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ARTICLE INFO ABSTRACT
Keywords: Background: Antibiotics predispose travellers to acquire multidrug-resistant bacteria, such as extended-spectrum
ESBL beta-lactamase-producing Enterobacterales (ESBL-PE). Although widely used in antimalarial prophylaxis,

Extended-spectrum beta-lactamase
Travellers’ diarrhoea
Antimicrobial resistance

doxycycline has scarcely been studied in this respect.
Methods: We explored the impact of doxycycline on rates of traveller’s diarrhoea (TD), ESBL-PE acquisition and,
particularly, doxycycline co-resistance among travel-acquired ESBL-PE in a sample of 412 visitors to low- and

AMR
Doxycycline middle-income countries.
We reviewed the literature on traveller studies of doxycycline/tetracycline resistance among stool pathogens and
the impact of doxycycline on TD rates, ESBL-PE acquisition, and doxycycline/tetracycline resistance.
Results: The TD rates were similar for doxycycline users (32/46; 69.6%) and non-users (256/366; 69.9%). Of the
90 travel-acquired ESBL-PE isolates, 84.4% were co-resistant to doxycycline: 100% (11/11) among users and
82.3% (65/79) among non-users.
The literature on doxycycline’s effect on TD was not conclusive nor did it support a recent decline in doxycycline
resistance. Although doxycycline did not increase ESBL-PE acquisition, doxycycline-resistance among stool
pathogens proved more frequent for users than non-users.
Conclusions: Our prospective data and the literature review together suggest the following: 1) doxycycline does
not prevent TD; 2) doxycycline use favours acquisition of doxy/tetracycline-co-resistant intestinal bacteria; 3)
although doxycycline does not predispose to travel-related ESBL-PE acquisition per se, it selects ESBL-PE strains
co-resistant to doxycycline; 4) doxycycline resistance rates are high among stool bacteria in general with no
evidence of any tendency to decrease.
beta-lactamase (ESBL)-producing Enterobacterales (ESBL-PE) [1-4].
1. Introduction The use of antibiotics is expected to give a selective advantage to bac-
teria resistant to the drug taken, as has been shown among travellers
The need for a less liberal use of antibiotics when visiting (sub) using fluoroquinolones [3,6,7]: in our recent study [7], 96% of the
tropical low- and middle-income countries (LMICs) has become well ESBL-PE acquired by fluoroquinolone-users were found fluoroquinolone
recognised. Research amply supports the general recommendations co-resistant, whereas the rate for non-users was 36%. While the risk of
highlighting prudent antibiotic use, particularly studies demonstrating acquiring MDR bacteria has proved to be particularly high when using
that antibiotics predispose travellers to multidrug-resistant (MDR) bac- fluoroquinolones [5] and beta-lactams [2], scant attention has been paid
teria [1-5]: up to 80% of visitors to LMICs acquire extended-spectrum to doxycycline which also ranks among the three most widely used
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Abbreviations

AB - antibiotic

CLSI-  Clinical and Laboratory Standards Institute
DEC -  diarrhoeagenic Escherichia coli

EAEC - enteroaggregative Escherichia coli

ESBL - extended-spectrum beta-lactamase

ESBL-PE - extended-spectrum beta-lactamase-producing
Enterobacterales

ETEC - enterotoxigenic Escherichia coli

EUCAST - European Committee on Antimicrobial Susceptibility
Testing

DOX -  doxycycline

LMIC - low- and middle-income country

MDR - multidrug-resistant

MDRE - multidrug-resistant Enterobacterales

RCT - randomised controlled trial
RR - relative risk
TD - travellers’ diarrhoea

antimalarial prophylactic agents.
In addition to antimalarial chemoprophylaxis [8], doxycycline was
also commonly prescribed for treatment and prophylaxis of TD in the
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1960s and ‘70s [9]. However, due to its large-scale use among locals in
LMICs in the 1980s and subsequent increase in resistance, doxycycline
became gradually replaced by co-trimoxazole as a therapy for TD and
later by fluoroquinolones, rifaximin, and azithromycin [10,11]. While
previous studies demonstrated that doxycycline had lost its efficacy in
preventing TD [12-14], a recent non-randomised study suggested that
when used as an antimalarial agent doxycycline also prevents TD; the
authors speculated that general resistance rates may have decreased [9].

As the impact of doxycycline taken during travel remains unclear in
the literature, we sought to compile key data available on doxycycline
employing two approaches: 1) analysis of doxycycline co-resistance
among our ESBL-PE isolates in our previous prospective traveller
study in relation to doxycycline use, and scrutiny of the occurrence of TD
among doxycycline-users and non-users, and 2) review of relevant
literature with respect to the impact of doxycycline use on TD and
resistance rates among various intestinal bacteria followed by scrutiny
of the trends in the levels of doxycycline/tetracycline resistance among
stool pathogens.

2. Materials and methods

This research comprised two parts (Fig. 1): the first one a prospective
study and the latter a literature review, both with a focus on the impact
of doxycycline use on TD rates and resistance to doxycycline/tetracy-
cline. The review also compiled studies on the general levels of doxy-
cycline/tetracycline resistance among stool bacteria.

- General resistance levels

Study on doxycycline resistance and international travel
- Impact of doxycycline use on TD and resistance
- Doxycycline co-resistance among ESBL-PE and doxycycline/tetracycline resistance in stool pathogens

/\

Prospective study on travellers to LMIC providing
pre- and post-travel stools
N=412 travelers

Literature review on doxycycline

l

l I

" . Level of
Impact of doxycycline use Impact of doxycycline use . "
doxycycline/tetracycline
(users versus non-users) (users versus non-users) .
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Fig. 1. Flowchart of study conduct.
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2.1. Part 1: Prospective study

To explore the impact of doxycycline on TD rates and co-resistance
among travel-acquired ESBL-PE, we revisited the data from our previ-
ous study exploring ESBL-PE acquisition among Finnish travellers in
2009-10 [1]. In this study, all volunteers had provided stool samples
and questionnaires before and after their trip. Symptoms of TD and the
use of medications, such as an antimalarial prophylaxis and antibiotics
were included in the post-travel questionnaires. The countries visited
were grouped as described earlier [1] (Table 1). The handling of stool
specimens and the identification of ESBL-PE are detailed in our previous
report [1]. In brief, ESBL-producing strains were identified by an auto-
mated VITEK GN system (bioMérieux, Marcy 1’Etoile, France) and the
ESBL phenotype by double disc synergy tests (Oxoid, Thermo Fisher
Scientific, Cambridge, UK).

