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Aims: Chirality of drugs might be associated with safety issues through pharmacoki-

netic or pharmacodynamic variations, interactions, or direct toxicological responses.

We aimed to compare chiral status of the available drugs to that of drugs withdrawn

due to adverse drug reactions (ADRs).

Methods: We searched the literature regarding withdrawn drugs due to safety-

related issues (n = 391) to compare them with all available small-molecule drugs

(n = 1633). We examined their chiral status and assigned as achiral compound, chiral

mixture or pure enantiomer. We compared the mean survival (i.e., nonwithdrawal)

time and withdrawal rates of drugs by their chirality, with further stratification by the

launch year, ATC-1 (Anatomical Therapeutic Chemical) level and ADR.

Results: We identified higher withdrawal rate in achiral drugs (hazard ratio 2.1, 95%

CI: 1.6–2.7) and chiral mixtures (hazard ratio 2.6, 95% CI: 1.9–3.5) compared to that

in pure enantiomers. Pure enantiomers had the longest mean survival time

(62.4 ± 0.8 years), followed by achiral drugs (55.4 ± 0.9 years, P < .01) and chiral mix-

tures (52.4 ± 1.4 years, P < .01). Pure enantiomers had higher survival rates than chi-

ral mixtures if launched before 1941 (P = .02), in 1961–1980 (P < .001) or 1981–

2000 (P < .001). Pure enantiomers had lower withdrawal rate (18.2%) vs. chiral mix-

tures (35.1%, P = .02) in nervous system drugs. Pure enantiomers had lower with-

drawal rate than chiral mixtures in hepatotoxic (P < .01) and cardiovascular ADRs

(P < .01).

Conclusion: Our study showed lower likelihood of withdrawal for pure enantiomers

compared to that in chiral mixtures and achiral drugs, which was more remarkable for

those launched in certain time periods and several ADRs, including hepatotoxicity

and cardiovascular toxicity.
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1 | INTRODUCTION

Chirality is an important geometric characteristic of the objects within

biological systems including amino acids, carbohydrates and lipids as

well as drugs.1 In the latter, chirality might be associated with safety

issues through pharmacokinetic or pharmacodynamic variations, drug

interactions or direct toxicological responses.2 Chiral drugs consist of

racemic mixtures, nonracemic mixtures or pure enantiomers.3 Unlike

achiral drugs with no chiral centre, this stereoisomeric chemistry

allows the opportunity to manipulate their composition or molecular

chirality to enhance efficacy and/or overcome tolerability problems.4

A typical example of improving clinical efficacy could be given as

selective H1-receptor antagonist, cetirizine, whose R-enantiomer

levocetirizine has 30-fold higher binding affinity and lower renal
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clearance compared to its parent racemic mixture.5,6 By contrast, tha-

lidomide represents a well-known dramatic example of drug-induced

toxicity and subsequent withdrawal, with R-enantiomer responsible

for the intended sedative effect and S-enantiomer for the tragic

phocomelia.7,8

Use of pure enantiomers offers advantages including dose reduc-

tion, simplification of dose–response relationship, diminution of inter-

individual variability and toxicity from inactive enantiomers.9 In fact,

regulatory drug authorities encourage such chemical designations for

novel drug development.10 In addition, some racemic mixtures have

undergone chiral switch, where their pure enantiomers were

launched with same/similar indication.11 These have led to increased

share of pure enantiomers worldwide although many racemic and

nonracemic mixtures are still present.2 While several clinical efficacy

and/or safety benefits have been attributed to pure enantiomer

drugs, there has been no systematic analysis that investigated these

aspects with respect to chirality. In this study, we aimed to compare

chiral status of the available drugs to that of drugs withdrawn due to

adverse events.

2 | METHODS

In this pharmacoepidemiological study, we collected and analysed

retrospective descriptive drug safety data. Prior to data collection,

ethical approval was obtained from the Ethics Committee for

Non-Interventional Clinical Studies of Marmara University Institute of

Health Sciences (approval number: 16.11.2020–91).

We examined the chemical structures regarding chirality status of

the drugs that were withdrawn from the market around the world due

to adverse effects and compared to those still available on the world-

wide market. Drugs withdrawn between 1950 and 2020 in the world

due to safety-related issues were identified via literature search.

