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ABSTRACT
Phosphate may promote the onset and progression of chronic nephropathies. Here we evaluated the
relationships between baseline serum phosphate levels, disease progression, and response to ACE
inhibition in 331 patients with proteinuric nephropathies in the prospective Ramipril Efficacy In Nephropathy (REIN) trial. Independent of treatment, patients with phosphate levels in the highest two quartiles
progressed significantly faster either to ESRD or to a composite endpoint of doubling of serum
creatinine or ESRD compared with patients with phosphate levels below the median (P ⬍ 0.001). Results
were similar when we analyzed phosphate as a continuous variable (P ⱕ 0.004). The renoprotective effect
of ramipril decreased as serum phosphate increased (P ⱕ 0.008 for interaction); this modification of the
treatment effect by phosphate persisted despite adjusting for potential confounders such as GFR and
urinary protein. In summary, these data suggest that phosphate is an independent risk factor for
progression of renal disease among patients with proteinuric CKD, and high levels of phosphate may
even attenuate the renoprotective effect of ACE inhibitors. Future trials should test whether
reducing serum phosphate improves renal outcomes and optimizes the renoprotective effect of ACE
inhibition.
J Am Soc Nephrol 22: 1923–1930, 2011. doi: 10.1681/ASN.2011020175

On a world scale, the prevalence of chronic kidney disease (CKD) in the general population
ranges from 2.5 to 11.2%.1 Early recognition and
treatment of factors involved in renal disease onset and progression are crucial to improve outcomes of patients at risk and, at the same time,
reduce the already unbearable costs for renal replacement therapy of patients who eventually
progress to end stage kidney disease (ESKD). Preventing ESKD would also be lifesaving when renal replacement therapy is not available for all
patients in need.
Despite early recognition and optimized treatment of established renal risk factors, however, a
substantial proportion of patients with chronic
nephropathies continue to progress. A plausible
explanation for these discouraging observations
J Am Soc Nephrol 22: 1923–1930, 2011

is that known treatable risk factors account for no
more than one third of the variance in renal disease progression.2
Pioneering experimental studies dating back to
the seventies showed that reduced disposal of phosphate is one of the earliest consequences of reduced
Received February 21, 2011. Accepted June 7, 2011.
Published online ahead of print. Publication date available at
www.jasn.org.
Correspondence: Prof. Carmine Zoccali, CNR-IBIM, Istituto di
Biomedicina, Epidemiologia Clinica e Fisiopatologia, delle Malattie Renali e dell’Ipertensione Arteriosa, c/o Euroline di Ascrizzi
Vincenzo, Via Vallone Petrara n. 55/57, 89124 Reggio Calabria,
Italy. Phone: 0039-0965-397010; Fax: 0039-0965-26879; E-mail:
carmine.zoccali@tin.it
Copyright © 2011 by the American Society of Nephrology
ISSN : 1046-6673/2210-1923

1923

CLINICAL EPIDEMIOLOGY

www.jasn.org

nephron mass and that secondary phosphate overload play a
role in the progression of renal damage by calcium-phosphate
dependent and independent mechanisms.3,4 Following studies
also showed that enhanced extracellular and intracellular
phosphate concentrations may engender endothelial dysfunction and oxidative stress,5 two potential risk factors for renal
damage progression. In experimental animals with reduced
nephron mass, the phosphate filtration fraction progressively
increases in parallel with decreasing single nephron GFR. This
adaptation, aimed at maintaining phosphate balance despite a
reduced filtration power, appears to be largely mediated by the
upregulation of the fibroblast growth factor 23 (FGF 23).6 This
factor, however, inhibits the synthesis of vitamin D6,7 and, by
several mechanisms—including stimulated cell proliferation6
and upregulation of the renin-angiotensin-system (RAS)8—
may further accelerate the progression of renal damage.
To date, findings of three observational studies exploring
the association between serum phosphate levels and renal outcomes9 –11 converged to indicate that phosphate might have an
independent pathogenic role in the onset and progression of
CKD. However, none of the analyses were run in the setting of
a clinical trial with standardized guidelines for patient selection, monitoring, and treatment. Even more important, no
previous study formally tested the relationship between serum
phosphate levels and RAS inhibitor therapy. This is an issue of
major clinical relevance since RAS inhibition is currently goldstandard therapy for patients with diabetic or nondiabetic pro-