The doxycycline susceptibility test was performed according to the
criteria of the European Committee for Antimicrobial Susceptibility
Testing (EUCAST) (www.eucast.org) using Muller Hinton agar (Oxoid,
Thermo Fisher Scientific, Cambridge, UK) and Etests (bioMérieux,
Marcy I’Etoile, France). As a breakpoint MIC for doxycycline resistance
we used a value of >4. EUCAST does not define doxycycline’s MIC for
Enterobacterales but gives a MIC of >4 for tetracycline resistance among
Yersinia enterocolitica [15]. The same value is given as a limit for sus-
ceptibility by CLSI [16].

TD was defined by the WHO criteria: passing three or more loose/
liquid stools per 24 h, or more frequently than normal for the individual
[17,18].

An ethics clearance was received from the Helsinki University Hos-
pital ethics committee. All volunteers provided written informed
consent.

For the present study, we selected 412 travellers who had visited
LMICs and analysed the impact of doxycycline use on TD by comparing
TD rates between doxycycline users and non-users.

As for the impact of doxycycline use on the acquisition of resistant
strains, we analysed all 98 travel-acquired ESBL-PE strains contracted by
90 participants for doxycycline co-resistance and, for those with more
than one ESBL-PE isolate differing by their susceptibility to doxycycline,

Table 1
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we selected the more resistant isolate. Then, we compared the ESBL-PE
isolates of doxycycline users versus non-users with respect to each iso-
late’s co-resistance to doxycycline, ciprofloxacin, tobramycin co-
trimoxazole, and nitrofurantoin; susceptibility for antibiotics other
than doxycycline was retrieved from our previous study [7]. In addition
to analysing co-resistance to doxycycline, we analysed factors associ-
ating with doxycycline co-resistance among ESBL-PE.

2.2. Part 2: Search for articles

We searched PubMed for “travel” and “doxycycline” or “tetracy-
cline” or “ESBL”, plus selected articles in our own collections. Articles
were categorised into those assessing the impact of doxycycline use
(either as TD prophylaxis or antimalarial) on (1) TD rates; (2) doxycy-
cline/tetracycline (co-)resistance rates among various stool bacteria;
and (3) ESBL-PE colonisation rates. Moreover, we searched for reports
on (4) doxycycline/tetracycline resistance rates among various stool
bacteria and grouped the findings by three common TD pathogens,
ETEC, EAEC, and Campylobacter.

2.3. Statistical analyses

Pearson’s chi-square test, Fisher’s exact test or a binary logistic
regression analysis were used to compare categorical variables, when
applicable. Statistical significance was defined as p < 0.05. The statis-
tical analyses were carried out using the SPSS 22 software (IBM Corp,
Armonk, NY).

3. Results
3.1. Part 1: Prospective study

3.1.1. Demographics

Of the 412 participants, 251 (60.9%) were female; their median age
was 36.5 years. The destinations in the LMICs included South Asia (61;
14.8%), South-East Asia (101; 24.5%), Sub- Saharan Africa (193;
46.8%), and South and Central America and the Caribbean (40; 9.7%). A

Analysis of co-resistance to doxycycline among travel-acquired ESBL-PE with respect to various factors.

Total n (%) Doxycycline susceptible n (%) Doxycycline MIC >4 n (%) p-value OR (95% CI)
Travellers with ESBL-PE 90 15 (16.7) 75 (83.3)
Antimalarial prophylaxis
Doxycycline 11 (12.2) 0 (0) 11 (100.0) 0.267 0.2 (0.02-3.1)
Mefloquine 14 (15.6) 1(7.1) 13 (92.9) 0.859 0.2 (0.03-2.5)
Atovaquone-proguanil 22 (24.4) 5(22.7) 17 (77.3) 0.246 0.8 (0.04-13.9)
Hydroxychloroquine 8(8.9) 2(25.0) 6 (75.0) 0.381 0.4 (0.04-3.4)
No antimalarial prophylaxis 35 (38.9) 6 (17.1) 29 (82.9) Ref. Ref.
Use of other antibiotics (AB) +/—
AB - DOX + 7 (7.8) 0 (0.0) 7 (100.0) 0.999 N/A
AB + DOX + 4 (4.9 0 (0.0) 4 (100.0) 0.999 N/A
AB + DOX - 24 (26.7) 1(4.2) 23 (95.8) 0.131 5.1 (0.6-42.2)
AB - DOX — 55 (61.1) 10 (18.2) 45 (81.8) Ref. Ref.
Fluoroquinolone 20 (22.2) 1(5.0) 19 (95.0) 0.175 versus no FQ

4.8 (0.6-38.6)

Travellers’ diarrhoea
Yes 75 (83.3) 13 (17.3) 62 (82.7) 1.000 1.1 (0.2-5.8)
No 15 (16.7) 2(13.3) 13 (86.7) Ref. Ref.
Travel destination
South Asia 28 (31.1) 10 (35.7) 18 (64.3) Ref. Ref.
South East Asia 33 (36.7) 3(9.1) 30 (90.9) 0.018 5.6 (1.2-22.9)
Sub-Saharan Africa 23 (25.6) 0 (0) 23 (100.0) 0.998 N/A
East Asia 2(2.2) 0 (0) 2 (100) 0.999 N/A
North Africa and Middle East 4 (4.9) 0 (0) 4 (100) 0.585 0.6 (0.07-4.5)
Age (median; IQR) 36.5/28-58 28/25-31 42/28-59 0.021 1.1 (1.0-1.1)
Sex
Female 49 (54.4) 5(10.2) 44 (89.8) 0.523 1.5 (0.4-5.4)
Male 41 (45.6) 6 (14.6) 35 (85.5) Ref.

