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Abstract: Green chemistry principles are pivotal in driving sustainable and innovative
solutions to global health challenges. This study explores a hydroalcoholic extract from
Castanea sativa (chestnut) burrs, an underutilized natural resource, as a potent source of
antimicrobial compounds against Helicobacter pylori (H. pylori). The extract demonstrated
significant bactericidal activity, synergizing effectively with clarithromycin and showing ad-
ditive effects with metronidazole. Remarkably, combining the extract with clarithromycin
and sub-inhibitory concentrations of pantoprazole reduced clarithromycin’s Minimum
Bactericidal Concentration (MBC) to just 1.56% of its original value. Mechanistic studies
suggest that the extract’s polyphenolic compounds compromise bacterial membrane in-
tegrity, enhancing antibiotic uptake, while pantoprazole disrupts bacterial ATPase activity.
This research highlights the critical role of natural product extraction within the frame-
work of green chemistry, offering a sustainable and environmentally friendly alternative
to synthetic antimicrobials. By harnessing bioactive compounds from plant sources, this
approach addresses the pressing issue of antibiotic resistance while promoting the responsi-
ble use of natural resources. The findings underscore the transformative potential of green
chemistry in developing effective, eco-conscious antimicrobial therapies that align with
global sustainability goals.
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1. Introduction

Helicobacter pylori (H. pylori) is a Gram-negative microorganism that colonizes the
human stomach. It infects more than 50% of the whole population at the level of gastroduo-
denal mucosa, and the infection can lead to peptic ulcers and gastric cancer [1]. The current
anti-H. pylori therapy includes a combination of a proton pump inhibitor (PPI), such as
pantoprazole, with two or more of the following antibiotics: clarithromycin, amoxicillin,
nitroimidazoles, quinolones and tetracyclines, administered for one or two weeks [2]. This
treatment, however, is associated with side effects, occasionally fails to eradicate the in-
fection (in 10—40% of patients) and is prone to selecting resistant strains at a notably high
rate [3].
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As of 2024, resistance rates increased to approximately 30% for clarithromycin, 61% for
metronidazole, 35% for levofloxacin, and 6% for amoxicillin. In some areas, the resistance
to clarithromycin can reach up to 96%, and metronidazole resistance can range from 1% to
100% [4].

This rising frequency of antibiotic resistance yields a reduction in the eradication rate
of H. pylori infections. The high infection rate in low-income countries, combined with poor
treatment compliance, underscores the urgent need for novel anti—H. pylori agents that
exhibit rapid antimicrobial activity with minimal host toxicity.

Medicinal plants can offer a solution due to their wide range of biological properties
displayed by their bioactive compounds. Thus, several naturally occurring substances with
antimicrobial properties were investigated as potential alternatives to antibiotics, were
or associated with antibiotics for the treatment of H. pylori infection, such as flavonoids,
berberine, catechin, cinnamaldehyde, and ellagic acid [5]. However, in most cases, natural
antimicrobials are limited by low potency, high cost, and by the toxicity of the extracted
bioactive compounds.

Natural antimicrobials offer a promising alternative to conventional antibiotics due to
their diverse bioactive properties and potential to mitigate antibiotic resistance. However,
their broader application is often hindered by significant challenges. These include their
inherently low potency, which necessitates higher doses to achieve the desired therapeutic
effect; their relatively high costs of extraction and purification, which can be a barrier to
large-scale use; and, in some cases, the toxicity of the extracted bioactive compounds when
administered at effective concentrations. For example, many plant-derived polyphenols and
flavonoids exhibit excellent antimicrobial properties, but their clinical utility is constrained
by these limitations [5,6].

To address these challenges, innovative strategies are required, such as optimizing
extraction methods to enhance yield and reduce costs, employing green chemistry tech-
niques to isolate potent compounds with minimal toxicity, and identifying synergistic
combinations with existing antibiotics to boost efficacy [7,8].

Recent advances, such as the development of sustainable extraction processes and the
use of nanoparticles for bioactive compound delivery, hold promise in overcoming these
barriers [9].

Additionally, focusing on compounds with low cytotoxicity profiles and improving
compound stability through encapsulation methods could further expand the clinical
applicability of natural antimicrobials [10].

These efforts are crucial to fully harness the potential of natural compounds in com-
batting antibiotic resistance.

C. sativa Mill. produces shells as primary by-products during chestnut processing.
Upon peeling, the inner skin is separated and can be utilized as industrial fuel [11]. Usually,
these shells are managed as waste and incinerated, representing a cost for farmers. In
the context of a circular economy, chestnut burrs could contribute to sustainable waste
management through the exploitation of their various bioactive properties, ultimately
aiming to reduce environmental and economic impacts [7,12-15]. Furthermore, the use of
C. sativa Mill. was also considered for its antimicrobial activity against Enterococcus faecalis
and foodborne pathogens [11].

For most plant extracts, antibacterial activity resides in their phenolic compound
content, in particular flavonoids and hydrolysable tannins, which affect the growth H.
pylori through the prevention of bacterial adhesion to human gastric mucocytes, the dis-
integration of the outer membrane, and the inhibition of Vacuolating cytotoxin A (VacA
cytotoxin) activity, which is one of H. pylori’s virulence factors involved in the development
of inflammation and ulceration of the gastroduodenal mucosa [16-19].
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Recent research also investigated the mechanism of action of plant extracts against H.
pylori urease, a key enzyme enabling H. pylori to survive in the stomach by neutralizing
stomach acid.

For instance, one study evaluated the urease inhibition activities of medicinal
plants like Acacia nilotica and Calotropis procera, showing significant urease inhibition [20].
Flavonoids were additionally investigated for their urease-inhibitory properties due to the
presence of hydroxyl groups, which allow them to inhibit urease by binding to the nickel
in the enzyme’s active site [20].

These findings suggest that certain plant extracts and their compounds could become
potential alternatives or additions in treating H. pylori infections by targeting host adhesion,
membrane assembly, and enzymatic activity.

Building on our previous research [21], this study evaluates the antimicrobial activity
of a hydroalcoholic C. sativa chestnut burr extract against H. pylori strain 10K, exploring its
potential within a circular bioeconomy concept. In our previous work [21], we systemat-
ically characterized this extract. The chemical composition of chestnut burr extract was
analyzed using advanced chromatographic and mass spectrometric methodologies [21].
UV monitoring was performed at 210 and 254 nm, utilizing a C18 Luna column and a binary
mobile phase consisting of water/formic acid (99.5/0.5, v/v) and acetonitrile. Gradient
elution allowed efficient separation of the extract’s components [21]. Mass spectrometry
detection employed nitrogen as the nebulizing and drying gas, with mass spectra acquired
across a range of 100-1500 m/z in both positive and negative ionization modes [21].

