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Abstract

Ethnopharmacological relevance: Nimbolide is one of hundreds of phytochemicals that
have been identified within the neem tree (Azadirachta indica A. Juss). As an evergreen tree

native to the Indian subcontinent, components of the neem tree have been used for millennia

in traditional medicine to treat dental, gastrointestinal, urinary tract, and blood-related ailments,
ulcers, headaches, heartburn, and diabetes. In modern times, natural oils and extracts from the
neem tree have been found to have activities against a variety of microorganisms, including human
pathogens.

Aim of the study: Helicobacter pylori, a prevalent gastric pathogen, shows increasing levels of
antibiotic resistance. Thus, there is an increasing demand for novel therapeutics to treat chronic
infections. The /n vitro activity of neem oil extract against H. py/oriwas previously characterized
and found to be bactericidal. Given the numerous phytochemicals found in neem oil extract, the
present study was designed to define and characterize specific compounds showing bactericidal
activity against H. pylori.

Materials and methods: Azadirachtin, gedunin, and nimbolide, which are all common in
neem extracts, were tested for antimicrobial activity; the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) were determined for nine strains of H.
pylori. The specific properties of nimbolide were further characterized against H. pylori strain
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G27. Bactericidal kinetics, reversibility, effectiveness at low pH, and activity under bacteriostatic
conditions were examined. The hemolytic activity of nimbolide was also measured. Finally, neem
oil extract and nimbolide effectiveness against H. py/oribiofilms were examined in comparison to
common antibiotics used to treat H. pyloriinfection.

Results: Nimbolide, but not azadirachtin or gedunin, were effective against H. py/lori, MICs

and MBCs against the nine tested strains ranged between 1.25-5 pg/mL and 2.5-10 ug/mL,
respectively. Additionally, neem oil extract and nimbolide were both effective against H.
pyloribiofilms. Nimbolide exhibited no significant hemolytic activity at biologically relevant
concentrations. The bactericidal activity of nimbolide was time- and dose-dependent, independent
of active H. pylori growth, and synergistic with low pH. Furthermore, nimbolide-mediated H.
pylori cell death was irreversible after exposure to high nimbolide concentrations (80 pg/mL, after
2 hours of exposure time and 40 pg/mL after 8 hours of exposure).

Conclusions: Nimbolide has significant bactericidal activity against H. py/ori, killing both free
living bacterial cells as well as cells within a biofilm. Furthermore, the lack of hemolytic activity,
synergistic activity at low pH and bactericidal properties even against bacteria in a state of growth
arrest are all ideal pharmacological and biologically relevant properties for a potential new agent.
This study underscores the potential of neem oil extract or nimbolide to be used as a future
treatment for H. pylori infection.

Graphical Abstract
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1. Introduction

In recent years, numerous bacterial pathogens have demonstrated increased resistance

to antibiotics (Ventola, 2015). Helicobacter pylori, a Gram-negative, gastric-colonizing
bacterium, is no exception to this trend (Jones et al., 2008; Savoldi et al., 2018; Vianna et
al., 2016). Because chronic colonization by H. pyloriis associated with an increased risk of
peptic ulcers, gastritis, mucosa-associated lymphoid tissue (MALT) lymphoma, and gastric
cancer (Yamamoto et al., 2015), symptomatic infection is usually met with aggressive
treatment. Although colonization is asymptomatic for the majority of individuals, those who
are colonized are at an increased risk for serious gastric diseases (Yamamoto et al., 2015);
~1% of those infected with H. py/oriwill develop gastric cancer (Kuipers, 1999). As such,
and given that an estimated 50% of the world’s human population is colonized (Moodley
et al., 2012), there are nearly one million new cases of gastric cancer diagnosed every year
(Bray et al., 2018).

The most common treatment regimen for H. pyloriinfection is currently triple therapy
(Thung et al., 2016), though newer quadruple, sequential, and concomitant therapies are also
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used (Kim et al., 2015). However, the efficacy of the aforementioned treatments has been
diminished (De Francesco et al., 2010) by increased resistance to commonly used antibiotics
like tetracycline, clarithromycin, levofloxacin, metronidazole, and amoxicillin (Gisbert et al.,
2000; Kim et al., 2015; Vianna et al., 2016). Though levels of resistance differ by region

and by drug, there is a general trend towards decreased sensitivity of H. pylorito all of

these antibiotics. Worldwide, amoxicillin resistance is still uyncommon (Pajares Garcia et

al., 2007), though these rates are rising as well (Savoldi et al., 2018). The most updated
reviews estimate tetracycline resistance to be around 13% (Savoldi et al., 2018). However,
the number of strains resistant to clarithromycin and levofloxacin has been reported to be
greater than 15% worldwide (Savoldi et al., 2018). Conversely, resistance to metronidazole
in some regions can be as high as 85% (Seck et al., 2013) to 100% (Kumala and Rani,
2006). Given that eradication success rates for these first-line treatments have dropped to
70-85%, there is a pressing need for new medicinal options to combat H. py/lori (Chey et al.,
2007).

Research has begun to focus on phytochemicals, compounds extracted from plants (Barbieri
et al., 2017), as viable alternatives to traditional antibiotics for the treatment of bacterial
infections. As such, modern science is increasingly taking note of traditional medicines and
folk remedies as potential sources of novel drugs for a wide range of infectious diseases
(Barbieri et al., 2017; Snow Setzer et al., 2016). Studies on this topic have yielded promising
results; 73% of the small molecules that were approved world-wide for treatment in the past
four decades are unaltered derivatives of natural plant products (Newman and Cragg, 2016).

