
RESEARCH Open Access

Effective therapeutic regimens in two
South Asian countries with high resistance
to major Helicobacter pylori antibiotics
Muhammad Miftahussurur1,2†, Hafeza Aftab3†, Pradeep Krishna Shrestha4, Rabi Prakash Sharma4,

Phawinee Subsomwong5, Langgeng Agung Waskito2,5, Dalla Doohan2,5, Kartika Afrida Fauzia2,5 and

Yoshio Yamaoka1,5,6,7*

Abstract

Background: Nepal and Bangladesh have a high prevalence of Helicobacter pylori with high resistance rates to

clarithromycin, metronidazole, and levofloxacin. Here, we evaluated the susceptibility and genetic mutations of 5

alternative antibiotics against isolates from both countries to obtain an effective treatment regimen for H. pylori

eradication.

Methods: We used the agar dilution method to determine the minimal inhibitory concentration of 5 alternative

antibiotics against 42 strains from Nepal and 56 from Bangladesh and performed whole genome mutation analysis.

Results: No resistance to furazolidone or rifabutin and a high susceptibility of sitafloxacin (95.2% in Nepal and 98.2% in

Bangladesh) were observed. In contrast, resistance to rifaximin (52.4% in Nepal and 64.3% in Bangladesh) was

high. Moreover, resistance to garenoxacin was higher in Bangladesh (51.6%) than in Nepal (28.6%, P = 0.041),

most likely due to its correlation with levofloxacin resistance (P = 0.03). Garenoxacin and rifaximin were significantly

correlated in Bangladesh (P = 0.014) and occurred together with all sitafloxacin-resistant strains. Mutations of gyrA could

play a significant role in garenoxacin resistance, and double mutations of A87 and D91 were associated with sitafloxacin

resistance. Analysis of the rpoB gene demonstrated well-known mutations, such as V657I, and several novel mutations,

including I2619V, V2592 L, T2537A, and F2538 L.

Conclusions: Rifabutin can be cautiously implemented as therapy for H. pylori infection due to its interaction with the

tuberculosis endemic in Bangladesh. The high susceptibility of furazolidone and sitafloxacin suggests their possible future

application in Nepal and Bangladesh.
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Background
Helicobacter pylori chronically affects half of the world-

wide population and remains a significant global problem

due to its role in the pathogenesis of peptic ulcer diseases

and gastric cancer [1]. South Asia is the most densely

populated region in the world, with a total of 1,891,454,121

residents in 2017 (http://www.worldometers.info). Several

countries in this region have a high prevalence of H. pylori.

The prevalence in Bangladesh was 60.2% with a high

re-infection rate [2, 3] and 73.4% in Bhutan [4]. The high

prevalence of H. pylori in this region was associated with

gastroduodenal diseases, especially peptic ulcer diseases;

thus, the cost of eradication therapy is high. A strategy for

achieving successful therapy is needed not only to eradicate

H. pylori infection but also to improve clinical symptoms in

gastroduodenal diseases and halt their subsequent progres-

sion to gastric cancer [5, 6]. However, this goal has been

significantly challenged by increased rates of antibiotic
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resistance to clarithromycin, metronidazole, and levofloxacin

in South Asian countries, primarily in first- and second-line

antibiotics to combat H. pylori infection [7]. Even though H.

pylori treatment was previously administered to patients

with clinical manifestations, the recent Maastricht V

Consensus recommends treatment for all positively in-

fected patients [8]. Therefore, an effective regimen needs

to be established because the inappropriate use of antibi-

otics triggers resistance to other microorganisms.

We reported high resistance to clarithromycin and

metronidazole (39.3 and 94.6%, respectively) in Bangladesh

but low resistance to amoxicillin and tetracycline [7]. In

addition, high resistance to metronidazole and clarithromy-

cin (88.1 and 21.4%, respectively) is present in Nepalese

strains [9]. Increasing resistance to levofloxacin (66.1% in

Bangladesh), which is still used in second-line regimens

and as rescue treatment for H. pylori eradication in South

Asia, was also observed. Importantly, the resistance rate to

antibiotics in both countries exceeded the threshold of high

resistance rates defined by the Maastricht V Consensus

guidelines on the management of H. pylori infection (15%

for clarithromycin and 40% for metronidazole) [8], with

high resistance to levofloxacin suggesting that clarithromy-

cin- or metronidazole-based regimens and a levofloxacin-

based regimen are insufficient as first- and second-line

eradication therapy for H. pylori, respectively. We attempted

to determine why the H. pylori cure rate in South Asia is

approximately 70% [10], which is lower than the recom-

mended eradication target (90–95%) [11].

