European Journal of Pharmacology 932 (2022) 175209

4
L

LSEVIER

European Journal of Pharmacology

journal homepage: www.elsevier.com/locate/ejphar

Contents lists available at ScienceDirect

Serum cholesterol increase in statin users associated with antibiotic use:

Case-crossover study

Idit Lavi?, Naomi Gronich ®""

Check for

updates

2 Clalit Department of Community Medicine and Epidemiology, Lady Davis Carmel Medical Center, Haifa, Israel
Y Ruth and Bruce Rappaport Faculty of Medicine, Technion-Israel Institute of Technology, Haifa, Israel

ARTICLE INFO

Keywords:

Antibiotics

Gut microbiota

Statins

HMC-CoA reductase inhibitors
Cholesterol

LDL-C

Effectiveness

ABSTRACT

Purpose: 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase inhibitors (“statins”) reduce risk of
atherosclerotic disease. However, statins need secondary bile acids, produced by the gut microbiota, for ab-
sorption. Our hypothesis was that a change in the gut microbiota induced by antibiotics might cause a decrease in
statin absorption, and decreased statin effectiveness. Our objective was to study the association between anti-
biotic treatment and increased cholesterol level in statin users.

Methods: Case-crossover study, in which an individual serves as his own control, by comparing outcome risk
among the same individual at different times, adjusting for time-dependent comorbidity index. The study is
based on adherent statin users’ cohort and two cohorts of patients not treated with statins, in Clalit Health
Services. Exposure were antibiotic prescriptions dispensed in the 3 months prior to LDL-C measurements.
Results: There were 25,496 statin users and 72,638 time-points. A significant association was found between LDL-
C increase and exposure to macrolides and clindamycin, OR = 1.237 (1.138-1.345), p = 6.5*10~, number
needed to harm (NNH) = 19. There was no association between LDL-C increase and negative control objects such
as anti-viral treatments; nor between LDL-C and exposure to antibiotics in non-statin users. As a secondary
outcome, we have found an association between LDL-C increase and a following atherosclerotic ischemic event.
Conclusion: An increase in LDL-C in highly adherent statin users is associated with precedent macrolides or
clindamycin treatment.

Key messages

e Statins absorption depends on secondary bile acids, produced by the

gut bacteria.

e Oral macrolides and oral clindamycin, known to induce changes in
the gut microbiota composition, are associated with an increase in

LDL-C, in statin users.

1. Introduction

converted from primary bile acids by the gut bacteria (Chiang, 2013;
Devlin and Fischbach, 2015; Sonnenburg and Backhed, 2016; Lynch and
Pedersen, 2016).

Short-term exposure to antibiotics has been shown to change the
quantity and composition of normal human flora bacteria (Arumugam
et al., 2011; Ding and Schloss, 2014; Lynch and Pedersen, 2016; Zher-
nakova et al., 2016; Ferrer et al., 2017; Winston and Theriot, 2019),
including depletion of bacterial 7a-dehydroxylation activity and
decrease in the rate of conversion of primary bile acids to secondary
forms (Samuel et al., 1973; Hgverstad et al., 1986; Zhang et al., 2014;

Strong evidence indicates that 3-hydroxy-3-methyl-glutaryl-coen-
zyme A reductase (HMG-CoA reductase inhibitors) (“statins”) reduce
the risk and complications of atherosclerotic disease as primary and as
secondary prevention. Each 1 mmol/l reduction in serum low-density
lipoprotein-cholesterol (LDL-C) reduces the risk of atherosclerotic
events by 22% after five years (Adhyaru and Jacobson, 2018). Statins
activity depends on drug absorption using secondary bile acids,

Wahlstrom et al., 2016; Zarrinpar et al., 2018).

In statin users, decreased secondary bile acids pool size might be
manifested by a reduction in statins absorption, thus a decline in
exposure to statins in serum, and, as a result, an increase in serum LDL-C.
It has been shown in mice, that simvastatin effect in reducing lipids
levels in high-fat fed mice was attenuated in a group receiving the
antibiotic imipenem that altered gut microbiota composition (He et al.,
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Fig. 1. An example of a single participant with a case time-point and two
control time-points, in a case-crossover study of an association between
antibiotics and serum LDL-C increase in stain users

Only patients with at least one case time-point enter the study, and an indi-
vidual serves as his own control. Exposures immediately before all cases and
control time-points within each individual are compared. An updated Charlson
Comorbidity Index was obtained in each time-point (case and control time-
points) to adjust for time-dependent potential confounders.

