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The global burden of Salmonella infections remains high due to the emergence of multidrug resistance to all reccommended
treatment antibiotics. Tetrahydroisoquinolines (THIQs) have demonstrated promising activity against multidrug-
resistant (MDR) Salmonella Typhi. Hence, their interaction with treatment antibiotics was investigated for possible
synergy. Twenty combinations of five THIQs (1, 2, 3, 4, and 5) and four antibiotics were tested against each of 7 Salmonella
isolates by the checkerboard method giving a total of 140 assays performed. Fractional inhibitory concentration indices
(FICIs) were calculated, and isobolograms were plotted. In terms of FICI, synergism ranged from 0.078 to 0.5 and the
highest magnitude (0.078) was recorded for chloramphenicol-THIQ 1 combination. In a total of 140 antibiotics-THIQs
combination assays, 27 were synergistic (17%), 42 were additive (30%), 11 were antagonistic (7.8%), and 60 were indifferent
(42%). The synergistic activity recorded for each antibiotic class in combination based on the total of 7 bacterial isolates
tested ranged from 14.29% to 71.43%; the highest percentage was recorded for two combinations (chloramphenicol or
sulphamethoxazole with THIQ 1). Ciprofloxacin-THIQ 1 combination showed additivity on all bacteria isolates tested
(100%). Overall, THIQ 1 was the most synergistic and most additive in combination with three antibiotics (ampicillin,
chloramphenicol, or sulphamethoxazole-trimethoprim). Some combinations of the THIQs and treatment antibiotics have
shown high synergism which could potentially be efficacious against multidrug-resistant S. Typhi, hence this interaction
should be further studied in vivo.

1. Introduction

The morbidity and mortality of salmonellosis in humans
remain high [1]. It is caused by both typhoidal and non-
typhoidal Salmonella serovars [2]. Salmonella is spread
mainly by the consumption of contaminated food or water,
poultry (chicken), and animal products such as eggs. It is
transmitted through the faecal-oral route. The spread of
Salmonella can be prevented through several strategies in-
cluding vaccination and more effectively by improved water

and food hygiene and proper cooking of food. Prevention of
Salmonella infection from eggs and chickens to humans can
be achieved by inclusion of antibiotics in animal feed and
water and thorough washing of hands after handling and
properly cooking these items before consumption [3].
Initially, treatment of Salmonella infections made use of
penicillins, phenicols, cephalosporin, antifolates, and mac-
rolides [4] and later following the emergence of resistance,
fluoroquinolones and third generation cephalosporins were
used as alternatives. However, high multidrug resistance to
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all the above mentioned treatment antibiotics has been
reported worldwide, especially for S. Typhi [5]. Mild Sal-
monella infections are treated by electrolyte replacement and
rehydration but severe cases require antibiotics [3]. Pres-
ently, the recommended treatment antibiotics are cipro-
floxacin, ceftriaxone, and azithromycin, taking into
consideration the local pattern of resistance [6]. However,
genetic resistance to these antibiotics has been reported with
decreased susceptibility and treatment failure due to MDR
strains [7]. A recent study detected a high level of multidrug
resistance to first-line antibiotics encoded by resistance
marker genes (tem, sull, and dfrAl) and also found low to
moderate resistance to fluoroquinolones alongside single
and double point mutations in the quinolone resistance
determining region (QRDR) in gyrA [8]. The decreasing
efficacy to the antibiotics in current use justifies the urgent
search for new safe efficacious antibacterials and/or alter-
native strategies of their use against MDR Salmonella
infection.

There are several reports of synergism in combination
studies of natural or synthetic compounds with treatment
drugs against various diseases including bacterial infections
[9] and also studies on treatment drugs only such as anti-
biotic combinations [10]. So, combination therapy is pres-
ently one of many strategies used to counter antibiotic
resistance. Several fixed dose combinations of antibiotics are
in clinical use [11]. These combinations offer higher efficacy
against multidrug-resistant bacterial strains due to their
synergistic effects; they also have a broader spectrum of
activity and reduce the risk of emergence of resistance
during treatment [12]. Findings from antibacterial combi-
nation studies to counter MDR strains have been promising.
Higher efficacy has been recorded in such studies compared
to monotherapy where emergence of resistance to a single
drug is more likely to occur [13]. Reports of combination of
aminoglycosides with other antibiotics or plant-derived
compounds have shown enhanced bactericidal activity
against Salmonella enterica [14-16]. Also, synergistic activity
has been recorded for some of the first-line anti-Salmonella
antibiotics (ampicillin, chloramphenicol, and cefotaxime) in
combination with an aminoglycoside (gentamycin) against
MDR Staphylococcus aureus [17].

