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ARTICLE INFO ABSTRACT

Keywords: Objective: Molidustat is a novel agent investigated for the treatment of anemia in both dialy-
Molidustat sisdependent (DD) and non-dialysis-dependent (NDD) patients. Its efficacy and safety are still
Anemia unclear.

Chronic kidney disease Methods: We searched five databases to identify randomized controlled trials comparing moli-

dustat to erythropoiesis-stimulating agents (ESAs) or placebo in patients with anemia.

Results: Six studies containing 2025 eligible participants were identified. For NDD patients, the
change in Hb levels from baseline (AHb) was significantly higher for molidustat than for placebo
[mean difference (MD) = 1.47 (95 % CI: 1.18 to 1.75), P < 0.00001] and AHb was also signif-
icantly higher for molidustat than for ESAs [MD = 0.25 (95 % CI 0.09 to 0.40), P = 0.002]. For
NDD patients, Ahepcidin was significantly lower for molidustat than for placebo [MD = —20.66
(95 % CI: —31.67 to —9.66), P = 0.0002] and Ahepcidin was also significantly lower for moli-
dustat than for ESAs [MD = —24.51 (95 % CI: —29.12 to —19.90), P < 0.00001]. For NDD pa-
tients, Airon was significantly lower for molidustat than for ESAs [MD = —11.85 (95 % CIL:
—15.52 to —8.18), P < 0.00001], and ATSAT was also significantly lower for molidustat than for
ESAs [MD = —5.29 (95 % CI: —6.81 to —3.78), P < 0.00001]. For NDD patients, Aferritin was
significantly lower for molidustat than for placebo [MD = —90.01 (95 % CI: —134.77 to —45.25),
P < 0.00001]. However, for DD-CKD patients, molidustat showed an effect similar to that of ESAs
on increasing the Hb level [MD = —0.18 (95 % CI: —0.47 to 0.11), P = 0.23], Airon level [MD =
3.78 (95 % CL: —7.21 to 14.76), P = 0.5], Aferritin level [MD = 25.03 (95 % CI: —34.69 to 84.75),
P = 0.41], and Ahepcidin level [MD = 1.20 (95 % CI: —4.36 to 6.76), P = 0.67]. For DD-CKD
patients, compared with the placebo or ESA group, molidustat showed a significantly higher
level on ATSAT[MD = 3.88 (95 % CI: 2.10 to 5.65), P < 0.0001] and a slightly increased level on
ATIBC level [MD = 1.08 (95 % CI: —0.07 to 2.23), P = 0.07]. There was no significant difference

* Corresponding author. Department of Nephrology, Dongzhimen Hospital, The First Affiliated Hospital of Beijing University of Chinese Medicine,
Beijing, China.
** Corresponding author. Dongzhimen Hospital, Beijing University of Chinese Medicine, Beijing, China.
E-mail addresses: tcmwyx123@126.com (Y. Wang), lvjiebucm@163.com (J. Lv).
! Yi Kang, Mengqi Zhou contributed equally to this work.

https://doi.org/10.1016/j.heliyon.2024.e30621

Received 12 March 2023; Received in revised form 26 April 2024; Accepted 30 April 2024

Available online 4 May 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:tcmwyx123@126.com
mailto:lvjiebucm@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e30621
https://doi.org/10.1016/j.heliyon.2024.e30621
https://doi.org/10.1016/j.heliyon.2024.e30621
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Kang et al. Heliyon 10 (2024) 30621

in the incidence of severe adverse events (SAEs), death, and cardio-related adverse events be-
tween molidustat and the ESAs groups.

Conclusions: Moricizine can effectively improves Hb levels in NDD patients and corrects anemia in
DD patients without increasing adverse event incidence.

1. Introduction

Anemia, a prevalent complication of chronic kidney disease (CKD), increases with CKD severity and is accompanied by poor quality
of life, significant hospitalizations, and mortality [1,2]. The pathogenesis of anemia is multifactorial, involving insufficient production
of erythropoietin (EPO) and impaired iron availability. Currently, the recommendations for renal anemia management consist of
erythropoiesis-stimulating agents (ESAs) and iron supplementation [3,4]. Although ESA is effective in increasing hemoglobin (Hb)
levels to improve both dialysis and non-dialysis CKD anemia with the decreased need for blood transfusions [5], the increased risk of
cardiovascular events, elevated blood pressure, and death raise safety concerns [6-8]. In addition, ESA is ineffective in raising the
levels of Hb in 10%-20 % of patients with CKD, associated with chronic inflammation and inadequate iron utilization [9]. Given the
limitations of ESAs and its analogs, alternative therapeutic approaches are being investigated.

Molidustat (BAY 85-3934) represents a novel HIF-PHI being investigated as an oral agent for treating anemia in both dialysis-
dependent (DD) and nondialysis-dependent (NDD) patients [10]. HIF, an oxygen-sensitive transcription factor, regulates multiple
genes involved in the transcription of EPO and the maturation of red blood cells in the bone marrow associated with iron sensing [11].
Under normal oxygen conditions, HIF-a subunits can be tagged by HIF-PH enzymes to degrade. However, in hypoxic conditions, the
activity of HIF-PH enzymes is reduced, resulting in dimerization of HIF-a subunits with HIF-f and followed by their translocation into
the nucleus [12]. In addition, several target genes of HIFs that promote iron absorption and recycling with a decrease in hepcidin are
involved in iron homeostasis [13,14]. Molidustat stabilizes HIF-a subunits that stimulate erythropoiesis production through the HIF
pathway in adaptation to hypoxia. HIF-a indirectly inhibits hepcidin expression through erythropoietic activity, resulting in enhanced
iron absorption and export. Based on its action mechanism, molidustat is postulated to improve hemoglobin levels and enhance the
body’s ability to utilize iron for erythropoiesis [15]. Currently, the efficacy of molidustat in increased Hb levels with improving iron
utilization has been demonstrated in several Phase 2 and 3 clinical studies [16,17]. Therefore, our systematic review and meta-analysis
evaluated the efficacy and safety of molidustat on anemia and iron metabolism among both DD and NDD patients.

2. Methods

We structured this systematic review and meta-analysis according to the Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) guidelines [18]. The protocol of this review was prospectively registered on PROSPERO database (Regis-
tration number: CRD42022333168).

2.1. Data sources and search strategy

We conducted a comprehensive search of the PubMed, Embase, Cochrane Library, Web of Science, and Controlled Trials (CEN-
TRAL) databases from inception until January 2024 for clinical trials investigating molidustat for anemia in adults with CKD. Our
search strategy included both free-text and medical subject headings for “chronic kidney disease,” “anemia,” “molidustat,” and
“BAY85-3934,” and selected publications without restrictions on origin, country, or language. Additionally, we reviewed references
cited in relevant reviews and original studies to identify any additional relevant publications.

»

2.2. Eligibility criteria

Only randomized controlled trials (RCTs) assessing the efficacy and safety in patients with renal anemia were included. The in-
clusion criteria were as follows: 1) adult CKD patients diagnosed with renal anemia with or without dialysis; 2) molidustat used as
treatment without dose or frequency restrictions and compared with placebo or ESAs; 3) at least one of the outcomes was available: for
efficacy indicators, we focused on hematological parameters including Hb, iron, ferritin, transferrin saturation (TSAT), total iron-
binding capacity (TIBC) (changes of five outcomes levels from baseline) and hepcidin; for safety indicators, we encompased severe
adverse events (SAEs), mortality, cardiac-related adverse events, and renal-related adverse events; and 4) limited to RCTs. In cases
where one cohort was reported in multiple publications, only the article with the largest sample size and longest duration was
included. Studies were excluded if participants had primary anemia or anemia secondary to other causes, or if both the intervention
and comparator arms received molidustat.

2.3. Data extraction and quality assessment

Using a standardized form, two reviewers (Yi Kang and Mengqi Zhou) independently extracted data from original trial reports. The
extracted data included study characteristics (such as first author, publication year, single or multicenter, sample size, intervention and
control, and treatment period), patient characteristics (mean age, proportion of men, baseline estimated glomerular filtration rate
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[eGFR], and baseline Hb levels), reported outcomes (Hb, iron, transferrin, ferritin, TSAT, TIBC, hepcidin, SAEs, mortality, cardiac-
related adverse events, and renal-related adverse events), and methodological information. In addition, the risk of bias of RCTs was
evaluated utilizing the Cochrane Collaboration’s tool [19]. Any disagreements were resolved by a third reviewer.