The analysis enabled the identification of key phenolic compounds based on their
UV absorption profiles, mass spectral data, and retention times, compared to reference
standards [21].

The chromatographic analysis at 254 nm revealed a clear profile of the chestnut burr
extract, successfully identifying five major compounds: gallic acid, quinic acid, protocat-
echuic acid, brevifolin carboxylic acid, and ellagic acid [21]. Most spectral information
was obtained in negative ionization mode, reflecting the acidic nature of these molecules.
Among the identified compounds, gallic acid and ellagic acid were determined to be the
most abundant components in the extract (all details and the methodology adopted for the
chemical profile of the extract can be retrieved in reference [21].

This detailed characterization underpins the biological potential of chestnut burr
extract, highlighting its potential relevance as an adjunct to current antibiotic treatments.
Notably, our prior research had already demonstrated the antioxidant properties of the
extract, as well as its antimicrobial effect against E. faecalis [11].

To fully elucidate the antimicrobial potential of the C. sativa burr extract, it is important
to consider evidence from prior research that highlights the antimicrobial activity of its
key phenolic constituents. Gallic acid and ellagic acid, identified as major components
of the extract, are well-documented for their antimicrobial properties. Gallic acid has
been shown to inhibit bacterial growth by disrupting membrane integrity and inducing
oxidative stress in microbial cells [1]. Similarly, ellagic acid demonstrates antimicrobial
effects by interfering with essential bacterial enzymes and inhibiting quorum sensing, a
critical factor for bacterial virulence [3]. These findings underscore the potential roles
of these compounds in driving the extract’s antimicrobial effects and provide a basis for
further correlation analysis to confirm their contributions to activity against H. pylori.

In this work, Minimal Bactericidal Concentration (MBC) assays were carried out on
the extract, both crude and in association with four therapeutic antibiotics (clarithromycin,
metronidazole, levofloxacin and ampicillin) to assess its possible interactions with such
antibiotics. Additionally, the antibiotic synergistic effect was evaluated and confirmed when
the extract was combined with clarithromycin. Instead, when coupled with metronidazole,
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C. sativa extract presented an additive effect. Eventually, the current anti-H. pylori treatment,
consisting of clarithromycin and pantoprazole, was simulated in vitro by adding the extract.

In our in vitro MBC studies and clinical treatment simulation, it was demonstrated
that C. sativa chestnut burr extract, integrated within a circular bioeconomy framework,
holds great promise as a sustainable addition to current anti-H. pylori therapy by enhancing
antibiotic efficacy.

2. Results
2.1. Anti-Helicobacter Efficacy of Crude Extract Used Alone and in Association with Antibiotics

The Anti-Helicobacter efficacy of antibiotics and extracts used alone and in association
was investigated through MBC, whose results are reported in Table 1.

Table 1. Anti-H. pylori efficacy of antibiotics and crude extract used alone and associated with
antibiotics. The MBC values are reported in pg/mL.

C. sativa Extract/Antibiotic MBC pg/mL
C. sativa 3125
Clarithromycin 0.125
Metronitrazole >128
Levofloxacin 8

Ampicillin 0.007

C. sativa/Clarithromycin 195/0.025

C. sativa/Metronitrazole 1625/4

C. sativa/Levofloxacin 1625/4

C. sativa/ Ampicillin 1625/0.007

The Minimum Bactericidal Concentration (MBC) of C. sativa chestnut burr extract was
3125 pg/mlL, as shown in Figure 1.

Figure 1. MBC determination of C. sativa shell extract alone. (A) Bacterial agar spot assay;
(B) Corresponding microplate layout. Serial two-fold dilutions of C. sativa extract, at concentra-
tions ranging from 25 mg/mL to 0.2 mg/mL, were carried out across the first column. The MBC
value was 3.125 mg/mL (well E1, pointed to by a black arrow and circled in black).

However, when combined with clarithromycin, the MBC of the extract significantly
decreased to 195 pg/mL, indicating a potential synergistic effect between the two agents.
Table 1 also illustrates that, in association with metronidazole, levofloxacin, and ampicillin,
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the MBC of the extract diminished by half, demonstrating an enhanced antibacterial effect
in the presence of antibiotics.

The efficacy of the antibiotics, both with and without the hydroalcoholic C. sativa
chestnut burr extract, was also investigated and highlighted in Table 1. Notably, the MBC
values of all antibiotics, except ampicillin, were reduced when tested with the extract.
Specifically, the MBC of levofloxacin decreased from 8 ug/mL to 4 ug/mL, the MBC
of metronidazole from 128 ng/mL to 4 pug/mL, and the MBC of clarithromycin from
0.125 pg/mL to 0.025 pg/mL. Only the MBC of ampicillin remained unchanged in the
presence of the extract, indicating no significant interaction between the two.

2.2. Synergistic Effect

Table 2 presents the Fractional Inhibitory Concentration Index (FICI) used to evaluate
the putative synergistic effect for each extract—antibiotic combination.

Table 2. Fic index calculation and type of activity of antibiotics used in association with C. sativa crude
extract. (FICI) was calculated for each association by using the following formula: FIC1 + FIC2 = FICI,
where FIC1 was the MBC of drug 1 in combination with the extract divided by the MIC of the
same drug tested alone, and FIC2 was the MBC of drug 2 in combination divided by the MBC of
drug 2 tested alone. The FICIs were interpreted as follows: synergistic effect, FICI < 0.5; additive
effect, FICI > 0.5 to <1; no interaction, FICI > 1 to <4; antagonistic effect, FICI > 4. The experiment
was performed in triplicate; data are presented as mean.

Compound FIC1 FIC2 FIC Index Activity
Clarithromycin  0.061 0.248 0.309 Synergistic
Levofloxacin 0.52 1 1.52 No interaction
Metronidazole 0.5 0.031 0.531 Additive
Ampicillin 0.5 1 15 No interaction

The association with clarithromycin (FIC index 0.309) yielded a synergistic behavior,
as also illustrated in Figure 2; the association with metronidazole (FIC index 0.531) showed
an addjitive effect, while no interaction was observed when the plant extract was associated
with levofloxacin (FIC index 1.52) or ampicillin (FIC index 1.5).

Figure 2. Determination of the Minimum Bactericidal Concentration (MBC) of C. sativa shell extract,
clarithromycin, and their combination. (A) Bacterial agar spot assay; (B) Corresponding microplate
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layout. Colored wells indicate bacterial growth, whereas clear wells show no growth. The first and
second column contain serial two-fold dilutions of the extract and clarithromycin alone, respectively,
while the third and fourth columns represent negative controls. Wells A—H of columns 5-8 include
both the extract and the antibiotic, with the extract diluted along the columns and the antibiotic
diluted across the rows. Well E1, corresponding to the MBC value of the extract alone (3.125 mg/mL),
is indicated by a black arrow on the agar plate and circled in black. Well F2 represents the MBC value
of clarithromycin alone (0.25 mg/mL), indicated by a blue arrow on the plate and circled in blue,
while well F9 denotes the MBC value of the combined extract/antibiotic, with its corresponding spot
on the agar plate indicated by a red arrow and circled in red.