Furazolidone is considered an alternative drug [8] due

to its efficacy, low rate of primary bacterial resistance,

and low cost [12]. Rifabutin, an anti-tuberculous agent

inhibiting transcription of H. pylori [13–15], may be-

come an alternative treatment regimen [16]. Few data

exist on rifaximin, a derivative of rifamycin and also rifa-

butin; however, it is a promising anti-H. pylori drug due

to its poor absorption in the blood with minimal adverse

effects and high bioavailability in the gastrointestinal

tract [8, 17]. Garenoxacin, a des-fluoro [6] quinolone [18],

and sitafloxacin, a more potent third-generation quinolone,

were also reported to be effective for H. pylori [19, 20].

Bangladesh and Nepal are 2 significant countries that

could be used as a population model for high resistance to

clarithromycin and metronidazole. Resistance data from

both countries would provide information regarding pro-

posed alternative regimens worldwide. Furthermore, in-

vestigating alternative treatment methods is necessary in

order to determine the best regimen. Evaluating antibiotic

susceptibility tests and performing molecular analysis is

important in understanding the pattern and mechanism

of resistance [21]. We provided data regarding optional

antibiotics with low or uncommon resistance rates and

analyzed DNA sequences to identify mutation candidates

playing a role in antibiotic resistance.

Methods
Patients and H. pylori

We used the same H. pylori strains from our previous

studies [7, 9, 22]. Briefly, we included Nepalese and

Bangladeshi adult dyspeptic patients undergoing endos-

copy in the Gastroenterology Department at Tribhuvan

University Teaching Hospital (TUTH), Kathmandu,

Nepal, and Dhaka Medical College, Dhaka, Bangladesh

[7, 9, 22]. Subjects with any history of gastric resection,

those taking H. pylori eradication therapy, and those receiv-

ing treatment with proton pump inhibitors, H2-receptor

blockers, or bismuth-containing compounds at 4 weeks be-

fore the examination were excluded from the study, and

gastric biopsy specimens were collected. Overall, 42 strains

(146 subjects) from Nepal (35 gastritis, 4 duodenal ulcers,

and 3 gastric cancer) and 56 strains (133 subjects) from

Bangladesh (53 gastritis and 3 peptic ulcers) were success-

fully isolated from homogenized antral biopsy specimens

by inoculating into a selective agar plate and incubated up

to 10 days under microaerophilic conditions (10% O2, 5%

CO2, and 85% N2) at 37 °C. The growing H. pylori was sub-

sequently subcultured into antibiotic-free Mueller–Hinton

II agar medium (Becton Dickinson, Franklin Lakes, NJ,

USA) supplemented with 7% horse blood under the same

microaerophilic conditions [7, 9]. H. pylori bacterial suspen-

sion was stored in Brucella broth (Difco, NJ, USA) with

10% dimethyl sulfoxide and 10% horse serum at − 80 °C.

Antibiotic susceptibility test

We utilized the 2-fold agar dilution method to deter-

mine antibiotic susceptibility based on the EUCAST

guideline [23]. We examined 5 antibiotics, including fu-

razolidone (Tokyo Chemical Company, Tokyo, Japan)

and rifabutin (Sigma Aldrich, St. Louis, MO, USA), which

ranged from 0.063 to 8 μg/mL, and rifaximin (Tokyo

Chemical Company), garenoxacin (Sigma Aldrich), and

sitafloxacin (Haoyuan Chemexpress, Shanghai, China),

which ranged from 0.063 to 32 μg/mL. Before performing

the antibiotic susceptibility test, we subcultured H. pylori

stored in Brucella broth twice on the Brucella agar plate

supplemented with 7% horse blood for 3 days. After

sufficient growth, we prepared Mueller–Hinton agar

supplemented with 10% horse blood using a different

concentration of antibiotics. Bacterial suspension col-

lected from the agar plate was adjusted to an optical

density of 0.1 and inoculated onto a blood agar plate

containing a 2-fold serial dilution of antibiotics. The re-

sults were evaluated after incubating for 3–5 days in

the microaerophilic environment. A strain was consid-

ered resistant if the minimum inhibitory concentration

(MIC) exceeded the clinical breakpoints of > 4 mg/L for

furazolidone and rifaximin and > 1 mg/L for rifabutin,

garenoxacin, and sitafloxacin [20, 24–26]. We also de-

termined the MIC50 from the median and the MIC90
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from the 90th percentile measurement to represent the

MIC of the antibiotic that is required to inhibit ≥50%

and ≥ 90% of the strains, respectively.

