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Abstract: Aim: This study investigated the susceptibility of Enterotoxigenic Escherichia coli to curcumin,
as well as its synergistic effect with 12 antimicrobial drugs. Methods and Results: Our study shows that
curcumin did not affect bacterial growth. The antimicrobial susceptibility of curcumin and antibiotic
synergy were identified using disc diffusion on Mueller-Hinton agar. The strain of Enterotoxigenic
Escherichia coli used was resistant to Ampicillin, Amoxicillin/Clavulanic acid, Ampicillin/Sulbactam,
Ciprofloxacin, and Cefazolin. There was synergy between curcumin and the majority of antibiotics
tested. Maximum synergy was observed with combinations of 330 µg/mL curcumin and Ceftazidime,
followed by Cefotaxime, Amoxicillin/Clavulanic acid, Ampicillin, Aztreonam, Trimethoprim,
Ciprofloxacin, Ceftriaxone, Cefazolin, Tetracycline, and Imipenem. Conclusion: Our findings
indicated that curcumin might be useful as a combinatorial strategy to combat the antibiotic resistance
of Enterotoxigenic Escherichia coli.
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1. Introduction

Acute diarrheal disease (ADD) is an important health problem globally, particularly in the
youngest children in resource-limited (developing) countries [1]. The etiological agents most frequently
involved vary according to the socioeconomic status and health conditions of the region. In Mexico,
diarrheagenic Escherichia coli strains have been reported as the most prevalent etiologic agents for
this disease [2,3]. Enterotoxigenic E. coli (ETEC) is one of the main causes of illness and mortality in
children under five years of age, is the leading cause of traveler’s diarrhea, and is endemic in essentially
all developing countries [4,5]. The vast majority of cases with severe or persistent diarrhea are treated
empirically without bacteriological investigation [6]. E coli enteric infections require fluid replacement
with solutions containing appropriate electrolytes to prevent dehydration. However, antimicrobial
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therapy should be used in severe cases of diarrheal disease and may be used to prevent traveler’s
diarrhea. Antimicrobials known to be useful include doxycycline, trimethoprim/sulfamethoxazole,
fluoroquinolones, and rifaximin [7]. Unfortunately, the antibiotic resistance crisis is becoming dire,
and E. coli has already shown resistance to fluoroquinolones, carbapenems, and even third-generation
cephalosporin’s ?the best antibiotics available to treat multi-resistant-bacteria [8–11]. E. coli is included
in the group of bacteria of critical priority for the development of new antibiotics [12]. In the search
for new alternative therapies for treating ADD, natural products are being evaluated. Among those,
curcumin (CUR), the main biologically active curcuminoid of Curcuma longa L., possesses a wide
spectrum of biological activities, such as antioxidant, anti-inflammatory, anti-tumor, anti-proliferative,
and anti-protozoal properties [13–16]. CUR alone or combined with some nanomaterials has
demonstrated an antibacterial property against both Gram-positive and Gram-negative bacteria,
such as E. coli [17–22]. However, its effect on Enterotoxigenic E. coli is unknown. On the other hand,
CUR has received worldwide attention as a combinatorial therapy; its antibacterial action is synergistic
with several antibiotics [23,24]. In this study, we analyzed the effect of CUR in a strain of ETEC and its
antibacterial synergy with 12 potentially useful agents, in order to contribute to the establishment of a
combinatorial strategy that may be more effective for treating the disease.

2. Results

2.1. Curcumin Did not Affect the Growth of Enterotoxigenic E. coli

The classification of the strain as an ETEC was validated as the strain possessed the heat-labile toxin
(LT). Figure 1A shows the electrophoresis pattern of the PCR product for the LT gene obtained. This
product was 218 pb, which was in agreement with the size reported earlier [25]. For the antimicrobial
susceptibility tests to CUR, agar dilution and broth microdilution methods were used. The results
showed that treatment of ETEC with 110, 220, or 330 µg/mL of CUR did not inhibit bacterial growth;
on agar plates, many colony-forming units were observed, and the individual colonies were blended
together, making them impossible to count (Figure 1B). As shown in Figure 1C, the broth microdilution
method confirmed that CUR had no activity against ETEC, as no significant differences in growth rates
(OD600) were observed when grown in DMSO or CUR.
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Figure 1. (A) PCR amplification of the gene for the heat-labile toxin, a virulence factor associated
with the ETEC: lane 1 (218 bp), M (Molecular weight marker). (B) Representative images of the effect
of CUR on the growth of ETEC, (a) DMSO, and (b) CUR 330 µg/mL. (C) The growth curve of ETEC
(optical density 600 nm) in media; DMSO; and 110, 220, or 330 µg/mL of CUR. Data correspond to
mean values ± SD of three independent experiments.
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2.2. Susceptibility of Enterotoxigenic E. coli

The antibiotic susceptibility of the ETEC strain was assessed by disk diffusion using 12 different
antimicrobial agents (Table 1). Our data evidenced that ETEC was resistant to Ampicillin,
Ampicillin/Sulbactam, Amoxicillin/Clavulanic acid, and Cefazolin, but was sensitive to all other
antibiotics, with the exception of Ciprofloxacin, where the strain showed intermediate resistance
(Table 2).

