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Preface

The aim of the present reprint is to continue delving into the use of natural compounds as
antimicrobial agents in a wide range of applications. The main motivation for this work is the fact
that numerous syntetic substances are being continuosly used and disseminated around the world,
many of which very little is known about, that may be substituted—at least in part—by these natural
compounds. Some of the authors of the chapters in this reprint have worked in this area for several
years, such as Prof. Durant Archibold’s group, Raffaele Marrone’s group, and the Mickymaray group;
meanwhile, others focus on other applications, such as the research group of Prof. Viana Pontual and
Simone Haberlein, who focuses on the fight against parasites. This reprint is aimed at anyone with

an interest in the use of natural compounds against bacteria, as well as other living organisms.

Carlos M. Franco and Beatriz Vazquez Belda
Guest Editors
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This monograph first covers two review papers from Prof. Mickymaray on the mech-
anisms and efficacy of flavonoids as antimicrobial compounds [1] against opportunistic
nontuberculous mycobacteria. Mickymaray and coworkers reviewed the conventional
treatments for these mycobacteria and then reviewed the newly discovered mechanisms
of anti-nontuberculous mycobacteria, such as the inhibition of cell wall formation, the
inhibition of biofilm formation, or even the inhibition of bacterial DNA synthesis, as well
as the synergies with other antimycobacterial agents. The second review covers some antimi-
crobial animal substances, in this case, the secretions of toad skin (Anura, Bufonidae) against
human pathogens [2]. These authors reported MIC values as low as 4 pg/mL against some
Gram-positive bacteria, such as E. faecalis, or even less for the secretion of some toad species.
Finally, the effectiveness of these secretions as antifungal or antiprotozoal agents is also revealed.

This research begins with a study in our laboratory with respect to the antimicrobial
activity of several apitoxins. The apitoxin was directly collected from five apiaries in
Ecuador, and the effects of these compounds on different Salmonella strains, including not
only different serotypes from Salmonella enterica subsp. Enterica, but also Salmonella enterica
subsp. arizonae and Salmonella enterica subsp. salamae isolates, were studied. Specifically,
the relatively high number of different isolates assayed from this genus proved to be one of
the most important aspects of this research; previously, the effects of Apitoxin on motility,
biofilm formation and gene expression were reported [3]. There is an interesting paper
by Brazilian researchers directed by Prof. Viana Pontual regarding the in vitro immune
response of peripheral blood mononuclear cells infected with Trypanosoma cruzi, the etio-
logical agent of Chagas disease [4], that uses a protein with activity and toxicity to T. cruzi
from Moringa oleifera, a pantropical tree, that is more toxic to the parasite than to immune
human cells. This issue also addresses the activity of insect compounds, specifically those
of the assassin bug (Rhynocoris iracundus) against Schistosoma mansoni [5], the venom of
Rhynocoris iracundus, which inhibits the motility of adult worms of Schistosoma, as well as
their ability to produce eggs; thus, this venom contains potential antischistosomal com-
pounds. In another extraordinary paper, Shcherbakova et al. studied the sensitization of
fungi to 6-demethylmevinolin, a putative natural sensitizer of microbial origin that is able
to suppress the biosynthesis of aflatoxin B1 [6], to avoid the frequent increase in fungicide
resistance or the use of higher dosages of fungicides in the fight against the fungi cited be-
low. By using this sensitizer, it was possible to show how the former effects colony growth
as well as the conidial germination of several vegetal pathogens, such as some Alternaria,
Parastagonospora, Rhizoctonia, and Fusarium species. These authors confirmed the possibility
of using the sensitizer mentioned above instead of using triazole- and strobilurin-based
fungicides. In addition, there is one more paper from Prof. Durant-Archibold’s group re-
garding the antibacterial activity of volatile organic compounds produced by the octocoral-
associated Bacillus sp. BO53 and Pseudomonas GA327, thus, revealing for the first time the
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effects of volatile organic compounds produced by these agents associated with corals
against important human pathogens, such as methicillin-resistant S. aureus, Acinetobacter
baumanni, and Pseudomonas aeruginosa, which in turn are ESKAPE bacteria, due to their easy
presentation of resistance. However, these bacteria have previously been shown to have
antimicrobial properties [7]. The following paper is a very interesting one, dealing with
L-carnitine effects used to grow rabbits, presenting the growth efficiency, hematological,
biochemical, and carcass aspects. This work is unique from my point of view because
of the nature of carnitine, which is naturally synthesized in the liver, kidneys, or brain,
from lysine and methionine, and has shown interesting antimicrobial properties not known
until now [8]. Zhang and coworkers studied the inhibition of Clostridium perfringens by
Polygonum hydropiper compound extract, a known plant with various therapeutic properties
that previously exhibited activity against other pathogens [9]. These authors also elucidated
the effect on the intestinal inflammatory response by modulating NLRP3 inflammasome
signaling with various flavonoids as key active compounds. The last published paper is
related to the effect of fennel byproduct extracts applicable to meat products. This Italian
study by Raffaele Marrone explored the use of fennel waste extracts with both antioxidant
and antimicrobial properties [10] against several pathogens, such as Salmonella, E. coli, and
S. aureus. They conclude that the cited extracts may be used to preserve the quality of beef
burgers. In summary, this Special Issue contains eight research papers, two of which focus
on several aspects of the fight against parasites, one of which focuses on the fight against
fungi, four of which focus on the fight against bacteria, and one that focuses on the effects
of carnitine on several productive parameters during rabbit growth.

