J Am Soc Nephrol 12: 1958-1964, 2001

Angiotensin-Converting Enzyme Inhibition Induces Apoptosis
In Erythroid Precursors and Affects Insulin-Like Growth
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Abstract. A number of studies suggest that erythropoietin (Ep),
angiotensin |1, and insulin-like growth factor (IGF-1) are in-
volved in the pathogenesis of posttransplantation erythrocyto-
sis (PTE). Angiotensin-converting enzyme inhibitors (ACEI)
are the treatment of choice in PTE, but their mechanism of
action is unclear. It was shown previously that ACEl added
directly to cultures of erythroid precursors from patients with
PTE inhibit colony growth. In thisreport, the effect of ACEI on
CD34+ erythroid precursor apoptosis was studied, as were
hematocrit (Hct), Ep, IGF-1, and IGF-binding protein 3 (IGF-
BP3) levels. Ten patients with PTE, 10 transplant control
patients, and 7 normal control subjects were studied. Peripheral
blood CD34+ cells were isolated, and apoptosis was assessed
by annexin assay and DNA laddering before and during ACEI

therapy. At the same time, Hct, Ep, IGF-1, and IGF-BP3 levels
were measured. Baseline CD34+ cell number, CD34+ apo-
ptosis, Ep, IGF-1, and IGF-BP3 levels were the same between
PTE and transplant control subjects. ACEI therapy was asso-
ciated with a striking increase in CD34+ cell apoptosis and a
decrease in Hct in both groups. In contrast to control subjects,
patients with PTE on ACEI showed a significant decrease in
IGF-1 levels and a greater percentage decrease in Hct. In
normal control subjects, ACEI therapy was associated with a
fall in Hct but no change in CD34+ cell apoptosis. In PTE,
ACEI-related increase in erythroid progenitor apoptosis may
partially explain the ACEl-associated decrease in Hct. How-
ever, it isnot clear that erythroid precursor apoptosisis related
to changes in IGF-1 or IGF-BP3.

The cause of erythrocytosis after renal transplantation is un-
known, but a number of studies suggest that erythropoietin (Ep),
angiotensin Il (All), and insulin-like growth factor-1 (IGF-1) and
its binding proteins may beinvolved. Increased Ep production has
been implicated in the pathogenesis (1,2), yet many patients with
posttransplantation erythrocytosis (PTE) have low or even unde-
tectable Ep levels (2,3). We showed recently that cultures of
erythroid precursors (burst-forming units—erythroid [BFU-E])
from patients with PTE are more sensitive to low concentrations
of Ep than those from transplant control subjects (4). All, viaits
type 1 (AT,) receptor, is an important growth factor for a number
of cel types (5-7), and All has been shown to stimulate the
growth of BFU-E from norma individuas (8). The use of an
angiotensin-converting enzyme inhibitor (ACEI) or a selective
AT, receptor antagonist causes a decrease in hematocrit (Hct) by
decreasing red cdll production in patients with PTE (2,9,10). We
showed that ACEI, added directly to cultures of BFU-E from
patients with PTE, inhibits colony growth (4). These observations
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strengthen the concept that All isimportant in the pathogenesis of
PTE.

ACEI also may affect IGF-1 levelsin rena transplant recip-
ients. Several groups have reported that rena transplant pa-
tients with or without PTE have increased serum concentra-
tions of IGF-1 (11) or IGF-1 binding proteins (12) when
compared with control subjects. Patients who had PTE and
were treated with ACEIl to normalize their Hct showed a
decrease in IGF-1 levels compared with pretreatment values
(11). These data suggest a potential role for IGF-1 and its
binding proteins in PTE.

ACE inhibition promotes apoptosis in vascular smooth-mus-
cle cells (13,14). In contrast, Ep, All, and IGF-1 are known to
have antiapoptotic or growth-promoting effects in erythroid
progenitor cells (15-17). However, the effect of ACEIl on
apoptosis of erythroid precursors has not been studied. In the
present study, we studied the effect of ACEI use on apoptosis
of CD34+ erythroid precursors and on changes in Hct, IGF-1,
and IGF-binding protein 3 (IGF-BP3) levels in patients with
PTE, transplant control patients, and normal control subjects.