Recent interest has focused on the plant Azadirachta indica, which is more commonly
known as the neem tree (Gupta et al., 2017). The extracts, oils, leaves, and seeds of the
neem tree have been used in traditional medicine in the Indian subcontinent for at least two
millennia (Kumar and Navaratnam, 2013; Nadkarni, 1954). Neem has been used to treat

a variety of ailments, such as diabetes, headaches, and hypertension (Gupta et al., 2017;
Nadkarni, 1954). Additionally, modern research has found that neem also shows promise
in treating ulcers (Bandyopadhyay et al., 2004; Chattopadhyay et al., 2004), cancer (Hao
et al., 2014), fungal infections (Al Saiqali et al., 2018), parasites (Dahiya et al., 2016),

and viral infections (Parida et al., 2002). Furthermore, neem extract has also been found to
have antibacterial properties against a wide range of both Gram-positive and Gram-negative
bacteria (Al Akeel et al., 2017; Del Serrone et al., 2015; Fabry et al., 1998; Singaravelu et
al., 2019).

Previously, our lab characterized the /n vitro antibacterial activity of neem oil extract against
H. pylori (Blum et al., 2019). The extract was effective against multiple strains of H. pylori
and displayed synergy with low pH, suggesting that neem oil extract has potential as an
alternative to traditional antibiotics (Blum et al., 2019). The compound(s) responsible for
these activities and its respective mechanism of action, however, was not determined; A.
indlica contains more than 300 phytochemicals that have been identified to date (Gupta et
al., 2017). Given that neem oil can be cytotoxic to small children (Dhongade et al., 2008;
Kumar and Kumar, 2014; Sundaravalli et al., 1982), determination of which components are
specifically effective against H. py/oriwould be advantageous.
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The presence of H. pyloriin biofilm-like structures in human patients has been documented
(Carron et al., 2006; Coticchia et al., 2006). However, the role of biofilms in carcinogenesis
has yet to be established (Rizzato et al., 2019). Biofilms are successful communities of
bacteria that are known to play an important role in colonization by many human pathogens
(Jamal et al., 2018). Pathogenic biofilms display an increased tolerance to antibiotics and are
overall less sensitive to environmental stressors and attacks from the host immune system
(Attaran et al., 2017; Bae and Jeon, 2013; de Vor et al., 2020; Hall-Stoodley et al., 2004;
Mah and O’Toole, 2001; Stewart and Costerton, 2001; Yonezawa et al., 2019). For these
reasons, biofilms have gained the attention of many biomedical researchers in the last few
decades.

To identify a specific compound in neem oil extract that is responsible for bactericidal
activity against H. pylori, we focused on three commercially available limonoids that

each have established antimicrobial properties against other bacteria (Atawodi and
Atawodi, 2009): azadirachtin, gedunin, and nimbolide. The bactericidal activity of all three
compounds was characterized against nine different strains of H. py/ori. In contrast to their
bactericidal effects on other species of bacteria (Kankariya et al., 2016; Lu et al., 2019; Shah
et al., 2016), azadirachtin and gedunin had no effect on H. py/ori. However, nimbolide was
effective against H. pylori. Further characterization revealed that the bactericidal activity of
nimbolide was both time- and dose-dependent, independent of active H. pylori growth,

and synergistic with low pH. Furthermore, both neem oil extract and nimbolide were

more bactericidal and more effective at biofilm dispersal than amoxicillin. Importantly, we
found that nimbolide-mediated cell death was irreversible at high concentrations. Finally,
nimbolide showed no significant hemolytic activity. Overall, our results support future
in-depth studies to assess the potential use of nimbolide to treat H. py/oriinfections as an
effective alternative to, or in addition to, currently prescribed antibiotics.

Materials and Methods

Bacterial strains and growth conditions

The strains used in this study are listed in Table 1; 26695, J99, and G27 are common
laboratory strains; 7.13 and SS1 are strains used in animal infection models; USU103

and UA1182 are multi-drug resistant strains. Strains were grown on horse blood agar

(HBA) composed of 4% Columbia agar (Neogen Corporation), 5% defibrinated horse

blood (HemoStat Laboratories, Dixon, CA), 2 mg/mL cyclodextrin (Sigma-Aldrich),

and an antibiotic-antifungal cocktail composed of 10 pg/mL vancomycin (Amresco), 5
pg/mL cefsulodin (Sigma-Aldrich), 2.5 U/mL polymyxin B (Sigma-Aldrich), 5 pg/mL
trimethoprim (Sigma-Aldrich), and 8 ug/mL amphotericin B (Amresco), or in liquid brucella
broth (BB) (Neogen Corporation) supplemented with 10% fetal bovine serum (FBS) (Gibco)
and 10 pg/mL vancomycin. Freezing media, consisting of brain heart infusion broth (BD
Biosciences) containing 10% FBS and 20% glycerol (EMD Chemicals, Inc.), was used for
the creation and storage of H. py/ori—80°C stock cultures.

H. pylori strains were grown as previously described (Carpenter et al., 2015). Briefly, strains
were cultured in gas evacuation jars at 37°C under microaerobic conditions (5% O, 10%
CO,, and 85% Ny); these conditions were generated with an Anoxomat gas evacuation and
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replacement system (Advanced Instruments, Inc.). Liquid cultures were grown shaking at
110 RPM.

Determination of MIC and MBC

The MIC and MBC were determined as previously described (Blum et al., 2019). Briefly,
H. pyloriliquid cultures of the examined strains (Table 1) were inoculated from an
overnight liquid culture to an optical density at 600 nm (ODgqg) of 0.05. One-mL aliquots
were transferred to sterile 15-mm-diameter glass test tubes and azadirachtin, gedunin, or
nimbolide was added to the desired final concentrations of 0.625, 1.25, 2.5, 5, 10, 20, and
40 pg/mL. Nimbolide was obtained from Cayman Chemical (batch number 0517438). The
certificate of analysis for the product indicated a purity of 97.3 % by HPLC and 100%

by TLC. As a solvent control, the volume of dimethyl sulfoxide (DMSO, Sigma-Aldrich)
needed to achieve the highest concentration of each compound was also added to a separate
culture in BB + 10% FBS plus vancomycin. An aliquot of H. pyloriwas retained at the
start of the experiment, serially diluted in BB and plated to determine the colony-forming
units (CFU) at Tg. The 1-mL cultures were then incubated for 24 hours and an aliquot

was also serially diluted and plated to determine CFU. After 3—4 days of growth, the

CFU were quantified. Percent survival was calculated for each concentration of the three
compounds with the equation To4/Tg x100%. The MIC and MBC were calculated for each
replicate and were defined as the lowest tested concentration of azadirachtin, gedunin, or
nimbolide at which < 100% and < 0.1% of bacteria, respectively, remained after 24 hours.
Limit of detection (LOD) for this assay was 500 CFU/mL. Three biological replicates were
performed for each strain.