gressive chronic nephropathies. Thus, to formally test the interactions between serum phosphate levels, renal disease
progression, and RAS inhibitor therapy, we took advantage of
a large cohort of patients with proteinuric chronic nephropathies randomly allocated to RAS or non-RAS inhibitor
therapy and prospectively monitored, with gold standard
procedures in the setting of the Ramipril Efficacy In Nephropathy (REIN) study,12 a controlled clinical trial aimed
to evaluate the renoprotective effect of ramipril therapy in
CKD. Results of these analyses formed the basis of the present report.

RESULTS
Patient Characteristics

Baseline demography, clinical, and laboratory data of the 331
patients considered in the present analysis (Table 1) were similar to those of the original cohort of 352 patients included in
the REIN trial13 (data not shown). Twenty-one REIN patients
were not considered because of lack of data about baseline
serum phosphate levels. Of considered patients, 165 had been
randomized to ramipril and 166 to placebo. Serum phosphate
levels were within the normal range (2.7 to 4.6 mg/dl) in a large
part of the study cohort, and only 22 (6.6%) of included patients
had serum phosphate levels exceeding 4.6 mg/dl (Figure 1). In the

Table 1. Main clinical and biochemical characteristics of study patients according to serum phosphate quartiles
1st and 2nd Phosphate Quartiles

Age (years)
Male sex, n (%)
Urinary sodium (mEq/24 h)
Urinary urea (mg/24 h)
On treatment with Ca
supplements, n (%)
On treatment with Vit. D
analogs, n (%)
Smokers, n (%)
Diabetes, n (%)
Cholesterol (mg/dl)
Albumin (g/dl)
Glucose (mg/dl)
Calcium (mg/dl)
Phosphate (mg/dl)
Hemoglobin (g/dl)
Systolic pressure (mmHg)
Diastolic pressure (mmHg)
Mean arterial pressure
(mmHg)
Urinary protein (g/24 h)
Iohexol GFR (ml/min/
1.73m2)

3rd Phosphate Quartile
P

Ramipril
(n ⴝ 48)

P

Ramipril
(n ⴝ 81)

Placebo
(n ⴝ 85)

51 ⫾ 13
68 (84%)
98 ⫾ 39
1067 ⫾ 583
2 (2.5%)

52 ⫾ 12
72 (84.7%)
89 ⫾ 47
984 ⫾ 470
2 (2.4%)

1 (1.2%)

1 (1.2%)

0.97

2 (4.2%)

2 (4.5%)

0.93

19 (23.5%)
4 (4.9%)
241 ⫾ 56
3.9 ⫾ 0.5
104 ⫾ 26
9.1 ⫾ 1.4
2.8 ⫾ 0.5
14.2 ⫾ 1.3
145 ⫾ 22
91 ⫾ 11
109 ⫾ 14

10 (11.8%)
5 (5.9%)
240 ⫾ 53
3.9 ⫾ 0.5
105 ⫾ 34
9.3 ⫾ 1.0
2.9 ⫾ 0.4
14.0 ⫾ 1.7
146 ⫾ 17
91 ⫾ 12
110 ⫾ 13

0.05
0.79
0.96
0.70
0.89
0.53
0.07
0.55
0.86
0.72
0.77

8 (16.7%)
6 (12.5%)
236 ⫾ 53
3.9 ⫾ 0.5
116 ⫾ 55
9.4 ⫾ 0.5
3.8 ⫾ 0.2
13.7 ⫾ 2.0
147 ⫾ 15
91 ⫾ 14
110 ⫾ 13

9 (20.5%)
5 (11.4%)
248 ⫾ 62
3.9 ⫾ 0.4
110 ⫾ 47
9.4 ⫾ 0.6
3.7 ⫾ 0.2
12.9 ⫾ 1.6
145 ⫾ 18
87 ⫾ 10
107 ⫾ 11