Those withdrawn between 1950 and 2014 were obtained from a

systematic review conducted by Onakpoya et al., including a total of

462 drugs/products.12 Drugs/medicinal products that contain

inorganic compounds (as classified in IUPHAR/BPS Guide to

PHARMACOLOGY),13 proteins, vaccines, polymers, human tissue

extracts, herbal and cell-based preparations as active substances,

medical devices, drug groups not identifying specific active

substances, and combinations of 2 or more active substances that

show different chiral status from each other were excluded from the

study. The remaining 385 drugs, i.e., those that comprise single active

substance (n = 379) and the combinations of active substances show-

ing similar chiral characteristics (n = 6), were included. Using a meth-

odology similar to the aforementioned review, literature search was

conducted for drugs withdrawn between 2015 and 2020, which

resulted in 6 drugs meeting those criteria (Table S1). Thus, a total of

391 drugs/medicinal products were included in the study as with-

drawn drugs. To identify the drugs available on the market, drugs

assigned to the Anatomical Therapeutic Chemical (ATC) classification

were examined. ATC is a classification system created by the World

Health Organization in which the active substances are classified

according to target organ/system, therapeutic, pharmacological and

chemical properties.14 The complete list included a total of 4441

unique entries at the fifth level (ATC-5), which corresponds to the

chemical substances.14 After applying the exclusion criteria deter-

mined for the selection of withdrawn drugs, we proceeded to obtain

approval dates of the remaining 2489 drugs. Approval dates were

identified via the NCATS Inxight Drugs database of the US National

Institute of Health,15 or, if not available, the DrugBank Online data-

base.16 Entries without available approval/first marketing dates and

those launched/approved after 2020 were excluded, and the remain-

ing 1633 drugs/medicinal products were included in the study as sur-

vived (i.e., nonwithdrawn) drugs. Chiral characteristics and

distribution of those drugs at ATC-1 level, as well as the distribution

of their duration on the market, and if withdrawn, adverse drug reac-

tions (ADRs) leading to their withdrawal were examined.

Chirality status of the drugs was identified via information on the

NCATS Inxight Drugs database.15 For those that are not available on

that database, chirality status was determined after literature search.

According to chiral characteristics, the drugs were assigned into 1 of

3 categories: achiral, chiral mixture or pure enantiomer. For the analyses

regarding temporal aspects, the duration (period from introduction to

the calendar year of 2020) of the drugs on the market and if with-

drawn, the time to withdrawal (TtW) were examined. The index year

was set as 1950 for the drugs launched before that time to compen-

sate for the lack of well-established drug regulations that could put

such old medications at risk for withdrawal. Accordingly, mean sur-

vival time of the drugs and median TtWs of the withdrawn ones by

What is already known about this subject

• Chiral status of drugs is postulated to be among the fac-

tors that influence drug safety through pharmacokinetic/

pharmacodynamic changes, toxicities or drug

interactions.

• There has not been any systematic analysis that investi-

gated safety issues/benefits attributed to chiral status.

What this study adds

• Pure enantiomers were less likely to be withdrawn than

chiral mixtures and achiral drugs.

• The survival advantage of pure enantiomers was most

pronounced for those launched before 1941 and

between 1961 and 2000.

• Assessment of withdrawal-related adverse drug reactions

revealed the tendency of chiral mixtures towards hepato-

toxicity, cardiovascular, abuse-related and dermatological

adverse drug reactions.
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chiral status were determined and compared. Also, the drugs were

evaluated and compared by their year of launch categorically in 5 dis-

tinct periods as before 1941, 1941–1960, 1961–1980, 1981–2000 or

after 2000.

Chiral distribution of the withdrawn drugs was also evaluated and

compared at ATC-1 level. Before that, we re-classified drugs with mul-

tiple ATC codes or without any code by adding them to the most

appropriate ATC class according to the indication led to withdrawal,

whenever possible. Those drugs were evaluated and compared as

achiral drugs, chiral mixtures and pure enantiomers to analyse in detail.

