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Ischemic injury is invoked as a mechanism contrib-
uting to end-organ damage and other complications
of sickle cell disease (SCD). However, the intrinsic
sensitivity of tissues in SCD to ischemic insults has
never been addressed. We examined the effect of re-
nal ischemia in a transgenic mouse expressing hu-
man sickle hemoglobin. Twenty-four hours after bi-
lateral, total renal artery occlusion for 15 minutes,
transgenic sickle mice exhibited worse renal function
and more marked histological injury. With bilateral
renal ischemia of greater duration (22.5 minutes),
and after 6 hours, transgenic sickle mice exhibited
massive vascular congestion, sickling of red blood
cells, more marked histological injury in the kidney,
and more prominent congestion in the capillary beds
in the lungs and heart. Additionally, serum amyloid
P-component, the murine homologue of C-reactive
protein, was markedly increased in transgenic sickle
mice as compared to wild-type mice. Twenty-four
hours after bilateral renal ischemia for 22.5 minutes,
transgenic sickle mice exhibited 28% mortality, with
no mortality observed in any other group. With bilat-
eral renal ischemia of short or long duration, renal
expression of caspase-3 was most prominent in trans-
genic sickle mice subjected to ischemia. Thus, renal
ischemia in this murine model induces more severe
renal injury and extrarenal complications. We con-
clude that tissues in SCD exhibit heightened vascular
congestion and sensitivity to ischemia and that clini-
cally apparent or silent episodes of ischemia may
contribute to the complications of SCD. (Am J
Pathol 2005, 166:963–972)

Vaso-occlusive disease contributes dominantly to the
morbidity and mortality of sickle cell disease (SCD).1–6

The basis for such vaso-occlusion involves such pro-
cesses as intracellular polymerization of hemoglobin S,
altered erythrocyte rigidity and rheology, endothelial ac-
tivation, enhanced endothelial adhesiveness of erythro-
cytes, procoagulant processes, the elaboration of vaso-
active species, and neurogenic processes.1–6 In its most
florid form, as occurs during acute sickle crisis, vaso-
occlusive disease impairs, abruptly and severely, the
perfusion of macrocirculatory and microcirculatory beds;
and although these crisis episodes eventually resolve
and perfusion of these circulatory beds returns, ischemic
injury and tissue infarction are not infrequently left in their
wake.1–6 Even in patients with SCD in steady state, smol-
dering, low-grade vaso-occlusion likely occurs in a peri-
odic, subclinical, and self-remitting manner, thereby in-
curring a modicum of ischemia in dependent circulatory
beds. For example, studies of the microcirculation by
computer-assisted intravital microscopy, undertaken in
patients with SCD during steady state, demonstrate di-
minished red blood cell (RBC) velocity along with sludg-
ing and compaction of RBCs (boxcar phenomenon) in
the microvasculature, the latter often distended and ob-
structed.5 The notion has thus appeared that the end-
organ damage and other complications of SCD may re-
flect, at least in part, the cumulative effects of recurrent
cycles of ischemic and ischemia-reperfusion injury im-
posed by episodic, clinically apparent or silent, vaso-
occlusive disease.1–6

Although clearly appealing as a pathogenetic pathway
in SCD, this paradigm fails to take cognizance of the
phenomenon of ischemic preconditioning. Occurring in
diverse tissues, ischemic preconditioning refers to the
remarkable resistance of tissues to ischemic insults that
is conferred by previous, less severe or comparable ep-
isodes of ischemia.7–14 This phenomenon was first de-
scribed some 2 decades ago by Zager and collabora-
tors7,8 in studies undertaken in the kidney, and
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subsequently was demonstrated in tissues that include
the heart, liver, brain, gastrointestinal tract, and skeletal
muscle.7–14 The cellular basis for this phenomenon in-
cludes alterations in the MAP kinase system, as de-
scribed in the kidney,9,10 and in alterations in the KATP

channel, as described in the heart.11 Ischemic precon-
ditioning is clinically evident as reflected by the fact that
adverse myocardial remodeling after myocardial infarc-
tion is diminished in patients with episodes of angina
before myocardial infarction.13 Elucidating the biological
basis for such resistance to ischemia may suggest strat-
egies that reduce ischemic damage sustained in clini-
cally defined settings.