2.3. Bactericidal kinetics of nimbolide

The bactericidal kinetics were determined as previously described (Blum et al., 2019).
Briefly, an overnight liquid culture of H. py/ori G27 in BB + 10% FBS plus vancomycin
was subcultured to an ODggq of 0.05 and 1-mL aliquots were transferred to 15-mm-diameter
glass test tubes. Nimbolide was then added to the desired concentration (0-160 pg/mL).

The same volume of DMSO found in the highest concentration of nimbolide was used

as a solvent control. After 1, 2, 4, 6, 8, 22, and 24 hours of culture, an aliquot was

removed, serially diluted, and plated to determine CFU. After 3—4 days of growth, CFU
were enumerated. LOD for this assay was 500 CFU/mL. Three biological replicates were
performed.

2.4. Nimbolide activity at low pH

As described previously (Blum et al., 2019), the pH of liquid media (BB + 10% FBS

plus vancomycin) was adjusted to pH 4.6 by the addition of 6M hydrochloric acid. The
pH-adjusted media was filter-sterilized with a 0.22 um filter (Corning, Inc.). An overnight
liquid culture of H. pylori G27 was used to inoculate fresh media at an ODggg of 0.05 with
H. pylori cells that were pelleted and then resuspended in pH-adjusted media. A culture of
cells resuspended in unadjusted media was used as a control. One-mL aliquots of culture
were transferred to glass test tubes and nimbolide was added to 0, 2.5, 10, or 40 pg/mL.
After 2, 4, 6, 8, and 24 hours of culture, an aliquot was removed, serially diluted, and plated
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to determine CFU. LOD for this assay was 500 CFU/mL. Four biological replicates were
performed.

2.5. Effect of growth arrest on bactericidal activity

The assay was performed similarly to that described for neem oil extract (Blum et al., 2019).
An overnight liquid culture of H. pylori G27 was subcultured to an ODggg of 0.05 in BB

+ 10% FBS plus vancomycin with or without 10 ug/mL chloramphenicol. One-mL aliquots
were transferred to glass test tubes and nimbolide was added to 0, 2.5, 10, or 40 ug/mL.
After 2, 4, 6, 8, and 24 hours of culture, an aliquot was removed, serially diluted, and plated
to determine CFU. LOD for this assay was 500 CFU/mL. Three biological replicates were
performed.

2.6. Reversibility of nimbolide exposure

The assay was performed as previously described (Blum et al., 2019). Briefly, an overnight
liquid culture of strain G27 was subcultured to an ODggg of 0.05 and 1-mL aliquots were
transferred to glass test tubes. Nimbolide was added to 0, 10, 40, or 80 pg/mL. After 2,

4, 6, 8, and 24 hours of culture, an aliquot was removed, serially diluted, and plated to
determine CFU. After plating for CFU, at the 2-, 4-, 6-, or 8-hour time points, the culture
was transferred to a 1.5-mL Eppendorf tube and washed 3 times by repeated centrifugation
at 2000x g for 2 min, removal of supernatant, and resuspension in fresh media. After the
third wash, the cells were transferred to a fresh glass test tube. Then, an aliquot was removed
to measure the remaining CFU before the culture was returned to the incubator. Viable CFU
were determined for the remaining time points as described above. LOD for this assay was
500 CFU/mL. Three biological replicates were performed.

2.7. Hemolytic activity of nimbolide

The assay was performed as previously published (Blum et al., 2019). Briefly, centrifugation
for 5 min at 2700xg and resuspension in phosphate-buffered saline (PBS) was repeated
three times in order to wash horse red blood cells (RBC, Hemostat) before resuspension

to 10% hematocrit. 200-pL aliquots of serial 2-fold dilutions of nimbolide in PBS and

were transferred to a flat-bottomed 96-well microtiter plate. Fifty microliters of 10%
hematocrit RBCs were added to the microtiter plate to yield a final concentration of 2%
hematocrit. Nimbolide concentrations were calculated to achieve final concentrations of
1.25 to 160 pg/mL after addition of RBCs. RBCs were resuspended in distilled water as

a positive control for hemolysis. PBS was used to measure background hemolysis and

the same volume of DMSO found in the highest concentration of nimbolide was included

to measure solvent-induced lysis. The plate was centrifuged at 3452x g for 5 min after 1
hour of incubation at 37°C shaking at 220 RPM. Two hundred microliters of the resulting
supernatant were transferred to a new flat-bottomed 96-well microtiter plate. Hemoglobin
release was measured at 540 nm with a BioTek Synergy HTX Multi-Mode Reader (program
Genb, version 3.00). Percent hemolysis was calculated as: [(Abs540 in nimbolide — Abs540
in PBS) / (Abs540 in water)] x 100%. Six biological replicates were performed.
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2.8. Effect of neem extract, nimbolide, and antibiotics against biofilms

For these assays, neem oil extract, nimbolide, amoxicillin, metronidazole, or clarithromycin
was used to treat pre-formed H. py/loribiofilms. Neem oil extract was isolated as previously
described (Blum et al., 2019). Briefly, 5 mL of certified organic neem oil from Essential
Wholesale & Labs (Portland, OR; Cat. 111 No. 122-136A) was combined with 50 mL

of diethyl ether and 50 mL of aqueous methanol in a separatory funnel. The solution was
allowed to separate overnight and then the aqueous methanol phase was eluted into several
conical tubes. Following thorough drying, the extract was dissolved in either methanol or
ethanol, the insoluble material was removed by centrifugation, and the soluble fraction

was retained. The supernatant was transferred to Eppendorf tubes, dried, and weighed.

