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Abstract
Sodium-glucose cotransporter 2 (SGLT2) inhibitors often increase the hematocrit. It remains unclear whether this increase 
would be observed in all patients administered SGLT2 inhibitors, however. We therefore used the data from the previous study 
and investigated time-dependent alterations of various outcomes related to erythrocytes, erythropoiesis, and clinical outcome 
in type 2 diabetes subjects (n = 89) treated with ipragliflozin for 16 weeks. Among a total of 89 participants, 71 subjects 
(80.0% of total participants) showed the elevation of the hematocrit and 18 subjects (20.0% of total participants) did not at 
16 weeks. Although the hematocrit levels at baseline were significantly lower in hematocrit-elevated group than non-elevated 
group, they reached the same levels 4 weeks after the onset of treatment. Binomial logistic regression analysis demonstrated 
that a lower baseline hematocrit level was related to the elevation of hematocrit at 16 weeks. Optimal cutoff hematocrit levels 
at baseline to predict hematocrit elevation were 46.9% (male) and 41.7% (female) in ROC analysis. Random intercept model 
analysis revealed the serum erythropoietin level increased in both hematocrit-elevated and non-elevated groups, whereas 
only the former group showed an increase in the percentage of reticulocytes during the first 4 weeks. These results suggest 
that the ipragliflozin-induced increase in hematocrit which is affected by the baseline hematocrit level is attributable to 
the responsiveness to, but not to the production of, erythropoietin. Collectively, Ht elevation observed in administration of 
SGLT2 inhibitors can result from erythropoietin-induced erythropoiesis, which is determined by the pre-treatment Ht level.
Trial registration: This trial has been registered with University Hospital Medical Information Network Clinical Trial Reg-
istry (UMIN-CTR no. 000015478).
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Introduction

Treatment with SGLT2 inhibitors is often associated with 
an increased hematocrit (Ht) [1–8]. In post hoc mediation 
analysis of the risk of cardiovascular death in a large-scale 
SGLT2 inhibitor trial (EMPA-REG Outcome trial) [1], the 
changes in Ht and hemoglobin (Hb) were the most promi-
nently contributing factors to the favorable effects of the 
drug [9]. It has not been clarified how the Ht elevation 
would be caused after the administration of SGLT2 inhibi-
tor, however.

Evidence suggests that serum concentration of erythro-
poietin, an important stimulator of erythropoiesis [3, 10, 
11], as well as parameters of erythropoiesis including the 
number or percentage of reticulocytes [3] elevate during 
treatment with SGLT2 inhibitors. These observations sug-
gest that SGLT2 inhibitors increase the Ht by stimulating 
erythropoiesis, and the elevation of serum erythropoietin 
levels by SGLT2 inhibitors has been demonstrated in sev-
eral reports [3, 11, 12]. However, the time-dependent alter-
ations of both serum erythropoietin and reticulocyte have 
been shown in only 1 small-scale study [3]. Furthermore, 
other studies found that the circulating level of erythro-
poietin was unaltered during the treatment with SGLT2 
inhibitors [8, 13].

It thus remains to be elucidated whether erythropoi-
etin-dependent erythropoiesis contributes to the SGLT2 
inhibitor-induced elevation of the Ht with the increase in 
reticulocyte in a relatively large-sized study. Additionally, 
given that the Ht elevation was the most prominently con-
tributing factor to the favorable effects of the drug [9], 
it was important to identify factors predicting the drug-
induced elevation of the Ht before the initiation of SGLT2 
inhibitors.

The aim of this study was to investigate the time-
dependent changes in various parameters related to eryth-
rocytes, including those of erythropoiesis and RBC-related 
indices and to characterize differences in individuals who 
showed and did not show the elevation of the Ht during 
the treatment with the SGLT2 inhibitor.