Author Contributions: Both authors contributed equally to this editorial. All authors have read and
agreed to the published version of the manuscript.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Nontuberculous mycobacteria (NTM) are the causative agent of severe chronic pulmonary
diseases and is accountable for post-traumatic wound infections, lymphadenitis, endometritis,
cutaneous, eye infections and disseminated diseases. These infections are extremely challenging
to treat due to multidrug resistance, which encompasses the classical and existing antituberculosis
agents. Hence, current studies are aimed to appraise the antimycobacterial activity of flavonoids
against NTM, their capacity to synergize with pharmacological agents and their ability to block
virulence. Flavonoids have potential antimycobacterial effects at minor quantities by themselves or
in synergistic combinations. A cocktail of flavonoids used with existing antimycobacterial agents is a
strategy to lessen side effects. The present review focuses on recent studies on naturally occurring
flavonoids and their antimycobacterial effects, underlying mechanisms and synergistic effects in a
cocktail with traditional agents.

Keywords: nontuberculous mycobacteria; flavonoids; synergistic action; underlying mechanisms

1. Introduction

Mycobacteria belong to Mycobacteriaceae and genus Actinobacteria, are slow-growing, immobile,
Gram-neutral or weakly Gram-positive thin rod-shaped to filamentous bacteria and can be categorized
into three key groups for the determination of diagnosis and therapy. (a) The complex of Mycobacterium
tuberculosis is the primary causative pathogens of tuberculosis (TB) that consists of a group of organisms’
viz., M. tuberculosis, M. caprae, M. bovis, M. africanum, M. pinnipedii, M. microti, M. mungi, M. orygis,
M.pinnipedii and M. surricatae and M. canetti. (b) M. leprae and M. lepromatosis are the causative
pathogens of leprosy. (c) Nontuberculous mycobacteria (NTM) are the additional opportunistic
pathogenic mycobacterial complex groups that consists of M. avium, M. marinum, M. hemophilum, M.
kansasii, M. scrofulaceum, M. gordonae, M. abscessus, M. fortuitum and M. chelonae. They do not cause
TB; however, they can produce pulmonary infections, lymphadenitis, skin disease, endometritis and
disseminated disease. Thus, NTM are denoted by other names such as environmental mycobacteria or
mycobacteria other than tuberculosis (MOTT) and atypical mycobacteria (ATM) [1-4].

More than 200 different species of NTM have been identified in nature (https://www.bacterio.
net/genus/mycobacterium), and among them; about 95% are environmental bacteria with maximum
existence as saprophytes, opportunistic pathogens or nonpathogenic to humans and animals [5]. NTM
are generally found in the environment, mostly in wet soil, rivers, streams, estuaries, marshland and
hospital settings. They are less pathogenic when compared to tuberculous mycobacteria, however
they can cause illness to immunocompromised or pulmonary infected individuals [6]. Among NTM
pathogens, M. avium complex are the most significant and recurrent pathogenic organisms that causes

Antibiotics 2020, 9, 450; doi:10.3390/antibiotics9080450 www.mdpi.com/journal/antibiotics
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pulmonary and extrapulmonary infections. In addition, M. xenopi, M. kansasii, M. malmoense are
the most causative agents for pulmonary infections. Skin and cutaneous tissue infections are also
caused by M. ulcerans and M. marinum [7]. M. abscessus, M. fortuitum, M. chelonae, M. chimaera are the
infectious agents accountable for most soft tissue infections [8].

According to the Runyon classification (Figure 1), mycobacteria have broad categories based
on phenotypic factors including pigmentation and the frequency of bacterial growth [9]. They
are classified as rapidly growing mycobacteria-RGM (visible colonies appear within seven days)
and slow-growing mycobacteria-SGM (visible colonies appear after seven days). Most pathogenic
mycobacteria are associated with the SGM, due to their virulence and growth rate. The members of
the M. chelonae—M. abscessus complex and M. fortuitum complex are classified under the RGM family
(Figure 1). The classification of mycobacteria remains greatly active and is continually developing,
owing to the available technological progressions including sequencing of bacterial isolates. However,
this improvement provides only taxonomy of the evolving novel mycobacteria, and still, their
documentation remains uncertain and is obligatory to find the potential phenotypic and genetic
polymorphisms of the M. abscessus complex.

