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Background: Although heart failure with preserved ejection fraction (HFpEF) is a serious disease, only
limited options are available for its treatment. Recent studies have analyzed the effects of phosphodi-
esterase (PDE) inhibitors, especially PDE5 and PDE3 inhibitors, in patients with HFpEF, with mixed out-
comes.
Methods: We searched PUBMED and EMBASE databases up to August 2021. Randomized controlled trials
(RCTs) and clinical trials that tested the effects of PDE inhibitors on patients with HFpEF were included as
eligible studies. Indicators of left ventricular (LV) function, pulmonary arterial pressure (PAP), right ven-
tricular (RV) function, exercise capacity, and quality of life (QOL) were used to evaluate the efficacy of PDE
inhibitors in HFpEF.
Results: Six RCTs that reported in 7 studies were included to evaluate the efficiency of PDE inhibitors on
HFpEF patients. In the pooled analysis, PDE inhibitors showed insignificant changes in the ratio of early
diastolic mitral inflow to annular velocities, left atrial volume index, pulmonary artery systolic pressure
(PASP), pulmonary vascular resistance (PVR), peak oxygen uptake, 6-minute walking test distance, as well
as Kansas City Cardiomyopathy Questionnaire score. However, substantial improvement was observed in
the tricuspid annular plane systolic excursion (TAPSE). Additionally, the regression analysis showed that
PDE inhibitor administration time is a critical factor for the decrease in PASP.
Conclusions: PDE inhibitors did not effectively improve LV function, PAP, exercise capacity, and QOL in
patients with HFpEF. However, they improved RV function with significant difference, suggesting that
PDE inhibitors might be a promising option for HFpEF patients with RV dysfunction.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Heart failure with preserved ejection fraction (HFpEF) has
emerged as a grave health and epidemiological issue with high
rates of morbidity and mortality; however, there are no known
evidence-based treatment strategies available to date (Dunlay
et al., 2017). The treatment dilemma of HFpEF is largely derived
from its heterogeneous nature that is usually accompanied by a
series of associated diseases, including hypertension, diabetes mel-
litus, obesity, and atrial fibrillation (Dunlay et al., 2017; Cuijpers
et al., 2020; Guo et al., 2022). Additionally, right ventricular (RV)
dysfunction has been frequently observed in HFpEF; sustained
increase in pulmonary pressures can directly result in increased
RV afterload, leading to RV failure, which is associated with an
even worse outcome (Gorter et al., 2016; Gorter et al., 2018;
Gomes-Neto et al., 2019; Berglund et al., 2020; Obokata et al.,
2020). Thus, increasing knowledge of RV dysfunction and listing
it as a therapeutic target might aid the treatment efficacy of HFpEF
(Obokata et al., 2019; Berglund et al., 2020).

Numerous pharmacotherapy trials have been conducted on
patients with HFpEF, including the ones that target RV dysfunction
(Hoendermis et al., 2015; Nadur et al., 2021). The most widely
studied agents include phosphodiesterase (PDE) inhibitors,
guanylate-cyclase stimulators, and inhaled sodium nitrite
(Bonderman et al., 2014; Hoendermis et al., 2015; Simon et al.,
2016; Zhang et al., 2018). PDE inhibitors comprise a superfamily
with 11 subfamilies, among which PDE3 inhibitors are mainly used
as inotrope for acute heart failure and PDE5 inhibitors for pul-
monary hypertension (PH) treatment (Derici et al., 2019). PDE inhi-
bitors act as a super-enzyme family that is mainly involved in the
repression of hydrolysis of cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP). This feature
of PDE inhibitors indicates its role as a promoting agent for HFpEF
therapy (Kramer et al., 2019).

PDE inhibitors are known to exert differential effects on
patients with HFpEF (Redfield et al., 2013; Wang et al., 2017;
Nanayakkara et al., 2020). Sildenafil is one of the most extensively
investigated PDE5 inhibitors in patients with HFpEF (Ovchinnikov
et al., 2018; Emdin et al., 2020). Although previous studies have
shown beneficial effects of sildenafil on cardiovascular function
in patients with HFpEF; the RELAX trial and its ancillary analysis
observed no improvement in exercise capacity and cardiac func-
tion (Guazzi et al., 2011; Redfield et al., 2013; Hussain et al.,
2016). Moreover, recent studies have demonstrated the effects of
milrinone, a PDE3 inhibitor, on patients with HFpEF; extended-
release oral milrinone with a dosage of 14 mg has been confirmed
to significantly improve the quality of life (QOL) of patients after
28 days of administration (Nanayakkara et al., 2020). These obser-
vations indicated the need for large-scale clinical trials to further
evaluate pharmacological interventions or to explore novel sub-
type agents.

Given that the PDE5 inhibitors predominantly exert biological
effects in PH, it was hypothesized that they could effectively
improve RV dysfunction in patients with HFpEF with PH
(Ovchinnikov et al., 2018). On the contrary, PDE3 inhibitors act
as a therapeutic option for patients with HFpEF by directly increas-
ing cardiac function, which might explain the differential effects of
PDE inhibitors on patients with HFpEF. However, whether PDE
inhibitors provide benefit to patients with HFpEF or it could only
be a treatment for specific subgroup of these patients need further
investigation. Thus, this systematic review and meta-analysis sys-
tematically evaluated the current literature to investigate the effi-
cacy of PDE inhibitors in patients with HFpEF to reveal the
potential clinical role of PDE inhibitors across the spectrum of
HFpEF phenotypes and offer more evidence for HFpEF treatment.
1080
2. Methods

2.1. Data sources and search strategy

We followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines to conduct this
meta-analyses and systematic reviews (Moher et al., 2015).
PubMed and Embase databases were searched from inception of
the database to 31 August 2021. Searches were limited to RCTs
and clinical trials in all languages. We searched PubMed using free
search text terms combined with Medical Subject Heading (MeSH)
with the terms of ‘‘diastolic heart failure” and ‘‘phosphodiesterase
inhibitor”. The detailed search terms have been shown in Supple-
mentary material. Additionally, potentially eligible studies were
also checked and reviewed from other electronic databases with-
out language restriction.