Materials and methods

Study subjects

This study was conducted using data of the previously 
published study (SORE-KOBE study) [14]. Study partici-
pants administered ipragliflozin at a dose of 50 mg/day 
after breakfast for 16 weeks, while continuing their previ-
ously prescribed medications. They were individuals with 

type 2 diabetes aged 20 to 75 years with a body mass index 
of ≥ 22 kg/m2 and a glycated hemoglobin (HbA1c) level 
of ≥ 6.5% and < 9.5%, and they were treated at nine medi-
cal facilities in Japan. Details of the inclusion and exclu-
sion criteria for the study were described previously [14]. 
The study was conducted in accordance with the Decla-
ration of Helsinki and its amendments and approved by 
the institutional review boards of the participating facili-
ties. Written informed consent was obtained from all par-
ticipants. The study was registered with the University 
Hospital Medical Information Network Clinical Trials 
Registry (UMIN-CTR) as UMIN000015478, performed 
with funding by Astellas Pharma Inc. (Tokyo, Japan), and 
monitored by a third party (DOT WORLD, Tokyo, Japan) 
to ensure compliance with ethical guidelines for medi-
cal research involving human subjects and with the study 
protocol as well as that the data were collected accurately 
and completely.

Study groups

Based on the Ht increase ratio {[(Ht at 16 week)-(Ht at base-
line)] × 100/Ht at baseline (%)}, the study subjects were clas-
sified into two groups of Ht-elevated group (Ht increase ratio 
> 0%) and Ht non-elevated group (Ht increase rate ≤ 0%).

Outcomes

The primary outcome of this study was to examine time-
dependent alteration (0, 4, 8, 12, and 16 weeks) of Ht after 
ipragliflozin administration. To examine the factors related 
to the change of Ht, we collected parameters shown below.
RBC count, blood level of Hb, and eGFR were measured at 
0, 4, 8, 12, and 16 weeks. The serum levels of erythropoietin 
and NT-proBNP as well as Ret% were measured at 0, 2, 4, 8, 
and 16 weeks. The reticulocyte count was measured at 0, 4, 
8, and 16 weeks. Blood samples were collected at baseline 
and at the predetermined time-points after overnight fasting. 
The RBC, Hb, and Ht were measured by Sheath Flow Direct 
Current Detection method. MCV, MCH, and MCHC were 
calculated as Ht (%)/RBC (106/μL) × 10, Hb (g/dL)/RBC 
(106/μL) × 10, and Hb (g/dL)/Ht (%) × 100, respectively. The 
eGFR was calculated with serum creatinine level (sCr), age, 
and sex (male eGFR = 194 × sCr−1.094 × age (years)−0.287, 
female eGFR = (194 × sCr−1.094 × age (years)−0.287) × 0.739). 
The plasma erythropoietin levels were analyzed by measur-
ing using chemiluminescent enzyme immunoassay (CLEIA) 
with Access EPO kit and Access2 PRO (Beckman Coulter. 
Tokyo, Japan) in LSI Medience Corporation (Tokyo, Japan). 
Reticulocytes were measured by flow cytometric analy-
sis. Clinical data including age, sex, height, body weight, 
body mass index, waist circumference, disease duration, 
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antidiabetic medications, and antihypertensive medications 
were collected at baseline.

Data analysis

The baseline characteristics and clinical parameters were 
summarized by means ± SD for all patients and by groups. 
Student’s t or Mann–Whitney U test was performed in 
comparison with two groups. Categorical variables were 
analyzed with the use of χ2 test. We used binomial logistic 
regression analysis to assess the contributing factors for Ht 
elevation. In this analysis, baseline Ht level, sex, the maxi-
mum level of serum erythropoietin, as well as the change 
in eGFR and body weight during 16 weeks were applied 
as explanatory variables. Odds ratio and 95% confidence 
interval were shown. ROC analysis was performed to deter-
mine the optimal cutoff level of Ht at baseline to predict 
hematocrit elevation.

For the time-dependent changes in various parameters 
related to erythrocytes including those of erythropoiesis, Ht, 
RBC count, blood Hb level, the serum levels of erythropoi-
etin, Ret%, reticulocyte count, MCV, MCH, MCHC, eGFR, 
and NT-proBNP were analyzed with repeated-measures one-
way analysis of variance (ANOVA) and post hoc test based 
on t statistics adjusting Bonferroni correction.

For the comparison of time-dependent changes between 
Ht-elevated and non-elevated groups, the changes in the 
HbA1c, eGFR, and body weight (from 0 to 16 weeks), and 

the change in the serum levels of erythropoietin, Ret%, 
reticulocyte count, MCV, MCH, and MCHC (from 0 to 
2 or 4 weeks) were analyzed with random intercept model, 
in which group variable, time variable, and these interac-
tion terms were included as independent variables, and 
subjects were treated as random variable for dealing with 
repeated-measure data. P values for interaction term were 
calculated.