ADRs leading to withdrawal of drugs were evaluated in 20 sub-

groups (i.e., cardiovascular, genitourinary, gastrointestinal, respiratory,

neurological, haematological, dermatological, immunological, psychiat-

ric, endocrine, ophthalmic, musculoskeletal and other ADRs, along

with hepatotoxicity, nephrotoxicity, genotoxicity, drug abuse, carcino-

genicity, teratogenicity and death). These were distributed and com-

pared by the chirality status (achiral/chiral mixture/pure enantiomer)

of the related drugs. Moreover, the median TtWs of the most com-

mon ADRs leading to withdrawal (n ≥ 30) were determined and com-

pared by chiral status.

2.1 | Statistical analysis

All data were analysed using IBM SPSS Statistics for Windows, Ver-

sion 22.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism version

5.0 for Windows (GraphPad Software, San Diego, CA, USA) software.

Analysed data were expressed as numbers and percentages or median

with interquartile range. Frequency analysis was used for statistical

evaluation and categorical variables were compared using χ2 and Fish-

er's exact tests, where appropriate. Survival analysis was conducted

using Kaplan–Meier method and Cox proportional hazards model.

Kaplan–Meier analysis defined mean survival time ± standard error of

mean, and log-rank test was used for related comparisons. Hazard

ratio (HR) with a 95% confidence interval (CI) was calculated by uni-

variate Cox regression analysis with pure enantiomer selected as ref-

erence category. For continuous variables, normality of distribution

was evaluated by D'Agostino-Pearson or, if not applicable, Shapiro–

Wilk analyses. Normally distributed data were compared using 1-way

analysis of variance (ANOVA) test with Tukey's posthoc test, whereas

Kruskal–Wallis test was used with Dunn's posthoc test when normal

distribution was not applicable. Statistical significance was inferred by

an overall 5% of Type-I error level.

3 | RESULTS

3.1 | Chirality status of withdrawn and survived
drugs

A total of 391 withdrawn drugs were identified, of which 52.9%

(n = 207) were achiral, 27.9% (n = 109) were chiral mixtures and

19.2% (n = 75) were pure enantiomers. Of the 1633 survived

(i.e., nonwithdrawn) drugs, 42.4% (n = 693) were achiral, 16.1%

(n = 264) were chiral mixtures and 41.5% (n = 676) were pure enan-

tiomers. The rate of withdrawal was lower in pure enantiomers

(10.0%) than that in achiral drugs (23.0%) and chiral mixtures (29.2%;

P < .001, Table 1). Cox regression showed significantly increased rate

of withdrawal in achiral drugs (HR 2.1, 95% CI: 1.6–2.7, P < .001) and

chiral mixtures (HR 2.6, 95% CI: 1.9–3.5, P < .001) compared to that in

pure enantiomers.

3.2 | Chirality status by temporal patterns

Pure enantiomers were estimated to have the longest mean survival

time (62.4 ± 0.8 years), followed by achiral drugs (55.4 ± 0.9 years)

and chiral mixtures (52.4 ± 1.4 years; P < .01 for each pairwise com-

parison, Figure 1). Pure enantiomers had significantly higher survival

rates than chiral mixtures if launched before 1941 (P = .02), in 1961–

1980 (P < .001) and 1981–2000 (P < .001). In contrast to the total, no

difference was observed in survival rates of achiral drugs and chiral

mixtures in any of the examined periods (P > .05; Figure 2). The

median TtW of withdrawn drugs were 17 (interquartile range [IQR]:

6–29) years, with no difference between achiral drugs (median:

15, IQR: 6–28 years), chiral mixtures (median: 15, IQR: 5–29 years)

and pure enantiomers (median: 20, IQR: 8–29 years; P > .05).

3.3 | Chirality status by ATC classification

In nervous system drugs, which were the largest fraction of both with-

drawn (26.3%) and survived (15.7%) agents, withdrawal rate of pure

enantiomers was lower (18.2%) than that of chiral mixtures (35.1%,

P = .02). In addition, pure enantiomers had significantly lower with-

drawal rates vs. achiral drugs and chiral mixtures in alimentary tract/

metabolism drugs (P < .01 for each), systemic anti-infectives (P < .01

for each) and musculoskeletal system drugs (P = .02 for each; Table 2).