2.2. Selection strategy

Two reviewers (K.Z. and C.X.) independently screened titles and
abstracts and removed duplicate retrieved records. Full text that
considered as eligible should satisfy the following inclusion crite-
ria: (1) the RCT or clinical trial performed in patients with HFpEF,
(2) PDE inhibitors were used in these patients, (3) assessed at least
one of the following outcome parameters: left ventricular (LV)
function, pulmonary arterial pressure (PAP) and right ventricular
(RV) function, exercise capacity and QOL, (4) individuals in control
group and PDE inhibitor treatment group were satisfied with the
same HFpEF diagnosis criteria and all parameters at baseline had
no significance. Any disagreement in terms of the inclusion of an
article was resolved by consensus with a third investigator.

2.3. Data extraction

Data extraction was conducted by the two authors, and they
independently used a predefined, standardized protocol and data
conversion formulas. One investigator extracted the following data
from included studies and a second investigator checked the
extracted data. The disagreement was resolved by consensus.
Information was extracted including study design, characteristics,
and outcomes. Basic characteristics involved in years of publica-
tion, study design, sample number, gender, cardiac function,
comorbidities, drug delivery protocol and time. Outcomes of LV
function, PAP and RV function, exercise capacity and QOL were
respectively extracted for analysis. The primary and secondary out-
comes were summarized as Table S1.

2.4. Quality assessment

Risk of bias was independently assessed by two investigators (Z.
H. and S.L.) using the Cochrane Collaboration’s risk of bias tool
(RevMan5.3 software). Seven domains were evaluated, including
random sequence generation, allocation concealment, blinding of
participants and outcome assessment, incomplete outcome data,
selective reporting, intention-to-treat analysis, and other sources
of bias, which has been shown in Table S2. Each of the items will
be evaluated by the two reviewers as having low, high, or unclear
risk of bias.

2.5. Statistical analysis

The change data (CD) calculated by the baseline data (BD) and
final data (FD) using the formulas 1 and 2 were extracted from
individual studies, and the pooled risk ratio (RR) and correspond-
ing 95% confidence intervals (CIs) were calculated for each out-
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come by CD. The results were presented as standardized mean dif-
ference (SMD) with 95% CIs. The heterogeneity of the data was
quantified using the Q statistic and the I2 statistic. High hetero-
geneity was considered significant when P < 0.05 for the Q statistic
or when the I2 > 50%. Effect sizes of PDE inhibitors with the differ-
ence between the placebo and medication groups were pooled
using the random-effects model. Meta-regression analysis of drug
delivery time was performed to determine whether it was related
to the outcome, and the correlation was considered significant
when the value of P > |t| was < 0.05. These analyses were per-
formed using STATA, v12.

SD1 Cð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SD1ðBÞ2 þ SD1ðFÞ2 � ð2� R1�SD1ðBÞ�SD1ðFÞÞ

q
ð1Þ

mean1 Cð Þ ¼ mean1 Fð Þ �mean1 Bð Þ ð2Þ
where SD1(C), SD1(B), and SD1(F) were separately the standard devi-
ation of the CD, BD, and FD. Mean1(C), Mean1(B), and Mean1(F) were
separately the mean of the CD, BD, and FD. R1 was an imputed cor-
relation coefficient of 0.5.

3. Results

3.1. Eligible studies and characteristics

The search strategy included 43 publications. After screening
for titles and abstracts, there were 18 studies remaining for full-
text review. Eleven studies were excluded mainly because they
did not report the identified results. Six RCTs that reported in seven
Fig. 1. Flow diagram of th
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studies were finally included for the qualitative analysis (Guazzi
et al., 2011; Redfield et al., 2013; Borlaug et al., 2015;
Hoendermis et al., 2015; Liu et al., 2017; Belyavskiy et al., 2020;
Nanayakkara et al., 2020) (Fig. 1).

Table 1 shows the characteristics of these studies. In the pooled
data, 433 individuals diagnosed as HFpEF were divided into pla-
cebo and PDE inhibitors treated groups. Among them, the mean
percentage of females was 51%, mean age ranged from 69 to
77 years, and most of BMI was >30 kg/m2. Also, the main concomi-
tant diseases included hypertension, diabetes, and atrial fibrilla-
tion. PDE inhibitors used in the analyzed trials mainly included
sildenafil and milrinone with a delivery time of 1–12 months
(Table 1).

3.2. Quality assessment

The Cochrane risk of bias assessment tool was used to perform a
quality assessment. Summary assessments of the risk of bias for an
outcome within each trial was summarized in Fig. S1 and Table S2.
Among these evaluated studies, six were identified as good (in-
cluding a duplicated RCT), and one was considered as moderate
mainly because of without random design.

3.3. Outcomes

3.3.1. LV function
Among these analyzed studies, LV diastolic function was mainly

presented as the ratio of early diastolic mitral inflow to annular
velocities (E/e0) and left atrial volume index (LAVI, mL/m2)
e systematic review.