The extract was then dissolved in methanol at a concentration of 20 mg/mL and stored at
—-80°C. Biofilm quantification assays were performed as described previously with slight
modifications (Windham et al., 2018). BB + 10% FBS supplemented with vancomycin was
inoculated with an OD-controlled overnight liquid culture to an ODggg of 0.1; 1 mL was
then added per well into a 24-well tissue culture-treated plate (Corning). The plates were
grown at 37°C in a microaerobic environment with shaking at 110 RPM for 72 hours.

At the 72-hour time point, neem oil extract, nimbolide, amoxicillin, metronidazole, or
clarithromycin was added at the concentrations listed in Figures 7 and 8. The biofilms were
grown for another 24 hours, at which point the wells were divided into two groups for each
compound: biomass and CFU. For the biomass wells, the media was removed and wells
were washed with PBS twice before drying and methanol fixation (J. T. Baker). 1% Gram’s
crystal violet solution (Sigma-Aldrich), achieved by dilution with water, was then added to
each well; an empty control well was used as a blank. The plates were incubated for 15 min
at room temperature. Wells were then washed with distilled water three times and then air
dried for 5 min at 37°C. Crystal violet was solubilized via incubation with differentiation
solution (Sigma-Aldrich) for 15 minutes. Solubilized crystal violet solution was read at an
absorbance of 590 (ODsgg) for each sample as a measure of biomass.

The second set of wells was used to quantify CFU. First, the media was removed to collect
the planktonic bacteria. To prevent cellular aggregates, samples were supplemented with 2
UM EDTA and sonicated for 10 min in a benchtop water bath (Branson 1510 ultrasonic
cleaner). Samples were then diluted and plated onto HBA plates for later enumeration. Next,
the same set of wells were washed twice with 2 ml of warm BB + 10% FBS to remove

any remaining planktonic cells. To remove the cells from the surface of the polystyrene
plate for biofilm CFU enumeration, the wells were then filled with 1 ml of BB + 10% FBS
supplemented with 200 pg/ml proteinase K (Sigma-Aldrich) and incubated for 1 hour. The
1-mL cultures were then supplemented with 2 uM EDTA and sonicated for 10 min in the
benchtop water bath to further break up cellular aggregates. These samples were then diluted
and plated onto HBA plates for later enumeration. LOD for this assay was 500 CFU/mL.
The data shown represent results from four biologically independent experiments.

2.9. Statistical analyses

All CFU data were log-transformed for analysis. All statistical analyses were performed
with GraphPad Prism (version 8.0.2). Except where noted, all possible comparisons were
performed with the complete data set in each experiment. One-way ANOVAs were used
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to compare data to a single control sample. Two-way ANOVAs were used for multiple
comparisons and were followed by Dunnett’s correction. Two-way ANOVAs with pre-
planned comparisons of interest at the indicated time points were carried out on the data
sets in Figures 3 and 4, followed by manual Bonferroni adjustments.

3. Results
3.1. Nimbolide is effective against H. pylori, but azadirachtin and gedunin are not.

Neem oil extract was previously found to be bactericidal against H. py/ori (Blum et

al., 2019). In order to identify compounds responsible for this bactericidal activity,

three commercially available phytochemicals were examined: azadirachtin, gedunin, and
nimbolide. These compounds were chosen because they were easily available and because
each has been demonstrated to have both /in vitro (Braga et al., 2020; Kankariya et al., 2016;
Sarkar et al., 2016) and /n vivo antimicrobial activity against other pathogens (da Silva et al.,
2021; Habila et al., 2011; Kumar et al., 2012; Misra et al., 2011). Thus, each was assayed for
activity against H. pylori.

Neither azadirachtin nor gedunin had any effect on H. pylori G27 viability at the
concentrations tested (Figure 1). In contrast, not only did nimbolide kill G27 in a dose-
dependent manner (Figure 1), but it also killed eight other tested strains (Table 2). MICs
ranged from 1.25-2.5 pg/mL and MBCs ranged from 2.5-10 pg/mL for the panel of
standard lab strains, animal-colonizing strains, and multi-drug resistant strains. Of note,
though USU103 and UA1182 are multi-drug resistant (Makobongo et al., 2013; Wang et
al., 1998), both strains were sensitive to nimbolide. The bactericidal kinetics of nimbolide
activity were next assessed using strain G27 (Figure 2). At concentrations of 5 ug/mL and
higher, the cultures experienced population loss to below the limit of detection by 22 hours.
As expected, only a slight decrease in viable cells was observed for 2.5 pg/mL nimbolide,
which represents the MIC for G27 (Table 2). Together, these results indicate that nimbolide
shows activity against numerous H. py/ori strains and suggest that nimbolide is a major
bactericidal component of neem oil extract.

3.2. Nimbolide shows a synergistic effect with low pH.

H. pylori colonizes the highly acidic environment of the stomach (Levi et al., 1989; Walsh

et al., 1975). Therefore, to determine whether low pH affects the ability of nimbolide to

kill H. pylori, bactericidal activity was assayed in both standard media conditions (pH ~7.0)
and in acidic conditions (pH 4.6). At pH 7.0, incubation with 10 pg/mL and 40 ug/mL of
nimbolide (2x and 8x the MBC, respectively) resulted in no recoverable CFU by 24 hours
(Figure 3). However, at low pH, the rate of nimbolide-dependent killing was significantly
enhanced; synergistic activity was present at all three tested concentrations, with no bacteria
recovered after 24 hours of exposure to 2.5 ug/mL and 10 pg/mL nimbolide. This effect was
even more pronounced with 40 pg/mL of nimbolide; no CFU were recovered after 6 hours of
exposure to this concentration at low pH. Thus, in contrast to other antibiotics whose activity
is reduced in acidic conditions (Baudoux et al., 2007; Erah et al., 1997; Falagas et al., 1997;
Marcus et al., 2012; Scott et al., 2016), nimbolide, similar to neem oil extract (Blum et al.,
2019), shows increased activity at low pH.
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3.3. Nimbolide maintains effectiveness in bacteriostatic conditions.