Table 1. Antibiotics used in the susceptibility tests and the break-points for resistance and susceptibility.

Antibiotic
Concentration

(µg)
Inhibition Halo (mm)

Sensitive (S) Intermediate (I) Resistant (R)

Ceftriaxone (CRO) 30 ≥23 20–22 ≤ 19

Cefotaxime (CTX) 30 ≥26 23–55 ≤ 22

Ceftazidime (CAZ) 30 ≥21 18–20 ≤ 17

Ampicillin (AM) 10 ≥17 14–16 ≤ 13

Amoxicillin/Clavulanic acid (AMC) 20/10 ≥18 14–17 ≤ 13

Ampicillin/Sulbactam (SAM) 10/10 ≥15 12–14 ≤ 11

Ciprofloxacin (CIP) 5 ≥31 21–30 ≤ 20

Cefazolin (CZ) 30 ≥23 20- 22 ≤ 19

Aztreonam (ATM) 30 ≥21 18–20 ≤ 17

Imipinem (IPM) 10 ≥23 20–22 ≤ 19

Tetracycline (TE) 30 ≥15 12–14 ≤ 11

Trimethoprim (TMP) 5 ≥16 11–15 ≤ 10

Table 2. Zone of inhibition (mm) and susceptibility of different antibiotics against Enterotoxigenic
Escherichia coli.

Antibiotics Only Antibiotic

Ceftriaxone 29 ± 1.0 (S)

Cefotaxime 28 ± 1.2(S)

Ceftazidime 25 ± 1.2 (S)

Ampicillin 8 ± 1.0 (R)

Amoxicillin/ Clavulanic acid 12 ± 1.0 (R)

Ampicillin/Sulbactam 11 ± 1.0 (R)

Ciprofloxacin 29 ± 1.0 (I)

Cefazolin 19 ± 1.2 (R)

Aztreonam 27 ± 1.0 (S)

Imipinem 29 ± 1.2 (S)

Tetracycline 19 ± 1.0 (S)

Trimethomprim 24 ± 0.6 (S)

S = sensitive, I = intermediate and R = resistant.

2.3. Synergistic Effect of Curcumin

The possible synergistic effect of CUR was evaluated. CUR at 110, 220, or 330 µg/mL enhanced the
antibacterial activity of the majority of the tested antibiotics (Table 3). These effects were most dramatic
with 330 µg/mL of CUR, and the highest fold increases were observed for Ceftazidime (74.2%), followed
by Amoxicillin/Clavulanic acid (56.2%), Cefotaxime (56.2%), and Ampicillin (56.2%) (Figure 2).
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Table 3. Zone of inhibition (mm) and susceptibility of different antibiotics against a strain of
Enterotoxigenic Escherichia coli in the absence and presence of curcumin.

Antibiotics Antibiotic +
DMSO A

Antibiotic +
110 µg/mL CUR B

Antibiotic +
220 µg/mL CUR B

Antibiotic +
330 µg/mL CUR B

Ceftriaxone 29 ± 1.0 (S) 29 ± 1.0 (S) 33 ± 1.2 (S) 35 ± 1.0 (S)

Cefotaxime 28 ± 1.0 (S) 32 ± 0.6 (S) 34 ± 1.0 (S) 35 ± 1.0 (S)

Ceftazidime 25 ± 1.2 (S) 29 ± 1.0 (S) 30 ± 1.0 (S) 33 ± 0.6 (S)

Ampicillin 8 ± 1.0 (R) 8 ± 0.0 (R) 10 ± 0.6(R) 10 ± 0.0 (R)

Amoxicillin/Clavulanic acid 12 ± 1.2 (R) 13 ± 1.0 (R) 13 ± 1.0 (R) 15 ± 1.0 (I)

Ampicillin/Sulbactam 11 ± 0.0 (R) 11 ± 0.6 (R) 11 ± 1.0 (R) 11 ± 1.0 (R)

Ciprofloxacin 29 ± 1.0 (I) 32 ± 1.0 (S) 35 ± 1.0 (S) 35 ± 1.2 (S)

Cefazolin 19 ± 1.2 (R) 21 ± 1.0 (I) 22 ± 1.0 (I) 22 ± 0.6 (I)

Aztreonam 27 ± 0.0 (S) 29 ± 0.6 (S) 32 ± 0.6 (S) 33 ± 1.0 (S)