Tetrahydroisoquinolines (THIQs) are aromatic alkaloids
which occur widely in nature. Their semisynthetic and
synthetic derivatives have a broad range of bioactivity [18].
The tetrahydroisoquinoline contains a nitrogen heterocycle
found in many approved drugs in clinical use for several
diseases. Medicinal chemistry exploration of this scaffold has
yielded analogues with antitubercular, antibacterial, anti-
fungal, and antiviral action [19]. In a recent study of sev-
enteen THIQs, six demonstrated a moderate but structure-
related antibacterial activity against MDR S. Typhi strains
comparable to some of the treatment antibiotics [20]. The
findings on synergistic interactions mentioned above [9, 10]
support the search for new eflicacious antibacterial treat-
ments against resistant strains using combination studies.
Hence, this study investigated the interaction between these
moderately active THIQs and some of the treatment anti-
biotics against MDR S. Typhi.
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2. Materials and Methods

2.1. Test Microorganisms. Six MDR clinical isolates of S.
Typhi (BU02, BU05, BU07, BU09, BU11, and BU70) were
isolated from patient specimens obtained from health fa-
cilities in the South West Region, Cameroon. They had been
characterized in an earlier study using cultural, biochemical,
and molecular techniques, and the data on their suscepti-
bility were published [8]. One control strain (S. Typhimu-
rium ATCC 14028) obtained from the American Type
Culture Collection, Manasses, USA, was included making
a total of seven strains used in this study. Stocks of isolates
were stored in 50% glycerol in Muller-Hinton broth (MHB)
at —20°C.

2.2. Chemicals and Reagents. The materials, chemicals, and
reagents used were Salmonella-Shigella agar, Muel-
ler-Hinton agar, and broth from Liofilchem (Italy). Com-
mercial antibiotics discs (ampicillin, chloramphenicol,
sulphamethoxazole-trimethoprim, and ciprofloxacin) were
purchased from Abtek Biologicals Ltd., UK. Dimethylsulf-
oxide (DMSO) was purchased from Sigma-Aldrich (USA).
The tetrahydroisoquinolines were synthesized and obtained
as solids in the Department of Chemistry, University of
Buea, characterized as previously reported and stored at
room temperature [20].

2.3. Instrumentation. To achieve the study objectives, the
following equipment were used: incubator (DHP-9052,
England), micropipettes (Accumax, India), and microplate
reader (Emax microplate reader, Molecular Devices, USA).
Microtitre plates (96 wells flat bottomed) were obtained
from Thermo Fisher Scientific, Singapore.

2.4. Tetrahydroisoquinolines. Five tetrahydroisoquinolines
(THIQs 1, 2, 3, 4, and 5) used in this study were synthesized
using the Pictet-Spengler reaction as described in detail [20].
In brief, a mixture of 3,4-dihydroxyphenethylamine hy-
drochloride (1 equiv), substituted benzaldehydes (1 equiv),
and triethylamine (1 mL) in ethanol (10 mL) was stirred,
heated under reflux (6-10hours), and concentrated to
remove the solvent. The residue was diluted with methylene
chloride (100 mL) and distilled water (100 mL), giving a solid
precipitate as the final product. The solid was collected by
filtration, washed with acetone, and air-dried. The synthesis
and structural characterization including all spectroscopic
data of these five THIQs have been published in an earlier
study of their antibacterial activity [20]. Their chemical
structures are shown in Figure 1. Stock solutions of each
compound were prepared by dissolving in dimethylsulfoxide
(DMSO) as described in [20] and were further diluted in
MHB before use in the experiments.

2.5. Determination of the Antibacterial Activity of
Compounds. The diameters of zones of inhibition and the
minimum inhibitory concentrations (MICs) of the antibi-
otics and selected THIQs had earlier been determined using
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FiGUure 1: Chemical structures of 1-aryl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinolines. 1: 1-(4-chlorophenyl)-6,7-dihydroxy-1,2,3,4-tetrahy-
droisoquinoline. 2: 1-(3-chlorophenyl)-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline. 3: 1-(3,4-dichlorophenyl)- 6,7-dihydroxy-1,2,3,4-tetra-
hydroisoquinoline 4: 1-(4-a,a,a-trifluoromethylphenyl)-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline. 5: 1-(4-a,a,a-trifluoromethoxyphenyl)-

6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline.

disc diffusion and microdilution methods in a separate
study, and the data were published in detail [20]. In brief,
stock solutions (1.024 mg/mL) were prepared as described in
the cited work and incubated at final concentrations from 1
to 512 ug/mL with Salmonella bacterial cells (5x 10° CFUs/
mL final density) in a 96-well microtitre plate in duplicates.
Positive and negative controls were included and the optical
densities (ODs) were read at 595nm using a microplate
reader (Emax microplate reader, Molecular Devices, USA).
The plate was incubated at 37°C (DHP-9052, England) for
24 h, read visually for inhibition, and the OD read again at
595 nm. MIC was taken as the lowest concentration well with
more than 50% inhibition of bacterial growth. MICs of
selected  antibiotics ~ (ampicillin,  chloramphenicol,
sulphamethoxazole-trimethoprim, and ciprofloxacin) were
determined as described above.