Materials and Methods
Patients

We studied 20 rend transplant patients who had stable rena function
6 mo or more posttransplantation. Ten had PTE, defined as Hct 51% or
greater on at least three consecutive measurements and increased red cell
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mass. Other causes for erythrocytosis were excluded by clinical and
laboratory testing, as described previoudly (4). The other 10 were trans-
plant patients matched for gender, age, serum cregtinine, transplant
duration, and maintenance immunosuppression. The control patients had
normal Hct that never exceeded 47% posttransplantation. All patients
had retained native kidneys. Except for one control patient, all
patients had received only one transplant. Five PTE and two
control patients had living donors. Only two patients with PTE had
been treated previously with ACEI, and this therapy had been
discontinued 3 mo before our study. Thus, no patient was on ACEI
or AT, blocker therapy at the beginning of the study. With the
exception of a decrease in patients’ calcium channel blocker ther-
apy, as clinically indicated, all other medication was kept constant
during the study. We also studied seven normal male subjects who
were on no medications and who had normal BP, urinalysis, renal
function, liver function, and complete blood count. The study
protocol was approved by the Institutional Review Board of Mon-
tefiore Medical Center, and all patients gave written informed
consent before entering the study.

ACEI Therapy

Lisinopril or fosinopril (9.25 = 1.8 mg/d; range, 5 to 10 mg/d) was
begun after baseline studies were obtained. The ACEI therapy was
titrated to BP and was maintained for at least 3 wk until the patients
were available for the follow-up studies. In the 20 renal transplant
patients, mean duration of ACEI therapy was 6.8 = 4.6 wk. The seven
normal subjects each took fosinopril 10 mg/d for 4 wk.

Isolation of CD34+ Erythroid Precursors

Circulating erythroid progenitor cells were isolated as described
previously (18). Eighty milliliters of heparinized peripheral venous
blood was obtained at least twice from each patient. The blood was
diluted 1:1 with a-minimal essential medium without fetal calf serum,
and the low-density mononuclear cells (1.077 g/ml) were isolated by
centrifugation (1300 rpm for 30 min) over Ficoll-Hypaque. The low-
density cells then were labeled with magnetic particles by use of a
cocktail of tetrameric antibody complex, as recommended by the
manufacturer (Stem Cell Technologies, Inc., Vancouver, British Co-
lumbia, Canada). The lineage-negative CD34+ cells were collected,
and the magnetically labeled lineage-positive cells remained bound to
the column. As demonstrated by fluorescence-activated cell sorter
analysis, approximately 80% of CD34+ cellsin the enriched fraction
were BFU-E. The selected CD34+ cells were counted and either
diluted for plating in the methylcellulose clonogenic assay or assayed
for apoptosis by use of annexin staining.

Apoptosis Measurement by Annexin Assay

Annexin assay is based on the observation that soon after initiating
apoptosis, most cell types trand ocate the plasma membrane phospholipid
phosphatidylserine from the inner face of the plasma membrane to the
cdl surface. The surface phosphatidyl serine can be detected easily by
immunofluorescence, by staining cellswith a FITC conjugate of annexin
V that has astrong natural affinity for phosphatidylserine. Externalization
of phosphatidylserine is a stimulus-independent marker for apoptosis that
precedes the nuclear changes (19). CD34+ cells were washed once with
phosphate-buffered saline, incubated with annexin V-FITC for 15 min at
room temperature in the dark, and visuaized by fluorescent microscopy.
The results are reported as the number of annexin-positive cells per 100
cdls counted. The investigators who read this assay were blinded to
clinical data from the patients.
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Apoptosis Detection by DNA Laddering

As an additional assay for apoptosis, internucleosomal DNA frag-
mentation was detected by DNA laddering (20). Briefly, cells were
pelleted, washed with cold phosphate-buffered saline, resuspended in
500 wl of lysis buffer (1% sodium dodecyl sulfate, 25 mM ethyl-
enediaminetetraacetate, and 1 mg/ml proteinase K [pH 8]), and incu-
bated overnight at 50°C. Ribonuclease A (10 mg/ml) then was added
for an additional 2-h incubation at 37°C. The chromosomal DNA was
extracted with phenol/chloroform, precipitated with ethanol, and an-
alyzed by agarose gel electrophoresis, followed by staining with
ethidium bromide to reveal the laddering pattern.