CI - confidence interval; DOX — doxycycline; FQ — fluoroquinolone; N/A — not applicable; OR — odds ratio.
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Table 2

Travel Medicine and Infectious Disease 49 (2022) 102403

Co-resistance to various antimicrobials among travel-acquired extended-spectrum beta-lactamase-producing Enterobacterales (ESBL-PE) isolates as evaluated with

respect to doxycycline use.

Total n (%) Doxycycline users (+) n (%) Doxycycline non-users (—) n (%) p-value
Travellers with ESBL-PE 90 11 (12.2) 79 (87.8)
Doxycycline co-resistance (MIC >4) 76 (84.4) 11 (100) 65 (82.3) 0.129
Ciprofloxacin co-resistance 48 (53.3) 8(72.7) 40 (50.6) 0.169
Tobramycin co-resistance 47 (52.2) 6 (65.5) 41 (51.9) 0.869
Nitrofurantoin co-resistance 2(2.2) 0 (0) 2(2.5) 0.594
Co-trimoxazole co-resistance 66 (73.3) 9(81.8) 57 (72.2) 0.497

Table 3

Studies describing impact of doxycycline use on TD rates in our literature review.

First author, publication year Year(s) of sample Study setting

Impact of doxycycline use on TD/diarrhoea: proportion

collection (%) of participants with diarrhoea

Lago, 2020 [9] 2010-18 3227 US military travellers; 20% with DOX as malaria prophylaxis DOX: 10%

Non-users: 19% (RR 0.45 (0.35-0.58), p < 0.01)

Terrell, 2015 [28] 2012-13 US military in Kenya, non-randomized, 867 mefloquine users, 685 DOX DOX: 16%

users Mefloquine: 7% (p-value not reported)

Kantele, 2015 [1] 2009-10 430 Finnish travellers; 19% with DOX as malaria prophylaxis DOX: 70%

Mefloquine: 76%
Atovaquone/proguanil: 70% (p = 0.58)

Lee, 2013 [27] 2009 590 Australian military on overseas deployment; 30% with DOX DOX did not prevent gastroenteritis in multivariable
analysis; new-onset IBS was associated with doxycycline
use

Haus-Cheymol, 2012 [26] 2010 14 French young voluntary workers (none with DOX as antimalarial) DOX: 14.9%

and 72 policemen (91% with doxycycline) during the cholera outbreak No DOX: 71.4% (RR: 0.2; 95% CI: 0.1-0.4).
in Haiti

Arthur, 1990 [12] 1988 253 US military in Thailand; RCT DOX versus mefloquine DOX: 49%

Mefloquine: 48% (p-value not reported)

Sack, 1984 [25] 1980 44 US military in Honduras; RCT DOX versus placebo DOX: 32%

Placebo: 100% (p < 0.001)
Echeverria, 1984 [24] 1980 63 US military in Thailand; RCT DOX versus placebo DOX: 10%
Placebo: 24% (p = 0.12)

Freeman,L.D. 1983 [23] 1981 145 US travellers in Mexico; RCT DOX versus placebo DOX: 4%

Placebo: 21% (p = 0.002)

Santosham,M. 1981 [22] 1978 46 US military in Honduras; RCT DOX versus placebo DOX: 33%

Placebo: 45% (p = non-significant)

Sack 1979 [21] 1977 51 US military in Morocco; RCT DOX versus placebo DOX: 7%

Placebo: 46% (p < 0.01)
Sack 1978 [20] 1976 39 US military in Kenya; RCT DOX versus placebo DOX: 6%

Placebo: 43% (p = 0.012)

CI - confidence interval; DOX — doxycycline; IBS — irritable bowel syndrome; RCT - randomized controlled trial; RR - relative risk; TD — travellers’ diarrhoea.

total of 260 participants (63.1%) took an antimalarial prophylaxis: 46
(11.2% of all) took doxycycline, 125 (30.3%) atovaquone + proguanil,
67 (16.3%) mefloquine, and 22 (5.3%) hydroxychloroquine.

On return, 90 (21.9%) travellers were colonised by ESBL-PE. All of
the ESBL-PE isolates selected for the present study were E. coli. Among
these, 13 were diarrhoeagenic E. coli (DEC), of which 90% (9/10) of the
enteroaggregative (EAEC) and 50% (1/2) of the enteropathogenic
(EPEC) and the enterotoxigenic (ETEC) E. coli were doxycycline
resistant.

Among the volunteers colonised by ESBL-PE, 49 (54.4%) were fe-
male, median age 28 years with travel destinations in South Asia (28;
31.1%), South-East Asia (33; 36.7%), Sub- Saharan Africa (23; 25.6%) as
reported earlier [19]; none had travelled in South and Central America
or the Caribbean. A total of 35 (38.9%) had not taken any antimalarials,
11 (12.2%) took doxycycline, 8 (8.9%) hydroxychloroquine, 22 (24.4%)
atovaquone-proguanil, and 14 (15.6%) mefloquine (Table 1). The me-
dian duration of travel was 29 (IQR 16-40.5) days among doxycycline
users and 16 (12-25) days among nonusers; all users took doxycycline as
an antimalarial prophylaxis according to the national recommendations
(i.e. starting one week before departure abroad, taking 100 mg daily
during travel and for four weeks after return).

3.1.2. Impact of doxycycline use on TD rate

Of the 412 travellers, TD was contracted by 288 (69.9%); TD rates
proved identical among doxycycline users (32/46; 69.6%) and non-
users (256/366; 69.9%; p = 0.958, OR 1.0, 95% CI 0.5-1.9). TD rates
were similar for all antimalarial regimens: 69.6% for those taking
doxycycline, 70.4% for atovaquone + proquanil, 76.1% for mefloquine,
72.7% for hydroxychloroquine, and 66.4% for those with no antima-
larial prophylaxis (p = 0.700).

