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ole of Anemia in Progression
f Chronic Kidney Disease

erome Rossert and Marc Froissart

Anemia is a well-known consequence of chronic kidney disease (CKD), and its prevalence
progressively increases when the estimated glomerular filtration rate decreases to less than 60
mL/min/1.73m2. However, analyses of the consequences of anemia and of the mechanisms of
progression of CKD suggest that anemia also could contribute to the deterioration of kidney
function. This hypothesis is based mostly on experimental data that imply that hypoxia of
tubular cells plays an important role in tubulointerstitial damage associated with CKD and,
thus, in the progression of renal failure. It also is supported by the fact that red blood cells
represent a major antioxidant component of blood and that oxidative stress appears to con-
tribute to glomerulosclerosis and tubulointerstitial damage. In humans, post hoc analysis of the
Reduction of End points in non insulin-dependent diabetes mellitus (NIDDM) with the Angio-
tensin II Antagonist Losartan study and analyses of smaller prospective cohorts of CKD
patients have shown that anemia is an independent risk factor for progression of CKD. In
addition, 3 small randomized studies have suggested that anemia correction could slow the
progression of CKD. Thus, the existence of a relationship between anemia and progression of
CKD is not only plausible biologically, but also is supported by observational studies and by
small intervention studies. However, only a large, randomized, prospective trial will be able to
establish if anemia correction can slow the progression of CKD effectively.
Semin Nephrol 26:283-289 © 2006 Elsevier Inc. All rights reserved.
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nemia is a well-known consequence of chronic kidney
disease (CKD), and the third National Health and Nutri-

ion Examination Survey has shown that the prevalence of
nemia increases in subjects with an estimated glomerular
ltration rate (GFR) of less than 60 mL/min/1.73m2.1 How-
ver, analysis of the consequences of anemia and of the mech-
nisms of progression of CKD suggests that anemia also
ould contribute to worsening of kidney function, and this
ypothesis is supported by limited data derived from clinical
tudies. In this report we review the mechanisms by which
nemia may contribute to the progression of kidney diseases
nd the clinical data supporting this hypothesis.

onsequences of Anemia
ecause there is a linear relationship between hemoglobin
oncentration and arterial oxygen content of blood (the ox-
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gen binding capacity of hemoglobin is 1.39 mL/g), the pri-
ary consequence of anemia is a decrease in the capacity to
eliver oxygen to tissues, including kidney. However, anemia
lso leads to increased oxidative stress because erythrocytes
epresent a major antioxidant component of blood.2 Their
ntioxidant effects are mediated through enzymes such as
uperoxide dismutase, catalase, glutathione peroxidase, and
hrough cellular proteins that can react with reactive oxygen
pecies, such as low–molecular weight proteins of the eryth-
ocyte membrane, vitamin E, vitamin C, or coenzyme Q.
urthermore, glutathione reductase can regenerate reduced
lutathione from its oxidized form, using NADPH produced
hrough the pentose phosphate pathway. Thus, if anemia
ontributes to the progression of CKD, it should be by en-
ancing renal hypoxia and/or oxidative stress.

echanisms of
rogression of CKD

uring the course of CKD, nephron destruction is initially
aused by direct effects of the underlying disease on glomer-

lar, tubular, or vascular structures. However, once renal
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284 J. Rossert and M. Froissart
amage reaches a certain threshold, 2 vicious circles acceler-
te the progression of CKD, independently of the underlying
idney disease (Fig 1). One links nephron loss with increased
lomerular capillary pressure and flow, glomerulosclerosis,
nd glomerular destruction. The other one links reduction in
ephron number with interstitial fibrosis and tubular dam-
ge, and appears to be highly dependent on tubulointerstitial
ypoxia.

lomerulosclerosis and Progression of CKD
he existence of a glomerular vicious circle was recognized
y Brenner et al3 more than 20 years ago based on analyses of
xperimental models of renal failure. They showed that re-
uction in nephron number induces hemodynamic modifi-
ations that result in increased glomerular capillary pressure
nd flow, and postulated that these seemingly adaptative
odifications aimed at maintaining GFR are responsible for

he injury of glomerular cells and lead to glomerulosclerosis
Fig 1). The major arguments supporting this hypothesis
ere that interventions that decreased glomerular hydro-

tatic pressure also protected against glomerulosclerosis.4-6

n human beings,7 analyses of sequential renal biopsy speci-
ens obtained in few patients who had an important reduc-

ion of their renal mass have shown that a decrease in
ephron number also can lead to the development of glomer-
losclerosis, supporting the theory of Brenner et al.2