Clonogenic Assay

Colony-forming unit cultureswere prepared in duplicate. Each 1 ml
of methylcellulose (Methocult 4330; Stem Cell Technologies) was
supplemented with 2 mM L-glutamine, 3 U/ml human erythropoietin
(Stem Cell Technologies), 20 ng each of human interleukin-3 and
granulocyte macrophage—colony stimulating factor (Stem Cell Tech-
nologies), and 50 ng human Steel Factor (purified in the Terry Fox
Laboratory from supernatants of human Steel Factor c-DNA trans-
fected COS cells). The cells were plated at three different concentra-
tions (2.5, 5.0, and 10.0 X 10%ml), and each plate was scored after 14
to 18 d of incubation at 37°C in a humidified atmosphere of 5% CO,
for the presence of erythroid (BFU-E—derived), granulocyte-mac-
rophage (colony-forming unit—granulocyte macrophage—derived),
and multilineage colonies (colony-forming unit-GEMM—derived) by
use of standard criteria (18). The investigator who interpreted this
assay was hlinded to clinical data.

Laboratory Data

All blood tests were collected between 8 and 11 am. after an
overnight fast. Complete blood counts were performed by use of a
Sysmex SE 9000 (Toa Medica Electronics Co., Ltd., Kobe, Japan).
Serum creatinine, lactic dehydrogenase, and total and indirect biliru-
bin levels were measured by autoanalyzer (Hitachi Medical Corp. of
America, Tarrytown, NY). Erythropoietin levels were performed by
chemiluminescence immunoassay (Nichols Institute Diagnostic, San
Juan Capistrano, CA). IGF-1 levels were determined by RIA (Immun-
lite; DPC, Cirrus, Inc., Randolph, NJ). IGF-BP3 levels were per-
formed by RIA (Endocrine Science, Calabasas Hill, CA). Specimens
for IGF-1 and IGF-BP3 were collected at room temperature.

Satistical Analyses

Stetistical anadlyses were performed by use of the SPSS software
package (SPSS Inc., Chicago, IL). The unpaired t test was used to
compare means between two groups, and the paired t test was used to
compare data within the same group. ANOVA was used to compare
results among three groups. Univariate correlations were evaluated by the
Spearman test. The variables tested were Hct, apoptoss, IGF-1, IGF-
BP3, Ep, age, duration of end-stage renal disease, transplant duration,
presence of PTE, time of onset of PTE, duration of PTE, use of 8
blockers, cacium-channel blockers, diuretics, BP, weight, white blood
cell count, platelet count, mean corpuscular volume, levels of lactic
dehydrogenase, and total and indirect bilirubin. P < 0.05 was considered
to indicate Statistica significance. All data are presented as mean += SD.

Results

Table 1 shows clinical and laboratory festures of PTE and
transplant control patients. There were no significant differences
in age, gender, cause of end-stage rena disease, duration of
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Table 1. Clinical and laboratory data: patients with PTE and
transplant control patients®

Parameter 0 P=TElO) Tran??]l a:nt 1C(:)g)ntrol

Age (yr) 455 + 157 418 = 10.0
Gender 8M, 2, F IM,1F
Cause of ESRD

HTN 4 7

PCKD 2 —

DM 1 —

GN 2 2

other 1 1
ESRD duration (mo) 334 + 199 486 * 346
Immunosuppression

PA 1 —

PAC 2 4

PCM 3 2

PT 2 2

PTM 2 2
Transplant duration (mo) 58.0 = 68.6 51.9 + 40.2
Onset of PTE (mo) 86 £ 27 —
Creatinine (mg/dl) 15+ 5 13+ .3

2PTE, posttransplantation erythrocytosis, ESRD, end-stage renal
disease; HTN, hypertension; PCKD, polycystic kidney disease;
DM, diabetes mellitus; GN, glomerulonephritis; P, prednisone; A,
azathioprine; C, cyclosporine; M, mycophenolic acid mofetil; and
T, tacrolimus.

end-stage renal disease, maintenance immunosuppression, trans-
plant duration, or serum creatinine. The mean onset of PTE was
8.6 = 2.7 mo (range, 2 to 30 mo). The mean duration of PTE at
the time of the study was 45.8 = 65.0 mo (range, 6 to 192 mo).