A P value of < 0.05 was considered statistically sig-
nificant. All statistical analysis was performed with SPSS 
software version 22.0.

Results

Patient recruitment and baseline characteristics

Among a total of 104 potential participants, one failed to 
satisfy the inclusion criteria, two met the exclusion cri-
teria, four deviated from the study protocol, and one was 
excluded from the analysis because of the progression of 
anemia, as previously described [14]. Of the remaining 
96 individuals, data on Ht were not collected in seven 
subjects. A total of 89 subjects who completed the study 
were therefore included in the current analysis (Fig. 1). 
The baseline characteristics of all individuals (n = 89) are 
shown in Table 1.

Fig. 1   Flow diagram of partici-
pant recruitment
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levels at 4 and 8 weeks, respectively, with both param-
eters having declined significantly below baseline values 
at 16 weeks (Fig. 2e,f). MCV was increased at 4 weeks, 
remained greater than the baseline level at 8 to 12 weeks, 
and returned to the baseline level at 16 weeks (Fig. 2g). 
MCH and MCHC were decreased at 8 weeks and 4 weeks, 
respectively, and remained lower than the baseline levels 
throughout the intervention period (Fig. 2h,i). The eGFR 
was significantly decreased at 4 weeks and remained at 
a level lower than baseline throughout the intervention 
(Fig. 2j). The serum concentration of NT-proBNP was 
unaltered throughout the study (Fig. 2k).

The time‑dependent change of RBC‑related 
parameters, eGFR, and NT‑proBNP

The time-dependent changes of parameters in all partici-
pants are shown in Fig. 2a–k. The Ht, RBC count, and 
blood Hb levels were significantly elevated at 4 weeks after 
the onset of ipragliflozin treatment and remained higher 
than baseline throughout the intervention (Fig. 2a–c). The 
serum concentration of erythropoietin was significantly 
elevated at 2 weeks, remained increased at 4 weeks, and 
had returned to the baseline level at 8 weeks (Fig. 2d). 
The Ret% and reticulocyte count were significantly 
increased at 2 and 4 weeks and had returned to baseline 

Fig. 2   Changes in the hemato-
crit (a), RBC count (b), blood 
hemoglobin level (c), serum 
erythropoietin concentration 
(d), Ret% (e), reticulocyte count 
(f), MCV (g), MCH (h), MCHC 
(i), eGFR (j), and NT-proBNP 
(k) during treatment with ipra-
gliflozin. Data are means ± SD 
(n = 89). *P < 0.01, **P < 0.001 
versus baseline by repeated-
measures one-way ANOVA and 
post hoc Bonferroni test
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Baseline characteristics in Ht‑elevated 
and non‑elevated groups

To further investigate Ht elevation after ipragliflozin initia-
tion, we divided participants into Ht-elevated group (n = 71) 
and Ht non-elevated group (n = 18) according to the changes 
of Ht during 16 weeks. The baseline RBC count and Ht of 
the Ht-elevated group were significantly lower than those 
of the Ht non-elevated group, but other parameters did not 
differ between the two groups (Table 1).

We assessed the contributing factors for predicting Ht 
elevation during 16 weeks treatment. Binomial logistic 
regression analysis showed that baseline Ht level was sig-
nificantly related to Ht elevation during ipragliflozin treat-
ment after adjustment of sex, the maximum level of serum 
erythropoietin level, the change of eGFR, and the change 
of body weight [odds ratio 0.716 (95% CI 0.581–0.882), 
p = 0.002] (Table 2).

Optimal cutoff level of baseline Ht to distinguish 
Ht‑elevated or non‑elevated group

We next tried to determine the optimal cutoff level of base-
line Ht to predict the elevation of Ht after ipragliflozin treat-
ment for 16 weeks with the use of ROC analysis (Fig. 3). For 

males (n = 42), the sensitivity and specificity were revealed 
to be 73.5% and 75.0%, respectively, when the cutoff value 
of Ht was set to 46.9%. For females (n = 47), the sensitiv-
ity and specificity were revealed to be 75.7% and 60.0%, 
respectively, when the cutoff value of Ht was set to 41.7%.