2.6. Determination of MIC and Interactions of THIQ-
Antibiotic Combinations. The interactions of 5 THIQs
with 4 antibiotics, i.e., 20 combinations each against 7
MDR Salmonella isolates giving a total of 140 assays, were
assessed by the checkerboard method in 96-well micro-
titre plates as previously described [21]. Stock solutions,
8 times the MIC (8MIC) of antibiotics and THIQs, were

prepared by dissolving in dimethylsulfoxide (DMSO) as
described [20] and further diluted in MHB. Working
solutions of each test substance were prepared by dilution
of the stocks in MHB in separate microtitre plates. The
antibiotic was serially diluted in 8 columns (2-9)
(8MIC-MIC/16, 100uL per well, respectively), with
concentration decreasing from wells A to H of each
column. The THIQ was also diluted the same as the an-
tibiotic in 8 rows (A-H) with concentration decreasing
from wells 9 to 2 of each row. Then, the checkerboard
assay was set up in a fresh plate by adding 50 yL of diluted
antibiotic to the corresponding well in a fresh plate,
followed by 50 uL of THIQ and 100 uL of bacterial sus-
pension giving final concentrations of 2MIC-MIC/64 and
5x%10° CFUs/mL for test substance and bacteria cells,
respectively, in the 8 x8 matrix of different concentra-
tions. Antibiotic and THIQ were each included alone in
columns 1 and 10, respectively, to determine their MICs.

The plates were incubated at 37°C (DHP-9052, England)
for 24h, and the optical density (OD) was measured at
595 nm (Emax microplate reader). The fractional inhibitory
concentration (FIC) and FIC index (FICI) of each THIQ-
antibiotic combination were calculated from the MICs of the
THIQ or antibiotic alone and in combination according to
the following equations:



FIC = MIC of test compound in combination

>

MIC of test compound alone (1)

FICI = FIC (antibiotic) + FIC(THIQ).

In vitro interactions were determined algebraically using the
formula above and the nature of the THIQ-antibiotic in-
teraction based on the combined and individual antimicrobial
activities were interpreted based on the following cutofts [22]:
synergy: FICI < 0.5, additive: 0.5 < FICI< 1, indifference or no
interaction: FICI: 1-4, and antagonism: FICI > 4.

2.7. Statistical Analysis. Five THIQs were combined with
four antibiotics giving a total of twenty combination pairs.
For each combination, the proportion of the total of 7 MDR
Salmonella strains which showed a given type of interaction
was calculated using the following formula:

x
Percentage (%) of interaction = — x 100, (2)
n

«, »

where “x” is the number of each type of interaction against
MDR Salmonella strains and “n” is the total number of MDR
Salmonella strains tested (n=7).

The overall percentage drug interaction type for all the
140 combination assays performed was calculated using the

following formula:

Opverall percentage (%) interaction = T x 100, (3)

where x=number of drug interaction type and y=total
number of drug combinations assays (140).

To determine the nature of their interaction, isobolo-
grams were plotted using FICs of wells along the diagonal of
the plate in which the concentrations of the two test
compounds were decreasing and increasing, respectively,
along the diagonal. FICs of antibiotic were plotted against
the FICs of the THIQ and isobolograms which showed
a concave curve indicate synergism; a convex curve indicates
antagonism and linear curve shows additivity [23]. All
statistical analyses were performed using GraphPad Prism
version 8.40 (GraphPad Software, USA).

3. Results

3.1. Types and Effect of Interaction on the Minimum
Inhibitory Concentration. The MICs of the antibiotics alone
recorded in this study (16-256 ug/mL) confirm that the Sal-
monella isolates were multidrug resistant. The antibacterial
interactions were determined following the values of the FICI
mentioned above [22]. Of an overall total of 140 combination
assays, 27 were synergistic (17%) based on FICI ranging from
0.078 to 0.5, with the lowest and most synergistic being
chloramphenicol with THIQ 1 (0.078) (Table 1).

The MICs of antibiotics in the combinations were
considerably reduced compared to the MICs of the anti-
biotics alone. The reductions were much greater in the
synergistic than the additive interactions. The highest
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reduction was observed for chloramphenicol with 1 and
sulphamethoxazole-trimethoprim with 1, which both caused
a 64-fold reduction in the MIC of the antibiotics to 2 and
4 ug/mL, respectively. Sulphamethoxazole-trimethoprim
with 3, ampicillin with 1, and ciprofloxacin with 2 caused
a 32-, 16-, and 16-fold decrease in the antibiotic MICs,
respectively. The lowest reduction was ciprofloxacin with 4.
The reductions in the MICs for the additive and indifferent
combinations ranged from 1- to 2-fold (Table 1).

