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Background: The increased risk of cardiovascular events in patients prescribed
macrolides has been subject to debate for decades.

Methods: Medline, EMBASE databases and ClinicalTrials.gov were searched
from inception until August 31, 2022 for studies investigating the link between
macrolides and cardiovascular risk. A meta-analysis was performed using a
random-effects model.

Results: A total of 80 studies involving 39,374,874 patients were included.
No association was found between macrolides and all-cause death. However,
compared with the non-macrolide group, macrolides were associated with a
significantly increased risk of ventricular arrhythmia or sudden cardiac death (VA
or SCD) (azithromycin, relative ratio [RR]: 1.53; 95% confidence interval [CI]: 1.19
to 1.97; clarithromycin, RR: 1.52; 95% CI: 1.07 to 2.16). Besides, administration
of macrolides was associated with a higher risk of cardiovascular disease (CVD)
death (azithromycin, RR: 1.63; 95% CI: 1.17 to 2.27) and a slightly increased
risk of myocardial infarction (MI) (azithromycin, RR: 1.08; 95% CI. 1.02 to 1.15).
Interestingly, no association was observed between roxithromycin and adverse
cardiac outcomes. Increased risk of VA or SCD was observed for recent or current
use of macrolides, Ml for former use, and CVD death for current use.

Conclusion: Administration of macrolide antibiotics and timing of macrolide use
are associated with increased risk for SCD or VTA and cardiovascular death, but
not all-cause death.
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Introduction

Macrolide antibiotics represent an important class of orally
active antibiotics that act as bacteriostatic agents, including
azithromycin, erythromycin and clarithromycin. Among these,
azithromycin is the most widely prescribed, with 51.5 million
prescriptions in the United States in 2013 (1). It has long
been thought that macrolide antibiotics are associated with
cardiovascular events including myocardial infarction (MI),
ventricular tachyarrhythmias, and sudden cardiac death (SCD)
(2,3).

Our previous study substantiated that macrolide antibiotics
increased the risk of SCD/ventricular tachyarrhythmia and
cardiovascular death, but not all-cause mortality (3). However, one
recent study showed that macrolide antibiotics are associated with
a significant risk for MI but not arrhythmia and cardiovascular
mortality (4). Another study indicated that macrolide use did
not increase the risk of ventricular arrhythmias in older patients.
Interestingly, macrolide antibiotics were associated with a lower
risk of all-cause mortality (5). These findings highlight the
controversy surrounding warnings issued by the US Food and
Drug Administration (6). Current evidence suggests Coronavirus
Disease 2019 (COVID-19) is closely related to cardiovascular
disease (CVD). Accordingly, it is of great significance to explore
whether macrolides lead to cardiovascular complications, especially
during the treatment of COVID-19 patients (7).

In recent years, much emphasis has been placed on the safety
of macrolides in patients with CVD. Indeed, patient safety and
prevention of cardiovascular events should be highlighted when
macrolides are administered to patients with COVID-19.

Consequently, it is essential to re-evaluate the association
between macrolides and CVD. This meta-analysis brings together
the latest evidence, providing a comprehensive update of the
relationship between macrolides and CVD risk.

Materials and methods

Search strategy

This meta-analysis was registered in PROSPERO
(CRD42021260724). We followed the Preferred Reporting Items
for Systematic Review and Meta-Analyses (PRISMA) guidelines
for this meta-analysis. Two independent investigators (Yang Wu
and Wen-Tao Bi) performed the literature search using Medline,
EMBASE databases and ClinicalTrials.gov. The computer-based

» o«

searches included the keywords “macrolides,” “azithromycin,”

“erythromycin,”  “clarithromycin,” “roxithromycin,” “cardiac,”
“heart,”  “cardiovascular,,  “death,”
. L s« » «
infarction,” “acute coronary syndrome;
“arrhythmia,” “

pointes,” “sudden death,” and “mortality.”

“stroke,”  “myocardial
ventricular tachycardia,”

torsades de

» <«
>

sudden cardiac death,” “cardiac arrest

Study selection

Study selection, data extraction, and data analysis were
performed in accordance with the Cochrane Collaboration and
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the PRISMA guidelines (8). Studies like cohort studies, case-
control studies, or randomized controlled trials that reported the
association between macrolides and the risk of cardiovascular
events were included. For multiple reports of the same study, only
the most comprehensive and recent study was included, and the
remaining were excluded.

Data extraction

Two trained reviewers (Yang Wu and Wen-Tao Bi)
independently extracted and collected the data from the included
studies and assessed the risk of bias. The following data were
extracted: source of participants, country, type of study, baseline
diseases, type of antibiotics, doses of antibiotics, duration of
antibiotics and outcomes. The information recorded for each
study is detailed in the supplement. Disagreements between the
2 reviewers regarding extracted data were resolved by consensus.
For cohort and case-control studies, the Newcastle-Ottawa scale
was used to assess the risk of bias to make the process clearer and
more accurate. The modified Jadad score was used to evaluate the

quality of RCTs.