3.1.3. Impact of doxycycline use on ESBL-PE acquisition

We saw no significant differences in the ESBL-PE acquisition rates
between doxycycline users versus non-users (11/46 (23.9%) versus 79/
366 (21.6%); p = 0.719).

3.1.4. Impact of doxycycline use and other factors on doxycycline co-
resistance rates among ESBL-PE

Eleven out of the ninety travellers (12.2%) with travel-acquired
ESBL-PE took doxycycline as an antimalarial prophylaxis. When using
<4 as the limit of sensitivity, 84.4% of all ESBL-PE strains proved co-
resistant to doxycycline: for doxycycline users 100% (11/11) and for
non-users 82.3% (65/79). As for users of the other antimalarials, the co-
resistance rates were similar regardless of the regimen (Table 1).

TD was contracted by 75/90 (83.3%) of those having acquired ESBL-
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PE; TD was not seen to have any effect on the doxycycline co-resistance
rates (10/11; 90.9% among those with TD versus 65/79; 82.3% among
those without). When compared with isolates obtained from visitors to
South Asia, isolates from Southeast Asia appeared more resistant (64.3%
versus 90.9%; p = 0.018; OR 5.6 95% CI 1.2-22.9). Doxycycline co-
resistance was associated with older age (median 28 years for those
with doxycycline-susceptible strains versus 48 for those with co-
resistance; p = 0.021).

3.1.5. Impact of doxycycline use on co-resistance to other antimicrobials
among ESBL-PE

The rates of co-resistance to ciprofloxacin, tobramycin, nitro-
furantoin, and co-trimoxazole did not differ significantly between
doxycycline users and non-users (Table 2).

3.2. Part 2: Literature review
3.2.1. Impact of doxycycline use on the risk of TD
Our literature search yielded twelve studies exploring the impact of

doxycycline use on TD rates (see Table 3). Of these, seven randomised

Table 4
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controlled trials (RCTs) had been conducted in the 1970s and ‘80s [12,
20-25] and five non-randomised studies between 2009 and 2018 [1,9,
26-28]. Nine [9,12,20,21,23-25,27,28] of these twelve were conducted
among military, and only two [1,22] among regular travellers, and one
among policemen and voluntary workers [26].

In studies conducted in 1976-81, six RCTs compared doxycycline as
a TD prophylaxis with a placebo. A decreased TD risk was observed in
four investigations: among US military in Kenya [20], Morocco [21] and
Honduras [25], and regular US travellers in Mexico [23]. No difference
was seen among US military in Honduras [22] and Thailand [24]. In an
RCT among US military in Thailand in 1988, Arthur et al. found no
difference in TD rates between doxycycline and mefloquine users [12].

In the 2000s, in non-randomised studies comparing doxycycline
users with non-users, a decreased TD risk was reported for doxycycline
users by Haus-Cheymol et al. among French policemen and voluntary
workers in Haiti during the cholera outbreak [26], and by Lago et al.
among US military travellers [9]. Two studies found no effect on TD
rates: Kantele et al. reported data collected 2009-10 from 430 travellers,
comparing doxycycline users to users of other antimalarials [1], and Lee
et al. conducted a multivariable analysis in 2009 among 590 Australian

Studies providing data on the impact of doxycycline use on the acquisition of ESBL-PE during international travel in our literature review.

First author, publication year Year(s) of sample  Study setting

Impact of doxycycline use on the risk of ESBL/

collection MDR acquisition
Buchek, 2021 [34] 2015-17 99 US travellers; 8% ESBL-PE; 15% with DOX as malaria prophylaxis DOX*: 12% (2/11)
Non-users: 17% (9/53)
Tufic-Garutti, 2021 [35] 2015-19 210 Brazilian travellers, 22% ESBL-PE; 16% with DOX as malaria DOX: 38%

prophylaxis

No antibiotic: 28%
Other antibiotic: 78% (7/9)

Worby, 2020 [33]

not reported

608 US travellers; 38% MDR; 1% with DOX as malaria prophylaxis
382 French medical students abroad, 29% ESBL-PE; 18% with DOX as

189 French military; 38% ESBL-PE; 91% with DOX as malaria prophylaxis

396 Finnish and Dutch travellers to various regions in Africa; 15.4% ESBL-

Dao, 2020 [32] 2017-19
malaria prophylaxis

Maataoui, 2019 [31] 2012

Flateau, 2018 [30] 2012-15 166 patients hospitalized in a military hospital in France with a travel
history within 2 months; 24.7% ESBL-PE; 30% with DOX as malaria
prophylaxis

Laaveri, 2018 [5] 2009-13
PE; 8.6% with DOX as malaria prophylaxis

Ruppe, 2015 [2] 2012-13 574 French travellers, 51% MDRE, 13% with DOX as a malaria
prophylaxis

Kantele, 2015 [1] 2009-10 430 Finnish travellers, 21% ESBL-PE; 19% with DOX as malaria
prophylaxis

Liibbert, 2015 [29] 2013-14 225 German travellers; 36% ESBL-PE; 8 (4%)with DOX as malaria

prophylaxis

DOX: 50% (3/6)

DOX: 29%

Non-users: 29%

DOX was not associated with increased ESBL-PE
acquisition rates (exact numbers not given)
DOX: 37%

Non-users: 27% (p = 0.25)

DOX: 14.7%

Non-users: 15.5% (p = 0.906)
DOX: 51%,

Other antimalarials: 57%
DOX: 24%

Mefloquine: 21%
Atovaquone/proguanil: 18%
DOX: 25% (2/8)

DOX - doxycycline; ESBL-PE — extended-spectrum betalactamase producing Enterobacterales; MDRE — multidrug resistant Enterobacterales.

Table 5

Studies providing data on the impact of doxycycline use on doxycycline/tetracycline resistance rates in our literature review.