3.2. Interactions of THIQs Based on the Class of Antibiotics.
The interactions were assessed using fractional inhibitory
concentration indices (FICIs), isobolograms, and the pro-
portion of each interaction against the MDR S. Typhi isolate.
The combination of the five THIQs with the four antibiotics (20
combinations) resulted in at least one synergistic antibacterial
effect per antibiotic class againsta MDR S. Typhi clinical isolate.

Among all combinations tested, the overall percentage
synergistic effects based on the total number of 7 MDR §.
Typhi isolates ranged from 14.29 to 71.43%; additive effect
ranged from 14.29 to 100%, antagonistic effect ranged from
71.43 to 85.71%, and no interaction effects ranged from 14.29
to 100% (Table 2).

Synergistic interactions were recorded for all four antibiotic
classes. The highest level of synergistic interactions in terms of
proportion of MDR bacterial isolates on which it was exerted is
71.4%, which was recorded for two combinations, i.e., chlor-
amphenicol or sulphamethoxazole with compound 1. This was
followed by a moderate synergism for ampicillin with 1,
sulphamethoxazole-trimethoprim with 5, and ciprofloxacin
with 2 or 4, which all recorded 57.1% (Table 2).

Additive interactions were recorded for all four antibi-
otic classes. The highest proportion of additive interactions
recorded against all 7 isolates was 100% for ciprofloxacin
with 1, followed by chloramphenicol with compound 4
(71.4%). Moderate synergism was observed for ampicillin
with 1, chloramphenicol, or sulphamethoxazole-
trimethoprim with 5, which all recorded 42.8%. Also, all
the THIQs showed additivity with sulphamethoxazole-
trimethoprim.

Antagonism was recorded in only one chemical class and
for only two combinations (ciprofloxacin with 3 or 5). In-
difference (no interaction) was recorded in all antibiotic
classes. These interactions are further illustrated in the
isobolograms in Figure 2 for the most synergistic, additive,
indifferent, and antagonistic THIQ-antibiotic combination
against MDR S. Typhi.

Overall, in terms of the total of 20 THIQ-antibiotic
combinations, seven (35%) and fourteen (70%) showed
synergism and additivity, respectively (Table 2), with
compound 1 being the most synergistic and additive in
combination with three antibiotics (ampicillin, chloram-
phenicol, and sulphamethoxazole-trimethoprim).

4. Discussion

Various approaches are presently being used to counter
increasing resistance in Salmonella including combination
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TaBLE 1: Minimum inhibitory concentrations (MICs) and fractional inhibitory concentration indices (FICIs) showing effects of antibiotics
in combination with THIQs.

Combination MIC (pg/mL) MIC fold

(THIQ/antibiotic) MIC alone MIC combined change (antibiotic) FICe FICa FICI Outcome
1/AMP 16/256 1/16 -16 0.0625 0.0625 0.125 Synergism
2/AMP 64/256 32/256 -1 0.5 1.0 1.5 Indifferent
3/AMP 256/256 64/256 -1 0.25 1.0 1.25 Indifferent
4/AMP 16/256 4/128 -2 0.25 0.5 0.75 Additive
5/AMP 256/256 256/256 -1 1.0 1.0 2.0 Indifferent
1/CHL 16/128 1/2 —64 0.0625 0.0156 0.078 Synergism
2/CHL 64/128 64/128 -1 1.0 1.0 2.0 Indifferent
3/CHL 256/128 128/128 -1 0.5 1.0 1.5 Indifferent
4/CHL 16/128 4/64 -2 0.25 0.5 0.75 Additive
5/CHL 256/128 64/128 -1 0.25 1.0 1.25 Indifferent
1/SXT 16/256 2/4 —64 0.125 0.0156 0.141 Synergism
2/SXT 64/256 64/256 -1 1.0 1.0 2.0 Indifferent
3/SXT 256/256 16/8 -32 0.0625 0.03125 0.094 Synergism
4/SXT 16/256 4/128 -2 0.25 0.5 0.75 Additive
5/SXT 256/256 64/64 -4 0.25 0.25 0.5 Synergism
1/CIP 16/16 2/8 -2 0.5 0.125 0.625 Additive
2/CIP 64/16 4/2 -16 0.0625 0.125 0.188 Synergism
3/CIP 256/16 128/64 +4 0.5 4.0 4.5 Antagonism
4/CIP 16/16 4/4 -4 0.25 0.25 0.5 Synergism
5/CIP 256/16 64/64 +4 0.25 4.0 4.25 Antagonism

THIQs: 1, 2, 3, 4, and 5; antibiotics: AMP, ampicillin; CHL, chloramphenicol; SXT: sulphamethoxazole-trimethoprim; CIP: ciprofloxacin; FICa: fractional
inhibitory concentration of antibiotic; FICc: fractional inhibitory concentration of compound; FICI: fractional inhibitory concentration index; —: MIC
reduction; +: increase in MIC.