Outcomes

The outcomes were ventricular arrhythmia or sudden cardiac
death (VA or SCD), MI, CVD death and all-cause death. The VA or
SCD was defined according to the 10th revision of the International
Classification of Diseases as ventricular tachycardia, torsades de
pointes, ventricular fibrillation, ventricular flutter, sudden cardiac
arrest, and SCD.

Statistical analysis

Our meta-analysis was performed using STATA (version 15.0,
Stata Corp., College Station, TX) software package. The random-
effects model (Mantel-Haenszel method) was used for analysis.
The RR with 95% CI was determined for dichotomous variables.
Heterogeneity was assessed using the inconsistency index (I2-
statistic) and divided into low (< 25%), moderate (> 25% -
50%), and high (> 50%) (9). We also performed a sensitivity
analysis setting the endpoint to SCD. Subgroup analyses were
performed by stratifying according to drug subtype and timing.
The definition of “time of exposure to macrolides” was as follows:
current referred to the patient’s current use of macrolides, recent
was defined as use of macrolides within one month, and former
involved the use of macrolides within one year. Publication bias
was assessed with funnel plots using Begg’s rank correlation test
and Egger’s regression asymmetry test. A two-tailed P < 0.05 was
statistically significant.

Results

Characteristics of studies

Eighty studies (42 cohort studies, 23 RCTs, and 15 case-
control studies) encompassing 39,374,874 patients were ultimately
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included in our meta-analysis (Supplementary Figure 1). The 23
RCTs were strictly randomly assigned. In addition, the baseline
data of the macrolides group and the non-macrolides group in
other included studies were matched, and they were comparable
as cardiovascular risk factors. Background use of macrolides
in the experimental arm consisted of azithromycin (n = 46),
clarithromycin (n = 28), erythromycin (n = 12) and roxithromycin
(n = 7). Most underlying diseases treated with macrolides were
respiratory infections. The main characteristics of the study
population are detailed in Supplementary Table 1. The Newcastle-
Ottawa Quality Assessment Scale scores of 57 observational
studies ranged from 5 to 9, with 43 scoring 7 or above. The
methodological quality of RCTs was generally good, with 21 studies
scoring 4 or higher on the Modified Jadad score assessment
(Supplementary Tables 2-4).

Association with CVD events

Compared with the non-macrolide treatment group,
macrolides were associated with higher VA or SCD risk (RR:
1.53, 95% CI: 1.34-1.76, I> = 49.9%) (Figure 1). A total of 27
studies, including 22,446,680 participants, were available for this
analysis. We also performed a sensitivity analysis limiting the
endpoint to SCD in eight studies, which showed an increased
SCD risk associated with macrolides (RR: 1.81, 95% CI: 1.30-
2.52, I> = 66.3%) (Supplementary Figure 2). There was no
visual asymmetry in the funnel plot (Supplementary Figure 3).
Furthermore, Beggs test and Egger’s regression asymmetry test
indicated no evidence of publication bias (Begg test, P = 0.69; Egger
test, P = 0.18).

Nineteen studies, including a total of 24,181,047 patients,
reported CVD death. As shown in Figure 1, compared with the
non-macrolide treatment group, macrolides were associated with
higher CVD death (RR: 1.34, 95% CI: 1.14-1.58, I? = 75.2%).
A random-effects model was applied due to the high heterogeneity.
No funnel plot asymmetry was observed (Supplementary
Figure 3). Moreover, neither Egger’s test nor Begg’s test showed
any publication bias (Begg test, P = 0.58; Egger test, P = 0.71).

The overall RR for MI comparing macrolides with no
antibiotics for patients was 1.11 (95% CI: 1.02 to 1.20; P = 0.01)
(Supplementary Figure 8), with moderate heterogeneity between
studies (I = 74.5%, P < 0.001). Funnel plot distributions of MI
revealed the absence of publication bias (Begg test, P = 0.77; Egger
test, P = 0.77) (Supplementary Figure 3).

Macrolides, compared with no macrolides, were not associated
with a reduced risk of all-cause death (RR, 1.00 [95% CI, 0.91-
1.10]; P = 0.99; I> = 94.8%) (Figure 2). There was no evidence
of publication bias for all-cause death (Begg test, P = 0.47; Egger
test, P = 0.08) (Supplementary Figure 3).

Individual drug and CVD risk

To confirm the strength of our study findings, we conducted
a subgroup analysis evaluating the association between different
types of macrolide antibiotics and cardiovascular risk (Table 1).

A total of 13 studies were included in the subgroup analysis
of clarithromycin. No significant differences in MI, CVD, and
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all-cause death were found for clarithromycin use. Nonetheless,
patients treated with clarithromycin had a higher risk of VA or SCD
(RR, 1.52; 95% CI, 1.07-2.16; P = 0.02; I? = 63.0%) (Figure 3).