It is important to realize that glomerulosclerosis is associ-
ted with destruction of glomerular capillaries, and thus with
ecreased blood flow in downstream peritubular capillaries.
herefore, one of the direct consequences of glomeruloscle-
osis is a decrease in oxygen delivery to the interstitium.

ubulointerstitial Lesions
nd Progression of CKD
wo series of observations derived from careful analyses of

Initial
insult

GLOMERULO-
SCLEROSIS

glomerular
hypertension
/ hypertrophy

REDUCTION IN
NEPHRON NUMBER

GLOMERULAR
INJURY

Destruction of
the filtration barrier

Destruction
of tubular cells

INTERSTITIAL
FIBROSIS

Tubular
dysfunction

Destruction
of capillaries

Modifications
of cell functions

Hypoxia

Proteinuria

igure 1 Schematic representation of the vicious circles that acceler-
te the progression of CKD. The glomerular vicious circle is shown
n the left side of the figure, and the tubulointerstitial one on the
ight side. Links between the two are shown with dotted lines. See
ext for details.
enal biopsy specimens have suggested that kidney diseases g
re responsible for the development of tubulointerstitial le-
ions, and that in turn these lesions enhance the progression
f CKD, thus creating a vicious circle (Fig 1). First, careful
nalyses of renal biopsy specimens have shown that during
he course of many kidney diseases, there is a striking corre-
ation between renal function at the time of biopsy examina-
ion and the severity of interstitial fibrosis and tubular atro-
hy.8 Remarkably, for most glomerular diseases, the
orrelation between renal function and tubulointerstitial le-
ions is much stronger than the one between renal function
nd glomerular lesions.9 Second, in longitudinal studies, the
xtent of interstitial fibrosis is one of the best histologic prog-
ostic markers of most renal diseases, including glomerular
nd vascular diseases.10-12

The link between tubulointerstitial lesions and progres-
ion of CKD appears to be a destruction of tubules, with the
ormation of so-called atubular glomeruli13,14 and, for exam-
le, analysis of subtotally nephrectomized rats has shown
hat, in this model, tubular destruction plays an important
ole in the progression of renal failure.15 Twenty-five weeks
fter subtotal nephrectomy, only 14% of the remaining glo-
eruli were globally sclerotic, whereas 48% of them were

tubular and 26% were connected to an atrophic proximal
ubule.15 Not surprisingly, different studies have shown that
ubular hypoxia can induce tubular destruction,16-21 suggest-
ng that decreased oxygen delivery to tubules and/or in-
reased oxygen consumption by tubular cells could play a
ole in the ontogeny of tubular lesions, and thus in the pro-
ression of CKD.

ypoxia and
rogression of CKD

he role of proteinuria in the pathogenesis of tubulointersti-
ial lesions, and thus in progression of CKD, has been high-
ighted repeatedly over the past years.22 In particular, it has
een shown that filtered proteins can damage tubular cells
irectly, and also can modify the functional characteristics of
hese cells, leading to the production of proinflammatory and
rofibrotic molecules.22,23 However, proteinuria is not the
nly factor responsible for interstitial fibrosis and tubular
amage. As initially pointed out by Fine et al,24 hypoxia also
ppears to play an important role in this process.25

vidence for Tubulointerstitial Hypoxia
t may seem paradoxic to discuss the consequences of hyp-
xia in an organ that has an extremely high blood flow rate
nd consumes less than 10% of its oxygen supply. However,
phenomenons contribute to hypoxia of the juxtamedullary

egion and outer medulla of the kidney. First, renal blood
ow is quite heterogeneous, and although the renal cortex
eceives up to 80% of the total renal blood flow, outer-me-
ulla and inner-medulla blood flows are only about 1 and 0.5
L/min/g or less, respectively. In contrast, active transepi-

helial transports in the proximal straight tubule and thick
scending limb of Henle’s loop are responsible for high oxy-

en consumption in the outer medulla. Second, there are
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Anemia and progression of CKD 285
ntrarenal shunts for oxygen between the arterial and venous
ystems, which decreases oxygen delivery to tubules.26-29

hese shunts appear to be functional and not anatomic, and
o result from the fact that branches of the arteries and veins
re often in close contact with each other, which allows dif-
usion of oxygen.