This phenomenon of ischemic preconditioning, in con-
junction with the occurrence of subclinical and clinical
episodes of ischemia imposed by recurrent vaso-occlu-
sive disease in SCD, raise the possibility that tissues in
SCD may be resistant, rather than sensitive, to an isch-
emic insult. Impaired perfusion of microcirculatory beds
and attendant ischemia occurring in a periodic and self-
remitting manner in patients with SCD, and documented
not only during sickle crisis but also during the crisis-free,
steady state, may condition tissues in these patients to
withstand subsequent and more severe ischemic insults.
The present study thus addresses the hitherto unex-
plored question regarding the innate sensitivity of tissues
in the sickle state to an ischemic event. Our study used a
well-established, transgenic murine model that faithfully
recapitulates the critical features of SCD; even in the
absence of stressors that provoke sickle crisis, this model
exhibits vaso-occlusion in microcirculatory beds,15

thereby raising the possibility that ischemic precondition-
ing of tissues may occur in the natural course of this
model. The kidney was used as the organ subjected to
ischemia (induced by the clamp model) for the following
reasons: ischemic preconditioning is well established in
this organ;7–10 ischemic insults to the kidney in SCD have
long been recognized;6,16–21 and acute and chronic in-
volvement of the kidney contributes substantially to mor-
bidity and mortality in SCD.6,16–21

Materials and Methods

Model of Ischemia-Reperfusion Injury in Mice

The transgenic murine model of SCD, used in the current
study and in our previous publications,15,22 is on a
C57Bl/6 background, and is homozygous for the murine
�-globin deletion and carries two transgenes, �H�S and
�H�S-Antilles.23 Renal ischemia was imposed in wild-type
and transgenic sickle mice by bilateral and total occlu-
sion of the renal artery under pentobarbital anesthe-
sia.24,25 The procedure was performed on a heated sur-
face to ensure maintenance of normal body temperature.
The kidneys were exposed via a midline abdominal inci-
sion and the renal pedicles carefully dissected. Depend-
ing on the protocol, the pedicles were clamped bilaterally
for 15 or 22.5 minutes using nontraumatic sterile clamps
(RS5426, Micro Aneurysm clip, straight, 10 mm, 125 g
pressure; Roboz Surgical Instruments, Rockville, MD). A

sham procedure in the wild-type and transgenic sickle
mice included anesthesia and laparotomy but omitted
dissection or clamping of the renal pedicle. After removal
of the renal clamps (applied for 15 or 22.5 minutes), the
abdominal wall was sutured. After 6 or 24 hours, mice
were sacrificed for harvesting of renal or other tissues.
Thus, the main protocols in this study included observa-
tions undertaken 24 hours after renal ischemia for 15
minutes, and observations undertaken at 6 and 24 hours
after renal ischemia for 22.5 minutes. In one additional
protocol, transgenic sickle and wild-type mice underwent
unilateral clamping of the left renal pedicle for 22.5 min-
utes, and the contralateral, nonclipped kidneys were ex-
amined 6 hours after unilateral renal ischemia.

Assessment of Renal Injury

In some studies, renal function was assessed after isch-
emia by measurement of plasma creatinine and blood
urea nitrogen (BUN) using a Creatinine Analyzer 2 and a
BUN Analyzer 2, respectively (Beckman Instruments, Ful-
lerton, CA).