Non-tuberculous mycobacteria

Slowly growing mycobacteria (>7 days) | Rapidly growing mycobacteria (<7 days)

True pathogens Type I: M. kansasii, M. marinum, Type IV: M. chelonae—abscessus complex
M. ulcerans ¢ V. abscessus subsp. abscessus
* M. abscessus subsp. bolletii
Type Il: M. gordonae, M. * M. abscessus subsp. massiliense
Saprophytes scrofulaceum, M. terrae M. chelonae

M. fortuitum complex
* M. peregrinum

* M. porcinum

* M. fortuitum

M. mucogenicum

M. smegmatis

Type lll: MAC - M. avium, M.
intracellulare, M. chimera, M.
xenopi, M. haemophilum

Opportunistic
pathogens

Opportunistic
pathogens

Figure 1. Classification of nontuberculous mycobacteria.

RGM, M. chelonei, M. fortuitum and M. abscessus complex are well-renowned pathogens that often
occur in cutaneous infections related to plastic surgery and cosmetic techniques. They appear widely
in different pathologic conditions viz., cellulitis, superficial lymphadenitis, chronic nodular lesions,
abscesses, nonhealing ulcers, verrucous lesions and commonly occur in the subcutaneous tissue and
skin [10].

M. abscessus is often misidentified as M. chelonae. It is documented that M. chelonae is seldom
accountable for lung disease [11]. In addition, M. chelonae fails to develop in the culture at 37 °C
when compared to M. abscessus. M. chelonae is abundant in aquatic systems that can cause infection
in immunocompromised hosts [12]. Hence, this inappropriate identification of M. abscessus is
highly possible in several pilot trials specifically in pulmonary contagions, consequently flouting
the significance of this mycobacterium. Notably, the augmented occurrence of M. abscessus in the
individual with cystic fibrosis directs that this pathogenic organism has developed progressively to
become widespread in the past decade [13,14]. The cultures of M. abscessus grow in less than seven days
using agar medium (the combination of Bactec 12B and Middlebrook 7H10/7H11) and the strains of M.
chelonae can be cultivated at 30 °C. Most of the NTM species can grow in the RGM culture medium at
30 °C, and M. xenopi can grow in the Lowenstein—Jensen (LJ) medium at 36 °C [15].

The RGM organism M. abscessus possesses a high level of heterogeneity in the genotype and is
capable of rapid evolution by phage mediated gene transfer [16,17]. There are three subtypes in the
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complex of M. abscessus, namely, M. abscessus, M. bolletii and M. massiliense [5]. M. abscessus possesses
diverse structures in the cell wall due to the occurrence or absence of glycopeptidolipids (GPL) [18].
Similarly, other NTM species have also shown structural variations. The colony morphology and GPL
arrangements in M. abscessus are normally responsible for interactions with the host and regulating the
environment of biofilm development and intracellular survival, which results in disease manifestations
and clinical outcomes [19]. The most common point of entry of NTM into the host occurs via direct
invasion including trauma, iatrogenic acquisition or postsurgical infections [20]. These bacteria can
invade soft tissues and skin in immunodeficient patients during systemic dissemination [21,22]. Shreds
of evidence show that the possible human transmission of M. abscessus subsp. massiliense may occur
among cystic fibrosis patients [23,24]. To date, few publications have addressed novel approaches to
deal with extensive antimicrobial resistance among the NTM organisms, and thus, the current review
aims to appraise the antimycobacterial activity of flavonoids against NTM, its capacity to synergize
with existing pharmacological agents and its antivirulence effects.

2. Clinical Epidemiology of NTM

The diseases of NTM are often found in developed nations, where the peak occurrence rates was
10.6 cases per 100,000 individuals in 2000 [25]. Based on pulmonary research by various experts, the
respiratory NTM are projected to be at least 15 times more common than TB with at least 200,000 cases
per year in the USA [25]. In South Korea, the occurrence of NTM infections have been augmented
to 39.6 cases/100,000 people in 2016 and yearly occurrence could be 19.0 cases/100,000 people. An
investigation led in Germany described a growing incidence of NTM in 2009 from 2.3 cases/100,000
people to 3.3 cases/100,000 populace in 2014 [26]. Shreds of evidence associated with the occurrence
of the disease of NTM and elevation levels are greater in Europe [26], the United States [27-29] and
Japan [30]. The higher rates of NTM infection have been reported in East Asian inhabitants particularly
China, Vietnam, Hawaii, Philippines, Japan and Korea [27,28]. The individuals with NTM in Japan
and the Philippines were at higher risk for M. abscessus infection whereas Vietham and Korean patients
were often affected by M. fortuitum group infection [27]. M. avium complex (MAC) and RGM including
M. abscessus and M. chelonae have been attributed to 85% of pulmonary cases in the United States [31].
Pulmonary diseases are strongly associated with advanced age and more often in women than men [10].