Table 1
Characteristics of studies included in the meta-analysis.

Source Design Sample
No.

Mean age
(years)
mean (SD)

Sex
(% female)

NYHA class,
LVEF (%),
mean (SD)

Body mass
index
(kg/m2)
mean (SD)

Comorbidities, (%) Medication

Nanayakkara et al. 2020 Double- blind,
placeboRCT

23 77 (6) 74 III61
(6)

32 (1) Hypertension (87);Diabetes (34.5)
;IHD (26.1)
;AF
(39.1)

Extended- release milrinone minitabs (14 mg
total dose), twice daily for 28 day

Belyavskiy et al., 2020 Open-label RCT 50 71 (7) 52 II–III61
(5)

30 (5) Hypertension (100);AF (30)
;IHD (44)
;Diabetes (28)
;CKD
(80)

Sildenafil 25 mg TID for 3 months, followed by
50 mg TID for 3 months (6 months)

Hoendermis et al. 2015 Double-blind,
placebo-RCT

52 74 (10) 71 II–III58
(4)

29 (6) CAD (33);Cerebrovascular disease (15)
;AF (62)
;Diabetes (35)
;
Hypertension (90);Hypercholesterolaemia
(52)

Sildenafil 20 mg TID for 2 weeks,
titrated to 60 mg three times daily to 12 weeks

Borlaug et al. 2015 RCT 48 70 (3) 58 II–III60
(1.3)

30.6 (2.2) Hypertension (79);Diabetes (35)
;Obese (56)
;CAD (33)
;AF
(27)

Sildenafil 20 mg TID for 12 weeks, titrated to
60 mg TID to 24 weeks

Redfield et al. 2013 Double blind RCT 216 69 (4) 48 II–III60
(5.5)

32.9 (2.7) Hypertension (85);IHD (39)
;AF (51)
;
Diabetes (43)COPD
(19)Anemia
(35)

Sildenafil 20 mg, 3 times daily for 12 weeks,
followed by 60 mg, 3 times daily for 12 weeks

Guazzi et al. 2011 Double blind RCT 44 73 (6) 20 60 (5) 31 (10) Hypertension (100)Diabetes
(16)

Sildenafil 50 mg thrice daily for 12 months

AF: atrial fibrillation, CAD: coronary artery disease, CKD: chronic kidney disease, COPD: chronic obstructive pulmonary disease, IHD: ischemic heart disease, LVEF: left ventricular ejection fraction, RCT: randomized clinical trial.
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Fig. 2. Forest plot showing effects of PDE inhibitors on LV function. All results are reported as a SMD (Placebo-PDE inhibitor) with a 95% CI. A. E/e0 . B. LAVI. C. Heart rate. D. NT-
proBNP. E/e0 , the ratio of early diastolic mitral inflow to annular velocities; NT-proBNP, N-terminal fragment of the precursor to brain-type natriuretic peptide; PDE,
phosphodiesterase; SMD, standardized mean difference; LAVI, left atrial volume index; 95% CI, 95% confidence interval.

Fig. 3. Forest plot for the effect of PDE inhibitors on PAP and RV function. All results are reported as a SMD (Placebo-PDE inhibitor) with a 95% CI. A. PASP. B. Mean PAP. C. PVR.
D. TAPSE. PASP, pulmonary artery systolic pressure; PAP, pulmonary arterial pressure; PDE, phosphodiesterase; PVR, pulmonary vascular resistance; SMD, standardized mean
difference; TAPSE, tricuspid annular plane systolic excursion; 95% CI, 95% confidence interval.
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(Redfield et al., 2013; Belyavskiy et al., 2020). Six studies reported
the impact of PDE inhibitors on E/e0 value, and pooling across anal-
ysis showed no significant change in 182 patients with HFpEF who
were treated with PDE inhibitors as compared with the placebo
group (SMD [95% CI],�0.25 [�0.79, 0.28], P = 0.353) (Fig. 2A). Addi-
1083
tionally, LAVI had been tested in two studies with 105 patients
treated with PDE inhibitors, which also showed an absence of sig-
nificance after drug delivery compared with the placebo group
(SMD [95% CI], �0.4 [�1.25, 0.45], P = 0.358) (Fig. 2B). Thus, this
result indicated that PDE inhibitors could not improve LV diastolic



Fig. 4. Forest plot showing effects of PDE inhibitors on exercise capacity and QOL. All results are reported as a SMD (Placebo-PDE inhibitor) with a 95% CI. A. Peak VO2. B.
6WMT. C. KCCQ. KCCQ, Kansas City cardiomyopathy questionnaire; PDE, phosphodiesterase; SMD, standardized mean difference; VO2, oxygen uptake; 6MWT, 6-minute
walking test; 95% CI, 95% confidence interval.
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function in patients with HFpEF, yet the heterogeneity of both E/e0

and LAVI was statistically different.
Furthermore, a heart rate that is considered as an indicator to

reflect cardiac function was also assayed in four RCTs. The pooled
analysis revealed no significant changes in patients with HFpEF
after treatment with PDE inhibitors compared with the placebo
group (SMD [95% CI], 0.05 [�0.25, 0.36], P = 0.73) (Fig. 2C). The
1084
heterogeneity of heart rate was identified as without significance.
Besides, four studies with 314 patients were tested NT-proBNP
level and did not show any significance after treatment with PDE
inhibitors compared with the placebo group (SMD [95% CI], 0.1
[�0.12, 0.33], P = 0.361), without evident heterogeneity (Fig. 2D).
This indicated that PDE inhibitors had not exactly improved LV
function, especially the diastolic function, in patients with HFpEF.



