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Keywords:
Heart failure (HF) represents a leading cause of morbidity andmortality. However, HF trials highlighted many differ-
ences betweenmen andwomenwithHF. Thus,women represent approximately a quarter of peoplewith HFwith re-
ducedejection fraction (HFrEF),while they account for over half of thosewithHFwithpreservedEF (HFpEF). There are
also sex-related differences (SRDs) in the pharmacokinetics, pharmacodynamics and safety profile of some guideline-
recommended drugs for the treatment of HF. As compared with men, women with HFrEF are less often treated with
guideline-recommendedHF drugs, experiencemore frequent and severe adverse reactionswhen these drugs are pre-
scribed at the same doses in both sexes, and recent evidence suggests that womenmight need lower doses thanmen,
bringing into questionwhich are the optimal doses of HF drugs inwomen andmen separately. However, information
onSRDs indrugefficacy andsafety inpatientswithHFrEF is very limiteddue to theunderrepresentationofwomenand
the lack of sex-specific evaluations of drug efficacy and safety in HF clinical trials. As a consequence, current clinical
guidelinesdonotprovide sex-specific recommendations, evenwhensignificantdifferencesexist, at least, indrugsafety.
The aimof this article is to review the SRDs in the pharmacokinetics, efficacy and safety of guideline-recommendedHF
drugs and to identify emerging areas of research to improve our understanding of the SRDs, because a better under-
standing of these differences is the first step to achieve a personalized treatment of HF in women andmen.

© 2021 The Author(s). Published by Elsevier Inc. 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 (HF) is a major health problem that affects both gen-
ders and it represents a leading cause ofmorbidity andmortality despite
optimal medical and device treatment; deaths from HF account for 35%
of the total cardiovascular disease mortality in women (Ponikowski
et al., 2016; Virani et al., 2020; Yancy et al., 2017). However, there are
important differences between men and women, i.e. sex-related differ-
ences (SRDs), in epidemiology, cardiovascular risk factors, pathophysi-
ology, clinical manifestations, comorbidities, precipitating factors for
decompensation, diagnosis, causes of death and outcomes of HF
(EUGenMed Cardiovascular Clinical Study Group, 2016; Lam et al.,
2019; Regitz-Zagrosek, 2020; Shaw et al., 2017; Timmis et al., 2020;
Virani et al., 2020). Indeed, women represent approximately a quarter
of peoplewith HFwith reduced ejection fraction (HFrEF),while they ac-
count for over half of those with HF with preserved EF (HFpEF) (Beale,
Meyer, Marwick, Lam, & Kaye, 2018; Dewan et al., 2019; Lam et al.,
2019; Pepine et al., 2020; Stolfo et al., 2019). Women and men also ex-
hibit significant differences in body composition, cardiovascular physi-
ology and sex hormonal variations as well as in the pharmacokinetics
and pharmacodynamics (efficacy and safety) of some guideline-
recommended HF drugs (GRHFDs) (Franconi & Campesi, 2014;
Jochmann, Stangl, Garbe, Baumann, & Stangl, 2005; Rosano et al.,
2015; Seeland & Regitz-Zagrosek, 2012; Soldin, Chung, & Mattison,
2011; Stolarz & Rusch, 2015; Tamargo et al., 2017). Thus, it should not
Table 1
Differences in pharmacokinetic parameters in women as compared to men.

Pharmacokinetic parameter Clinical consequences in women compared to men

Oral bioavailability
• ↓ gastric acid secretion and gastric
emptying

• Slower gastrointestinal transit rate
• No consistent changes in gut
metabolism

• ↓ oral availability of drugs requiring an acidic en
• Delayed absorption of captopril, metoprolol, the
• Women should wait longer after eating before ta
tetracyclines)

Distribution
1. Body composition
• ↓ body surface area, organ (heart)
size and blood flow

• ↓ total body water content and
plasma volume

• ↓ cardiac output and lung volume
and functional capacity

• ↑ body fat content

• ↑ Vd and longer t1/2 of lipophilic drugs (amiodar
• ↓ Vd of hydrophilic drugs (digoxin, ACEIs), reach
• Narrow therapeutic index drugs (digoxin) can re
• ↓ pulmonary exposure

2. Plasma protein binding:
• ↓ Albumin and α1-acid glycopro-
tein

• ↑ globulins

• Pregnancy and oral contraceptives ↓ albumin an
(warfarin)

• Exogenous estrogens ↓ α1-acid glycoprotein but

Metabolism
Phase I metabolism:
• ↓ activity of CYP1A2, 2C9, 2D6,
2C19 and 2E1

• ↑ activity of CYP2A6, 2B6, 2D6 and
3A4

• ↑ biotransformation of CYP3A4 substrates: amio
• ↑ biotransformation of CYP2D6 substrates: labet
• ↓ biotransformation of CYP2C19 substrates: clop
• Estrogens and oral contraceptives ↑ activity of C
• Pregnancy: ↑ activity of CYP 1A2, 2C9, 2D6 and 3

Phase II metabolism:
• ↓ activity of N-acetyl/sulfo/-
methyl/UDP-glucuronosyl--
transferases, alcohol
dehydrogenase and TPMT

• ↑ activity of xanthine-oxidases
Drug transporters:
• ↓ P-gp, organic cationic transporter
(OCT2) and anion-transporter
polypeptides (OATP1B1–3)

• ↑ drug exposure of P-gp substrates: colchicine, d
• P-gp: induced by estrogens, inhibited by testoste

Excretion
• ↓ renal blood flow, eGFR and tubu-
lar secretion and/or reabsorption

• ↓ renal Cl and longer elimination half-life of rena
• Differences are reduced when doses are adjusted

Modified from Tamargo et al., 2017.
ACEIs, angiotensin-converting enzyme inhibitors; ADRs, adverse drug reactions; Cl, clearance;
tration rate; P-gp, P-glycoprotein; t1/2, elimination half-life; TPMT, thiopurine methyl transfera
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be a surprise if the efficacy and safety of some GRHFDS can differ be-
tween men and women. If so, HF patients may benefit from sex-
specific recommendations.

Furthermore, women are less adherent in the use of chronicmedica-
tions, experience more frequent and severe drug adverse reactions
(ADRs) than men and are less often prescribed with GRHFDs and
when GRHFDs are prescribed, they tend to be prescribed at suboptimal
doses, although recently this treatment gap appears to be closing. Of
note, recent evidence suggests that women with HFrEF may need
lower doses of angiotensin-converting-enzyme inhibitors (ACEIs), an-
giotensin AT1 receptor blockers (ARBs), and β-blockers than men, rais-
ing the question of what the optimal medical therapy is for women
versus men (Santema et al., 2019). However, information on SRDs in
drug efficacy and safety in patients with HF is rather limited probably
due to the historical underrepresentation of women at all stages of
drug development and the lack of sex-specific evaluation of drug effi-
cacy and safety in randomized clinical trials (RCTs) which quite fre-
quently are not powered to ascertain such differences. Strikingly,
despite all these differences, HF guidelines, mainly based on RCTs con-
ducted predominantly on middle-aged men, recommend to treat men
and women equally.

Taking into account all these differences, the aims of this article are
to review the SRDs in the pharmacokinetics and pharmacodynamics
of GRHFDs, identify emerging areas of research for implementing sex-
specific pharmacologic treatment, and propose some recommendations
vironment for absorption
ophylline, verapamil
king drugs that must be administered on an empty stomach (ampicillin, captopril,

one, anesthetics, benzodiazepines, lidocaine, metoprolol, morphine, propranolol)
ing higher Cmax and greater effects
ach higher Cmax and produce more ADRs

d α1-acid glycoprotein and may ↑ free drug plasma levels of highly-bound drugs

↑ serum-binding globulins

darone, calcium channel blockers, dronedarone, lidocaine, losartan
alol, metoprolol, propranolol, statins (atorvastatin, lovastatin, simvastatin)
idogrel, prasugrel, propranolol, warfarin
YP 1A2 and 2A6, but ↓ hepatic blood flow and activity of CYP2A6, 2B6 and 2C19
A4, but ↓ activity of CYP2C19

abigatran, digoxin, diltiazem, morphine
rone

lly excreted drugs: ACEIs, atenolol, bisoprolol, digoxin, diuretics, heparins, nadolol
for body weight or creatinine Cl

Cmax, peak plasma concentrations; CYP, cytochrome P450; eGFR, estimated glomerular fil-
se; UDP, uridine 5-diphosphate; Vd, volume of distribution.
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to overcome the present gaps in evidence, because a better understand-
ing of SRDs is the first step to achieve a personalized treatment of HF in
women and men.

2. Sex-related differences in pharmacokinetics and
pharmacodynamics

SRDs in pharmacokineticsmay arise from physiological differences in
body composition, organ function, physiological (during menstrual cy-
cles, menopause) or therapeutic (hormone replacement therapy, HRT)
sex hormonal changes and in drug absorption, distribution, metabolism
and excretion (Table 1) (Franconi & Campesi, 2014; Gandhi, Aweeka,
Greenblatt, & Blaschke, 2004; Nicolas, Espie, & Molimard, 2009;
Seeland & Regitz-Zagrosek, 2012; Soldin et al., 2011; Tamargo et al.,
2017). Drug distribution depends on body composition, plasma volume,
organ blood flow and tissue and plasma protein binding. Women have
higher proportion of body fat, but lower body weight/size, muscle
mass, organ sizes, plasma volume, cardiac output and organ blood
flow and volume of distribution (Vd) compared to men. This explains
the faster onset, higher Vd and longer duration of action of lipophilic
drugs, while the smaller Vd of hydrophilic drugs explain why they
reach higher peak plasma levels (Cmax) and produce greater effects in
women than in men. Hepatic clearance is a function of cardiac output
and liver blood flow, which are lower in women, and of the activity of
drug metabolizing enzymes and transporters which play a greater role
in SRDs than any of the other parameters (Table 1). Women present
an increased activity of cytochromes P450 (CYP) 3A4 and 2D6 which
are responsible for the metabolism of many HF drugs and a reduced
activity of the transporter P-glycoprotein (P-gp) (Cotreau, von Moltke,
& Greenblatt, 2005; Nicolas et al., 2009; Soldin et al., 2011; Waxman &
Holloway, 2009). CYP3A and P-gp present appreciable substrate over-
lap, so that the higher hepatic clearance for CYP3A4 substrates in
women might result from an increased intracellular substrate ava-
ilability due to the lower P-gp activity (Cummins, Wu, & Benet, 2002;
Gandhi et al., 2004).

Womenhave lower renal bloodflow, estimated glomerularfiltration
rate (eGFR) and tubular secretion and/or reabsorption thanmen. There-
fore, drugs primarily excreted unchanged in the urine are cleared more
slowly in women (Berg, 2006; Franconi & Campesi, 2014; Nicolas et al.,
2009; Soldin et al., 2011). Becausewomen present a lower bodyweight/
size and eGFR, the administration of the samedoses inwomen andmen,
frequently results in higher drug exposure (Cmax and area under the
concentration–time curve) in women leading to a higher incidence of
ADRs (Anderson, 2005; Gandhi et al., 2004). This can be an important
problem when renally excreted drugs with a narrow therapeutic
index (i.e. digoxin) are administered. However, SRDs in the pharmaco-
kinetics of some drugs (amlodipine, digoxin, some ARBs) are not clini-
cally relevant after normalizing the dose for body weight/size or eGFR
(Berg, 2006; Soldin et al., 2011; Tamargo et al., 2017). The prevalence
of HF increases with the decline in renal function and a reduced eGFR
is associated with increased risk of all-cause and cardiovascular mortal-
ity, and hospitalizations in patients with HFrEF/HFpEF (House, 2018).
Under these conditions, doses can be different in women and men
with HF, and women should receive lower dosages of renally excreted
GRHFDs adjusted according to their eGFR.