Table 1
Characteristics of study population at cohort entry, n (%)
Persons
N = 25,496
Age (years)
Mean (SD) 66.9 (10.6)
Min, Max 20.6, 105.5
Sex
Males 11,200 (43.9)
Females 14,296 (56.1)
Smoking history
Ever 8202 (32.2)
Never 17,243 (67.6)
Missing 51 (0.2)
Body Mass Index (kg/m?)
Mean (SD) 29.2 (5.4)
Hypertension 17,073 (67.0)

Diabetes mellitus 14,810 (58.1)

Ischemic heart disease 8406 (33.0)
Chronic renal failure 3080 (12.1)
S/P Cerebrovascular accident 2649 (10.4)
Chronic obstructive pulmonary disease 1884 (7.4)
Peripheral vascular disease 1828 (7.2)
Congestive Heart Failure 1670 (6.6)
History of solid malignancy 3691 (14.5)
History of hematological malignancy 643 (2.5)
Dementia 505 (2.0)
Liver cirrhosis 138 (0.5)

A case-crossover study: only patients with an LDL-C increase enter the study,
and an individual serves as his own control, by comparing risk among the same
individual at different times. A case time-point was defined as an increase in
serum LDL-C of at least 20% from LDL-C measured 3-15 months before. A
control defined as no-increase/decrease/increase of <20% in LDL-C, from LDL-
C measured 3-15 months before. There were 2.85 mean time points per patient
(1.14, 1.71 case, control time points, respectively).

2017). The same has been shown with rosuvastatin-ceftriaxone treated
mice (Wang et al., 2018). Duration of the effect following the antibiotics
was four weeks in mice. Kaddurah-Daouk et al. (2011) have demon-
strated in the Cholesterol and Pharmacogenetics study, contribution of
bacterial-derived bile acids to the prediction of the magnitude of
statin-induced LDL-C lowering in good responders. Liu et al. (2018) have
shown that the complexity of fecal microbiome could be positively
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Table 2

Association between antibiotics and serum LDL-C increase in a case-crossover
study (total time-points n = 72,638, cases time-points: n = 29,103, control
time-points: n = 43,535)

Antibiotic Group/ Antibiotic use

Active comparators

Adjusted risk for LDL-
C increase OR (95%

Total Cases n Controls an, p
n (%) n (%) ’
Any antibiotic 15606 6489 9117 1.062 (1.024-1.102),
(22.3) (20.9) 0.001
Penicillins 7817 3243 4574 1.028 (0.981-1.077),
(11.1) (10.5) 0.250
Other Beta-lactams 4331 1839 2492 1.080 (1.017-1.148),
(6.3) (5.7) 0.013
Sulfonamides and 247 102 145 (0.3) 1.092 (0.851-1.401),
Trimethoprim 0.9 0.489
Fluroquinolones 2331 983 1348 1.089 (1.004-1.181),
(3.4) (3.1) 0.041
Nitrofuran 745 300 445 (1.0) 1.023 (0.885-1.184),
derivatives (1.0) 0.757
Tetracyclines 701 288 413 (0.9) 0.995 (0.858-1.153),
(1.0) 0.943
Macrolides, 701 980 1159 1.237 (1.138-1.345),
Lincosamides 3.4 @2.7) 6.5*1077
Metronidazole 360 166 194 (0.5) 1.259 (1.028-1.542),
(0.6) 0.026
Drugs for the 24 13 11 (0.03) 1.237 (0.574-2.663),
treatment of (0.04) 0.587
tuberculosis
Drugs for treatment 3 1 2 (<0.01) 0.960 (0.080-11.526),
of lepra (<0.01) 0.974
Other antibacterials 326 121 205 (0.5) 0.966 (0.771-1.209),
0.4 0.760
Active comparators:
Antivirals for 420 184 236 (0.5) 1.119 (0.924-1.354),
influenza or (0.6) 0.249
herpes zoster
Upper respiratory 2750 1646 1104 0.993 (0.918-1.075),
tract infection (3.8) (3.8) 0.864
Renal colic 185 108 77 (0.26) 1.016 (0.742-1.391),
(0.25) 0.921
Headache 31 18 13 (0.04) 1.185 (0.580-2.421),
(0.04) 0.641

We compared antibiotic prescription dispensed 3 months to 3 days before LDL-C
measurement within the same patient. All analyses were adjusted for the
updated Charlson Comorbidity Index at cases and control time-points.

