter supports were treated with apically
added oxyHb or methemoglobin (metHb) for 72 h with daily medium
changes. Cells were collected using Accutase (Sigma), and RNA was
extracted using the Ambion PureLink RNA mini kit (ThermoFisher)
according to the manufacturer’s protocol. LLC-PK1 cell total RNA
was treated with RQ1 Rnase-free Dnase (Promega) according to the
manufacturer’s protocol. cDNA was synthesized from 1 �g of total
RNA using the Reverse Transcriptase, High Capacity cDNA Kit
(Life Technologies). Gene expression was measured by quantita-
tive PCR (qPCR) using the iTaq Universal SYBR Green Supermix
500 (Bio-Rad) on a CFX ConnectTM Real-Time PCR Detection
System (Bio-Rad). Gene primers used in the experiments are listed
in Supplemental Table S1 (All Supplemental Material for this
article is available at https://doi.org/10.6084/m9.figshare.9714248). The
expression of each gene was normalized to ACTB expression, and

relative fold change (RFC) was calculated using the equation 2
��Cq

where ��Cq 	 treatment �Cq 
 control �Cq, and �Cq 	 target gene
Cq 
 ACTN Cq.

Western blot analysis. OK (4 � 105) cells were cultured on filters
as above for 24 or 72 h in the presence of Hb (oxyHb or metHb) at the
indicated concentration and time periods. Cells were then washed and
solubilized, and lysates were normalized by total protein. Equivalent
amounts of total protein were separated by SDS-PAGE on 4–15%
Criterion TGX Stain-Free gels (Bio-Rad). Samples were blotted using
rabbit polyclonal anti CYP24A1 antibody (1:1,000, LS-C407760;
LifeSpan BioSciences, Inc.) and rabbit polyclonal anti CYP27B1
antibody (1:700, LS-C407761; LifeSpan BioSciences, Inc.); both
antibodies were commercially validated for immunohistochemistry
and Western blotting.

Quantitation of vitamin D metabolites. LLC-PK1 (1.6 � 106) cells
were plated on 24-mm Transwell (0.4-�m pore) polycarbonate mem-
brane inserts (Corning) in a six-well plate, with 1.5 ml of apical and
2.5 ml of basolateral culture medium. The following day, cells were
transferred to an orbital shaker and allowed to grow for an additional
3 days with daily medium changes. Cells were cultured in serum-free
medium for the last 24 h and incubated with 100 nM calcifediol
[25(OH)D; Tocris Biosciences] for 4 h. Cells were then washed,
solubilized in 600 �L of RIPA buffer, and stored at 
80°C. Quanti-
tation of vitamin D 25(OH)D and 1,25(OH)2D metabolites was
performed using 24-hydroxy vitamin DS EIA (Immunodiagnostic
Systems, Inc.) and mouse 1,25-dihydroxyvitamin D3 (DHVD3)
ELISA kits (MyBioSource), respectively, according to the manufac-
turer’s instructions. Equal volumes of each sample were used in the
assessment of vitamin D metabolite concentrations, and results were
normalized to total protein.

Plasma and urine collection and analysis. Townes sickle cell
knockout-transgenic HbSS and HbAA mice on a background strain of
B6 and S129 were bred and maintained as previously reported (18,
34). Hb genotype and phenotype were confirmed by PCR and Hb gel
electrophoresis, respectively. Plasma from 8- to 20-wk-old male (4
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HbSS, 4 HbAA) and female (2 HbSS, 1 HbAA) mice was included in
the study. Urine collected from 8- to 21-wk-old male mice was used
to quantitate NGAL levels. Animal handling and experimentation
were conducted ethically and in accordance with approved Institu-
tional Animal Care and Use Committee protocols at the University of
Pittsburgh. Blood was collected by cardiac exsanguination using
heparin anti-coagulant under isoflurane anesthesia, and plasma was
obtained by 300 g of centrifugation for 10 min at ambient temperature
and stored at 
80°C. Analysis of plasma vitamin D metabolite levels
was performed by ELISA as described above.