Table 2 shows baseline and treatment values of Hct and
apoptosis of CD34+ erythroid precursorsin patients with PTE,
transplant control patients, and normal control subjects. As
expected, the baseline Hct in patients with PTE was markedly
higher than that in control groups (P < 0.001). Baseline
apoptosis of CD34+ erythroid precursors was similar in the
three groups. During ACEI therapy, Hct decreased signifi-
cantly in patients with PTE (53.0 == 1.8% versus 44.9 * 5.3%;
P < 0.01), transplant control patients (43.4 = 2.3% versus 40.0
+ 3.0%; P < 0.01), and normal control subjects (44.2 = 2.1%
versus 41.8 + 2.1%; P < 0.01). The mean duration of ACEI
use in patients with PTE was 7.4 = 3.8 wk and in transplant
control patients was 6.3 = 4.4 wk (P = NS). The percentage
change in Het with ACEI was significantly greater in patients
with PTE than that in normal control subjects (—15.4 = 7.8%
versus —5.4 = 3.4%; P < 0.03) and approached significance
when patients with PTE were compared with transplant control
patients (—15.4 = 7.8% versus —7.6 = 7.3%; P < 0.055).
Apoptosis of CD34+ erythroid progenitor cells increased sig-
nificantly in both patients with PTE (11.9 = 6.3% to 60.3 =
11.0%; P < 0.001) and transplant control patients (12.6 =
6.2% t0 59.6 *+ 15.2%; P < 0.001) during ACEI therapy, but
there was no difference in apoptosis between these two groups.
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Figures 1 and 2 show examples of positive annexin and DNA-
laddering assays for apoptosis. In contrast, normal control
subjects showed no significant change in apoptosis during
ACEI therapy.

Table 2 and Figure 3 show the effects of ACEI therapy on
IGF-1, IGF-BP3, and EP levelsin patientswith PTE, transplant
control patients, and normal control subjects. There were no
significant differences in baseline levels among the groups.
During ACEI therapy, serum IGF-1 levels decreased signifi-
cantly in patients with PTE (251.1 = 145.9 to 207.1 = 83.8
ng/ml; P < 0.03) and increased significantly in transplant
control patients (276.7 = 133.6 to0 334.9 + 161.4 ng/ml; P <
0.003) but did not change significantly in normal control
subjects (189.5 = 66.7 to 177.2 = 40.5 ng/ml; P = NS). On
ACEI therapy, serum IGF-1 levels were significantly greater in
transplant control patients compared with normal control sub-
jects (334.9 = 161.4% versus 177.2 = 40.5 ng/ml; P < 0.05).
The percentage change of IGF-1 levels from baseline was
significantly different between patients with PTE and trans-
plant control patients (—13.3 = 16.4% versus 18.1 + 17.0%;
P < 0.001). Levels of Ep and IGF-BP3 were not significantly
changed during ACEI therapy. In the 10 patients with PTE, Ep
levelsincreased in 5 and decreased in the other 5 during ACEI
therapy. There was no difference in the IGF-1 levels between
these two subgroups. There were no significant differences at
baseline or during ACEI in white blood cell or platelet counts,
mean corpuscular volume, lactic dehydrogenase, bilirubin, BP,
body weight, or use of diuretics or calcium channel blockers
between groups (data not shown). However, there was signif-
icant difference in B-blocker therapy between patients with
PTE and transplant control patients (20 versus 70%; P < 0.05).