Since many antibiotics target metabolic processes (Murima et al., 2014) and are ineffective
against slower-growing bacteria (Eng et al., 1991; Pontes and Groisman, 2019), the activity
of nimbolide was assessed upon bacterial growth arrest, which was induced by the addition
of 10 pg/mL chloramphenicol (Cm). This concentration of Cm prevented H. py/ori growth
without affecting survival (Figure 4). At the three concentrations of nimbolide assayed

(1x, 5%, and 16x the MIC), a significant difference was only observed at the 24-hour

time point for 2.5 pg/mL of nimbolide in bacteriostatic conditions. At this time point,
bactericidal activity was actually increased in the presence of chloramphenicol; however,
the survivability of H. pylori at this concentration (2.5 pg/mL, the MIC) varied between
replicates. The individual kinetics for the other concentrations were essentially identical at
the other time points, regardless of the presence or absence of chloramphenicol (Figure 4).
Thus, nimbolide activity against H. py/ori does not require active bacterial growth.

3.4. The effect of nimbolide is not reversible at high concentrations and after extended

exposure.

A desirable pharmacokinetic quality for antibiotics is the post-antibiotic effect (Spivey,
1992), which is defined as the period of time after removal of an antibiotic when there is

no growth of the target organism (Zhanel et al., 1991). To test whether nimbolide possesses
such an effect, bacteria were incubated with nimbolide for 2, 4, 6, or 8 hours before the
culture was washed to remove the compound (Figure 5). Removal of 10 pg/mL nimbolide
after 2, 4, 6, or 8 hours of exposure did not result in any observable killing of H. pylori

by the 24-hour time point (Figure 5A). Thus, regardless of exposure time, the bacteria

were able to recover from this low-dose challenge as compared to the unwashed control.
Similarly, removal of 40 pg/mL of nimbolide after 2, 4, or 6 hours of exposure allowed

for a near-complete recovery. At this concentration, however, the H. py/ori population was
decreased by approximately one and a half logs at the 8-hour time point and continued to
die even after nimbolide was removed (Figure 5B). Notably, H. pyforiwas unable to survive
challenge with 80 pg/mL of nimbolide, regardless of the length of exposure (Figure 5C); the
number of bacteria was below the limit of detection by the end of the assay. Taken together,
these data indicate that extended exposure times and/or higher concentrations of nimbolide
exert an irreversible bactericidal effect on H. pylori.

3.5. Nimbolide is non-hemolytic.

In order to appeal as a potential therapeutic, a compound must not damage host cells.

As an initial measure of possible mammalian cellular toxicity, the hemolytic activity of
nimbolide was determined by incubation with red blood cells for 1 hour (Figure 6). Distilled
water was used to achieve maximum hemolysis and DMSO was used as a control for
solvent-induced lysis. Even at 160 ug/mL, well above the MBC determined for H. pylori
(Table 2), minimal hemolytic activity was observed (Figure 6). Thus, nimbolide shows
minimal host cell damage in this assay.
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3.6. Neem and nimbolide disperse and kill H. pylori biofilms.

Biofilms have been established as an alternative growth mode that is highly advantageous
to many pathogens (Jamal et al., 2018), including H. py/ori (Hathroubi et al., 2018;
Servetas et al., 2018; Windham et al., 2018). Biofilms can provide protection against the
immune system or increase tolerance to antibiotics (Hall-Stoodley et al., 2004; Stewart and
Costerton, 2001) due to the decreased metabolic activity of bacteria deep within the biofilm
(Wan et al., 2018). Indeed, the tolerance of biofilm cells to antibiotics can increase over a
thousand-fold (Macia et al., 2014; Olsen, 2015). Therefore, any potential therapeutic should
ideally eradicate both free-living and biofilm modes of growth. To determine the efficacies
of neem oil extract and nimbolide against pre-formed H. py/loribiofilms, assays were
performed with increasing concentrations of each compound (Figure 7). Neem oil extract
showed a general trend of biofilm dispersal, though this was only statistically significant at
the highest concentration (Figure 7A). In contrast, though this effect did not appear to be
dose-dependent at the tested concentrations, most of the tested concentrations of nimbolide
significantly dispersed biofilm biomass (Figure 7D). Furthermore, both neem extract and
nimbolide killed the H. pylori cells within the media in a dose-dependent manner (Figures
7B and 7E). Importantly, neem oil extract eradicated the cells of the biofilm to below the
limit of detection at the two highest concentrations tested (Figure 7C). Nimbolide was even
more effective than neem oil (Figure 7F); CFU could not be recovered from the biofilm at
nimbolide concentrations of 20 pg/mL or higher. Notably, this concentration is not much
higher than the MBC of H. py/oriin liquid culture (Table 2), which further adds to the
attractiveness of nimbolide as a potential antibacterial compound.