Imipinem 29 ± 0.6 (S) 29 ± 1.2 (S) 31 ± 0.6 (S) 31 ± 0.0 (S)

Tetracycline 19 ± 1.0 (S) 21 ± 1.0 (S) 22 ± 0.6 (S) 22 ± 0.6 (S)

Trimethomprim 24 ± 0.6 (S) 24 ± 1.0 (S) 28 ± 1.0 (S) 29 ± 1.0 (S)
A is the inhibition zone in the absence of curcumin. B is the inhibition zone in the presence of curcumin. S = sensitive,
I = intermediate, and R = resistant.
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Figure 2. Synergistic effect of curcumin. (A) Representative images of susceptibility at different antibiotics
against a strain of Enterotoxigenic E. coli (in the absence or presence of curcumin). (B) The percent of
increases in inhibition area for different antibiotics was calculated as (B2

−A2)/A2
× 100, where A is the

inhibition zone in the absence of curcumin and B is the inhibition zone in the presence of curcumin. See
Table 3 for A and B values.
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3. Discussion

The clinical threat of infections with antibiotic-resistant bacteria is increasing [26]. E. coli is found
in humans and other mammals as a commensal microorganism. However, some E. coli strains are
responsible for diverse intestinal and extraintestinal diseases. The Enterotoxigenic E. coli ETEC is
one of the main causes of illness and mortality in children under five years of age, and is the leading
cause of traveler’s diarrhea; it is endemic in essentially all developing countries [3,4]. According
to the global disease burden estimates and the Maternal and Child Epidemiology Estimation group
(MCEE), although mortality rates from diarrheal diseases have decreased since 1900, ETEC ranks
among the top five causes of diarrheal worldwide [27,28]. This pathogen in increasingly resistant
to antibiotics, and its treatment is generally ineffective [4,29,30]. To solve this problem, there is an
urgent need to develop or discover new antibacterials. CUR has been known for a long time for its
antimicrobial properties [19,20,31]. Previous reports described that CUR has high antibacterial activity
against a commensal E. coli, strain ATCC 25922, in relation to other bacteria, with a minimum inhibitory
concentration (MIC) for CUR of 163 µg/mL [19]. In the present study, CUR, even up to 330 µg/mL, was
not active against the strain of ETEC used. This result is consistent with other reports which showed
that the ethanol extract of the rhizome of Curcuma longa, as well as three curcuminoids isolated from
the same plant, do not possess antibacterial activity against E. coli. This has been attributed to the
composition of the outer membrane of Gram-negative strains [21,31].

On the other hand, several studies have demonstrated that a combination of therapies of antibiotics
and other substances might improve the therapeutic effect and reduce drug resistance [32]. CUR has
been shown to increase the activity of several antibiotics against different bacteria [23,33]. The current
study demonstrated that CUR in combination with several antibiotics was synergistic. By the disk
diffusion method assay, CUR showed enhancement of the inhibition zone with almost all the drug
combinations, except with Ampicillin/Sulbactam. This finding is further supported by other studies
on Gram-negative and Gram-positive bacteria, which reported the synergistic antibacterial activity
of CUR with antibiotics [24,34]. We propose that CUR could be of relevance in combination therapy,
and may be useful as a treatment option for drug-resistant bacteria.

4. Materials and Methods

4.1. Bacterial Strain

The enterotoxigenic E. coli (H10407 prototypical ETEC 078:H11) used in the current study was
kindly provided by Dr. Fernando Navarro García, Center for Research and Advanced Studies of the
National Polytechnic Institute (CINVESTAV).

4.2. Maintenance and Preservation of Microorganisms

The enterotoxigenic E. coli strain H10407 was grown on nutrient agar plates (Becton Dickinson,
Maryland, USA) at 37 ◦C for 18–20 h. The cultures were stored at 4 ◦C and were re-cultured every
seven days.

4.3. Identification of the Presence of the Gene of the Heat-labile Toxin in Enterotoxigenic E. coli by PCR

4.3.1. Extraction of Genomic DNA

Cells were harvested by centrifugation at 5000 rpm for 3 min. DNA extraction was performed using
the DNeasy® Blood & Tissue kit (QIAGEN, Hilden, Germany), following the manufacturer’s instructions.
The DNA was stored at −20 ◦C. Purity and concentration were determined by electrophoresis in 1%
agarose gel (Ultra-Pure™ Agarose, Invitrogen, Carlsbad, California USA) and by spectrophotometry,
respectively. The samples were stained with GelRed™ (Biotium, Landing Pkwy, California USA)
and the bands were visualized in a trans-illuminator (UVP Benchtop 2UV, Fisher Scientific, Waltham,
Massachusetts, USA).