Fig. 5. Meta-regression of drug delivery time and PASP of HFpEF patients. Bubble
plot revealing the association (P = 0.031) between PDE inhibitor treatment and
PASP. PASP, pulmonary artery systolic pressure; PDE, phosphodiesterase; SMD,
standardized mean difference; TAPSE, tricuspid annular plane systolic excursion.
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3.3.2. PAP and RV function
Six trials with 159 patients with HFpEF tested pulmonary artery

systolic pressure (PASP, mmHg) after treatment with PDE inhibi-
tors. The pooled data showed that PASP decreased but without sta-
tistical significance after treatment with PDE inhibitors compared
with the placebo group (SMD [95% CI], �0.95 [�1.99, 0.09],
P = 0.073) (Fig. 3A). Also, mean PAP (mmHg) reduced without sig-
nificance in the PDE inhibitors treated group compared with pla-
cebo group (SMD [95% CI], �1.21 [�3.41, 0.99], P = 0.281)
(Fig. 3B). The heterogeneity of PASP and mean PAP among the stud-
ies were identified to be significant.

A pooled analysis using data from three RCTs showed a distinc-
tive decrease in pulmonary vascular resistance (PVR, Wood units)
but without significance after treatment with PDE inhibitors com-
pared with the placebo group (SMD [95% CI], �1.46 [�3.07, 0.15],
P = 0.075) (Fig. 3C). However, three studies with 146 patients
tested the tricuspid annular plane systolic excursion (TAPSE) to
evaluate RV function, and revealed a statistical increase after treat-
ment with PDE inhibitors (SMD [95% CI], 1.78 [0.29, 3.26],
P = 0.019) (Fig. 3D). Similarly, the heterogeneity of PVR and TAPSE
was also found to be substantially significant, but its cause could
not be further analyzed for the limited studies. Therefore, these
results suggested that PDE inhibitors could not effectively reduce
PAP but significantly increase RV systolic function.
3.3.3. Exercise capacity and QOL
One of the most widely used indicators to evaluate exercise

capacity is peak oxygen uptake (VO2) (Gomes-Neto et al., 2019).
After pooled analysis, three studies involving 336 patients with
HFpEF showed the absence of significant change in peak VO2 after
treatment with PDE inhibitors without statical heterogeneity (SMD
[95% CI], �0.05 [�0.27, 0.16], P = 0.616) (Fig. 4A). Additionally,
three studies also tested 6-minute walking test (6MWT) in HFpEF
patients and exhibited an absence of significance in the PDE inhi-
bitors treatment group compared with the placebo group (SMD
[95% CI], 0.26 [�0.35, 0.88], P = 0.403) (Fig. 4B). This result demon-
strated that PDE inhibitors did not markedly improve exercise
capacity in HFpEF patients.

Kansas City Cardiomyopathy Questionnaire (KCCQ) score is a
widely used heart failure-specific QOL scale, with a higher score
indicating better QOL. A pooled analysis using data from three
RCTs involving 127 patients with HFpEF did not show obvious
changes in the KCCQ score after treatment with PDE inhibitors
1085
(SMD [95% CI], �0.01 [�0.44, 0.43], P = 0.982) (Fig. 4C). The hetero-
geneity was not statistically significant, suggesting PDE inhibitors
exerting insignificant effects on QOL for patients with HFpEF.
3.4. Regression analysis differential effects of drug delivery time

Regression analysis was performed to verify whether drug
delivery time in these trials could cause differential effects in
patients with HFpEF. Among these analyzed outcomes, PASP
change showed an obvious decrease but with high heterogeneity
after treatment with PDE inhibitors in patients with HFpEF. After
data pooling from the six trials, PASP was positively correlated to
drug delivery time, and a longer treatment duration with PDE inhi-
bitor was more beneficial for patients (Fig. 5). Thus, differential
effects of PDE inhibitors on patients with HFpEF based on drug
delivery timemay suggest its efficiency in the pathological courses.
4. Discussion

The principal finding of this meta-analysis was that PDE inhibi-
tors could not significantly improve LV function, PAP, exercise
capacity and QOL, but substantially improved RV dysfunction in
patients with HFpEF. Although PAP had no statical difference, there
was a marked decrease tendency in PASP and PVR after treatment
with PDE inhibitors. Long-term administration of PDE inhibitors
was more likely to reduce PASP for patients with HFpEF.

A decrease in the TAPSE acts as a surrogate of RV systolic dys-
function (Obokata et al., 2019). In this meta-analysis, we have
found that PDE inhibitors might significantly improve RV function
via increasing TAPSE, though its heterogeneity has been found to
be substantially significant. RV dysfunction was an extremely com-
mon pathophysiological consequence in patients with HFpEF, and
its presence predicted a worse prognosis (Obokata et al., 2020).
However, there are currently no established strategies to treat RV
dysfunction in patients with HFpEF. Recent trials have demon-
strated differential effects of therapeutic strategies in patients with
HFpEF, including clinical PDE inhibitors (Gorter et al., 2018). The
PDE5 inhibitor sildenafil is an established drug for patients with
PH, but it presents mixed results in HFpEF (Guazzi et al., 2011;
Redfield et al., 2013; Petit et al., 2021). Although Guazzi et al.
(Guazzi et al., 2011) has reported PDE5 sildenafil could signifi-
cantly reduce RV function after 6–12 months administration in
44 patients with HFpEF, later study showed without significant
change in RV function and clinical status after sildenafil treatment
for 12 weeks (Liu et al., 2017). This difference may be resulted by
the baseline of included patients and sildenafil delivery time,
which should be a reason of high heterogeneity in this study.
Intriguingly, a PDE3 inhibitor milrinone was also studied for the
reduction of RV afterload in patients with HFpEF and reported
exerting an improvement in RV function (Kaye et al., 2016;
Nanayakkara et al., 2020). This was consistent with our analysis
that PDE inhibitors could effectively correct RV dysfunction. How-
ever, the different subtypes of PDE inhibitors may be another rea-
son for the heterogeneity of TAPSE in this study. Unfortunately, the
main reason of this heterogeneity in this meta-analysis had not
been further analyzed for the limited studies. This result still needs
more trails to confirm.