SRDs in pharmacodynamics (i.e. the relationship between drug effect
and drug concentration at the site of action) have been reported with
some GRHFDs (Table 1) (Franconi & Campesi, 2014; Jochmann et al.,
2005; Rosano et al., 2015; Seeland & Regitz-Zagrosek, 2012; Soldin
et al., 2011; Stolarz & Rusch, 2015; Tamargo et al., 2017). However,
these differences are difficult to quantify because HF is “different” in
women, women are under-represented at all stages of clinical develop-
ment, so that RCTs are far from being adequately powered to ascertain
potential SRDs, and sex-specific analysis of drug efficacy and safety are
not taken into considerationwhen designing and reporting their results
(see below) (Levinsson, Dubé, Tardif, & de Denus, 2018; Melloni et al.,
3

2010; Nguyen et al., 2018; Wallach, Sullivan, Trepanowski, Steyerberg,
& Ioannidis, 2016). As a result, many RCTs failed to evaluate and report
SRDs in drug efficacy and safety (Supplementary Table 1) and themech-
anisms responsible for the possible differences were not analyzed.

3. Sex-related differences in patientswith heart failurewith reduced
ejection fraction

Currently, evidence-based pharmacological treatment of HF is
largely restricted toHFrEF and is based on the combination of neurohor-
monal antagonists that reduce morbidity and mortality (Ponikowski
et al., 2016; Yancy et al., 2013). Thus, we will first review the SRDs on
the pharmacokinetics and pharmacodynamics (efficacy and safety) of
GRHFDs for the treatment of HFrEF. Differences in pharmacokinetics
and drug efficacy and safety are summarized in Table 2.

3.1. Beta-blockers

There are SRDs in the pharmacokinetics and pharmacodynamics
of some β-blockers (Luzier et al., 1999; Thürmann et al., 2006).
Exposure of metoprolol and propranolol is higher (50–100%) in
women due to higher oral bioavailability, lower Vd and slower clear-
ance via CYP2D6 as compared to men (Eugene, 2016; Gilmore, Gal,
Gerber, & Nies, 1992; Luzier et al., 1999; Walle, Walle, Cowart, &
Conradi, 1989). This increased exposure persisted after normalization
for bodyweight and was further increased by oral contraceptives and
CYP2D6 inhibitors (Kendall, Quarterman, Jack, & Beeley, 1982). As a re-
sult, metoprolol produced a greater reduction in heart rate and systolic
blood pressure during exercise in women than in men (Luzier et al.,
1999) and in a longitudinal population-based study, the ADRs associ-
ated with the use of CYP2D6-dependent β-blockers (carvedilol, meto-
prolol, nebivolol, propranolol) were significantly higher in women
than in men (Thürmann et al., 2006). Thus, women may benefit from
lower-than-standard doses to reduce the risk of ADRs (Eugene, 2016;
Luzier et al., 1999).

Several trials (MERIT-HF, COPERNICUS, U.S. Carvedilol Heart
Failure Study Group, SENIORS and CIBIS II), studied the effects of
β-blockers in patients with HFrEF reaching contradictory results
(Supplementary Table 1) (Tamargo et al., 2017). In the US carvedilol
HF trial, carvedilol improved survival to a greater degree in women
than in the men (Table 3) (Packer et al., 1996), while in the
COPERNICUS trial recruiting patients with severe HFrEF (left ventric-
ular ejection fraction-LVEF <25%), carvedilol significantly reduced
the combined risk of death or hospitalization for cardiovascular
causes (27%), the risk of death or hospitalization for HF (HFH, 31%)
and the time patients spent in-hospital for any reason (27%) or for
HF (40%) in both sexes (Packer et al., 2002). However, even when
carvedilol reduced the relative risk (RR) for total mortality to a sim-
ilar extent in both sexes, the 95% confidence interval (CI) crossed the
identity line in women. In the SENIORS trial, nevibolol reduced the
composite endpoint of all-cause mortality or cardiovascular hospi-
talizations in patients aged ≥70 years, but the benefit was observed
in women but not in men (Table 3) (Flather et al., 2005). Finally, in
a post hoc sex-stratified analysis of the CIBIS II trial, after adjustment
for age, NYHA class, HF etiology and left bundle branch block,
bisoprolol significantly reduced all-cause, cardiovascular and non-
cardiovascular mortality, and deaths from pump failure (0.30) in
women compared with men (Table 3) (Simon et al., 2001).

In the MERIT-HF trial, metoprolol CR/XL significantly reduced all-
cause mortality, sudden deaths and deaths from worsening HF in men
and women (MERIT-HF Study Group, 1999). A post-hoc sex-specific
analysis of this trial compared the effect of metoprolol in 898 women,
including 183 women with severe HF (LVEF <25%), and 3093 men
(Ghali et al., 2002). In women, metoprolol CR/XL significantly reduced
all-cause mortality/all-cause hospitalizations and all-cause, cardiovas-
cular andHFhospitalizations, but not cardiovascular and sudden deaths.



Table 2
Sex-related differences in the pharmacokinetics and pharmacodynamics and adverse effects of guideline recommended drugs in patients with heart failurewith reduced ejection fraction.

Drug class Pharmacokinetics Pharmacodynamics Adverse drug reactions

Beta-blockers: Metoprolol,
propranolol

Higher exposure of CYP2D6-dependent
β-blockers (carvedilol, metoprolol, nebivolol,
propranolol) in W due to a lower Vd and
reduced metabolism (Thürman et al., 2006).
Oral contraceptives increase drug exposure.

W present a greater reduction in blood
pressure and heart rate during exercise and a
greater risk of chronotropic incompetence
(Jorde et al., 2008; Luzier et al., 1999).
Wmay have the lowest risk of death or HFH at
half the guideline-recommended doses
compared with M (Santema et al., 2019)

More ADRs for CYP2D6-dependent β-blockers
in W (Thürmann et al., 2006). W have the
lowest risk of ADRs at lower doses (half the
guideline-recommended doses) compared
with M (Luzier et al., 1999; Santema et al.,
2019)

Calcium channel blockers W show a faster Cl of amlodipine
(Abad-Santos et al., 2005), nifedipine
(Krecic-Shepard et al., 2000a) and verapamil
(Krecic-Shepard et al., 2000b), probably due
to the higher activity of CYP3A4

Cl decreased with age. More pronounced
reduction in blood pressure in elderly W
(Kloner et al., 1996)

Peripheral edema, potentially leading to
decreased adherence and drug
discontinuation is more frequent in W (Kloner
et al., 1996; Rydberg et al., 2018)

Digoxin Higher SDC inW due to reduced Vd and lower
Cl (Rathore et al., 2003; Adams et al., 2005).
Because it is renally-excreted, dosage
adjustment is needed as the eGFR decreased

Low SDC (≤0.9 ng/mL) improved symptoms
and reduced mortality in W; higher SDC tend
to increase mortality (Rathore et al., 2003;
Ahmed et al., 2006)

W require lower SDC (≤0.9 ng/mL) (Yancy
et al., 2013). Higher mortality rate when SDC
≥1.2 ng/mL in both sexes

Diuretics: thiazides, loop
diuretics and
potassium-sparing diuretics

W present higher exposure and lower Cl of
torasemide (Werner et al., 2010)

Electrolytes and renal function should be
monitored more closely in W with HFrEF on
diuretic therapy

W present more frequent electrolyte
disturbances (hyponatremia, hypokalemia),
hospitalizations due to hyponatremia and
arrhythmias when treated with thiazides, loop
diuretics and potassium-sparing diuretics
(Aimo et al., 2018; Olde Engberink et al.,
2015; Rydberg et al., 2018; Sharabi et al.,
2002; Werner et al., 2010). However, no
sex-specific dose adjustments are
recommended

Glucose-lowering drugs Greater effectiveness of GLP-1RA in W than M Urinary tract and genital mycotic infections
occurred more frequently in W, and acute
renal failure in M receiving SGLT2Is (Raparelli
et al., 2020; Tamargo et al., 2017)

Isosorbide
dinitrate/hydralazine

Survival was better in W in the I/H arm than in
the placebo arm, but the difference was of
lesser magnitude in M.

Headache, dizziness and systemic lupus
erythematosus were more common in W;
hypotension frequency was similar in M and
W (Rubin, 2015; Taylor et al., 2006)

Ivabradine No SRDs in pharmacokinetics RCTs did not report sex-specific ADR data
(Bots & den Ruijter, 2019).

RAAS inhibitors
Angiotensin-converting
enzyme inhibitors

Captopril is better absorbed in W when
administered on an empty stomach

No SRDs in patients with HFrEF or post-MI, but
no mortality benefit in W with asymptomatic
LV systolic dysfunction (Shekelle et al., 2003).
Wmay have the lowest risk of death or HFH at
half the guideline-recommended doses
compared with M (Santema et al., 2019)

ADRs including cough, taste disturbance, skin
rash, increase in serum creatinine and
gastrointestinal upset are more frequently
observed in W (Bots et al., 2019a; Do et al.,
2018; Kostis et al., 2018), which may account
for the lower prescription rates of ACEIs (Sica,
2004). Contradictory data in the incidence of
angioedema: some studies showed a higher
incidence in W (Bots & den Ruijter, 2019; Do
et al., 2018; Kostis et al., 2018), others in M
(Alharbi et al., 2017)

Angiotensin receptor blockers No SRDs were observed in the
pharmacokinetics of candesartan, eprosartan,
irbesartan and valsartan after normalizing the
dose for body weight (Cabaleiro et al., 2013).
The exposure to telmisartan and the Cmax of
losartan were twice as high in W than in M;
the renal Cl of irbesartan decreased in elderly
W (Israili, 2000)

ARBs have better efficacy and adherence
profiles than ACEIs in W with HFrEF but not in
M (Hudson et al., 2007). W may have the
lowest risk of death or HFH at half the
guideline-recommended doses compared
with M (Santema et al., 2019)

No SRDs in cough. A recent study performed in
VigiBase reported that angioedema with ARBs
was significantly higher in M than in W
(Alharbi et al., 2017)

Mineralocorticoid receptor
antagonists

No SRDs in the pharmacokinetics of
spironolactone or eplerenone have been
reported.

In patients with HFpEF, MRAs might be
considered if serum creatinine is <2.5 mg/dL
in M or < 2.0 mg/dL in W, and serum
potassium <5.0 mEq/L (Yancy et al., 2017).
Careful monitoring of potassium, renal
function, and diuretic dosing

Spironolactone produced gynecomastia and
hyperkalemia more frequently in M than in W
(DeFilippis & Desai, 2017; Narula & Carlson,
2014; Rydberg et al., 2018); this could explain
why M more often withdrew from MRA
therapy than W.
Eplerenone induced a more frequent early
decline in eGFR in W (Rossignol et al., 2012;
Merrill et al., 2019; Bots et al., 2019a).
In 18 articles with ADR data for MRAs, only
one reported sex-specific ADR data (Bots &
den Ruijter, 2019).