2.3. In Vitro Simulation of the Clinical Anti-H. pylori Therapy

After assessing the synergistic effect between C. sativa and clarithromycin, an in vitro
simulation of the triple therapy used in current clinical protocols for treating H. pylori
infection was conducted. Pantoprazole, a proton pump inhibitor (PPI), was combined
with clarithromycin. Additionally, C. sativa extract was introduced to pantoprazole (P),
clarithromycin (CLA), and their combination (P + CLA), to evaluate its interaction with
these agents (Table 3).

Table 3. Variations in the MBC of the C. sativa extract when combined with pantoprazole (C + P),
clarithromycin (C + CLA), and both pantoprazole and clarithromycin (C + P + CLA). In detail,
in Table 3, the in vivo simulation of the treatment of H. pylori infection is reported, in which two
antimicrobial substances are simultaneously used in the presence of a PPL. All tests were carried
out using Brucella broth containing pantoprazole at a concentration four-fold lower than its MBC
determined in preliminary tests, i.e., 8 ug/mL. The experiment was performed in triplicate; data are
presented as mean values. C = C. sativa extract; P = pantoprazole; CLA = clarithromyecin.

Combination MBC [ug/mL]
C 3125

C+P 3125

C+CLA 195
C+P+CLA 48

No additive effect could be observed when the extract was combined with pantopra-
zole. However, Figure 3 shows that the MBC value significantly decreased from 195 to
48 ug/mL when the pantoprazole was added to the combination C. sativa/clarithromycin.
Hence, there was a strong additive effect between clarithromycin and pantoprazole, sug-
gesting potential improvements in treatment efficacy through this combination.

Serial two-fold dilutions of antibiotics
(ampicillin,metronitrazole, levofloxacin, and

ampicillin) R
L
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Figure 3. Synergistic effects through checkerboard analysis, showing a substantial reduction in the
MBC of clarithromycin when combined with the extract, indicating improved antimicrobial efficacy.
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Determination of the synergistic effect between C. sativa extract and the antibiotic using the checker-
board method. The extract was serially diluted across the columns, while the antibiotic was diluted
across the rows. Column 1 (black), 2 (blue), 5 to 8 (red) contain the extract alone, the antibiotic
alone, and the extract and antibiotic combinations, respectively, while columns 3 and 4 represent
negative controls.

3. Discussion

Chronic gastritis, commonly caused by H. pylori infection, is one of the most prevalent
chronic bacterial infections, second to dental caries. Conventional treatment typically
involves two or more antibiotics combined with a proton pump inhibitor (PPI). However,
the effectiveness of such a regimen has been diminishing annually. This is largely due to
the development of acquired antibiotic resistance against H. pylori, given the bacterium’s
high mutation rate. Consequently, interest in non-antibiotic substances with antibacterial
properties is rising.

Plants serve as valuable alternatives for producing bioactive compounds with medici-
nal properties, and for centuries, traditional medicines, such as those in Chinese practices,
utilized natural compounds to influence key biological processes, including cell growth,
angiogenesis, survival, and programmed cell death, with many showing antioxidant, anti-
inflammatory, and antimicrobial effects. The current literature body has demonstrated
anti-H. pylori activity from traditional medicinal plants, such as Rubus ulmifolius, Acacia
nilotica and Calotropis procera [20].

Furthermore, the observed synergy between the extract and antibiotics, particularly
clarithromycin, may result from the ability of these phenolics to compromise bacterial de-
fenses, enhancing antibiotic uptake. This hypothesis aligns with evidence that ellagic acid
can inhibit efflux pumps, while gallic acid destabilizes the bacterial outer membrane, facili-
tating drug penetration [22,23]. A quantitative correlation study using purified compounds
and bioassays would strengthen the understanding of their specific contributions.

The present work aimed to assess the anti-H. pylori effect of a C. sativa chestnut burr
extract following a circular bioeconomy approach. In this approach, agricultural and
industrial wastes are investigated for biological purposes, and by-products are reshaped
into added-value resources, with the additional advantage of lessening environmental
impacts [24]. For instance, coffee husks contain phenolic compounds with antioxidant
properties, whilst pomegranate seeds can be employed as natural dyes for textiles [25,26].

Chestnut burrs are indeed considered agricultural waste, as they must be removed
from the woods to allow chestnut tree growth, usually through burning. However, they
were found to be rich in metabolites with antioxidant and anticarcinogenic properties,
drawing interest in their reutilization for biological purposes [11].

In our previous work [21], we conducted a comprehensive characterization of the
chestnut burr extract, employing advanced chromatographic and mass spectrometric
techniques to elucidate its chemical profile. Utilizing UV monitoring at 210 and 254 nm with
a C18 Luna column and a binary mobile phase comprising water/formic acid (99.5/0.5, v/v)
and acetonitrile, the extract components were efficiently separated through gradient elution.
This methodological approach ensured high sensitivity and specificity in identifying the
bioactive compounds within the extract.

Mass spectrometry detection further augmented analytical precision, with nitrogen
being utilized as the nebulizing and drying gas. Mass spectra were recorded over a
broad range of 100-1500 m/z in both positive and negative ionization modes, enabling
the detection of compounds with diverse chemical characteristics. The negative ion-
ization mode proved particularly informative due to the acidic nature of many of the
extract’s constituents.
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The analysis revealed a clear chromatographic profile, particularly evident at 254 nm,
identifying five major phenolic compounds: gallic acid, quinic acid, protocatechuic acid,
brevifolin carboxylic acid, and ellagic acid. The identification was achieved through a com-
bination of UV absorption profiles, mass spectral data, and retention times, corroborated
by reference standards. Notably, gallic acid and ellagic acid emerged as the most abundant
constituents, underscoring their potential role in the extract’s bioactivity.

This detailed chemical characterization provides a foundational understanding of the
extract’s bioactive potential, particularly in the context of its antimicrobial properties. The
predominance of gallic acid and ellagic acid is of significant interest, as such compounds
are known for their antioxidant properties, which has been confirmed in previous research,
along with their antimicrobial efficacy against Enterococcus faecalis [11].