Comparison of time‑dependent changes 
of parameters between Ht‑elevated 
and non‑elevated groups

The time-dependent changes in the Ht, RBC count, and Hb 
level for the two groups are shown (Fig. 4a–c). In the random 
intercept model analysis, the changes in Ht, RBC, and hemo-
globin were significantly increased in Ht-elevated group 
compared with Ht non-elevated group (all of p < 0.001) 
during the intervention period. This analysis showed that 
HbA1c significantly decreased in Ht non-elevated group 
compared with Ht-elevated group (p = 0.029) (Fig. 4d), 
whereas eGFR and body weight did not differ between 
the two groups (eGFR p = 0.726, body weight p = 0.333, 
respectively) (Fig.  4e,f). Serum erythropoietin concen-
tration was elevated at 2 and 4 weeks in Ht-elevated and 
non-elevated groups, respectively (Fig. 5a). Indeed, in the 
random intercept model analysis, serum erythropoietin did 
not show a significant group–time interaction (p = 0.837), 
and both groups had similar elevations. Ret% was elevated 

Table 2   Binomial logistic 
regression analysis for 
hematocrit elevation

eGFR estimated glomerular filtration rate, CI confidence interval
* P < 0.05

Variable Odds ratio 95% CI P

Baseline hematocrit 0.716 (0.581–0.882) 0.002*

Sex 0.235 (0.052–1.069) 0.061
Max of erythropoietin level during 16 weeks 0.975 (0.930–1.022) 0.295
Change in eGFR during 16 weeks 0.997 (0.940–1.058) 0.925
Change in body weight during 16 weeks 1.089 (0.896–1.323) 0.392

Fig. 3   ROC curves and area 
under the curve (AUC) for 
baseline Ht level to distinguish 
Ht-elevated or non-elevated 
group; (a) male cases (n = 42). 
When the cutoff value of Ht 
was set to 46.9%, the sensitivity 
and specificity were 73.5% and 
75.0%, respectively; (b) female 
cases (n = 47). When the cutoff 
value of Ht was set to 41.7%, 
the sensitivity and specific-
ity were 75.7% and 60.0%, 
respectively
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only in Ht-elevated group at 4 weeks. The change in Ret% 
was increased in Ht-elevated group compared with Ht non-
elevated group (p = 0.043) during the intervention period 
(Fig. 5b). Reticulocyte count did not change significantly 
in either group (p = 0.648) (Fig. 5c). While MCH did not 
change in either group (p = 0.995) (Fig.  5e), MCV and 
MCHC were increased and decreased, respectively, in Ht-
elevated group compared with Ht non-elevated group (MCV 
p = 0.009, MCHC p = 0.034) (Fig. 5d,f). 

Discussion

Novel finding in our study is that ~ 80.0% of the study sub-
jects showed and ~ 20.0% did not show an increase in the 
hematocrit after the administration of ipragliflozin. We have 
found that serum erythropoietin concentration was increased 
both in Ht-elevated and non-elevated groups, whereas 
erythropoiesis appeared to be stimulated only in the former. 
These findings suggest that the difference in erythropoiesis 
between the two groups is attributable to the responsiveness 
to, but not to the production of, erythropoietin. It remains 
to be elucidated why the responsiveness to erythropoietin 
differs.

We have shown here that MCH and MCHC were 
decreased in response to ipragliflozin treatment. These find-
ings are consistent with a recent study showing that these 
two indices were decreased after 6 months treatment with 
empagliflozin [11]. In that study, serum concentration of fer-
ritin, which reflects iron storage in body, was also decreased 
[11], suggesting that MCH and MCHC were decreased as 
a result of relative iron deficiency induced by augmented 
erythropoiesis. In contrast, we have shown that MCV was 
transiently increased during the treatment with the SGLT2 
inhibitor. Given that the volume of reticulocytes is greater 
than that of erythrocytes [15], the transient increase in MCV 
is likely attributable to the generation of reticulocytes. These 
results all suggest the enhancement of erythropoiesis after 
administration of SGLT2 inhibitors.