Statistical analysis and graphical representation. Statistical anal-
ysis was completed using StataSE 15 (StataCorp. 2017, Stata Statis-
tical Software: Release 15; StataCorp LLC, College Station, TX).
Experiment-to-experiment variability was assessed as a possible con-
founder in all experiments. If this variability was significant, it was
factored in as a covariate when determining significance of experi-
mental conditions via ANCOVA analysis, followed by pairwise com-
parison. Additionally, in these experiments, graphed data were nor-

malized by dividing each data point by its experimental mean to allow
a clearer view of data trends. All graphics were generated using
GraphPad Prism version 7.03 (GraphPad Software, La Jolla, CA).

RESULTS

Hemoglobin competitively inhibits endocytic uptake of DBP
by proximal tubule cells. We previously demonstrated that Hb
competes directly with albumin for internalization by opossum
kidney (OK) PT cells (14). To assess whether Hb also impairs
DBP uptake, we incubated polarized, filter-grown OK cells
with 25 nM Alexa Fluor-647-labeled DBP (roughly equivalent
to the estimated normal filtrate concentration) for 1 h at 37°C
in the presence of varying concentrations of unlabeled oxyHb
and then washed the cells and quantified cell-associated fluo-
rescence by spectrofluorimetry. The concentrations of Hb that
we chose ranged from that estimated to be chronically filtered
into the kidney tubule lumen in SCD (baseline, 0.6 �M) to the
much higher levels present during hemolytic crisis (20 �M)
(25, 28). DBP uptake was significantly inhibited in a dose-
dependent manner by all concentrations of Hb tested (Fig. 1A).
Half-maximal inhibition of DBP was observed at �0.8 �M
Hb, close to the estimated baseline filtrate concentration in
SCD. At the highest Hb concentration tested (20 �M), DBP
uptake was inhibited by 87% (Fig. 1A). OxyHb also signifi-
cantly inhibited DBP uptake in a porcine PT cell line (LLC-
PK1) that expresses megalin and cubilin receptors but which
has substantially lower endocytic capacity compared with our
optimized OK cell culture model (Supplemental Fig. S1A;
https://doi.org/10.6084/m9.figshare.9714248).

To elucidate whether reduced DBP uptake is due to com-
petitive inhibition by Hb, we labeled Hb with Alexa Fluor-488
and measured DBP and Hb uptake simultaneously in PT cells.
Fluorescent imaging of polarized filter-grown OK PT cells
demonstrated the concomitant reduced DBP and increased Hb
uptake with increasing concentrations of Hb (Fig. 1B). This
dual fluorescence assay was adapted to a 96-well plate
format to enable simultaneous quantitation of hemoglobin
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Fig. 1. Hemoglobin competes with vitamin D-binding protein (DBP) for
uptake by proximal tubule cells. A: filter-grown opossum kidney (OK) cells
were incubated with 25 nM apically added Alexa Fluor-647-DBP in the
presence of the indicated concentrations of oxyhemoglobin (oxyHb; 0–20 �M)
for 1 h at 37°C and then solubilized, and cell-associated DBP was quantified
by spectrofluorimetry. Data from 5 experiments done in duplicate are plotted,
with each experiment represented by a different symbol. Graphed values were
normalized by dividing each point by the respective experimental mean for that
condition. *P � 0.01, ****P � 0.0001, by one-way ANCOVA (Dunnett’s
multiple comparisons test). B: filter-grown OK cells incubated for 1 h at 37°C
with 25 nM apically added Alexa Fluor-647 DBP (red) in the presence of 0,
0.6, or 5 �M Alexa Fluor-488 oxyHb (green) were fixed and processed for
confocal imaging. Scale bar, 10 �m.
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one-way ANCOVA (Dunnett’s multiple comparisons test). Expt, experiment.
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and DBP uptake by OK cells. After incubation with fluo-
rescently labeled proteins for 2 h, cells were solubilized, and
cell-associated fluorescence quantified. In agreement with
our hypothesis, increasing Hb concentrations resulted in an
inhibition of DBP uptake and an increase in Hb cellular
incorporation (Supplemental Fig. S2A; https://doi.org/
10.6084/m9.figshare.9714248). The estimated half-maximal
inhibition of DBP in these experiments (�0.9 �M Hb) is
similar to that observed in cells grown on filters. Like DBP,
albumin is almost entirely �-helical in structure, and Hb had
a similar inhibitory effect on albumin uptake by PT cells
(half maximal inhibition, �0.6 �M Hb, 93% inhibition at 20
�M Hb; Fig. Supplemental Fig. S2B; https://doi.org/
10.6084/m9.figshare.9714248). Together, these data suggest
that tubular uptake of normally filtered ligands is impaired
in SCD.