The NTM diseases are generally caused by M. abscessus, M. fortuitum, MAC and M. chelonae.
Among them, M. abscessus is often found with rising frequency and is most challenging to treat [32]. The
swiftly increasing NTMs are normally associated with catheter infections, post-cosmetic surgery of the
soft tissue and skin and pulmonary infections [28]. The clinical implications and location of infection of
NTM are listed in Table 1. Several investigations have established that the incidence of NTM diseases
are greatly escalating in numerous clinical conditions [21,33-35]. The clinical range of the infections is
highly connected based on the entry to the host and host susceptibility factors and these infections
are multisystem and multigenic-based diseases [21,34]. Disseminated NTM infections typically
impact severely immunocompromised patients with primary immunodeficiencies, via inherited or
acquired deficiency of the IL-12-IFN-y pathway, HIV/AIDS, transplant-linked immunosuppression
and anti-TNF-« receptor blockers treatment [34,36].
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Table 1. Clinical significance and site of infection of nontuberculous mycobacteria (NTM).

Clinical Relevance and Possible Site

M. riyadhense

Pulmonary infection, sclerotic lesions,
maxillary sinus, dural lesion

M. scrofulaceum Extrapulmonary
M. simiae Pulmonary
M. smegmatis Pulmonary
M. szulgai Joints/synovial aspiration
M. terrae Pulmonary
M. xenopi Pulmonary

List of NTM Species of Infection Reference
M. abscessiis Peripheral blood, peritoneal biopsy,
pulmonary and permanent catheter tip.
M. asiaticum Pulmonary
M. avium Pulmonary
M. celatum Pulmonary
M Breast abscesses, blood and peritoneal fluid,
. chelonae )
pleural fluid
M. flavescens Pulmonary
Ascetic fluid, peritoneal dialysis fluid,
. ulmonary, lipoid pneumonia, mediastinal
M. fortuitum P infectior}ll, a}r)nyoczrdial and abdominal [2,3,37—-45]
abscess.
M. gastri Pulmonary
M. gordonae Urinary tract and rarely liver biopsies
M. intracellulare Pulmonary and extrapulmonary
M. kansasii Appendiceal abscess
M. lentiflavum Extrapulmonary
M. marinum Wound-elbow and nasal cavity

3. Challenges in Diagnosing and Treatment of NTM Diseases

RGM are usually isolated from blood, sputum or tissues for diagnosis and are often misidentified as
diphtheroids. RGM species normally cultivate as routine culture in liquid broth blood culture medium
or on solid agars that can grow quickly within seven days. These strains relatively stain with Gram
stain not with Ziehl-Neelsen stain to demonstrate the acid-fast characteristics. A fresh young culture
of RGM may not constantly show branching or beaded structures and exhibit weakly Gram-positive
bacilli, thus misleading the diagnosis and often incorrectly concluded as diphtheroids [46]. NTM in
tissue specimens can also be identified based on the molecular method of determination, which
includes, 165 rRNA gene sequencing, PCR analysis and HPLC. The diagnosis of NTM often fails
to recognize the species and subspecies of the different samples from the affected individual. Most
NTM microscopically appears similar to Mycobacterium tuberculosis (MTB), and the colony morphology
varies in culture. The culture difference and microscopic appearance are shown in Figure 2. A total
of 16S ribosomal RNA sequencing aids in individual NTM species identification [20]. Diagnosis is
generally completed by recurrent isolation accompanied by certain clinical and radiological features.
There is no explicit treatment of NTM infections and therapy depends upon the particular species and
its resistance to antibiotics [47].
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(a) (b)

Figure 2. NTM and Mycobacterium tuberculosis (MTB) culture and microscopy. (a) NTM grown at 48 h of
incubation in LJmedia with typical characteristics of moist, smooth glistening yellow colonies; (b) MTB
grown at six weeks of incubation in L] media with typical characteristics of rough, buff yellow-colored
cauliflower-like colonies; (c) Long and slender pink-colored acid-fast tuberculous mycobacteria by
Ziehl-Neelsen stain (100x). The above culture images differentiate the NTM and MTB with almost
similar microscopical image.

The diagnosis of NTM are difficult to confirm using acid-fast microscopy, which is the primary
diagnostic tool for TB in numerous developing nations. As an outcome, most cases of NTM causing
pulmonary infections are not recognized and eventually treated with traditional anti-TB medications.
These treatments often fail because NTM are mostly resistant to anti-TB therapy [48]. Hence, in
developed nations, caseloads of 8.6/100,000 total population and 20.4/100,000 population over 50 years
old are typical [49]. In developing nations, the occurrence rate and diagnosis of NTM cannot be
observed due to the lack of laboratory arrangement and identification of mycobacteria. Hence, the
escalating rate of pathogenic NTM in developing nations has been greater particularly with the advent
of HIV/AIDS patients. Normally, HIV/AIDS individuals with severe immunosuppression are at high
risk of NTM infections, which often cause localized or disseminated infections [50]. In addition, the
failure of NTM treatment can frequently occur due to resistance to some of the available antibiotics
(Table 2).