TABLE 1 Chiral distribution of the
evaluated survived (nonwithdrawn) and
withdrawn drugsStatus

Achiral Chiral mixture Pure enantiomer Total

P-valuen % n % n % n %

Survived 693 77.0 264 70.8 676 90.0 1633 80.7 <.001*

Withdrawn 207 23.0 109 29.2 75 10.0 391 19.3

Total 900 100.0 373 100.0 751 100.0 2024 100.0

*P < .001 for pure enantiomers vs. each of achiral drugs and chiral mixtures and P = .02 for achiral drugs

vs. chiral mixtures.

292 AYDIN ET AL.
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3.4 | Chirality status by adverse drug reactions

Aside from neurological and immunological ADRs, pure enantiomer

drugs were less commonly withdrawn in all ADR classes. Pure enan-

tiomers had lower withdrawal rates compared to achiral drugs and

chiral mixtures in hepatotoxicity and dermatological ADRs (P < .01 for

both). Chiral mixtures had higher withdrawal rates than the other

2 chiral classes in cardiovascular ADRs and drug abuse (P < .01 for

both; Table 3). The difference in TtW by type of ADR was limited to

achiral drugs withdrawn due to dermatological ADRs, which had lon-

ger median TtW compared to that in chiral mixtures (P = .02; Table 4).

4 | DISCUSSION

We examined chirality of the drugs withdrawn from the market

over the last 70 years to uncover the potential reflections of such

characteristic on major safety issues that outweigh its intended

benefits. We observed that pure enantiomers had a substantial

survival advantage over chiral mixtures and achiral drugs, which

was more remarkable in several drug groups at ATC-1 level and

for those launched in certain time periods. In addition, assessment

of ADRs by chiral category pointed out the tendency of chiral

mixtures towards hepatotoxicity, cardiovascular, abuse-related and

dermatological ADRs.

Drugs with a chiral characteristic, either in the form of racemic/

nonracemic mixtures or pure enantiomers, were reported to consti-

tute more than half (56%) of the drugs used.17 This figure appeared

to show modest increments in favour of chiral drugs, as the annual

new worldwide approval rates of chiral drugs were reported to range

between 50 and 76%.18 In our study, 57.6% of the available—or

survived—drugs were of chiral type with a 2.5-fold predominance of

pure enantiomers over chiral mixtures. Pure enantiomer drugs may

offer advantage of less complex pharmacological profile with a

F IGURE 1 Cumulative hazard
plots of the drugs after index year
by their chiral status. *Index time,
which was determined as 1950,
was chosen as a starting point for
the survived old medications that
were approved/launched before
that time.

F IGURE 2 Chiral distribution of the
share of withdrawn drugs by their years
of launch. *P = .02 for pure enantiomer
vs. chiral mixtures; †P < .001 for pure
enantiomer vs. chiral mixtures and
P = .001 vs. achiral drugs; ‡P < .001 for
pure enantiomer vs. each of achiral drugs
and chiral mixtures; δP < .001 for pure
enantiomer vs. each of achiral drugs and
chiral mixtures and P < .01 for achiral
drugs vs. chiral mixtures.
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greater therapeutic index.19 The higher risks of withdrawal in achiral

drugs (2.1-fold) and chiral mixtures (2.6-fold) compared to pure enan-

tiomers in our study may suggest that such advantage seems to be

reflected also into substantial ADRs that led to market withdrawal.

This was also evident by our finding that showed prolonged survival

of pure enantiomers (62.4 years) more markedly over chiral mixtures

(52.4 years). In fact, the upward trend of chiral drugs appears to be

mostly driven by up to 15-fold higher introduction of pure enantio-

mers over racemic mixtures between 2000 and 2008.20 Higher rates

of ADR-related withdrawal for chiral mixtures may have partly con-

tributed to the increase in the development of pure enantiomers for

the last decades. Indeed, the survival advantage of pure enantiomers

over chiral mixtures in those launched between 1961 and 2000 dis-

appeared for those launched afterwards, i.e., comparably younger

drugs. While this might well be attributed to median TtW (ranged

15–20 years) in our study, another explanation could be the impact

of the more rigorous safety-oriented assessments of drug develop-

ment process. As of late 2000s, major drug authorities including the

Food and Drug Administration and European Medicines Agency have

required pharmaceutical companies to address specific safety issues

both in premarketing and postlaunch phases as part of their market-

ing authorization.21,22 This might have moderated the ADR-related

withdrawal difference between young pure enantiomers and chiral

mixtures. Additionally, drugs with different chiral characteristics in

TABLE 2 Comparison of chirality of the survived (nonwithdrawn) vs. withdrawn drugs at ATC-1 level