Finally, to draw further conclusions about the possible effectiveness of neem oil extract and
nimbolide as therapeutics, antibiotics commonly used as therapies for H. py/oriinfection
were also assayed against . pyloribiofilms for comparison (Figure 8); the concentration
represented by the red bar indicates the antibiotic breakpoint in each case (Chey et al.,
2017). Amoxicillin treatment did not produce a statistically significant decrease in biomass
(Figure 8A), nor was there an appreciable difference in viable CFU taken from the media
(Figure 8B). Amoxicillin treatment did cause a statistically significant decrease in biofilm
CFU (Figure 8C), though even at 1000x the MIC for amoxicillin, only a log of killing
occurred. In contrast, nimbolide eliminated the biofilm CFU at only 10x the MIC (Figure
7C). Metronidazole was effective at dispersal of the biofilm at concentrations of 80 pg/mL
or more (Figure 8D) and significantly killed cells within the media at all concentrations
tested (Figure 8E). Additionally, treatment with metronidazole eliminated recoverable

CFU from the biofilm at concentrations of 5x the MIC and higher (Figure 8F). Finally,
clarithromycin did not consistently disperse the biomass at concentrations up to 1000x the
MIC (Figure 8G). Even though clarithromycin efficiently killed cells in the media (Figure
8H) and in the biofilm (Figure 8l), neither of the latter metrics consistently dropped below
the limit of detection. Taken together, nimbolide appeared more effective than amoxicillin in
the treatment of H. pyloribiofilms.
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4. Discussion

The rise of antibiotic resistance in H. pylorihas been declared a high priority for public
health-related research (Jones et al., 2008; Savoldi et al., 2018; Vianna et al., 2016; WHO,
2017). The prevalence of this bacterial pathogen, alongside the increasing frequency of
multidrug-resistant strains (Chey et al., 2017), only further emphasize the importance of
novel therapeutics for this organism. To aid in this search, we previously characterized

the /in vitro bactericidal activity of neem oil extract against H. py/ori (Blum et al., 2019).
Herein, the commercially available phytochemicals azadirachtin, gedunin, and nimbolide,
each derivatives of neem with known antimicrobial activities /n vitro (Braga et al., 2020;
Kankariya et al., 2016; Sarkar et al., 2016) and /n vivo (da Silva et al., 2021; Habila et

al., 2011; Kumar et al., 2012; Misra et al., 2011), were tested to determine if any of these
three compounds showed antibacterial activity against H. py/ori. While neither gedunin

nor azadirachtin had an effect against H. py/ori, nimbolide was bactericidal (Figure 1) and
possessed activity against a number of strains, including those that are multi-drug resistant
(Table 2). This effect was both concentration- and time-dependent (Figure 2), as well as
synergistic with low pH (Figures 3). Importantly, the bactericidal activity was independent
of the H. pylori growth state (Figure 4). Furthermore, at higher concentrations or with longer
exposure, this effect was irreversible (Figures 5). Additionally, our biofilm results (Figures
7 and 8) imply that both nimbolide and neem oil extract are more effective at killing H.
pyloribiofilms than amoxicillin. Importantly, neem and nimbolide have mild to no effect on
normal human cells (Hao et al., 2014; Kashif et al., 2019), and our hemolysis results support
this fact (Blum et al., 2019) (Figure 6).

While our original goal was to identify specific compounds that have anti-H. py/ori activity,
it is important to note that the concentrations of the many phytochemicals that are found
within neem oil extracts vary depending on the extraction method and part of the neem tree
that is used. For example, nimbolide was found to be the compound in highest abundance
within an ethyl acetate extraction of neem leaves (Santos et al., 2018). Similarly, another
group used high performance thin-layer chromatography with extracts from several different
parts of the neem tree and determined that the nimbolide content ranged from ~0.003%

to <0.3% (Rout and Mishra, 2014). Even though nimbolide possesses strong anti-H. pylori
activity (Figure 1), whether it is the only phytochemical within neem extract that possesses
this activity is currently unclear. Indeed, many of the hundreds of phytochemicals present in
neem extracts may have similar activities. As such, further detailed analyses will be needed
to determine the relative contribution of individual phytochemicals to the antibacterial
activity of the parent plant extract.

Although H. pyloriresistance to first-line antibiotics is increasing (Savoldi et al., 2018),
there have been no reports of resistance to neem or nimbolide in any field thus far. Our
preliminary data suggest that the rate of resistance to nimbolide is less than 1.4x10710 when
cells were challenged with 10 pg/mL of the compound (data not shown). Thus, resistance to
nimbolide appears to be an infrequent event. Future studies to assess the ability of nimbolide
to synergize with other antibiotics used to treat H. py/oriinfection will be of keen interest.
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Although there are a multitude of studies that describe the anti-cancer mechanisms of
nimbolide (Bodduluru et al., 2014; Liu et al., 2015; Mitra and Bhattacharya, 2020; Wang

et al., 2016; Zhang et al., 2016), the antimicrobial mechanisms of this compound have

yet to be explored and are currently unknown. During cancer treatment and as an anti-
inflammatory treatment in the context of various diseases (Anchi et al., 2021; Bansod and
Godugu, 2021; Shu et al., 2021; Wang et al., 2016), nimbolide is believed to inhibit the
growth of cancer cells via generation of reactive oxygen species (ROS) (Liu et al., 2015).
Thus, perhaps nimbolide-induced ROS are responsible for the antimicrobial activity; this
possibility remains to be explored. However, we note that it has been hypothesized that other
neem extracts, and even nimbolide, have many different effects on cancer cells due to a
large number of potential targets (Gupta et al., 2010; Gupta et al., 2017), which may make it
difficult to pin down a specific mechanism of killing.

In this vein, it is possible that nimbolide targets numerous biological processed in H. pylori.
Other members of the terpenoid class of phytochemicals have established antibacterial
mechanisms that include membrane damage, inhibition of oxygen uptake, alteration of
oxidative phosphorylation, and modulation of efflux pumps (Mahizan et al., 2019). On

the other hand, the growth-independent and irreversible effects at higher concentrations of
nimbolide could suggest a DNA-damaging mechanism. Furthermore, it is also possible that
the biofilm-disruptive activity of nimbolide may be due to its interaction with proteinaceous
components of the H. pylori extracellular matrix (Lahiri et al., 2021; Sarkar et al.,

2016). Overall, there is still much to be defined in terms of the potential antimicrobial
mechanism(s) of nimbolide and other phytochemicals. Some of these unknowns may be
elucidated through future studies that test nimbolide in combination with antibiotics that
have established mechanisms of action. However, we do note that the antibacterial activity
of nimbolide against multidrug-resistant pathogens has begun to be investigated; one group
found nimbolide to have membrane-damaging and biofilm-disrupting activities when used to
treat the Gram-positive Staphylococcus aureus in vitro (Sarkar et al., 2016).