Different experimental studies have provided evidence of
ubular hypoxia in animals with kidney disease. For example,
erfusion of animals with pimonidazole, a probe that accu-
ulates in hypoxic cells, has shown that tubular hypoxia is

n early consequence of glomerular damage or subtotal ne-
hrectomy,30-32 and these results have been confirmed re-
ently using an elegant transgenic rat model.33 Nangaku’s
roup generated a transgenic rat that expresses the luciferase
eporter gene under the control of a hypoxia-responsive pro-
oter. By using this model, they have been able to identify

arly diffuse cortical hypoxia in the puromycin aminonucle-
side–induced nephrotic syndrome and focal and segmental
ypoxia in the remnant kidney model, and to show the exis-
ence of a positive correlation between the degree of hypoxia
nd tubulointerstitial injury.33

echanisms of Tubulointerstitial Hypoxia
ubulointerstitial hypoxia appears to be multifactorial owing

o (1) decreased diffusion of oxygen from interstitial capillar-
es to tubular cells, (2) increased oxygen consumption by
ubular cells, and (3) a reduction in renal blood flow.

First, there is no doubt that accumulation of extracellular
atrix, which characterizes interstitial fibrosis, increases the
istance between interstitial capillaries and tubules, and thus
ampers oxygen transfer from peritubular capillaries to tu-
ular cells.34

Oxygen consumption by tubular cells during the course of
idney diseases still needs to be analyzed in detail. However,
ecent experimental studies have shown that tubular cells
isplay signs of hypoxia during the course of experimental
roteinuric nephropathies, suggesting that proteinuria may
nhance oxygen consumption and favor hypoxia.33,35

Analyses of animals with experimental kidney disease have
rovided evidence for a decrease in renal blood flow during
he course of CKD.22,31,32,36 It seems that, at early stages, this
eduction in renal blood flow is reversible, owing to the com-
ination of an activation of the renin-angiotensin system, an

ncreased production of endothelin and a decreased synthe-
is of nitric oxide.22,31,32,36 However, at later stages, it is asso-
iated with a destruction of glomerular and peritubular cap-
llaries, and thus becomes irreversible.30-32,37-39 Similarly, a
eduction in the number of interstitial capillaries has been
hown consistently by careful analysis of renal biopsy speci-
ens from patients with glomerular, vascular, or interstitial

idney diseases responsible for renal failure, and there is an
nverse relationship between renal function and the number
f peritubular capillaries.40,41 As suggested by Johnson’s
roup, the reduction in the number of interstitial capillaries is
ikely to result from an imbalance between the production of

olecules that promote survival of endothelial cells, such as

ascular endothelial growth factor, angiopoietin 1, or nitric (
xide, and of antiangiogenic factors, such as angiopoietin 2,
ndostatin, or thrombospondin 1 (TSP-1).42 Interestingly,
SP1 is not only an antiangiogenic factor, but also a potent
ctivator of latent transforming growth factor (TGF)-�,43 and
t could link the destruction of interstitial capillaries and
evelopment of interstitial fibrosis. A decreased produc-
ion of vascular endothelial growth factor or an increased
xpression of TSP-1 has been shown in different experi-
ental models of kidney disease, including the remnant

idney model.44,45 However, it would be important to
tudy systematically the expression of proangiogenic and
ntiangiogenic factors during the course of kidney dis-
ases.

onsequences of Tubulointerstitial Hypoxia
s expected, various in vitro studies have shown that mild
ypoxia or adenosine triphosphate depletion causes apopto-
is of tubular cells whereas more severe hypoxia or adenosine
riphosphate depletion is responsible for necrosis of these
ells.46-49 Thus, it seems likely that hypoxia of tubular cells
an induce tubular damage directly, with formation of
ephrons that harbor an intact or almost intact glomerulus
ot linked to a functional tubule (atubular glomeru-

us),13,14,16,19-21 The importance of hypoxia-induced tubular
amage has been exemplified by careful analysis of heterozy-
ous Oligosyndactylism mice.19 This radiation-induced mu-
ant strain has reduced glomerular number and increased
lomerular size, and it spontaneously develops glomerulo-
clerosis.50 Analysis of tubular lesions has shown, first, that
ubular ischemia precedes apoptosis, and, second, that apo-
totic tubular cells colocalize to hypoxic but not normoxic
ubules, strengthening the hypothesis that, in vivo, tubular
ypoxia plays an important role in the genesis of tubular
amage.19

