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Abstract
Background Though anemia is a sign of poor renal prognosis in chronic kidney disease (CKD), hemoglobin (Hb) levels are 
typically higher in autosomal dominant polycystic kidney disease (ADPKD) than in other kidney diseases, and anemia has 
not been examined as a potential prognosticator. Thus, we investigated anemia as a factor for renal prognosis in ADPKD.
Methods In total, 115 non-dialysis patients, 48 men and 67 women, with ADPKD were evaluated. The renal outcome of a 
50% reduction in the estimated glomerular filtration rate or renal replacement therapy was examined using the Cox regres-
sion analysis and Kaplan–Meier analysis.
Results Patients were followed for a median of 5.5 years and 50 patients had reached the end point. The mean age of the 
patients at the first visit was 45.9 ± 13.3 years. The overall mean Hb was 12.90 ± 1.85 g/dL, and the mean Hb in men and 
women was 13.82 ± 1.72 g/dL and 12.25 ± 1.65 g/dL, respectively. Hb levels and uric protein content were statistically 
significant factors for poor renal prognosis, while hypertension and genetic mutations failed to reach significance. Further-
more, statistical significance was found in men with Hb < 12 g/dL and in women with Hb < 11 g/dL. Anemia had significant 
association with kidney disease progression in patients with ADPKD.
Conclusions We found that anemia might be a factor for poor renal prognosis in ADPKD. Furthermore, a sex difference was 
found, wherein men with Hb < 12 g/dL and women with Hb < 11 g/dL were at risk of renal disease progression.

Keywords Anemia · Autosomal dominant polycystic kidney disease · Kidney disease progression · Prognosis · Renal 
replacement therapy

Introduction

PKD1 and PKD2 have been identified as causative genes for 
autosomal dominant polycystic kidney disease (ADPKD), 
which is the most common inherited kidney disease [1]. 
Mutations in these genes cause the formation and growth of 
renal cysts, which gradually enlarge the kidneys, decrease 

parenchymal volume, and decrease renal function, leading to 
end-stage renal disease. With the PKD1 truncating mutation, 
factors such as a history of hypertension before age 35 years, 
microhematuria, urinary tract infections, and increased total 
kidney volume can lead to poor renal prognosis [2, 3].

Among most CKD patients, renal anemia is a complica-
tion of renal failure [4, 5] and has been reported to be asso-
ciated with renal functional prognosis, vascular complica-
tions, and death [6]. A study on 603 CKD patients showed 
that those with controlled Hb levels of 13.0–15.0 g/dL 
had poorer renal prognosis than those with Hb levels of 
10.5–11.5 g/dL [7]. In another study, CKD progression 
was worse in patients with Hb < 10 g/dL than patients with 
Hb > 12 g/dL [8]. A follow-up study showed an associa-
tion between Hb and renal prognosis [9, 10]. Accordingly, 
anemia is considered a factor of poor renal prognosis in 
CKD, associated with hypoxia-induced interstitial failure, 
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tubular cell apoptosis, oxidative stress-related injury, 
inflammation, and fibrosis [11].

The Kidney Disease Improving Global Outcomes 
(KDIGO) have set the Hb cutoff values at < 13.0 g/dL for 
men and < 12.0 g/dL for women, because sex differences 
in anemia are well known (KDIGO Guidelines). A cross-
sectional study on 15,419 patients found that men with 
Hb < 12 g/dL or women with Hb < 11 g/dL accounted for 
approximately 1% of those with an estimated glomerular 
filtration rate (eGFR) of 60 ml/min/1.73 m2 and approxi-
mately 9% of those with an eGFR of 30 ml/min/1.73 m2, 
but men with Hb < 12 g/dL and women with Hb < 11 g/
dL accounted for 33% and 67% of patients with an eGFR 
of 15 ml/min/1.73 m2, respectively [12]. Furthermore, the 
urinary albumin-to-creatinine ratio was the only factor of 
poor renal prognosis in CKD in men, but Hb levels were an 
additional prognosticator in women. These studies suggest 
that even a mild drop in Hb or mild anemia, considered 
within the normal range for CKD, should be treated early 
[13].

However, to date, there are no studies that have investi-
gated anemia as a factor of poor renal prognosis in ADPKD. 
Thus, we investigated anemia as a prognostic factor in a 
cohort of ADPKD patients.