2.4. Data analysis

We used the mean difference (MD) analysis to compare continuous outcomes between the intervention and control groups from
baseline to the end of the trial. For binary variables such as SAEs, mortality, cardiac-related adverse events and renal-related adverse
events, we conducted analyses using odds ratios (OR). We calculated the 95 % confidence interval (CI) for each effect size estimate.
Heterogeneity between studies was estimated by the I? statistic and considered low if I> < 50 %, then a fixed-effect model was used;
otherwise, the random-effect model was used. To identify potential sources of heterogeneity in the meta-analysis, subgroup analyses
were conducted based on population characteristics (NDD-CKD versus DD-CKD), control group (ESA versus placebo), and the use of
molibresib, aiming to explore the origins of heterogeneity. P < 0.05 was indicative of statistical significance. Publication bias was
assessed via visual inspection of the funnel plots. However, given the limited number of studies included in the analysis, the power of
the tests was deemed too low. Therefore, examination for publication bias was only conducted if > 10 study comparisons were
included in the analysis [20]. Finally, sensitivity analysis was performed on the meta-analysis results of 1*>40 %, and all analyses were
conducted using the meta-package in R studio (4.3.1).

3. Results
3.1. Literature search

A total of 201 records were obtained by the initial search strategy. After removing 47 duplicate records, remaining 154 records
were evaluated, leaving 6 articles (1350 participants) that evaluated the efficacy and safety of molidustat for anemia in patients with

Potentially relevant studies identified and Additional reference identified from
screened for retrieval (n=200) hand searching (n=1)
v 4

Records after duplicates were removed (n=154)

A 4

Title and abstract of records
screened (n=154)

» Records excluded (n=135)
v
Full-text articles assessed for
eligibility(n=19) Full-text articles excluded
(n=13):
Non-RCT n=8)
»| Not eligible comparisons (n=1)

Articles or outcome data not
available, or duplicate
publications (n=4)

Randomized controlled trials with
usable information for meta-
analysis (n=6)

Fig. 1. Flow chart of literature search and selection.



Table 1

Characteristics of the included studies.

StudyID Single-/ Dialysis Group Sample  Sex Ethnicity eGFR  Baseline CRP CKD Treatment Dosage of medication Period of  follow
multi center method size (n) (male/ Hemoglobin (mg/dL) duration treatment up
female) (Hb)(g/dL) )
Macdougall 2018 multicenter DIALOGUE Molidustat 25 19 14/5 White/Asian/ 25 9.4 (0.7) 8.8 3.8(4.1) Molidustat 25 Fixed doses of 25 mgonce 16 w 8w
(Macdougall 1 mg once daily Black/other:14/ (14) (12.6) mg once daily daily
et al., 2019) 5/0/0 mg/L
NDD-CKD Molidustat 50 21 9/12 White/Asian/ 23 9.5 (0.7) 4.9 6.6 (6.2) Molidustat 50 Fixed doses of 50 mgonce 16 w
mg once daily Black/other:11/ (11) (10.1) mg once daily daily
10/0/0 mg/L
Molidustat 75 22 13/9 White/Asian/ 24 9.6 (0.6) 6.0 (9.8) 4.2(3.5) Molidustat 75 Fixed dosesof75mgonce 16 w
mg once daily Black/other:13/ (10) mg/L mg once daily daily
9/0/0
Molidustat 25 19 10/9 White/Asian/ 25 9.3(0.5) 13.3 2.2(2.9) Molidustat 25 Fixed doses of 25 mg 16w
mg twice Black/other:15/ (12) (31.8) mg twice twice daily
daily 4/0/0 mg/L daily
Molidustat 50 20 10/10  White/Asian/ 21 9.5(1.1) 3.5(6.0) 5.1 (4.3) Molidustat 50 Fixed doses of 50 mg 16w
mg twice Black/other:10/ (14) mg/L mg twice twice daily
daily 10/0/0 daily
Molidustat 101 56/45  White/Asian/ 23 9.5 (0.7) 7.2 4.5(4.5) Molidustat l6w
combined Black/other:63/ (12) (16.4) combined
38/0/0 mg/L
Placebo 20 9/11 White/Asian/ 23 9.5 (0.6) 4.3(5.1) 3.5(2.7) Placebo not mentioned daily 16w
Black/other:15/ (12) mg/L
5/0/0
DIALOGUE Molidustat 25 30 12/18 White/Asian/ 20 10.9 (0.7) 5.9 (7.6) 6.6 (7) Molidustat 25 starting doses of 25 mg + 16 w 8w
2 mg once daily Black/other:21/ (10) mg/L mg once daily 15, 100, and 150 mg; M
9/0/0 (SD)[min, median, max]
26.3 (12.4) [10,23.8,58]
NDD-CKD Molidustat 50 30 17/13 White/Asian/ 18 (9) 10.7 (0.7) 7.7 8.2(8) Molidustat 50 starting doses of 50 mg + 16 w
mg once daily Black/other:23/ (15.4) mg once daily optional 15, 100, and
7/0/7 mg/L 150 mg M (SD) [min,
median, max] 45.6 (17.1)
[22,46,93]
Molidustat 75 32 16/16 White/Asian/ 23 10.7 (0.7) 8.7 5.5(3) Molidustat 75 starting doses of 75 mg + 16 w
mg once daily Black/other:25/ (14) (19.2) mg once daily optional 15, 100, and
6/1/1 mg/L 150 mg M (SD) [min,
median, max] 63.1 (26.2)
[20,61,119]
Molidustat 92 45/47 White/Asian/ 20 10.8 (0.7) 6.5 6.7 (6) Molidustat M (SD) [min,median, 16w
combined Black/other:69/ (11) (11.2) combined max] 45.4 (24.6)
22/1/1 mg/L [10,43.2119]
Darbepoetin 32 18/14 White/Asian/ 22 10.9 (0.7) 7.4 5.8 (5) Darbepoetin  darbepoetin treatment 16w
Black/other:25/ (12) (14.10)
6/1/0 mg/L
DIALOGUE  Molidustat 25 44 26/18  White/Asian/ - 10.4 (0.6) 0.9 (1.7) 8(6.8) Molidustat 25 starting doses of 25 mg + 16 w 8w
4 mg once daily Black/other:20/ mg/L mg once daily optional 15, 100, 200 mg
10/13/1 once daily M (SD) [min,

median, max] 36.6 (16.2)

[10,31.7,72]

(continued on next page)
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Table 1 (continued)

StudyID Single-/ Dialysis Group Sample  Sex Ethnicity eGFR  Baseline CRP CKD Treatment Dosage of medication Period of  follow
multi center method size (n) (male/ Hemoglobin (mg/dL) duration treatment up
female) (Hb)(g/dL) (62)
DD-CKD Molidustat 50 40 23/17 White/Asian/ - 10.4 (0.6) 0.6 (0.8) 6(6.0) Molidustat 50 starting doses of 50 mg + 16 w
mg once daily Black/other:19/ mg/L mg once daily optional 15, 100, 200 mg
8/13/0 once daily M (SD) [min,
median, max] 57.5 (23.6)
[13,58.5,94]
Molidustat 75 44 24/20  White/Asian/ - 10.4 (0.7) 0.8 (1.2) 6(6.0) Molidustat 75 starting doses of 75 mg + 16 w
mg once daily Black/other:28/ mg/L mg once daily optional 15, 100, 200 mg
6/8/2 once daily M (SD) [min,
median, max] 71.7 (27)
[17,72.2120]
Molidustat 29 18/11 White/Asian/ - 10.7 (0.6) 0.8(1.7) 5(5.5) Molidustat starting doses of 150 mg 16 w
150 mg once Black/other:17/ mg/L 150 mg once  + optional 15, 100, 200
daily 5/6/1 daily mg once daily M (SD)
[min,median, max] 114.5
(40.5) [25,112.2188]
Molidustat 157 91/66 White/Asian/ - 10.5 (0.6) 0.7 (1.1) 6(6.2) Molidustat M (SD) [min,median, 16w
combined Black/other:18/ mg/L combined max] 66.2 (37.6)
7/17/0 [10,61.1188]
Epoetin 42 29/13 White/Asian/ - 10.6 (0.5) 0.8 (1.5) 6(4.3) Epoetin epoetin treatment 16w
Black/other:84/ mg/L
29/40/5
Akizawa 2019 (1) multicenter DIALOGUE  molidustat 118 57/61 White/Black/ 11.28 £ 0.55 5.1 molidustat 40.2 + 30.3 mg per day 36 months
(Akizawa, 3 Asian:73/0/45 (10.2)
Macdougall, mg/L
Berns, Bernhardt
et al., 2019)
NDD-CKD darbepoetin 42 22/20 White/Black/ 11.08 £ 0.51 10.8 darbepoetin 2.4 + 2.0 pg per day 36 months
Asian:32/1/9 (21.6)
mg/L
Total 160 79/81 White/Black/ 23 6.7
Asian:105/1/54 (15)n 14.9)
=153 mg/L
multicenter DIALOGUE  molidustat 57 33/24 White/Black/ 10.40 £0.70 0.7 (1.2) molidustat 69.7 + 47.8 mg per day 36 months
5 Asian/others/ mg/L
Not
reported:28/16/
10/2/1
DD-CKD epoetin 30 23/7 White/Black/ 10.52 +0.53 0.6 (0.8) epoetin 1087.4 + 764.3 IU per 36 months
Asian/others/ mg/L day
Not
reported:14/10/
6/0/0
Total 87 56/31  White/Black/ 0.7 (1.1)
Asian/others/ mg/L
Not
reported:42/26/
16/2/1