In stratification by low/high CCI, there was an association between LDL-C in-
crease and exposure to any antibiotic in both strata [1.338 (1.161-1.543),
6*107°;1.171 (1.018-1.348), 0.028)]. In stratification by the time in the year in
which the LDL-C measurement had been performed, association was found in
both strata, with ORs for the association with macrolides and lincosamides of
1.298 (1.102-1.529) and 1.443 (1.148-1.815), in the cold and warm months,
respectively.

correlated with rosuvastatin effectiveness. In a systematic review a
conclusion was made that the higher diversity in microbiota composi-
tion is linked to atorvastatin and rosuvastatin hypolipidemic effects;
however, it remained uncertain what kinds of microorganisms were
involved and how they could exert this effect (Dias et al., 2020).

Many factors such as diet, travel, and where we live can affect the
bacterial composition of our microbiota (Sullivan et al., 2001; Brook
et al., 2013). For instance, secondary bile acids level measured in pa-
tients from Richmond, Virginia, was found to vary from <1% to >60%
(believed to reflect level and activities of bile acid dehydroxylating gut
bacteria, and colonic transit time)(Ridlon et al., 2016). Since there is
considerable subject-to-subject variability in the composition of gut
microbiota among humans, grouping of microbial data from several
individuals results in loss of statistical significance or false-negative
results (Turnbaugh et al., 2009; Lynch and Pedersen, 2016); investiga-
tion of the impacts of antibiotics on the microbiota is currently best
assessed on an individual basis (Dethlefsen et al., 2008; Jernberg et al.,
2010). Within-person comparisons are accomplished by measuring in-
dividual divergences from baseline levels after treatment
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Fig. 2. Forest plot of the association between risk of LDL-C increase and anti-
biotics prescriptions, in statin users

Multivariable analysis for the association between exposure to any antibiotic in
the community and a following LDL-C increase, in statin users. Case-crossover
study, adjusted for a time-dependent Charlson Comorbidity Index. An associa-
tion with exposure to macrolides and lincosamides (clindamycin) was the most
prominent. *Drugs for the treatment of lepra (number of users: 11, 3, in cases
and controls, respectively) were not included in the analysis due to low number
of users.

(Engelbrektson et al., 2006).

We have hypothesized that antibiotic use (e.g., macrolides and
clindamycin)(Orrhage et al., 1994; Sullivan et al., 2001; Maurice et al.,
2013; Dias et al., 2020) might induce significant changes in gut
composition and might be associated with the decrease of statins ab-
sorption in the gut, which in turn, may result in the increase of LDL-C in
patients’ serum.

In contrast, we hypothesized that antibiotic agents that generate
milder effect on the microbiota diversity, such as nitrofurantoin, or
amoxicillin, would not be associated with serum LDL-C increase (Ver-
voort et al., 2015); as so exposure to antiviral drugs having no impact on
the gut bacteria.

We used a real-life setting approach to test the association between
antibiotics and statins effects using a case-crossover design to measure
individual divergences in LDL-C.

2. Materials and methods
2.1. Study design

This is a case-crossover study (Maclure, 2007; Hallas and Pottegérd,
2014). In this study, only patients with an outcome enter the study, and
an individual serves as his own control, by comparing exposure among
the same individual before an outcome (case) to exposure before the
control time-point (Fig. 1). This eliminates confounding by
between-person characteristics that remain stable over time, and helps
limit confounding other than for time. Potential time-varying charac-
teristics are additionally adjusted.

Table 3
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For each outcome, we compared at least one control time-point
within the same patient, which could occur before or after the
outcome until death, end of study period, or end of registration in Clalit,
whichever came first. Exposure were antibiotic prescriptions dispensed
before each case and control time-points (Fig. 1).

