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Abstract

Background Probiotics are often used to prevent antibiotic-induced low-diversity dysbiosis, however their effect
is not yet sufficiently summarized in this regard. We aimed to investigate the effects of concurrent probiotic supple-
mentation on gut microbiome composition during antibiotic therapy.

Methods We performed a systematic review and meta-analysis of randomized controlled trials reporting the dif-
ferences in gut microbiome diversity between patients on antibiotic therapy with and without concomitant probi-
otic supplementation. The systematic search was performed in three databases (MEDLINE (via PubMed), Embase,
and Cochrane Central Register of Controlled Trials (CENTRAL)) without filters on 15 October 2021. A random-effects
model was used to estimate pooled mean differences (MD) with 95% confidence intervals (Cl). This review was regis-
tered on PROSPERO (CRD42021282983).

Results Of 11,769 identified articles, 15 were eligible in the systematic review and 5 in the meta-analyses. Quantita-
tive data synthesis for Shannon (MD = 0.23, 95% Cl: [(-)0.06-0.51]), Chao1 (MD = 11.59 [(—)18.42-41.60]) and observed
OTUs (operational taxonomic unit) (MD = 17.15 [(—)9.43-43.73]) diversity indices revealed no significant difference
between probiotic supplemented and control groups. Lacking data prevented meta-analyzing other diversity indi-
ces; however, most of the included studies reported no difference in the other reported a- and -diversity indices
between the groups. Changes in the taxonomic composition varied across the eligible studies but tended to be
similar in both groups. However, they showed a potential tendency to restore baseline levels in both groups after 3-8
weeks.

This is the first meta-analysis and the most comprehensive review of the topic to date using high quality methods.
The limited number of studies and low sample sizes are the main limitations of our study. Moreover, there was high
variability across the studies regarding the indication of antibiotic therapy and the type, dose, and duration of antimi-
crobials and probiotics.
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Conclusions Our results showed that probiotic supplementation during antibiotic therapy was not found to be influ-
ential on gut microbiome diversity indices. Defining appropriate microbiome diversity indices, their standard ranges,

and their clinical relevance would be crucial.
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Background

Antibiotic treatment affects the gut bacterial microbiota
quantitatively and qualitatively, causing a decrease or
even extinction of certain species, leading to a low-diver-
sity microbiome, and allowing some potentially harmful
bacteria to become dominant, e.g., Clostridium perfrin-
gens, Staphylococcus aureus, or Clostridioides difficile
[1, 2]. This microbial imbalance is called dysbiosis. The
deviation from the normal microbiome has been linked
to obesity, malnutrition, inflammatory bowel disease,
neurological dysfunctions, and cancer [3]. The gut micro-
biota can spontaneously recover, but it is influenced by
various host and external factors like age, health status,
the geographical area of origin of patients, dose, dura-
tion, and the spectrum of antibiotic treatment [4-6].
Young, healthy adults have stable microbial community
functions [7], but repeated perturbation of the ecosystem
is particularly detrimental if there is insufficient time for
recovery after the initial impairment. Previous research
has shown that the gut microbiota recovers within about
2 weeks after a single antibiotic exposure in adults, but
repeated exposures can significantly prolong the recovery
time [4, 8—10].

Probiotics are preparations containing live micro-
organisms, typically composed of microbes that are
also found in the natural gut flora. Probiotics may con-
tain bacteria, yeasts, or a mixture of them [11]. These
products are used to prevent dysbiosis; however, the
effects of concurrent probiotic supplementation on
fecal microbiota diversity and taxonomical composi-
tion during antibiotic therapy are not fully understood.
The effects of these products on clinical outcomes dur-
ing antibiotic therapy have been intensely researched;
however, most research did not focus on investigating
the composition of the gut microbiome. This aspect is
also missing from the current guidelines on the use of
probiotics of the American Gastroenterological Associ-
ation (AGA) and World Gastroenterology Organization
(WGO) [11, 12].

So far, reported results have been highly variable both
in terms of the reported outcomes and the conclusion
about the efficacy of probiotics on microbiota restoration
after antibiotic therapy. The biggest challenges in analyz-
ing it are the lack of a consensus definition for ‘normal’
microbiota, generally accepted diversity indicators, and
standard measurement methods [13—16]. Moreover, the

significant inter-individual variation in microbial spe-
cies makes it difficult to define the normal microbiota.
Several types of diversity indices have been described so
far [17]. Diversity indices commonly used in ecology are
used to characterize microbiome diversity. a-diversity
indices reflect the diversity of a single sample, measur-
ing species richness (number of species) and/or distribu-
tion (evenness of species). Each alpha diversity index is
calculated differently, depending on factors like how the
presence or absence of certain rare species is assessed
and interpreted. In contrast, B-diversity indices can be
used to compare different samples and communities.
It can consider both the overall abundance per sample
and the abundance of each taxon [17]. In simple terms,
a-diversity represents a within-sample diversity, whereas
B-diversity describes similarity or dissimilarity between
samples [3, 14, 15].