Materials and methods

Study design

Patients who underwent genetic analysis for investigation 
of genetic and environmental factors of renal prognosis 
in ADPKD were included in the study, and prognosis of 
the kidney was examined in 115 ADPKD patients (48 men 
and 67 women). Regarding selection of participants, first, 
we recruited 134 patients with ADPKD who presented at 
the Kidney Center at Tokyo Women’s Medical University 
Hospital, Japan, and received genetic analyses [14] between 
2003 and 2017. Patients without available Hb data (n = 11) 
and whose duration of follow-up was less than 2 months 
(n = 8) were excluded from the study. The remaining 115 
patients were enrolled. We calculated the length of the kid-
ney based on the axial slices of CT or MRI by multiply-
ing the slice thickness by the number of slices between the 
superior and inferior tips of the kidneys. The average value 
of the left and right kidney lengths was used for analyses. 
All procedures were approved by the research ethics com-
mittee of Tokyo Women’s Medical University (No. 196B) 
in accordance with the 1964 Declaration of Helsinki and 
its later amendments, or with comparable ethical standards. 
Written informed consent was obtained from all participants 
included in the study.

Definition of comorbidities

The impact of concomitant treatments and comorbidities 
at baseline was assessed [15]. The comorbidities were 
recorded as positive according to the following criteria. 
Hypertension was defined as systolic BP ≥ 140 mmHg or 
diastolic BP ≥ 90 mmHg, or taking an antihypertensive 
agent; hyperuricemia was defined as serum uric acid level 
≥ 7.0 mg/dL, or taking an anti-hypouricemic agent; hyper-
triglyceridemia was defined as serum TG level ≥ 150 mg/
dL or taking an anti-dyslipidemic agent; low HDL-C was 
defined as a serum HDL-C level ≤ 40 mg/dL in men and 
≤ 50 mg/dL in women, or taking an anti-dyslipidemic 
agent; high LDL-C was defined as a serum LDL-C level 
≥ 140 mg/dL, or taking an anti-dyslipidemic agent; and 
diabetes was defined as HbA1c (NGSP) ≥ 6.5%, or tak-
ing oral antidiabetic agents or insulin therapy. Anemia 
was divided into three types: anemia type I was defined 
as an Hb level < 11 g/dL, or taking iron or erythropoiesis-
stimulating agents (ESA); anemia type II was defined as 
an Hb level < 12 g/dL in men and < 11 g/dL in women, or 
taking iron or ESAs; and anemia type III was defined as 
an Hb level < 13 g/dL in men and < 12 g/dL in women, or 
taking iron or ESAs.

Outcome evaluation

Kidney disease progression, which was defined as a ≥ 50% 
decline in the eGFR from baseline, or progression to renal 
replacement therapy (RRT), which was defined as initiation 
of chronic dialysis or kidney transplantation, was the end 
points of this study. The subjects were followed up until 
June 2018.

Statistical analyses

Continuous variables are reported as the mean ± standard 
deviation or as medians (quartile 1, quartile 3). Categori-
cal variables are reported as percentages, unless other-
wise stated. Data were evaluated using unpaired t tests, 
Mann–Whitney U tests, Chi-squared tests, or Fisher’s exact 
tests, as appropriate. Prognostic variables for renal outcomes 
were assessed using the univariate and multivariate Cox pro-
portional hazard method. Variables with P values < 0.1 in 
the univariate model were included in the multivariate analy-
ses. Survival curves were plotted using the Kaplan–Meier 
method and were evaluated using the log-rank test. Twenty-
five patients who were prescribed tolvaptan during the 
observation period were right-censored in the survival analy-
ses. All statistical tests were two-tailed, and P < 0.05 was 
considered statistically significant. All statistical analyses 
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Table 1  Patient baseline 
characteristics according to sex 
(n = 115)

Continuous values are expressed as means ± standard deviation or median (quartile 1, quartile 3). Count 
data are expressed as n (%). Values of nonmissing data are shown in []
n number, % percentages, SBP systolic blood pressure, DBP diastolic blood pressure, MBP mean blood 
pressure, BMI body mass index, PKD polycystic kidney disease, eGFR estimated glomerular filtration rate, 