H. pylori mutation analysis

DNA was extracted from cultured H. pylori using Qiagen

DNeasy Blood and Tissue Kit (Qiagen, Germany) following

the manufacturer’s instructions. We used data from our

previous studies for the gyrA and gyrB mutations from

Nepalese strains [9]. To complete the data, we obtained

gyrA, gyrB, and rpoB sequences from Bangladeshi strains

from our next-generation sequencing (NGS) data (MiSeq;

Illumina, Inc., San Diego, CA, USA) utilizing the BLAST

algorithm implemented on CLC Genomic Workbench soft-

ware (ver. 11; Qiagen, Venlo, the Netherlands). The queries

for BLAST analysis were hp0701, hp0501, and hp1198 from

H. pylori 26,695 (GenBank accession number AE000511.1)

for gyrA, gyrB, and rpoB, respectively. Briefly, after obtain-

ing the sequence data, we confirmed that neither insertion

nor deletion led to a frameshift mutation. Subsequently, we

aligned the sequence based on the amino acid sequence

using MAFFT (http://mafft.cbrc.jp/alignment/server/). For

mutation related to rifaximin resistance, we compared

all amino acids of resistant and sensitive strains to the

reference sequence using our original PERL script and

confirming by visual inspection. Variants identified in

both the resistant and sensitive strains were considered

normal and excluded from further analysis. Variants

found in the resistant but not the sensitive strains might

be related to antibiotic resistance. For mutation related to

quinolone resistance, we compared the amino acids of all

the resistant strains to strain 26,695 and searched to deter-

mine the presence of the variant at position 87 and 91 of

gyrA and position 481, 483, and 484 of gyrB and the other

mutations that were already published [9].

Statistical analysis

Using multivariate analysis, we examined the effect of

different variables on strain susceptibility and acquired

odds ratios (OR) with 95% confidence intervals (CI). Var-

iables assessed in the binary logistic regression analysis in-

cluded sex, age, and clinical outcomes. A P-value < 0.05

was considered statistically significant. Spearman’s rank

correlation coefficient was used to calculate the correlation

between resistance rate and age. Susceptibility comparison

between countries was also analyzed using the chi-squared

test. IBM SPSS Statistics software version 23.0 (IBM Corp.,

Armonk, NY, USA) was used for all the statistical analyses.

Results

Antibiotic resistance rates

Table 1 summarizes the antibiotic resistance of H. pylori

isolated in Nepal and Bangladesh including data for

amoxicillin, metronidazole, and clarithromycin from our

previous studies [7, 9].

The agar dilution method revealed that no strain was

resistant to furazolidone and rifabutin, suggesting that

these are a potentially effective regimen to eradicate clari-

thromycin- and levofloxacin-resistant H. pylori infection.

We observed higher resistance to garenoxacin (51.8%)

(29/56, 95% CI = 41.1–66.7%) in Bangladesh than in Nepal

(28.6%) (12/42, 95% CI = 14.3–42.9%, P = 0.041). When

combining these data with those from previous studies

[7], we determined an association between garenoxacin

and levofloxacin resistance in Nepal (P = 0.003). Although

both sitafloxacin and garenoxacin were quinolones, sita-

floxacin might be a prospective alternative regimen due to

its low resistance rate (2/42, 4.8% in Nepal and 1/56, 1.8%

in Bangladesh). Clarithromycin and sitafloxacin resistance

was significantly correlated in Nepalese strains (P = 0.042).

In Bangladesh, we identified a correlation between sita-

floxacin and amoxicillin resistance (P = 0.036), although

both of them had a low absolute number of resistant iso-

lates. Rifaximin resistance in both countries was also high

(64.3%, 36/56 vs. 52.4%, 22/42, P = 0.790).

Table 2 summarizes the multiple antibiotic resistance

of H. pylori isolated in Nepal and Bangladesh.