We aimed to systematically review and meta-analyze
the effect of probiotics on antibiotic-induced dysbiosis in
randomized controlled trials.

Methods

We designed the study according to the Cochrane rec-
ommendations [18]. We previously submitted our study
protocol to the International prospective register of sys-
tematic reviews (PROSPERQO) (CRD42021282983) and
applied it consistently (Additional File 1: Supplementary
Methods S1). When reporting our results, we followed
the guidance of the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) 2020
Statement [19] (Additional File 2: Table S1).

Systematic search and selection

The PICO-S format (population, intervention, compari-
son, outcome, and study design) was used to formulate
our clinical question and establish the eligibility criteria.
We included all the studies that met the following eligibil-
ity criteria: population (P) — people treated with antibi-
otics regardless of indication; intervention (I) — probiotic
supplementation along with antibiotic treatment; com-
parison group (C) — no probiotic supplementation. The
assessed outcomes (O) were gut microbial diversity and
composition (any diversity indices reported) at the end of
the intervention and after a follow-up period, as reported
in each study. No restrictions were applied regarding sex,
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age, ethnicity, or associated comorbidities. Only rand-
omized controlled trials (RCTs) were included.

The systematic search was conducted without filters
or restrictions in three medical databases — MEDLINE
(via PubMed), Embase, and Cochrane Central Register
of Controlled Trials (CENTRAL) using the search key
detailed in Additional File 1: Supplementary Methods S2
until 15 October 2021. We manually screened the refer-
ence lists of the studies included in the review for addi-
tional eligible articles. If our search did not retrieve the
published protocols for the identified eligible studies, we
tried to find them at https://www.clinicaltrialsregister.eu/
and https://clinicaltrials.gov/.

The selection was performed with the reference man-
agement program EndNote X9 (Clarivate Analytics,
Philadelphia, PA, USA). After automatic and manual
duplicate removal, two independent investigators man-
ually selected the articles stepwise, first by title and
abstract and subsequently by full-text contents adhering
to the predefined eligibility criteria. Cohen’s kappa coef-
ficient was calculated at each selection step to quantify
the agreement between assessors. Disagreements were
solved by consensus.

Data collection

Two independent authors (AJE and VB) extracted the
data in each article manually and crosschecked each oth-
er’s data pool. Disagreements were solved by consensus.
The information was summarized in a standardized data
collection form (Microsoft Excel, Microsoft Office 365,
Redmond, WA, USA). The following data were extracted:
study characteristics (first author, year of publication,
country, number of centers, and setting), population
description (sample size, sex distribution, age, and indi-
cation for antibiotic therapy), therapy details for both
probiotics and antibiotics (drug/probiotic type, dose, and
duration), and outcomes as reported in each article. Out-
comes are detailed in Additional File 2: Table S2 [20-36].
When data were available in graphic format only, we per-
formed the extraction with GetData Graph Digitizer soft-
ware (v. 2.26.0.20.) [37].

Synthesis methods

The statistical analysis was performed by a biostatistician
using the R software [38] with meta [39] and dmetar [40]
packages. A meta-analysis was performed if the evalu-
ated outcome was reported in at least three articles. For
the effect size measure, we calculated mean differences
(MD, probiotic and antibiotic minus only antibiotic treat-
ment) with 95% confidence intervals (CIs). The mean
and the corresponding standard deviations (SD) were
extracted from each study if available. In other cases,
to estimate the mean and standard deviation based on
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0,1,2,3,4 quartiles (extracted from box plots), Luo [41]
and Shi [42] methods were used as implemented in the
meta package. On the basis of the article of Oh et al. [43],
where the raw data of Shannon, Chaol, and observed
OTUs (operational taxonomic units) diversity indices
were given, we could assume that the distribution of
these indices did not differ from a normal distribution in
relevant amount, and therefore the estimation of mean
and SD from the quantiles could be acceptable. As the
main result, we pooled the values of Shannon, Chaol,
and observed OTUs diversity indices after treatment and
used the inverse variance weighting method to each of
them separately. We included only RCTs; therefore, we
could assume that the characteristics before the treat-
ment were not different in the intervention and control
groups. As an additional sensitivity analysis, we per-
formed a separate analysis for data before the treatment
and a meta-analysis for the “before-after” change values.
For the change calculations, we used the correlation coef-
ficient determined from the data of Oh et al. [43]. As we
anticipated considerable between-study heterogeneity, a
random-effects model was used to pool the effect sizes.
We did not apply the Hartung-Knapp adjustment [44,
45]. The maximum-likelihood estimator was applied with
the Q profile method for confidence interval to estimate
the heterogeneity variance measure 7> [46]. Additionally,
between-study heterogeneity was described using the
Cochran’s Q test and Higgins&Thompson’s I* statistics
[47]. As the study number was low (< 10), we could not
assess the publication bias or additional influence analy-
sis (e.g., leave-one-out analyses).