2.2. Source of data

This study is based on data from the computerized database of Clalit
Health Services. Clalit provides inclusive health care for more than half
of the Israeli population. The electronic medical records of Clalit
encompass data from multiple sources: records of primary care physi-
cians, community specialty clinics, hospitalizations, laboratories and
pharmacies. A registry of chronic diseases diagnoses is compiled from
these data sources. High quality studies have been conducted based on
data retrieved from Clalit database (Low et al., 2019; Dagan et al.,
2021).

2.3. Participants

We chose from Clalit database all enrollees, age>18, that started
treatment with statin (simvastatin, pravastatin, fluvastatin, atorvastatin,
and rosuvastatin) between January 1, 2009 and November 25, 2019.
The first year of treatment was defined as “the run-in period”. We
calculated medication adherence, through the percentage of days
covered by dispensed prescriptions throughout the year. Participants
with <80% in the run-year period were excluded. We also excluded
patients with at least one of the following throughout each participant’
run-in period: abnormal serum thyroid level; serum triglycerides (TG)
level >400 mg/dL; active cancer (defined by any administration of an
antineoplastic drug); or >2 hospitalizations, due to potential influence
on cholesterol levels, and inability to search treatment administered
during hospitalization. Next, we included only those who had at least
two intervals of 3-15 months between two LDL-C measurements, with
identical statin preparation (no generic replacement) and same dose
administered (up to 3 months) before the two comparable LDL-C mea-
surements (Fig. 1).

In order to distinguish native effects of the exposure factor (antibi-
otics), we reexamined associations using two additional cohorts. For the
second cohort we chose from our source population those who had only
one statin prescription dispensed during their entire follow up (and thus
were excluded from the main study cohort due to low adherence). We
started follow up one year after the sole statin prescription (after the
“run-in” year). These patients were not exposed to statins during the
study period. We used the same exclusion criteria (abnormal thyroid
tests, hypertriglyceridemia, active cancer, and >2 hospitalizations) to
define the cohort.

A third cohort was assembled from patients who have not been
prescribed statins throughout the study period, and were prescribed
bezafibrate or niacin. For the fibrates/niacin cohort we applied the same

Association between antibiotics and serum LDL-C increase - analysis by statin type® n, OR (95% CI), p

Antibiotic Group Atorvastatin (n = 28,249)

Pravastatin (n = 4,335)

Rosuvastatin (n = 15,166) Simvastatin (n = 24,853)

Any antibiotic 6134; 1.091 (1.029-1.156),
0.003 0.395
Penicillins 3085; 1.038 (0.963-1.119), 0.327
0.634

Other beta-lactam anti- 1678; 1.113 (1.009-1.228),
bacterials 0.032 0.579
Macrolides, Lincosamides 842; 1.207 (1.054-1.383), 0.007
0.573

Fluoroquinolones

Metronidazole

950; 1.08 (0.95-1.23), 0.26
156; 1.256 (0.922-1.711), 0.149

949; 1.067 (0.919-1.240),
466; 1.048 (0.864-1.270),
256; 1.074 (0.834-1.385),
145; 0.908 (0.649-1.270),

142; 1.36 (0.98-1.90), 0.07
18; 1.827 (0.755-4.421), 0.181

3444; 1.130 (1.047-1.219), 5075; 0.986 (0.925-1.050),

0.002 0.656

1719; 1.053 (0.955-1.162), 0.301  2543; 0.994 (0.916-1.078),
0.885

918; 1.235 (1.087-1.403), 0.001 1479; 0956 (0.860-1.062), 0.399

501;1.319 (1.114-1.562), 0.001  651; 1.290 (1.110-1.500),

0.001

734;1.01 (0.88-1.17), 0.86

113; 1.314 (0.913-1.892), 0.142

504; 1.15 (0.97-1.37), 0.10
73; 1.084 (0.690-1.703), 0.727

Multivariable analysis adjusted for Charlson Comorbidity Index.
# Low number of fluvastatin users (350) did not permit separate analysis.
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Table 4
Studies of microbiota changes following oral antibiotics in humans
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Antibiotic type Bacterial types affected Effect  Studied Population Duration of the effect ~ Ref
Lincosamides: Enterococci, Enterobacteria /T\ Healthy adults 1-4 months/ Orrhage et al.,1994; Sullivan et al., 2001; Lofmark
Clind i Significantly altered t al., 2006; Zaura et al., 2015
indamyein Total anaerobic, Lactobacilli, \l/ eiir:: a;z::_ 1ySam:1eths e auraeta