0.64 10 (27.8%)
0.87
3 (8.3%)
0.34 258 ⫾ 109
0.78
3.6 ⫾ 1.2
0.57
98 ⫾ 23
0.71
9.2 ⫾ 0.6
0.36
4.6 ⫾ 0.6
0.04 12.6 ⫾ 1.9
0.56 146 ⫾ 18
0.13
89 ⫾ 11
0.20 108 ⫾ 12

2.3 (1.3–3.7)
52 ⫾ 20

3.0 (1.5–4.3)
47 ⫾ 17

0.11 2.7 (1.5–4.0)
0.05
45 ⫾ 20

2.6 (1.4–3.9)
40 ⫾ 17

0.55
48 ⫾ 14
0.89 36 (75%)
0.25
85 ⫾ 36
0.35 1017 ⫾ 428
0.96
1 (2.1%)

Placebo
(n ⴝ 44)

4th Phosphate Quartile

49 ⫾ 16
30 (68.2%)
88 ⫾ 40
1010 ⫾ 449
0 (0%)

Ramipril
(n ⴝ 36)

0.92
46 ⫾ 13
0.47 28 (77.8%)
0.74
75 ⫾ 27
0.94 811 ⫾ 392
0.34
0 (0%)
5 (13.9%)

Placebo
(n ⴝ 37)

P

45 ⫾ 15
18 (50.0%)
78 ⫾ 41
844 ⫾ 230
1 (2.7%)

0.63
0.01
0.71
0.69
0.32

2 (5.4%)

0.22

7 (18.9%)
2 (5.4%)
250 ⫾ 55
3.8 ⫾ 0.4
105 ⫾ 38
9.1 ⫾ 0.6
4.5 ⫾ 0.4
12.2 ⫾ 1.7
148 ⫾ 19
91 ⫾ 11
110 ⫾ 11

0.37
0.62
0.71
0.53
0.34
0.85
0.15
0.38
0.69
0.58
0.57

0.57 3.8 (2.2–7.8) 4.0 (2.0–6.6)
0.15
35 ⫾ 16
31 ⫾ 13

0.61
0.27

1st and 2nd quartiles, serum phosphate ⬍3.45 mg/dl; 3rd phosphate quartile, 3.45– 4.00 mg/dl; 4th phosphate quartile, ⬎4.00 mg/dl. Data are expressed
mean ⫾ SD or as percent frequency, as appropriate.
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Figure 1. Distribution of baseline serum phosphate in the study
population.

study group as a whole, the GFR averaged 44 ⫾ 18 ml/min/
1.73m2 and ranged from 11 to101 ml/min/1.73 m2. Twentyfour-hour urinary protein was ⬍3.0 g/24h in 175 patients and
exceeded 3 g/24h in the remaining 156 patients. Only a tiny
minority of patients were on vitamin D supplements and/or on
phosphate binders (Table 1).
Baseline demography, clinical, and laboratory data, including 24-h urinary protein, urea, and sodium excretion, were
similar between treatment arms in the study group considered
as a whole, as well as within different serum phosphate strata
considered separately, with only few exceptions (Table 1).
Smokers tended to be more frequent, serum phosphate to be
lower (by approximately 0.1 mg/dl), and GFR to be higher in
the ramipril than in the placebo arm among patients with
serum phosphate within the range of the first two quartiles
(that is, ⬍3.45 mg/dl) (Table 1). Among patients with serum phosphate levels in the third quartile
(that is, between 3.45 mg/dl and 4.00 mg/
dl), hemoglobin concentration was, on
average, 0.8 g/dl higher in ramipril than
in those in the placebo arm, whereas
among subjects in the fourth serum
phosphate quartile (⬎4.00 mg/dl), there
were more males on ramipril than or placebo (Table 1).