En masse, the results described herein suggest that nimbolide could serve as an attractive
alternative treatment for H. pylori. To reinforce this possibility, future studies will assess

the ability of nimbolide, alone and in combination with established antibiotic regimens,

to clear /n vivo H. pyloriinfections from the established small animal models for this
pathogen. Additionally, subsequent work will seek to elucidate the antibacterial mechanisms
of nimbolide, as well as thoroughly explore the potential for resistance development to these
compounds.
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Highlights:
. Nimbolide has significant bactericidal activity against Helicobacter pylori
. This activity is synergistic with low pH and independent of growth state
. Nimbolide results in a post-antibiotic effect and is non-hemolytic
. Neem oil extract and nimbolide kill cells within established H. py/oribiofilms
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Fig. 1.
Bactericidal activity of nimbolide, azadirachtin, and gedunin against H. py/ori strain G27.

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of the three compounds were determined. H. pylori G27 cultures were diluted to

an ODgqg of 0.05 in fresh media and exposed to either nimbolide, azadirachtin, or gedunin at
the indicated concentrations for 24 hours. To determine CFU, bacteria were plated at 0 (Tg)
and 24 (Ty4) hours. The equation T»4/Tg x 100% was used to calculate percent survival. The
geometric mean of three biological replicates is plotted. The geometric standard deviation is
indicated by the error bars; where the bars would be shorter than the height of the symbol,
the error bars are not visible. The MIC (100% survival) and MBC (0.1% survival) are
indicated using dashed lines.
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Fig. 2.
Bactericidal kinetics of nimbolide. An overnight culture of H. pylori G27 was diluted to an

ODgqg of 0.05 and nimbolide or DMSO was added; the same volume of DMSO found in the
highest concentration of nimbolide was used as a solvent control. Survival at 0, 1, 2, 4, 6, 8,
22, and 24 h was assayed by plating for CFU/mL. The geometric mean of three biological
replicates is plotted. The geometric standard deviation is indicated by the error bars; where
the bars would be shorter than the height of the symbol, the error bars are not visible.

The limit of detection (LOD, 500 CFU/mL) is indicated by the horizontal dotted line. A
two-way ANOVA followed by Dunnett’s test for multiple comparisons was performed using
the complete temporal data set. # # indicates p < 0.01 for 160 pug/mL nimbolide as compared
to 0 yg/mL at 8 h; * = p < 0.05 for 2.5 ug/mL vs 0 ug/mL at 22 h; *** = p <0.001 for 5, 10,
20, 40, 80, and 160 pg/mL vs 0 ug/mL at 22 h; ** = p < 0.01 for 2.5 pg/mL vs 0 pg/mL at 24
h; **** = p <0.0001 for 5, 10, 20, 40, 80, and 160 pg/mL vs 0 ug/mL at 24 h.
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Fig. 3.

Bagctericidal activity of nimbolide at low pH. An overnight culture of H. pylori G27 was
diluted to an ODggg of 0.05 in standard growth media (pH ~7.0, closed symbols) or in media
adjusted to pH 4.6 (open symbols). Nimbolide was added to 0, 2.5, 10, or 40 pg/mL and
bacterial survival was measured at 0, 2, 4, 6, 8, and 24 h by plating for CFU/mL. The
geometric mean of three biological replicates is plotted. The geometric standard deviation is
indicated by the error bars; where the bars would be shorter than the height of the symbol,
the error bars are not visible. The limit of detection (LOD, 500 CFU/mL) is indicated by

the horizontal dotted line. Four pre-planned comparisons of interest were performed using a
two-way ANOVA followed by a Bonferroni adjustment. A given concentration of nimbolide
was compared to the same concentration at low pH; **** = p < 0.0001 for 40 pug/mL at the
indicated time points; # # # # = p < 0.0001 for 10 ug/mL at 8 h; &&&& = p < 0.0001 for 2.5
pg/mL at 24 h.
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Fig. 4.
Bactericidal activity of nimbolide under bacteriostatic conditions. An overnight culture of

H. pylori G27 was diluted to an ODggq of 0.05 and 10 pg/mL of chloramphenicol (+Cm,
open symbols) or nothing was added (closed symbols). Nimbolide was then added to 0,

2.5, 10, or 40 ug/mL and bacterial survival was measured at 0, 2, 4, 6, 8, and 24 h by

plating for CFU/mL. The geometric mean of three biological replicates is plotted. The
geometric standard deviation is indicated by the error bars; where the bars would be shorter
than the height of the symbol, the error bars are not visible. The limit of detection (LOD,
500 CFU/mL) is indicated by the horizontal dotted line. Four pre-planned comparisons of
interest were performed using a two-way ANOVA followed by a Bonferroni adjustment. A
given concentration of nimbolide was compared to the same concentration in the presence of
Cm; M =p <0.01 for 0 pg/mL at 24 h; &&&& = p < 0.0001 for 2.5 ug/mL at 24 h.
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Fig. 5.