Baseline SCD filtrate concentrations of hemoglobin do not
inhibit RBP uptake by PT. We next tested whether Hb inhibits
uptake of a filtered ligand that is not homologous to albumin/

DBP and not �-helical in structure. To this end, we measured
the uptake of RBP, a small (�21 kDa) filtrate protein com-
prised primarily of �-sheets, by OK cells in the presence of
increasing concentrations of oxyHb. As shown in Fig. 2, only
high concentrations of oxyHb consistent with those observed
during crisis were able to elicit a small (�20%) but statistically
significant reduction in RBP uptake compared with untreated
controls. High concentrations of Hb also significantly inhibited
RBP uptake in LLC-PK1 cells, although uptake in general in
these cells was very low and necessitated the use of higher (0.5
�M) RBP concentrations to observe any effect (Supplemental
Fig. S1B; https://doi.org/10.6084/m9.figshare.9714248). These
data suggest that the effect of filtered Hb on protein uptake is
specific for a subset of megalin/cubilin ligands.

Hemoglobin induces oxidative stress and alters transcrip-
tion of vitamin D hydroxylase CYP27B1. Free Hb released as a
consequence of hemolysis is known to trigger production of
reactive oxygen species (ROS) and to induce compensatory
cytoprotective responses in the vasculature and the kidney (32,
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Fig. 3. Hemoglobin induces oxidative stress and selectively increases proximal tubule (PT) CYP27B1 transcript levels. Filter-grown LLC-PK1 (A) or opossum
kidney (OK) (B–F) cells were incubated with concentrations of oxyhemoglobin (oxyHb) or methemoglobin (metHb) for 72 h at the concentrations indicated.
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33, 39). Oxidative stress can impair numerous cell functions,
including the expression and activity of the mitochondrial
vitamin D hydroxylases CYP27B1 and CYP24A1, which con-
trol the balance between activation and degradation of
25(OH)D in the PT (12, 41). As expected, qPCR studies in
LLC-PK1 cells confirmed that exposure for 72 h to Hb in-
creased expression of the cytoprotective HO-1-encoding gene
HMOX1 (Fig. 3A). Treatment with low (1 �M) and high (20
�M) concentrations of oxyHb resulted in an �60% and
�250% increase in HMOX1 transcripts, respectively. Similar
results were observed in cells treated with metHb, in which the
ferrous (Fe2�) iron in the heme group of oxyHb has been
converted to the more reactive ferric Fe3� state (33, 40) (Fig.
3A). To assess the effects on vitamin D hydroxylase expres-
sion, we treated filter-grown OK cells under the same condi-
tions as above and then lysed the cells and collected total RNA
and protein. Quantitative PCR and Western blotting were
performed to measure CYP24A1 and CYP27B1 mRNA and
protein expression, respectively. Sample mRNA expression
was normalized to ACTB mRNA levels, whereas protein ex-
pression was normalized to total loaded protein. We observed
a selective and significant increase in CYP27B1 transcript
expression upon exposure to both oxyHb and metHb (Fig. 3, B
and C). The �1.5-fold increase we measured is comparable
with that observed in patients with chronic kidney disease and
acute renal inflammation (44). However, no effect on expres-
sion of either CYP24A1 or CYP27B1 protein was observed
under these conditions (Fig. 3, D–F). Because oxidative dam-
age to proteins can affect degradation rates (4), we hypothe-
sized that the observed disconnect between increased mRNA
and unchanged protein levels of CYP27B1 may be due to
increased protein degradation. However, cycloheximide chase
experiments suggested that CYP24A1 and CYP27B1 half-lives
are long (�8 h) and not appreciably altered by Hb exposure
(data not shown).