Clostridia, Bacteroides
Bifidobacteria

Macrolides:

Azithromycin 33 gut bacteria species \l/ Healthy children Up to 12 months/ Oldenburg et al., 2018; Wei et al., 2018; Doan et al.,
reduced 24 months 2019

Clarithromycin Anaerobic Lactobacilli, \l/ Healthy 35 days Brismar et al., 1991; Edlund et al., 2000

Bifidobacteria Bacteroides
Regimens for Helicobacter pylori (HP) infections:
Clarithromycin + Gut microbiota dramatically E
metronidazole + perturbed
omeprazole

HP infected

Up to 4 years Jernberg et al., 2010; Jakobsson et al., 2010

Clarithromycin + amoxicillin ~ Bacteroidetes, Firmicutes, \l/ HP infected Up to 8 weeks Liou et al., 2019
+ lansoprazole Fusobacteria
Clarithromycin + amoxicillin  Bacteroidetes, Firmicutes, \l/ HP infected >1 year Liou et al., 2019
+ lansoprazole + Fusobacteria
metronidazole
Fluoroquinolones
Ciprofloxacin Gram-positive aerobes, ,T\ Healthy 1 month/ A year Zaura et al., 2015; Hertz et al., 2020
Bacteroidetes, Proteobacteria
Diversity \l/
Moxifloxacin Richness \l/ volunteers >30 days Edlund et al., 2000; de Gunzburg et al., 2018
Lactobacilli, Bacteroides -
Fusobacteria.
Bifidobacteria Clostridia \l/ 35 days
Beta-lactams
Cefuroxime axetil Enterococci, Staphylococci /[\ Healthy 14 days Edlund et al., 1993
Eubacteria, Lactobacilli, -
Bacteroides
Bifidobacteria and Clostridia \l/
Ampicillin/sulbactam, then Diversity affected E A patient 40 days Perez-Cobas et al., 2013
cefazolin Active microbiota —
Amoxicillin +/- clavulanate Aerobic gram-positive cocci \l/ Heathy children/ 1 week Brismar et al., 1993; Floor et al., 1994; Edlund et al.,
) i adults 1994; Sullivan et al., 2001; Zaura et al., 2015;
Enterobacteria, anaerobic /]\ - Oldenburg et al., 2018; Doan et al., 2019
Gram-positive rods,
Bacteroides
Diversity —
Nitrofurantoin Enterobacteria, - Women with >2 weeks Mavromanolakis et al., 1997
Enterococci recurrent urinary

tract infections

/T\ - increase,
\l/ - decrease,

—> - no change
E - some effect demonstrated

The gastrointestinal tract is a large microbial ecosystem that lives symbiotically with the host, housing several trillion microbial cells; including at least 5,000 different
bacteria types. The two phyla firmicutes and bacteroidetes represent 90% of gut microbiota. Studies exploring effects on the microbiota by antibiotic classes were
showing variable results. Bacteria with capability to produce secondary bile acid have been identified only within a few anaerobic Clostridium species and in Eu-
bacterium (both genera belonging to the Firmicutes phylum) (Winston and Theriot, 2019; Wahlstrom et al., 2016).

Reduced diverse bacterial composition was observed in statin users compared to non-users, with lower abundance of Proteobacteria, Enterobacteriaceae and Desulfovibrio

(Dias et al., 2020).

exclusion criteria, disregarding the TG < 400 criterion.

2.4. Study outcome and variables

We defined an outcome (case) as an increase in serum LDL-C of at
least 20% from LDL-C measured 3-15 months before. We chose 20%
increase as the minimum increase, because the full effect of low intensity
statins is a decrease of less than 30% in LDL-C levels (Adhyaru and
Jacobson, 2018). Full abolishment of the effect would be measured by
an increase of the same magnitude. A control (for the case-control

comparison) was defined as no-increase/decrease/increase of less than
20% in LDL-C, from LDL-C measured 3-15 months before. Importantly,
each subject was compared only to himself.