Variables Total Men Women P value
n = 115 n = 48 n = 67

Clinical findings
Age (years) 45.9 ± 13.3 [115] 45.7 ± 10.9 46.1 ± 14.9 0.9002
Sex (Men; %) 48 (41.7) [115] 48 (100.0) 0 (0.0) < 0.0001
SBP (mmHg) 126.7 ± 14.4 [111] 128.5 ± 12.7 125.4 ± 15.5 0.2694
DBP (mmHg) 80.7 ± 8.3 [110] 82.7 ± 7.1 79.3 ± 8.8 0.0357
MBP (mmHg) 95.9 ± 9.2 [110] 97.6 ± 7.1 94.7 ± 10.2 0.0927
BMI (kg/m2) 22.7 ± 3.0 [111] 24.1 ± 2.9 21.6 ± 2.6 < 0.0001
Mutation type
PKD1 truncating (%) 60 (56.1) [107] 26 (59.1) 34 (54.0) 0.5993
PKD1 non-truncating (%) 27 (25.2) [107] 9 (20.5) 18 (28.6) 0.3415
PKD2 (%) 20 (18.7) [107] 9 (20.5) 11 (17.5) 0.8023
Laboratory findings
Hemoglobin (g/dL) 12.90 ± 1.85 [115] 13.82 ± 1.72 12.25 ± 1.65 < 0.0001
Serum albumin (g/dL) 4.33 ± 0.33 [107] 4.45 ± 0.30 4.24 ± 0.32 0.0007
Blood urea nitrogen (mg/dL) 23.7 ± 16.2 [115] 24.5 ± 13.8 23.1 ± 17.8 0.6544
Serum creatinine (mg/dL) 1.7 ± 1.6 [115] 1.9 ± 1.4 1.6 ± 1.8 0.3150
eGFR (mL/min/1.73m2) 53.7 ± 29.6 [115] 47.3 ± 23.9 58.3 ± 32.4 0.0481
Uric acid (mg/dL) 5.8 ± 1.7 [111] 6.9 ± 1.2 5.0 ± 1.5 < 0.0001
Triglyceride (mg/dL) 124.4 ± 77.1 [98] 158.8 ± 86.4 98.6 ± 57.7 < 0.0001
LDL cholesterol (mg/dL) 108.7 ± 29.9 [70] 113.4 ± 30.3 104.7 ± 29.4 0.2303
HDL cholesterol (mg/dL) 64.0 ± 21.1 [66] 52.5 ± 16.5 72.4 ± 20.2 < 0.0001
Aspartate aminotransferase (IU/L) 19.2 ± 4.7 [76] 19.4 ± 5.4 19.0 ± 4.2 0.7057
Alanine aminotransferase (IU/L) 17.6 ± 9.4 [75] 22.0 ± 12.1 14.3 ± 4.6 0.0003
Potassium (mEq/L) 4.4 ± 0.5 [112] 4.4 ± 0.4 4.3 ± 0.5 0.2060
Phosphorus (mg/dL) 3.7 ± 0.9 [56] 3.4 ± 0.7 3.9 ± 1.0 0.0284
Calcium (mg/dL) 9.0 ± 0.4 [60] 9.0 ± 0.5 9.0 ± 0.4 0.9374
Intact PTH (pg/mL) 239.5 ± 107.8 [13] 185.8 ± 57.3 273.1 ± 121.2 0.1639
U-Prot (g/g·Cre) 0 (0, 0.10) [114] 0 (0, 0.15) 0 (0, 0.09) 0.2905
Concomitant drugs
Antihypertensive agents (%) 65 (56.5) [115] 36 (75.0) 29 (43.3) 0.0007
 ARB and or ACEI (%) 49 (42.6) [115] 27 (56.3) 22 (32.8) 0.0123
 Calcium channel blockade (%) 34 (29.6) [115] 18 (37.5) 16 (23.9) 0.1145
 Others (%) 20 (17.4) [115] 12 (25.0) 8 (11.9) 0.0835

Antihyperuricemic agents (%) 21 (18.3) [115] 17 (35.4) 4 (6.0) 0.0001
Antidyslipidemic agents (%) 6 (5.2) [115] 4 (8.3) 2 (3.0) 0.2335
 Statin (%) 5 (4.3) [115] 3 (6.3) 2 (3.0) 0.6479
 Others (%) 1 (0.9) [115] 1 (2.1) 0 (0.0) 0.4174