The antimicrobial efficacy of the C. sativa chestnut burr extract can likely be attributed
to the bioactivity of its phenolic compounds, particularly gallic acid and ellagic acid. Prior
studies have demonstrated that gallic acid exerts its effects by disrupting bacterial cell
membranes, leading to the leakage of intracellular components and eventual cell death [2].
Additionally, it has been shown to generate reactive oxygen species, creating oxidative
stress that compromises bacterial survival. Ellagic acid, on the other hand, has been
reported to inhibit enzymes critical for bacterial metabolism, such as urease in H. pylori [10].
It also impedes quorum sensing, reducing bacterial virulence and biofilm formation [6].
These mechanisms, supported by empirical data, strongly suggest that gallic acid and
ellagic acid are central to the antimicrobial activity observed in this extract.

These findings strongly support the extract’s relevance as a promising adjunct to
conventional antibiotic regimens, particularly in combating antibiotic-resistant pathogens
such as H. pylori. Moreover, this robust characterization enhances the reproducibility of
future studies, ensuring consistency in evaluating the extract’s therapeutic potential. At
the same time, this study investigated the same extract, alone and in combination with
common therapeutic antibiotics, on H. pylori strain 10K.

The Minimum Bactericidal Concentration (MBC) values proved that the extract had
built-in antibacterial activity with an MBC value of 3125 pg/mL. However, this number
decreased when the extract was combined with antibiotics, indicating potential interactions.
Indeed, when in combination with clarithromycin, the chestnut burr extract showed a
remarkable decrease in the MBC to 195 pug/mlL, suggesting a synergistic effect. The combi-
nation with metronidazole, levofloxacin, and ampicillin resulted in a 50% reduction in the
extract’'s MBC value, indicating enhanced antibacterial effects. These data demonstrated
that C. sativa extract enhances the efficacy of certain antibiotics, namely clarithromycin and
metronidazole, against H. pylori.

The presence of the chestnut burr extract also affected the MBCs of the antibiotics. The
most interesting decrement occurred with clarithromycin, as the MBC of clarithromycin
alone was 0.125 ug/mL, but, in combination with the chestnut burr extract, it dropped sig-
nificantly to 0.025 pg/mL, indicating a synergistic interaction. The MBC for metronidazole
considerably decreased from 128 pg/mL to 4 pg/mlL, and levofloxacin’s MBC was halved
from 8 pg/mL to 4 pg/mL. No noteworthy change was observed in the MBC of ampicillin,
implying no interaction with the extract.

To deeply investigate the interplay between the extract and antibiotics, the Fractional
Inhibitory Concentration Index (FICI) was determined. The FICI values confirmed the
observed synergistic effect with clarithromycin (FICI = 0.309) and an additive effect with
metronidazole (FICI = 0.531). However, no interaction occurred in the presence of lev-
ofloxacin (FICI = 1.52) and ampicillin (FICI = 1.5), suggesting this extract as a potential
agent to reduce the required doses of the administered antibiotics and mitigate antibiotic
resistance and side effects. This acquires special significance for clarithromycin, whose
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MBC breakpoint for susceptibility is 0.25 pg/mL, while resistance is indicated by levels
greater than 0.5 ug/mL [27].

The in vitro simulation of the clinical therapy combined pantoprazole (a proton pump
inhibitor), clarithromycin (a standard antibiotic for H. pylori treatment), and the C. sativa
chestnut burr extract to the extract/clarithromycin mix to evaluate their combined antimi-
crobial efficacy against H. pylori. The rationale for this combination lies in the distinct
but complementary mechanisms of action of these agents. Pantoprazole inhibits bacterial
ATPase activity and reduces gastric acidity, creating an environment less conducive to
bacterial survival. Clarithromycin targets bacterial protein synthesis by binding to the 505
ribosomal subunit, while the chestnut burr extract, rich in phenolic compounds, disrupts
bacterial membrane integrity and enhances antibiotic uptake.

The results showed a significant reduction in the Minimum Bactericidal Concentration
(MBC) of clarithromycin in the presence of the chestnut burr extract and pantoprazole,
dropping from 195 ug/mL to 48 ug/mL. This additive effect suggests a potentiation
of clarithromycin’s antimicrobial activity by the extract when used in conjunction with
pantoprazole. The observed reduction corresponds to approximately 75% of the MBC value
for clarithromycin alone, highlighting the synergistic potential of this combination. These
findings support the hypothesis that incorporating natural extracts into standard triple
therapy could enhance treatment efficacy while potentially lowering the required antibiotic
doses, thereby mitigating side effects and resistance risks.

Although the chestnut burr extract mechanism of action is not yet elucidated, the
polyphenols are likely to target the outer membrane of Gram-negative bacteria and the cell
walls of both Gram-negative and Gram-positive bacteria. Their interaction with phospho-
lipids in the lipid bilayer and membrane proteins potentially disrupts membrane integrity,
increasing its permeability, facilitating the antibiotic uptake, inhibiting the respiratory chain,
and altering ion transport [28]. Moreover, PPIs like pantoprazole may inhibit bacterial
ATPases, which maintain proton gradients needed for ATP production and cell survival.
This inhibition could affect the bacterium’s ability to resist environmental stress, making it
more susceptible to antibiotics and the action of plant extracts [29].

The additive effect observed when C. sativa chestnut burr extract was combined with
metronidazole is particularly noteworthy, as the H. pylori 10K-tested strain showed moder-
ate resistance to metronidazole with an MBC of 128 pg/mL, as the resistance breakpoint
is >8 ug/mL [27]. However, when combined with the chestnut burr extract, the MBC of
metronidazole decreased 32-fold to 4 ug/mL, below the threshold for sensitivity. This
shift may be associated with the downregulation of the hefA gene, coding for an efflux
pump involved in metronidazole resistance by taking the antibiotic out of the bacterial cell.
The observed reduction in MBC when combined with C. sativa extract could be due to the
disruption of this efflux system, probably through downregulation of hefA expression or in-
hibition of pump activity [30]. The extract’s polyphenols likely disrupt bacterial membrane
integrity, increasing permeability, inhibiting respiratory chains, and enhancing antibiotic
uptake, while PPIs like pantoprazole inhibit bacterial ATPase activity, compounding these
effects [31].

In contrast, the lack of synergy with ampicillin or levofloxacin may be down to these
antibiotics’ reliance on porin channels to cross the bacterial outer membrane [32]. Since
these channels are not affected by the action of plant extract, no synergistic effect could
be observed.