We used the updated Charlson Comorbidity Index (CCI) (Charlson
et al, 1987) in each case and control time-point to adjust for
time-dependent factors. CCI was used to evaluate changes in chronic
diseases, because they might be associated with gut microbiota (Claes-
son et al., 2012), with LDL-C, or with antibiotics use.

Clinical atherosclerotic event: As a secondary outcome we ascertained
atherosclerotic ischemic diagnoses (defined as primary/secondary
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discharge diagnoses of myocardial ischemia, or of stroke), that have
occurred in the 3 months immediately following the LDL-C increase
(meaning following the case time-point), to those occurring in the 3
months following a control time-point.

2.5. Exposure

Pharmacy dispensing of antibiotics in the 3 months prior to LDL-C
measurement was the exposure of interest. An exposure was defined
when one drug prescription was administrated, from the drug group.

Active comparators (negative controls) were: a) short-term anti-viral
treatments (acyclovir or anti-influenza treatment), not influencing
bacterial population; b) diagnoses of acute diseases (that could have
been related to effects on LDL-C through various stress or inflammatory
processes, or might have caused reduced adherence to chronic statin
treatment, but were not associated with anti-infective treatment; to
serve as comparators to the acute infection treated with antibiotics). For
this purpose, we ascertained diagnoses of upper respiratory tract
infection, renal colic, and headache in the 3 months’ exposure period.

Because drug treatment of hospitalized patients was not available in
the database, we excluded patients who have been hospitalized in the 3
months exposure period.

2.6. Statistical analysis

All comparisons were done within each person by conditional lo-
gistic regression, and included the updated CCI at cases and control
time-points. Multivariable analysis with all antibiotic groups was per-
formed to study the association of antibiotic combinations with the
outcome.

For a first sensitivity analysis, we stratified the outcomes by CCI. In
the second sensitivity analysis we stratified by season: to the 6 cold-
weather months (October 1-March 31), and the 6 warm-weather
months (April 1- September 30) separately, to take into account
possible changes in LDL-C levels in winter months (for example due to
increased weight), and the possible bias that might have occurred
because exposure to antibiotics might have increased in the cold
months. We performed a third sensitivity analysis in which we assessed
exposure to antibiotics in different periods within the 3-months’ expo-
sure time before the outcome, by subdividing into different periods: a)
3-14; b) 15-30; c) 31-60: and d) 61-90 days before the outcome.

We performed multivariable logistic regression analysis to evaluate
the risk for atherosclerotic disease associated with LDL-C increase. The
model included CCI and atherosclerotic ischemic events at baseline,
which was defined as myocardial infarction or stroke diagnoses in the
3-6 months before the “first” LDL-C in each comparison.

All analyses were done with the use of SPSS software (version 24). All
p values are two-sided, and p < 0.05 was considered significant.

Ethics approval and consent to participate: Lady Davis Carmel
Medical Center IRB approved the study (0086-20-CMC). Owing to the
retrospective nature of the study, the institutional reviewed board
granted a waiver of informed consent.

3. Results

Overall, 25,496 statin users, with 72,638 time points (29,103 cases,
and 43,535 control time-points) were analyzed. A flow chart depicting
study cohort selection is shown in Supplementary Fig. 1. Participant’s
characteristics on cohort entry date are shown in Table 1.

We found an association between antibiotic use and LDL-C increase
(Table 2). In an analysis of each antibiotic group separately, and in a
multivariable analysis to account for antibiotic combinations, we found
significant associations with macrolides and lincosamides (clindamy-
cin), after correction for multiple comparisons with Bonferroni test, with
ORs = 1.237 (1.138-1.345), 6.5107; 1.217 (1.118-1.325), 5.5*10°°,
respectively (Table 2, Fig. 2); number needed to harm (NNH) = 19. This
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association was apparent in patients treated with atorvastatin, rosu-
vastatin, and simvastatin (Table 3).

There was no association between LDL-C increase and exposure to
the active comparators: antiviral drugs; acute infectious diseases not
treated with antibiotics (upper respiratory tract infection); and acute
diagnoses of headache, or renal colic.