The most important indicators to evaluate PAP in these ana-
lyzed studies include PASP, mean PAP, and PVR, which generally
reflect the afterload of the heart. Although the pooled data did
not manifest a significant change in PAP, it showed an apparent
decrease in PASP and PVR after treatment with PDE inhibitors.
After regressive analysis, it was revealed that the decrease in PASP
was positively correlated with the drug delivery time. In sildenafil-
treated studies, Guazzi et al. (2011) reported an improvement in
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pulmonary and RV hemodynamics, as well as QOL after 6-month
treatment in patients with HFpEF, which further improved after
12-month drug delivery. However, a single sildenafil administra-
tion in patients with HFpEF failed to increase circulating cGMP
levels and did not improve RV performance (Petit et al., 2021).
Liu et al. (2017) further demonstrated that treatment with silde-
nafil for 12 weeks in patients with HFpEF did not markedly
improve cardiac and pulmonary parameters. Thus, drug delivery
time needed to be considered in further studies.

Besides, patients with HFpEF who were treated with sildenafil
for 12 weeks or 24 weeks showed conflicting results in improved
exercise capacity and clinical status when compared with the pla-
cebo group (Redfield et al., 2013; Liu et al., 2017). In this meta-
analysis, we also did not observe a significant improvement in LV
function and exercise capacity. Sildenafil might display opposing
effects on ventricular and vascular function in patients with HFpEF,
indicating that the beneficial effects of sildenafil in systemic vascu-
lature and endothelium were insufficient to improve clinical status
or its deleterious effects of cardiac function result in the inconspic-
uous benefits for HFpEF (Borlaug et al., 2015).

KCCQ is a main tool to reflect QOL, which has been used in three
analyzed RCTs. In this meta-analysis, it has been found that PDE
inhibitors could not significantly improve QOL in patients with
HFpEF. However, studies also evaluated QOL in patients with
HFpEF with other scales, which showed conflicting results
(Guazzi et al., 2011; Redfield et al., 2013; Liu et al., 2017). Given
the limited analyzed trails and inconsistent evaluation for QOL,
further studies are required to determine its effect after treated
with PDE inhibitors in patients with HFpEF.

Additionally, it has also been identified that a subset of pre-
cisely characterized patients with HFpEF with pre-and postcapil-
lary PH could benefit from PDE5 inhibitor, including
improvement in exercise capacity, pulmonary hemodynamic
parameters, and RV function (Kramer et al., 2019; Belyavskiy
et al., 2020). This result also needs further trials of precision treat-
ment with PDE inhibitors in patients with HFpEF. Most pharmaco-
logical agents used in clinical trials, including those targeting the
nitric oxide and cGMP pathways, have largely been neutral in
HFpEF (Gorter et al., 2018). Thus, identifying effective treatments
for patients with HFpEF remains a major therapeutic challenge.
5. Limitations

This meta-analysis exists following limitations. Firstly, the sam-
ple size of this systematic review is relatively small, which may
lead to deviation. Secondly, most outcome indicators involve in
this meta-analysis with a high heterogeneity, but the source of
these heterogeneities has not been analyzed since the limited
trails. Besides, the subtype of PDE inhibitors possess different func-
tions in PH and cardiac function, which might also be an explana-
tion of these variables in results.
6. Conclusions

This meta-analysis is the first to highlight the beneficial effects
of PDE inhibitors in patients with HFpEF. The current meta-
analysis illustrated that PDE inhibitors did not significantly change
LV function, PAP, exercise capacity, and QOL in patients with
HFpEF, while the RV function was substantially improved after
administration of PDE inhibitor. The PASP decrease was positively
correlated with drug delivery time, though its change was not stat-
ically significant. Thus, it could be speculated that PDE inhibitors
might be a promising therapeutic option to correct RV dysfunction
in patients with HFpEF, which probably gain more benefits in
reducing PAP via extending medication time. Nevertheless, these
1086
results need further investigation with more clinical trials due to
the limited trails analyzed in this study.

Funding

This work was supported by the National Natural Science Foun-
dation of China (Grant No. 82002405), the China Postdoctoral
Science Foundation (Grant No. 2021M693570), the Science and
Technology Innovation Program of Hunan Province (Grant No.
2021RC2031) and Hunan Health Committee Scientific Research
Project of China (Grant No. 202103010009).

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

None.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jsps.2022.05.012.
References

Belyavskiy, E., Ovchinnikov, A., Potekhina, A., Ageev, F., Edelmann, F., 2020.
Phosphodiesterase 5 inhibitor sildenafil in patients with heart failure with
preserved ejection fraction and combined pre- and postcapillary pulmonary
hypertension: a randomized open-label pilot study. BMC Cardiovasc. Disord. 1,
408. https://doi.org/10.1186/s12872-020-01671-2.