Altered vitamin D metabolism in PT cells exposed to hemo-
globin and in a sickle cell mouse model. To test whether
exposure to Hb affects PT metabolism of vitamin D, we treated
LLC-PK1 cells with 1 �M or 20 �M Hb for 72 h (the last 24
h under serum-free conditions) and then supplemented them
with 100 nM 25(OH)D and measured cellular 25(OH)D and
1,25(OH)2D levels. As shown in Fig. 4A, we observed a

trending reduction in the conversion of 25(OH)D to 1,25(OH)2D
at higher levels of Hb. Despite some variability between
experiments, there was no apparent change in 25(OH)D levels
(Fig. 4B). As a consequence, the ratio of 1,25(OH)2D:
25(OH)D was reduced in cells (Fig. 4C). Because the mea-
surements of 1,25(OH)2D and 25(OH)D were performed in the
same cell lysates, it is not surprising that the 1,25(OH)2D:
25(OH)D ratios in Hb-exposed cells in Fig. 4C are significantly
different from control, even though the trend in 1,25(OH)2D
levels in Fig. 4A did not reach statistical significance. To
determine whether vitamin D status is altered in a mouse model
of SCD, we measured plasma 1,25(OH)2D and 25(OH)D levels
in 8- to 20-wk-old Townes sickle cell transgenic HbSS mice
and HbAA controls. Tubular injury occurs as early as 8 wk of
age in SCD mice (19). Consistent with this, we measured
increased levels of the tubular injury biomarker neutrophil
gelatinase-associated lipocalin (NGAL) in urine collected from
8- to 21-wk-old HbSS mice (Table 1). As shown in Fig. 5,
Townes HbSS mice had significantly reduced levels of plasma
1,25(OH)2D (Fig. 5A) and elevated levels of 25(OH)D (Fig.
5B) compared with HbAA mice, leading to a lower 1,25
(OH)2D:25(OH)D ratio in the HbSS mice (Fig. 5C). Together,
these data suggest that prolonged Hb exposure impairs activa-
tion of vitamin D by PT cells, leading to alterations in vitamin
D status.

DISCUSSION

The studies described here demonstrate that concentrations
of oxyHb estimated to be present chronically in the tubule
lumen of SCD patients inhibit PT cell uptake of the vitamin
carrier DBP. By contrast, uptake of RBP was affected only at
the highest Hb concentrations observed during hemolytic cri-
sis. Additionally, we found that prolonged exposure to apical
Hb caused upregulation of protective heme-responsive genes in
PT cells, altered expression of vitamin D hydroxylase
CYP27B1 mRNA transcripts, and impaired vitamin D activa-
tion. In line with these findings, we observed a reduction in
circulating levels of active 1,25(OH)2D in HbSS mice. To-
gether, our studies suggest that chronically released Hb as a
consequence of increased hemolysis in SCD patients may
impair vitamin D reclamation and activation in the PT and may
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contribute to the vitamin D deficiency commonly observed in
SCD patients.

The effect of Hb on DBP uptake was profound and similar
to the inhibition of albumin uptake by Hb that we previously
reported (14). Furthermore, the concentration of Hb that half-
maximally inhibited DBP uptake (0.8 �M) is close to its
estimated chronic tubular concentration in patients (0.6 �M)
(25, 28). Thus, Hb competition for DBP uptake may result in
continuous excretion of filtered DBP into the urine. By con-
trast, uptake of RBP was inhibited only slightly even at very
high Hb concentrations (20 �M). Unlike Hb, DBP, and albu-
min, which are almost entirely �-helical in structure, RBP is
comprised primarily of �-sheets. The difference in Hb inhibi-
tion of DBP versus RBP recovery by PT cells could explain
why vitamin D deficiency appears to be more prevalent than
vitamin A deficiency in SCD patients (21, 30, 35).

In addition to inhibiting DBP uptake, we found that pro-
longed exposure to Hb led to potent upregulation of the
HO-1-encoding gene HMOX1, which is suggestive of a com-
pensatory mechanism to limit ongoing ROS generation by
intracellular heme, which in turn has been associated with
impaired vitamin D processing by PT cells (12, 41, 45). We
measured a selective increase in CYP27B1 mRNA (but not
protein) expression in cells exposed to both high and low
concentrations of Hb. However, despite the unchanged protein
expression, activation of vitamin D by CYP27B1 was im-
paired. Whereas Hb treatment had no effect on access to
DBP-free 25(OH)D in PT cells, the corresponding production
of 1,25(OH)2D formed was reduced. Thus, the reduction in
vitamin D activation may be a result of Hb induction of
HMOX1, as its gene product HO-1 degrades heme groups and
is known to reduce the activity of CYP family proteins,
including vitamin D hydroxylases (2, 12, 45).