Interestingly, the effect of exposure to lincosamides was stronger in
patients administered the antibiotic 60-90 days before LDL-C mea-
surement, and the weakest effect was associated with the closest expo-
sure (3-14 days) before LDL-C measurement [ORs 1.56 (1.09-2.22),
1.22 (0.76-1.95), respectively, p = 0.048]. This implies for late effect of
antibiotic, which might have been mediated through the microbiota, as
hypothesized. On the other hand, macrolide exposure that was 3-14
days, or 15-30 days before LDL-C measurement had stronger association
with LDL-C increase than earlier exposure [ORs 1.38 (1.10-1.72), 1.088
(0.917-1.291), p < 0.001, for 3-14, and 60-90 days before LDL-C
measurement, respectively] (Supplementary Table 2).

Association between LDL-C increase and use of any antibiotic (OR
0.953, 0.613-1.483) or use of macrolides/lincosamides (OR 0.908,
0.404-2.041), adjusted for CCI, was not apparent in the second cohort of
patients not treated with statins. However, this group had 848 time-
points only (cases and controls time-points), because regular serum
LDL-C measurements were scarce in patients not treated with statins. In
an analysis in which we allowed wider time interval between adjacent
LDL-C measurements (up to 5 years), there were 2,749 time-points
(cases and controls) within 453 persons. There was no association be-
tween LDL-C increase and exposure to any antibiotics (OR 1.05,
0.83-1.33), or to macrolides/lincosamides (OR 1.11, 0.68-1.82) in this
analysis. In the third cohort of patients treated with bezafibrate or niacin
(that were not treated with statins throughout their entire follow up), no
association was found between LDL-C increase and exposure to any
antibiotic (OR 0.946, 0.797-1.123) or to macrolides/lincosamides (OR
0.996, 0.454-2.185) (10,311 time-points within 3,153 patients; allow-
ing 5 years interval between LDL-C measurements).

Acute atherosclerotic ischemic events (myocardial ischemia, or
stroke) have been diagnosed following LDL-C increase in 1.7% of cases,
and following a control time-point in 1.4%, adjusted OR 1.16
(1.03-1.31) p = 0.017 for an acute ischemic event associated with LDL-C
increase.

4. Discussion

We demonstrate, in a real-life cohort of statin users, an association
between treatment with macrolides and lincosamides (clindamycin) and
an increase in serum LDL-C. An association was not demonstrated be-
tween LDL-C increase and anti-viral treatment, or acute non-infectious
or infectious diseases that were not treated with antibiotics. Moreover,
the association was not demonstrated in two additional cohorts of pa-
tients not treated with statins.

This association might be explained by a change in the gut micro-
biota induced by the antibiotics, as statins depend on secondary bile
acids, produced by gut microbiota, for absorption (Devlin and Fisch-
bach, 2015; Sonnenburg and Backhed, 2016). The gut microbiota is
implicated in the metabolism of many medical drugs (Zimmermann
et al., 2019). Due to major inter-individual variability, described almost
as unique microbiota for each person (Lynch and Pedersen, 2016;
Zhernakova et al., 2016; Claesson et al., 2012; Vich et al., 2020), there
are consequences for interpersonal, as well as within personal variation
in drug efficacy and toxicity. We designed a case-crossover study, to
control for the enormous microbiota variation from one person to
another. We included constantly updating CCI that incorporates multi-
ple parameters (including age and chronic diseases) as time-dependent
variable in this self-comparative analysis.

Following treatment with clindamycin, a relatively broad-spectrum
antibiotic that primarily targets anaerobic bacteria, a substantial
decrease in total anaerobic numbers was seen in healthy people
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(Orrhage et al., 1994; Sullivan et al., 2001; Zaura et al., 2015), that was
significant 18 months from treatment (Lofmark et al., 2006) (Table 4).
The macrolide, azithromycin, affected the composition of pediatric in-
testinal microbiome at 24 months, in a randomized clinical trial (Old-
enburg et al., 2018; Doan et al.,, 2019); yet in another trial of
azithromycin given to children, the microbiota change was not apparent
in the long-term (13-39 months after treatment)(Wei et al., 2018). In
healthy volunteers, following the macrolide, clarithromycin, suppres-
sion of the anaerobic microflora Lactobacilli, Bifidobacteria and Bacter-
oides was described (Brismar et al., 1991; Edlund et al., 2000).Variable
effects on the microbiota by other antibiotic classes are listed in Table 4.