First author, publication

Year(s) of sample

Study setting

Impact of doxycycline use on doxycycline/tetracycline

year collection resistance rates
Buchek, 2021 [34] 2015-17 99 US military travellers, 15% with DOX as malaria No increased in DOX resistance rates (various E. coli) among 11
prophylaxis DOX users
Arthur, 1990 [12] 1988 253 US military in Thailand; RCT DOX versus ETEC:
mefloquine DOX: 77%, Mefloquine: 35%
Campylobacter:
DOX: 100%, Mefloquine 50%
Echeverria, 1984 [24] 1980 63 US military in Thailand; RCT DOX versus placebo ETEC:
DOX: 100%, Placebo: 82%
Sack, 1984 [25] 1980 44 US military in Honduras; RCT DOX versus placebo ETEC:
DOX: 91%, Placebo: 54%
Santosham, 1981 [22] 1978 46 US military in Honduras; RCT DOX versus placebo ETEC
DOX: 82%, Placebo: 66%
Sack, 1978 [20] 1976 39 US military in Kenya; RCT DOX versus placebo Various E. coli

DOX: 100%, Placebo: 25%

DOX - doxycycline; ETEC — enterotoxigenic E. coli; RCT — randomized controlled trial.
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military personnel on overseas deployment and found an increased risk
for irritable bowel syndrome (IBS) among doxycycline users, yet with no
impact on the risk of TD [27]. Among US military in Kenya in 2012-13,
Terrell et al. report an increased rate of diarrhoea among 685 doxycy-
cline users as compared with 867 mefloquine users [28].

3.2.2. Impact of doxycycline use on ESBL risk

The ten non-randomised studies [1,2,5,29-35] suggested neither an
increased nor a decreased risk of contracting ESBL-PE among doxycy-
cline users versus non-users; we found no randomised trials on travellers
comparing doxycycline users to those receiving a placebo or other an-
timalarials and reporting ESBL-PE rates (Table 4).

Table 6
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3.2.3. Impact of doxycycline use on doxycycline/tetracycline resistance
rates among various stool bacteria

Four RCTs conducted between 1976 and 80 among US military
compared doxycycline as a TD prophylaxis to a placebo; one study was
carried out in Kenya [20], two in Honduras [22,25] and one in Thailand
[24]; all report ETEC [22,24,25] or various E. coli [20] isolates with
higher doxycycline/tetracycline resistance rates among doxycycline
users than non-users. Later, in a study conducted in 1988 among US
military in Thailand, Arthur et al. compared doxycycline users to mef-
loquine users and found 77% and 35% of all ETEC strains and 100% and
50% of all Campylobacter strains resistant to tetracycline. In a recent
non-randomised study among US military travellers to various regions,
Buchek et al. report no difference in the resistance rates between the 11
doxycycline users and 88 non-users; the authors do not provide exact
rates or the number or type of strains analysed [34]. (Table 5).

Studies reporting doxycycline/tetracycline co-resistance rates among ESBL/MDR strains obtained from travellers in our literature review.

First author, Year(s) of sample Study setting

Doxycycline/tetracycline resistance

publication year collection among ESBL/MDR strains

Buchek, 2021 [34] 2015-17 99 US travelling military; 8 (8%) ESBL-PE (screening non-selective) 63% of 8 ESBL-PE strains resistant to
DOX

Peng, 2021 [37] 2018-19 90 Hong Kong travellers, 49 ESBL-PE -negative before travel; 41% became colonized by 60  Of 60 ESBL-PE isolates, 80% resistant

ESBL-PE strains to tetracycline

Lubbert, 2015 [29] 2013-14 225 German travellers; ESBL-PE 36% 32% of 58 ESBL-PE strains resistant to
DOX

Hopkins, 2014 [36] 2004-11 90 isolates each of E. coli, Shigella, non-typhoidal Salmonella, typhoidal S. enterica and 73/90 (81%) of MDRE. coli isolates

Campylobacter, additional 60 CTX-M-producing diarrhoeal E. coli from travellers

non-susceptible to DOX

DOX - doxycycline; ESBL-PE — extended-spectrum betalactamase producing Enterobacterales; MDR - multidrug resistant; MDRE — multidrug resistant

Enterobacterales.

Table 7

Studies describing doxycycline/tetracycline resistance among ETEC, EAEC, and Campylobacter strains in our literature review.

First author, publication year ~ Year(s) of sample  Geographic region

Study setting

Tetracycline/doxycycline resistance

collection among ETEC/EAEC/Campylobacter
strains
ETEC
Boxall, 2020 [54] 2015-17 various 660 diarrhoeagenic E. coli isolates from travellers with TD 38% (23/61)
destinations
Guiral, 2019 [52] 2011-17 various 39 EAEC and 43 ETEC clinical isolates from travellers with TD 40% (17/43)
destinations
Murphy, 2019 [53] 2012-14 South Asia Travellers in Kathmandu, Nepal 433 TD, 209 non-diarrhoea 27% (16/60)
controls
Margulieux, 2018 [51] 2001-16 South Asia 265 ETEC isolates from locals and travellers in Kathmandu, 28% (74/265)
Nepal
Jennings, 2017 [49] 2003-10 Latin America 230 US language school students with TD in Cusco, Peru 41% (11/27)
Mason, 2017 [50] 2002-04 Southeast Asia US marines in Thailand, 155 TD 37% (7/19)
Ouyang-Latimer, 2011 [48] 2006-08 Latin America and 456 enteropathogens isolated from travellers with TD in India 49% (48/98)
South Asia Mexico, Guatemala, and India, 2006 to 2008 Mexico + Guatemala: 52% (140/270)
Porter, 2010 [47] 2002 North Africa and 202 US military with TD in Turkey, ETEC 41% 49% (41/83)
Middle East
Mendez, 2009 [46] 1994-97, various 134 EAEC and 190 ETEC clinical isolates from travellers with 1994-97: 57% (47/82)
2001-04 destinations TD 2001-04 59% (64/108)
Shaheen, 2003 [45] 1996-1997 Sub-Saharan 463 travellers with TD in Mombasa, Kenya, 164 ETEC 42% (66/157)
Africa
Vila, 2000 [44] 1994-97 various 520 travellers with TD; 82 ETEC 57% (47/82)
destinations
Bandres,J.C. 1992 [42] 1980-89 Latin America 220 ETEC isolates from US student travellers with TD in 57% (only percentages given)
Mexico
DuPont, 1992 [43] 1989-90 Latin America 189 US student travellers with TD in Mexico, RCT TD 49% (only percentages given)
treatment study aztreonam versus placebo; 61 individuals
had 71 ETEC strains
Haberberger, 1991 [40] 1987 North Africa and 4,500 US military in Cairo, Egypt; 183 TD; 33% had ETEC 10% (6/60)
Middle East
Taylor, 1991 [41] 1989 North Africa and 104 US military Egypt, RCT TD treatment study ciprofloxacin =~ 49% (only percentages given)
Middle East + loperamide versus ciprofloxacin alone.
Arthur, 1990 [12] 1988 Southeast Asia 253 US military in Thailand; RCT DOX versusmefloquine; 36% (5/14)
122/253 TD
Taylor, 1988 [39] 1986 South Asia 328 US Peace Corps and traveller expatriates with TD in 22% (17/79)