CLINICAL EPIDEMIOLOGY

cidence of ESRD, considered as a single event or in combination with doubling of serum creatinine levels, was significantly
higher (P ⬍ 0.001) in patients with serum phosphate levels in
the third and the fourth quartile as compared with those in the
first two quartiles (Figure 2, left and right panel, respectively).
The differences in the progression to renal events among patients’ phosphate strata remained significant (P ⬍ 0.0025) even
after adjusting for baseline covariates—such as GFR, proteinuria, ramipril treatment, and albumin—that were identified as
potential confounders for the interpretation of the effect of
phosphate on study outcomes (see Concise Methods) as well as
for the effect of gender and systolic BP.
Table 2), each 1-mg/dl increase in serum phosphate was
associated with a 84% (shrinkage corrected: ⫹78%) and 66%
fully adjusted incremental risk for ESRD considered alone or in
combination with doubling serum creatinine, respectively
(Table 2).
Phosphate and Renal Outcomes According to
Treatment Arm

The incidence of ESRD, considered alone or in combination
with serum creatinine doubling, increased across phosphate
strata in both treatment arms (Table 3). Within each phosphate stratum, the crude incidence rate of renal events was
uniformly higher in patients on placebo than in those on
ramipril. However, the difference in the event rates between
the two treatment arms progressively decreased for increasing
levels of serum phosphate (Table 3). Thus, the protective effect
of ramipril therapy against progression to ESRD alone
(Figure 3) or in combination with doubling of serum creatinine levels progressively vanished from the 50th phosphate
percentile onward (P ⱕ 0.008 for the effect modification on
both considered outcomes; see Table 3). Consistent findings
were observed when serum phosphate was considered as a continuous variable (crude analyses: ESRD, phosphate-ramipril

Phosphate and Renal Outcomes in the
Study Cohort Considered as a Whole

During the follow-up period (median, 30
mo; interquartile range, 16 to 46 mo), 4 patients died, 74 progressed to ESRD, and 10
additional patients had a doubling in serum creatinine. Thus, 84 patients progressed to the combined renal end point of
ESRD or doubling of serum creatinine. In
the whole study cohort, the cumulative inJ Am Soc Nephrol 22: 1923–1930, 2011

Figure 2. Cumulative incidence of ESRD alone and in combination with doubling
serum creatinine in patients stratified according to serum phosphate quartiles. I/II
quartile: ⬍ 3.45 mg/dl. III quartile: 3.45 to 4.00 mg/dl. IV quartile: ⬎ 4.00 mg/dl.
Phosphate and ACE Inhibition
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Table 2. Multivariate Cox regression analyses
Crude
Hazard ratio, 95% CI, and P-value

Adjusted for confounders, gender, and systolic BP
Hazard ratio, 95% CI, and P-value

Phosphate (1 mg/dl)
Treatment with Ramipril (0 ⫽ no; 1 ⫽ yes)
Albumin (1 g/dl)
Hemoglobin (1 g/dl)
Iohexol GFR (1 ml/min/1.73m2)
Urinary Protein (1 g/24 h)
Gender (0 ⫽ M; 1 ⫽ F)
Systolic pressure (1 mmHg)

3.30 (2.46–4.43), P ⬍ 0.001

1.84 (1.27–2.67), P ⫽ 0.001
0.48 (0.29–0.79), P ⫽ 0.004
0.43 (0.26–0.73), P ⫽ 0.002
0.90 (0.78–1.02), P ⫽ 0.11
0.94 (0.92–0.96), P ⬍ 0.001
1.11 (1.02–1.21), P ⫽ 0.01
1.71 (0.94–3.10), P ⫽ 0.08
1.03 (1.01–1.04), P ⫽ 0.001

Combined end point
(ESRD/creatinine doubling)

Crude
Hazard ratio, 95% CI, and P-value

Adjusted for confounders, gender, and systolic BP
Hazard ratio, 95% CI, and P-value

Phosphate (1 mg/dl)
Treatment with Ramipril (0 ⫽ no; 1 ⫽ yes)
Albumin (1 g/dl)
Hemoglobin (1 g/dl)
Iohexol GFR (1 ml/min/1.73m2)
Urinary protein (1 g/24 h)
Gender (0 ⫽ M; 1 ⫽ F)
Systolic pressure (1 mmHg)

2.87 (2.18–3.77), P ⬍ 0.001

1.66 (1.18–2.33), P ⫽ 0.004
0.49 (0.31–0.79), P ⫽ 0.003
0.50 (0.31–0.82), P ⫽ 0.006
0.92 (0.81–1.05), P ⫽ 0.20
0.95 (0.93–0.97), P ⬍ 0.001
1.11 (1.02–1.20), P ⫽ 0.01
1.51 (0.87–2.63), P ⫽ 0.14
1.02 (1.01–1.03), P ⫽ 0.002

ESRD occurrence

The approach to multivariate Cox’s regression analysis is described in detail in the Methods section. Data are expressed as hazard ratio, 95% CI, and P-values.