In addition, using these chemical agents produce various complications including, diarrhea,
headache, renal failure and colitis. Mycobacteriosis is an acute/chronic, systemic, granulomatous
disease caused by NTM, which is extremely challenging in selecting effective antimicrobial therapy
based on the antimicrobial resistance [53]. The RGM involves individualized treatment according to the
outcomes found in vitro vulnerability tests for cefoxitin, amikacin, clarithromycin, sulfamethoxazole,
ciprofloxacin, imipenem and doxycycline [54]. The M. fortuitum and M. chelonae are members of M.
abscessus complex and M. massiliense, M. abscessus and M. bolletii are subspecies, which are the chief
NTM related to cutaneous tissue involvement [55]. All these mycobacteria are regularly found with
several skin lesions, however M. fortuitum is often found in a sole lesion [33]. The susceptibility to
antimicrobials generally depends upon the individual species. M. abscessus complex is likely to be
vulnerable to the cocktail of amikacin, azithromycin, imipenem and cefoxitin, since, it is known that
clarithromycin resistance due to the occurrence of the erm41 gene [56].
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Table 2.

Various treatment recommendations for NTM [51,52].

Mycobacterium Species

Established Regimens

Additional or Suggested Agents

M. avium complex

M. scrofulaceum

rifampin, ethambutol, isoniazid,
streptomycin or amikacin

clarithromycin (azithromycin), ciprofloxacin,
clofazimine

clarithromycin (azithromycin), ciprofloxacin,
clofazimine

M. kansasii rifampin, ethambutol, isoniazid streptomycin, ciprofloxacin, clarithromycin
. rifampin, ethambutol, doxycycline L .
M. marinum . . streptomycin, ciprofloxacin
or trimethoprim-sulfamethoxazole
M. xenopi rifampin, ethambutol, isoniazid streptomycin
M. malmoense } clarithromycin (amthrqmycm), ciprofloxacin,
clofazimine
M. simiae : clarithromycin (azﬁhr(?mycm), ciprofloxacin,
clofazimine
M. szulgai - streptomycin, ciprofloxacin, clarithromycin
. rifampin, cefoxitin, doxycycline,
M. hemophilum - Jampin, « ! yey
trimethoprim-sulfamethoxazole
o . clofazimine, cefoxitin, imipenem, a cocktail of
. amikacin, ciprofloxacin, . . . . .
M. fortuitum azithromycin or clarithromycin, doxycycline,

1f i . . .
sulfonamides fluoroquinolones, trimethoprim-sulfamethoxazole

clofazimine, clarithromycin, a cocktail of
azithromycin, imipenem, clarithromycin,
clofazimine, clarithromycin, doxycycline, a cocktail
of azithromycin, imipenem, cefoxitin, clarithromycin,
fluoroquinolones

M. abscessus amikacin, streptomycin, cefoxitin

M. chelonae tobramycin, amikacin

Invivo study demonstrates that NTM isolates show resistance to azithromycin or
clarithromycin [56,57]. Azithromycin is normally the desired antibiotic for M. abscessus infections,
while azithromycin or clarithromyecin is highly efficient in the cases of M. massiliense [56,57]. M.
fortuitum, M. abscessus and M. chelonae are resistant to all of the existing anti-TB agents [10,56,57].
M. fortuitum is highly susceptible to amikacin, trimethoprim-sulfamethoxazole, azithromycin or
clarithromycin, fluoroquinolones and doxycycline. M. chelonae is also often susceptible to azithromycin
or clarithromycin, tobramycin, fluoroquinolones and cefoxitin [55]. The guideline of the therapy
recommends performing susceptibility testing of NTM to enhance the option of a cocktail of the
antimycobacterial drug relates clinically in vivo trials to antimicrobial treatment for various species
of NTM. From the microbiologic perspective, heterogeneity of NTM needs sophisticated and rapid
laboratory techniques. Since the present pharmacological treatment of NTM diseases are tricky, and
often fails to scope the long-term removal of pathogens. Moreover, it is obligatory to hunt novel agents
or treatment and dosage regimens for effective treatment of these NTM diseases, specifically serious in
immunocompromised individuals. Hence, it is necessary to find alternative remedial regimens. One
of the alternative resources is traditional medicinal plants or their derivatives, which are well-known
for their therapeutic properties. Most of the researchers have a positive approach toward natural
products due to their natural origin and low noxious with fewer side effects [3,58-66]. A trial of
anti-Mycobacterial effects of these medicinal plants, particularly those that are conventionally used for
pulmonary infections is significant.

Natural products as a source of medicine are potentially valuable due to their natural origin and
low toxicity with lesser side effects. Medicinal herbs with the traditional practice of crude extracts or
active principles have been widely used for treating and averting human illnesses for many centuries.
These ethnopharmacological techniques have been reinforced to yield bioactive compounds that
support to improve modern medicine as beneficial tools [67-70]. Bioactive compounds often contribute
anoteworthy function in drug finding by helping as a novel drug of interest and templates for synthetic
agents [71-73]. Copious investigations have established that natural bioactive compounds have possible
antimycobacterial activities [2,60,74,75]. The single-handed practice of bioactive compounds or cocktails
with classical antibiotics signifies a greater alternative treatment. Additionally, the cocktails of those
antimicrobial agents often require only a minor amount. Therefore, this smaller amount may provide
less toxicity to the host, ensuring great lenience to the antibacterial drugs. Grounded on the existing
information, there has been inadequate literature regarding antimycobacterial phytocompounds [76-79].
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Thus, the present review aims to emphasize the antimycobacterial effects of flavonoids and their
underlying mechanisms.