Diuretics (%) 9 (7.8) [115] 2 (4.2) 7 (10.5) 0.3007
Antiplatelets (%) 5 (4.3) [115] 3 (6.3) 2 (3.0) 0.6479
EPA or DHA (%) 3 (2.6) [115] 2 (4.2) 1 (1.5) 0.5702
ESAs (%) 6 (5.2) [115] 2 (4.2) 4 (6.0) 1.0000
Irons (%) 2 (1.7) [115] 0 (0.0) 2 (3.0) 0.5094
Tolvaptan (%) 1 (0.9) [115] 0 (0.0) 1 (1.5) 1.0000
Comorbidities
Hypertension (%) 73 (64.6) [113] 40 (83.3) 33(50.8) 0.0003
Hyperuricemia (%) 39 (33.9) [115] 29 (60.4) 10 (14.9) < 0.0001
Hypertriglyceridemia (%) 26 (22.6) [115] 20 (41.7) 6 (9.0) < 0.0001
Low HDL cholesterol (%) 17 (14.8) [115] 11 (22.9) 6 (9.0) 0.0601
High LDL cholesterol (%) 14 (12.2) [115] 8 (16.7) 6 (9.0) 0.2540
Kidney length (cm) 17.2 ± 4.2 [75] 17.8 ± 3.9 16.6 ± 4.4 0.2073
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were performed using the JMP Pro ver.14.1.0 software pro-
gram (SAS Institute, Cary, NC, USA).

Results

Patient characteristics

Baseline patient characteristics are shown in Table 1. The 
median follow-up duration was 5.5 years. The PKD 1 trun-
cating mutation was present in 56.1% of patients, and the 
PKD 1 non-truncating mutation was present in 25.2%. The 
PKD 2 mutation was present in 18.7% of patients. The 
mean Hb level among all patients was 12.90 ± 1.85 g/dL; 
13.82 ± 1.72 g/dL in men and 12.25 ± 1.65 g/dL in women. 
The proportion of patients using ESAs was 5.2%. The most 
common clinical comorbidity was hypertension, with a rate 
of 64.6% (73 patients). Angiotensin-converting enzyme 
inhibitors (ACEI) and/or angiotensin receptor blockers 
(ARBs) were used by 42.6% (49 patients). One patient was 
treated with an aquaretic drug (tolvaptan). The kidney length 
examined in 76 patients with ADPKD was 17.8 ± 3.9 cm 
among men and 16.6 ± 4.4 cm among women.

Hb had a significant correlation between kidney length 
(r = − 0.32, P = 0.0051) and age (r = − 0.31, P = 0.0008).

Prognostic indicators in ADPKD patients

At the follow-up examination, 50 patients had reached the 
end point (≥ 50% eGFR decline or RRT). The numbers of 
patients who achieved the renal outcome during the obser-
vation period were 12 (75%, anemia type 1), 14 (77.8%, 
anemia type 2), and 24 (68.6%, anemia type 3). Patients who 
were administered ESAs during the observation period were 
not right-censored. Among 34 patients who were admin-
istered ESAs during the observation period, 32 (94.1%) 
achieved the end point.

The univariate analyses showed that age (10-year 
increase) (HR, 1.47; 95% CI 1.19–1.82; P < 0.001); 
PKD1 truncating mutation (HR, 1.89; 95% CI 1.04–3.61, 
P = 0.037); hemoglobin (HR, 0.53; 95% CI 0.43–0.64; 
P < 0.001); eGFR (10 mL/min/1.73 m2 increase) (HR, 0.48; 
95% CI 0.39–0.58; P < 0.001); urinary protein excretion 
(HR, 1.95; 95% CI 1.50–2.55; P < 0.001); hypertension 
(HR, 4.49; 95% CI 2.22–10.35.; P < 0.001); hyperuricemia 
(HR, 3.93; 95% CI 2.20–7.07; P < 0.001); use of ARB and/
or ACEI (HR, 3.29; 95% CI 1.86–6.01; P < 0.001); and kid-
ney length (1 cm increase) (HR, 1.19; 95% CI 1.10–1.29; 

P < 0.001) were significant risk factors associated with 
≥ 50% decline in eGFR or RRT. All three types of anemia 
had significant association with progression of kidney dis-
ease in the univariate model (Table 2A).