Table 3. Crude incidence rate of ESRD and (a) combined renal end point, and (b) according to serum phosphate quartiles
and study arms (Ramipril versus placebo)
(a) Incidence rate of end stage renal disease (ESRD)
Crude Incidence Rate of ESRD Occurrence
(events/100 person-years)

First two quartiles (⬍3.45 g/dl)
Third quartile (3.45–4.00 mg/dl)
Fourth quartile (⬎ 4.00 mg/dl)

Placebo group

Ramipril group

6.9 (4.0–11.2)
13.8 (7.6–23.2)
26.8 (16.1–41.7)

0.42 (0.01–2.4)
6.5 (3.0–12.3)
20.7 (11.6–34.2)

*Crude Hazard Ratio, 95% CI, and
P-value (Ramipril versus placebo)
0.13 (0.04–0.39), P ⬍ 0.0001
0.32 (0.18–0.59), P ⬍ 0.001
0.82 (0.44–1.55), P ⫽ 0.54
P for effect modification ⫽ 0.008

(b) Incidence rate of the combined renal end point (ESRD and doubling of serum creatinine)
Crude Incidence Rate of Renal Outcomes
(events/100 person-years)

First two quartiles (⬍3.45 g/dl)
Third quartile (3.45–4.00 mg/dl)
Fourth quartile (⬎ 4.00 mg/dl)

Placebo group

Ramipril group

8.8 (5.3–13.7)
18.6 (10.8–29.7)
27.9 (16.8–43.8)

1.3 (0.3–3.8)
6.7 (3.1–12.7)
25.2 (14.7–40.4)

*Crude Hazard ratio, 95% CI, and
P-value (Ramipril versus placebo)
0.15 (0.06–0.39), P ⬍ 0.0001
0.37 (0.22–0.62), P ⬍ 0.001
0.90 (0.49–1.66), P ⫽ 0.73
P for effect modification ⫽ 0.004

Data are incidence rate and 95% confidence intervals.
*The crude hazard ratios of Ramipril treatment for study outcomes across serum phosphate quartiles were derived by Cox models including Ramipril treatment,
serum phosphate strata, and their interaction term.

interaction, P ⫽ 0.003; ESRD/doubling of serum creatinine,
phosphate-ramipril interaction, P ⫽ 0.004; fully adjusted analyses: ESRD, phosphate-ramipril interaction, P ⫽ 0.022; ESRD/
doubling of serum creatinine, phosphate-ramipril interaction,
P ⫽ 0.028). The protective effect against ESRD events achieved
by ramipril versus placebo decreased from 87% to 68%, and to
18%, from the lowest to the middle, and the highest, serum
phosphate strata, respectively (Figure 3). Data adjustment for
gender, systolic BP, and potential confounders, as well as for
the shrinkage correction factor, did not materially change the
1926
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strength of these relationships (see Table 4 and box in Figure
3). A similar trend was observed when the combined end point
was considered (Table 3), and, again, data correction for the
shrinkage factor did not affect the strength of the ramiprilserum phosphate interaction (data not shown). Consistently,
the adjusted hazard ratio between treatment arms for ESRD,
considered alone or in combination with doubling serum creatinine, was maximally significant in the lowest phosphate
stratum. The significance was virtually unmodified in the middle stratum and was lost in the highest one (Figure 3).
J Am Soc Nephrol 22: 1923–1930, 2011
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Figure 3. Effect modification of serum phosphate on the efficacy of ramipril for reducing the incidence rate of ESRD. Data are expressed as hazard
ratio, 95% confidence interval, and P-value (see box). °Crude data. *Data adjusted for all variables listed in Table 4. **Shrinkage corrected.24