(continued on next page)
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Table 1 (continued)

StudyID Single-/ Dialysis Group Sample  Sex Ethnicity eGFR  Baseline CRP CKD Treatment Dosage of medication Period of  follow
multi center method size (n) (male/ Hemoglobin (mg/dL) duration treatment up
female) (Hb)(g/dL) (62)
Akizawa 2019 (2) NDD-CKD D1 16w
(Akizawa,
Macdougall,
Berns,
Yamamoto et al.,
2019)
FAS
molidustat 101 56/45 White/Asian/ 23.4 9.5 (0.7) 7.2 4.5 (4.5) 25, 50, or 75 mg once
black/other:63/ (12.3) (16.49) daily, or 25 or 50 mg
38/0/0 mg/L twice daily
placebo 20 9/11 White/Asian/ 23.0 9.5 (0.6) 43(5.1) 3527
black/other:15/ (11.6)
5/0/0
Non-iron
users
molidustat 53 28/25  White/Asian/ 25.2 9.4 (0.8) 7.4 4.5 (5.0)
black/other:34/ (12.5) (20.7)
19/0/0
placebo 8 4/4 White/Asian/ 28.8 9.4 (0.7) 3.3(4.0) 2.7(2.3)
black/other:6/  (13.0)
2/0/0
NDD-CKD D2 25, 50, or 75 mg 16w
FAS
molidustat 92 45/47  White/Asian/ 20.4 10.8 (0.7) 7.4 6.7 (6.4)
Black/other:69/ (11.4) (14.9)
22/1/0
darbepoetin 32 18/14  White/Asian/ 21.9 10.9 (0.7) 6.5 5.8 (5.0)
alfa Black/other:25/ (12.1) (11.2)
6/1/0
Non-iron
users
molidustat 42 23/19  White/Asian/ 19.0 10.8 (0.7) 6.3 7.2 (6.7)
Black/other:33/ (9.6) (12.8)
9/0/0
darbepoetin 16 10/6 White/Asian/ 20.6 10.8 (0.9) 8.8 6.3 (5.8)
alfa Black/other:12/ (12.3) (15.2)
3/1/0
DD-CKD D4 25, 50, 75, or 150 mg 16w
FAS
molidustat 157 91/66  White/Asian/ 10.5 (0.6) 7.9 6.4 (6.2)
Black/Other:84/ (13.5)
29/40/4
epoetin alfaor 42 29/13 White/Asian/ 10.6 (0.5) 7.1 5.5 (4.3)
beta Black/Other:18/ (11.1)

Non-iron
users

7/17/0

(continued on next page)
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Table 1 (continued)

StudyID Single-/ Dialysis Group Sample  Sex Ethnicity eGFR  Baseline CRP CKD Treatment Dosage of medication Period of  follow
multi center method size (n) (male/ Hemoglobin (mg/dL) duration treatment up
female) (Hb)(g/dL) [42]
molidustat 59 32/27  White/Asian/ 10.5 (0.6) 5.4 7.6 (6.8)
Black/Other:29/ (10.4)
18/12/0
epoetin alfaor 15 10/5 White/Asian/ 10.6 (0.6) 7.8 5.6 (4.6)
beta Black/Other:5/ (10.8)
3/7/0
Yamamoto 2021 (1) multicenter NDD-CKD molidustat 82 50/32 Japanese 19.0 9.84 (0.64) 0.317 7.369 molidustat orally once daily after 52w 4w
(Yamamoto (8.5) (0.630) (7.823) breakfast at a starting
et al., 2021a) dose of 25 mg
darbepoetin 80 50/30 Japanese 221 10.00 (0.61)  0.148 8.564 darbepoetin  injected subcutaneously 52w 4w
(12.0) (0.241) (10.604) every 2 weeks at a
starting dose of 30 pg.
Yamamoto 2021 (2) multicenter NDD-CKD molidustat 82 45/37 Japanese 18.7 11.31(0.68)  0.211 7.3(7.2) molidustat the starting dose of 25mg 52 w 4w
(Yamamoto 10.7) (0.441) or 50 mg in accordance
et al., 2021b) with the previous ESA
dose
darbepoetin 82 54/28 Japanese 17.5 11.27 (0.64)  0.194 7.8 (8.5) darbepoetin the starting dose as the 52w 4w
9.0) (0.479) previous ESA dose
Akizawa 2021 multicenter DD-CKD Molidustat 153 91/62 Japanese 10.77 (0.64)  0.256 12.067 molidustat +  the starting dose of 75 52w 4w
(Akizawa et al., (0.623)  (9.390) placebo mg/day; the mean (SD)
2021) dosage was 79.02 (42.65)
mg/day
darbepoetin 76 49/27 Japanese 10.84 (0.65)  0.217 10.842 darbepoetin  administrated weekly or 52 w 4w
(0.629) (8.841) + placebo once every 2 weeks; the

mean (SD) dosage was
20.16 (14.70) mg/week
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CKD [16,17,21-24]. Fig. 1 illustrates the screening process. Table 1 presents the main characteristics of the included trials.

3.2. Characteristics of included studies

The systematic review encompassed eleven RCTs derived from six studie, with 2025 participants from the European Union, the
United States, Japan and other places. The characteristics of included studies were summarized in Table 1. Of the eleven trials, 6 trials
evaluated the efficacy and safety of molidustat versus placebo or ESA in NDD-CKD patients [16,17,21-24]. Another 4 trials evaluated
the efficacy and safety of molidustat versus ESA in DD-CKD patients [16,21-23]. The follow-up duration ranged from 4 to 8 weeks. The
demographic characteristics of the molidustat and control groups were similar at baseline in all trials.

3.3. Risk-of-bias assessment

None of the RCTs were deemed to have an overall low risk of bias. The majority of trials had an unclear risk of bias regarding
sequence generation and allocation concealment, as detailed information was not provided. However, 8 trails of 5 studies had a high
risk of bias related to participant, personnel, and outcome assessment blinding because an open-label design carries an inherent bias
that might affect the safety reporting [16,17,21,23,24]. In terms of incomplete outcome data, 4 trails of 2 studies had a high risk of bias
because the dropout rate of participants exceeded 20 % of the total number [16,23]. (Fig. 2).

3.4. Efficacy

3.4.1. Change in HD level from baseline (AHD)

For NDD-CKD patients, two trials compared the AHD levels for molidustat (n = 93) versus placebo (n = 37) [16,23], and five trials
compared the AHDb levels for molidustat (n = 389) versus ESAs (n = 246) [16,17,21,23,24]. For DD-CKD patients, four trials compared
the AHD levels for molidustat (n = 401) versus ESAs (n = 175) [16,21-23]. The results of meta-analysis indicated that in NDD-CKD
patients, the AHb level was significantly higher for the molidustat group than for the placebo group [MD = 1.47 (95 % CIL: 1.18 to
1.75), P < 0.00001]. The AHb level in the molidustat group was significantly higher than in the ESA group [MD = 0.25 (95 % CI 0.09 to
0.40), P = 0.002]. For DD-CKD patients, molidustat showed an effect similar to that of ESAs on increasing the Hb level [MD = —0.18
(95 % CI: —0.47 to 0.11), P = 0.23] (Fig. 3).