Kathmandu, Nepal

(continued on next page)



A. Kantele et al.

Table 7 (continued)

Travel Medicine and Infectious Disease 49 (2022) 102403

First author, publication year

Year(s) of sample

Geographic region

Study setting

Tetracycline/doxycycline resistance

collection among ETEC/EAEC/Campylobacter
strains
Sack 1984 [25] 1980 Latin America 44 US military Honduras; RCT DOX versus placebo; 29/44 TD 54% (7/13)
Echeverria 1981 [38] 1979 Southeast Asia 35 US military in Thailand, RCT DOX versus placebo; 20/35 0% (0/51)
D,
Santosham,M. 1981 [22] 1978 Latin America 46 military in Honduras; RCT DOX versus placebo; 18/46 TD 62% 13/21)
Sack 1979 [21] 1977 North Africa and 51 US military in Morocco; RCT DOX versus placebo; 13/51 36% (4/11)
Middle East TD
Sack, 1978 [20] 1976 Sub-Saharan 39 US military in Kenya, RCT DOX versus placebo: 22/39 TD 0% (0/15)
Africa
EAEC
Boxall, 2020 [54] 2015-17 various 660 diarrhoeagenic E. coli isolates from travellers with TD 32% (85/265)
destinations
Guiral, 2019 [52] 2011-17 various 39 EAEC and 43 ETEC isolates from travellers with TD 51% (20/39)
destinations
Murphy, 2019 [53] 2012-14 South Asia Travellers to Kathmandu, Nepal 433 TD, 209 non-diarrhoea 34% (71/208)
controls
Jennings, 2017 [49] 2003-10 Latin America 230 US language school students with TD in Cusco, Peru 22% (2/9)
Mason, 2017 [50] 2002-04 Southeast Asia 155 US marines with TD in Thailand 100% (5/5)
Ouyang-Latimer, 2011 [48] 2006-08 Latin America and 456 enteropathogens isolated from travellers with TD in India 0% (0/3)
South Asia Mexico, Guatemala, and India, 2006 to 2008 Mexico + Guatemala 60% (12/20)
Mendez, 2009 [46] 1994-97, various 134 EAEC and 190 ETEC isolates from travellers with TD 1994-97: 64% (32/50)
2001-04 destinations 2001-04: 76% (64/84)
Campylobacter
Jennings, 2017 [49] 2003-10 Latin America 230 US language school students with TD in Cusco, Peru 0% (0/3)
Mason, 2017 [50] 2002-04 Southeast Asia 155 US marines with TD in Thailand 68% (39/57)
Post, 2017 [61] 2007-14 various 261 Campylobacter isolates from travellers Total 48.3%
destinations South-Eastern Asia 14/25 (56.0%)
South Asia: 19/46 (56.0%)
Latin America 10/19 (52.9%)
Sub-Saharan Africa: 38/84 (45.2%)
North Africa and Middle East:22/44
(50.0%)
Ouyang-Latimer, 2011 [48] 2006-08 Latin America and 456 enteropathogens isolated from travellers with TD in India: 0% (0/17)
South Asia Mexico, Guatemala, and India, 2006 to 2008 Mexico and Guatemala 0% (0/6)
Serichantalergs,2010 [60] 1998-2003 Southeast Asia 312 Campylobacter jejuni isolates (46 from regular travellers 82% (256/312)
and 266 US military)
Skjot-Rasmussen, 2009 [59] 1997-2007 various 120 Campylobacter strains isolated from travellers in 35% (42/120)
destinations Denmark
Ruiz, 2007 [58] 1993-03 various 92 Campylobacter strains isolated from travellers with TD 42% (39/92)
destinations
Ronner, 2004 [57] 2001-02 various 112 Campylobacter strains from travellers 63% (70/112)
destinations
Hakanen, 2003 [56] 1995-2000 various 354 nondomestic Campylobacter strains 46% (163/354)
destinations
Petruccelli, 1992 [55] 1990 not reported 142 US military with TD, RCT TD treatment study; 100% (54/54)
ciprofloxacin + loperamide various lengths. All took DOX as
an antimalarial
Arthur, 1990 [12] 1988 Southeast Asia 253 US military in Thailand; RCT DOX versus mefloquine; 50% (2/4)

122/253 TD

DOX - doxycycline; EAEC - enteroaggregative E. coli; ETEC — enterotoxigenic E. coli; RCT - randomized controlled trial; TD - travellers’ diarrhoea.

Table 8

Studies describing doxycycline/tetracycline resistance rates among various E. coli (other than ETEC, EAEC)/Enterobacterales in our literature review.