TaBLE 2: Percentage drug interactions of tetrahydroisoquinolines (THIQs) and antibiotics against seven multidrug-resistant Salmonella
isolates.

No. of MDR Salmonella isolates per interaction (1) (%)

Combinations Synergism n (%) Additivity n (%) Antagonism n (%) No effect n (%)
Penicillins: ampicillin (AMP)

AMP-THIQ 1 4 (57.14) 3 (42.86) 0 (0) 0 (0)
AMP-THIQ 2 0 (0) 1 (14.29) 0 (0) 6 (85.71)
AMP-THIQ 3 0 (0) 0 (0) 0 (0) 7 (100)
AMP-THIQ 4 0 (0) 5 (71.43) 0 (0) 2 (28.57)
AMP-THIQ 5 0 (0) 1 (14.29) 0 (0) 6 (85.71)
Phenicols: chloramphenicol (CHL)

CHL-THIQ 1 5 (71.43) 2 (28.57) 0 (0) 0 (0)
CHL-THIQ 2 0 (0) 2 (28.57) 0 (0) 5 (71.43)
CHL-THIQ 3 0 (0) 0 (0) 0 (0) 7 (100)
CHL-THIQ 4 0 (0) 5 (71.43) 0 (0) 2 (28.57)
CHL-THIQ 5 0 (0) 3 (42.86) 0 (0) 4 (57.14)
Antifolates: sulphamethoxazole-trimethoprim (SXT)

SXT-THIQ 1 5 (71.43) 2 (28.57) 0 (0) 0 (0)
SXT-THIQ 2 0 (0) 2 (28.57) 0 (0) 5 (71.43)
SXT-THIQ 3 1 (14.29) 1 (14.29) 0 (0) 5 (71.43)
SXT-THIQ 4 0 (0) 5 (71.43) 0 (0) 2 (28.57)
SXT-THIQ 5 4 (57.14) 3 (42.86) 0 (0) 0 (0)
Fluoroquinolones: ciprofloxacin (CIP)

CIP-THIQ 1 0 (0) 7 (100) 0 (0) 0 (0)
CIP-THIQ 2 4 (57.14) 0 (0) 0 (0) 3 (42.86)
CIP-THIQ 3 0 (0) 0 (0) 5 (71.43) 2 (28.57)
CIP-THIQ 4 4 (57.14) 0 (0) 0 (0) 3 (42.86)
CIP-THIQ 5 0 (0) 0 (0) 6 (85.71) 1 (14.29)
*Total assays (140) 27 (17) 42 (30) 11 (7.8) 60 (42)
Total combinations (20) 7 (35) 14 (70) 2 (10) 15 (75)

n=number of MDR Salmonella isolates which showed a given interaction; *Distribution of interaction type based on the total number of THIQ-antibiotic
combination assays against 7 MDR Salmonella isolates.



studies of active molecules. This study investigated the ac-
tivity of combination treatment antibiotics with five tet-
rahydroisoquinolines (THIQs), which have shown
moderate antibacterial activity against MDR S. Typhi
strains. All five THIQs showed synergistic interaction with
at least one class of treatment antibiotic. Overall, com-
pound 1 was the most synergistic; it recorded synergistic
activity with three antibiotic classes and the highest level of
synergistic interactions (71.4%) against the total number of
MDR S. Typhi isolates targeted. This is the first report of the
synergistic activity of THIQs in combination with Sal-
monella treatment antibiotics.