Western Analysis for Expression of Active
Caspase-3

Kidney tissue was homogenized in a buffer consisting of
phosphate-buffered saline containing 1% Igepal CA-630,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(Bio-Rad, Hercules, CA), and a cocktail of protease in-
hibitors (Complete; Roche, Indianapolis, IN). Homoge-
nates were incubated on ice with occasional agitation for
90 minutes. Western blot analyses were performed as
described in detail in our previous publications.26,27

Briefly, 100 �g protein aliquots were separated on 15%
Tris-HCl gels and transferred to polyvinylidene difluoride
membranes. A mouse monoclonal primary antibody for
caspase-3 (catalogue no. C76920-150; BD Transduction,
San Diego, CA) was used and followed by a horseradish
peroxidase-conjugated, goat anti-mouse polyclonal sec-
ondary antibody (StressGen, Victoria, BC, Canada).
Equivalency of loading of Western blot analyses was
assessed using a rabbit polyclonal �-actin antibody (A-
2006; Sigma, St. Louis, MO). Detection was achieved
using a chemiluminescence method (Amersham Phar-
macia, Piscataway, NJ).

Measurement of Serum Amyloid P-Component
(SAP)

Measurement of SAP was performed using an enzyme-
linked immunosorbent assay method.28 Briefly, SAP pro-
tein in plasma from mice was captured onto a 96-well
microplate previously coated with a sheep anti-mouse
polyclonal antibody (catalogue no. 565194; Calbiochem,
La Jolla, CA). For detection of captured SAP protein, a
rabbit anti-mouse SAP antibody (catalogue no. 565192,
Calbiochem), was used as a primary antibody followed
by a horseradish peroxidase-conjugated, goat anti-rabbit
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IgG antibody (catalogue no. DC03L, Calbiochem) as a
secondary antibody, and tetramethylbenzidine as the
peroxidase substrate (catalogue no. 555214; BD Pharm-
ingen, San Diego, CA). Developed color was detected at
450 nm using an absorbance plate reader and quantified
against a reference curve constructed using a mouse
SAP standard (catalogue no. 565192, Calbiochem).

Statistics

Results are expressed as means � SEM. For compari-
sons involving more than two groups, analysis of variance
was used followed by Student’s-Neumann-Keuls test.
Mortality was assessed by Fisher’s exact test. Results are
considered significant for P � 0.05.

Results

Studies Undertaken 24 Hours after Bilateral
Renal Ischemia for 15 Minutes

Renal ischemia induced a rise in plasma creatinine and
BUN in both wild-type and sickle mice (Figures 1 and 2).
However, concentrations of plasma creatinine and BUN
after renal ischemia were significantly greater in sickle
mice as compared with wild-type mice. Additionally,
these markers of renal function were quite congruent
because the correlation coefficient between plasma cre-
atinine and BUN was 0.94 (P � 0.0001). Thus, after
identical duration of ischemia, renal dysfunction, as as-
sessed by BUN and plasma creatinine, is worse in sickle
mice as compared with wild-type mice.

This exacerbation of ischemic damage to the kidney in
sickle mice, as reflected by functional markers, was cor-
roborated by assessment of renal histological injury. The
kidney in sham-operated wild-type mice showed no his-
tological injury whereas the kidney in the sham-operated
sickle mouse showed, as we have previously de-
scribed,15 congestion in the renal medulla (data not
shown). Histological injury induced by renal ischemia, as

shown in Figure 3, was dramatically worse in sickle mice
as compared to wild-type mice. Renal ischemia in wild-
type mice induced occasional foci of acute tubular ne-
crosis, tubular dilatation, and tubular cast formation, and
these foci were observed mainly in the deep cortex and
outer medulla (Figure 3, A and C). After renal ischemia,
histological injury was markedly worse in sickle mice
(Figure 3, B and D): acute tubular necrosis in sickle mice
was diffuse and extended across the entire width of the
cortex; large segments of the cortex in sickle mice exhib-
ited cortical necrosis with occasional islands of viable
distal nephron segments (Figure 3, B and D). Thus, after
renal ischemia, histological injury is exacerbated in sickle
mice and corroborates the findings obtained with mark-
ers of renal function.