Table 4. Interaction analysis between Ramipril treatment and serum phosphate strata for (a) ESRD alone and (b) in
combination to doubling of serum creatinine levels
(a) End stage renal disease (ESRD)
Adjusted for Confounders, Gender, and Systolic BP
Hazard ratio, 95% CI, and P-value
Treatment with Ramipril (0 ⫽ no; 1 ⫽ yes)
Phosphate strata 关1 ⫽ I/II quartile; 2 ⫽ III quartile; 3 ⫽ IV quartile兴
Treatment * phosphate strata
Albumin (1 g/dl)
Hemoglobin (1 g/dl)
Iohexol GFR (1 ml/min/1.73m2)
Urinary protein (1 g/24 h)
Gender (0 ⫽ M; 1 ⫽ F)
Systolic pressure (1 mmHg)

P for interaction ⫽ 0.034

0.46 (0.27–0.77), P ⫽ 0.003
0.89 (0.78–1.02), P ⫽ 0.10
0.94 (0.92–0.96), P ⬍ 0.001
1.13 (1.04–1.23), P ⫽ 0.003
1.56 (0.85–2.85), P ⫽ 0.15
1.03 (1.01–1.04), P ⬍ 0.001

(b) ESRD/doubling of serum creatinine
Adjusted for confounders, gender and systolic BP
Hazard ratio, 95% CI, and P-value
Treatment with Ramipril (0 ⫽ no; 1 ⫽ yes)
Phosphate strata 关1 ⫽ I/II quartile; 2 ⫽ III quartile; 3 ⫽ IV quartile兴
Treatment * phosphate strata
Albumin (1 g/dl)
Hemoglobin (1 g/dl)
Iohexol GFR (1 ml/min/1.73m2)
Urinary protein (1 g/24 h)
Gender (0 ⫽ M; 1 ⫽ F)
Systolic pressure (1 mmHg)

P for interaction ⫽ 0.021

0.53 (0.33–0.88), P ⫽ 0.01
0.91 (0.80–1.04), P ⫽ 0.17
0.95 (0.93–0.96), P ⬍ 0.001
1.12 (1.04–1.21), P ⫽ 0.003
1.34 (0.76–2.36), P ⫽ 0.23
1.02 (1.01–1.04), P ⫽ 0.001

Data are expressed as hazard ratio, 95% CI, and P-values.

The modification achieved by serum phosphate strata on the
protective effect of ramipril therapy against progression to ESRD,
considered alone or in combination with doubling of serum
J Am Soc Nephrol 22: 1923–1930, 2011

creatinine levels, did not vary across GFR (P ⫽ 0.70 and P ⫽ 0.69,
respectively) and proteinuria (P ⫽ 0.45 and P ⫽ 0.41, respectively) levels. The effect modification of serum phosphate also did
Phosphate and ACE Inhibition

1927

CLINICAL EPIDEMIOLOGY

www.jasn.org

not change when urinary sodium, urinary urea, calculated protein
intake, and age were forced into Cox’s models (data not shown).

and this phenotype may be corrected with a low phosphate diet.21
Thus, it can also be hypothesized that lower phosphate in CKD
patients with reduced Klotho may mitigate the progression of renal damage and ameliorate the response to ACE inhibition.