The findings from this study confirm the multidrug-
resistant nature of the Salmonella isolates as both THIQs and
antibiotics recorded MICs in the same ranges as previously
reported [8, 20] (Table 1). All THIQ-antibiotic combinations
tested showed synergistic interactions against at least one
isolate as seen in Table 2. THIQ 1 was the most synergistic in
combination with chloramphenicol (Figure 2(a)) or
sulphamethoxazole-trimethoprim and was not synergistic
with ciprofloxacin. Furthermore, there was a massive re-
duction in the MIC of antibiotics, chloramphenicol, or
sulphamethoxazole-trimethoprim, in combination with
THIQ 1, to the level recorded against sensitive Salmonella
strains. This high reduction (64 fold) of the MIC of the
treatment antibiotic further demonstrates the strong syn-
ergism in the combinations and indicates that THIQ 1 is
a potential partner antibacterial which could be used in
combination with some treatment antibiotics in the man-
agement of MDR Salmonella infections with resultant re-
duction in morbidity and mortality. However, further
studies are required to establish this. The other four THIQs
(2, 3, 4, and 5) showed lower levels of synergism against the
MDR S. Typhi strains in various combinations with
ciprofloxacin and sulphamethoxazole-trimethoprim as
shown in Table 2. The observed synergistic antibacterial
activity could be due the action of the antibiotic and the
THIQ at different targets in the bacterial cell; the differences
in the level of synergism of THIQ 1 and the others could be
attributed to their structures. As seen in Figure 1, when
THIQ 1 with para-chloro substitution was combined with
tested antibiotics, a synergistic effect with ampicillin,
chloramphenicol, or sulphamethoxazole-trimethoprim was
observed. The likely mechanism of action for the THIQ 1-
chloramphenicol combination could involve the inhibition
of cell wall synthesis or some other essential process in the
bacteria while chloramphenicol acts by its known mecha-
nism of inhibition of protein synthesis [24]. In a previous
work of seventeen THIQs [20] tested against MDR Sal-
monella strains including those used in this study, THIQ 1
showed the highest activity against MDR Salmonella strains;
this activity was attributed to the electron-withdrawing
property of the chloro substituent at the paraposition of
the pendant phenyl [20]. This property may also account for
the high synergism observed for this compound.

Additivity was also recorded in several combinations
with four classes of antibiotics. High levels (70-100%) of
additive interactions were recorded for THIQ 1 and 4 with
three classes of antibiotics (Table 2, Figure 2(b)). Additive
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interactions suggest that the molecules in the combination
may be sharing the same target sites, hence acting by the
same mechanism in the bacterium, in which case both
THIQ 1 and ciprofloxacin may be acting by inhibiting the
bacterial DNA gyrase synthesis [24]. THIQ 1 also showed
relatively lower additive interactions for all three anti-
biotic classes with which it was synergistic, further in-
dicating that THIQ 1 may be acting at two different
targets.

Antagonism was very low and was observed only for
combinations of THIQs 3 (Figure 2(d)) and 5 with cipro-
floxacin. THIQ 3 showed the highest indifference of 100% in
combination with ampicillin or chloramphenicol. The likely
mechanism of action here could be blocking of the site of
action of the antibiotics by the THIQ in the cell wall for
ampicillin and protein synthesis for chloramphenicol [24].
Antagonism suggests the THIQ prevents binding of anti-
biotic to its target while noninteraction suggests nonbinding
of THIQ to the antibiotic target. The indifference and an-
tagonism observed in THIQ 3 could be due to the presence
of the di substitution (3,4-dichloro-) and THIQ 5 could be
due to the presence of the methoxy (-OCH3;) substituent on
the pendant phenyl with lower electron-withdrawing at the
paraposition resulting in decreased activity against MDR .
Typhi.

Overall, when all the interactions are considered, THIQ
1 was most synergistic and also showed relatively lower
additive interaction, no antagonism, and no indifference; it
showed the highest synergism with phenicols and anti-
folates. THIQ 4 was the most additive but showed in-
difference to a relatively lesser extent. However, 4 showed
100% additivity with ciprofloxacin; hence, it did not show
synergism, antagonism, or indifference in this combination.
The additivity observed in THIQ 4 combination with an-
tibiotic may be due to the moderate electron withdrawing by
the trifluoromethyl substituent at the paraposition as
explained in [20].

Several studies of antibacterial compounds in combi-
nation with standard antibiotics have demonstrated im-
proved activity against resistant strains of S. Typhi. However,
most of these studies did not use the first-line treatment
antibiotics. Miladi et al. [25] reported synergistic effect
between thymol and nalidixic acid against nalidixic-resistant
S. Typhimurium strains with the lowest MIC values ranging
from 32 to 128 ug/mL.

A study reported that the combination of erythromycin
and epicatechin gallate against biofilm-forming MDR .
Typhimurium showed synergistic antibacterial effects with
FIC indices of 0.5 [26]. Hence, it can be a potential treatment
for S.Typhimurium-associated diarrhoea and its trans-
mission from animals to humans.

Another study of plant-derived compounds (thymol
and piperine) with three aminoglycosides (amikacin,
kanamycin, and streptomycin) revealed strong synergistic
effect against biofilm-forming resistant Salmonella
enterica serovars (S. Typhi, S. Typhimurium, S. Enter-
itidis, and S. Choleraesuis). They also reported a 16-fold
MIC reduction and potentiated the antibiofilm activity of
aminoglycoside antibiotics [15].
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FIGURE 2: Isobolograms of combination effects of tetrahydroisoquinolines (THIQs), with treatment antibiotics against multidrug-resistant
S. Typhi. (a) Synergistic effect (FICI=0.078) of THIQ 1 and chloramphenicol (CHL), (b) additive effect (FICI=0.625) of THIQ 1 and
ciprofloxacin (CIP), (¢) no interaction (indifference) (FICI = 1.25) of THIQ 5 and chloramphenicol, and (d) antagonistic effect (FICI = 4.25)

of THIQ 3 and ciprofloxacin.