In renal transplant patients, ACEI caused an increase from
baseline apoptosisin CD34+ cellswithin 2 to 3wk (Figure 4).
Maximal apoptosis was noted within 3 to 6 wk of therapy and
was sustained in one patient who did not return for follow-up
studies until 16 wk on ACEI therapy. Five patients (two PTE
and three control) agreed to repeat apoptosis studies several
weeks after they had discontinued ACEI. The ACEI-related
apoptosis reverted to baseline values in most patients by 2 to 4
wk off medication. There was no significant difference in the
number of BFU-E colonies between PTE (n = 4) and control
(n = 5) groups before ACEI therapy (77.8 = 48.5 versus 88.2
+ 67.6, P = NS).

Discussion

We made the novel observation that the use of ACEI en-
hanced apoptosis of CD34+ erythroid precursors isolated from
peripheral blood of renal transplant recipients. Patients with
PTE and transplant control patients had the same baseline
apoptosis and the same marked increase in apoptosis during
ACEI therapy. The time course of ACEI-related apoptosis was
similar in the two groups. As erythroid precursor apoptosis
increased, there was a concurrent significant decreasein Hct in
both groups, which suggests that the decrease in Hct may be
causally related to enhanced apoptosis. However, the fall in
Hct was more pronounced in patients with PTE. In fact, we
were unable to show adirect correlation between the changein
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transplant patients and normal controls?
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Table 2. Effect of ACEI therapy on apoptosis of CD34+ erythroid precursors and selected laboratory features in renal

1961

Tr |
Parameter E%ﬁ?_gg{% s Trans(prllagt foc;ntrol S Norn(1r?l :Cc;r)f[rol S
Basdline
hematocrit (%) 53.0 + 1.8 434 + 2.3° 442 + 2.1°
apoptosis (%) 119+ 6.3 125+ 6.2 12.2 +10.2
Ep (mU/ml) 96+ 9.6 10.6 + 3.4 14.4 + 3.9
IGF-1 (ng/ml) 281.1 + 145.9 276.7 + 133.6 189.5 * 66.7
IGF-BP3 (mg/L) 29+09 37+08 35+ 05
During ACEI
hematocrit (%) 449 + 53° 40.0 + 3.0¢ 41.8 + 2.1¢
apoptosis (%) 60.3 + 11.0° 59.6 + 15.2¢ 124+ 213
Ep (mU/ml) 115+ 76 11.0 + 11.1 228+ 272
IGF-1 (ng/ml) 207.1 + 83.8 334.9 + 161.49 177.2 + 40.5"
IGF-BP3 (mg/L) 28+ 07 35+ 10 42+ 06
Ahematocrit (%) -154+ 738 -76+73 —54+ 34
Aapoptosis (%) 550.1 = 378.5 4785 + 216.2 166.6 + 548.2
AEp (%) 310 + 499.0 16.6 + 115.8 385+ 112.9
AIGF-1 (%) —-133+ 164 18.1 + 17.0 ~71+612
AIGF-BP3 (%) -83+27.2 -18+261 230+ 325

2 ACEl, angiotensin-converting enzyme inhibitor; A, percentage change from baseline; Ep, erythropoietin; IGF-1, insulin-like growth
factor—1; IGF-BP3, IGF—binding protein 3; PTE, posttransplant erythrocytosis.

PP < 0.001 PTE versus transplant and normal controls.

°P < 0.001 PTE baseline versus ACEI.

4P < 0.01 transplant and normal controls baseline versus ACEI.
¢P < 0.001 baseline versus ACEI.

fP < 0.03 basdline versus ACEI.

9P < 0.003 baseline versus ACEI.

"'P < 0.05 transplant control versus normal control.

'P < 0.03 PTE versus normal control.

J'P < 0.05 PTE versus transplant control.

apoptosis and the change in Hct. Thus, the ACEIl-related in-
crease in erythroid progenitor apoptosis may explain only
partially the ACEI-mediated decrease in Hct. Also, a decrease
in precursor cell apoptosis does not seem to explain the patho-
genesis of PTE.

In normal control subjects, 4 wk of ACEI therapy led to a
significant drop in Hct without a concurrent increase in ery-
throid precursor apoptosis, which suggests that the concurrent
use of medication such as immunosuppressives or other factors
may be required to affect apoptosis. Because there was no
correlation between the fall in Het and the change in Ep, 1GF-1,
or IGF-BP3 in normal control subjects, the ACEI-related drop
in Hct remains unexplained.