Studies Undertaken in Sickle Mice after Renal
Ischemia for 22.5 Minutes

Six hours after bilateral renal ischemia for 22.5 minutes,
renal histological injury was markedly greater in sickle
mice. Unlike the patchy tubular necrosis observed at the
corticomedullary junction in wild-type mice, sickle mice
demonstrated extensive tubular necrosis that extended
from the corticomedullary junction to involve the full thick-
ness of the cortex, along with marked congestion in peri-
tubular capillaries (Figure 4). The additional and striking
findings observed at this time point, and with this greater
degree of renal ischemia, were marked vascular conges-
tion and glomerular abnormalities (Figure 5). Capillaries
in the glomerular microcirculation, peritubular cortical
capillaries, and capillaries in the medulla were all mark-
edly congested, and sickling of RBCs was observed
especially in the medulla (Figure 5). After ischemia, sickle
mice also exhibited an acute glomerulopathy consisting
of endothelialitis and mesangiolysis (Figure 5B). Neither
the prominent vascular congestion nor the acute glo-
merulopathic changes were observed in sham-operated
sickle mice or wild-type mice subjected to sham opera-
tion or ischemia.

Figure 1. Plasma creatinine in wild-type (WT) and sickle mice subjected to
bilateral renal ischemia for 15 minutes (IR) or sham-ischemia (sham), and
measured 24 hours after the ischemic episode. In the sham groups n � 4
whereas n � 7 in WT-IR and n � 8 in sickle-IR. *P � 0.05 versus all other
groups.

Figure 2. BUN in wild-type (WT) and sickle mice subjected to bilateral renal
ischemia for 15 minutes (IR) or sham-ischemia (sham), and measured 24
hours after the ischemic episode. In the sham groups n � 4 whereas n � 7
in WT-IR and n � 8 in sickle-IR. *P � 0.05 versus all other groups.
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Figure 3. Histological appearance of the kidney 24 hours after 15 minutes of bilateral renal ischemia in wild-type mice (A and C) and in sickle mice (B and D)
All sections are stained by H&E. Original magnifications: �100 (A, B); �200 (C, D).

Figure 4. Histological appearance of the kidney 6 hours after 22.5 minutes of bilateral renal ischemia in wild-type mice (A) and in sickle mice (B). All sections
are stained by H&E. Original magnifications, �100.
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We also subjected transgenic sickle mice and wild-
type mice to unilateral renal ischemia for 22.5 minutes,
and examined the contralateral nonclipped kidney after 6
hours. The contralateral, nonclipped kidney in the trans-
genic sickle mouse subjected to unilateral ischemia com-
monly demonstrated prominent vascular congestion and
vaso-occlusion in the glomerular microcirculation unlike
the occasional RBCs seen in the glomeruli and capillaries
in the contralateral kidney of the wild-type mouse sub-
jected to unilateral ischemia (Figure 6). Such increased
vascular congestion, as observed in the contralateral,
nonclipped kidney in transgenic sickle mice subjected to
unilateral ischemia, was not exhibited by glomeruli in
transgenic sickle mice subjected to sham-ischemia (data
not shown).

In extrarenal organs, bilateral renal ischemia induced
capillary congestion in the lungs and heart in wild-type
mice, and such vascular congestion was worse in sickle
mice. For example as shown in Figure 7, congestion in
alveolar capillaries was accentuated in sickle mice and,
as shown in the high-power view, sickling of RBCs was

discernible in the lungs of sickle mice subjected to bilat-
eral renal ischemia.

After bilateral renal ischemia of this duration, mounting
mortality was observed in sickle mice but not in wild-type
mice. Within 24 hours after bilateral renal ischemia, mor-
tality in sickle mice subjected to ischemia was 28%
whereas no mortality occurred in wild-type mice sub-
jected to ischemia, or in wild-type or sickle mice sub-
jected to sham operation (P � 0.05).