For NDD-CKD patients, based on subgroup analysis of short-term treatment (16 weeks) trials, the AHb level was significantly higher
for the molidustat group than for the control group [MD = 0.93 (95 % CI: 0.54 to 1.32), P < 0.00001]. And in subgroup analysis of long-
term treatment (52 weeks-36mouths) trials, there was increasing trend of AHb level in the molidustat group than in the control group
[MD = 0.20 (95 % CI: 0.01 to 0.40), P = 0.06]. For DD-CKD patients, in subgroup analysis of short-term treatment (16 weeks) or long-
term treatment (52 weeks-36mouths) trials, no significant difference in the AHb level between molidustat and control was detected
[MD = —0.21 (95 % CI: —0.55 to 0.13), P = 0.22; MD = —0.12 (95 % CI: —0.78 to 0.55), P = 0.73] (Supplementary Fig. S1).
Furthermore, for NDD-CKD patients, molidustat showed a dose-response effect on Hb levels, that is, the effect of Molidustat on Hb is
enhanced with the increase of dosage. For DD-CKD patients, it also showed that the effect of molidustat on Hb levels is not good enough
at low dose (<50 mg/d), while the effect of molidustat on maintaining Hb levels is better at medium and high dose (>50 mg/d)
(Supplementary Fig. S2).

3.4.2. Change in iron level from baseline (Alron)
For NDD-CKD patients, two trials compared the Airon levels for molidustat (n = 141) versus placebo (n = 38) [21,23], and four

Random sequence generation (selection bias) - |

Allocation concealment (selection bias) _ |

Blinding of participants and personnel (performance bias) _
Blinding of outcome assessment (detection bias) I:_
Incomplete outcome data (attrition bias) - _

Selective reporting (reporting bias) _

otrerbias NN

0% 25% 50% 75%  100%

. Low risk of bias D Unclear risk of bias . High risk of bias

Fig. 2. Risk-of-bias summary of included randomized trials using the Cochrane Risk-of-Bias tool.
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Experimental Control Mean Difference Mean Difference
] % CI IV, Random, 95% CI

1.1.1 NDD-CKD(Molidustat vs Placebo)

Akizawa 2019(2A) 15 1.2 43 03 1 18
Macdougall 2018(A)-d1 1.55 0.76 12 022 06 3 381% 1.33 [0.53, 2.13]
Macdougall 2018(A)-d2 1.53 0.76 11 022 06 4 3.4% 1.31[0.57, 2.05] -
Macdougall 2018(A)-d3 2.19 0.39 5 022 06 4  37% 1.97 [1.29, 2.65]
4
4
7

4.2% 1.20 [0.62, 1.78]

Macdougall 2018(A)-d4 1.75 0.55 13 022 06 3.8% 1.53 [0.87, 2.19]
Macdougall 2018(A)}-d5  1.73 0.9 9 022 06 3.0% 1.51 [0.68, 2.34] —=
Subtotal (95% CI) 93 3 21.1% 1.47 [1.18, 1.75] “
Heterogeneity: Tau? = 0.00; Chi? = 3.23, df = 5 (P = 0.66); I’ = 0%
Test for overall effect: Z = 10.05 (P < 0.00001)

1.1.2 NDD-CKD(Molidustat vs ESAs)

Akizawa 2019(1A) 028 057 70 -018 058 29 60%  -0.10[-0.35,0.15] -
Akizawa 2019(2B) 03 1 75 01 09 27 52% 0.20 [-0.21, 0.61] T
Macdougall 2018(B)-d1 025 059 26 021 043 9 54% 0.04 [-0.32, 0.40] -
Macdougall 2018(B)-d2 048 047 26 021 043 9 56% 0.27 [-0.08, 0.60] —
Macdougall 2018(B)-d3  0.86 043 28 021 043 10 57% 0.65 [0.34, 0.96] =
Yamamoto 2021(1) 182 045 82 153 049 80 65% 0.29 [0.15, 0.43] -
Yamamoto 2021(2) 063 044 82 031 046 82 65% 0.32[0.18, 0.46] ol
Subtotal (95% Cl) 389 246 40.9% 0.25 [0.09, 0.40] L 4

Heterogeneity: Tau? = 0.02; Chi* = 16.43, df =6 (P = 0.01); I?=63%
Test for overall effect: Z = 3.14 (P = 0.002)

1.1.3 DD-CKD(Molidustat vs ESAs)

Akizawa 2019(1B) 0.3 048 32 018 075 21 54% -0.48[-0.84,-0.12] S
Akizawa 2019(2C) 06 15 105 -03 1 39 51%  -0.30[-0.73,0.13] e
Akizawa 2021 024 059 153 004 043 76 6.5% 0.20 [0.07, 0.33] -
Macdougall 2018(C)-d1  -0.84 0.73 32 -0.16 0.48 9 52% -0.68[-1.08, -0.28] =
Macdougall 2018(C)-d2  -0.59 077 27 -0.16 048 10 51%  -0.43[-0.85,-0.01] —]
Macdougall 2018(C)-d3  -0.05 0.76 32 -0.16 048 10 52% 0.11 [-0.29, 0.51] i
Macdougall 2018(C)-d4  0.05 0.46 20 -0.16 048 10 54% 0.21[-0.15, 0.57] T
Subtotal (95% Cl) 401 175 38.0%  -0.18 [-0.47, 0.11] <>

Heterogeneity: Tau? = 0.12; Chi? = 33.77, df = 6 (P < 0.00001); I> = 82%
Test for overall effect: Z = 1.19 (P = 0.23)

Total (95% CI) 883 458 100.0% 0.34[0.15, 0.53] L 4
Heterogeneity: Tau? = 0.15; Chi? = 142.92, df = 19 (P < 0.00001); I = 87% 2 1 . 1 2
Test for overall effect: Z = 3.45 (P = 0.0006)

Favours [experimental] Favours [control
Test for subaroup differences: Chi? = 72.40. df = 2 (P < 0.00001). I? = 97.2% [exp I L 1

Fig. 3. Meta-analysis results of molidustat for AHb.

trials compared the Airon levels for molidustat (n = 326) versus ESAs (n = 221) [17,21,23,24]. For DD-CKD patients, three trials
compared the Airon levels for molidustat (n = 467) versus ESAs (n = 157) [21-23]. The results of meta-analysis indicated that in
NDD-CKD patients, the Airon level was significantly lower for the molidustat group than for the ESA group [MD = —11.85 (95 % CI:
—15.52 to —8.18), P < 0.000011, but the Airon level in the molidustat group was similar to that in the placebo [MD = 2.97 (95 % CI:
—10.25 to 16.20), P = 0.66]. And for DD-CKD patients, molidustat showed an effect similar to that of ESAs on Airon level [MD = 3.78
(95 % CI: —7.21 to 14.76), P = 0.50] (Fig. 4).

3.4.3. Change in ferritin level from baseline (AFerritin)

For NDD-CKD patients, two trial compared the Aferritin level for molidustat (n = 141) versus placebo (n = 38)[21.23], and four
trials compared the Aferritin levels for molidustat (n = 326) versus ESAs (n = 221) [17,21,23,24]. For DD-CKD patients, three trials
compared the Aferritin level for molidustat (n = 471) versus ESAs (n = 157) [21-23]. The results of the meta-analysis indicated that for
NDD-CKD patients, the Aferritin level was significantly lower for the molidustat group than for the placebo group [MD = —90.01 (95 %
CI: —134.77 to —45.25), P < 0.00001]. And there was decreasing trend of Aferritin level in the molidustat group than in the ESA group
[MD = —15.0 (95 % CL:-31.37 to 1.71), P = 0.08]. But for DD-CKD patients, molidustat showed an effect similar to that of ESAs on the
Aferritin level [MD = 25.03 (95 % CI: —34.69 to 84.75), P = 0.41] (Fig. 5).