Tetrandrine at subinhibitory concentrations in combi-
nation with colistin showed increased activity against most
of the MCR-mediated colistin-resistant Salmonella typhi-
murium, with a FIC index (FICI) of 0.375-0.625 and the
colistin MIC fold change ranged from 1 to >1024. They
equally reported that the combination of tetrandrine and
colistin demonstrated synergistic interactions in 81.8% (9/
11) of the resistant S. Typhimurium isolates tested [27].
Hence, tetrandrine can serve as a potential colistin adjuvant
against MCR-positive Salmonella.

In terms of strength, this study is the first to report
synergistic activity of THIQs in combination with first-line
antibiotics against MDR Salmonella strains. The practical
value of this finding is that the highly synergistic combi-
nations can potentially be used to treat MDR Salmonella
infections. As limitation, the study design was based on
previously published data and needed to assess re-
producibility and validation of results. However, this

limitation will be addressed in further exploitation of the
findings of this work.

5. Conclusion

This study has revealed high synergistic and additive activities
in combinations of tetrahydroisoquinoline with specific classes
of treatment antibiotics against multidrug-resistant Salmonella.
These active anti-Salmonella combinations are a potential al-
ternative treatment for MDR Salmonella infections. These
active combinations should be further tested in vivo to assess
their efficacy and THIQs should also be studied in combination
with other antibiotics classes.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.



Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The Biotechnology Unit and the Life Sciences Laboratory in
the Faculty of Science, University of Buea, are acknowledged
for facilities provided. This work was supported with funds
from the University of Buea, 2021 and 2022
budget allocations for research.

References

[1] G. L. Popa and M. 1. Popa, “Salmonella spp. infection —
a continuous threat worldwide,” Germs, vol. 11, no. 1,
pp. 88-96, 2021.

[2] Y. O. Adesiji, V. K. Deekshit, and I. Karunasagar, “Antimi-
crobial resistant genes associated with Salmonella spp. iso-
lated from human, poultry, and seafood sources,” Food
Science and Nutrition, vol. 2, no. 4, pp. 436-442, 2014.

[3] Z. S. Reem, “A review on Salmonella bacteria in human and
animal,” International Journal of Research in Pharmacy and
Science, vol. 10, no. 1, pp. 531-536, 2019.

[4] U.K. Paul and A. Bandyopadhyay, “Typhoid fever: a review,”
International Journal of Advances in Medicine, vol. 4, no. 2,
pp. 300-306, 2017.

[5] C.S. Marchello, S. D. Carr, and J. A. Crump, “A systematic

review on antimicrobial resistance among Salmonella Typhi

worldwide,” The American Journal of Tropical Medicine and

Hygiene, vol. 103, no. 6, pp. 2518-2527, 2020.

C. M. Parry, F. N. Qamar, S. Rijal, N. McCann, S. Baker, and

B. Basnyat, “What should we be recommending for the

treatment of enteric fever?” Open Forum Infectious Diseases,

vol. 10, no. 1, pp. 26-31, 2023.

[7] E. J. Klemm, S. Shakoor, A. J. Page et al., “Emergence of an
extensively drug-resistant Salmonella enterica serovar Typhi
clone harboring a promiscuous plasmid encoding resistance
to fluoroquinolones and third-generation cephalosporins,”
American Society for Microbiology, vol. 9, no. 1, pp. €00105-
e00118, 2018.

[8] R. A. Ndip, L. A. Awah, S. M. Ghogomu, F. Cho-Ngwa, and
M. N. Ngemenya, “Isolation and molecular identification of
Salmonella with high multidrug resistance to first line typhoid
antibiotics in South West Cameroon,” Microbes and Infectious
Diseases, vol. 3, no. 4, pp. 988-997, 2022.

[9] N. Vaou, E. Stavropoulou, C. Voidarou et al., “Interactions
between medical plant-derived bioactive compounds: focus
on antimicrobial combination effects,” Antibiotics, vol. 11,
no. 8, p. 1014, 2022.

[10] P. Mantzana, E. Protonotariou, A. Kassomenaki et al., “In
vitro synergistic activity of antimicrobial combinations
against carbapenem- and colistin-resistant acinetobacter
baumannii and Klebsiella pneumoniae,” Antibiotics, vol. 12,
no. 1, p. 93, 2023.

[11] B. Bortone, C. Jackson, Y. Hsia, J. Bielicki, N. Magrini, and
M. Sharland, “High global consumption of potentially in-
appropriate fixed dose combination antibiotics: analysis of
data from 75 countries,” PLoS One, vol. 16, no. 1, Article ID
€0241899, 2021.