Sacubitril-valsartan No SRDs in the pharmacokinetics of
sacubitril-valsartan (Gan et al., 2016)

Sacubitril-valsartan seems to reduce the risk
of HFH more in W than in M with HFpEF
(McMurray et al., 2020)

Sacubitril–valsartan produced more
symptomatic hypotension and angioedema
but less increases in the creatinine and
potassium levels than valsartan (McMurray
et al., 2014, 2020). ADRs were not analyzed by
sex in pivotal RCTs

J. Tamargo, R. Caballero and E. Delpón Pharmacology & Therapeutics 229 (2022) 107891
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Table 2 (continued)

Drug class Pharmacokinetics Pharmacodynamics Adverse drug reactions

All RAAS inhibitors Because they can cause fetotoxic and
teratogenic effects, they are not recommended
in women during childbearing years (Pucci
et al., 2015; Walfisch et al., 2011) and are
contraindicated during pregnancy (Rosano
et al., 2015, Tamargo et al., 2017)

ACEIs, angiotensin-converting enzyme inhibitors; ADRs, adverse drug reactions; ARBs, angiotensin AT1 receptor blockers; Cl, clearance; Cmax, peak plasma concentrations; CYP, cyto-
chrome P450; eGFR, estimated glomerular filtration rate; GLP-1RAs, glucagon-like peptide-1 receptor agonists; HF, heart failure; HFH: heart failure hospitalization; HFpEF, heart failure
with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LV, left ventricular;M,men;MI,myocardial infarction;MRAs, mineralocorticoid receptor antagonists;
P-gp, P-glycoprotein; RAASIs: renin-angiotensin-aldosterone system inhibitors; RCTs, randomized clinical trials; SDC, serum digoxin concentrations; SGLT2Is, sodium-glucose-like trans-
port-2 inhibitors; SRDs, sex-related differences; Vd, volume of distribution; W, women.

Table 3
Sex-related differences in main endpoint results in randomized clinical trials, meta-analysis or pooled analysis of clinical trials in patients with heart failure.

Study (Acronym), drug, Reference Sample (n) Women
(n, %)

End point Men (HR/RR, 95% CI)# Women
(HR/RR, 95% CI)#

P

A-HeFT Investigators
Isosorbidde dinitrate/hydralazine,
HFrEF (Taylor et al., 2006)

1050 black patients
(40)

Mortality 0.79 (0.46–1.35; P = 0.38) 0.33 (0.16–0.71; P = 0.003)
CV mortality (vs PLC) 18 vs 28 (P = 0.36) 8 vs 17 (P = 0.023)
1st hospitalization 0.60 (0.42–0.89) 0.62 (0.41–0.96)
Event free-survival 0.67 (0.49–0.92) 0.58 (0.39–0.86)

ATLAS
High vs low dose of lisinoprol, HFrEF
(Packer et al., 1999)

3164 (20.5) All-cause mortality or any
hospitalization only (high dose of
lisinopril)

0.89 (0.79–1.00; P = 0.053) 1.05 (0.82–1.35)

BEST
Bucindolol, HFrEF (Ghali et al., 2003)

2708 (22%) Total mortality 33%⁎ 27%⁎ 0.02
Non-ischemic mortality 27%⁎ 19%⁎ 0.009
Non-diabetic patients 31%⁎ 25%⁎ 0.03

CHARM Program
HF with a broad spectrum of LVEF
(O'Meara et al., 2007)

7599 (31.5%) All-cause mortality 0.77 (0.69–0.86) vs men <0.001
CV death or HFH 0.83 (0.76–0.91) vs men <0.001
CV death 0.78 (0.69–0.88) vs men <0.001
Sudden death 0.70 (0.58–0.85) vs men <0.001
Deaths due to progressive HF 0.72 (0.58–0.89) vs men 0.002
CV hospitalizations 0.88 (0.82–0.95) vs men 0.001
HFH 0.87 (0.78–0.97) vs men 0.012

CHART-2 study
HFrEF/HFpEF
(Sakata et al., 2014)

4683 (32%) All-case mortality - β-blockers in
HFrEF

0.87 (0.63–1.1; P = 0.40) 0.45 (0.23–0.88; P = 0.021) 0.04

RAASIs in HFpEF 0.70 (0.56–0.86; P = 0.001) 0.96 (0.72–1.28; P = 0.79) 0.053
CIBIS-II
Bisoprolol, HFrEF
(Simon et al., 2001)

2467 (24%) All-cause mortality 0.64 (0.47–0.86) vs men 0.003
CV mortality 0.64 (0.45–0.91) vs men 0.013
Non CV mortality 0.11 (0.01–0.85) vs men 0.034
Pump failure death 0.30 (0.13–0.70) vs men 0.005

CONSENSUS-1
Enalapril, severe HFrEF (CONSENSUS
Trial Study Group (1987)

Mortality 51% (P < 0.001)⁎ 6% (P > 0.05)⁎

DIG
Digoxin, HFrEF
(Digitalis Investigation Group, 1997)

6800 (22.4%) All-cause mortality 0.93 (0.85–1.02) 1.23 (1.02–1.47) 0.014

Subanalysis of the DIG trial
(Adams Jr et al., 2005)

757 women
SDC 0.5–0.9 ng/mL
SDC 1.2–2.0 ng/mL

All-cause mortality 0.80 (0.70–0.92; P = 0.002) 0.84 (0.62–1.13; P = 0.24)
1.18 (0.99–1.139; P =
0.060)

1.33 (1.00–1.76; P = 0.49)

Death and HFH 0.70 (0.63–0.79; P < 0.001) 0.73 (0.58–0.93; P < 0.011)
0.89 (0.76–1.03; P = 0.11) 1.01 (0.79–1.28; P = 0.96)

Hospital stay for worsening HF 0.59 (0.50–0.69; P < 0.001) 0.70 (0.53–0.94; P = 0.016)
0.67 (0.54–0.82; P < 0.001) 0.85 (0.63–1.15; P = 0.292)

HEAAL
Losartan (50 or 150 mg), HFrEF
(Konstam et al., 2009)

3834 (39%) Death or HFH (Losartan 150 mg) 0.86 (0.77–0.96) 1.02 (0.85–1.23) 0.10

I-PRESERVE
Irbesartan, HFpEF
(Lam et al., 2012)

4128 (69%) All-cause death 0.64 (0.56–0.73) <0.001
All-cause hospitalization or death 0.79 (0.73–0.86) <0.001
Cardiovascular hospitalization or
death

0.75 (0.68–0.83) <0.001

(continued on next page)
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Table 3 (continued)

Study (Acronym), drug, Reference Sample (n) Women
(n, %)

End point Men (HR/RR, 95% CI)# Women
(HR/RR, 95% CI)#

P

MERIT-HF

• Metoprolol CR/XL in women with
HFrEF (Ghali et al., 2002)

3991 (29%) All-cause hospitalizations −10% (P = 0.044)⁎ −19% (P = 0.044)⁎

CV hospitalization −14% (P = 0.005)⁎ −29% (P = 0.013)⁎

Hospitalization for worsening HF −18% (P = 0.0001)⁎ −42 (P = 0.021)⁎

Total mortality and all-cause
hospitalization

−18% (P = 0.001)⁎ −21% (P = 0.010)⁎ 0.44

• Metoprolol CR/XL in women with
severe HFrEF (Ghali et al., 2002)

612 men, 183 women All-cause hospitalizations −20% (P = 0.044)⁎ −44% (P = 0.016)⁎

CV hospitalization −25% (P = 0.01)⁎ −57% (P = 0.005)⁎

Hospitalization for worsening HF −35% (P = 0.01)⁎ −72% (P = 0.0004⁎)
PARAGON-HF
Sacubitril/valsartan vs valsartan, HFpEF
(McMurray et al., 2020)

4796 (51%) First and recurrent HFH and CV
death

1.03 (0.85–1.25) 0.73 (0.59–0.90) 0.017

Primary composite outcome +
urgent HF visits

0.99 (0.81–1.20) 0.74 (0.61–0.91) 0.044

Total HFH 1.06 (0.84–1.34) 0.67 (0.54–0.84) 0.004
1st hospitalization for HF 1.09 (0.90–1.33) 0.72 (0.59–0.87) 0.002

SAVE
Captopril, LV dysfunction after MI
(Pfeffer et al., 1992)

All-cause mortality 0.78 (0.64–0.94) 0.98 (0.63–1.53)
Cardiovascular death and
morbidity

0.72 (0.62–0.84) 0.96 (0.70–1.32)

SENIORS
Nevibolol, HFrEF, aged ≥70 years
(Flather et al., 2005)

2128 (36.8%) All-cause death or CV hospital
admission

0.93 (0.78–1.11) 0.72 (0.55–0.93) 0.11

SMILE
Zofenopril, HF post-MI
(Ambrosioni et al., 1995)

1556 (27.5%) Death or severe congestive HF 0.59 (0.36–0.95) 0.70 (0.40–1.21)

SOLVD Registry
HF and/or LV dysfunction
(Bourassa et al., 1993)

6273 (26.3%) Total mortality 17%⁎ 22%⁎ 0.05
Congestive HF mortality 9%⁎ 12%⁎ 0.05
HFH 17%⁎ 22%⁎ 0.05
Death or hospital admission for HF 25%⁎ 33%⁎ 0.0001
HF-related death or hospitalization
(vs PLC)

29.7% vs 39.5%⁎ 37% vs 38.7%⁎

TOPCAT Americas
Spironolactone, HFpEF
(Merril, Sweitzer, Lindenfeld & Kao,
2019)

1767 (49.9%) All-cause mortality 1.06 (0.81–1.39; P = 0.68) 0.63 (0.48–0.90; P = 0.01) 0.024

TRACE
Trandolapril, HFrEF
(Køber et al., 1995)

6676 (28%) All-cause death 0.74 (0.62–0.89) 0.90 (0.69–1.18) –

US Carvedilol Heart Failure study
Carvedilol, HFrEF
(Packer et al., 1996a)

1094 (10%) All-cause mortality 0.41 (0.22–0.80) 0.23 (0.07–0.69)
Relative % changes in median
lifetime (months) on carvedilol

23 (2 to 50) 17 (−20 to 70)

Val-HeFT
Valsartan, HFrEF
(Majahalme et al., 2005)

10,020 (25,3) Morbidity/mortality 0.87 (0.77–0.97; P = 0.053) 0.83 (0.66–1.05; P = 0.043)
Nonfatal morbidity 0.71 (0.61–0.83; P = 0.01) 0.74 (0.55–0.98; P = 0.012)
HFH 0.70 (0.60–0.82; P =

0.0001)
0.78 (0.58–1.04; P = 0.03)

Meta-analysis/pooled analysis
ACEIs vs ARBs in patients with HFrEF
(Hudson et al., 2007)

19,698 (48%) Survival: ARBs vs ACEIs 1.10 (0.95–1.30) 0.69 (0.59–0.80) <0.0001

ACEIs
32 HF trials
(Garg & Yusuf, 1995)

7105 (14.5%) Total mortality 0.76 (0.65–0.88) 0.79 (0.59–1.06)
Total mortality or hospitalization
for HF

0.63 (0.55–0.73) 0.78 (0.59–1.04)

ACEIs
Symptomatic/ asymptomatic LV systolic
dysfunction
(Shekelle et al., 2003)

Treatment
(CONSENSUS,
SOLVD-T, TRACE) trials
4497 (24%)

Mortality from HF 0.80 (0.68–0.93) 0.90 (0.78–1.05)
RRR 1.15 (0.88–1.51)

0.07

Prevention (SAVE,
SOLVD-P, SMILE) trials
8015 (16%)

Mortality from HF 0.83 (0.71–0.96) 0.96 (0.75–1.22)
1.25 (0.94–1.65)

Glucose-lowering drugs
DPP-4Is, GLP-1RAs and SGLT2Is added
to metformin in T2DM (Raparelli et al.,
2020)

167,254 (46%) First nonfatal major CV: AMI, UA,
HF, or stroke (relative to
sulfonylureas)

DPP-4Is: 0.85 (0.79–0.91) 0.83 (0.77–0.89) 0.60
GLP-1RAs: 0.82 (0.71–0.95) 0.57 (0.40–0.68) 0.002
SGLT2Is: 0.69 (0.57–0.83) 0.58 (0.46–0.74) 0.27

Stroke 0.81 (0.72–0.92) 0.92 (0.76–1.10)
MRAs: analysis of RALES, EMPHASIS-HF
and TOPCAT-Americas trials

(Rossello et al., 2020)

6167 (31.4%)
See Supplemental
Table 1

Adjusted HR for CV death or HF
hospitalization

0.65 (0.58–0.74) 0.67 (0.54–0.83) 0.78
0.85 (0.67–1.08) 0.83 (0.64–1.07) 0.94
0.69 (0.62–0.77) 0.73 (0.62–0.86) 0.83

ACEIs, angiotensin-converting enzyme inhibitors; AMI, acute myocardial infarction; ARBs, angiotensin AT1 receptor antagonists; CI: confidence interval; CV, cardiovascular; CR/XL: con-
trolled-release/extended-release; DPP-4Is, dipeptidyl peptidase-4 inhibitors; GLP-1RAs, glucagon-like peptide-1 receptor agonists; HF, heart failure; HFH: heart failure hospitalizations;
HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HR, hazard ratio; LV, left ventricular; LVEF, left ventricular ejection fraction;
MI, myocardial infarction;MRAs, mineralocorticoid receptor antagonists; n, number of patients; NS, not significant; PLC, placebo; RR, relative risk; RCT, randomized clinical trial; RRR, rel-
ative risk reduction; SDC, serum digoxin concentrations; SGLT2Is, sodium-glucose cotransporter 2 inhibitors; T2DM, type 2 diabetes mellitus; UA, unstable angina.
Study acronyms are summarized in Supplemental Table 1.