It was controversial whether SGLT2 inhibitors-induced 
increase in Ht would be caused by hydration or by eryth-
ropoiesis [3, 16]. Evidence suggests that the decrease in 
body weight at an early phase of the treatment with SGLT2 
inhibitors is mainly attributable to the reduction of water 
(hydration) in the body [5, 16]. We have found that the 
extents of the decrease in the eGFR and body weight were 
similar between Ht-elevated and Ht non-elevated groups. In 
contrast, Ret%, MCV, and MCHC were altered only in Ht-
elevated group, suggesting that the difference in the change 

Fig. 4   Changes in the hemato-
crit (a), RBC count (b), blood 
hemoglobin level (c), HbA1c 
(d), eGFR (e), and body weight 
(f) during treatment with 
ipragliflozin for study partici-
pants in the Ht-elevated (n = 71, 
black circles) and non-elevated 
(n = 18, gray circles) groups. 
Data are means ± SD.†P < 0.05 
versus the corresponding value 
for the Ht-elevated group 
(unpaired Student’s t test). P 
values are indicated for the 
group × time interaction terms 
of the random intercept model
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in the hematocrit between the two groups is attributable 
not to hydration status but to erythropoiesis. Furthermore, 
positive linear relationship in area under the curve between 
erythropoietin concentration and the Ret% level during the 
first 4 weeks was observed in Ht-elevated group (r = 0.330, 
p = 0.005), but not in Ht non-elevated group (r = 0.053, 
p = 0.836). This suggests the Ht elevation is attributable to 
erythropoietin-induced erythropoiesis in Ht-elevated group.

We also found that baseline Ht level was the predictive 
factor for determining Ht elevation or not. In addition, ROC 
analysis revealed the optimal cutoff level of baseline Ht 
which predicts the elevation of Ht after ipragliflozin treat-
ment. Given that the increase in Ht level was the most prom-
inently contributing factor to the favorable effects of the drug 
in decreasing cardiovascular mortality [9], our results may 
present a useful marker that determines the preferable sub-
jects for the administration of SGLT2 inhibitors.

The mechanism how the serum concentration of erythro-
poietin is increased during the treatment of SGLT2 inhibi-
tors is unclear. Erythropoietin is produced by fibroblast-like 
cells located in the interstitium near proximal straight tubule 
of the kidney [17]. An SGLT1, another sodium-glucose 
cotransporter localized in the proximal straight tubule, is 
overloaded because of the compensation in urine glucose 

reabsorption after inhibition of SGLT2 [18]. Given that 
hypoxia is an important stimulus to erythropoietin produc-
tion [19], it is possible that the enhanced glucose reabsorp-
tion mediated by the SGLT1 may increase oxygen consump-
tion and induce the subsequent hypoxia, which stimulates 
erythropoietin-producing cells localized near proximal 
straight tubules.

In our study, HbA1c decreased to the larger extent in Ht 
non-elevated group than in Ht-elevated group. SGLT2 inhib-
itor not only induces glycosuria and lowers blood glucose 
level, but also alters serum insulin and glucagon levels [20]. 
These changes induce the shift in the metabolic fuel source 
from glucose toward fatty acid [21, 22]. Such changes in 
metabolic fuel source might affect erythropoiesis, although 
further investigations will be necessary.

Strengths of the present study include the comprehensive 
analyses of time-dependent changes in parameters related 
erythrocytes as well as of the analysis of the difference 
between subjects who showed or did not show the elevation 
of the hematocrit. Its open-label, one-arm design is a limita-
tion of the study.

In conclusion, our results suggest that the increase in the 
serum erythropoietin concentration, which occurs shortly 
after the treatment onset likely contribute, at least in part, to 

Fig. 5   Changes in serum 
erythropoietin concentration 
(a), Ret% (b), and reticulocyte 
count (c), MCV (d), MCH (e), 
and MCHC (f) during treatment 
with ipragliflozin in both Ht-
elevated (n = 71, black columns) 
and non-elevated (n = 18, 
gray columns) groups. Data 
are means ± SD. P values are 
indicated for the group × time 
interaction terms of the random 
intercept model
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the elevation of the hematocrit during ipragliflozin treatment 
and that the difference between subjects who showed or did 
not show the increase in hematocrit is attributable to the 
responsibility to, but not to the production of, erythropoietin. 
Further studies are required to understand the pharmaco-
logical properties of this relatively new class of drugs on 
erythrocyte parameters and erythropoiesis.
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