The multivariate analysis showed that age (10  year 
increase) (HR, 0.50; 95% CI 0.33–0.73; P < 0.001); eGFR 
(10 mL/min/1.73 m2 increase) (HR, 0.44; 95% CI 0.32–0.59; 
P < 0.001); and hemoglobin (HR, 0.69; 95% CI 0.50–0.95; 
P = 0.023) were independently associated with a ≥ 50% 
eGFR decline or RRT (Table 2B). The other multivariate 
Cox regression analyses showed that anemia type II [HR 
5.97, 95% CI (1.48–24.04), P = 0.012] had significant asso-
ciations with kidney disease progression. Anemia type 
I [HR 3.08, 95% CI (0.84–12.09), P = 0.09] and anemia 
type III [HR 1.11, 95% CI (0.51–2.35), P = 0.79] did not 
have significant association with a ≥ 50% eGFR decline or 
RRT. Kaplan–Meier analysis showed that the kidney sur-
vival rate in patients with anemia type II was significantly 
lower than that among patients without (log-rank P < 0.001) 
(Fig. 1). Table 3 shows subgroup Cox analyses for cohort of 
patients with kidney length and without ESAs/iron/tolvap-
tan. Although kidney length had significant association with 
renal outcome in the univariate Cox analysis, the association 
was not seen in multivariate Cox analyses.

Discussion

In general, disease progression of ADPKD is associated with 
various prognostic indicators and is most commonly associ-
ated with age and kidney volume [16]. In the present study, 
though the genetic factors and kidney length had no signifi-
cant association with renal outcome, multivariate Cox analy-
sis revealed that Hb level and anemia type II (Hb < 12.0 g/
dL in men, Hb < 11.0 g/dL in women) were risk factors of 
kidney disease progression. Furthermore, Cox analyses 
showed conflicting results regarding age between univariate 
and multivariate analyses. The hazard ratio was more than 
1.0 in the univariate model and less than 1.0 in the multivari-
ate models. We consider that these changes of the prognostic 
power of age and kidney length may be influenced by the 
correlation between Hb (age, r = − 0.31, P = 0.0008; kidney 
length, r = − 0.32, P = 0.0051).

In a recent systematic review, among the 16 studies that 
evaluated renal risk factors of ADPKD, only two mentioned 
baseline Hb levels [16]. Griveas et al. reported low Hb lev-
els (13.4 vs. 13.7 g/dL) proportionate to increased initial 
eGFR (78.0 vs. 73.2 mL/min/1.73 m2) in patients with a 
high rate of eGFR decline (− 2.6 vs. − 0.2 mL/min/1.73 m2/

LDL low-density lipoprotein, HDL high-density lipoprotein, PTH parathyroid hormone, U-Prot urinary 
protein excretion, ARB angiotensin receptor blocker, ACEI angiotensin-converting enzyme inhibitor, EPA 
eicosapentaenoic acid, DHA docosahexaenoic acid, ESA erythropoiesis-stimulating agent

Table 1  (continued)
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Table 2  (A) Univariate and (B) multivariate Cox analysis of risk factors associated with a ≥ 50% eGFR decline or RRT 

(A) Univariate cox analyses (n = 115)