First author, publication year ~ Year(s) of Geographic Study setting Tetracycline/doxycycline
sample regions resistance
collection
Buchek, 2021 [34] 2015-17 various 99 US travellers; 8% ESBL-PE; 15% took DOX as a malaria prophylaxis E. coli 44% (11/25)
destinations ESBL-producing strains, 63%
(5/8)
Blyth, 2016 [68] 2013 various 58 US military, 3 with DOX; 9% ESBL 36 E. coli isolates; new
destinations resistance detected in 44%
Hopkins, 2014 [36] 2004-11 various 90 isolates of each: E. coli, Shigella, non-typhoidal Salmonella, typhoidal 49.7% (179/360) of
destinations S. enterica and Campylobacter, additional 60 CTX-M-producing Enterobacteriaceae
diarrhoeagenic E. coli from travellers with TD 81.1% (73/90) of MDR E. coli
Jiang, 2002; [67] 1996-98 various 1079 international travellers to Kenya, India, and Jamaica 46%-57% of isolated
destinations enteropathogens

Huang, 2001 [66]

Wistrom, 1992 [6]

not reported

1990

Latin America

Latin America

39 US student travellers to Mexico; no TD

42 US travellers with TD to Mexico; RCT TD treatment study ciprofloxacin

versus placebo

89% (16/18) of trimetoprim-
resistant E. coli strains
Ciprofloxacin users: 98% (22/
23 E. coli strains)

Placebo 62% (14/23)

No TD 46% (46,/100)

(continued on next page)
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First author, publication year ~ Year(s) of Geographic Study setting Tetracycline/doxycycline
sample regions resistance
collection
Rademaker, 1989 [65] 1988 North Africa 54 Dutch travellers to Sousse, Tunisia; RCT TD prevention study Various gram-negative
ciprofloxacin versus placebo Enterobacterales 47%
Wistrom, 1989 [64] 1986-88 various 447 Swedish travellers; RCT TD treatment study norfloxacin versus Various E. coli
destinations placebo Norfloxacin users 74% (14/
19)
Placebo 86% (18/21)
No TD 43% (9/21)
Wistrom 1987 [63] not reported various 62 Swedish travellers, RCT norfloxacin versus placebo TD prophylaxis Various E. coli
destinations Norfloxacin users 40%

Gaarslev, 1985 [62] not reported Latin America

prophylaxis

Echeverria, 1984 [24] 1980 Southeast Asia

33 Danish travellers to Mexico, RCT mecillinam versus placebo TD

63 US military in Thailand; RCT DOX versus placebo;

Placebo 43%

Various E.coli

Placebo: 33% (13/47 strains)
Mecillinam: 52% (23/59
strains)

Various E. coli 82%

DOX - doxycycline; EAEC - enteroaggregative E. coli; ESBL-PE — extended-spectrum betalactamase producing Enterobacterales; ETEC —enterotoxigenic E. coli; MDR —

multidrug resistant; RCT — randomized controlled trial; TD — travellers’ diarrhoea.

3.2.4. Doxycycline/tetracycline co-resistance rates among ESBL-PE

We found four traveller studies of doxycycline/tetracycline co-
resistance among ESBL-PE strains. They report rates in the range
32-81% (Table 6) [29,34,36,37]; none of the investigations provide
co-resistance rates with respect to possible doxycycline use.

3.2.5. Doxycycline/tetracycline resistance rates among TD pathogens

As regards the ETEC strains isolated from travellers between 1976
and 2017, 0-62% were reported as resistant to doxycycline/tetracycline;
no clear trends were seen over time [12,20-22,25,38-54]. Samples for
EAEC were only collected 1994-2017, and 0-100% of all isolates proved
resistant; no significant trends were observed here either [12,20-22,25,
38-54]. Among Campylobacter strains collected in 1988-2014, resis-
tance rates of 0-100% were reported; no increasing or decreasing trends
were seen [12,48-50,55-61]. (Table 7).

3.2.6. Doxycycline/tetracycline resistance rates among other stool bacteria

Our search yielded ten traveller studies reporting doxycycline/
tetracycline resistance rates among other stool bacteria (mostly non-
DEC E. coli) [6,24,34,36,62-68]: the rates varied between 44% and
98% with no clear decreasing or increasing trends over time (Table 8).

4. Discussion
4.1. Data do not support use of doxycycline for prevention of TD

In the 1970s and ‘80s, doxycycline was used both to treat and prevent
travellers’ diarrhoea [9,13,14]. Indeed, the drug showed an efficacy of
up to 90% as a prophylaxis against TD in most of the RCTs conducted in
the 1970s and ‘80s [20-25]. An RCT comparing mefloquine and doxy-
cycline that was carried out among US military in Thailand in 1987
found no protective effect against TD [12].

In non-randomised trials undertaken in the 2000s the data have been
inconclusive. One study comparing doxycycline with other antimalarials
found no protective effect against TD [1], another reports similar TD
rates for doxycycline users and non-users but IBS more frequently for
users [27], while a third investigation shows increased TD rates for
doxycycline users [28]. Two studies, by contrast, report a reduced risk of
TD for doxycycline users [9,26]. Our study accords with those not
reporting protective efficacy: we found no difference in TD rates be-
tween doxycycline users and non-users. Taken together, the literature
does not justify TD prevention as an indication for doxycycline.

4.2. Doxycycline resistance among intestinal bacteria

4.2.1. Doxycycline resistance rates among TD pathogens are generally high

In their recent article Lago et al. suggest, as an explanation for their
finding of reduced TD rates for doxycycline users, that the general rates
of doxycycline resistance could be decreasing [9]. Our literature review
does not support this speculation. Campylobacter strains remained highly
resistant between 1988 and 2014 (no earlier traveller studies were
found) [12,48-50,55-61]. Likewise, no decrease in doxycycline resis-
tance was seen for EAEC between 1994 and 2017 [46,48-50,52-54], or
for ETEC between 1974 and 2017 [12,20-22,25,38-54]. Indeed, even
though doxycycline has in the LMICs, as in most other countries, become
partly replaced by other antibiotics, this change appears not to have
translated into decreased resistance rates among TD pathogens.