With 28 studies included in the subgroup analysis of
azithromycin, we concluded that azithromycin does not increase
all-cause death. However, it should be noted that azithromycin
significantly increased the risk of CVD death (RR, 1.63; 95% CI,
1.17-2.27; P = 0.004; I> = 65.9%) (Figure 3) and VA or SCD (RR,
1.53;95% CI, 1.19-1.97; P = 0.001; I2 = 0%) (Figure 3). Additionally,
azithromycin increased the incidence of MI (RR, 1.08; 95% CI,
1.02-1.15; P = 0.014; I = 75.1%) (Supplementary Figure 4).

The number of studies for erythromycin was insufficient to
perform meta-analyses for the outcomes of all-cause death and
cardiovascular death. Three studies compared MI and VA or SCD
in erythromycin versus no antibiotic treatment. Our subgroup
analysis showed that erythromycin did not increase the risk of
MI and VA or SCD.

Similarly, no significant differences were noted for
roxithromycin in the incidence of MI (RR, 1.01; 95% CI, 0.74-1.38;
P =0.94; I> = 0%) (Supplementary Figure 4) and all-cause death
(RR, 1.14; 95% CI, 0.84-1.56; P = 0.39; I* = 0%) (Supplementary
Figure 5). One study reported the occurrence of VA or SCD with
roxithromycin (RR, 1.40; 95% CI, 0.70-2.80; P = 0.34; I> = 0%).
Furthermore, another study reported the occurrence of CVD
death with roxithromycin (RR, 1.04; 95% CI, 0.72-1.51; P = 0.84;
* = 0%).

Timing of macrolides use and CVD risk

Given that different timing of macrolide use was associated with
different CVD risks, another subgroup analysis was conducted to
investigate the association between timing of macrolide use and
CVD risk (Table 1).

A total of 23 studies were included in the subgroup analysis
of association between MI and different timing of macrolide use,
including 14 studies in former subgroup, 6 studies in recent
subgroup, and 3 studies in current subgroup. The subgroup analysis
comprised 1,494,572 participants in total, of which 568,406 were
in the former subgroup, 623,883 were in the recent subgroup, and
302,283 were in the current subgroup. Stratifying patients by the
timing of macrolide use revealed an increased risk of MI for former
use (RR, 1.09; 95% CI, 1.02-1.15; P = 0.01; 2= 0%). Compared with
non-antibiotic use, the current use of macrolides (RR, 1.66; 95%
CI, 0.64-4.33; P = 0.30; I> = 97.6%) and recent use of macrolides
(RR, 1.19; 95% CI, 0.96-1.47; P = 0.12; 2= 0%) did not increase the
incidence of MI (Supplementary Figure 6).

The subgroup analysis of the association between MI and
different timing of macrolide use comprised 33 studies in total,
6 of which were from the former subgroup, 15 from the
recent subgroup, and 12 from the current subgroup. There were
37,622,893 participants in total, of which 2,862,923 were in
the former subgroup, 14,706,180 in the recent subgroup, and
20,053,790 in the current subgroup. Notably, current use (RR, 1.71;
95% CI, 1.48-1.99; P < 0.001; I? = 0%) and recent use (RR, 1.25;
95% CI, 1.09-1.44; P = 0.001; I? = 25.1%) of macrolides increased
the risk of VA or SCD. There was no increased risk of VA or SCD
in patients with the former use of macrolides compared with those
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TABLE1 Summary of Individual drug and timing of macrolides use subgroup analysis.

VA or SCD CVD death All-cause death
Type of macrolides| RR (95% Cl) RR (95% ClI) RR (95% CI) RR (95% Cl)
Clarithromycin 1.52 (1.07-2.16) 0.02 1.22 (0.97-1.53) 0.10 1.24 (0.89-1.72) 0.20 1.14 (0.97-1.35) 0.11
Azithromycin 1.53 (1.19-1.97) 0.001 1.63 (1.17-2.27) 0.004 1.08 (1.02-1.15) 0.01 1.00 (0.88-1.13) 0.94
Erythromycin 1.47 (0.85-2.55) 0.17 0.98 (0.90-1.06) 0.57
Roxithromycin 1.40 (0.70-2.80) 0.34 1.04 (0.72-1.51) 0.84 1.01 (0.74-1.38) 0.94 1.15 (0.84-1.56) 0.39
Timing of macrolides
Current 1.71 (1.48-1.99) <0.001 1.54 (1.12-2.12) 0.01 1.66 (0.63-4.32) 0.30 1.27 (0.97-1.66) 0.09
Recent 1.25 (1.09-1.44) 0.001 1.14 (1.00-1.29) 0.06 1.19 (0.96-1.47) 0.12 0.96 (0.81-1.14) 0.66
Former 1.08 (0.93-1.24) 0.15 1.05 (0.84-1.30) 0.68 1.09 (1.02-1.15) 0.01 0.86 (0.72-1.02) 0.09

RR, relative risk; CI, confidence interval; VA or SCD, ventricular arrhythmia or sudden cardiac death; CVD, cardiovascular disease; MI, myocardial infarction; Current referred to the patient’s
current use of macrolides, recent was defined as use of macrolides within one month, and former involved the use of macrolides within one year.

who had not taken antibiotics (RR, 1.08;95% CI, 0.93-1.24; P = 0.15;
I? = 39.1%) (Figure 4).