Forest plots were used to summarize the results graphi-
cally. Individual study confidence intervals were pre-
sented on the plot using ¢-distribution estimation. We
report the results as (MD, [95% CI lower limit — 95% CI
upper limit]).

Risk of bias assessment

Risk-of-bias assessment was performed by two independ-
ent authors using the revised Cochrane risk-of-bias tool
(RoB2) [48]. Disagreements were solved by consensus.
Domains assessed biases resulting from the randomiza-
tion process, deviations from the intended intervention,
missing data, the measurement of the outcome, and the
selection of the reported results. The investigators rated
each domain, and the risk level was automatically calcu-
lated by the algorithm, which could be characterized as
low, some concerns, or high.

Certainty assessment

The Grading of Recommendations, Assessment, Devel-
opment and Evaluation (GRADE) tool was applied by two
independent investigators to assess the quality of the best
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available evidence [49]. Disagreements were resolved by
consensus.

Results

Study selection

The results of the search and selection processes are
summarized in Fig. 1. Our search key identified 19,596
records. Cohen’s kappa index for the title and abstract
selection was 0.86, whereas it was 0.95 for the full-text
selection. Of the 15 articles eligible for the qualita-
tive synthesis (877 patients), five were suitable for the
quantitative synthesis of the Shannon diversity index
(335 patients) [43, 50-53] and three for the quantita-
tive synthesis of Chaol and observed OTUs indices
(236 patients) [43, 50, 52]. No additional articles were
found by screening the reference lists of the included
papers. We included only non-overlapping populations
in our review. Most of the studies investigated adult
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populations. One article investigated neonates [54], and
one study included an adolescent population aged 15
years [50]. In eight of the studies, the indication of anti-
biotic therapy was Heliobacter pylori eradication [43,
50, 52, 55-59]. One study focused on Clostridioides dif-
ficile infection [53], and two investigated patients with
various infections outside the gastrointestinal tract
[54, 60]. Four studies investigated healthy populations
without any medical indication for antibiotic therapy
[51, 61-63]. For the investigation of the microbial com-
position, nine studies used the 16S rRNA sequencing
technique [43, 50-56, 61], three used standard microbi-
ological culturing techniques [57-59], one study com-
bined DNA-based terminal restriction fragment length
polymorphism (TRFLP) analysis and standard cultur-
ing methods [62], and two studies used other polymer-
ase chain reaction (PCR)-based techniques [60, 63]. All
included articles were available in full text and were
published in peer-reviewed journals, except the study

[ Identification of studies via databases and registers ]

Records removed before screening:
Duplicate records removed (n=7,827)

» Records marked as ineligible by
automation tools (n = 0)
Records removed for other reasons (n=0)

Records excluded

(n=11730)

Reports not retrieved

(n=0)

)
= Records identified from:
-.% Databases (n=3):
i + Medline (n=7,180)
= +  Embase (n=8,444)
E + CENTRAL (n =3,972)
= Total number (n=19,596)
—/
) l
Records screened
(n=11,769)
Reports sought for retrieval
(n=39)
g I
3
e
3 Reports assessed for eligibility
(n=39)
e
)
5 Studies included in systematic-
g review
3 (n=15)
g Studies included in meta-analysis
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Fig. 1 PRISMA flowchart of the selection process
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by Amarri et al. [60], which was available as a report on
the EU Clinical Trials Register website.

Study characteristics (Table 1)

The impact of probiotic supplementation during antibiotic
therapy on the Shannon diversity index

We identified eight eligible articles reporting the results
of the Shannon diversity index [43, 50-56], but only
six provided the data (in numerical or boxplot form)
for meta-analysis [43, 50—54]. The article that reported
on the neonate population exclusively [54] was not
included in the meta-analysis due to the impact on the
indirectness of our results [18].

The results of the meta-analysis including five arti-
cles with 335 patients are summarized in Fig. 2. On
the basis of our results, the gut microbiome diversity
was not significantly different between the probiotic-
supplemented and antibiotic-only treated groups when
measured immediately at the end of antibiotic treat-
ment. The mean difference in Shannon diversity index
between the intervention and control groups was 0.23
[(—)0.06 — 0.51].

Although all the included studies were RCTs, the
baseline values in the article by De Wolfe et al. [53]
showed a marked difference between the probiotic and
control groups (MD = 0.64 [(0.05-1.22]). As a sensitiv-
ity analysis, we performed a separate calculation for
data before the treatment and for the “before-after” val-
ues change in each study (Additional File 3: Fig. S1-2).
We did not find any significant difference in the change
values between the experimental and control groups
regarding the Shannon diversity index (MD = 0.07
[(=)0.19-0.32]).

The impact of probiotic supplementation during antibiotic
therapy on the Chao1 index

We identified three eligible articles with 236 patients in
total for the meta-analysis of Chaol index, [43, 50, 52].
The results are presented in Fig. 3. The results of Kab-
bani et al. were previously excluded due to the time point
of measurement, which was not reported precisely [61].
According to our results, the mean difference of Chaol
index between the intervention and control groups was
11.59 [(—)18.42-41.60], meaning that the diversity of the
intestinal flora of the two groups did not significantly dif-
fer from each other.