Multiple resistance was defined as resistance to ≥2

antibiotics simultaneously [27] and consisted of double,

triple, quadruple, quintuple, and sextuple resistance com-

bined with clarithromycin, amoxicillin, metronidazole,

levofloxacin, sitafloxacin, rifaximin, and garenoxacin. We

exclusively categorized an isolate into either the multiple

or single resistance group; therefore, no isolate was classi-

fied into 2 different groups. We observed higher resistance

Table 1 Comparison of antibiotic resistance rates in Nepal and

Bangladesh

Antibiotic Country (%)

Nepal
(n = 42)

Bangladesh
(n = 56)

Both countries
(n = 98)

Current Study

Garenoxacin1 12/42 (28.6) 29/56 (51.8) 41/98 (41.8)

Sitafloxacin 2/42 (4.8) 1/56 (1.8) 3/98 (3.1)

Furazolidone 0/42 (0.0) 0/56 (0.0) 0/98 (0.0)

Rifabutin 0/42 (0.0) 0/56 (0.0) 0/98 (0.0)

Rifaximin 22/42 (52.4) 36/56 (64.3) 58/98 (59.2)

Previous Study2

Clarithromycin 9/42 (21.4) 22/56 (39.3) 31/98 (31.6)

Amoxicillin 0/42 (0.0) 2/56 (3.6) 2/98 (2.0)

Metronidazole 37/42 (88.1) 53/56 (94.6) 90/98 (91.8)

Tetracycline 0/42 (0.0) 0/56 (0.0) 0/98 (0.0)

Levofloxacin 18/42 (42.9) 37/56 (66.1) 55/98 (56.1)

1P = 0.041, garenoxacin resistance in Nepal vs. Bangladesh
2All data were obtained from our previous studies [7, 9]
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to multiple antibiotics in Bangladesh (87.5%) than in

Nepal (78.6%). When we combined 10 antibiotics, we

found that all antibiotics except for metronidazole (15.3%)

and levofloxacin (1.0%) showed multiple resistance. Inter-

estingly, we found an association between garenoxacin

and rifaximin resistance in the Bangladeshi strains (P =

0.014), but not in the Nepalese strains (P = 0.320). We also

found an association between garenoxacin and clarithro-

mycin resistance, especially in Nepalese strains (P = 0.015).

Meanwhile, rifaximin resistance was not related to clari-

thromycin and levofloxacin resistance, suggesting a spe-

cialized mechanism of resistance.

In Bangladesh, all garenoxacin-resistant strains were

resistant to levofloxacin. All 3 sitafloxacin-resistant strains

were also resistant to clarithromycin and occurred to-

gether with garenoxacin and rifaximin, further to metro-

nidazole, clarithromycin, and levofloxacin. We also noted

triple antibiotic resistance, with the highest prevalence in

the combination of levofloxacin, metronidazole, and

rifaximin in both countries (7/98, 7.1%) (Table 2). Among

the Bangladesh population, quintuple resistance reached

23.2%, and the highest quadruple resistance was 14.3%.

Garenoxacin and Rifaximin resistance correlated with sex

and age

The distribution of resistance to garenoxacin and rifaxi-

min between males and females was close to equal in both

countries (P > 0.05, Additional file 1: Table S1). However,

we saw a 6.4-fold increasing odds of rifaximin resistance

in the group aged 40–49 years (95% CI = 1.156 to 35.437,

P = 0.034, Additional file 1: Table S1) compared to the

group aged > 59 years in the combined population. In

addition, age and garenoxacin resistance had a significant

negative correlation (r = − 0.207; 95% CI = − 0.418 to −

0.017, P = 0.041).

Table 2 Single and Multiple Resistance Rates of H. pylori isolated from Nepal and Bangladesh

Antibiotics Countries (%)

Nepal (n = 42) Bangladesh (n = 56) Both countries (n = 98)

True Single Resistance

Metronidazolea 9/42 (21.4) 6/56 (10.7) 15/98 (15.3)

Levofloxacina 0/42 (0.0) 1/56 (1.8) 1/98 (1.0)

Double Resistanceb

Levofloxacin+metronidazole 3/42 (7.1) 2/56 (3.6) 5/98 (5.1)

Levofloxacin+garenoxacin 0/42 (0.0) 1/56 (1.8) 1/98 (1.0)

Rifaximin+garenoxacin 2/42 (4.8) 0/56 (0.0) 1/98 (1.0)

Rifaximin+metronidazole 8/42 (19.0) 7/56 (12.5) 15/98 (15.3)