Our data suggest that ACEI-related changes in IGF-1 aso
may be important in erythropoiesis in renal transplant recipi-
ents. With ACEI treatment, there were striking changes in
IGF-1 levels in both patients with PTE and transplant control
patients. In patients with PTE, IGF-1 levels decreased signif-
icantly and univariate analysis showed a strong correlation
between the percentage decrease in Hct and the percentage
decrease in IGF-1. These results are very similar to a recent
report (11). Conversely, in transplant control patients, IGF-1

levels increased significantly with ACEI treatment. We do not
have an explanation for the discordance in IGF-1 levels in
patients with PTE and transplant control patients on ACEI
therapy. We speculate that the differences that we observed in
IGF-1 response to ACEI therapy between patients with PTE
and transplant control patients are consistent with an abnor-
mality in IGF-1 and IGF-1-binding protein regulation in PTE,
as suggested by Brox et al. (12). However, it is not clear that
the CD34+ erythroid precursor apoptosis that we observed
was related to changes in IGF-1 or IGF-BP3.

Previous studies showed that IGF-1 is an important eryth-
ropoietic growth factor (17,21-25). In vitro studies of murine
and human erythroid precursors have shown that |GF-1 inhib-
ited apoptosis (17) and stimulated cell growth to maximal
levels in the presence of suboptimal Ep concentrations (17,25)
and that human BFU-E have receptors for IGF-1 (21). In a
murine chronic renal failure model, the combination of low-
dose Ep and IGF-1 was more effective in reversing anemia
than either treatment alone (24). Two anephric patients who
had normal circulating levels of hemoglobin but no measurable
Ep and in whom IGF-1 was believed to be the mgjor erythro-
poietic growth factor have been described (22,23). In eight
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Annexin

Figure 1. Angiotensin-converting enzyme inhibitor (ACEIl) therapy induces apoptosis of CD34+ erythrocyte precursors—annexin assay. (a)
Célls under low-power (10X) phase microscopy. (b) The same cells asin (@), stained with annexin. Note that only two of approximately eight
cellsin this field are annexin positive. (¢) Normal CD34+ cell under high-power (100X) phase microscopy. (d) The same cell stained with
annexin. Note the normal rounded morphology and absence of annexin staining, which indicates a nonapoptotic cell. (e) Cells after ACEI
therapy, under low-power phase microscopy. (f) The same cells as in (€), stained with annexin. Note that three of four cells in this field are
annexin positive. (g) Cell after ACEI therapy under high-power phase microscopy. (h) The same cell stained with annexin. Note the abnormal
morphology, including membrane blebbing, and intense annexin staining, which indicates an apoptotic cell.

1122 3 4 4 556
ACEI-+-+-+ -+-+-+
Figure 2. ACE inhibitor therapy induces apoptosis of CD 34+ eryth-
rocyte precursors—DNA fragmentation assay. ACE inhibition re-
sulted in a DNA laddering pattern characteristic of apoptosis, which
confirms the results obtained by annexin of the same samples. @,

posttransplantation erythrocytosis (PTE); O, control.

patients who were undergoing hemodialysis and had erythro-
cytosis, IGF-1 levels were significantly higher than those in
normal control subjects and were inversely correlated with Ep
levels. Antibody to IGF-1 partially blocked the stimulating
effect of serum from the patients on normal erythroid precur-
sors in culture (26). In another study of uremic patients with

severe anemia and secondary hyperparathyroidism, IGF-1 lev-
els were significantly correlated with Hct levels (27). Thus,
IGF-1 could be an important factor in the regulation of eryth-
ropoiesis in patients with chronic renal failure.