As there was a large difference in the baseline values
between the intervention and control groups in the arti-
cle of Kakiuchi et al. [50] (MD = 21.57 [3.47-39.68]),
here, we also performed an additional sensitivity analysis
for the baseline values and the changes (Additional File
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3: Fig. S3-4) with no significant difference in the latter
between the groups (MD = 3.77 [(—)10.17-17.71]).

The impact of probiotic supplementation during antibiotic
therapy on observed OTUs

Three of the six articles reporting on Observed OTUs
were eligible for quantitative analysis [43, 50, 52]. Others
were excluded due to qualitative data reporting [55], not
precisely defined time point of measurement [61], or due
to the age of the population (neonates) [54]. Results are
presented in Fig. 4. According to our results, probiotic
supplementation did not result in a significantly differ-
ent microbiome diversity compared to the antibiotic-only
treated group. The mean difference of observed OTUs
between the intervention and control groups was 17.15
[(=)9.43-43.73].

The additional sensitivity analysis for the baseline
and the change values revealed no significant differ-
ence between groups either (Additional File 3: Fig. S5-6)
(change: MD = 8.09 [(—)3.87-20.05]).

Qualitative synthesis

The impact of simultaneous probiotic supplementation
during antibiotic treatment on a-diversity indices

The results of a-diversity indices of the studies, add-
ing those that were not included in the meta-analysis,
are summarized in Table 2. The a-diversity indices were
lower after the antibiotic administration in both the
intervention and the control groups. The three articles
— that were not included in the meta-analysis — report-
ing on the Shannon diversity index revealed no signifi-
cant difference between the groups [54, 55, 64]. As for
the observed OTUs, the three articles not included in the
meta-analysis reported no significant difference between
the two groups [54, 55, 61]. Regarding the Chaol index,
Kabbani et al. reported significantly higher values in the
control group [61]. For most of the a-diversity indices
that were not suitable for meta-analysis, the studies did
not reveal a significant difference (5% significance level)
between the probiotic and control groups. Overall, from
the nine studies reporting on a-diversity indices, three
were able to show a significant effect of probiotics on at
least one index [43, 50, 55]. However, we did not find any
common but distinguishable aspects that could explain
the similar results.

The impact of simultaneous probiotic supplementation
during antibiotic treatment on B-diversity indices

The summarized results of §3-diversity indices are pre-
sented in Table 3. The most used B3-diversity indices
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Antibiotics+Probiotics Antibiotics

Author Total Mean SD Total Mean sD
MacPherson et al., 2018 35 431 10516 35 452 0.8430
Tang et al. 2020 77 481 10910 74 4.87 1.0257
Kakiuchi et al., 2020 34 433 05508 31 3.97 08114
De Wolfe et al., 2018 15 241 04585 14 1.99 0.6516
Ohetal, 2015 10 263 06965 10 1.76  0.7796
Random effect 171 164

1% = 66% [10%; 87%)]
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Difference of mean

Treatment period of Shannon diversity index MD 95%-Cl  Weight
7 days —‘—f— -0.21 [-0.67;0.24] 19.1%

14 days — s T -0.06 [-0.40;0.28] 24.0%

7 days 0.37 [0.02;0.71] 23.8%

28 days 0.42 [-0.01;0.85] 20.5%

14 days T & 0.86 [0.17; 1.56] 12.5%

| | <>I ; ; I0.23 [-0.06; 0.51] 100.0%

-1 05 0 05 1 15 2

Lower with probiotics Higher with probiotics

Fig. 2 After antibiotic treatment, the Shannon diversity index is not significantly higher in patients receiving concurrent probiotic supplementation
than in those treated with antibiotics alone, as measured immediately after antibiotic treatment. Cl, confidence interval; MD, mean difference

Antibiotics+Probiotics Antibiotics
Author Total Mean SD Total Mean SD
Tang et al. 2020 77 123.51 624814 74 136.04 494177
Kakiuchi et al., 2020 34 118.23 36.5998 31 87.42 346526
Ohetal., 2015 10  505.32 297.7884 10  359.92 211.8692
Random effect 121 115

17 = 85% [54%; 95%]

Difference of mean

Treatment period of Chao1 index MD 95%-Cl Weight
14 days -12.53 [-30.61; 5.55] 48.9%
7 days 30.82 [13.15; 48.48] 49.4%
14 days 145.40 [-97.41;388.21] 1.7%

i I ] I 11.59 [-18.42; 41.60] 100.0%

-200 -100 0
Lower with probiotics

100
Higher with probiotics

200

Fig. 3 The Chaol index is not significantly higher in the group receiving concurrent probiotic supplementation than in the group treated
with antibiotics alone as measured immediately after antibiotic treatment. Cl, confidence interval; MD, mean difference