Somewhat unexpectedly, the finding from our prospective study
suggests higher doxycycline resistance rates for travellers to Sub-
Saharan Africa and South-East Asia than those visiting South Asia.
Future studies are needed to confirm this observation.

4.2.2. Doxycycline co-resistance is common among intestinal ESBL-PE

We considered 84.4% of the 90 ESBL-PE strains here co-resistant to
doxycycline. Three out of four studies analysing co-resistance rates
among ESBL-PE strains accord with our findings: Hopkins et al. report a
rate of 81% for returning British travellers [36], Buchek et al. a rate of
63% for US military abroad [34], and Peng et al. a rate of 80% for among
Hong Kong travellers [37]. Somewhat lower rates (36%) are reported by
Liibbert et al. for German travellers [29].

4.3. Doxycycline use selects doxycycline-resistant strains

4.3.1. Impact on doxycycline resistance among TD pathogens and other
stool bacteria

It is noteworthy that during doxycycline prophylaxis, TD pathogens
appear to be mostly doxycycline-resistant. Although the number of RCTs
comparing doxycycline with a placebo [20,22,24,25] or mefloquine
[12] were limited, all of the studies report higher resistance rates for
doxycycline users than for non-users.

4.3.2. Impact on doxycycline co-resistance among ESBL-PE isolates

To our knowledge, our study is the first to compare doxycycline co-
resistance rates among ESBL-PE isolates between doxycycline users and
non-users. The comparison posed a challenge because of the high gen-
eral doxycycline co-resistance rate (84.4%) among the ESBL-PE isolates
which was also reflected in the non-users’ rates (65/79; 82.3%). Strik-
ingly, however, every single ESBL-PE isolate of the doxycycline users
(11/11; 100%) proved resistant to doxycycline. Thus, regardless of the
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high overall resistance to doxycycline, its use appeared to select strains
resistant to it, which accords with our respective findings on fluo-
roquinolones [7].

Interestingly, in our data, doxycycline co-resistance also appeared
more common among fluoroquinolone users (19/20; 95.0%) than non-
users (56/70; 80.0%), yet the difference did not reach statistical sig-
nificance (p = 0.112). In the study by Wistrom et al. [6] exploring the
ecological short-term effects of ciprofloxacin treatment against TD, two
days after travel 96% of fluoroquinolone users, but only 62% of those
having taken a placebo, carried doxycycline-resistant strains.

4.4. Does doxycycline increase the risk of acquiring ESBL-PE?

Antibiotics [1-5], particularly beta-lactams [2] or fluoroquinolones
[5], have been shown to predispose to ESBL-PE among travellers in
LMICs, yet such an increased risk has not been reported for doxycycline
[1,2,5,29-35]. As regards beta-lactam users, the explanation for the
difference between the regimens is obvious: ESBL-PE are resistant to
most beta-lactams and thus, beta-lactams specifically favour ESBL-PE
over any beta-lactam-sensitive bacteria. As for fluoroquinolones, their
use results in favouring fluoroquinolone-resistant ESBL-PE strains and
indirectly increases the rate of ESBL-PE acquisition. These two phe-
nomena have been demonstrated in our previous study:
fluoroquinolone-users have higher ESBL-PE rates than non-users, and
their ESBL-PE strains are more often co-resistant to fluoroquinolone [7].
Even though doxycycline co-resistance was common among our
ESBL-PE isolates, doxycycline appeared not to increase ESBL-PE acqui-
sition. This may at first sight appear illogical, but it may in fact be
explained by the high background doxycycline resistance rate among
ESBL-PE (over 80%): testing the significance for such a small difference
would have required a considerably larger study population. It is note-
worthy that even with our study population size, selection pressure
shows in co-resistance rates: 100% of the doxycycline users and 82.3%
of the non-users had doxycycline-resistant ESBL-PE strains.

Importantly, most of the studies above describe doxycycline resis-
tance rates among TD pathogens or ESBL-PE. As the great majority of
intestinal bacteria do not belong to these groups, the lack of effect on
these specific populations should not be interpreted as proof of no
impact on others, but these populations can rather be seen to serve here
as sentinels of doxycycline resistance.

4.5. Should doxycycline be favoured as an antimalarial prophylaxis?

As we have discussed here, current data available on the efficacy of
doxycycline against TD and the consequences of its long-term use
remain inconsistent. Therefore, as long as new RCTs comparing doxy-
cycline with other antimalarials have not been conducted, selection of
antimalarial medications should not be based on a presumed protective
effect of the drug against TD.

4.6. Limitations

Some limitations of the present study deserve to be discussed. As the
number of ESBL-PE strains in our prospective data was 90, some of the
statistics remained underpowered. Our strains were collected already in
2009-10. However, we only found one more recent study (comprising
eleven doxycycline users) that assesses the impact of doxycycline on
doxycycline/tetracycline resistance rates [34].

EUCAST has not established the breakpoint MICs for doxycycline.
We selected >4, since it is used by CLSI [16] and several other studies
[29,36,48,69]. Had we applied >16 as a breakpoint MIC value, the
co-resistance rate would have been 83.3% (75/90), yielding the
co-resistance rates of 90.9% for doxycycline users (10/11) and 82.3%
for non-users (65/70).

Travel Medicine and Infectious Disease 49 (2022) 102403

5. Conclusion

Our analysis suggests that for travellers to LMICs the use of doxy-
cycline does not reduce the risk of TD. High in all ESBL-PE isolates,
doxycycline co-resistance proved highest among doxycycline users. In
the literature comparing users and non-users, particularly high resis-
tance figures were likewise reported for various stool bacteria from
doxycycline users. On the basis of our own study data and the literature
review, we conclude that the impact of doxycycline on AMR acquisition
is limited but not negligible.
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