Rifaximin+clarithromycin 1/42 (2.4) 0/56 (0.0) 1/98 (1.0)

Clarithromycin+metronidazole 0/42 (0.0) 3/56 (5.4) 3/98 (3.0)

Triple Resistance

Clarithromycin+levofloxacin+metronidazole 1/42 (2.4) 2/56 (3.6) 3/98 (3.1)

Clarithromycin+metronidazole+rifaximin 2/42 (4.8) 1/56 (1.8) 3/98 (3.1)

Levofloxacin+metronidazole+garenoxacin 2/42 (4.8) 3/56 (5.4) 5/98 (5.1)

Levofloxacin+metronidazole+rifaximin 3/42 (7.1) 4/56 (7.1) 7/98 (7.1)

Quadruple Resistance

Clarithromycin+levofloxacin+metronidazole+rifaximin 0/42 (0.0) 1/56 (1.8) 1/98 (1.0)

Clarithromycin+levofloxacin+metronidazole +garenoxacin 2/42 (4.8) 2/56 (3.6) 4/98 (4.1)

Clarithromycin+metronidazole+rifaximin+garenoxacin 1/42 (2.4) 0/56 (0.0) 1/98 (1.0)

Levofloxacin+metronidazole+rifaximin+garenoxacin 4/42 (9.5) 8/56 (14.3) 12/98 (12.2)

Quintuple Resistance

Clarithromycin+levofloxacin+metronidazole+garenoxacin+rifaximin 0/42 (0.0) 12/56 (21.4) 12/98 (12.2)

Amoxicillin+levofloxacin+metronidazole+garenoxacin+rifaximin 0/42 (0.0) 1/56 (1.8) 1/98 (1.0)

Sextuple Resistance

Clarithromycin+levofloxacin+metronidazole+garenoxacin+rifaximin+sitafloxacin 2/42 (4.8) 0/56 (0.0) 2/98 (2.0)

Amoxicillin+levofloxacin+metronidazole+garenoxacin+rifaximin+sitafloxacin 0/42 (0.0) 1/56 (1.8) 1/98 (1.0)

aThis number corresponds to our previous reports of the same strains, including clarithromycin, amoxicillin, metronidazole, tetracycline, and levofloxacin resistance
bIsolates categorized into a group will not be included in another group
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Distribution of MIC

The range of MIC from each antibiotic varied. Interestingly,

a similar pattern of bimodal distribution was observed in

the rifaximin and garenoxacin resistance rate in both coun-

tries (Fig. 1). The second peak of the bimodal pattern was

spotted on the MIC ≤16 μg/mL, which may be associated

with mutation related to low-level rifaximin resistance [28]

and supported by the findings on mutation analysis. Rifabu-

tin was very susceptible to all strains in both countries,

exhibiting a very low MIC < 0.063 μg/mL. In furazolidone,

most of the MIC was observed in 0.25 μg /mL (sensitive).

Sitafloxacin MIC ranged from 0.063 to 4 μg/mL, but the

majority was in the 0.063 μg/mL range (sensitive). However,

a wide range of MIC (0.5 to 16 μg/mL) was observed in

rifaximin and garenoxacin (0.063 to 8 μg/mL).

Among the rifamycin group, MIC90, which means the

MIC of the antibiotic could eliminate 90% of the isolates,

demonstrated that rifabutin was more effective than

rifaximin was in the Bangladesh and Nepal strains, with

256 times lower MIC90 in rifabutin, suggesting a particu-

lar role of pharmacokinetic and pharmacodynamics in the

human body. Furazolidone also demonstrated a relatively

low MIC90 (0.25 μg/mL). Although we reported previ-

ously that Nepalese and Bangladeshi strains had high re-

sistance to levofloxacin, our current results showed that

MIC90 of garenoxacin was achieved at a concentration of

2 μg/mL, which was 8 times lower than for rifaximin. Sita-

floxacin also demonstrated MIC90 4 times lower than for

garenoxacin.

Molecular detection

Rifamycins have a mechanism of action that inhibits

bacterial RNA polymerase activity. Therefore, including

rifaximin and rifabutin, resistance were related to muta-

tion in the RNA polymerase gene or rpoB [29]. Table 3

shows the 10 highest numbers of locus mutation in

rpoB, which was found in the rifaximin-resistant strains.