Antibiotics+Probiotics Antibiotics Difference of mean
Author Total Mean SD Total Mean SD Treatment period of Observed OTUs MD 95%-Cl Weight
Tang et al. 2020 7 124.38 59.6811 74 132.54 50.6076 14 days = -8.16 [-25.93; 9.61] 43.7%
Kakiuchi et al., 2020 34 108.61 352388 31 79.40 32.8483 7 days = 29.21[12.33; 46.08] 44.8%
Ohetal., 2015 10 186.80 93.5160 10 120.30 62.0839 14 days T 66.50[-8.07;141.07] 11.5%
Random effect 121 115 [ | | ‘<§>[ I17.15 [ -9.43; 43.73] 100.0%

1% = 83% [47%; 94%]

-150-100 -50 0 50
Lower with probiotics

100 150
Higher with probiotics

Fig. 4 The number of Observed OTUs is not significantly higher in the group receiving concurrent probiotic supplementation than in the group
treated with antibiotics alone, as measured immediately after antibiotic treatment. OTU, operational taxonomic unit; Cl, confidence interval; MD,

mean difference

were Bray-Curtis dissimilarity index and both weighted
and unweighted UniFrac (unique fraction metric) dis-
tances. Most studies found no significant difference (5%
significance level) between the groups. Only Engelbrek-
tson et al. reported a significantly improved 3-diversity
by the Euclidean distance [62] in the intervention group.
After antibiotic therapy, almost no change occurred in
the probiotic group, while there was a large shift toward
diminished 3-diversity in the control group. None of the
studies reported significant differences between the two
groups regarding other indices [50-53, 55].

Taxonomic analysis of microbiome composition

At phylum level, a decreasing trend in the proportion
of Firmicutes and Bacteroidetes with a higher rela-
tive abundance of Proteobacteria was observed after

antibiotic therapy in both groups, regardless of pro-
biotic supplementation. There was also a reduction in
the Bacteroidetes:Firmicutes (B:F) ratio at the cessation
of treatments. This was confirmed by several studies;
however, in the study of Oh et al., the reduction was
significantly greater in the control group [43, 52, 56].
Importantly, these changes in phyla abundances disap-
peared at day 56 in the studies of Chen et al. and Tang
et al. [52, 64].

Changes in the level of Enterobacteriaceae family
were inconsistent across the studies. Several articles
reported an increasing trend of Enterobacteriaceae in
the probiotic supplemented group only [55, 62]; how-
ever, according to other studies [57, 58], this increase
was observed only in the control group. Meanwhile,
Forssten et al. and MacPherson et al. reported a higher
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Table 2 Changes in the microbiome a-diversity indices as measured after the antibiotic treatment

Cardenas et
al. (2020)

Chen et al.
(2018)

L

Shannon Observed Pielou’s Strong’s Faiths
Study diversity |Chaol index dominance | Sobs index | ACE index |Phylogenetic
. OTUs evenness 5 N
index index Diversity

de Wolfe et
al. (2018)

Kabbani et al.
(2017)

Kakiuchi et
al. (2020)

et al. (2018)

Oh et al.
(2016)

I
MacPherson --
AT

Tang et al.
(2021)

Zhong et al.
(2021)

no significant difference in a-diversity between groups

there is a higher a-diversity in the intervention group (antibiotics + probiotics)

there is a higher a-diversity in the control group (antibiotics only)

not applicable*

Definitions for each outcome are detailed in Additional File 2: Table S2 [20-36]

" If a study did not investigate a specific outcome, “not applicable” is indicated

Abbreviations: OTU Operational taxonomic unit, ACE Abundance-based coverage estimator

relative abundance of Enterobacteriaceae in both
groups after antibiotic treatment, which normalized
after 2 weeks of follow-up [51, 63]. Changes in the
other bacterial families were heterogeneously reported
(see Tables S3 and S4).

At genus level, Bacteroides showed a decreasing
trend in the probiotic supplemented group [53, 55,
57]. However, some studies reported a reduction of
Bacteroides in both groups after antibiotic treatment,
which showed a re-growing tendency during 3-8
weeks of follow-up [52, 58]. Patients with probiotic
supplementation had a higher proportion of Escheri-
chia spp. according to Cardenas et al. [55], while two

other studies reported that the addition of probiot-
ics reduced the overgrowth of Escherichia compared
to the control group [43, 61]. According to the study
of Tang et al., where probiotic supplementation was
continued for two more weeks after antibiotics cessa-
tion, the abundance of genus Enterococcus increased
at weeks 2 and 4 of follow-up in the intervention
group only [52]. Meanwhile, Wang et al. reported this
increasing tendency in both groups at week 2. In their
study, probiotics were suspended after the antibiotic
cessation. However, by weeks 6, 8, and 9 of follow-up,
the enrichment of Enterococcus had disappeared in
both intervention and control groups as reported in
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Table 3 The systematic review of the microbiome B-diversity indices as measured immediately after the completion of antibiotic

treatment
B'ra)i-C.urt}s Euclidean ..Iac.car.d Canberra Wel.ghted Unwglghted
Study (dis)similarity . similarity . UniFrac UniFrac
] distance . distance . c
index coefficient distance distance