Variables Univariate analysis

Hazard ratio (95% CI) P value

Age (10 year increase) 1.47 (1.19–1.82) [115] 0.0004
Men (vs. women) 1.40 (0.80–2.46) [115] 0.2409
BMI (1 kg/m2 increase) 1.06 (0.96–1.17) [111] 0.2697
PKD1 truncating 1.89 (1.04–3.61) [107] 0.0371
PKD1 non-truncating 0.74 (0.34–1.48) [107] 0.4141
PKD2 0.50 (0.19–1.09) [107] 0.0836
eGFR (10 mL/min/1.73 m2 increase) 0.48 (0.39–0.58) [115] < 0.0001
Hemoglobin (1 g/dL increase) 0.53 (0.43–0.64) [115] < 0.0001
Anemia type I (Hb < 11.0 g/dL) 32.89 (12.05–99.82) [115] < 0.0001
Anemia type II (Hb < 12.0 g/dL in men, Hb < 11.0 g/dL in women) 51.62 (17.32–192.61) [115] < 0.0001
Anemia type III (Hb < 13.0 g/dL in men, < 12.0 g/dL in women) 4.67 (2.62–8.33) [115] < 0.0001
Hypertension (vs. no) 5.08 (2.43–12.40) [113] < 0.0001
Hypertriglyceridemia (vs. no) 1.60 (0.85–2.90) [115] 0.1417
High LDL cholesterol (vs. no) 1.29 (0.49–2.83) [115] 0.5604
Low HDL cholesterol (vs. no) 2.00 (0.94–3.88) [115] 0.0515
Hyperuricemia (vs. no) 3.93 (2.20–7.07) [115] < 0.0001
U-Prot (1 g/g·Cre increase) 1.95 (1.50–2.55) [114] < 0.0001
Tolvaptan (vs. no) 1.39 (0.08–6.40) [115] 0.7581
ARB and or ACEI (vs. no) 3.29 (1.86–6.01) [115] < 0.0001
Kidney length (1 cm increase) 1.19 (1.10–1.29) [75] < 0.0001

(B) Multivariate cox analyses (n = 104)

Variables Multivariate analysis (Model 
1)

Multivariate analysis (Model 
2 for anemia type I)

Multivariate analysis (Model 
3 for anemia type II)

Multivariate analysis (Model 
4 for anemia type III)

Hazard ratio (95% 
CI)

P value Hazard ratio (95% 
CI)

P value Hazard ratio (95% 
CI)

P value Hazard ratio (95% 
CI)

P value

Age (10 year 
increase)

0.50 (0.33–0.73) 0.0003 0.50 (0.33–0.74) 0.0005 0.49 (0.33–0.72) 0.0004 0.49 (0.33–0.73) 0.0003

Male (vs. female) 0.89 (0.35–2.18) 0.7966 0.57 (0.25–1.27) 0.1690 0.54 (0.24–1.19) 0.1262 0.54 (0.23–1.21) 0.1357
PKD1 truncating 1.15 (0.52–2.61) 0.7288 1.28 (0.59–2.83) 0.5363 1.22 (0.56–2.67) 0.6177 1.26 (0.59–2.75) 0.5532
eGFR (10 mL/

min/1.73 m2 
increase)

0.44 (0.32–0.59) < 0.0001 0.41 (0.30–0.55) < 0.0001 0.42 (0.31–0.57) < 0.0001 0.40 (0.28–0.53) < 0.0001

Hb (1 g/dL 
increase)

0.69 (0.50–0.95) 0.0231 – – – – – –

Anemia type I 
(Hb < 11.0 g/dL)

– – 3.08 (0.84–12.09) 0.0904 – – – –

Anemia type II 
(Hb < 12.0 g/
dL in men, 
Hb < 11.0 g/dL 
in women)

– – – – 5.97 (1.48–24.04) 0.0119 – –

Anemia type III 
(Hb < 13.0 g/
dL in men, 
Hb < 12.0 g/dL 
in women)

– – – – – – 1.11 (0.51–2.35) 0.7922

Hypertension (vs. 
no)

2.60 (0.88–8.14) 0.0829 2.29 (0.80–6.94) 0.1231 2.53 (0.87–7.40) 0.0899 2.14 (0.74–6.61) 0.1627
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year) [17]. Panizo et al. included data on baseline Hb levels 
(mean 15.8 ± 13.9 g/dL), but it was not investigated as a 
prognosticator [18].

Even though anemia is a factor of poor renal prognosis in 
CKD, it has not been investigated sufficiently in ADPKD. It 
is possible that anemia has been neglected in further studies 
because it does not manifest as frequently in ADPKD. Hb 
typically remains higher in ADPKD than in CKD of other 
etiologies [19] because erythropoietin (EPO) is produced in 
the cysts and parenchymal cells in ADPKD [20, 21]. How-
ever, our study showed that low Hb was associated with 
poor renal prognosis in ADPKD patients. This may be due 
to the involvement of the hypoxia-inducible factors (HIF-1, 