50 studies with a total of 28,954,380 participants were used to
investigate the association between different timing of macrolide
use and all-cause death. The all-cause death was not increased
in patients with current, recent, and former use of macrolides
(Supplementary Figure 7). However, the risk of CVD death was
elevated in patients with current use of macrolides (RR, 1.54; 95%
CI, 1.12-2.12; P = 0.01; I? = 85.7%) (Figure 4). In this subgroup, 28
studies with 54,155,707 participants were included. And the current
subgroup contains 8 studies with a total of 1,8520,158 participants.

Macrolides and CVD risk in patients with
COVID-19

Compared with the non-macrolides group, macrolides were
not associated with an increased risk of VA or SCD in patients with
COVID-19 (RR: 1.01, 95% CI: 0.71-1.43, I> = 0%) (Supplementary
Figure 9). A total of 4 studies, including 9,730 participants, were
available for this analysis. Similarly, no significant differences in
the incidence of all-cause death were observed in COVID-19
patients. (RR: 0.99, 95% CI: 0.85-1.15, I = 76.9%) (Supplementary
Figure 10). A total of 11 studies with 81,070 participants were
available for this analysis.

There was only one study on the association between
macrolides use and CVD death in patients with COVID-19, and
no study included the outcome of MI, therefore a meta-analysis on
these two outcomes was not avaliable.

Discussion

In this meta-analysis of 80 studies with a total of 39,374,874
participants and 134,629 CVD events, we demonstrated that the
risk of CVD death, MI and VA or SCD was elevated with
macrolide use. Subgroup analysis demonstrated that azithromycin
was associated with an increased risk of 63% in CVD death, 8%
in myocardial infarction and 53% in VA or SCD. Besides, patients
prescribed clarithromycin had an increased risk of VA or SCD
compared with no macrolide use. However, no CVD risk was
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associated with roxithromycin or erythromycin use. Analysis of
the timing of macrolide use and CVD risk suggests that former
macrolide use was associated with an increased risk of MI. Recent
macrolide use was associated with an increased risk of VA or SCD.
Moreover, current use of macrolides increased the incidence of
VA or SCD and CVD death. Subgroup analysis also showed that
macrolides did not lead to all-cause death and VA or SCD in
patients with COVID-19.

A network meta-analysis reported no association between the
use of macrolides and cardiovascular mortality or arrhythmia.
Macrolides increase the risk of myocardial infarction, among which
erythromycin and clarithromycin have been associated with a
greater risk of myocardial infarction (10). Of note, previous meta-
analyses have suggested that macrolide use can reduce all-cause
death compared to no macrolide use (11, 12). Our previous studies
suggested that clarithromycin can potentially increase the risk
of all-cause death, cardiovascular death, and VA or SCD (3). In
another study (13), clarithromycin was not associated with an
increased risk of long-term all-cause death, cardiovascular death, or
myocardial infarction. Moreover, it did not increase the incidence
of arrhythmia, unlike the present study findings. In contrast
with previous analyses, we included additional data from recently
published studies, covering the largest study population and the
four types of macrolides.