ATC-1 Status

Achiral Chiral mixture Pure enantiomer

P-valuen % n % n %

A, alimentary tract & metabolism Survived 69 71.1 27 61.4 98 86.7 <.001*

Withdrawn 28 28.9 17 38.6 15 13.3

B, blood & blood forming organs Survived 37 97.4 4 10.0 24 92.3 .57

Withdrawn 1 2.6 0 .0 2 7.7

C, cardiovascular system Survived 65 80.2 59 75.6 62 86.1 .27

Withdrawn 16 19.8 19 24.4 10 13.9

D, dermatological Survived 68 86.1 13 10.0 44 91.7 .26

Withdrawn 11 13.9 0 .0 4 8.3

G, genitourinary system & sex hormones Survived 14 66.7 11 84.6 47 87.0 .12

Withdrawn 7 33.3 2 15.4 7 13.0

H, systemic hormonal preparations Survived 2 100.0 0 .0 20 100.0 1.0

Withdrawn 0 0.0 0 .0 0 0.0

J, anti-infectives for systemic use Survived 38 70.4 8 57.1 154 95.1 <.001*

Withdrawn 16 29.6 6 42.9 8 4.9

L, antineoplastic & immunomodulating agents Survived 94 94.9 6 66.7 80 100.0 <.001†

Withdrawn 5 5.1 3 33.3 0 0.0

M, musculoskeletal system Survived 32 55.2 13 5.0 14 87.5 .04‡

Withdrawn 26 44.8 13 5.0 2 12.5

N, nervous system Survived 132 70.2 61 64.9 63 81.8 <.05δ

Withdrawn 56 29.8 33 35.1 14 18.2

P, Antiparasitic products, insecticides & repellents Survived 22 62.9 11 84.6 5 62.5 .34

Withdrawn 13 37.1 2 15.4 3 37.5

R, respiratory system Survived 39 76.5 33 76.7 20 83.3 .78

Withdrawn 12 23.5 10 23.3 4 16.7

S, sensory organs Survived 20 90.9 5 83.3 15 83.3 .75

Withdrawn 2 9.1 1 16.7 3 16.7

V, various Survived 61 92.4 13 10.0 30 90.9 .55

Withdrawn 5 7.6 0 .0 3 9.1

Totalγ 891 100.0 370 10.0 739 100.0

*P < .01 for pure enantiomers vs. each of achiral drugs and chiral mixtures.
†P = .02 for chiral mixtures vs. achiral drugs and P < .001 for chiral mixtures vs. pure enantiomers.
‡P = .02 for pure enantiomers vs. each of achiral drugs and chiral mixtures.
δP = .02 for pure enantiomers vs. chiral mixtures.
γTotal count excludes withdrawn achiral drugs (n = 9), chiral mixtures (n = 3), and pure enantiomers (n = 12) with multiple or undefined ATC codes.
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our study had similar durations to withdrawal and this pattern was

mostly maintained in sub-analyses based on the most common ADRs

(only with 1 exception in dermatological reactions).

The overall lower withdrawal rate of pure enantiomers was pre-

served across a number of drug groups at ATC-1 level. One of these

belonged to the most commonly utilized drug group, nervous system

drugs, with a 18.2% withdrawal rate in pure enantiomers compared to

35.1% in chiral mixtures. Nervous system drugs mainly require cross-

ing the blood–brain barrier, which was reported to exert P-glycopro-

tein-mediated enantioselectivity for several drugs, leading to different

brain concentrations.23 Therefore, considering the advantageous situ-

ation regarding pure enantiomers in our study, it can be emphasized

that the distribution and safety issues related to enantioselectivity of

nervous system drugs and their relationship with their ability to cross

TABLE 3 Comparison of chirality status of drugs leading to most common adverse drug reactions (n ≥ 30)