Rgversibility of nimbolide. An overnight culture of H. py/lori G27 was diluted to an ODggg
of 0.05 and nimbolide was added to 10 ug/mL (A), 40 ug/mL (B), or 80 ug/mL (C). H.
pylori grown without nimbolide present (0 ug/mL) was also assayed and is graphed in all
three panels for comparison. Survival was measured at 0, 2, 4, 6, 8, and 24 h by plating

for CFU/mL. Nimbolide was removed from the indicated cultures by washing at 2, 4, 6

or 8 h. The remaining cells were measured by plating for CFU/mL, and the samples were
returned to the incubator to be sampled as normal for the remainder of the experiment. The
geometric mean of three biological replicates is plotted. The geometric standard deviation is
indicated by the error bars; where the bars would be shorter than the height of the symbol,
the error bars are not visible. The limit of detection (LOD, 500 CFU/mL) is indicated

by the horizontal dotted line. A two-way ANOVA followed by Dunnett’s test for multiple
comparisons was performed at 24 h. **** = p < 0.0001 for the indicated conditions as
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compared to Not washed; ** = p < 0.01 for O ug/mL vs Not washed; * = p < 0.05 for
Washed at 2 hr and Washed at 6 hr vs Not washed at 24 h.
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Fig. 6.
Hemolytic activity of nimbolide. Horse red blood cells (RBCs) were incubated for 1 hr

at 37 °C with shaking in nimbolide diluted in PBS. RBCs were incubated in PBS to
determine background absorbance, in distilled water (H,O) as a control for 100% hemolysis,
or with the amount of DMSO present in the highest concentration of nimbolide to measure
solvent-induced lysis. After incubation, the microtiter plate was centrifuged to pellet intact
RBCs and the supernatants were transferred to a new microtiter plate. The absorbance of
the supernatant was measured at 540 nm. The equation [(Abs540 in nimbolide — Abs540
in PBS) / (Abs540 in water)] x 100% was used to calculate percent hemolysis. Mean and
standard deviation are graphed. Six biological replicates were performed. Inset: nimbolide
and DMSO samples were re-graphed with an expanded y-axis for clarity. A one-way
ANOVA followed by Dunnett’s test for multiple comparisons was performed. **** = p

< 0.0001 and ** = p < 0.002 for the indicated samples as compared to the DMSO-treated
control sample.
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Neem oil extract
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Fig. 7.

Activity of neem oil extract and nimbolide against H. py/oribiofilms. An overnight culture
of H. pylori G27 was diluted to an ODggq of 0.1 in fresh media and 1 mL was added to each
well of a 24-well plate. The plate was incubated for 72 hours before neem oil extract was
added at concentrations from 6.25 pug/mL to 400 pug/mL (A-C) or nimbolide was added at
concentrations from 0.625 pug/mL to 80 ug/mL (D-F). The biofilms were grown for another
24 hours before biomass (A and D), media CFU (B and E), and biofilm CFU (C and F) were
quantified using crystal violet staining or plating for CFU/mL. Untreated (0 pg/mL) wells
were used as controls. Four biological replicates were performed. Mean and standard error
of the mean (SEM) are graphed. The limit of detection (LOD, 500 CFU/mL) is indicated
by the horizontal dotted line. A one-way ANOVA followed by Dunnett’s test for multiple
comparisons was performed. **** = p < 0.0001, *** = p < 0.001, **=p < 0.005, and * = p
< 0.05 for the indicated samples as compared to the untreated control sample.
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Activity of amoxicillin, metronidazole, and clarithromycin against H. py/oribiofilms. An
overnight culture of H. pylori G27 was diluted to an ODggq of 0.1 in fresh media and

1 mL was added to each well of a 24-well plate. The plate was incubated for 72 hours
before amoxicillin was added at concentrations from 0.125 ug/mL to 125 pug/mL (A-C),
metronidazole was added at concentrations from 8 pug/mL to 8000 ug/mL (D-F), or
clarithromycin was added at concentrations from 0.25 pg/mL to 250 pg/mL (G-I). The
biofilms were grown for another 24 hours before biomass (A, D, and G), media CFU (B,
E, and H), and biofilm CFU (C, F, and I) were quantified using crystal violet staining or
plating for CFU/mL. Untreated (0 pg/mL) wells were used as controls. Four biological
replicates were performed. Mean and standard error of the mean (SEM) are graphed. The
limit of detection (LOD, 500 CFU/mL) is indicated by the horizontal dotted line. A one-way
ANOVA followed by Dunnett’s test for multiple comparisons was performed. **** = p <
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0.0001, *** = p < 0.001, **=p < 0.005, and * = p < 0.05 for the indicated samples as
compared to the untreated control sample.
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Table 1
Helicobacter pyloristrains used in this study.

Strain Lab strain designation  Reference
G27 DSM1 (Baltrus et al., 2009)
26695 DSM18 (Tomb et al., 1997)
HPAG1 DSM360 (Oh et al., 2006)
SS1 DSM136 (Leeetal., 1997)
J99 DSM19 (Alm et al., 1999)
7.13 DSM48 (Franco et al., 2005)
USu101 DSM442 (Liu etal., 2009)
Usu103 DSM439 (Makobongo et al., 2013)
UA1182 (ATCC 700684) DSM1421 (Wang et al., 1998)
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Antibacterial activity of nimbolide.

Table 2

H. pylori strain

Nimbolide concentration (ug/mL)

MIC MBC
G217 2.5 5
26695 1.25 10
J99 1.25 5
7.13 2.5 5
SS1 25% 5

HPAG1 25 107
usu101 25% 10
Usu103 2.5 5
UA1182 2.5 10

*

range was not within 2-fold over the 3 biological replicates; where this is the case, the highest obtained MIC or MBC is reported

J Ethnopharmacol. Author manuscript; available in PMC 2023 March 01.

Page 31



	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Bacterial strains and growth conditions
	Determination of MIC and MBC
	Bactericidal kinetics of nimbolide
	Nimbolide activity at low pH
	Effect of growth arrest on bactericidal activity
	Reversibility of nimbolide exposure
	Hemolytic activity of nimbolide
	Effect of neem extract, nimbolide, and antibiotics against biofilms
	Statistical analyses

	Results
	Nimbolide is effective against H. pylori, but azadirachtin and gedunin are not.
	Nimbolide shows a synergistic effect with low pH.
	Nimbolide maintains effectiveness in bacteriostatic conditions.
	The effect of nimbolide is not reversible at high concentrations and after extended exposure.
	Nimbolide is non-hemolytic.
	Neem and nimbolide disperse and kill H. pylori biofilms.

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Table 1
	Table 2