Berglund, F., Piña, P., Herrera, C.J., 2020. Right ventricle in heart failure with
preserved ejection fraction. Heart 106 (23), 1798–1804. https://doi.org/
10.1136/heartjnl-2020-317342.

Bonderman, D., Pretsch, I., Steringer-Mascherbauer, R., Jansa, P., Rosenkranz, S.,
Tufaro, C., Bojic, A., Lam, C.S.P., Frey, R., Ochan Kilama, M., Unger, S., Roessig, L.,
Lang, I.M., 2014. Acute hemodynamic effects of riociguat in patients with
pulmonary hypertension associated with diastolic heart failure (DILATE-1): a
randomized, double-blind, placebo-controlled, single-dose study. Chest 146 (5),
1274–1285. https://doi.org/10.1378/chest.14-0106.

Borlaug, B.A., Lewis, G.D., McNulty, S.E., Semigran, M.J., LeWinter, M., Chen, H., Lin,
G., Deswal, A., Margulies, K.B., Redfield, M.M., 2015. Effects of sildenafil on
ventricular and vascular function in heart failure with preserved ejection
fraction. Circ. Heart Fail. 8 (3), 533–541. https://doi.org/
10.1161/circheartfailure.114.001915.

Cuijpers, I., Simmonds, S.J., van Bilsen, M., Czarnowska, E., González Miqueo, A.,
Heymans, S., Kuhn, A.R., Mulder, P., Ratajska, A., Jones, E.A.V., Brakenhielm, E.,
2020. Microvascular and lymphatic dysfunction in HFpEF and its associated
comorbidities. Basic. Res. Cardiol. 115 (4), 39. https://doi.org/10.1007/s00395-
020-0798-y.

Derici, M.K., Sadi, G., Cenik, B., Güray, T., Demirel-Yilmaz, E., 2019. Differential
expressions and functions of phosphodiesterase enzymes in different regions of
the rat heart. Eur. J. Pharmacol. 844, 118–129. https://doi.org/10.1016/j.
ejphar.2018.12.002.

Dunlay, S.M., Roger, V.L., Redfield, M.M., 2017. Epidemiology of heart failure with
preserved ejection fraction. Nat. Rev. Cardiol. 14 (10), 591–602. https://doi.org/
10.1038/nrcardio.2017.65.

Emdin, M., Aimo, A., Castiglione, V., Vergaro, G., Georgiopoulos, G., Saccaro, L.F.,
Lombardi, C.M., Passino, C., Cerbai, E., Metra, M., Senni, M., 2020. Targeting
Cyclic Guanosine Monophosphate to Treat Heart Failure: JACC Review Topic of
the Week. J. Am. Coll. Cardiol. 76 (15), 1795–1807. https://doi.org/10.1016/
j.jacc.2020.08.031.

Gomes-Neto, M., Durães, A.R., Conceição, L.S.R., Roever, L., Liu, T., Tse, G., Biondi-
Zoccai, G., Goes, A.L.B., Alves, I.G.N., Ellingsen, Ø., Carvalho, V.O., 2019. Effect of
Aerobic Exercise on Peak Oxygen Consumption, VE/VCO(2) Slope, and Health-
Related Quality of Life in Patients with Heart Failure with Preserved Left
Ventricular Ejection Fraction: a Systematic Review and Meta-Analysis. Curr.
Atheroscler. Rep. 21 (11), 45. https://doi.org/10.1007/s11883-019-0806-6.

Gorter, T.M., Hoendermis, E.S., van Veldhuisen, D.J., Voors, A.A., Lam, C.S.P.,
Geelhoed, B., Willems, T.P., van Melle, J.P., 2016. Right ventricular dysfunction
in heart failure with preserved ejection fraction: a systematic review and meta-
analysis. Eur. J. Heart Fail. 18 (12), 1472–1487. https://doi.org/10.1002/ejhf.630.

https://doi.org/10.1016/j.jsps.2022.05.012
https://doi.org/10.1186/s12872-020-01671-2
https://doi.org/10.1136/heartjnl-2020-317342
https://doi.org/10.1136/heartjnl-2020-317342
https://doi.org/10.1378/chest.14-0106
https://doi.org/10.1161/circheartfailure.114.001915
https://doi.org/10.1161/circheartfailure.114.001915
https://doi.org/10.1007/s00395-020-0798-y
https://doi.org/10.1007/s00395-020-0798-y
https://doi.org/10.1016/j.ejphar.2018.12.002
https://doi.org/10.1016/j.ejphar.2018.12.002
https://doi.org/10.1038/nrcardio.2017.65
https://doi.org/10.1038/nrcardio.2017.65
https://doi.org/10.1016/j.jacc.2020.08.031
https://doi.org/10.1016/j.jacc.2020.08.031
https://doi.org/10.1007/s11883-019-0806-6
https://doi.org/10.1002/ejhf.630


Z. Chen, K. Zhao, C. Xiao et al. Saudi Pharmaceutical Journal 30 (2022) 1079–1087
Gorter, T.M., van Veldhuisen, D.J., Bauersachs, J., Borlaug, B.A., Celutkiene, J., Coats,
A.J.S., Crespo-Leiro, M.G., Guazzi, M., Harjola, V.P., Heymans, S., Hill, L., Lainscak,
M., Lam, C.S.P., Lund, L.H., Lyon, A.R., Mebazaa, A., Mueller, C., Paulus, W.J.,
Pieske, B., Piepoli, M.F., Ruschitzka, F., Rutten, F.H., Seferovic, P.M., Solomon, S.
D., Shah, S.J., Triposkiadis, F., Wachter, R., Tschöpe, C., de Boer, R.A., 2018. Right
heart dysfunction and failure in heart failure with preserved ejection fraction:
mechanisms and management. Position statement on behalf of the Heart
Failure Association of the European Society of Cardiology. Eur. J. Heart Fail. 20
(1), 16–37. https://doi.org/10.1002/ejhf.1029.