# In some studies the P value for men and women were presented separately.
⁎ Data were expressed as percentage of change Tamargo, Aggarwal, and Tamargo (2021).
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In women with severe HF metoprolol CR/XL reduced all-cause, cardio-
vascular and HF hospitalizations, all-cause mortality/all-cause hospital-
ization and all-cause mortality/HFH. The reductions were similar, but
less marked, in man without or with severe HF (Table 3).

A pooling of mortality results analysis from the MERIT-HF, CIBIS II
and COPERNICUS trials demonstrated that metoprolol succinate,
bisoprolol, and carvedilol significantly reduced all-cause mortality,
without SRDs (RR 0.69 in women; 0.66 in men) (Ghali et al., 2002). A
similar reduction in all-cause mortality was observed in women (0.63)
and men (0.66) in an analysis of 5 RTCs (COPERNICUS, MERIT-HF,
CIBIS II, BEST and U.S. Carvedilol HF trial) including 8098 patients
(26% women) (Shekelle et al., 2003). In another meta-analysis of 11
RCTs (13,883 patients, 24% women), β-blockers significantly reduced
all-cause mortality and HFH compared with placebo (0.70; 0.64–0.77),
but no SRDs were reported (Kotecha et al., 2016).

Overall, β-blockers produced similar and significant survival bene-
fits in women and men with HFrEF and the controversial results re-
ported in some early trials should be attributed to the under-
representation of women (19–23%) (Supplementary Table 1), which
limited the number of deaths available for analysis, and to the fact
that women were older and sicker than men (Jochmann et al., 2005;
Seeland & Regitz-Zagrosek, 2012).

3.2. Calcium channel blockers

SRDs in the pharmacokinetics were described for amlodipine (Abad-
Santos et al., 2005), nifedipine (Krecic-Shepard, Barnas, Slimko, Jones, &
Schwartz, 2000) and verapamil (Krecic-Shepard et al., 2000). Women
display faster drug clearance, probably due to the higher activity of
CYP3A4 and the lower activity of P-gp in women as compared to
men (Tamargo et al., 2017), but drug clearance decreased with age,
which explains why older women experienced a greater reduction in
blood pressure than younger women or men (Kloner, Sowers, DiBona,
Gaffney, & Wein, 1996; Tamargo et al., 2017). Calcium-channel blockers
are not indicated for the treatment of patients with HFrEF (Ponikowski
et al., 2016). However, amlodipine (Packer et al., 1996, Packer et al.,
2013) and felodipine (Cohn et al., 1997) can be safely added to standard
therapy in patients with HFrEF and uncontrolled angina or hypertension,
but no sex-specific analysis of drug efficacy or safety were performed.

3.3. Combination isosorbide dinitrate/hydralazine

In the A-HeFT trial recruiting African American patients, the fixed-
dose combination of isosorbide dinitrate/hydralazine (I/H) added to
ACEI/ARB and β-blocker therapy improved mortality, HFH and quality
of life in both sexes (Taylor et al., 2006). Survival was better in women
in the I/H arm than in the placebo arm (0.33), but the difference was
of lesser magnitude in men (0.79) (Table 3), but without significant
treatment interaction by gender. Thus, it is possible that the observed
mortality benefit in women might be attributable to chance because of
the low number of deaths in the trial (Taylor et al., 2006).

3.4. Digoxin

The DIG trial found that in patients in sinus rhythm with symptom-
atic HFrEF, digoxin significantly reduced hospitalizations for worsening
HF (0.72; 0.66–0.79, P < 0.001) without any reduction in mortality
(Digitalis Investigation Group, 1997). However, a sex-specific analysis
was not performed in the pivotal trials of digoxin (DIG, PROVED, RADI-
ANCE) in patients with HFrEF (Supplementary Table 1). Interestingly, in
a post hoc multivariate analysis of the DIG trial, digoxin therapywas as-
sociated with a significantly higher risk of death in women, but not in
men (Table 3) (Rathore, Wang, & Krumholz, 2002). Several explana-
tions have been proposed for the increased mortality reported in
women, including that women present (Tamargo et al., 2017):
a) higher serum digoxin concentrations (SDC) than men due to the
7

reduced Vd and lower renal clearance of digoxin (Adams Jr et al.,
2005; Rathore et al., 2003). However, the DIG trial was underpowered
to test for an interaction between sex, use of digoxin, and sex differences
in SDC because SDC were measured in less than a third of the partici-
pants; and b) a reduced expression of Na+,K+-ATPase as compared to
men, leading to SRDs in cellular Na+ and Ca2+ handling that might pre-
dispose women to fatal arrhythmias (Blaustein, Robinson, Gottlieb,
Balke, & Hamlyn, 2003).

A retrospective analysis of the DIG trial analysis of the 4944 women
enrolled in the DIG study demonstrated that there was a significant lin-
ear relationship between SDC and all-cause mortality in women and
men (Adams Jr et al., 2005). Compared with placebo, at low SDC
(0.5–0.9 ng/mL) a reduction in all-cause mortality was observed in
men, but not in women, but there was a significant reduction in the
combined end point of all-cause mortality or first hospital stay due to
worsening HF, or first hospital stay due to worsening HF alone, and
hospital stay for worsening HF in both sexes. However, at SDC from
1.2 to 2 ng/mL there was no benefit on mortality or the combined end
point in both sexes, but a reduction in the risk of hospital stay due to
worsening HF was observed in men, but not in women. Based on
these results, it was suggested that SDC between 0.5 and 0.9 ng/mL
represent the optimal therapeutic range for digoxin therapy among
women with HFrEF (Rathore et al., 2003).

It was hypothesized that neurohormonal inhibition contributed to
digoxin's symptomatic benefits in patients with stable HFrEF in sinus
rhythm, while digoxin-induced harms might be related to an
inotropic-related increase in myocardial oxygen consumption and
arrhythmogenesis (Rathore et al., 2003). Thus, at low SDC a neurohor-
monal benefit with minimal inotropic-associated risk is observed,
while at high SDC the positive inotropic action becomes stronger and
might offset the therapeutic benefits provided by the neurohormonal
inhibition accounting for the increased risk of mortality (Rathore et al.,
2003; Tamargo, Delpón, & Caballero, 2006).

Several retrospective studies andmeta-analyzes led to contradictory
results on whether or not digoxin use increases themortality risk in pa-
tientswithHF. It has been argued that the reported increase inmortality
does not reflect a direct effect of digoxin, but could be a consequence of
selection and prescription biases, since digoxin is prescribed more fre-
quently in the elderly women with greater clinical deterioration, more
comorbidities and previously hospitalized for HF, i.e. patients at higher
mortality risk.

Because the sex–digoxin interaction was based on post-hoc analy-
ses, prospective RCTs evaluating the possible SRDs in the pharmacoki-
netics and pharmacodynamics of digoxin are needed to determine the
effect of digoxin in HFrEF patients, although they are not expected in
the next future. In the meantime, digoxin should be prescribed with
caution in both sexes when indicated to reduce the risk of hospitaliza-
tions in patients with HFrEF.

3.5. Diuretics

Thiazide and loop diuretics are recommended to reduce the signs
and symptoms of congestion in patients with HFrEF and are widely pre-
scribed in women, probably because of a greater perception of dyspnea
(Aimo et al., 2018; Dewan et al., 2019a). However, their effects on mor-
bidity and mortality and the existence of SRDs have not been studied in
HF patients (Ponikowski et al., 2016; Yancy et al., 2013).

Sex hormones seem to regulate the effects of loop and thiazide di-
uretics. The exposure of torasemidewas 40–50% higher and its renal ex-
cretion significantly reduced inwomen comparedwithmenwith HFrEF
(Werner et al., 2010). These SRDs were attributed to differences in the
expression of the organic anion transporter OAT1 in the basolateral
membrane of the renal tubular cells which was 40% lower in female
than in male rats (Cerrutti, Quaglia, Brandoni, & Torres, 2002;
Vormfelde et al., 2006; Werner et al., 2010). The diuretic, natriuretic,
and kaliuretic effects of furosemide (and probably of other loop



J. Tamargo, R. Caballero and E. Delpón Pharmacology & Therapeutics 229 (2022) 107891
diuretics) were also higher in female rats, which was related to the
lower abundance of the renal Na+-K+-2Cl− cotransporter in the apical
membrane of the epithelial cells of the thick ascending limb of the loop
of Henle and the lower clearance of the drug (Brandoni, Villar, & Torres,
2004; Cerrutti et al., 2002). Additionally, the expression of the thiazide-
sensitive Na+-Cl− cotransporter in the apical membrane of the distal
convoluted tubule was 2-fold higher in female than in male rats and
bendroflumethiazide increased the urinary excretion of Na+ and Cl−

more in female than in male rats, and decreased the urinary excretion
of calcium by 50% in female, but not in male rats (Chen, Vaughn, &
Fanestil, 1994; Verlander, Tran, Zhang, Kaplan, & Hebert, 1998).

ADRs are more frequent among women treated with thiazide and
loop diuretics (Aimo et al., 2018; Rydberg et al., 2018) and they experi-
enced more electrolyte disturbances, which may increase the risk of
long QT-associated arrhythmias (Table 2) (Chapman, Hanrahan,
McEwen, & Marley, 2002; Tamargo et al., 2017). But despite all this ev-
idence, no sex-specific dose adjustments for loop and thiazide diuretics
are recommended in guidelines or Rx labels.

3.6. Ivabradine

No SRDs in the efficacy of ivabradine were reported in patients
with stable coronary artery disease and LV systolic dysfunction
(Fox et al., 2008), or with symptomatic chronic HFrEF and a resting
heart rate ≥ 70 bpm (Swedberg et al., 2010).