Additional file 1: Table S2 summarizes the data. As

shown in the previous study, which detected several mu-

tations in rpoB associated with rifamycin [29], we found

that isoleucine replaced valine amino acid in position

657 in only 3 strains (data are not shown). However, to

our knowledge, no study has reported on a mutation re-

lated to rifaximin resistance. We confirmed that various

point mutations, such as I2619V, appeared in 43.5% of re-

sistance strains (Table 3). Other mutations, such as V2592

L, T2537A, and F2538 L, might also be candidate muta-

tions related to rifaximin but not rifabutin resistance. As

reported, these mutations were located outside the known

rifampin resistance-determining region [29], cluster I or

cluster II [30], and were not related to high-level resist-

ance (MIC ≥16 μg/mL).

Table 4 and Additional file 1: Table S3 shows the gyrA

and gyrB mutations found in the Bangladeshi and Nepalese

strains. We analyzed the presence of gyrA and gyrB muta-

tions within fluoroquinolone drug-resistant strains. We

used the data obtained from NGS to analyze the mutation

in the Bangladeshi strains and our previously published

data to analyze the mutation in the Nepalese strains [9].

Fig. 1 Minimal Inhibitory Concentration Distribution of Nepal and Bangladesh Strains The vertical line through the graph represents the resistance

breakpoint. Although the MIC range from each antibiotic was diverse, a bimodal pattern was shown in rifaximin and garenoxacin, suggesting a

primary resistance associated with the genetic mutation
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We observed a single mutation either in position 87 or

91 of the gyrA gene in the Nepalese and Bangladeshi

garenoxacin-resistant strains (7/11 and 23/29, respect-

ively), while several other strains did not possess any

mutation (Table 4). In total, 1/11 strain from Nepal and

1/29 strain from Bangladesh had a double mutation at

N87K and D91N and exhibited resistance to both gare-

noxacin and sitafloxacin with a considerably high MIC.

Another sitafloxacin-resistant strain also had a double

mutation at D91N and R130K. Thus, a mutation at pos-

ition R130K might be a new candidate for sitafloxacin

resistance.

As described previously, we evaluated the gyrB mutation,

which consisted of a substitution in D481E and R484K

(Table 4) [31]. Interestingly, most of the garenoxacin-resist-

ant strains contained a double substitution in D481E and

R484K (14/29; 48.3%).

Discussion

We evaluated 5 antibiotics in an attempt to find an ef-

fective regimen to eradicate H. pylori infection in regions

with high resistance to clarithromycin, metronidazole,

and levofloxacin. We found that rifabutin and furazoli-

done were susceptible to all strains including those resist-

ant to clarithromycin, levofloxacin, and metronidazole

with a very low MIC. Our result agreed with several other

studies also demonstrating a very low resistance rate in

vitro and achieved a 96.6% cure rate in a clinical trial in

several countries such as Japan, Italy, and Spain [26, 32,

33]. The effectiveness of rifabutin may be attributed to the

basic physicochemical characteristics and increasing lipo-

philicity, tissue uptake, and intracellular concentration

[34]. It was also absorbed better in the circulation and was

a weak inducer of CYP450, thus, having better bioavail-

ability [35]. Therefore, it becomes a recommended drug

for rescue therapy in regions with high quinolone resist-

ance rates as reported in the Maastricht V Consensus [8].

However, caution must be used due to its interaction with

tuberculosis, which is prevalent in South Asia, contribut-

ing to 40% of the tuberculosis cases in the world [36], and

cross-resistance to rifabutin and rifampicin was reported

in several studies [37, 38]. Therefore, inappropriate use of

rifabutin may affect tuberculosis treatment. In addition,

Table 3 Mutation frequency of rpoB

No Locus Mutation Frequency (%)