Severd studies have evaluated the role of IGF-1 in PTE.
Eighteen patients who had PTE and were studied for 6 wk after
ACEI withdrawa showed no changein IGF-1 levels, Ep, renin, or
All, despiteasignificant increasein Hct (28). A more recent study
showed that 20 patients with PTE had higher Ep and IGF-1 levels
than either transplant control patients or normal control subjects.
ACEI therapy in the PTE group led to a decrease in Hct, Ep, and
IGF-1 levels, and there was a significant correlation between Hct
and IGF-1 (11). The effect of ACEI on transplant control patients
was not assessed. Another recent report found that 18 patients
with PTE had elevated |GFbinding protein 1 and 3 levels,
compared with transplant control patients (12). However, there
was no difference in IGF-1 and Ep levels. The effect of ACEI on
IGF-1 or binding protein levels was not studied. Differences
between these previous studies and the present study may be due
to patient selection or variable type, dosage, and duration of ACEI
therapy.

Theroleof Epin PTE isunresolved. Studies haveimplicated
increased Ep production as the cause of PTE (1,2,11,29). The
Hct-lowering effect of ACEI and AT, blockers has been at-
tributed to decreased Ep production, as demonstrated by de-
creased Ep levels (9,11,30,31). However, other studies have
noted that patients with PTE often have low or undetectable Ep
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Figure 3. Effects of ACEI therapy on insulin-like growth factor-1 (IGF-1) levelsin patients with PTE (A) and transplant control patients (B).
On ACEl, there was a significant decrease in IGF-1 levelsin the PTE group (281.1 + 145.9 to 207.1 = 83.08; P < 0.03). In the control group,
ACEI therapy was associated with a significant increase in IGF-1 levels (276.7 = 133.6 to 334.9 + 161.4; P < 0.003).
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Figure 4. Time course of ACEI-mediated CD34+ cell apoptosis.
ACEI therapy caused an increase in apoptosis within 2 to 3 wk.
Maximal apoptosis seemed to occur within 3 to 6 wk of therapy. Each
dot represents one apoptosis assay. Each patient had at least two
measurements.

levels (2,3,28,32) and that ACElI and AT, blockers therapy
may lead to alower Hct without changesin Ep (3,32,33). In the
present study, there was no difference in Ep levels between
patients with PTE and transplant control patients before or
during ACEI therapy. During ACEI treatment, we were unable
to confirm any strong correlation between Ep or change in Ep
and Hct, IGF-1, IGF-BP3, or apoptosis.

A number of drugs commonly used in the treatment of renal
transplant patients may affect apoptosis of mesangid cells, renal
tubule cells, and vascular smooth-muscle cells, including cyclo-
sporine, thiazide diuretics, ACEI, B blockers, and calcium-chan-
nel blockers (13,14,34—36). Drug combinations may have a syn-
ergigtic action on agpoptosis. An example of this is the greatly
enhanced apoptosis of cultured human vascular smooth-muscle
cellsin the presence of captopril and propranolol (14). The direct
effects of these agents on erythroid progenitor cells are unknown.

However, given that these drugs affect the renin-angiotensin sys-
tem, it is possible that they al may have indirect influence on
erythroid growth factors such as All. In our study, B-blocker
therapy was more prevaent in the transplant control patients than
in the patient with PTE, athough the use of cyclosporine, tacroli-
mus, thiazide, ACEI, and cacium-channel blockers was no dif-
ferent. We cannot exclude the possihility that 8 blockersincreased
low levels of apoptosis in controls to higher levels comparable to
patients with PTE.

Erythropoiesis is a complex process that involves the inter-
play of multiple cytokines, growth factors, and growth inhib-
itors (36). Secondary erythrocytosis generally is caused by a
disturbance in one or more regulatory factors. Although the
pathogenesis of PTE remains unclear, recent studies have
focused on the potential role of Ep, IGF-1, and All, growth
factors for erythroid progenitor cells with common signal
transduction pathways (8,36,37). Our data suggest that in renal
transplant recipients, ACEl affects at least two of these three
factors, leading to decreased erythroid progenitor growth and
increased apoptosis. These ACEI-mediated changes are most
striking in patients with PTE. The mechanism of ACEIl-related
apoptosis in CD34+ erythroid precursors is unknown. We
hypothesize that the enhanced sensitivity to ACEI in patients
with PTE may be due to differences in cell cycling and differ-
encesin growth factor receptor expression. It will be important,
in future studies, to test these possibilities.
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