3.7. New glucose-lowering drugs

The 2019 update of the ESC guidelines on HF recommended that
sodium-glucose cotransporter-2 inhibitors (SGLT2Is: canagliflozin,
dapagliflozin, empagliflozin) should be considered for patients with
type 2 diabetes (T2DM) and either established cardiovascular disease
or at high cardiovascular risk to prevent or delay the onset of and hospi-
talizations for HF (Seferovic et al., 2019). A sex-specific pooled analysis
of 4 RCTS (35.8%women), concluded that SGLT2Is provided comparable
protection against vascular risks and death, and similar risks of serious
ADRs, for women and men (Rådholm, Zhou, Clemens, Neal, &
Woodward, 2020). This conclusion is against the evidence that urinary
tract and genital mycotic infections occurred more frequently in
women (Tamargo, 2019). However, a subgroup analysis of EMPA-REG
OUTCOME trial suggested that there might be possible gender differ-
ences for all-cause and cardiovascular death (Food and Drug
Administration, 2016). Additionally, a meta-regression analysis of 26
trials (22,256 patients, 58%women) suggested a progressive decrement
in benefit inwomen, as thepercentage ofwomen included in the SGLT2I
arm was >50% (Mahmoud et al., 2017).

A recent retrospective cohort study in 167,254 adults (46% women)
with T2DM not controlled with metformin, mostly without known
established ASCVD, assessed for SRDs in the cardiovascular effectiveness
and safety of SGLT2Is, glucagon-like peptide-1 receptor agonists (GLP-
1RAs) and dipeptidyl peptidase-4 inhibitors, initiated as second-line
agents (Raparelli et al., 2020). Compared with sulfonylureas (reference
group), the HR for cardiovascular events were lower only with GLP-
1RAs and SGLT2Is, but a sex-by-drug interaction was significant only
for GLP-1RAs (P = 0.002) (Table 3), suggesting greater cardiovascular
effectiveness in women. Compared with sulfonylureas, the risk of
ADRs was lower with SGLT2Is and GLP-1RAs in both sexes, but
women experienced significantly higher incidence of ADRs than men
regardless of the type of T2DM agent they initiated (P < 0.001). Com-
pared with men, the most common adverse events of SGLT2Is in
women were urosepsis and genital yeast infection; acute renal failure
was more common in men (Raparelli et al., 2020). Thus, among adults
with T2DM not controlled with metformin, the selection of newer
glucose-lowering agents initiated as second-line agents should be
based not only on cardiovascular risk and comorbidities but also on
sex. Further RCTs with new glucose-lowering drugs are required to
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confirm the existence of SRD in their efficacy and safety that can influ-
ence future clinical practice guidelines.

3.8. Inhibitors of the renin-angiotensin-aldosterone system

Sex hormones can modulate the activity of the renin-angiotensin-
aldosterone system (RAAS) (Fischer, Baessler, & Schunkert, 2002). Es-
trogens and progesterone increase angiotensinogen and angiotensin II
plasma levels, reduce renin and angiotensin-converting enzyme (ACE)
activity, angiotensin II type-1 receptors expression and aldosterone pro-
duction, upregulate cardiac and renal expression of AT2 receptors and
increase ACE2 activity. Conversely, androgens increase renin levels
and ACE activity and up-regulate the RAAS (Fischer et al., 2002;
Komukai, Mochizuki, & Yoshimura, 2010; Seeland & Regitz-Zagrosek,
2012). Thus, the premenopausal cardioprotective effects of estrogens
may result, in part, from inhibition of the RAAS, an effect that is lost
after menopause.

Several RCTs showed that ACEIs, ARBs and mineralocorticoid recep-
tor antagonists (MRAs) improve survival in patients with HFrEF
compared to placebo. However, in these studies women were under-
represented (<30%) and most trails were not designed to analyze
SRDs in drug efficacy and/or safety in women and men separately
(Seeland & Regitz-Zagrosek, 2012).

3.8.1. Angiotensin converting enzyme inhibitors

3.8.1.1. ACEIs in patients with HFrEF. Early RCTs with ACEIs (CONSENSUS,
SAVE, SOLVD) reported that enalapril and captopril produced a signifi-
cant reduction in mortality and/or HFH in men (30–40%), but not in
women (<5%) (Table 3) (Consensus Trial Study Group, 1987; Pfeffer
et al., 1992; SOLVD Investigators, 1991, 1992). In the SOLVD studies,
enalapril reduced total and HF mortality, HFH and death or HFH in
both sexes, although the effect appeared significantly greater among
men (Bourassa et al., 1993), while in the CONSENSUS-1 trial a signifi-
cant reduction in mortality was reported with enalapril in men but
not in women (Table 3) (CONSENSUS Trial Study Group, 1987). How-
ever, none of the sub-analyses done in CONSENSUS focused on SRDs
(Levinsson et al., 2018). Similarly, in the SAVE trial, the early administra-
tion of captopril to patients with asymptomatic LV dysfunction post-MI
reduced mortality and the combined end point of cardiovascular death
and morbidity more in men than in women, but after adjustment for
other variables, no SRDs were observed (Pfeffer et al., 1992). These tri-
als, however, contained small numbers of women (Supplementary
Table 1) and were not designed to examine mortality in women and
men separately. However, the later AIRE (The Acute Infarction
Ramipril Efficacy (AIRE) Study Investigators, 1993a, 1993b) and HOPE
(Heart Outcomes Prevention Evaluation Study Investigators, 2000) tri-
als, confirmed that women benefit from ACEI treatment as much as
men (Tamargo et al., 2017). In a meta-analysis of 34 RCTs (5399 men,
1991 women), ACEIs (enalapril, captopril, ramipril, quinapril and
lisinopril) significantly reduced total mortality and the combined end-
point of mortality or HFH in both men and women (Garg & Yusuf,
1995). However, on the combined outcome of death or HFH, the reduc-
tion was statistically significant in men (37%), but not in women (22%)
(Table 3). In another meta-analysis of 6 RCTs recruiting 2898 women
(1079 with symptomatic, 1294 with asymptomatic HF) and 11,674
men, the pooled randomeffects estimates onmortality from these stud-
ies with HR data yielded values of 0.80 for men and 0.90 for women (P
=0.07) (Table 3) (Shekelle et al., 2003). Men clearly benefit from ACEIs
in patients with symptomatic or asymptomatic LV systolic dysfunction;
women with symptomatic HF benefit from ACEIs, but less than men,
while women with asymptomatic LV did not achieved a benefit. There-
fore, both meta-analysis published almost 20 years ago, suggested that
there is a trend toward less benefit for women treated with ACEIs, but
this possibility has not been re-evaluated since then. Therefore, further
clinical research is needed to evaluate the effects of ACEIs in women
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with asymptomatic/symptomatic LV dysfunction and understand the
mechanisms underlying the potential differential effectiveness in
these populations.

3.8.1.2. ACEIs in patients with HF post-myocardial infarction. In the AIRE
study, the administration of ramipril early post-MI reduced mortality
and progression to resistant HF in both sexes [The Acute Infarction
Ramipril Efficacy (AIRE) Study Investigators, 1993a, 1993b], but other
RCTs (SMILE, TRACE, SAVE) did not report a mortality benefit in
women with LV dysfunction post-MI (Table 3). However, 2 meta-
analysis demonstrated comparable benefits of ACEIs on survival and
HFH in women and men with HFrEF. In a systematic review of 7 RCTs
and several other smaller studies (98,496 patients, 25% women),
ACEIs initiated during the acute phase pot-MI and continued for 4–6
weeks reduced 30-day mortality in both sexes (ACE Inhibitor
Myocardial Infarction Collaborative Group, 1998). In another review of
5 RCTs (12,763 patients), ACEI therapy started within a week after MI
complicated by LV dysfunction or HF and followed for 35 months re-
duced the rates of mortality, reinfarction, HFH and the composite of
these events in both sexes (Flather et al., 2000).

3.8.2. Angiotensin II type 1 receptor blockers
Several RCTs studied the effects of ARBs in patients with HFrEF

[Val-HeFT (Cohn & Tognoni, 2001), RESOLVD (McKelvie et al., 1999),
CHARM-overall (Pfeffer et al., 2003), ELITE I and II (Pitt et al., 1997,
2000)] or HF post-MI [OPTIMAAL (Dickstein & Kjekshus, 2002),
VALIANT (Pfeffer et al., 2003)]. In the ELITE II study comparing losartan
and captopril in elderly patientswithHFrEF, both drugs produced a sim-
ilar reduction of mortality in both sexes (Pitt et al., 2000), and a sex-
stratified subgroup analysis of the HEAAL trial, which compared two
doses of losartan (50 or 150mg/day) in patientswithHFrEF and intoler-
ance to ACEIs, showed a reduction in death or HFH inmen at the highest
dose of losartan, but no significant differences between the two doses in
women (Konstam et al., 2009) (Table 3). Moreover, the OPTIMAAL trial,
comparing losartan and captopril in patients with MI complicated with
LV systolic dysfunction or HF, found a non-significant difference in total
mortality in favour of captopril in both sexes (Dickstein & Kjekshus,
2002), and the VALIANT trial, which compared valsartan alone or in
combination with captopril, found that the HR for all-cause and cardio-
vascular death, reinfarction, or HFH were similar in both sexes (Pfeffer,
McMurray, et al., 2003).

The existence of SRDs in the efficacy of ARBswas analyzed in theVal-
HeFT and CHARM trials. In a post-hoc analysis of the Val-HeFT trial,
valsartan significantly reduced the RR for the combined mortality and
morbidity end point in women, but not in men, and the risk of nonfatal
morbidity andHFH in both sexes (Table 3) (Majahalme et al., 2005). The
CHARM-Alternative trial (recruiting patients with HFrEF who could not
tolerate ACEIs) and CHARM-Added trial (enrolling patients with HFrEF
already treated with ACEIs), which compared candesartan against pla-
cebo, showed a similar reduction of the combined endpoint of cardio-
vascular death or HFH in both sexes (Young et al., 2004). Moreover, in
a meta-analysis of 24 trials involving 38,080 patients, ACEIs and ARBs
did not differ in efficacy for reducing all-causemortality and HFH in pa-
tients with HFrEF and in patients with high-risk AMI (Lee et al., 2004).
Another study compared the clinical outcomes in 2400 women and
5199 men randomized in the CHARM program (O'Meara et al., 2007)
Compared to men, women obtained a significantly greater benefit
from candesartan therapy in terms of reduction in all-cause mortality,
sudden death, death or HFH, CV mortality and HFH (Table 3). Surpris-
ingly, this finding has never been reproduced, but merits further
investigation.

In a large population-based study (19,698 patients ≥65 years, 52%
women) diagnosed of chronic HF, women on ARBs had better survival
than those on ACEIs; however, there was no difference in survival in
men prescribed ARBs compared to ACEIs (Table 3) (Hudson, Rahme,
Behlouli, Sheppard, & Pilote, 2007). Additionally, women appeared to
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be more persistent to ARBs than to ACEIs, probably because they pro-
duced less ADRs than ACEIs, whereas men were more persistent with
ACEIs. Thus, the authors suggested that ARBsmay be the drugs of choice
inwomen. However, because this is a retrospective observational study,
these results should be confirmed in prospective RCTs before ARBs can
be preferentially prescribed to women with HFrEF.

Current HF guidelines recommended ARBs to reduce HFH and death
in symptomatic patients with HFrEF unable to tolerate an ACEI or an
MRA, but they do notmake any sex-specific recommendation regarding
the use of ARBs or ACEIs inwomen (Ponikowski et al., 2016; Yancy et al.,
2013). Nevertheless, the possibility that women have a better survival
with ARBs compared to ACEIs has not received the attention it deserves
so far.

3.8.3. Mineralocorticoid receptor antagonists
There is evidence that female sex may play a significant role in the

cardiovascular response to aldosterone. Thus, serum aldosterone was
positively associated with a left ventricular (LV) geometric pattern sug-
gestive of concentric remodelling in women, but not in men (Vasan
et al., 2004). Activation of estrogen receptors protected female aldoste-
rone salt–treated rats against hypertension, cardiac hypertrophy and
vascular fibrosis (Arias-Loza et al., 2007), and in a rat model of MI in-
duced by permanent coronary ligation, eplerenone attenuated LV
chamber enlargement more effective in female than in male rats and
improved LVEF in females only (Kanashiro-Takeuchi, Heidecker,
Lamirault, Dharamsi, & Hare, 2009). The transcriptomic analysis re-
vealed that in female rats 19% of downregulated genes and 44% of up-
regulated genes post-MI were restored to normal by eplerenone,
while only 4% of overexpressed genes were restored in male rats.