The literature of flavonoids and antimycobacterial effects were obtained in electronic search
using Google Scholar, Science Direct and PubMed The following keywords were used in the
Title/Abstract/Keywords: “flavonoids” and “antimycobacterial” or “Nontuberculous mycobacteria”
or “M. fortuitum or M. abscessus or M. chelonae,” and checking all available findings of clinical,
in vivo and in vitro connection among flavonoids and their antimycobacterial effects. The underlying
antimycobacterial mechanism was composed and organized in a suitable place.

4. Flavonoids

Most commonly the flavonoids are the secondary metabolites of the plant kingdom with
well-known wide-ranging classes of polyphenols. They normally exist in all kinds of vegetables, fruits
and beverages [80-84]. WHO estimated that 25% of existing drugs are derived from plants used in folk
medicine [85,86]. Besides the long-established clinical use, the plant-derived compounds display good
tolerance and acceptance among patients and seem like a credible source of antimicrobial compounds.
Among 109 new antibacterial drugs, approved in the period 1981-2006, 69% originated from natural
products [87]. One of the major groups of phytochemicals that has been studied extensively for their
antimicrobial properties are flavonoids [66,88]. Flavonoids are organized with the structure of two
phenyl rings fixed with the heterocyclic ring as C6-C3-C6 and arranged up to a skeleton of 15-carbon.
They are classified into many subclasses based on variation in the central carbon ring viz., flavanones,
flavonols, flavones, flavan, isoflavones and anthocyanidins [89]. There has been accumulating scientific
interest in the study range of flavonoids that demonstrate the following pharmacological functions:
antioxidant [90,91], antidiabetic and anti-obesity [92,93], hypolipidemic [94], anti-inflammatory [95],
antimicrobial [96-98], anticancer [99-101], anti-aging [102], antiallergic and antithrombotic [103],
hepatoprotective [104-107], cardioprotective [108], neuroprotective [109], nephroprotective [110],
protect from lung injury [111] and improving endothelial function, adjourning age-related cognitive
and neurodegenerative diseases [112,113]. The evidence has validated that the prolonged consumption
of dietary flavonoids at higher quantity has also produced minor side effects, which may arise due
to the shortage of bioavailability and gut permeability as well as the greater metabolic rate [114].
Moreover, the intake of flavonoids produces a poor absorption coefficient, which may cause only minor
toxicity to animals and humans [115,116]. All of these data support investigations to discover and
inspect the attractive healing indices of Flavonoids concerning human wellbeing. The daily intake of
dietary flavonoids is estimated to be about 1-2.5 g; flavonols and flavones have been found to be 23
mg [114,117]. Hence, regular intake of flavonoids could be favorable in preventing or treating various
illnesses and improving health outcomes.

5. Anti-Nontuberculous Mycobacterial Efficacy and Mechanisms

Flavonoids have been used in the treatment of the wide spectrum of human illnesses since time
immemorial [118-120]. Flavonoids may inhibit NTM growth with various underlying mechanisms,
including inhibiting cell wall formation, biofilm formation, bacterial DNA synthesis and efflux mediated
pumping systems. In addition, the mixture of flavonoids with antimycobacterial agents may be a
greater approach to combat mycobacterial infections and microbial resistance.

5.1. Inhibition of Cell Wall Formation

Flavonoids inhibit bacterial growth, microbial adhesions and cell wall or transport proteins [121].
Some anti-NTM drugs normally damage the cell membrane’s integrity that leads to the leakage of
intracellular components, which leads to alterations in membrane permeability. Flavonoids can also
damage the cell wall of bacteria [121]. Body cells and tissues are continuously threatened by the injury
caused by free radicals and reactive oxygen species (ROS) which are produced during normal oxygen
metabolism or are induced by exogenous damage [122]. Eventually, these excess ROS can produce
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unadorned oxidative stress to the bacterial cell membrane leads to increased permeability, nucleic acid
damage and oxidation of protein and fatty acids in the membrane (Figure 3) [123-125]. Unfortunately,
these free radicals can attract various inflammatory mediators in the host, contributing to a general
inflammatory response and host tissue damage. These elevated ROS species cause depletion of the
endogenous scavenging compounds and reduced the levels of antioxidant equilibrium. Flavonoids
may have an additive effect on the endogenous scavenging compounds and abolish the effect of the
free radical causing inflammatory response and combat to regulate antioxidant levels in the host [126].
Flavonoids are measured as effective ROS scavengers however, the level of flavonoid in human plasma
and most tissues is too little to effectively reduce ROS [127]. Moreover, flavonoid as ROS scavenger
usage should be carefully measured, since low levels of ROS are, on the contrary, beneficial for bacteria
and can persuade resistance. Therefore, the function of flavonoids as an antimicrobial potentiator
should rather be related to the regulation of the activities of different proteins and molecular processes,
and there is a need for further investigations, specifically regarding their synergistic action.