3.4.4. Change in TSAT level from baseline (ATSAT)

For NDD-CKD patients, two trials compared the ATSAT level for molidustat (n = 141) versus placebo (n = 38)[21.23], and four
trials compared the ATSAT levels for molidustat (n = 326) versus ESAs (n = 221) [17,21,23,24]. For DD-CKD patients, three trials
compared the ATSAT level for molidustat (n = 467) versus ESAs (n = 156) [21-23]. The results of the meta-analysis indicated that for
NDD-CKD patients, the ATSAT level was significantly lower for the molidustat group than for the ESA group [MD = —5.29 (95 % CI:
—6.81 to —3.78), P < 0.00001], but the ATSAT level in the molidustat group was similar to that in the placebo [MD = —1.24 (95 % CIL:
-6.11 to 3.62), P = 0.62]. For DD-CKD patients, the ATSAT level was significantly higher for the molidustat group than for the placebo
or ESA group [MD = 3.88 (95 % CI: 2.10 to 5.65), P < 0.0001] (Fig. 6).
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Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
1.2.1 NDD-CKD(Molidustat vs Placebo)
Akizawa 2019(2A) -10.1 0.33 40 14 40 18  8.4% 3.90[-14.58, 22.38] =
Macdougall 2018(A) -11 458 101 -13  38.1 20 8.2% 2.00[-16.94, 20.94]
Subtotal (95% CI) 141 38 16.6% 2.97 [-10.25, 16.20] e

Heterogeneity: Tau? = 0.00; Chi? = 0.02, df =1 (P = 0.89); I? = 0%
Test for overall effect: Z = 0.44 (P = 0.66)

1.2.2 NDD-CKD(Molidustat vs ESAs)
Akizawa 2019(2B) 97 537 70 52 289 27 91% -14.90[-31.55,1.75] *
Macdougall 2018(B) 8 515 92 1 209 32 98% -9.00[-23.77,5.77] .
Yamamoto 2021(1)  9.81 16.05 82 19.14 17.85 80 135% -9.33 [-14.56, -4.10] —
Yamamoto 2021(2)  -6.49 18.14 82 854 19.85 82 13.3% -15.03 [-20.85, -9.21] —
Subtotal (95% Cl) 326 221 45.7% -11.85[-15.52, -8.18] -

Heterogeneity: Tau? = 0.00; Chi2 = 2.31, df = 3 (P = 0.51); I?= 0%
Test for overall effect: Z = 6.33 (P < 0.00001)

1.2.3 DD-CKD(Molidustat vs ESAs)

Akizawa 2019(2C) 27 242 157 67 262 39 122%  -4.00[-13.05, 5.05]
Akizawa 2021 6.65 1692 153 -6.07 1868 76 135%  12.72[7.74,17.70] S
Macdougall 2018(C) 7 309 157 6 263 42 121%  1.00[-8.31,10.31] — T
Subtotal (95% Cl) 467 157 37.8%  3.78[-7.21, 14.76] e

Heterogeneity: Tau? = 78.13; Chi? = 12.29, df = 2 (P = 0.002); 12 = 84%
Test for overall effect: Z = 0.67 (P = 0.50)

Total (95% CI) 934 416 100.0%  -3.65[-11.99, 4.70] "

ity 2 = . 2 = = - |2 = 88Y T T T t T
Heterogeneity: Tau? = 127.51; Chi* = 64.38, df = 8 (P < 0.00001); I = 88% 20 1 0 10 20

Test for overall effef:t: Z=0.50 (P_= 0.39) Favours [experimental] Favours [control]
Test for subaroup differences: Chi? = 10.59. df = 2 (P = 0.005). = 81.1%

Fig. 4. Meta-analysis results of molidustat for Airon.

Experimental Control Mean Difference Mean Difference
% Cl 1V, Random, 95% Cl
1.3.1 NDD-CKD(Molidustat vs Placebo)
Akizawa 2019(2A) -87 1213 40 1.7 1236 18  9.0% -88.70[-157.06, -20.34]
Macdougall 2018(A) 99 1257 101 -8 123 20 10.0% -91.00[-150.22,-31.78] -
Subtotal (95% Cl) 141 38 19.0% -90.01 [-134.77, -45.25] i

Heterogeneity: Tau? = 0.00; Chi? = 0.00, df = 1 (P = 0.96); I = 0%
Test for overall effect: Z = 3.94 (P < 0.0001)

1.3.2 NDD-CKD(Molidustat vs ESAs)

Akizawa 2019(2B) 218 1222 70 -154 1055 27 112%  -6.40[-55.42, 42.62] —
Macdougall 2018(B) 45 1141 92 11 1022 32 121%  -4.00 [-46.40, 38.40] — T
Yamamoto 2021(1) 2512 5893 82 -21.26 69.08 80 145%  -3.86[-23.65, 15.93] "
Yamamoto 2021(2) 2467 6247 82 6.31 5654 82 14.6% -30.98 [49.22,-12.74] —
Subtotal (95% Cl) 326 221 524%  -15.00 [-31.71,1.71] .

Heterogeneity: Tau? = 94.85; Chi* = 4.49, df = 3 (P = 0.21); I = 33%
Test for overall effect: Z = 1.76 (P = 0.08)

1.3.3 DD-CKD(Molidustat vs ESAs)

Akizawa 2019(2C) 287 2278 157 575 2538 39 7.1% -28.80[-116.06, 58.46] -1

Akizawa 2021 4461 11288 157 -18.04 68.16 76 14.2%  62.65[39.27, 86.03] —
Macdougall 2018(C) 54 233 157 49 2537 42  73% 5.00 [-79.94, 89.94] B
Subtotal (95% CI) 471 157 28.6%  25.03 [-34.69, 84.75] =

Heterogeneity: Tau? = 1738.04; Chiz = 5.26, df = 2 (P = 0.07); I?=62%
Test for overall effect: Z = 0.82 (P = 0.41)

Total (95% CI) 938 416 100.0% -16.18 [-48.01, 15.65] q
ity 2= - Chiz = = - 12 = 859 + t + t
Heterogeneity: Tau* = 1719.68; Chi? = 54.17, df = 8 (P < 0.00001); I* = 85% 200 100 0 100 200

Test for overall eﬁe(_:t: Z=1.00 (p'= 0.32) Favours [experimental] Favours [control]
Test for subarouo differences: Chi? = 11.91. df = 2 (P = 0.003). I = 83.2%

Fig. 5. Meta-analysis results of molidustat for Aferritin.

3.4.5. Change in TIBC level from baseline (ATIBC)

For NDD-CKD patients, two trials compared the ATIBC level for molidustat (n = 141) versus placebo (n = 38) [21,23], and four
trials compared the ATIBC levels for molidustat (n = 326) versus ESAs (n = 221) [17,21,23,24]. For DD-CKD patients, three trials
compared the ATIBC level for molidustat (n = 467) versus ESAs (n = 157) [21-23]. The results of the meta-analysis indicated that for
NDD-CKD patients, the ATIBC level was significantly higher for the molidustat group than for the placebo or ESA group [MD = 3.85
(95 % CI: 1.86 to 5.85), P = 0.0002; MD = 0.96 (95 % CI: 0.07 to 1.85), P = 0.03, respectively]. And for DD-CKD patients, the ATIBC

10
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Experimental Control Mean Difference Mean Difference
Study or Subgroup ean  SD Tota e ei ixed, 95% Cl IV, Fixed, 95% Cl
1.4.1 NDD-CKD(Molidustat vs Placebo)
Akizawa 2019(2A) 5 117 40 -47 137 18 24% -0.30[-7.59, 6.99]
Macdougall 2018(A) -7 163 101 5 13 20 29% -2.00[-8.52,4.52]
Subtotal (95% CI) 141 38 5.3% -1.24[-6.11, 3.62] —e
Heterogeneity: Chi =0.12, df = 1 (P = 0.73); 2= 0%
Test for overall effect: Z = 0.50 (P = 0.62)
1.4.2 NDD-CKD(Molidustat vs ESAs)
Akizawa 2019(2B) -16 13.8 70 1.9 106 27 47% -3.50[-8.64, 1.64] - 1
Macdougall 2018(B) -0.8 139 92 04 11 32 55% -1.20 [-5.95, 3.55] - 1
‘Yamamoto 2021(1) 1.87 5.35 82 734 85 80 26.0% -5.47[-7.66,-3.28] —
Yamamoto 2021(2) -4.25 8.1 82 248 885 82 18.6% -6.73[-9.33,-4.13] -
Subtotal (95% Cl) 326 221 54.9% -5.29 [-6.81, -3.78] -
Heterogeneity: Chiz = 4.52, df = 3 (P = 0.21); I = 34%
Test for overall effect: Z = 6.87 (P < 0.00001)
1.4.3 DD-CKD(Molidustat vs ESAs)
Akizawa 2019(2C) -01 133 157 -25 137 38 54% 2.40[-2.43,7.23] - -
Akizawa 2021 23 772 153 -2.29 7.58 76 28.5% 4.59 [2.49, 6.69] —
Macdougall 2018(C) 2 154 157 0.2 129 42 6.0% 1.80[-2.79,6.39] -
Subtotal (95% Cl) 467 156 39.8%  3.88[2.10, 5.65] -
Heterogeneity: Chi? = 1.59, df = 2 (P = 0.45); I? = 0%
Test for overall effect: Z = 4.28 (P < 0.0001)
Total (95% CI) 934 415 100.0% -1.43 [-2.55, -0.31] L 4
Heterogeneity: Chiz = 65.73, df = 8 (P < 0.00001); I2 = 88% i 1 5 5 5 5 1‘0

Test for overall effect: Z = 2.50 (P = 0.01)

Favours [experimental] Favours [control
Test for subaroup differences: Chi? = 59.51. df = 2 (P < 0.00001). I = 96.6% [exp ! t !