Congruent with a reduced 1,25(OH)2D:25(OH)D ratio in PT
cells in culture, measurements in a small number of mice
revealed that HbSS-Townes mice have significantly lower
circulating levels of 1,25(OH)2D compared with HbAA con-
trols. By contrast, circulating 25(OH)D levels in HbSS mice
were slightly higher than in controls. The increase in circulat-
ing 25(OH)D in HbSS mice is unexpected and could be due to
extrarenal effects. For example, changes in liver function or
health may cause alteration of circulating 25(OH)D levels, as
this is the primary location for 25-hydroxylation of vitamin D
(8). Alternatively, differences in dietary uptake and/or vitamin
D handling could also lead to differences in 25(OH)D concen-
trations. Nevertheless, the discordant changes in 25(OH)D
versus 1,25(OH)2D concentrations in HbSS mice suggest an
issue with PT vitamin D activation. More detailed studies using
a larger and well-matched cohort of mice are needed to confirm
our initial observations and elucidate potential extrarenal con-
tributions to circulating 25(OH)D levels.

Low vitamin D status is associated with several SCD co-
morbidities, including vaso-occlusive crisis (13, 31), suggest-
ing an important role for vitamin D maintenance in the deter-
rence of disease progression. In addition to its many other
roles, vitamin D signaling modulates pro- and anti-inflamma-
tory cytokines to suppress inflammatory responses and could
help to reduce inflammation in SCD patients. Indeed, vitamin
D supplementation has already been demonstrated to be useful
in the treatment of inflammation in other diseases, including
acute congestive cardiac failure and autoimmune cytopenias
(16, 36). However, vitamin D supplementation is difficult in
SCD patients compared with otherwise healthy, vitamin D-de-
ficient individuals, and SCD patients generally need a higher
dose to reach sufficiency (3, 43).

Our data connecting kidney disease, particularly PT dys-
function, and vitamin D deficiency in SCD have translational
implications for the treatment of patients. Because reduced
1,25(OH)2D, but not 25(OH)D, levels were observed in both
cell culture and mouse models of SCD, quantifying both
25(OH)D and 1,25(OH)2D metabolites in SCD patients [rather
than solely 25(OH)D, as is frequently done] could provide a
more accurate assessment of vitamin D status. Additionally,
given the Hb-induced impairment in activation of vitamin D
we observed, standard supplementation regimens may be sub-
optimal, and 1,25(OH)2D supplementation in addition to or in
place of prohormone vitamin D should be considered. Finally,

Table 1. Urinary NGAL excretion in HbAA and HbSS mice

Age, wk HbAA (n 	 4) HbSS (n 	 5)

8–12 15.79 � 7.0 57.1 � 32.8
17–21 14.0 � 11.4 39.5 � 18.0

Values are means � SD. NGAL, neutrophil gelatinase-associated lipocalin.
Male HbAA and HbSS mice were placed in metabolic cages for 12 h with no
access to food or water. Urinary NGAL levels were measured by ELISA.
Urinary NGAL excretion is higher in HbSS vs. HbAA mice (P 
 0.005)
regardless of age (P 	 0.3456). as determined by two-way ANOVA analysis.
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assessment of circulating 1,25(OH)2D:25(OH)D ratios may
prove to be a useful biomarker for the onset of kidney disease,
as PT dysfunction is a common early symptom of SCD
nephropathy (37).

Our studies indicate that impeding the interaction of Hb with
megalin/cubilin receptors may be a useful therapeutic approach
in the prevention of both vitamin D deficiency and tubular
proteinuria in SCD patients. Thus, understanding the molecular
basis of Hb competition would help identify therapeutic com-
pounds that selectively target the interaction of Hb with mega-
lin/cubilin receptors. Our data suggest that Hb competes selec-
tively for uptake with highly �-helical proteins, and further
analysis of protein structural similarities/dissimilarities may be
useful in elucidating possible therapeutic target sites. We have
also developed a dual fluorescence screen that we plan to
use in testing potential therapeutic compounds. Although it
may be difficult to selectively inhibit Hb uptake by cells due to
likely similarities in binding domains with proteins like albu-
min and DBP, compounds that could inhibit all endocytic
uptake may still be useful to preserve PT cell health during
hemolytic crisis when high concentrations of Hb are entering
the tubule lumen.
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