Decreased (and not increased) LDL-C is reported in severe infections
(Sharma et al., 2019). However, in order to contend with possible bias
we used few active comparators: viral upper respiratory infection; acute
events that might have caused reduced adherence to statins (renal colic,
or headache); and exposure to anti-influenza treatment, or treatment for
acute herpes zoster. We did not find an association between these ex-
posures and LDL-C increase.

It should be noted that conversion of cholesterol to bile salts in the
liver provides the major route for the elimination of excess cholesterol.
As gut microbiota regulate expression of enzyme involved in bile acid
production and conjugation (Sayin et al., 2013; Jones et al., 2013;
Wahlstrom et al., 2016) it could impact serum LDL-C (Jones et al., 2013)
without involvement of statins. However, antibiotic treatment had led to
the depletion of colonic bacterial 7a-dehydroxylation activity, along
with significant decrease and not increase in serum cholesterol level in
25 human subjects (Samuel et al., 1973). In addition, it was shown in 22
subjects that metronidazole (and less pronouncedly, ciprofloxacin),
caused a reduction and not an increase in LDL-C (Jenkins et al., 2005).
Nonetheless, we studied two additional cohorts of non-statin users in
order to explore the association of antibiotic exposure and LDL-C (with
no statin involvement) and did not find the association we have
observed in patients treated with statin.

We chose three months for the period of exposure to antibiotics,
although, in humans, wide range reported for the normal flora consti-
tution (Table 4). In further stratification by different periods within the
3-months range before the outcome, there was difference between
clindamycin - its use more than two months before LDL-C measurement
was associated with LDL-increase, while the association with macrolides
was most prominent when it had been administered up to one month
before the LDL-C evaluation. Zaura et al. (2015) observed the lowest
diversity in the gut after a month rather than immediately after treat-
ment. Yet, a possible explanation might be temporary withholding of
statin treatment during the macrolide course due to possible pharma-
cokinetic interaction. This statin interruption may directly affect the
LDL-C serum levels. There is no concern for clindamycin-statins inter-
action, thus no statin interruption is expected and the association with
LDL-C increase might be a result of a microbiota change. The pharma-
cokinetic interaction itself (inhibition of CYP3A4 by macrolides)(Kant-
ola et al.,, 1998) would have caused the opposite effect because
inhibition of statins metabolism would have caused higher exposure to
statins (and thus lower LDL-C).

This study had several limitations. First, due to the retrospective
nature of the study cause and effect could not be ascertained. In addi-
tion, use of some antibiotic types was infrequent, and type II error could
have occurred. The second limitation was our inability to study anti-
biotic drugs administered during hospitalizations, such as third gener-
ation cephalosporins, aminoglycosides or carbapenems. A third
limitation was the selected population finally included in the analysis
after multiple exclusions as detailed (Supplementary Fig. 1), primarily
due to our demand for an identical statin preparation type and dose for
comparisons, and because of the case-only design of the study. Fourth,
no data existed on the different statins’ bile acid “dependency”. Thus, we
did not know if the stronger association we have observed with rosu-
vastatin and atorvastatin was due to various dependency on secondary
bile acid, or due to rosuvastatin’s and atorvastatin’s higher potency.
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Additionally, from the scarce human data available, microbiota di-
versity seems to be reduced in statin users (Dias et al., 2020). This might
serve as a predisposing factor, such that when certain antibiotics are
added to treatment, microbiota abundance and diversity are further
reduced. Strengths of the study include the self-controlled design
enabling minimization of bias related to between-individuals differences
in response to drugs and in microbiota composition, while exploiting the
full clinical database to adjust for time-dependent possible confounders,
and to determine exposure to antibiotics.

In conclusion, we demonstrate an increase in serum LDL-C in statin
users, in association with macrolides and clindamycin antibiotics.
Additional research is warranted to delineate the effects of short anti-
biotic courses on absorption of oral medications, and a probable phys-
iological role of the microbiota in effectiveness of various drugs.
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