Adverse drug reactions Related withdrawal

Achiral Chiral mixture Pure enantiomer

P-valuen % n % n %

Hepatotoxicity No 848 94.2 352 94.4 747 99.5 <.001*

Yes 52 5.8 21 5.6 4 0.5

Cardiovascular No 877 97.4 349 93.6 739 98.4 <.001†

Yes 23 2.6 24 6.4 12 1.6

Drug abuse No 884 98.2 351 94.1 739 98.4 <.001†

Yes 16 1.8 22 5.9 12 1.6

Neurological No 873 97.0 363 97.3 739 98.4 .17

Yes 27 3.0 10 2.7 12 1.6

Haematological No 870 96.7 363 97.3 742 98.8 .02‡

Yes 30 3.3 10 2.7 9 1.2

Carcinogenicity No 872 96.9 366 98.1 742 98.8 0.03δ

Yes 28 3.1 7 1.9 9 1.2

Dermatological No 873 97.0 364 97.6 749 99.7 <.001*

Yes 27 3.0 9 2.4 2 0.3

Immunological No 885 98.3 365 97.9 744 99.1 .24

Yes 15 1.7 8 2.1 7 0.9

Total 900 100.0 373 100.0 751 100.0

*P < .01 for pure enantiomers vs. each of achiral drugs and chiral mixtures.
†P < .01 for chiral mixtures vs. each of achiral drugs and pure enantiomers.
‡P < .01 for pure enantiomers vs. achiral drugs.
δP = .01 for pure enantiomers vs. achiral drugs.

TABLE 4 Comparison of time to withdrawal by chiral class for the most common adverse drug reactions (n ≥ 30)

Adverse drug reactions (n ≥ 30)

Achiral Chiral mixture Pure enantiomer Total

P-valueMedian IQR Median IQR Median IQR Median IQR

Hepatotoxicity (n = 77), ya 10 (2.3–21.5) 10 (5–17.5) 2 (1–14.3) 10 (3–18.5) .32

Cardiovascular (n = 59), ya 7 (4–21) 23.5 (12–33) 21.5 (7–30.3) 18 (5–29) <.05*

Drug abuse (n = 50), ya 23 (12.5–34.8) 29.5 (22.3–34.3) 27 (23–34.8) 26 (20.8–34.3) .45

Neurological (n = 49), yb 23 (13–33) 8 (3.5–30) 25.5 (13.5–32.3) 22 (7.5–32.5) .37

Haematological (n = 49), yb 22 (13.8–35.3) 11.5 (4–18.5) 25 (4–32) 20 (7–32) .21

Carcinogenicity (n = 44), yb 15 (11.3–27.8) 12 (2–22) 12 (7.5–18) 15 (7.3–25.3) .28

Dermatological (n = 38), ya 23 (9–35) 5 (2.5–11.5) 15 (8–22) 18 (6–28.3) .02†

Immunological (n = 30), ya 31 (7–42) 11.5 (3.8–25.5) 20 (6–30) 19 (6.8–39) .24

Abbreviation: IQR, interquartile range.
aKruskal–Wallis test was used for statistical analyses.
bOne-way analysis of variance (ANOVA) test was used for statistical analyses
*P > .05 for each of the multiple comparisons between pairs.
†= .02 for achiral drugs vs. chiral mixtures.
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the blood–brain barrier should be addressed in more detail. Another

group was musculoskeletal system drugs, where the rate of with-

drawal was 12.5% for pure enantiomers vs. 50.0% for chiral mixtures.

Musculoskeletal system drugs include a substantial part of nonsteroi-

dal anti-inflammatory drugs (NSAIDs), whose majority is formed by

racemates.14,24 In fact, NSAIDs have been well-recognized to be asso-

ciated with important safety issues that may result in withdrawal. A

study on withdrawn drugs between 1960 and 1999 reported that

13% of such drugs were NSAIDs.25 In fact, NSAIDs were among the

most utilized drug groups.26 This could suggest that putatively lower

safety margin of chiral mixtures compared to pure enantiomer drugs

may be associated with the emergence of important safety issues in

frequently used medications. This might have been influenced to by

possible over-the-counter or nonprescription use of these drugs as

self-medication since we did not identify such difference in cardiovas-

cular drugs, commonly used prescription medicines. The top 3 best-

selling drugs in the USA in 2009 were reported to belong to the

cardiovascular category and all were pure enantiomers.20 In addition,

chirality-related pharmacodynamic and pharmacokinetic characteris-

tics of cardiovascular drugs were also extensively reviewed in the

literature.27 Nevertheless, our findings suggest that a potential

relationship of chirality to withdrawal did not seem likely for cardio-

vascular mixed and pure enantiomers.