Guazzi, M., Vicenzi, M., Arena, R., Guazzi, M.D., 2011. Pulmonary hypertension in
heart failure with preserved ejection fraction: a target of phosphodiesterase-5
inhibition in a 1-year study. Circulation 124 (2), 164–174. https://doi.org/
10.1161/circulationaha.110.983866.

Guo, Y., Xiao, C., Zhao, K., He, Z., Liu, S., Wu, X., Shi, S., Chen, Z., Shi, R., 2022. Physical
Exercise Modalities for the Management of Heart Failure With Preserved
Ejection Fraction: A Systematic Review and Meta-Analysis. J. Cardiovasc.
Pharmacol. 79 (5), 698–710. https://doi.org/10.1097/fjc.0000000000001254.

Hoendermis, E.S., Liu, L.C., Hummel, Y.M., van der Meer, P., de Boer, R.A., Berger, R.
M., van Veldhuisen, D.J., Voors, A.A., 2015. Effects of sildenafil on invasive
haemodynamics and exercise capacity in heart failure patients with preserved
ejection fraction and pulmonary hypertension: a randomized controlled trial.
Eur. Heart J. 36 (38), 2565–2573. https://doi.org/10.1093/eurheartj/ehv336.

Hussain, I., Mohammed, S.F., Forfia, P.R., Lewis, G.D., Borlaug, B.A., Gallup, D.S.,
Redfield, M.M., 2016. Impaired Right Ventricular-Pulmonary Arterial Coupling
and Effect of Sildenafil in Heart Failure With Preserved Ejection Fraction: An
Ancillary Analysis From the Phosphodiesterase-5 Inhibition to Improve Clinical
Status And Exercise Capacity in Diastolic Heart Failure (RELAX) Trial. Circ.-Heart
Fail. 9, (4). https://doi.org/10.1161/circheartfailure.115.002729 e002729.

Kaye, D.M., Nanayakkara, S., Vizi, D., Byrne, M., Mariani, J.A., 2016. Effects of
Milrinone on Rest and Exercise Hemodynamics in Heart Failure With Preserved
Ejection Fraction. J. Am. Coll. Cardiol. 67 (21), 2554–2556. https://doi.org/
10.1016/j.jacc.2016.03.539.

Kramer, T., Dumitrescu, D., Gerhardt, F., Orlova, K., Ten Freyhaus, H., Hellmich, M.,
Baldus, S., Rosenkranz, S., 2019. Therapeutic potential of phosphodiesterase
type 5 inhibitors in heart failure with preserved ejection fraction and combined
post- and pre-capillary pulmonary hypertension. Int. J. Cardiol. 283, 152–158.
https://doi.org/10.1016/j.ijcard.2018.12.078.

Liu, L.C.Y., Hummel, Y.M., van der Meer, P., Berger, R.M.F., Damman, K., van
Veldhuisen, D.J., Voors, A.A., Hoendermis, E.S., 2017. Effects of sildenafil on
cardiac structure and function, cardiopulmonary exercise testing and health-
related quality of life measures in heart failure patients with preserved ejection
fraction and pulmonary hypertension. Eur. J. Heart Fail. 19 (1), 116–125. https://
doi.org/10.1002/ejhf.662.

Moher, D., Shamseer, L., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., Shekelle, P.,
Stewart, L.A., 2015. Preferred reporting items for systematic review and meta-
analysis protocols (PRISMA-P) 2015 statement. Syst. Rev. 4 (1). https://doi.org/
10.1186/2046-4053-4-1.

Nadur, N.F., de Azevedo, L.L., Caruso, L., Graebin, C.S., Lacerda, R.B., Kümmerle, A.E.,
2021. The long and winding road of designing phosphodiesterase inhibitors for
1087
the treatment of heart failure. Eur. J. Med. Chem. 212, 113123. https://doi.org/
10.1016/j.ejmech.2020.113123.

Nanayakkara, S., Byrne, M., Mak, V., Carter, K., Dean, E., Kaye, D.M., 2020. Extended-
Release Oral Milrinone for the Treatment of Heart Failure With Preserved
Ejection Fraction. J. Am. Heart Assoc. 9, (13). https://doi.org/
10.1161/jaha.119.015026 e015026.

Obokata, M., Kane, G.C., Reddy, Y.N.V., Melenovsky, V., Olson, T.P., Jarolim, P.,
Borlaug, B.A., 2019. The neurohormonal basis of pulmonary hypertension in
heart failure with preserved ejection fraction. Eur. Heart J. 40 (45), 3707–3717.
https://doi.org/10.1093/eurheartj/ehz626.

Obokata, M., Reddy, Y.N.V., Borlaug, B.A., 2020. Diastolic Dysfunction and Heart
Failure With Preserved Ejection Fraction: Understanding Mechanisms by Using
Noninvasive Methods. JACC-Cardiovasc. Imag. 13 (1 Pt 2), 245–257. https://doi.
org/10.1016/j.jcmg.2018.12.034.