Antibiotics 2019, 8, 43 6 of 9

4.3.2. Expression of LT Gene

The heat-labile toxin (LT) is one of the major virulence factors of enterotoxigenic Escherichia coli [25].
Expression of LT (GenBank Accession MF374714.1) was validated in the ETEC strain (Figure 1A).
The gene was amplified from genomic DNA by PCR using the following primers: lt sense 5’-GCA CAC
GGA GCT CCT CAG TC-3’ and lt antisense 5’-TCC TTC ATC CTT TCA ATG GCT TT-3’. The PCR
conditions were: hot starts 94 ◦C for 5 min, 35 cycles at 94 ◦C for 90 s, 58 ◦C for 90 s, and 72 ◦C for 90 s.
The resulting amplicons were visualized by electrophoresis in 1% agarose gel.

4.4. Antibacterial Effect of Curcumin

4.4.1. Preparation of Curcumin Stocks

The CUR was obtained from Sigma Chemicals Co. (St Louis, Missouri, USA). The stock of
CUR was prepared to a concentration of 40 mg/mL, dissolved in dimethyl sulfoxide (DMSO, Sigma),
and diluted with Mueller-broth media (Becton Dickinson, Maryland, USA) to a concentration of 110,
220, or 330 µg/mL.

4.4.2. Killing Assays

To determine the possible effect of CUR on the growth of ETEC, the agar plate method and
microdilution technique were used [35,36]. Briefly, 100 µL of bacterial suspension with an OD600 of
0.4 (3.2 × 108 CFU/mL) was streaked on Mueller-Hinton agar (MHA) (MCDLAB, Tlalnepantla, Mexico
state), containing 110, 220, or 330 µg/mL of CUR. The plates were incubated for 24 h at 37 ◦C. After
incubation, the bacterial cell growth on the solid surface was observed directly. For the microdilution
assay, 100 µL of Mueller-broth media (MBM) supplemented with 110, 220, or 330 µg/mL of CUR
was dispensed in each well. The wells were inoculated with 1 µL of bacterial suspension with an
OD600 of 0.4 (3.2 × 108 CFU/mL). Cultures without CUR or with DMSO 1.27% were used as negative
controls. The plates were incubated for 24 h at 37 ◦C. After incubation, bacterial growth (OD600) was
measured on a microplate reader (BioTek Synergy HT, Winooski, Vermont, USA). All experiments
were performed in triplicate.

4.5. Determination of Bacterial Susceptibility to Antibiotics

To determine the antimicrobial susceptibility of ETEC, the agar diffusion method was used. Briefly,
the bacterial suspension was prepared by suspending three to four well-separated overnight colonies
into 3 mL of MBM. Cells were incubated at 37 ◦C and 250 rpm, and the growth was monitored until an
OD600 of 0.4 (3.2 × 108 CFU/mL) was reached. The suspension was used to inoculate by swabbing
plates of MHA. The plates were allowed to dry for 5 min, and twelve commercially-prepared paper
antibiotic disks (Table 1) were then placed on the inoculated agar surfaces. Plates were incubated at
37 ◦C for 20 h. The zones of growth inhibition around each antibiotic disk were measured by a Vernier
caliper. The diameter of each zone was interpreted using the criteria published by the Clinical and
Laboratory Standards Institute (CLSI manual for antimicrobial susceptibility, 2017).

4.6. Synergistic Effect of Curcumin on a Strain of Enterotoxigenic E. coli

To determinate whether CUR had a synergistic effect with twelve potentially anti-ETEC agents,
the agar diffusion method was used. Briefly, MHA agar plates incorporating 110, 220, or 330 µg/mL
of CUR were inoculated with bacterial suspensions described above using a sterile swab, following
CLSI recommendations. The plates were incubated under the same condition as for disc diffusion.
The sensi-discs were placed and incubated at 37 ◦C for 20 h. Plates without CUR and DMSO 1.27%
were used as negative controls. The zones of growth inhibition around each antibiotic disk were
measured by a Vernier caliper.
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4.7. Statistical Analysis

All data were presented as mean values with standard deviations and analyzed using two-way
ANOVA followed by Dunnett’s multiple comparisons test (GraphPad Prism version 6.01 for
Windows, GraphPad Software, La Jolla California USA), and p values of ≤0.05 were considered
significantly different.

5. Conclusions

Our results are the first study to investigate the effect of CUR on enterotoxigenic Escherichia coli
ETEC, and demonstrate that CUR did not affect the growth of ETEC. CUR improved the activity of the
12 commercial antibiotics tested, exhibiting good synergism against ETEC. Further studies are needed
to establish CUR as complementary therapy against diarrheagenic E. coli strains or multi-drug-resistant
strains and to identify the mechanisms of the synergistic effect.
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