ADRs have a very wide range of potential causes, including

chemical structure of the drugs, patient-related factors, and concomi-

tantly used drugs or medicinal products.28 Possible underlying causes

trigger the incidence of drug-related problems of directly related tis-

sues and organs. Hepatotoxicity, the most common type of ADR in

our study, was the reason for withdrawal around 11-fold more likely

in chiral mixtures and achiral drugs, compared to pure enantiomers.

As the major organ for drug biotransformation, the liver holds the

majority of drug metabolizing enzymes, which are chiral molecules.

Due to stereoselectivity, each drug enantiomer may be metabolized

through different pathways at different rates by these chiral

enzymes.29 As the metabolism of chiral mixtures may require differ-

ent reactions for each of the individual isomers, this may raise the

possibility of additional burden on the liver.30 Furthermore, 1 of the

critical components of drug-induced liver injury has been reported as

drug biotransformation.31 For instance, hepatotoxicity-related with-

drawal of benoxaprofen, a racemic NSAID, was reported to be medi-

ated by the formation of reactive acyl glucuronide metabolites.32

While our data were not empowered to infer a causal association

between chiral mixtures and liver injury, the tendency of racemic/

nonracemic mixture drugs towards hepatotoxicity-driven withdrawal

seems to have biological plausibility. This warrants designation of

further detailed studies with specific racemic drugs to investigate

such causal relationship. Another common reason for withdrawal,

cardiovascular ADRs were also less frequently seen with pure enan-

tiomers vs. achiral drugs and chiral mixtures, with the latter more

marked. Although cardiovascular ADRs may also involve various

mechanisms, a recent machine learning-based computational model

study addressed biological binding and substructural chemical

features of drugs in predicting cardiovascular ADRs.33 The relative

complexity of chiral mixtures might have contributed to observed

high share of cardiovascular ADRs as a reason for withdrawal in our

study. By contrast, median TtW was mostly maintained in sub-

analyses based on the most common ADRs (only with 1 exception in

dermatological reactions). This suggests that temporality of different

types of ADRs does not seem to be related to chiral characteristics

of the drugs.

The results of the study should be interpreted considering its limi-

tations below. Chirality details of some drugs/medicinal products

included in the publication which was used to determine the drugs

withdrawn between 1950 and 2014 could not be accessed. This

resulted in a partial reduction in the number of products evaluated.

For the comparative group, however, we searched all World Health

Organization/ATC drug database and included all the universe of

small-molecule drugs that could possess a chiral/achiral characteristic,

excluding only those for which we could not reach the data of

approval/marketing year or those approved throughout the year

2020. Another limitation was that ADRs that led to the withdrawal of

the evaluated drugs were obtained directly from the sources used to

identify the drugs, so these should not be considered as first-hand

findings. In addition, we did not examine the severity or types of

withdrawal-triggering toxicities in detail, e.g., in terms of dose-related,

bizarre or delayed toxicity. Although out of scope of this study, dose-

related events could have an impact on withdrawals considering the

varying effective concentrations of racemates and enantiomers in dif-

ferent compartments of the body. Nevertheless, the chiral

characteristics-based design of the study should not suggest that

examined drugs were withdrawn from the market solely due to their

stereochemical properties. We aimed to point out the possible effect

of chirality on the distribution of ADRs, which should be further

addressed by detailed future studies.

In conclusion, this study revealed that pure enantiomers were less

likely to be withdrawn compared to chiral mixtures and achiral drugs.

The survival advantage over chiral mixtures was mostly pronounced

for the oldest drugs and those launched between 1961 and 2000. The

chiral distribution of the withdrawn drugs could differ according to

the usage areas and the underlying reasons for withdrawal. Chiral mix-

tures showed higher rates of withdrawal if they were in certain drug

groups, including anti-infectives, or nervous, musculoskeletal or gas-

trointestinal system drugs. These drugs also seem to have tendency

towards hepatotoxicity, cardiovascular, abuse-related and dermato-

logical ADRs. The potential relationships between stereochemical

properties of drugs and ADR mechanisms should be investigated with

further experimental and epidemiological studies, which might indi-

cate potential areas of improvements in safety standards for new drug

development processes.
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