Three pivotal RCTs studied the effects of spironolactone in patients
with mild-severe ischemic and non-ischemic HFrEF (Pitt et al., 1999)
and of eplerenone in patients with AMI complicated by LV dysfunction
and HFrEF (Pitt et al., 2003) or with HFrEF and mild symptoms (NYHA
class II) (Zannad et al., 2011).MRAs significantly reduced cardiovascular
and all-cause mortality and HFH, but no SRDs were described with
spironolactone or eplerenone. In patients with LV dysfunction post-MI
there was an apparent reduction in all-cause mortality with eplerenone
in women only, and in all-cause mortality and cardiovascular mortality
or hospitalization in men only (Pitt et al., 2003). However, because of
the underrepresentation of women (Supplementary Table 1), these tri-
alswere not powered todetect SRDs and, therefore, no clear conclusions
can be drawn.

Very recently, a pooled-analysis of three trials (31.4% women)
recruiting women with severe (RALES) or mild HFrEF (EMPHASIS-HF)
and HFpEF (TOPCAT-Americas) trials concluded that MRAs reduced
the RR for cardiovascular death or HFH, cardiovascular death and all-
cause death in bothmen andwomen after adjustment for potential con-
founders and regardless of LVEF (Rossello et al., 2020). However, it is
difficult to accept the conclusions of a meta-analysis that enrolled
such disparate populations.

Regrettably, in 18 articles performed with MRAs in HF patients only
one reported sex-specific ADR data (Bots et al., 2019a).

3.8.4. Sacubitril-valsartan
In the PARADIGM-HF trial, sacubitril-valsartan was significantly su-

perior to enalapril in reducing the primary endpoint of cardiovascular
death or a first hospitalization for HF (0.80; 0.73–0.87), all-cause
death (0.84; 0.76–0.93), cardiovascular death (0.80; 0.71–0.89) and
first hospitalization for HF (0.79; 0.71–0.89; all P < 0.001) (McMurray
et al., 2014). A similar benefit of sacubitril/valsartan was observed on
the primary combined endpoint and on cardiovascular deaths alone in
both sexes. Because bradykinin production after neprilysin inhibition
is higher in women than in men, women are more likely to develop an-
gioedema when treated with sacubitril-valsartan, although ADRs were
not analyzed by sex (Kostis, Shetty, Chowdhury, & Kostis, 2018).
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4. Sex-related differences in patients with heart failure with
preserved ejection fraction

HFpEF accounts for at least half the cases of HF inwomen and the re-
ported prevalence approaches ~10% in women over the age of 80 years
(Beale et al., 2018; Dewan et al., 2019; Lam et al., 2019; Pepine et al.,
2020; Stolfo et al., 2020). In contrast to HFrEF, however, no medical
therapy has shown, convincingly, to reduce mortality in patients with
HFpEF. Given the neutral results of drug therapy and because compared
to HFrEF patients, hospitalizations and deaths in patients with HFpEF
are more likely to be non-cardiovascular, HF guidelines focused primar-
ily on symptom relief and the aggressive treatment of risk factors and
cardiovascular/noncardiovascular comorbidities according to clinical
guidelines (Ponikowski et al., 2016; Yancy et al., 2013).

The ESC guidelines indicated that for patients with HFpEF in sinus
rhythm, there is some evidence that candesartan (Yusuf et al., 2003),
digoxin (Ahmed et al., 2006), nebivolol (Flather et al., 2005; van
Veldhuisen et al., 2009), perindopril (Cleland et al., 2006) and spiron-
olactone (Pitt et al., 2014) might reduce HFH, and recommend diuretics
for relief of symptoms due to volume overload (Ponikowski et al., 2016;
Yancy et al., 2013).

In 988 patients with HFpEF and normal sinus rhythm (41% women)
from the ancillaryDIG trial (DIG-PEF study), digoxinhad no effect on the
combined primary endpoint of HFH or HF mortality in both sexes
(Ahmed, Rich, Love, et al., 2006). The effect of digoxin on HFH, though
not significant (0.79; 0.59–1.04), was similar to those observed in the
main DIG trial (0.72; 0.66–0.79)(Digitalis Investigation Group, 1997)
and the CHARM preserved trial (0.85; 0.72–1.01) (Yusuf et al., 2003).
In another study recruiting 719 patients (47% women) from the
same trial, the risk of HFH was comparable in both sexes (Deswal &
Bozkurt, 2006).

In a small observational study in 66 patients (60% women),
β-blocker use after hospitalization for decompensated HFpEF was an
independent predictor of re-hospitalization in women (OR 11.06;
1.98–61.67; P= 0.006), but not in men (Farasat et al., 2010). However,
in over 8000 hospitalized patients (65% women) with HFpEF from the
OPTIMIZE-HF registry, initiation of β-blocker therapy in target doses
recommended for HFrEF had no associationwith the primary composite
endpoint of all-cause mortality or HFH or with the secondary individual
endpoints of all-cause mortality, HFH, and all-cause rehospitalization
(Patel et al., 2014). A recent observational study examined SRDs in
4683 (32% women) Japanese patients with HF (Sakata et al., 2014).
β-blocker therapy was associated with improved mortality in women
but not in men with LVEF ≤40%, while RAASIs were associated with an
improved mortality in men but not in women with LVEF ≥50%
(Table 3). Thus, the risks and benefits of β-blocker therapy in patients
with HFpEF need to be re-evaluated in future prospective RCTs.

Only two RCTs with ACEIs/ARBs in HFpEF included a prespecified
analysis by sex. The I-PRESERVE Trial showed no survival benefit of
irbesartan in both sexes, but women had lower risk of all-cause,
cardiovascular or noncardiovascular hospitalizations than men (Lam
et al., 2012). The CHARM-Preserved trial showed a neutral effect on
survival from candesartan, but demonstrated a similar modest re-
duction in HFH in both sexes (Yusuf et al., 2003). Based on this result,
guidelines indicated that ARBs might be considered to decrease hospi-
talizations for patients with HFpEF (Ponikowski et al., 2016; Yancy
et al., 2013, 2017).

In the TOPCAT trial, spironolactone did not reduce the primary out-
come of HFH, cardiovascular death or aborted cardiac arrest, but signif-
icantly reducedHFH (0.83; 0.69–0.99; P=0.04) in both sexes (Pitt et al.,
2014). A sex-specific analysis of the trial found that women appeared to
benefit across the whole LVEF spectrum, whereas in men the greatest
benefit was observed at the lower end of the LVEF spectrum (Solomon
et al., 2016). Additionally, in a post hoc, non-pre-specified analysis of
this trial in which only subjects enrolled from the Americas were ana-
lyzed, spironolactone reduced all-cause mortality in women but not in
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men (Table 3) but, no significant SRDs were reported on non-
cardiovascular mortality and cardiovascular or non-CV hospitalization
(Merrill, Sweitzer, Lindenfeld, & Kao, 2019). These surprising findings
were explained on the basis that spironolactone may have greater im-
pact on cardiac remodelling in women than in men with HFpEF as ob-
served in animal studies (Kanashiro-Takeuchi et al., 2009; Vasan et al.,
2004). Based on this subgroup analysis, the 2017 Updated AHA/ACC/
HFSA Guidelines recommended MRAs to reduce HFH in patients with
HFpEF (Yancy et al., 2017). Several ongoing trials would be expected
to shed some light on whether MRAs exhibit different effects in men
and women with HFpEF.

The PARAGON-HF trial compared sacubitril–valsartan versus
valsartan in patients with HFpEF, elevated baseline levels of natriuretic
peptides, and structural heart disease (Solomon et al., 2019).
Sacubitril-valsartan did not reduce the primary composite outcome
(total HFH and cardiovascular death) and its components as compared
with valsartan (McMurray et al., 2020). However, in a prespecified sub-
group analysis, for the primary outcome, the RR for sacubitril-valsartan
was 0.73 in women and 1.03 (Pinteraction = 0.017) in men; this benefit
was attributable to a reduction in HFH in women (Table 3)
(McMurray et al., 2020). This finding is very interesting given that
HFpEF is the predominant phenotype in women and raises the possibil-
ity that the effects of pharmacologic treatments for HFpEFmay differ be-
tween men and women. This possibility must be confirmed in further
RCTs. It was hypothesized that in patients with HFpEF and postmeno-
pausal women there is a deficient cGMP-protein kinase G (PKG) signal-
ling pathway due to lower natriuretic peptide levels and the loss of
alternative, estrogen-dependent, stimulation of this pathwayvia the en-
dothelial NO synthase activation and NO generation (Beale et al., 2018;
Novella, Pérez-Cremades, Mompeón, & Hermenegildo, 2019). Nepri-
lysin inhibition increases the levels of atrial natriuretic and other vaso-
active peptides and the generation of cGMP, but this increase may be
higher in women than in men, which might explain the observed SRD.
However, the PARAGON-HF did not provide any direct mechanistic ev-
idence to support this hypothesis.

5. Sex-related differences in adverse drug reactions

When GRHFDs are prescribed at the same doses, womenweremore
likely to experiencemore ADRs andADRs tend to bemore severe than in
men (Nicolson, Mellor, & Roberts, 2010; Parekh, Fadiran, Uhl, &
Throckmorton, 2011; Rodenburg, Stricker, & Visser, 2012; Tamargo
et al., 2017; Yu et al., 2016; Zopf et al., 2008). Women reported more
ADRs related to ACEIs, β-blockers, digoxin, diuretics and I/H, whereas
men experience more ADRs related to MRAs (Bots et al., 2019a)
(Table 2). A large retrospective Dutch registry reported that that 66%
of serious ADRs leading to hospitalization occurred in women and the
most pronounced SRDs were reported with diuretics (RR 4.02, 95%CI
3.12–5.19) and cardiac glycosides (Rodenburg et al., 2012). These re-
sults can be explained by the higher exposure and reduced excretion
of these drugs in women. The increased risk of ADRs negatively affect
adherence reducing the long-term benefits of GRHFDs (Crousillat &
Ibrahim, 2018; Manteuffel et al., 2014) and are responsible for the
higher rates of drug discontinuation and hospitalizations in women
than in men (Leporini, De Sarro, & Russo, 2014; Parekh et al., 2011;
Rodenburg et al., 2012; Zopf et al., 2008).

Despite the strong evidence that the incidence of ADRs is signifi-
cantly higher in women, in most HF trials ADRs are not reported in a
sex-disaggregated manner. In a recent systematic review of the ADRs
to GRHFDs, of the 155 ADRs records analyzed, only 11 (7%) reported
ADR data for women and men separately (Bots & den Ruijter, 2019).
Three studies reported a higher risk of ACEI-related ADRs in women,
one study showed higher digoxin-related mortality risk for women,
and another study reported a higher risk of MRA–related ADRs in
men. SRDs in ADRs were not reported for ARBs and β-blockers and
sex-stratified data were not available for ivabradine (Bots & den
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Ruijter, 2019). Interestingly, sex-stratified reporting of ADRs did not in-
crease over the last decades. These results highlight the lack of informa-
tion of ADR data stratified by sex in HF patients.