1 I2619V 17 (43.6)

2 V2592 L 14 (35.9)

3 T2537A 14 (35.9)

4 F2538 L 14 (35.9)

5 K2359S 13 (33.3)

6 K2594R 13 (33.3)

7 D2381E 11 (28.2)

8 T1540A 7 (17.9)

9 N2603D 7 (17.9)

10 E2809D 7 (17.9)

Table 4 gyrA and gyrB mutations in garenoxacin and sitafloxacin resistance

gyrA mutation data gyrB mutation data

Mutation Frequency MIC
levofloxacin

MIC
garenoxacin

MIC
sitafloxacin

Mutation Frequency MIC
levofloxacin

MIC
garenoxacin

MIC
sitafloxacin

Bangladesh Bangladesh

N87K 9/29 4–16 1–2 0.063–0.5 D481E 1/29 2 2 0.25

D91N 8/29 2–64 1–8 0.063–0.25 R484K 1/29 64 8 4

D91G 5/29 2–4 1–2 0.063–0.25 D481E, R484K 14/29 2–64 1–8 0.063–0.5

D91Y 1/29 4 2 0.125 No mutation 13/29 4–16 1–2 0.063–0.5

N87K, D91N 1/29 64 64 2

No mutation 5/29 4–16 1–2 0.063–0.25

Nepal Nepal

N87K 3/11 32 1–2 0.5 E483K 1/10 32 4 0.5

N87I 1/11 32 4 0.5 No mutation 9/10 32 1–4 1–2

D91N 2/11 32 2 0.125–1

D91Y 1/11 32 2 0.25

N87K, D91N 1/11 32 4 2

D91N, R130K 1/11 32 2 1

D91N, S63P 1/11 0.125 2 0.5

No mutation 1/11 32 1 0.5

MIC Minimum inhibitory concentration, μg/mL
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several studies reported a cross-reaction with other drugs,

and severe adverse effects, such as myelotoxicity, are a

limitation of rifabutin, even though myelotoxicity can re-

solve on its own [39].

In addition, furazolidone showed promising results for

both countries due to its zero resistance rate. The pos-

sible future application of this regimen in Nepal and

Bangladesh was supported by several studies, which pro-

posed furazolidone as the initial therapy regimen [40, 41],

because it could achieve a > 90% cure rate in areas with

high resistance to clarithromycin, metronidazole, or levo-

floxacin, such as China and Iran [42, 43]. The cost of fura-

zolidone was also relatively lower compared to other drugs

such as sitafloxacin and, thus, is more suitable in develop-

ing countries [44]. Even though furazolidone was reported

to have a carcinogenic effect, the International Agency for

Research on Cancer (IARC) categorized this regimen as

Class 3, meaning “unclassifiable” regarding carcinogenicity

in humans. This classification was less harmful than that

for metronidazole, which was listed as Class 2B, signifying a

“definite” carcinogen in animals and humans [22, 45, 46].

In addition, furazolidone-related side effects were reported

to be relatively low [44].

Quinolone resistance is also a major problem in eradi-

cating H. pylori not only in Nepal and Bangladesh but also

worldwide. To gain a better understanding of this issue,

we compared levofloxacin, garenoxacin, and sitafloxacin

susceptibility and the mutation pattern in gyrA and gyrB

from the same strains. Sitafloxacin demonstrated higher

elimination capacity compared to garenoxacin and levo-

floxacin, which was supported by several previous studies

from Japan proposing that sitafloxacin overcomes levo-

floxacin resistance, which was due to a mutation in gyrA

[19, 20, 47]. Due to the potential therapeutic ability of

sitafloxacin, further investigation with a larger sample size

and its correlation with clinical outcome are necessary.

However, garenoxacin susceptibility was low, which also

supports our finding that garenoxacin resistance was re-

lated to levofloxacin. Although oral garenoxacin is safe

without significant adverse effects [48], it may not suitable

in Nepal and Bangladesh because the susceptibility was

< 90% as recommended by the Maastricht V Consensus

[8]. In contrast with the previous study reporting low

resistance at a young age (< 30 years) [49], we found that re-

sistance tended to increase in younger aged Nepalese indi-

viduals. Increased use of quinolones, such as levofloxacin,

at an early age is related to poor susceptibility to garenoxa-

cin [50], a quinolone frequently prescribed in children [51],

multiple concurrent antibiotic prescriptions, and lack of

education regarding usage were reported in Nepal [52].

The high prevalence of Salmonella enterica infection [53]

increased the tendency for physicians to prescribe quino-

lones for gastroenteritis patients, even though it is actually

virus related [51], and increased the quinolone resistance

rate [54]. Tuberculosis is prevalent in South Asia, and a

quinolone regimen, such as gatifloxacin, is also important

for short-course treatment of multi-drug–resistant tubercu-

losis [55]. Thus, our results suggest that regulating the use

of quinolones is necessary in South Asia.