The mechanism of the association between macrolides and
myocardial infarction remains unclear. It has been reported
that clarithromycin may activate macrophages, leading to more
vulnerable plaques through an inflammatory cascade that is
more likely to trigger MI (14). It is widely acknowledged that
clarithromycin is an inhibitor of cytochrome P450 3A4, while
azithromycin does not inhibit cytochrome P450 3A4 (15). These
pharmacokinetics makes clarithromycin at high risk of drug-drug
interactions, such as impairing clopidogrel biotransformation and
antiplatelet activity, which play an important role in the treatment
and prevention of coronary heart disease (16, 17). However, we
found that clarithromycin use did not increase the incidence of MI.
Although azithromycin has been shown to reduce endothelial cell
activation, our results suggest its use increases the incidence of MI
(18). Interestingly, the current and recent use of macrolides does
not cause MI, while former use can cause ML This finding suggests
that macrolide use may trigger atherosclerosis. It is well-established
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Study Participants Events RR (95% CI) Weight
VA or SCD
Zahn R, 2003 868 54 v 1.40 (0.70, 2.80) 279
Furtado RHM, 2020 439 29 : 1.01 (0.50, 2.05) 272
RECOVERY Collaborative Group*, 2021 7763 42 | 1.00 (0.53, 1.90) 3.13
Jespersen CM, 2005 4372 a2 : —a— 2.61(1.69, 4.05) 491
Muhlestein JB, 2000 302 1 3.04 (0.13,74.03) 0.18
Vouri SM, 2021 141636 2 : 0.95 (0.06, 15.17) 0.24
Trifiro G, 2014 1367136 13536 +.— 1.97 (1.35, 2.86) 5.65
Zaroff JG, 2020 7824681 12 + 1.47 (0.96, 2.25) 5.04
Rosenberg ES, 2020 1438 61 —— 0.99 (0.59, 1.66) 4.09
Rao GA, 2014 1574172 321 —.— 1.56 (1.18,2.07) 6.95
Ray WA, 2012 1738975 55 :+ 2.71(1.58, 4.64) 3.90
Schembri S, 2013 2974 25 —T—l— 2.42(1.07, 5.45) 220
Wong AY, 2016 289448 51 ——— 2.22 (1.22, 4.06) 3.40
Patel H, 2020 4282570 57 T‘ 1.04 (0.62, 1.74) 4.10
Zambon A, 2009 10464 1275 :—.— 2.13(1.34,3.39) 4.62
Polgreen LA, 2018 185010 12855 : 1.14 (0.93, 1.39) 8.1
Lapi F, 2012 38508 1838 —_— 2.77 (1.22,6.27) 2.18
De Bruin ML, 2007 700 140 —: 1.40 (0.20, 8.60) 0.50
Trac MH, 2016 1007224 260 : 1.06 (0.83, 1.36) 7.45
Quinn KL, 2017 2620 550 -: : 1.13(0.93,1.37) 821
Straus SM, 2005 7072 775 3.20 (0.70, 15.00) 0.74
van Noord C, 2011 15867 1424 — —.l_ 1.40 (0.42, 5.35) 1.04
Ray WA, 2004 1131318 1068 —;—I— 2,01 (1.08,3.75) 324
Mercuro NJ, 2020 20 1 : 2.11(0.09, 50.44) 0.18
Chou HW, 2014 1562346 193 —q— 1.40 (1.03, 1.90) 6.59
Jolly K, 2009 4040 1010 — 1.72 (0.76, 3.87) 2.20
Trifird G, 2017 1253305 12874 1'-.— 1.97 (1.35, 2.86) 5.65
Overall, DL (F = 49.9%, p = 0.002) . 1.53 (1.34, 1.76) 100.00
CVD death —IL .
Grayston JT, 2005 4012 140 I 0.87 (0.63, 1.20) 7.04
RECOVERY Collaborative Group*, 2021 7763 38 ——I.— 1.46 (0.77,2.77) 391
Stone AF, 2002 325 17 _I—:_ 0.80 (0.29, 2.22) 204
Jespersen CM, 2005 4372 148 —F— 1.45(1.09, 1.94) 7.45
Muhlestein JB, 2000 302 9 s d— 1.27 (0.35, 4.63) 1.38
Anderson JL, 2000 302 ¥ : 0.51(0.05, 5.53) 0.46
Sutton SS, 2017 517781 38 :—I— 1.96 (1.06, 3.62) 4.10
Zaroff JG, 2020 7824681 256 —fI— 1.58 (1.17, 2.13) 7.31
Ray WA, 2012 1738975 70 | —— 2.88(1.79,4.63) 533
Louie R., 2012 M7 2 : 1.00 (0.06, 15.98) 033
Schembri S, 2013 2974 209 —:.— 1.54(1.12,2.12) 7.08
Wong AY, 2016 294102 431 I‘-.- 1.67 (1.36, 2.06) 8.38
Andersen SS, 2010 214330 3676 :. 1.59 (1.40, 1.80) 9.16
Mordi IR, 2020 18306 605 1 0.93 (0.81, 1.06) 9.09
Inghammar M, 2018 4359867 1406 : 1.08 (0.87, 1.34) 8.29
Williamson E, 2019 320798 815 | 0.99 (0.56, 1.77) a4
Chou HW, 2014 1562346 191 . 0.94 (0.68, 1.32) 6.93
Svanstrom H, 2013 2204100 23 2.85(1.13,7.29) 235
Svanstrdm H, 2014 5104594 285 1.32(0.79, 2.21) 495
Overall, DL (i = 75.2%, p = 0.000) . 1.34 (1.14, 1.58) 100.00
T I T T T T
25 1 4 16 64 256
RR (95% CI)
FIGURE 1
RR of VA or SCD and CVD death in patients using macrolides. Compared with no macrolides, macrolides were associated with higher VA or SCD (RR:
1.53,95% Cl: 1.34-1.76) and CVD death (RR: 1.34, 95% ClI: 1.14-1.58). Squares represent mean values, with the size of the squares indicating weight
and horizontal lines representing 95% Cls. The diamond represents the pooled mean with the points of the diamond representing 95% Cls. RR,
relative risk; Cl, confidence interval; VA or SCD, ventricular arrhythmia or sudden cardiac death; CVD, cardiovascular disease.

that atherosclerosis occurs under the influence of risk factors such
as very low-density lipoprotein, but the key factor affecting the
development of atherosclerosis is time (19). Although macrolides
were also applied in the current and recent subgroups, the time
for the onset and development of atherosclerosis was not more
than 1 month, so it was difficult for patients to progress from the
trigger of atherosclerosis to MI in a short time. However, patients
in the former subgroup were given more time for atherosclerosis to
develop than those in the other two subgroups, which may account
for the higher risk of MI in the former subgroup.