Concentration of SAP after Bilateral Renal
Ischemia for 22.5 Minutes

In an attempt to gain insight into possible mechanisms
whereby the sickle state magnifies renal and extrarenal
injury after bilateral renal ischemia, SAP, the murine ho-
mologue to C-reactive protein,28 was measured in
plasma in wild-type and sickle mice after 6 hours. As
demonstrated in Figure 8, SAP was elevated 10-fold in
sham-operated sickle mice as compared with sham-op-

Figure 5. Histological appearance of the kidney in sickle mice 6 hours after 22.5 minutes of bilateral renal ischemia. A: Cortical section demonstrating marked
vascular congestion in glomerular and peritubular capillaries. B: Cortical section demonstrating marked vascular congestion and sickled RBCs in the afferent
glomerular arteriole, glomerular capillaries, and peritubular capillaries; the central glomerulus shows endothelialitis and mesangiolysis, and is surrounded by
necrotic proximal tubules. C: Medullary section demonstrating marked vascular congestion. D: Medullary section demonstrating marked vascular congestion and
sickled RBCs as shown in the capillary in the center of the field. All sections are stained by H&E. Original magnifications: �200 (A, C); �400 (B, D).
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Figure 6. Marked vascular congestion in glomerular and peritubular capillaries in the contralateral, nonclipped right kidney 6 hours after unilateral clamping of
the left renal pedicle for 22.5 minutes in transgenic sickle mice (B), while vascular congestion was mild in the contralateral, nonclipped right kidney 6 hours after
unilateral clamping of the left renal pedicle for 22.5 minutes in wild-type mice (A). All sections are stained by H&E. Original magnifications, �600.

Figure 7. Histological appearance of the lung 6 hours after 22.5 minutes of bilateral renal ischemia in wild-type mice (A and C) and in sickle mice (B and D).
All sections are stained by H&E. Original magnifications: �100 (A, B); �600 (C, D).
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erated wild-type mice. Ischemia increased SAP in both
groups, with markedly greater elevation occurring in
sickle mice, the latter concentrations achieving values
more than sixfold higher than those occurring in wild-type
mice subjected to ischemia.

Expression of Active Caspase-3 in the Kidney
after Bilateral Renal Ischemia

As a critical participant in cell death pathways, and as
added evidence of worsened injury in the kidney of sickle
mice, we examined expression of active caspase-3 in the
kidney at 24 hours after bilateral renal ischemia for 15
minutes, and at 6 hours after bilateral renal ischemia for
22.5 minutes. As shown in Figure 9, active caspase-3
was induced in wild-type mice by ischemia, and this was
markedly enhanced in sickle mice subjected to ischemia.

Discussion

As assessed by renal histological injury, markers of renal
function, and renal expression of cell death-related pro-

teins such as caspase-3, we demonstrate that sickle
mice exhibit increased, rather than decreased, sensitivity
to renal ischemia. This sensitivity of sickle mice to isch-
emia imposed on the kidney extended beyond the con-
fines of the kidney: after bilateral renal ischemia of 22.5
minutes in duration, sickle mice exhibited more marked
vascular congestion in extrarenal organs such as the
lungs and heart, greater increments in the acute phase
reactant, SAP, and mounting mortality. In aggregate,
these findings demonstrate that in response to renal isch-
emia, renal damage and extrarenal complications arising
from such ischemia were all accentuated in sickle mice.