We observed a bimodal pattern in the MIC distribu-

tion of rifaximin and garenoxacin, indicating a possible

mechanism of acquired resistance, such as a genetic

mutation [56]. In agreement with previous studies, mo-

lecular analysis for the gyrA and gyrB genes in the

present study also showed that a single mutation in pos-

ition 87 and 91 was related to a resistant phenotype in

levofloxacin and garenoxacin [57], while double muta-

tions (positioned at 87 and 91) were related to sitafloxa-

cin resistance [16]. Interestingly, we also noted that

sitafloxacin-resistant strains were all multi-drug resist-

ant. Multiple resistance to quinolone drugs may be at-

tributed to the change in membrane permeability [58],

which may also play a role in multi-drug resistance

shown by a decrease in drug accumulation inside the

cells and alteration of the outer membrane protein

(OMP) [59, 60]. Efflux genes present in H. pylori species

such as efflux genes (hefC) [61] and resistance nodulation/

division family (RND) [62]. The relationship of sitafloxacin

to amoxicillin resistance may also cause multi-drug–re-

sistance in sitafloxacin. Beta-lactam resistance due to al-

teration in pbp IA was reported to increase the MIC of

quinolone, chloramphenicol, metronidazole, rifampin, and

tetracycline [59]; however, further research is needed.

In the present study, we found that primary resistance

to rifaximin was high in both countries, which coincides

with the results of several previous studies [63, 64]. We

should mention that the poor cure rate of rifaximin was

probably due to its use as a single regimen; however,

triple therapy of rifaximin together with a proton pump

inhibitor and levofloxacin or clarithromycin also led to a

poor cure rate in clinical studies, ranging from 30 to

58% [65]. Importantly, rifaximin had high safety ratings

because it is poorly absorbed in the stomach, thus it

barely approaches H. pylori, which lives under the gastric

mucus and epithelium [66]. This safety feature may be use-

ful for infection in children as described by a clinical trial in

Russian children reporting an 85.4% cure rate; however, this

may not be sufficient evidence due to the small number of

subjects (41 patients), and the regimen included bismuth

subcitrate and furazolidone [67]. We assessed the rpoB

gene in rifaximin-resistant strains; however, only 3 strains

had a mutation at V657I, as mentioned in previous studies

[30, 63, 68]. We confirmed several novel mutations that ap-

peared in almost half of the Nepalese and Bangladeshi

strains, suggesting that another mutation or mechanism

may have a higher influence than V657I. Further study

should be performed to confirm how this mutation affects

the enzymatic structure and resistance phenotype.
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The spread of H. pylori strains containing resistance

mutations may be related to garenoxacin and rifaximin

resistance [69], especially in Bangladesh. A higher occur-

rence of multiple resistance was seen in the Bangladeshi

compared to the Nepalese population, which is probably

because Bangladeshi density was 10 times higher than in

the Nepalese population, thus, facilitating the spread of

resistant strains [7]. Mutation accumulation and acquisition

of resistance plasmid may also play a role in quintu-

plet resistance, which occurs in sitafloxacin-resistant

strains, thus, affecting the target side of another anti-

biotic [70].

The low number of participants in each country was

the main limitation of the present study. Likewise, the

MIC50 and MIC90 numbers in this study also should be

interpreted with caution due to the small number of

samples. We noted that, for H. pylori, there was no stan-

dardized clinical breakpoint of the antibiotics tested in

this study by either EUCAST or CLSI, and the result

may diverge from different methods. Mutation analysis

was limited to the gene level, and strain relatedness was

not established. Further investigation of the mutation

and natural transformation may be necessary. Moreover,

we provided the in vitro result only, which may need

further confirmation from an in vivo study, as the true

efficacy of the drug was affected by several elements

such as pharmacodynamics and host factors. In spite of

the limitations, this study has important findings and is

probably the first to evaluate the susceptibility of salvage

therapy in Nepal and Bangladesh, which is necessary for

the future treatment of H. pylori. The limited availability

of furazolidone and sitafloxacin in each country also de-

ters the use of those antibiotics as primary therapy for

H. pylori.

Conclusions

We confirmed that all strains from Nepal and Bangladesh

are susceptible to furazolidone and rifabutin. In addition,

these countries have a very low rate of sitafloxacin-resistant

strains, suggesting a possible future application for over-

coming the resistance to clarithromycin, metronidazole,

and levofloxacin. High resistance was observed in garenox-

acin, which may be due to the presence of gyrA and gyrB

mutations. Mutation analysis of rpoB could also explain the

mechanism of rifaximin resistance. Therefore, these data

could give a priori information to aid in choosing the more

suitable regimen.
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