DISCUSSION
Strengths and Limitations

In this post hoc analysis of outcome data retrieved from the
cohort of patients with chronic proteinuric nephropathies included in the REIN trial,12 we found that relatively higher serum phosphate levels at inclusion, even within the normal reference range, were associated with an incremental risk of
progression to a renal event, either when ESRD was considered
as a single end point or when it was considered in combination
with doubling of serum creatinine levels. Moreover, serum
phosphate levels were associated with a progressively decreasing protective effect of ramipril therapy against renal disease
progression, to the point that the benefit of ACE inhibition was
almost fully lost among patients with serum phosphate levels
exceeding 4.5 mg/dl. Adjustment for potential confounders—
including proteinuria; GFR, as measured by plasma Iohexol
clearance; and other renal risk factors— did not appreciably
modify these associations. Importantly, previous evidences
from patients included in the REIN study demonstrated that
the largest number of ESRD events saved by ramipril therapy
was observed in the tertile with the lowest GFR at inclusion.14
Thus, the reduced protective effect of ramipril against progression to ESRD observed in patients with higher serum phosphate level is not explained by more severe renal insufficiency.
Overall, these findings are in keeping with the hypothesis that
phosphate plays a role in renal disease progression and that
excess phosphate exposure may limit or even blunt the renoprotective effect of ACE inhibitor therapy in this population.
The association between phosphate and the risk of progression of CKD was noted in previous observational studies.9 –11
In REIN we found that, independently of other risk factors, just
1-mg/dl increase in serum phosphate level was associated with
a 85% excess risk for progression to ESRD and with a 65%
excess risk for the combined end point. Phosphate is a strong
stimulus for FGF-23 secretion. Stimulation of the FGF receptor common to all members of the FGF family increases the
production of the converting enzyme,15 which may activate the
RAS. Conceivably, this might facilitate the onset and progression of kidney damage in subjects at risk and, at the same time,
might overwhelm the effects of RAS inhibitors on angiotensin
II production and activity, in particular at tissue level. Direct5
and FGF23-mediated inhibitory effects of phosphate on nitric
oxide (NO) production might also limit or prevent the effects
of ACE inhibitor therapy mediated by NO activation. Along
this line, it is worth mentioning that, in patients with CKD,
plasma FGF23 levels are inversely related with NO-dependent
vasodilation16 and predict progression to ESRD.17 On the
other hand, the coreceptor of FGF23, Klotho—a well recognized renoprotective factor18 –19 that attenuates angiotensinII-induced renal damage20—is downregulated at an early stage
in CKD patients. Klotho ⫺/⫺ mice suffer premature aging,
1928
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Our study has limitations. First, it is a post hoc analysis of a
clinical trial. Even although we adjusted the analysis for potential confounders, including baseline GFR, as measured by iohexol plasma clearance, and proteinuria, the possibility of residual confounding cannot be excluded. The fact that patient
characteristics were very similar between treatment arms
within phosphate subgroups and that main outcome data were
confirmed in multivariable models is in keeping with the hypothesis that phosphate is a risk factor for progressive renal
disease. Another limitation is that the REIN enrolled only Caucasian patients with nondiabetic CKD. Further studies are
needed to assess whether the present findings can be generalized to non-Caucasians and to subjects with diabetic renal disease and/or to nonproteinuric nephropathies. It should also be
noted that, although we adjusted our analysis for urinary sodium and urea, we did not measure phosphate excretion,
which is the best clinical indicator of phosphate load. Furthermore, due to the lack of a specific bio-bank, we could not
measure either FGF-23 or 1,25 vitamin D and PTH in the REIN
study. Thus, pathways mediating the interactions between
phosphate balance and renal disease progression need further
investigation in ad hoc trials and mechanistic studies.
Conclusions

These post hoc analyses of REIN data consistently showed that
phosphate is an independent risk factor for renal disease progression and that a high phosphate burden may appreciably
limit or even blunt the renoprotective effect of ACE inhibitor
therapy in patients with proteinuric chronic nephropathies.
These findings suggest that serum phosphate might be a specific target for renoprotective therapy in CKD patients and
provide the background for randomized clinical trials to formally test whether reducing phosphate exposure by restricted
dietary intake and/or concomitant treatment with phosphate
binding agents may serve to optimize the renoprotective effect
of ACE inhibition in this population.