Cardenas et
al. (2020)

Engelbrektson
et al. (2009)

de Wolfe et
al. (2018)

Kakiuci et al.
(2020)

MacPherson
et al. (2018)

Tang et al.
(2021)

no significant difference in B-diversity between groups

there is an improved B-diversity in the intervention group (antibiotics + probiotics)

there is an improved B-diversity in the control group (antibiotics only)

not applicable*

Definitions for each outcome are detailed in Additional File 2: Table S2 [20-36]
" If a study did not investigate a specific outcome, “not applicable” is indicated

Abbreviations: Unifrac Unique fraction metric

both of the studies [52, 59]. Probiotic supplementation
seems to help maintain the level of Bifidobacterium
genus [50, 54, 62]. According to Plummer et al., Bifido-
bacterium decreased in both groups during antibiotic
therapy but tended to increase after therapy cessation
to day 35 of follow-up [58]. In the study of Kabbani
et al., Roseburia prevalence was decreased by antibi-
otic treatment only; however, Tang et al. reported a
significant reduction in both groups [52, 61]. Probi-
otic supplementation resulted either in an increase of
Blautia in the intervention group or decrease in the
control group only according to two studies [50, 54].
However, Tang et al. described a lower abundance of
Blautia in both groups after antibiotic treatment, with
a re-growing tendency with time regardless of probi-
otic supplementation [52].

The summarized results of the taxonomic analysis of
microbiome composition, as measured immediately at
the end of simultaneous antibiotic and probiotic treat-
ment, are presented in Additional File 2: Table S3. The
results of the follow-up measurements (after cessation
of antibiotic and probiotic treatments) are summarized
in Additional File 2: Table S4.

Risk of bias assessment

The results of the risk of bias assessment are detailed
in Additional File 2: Tables S5-6 and Additional File 3:
Fig. S7-12. The overall risk of bias was low to high for
the indices included in the meta-analyses. The high risk
of bias was caused mainly by the baseline differences
between interventional and control groups regarding
some of the diversity indices [50, 53].
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On the basis of the GRADE assessment, the quality of
evidence for the meta-analyses was low (Additional File
2: Table S7).

Discussion

This study is the first systematic review and meta-
analysis that summarizes the results of the currently
available randomized controlled trials investigating
the effect of probiotic supplementation during antibi-
otic treatment on the gut microbiome. Probiotic sup-
plementation to prevent antibiotic-induced dysbiosis is
not supported by our results.

The imbalance of the bacterial composition in the
gut microbiome is called dysbiosis. One form of this
can be low-diversity dysbiosis, which is often caused
by broad-spectrum antibiotic therapy [1]. Decreased
gut microbiome diversity has been associated with
obesity, inflammatory bowel disease, liver disease, and
recurrent Clostridioides difficile infection, among other
pathologies. Maintaining the gut microbial diversity
during periods of potential impairment seems impor-
tant [3, 65]. Probiotics are widely used to prevent this
dysbiotic state during antibiotic therapy; however,
their role and effect on the gut microbiome are still in
question.

The results of our systematic review and meta-analysis
do not support probiotic supplementation during anti-
biotic therapy in order to prevent low-diversity dysbio-
sis. The meta-analysis of Shannon, Chaol, and observed
OTUs diversity indices did not show a significant effect
of probiotics on maintaining diversity. According to the
current evidence, a single index is insufficient to describe
bacterial communities [13-15]. Our quantitative results
of three alpha diversity indices indicate a lack of signifi-
cant effect of probiotic supplementation on gut micro-
biome diversity during antibiotic therapy. We could not
include many of the identified reported data in the quan-
titative analysis as several studies provided only narrative
results. However, these data confirm the findings of the
meta-analyses as most studies concluded that there were
no significant differences in diversity between the probi-
otic supplemented and the antibiotics alone groups after
antibiotic therapy. As for other indices describing o- and
3-diversity, most studies found no significant difference
between the two groups, especially when comparing
3-diversities. In conclusion, according to currently availa-
ble data, there is no evidence that probiotic supplementa-
tion has a relevant effect on gut bacterial diversity during
antibiotic therapy.

Antibiotic-induced changes in the gut microbial com-
munities, such as decreased Bacteroidetes:Firmicutes
(B:F) ratio has been associated with obesity and
the metabolic syndrome [66, 67]. This tendency of
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reduction in the B:F ratio was observed regardless of
probiotic supplementation during antibiotic therapy
according to several included studies, but it also nor-
malizes in both groups during follow-up [52, 64].
Increased proportion of Proteobacteria was reported
by studies in both groups, which is a possible micro-
bial signature of several diseases, such as metabolic
disorders and inflammatory bowel disease [68]. These
changes, however, showed a restoration tendency after
8 weeks of follow-up [43, 52, 56].