Vascular congestion in wild-type mice after ischemia
was quite mild and confined to the peritubular capillaries.
In contrast, sickle mice subjected to ischemia exhibited
dramatic congestion in the microcirculation that involved
not only the medullary and cortical capillaries but also the
glomerular microcirculation. Such marked vaso-occlu-
sion in sickle mice may delay the recovery of renal blood
flow after the removal of the renal clamp, and indeed, the
dusky cyanotic appearance of the kidney that developed
during the ischemic period resolved more slowly in trans-
genic sickle mice as compared with wild-type mice after
the removal of the clamp. Such vaso-occlusion in the
postischemic period in transgenic sickle mice may con-
tribute to increased sensitivity to an ischemic insult ob-
served in SCD. Quite remarkably, this marked glomerular
congestion and cortical infarction in sickle mice sub-
jected to ischemia recapitulate the appearance of the
glomerulus and cortical infarction observed in patients
with SCD presenting with acute renal insufficiency or
failure.29–33 Congestion in the renal microcirculation of
sickle mice after ischemia is also noteworthy in view of
the established role of regional vascular congestion as a
determinant of sensitivity of nephron segments to isch-
emic insults,34,35 and the recently appreciated signifi-
cance of vascular congestion and other microvascular
alterations in the initiation and propagation of acute renal
injury.36–38 For example, when renal blood flow is inter-
rupted in the mammalian kidney, the S3 segment of the
proximal tubule and the medullary portion of the thick
ascending limb are the segments of the nephron that are
most readily damaged. The vulnerability of these nephron
segments to ischemic injury reflects, at least in part, the
impairment in oxygenation and delivery of nutrients to
these segments incurred by marked congestion and sta-
sis in the neighboring microcirculation supplying these
nephron segments. Moreover, the importance of distur-
bances in the microcirculation in general—through such
effects as vascular congestion and sludging, endothelial
activation and injury, loss of microcirculatory barrier func-
tion, and endothelial production of cytokines, reactive
oxygen and nitrogen species, and autacoids—in the ini-
tiation and pathogenesis of acute renal failure has been
recently emphasized. Thus, the dramatic congestion in
the microcirculation in all compartments of the kidney in
sickle mice after renal ischemia likely contributes to the
heightened sensitivity of the kidney in SCD to acute isch-
emic insults.

The acute changes observed in the glomerular, vas-
cular, and tubulointerstitial compartments of the kidney in

Figure 8. SAP in wild-type (WT) and sickle mice subjected to bilateral renal
ischemia for 22.5 minutes (IR) or sham-ischemia (sham) and measured 6
hours after the ischemic episode. In the sham groups, n � 3 whereas n � 6
in WT-IR and n � 5 in sickle-IR. *P � 0.05 versus all other groups.

Figure 9. Expression of active caspase-3 in wild-type (WT) and sickle mice
at 6 hours after bilateral renal ischemia (IR) or sham-ischemia (sham) for 22.5
minutes (A), and at 24 hours after bilateral renal ischemia (IR) or sham-
ischemia (sham) for 15 minutes (B). Equivalency of loading of the Western
analysis was assessed by �-actin.

Sensitivity to Renal Ischemia in SCD 969
AJP April 2005, Vol. 166, No. 4



sickle mice may also be relevant to chronic nephropathy
that develops in SCD, the pathogenesis of which remains
primarily unexplained. For example, a significant number
of patients with SCD develop chronic kidney disease and
end-stage kidney disease; histological findings in the
kidney include glomerular abnormalities such as focal
sclerosis, or a membranoproliferative-type lesion, along
with chronic tubulointerstitial disease. Speculations re-
garding the pathogenesis of these glomerulopathic le-
sions include such mechanisms as hyperfiltration, the
effects of relative hypoxia, and adverse effects of height-
ened renal growth that occurs in SCD.6,16–21 In the
present study, sickle mice but not wild-type mice, in
response to ischemia, exhibit acute glomerulopathic
changes which include endothelialitis and mesangiolysis.
It is possible that these latter changes along with accom-
panying reparative responses, especially if repetitively
incurred through recurrent cycles of renal ischemia, may
lead to a chronic glomerulopathy. The marked conges-
tion observed in the peritubular microcirculation may also
be relevant to chronic sickle cell nephropathy. Loss of
peritubular capillaries is recognized in assorted chronic
nephritides,39,40 and recent studies in rodents have dem-
onstrated that acute ischemia of sufficient duration leads
to loss of peritubular capillaries, inflammation, and
chronic injury.41–43 Such loss of capillary beds may pre-
dispose to chronic hypoxia and other adverse effects,
thereby contributing to chronic injury observed in such
settings. Finally, an acute ischemic insult may up-regu-
late matrix-related genes (such as TGF-�1, MCP-1, and
extracellular matrix proteins) in the tubulointerstitium that
contribute to chronic tubulointerstitial scarring;44,45 ac-
cordingly, the heightened tubulointerstitial injury in the
kidney in sickle mice after acute ischemia may accentu-
ate the expression of proinflammatory and fibrogenic
genes with attendant chronic tubulointerstitial disease.
We thus suggest that the worsened histological injury
occurring in the vascular, glomerular, and tubulointersti-
tial compartments of the kidney in sickle mice after isch-
emia may be germane to the pathogenesis of chronic
sickle cell nephropathy.