Fig. 6. Meta-analysis results of molidustat for ATSAT.

Experimental Control Mean Difference Mean Difference
i i % Cl 1V, Fixed, 95% CI
1.5.1 NDD-CKD(Molidustat vs Placebo)
Akizawa 2019(2A) 24 74 40 -1.2 51 18  4.1% 3.60[0.31, 6.89]
Macdougall 2018(A) 3 6.7 101 -1 49 20 6.9% 4.00[1.49,6.51] -
Subtotal (95% Cl) 141 38 11.0% 3.85[1.86, 5.85] i

Heterogeneity: Chiz = 0.04, df = 1 (P = 0.85); I = 0%
Test for overall effect: Z = 3.78 (P = 0.0002)

1.5.2 NDD-CKD(Molidustat vs ESAs)

Akizawa 2019(2B) 0 71 70 -04 56 27 6.1% 0.40[-2.29,3.09] SR e —
Macdougall 2018(B) 0.1 67 92 -05 56 32 7.8% 0.40[1.97, 277 e
Yamamoto 2021(1) 332 444 82 155 538 80 19.0% 1.77 [0.25, 3.29] —
Yamamoto 2021(2) 219 4.19 82 156 4.81 82 23.0% 0.63[-0.75, 2.01] =
Subtotal (95% Cl) 326 221 55.9% 0.96 [0.07, 1.85] N

Heterogeneity: Chi? = 1.69, df = 3 (P = 0.64); 1= 0%
Test for overall effect: Z = 2.12 (P = 0.03)

1.5.3 DD-CKD(Molidustat vs ESAs)

Akizawa 2019(2C) 39 164 157 18 101 39 26% 2.10[-1.98,6.18]
Akizawa 2021 174 489 153 075 446 76 27.3% 0.99[-0.28,2.26] =
Macdougall 2018(C) 3 143 157 2 99 42 31% 1.00[-2.74, 4.74]

Subtotal (95% Cl) 467 157  33.1% 1.08 [0.07, 2.23] -

Heterogeneity: Chi? = 0.26, df = 2 (P = 0.88); I = 0%
Test for overall effect: Z = 1.84 (P = 0.07)

Total (95% Cl) 934 416 100.0% 1.32[0.66, 1.98] &>
Heterogeneity: Chiz = 8.96, df = 8 (P = 0.35); I = 11% 4 2 0 2 "‘
Test.foroverall effe.ct: £=3.90 (P,< 0.0001) Favours [experimental] Favours [control]
Test for subaroup differences: Chi? = 6.98. df = 2 (P = 0.03). P =71.3%

Fig. 7. Meta-analysis results of molidustat for ATIBC.

11



Y. Kang et al. Heliyon 10 (2024) 30621

level was significantly higher for the molidustat group than for the placebo or ESA group [MD = 1.08 (95 % CI: —0.07 to 2.23), P =
0.07] (Fig. 7).

3.4.6. Change in hepcidin level from baseline (AHepcidin)

For NDD-CKD patients, two trials compared the Ahepcidin level for molidustat (n = 141) versus placebo (n = 38) [21,23], and four
trials compared the Ahepcidin levels for molidustat (n = 328) versus ESAs (n = 221) [17,21,23,24]. For DD-CKD patients, three trials
compared the Ahepcidin level for molidustat (n = 466) versus ESAs (n = 156) [21-23]. The results of the meta-analysis indicated that
for NDD-CKD patients, the Ahepcidin level was significantly lower for the molidustat group than for the placebo or ESA group [MD =
—20.66 (95 % CI: —31.67 to —9.66), P = 0.0002; MD = —24.51 (95 % CL: —29.12 to —19.90), P < 0.00001, respectively]. But for
DD-CKD patients, molidustat showed an effect similar to that of ESAs on the Ahepcidin level [MD = 1.20 (95 % CI: —4.36 t0 6.76), P =
0.67] (Fig. 8).

3.5. Safety

3.5.1. SAEs

For NDD-CKD patients, one trial compared the incidence of SAEs for molidustat (n = 101) versus placebo (n = 20) [23], and four
trials compared the incidence of SAEs for molidustat (n = 374) versus ESAs (n = 236) [16,17,23,24]. For DD-CKD patients, three trials
compared the incidence of SAEs for molidustat (n = 374) versus ESAs (n = 236) [16,22,23]. The results of the meta-analysis indicated
that for NDD patients, whether compared with placebo (n = 20) or ESAs (n = 236), molidustat (n = 101; n = 374, respectively) did not
show significantly increase the risk of SAEs [OR = 0.48 (95 % CI: 0.15 to 1.54), P = 0.22; OR = 1.24 (95 % CI: 0.82 t0 1.88), P = 0.31,
respectively]. And for DD, molidustat (n = 360) did not obviously increase the risk of SAEs compared with that of the ESAs group (n =
114) [OR = 1.49; (95 % CI: 0.93 to 2.38), P = 0.10] (Fig. 9).

3.5.2. Death

For NDD-CKD patients, one trial compared the incidence of death for molidustat (n = 101) versus placebo (n = 20) [23], and four
trials compared the incidence of death for molidustat (n = 374) versus ESAs (n = 236) [16,17,23,24]. For DD-CKD patients, two trials
compared the incidence of death for molidustat (n = 214) versus ESAs (n = 72) [16,22,23]. The results of the meta-analysis indicated
that for NDD patients, there were no deaths in the molidustat group (n = 101) versus placebo (n = 20), while compared with ESAs (n =
236), molidustat (n = 374) did not show significantly increase the risk of death [OR = 1.95 (95 % CI: 0.59 to 6.46), P = 0.27]. And for
DD, molidustat (n = 214) did not obviously increase the risk of death compared with that of the ESAs group (n = 72) [OR = 0.81; (95 %
CI: 0.03 to 20.36), P = 0.90] (Fig. 10).

Experimental Control Mean Difference Mean Difference
i % Cl 1V, Fixed, 95% CI
1.6.1 NDD-CKD(Molidustat vs Placebo)
Akizawa 2019(2A) -18.8 35.2 40 29 299 18 3.7% -21.70 [-39.30, -4.10]
Macdougall 2018(A) -18 326 101 2 287 20 5.7% -20.00 [-34.09, -5.91]
Subtotal (95% CI) 141 38 9.4% -20.66 [-31.67, -9.66] g

Heterogeneity: Chiz = 0.02, df =1 (P = 0.88); 1= 0%
Test for overall effect: Z = 3.68 (P = 0.0002)

1.6.2 NDD-CKD(Molidustat vs ESAs)

Akizawa 2019(2B) 104 28 72 136 282 27 7.4% -24.00[-36.45,-11.55] e
Macdougall 2018(B) 8 278 92 15 285 32 8.8% -23.00[-34.39,-11.61] —
Yamamoto 2021(1)  -16.48 19.89 82 6.9 27.98 80 20.3% -22.67 [-30.16,-15.18] ——
Yamamoto 2021(2)  -31.68 2324 82 -4 2055 82 17.2% -27.68[-35.82,-19.54] —
Subtotal (95% Cl) 328 221  53.7% -24.51[-29.12, -19.90] <

Heterogeneity: Chi? = 0.89, df =3 (P = 0.83); I=0%
Test for overall effect: Z = 10.42 (P < 0.00001)

1.6.3 DD-CKD(Molidustat vs ESAs)

Akizawa 2019(2C) 02 407 156 64 386 38 6.0%  -6.60 [-20.44,7.24] — T
Akizawa2021 348 2415 153 -66 2486 76 24.9% 3.12[-3.65, 9.89] T
Macdougall 2018(C) 7 486 157 6 377 42  61%  1.00[-12.70, 14.70] S —
Subtotal (95% Cl) 466 156 36.9% 1.20 [-4.36, 6.76] >

Heterogeneity: Chi? = 1.53, df = 2 (P = 0.47); 1= 0%
Test for overall effect: Z = 0.42 (P = 0.67)

Total (95% CI) 935 415 100.0% -14.67 [-18.04, -11.29] <&
itv: Chiz = - . 12 = 859 t t
e A s N S
- . o Favours [experimental] Favours [control]
Test for subaroup differences: Chi? = 49.96. df = 2 (P < 0.00001). I> = 96.0%

Fig. 8. Meta-analysis results of molidustat for Ahepcidin.
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Experimental Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl M-H. Fixed, 95% CI
2.1.1 NDD-CKD(Molidustat vs Placebo)
Macdougall 2018(A) 14 101 5 20 9.3% 0.48 [0.15, 1.54] -
Subtotal (95% ClI) 101 20 9.3% 0.48 [0.15, 1.54] —~ei—
Total events 14 5