The increased risk of ADRs in women may result from SRDs differ-
ences in organ physiology, hormonal status, pharmacodynamics/phar-
macokinetics of GRHFDs, greater sensitivity to drug effects, presence
of more comorbidities leading to polypharmacy which increases the
risk for drug-drug interactions, differences in the way that men and
women report ADRs, or as previously mentioned, simply because
women present lower body weight and eGFR than men. Thus, if doses
are not corrected for body weight/size or creatinine clearance, drug ex-
posure increases leading to a higher incidence of ADRs (Chamberlain
et al., 2015; Manteuffel et al., 2014; Mastromarino, Casenghi, Testa,
et al., 2014; Watson, Caster, Rochon, & den Ruijter, 2019; Zopf et al.,
2008).

The precise assessment of sex-specific ADRs is complicated by the
exclusion of women in phase I clinical trials that define drug dosing
and collect dose-related ADRs, and the underrepresentation of women
in phase 2 and 3 trials (Supplementary Table 1) which are not powered
to analyze drug efficacy and safety in women and men independently
(EUGenMed Cardiovascular Clinical Study Group, 2016; Nguyen et al.,
2018; Scott et al., 2018; Tahhan et al., 2018; Wallach et al., 2016). Fur-
thermore, because pre-specified sex-specific analysis of drug efficacy
and safety is not considered in trial designs, SRDs are derived from ret-
rospective, observational, non-randomized studies, subgroup and post-
hoc analysis or from meta-analyses of RCTs recruiting sometimes
women with different baseline characteristics. However, retrospective
analysis are only hypothesis generating and although pooling studies
might solve problems related to small underpowered trials, it should
be recognized that by increasing the numbers of women in the meta-
analyses the validity of the treatment effectmight not necessarily be im-
proved. Indeed, biases of individual studies might be magnified, rather
than mitigated, when pooled together (Mosca et al., 2013). Therefore,
drug efficacy inwomen is evaluated in postmarketing surveillance stud-
ies, limited by high rates of underreporting and reporting bias (Hazell &
Shakir, 2006), and databases, which confirmed that ADRs are more
commonly reported in women than men (Holm, Ekman, & Jorsäter
Blomgren, 2017; Watson et al., 2019). But despite all this evidence,
SRDs in ADRs are generally not mentioned in HF guidelines.

In conclusion, the lack of sex-specific ADR data should stimulate cli-
nicians to report the ADRs in women and men separately. A better un-
derstanding of SRDs in ADRs and of the mechanisms underlying these
differences will help clinicians to make more informed decisions and
optimize therapy when prescribing GRHFDs. The development of sex-
specific pharmacological guidelines is the most effective strategy to
minimize the higher incidence of ADR in women.

6. Women with HFrEF are underrepresented in clinical trials

To obtain evidence-based data that can be extrapolated, the popula-
tion recruited in RCTs should be as representative as possible of the pa-
tients with the disease who will be treated with the studied drug
(Levinsson et al., 2018; Vitale et al., 2017). However, even when
women represent ~60% of the HF population (Ponikowski et al., 2016;
Timmis et al., 2020; Virani et al., 2020; Yancy et al., 2017), they have
been historically underrepresented in RCTs performed in patients with
HFrEF (Supplementary Table 1). In pivotal trials supporting the ap-
proval of 36 cardiovascular drugs from 2005 to 2015 by the U.S. FDA
(Scott et al., 2018) and of 24 new cardiovascular drugs from 2008 to
2017 (Khan et al., 2020), the lowest enrolment of womenwas in HF tri-
als (24%). Furthermore, in 23 RCTS performed with GRHFDs, the mean
percentage of women enrolled was 25.2% (Bots et al., 2019) and in clin-
ical trials published between 2001 and 2016, the weighted proportions
of women in HFrEF trials were 29% (Tahhan et al., 2018). Interestingly,
the enrolment of women did not increase significantly in recent years
(Khan et al., 2020).
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The underrepresentation of women with HFrEF in RCTs has impor-
tant consequences because: a) the recruited population suffers from
sample selection bias, since the participants are not representative of
the population to treat, but rather a subgroup of the patients defined
by the inclusion and exclusion criteria of the trial; this bias makes it dif-
ficult to extrapolate the results of the RCTs to daily clinical practice
where at least 50% of the population with HF are women. b) Many
RCTs were underpowered to examine SRDs in drug efficacy and safety
even if they do exist (Geller, Koch, Pellettieri, & Carnes, 2011;
Levinsson et al., 2018; Melloni et al., 2010; Wang, Ma, Huang, & Chen,
2017).

Producing and assessing adequate evidence in women requires spe-
cific requirements in trial design, including power calculation adjust-
ment by sex, sex-based stratification, and reporting sex-specific results
in publications (Levinsson et al., 2018; Melloni et al., 2010). However,
among 156 cardiovascular trials (30.6% women) only one-third of the
trials reported sex-specific results (Melloni et al., 2010). A recent review
of 23 RCTS with GRHFDs (25.2% women), showed that only 48% of the
studies reported sex-specific efficacy data and 9% presented sex-
specific information about ADRs (Bots et al., 2019). Additionally, in a
systematic analysis of 555 Cochrane reviews, only 25% reported analytic
approaches for exploring sex, such as subgroup analyses, exploring het-
erogeneity, or presenting disaggregated data by sex/gender (Petkovic
et al., 2018). Supplementary Table 1 shows the sex-stratified results in
drug efficacy and safety in 55 RCTs enrolling patients with HFrEF or
HFpEF.

Because pre-specified sex-specific analysis of drug efficacy and
safety was not taken into consideration when designing and reporting
the results of many RCTs, in many RCTs sex-specific analysis were sim-
ply descriptive and the mechanisms responsible for possible SRDs not
analyzed. In general, sex-specific data were obtained from subgroup
and post-hoc analysis or frommeta-analyses recruitingwomenwith dif-
ferent baseline characteristics (Levinsson et al., 2018; Nguyen et al.,
2018; Scott et al., 2018; Wallach et al., 2017). However, subgroup sam-
ples are often too small and unpowered and many did not follow the
key principles for the analysis and interpretation of treatment effects
in subgroups of patients in RCTs (Wang et al., 2017; Yusuf, Wittes,
Probstfield, & Tyroler, 1991). Retrospective analysis can at best generate
plausible hypotheses and although pooling studies might solve prob-
lems related to small underpowered trials, it is important to recognize
that by increasing the numbers of women in themeta-analyses the pre-
cision of a point estimate might increase, but the accuracy or validity of
the treatment effect might not necessarily be improved. Indeed, biases
of individual studies might be magnified, rather than mitigated, when
pooled together (Mosca et al., 2013; Sun et al., 2012; Wallach et al.,
2016, 2017). Therefore, at the present time, it seems unlikely to con-
clude that there are no SRDs in the efficacy and safety GRHFDs because
when the studies are underpowered and sex-specific analysis of drug
efficacy and safety was not considered in the trial design, it will be diffi-
cult to identify SRDs even if they do exist.

Further, recommendations from HF clinical guidelines are based on
RCTs conducted predominantly in men and where sex-specific analysis
of drug efficacy and safety was not performed. Thus, it is not a surprise
that clinical guidelines recommend to treat women like men, even
when proper evidence to support such recommendation is lacking.
But despite the scarce information on SRDs in drug efficacy, there are
important SRDs in drug safety which were not incorporated in the
guidelines. As a consequence, treatment choices may be less optimal
for women, leading to more frequent ADRs or suboptimal outcomes.

Thus, the under-representation of women in RCTs has limited our
understanding of the mechanisms and relevance of SRDs in HF treat-
ment. The identification and removal of barriers contributing to the un-
derrepresentation of women at all stages of drug development are
crucial to evaluate the clinical relevance of SRDs in HF trials. The enrol-
ment of an adequate number of women and the pre-specified design,
analysis and report of SRDs in clinical endpoints are key steps to better



Table 4
Clinical trails reporting sex-related differences in drug treatment in patients with heart
failure.

Study (Reference) N (Women, %) Comments

Val-HeFT Study Investigators
(Majahalme et al., 2005)

5010 (20%) • Background therapy of
diuretics and digoxin was
greater and that of ACEI
lower in W than M

ADHERE registry (Galvao et al.,
2006)

105,388
patient
records (52%)

• In patients hospitalized with
acute decompensated HF
fewer W received vasoactive
therapy

Administrative databases for
the province of Quebec
(Hudson et al., 2007)

19,698
(51,9%)

• W were generally less persis-
tent to ACEIs than to ARBs; M
were more persistent with
ACEIs than with ARBs. Gen-
eral practitioners used ACEIs
more often than ARBs; cardi-
ologists used ARBs more
often than ACEIs

CHARM Program (O'Meara
et al., 2007)

7599 (31%) • A lower proportion of W
received a β-blocker, an ACE
and digialis, but a higher pro-
portion received a diuretic.
Spironolactone was taken by
comparable proportions in
both sexes

Pooled data from the MERIT-HF,
PRAISE-1/−2, PROMISE, and
VEST trials (Frazier et al.,
2007)

11,642
(24,5%)

• W were more likely to be
prescribed diuretics and less
likely to receive ACEIs, which
may contribute to persistent
symptoms

NHS heart failure survey (Nicol
et al., 2008)

9387 records
were
surveyed

• In a retrospective survey of
emergency admissions with
acute HF, W were less likely
to be treated with ACEIs, β-
-blockers or MRAs at admis-
sion and were less likely to be
prescribed HF medication,
except diuretics, on
discharge.

IMPROVE-HF registry (Yancy
et al., 2009)

15,381 (29%) • Elderly patients, particularly
older W, were significantly
less likely to receive
guideline-indicated HF
therapies

Euro Heart Failure Survey II
(Komajda et al., 2009)

3577 (56%) • There was an under--
prescription of recommended
HF medications, in octoge-
narians enrolled in EHFS II.
The difference was mainly
observed for β-blockers and
MRAs.

Centres in Eastern Germany
(Baumhäkel et al., 2009)

1857 (−) • W with HFrEF were less fre-
quently treated with ACEIs,
ARBs, or β-blockers and,
when prescribed, doses were
lower than those for M

Meta-Analysis Global Group In
Chronic Heart Failure
(Martínez-Sellés et al., 2012)

41,949 (33%) • In 31 studies, W were pre-
scribed ACEIs or ARBs and β-
-blockers less frequently than
M

GWTG-HF database (Daneshvar
et al., 2018)

1591 (42%) • W with HF and atrial fibrilla-
tion were less likely to be
treated with an ACEIs or MRA
at the time of admission.

The CHAMP-HF Registry
(Greene et al., 2018)

3518 (25%) • W with HFrEF are often not
treated with current guide-
line recommended therapies
(ACEIs/ARBs), even though
there were no absolute con-
traindications for prescrip-
tion of these medications

PARADIGM-HF and
ATMOSPHERE trials (Dewan
et al., 2019)

15,415 (21%) • W were more often treated
with digitalis and ARBs, but
less likely with an ACEI com-
pared with M. The use of
diuretics and digoxin was

Table 4 (continued)

Study (Reference) N (Women, %) Comments

similar in both sexes,
although W have more con-
gestion and less atrial
fibrillation.

BIOSTAT-CHF study (Santema
et al., 2019)

1819 (24%) • β-blockers were more fre-
quently used at baseline than
were ACE inhibitors or ARBs,
and more often in M than in
W.