The enrichment of the Enterobacteriaceae family is
commonly associated with specific antibiotic resist-
ance genes for aminoglycosides, beta-lactams, and car-
bapenems, thus being a potentially dangerous source of
antibiotic resistance gene transfer [51, 69]. Although the
members of this family are considered normal intestinal
residents, some may become opportunistic pathogens.
They have a higher abundance in inflammatory bowel
disease patients, but their underlying pathological mech-
anisms are still under investigation [70]. Changes in the
level of Enterobacteriaceae family were inconsistently
reported in the included articles; therefore, we cannot
draw strong conclusions about the consequences of pro-
biotic supplementation. The tendency of abundance nor-
malization after the cessation of the antibiotic treatment
suggests that the changes in Enterobacteriaceae induced
by treatment are transient [51, 63].

Reduced abundance of several species in Bacteroides
might be associated with the risk of Clostridioides diffi-
cile infection [71]. The reduction of this genus was preva-
lent in the probiotic supplemented group in several cases,
the background of which is unclear [53, 55, 57]. The re-
growth of these bacteria during follow-up suggests that
the changes are not permanent [52, 58].

Escherichia coli and Enterococcus family species are
commensal inhabitants of the gastrointestinal tract that
may become pathogens in a dysbiotic environment for
several diseases, such as antibiotic-associated diarrhea,
vomiting, or permanent intestinal inflammation. Moreo-
ver, they are characterized by antibiotic resistance [72,
73]. Probiotic supplementation seems to reduce Escheri-
chia overgrowth during antibiotic therapy according to
Kabbani et al. and Oh et al. [43, 61]. Nevertheless, the
level of both Escherichia and Enterococcus tends to nor-
malize after antibiotics cessation regardless of probiotics
supplementation. This brings the efficacy of probiotics in
preventing this type of antibiotic induced dysbiosis into
question [52, 59, 61].

Probiotic supplementation seems to maintain the level
of Bifidobacteria during antibiotic therapy [50, 54, 62].
Several species and/or strains of this genus may be useful
for health, including modulating gut microbial homeo-
stasis, inhibiting pathogens, and modulating immune
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responses. They can suppress the oncogenic activity
within the microbiome, and they are able to produce
vitamins and transform food compounds into bioactive
molecules [74]. Bifidobacteria also play a crucial role
during early life. They are among the first colonizers of
the human gut. According to previous studies, children
with allergic diseases have a reduced gut microbial diver-
sity with lower abundance of Bifidobacterium, Lacto-
bacillus, and Bacteroides compared to healthy controls
[75]. Therefore, the results of Zhong et al. are especially
important as they showed that probiotic supplementa-
tion was able to maintain the level of Bifidobacteria in
newborns during antibiotic therapy [54].

Some of the included articles suggested that probiotic
supplementation during antibiotic therapy has a protec-
tive effect on Blautia and Roseburia spp. levels [50, 54,
61]. Recently, Blautia has been associated with the alle-
viation of inflammatory and metabolic diseases by regu-
lating host health, and it has also been characterized by
antibacterial activity [76]. Gut Roseburia spp. produce
short-chain fatty acids, modulate colonic motility, sup-
port immunity, and have anti-inflammatory effects [77].
These findings suggest that probiotic supplementation
may have some benefits but the tendency for Blautia lev-
els to normalize spontaneously after antibiotic discontin-
uation casts doubt on them [52].

Implication for practice and research

The summary of the available literature facilitates the
utilization of scientific results in daily practice, which is
crucially important [78, 79]. According to our findings,
probiotics have only a minimal and temporary effect on
the composition and diversity of gut microbiome dur-
ing antibiotic therapy and are not suitable for preventing
antibiotic-induced low-diversity dysbiosis. In this regard,
strain-specific probiotic supplementation with antibiot-
ics may be considered especially for vulnerable groups
to prevent Clostridioides difficile infection or antibiotic-
associated diarrhea, as advised by the current guideline
of the AGA and WGO on the use of probiotics [11, 12].
These findings were however not connected to gut micro-
bial compositions. Given our results, which describe a
low moderating effect on gut flora, the question arises
as to what exactly is the mechanism by which probiot-
ics help prevent these conditions. A recent meta-analysis
also points out that some strains may be more effective
in the prevention of diarrhea and that the effect depends
on the initial risk level. According to this, patients with
a low baseline diarrhea risk do not benefit from probi-
otic supplementation during antibiotic treatment [80].
Our findings do not suggest any further benefit regard-
ing microbiome composition. Further evaluation of the
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relation between clinical manifestations, microbial diver-
sity indices, and taxonomic composition will bring a more
comprehensive understanding of the role of gut microbes
in human health and how different factors affect it. The
standardization of methods for microbiome diversity
measurement and the definition of its optimal value are
key factors in generating more homogenous data with
increased clinical relevance. A measurement after a stand-
ard follow-up period should be considered for all future
similar studies to determine the long-term effects.