Heterogeneity: Not applicable
Test for overall effect: Z=1.23 (P = 0.22)

2.1.2 NDD-CKD(Molidustat vs ESAs)

Akizawa 2019(1A) 56 118 22 42 22.1% 0.82[0.41, 1.66] el
Macdougall 2018(B) 19 92 6 32 92% 1.13[0.41, 3.13] N
Yamamoto 2021(1) 14 82 6 80 6.5% 2.54[0.92, 6.98] T
Yamamoto 2021(2) 18 82 14 82 14.2% 1.37[0.63, 2.97] -
Subtotal (95% CI) 374 236 52.0% 1.24 [0.82, 1.88] S

Total events 107 48

Heterogeneity: Chiz = 3.33, df =3 (P = 0.34); 1= 10%
Test for overall effect: Z=1.01 (P = 0.31)

2.1.3 DD-CKD(Molidustat vs ESAs)

Akizawa 2019(1B) 29 57 11 30 9.2% 1.79[0.72, 4.43] T
Akizawa2021 37 146 14 72 18.2% 1.41[0.70, 2.81] ™
Macdougall 2018(C) 34 157 7 42 11.2% 1.38[0.56, 3.39] N -
Subtotal (95% CI) 360 144 38.6% 1.49 [0.93, 2.38] I
Total events 100 32

Heterogeneity: Chi? =0.21, df =2 (P = 0.90); I? = 0%
Test for overall effect: Z = 1.66 (P = 0.10)

Total (95% CI) 835 400 100.0% 1.27 [0.94, 1.71] L 2
Total events 221 85

Heterogeneity: Chi* = 6.70, df =7 (P = 0.46); I? = 0%

Test for overall effect: Z=1.54 (P = 0.12)

Test for subaroup differences: Chi? = 3.13. df =2 (P = 0.21). I? = 36.1%

OI.OZ Ot 1 1 1|0 50
Favours [experimental] Favours [control]

Fig. 9. Meta-analysis results of molidustat for SAEs.

3.5.3. Cardio-related adverse events

For NDD-CKD patients, one trial compared the incidence of cardio-related adverse events for molidustat (n = 157) versus placebo
(n = 42) [23], and four trials compared the incidence of cardio-related adverse events for molidustat (n = 383) versus ESAs (n = 224)
[16,17,23,24]. For DD-CKD patients, two trials compared the incidence of cardio-related adverse events for molidustat (n = 149)
versus ESAs (n = 62) [16,22,23]. The results of the meta-analysis indicated that for NDD patients, whether compared with placebo (n
= 42) or ESAs (n = 224), molidustat (n = 157; n = 383, respectively) did not show significantly increase the risk of cardio-related
adverse events [OR = 1.37 (95 % CI: 0.06 to 29.01), P = 0.84; OR = 1.51 (95 % CI: 0.78 to 2.90), P = 0.22, respectively]. And for
DD, molidustat (n = 149) did not obviously increase the risk of cardio-related adverse events compared with that of the ESAs group (n
=62) [OR = 0.73; (95 % CI: 0.26 to 2.05), P = 0.55] (Fig. 11).

3.5.4. Kidney-related adverse events

Three studies compared the incidence of kidney-related adverse events for molidustat (n = 256) versus ESAs (n = 194) [17,23,24].
Kidney-related adverse events refer to CKD worsening including deterioration of CKD and exacerbation of CKD. The meta-analysis,
comprising a total of 450 participants, indicated that molidustat (n = 41) could elevate the risk of kidney-related adverse events
compared to the ESAs group (n = 17) [OR = 2.27; (95 % CI: 1.23 to 4.19); P = 0.009] (Fig. 12).

3.6. Publication bias and sensitivity analysis

Publication bias was not assessed as all outcome indicators were observed in <10 studies. Sensitivity analysis was conducted on the
results with 12>40 % in the meta-analysis. The items 1.1.2 and 1.1.3 in Fig. 3 were subjected to sensitivity analysis using the literature
exclusion method, and the results were robust. And the sensitivity analysis of items 1.2.3 in Fig. 4 and 1.3.3 in Fig. 5 was compared
using a random effects model and a fixed effects model, but the results lacked robustness (Supplementary Fig. 1, Fig. 2). This indicates
that for DD patients, there is greater heterogeneity in the regulation of iron and ferritin levels by molidustst compared to ESAs.

4. Discussion

This systematic review and meta-analysis was aimed to evaluate the effectiveness and safety of molidustat in treating anemia
among patients with NDD and DD. Based on current guidelines for managing anemia in patients with CKD, there are existing concerns
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Fig. 10. Meta-analysis results of molidustat for death.

regarding adverse reactions, tolerability, and inadequate treatment efficacy. Molidustat may emerge as a promising new therapeutic
choice for the management of anemia associated with CKD. The analysis indicated that molidustat has favorable effects in increasing
Hb levels in NDD patients compared to placebo or ESAs. There was a dose-response relationship, where higher doses of molidustat
were more effective in correcting anemia. For DD patients, the efficacy of molidustat in increasing Hb was comparable to that of ESAs.
In addition, molidustat was more effective at maintaining Hb levels when administered at medium and high doses (>50 mg/d).
Furthermore, the results of the iron metabolism parameters were particularly noteworthy. For NDD patients, the molidustat group
exhibited significantly decreased levels of serum hepcidin and ferritin compared to those in the placebo group. Additionally, in the
molidustat group, serum levels of hepcidin, iron, and TSAT exhibited significant decreases compared to those in the ESAs group.
Compared to the ESAs group, patients with DD experienced a significant increase in serum TSAT levels following treatment with
molidustat. The incidences of SAEs, death, and cardio-related adverse events were comparable in the molidustat and the placebo or
ESAs groups. However, there was a rising trend in the occurrence of kidney-related adverse events in molidustat treated subjects.
Molidustat (BAY 85-3934) represents a novel class of agents developed by Bayer for patients with CKD suffering from anemia [25].
Through pharmacological inhibition of PHDs, molidustat reduces the hydroxylation of HIF-a and heterodimerizes with HIF-1p,
forming the functional HIF heterodimers. After the recruitment of coactivators, the HIF complex stimulates the transcription of many
genes via activating hypoxia response elements in the promoter. The ultimate hypoxic response is involved in EPO synthesis and
directly enhances erythropoiesis in the bone marrow. Heightened EPO-driven erythropoiesis inducing relative iron deficiency could
suppress hepcidin production and augment iron absorption [26]. Furthermore, HIF directly inhibits hepcidin induction in response to
signals originating from both the bone marrow and liver [27]. The link between the HIF pathway and hepcidin regulation offers an
additional mechanism to promote erythropoiesis by enabling the HIF pathway to optimize iron metabolism. Notably, molidustat
transiently induces the HIF pathway and increases the physiological level of EPO, allowing for the maintenance of Hb in a physio-
logical range without supraphysiologic increases in EPO levels induced by ESAs [28]. Thus, molidustat inhibiting HIF
prolyl-hydroxylases can improve the level of plasma Hb. In addition, basic experimental studies have suggested that molidustat could
elevate circulating EPO and bone marrow EpoR mRNAs to improve anemia in a CKD mice model [29]. In this study, two trials
compared molidustat with the placebo and assessed the effectiveness of molidustat in correcting renal anemia in NDD patients who had
the Hb level below the target range at baseline [21,23]. The results showed that molidustat provided increases in Hb levels and
effectively corrected anemia in NDD patients. In the other trials, molidustat was compared with ESAs to evaluate its effectiveness in
maintaining treatment efficacy for renal anemia among CKD patients who were previously treated with ESAs and had Hb levels within
the target range (10.0-12.0 g/dL) at baseline [16,17,22,24]. Our results are consistent with studies reporting that molidustat effec-
tively improved Hb levels in NDD patients and was non-inferior to ESAs in sustaining Hb levels within the target range of 10.0-12.0
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Fig. 11. Meta-analysis results of molidustat for cardio-related adverse events.

g/dl in DD patients.