[12] A.Baronia, A. Ahmed, M. Gurjar, and A. K. Baronia, “Current
concepts in combination antibiotic therapy for critically ill
patients,” Indian Journal of Critical Care Medicine, vol. 18,
no. 5, pp. 310-314, 2014.

[6

Advances in Pharmacological and Pharmaceutical Sciences

[13] A. Schmid, A. Wolfensberger, J. Nemeth, P. W. Schreiber,
H. Sax, and S. P. Kuster, “Monotherapy versus combination
therapy for multidrug-resistant gram-negative infections:
systematic review and meta-analysis,” Scientific Reports, vol. 9,
no. 1, Article ID 15290, 2019.

[14] J. Kong, Z. X. Wu, L. Wei, Z. S. Chen, and S. Yoganathan,
“Exploration of antibiotic activity of aminoglycosides, in
particular ribostamycin alone and in combination with eth-
ylenediaminetetraacetic acid against pathogenic bacteria,”
Frontiers in Microbiology, vol. 11, p. 1718, 2020.

[15] C. R. T. Kuaté, B. B. Ndezo, and J. P. Dzoyem, “Synergistic
antibiofilm effect of Thymol and Piperine in combination with
Aminoglycosides antibiotics against four Salmonella sero-
vars,” Evidence-based Complementary and Alternative Med-
icine, vol. 2021, Article ID 1567017, 9 pages, 2021.

[16] C. R. Rosenberg, X. Fang, and K. R. Allison, “Potentiating
aminoglycoside antibiotics to reduce their toxic side effects,”
PLoS One, vol. 15, no. 9, Article ID €0237948, 2020.

[17] M. Ali, M. Avais, R. Naheed et al., “Synergy in penicillin,
cephalosporin, amphenicols, and aminoglycoside against
MDR 8. aureus isolated from Camel milk,” Brazilian Journal
of Pharmaceutical Sciences, vol. 58, Article ID €20324, 2022.

[18] M.E. Pyne, K. Kevvai, P. S. Grewal et al., “A yeast platform for
high-level synthesis of tetrahydroisoquinoline alkaloids,”
Nature Communications, vol. 11, no. 1, p- 3337, 2020.

[19] L. Yet, “Tetrahydroisoquinolines,” in Privileged Structures in
Drug Discovery Medicinal Chemistry and Synthesis, pp. 356—
413, John Wiley and Sons, Inc, Hoboken, NJ, USA, 2018.

[20] J. N. Hanna, R. A. Ndip, M. N. Ngemenya et al., “Promising
activity of tetrahydroisoquinolines against multidrug-
resistant clinical Salmonella isolates and cytotoxicity against
monkey kidney cells,” Scientific African, vol. 17, no. 2022,
Article ID e01302, 2022.

[21] P. Bellio, L. Fagnani, L. Nazzicone, and G. Celenza, “New and
simplified method for drug combination studies by check-
erboard assay,” MethodsX, vol. 8, Article ID 101543, 2021.

[22] M. Vambe, A. O. Aremu, J. C. Chukwujekwu, J. F. Finnie, and
J. Van Staden, “Antibacterial screening, synergy studies and
phenolic content of seven South African medicinal plants
against drug-sensitive and -resistant microbial strains,” South
African Journal of Botany, vol. 114, pp. 250-259, 2018.

[23] D. Zofou, M. Tene, P. Tane, and V. P. K. Titanji, “Antimalarial
drug interactions of compounds isolated from Kigelia africana
(Bignoniaceae) and their synergism with artemether, against
the multidrug-resistant W2mef Plasmodium falciparum
strain,” Parasitology Research, vol. 110, no. 2, pp. 539-544,
2012.

[24] S. Kirmusaoglu, N. Gareayaghi, and B. S. Kocazeybek, In-
troductory Chapter: The Action Mechanisms of Antibiotics and
Antibiotic Resistance, Intechopen, London, UK, 2019.

[25] H. Miladi, T. Zmantar, B. Kouidhi et al., “Use of carvacrol,
thymol, and eugenol for biofilm eradication and resistance
modifying susceptibility of salmonella enterica serovar
typhimurium strains to nalidixic acid,” Microbial Pathogen-
esis, vol. 104, pp. 56-63, 2017.

[26] M. A. Hossain, H.-C. Park, K.-J. Lee, S.-W. Park, S. C. Park,
and J. Kang, “In vitro synergistic potentials of novel anti-
bacterial combination therapies against Salmonella enterica
serovar Typhimurium,” Bone Marrow Concentrate Microbi-
ology, vol. 20, no. 1, p. 118, 2020.

[27] K. Yi, S. Liu, P. Liu et al., “Synergistic antibacterial activity of
tetrandrine combined with colistin against MCR-mediated
colistin-resistant Salmonella,” Biomedicine and Pharmaco-
therapy, vol. 149, Article ID 112873, 2022.