The relatively small number of publications and the
wide range of methods and diversity indices used across
the eligible articles indicate that microbiome diversity
is an under-researched area and that professional con-
sensus is still lacking. Although recommendations for
the conduct and reporting of microbiome research have
been published, there are no standards for the choice
of diversity indices [81, 82]. Moreover, every year, new
approaches to characterize microbiome composition are
emerging, making standardization increasingly difficult
[83]. Similarly, the relationship of microbiome compo-
sition and its changes with physiological functions and
clinical symptoms is not well understood yet: no evi-
dent clinical characteristics or symptoms can be attrib-
uted to the different diversity index values, especially
their numerical variation. Our results suggest that the
routine use of probiotics is not justified for maintaining
gut microbial balance and diversity. This is particularly
important for outpatients who are at low risk and usu-
ally start taking probiotics for this purpose. This finding
is in accordance with the current AGA recommendation,
which also highlights that patients with low risk would
reasonably select no probiotics, thus avoiding potential
harm and additional costs [12]. In order to determine the
exact role of probiotics in the clinic, these questions need
to be answered through further professional discussion
and intensive research.

Strengths and limitations
The main strength of the study is the high level of evi-
dence for our quantitative results as we included only
randomized controlled trials in our review and meta-
analysis. Moreover, to our knowledge, this is the first
meta-analysis and the most comprehensive review of
the topic to date. We followed the strict guidelines of
Cochrane recommendations [18] and PRISMA State-
ment [19] when performing our systematic review and
meta-analysis, which is strengthening our results.
Although we have identified all relevant studies pub-
lished on the topic without setting restrictions on micro-
bial variables, we acknowledge the limited availability of
eligible articles. Our strict inclusion criterion of using
only results from randomized controlled trials ensured
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the highest level of evidence, despite potentially reduced
the number of included articles and cases. This empha-
sizes the necessity for further high-quality studies. Due to
the small sample sizes and the limited number of studies,
the results of the meta-analysis of the investigated diver-
sity indices should be handled with criticism. We could
not perform a quantitative synthesis of much of the data
either due to insufficient reporting and high variability
regarding the methods and indices used to measure and
describe the gut microbial composition and diversity.
ASVs (amplicon sequence variant) are generally consid-
ered more accurate method to represent groups of DNA
sequences than OTUs as they do not rely on arbitrary
similarity thresholds and can identify individual vari-
ants within a taxon. However, due to the lack of available
studies meeting inclusion criteria using ASV analysis, our
meta-analysis utilized OTU data, which did not however
hinder the interpretation of consistent results obtained
from before-and-after comparisons. Factors such as the
use of different bacterial strains as probiotics, varied
type and dose of antibiotics, inclusion of subjects with
different health conditions (including both diseased and
healthy individuals without infections), as well as varia-
tions in age across the included studies, could have con-
tributed to the lack of conclusive evidence regarding
efficacy. These factors should be taken into consideration
when interpreting the results and highlight the need for
further research to better understand the impact of these
variables on the outcomes.

Conclusions

The summarized results of the currently available ran-
domized controlled trials cannot support probiotic
supplementation during antibiotic therapy to prevent
low-diversity dysbiosis. The meta-analyses of Shannon,
Chaol, and observed OTUs diversity indices showed
no significant effect of probiotics on maintaining diver-
sity. Although we could not analyze all the identified
results quantitatively, a tendency of no modulating effect
of probiotics was observed for other reported a- and
B-diversity indices as well. Changes in the taxonomic
composition tend to be similar in the intervention and
control groups; however, it varies between the different
studies The tendency of microbiome restoration after a
3-8-week follow-up period, regardless of probiotic sup-
plementation and remission of the differences between
the intervention and control groups, challenges the ques-
tions on the benefits of routine probiotic supplementa-
tion during antibiotic treatment. There is a strong need
to standardize methods and indicators, to build profes-
sional consensus, and to continue intensive research on
clinical relevance.
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Abbreviations

16S rRNA 16S ribosomal ribonucleic acid

ACE Abundance-based coverage estimator

AGA American Gastroenterological Association

ASV Amplicon sequence variant

B:F ratio Bacteroidetes:Firmicutes ratio

CFU Colony forming unit

bid Twice a day

cl Confidence interval

DNA Deoxyribonucleic acid

GRADE The Grading of Recommendations, Assessment, Develop-
ment and Evaluation

MD Mean difference

oty Operational taxonomic unit

PCR Polymerase chain reaction

PCR-DGGE Polymerase chain reaction denaturing gradient gel
electrophoresis

PRISMA Preferred Reporting Items for Systematic Reviews and
Meta-Analyses

PROSPERO International prospective register of systematic reviews

RCT Randomized controlled trial

RoB Risk of bias

tid Three times a day

TRFLP Terminal restriction fragment length polymorphism

UK United Kingdom

UniFrac Unique fraction metric

USA United States of America

qid Four times a day

agPCR Quantitative real-time polymerase chain reaction

WGO World Gastroenterology Organization
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