-2, and -3). Under hypoxic conditions, HIF-1α and HIF-2α 
production is promoted to activate EPO transcription [22]. 
When CKD progresses, myofibroblasts transformed from the 
EPO-producing pericytes increase, preventing the effects of 
HIF-2α stimulation [23]

However, in ADPKD, cyst formation occurs before renal 
function declines, and vessels compressed in renal tissue 
lead to hypoxia and stimulate HIF-1α and HIF-2α produc-
tion. This results in EPO increase and high Hb levels due to 
continued increases in pericyte HIF-2α production. How-
ever, cyst fluid secretion is promoted by hypoxia-induced 
HIF-1α production in the cyst-lining epithelial cells [24–26]. 
Hypoxia in ADPKD with renal function decline does not 
lead to EPO production in myofibroblasts despite produc-
ing more HIF-2α, effectively lowering Hb. Furthermore, 
progression of ischemia of the cyst-lining epithelial cells 
causes interstitial disease, as well as HIF-1α increase and 
cyst growth, eventually leading to progression of renal dys-
function. This is one reason why anemia may predict poor 
renal prognosis.

In the multivariate analysis of factors of poor renal 
prognosis in the present study, there were no significant 
differences in type I (both sexes Hb < 11 g/dL) and type 
III (men < 13 g/dL, women < 12 g/dL) anemia, but there 
was a significant difference in type II (men Hb < 12 g/dL, 
women < 11 g/dL). This sex-specific difference is likely 
attributable to variation in changes in Hb (ΔHb  g/dL) 
from the respective normal Hb levels for each sex, with Hb 
decreasing more in men than in women. It is possible that 
ischemia is induced by androgens, which promote vaso-
constriction. Conversely, estrogens promote vasodilatation, 
thereby inhibiting ischemia [27]. Therefore, it is possible 

Table 2  (continued)

(B) Multivariate cox analyses (n = 104)

Variables Multivariate analysis (Model 
1)

Multivariate analysis (Model 
2 for anemia type I)

Multivariate analysis (Model 
3 for anemia type II)

Multivariate analysis (Model 
4 for anemia type III)

Hazard ratio (95% 
CI)

P value Hazard ratio (95% 
CI)

P value Hazard ratio (95% 
CI)

P value Hazard ratio (95% 
CI)

P value

Low HDL choles-
terol (vs. no)

0.68 (0.25–1.70) 0.4197 0.77 (0.30–1.85) 0.5690 0.79 (0.32–1.95) 0.6114 0.76 (0.29–1.88) 0.5650

Hyperuricemia 
(vs. no)

0.92 (0.37–2.29) 0.8560 0.78 (0.31–1.92) 0.5838 0.79 (0.32–1.96) 0.6148 0.77 (0.31–1.94) 0.5792

U-Prot (1 g/g·Cre 
increase)

2.17 (0.61–7.13) 0.2219 2.00 (0.50–7.07) 0.3096 1.82 (0.50–6.64) 0.3618 2.98 (0.85–9.59) 0.0859

ARB and or ACEI 
(vs. no)

0.75 (0.33–1.76) 0.4949 0.89 (0.40–2.04) 0.7687 0.84 (0.37–1.91) 0.6839 0.93 (0.42–2.14) 0.8604

Variables with P values of less than 0.1 in the univariate model were included in the multivariate model. Values of nonmissing data are shown in 
[]. Regarding mutation type, PKD1 Truncating type was selected for multivariate analyses
eGFR estimated glomerular filtration rate, RRT  renal replacement therapy, n number, CI confidence interval, PKD polycystic kidney disease, Hb 
hemoglobin, HDL high-density lipoprotein, U-Prot urinary protein excretion, ARB angiotensin receptor blocker, ACEI angiotensin-converting 
enzyme inhibitor

Fig. 1  Kaplan–Meier survival curves stratified by anemia type 
II. Anemia type II was defined as and Hb level < 12  g/dL in men 
and < 11  g/dL in women, or taking iron or ESAs. Hb hemoglobin, 
ESA erythropoiesis-stimulating agent
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that production of EPO in the pericytes is promoted in men 
to increase Hb levels more than in women; however, con-
comitant increases in HIF-1α increase cyst growth. Fur-
thermore, the degree of change in Hb levels was greater in 
men because they have higher basal Hb levels than women. 
Increased ischemia and cystic growth resulting from changes 
in Hb may be implicated in anemia-related decline in renal 
prognosis in men. It may be necessary to investigate differ-
ent targets for treating anemia to set different Hb targets for 
men and women.