Ovchinnikov, A., Potekhina, A., Gavryushina, S., Ageev, F., 2018. Sildenafil improves
functional capacity and exercise hemodynamics in patients with HFpEF and
predominantly combined pre-and post-capillary pulmonary hypertension. Eur.
J. Heart Fail. 20, 567–568.

Petit, T., Claessen, G., Claeys, M., La Gerche, A., Claus, P., Ghysels, S., Delcroix, M.,
Ciarka, A., Droogne, W., Van Cleemput, J., Willems, R., Voigt, J.-U., Bogaert, J.,
Janssens, S., 2021. Right ventricular and cyclic guanosine monophosphate
signalling abnormalities in stages B and C of heart failure with preserved
ejection fraction. ESC Heart Fail. 8 (6), 4661–4673. https://doi.org/10.1002/
ehf2.13514.

Redfield, M.M., Chen, H.H., Borlaug, B.A., Semigran, M.J., Lee, K.L., Lewis, G.,
LeWinter, M.M., Rouleau, J.L., Bull, D.A., Mann, D.L., Deswal, A., Stevenson, L.W.,
Givertz, M.M., Ofili, E.O., O’Connor, C.M., Felker, G.M., Goldsmith, S.R., Bart, B.A.,
McNulty, S.E., Ibarra, J.C., Lin, G., Oh, J.K., Patel, M.R., Kim, R.J., Tracy, R.P.,
Velazquez, E.J., Anstrom, K.J., Hernandez, A.F., Mascette, A.M., Braunwald, E.,
RELAX Trial, F.T., 2013. Effect of phosphodiesterase-5 inhibition on exercise
capacity and clinical status in heart failure with preserved ejection fraction: a
randomized clinical trial. Jama 309 (12), 1268. https://doi.org/
10.1001/jama.2013.2024.

Simon, M.A., Vanderpool, R.R., Nouraie, M., Bachman, T.N., White, P.M., Sugahara,
M., Gorcsan 3rd, J., Parsley, E.L., Gladwin, M.T., 2016. Acute hemodynamic
effects of inhaled sodium nitrite in pulmonary hypertension associated with
heart failure with preserved ejection fraction. JCI Insight 1 (18), e89620. https://
doi.org/10.1172/jci.insight.89620.

Wang, H., Anstrom, K., Ilkayeva, O., Muehlbauer, M.J., Bain, J.R., McNulty, S.,
Newgard, C.B., Kraus, W.E., Hernandez, A., Felker, G.M., Redfield, M., Shah, S.H.,
2017. Sildenafil Treatment in Heart Failure With Preserved Ejection Fraction:
Targeted Metabolomic Profiling in the RELAX Trial. JAMA Cardiol. 2 (8), 896–
901. https://doi.org/10.1001/jamacardio.2017.1239.

Zhang, X., Zhang, X., Wang, S., Luo, J., Zhao, Z., Zheng, C., Shen, J., 2018. Effects of
Fasudil on Patients with Pulmonary Hypertension Associated with Left
Ventricular Heart Failure with Preserved Ejection Fraction: A Prospective
Intervention Study. Can. Respir. J. 2018, 1–7. https://doi.org/10.1155/2018/
3148259.

https://doi.org/10.1002/ejhf.1029
https://doi.org/10.1161/circulationaha.110.983866
https://doi.org/10.1161/circulationaha.110.983866
https://doi.org/10.1097/fjc.0000000000001254
https://doi.org/10.1093/eurheartj/ehv336
https://doi.org/10.1161/circheartfailure.115.002729
https://doi.org/10.1016/j.jacc.2016.03.539
https://doi.org/10.1016/j.jacc.2016.03.539
https://doi.org/10.1016/j.ijcard.2018.12.078
https://doi.org/10.1002/ejhf.662
https://doi.org/10.1002/ejhf.662
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1016/j.ejmech.2020.113123
https://doi.org/10.1016/j.ejmech.2020.113123
https://doi.org/10.1161/jaha.119.015026
https://doi.org/10.1161/jaha.119.015026
https://doi.org/10.1093/eurheartj/ehz626
https://doi.org/10.1016/j.jcmg.2018.12.034
https://doi.org/10.1016/j.jcmg.2018.12.034
http://refhub.elsevier.com/S1319-0164(22)00138-4/h0120
http://refhub.elsevier.com/S1319-0164(22)00138-4/h0120
http://refhub.elsevier.com/S1319-0164(22)00138-4/h0120
http://refhub.elsevier.com/S1319-0164(22)00138-4/h0120
https://doi.org/10.1002/ehf2.13514
https://doi.org/10.1002/ehf2.13514
https://doi.org/10.1001/jama.2013.2024
https://doi.org/10.1001/jama.2013.2024
https://doi.org/10.1172/jci.insight.89620
https://doi.org/10.1172/jci.insight.89620
https://doi.org/10.1001/jamacardio.2017.1239
https://doi.org/10.1155/2018/3148259
https://doi.org/10.1155/2018/3148259

	Phosphodiesterase inhibitor for heart failure with preserved ejection fraction: A systematic review and meta-analysis
	1 Introduction
	2 Methods
	2.1 Data sources and search strategy
	2.2 Selection strategy
	2.3 Data extraction
	2.4 Quality assessment
	2.5 Statistical analysis

	3 Results
	3.1 Eligible studies and characteristics
	3.2 Quality assessment
	3.3 Outcomes
	3.3.1 LV function
	3.3.2 PAP and RV function
	3.3.3 Exercise capacity and QOL

	3.4 Regression analysis differential effects of drug delivery time

	4 Discussion
	5 Limitations
	6 Conclusions
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