The cardiotoxicity of macrolides is mainly manifested
as prolonged QT interval and Torsades de pointes (TdP).
The prolongation of phase 3 of the action potential, early
afterdepolarization, and block of the cardiac delayed rectifier
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potassium current I(Kr) constitute the mechanism of VA or SCD
in macrolides (20, 21). It has been established that the effect of
macrolides on the blockade of the I(Kr) encoded by the human
ether-a-go-go-related gene (HERG) can be ranked as follows:
clarithromycin & roxithromycin > erythromycin (22), explaining
why clarithromycin tends to induce early after depolarizations
and TdP. The absence of VA or SCD in patients formerly treated
with macrolides suggests that the effect of the drugs on the I(Kr)
may be time-limited. Azithromycin was once considered the
safest macrolide because it minimally inhibits CYP3A4 and does
not cause QT prolongation and TdP (22). However, the in vitro
pharmacokinetic data of azithromycin may not reflect how it works
in vivo. A previous study suggested that azithromycin may increase
the risk of SCD (3). The combination of hydroxychloroquine
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Grayston JT, 2005 4012 275 1.09 (0.86, 1.36) 264
O’Connor CM, 2003 7722 363 0.93 (0.76, 1.14) 274
Furtado RHM, 2020 397 163 1.01 (050, 2.05) 1.10
RECOVERY Collaborative Group*, 2021 7763 1723 0.97 (0.89, 1.06) 3.07
Joensen JB, 2008 505 54 1.16 (0.66, 2.04) 144
Keenan JD, 2020 76092 3301 1.00 (0.72, 1.40) 223
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Porco CA, 2009 66404 82 —— 051 (0.29, 0.90) 143
Cercek B, 2003 1439 52 0.80 (0.46, 1.38) 148
Dogra J, 2012 40 B 0.09 (0.00, 2.05) 0.08
Jespersen CM, 2005 4372 343 1.26 (1.03, 1.54) 274
Leowattana W, 2001 84 2 0.95 (0.06, 14.75) 0.1
Sekhavati E, 2020 AE1 1 T 0.33 (0.01, 7.87) 0.07
Vainas T, 2005 509 45 0.78 (0.45, 1.38) 145
Neumann F, 2001 1027 29 1.23 (0.75, 2.00) 1.66
Berg HF, 2005 473 19 1.10 (0.42, 2.89) 0.70
Gurfinkel E, 1998 202 L = 0.20 (0.01, 4.04) 0.09
Martinez JA, 2003 409 35 0.76 (0.40, 1.43) 125
Zaroff JG, 2020 7824681 485 . 1.71(1.38,2.12) 269
Mortensen EM, 2014 73690 8667 0.77 (0.73, 0.81) 313
Rosenberg ES, 2020 1438 292 1.33 (1.06, 1.68) 263
Rao GA, 2014 1574172 568 1.30 (1.01, 1.68) 254
Ray WA, 2012 1738975 15 1.85 (1.25, 2.75) 199
Louie R., 2012 mz 40 0.91 (0.49, 1.67) 131
Afshar M, 2016 105 14 0.20 (0.03, 1.47) 0.21
Valdés SO, 2017 82982 266 0.54 (0.28, 1.05) 120
Postma DF, 2019 1237 40 1.88 (0.98, 3.60) 122
Schembri S, 2013 2974 697 1.15 (0.95, 1.39) 278
Wong AY, 2016 294102 3598 1.97 (1.83,2.11) 3.10
Andersen SS, 2010 214330 73515 1.50 (1.37, 1.63) 3.07
Goémez Antinez M, 2020 748 263 0.73 (0.54, 0.98) 237
Lauriola M, 2020 377 146 0.65 (0.50, 0.95) 228
Burgess DS, 2000 213 a i 0.28 (0.03, 2.64) 0.16
Polgreen LA, 2018 185010 43134 0.75 (0.66, 0.86) 296
Root AA, 2016 29409 2840 0.97 (0.84, 1.12) 293
Bag Soytas R, 2021 218 52 —_—l; 0.24 (0.07, 0.87) 045
‘Yarmohammadi H, 2021 1029 53 13.40 (2.14, 84.00) 023
Mordi IR, 2020 18306 1890 1.05 (0.92, 1.20) 296
Frei CR, 2003 2453 46 0.63 (0.35, 1.13) 138
Bratzler DW, 2008 27330 2290 0.69 (0.60, 0.79) 295
Khosropour CM, 2014 260048 5 0.90 (0.15, 5.40) 024
Mosholder AD, 2018 998476 66495 1.19(1.17,1.20) 3.16
Trac MH, 2016 1007224 6977 0.82 (0.78, 0.86) 313
McEvoy C, 2014 977 206 '.‘ 0.47 (0.35, 0.62) 242
Sands K, 2021 1669 101 0.81 (0.50, 1.34) 165
Rosenthal N, 2020 64781 7355 1.13(1.06, 1.21) am
Berni E, 2017 700689 6082 0.73 (0.65, 0.84) 297
Williamson E, 2019 320798 3251 0.93 (0.70, 1.24) 242
Kokturk N, 2021 1500 67 1.31(0.82,2.11) 172
Arshad S, 2020 2541 460 1.22(1.03, 1.44) 286
Svanstrom H, 2013 2204100 93 —.— 1.85 (1.13,3.01) 166
Overall, DL (I = 94.7%, p = 0.000) 1.00 (0.91, 1.09) 100.00
I | [ | [ |
25 1 4 18 84 256
RR (95% Cl)