PARAGON-HF trial (Solomon
et al., 2019)

4796 (51.7%) • Even when HFpEF is the pre-
dominant phenotype in W,
they were significantly less
likely than M to be treated
with a nitrate and a MRA

TOPCAT trial (Merrill et al.,
2019)

1767 (49,9%) • W were significantly more
likely to be taking calcium
channel blockers, whereas M
were more likely to be taking
β-blockers

Spanish observational study
(Gracia Gutiérrez,
Poblador-Plou, Prados-Torres,
Ruiz Laiglesia, &
Gimeno-Miguel, 2020

17,516
(57.4%)

• M received more frequently
ACEIs, MRAs and β-blockers,
whereas W received more
ARBs

HFA EORP Heart Failure
Long-Term Registry (Lainščak
et al., 2020)

16,354
(28.5%)

• Crude prescription rates of
ACEIs/ARBs, β-blockers and
MRAs were significantly
lower in W than in M. There
is an increase in the prescrip-
tion of diuretics

International GREAT and USA
OPTIMIZE-HF registries
(Motiejūnaitė et al., 2020)

48,899 (44%) • In patients with acute HF, W
were less likely to be pre-
scribed with a combination of
RAASIs and β-blockers or
MRAs at discharge.

Swedish study (Norberg, Pranic,
Bergdahl, & Lindmark, 2020)

1924 (43%) • W received ACEIs/ARBs and
MRA to a lesser extent and in
lower doses compared to M,
while no differences in β-
-blocker doses were found

Analysis of the RALES,
EMPHASIS-HF and TOPCAT
Americas trials (Rossello
et al., 2020)

6167 (31.4%) • W were less likely to be
treated with an ACEI or ARB

Community-based Italian study
(Russo et al., 2021)

2528 (42%) • There was a lower prescrip-
tion rate of ACEIs/ARBs in
patients with HFpEF and a
higher prescription of MRAs
in W

Cardiovascular medication
prescription among patients
at high-risk or with
established CVD (Zhao et al.,
2020)

2,264,600
(28%)

• In primary care W were less
likely to be prescribed
RAASIs, but more likely with
diuretics.

ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin receptor blockers; CVD,
cardiovascular disease; HF, heart failure; HFrEF, heart failure with reduced ejection frac-
tion; M, men; MI, myocardial infarction; MRA, mineralocorticoid receptor antagonists;
RAASIs, renin-angiotensin-aldosterone system inhibitors. W, women.
ADHERE: Acute Decompensated Heart Failure National Registry, CHAMP-HF, Change the
Management of Patients with Heart Failure; GREAT: Global Research on Acute Conditions
Team), GWTG-HF, Get With the Guidelines-Heart Failure; HFA EORP, European Society of
Cardiology Heart Failure Long-Term Registry, NHS: National Health Service, IMPROVE-HF:
Improve the Use of Evidence-Based Heart Failure Therapies in the Outpatient Setting, OP-
TIMIZE: Organized Program to Initiate Lifesaving Treatment in Hospitalized Patients With
Heart Failure, VEST: Vesnarinone trial. For other acronyms see Supplemental Table 1
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understand SRDs in drug efficacy and safety and to achieve the ultimate
goal of a tailored therapy for HF in women and men.

7. Optimal doses can be different in women and men

Although guidelines for the treatment of HF recommended similar
doses of HF drugs for men and women, there is evidence that women
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with HFrEF may need lower doses of some GRHFDs than men. We al-
ready mentioned that exposure to metoprolol and propranolol was
50–80% higher and produced a greater reduction in heart rate and
blood pressure in women than with men and lower-than-standard
doses of these drugs are needed to reduce the risk of ADRs in women
(Eugene, 2016; Luzier et al., 1999; Walle et al., 1989). It was calculated
that metoprolol doses resulting in a similar AUC in healthy young men
administered 50 mg tablet were 15 mg for elderly women and 25 mg
for elderly men, and doses of 25 mg for elderly women and 50 mg for
elderly men resulted in an equivalent AUC to a healthy young men
dosed with 100 mg (Eugene, 2016). Based on these results, on average,
a 50% dose reduction formetoprololwas recommended inwomen. Sim-
ilarly, the exposure to some ARBs is higher in women than in men
(Table 2) (Israili, 2000).

Very recently, Santema et al. (2019) conducted a post-hoc analysis
of the BIOSTAT-CHF study which was specifically designed to study
up-titration of ACEIs/ARBs and/or β blockers in 2516 patients with
HFrEF (24% women). In men, the lowest hazards of death or HFH oc-
curred at 100% of the recommended dose of ACEI/ARBs/β-blockers,
but women showed ~30% lower risk at only 50% of the guideline-
recommended doses, and no additional benefit was gained when
were up-titrated to guideline recommended doses. These SRDs
persisted after adjusting for clinical covariates and were confirmed in
an independent Asian cohort of 4500 patients (21% women) with
HFrEF. These results support the hypothesis that women with HFrEF
might have the best outcomes with lower doses of ACEIs/ARBs/β-
blockers than men, and than those recommended in international HF
guidelines. Because women experienced more ADRs than men, the ob-
servation that the maximum therapeutic benefits for women can be
achieved at lower doses opens a pathway to improve drug safety. Soci-
eties of Cardiology should urge industry and academia to perform pro-
spective RCTs to find out the optimal doses of GRHFDs required in
women to achieve a better and safer response.
8. Medication use, adherence, and prescribing guideline-recom-
mended drugs

An analysis of pharmacy and medical claims for 29.5 million
American adults (45% women) concluded that there are significant
SRDs in the intensity of medication use, adherence to medications,
and their likelihood of receiving guideline-based drug therapy
(Manteuffel et al., 2014). Women used more medications, were less
Fig. 1. Sex-related differences in heart failure.
Abbreviations: ACEIs, angiotensin-converting enzyme inhibitors; ADRs, adverse drug reactions; A
cytochrome P450; eGFR, estimated glomerular filtration rate (eGFR); GRHFDs, guideline-recom
preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; M, men; MI, myo
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adherent to chronic medications and for decades were less likely to be
prescribed GRHFDs as compared tomen, although recently these differ-
ences in drug treatment appear to be closing (Table 4). Additionally,
women receive less support from healthy providers, resulting in lower
awareness of the severity of HF and use less frequently healthcare ser-
vices (Koopman et al., 2013; Zhao et al., 2020). The lower adherence
to GRHFDs is a major problem in women as it increases cardiovascular
mortality and healthcare costs, and the differences in prescribing
GRHFDs support the need for more personalized drug selection to im-
prove clinical outcomes (Ferdinand et al., 2017; Manteuffel et al.,
2002; Zhao et al., 2020). The reasons for the SRDs in GRHFDs are not
well understood but are influenced by patients' and physicians' gender,
differences in symptom presentation, limited information about the ef-
fectiveness and safety of HF drugs in women, higher risk of developing
ADRs or just because women are older (Baumhäkel, Müller, & Böhm,
2009; Hudson et al., 2007; Koopman et al., 2013; Zhao et al., 2020).
However, sometimes undertreatment may reflect that women more
often presented HFpEF, a condition that actually has no evidence-
based therapeutic recommendations (Crousillat & Ibrahim, 2018). Dif-
ferences might be also influenced by patients' and physicians' gender.
In a German study, there was no differences in GRHFDs for men and
women treated by female physicians, whereas male physicians used
significantly less medication and lower doses in women (Baumhakel
et al., 2009). Physicians should be aware of this problem to avoid
undertreatment of female HF patients.
9. Conclusions

Significant SRDs exist in the pharmacodynamics/pharmacokinetics
and drug safety of some GRHFDs and recent evidence suggests women
had the lowest risk of death or HFH at half the guideline-
recommended doses of ACEIs, ARBs and β-blockers compared with
men (Fig. 1). Furthermore, women present a higher incidence of
ADRs, leading to lower adherence to GRHFDs which ultimately in-
creases morbidity, mortality and total healthcare costs. However, the
role of SRDs is still neglected and their translation into clinical practice
is slow and sex-specific treatment guidelines are lacking. This may be
a direct adverse consequence of the underrepresentation of women in
HF trials leading to underpowered RCTs, and the lack of sex-specific
analyses of the efficacy and safety of HF drugs, making it difficult to
identify SRDs. Both roadblocks have limited our understanding of
SRDs in the treatment and outcomes of HFpEF. Because of the limited
RBs, angiotensin AT1 receptor blockers; ASCVD, atherosclerotic cardiovascular disease; CYP,
mended heart failure drugs, HFH, heart failure hospitalizations; HFpEF, heart failure with
cardial infarction; MRAs, mineralocorticoid receptor antagonists; Vd, volume of distribution.



Table 5
Evidence gaps in knowledge and recommendations to improve our understanding of sex-related differences in the treatment of heart failure.

Present situation Future developments

HF is different in W and M • Physicians needs to keep in mind the SRDs in epidemiology, pathophysiology, cardiovascular risk factors, clinical
manifestations, comorbidities, diagnosis, causes of death and outcomes of H

There are SRDs in the PD/PK of GRHFDs • The potential of SRDs in drug efficacy and safety of GRHFDs should be evaluated at each step of drug development
• We need to understand: • The mechanisms underlying SRDs in the efficacy and safety of GRHFDs

• How endogenous/exogenous sex hormones can modify the PD/PK of GRHFDs
• The effects of SRDs on clinical outcomes in patients with HFrEF and HFpEF

There are SRDs in drug prescription and
adherence

• W receive more drugs but are less likely to be prescribed GRHFDs and show lower adherence to prescribed drugs
• Increasing drug adherence and prescription to GFHFDs in W is one of the most efficient ways to improve clinical outcomes

Doses can be different in W and M with
HFrEF

• The optimal doses of GRHFDs need to be evaluated in prospective sex-specific dose-finding clinical trials in W and Mwith HFrEF
and HFpEF

W are under-represented in RCTs and s • It is necessary to enrol an adequate number of women at all stages of drug development
• Identify barriers that limit participation of women and develop strategies that enhance their recruitment in RCTs

Clinical trials do not report SRDs in a
systematic manner

• RCTs should be powered to identify SRDs in the efficacy and safety of GRHFDs
• Phase 2 and 3 RCTs must perform a sex-specific analysis and reporting of drug efficacy and safety separately for W and M
• Scientific journals and regulatory bodies/funding agencies should require the analysis and reporting of sex-stratified results

W experience more ADRs than M • W experienced more frequent and severe ADRs when some GRHFDs were prescribed at the same dosage in both sexes
• Possible SRDs in ADRs should be analyzed and reported in phase 2–3 trials for women and men separately
• We need to understand the mechanisms responsible for higher incidence of ADRs in W

Poor translation of SRDs into clinical
practice

• Guidelines do not provide sex-specific
recommendations

• SRDs in dosages, efficacy and safety of GRHFDs should be incorporated in medical education and in Rx labels
• Healthcare professionals must incorporate SRDs in drug efficacy and safety to their daily clinical practice to make more
informed decisions when prescribing HF drugs

• The development of sex-specific guidelines is the most effective strategy to minimize the higher incidence of ADR in W

Abbreviations: ADRs, adverse drug reactions; GRHFDs; guideline recommended heart failure drugs; HF, FrEF/HFpEF, heart failure with reduced/preserved ejection fraction; M, men; PD,
pharmacodynamics; PK, pharmacokinetics; RCTs, randomized clinical trials; SRDs, sex-related differences; W, women.

J. Tamargo, R. Caballero and E. Delpón Pharmacology & Therapeutics 229 (2022) 107891
information from RCTs, current HF clinical guidelines generally recom-
mend to treat women like men, despite the evidence that important
differences SRDs particularly in ADRs. Evidence gaps in knowledge
and future research recommendations to improve our understanding
of SRDs in patients with HF patients are summarized in Table 5. An
adequate inclusion of women at all stages of drug development, a
prespecified sex-specific analyses and reporting of drug efficacy
and safety data in all drug HF trials, a better understanding of the
mechanisms responsible for higher incidence of ADRs in women, the
incorporation of SRDs in medical education, and the development of
sex-specific clinical guidelines are key steps to better optimize HF phar-
macotherapy in both men and women. A better understanding of SRDs
on the efficacy and safety of GRHFDs is the first step for the design of a
more personalized treatment of HFrEF/HFpEF in women and men.
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