Flavonoids
Antibiotics
Altered membrane permeability/
0‘3 Transport protein
*« o
\ o Inhibition of antibiotics
" o Proton leakage efflux pump
o

Drug
altering
enzymes

Destruction of

nucleic acid Flavonoids
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Figure 3. Mechanism of antimycobacterial activity of flavonoids.

Fathima and Rao [128] described that the flavonoid catechin plays a bactericidal action through
the oxidative burst and generation of ROS that causes a change in the membrane permeability
and membrane injury. Similarly, liposome studies also confirmed membrane disruption during
oxidative stress which occurs only at high concentrations of epigallocatechin gallate [129]. Quercetin
from propolis (natural resinous mixture produced by honey bees, that have potential antimicrobial
applications: upper respiratory tract infections, common cold, wound healing, treatment of burns,
acne, herpes simplex and genitalis and neurodermatitis) causes a decrease of proton-motive force
and increased membrane permeability in the bacterium which has been employed by the synergistic
activity of quercetin with antibiotics, including ampicillin and tetracycline [130,131]. Additionally;,
flavones- acacetin and apigenin, as well as flavonols morin and rhamnetin caused destabilization
of the membrane structure by disordering and disorientation of the membrane lipids and induced
leakage from the vesicle [132]. Lipid peroxidation has been shown to destroy the bacterial cell wall
and alter membrane potential, ensuing augmented permeability, decreased fluidity and disruption
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of phospholipids [76]. The connection between the lipid bilayer and production of ROS is often
linked in the malondialdehyde production that is the key marker of lipid peroxidation. This lipid
peroxidation is not only harmful to the bacterial lipid bilayer, but also affects the host cell membrane.
Ethyl acetate leaves extract of Aegle tamilnadensis and Schkuhria pinnata and their active principles of
flavonoids have exerted antioxidant and antimycobacterial activity against M. smegmatis with MIC
range of 0.01 to 2.50 mg/mL [76,133]. Four well-known testing systems were carried out in this study
to assess the antioxidant potential viz., lipid peroxidation inhibition, nitric oxide radical inhibition,
ferric thiocyanate and ABTS radical scavenging assay. Based on the findings, ethyl acetate extract
demonstrated a noteworthy antioxidant activity and significant antimycobacterial activity [76,133].

Further several research groups have investigated either isolated or identified the structure of
flavonoids that possess antibacterial activity and quantified the activity of commercially available
flavonoids. For instances, flavonoids such as apigenin [134], galangin [135], pinocembrin [136],
ponciretin [137], genkwanin [138], sophoraflavanone G [139], naringin and naringenin [140,141],
epigallocatechin gallate and its derivatives [129], luteolin and luteolin 7-glucoside [142-145],
quercetin [130,131], 3-O-methylquercetin and various quercetin glycosides and kaempferol and
its derivatives [85,86,146]. Other flavones [147], flavone glycosides [148], isoflavones [149],
flavanones [150], isoflavanones [146], isoflavans [151], flavonols [152], flavonol glycosides and
chalcones [152] have potential antibacterial activities.

Heritiera littoralis Dryand mangrove flora produces novel flavonoids; tribuloside, afzelin,
and astilbin that were revealed to possess antimycobacterial activity against the various species
of NTM with a minimum inhibitory concentration (MIC) of 5.0 mg/mL. All these flavonoids
exhibited growth inhibition of NTM while co-administered with standard anti-TB drugs [153].
2,3 4-trihydroxy-5-methylacetophenone obtained from palmyra palm (Borassus flabellifer Linn.) showed
potential antimycobacterial activity against M. smegmatis with MIC of 10.0 ug/mL [154]. Another study
in 2014 showed that total flavonoid contents obtained from fourteen edible plants possess a potent
antioxidant (ICsq values of DPPH: 8.15 ug/mL; ABTS: 9.16 ug/mL and TEAC: 0.75), antimycobacterial
(M. smegmatis and M. fortuitum: MIC value of 78 ug/mL) and the cytotoxic activities (LCsg values
stretching from 33 to 102 pug/mL) [155]. Lipophilic flavonoids which are highly hydroxylated can be
more disruptive for membrane structure [156,157]. Hence, it is worth observing that the flavonoids
decrease the bacterial toxin secretion by damaging the membrane [158,159].

Amikacin is a semi-synthetic aminoglycoside extensively used to treat disease caused by NTM and
gentamicin resistant Gram-negative bacterium. Conversely, the clinical use of drugs regularly causes
ototoxicity due to the generation of ROS. A natural flavonoid, galangin pretreatment demonstrated to
provide defensive functions against amikacin-provoked mitochondrial dysfunction by decreasing ROS
generation [160]. The antioxidant properties of quercetin-3-O-3-p-glucoside prevent the formation of
biofilm and encourage membrane disturbances, ensuing shrinkage of size and outflow of intracellular
constituents of M. smegmatis [161]. In addition, quercetin accelerates the inhibition of mycobacterial
glutamine synthetase. Glutamine synthetase is the key enzyme involved in virulence factors, as well
as pathogenesis that had been recognized as a possible antibiotic target [162,163]. This enzyme is
normally found in the outer membrane of pathogenic mycobacteria that crucially involves in the
synthesis of poly-L-glutamate—glutamine. quercetin plays a key function in regulating the cellular
levels of NHj in the infected host and eliminate the pathogen through phagosome acidification and
phagosome-lysosome fusion [161].