Recent studies have shown that acute renal ischemia
in rodents may lead to adverse effects in the lungs and
heart, and our findings demonstrate that congestion in
the lungs and heart, triggered by renal ischemia, was
exacerbated in sickle mice. As shown in genetically un-
altered rodents, ischemic injury to the kidney leads to
increased pulmonary vascular permeability through mac-
rophage-dependent mechanisms, and down-regulation
of salt and water channels in the lungs.46,47 Renal isch-
emia increases expression of tumor necrosis factor-� and
interleukin (IL)-1 in the heart, impairs cardiac function as
assessed by echocardiography, and induces cardiac
apoptosis.48 The relay of information from the ischemic
kidney to these vital extrarenal organs likely involves
cytokines, and in this regard, attention is directed to
tumor necrosis factor-�, IL-1, and IL-6.48,49 Indeed, the
extent to which systemic concentrations of cytokines
(such as IL-6) are elevated in human acute renal failure
correlates with mortality observed in this condition.50

Thus, ischemia to the kidney provokes the appearance of

proinflammatory cytokines in the systemic circulation,
and adverse effects on vital organs such as the lungs and
heart.

Cytokines such as IL-6 are potent stimuli to C-reactive
protein (CRP),51 and CRP, in turn, stimulates the cellular
production of cytokines including IL-6.52 CRP is consid-
ered not only an important biomarker for atherosclerosis
but, because of its proinflammatory, procoagulant, and
proapoptotic actions,53,54 CRP is increasingly consid-
ered an initiator and/or contributor to vascular and other
types of tissue injury.53,54 Additionally, in critically ill pa-
tients, plasma levels of CRP predict renal and respiratory
failure, and overall mortality.55 CRP stimulates the cellular
generation of oxidants, increases the activity of MAP
kinases, and activates transcription factors such as nu-
clear factor-�B and AP-1;51,52 these cellular effects may
underlie the inductive effect of CRP on a range of cyto-
kines (such as IL-6 and MCP-1) that are quite relevant to
SCD.56,57 Our present findings confirm previous obser-
vations that SAP, the murine homologue to CRP, is mark-
edly increased in sickle mice.28 Moreover, our findings
demonstrate that whereas ischemia increased plasma
levels of SAP in both groups, SAP in sickle mice almost
tripled after ischemia, and was increased more than six-
fold as compared with the wild-type mice subjected to
ischemia. Extrapolating from the recognized biological
effects of CRP, we speculate that the marked augmenta-
tion of SAP in sickle mice after ischemia may be germane
to the heightened injury observed in the kidney in gen-
eral, and to increased congestion observed in such vital
organs as the heart and lungs, in particular. As such,
CRP may be considered another and related mechanism,
along with assorted cytokines (for example, tumor necro-
sis factor-�, IL-1, and IL-6), whereby ischemic insults to
the kidney provoke adverse and aberrant responses in
organs such as the lung and heart.

In summary, we demonstrate remarkably increased
vascular congestion and sensitivity of the kidney in SCD
to ischemic insults. Accumulation of injury—accrued from
such heightened sensitivity, and after cycles of overt or
clinically silent tissue ischemia—may thus provide a
pathway for progressive organ damage and other com-
plications of SCD. Additionally, the exaggeration in the
rise in SAP and vascular congestion in organs such as
the lungs and heart, and the emergence of mortality in
sickle mice subjected to ischemia, indicate that the ad-
verse systemic and extrarenal sequelae of localized renal
ischemia are also magnified in SCD. Finally, these ad-
verse systemic effects may feedback locally to the kid-
ney, and acting in concert with the direct harmful effects
of renal ischemia, may thereby accentuate overall renal
damage.
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