In addition to inducing tubular destruction, hypoxia of
ubular and interstitial cells also favors the development of
nterstitial fibrosis, and thus creates a vicious circle that ag-
ravates hypoxia (Fig 2). In vitro studies have shown that
ypoxia can favor interstitial fibrosis by acting at different

evels. First, it stimulates the production of profibrotic mol-
cules, such as TGF-�, connective tissue growth factor

igure 2 Schematic representation of the consequences of tubuloin-
erstitial hypoxia. See text for details. EMT, epithelial mesenchyme
ransition.
CTGF), or endothelin 1 by tubular cells, and the synthesis of
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286 J. Rossert and M. Froissart
xtracellular matrix by these cells.51,52 Second, it directly en-
ances the production of interstitial collagens by fibroblastic
ells.53 Third, it also favors the transdifferentiation of tubular
ells into fibroblastic cells, both directly and through the
verproduction of TGF-�.54,55 Furthermore, as mentioned
arlier, overproduction of TSP-1 could induce both intersti-
ial fibrosis and destruction of interstitial capillaries.

xidative Stress and
rogression of CKD

ifferent studies have shown an increased expression of re-
ctive oxygen species during the course of experimental renal
iseases and have suggested that oxidative stress plays a role

n the progression of CKD.56 In particular, in vivo, treatment
f animals with antioxidant agents can slow the progression
f experimental kidney diseases. For example, uninephrec-
omized rats with diet-induced hypercholesterolemia de-
elop interstitial inflammation and fibrosis. In these animals,
ntioxidant therapy efficiently prevents the development of
nterstitial fibrosis.57 Similarly, treatment with antioxidants
an decrease renal damage induced by high salt intake in
ahl salt-sensitive rats or in deoxycorticosterone acetone

DOCA)-salt hypertensive rats.58,59 Recently, Bottinger’s
roup60 showed that chronic inhibition of NADPH oxidase
an decrease glomerular damage, including podocyte injury
n diabetic db/db mice. In rats with anti-Thy 1 glomerulone-
hritis, treatment with the antioxidant �-lipoic acid also pro-
ects against glomerular injury.61 By contrast, in rats, a
rooxidant diet can increase collagen production in the in-
erstitium.62

To understand the effects of reactive oxygen species, it is
ssential to realize that they not only are injurious by-prod-
cts of cellular metabolism that have the potential to cause
amage to lipids, proteins, and DNA, but also essential par-
icipants in cell signaling.63 In particular, reactive oxygen
pecies can induce the release of proinflammatory molecules,
uch as monocyte chemoattractant protein-1 (MCP-1), and
f profibrotic molecules, such as TGF-�1 or plasminogen
ctivator inhibitor-1 (PAI-1),62,64-66 they also can amplify
GF-� intracellular signaling and favor TGF-�–induced ep-

thelial-mesenchyme transition.67 They can increase the pro-
uction of extracellular matrix by fibroblastic cells.68-70 They
lso favor both cell proliferation and apoptosis.71,72 Finally,
eactive oxygen species interact with nitric oxide to regulate
ascular tone, and thus can aggravate tubulointerstitial hyp-
xia.73

linical Studies Focusing on the
inks Between Anemia and
rogression of Renal Failure

he role of anemia in progression of CKD is supported by 2
inds of clinical studies: (1) studies of cohorts of patients that
how that anemia is an independent risk factor for progres-

ion of CKD; and (2) intervention studies that suggest that p
artial correction of anemia could slow the progression of
KD.

tudies of Cohorts of Patients
he Reduction in End points in Noninsulin-dependent dia-
etes mellitus with the Angiotensin II Antagonist Losartan
RENAAL) study was a double-blind randomized trial de-
igned to test the renoprotective properties of losartan in
atients with type 2 diabetes and overt nephropathy.74 It

ncluded 1,513 patients who were assigned randomly to re-
eive losartan or placebo, in addition to conventional antihy-
ertensive therapy. The mean follow-up period was 3.4
ears. Post hoc multivariate analysis of this large cohort of
atients showed that, in this population, anemia was an in-
ependent risk factor of progression, together with serum
reatinine level, proteinuria, and serum albumin level.75 In-
erestingly, even a modest degree of anemia was associated
ith an increased risk for progression. Individuals who had
emoglobin levels greater than 13.8 g/dL showed a Kaplan-
eier event rate for doubling serum creatinine level or end-

tage renal disease that was approximately 20%, whereas
hose with a hemoglobin level of less than 11.2 g/dL showed
n event rate that approximated 60%.75