CONCISE METHODS
The REIN study was a prospective, randomized, placebo-controlled,
multicenter clinical trial showing that treatment with the ACE inhibitor ramipril (at the target maintenance dose of 5 mg daily) significantly reduced proteinuria, compared with placebo in 352 patients
with chronic progressive nephropathies, an effect that was achieved at
comparable BP control between treatment arms, and that, in the long
term, translated into slower GFR decline, as assessed by serial GFR
measurements by the iohexol plasma clearance technique, and halved
risk of progression to ESRD.12
J Am Soc Nephrol 22: 1923–1930, 2011
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In brief, study participants were normotensive (arterial pressure
⬍140/90 mmHg without antihypertensive therapy) or hypertensive
patients of both sexes, aged 18 to 70 yr, with creatinine clearance in the
range 20 to 70 ml/min/1.73m2 and persistent proteinuria (⬎1 g/24h
for at least 3 mo before inclusion). After 1-mo placebo, run-in patients were randomized to ramipril or placebo and followed up for an
average time of 30 mo (range: 0.2 to 76 mo). All considered laboratory
parameters were measured by standardized procedures at local laboratories of involved centers, with the only exception of the GFR that
was centrally measured by the iohexol plasma clearance technique at
the laboratories of the Clinical Research Center Aldo & Cele Daccò of
the Mario Negri Institute for Pharmacologic Research that coordinated and monitored all of the activities of the trial. The trial was
approved by the ethical committees of all involved centers, and all of
the included subjects provided a written informed consent to study
participation according to the Declaration of Helsinki guidelines.
The calculated protein intake was assessed by using the standard
formula: [urine urea ⫹ (weight(kg)* 0.031)]*6.25.22
The aim of this post hoc analysis of the REIN trial was dual:
(1) evaluating the relationship between serum phosphate levels at
inclusion and the incidence of renal events throughout the whole
observation period, and (2) assessing whether the protective effect of
ramipril therapy against progression to a renal event was affected by
serum phosphate.

Statistical Analyses
Main outcome variables were ESRD considered as a single end point
or in combination with doubling of baseline serum creatinine versus
baseline. Serum phosphate was tested both as a continuous variable
and as categorized into quartiles, that is, below 50th percentile (combined 1st and 2nd quartiles), between the 50th and 75th percentiles
(3rd quartile), and above the 75th percentile (4th quartile).
Comparisons between groups were made by the t test, MannWhitney test, or the chi-square test, as appropriate. The predictive
value of serum phosphate for the incidence rate of renal events (principal effect of serum phosphate), as well as the effect modification of
this anion on the efficacy of ramipril (secondary effect of serum phosphate) for reducing study outcomes (effect modification Cox regression models), was investigated by crude and multivariate Cox regression analyses (time to the first event analysis). Multivariate models
investigating the principal effect of serum phosphate included this
anion and variables that met criteria to be confounders,22 that is,
variables that (1) were related (P ⬍ 0.20) with both exposure (serum
phosphate) and study outcomes, (2) were not an effect of exposure,
and (3) were not in the causal pathway between the exposure and
study outcomes. Because the established role of male sex and high BP
in renal disease progression, all analyses were also adjusted for gender
and systolic BP. By the same approach, we also identified confounders
for investigating the effect modification by serum phosphate on the
efficacy of ramipril for reducing the study outcomes. To this aim, we
stratified the study population according to categories of serum phosphate (⬍50th percentile, 50th-75th percentile, and ⬎75th percentile)
and study arms. For both analyses (main effect and effect modification by serum phosphate), a common set of confounders were identified and included in the multivariate models. The proportionality
J Am Soc Nephrol 22: 1923–1930, 2011
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assumption of Cox models was tested by the analysis of Schoenfeld
residuals, and no violation was found. The multivariate Cox regression model for the combined renal end point (ESRD and doubling of
serum creatinine) was of adequate statistical power (at least 10 events
for each variable in the models) and a shrinkage method24 was applied
for adjusting for the same risk factors in the analysis of the main end
point (ESRD). The shrinkage method is recommended in relatively
small studies to avoid overfitting when the analysis is adjusted for a
number of covariates exceeding the standard rule (one variable in the
model for every 10 events). Relative risks between treatment arms
were described by hazard ratios (HR) and their 95% confidence intervals (CI). The HRs of ramipril treatment across serum phosphate
values were calculated by the linear combination method. Data were
expressed as mean ⫾ SD (normally distributed data), median, and
interquartile range (non-normally distributed data), or as percent
values, as appropriate. A P-value less than 0.05 was considered to
indicate statistical significance.
All calculations were made using standard statistical packages
(SPSS for Windows Version 9.0.1, Chicago, IL; STATA 9 for Windows, College Station, TX).
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