Importantly, this study does not aim to propose the chestnut burr extract as a novel
antibiotic for clinical use. Instead, it emphasizes the potential of a circular bioeconomy
framework to identify and valorize bioactive compounds from underutilized agricultural
by-products. The primary focus is to repurpose chestnut burrs, an abundant and often
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discarded waste product, into a valuable source of bioactive compounds with promising
applications in antimicrobial therapies. By leveraging circular bioeconomy principles, this
research addresses two pressing global challenges: mitigating the environmental impact
of agricultural waste and exploring sustainable methods to combat antibiotic resistance.
The findings of this study illustrate that the chestnut burr extract, while not a replacement
for conventional antibiotics, has the potential to act as an adjunctive agent, enhancing the
efficacy of existing antibiotics. This approach underscores the transformative role of circular
bioeconomy principles in therapeutic innovation. Rather than directly identifying new
antibiotics, the study demonstrates how sustainable resource utilization can uncover novel
bio compounds with significant therapeutic applications. In this case, the extract’s ability to
synergize with antibiotics highlights its relevance within a sustainable and environmentally
conscious framework for addressing global health challenges. In conclusion, the goal
of this research is to propose a model for the sustainable utilization of agricultural by-
products, showcasing their potential to contribute to innovative solutions in healthcare,
while aligning with global sustainability and bioeconomy objectives.

4. Materials and Methods
4.1. Preparation of C. sativa Burrs (CSB) Extract

C. sativa burr extract was obtained as previously described [11]. The spiny burrs
of C. sativa (Mill.), certified under the PGI (Protected Geographical Indication) Castagna
del Monte Amiata (Reg. CEE n. 2081/92), were collected from Tuscany, a remarkable
chestnut-producing region in Italy. After deep cleaning of the burrs and air-drying at room
temperature until a stable weight was reached. Grinding into a fine powder and storing in
sealed, dark plastic bags at —80 °C was necessary to preserve the bioactive compounds
and prevent degradation caused by light or higher temperatures. The extraction involved
immersing 330 g of the powdered burrs in 1 L of water (this ratio was optimized to
maximize the extraction efficiency of bioactive compounds without oversaturating the
solvent) and treating the mixture with 20 kHz ultrasonic waves for three hours at room
temperature. The obtained aqueous extract, namely CSB, was then freeze-dried with a
lyophiliser (Lyovapor L-200, Bhuchi, India) and stored at —32 °C (to prevent microbial
contamination and preserve its bioactive properties over time) for additional experiments.

4.2. Bacterial Strain and Growth Conditions

H. pylori strain 10K was isolated from gastric neoplastic tissue obtained from a patient
with diffuse histological variant gastric carcinoma and characterized in our previous
works [33,34].

Growth occurred at —80 °C in Wilkins-Chalgren broth (Oxoid) supplemented with 20%
glycerol (Sigma-Aldrich, St. Louis, MO, USA.).

For the experimental procedures, C. sativa extract was dissolved in DMSO (Sigma-
Aldrich) and subsequently diluted in Brucella broth (Sigma-Aldrich) supplemented with
cefsulodin (5 pg/mL), trimethoprim (10 ug/mL), vancomycin (10 pg/mL), and ampho-
tericin B (5 pg/mL) (Sigma-Aldrich) to prevent contaminations.

The extract was evaluated alone and with commonly used antibiotics in triple therapy
for H. pylori eradication: amoxicillin, clarithromycin, metronidazole, and levofloxacin
(Sigma-Aldrich). Additionally, the antimicrobial activity of pantoprazole (Sigma-Aldrich),
a representative of the proton pump inhibitor (PPI) family, was also assessed.
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4.3. Determination of Minimal Bactericidal Concentration (MBC) and Minimal Inhibitory
Concentration (MIC) of C. sativa Extract

To evaluate C. sativa extract’'s MBC against H. pylori, 100 uL of diluted H. pylori
suspension (containing 108 CFU/mL) were added to a 96-well microplate (Sarstedt) in
100 uL of Brucella broth with FBS (Sigma-Aldrich) containing serial two-fold dilutions of
C. sativa extract, at concentrations ranging from 25 mg/mL to 0.2 mg/mL. Plates were
incubated in a microaerobic atmosphere at 37 °C. After 24 h incubation, two pL of mixture
from each well were subcultured onto Brucella agar plates with FBS, which were then
incubated in a microaerobic environment at 37 °C for 3-5 days. Afterwards, the plates were
inspected for the presence of colonies, and the lowest concentration of C. sativa chestnut
burr extract in broth, whose subculture on agar showed a complete absence of growth, was
considered the MBC.

The MBC value was also assessed for all four antibiotics, alone and combined with the
extract, using the same experimental procedure.

Three replicates were conducted, and data were presented as an average.

4.4. Antibiotic Synergy Determination

To evaluate its prospective synergistic effect, C. sativa extract was tested in association
with each antibiotic among those commonly used in triple therapy for H. pylori: amoxicillin,
clarithromycin, metronidazole, and levofloxacin through the checkerboard dilution method,
illustrated in Figure 3.

Using 96-well plates, the experiment was set up by carrying out a serial two-fold
dilution of the extract (final volume 200 uL and the given antibiotic across the first and
column, respectively. Brucella broth supplemented with 10% inactivated fetal calf serum
(Sigma-Aldrich), cefsulodin (5 ng/mL), trimethoprim (10 pg/mL), vancomycin (10 ug/mL),
and amphotericin B (5 pg/mL) to prevent contamination, was dispensed into the wells.
Then, both the extract and the antbiotic were posed in the remaining columns and serially
two-fold diluted across the columns and the rows, respectively.

2 uL of H. pylori suspension in Brucella broth (containing 108 CFU/mL) was inoculated
into the 96 wells, each containing a specific concentration of the chestnut extract and given
antibiotic. The plates were incubated under microaerobic conditions at 37 °C for 24 h.

Then, 2 pL from each well were subcultured onto Columbia agar (Sigma-Aldrich)
plates supplemented with 10% horse blood (Sigma-Aldrich), 10% inactivated fetal calf
serum, cefsulodin (5 pug/mL), trimethoprim (10 pg/mL), vancomycin (10 ug/mL), and
amphotericin B (5 pg/mL). The plates were incubated under microaerobic conditions at
37 °C for 3-5 days.

The Minimum Bactericidal Concentration (MBC) was the lowest concentration of
either the extract or the antibiotic in the broth, fully inhibiting bacterial growth on the agar
subculture. To ensure the accuracy and reliability of the results, the tests were performed in
duplicate and repeated three times, and the data were shown as average.