Similarly, Parving’s group76 analyzed a cohort of 227 pa-
ients with type 2 diabetes and nephropathy who were fol-
owed-up at the Steno Diabetes Center and had regular mea-
urements of GFR. The mean follow-up period of this cohort
as 6.5 years. Multivariate analysis showed that during fol-

ow-up evaluation, albuminuria, systolic blood pressure, he-
oglobin A1c level, heavy smoking, presence of diabetic ret-

nopathy, and low hemoglobin level were associated
ignificantly with increased rate of decrease of GFR.76

Recently, analysis of a cohort of 131 patients with CKD
tages 2 to 5 who were followed-up up at Cremona hospital
howed that estimated GFR at inclusion, proteinuria, hemo-
lobin concentrations, and asymmetric dimethylarginine lev-
ls were independent risk factors for progression of CKD or
eath.77 In this study, the risk reduction for hemoglobin was
3% per g/dL.
In Okinawa, analysis of a cohort of 71,802 subjects fol-

owed-up for 17 years also showed that anemia (defined by
ematocrit levels of �40% in men and 35% in women) was
n independent risk factor for development of end-stage re-
al disease, both in men and women.78

ntervention Studies
hree prospective clinical studies including a limited number
f patients have studied the effects of anemia correction with
n erythropoiesis-stimulating agent (ESA) on progression of
KD.79-81

The first study, published in 1994, included 83 patients
ith severely impaired renal function (mean measured GFR,
0 mL/min), and severe anemia (mean hematocrit level,
6.8%).79 After a 2-month stabilization period, 40 patients
ere assigned randomly not to receive epoetin and 43 to

eceive epoetin for their hematocrit level to reach 35%. The

atients were followed-up for 48 weeks. No beneficial effect
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Anemia and progression of CKD 287
f epoetin could be shown by simply comparing renal sur-
ival or rate of GFR decrease. Nevertheless, when the data
ere analyzed only after the hematocrit levels of the patients

ncluded in the epoetin group had reached the target values
ie, after week 16), the rate of GFR decrease was 3 times
lower in the treated group than in the control group (-0.13

0.35 mL/min/mo versus -0.39 � 0.65 mL/min/mo, P �
05).

The second study, published in 1997, included 73 patients
ith severe anemia (mean hematocrit level, 27.4%) and renal

ailure (mean creatinine clearance, 18.2 mL/min).80 After an
-week stabilization period, the patients were assigned ran-
omly to receive or not to receive epoetin. Thirty-one pa-
ients were left untreated. Forty-two patients received epo-
tin to increase their hematocrit level to 33% to 35%. The
ollow-up period was 36 weeks. During this period, creati-
ine levels doubled in about 52% of patients in the treated
roup, and in more than 90% of patients in the control group
P � .0005). Furthermore, although 64% of patients in the
ontrol group required dialysis, only 33% of those in the
poetin group had to start dialysis (P � .005).

The third study was published in 2004.81 Eighty-eight pa-
ients with nondiabetic nephropathy, proteinuria of less than

g/d, and hemoglobin concentration between 9 and 11.6
/dL were allocated randomly to early (n � 45) or late (n �
3) treatment with ESA. Patients included in the former
roup received epoetin to increase their hemoglobin concen-
ration to more than 13 g/dL. Those included in the latter
roup did not receive epoetin until their hemoglobin concen-
ration decreased to less than 9 g/dL. Treatment with an
ngiotensin-converting enzyme inhibitor was not permitted
uring the study. After a median follow-up period of 22.5
onths, significantly more patients reached a combined end
oint of doubling of serum creatinine level, end-stage renal
isease, or death in the late treatment group (23 versus 13, P

.01). Similar results were observed when the combined
nd point comprised only end-stage renal disease or death
22 versus 13, P � .01).

In conclusion, the hypothesis that correction of anemia
ith ESA may slow the progression of renal failure is plausi-
le biologically, and results obtained from analyses of cohorts
f CKD patients and from small clinical trials suggest that it is
orth being tested in a large prospective study. In our opin-

on, this study should include patients with moderate ane-
ia, treated according to current guidelines, and assigned

andomly to receive or not to receive a treatment with ESA to
ormalize their hemoglobin levels. The effect of early correc-
ion of anemia on the progression of chronic kidney disease
ECAP) study, which had a similar design, has shown that
uch a study is feasible and probably is safe.82
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