FIGURE 2

RR of all-cause death in patients using macrolides. Squares represent mean values, with the size of the squares indicating weight and horizontal lines

representing 95% Cls. The diamond represents the pooled mean with the points of the diamond representing 95% Cls. RR, relative risk; Cl,

confidence interval.

and azithromycin effectively reduces the viral load in COVID-19
patients (23). However, when used independently, both drugs
have been suggested to cause QT interval prolongation and TdP,
which can induce SCD (24). In addition, it is now recommended
to evaluate the QTc for COVID-19 patients who may require
treatment with hydroxychloroquine and azithromycin (25).

In the present study, only azithromycin was significantly
associated with an increased risk of CVD death among the four
macrolides since azithromycin increases not only the risk of
myocardial infarction but also the risk of VA or SCD. Moreover,
clarithromycin did not increase CVD death rates, although it
increased the incidence of VA or SCD.

None of the macrolides caused an increase in all-cause
death. Even though azithromycin increased cardiovascular death,
it did not cause an increase in all-cause death. Moreover,
macrolide use reduced mortality in patients with severe sepsis
caused by pneumonia (26). In addition, the anti-inflammatory
and immunomodulatory properties of macrolides can reduce or
mitigate the inflammatory response caused by pneumonia (27).
Macrolides have been shown to regulate cytokines such as tumor
necrosis factor a, interleukin 1, interleukin 6, interleukin 8 and

Frontiers in Cardiovascular Medicine 06

interferon vy, which play an important role in host defense
mechanisms in patients with pneumonia (27, 28). In light of
the previous studies warning against the safety of azithromycin,
physicians nowadays have to adjust the prescription of patients
with excessive QT prolongation to decrease the risk of TdP (29-
31). Careful prescription of azithromycin may result in fewer deaths
from TdP and lower all-cause death rates.

Both the incidence of VA or SCD and the all-cause death
rate were not elevated by macrolides in COVID-19 individuals.
Previous study have shown that the COVID-19 infection may
result in myocardial injury, which may subsequently lead to
severe ventricular arrhythmias (32). However, our study reveals
that macrolides can be prescribed and have good safety in
COVID-19 patients. The administration of macrolide antibiotics
may not directly cause ventricular arrhythmias, and there
are other significant triggers, such as COVID-19 infection’s
severe respiratory insufficiency, systemic inflammation, and
proarrhythmic effects of COVID therapies (33, 34). Due to the
limited number of studies at present, further clinical data is needed
to determine if macrolides increase the risk of MI and CVD
death in COVID-19.
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1
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Jespersen CM, 2005 4372 42 —— 2.61(1.69, 4.05) 466
Schembri S, 2013 2074 25 —_— 2.42(1.07, 5.45) 274
Wong AY, 2016 289448 51 +.—- 222 (1.2, 4.06) an
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De Bruin ML, 2007 700 140 -4 1.40 (0.20, 8.60) 078
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Straus SM, 2005 7072 775 : £ 3.20 (0.70, 15.00) 11
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Chou HW, 2014 1562346 193 -t | 0.72(0.48, 1.08) 485
Jolly K, 2009 4040 1010 1 0.94 (0.18, 5.07) 0.96
Subgroup, DL (I = 63.0%, p = 0.004) b 1.52(1.07, 2.16) 29.37
1
Erythromycin |
Quinn KL, 2017 2620 550 —f ! 0.98 (0.65, 1.48) 481
Ray WA, 2004 131318 1068 —'.— 2.01(1.08,3.75) 361
Jolly K, 2009 4040 1010 -l 207 (0.82, 5.24) 234
Subgroup, DL (I' = 57.1%, p = 0.097) 1.47 (0.85, 2.565) 10.76
CVD death
Azithromycin
Grayston JT, 2005 4012 140 ! 0.87(0.63,1.20)  6.36
RECOVERY Collaborative Group®, 2021 7763 38 — —b— 146(0.77,277) 392
Stone AF, 2002 325 17 * : 0.80 (0.29, 2.22) 220
Muhlestein JB, 2000 302 9 —_— 1.27(0.35,463) 152
Anderson JL, 2000 302 3 % : 051(0.05,553) 053
Sutton SS, 2017 517781 38 —-:—l—— 1.96 (1.06, 3.62) 4.09
Zaroff JG, 2020 7824681 256 bl 1.58 (1.17, 2.13) 6.54
Ray WA, 2012 1738975 70 : —a— 288(1.79,463)  5.09
Louie R., 2012 17 2 +— 1.00 (0.06, 15.98)  0.38
Chou HW, 2014 1562346 191 : — 262(1.69,4.06) 539
Svanstrom H, 2013 2204100 23 o a— 285(1.13,7.24) 250
Subgroup, DL (I* = 65.9%, p = 0.001) - 163(1.17,227) 3853
i
Clarithromycin I
Jespersen CM, 2005 4372 148 —h— 145(1.09,1.94) 663
Schembri S, 2013 2974 209 -:l— 154 (1.12,2.12) 638
Wong AY, 2016 294102 431 - 1.67(1.36,206)  7.25
Andersen SS, 2010 214330 3676 :I 159 (1.40,1.80)  7.74
Mordi IR, 2020 18306 605 ! 0.93 (0.81, 1.06) 7.69
Inghammar M, 2018 4350867 1406 13' 1.08(0.87,1.34)  7.19
Williamson E, 2019 320798 815 —l—+ 0.65(0.24,1.76) 227
Chou HW, 2014 1562346 191 —— 1 0.51 (0.33, 0.80) 535
Svanstrém H, 2014 5104594 285 —:'— 1.76(1.08,2.85) 502
Subgroup, DL (I* = 87.4%, p = 0.000) ’ 1.22(0.96,1.53) 5552
| | I | I |
25 1 4 18 64 256
RR (95% Cl)
FIGURE 3
RR of VA or SCD and CVD death in individual drug subgroup analysis. The risk of VA or SCD was increased with azithromycin (RR, 1.63; 95% Cl,
1.17-2.27) and clarithromycin (RR, 1.52; 95% Cl, 1.07-2.16). The risk of CVD death was increased with azithromycin (RR, 1.63; 95% Cl, 1.17-2.27).
Squares represent mean values, with the size of the squares indicating weight and horizontal lines representing 95% Cls. The diamond represents the
pooled mean with the points of the diamond representing 95% Cls. RR, relative risk; Cl, confidence interval; VA or SCD, ventricular arrhythmia or
sudden cardiac death; CVD, cardiovascular disease.
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1
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Mordi IR, 2020 18306 3 1 083081108 612
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‘Subgroup, DL (F = 85.7%, p = 0.000) - 1.54(1.12,212) 30.72
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25 1 4 16 64 256
FIGURE 4
RR of VA or SCD and CVD death in timing of macrolides use subgroup analysis. The risk of VA or SCD was increased with recent (RR, 1.34; 95% ClI,
1.09-1.65) and current (RR, 1.71; 95% Cl, 1.48-1.99) use of macrolides. The risk of CVD death was increased with current (RR, 1.16; 95% Cl, 1.02-1.32)
use of macrolides. Squares represent mean values, with the size of the squares indicating weight and horizontal lines representing 95% Cls. The
diamond represents the pooled mean with the points of the diamond representing 95% Cls. RR, relative risk; Cl, confidence interval. VA or SCD,
ventricular arrhythmia or sudden cardiac death; CVD, cardiovascular disease. Current referred to the patient’s current use of macrolides, recent was
defined as use of macrolides within one month, and former involved the use of macrolides within one year.