The interaction between the chestnut extract and antibiotics was evaluated using
the Fractional Inhibitory Concentration Index (FICI). This index was calculated using the
formula: FIC1 + FIC2 = FICI, where FIC1 stands for the MBC of the antibiotic in combination
with the extract divided by the MBC of the antibiotic alone, and FIC2 represents the MBC
of the extract combined with the antibiotic divided by the MBC of the extract alone. The
FICI values were then interpreted to assess the interaction type. A synergistic effect yields
a FICI value < 0.5, and an additive effect a FICI value > 0.5 to 1. In case of no interaction,
FICI is in the range of >1 to <4, whereas when there is an antagonistic effect, the FICI is >4.
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4.5. Simulation of the In Vivo Multitargeted Therapy

To simulate the in vivo treatment of H. pylori, the Minimum Bactericidal Concentra-
tion (MBC) of clarithromycin in combination with the C. sativa chestnut burr extract was
evaluated in the presence of pantoprazole. This experiment aimed to mimic the conditions
of triple therapy used in clinical settings. Pantoprazole, a proton pump inhibitor (PPI), was
included in the assay at a concentration of 8 pg/mL, which is four-fold lower than its MBC,
as determined in preliminary tests. Brucella broth was used as the medium, supplemented
with the necessary additives to support H. pylori growth. The inclusion of sub-inhibitory
levels of pantoprazole was intended to evaluate its potential role in enhancing the antimi-
crobial activity of clarithromycin and the extract by disrupting bacterial ATPase activity
and altering proton gradients critical for H. pylori survival.

5. Conclusions

This study aligns with circular bioeconomy principles by investigating C. sativa chest-
nut burr extract, an agricultural by-product, for its bioactive potential against H. pylori
strain 10K. In vitro assays demonstrated significant antibacterial activity, with the extract
synergistically and additively enhancing clarithromycin and metronidazole efficacy, re-
spectively. The reduction in Minimum Bactericidal Concentrations of these antibiotics
underscores the extract’s potential to combat antibiotic resistance and lower conventional
drug dosages.

The potentiation of clarithromycin activity by sub-inhibitory concentrations of panto-
prazole further suggests that combining plant extracts with PPIs could enhance therapeutic
outcomes due to the polyphenolic compounds within the extract. Gallic acid, for example,
has been shown to disrupt bacterial cell membranes and inhibit biofilm formation, mecha-
nisms that may contribute to the observed enhancement of antibiotic efficacy [3]. Ellagic
acid has been reported to target bacterial virulence factors and interfere with quorum
sensing, which could further potentiate the activity of antibiotics such as clarithromycin [4].
Although the study does not pinpoint a single active compound responsible for the ex-
tract’s effects, the observed reduction in the Minimum Bactericidal Concentration (MBC)
of clarithromycin and metronidazole in combination with the extract strongly suggests a
synergistic interaction. This synergy likely arises from the combined action of multiple
phenolic compounds targeting different bacterial processes. For instance, the polyphenols
in the extract may increase bacterial membrane permeability, facilitating the uptake of
antibiotics and enhancing their intracellular activity [5,6].

The extract’s action parallels findings for other plant-derived products, such as
pomegranate peel extract, which enhances antibiotic efficacy by increasing membrane
permeability and inhibiting efflux pumps [7]. Though further studies are needed to eluci-
date the exact mechanisms, these results highlight the potential of natural compounds as
adjuncts in antimicrobial therapy. Future research should focus on isolating and char-
acterizing key bioactive molecules using advanced methodologies like metabolomics
and bioinformatics.

In conclusion, the C. sativa chestnut burr extract represents a sustainable, green, and
cost-effective antimicrobial agent capable of enhancing antibiotic efficacy while addressing
resistance challenges. Although the identification of the specific responsible compounds
remains a challenge, the extract’s demonstrated synergy with clarithromycin and metron-
idazole underscores its relevance in developing sustainable and effective antimicrobial
strategies within a circular bioeconomy framework.
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6. Patents

Santucci, A.; Figura, N; Millucci, L.; and Schiavione, M.L., (2020). Hhydroalcoholic
extract from chestnut burr for antibacterial usage (Patent No. 102020000018592). Ministry of
the Environment and Protection of Land and Sea.

Author Contributions: Conceptualization, M.L.S., N.F. and A.S.; methodology, M.L.S. and L.M.;
software, M.L.S. and L.M.; validation, M.L.S., R.B., A.T., LM. and N.E; formal analysis, M.L.S,,
R.B., AT, LM. and N.E; investigation, M.L.S., R.B., A.T. and L.M.; resources, M.L.S., N.F. and
A.S.; data curation, M.L.S., R.B. and A.T.; writing—original draft preparation, R.B., A.T. and A.S;
writing—review and editing, M.L.S., A.T. and R.B.; visualization, M.L.S., R.B., AT., M.G., LM., N.F.
and A.S.; supervision, A.S. and N.F,; project administration, A.S.; funding acquisition, A.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by “PRIN: PROGETTI DI RICERCA DI RILEVAN-
TEINTERESSE NAZIONALE -Bando 2022-" Prot. 2022LW54KC within the project “BIO-WASTE
PRODUCTS AS A SOURCE OF NUTRACEUTICALS TO TARGET THE COMMON TRAIT OF
INFLAMMATION IN CANCER AND NEURODEGENERATION”. This work was supported by
UE—FSE REACT-EU, PON Ricerca e Innovazione 2014-2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article. Further inquiries can be directed to the corresponding author/s.

Acknowledgments: The authors thank the following: Associazione per la Valorizzazione della
Castagna del Monte Amiata IGP; NEXT Technologies Tecnotessile, Prato, Italy; PRIN: PROGETTI
DI RICERCA DI RILEVANTE INTERESSE NAZIONALE—Bando 2022 Prot. 2022L.W54KC; PRIN:
PROGETTI DI RICERCA DI RILEVANTE INTERESSE NAZIONALE—Bando 2022 PNRR Prot.
P2022RYR5W; CHEBAPACK Programma di Sviluppo Rurale 20142020 Regione Toscana; PSR
2014-2020 Regione Toscana OPENRICCIO; F-Cur funds to M.G.; UE—FSE REACT-EU, PON Ricerca e
Innovazione 2014-2020; Progetto ERICA ARTES 4.0, E87G23000100001 Agenzia Coesione Territoriale;
Progetto PNRR THE Spoke 6.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Tshibangu-Kabamba, E.; Yamaoka, Y. Helicobacter pylori Infection and Antibiotic Resistance—From Biology to Clinical Implications.
Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 613-629. [CrossRef]

2. Chey, W.D,; Leontiadis, G.I.; Howden, C.W.; Moss, S.F. ACG Clinical Guideline: Treatment of H. pylori Infection. Am. J.
Gastroenterol. 2017, 112, 212-238. [CrossRef] [PubMed]

3. Liang, B, Yuan, Y.; Peng, X].; Liu, X.L.; Hu, X.K.; Xing, D.M. Current and Future Perspectives for H. pylori Treatment and
Management: From Antibiotics to Probiotics. Front. Cell. Infect. Microbiol. 2022, 12, 1042070. [CrossRef] [PubMed]

4. Argueta, E.A; Ho, ].J.C.; Elfanagely, Y.; D’Agata, E.; Moss, S.F. Clinical Implication of Drug Resistance for Helicobacter pylori
Management. Antibiotics 2022, 11, 1684. [CrossRef]