The effect of molidustat therapy on iron metabolism is noteworthy since iron shortage is another major driver that results in anemia
in impaired kidney function. In the CKD state, a high concentration of hepcidin which functions as the main hormone of iron ho-
meostasis limits intestinal iron uptake and inhibits iron release from macrophages, resulting in iron-restricted erythropoiesis [30]. The
HIF system can simultaneously regulate iron metabolism factor genes, including hepcidin, transferrin, and ferroportin, to efficiently
utilize iron [15]. Activating the HIF axis by molidustat could optimize iron utilization through the mobilization of iron from the in-
testine and macrophages to coordinate erythropoiesis without being influenced by inflammation [31]. Ferritin, a widely existing iron
storage protein in the human body, reflects iron storage [32]. As TIBC represents the total iron-binding capacity of transferrin, its
determination is influenced by the level of transferrin. TSAT that reflects the accessibility of iron for erythropoiesis is the ratio of serum
iron to TIBC. Therefore, TSAT and TIBC act as iron deficiency biomarkers that reflect iron availability for erythropoiesis [33].
Consistent with the action mechanism, treatment of molidustat elevated the levels of erythroferrone and transferrin receptors, and
downregulated the expression of liver Bmp-6 and hepcidin, supporting that it could improve iron utilization in CKD mice [29]. Ac-
cording to our meta-analysis, the molidustat group had greater Hb levels than the ESAs group in NDD patients, with more demand of
iron for erythropoiesis. Furthermore, molidustat dramatically lowered serum iron, TSAT and hepcidin levels, demonstrating improved
utilization of iron stores than ESAs. Moreover, despite iron was consumed for erythropoiesis, the molidustat group exhibited higher Hb
levels compared to the placebo with the lower ferritin and hepcidin, which further supported that molidustat better promoted iron
utilization in NDD patients. For DD patients, there was no significant difference in serum iron, hepcidin, and ferritin between moli-
dustat and the ESAs groups. However, in comparison to the placebo or ESA group, molidustat showed a significantly higher level on
ATSAT, and a slightly increased level on ATIBC level. These results may be associated with the higher dose of intravenous iron
supplementation in hemodialysis, which has demonstrated a more pronounced effect on TSAT compared to oral iron supplementation
[34]. Besides, hemodialysis is linked to elevated levels of inflammatory activity [35]. Therefore, intravenous iron supplementation
combined with high levels of background inflammatory activity may have obscured the impact of molidustat on iron metabolism in DD
patients. In addition, three studies provided dosage of intravenous and oral iron supplements between molidustat and ESAs (Table 2)
[17,22,24]. However, due to the limited number of samples included, the data cannot be systematically analyzed. For NDD patients,
the dosage of iron supplement in the molidustat group was less than that in the ESA group, either orally or intravenously. These data
align with the beneficial effect of molidustat on iron availability. For DD patients, one study stated that the median IV iron dosage was
slightly higher for the molidustat than control groups (18.16 versus 15.20 mg/week) throughout the treatment period. Due to the small
number of publications on molidustat, further large-scale and longer-duration trials are needed to investigate the effect of molidustat
on iron mobilization. Inflammation is the main reason for the undertreatment of ESAs in patients with CKD [36,37]. Accordingly, the
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included study demonstrated that the baseline inflammatory state had no significant effect on the actual dosage of molidustat [17]. In
addition, patients in the darbepoetin group who had the highest CRP levels required higher dosages of darbepoetin, this trend was not
observed for molidustat. Meanwhile, this potential advantage of molidustat in the inflammatory state was worth investigating in
clinical studies.

Apart from the therapeutic effect, the safety of molidustat in treating anemia is also crucial. Included studies demonstrated
consistent overall incidence rates of treatment-emergent adverse events (TEAEs) and serious TEAEs. The severity of most drug-related
adverse events was mild to moderate. Meta-analysis showed no significant difference for NDD and DD patients in SAEs associated with
molidustat compared with the placebo or ESAs. Moreover, there was no rise in the occurrence of death or cardiovascular-related
adverse events among subjects treated with molidustat. Nevertheless, the upward trend in the incidence of kidney-related adverse
events, indicative of CKD worsening, was more pronounced in the molidustat group compared to the ESAs group. Nonetheless, only 3
trials compared molidustat with ESAs, and sample sizes were relatively small. In addition, it should be noted that 3 included trials were
open-label, which might have a risk of bias against AE reporting [23]. Likewise, the baseline characteristics including SBP, eGFR, and
the main cause of CKD were imbalanced between molidustat and darbepoetin, which may partially explain those results [17,24].
Hence, the incidence of kidney-related adverse events in molidustat have yet to be determined, further trials are needed to monitor the
relationship between molidustat and kidney-related adverse events. In addition, related indicators of renal function need to be closely
observed during treatment. One should also pay attention to the cardiovascular safety. Currently, the Japanese Society of Nephrology
and the Asian Pacific Society of Nephrology recommend a cautious use in patients with cardiovascular disease, considering that
over-activation of HIF could induce defective energy utilization of the cardiac myocytes [37]. However, only four trials with short-term
follow-up (ranged from 6 to 20 weeks) compared vadadustat with placebo, and the sample sizes were relatively small. Consequently,
the long-term impact of vadadustat on the cardiovascular system in patients with CKD remains uncertain and warrants further
investigation. HIF- PHIs could induce the VEGF gene to increase VEGF levels, which was essential for pathogenesis of tumor growth
and metastasis. In this study, one trial reported that for DD patients there was an increasing trend of serum VEGF in the molidustat
group when compared to ESA group, while the clinical impact remained unclear in this trial [22]. In addition, study of healthy
Japanese showed that molidustat had no dose-dependent effect on serum VEGF concentration during the treatment[38]. Hence, the
assessment of serum VEGF levels should be considered in the clinical application of molidustat.

This study represents the inaugural assessment of molidustat’s efficacy and safety for addressing anemia in both NDD and DD
patients. It is worth noting that publication bias is typically evaluated through funnel plots and the Egger test. There are less than 10
literatures in this paper, so publication bias was not assessed. However, it cannot be ruled out that potential publication bias, especially
for unpublished or unreported studies, could have an impact on the overall effect, leading to increased uncertainty in the conclusions.
In addition, publication bias may make the included studies not representative of the overall study population, thus limiting the
generality and applicability of the findings.
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Fig. 12. Meta-analysis results of molidustat for kidney-related adverse events.

Table 2
Dosage of iron supplements.
Study ID Dialysis method Interventions Treatment No. Dose of iron mean (SD)
Yamamoto 2021 (1) NDD molidustat intravenous iron 4 2.89 (4.13) mg/week
darbepoetin 4 11.22 (20.43) mg/week
molidustat oral iron 41 48.98 (41.81) mg/day
darbepoetin 32 60.09 (52.72) mg/day
Yamamoto 2021 (2) NDD molidustat intravenous iron 2 0.77 (1.09) mg/week
darbepoetin 2 2.20 (3.12) mg/week
molidustat oral iron 46 44.54 (34.03) mg/day
darbepoetin 32 50.58 (41.65) mg/day
Akizawa 2021 DD molidustat intravenous iron 95 18.16 (11.81) mg/week
darbepoetin 48 15.20 (9.14) mg/week
molidustat oral iron 19 29.18 (29.64) mg/day
darbepoetin 3 42.99 (49.38) mg/day
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5. Limitation

Our meta-analysis has several limitations worth noting. Firstly, the number of studies included on molidustat is small-three Phase 2
and three Phase 3 studies, thus, the molidustat efficacy and safety could not be fully assessed. Secondly, the dosage of molidustat varied
among the included studies; in several Phase 2 studies molidustat increased Hb levels in a dose-dependent manner. Thus, the most
efficacious and safest dose could not be evaluated in NDD and DD patients. Thirdly, differences in the characteristics of the participants
in each study, the therapeutic dose and course of molidustat, and the use of iron contributed to the heterogeneity of the results and may
have an impact on iron-related indicators (iron, ferritin, TSAT, TIBC). Lastly, although the included trials are multicenter and global,
most of the included RCTs focus on Asians and whites and performed in Japan. Therefore, we offer solely a preliminary overview of the
immediate impact and short-term adverse effects of molidustat, and the efficacy of molidustat in the Occident remains uncertain. More
large-scale RCTs involving in Occident and examining several doses over a long treatment time are necessary to thoroughly investigate
the efficacy and safety of molidustat.

6. Conclusion

In conclusion, molidustat can effectively improves Hb levels in NDD patients and corrects anemia in DD patients without increasing
the incidence of adverse events. Through a comprehensive evaluation of molidulistat, we have provided a new treatment option for
patients with CKD that can improve their quality of life and prognosis. However, we should also note the limitations of our study and
encourage future studies to further explore the efficacy and safety of molidulistat in different patient populations to more fully un-
derstand its potential for clinical use. In addition, further in-depth exploration of the mechanism of action of molidustat, as well as its
effects on erythropoiesis and other biological processes, may help to understand its role in the treatment of anemia in patients with
CKD.
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