Our study findings have important clinical implications.
Due to differences in pharmacokinetic characteristics, drug-
drug interactions and immunomodulatory effects among different
macrolides, there are differences in the safety profile of different
macrolides (35, 36). The cardiovascular risks associated with
azithromycin and clarithromycin treatment in patients require
caution. Notably, this study provides clinicians with directions for
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targeting different cardiovascular risks at different times in patients
on macrolides. Electrocardiogram screening should be performed
in high-risk patients when macrolides are prescribed. Indeed,
azithromycin and clarithromycin should be avoided in patients
with prolonged QT due to the risk of VA or SCD. Azithromycin
should be carefully prescribed to avoid increasing the risk of MI
if patients are taking drugs for secondary prevention of coronary
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heart disease. Our findings suggest that roxithromycin has a good
safety profile in cardiovascular events and all-cause death. Based
on the current literature, few studies have been conducted on
erythromycin; thus, the risk of CVD death and all-cause death
with erythromycin remains uncertain. Last but not least, this study
provides new insights for clinicians on the safety of macrolide
antibiotics in COVID-19.

Our study has several strengths. First, to our knowledge,
the present study represents the largest and most comprehensive
evaluation of the association between macrolides and CVD death
risk. Besides, strict inclusion criteria were used, and no significant
publication bias was found, indicating the robustness of the study
findings. Moreover, we performed several subgroup and sensitivity
analyses and observed no significant change in the magnitude of
the direction of the pooled effect size for the association between
macrolides and CVD death risk.

There were several limitations and shortcomings in this study.
To include all data in the analysis, we pooled observational
studies with RCTs. There were large heterogeneities in this meta-
analysis, which may be due to different study types, selection of
placebo or active comparators, and different baseline comorbidities.
Therefore, we conducted subgroup analyses providing novel
insights into the timing of macrolide use and the risk of the different
macrolide antibiotics. Nonetheless, further studies are needed to
validate our findings and implicated mechanisms.

Conclusion

The findings of this meta-analysis indicate that macrolide
use increases the risk of CVD death, VA or SCD,
myocardial infarction, although not increasing all-cause death.

and

Both azithromycin and clarithromycin increase the incidence of VA
or SCD, and azithromycin tends to increase the risk of CVD death
and MI. Different CVD risks are increased with different timing
of macrolide use.
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