5. Pacyga, K.; Pacyga, P; Topola, E.; Viscardi, S.; Duda-Madej, A. Bioactive Compounds from Plant Origin as Natural Antimicrobial
Agents for the Treatment of Wound Infections. Int. J. Mol. Sci. 2024, 25, 2100. [CrossRef] [PubMed]

6.  Oleastro, M.; Ménard, A. The Role of H. pylori Outer Membrane Proteins in Adherence and Pathogenesis. Biology 2013, 2,
1110-1134. [CrossRef] [PubMed]

7. Fernandez-Agull6, A.; Freire, M.S.; Antorrena, G.; Pereira, J.A.; Gonzalez-Alvarez, J. Effect of the Extraction Technique and
Operational Conditions on the Recovery of Bioactive Compounds from Chestnut (C. sativa) Bur and Shell. Sep. Sci. Technol. 2014,
49,267-277. [CrossRef]

8.  Barletta, R,; Trezza, A.; Bernini, A.; Millucci, L.; Geminiani, M.; Santucci, A. Antioxidant Bio-Compounds from Chestnut Waste: A

Value-Adding and Food Sustainability Strategy. Foods 2025, 14, 42. [CrossRef] [PubMed]


https://doi.org/10.1038/s41575-021-00449-x
https://doi.org/10.1038/ajg.2016.563
https://www.ncbi.nlm.nih.gov/pubmed/28071659
https://doi.org/10.3389/fcimb.2022.1042070
https://www.ncbi.nlm.nih.gov/pubmed/36506013
https://doi.org/10.3390/antibiotics11121684
https://doi.org/10.3390/ijms25042100
https://www.ncbi.nlm.nih.gov/pubmed/38396777
https://doi.org/10.3390/biology2031110
https://www.ncbi.nlm.nih.gov/pubmed/24833057
https://doi.org/10.1080/01496395.2013.838264
https://doi.org/10.3390/foods14010042
https://www.ncbi.nlm.nih.gov/pubmed/39796332

Molecules 2025, 30, 324 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

Silva, V.; Falco, V.; Dias, M.I; Barros, L.; Silva, A.; Capita, R.; Alonso-Calleja, C.; Amaral, J.S.; Igrejas, G.; Ferreira, L.C.ER.; et al.
Evaluation of the Phenolic Profile of Castanea sativa Mill. By-Products and Their Antioxidant and Antimicrobial Activity against
Multiresistant Bacteria. Antioxidants 2020, 9, 87. [CrossRef] [PubMed]

Al-Rooqi, M.M.; Mughal, E.U.; Raja, Q.A.; Hussein, E.M.; Naeem, N.; Sadiq, A.; Asghar, B.H.; Moussa, Z.; Ahmed, S.A. Flavonoids
and Related Privileged Scaffolds as Potential Urease Inhibitors: A Review. RSC Adv. 2023, 13, 3210-3233. [CrossRef] [PubMed]
Trezza, A.; Barletta, R.; Geminiani, M.; Frusciante, L.; Olmastroni, T.; Sannio, F.; Docquier, J.-D.; Santucci, A. Chestnut Burrs as
Natural Source of Antimicrobial Bioactive Compounds: A Valorization of Agri-Food Waste. Appl. Sci. 2024, 14, 6552. [CrossRef]
Comandini, P.; Lerma-Garcia, M.].; Simé-Alfonso, E.E; Toschi, T.G. Tannin Analysis of Chestnut Bark Samples (C. sativa Mill.) by
HPLC-DAD-MS. Food Chem. 2014, 157, 290-295. [CrossRef]

Sangiovanni, E.; Piazza, S.; Vrhovsek, U.; Fumagalli, M.; Khalilpour, S.; Masuero, D.; Di Lorenzo, C.; Colombo, L.; Mattivi, E; De
Fabiani, E.; et al. A Bio-Guided Approach for the Development of a Chestnut-Based Proanthocyanidin-Enriched Nutraceutical
with Potential Anti-Gastritis Properties. Pharmacol. Res. 2018, 134, 145-155. [CrossRef]

Rodrigues, F; Santos, J.; Pimentel, EB.; Braga, N.; Palmeira-de-Oliveira, A.; Oliveira, M.B.P.P. Promising New Applications of C.
sativa Shell: Nutritional Composition, Antioxidant Activity, Amino Acids and Vitamin E Profile. Food Funct. 2015, 6, 2854-2860.
[CrossRef] [PubMed]

Frusciante, L.; Geminiani, M.; Olmastroni, T.; Mastroeni, P; Trezza, A.; Salvini, L.; Lamponi, S.; Spiga, O.; Santucci, A. Repurposing
C. sativa Spiny Burr By-Products Extract as a Potentially Effective Anti-Inflammatory Agent for Novel Future Biotechnological
Applications. Life 2024, 14, 763. [CrossRef]

Guerra-Valle, M.; Orellana-Palma, P.; Petzold, G. Plant-Based Polyphenols: Anti-H. pylori Effect and Improvement of Gut
Microbiota. Antioxidants 2022, 11, 109. [CrossRef] [PubMed]

Reyes, V.E. Helicobacter pylori and Its Role in Gastric Cancer. Microorganisms 2023, 11, 1312. [CrossRef] [PubMed]

Karlsson, R.; Thorell, K.; Hosseini, S.; Kenny, D.; Sihlbom, C.; Sjoling, A.; Karlsson, A.; Nookaew, L. Comparative Analysis of Two
Helicobacter pylori Strains Using Genomics and Mass Spectrometry-Based Proteomics. Front. Microbiol. 2016, 7, 406. [CrossRef]
[PubMed]

Graham, D.Y.; Miftahussurur, M. Helicobacter pylori Urease for Diagnosis of Helicobacter pylori Infection: A Mini Review. J. Adv.
Res. 2018, 13, 51-57. [CrossRef] [PubMed]

Trezza, A.; Geminiani, M.; Cutrera, G.; Dreassi, E.; Frusciante, L.; Lamponi, S.; Spiga, O.; Santucci, A. A Drug Discovery Approach
to a Reveal Novel Antioxidant Natural Source: The Case of Chestnut Burr Biomass. Int. J. Mol. Sci. 2024, 25, 2517. [CrossRef]
[PubMed]

Nazzaro, F; Fratianni, F.; De Martino, L.; Coppola, R.; De Feo, V. Effect of Essential Oils on Pathogenic Bacteria. Pharmaceuticals
2013, 6, 1451. [CrossRef] [PubMed]