In the present study, anemia was a factor of poor renal 
prognosis in ADPKD. Recent clinical trials were conducted 
using prolyl-hydroxylase domain (PHD) inhibitors that 
inhibit breakdown of HIF as treatment for anemia [28, 29]. 
However, PHD inhibitors are likely to inhibit the break-
down of both HIF-2α and HIF-1α, which may promote 
cystic growth [24, 25]. Therefore, PHD inhibitors should be 
administered with caution.

While these findings may have several implications for 
patients with ADPKD, our study has several limitations. 

First, the study was observational in nature, and any 
observed associations do not prove causality. Second, only 
the patients’ baseline characteristics were considered, and 
their characteristics during the follow-up period were not 
considered. Third, though total kidney volume is a factor 
associated with renal prognosis, only 31 patients examined 
TKV in the present study. Therefore, we used kidney length 
for the analyses in the present study; however, it may under-
estimate the effect of kidney size. Fourth, the sample size 
was relatively small; hence, further studies with a larger 
sample size are warranted to understanding the mechanisms 
and determine clinical interventions to delay the progression 
of ADPKD.

In conclusion, this study is the first, to our knowledge, 
to show that anemia is a factor for poor renal prognosis 
in ADPKD. Though anemia is less likely to manifest in 
ADPKD than CKD of other causes, it may worsen renal 
prognosis, indicating that early introduction of anemia treat-
ment might be recommended.

Table 3  Multivariate Cox analysis of risk factors associated with a ≥ 50% eGFR decline or RRT (cohort of patients with kidney length and with-
out ESAs/iron/tolvaptan, n = 67)

Variables with P values of less than 0.1 in the Model 1 (Table 2B), sex, and kidney length were included in the present multivariate model
eGFR estimated glomerular filtration rate, RRT  renal replacement therapy, ESA erythropoiesis-stimulating agent, n number, CI confidence inter-
val, Hb hemoglobin

Variables Multivariate analysis 
(Model 1)

Multivariate analysis (Model 
2 for anemia type I)

Multivariate analysis (Model 
3 for anemia type II)

Multivariate analysis (Model 
4 for anemia type III)

Hazard ratio (95% 
CI)

P value Hazard ratio (95% 
CI)

P value Hazard ratio (95% 
CI)

P value Hazard ratio (95% 
CI)

P value

Age (10 year 
increase)

0.52 (0.28–0.88) 0.0136 0.50 (0.27–0.87) 0.0134 0.47 (0.25–0.84) 0.0091 0.45 (0.25–0.80) 0.0036

Male (vs. female) 1.51 (0.54–4.28) 0.4300 0.44 (0.18–1.08) 0.0723 0.33 (0.13–0.832) 0.0195 0.58 (0.25–1.38) 0.2246
eGFR (10 mL/

min/1.73 m2 
increase)

0.46 (0.29–0.70) 0.0002 0.41 (0.25–0.61) < 0.0001 0.43 (0.27–0.66) < 0.0001 0.39 (0.25–0.61) < 0.0001

Hb (1 g/dL 
increase)

0.46 (0.29–0.72) 0.0006 – – – – – –

Anemia type I 
(Hb < 11.0 g/dL)

– – 5.67 (0.97–35.65) 0.0545 – – – –

Anemia type II 
(Hb < 12.0 g/
dL in men, 
Hb < 11.0 g/dL 
in women)

– – – – 11.38 (2.04–84.80) 0.0050 – –

Anemia type III 
(Hb < 13.0 g/
dL in men, 
Hb < 12.0 g/dL 
in women)

– – – – – – 2.31 (0.82–6.54) 0.1248

Hypertension (vs. 
no)

13.00 (2.03–
261.03)

0.0042 15.11 (2.37–
300.86)

0.0022 17.98 (2.82–
357.26)

0.0010 10.25 (1.16–90.23) 0.0083

Kidney length 
(1 cm increase)

0.99 (0.98–1.00) 0.1905 0.99 (0.98–1.00) 0.1642 0.99 (0.98–1.00) 0.2246 0.99 (0.98–1.00) 0.1771
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