Tsugawa, H.; Suzuki, H.; Muraoka, H.; Ikeda, F.; Hirata, K.; Matsuzaki, J.; Saito, Y.; Hibi, T. Enhanced Bacterial Efflux System Is
the First Step to the Development of Metronidazole Resistance in H. pylori. Biochem. Biophys. Res. Commun. 2011, 404, 656—660.
[CrossRef]

Venkatesh, G. Circular Bio-Economy—Paradigm for the Future: Systematic Review of Scientific Journal Publications from 2015 to
2021. Circ. Econ. Sustain. 2022, 2, 231-279. [CrossRef]

Esquivel, P,; Jiménez, V.M. Functional Properties of Coffee and Coffee By-Products. Food Res. Int. 2012, 46, 488—495. [CrossRef]
Bechtold, T.; Turcanu, A.; Ganglberger, E.; Geissler, S. Natural Dyes in Modern Textile Dyehouses—How to Combine Experiences
of Two Centuries to Meet the Demands of the Future? J. Clean. Prod. 2003, 11, 499-509. [CrossRef]

Martini, S.; D’Addario, C.; Colacevich, A.; Focardi, S.; Borghini, E; Santucci, A.; Figura, N.; Rossi, C. Antimicrobial Activity
Against Helicobacter pylori Strains and Antioxidant Properties of Blackberry Leaves (Rubus ulmifolius) and Isolated Compounds.
Int. ]. Antimicrob. Agents 2009, 34, 50-59. [CrossRef]

Mégraud, F. Basis for the Management of Drug-Resistant H. pylori Infection. Drugs 2004, 64, 1893-1904. [CrossRef] [PubMed]
Huang, T.T,; Cao, Y.X; Cao, L. Novel Therapeutic Regimens Against Helicobacter pylori: An Updated Systematic Review. Front.
Microbiol. 2024, 15, 1418129. [CrossRef]

Huang, Y.Q.; Huang, G.R.; Wu, M.H,; Tang, H.Y.; Huang, Z.S.; Huang, Y.Q.; Huang, G.R.; Wu, M.H.; Tang, H.Y,; Huang, Z.S.;
et al. Inhibitory Effects of Emodin, Baicalin, Schizandrin, and Berberine on hefA Gene: Treatment of Helicobacter pylori-Induced
Multidrug Resistance. World ]. Gastroenterol. 2015, 21, 4225-4231. [CrossRef]

Ivanov, M.; Novovi¢, K.; MaleSevi¢, M.; Dini¢, M.; Stojkovi¢, D.; Jov¢i¢, B.; Sokovié, M. Polyphenols as Inhibitors of Antibiotic
Resistant Bacteria—Mechanisms Underlying Rutin Interference with Bacterial Virulence. Pharmaceuticals 2022, 15, 385. [CrossRef]
Choi, U,; Lee, C.R. Distinct Roles of Outer Membrane Porins in Antibiotic Resistance and Membrane Integrity in Escherichia coli.
Front. Microbiol. 2019, 10, 953. [CrossRef] [PubMed]

Dattilo, M.; Figura, N. Helicobacter pylori Infection, Chronic Gastritis, and Proton Pump Inhibitors. J. Clin. Gastroenterol. 1998, 27,
5163-5169. [CrossRef] [PubMed]


https://doi.org/10.3390/antiox9010087
https://www.ncbi.nlm.nih.gov/pubmed/31968590
https://doi.org/10.1039/D2RA08284E
https://www.ncbi.nlm.nih.gov/pubmed/36756398
https://doi.org/10.3390/app14156552
https://doi.org/10.1016/j.foodchem.2014.02.003
https://doi.org/10.1016/j.phrs.2018.06.016
https://doi.org/10.1039/C5FO00571J
https://www.ncbi.nlm.nih.gov/pubmed/26190821
https://doi.org/10.3390/life14060763
https://doi.org/10.3390/antiox11010109
https://www.ncbi.nlm.nih.gov/pubmed/35052613
https://doi.org/10.3390/microorganisms11051312
https://www.ncbi.nlm.nih.gov/pubmed/37317287
https://doi.org/10.3389/fmicb.2016.01757
https://www.ncbi.nlm.nih.gov/pubmed/27891114
https://doi.org/10.1016/j.jare.2018.01.006
https://www.ncbi.nlm.nih.gov/pubmed/30094082
https://doi.org/10.3390/ijms25052517
https://www.ncbi.nlm.nih.gov/pubmed/38473765
https://doi.org/10.3390/ph6121451
https://www.ncbi.nlm.nih.gov/pubmed/24287491
https://doi.org/10.1016/j.bbrc.2010.12.034
https://doi.org/10.1007/s43615-021-00084-3
https://doi.org/10.1016/j.foodres.2011.05.028
https://doi.org/10.1016/S0959-6526(02)00077-X
https://doi.org/10.1016/j.ijantimicag.2009.01.010
https://doi.org/10.2165/00003495-200464170-00003
https://www.ncbi.nlm.nih.gov/pubmed/15329036
https://doi.org/10.3389/fmicb.2024.1418129
https://doi.org/10.3748/wjg.v21.i14.4225
https://doi.org/10.3390/ph15030385
https://doi.org/10.3389/fmicb.2019.00953
https://www.ncbi.nlm.nih.gov/pubmed/31114568
https://doi.org/10.1097/00004836-199800001-00027
https://www.ncbi.nlm.nih.gov/pubmed/9872516

Molecules 2025, 30, 324 15 of 15

33. Zhang, Y.N.; Ding, S.G.; Huang, L.H.; Zhang, J.; Shi, Y.Y.; Zhong, L.]. Comparative Proteome Analysis of Helicobacter pylori
Clinical Strains by Two-Dimensional Gel Electrophoresis. J. Zhejiang Univ. Sci. B 2011, 12, 820-827. [CrossRef]

34. Mini, R,; Annibale, B.; Lahner, E.; Bernardini, G.; Figura, N.; Santucci, A. Western Blotting of Total Lysate of H. pylori in Cases of
Atrophic Body Gastritis. Clin. Chem. 2017, 52, 220-226. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1631/jzus.B1000445
https://doi.org/10.1373/clinchem.2005.054627
https://www.ncbi.nlm.nih.gov/pubmed/16306089

	Introduction 
	Results 
	Anti-Helicobacter Efficacy of Crude Extract Used Alone and in Association with Antibiotics 
	Synergistic Effect 
	In Vitro Simulation of the Clinical Anti-H. pylori Therapy 

	Discussion 
	Materials and Methods 
	Preparation of C. sativa Burrs (CSB) Extract 
	Bacterial Strain and Growth Conditions 
	Determination of Minimal Bactericidal Concentration (MBC) and Minimal Inhibitory Concentration (MIC) of C. sativa Extract 
	Antibiotic Synergy Determination 
	Simulation of the In Vivo Multitargeted Therapy 

	Conclusions 
	Patents 
	References