Fatty acid synthase II (FAS-II) is a key enzyme, requires endogenous fatty acid synthesis
in the bacterial membrane, represents a possible target for novel antimycobacterial agents [164].
FAS-I is accountable for de novo fatty acid (FA) synthesis to form FA chain elongation (16-24
carbons) and then lengthened by the FAS-II monofunctional enzymes to yield long-chain fatty
acids (36—48 carbons) and mycolic acids. Mutation of monofunctional enzymes often provides
drug resistance to the mycobacteria [165]. Flavonoids such as isoliquiritigenin, butein, fisetin and
2,2’ 4'-trihydroxychalcone prevent the growth of M. smegmatis by targeting the dehydratase enzyme of
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FAS-II [164]. p-alanine-d-alanine ligase is an enzyme involved in cell wall synthesis. Another study
has also confirmed that quercetin and apigenin (4',5,7-trihydroxyflavone) inhibit ATP binding pocket
of p-alanine-p-alanine ligase and prevent bacterial peptidoglycan synthesis [166].

5.2. Inhibition of Biofilm Formation

The biofilm formation is normally associated with virulence, pathogenicity, resistance to
antibacterial substances and survival in the environment [167]. Antibacterial resistance of
biofilm-developing mycobacteria may cause the failure of the treatment, and biofilms must be
materially exterminated to resolve the infection. The formation of biofilms provides relationships
among microbial populations with a high spectrum of colonization and functional activities. They form
on many surfaces including, human tissue, medical equipment, plumbing pipes and drinking water
systems [168]. In hospital wards, the development of biofilms on ventilators and hospital apparatus
that permits pathogens to continue as pools which may freely spread to patients. After invading
into the host, these biofilms let pathogens disrupt the host immune systems and can persist for a
long-time [169]. Studies have also supported that tap water functions as a primary source for human
colonization and/or infection outbreak of NTM [169,170]. The developed biofilms often contain M.
fortuitum, which produce biofilm-dispersing agents such as biosurfactant. Moreover, M. chelonae and
M. fortuitum developed thick biofilms with asymmetrical forms that were comparatively resistant to
available antibiotics even at 10x MIC [169].

The hydrophobicity and metal resistance of mycobacteria often permits adhesion of cells and the
successive development of biofilms on aquatic surface later. In addition, NTM in tap water are normally
able to survive and are often resistant to the chemicals glutaraldehyde and chlorine [169,170]. The
proliferation of these NTM from standing biofilms that can aid the spread of infections to individuals,
demonstrates a noteworthy health risk in hospital environments [171]. Novel approaches with potential
antibiofilm agents that improve treatment efficacy must be developed which is urgently necessary for
the suitable therapy of NTM infected patients.

Flavonoids are well recognized as anti-NTM agents and prevent biofilm developments. Research in
this area has generated interest in the ability of flavonoids to enhance the outcomes of untreatable
infections, especially on antibiotic-resistant bacteria like NTM. Several researchers have confirmed
that the structure-relationship of flavonoids enhances the bactericidal actions and demonstrated as
antibacterial agents [141,146,172-174]. The anti-NTM activity and inhibition of biofilm effects of
flavones and flavanones are usually based on the hydrophobic compounds on one aromatic ring
and a hydrogen-bonding group on another aromatic ring [175]. These biofilm developments can be
inhibited by the hydrophobic substituents of flavonoids, which comprises various heterocyclic moieties
including, alkyl, prenyl, nitrogen or oxygen-containing heterocyclic and alkylamino chains [141,
172]. This structural activation of flavonoids can directly kill the bacteria in the biofilm formation,
synergistically activate with the antibiotics and weaken the bacterial pathogenic effects [141,172]. Few
recent studies showed a series of flavonoid derivatives significantly exhibited their antimycobacterial
activity against various NTM species through inhibition of biofilm formation [176,177]. Apigenin
normally has a cyclic or aliphatic chain at the 8-C position that enhanced the antimycobacterial activities
and prevents biofilm formation [178]. Few supporting studies demonstrated that C-benzylated
dihydrochalcone and the dihydrochalcone dimer have shown significant antibacterial activity against
M. chelonae and M. fortuitum [179]. An active flavanone compound, Platyisoflavanone obtained from
Platycelphium voense revealed antimycobacterial activity using microplate alamar blue assay against M.
chelonae with MIC of 23.7 mmol/L [180].

Another study demonstrates that synergistic combinations of amikacin and curcumin (compound
isolated from Curcuma longa), employs antimycobacterial activity against M. abscessus clinical strain
with MIC of 128 mg/L. Furthermore, curcumin induced an over-all decrease in microbial masses
in the biofilm and considerable loss in cell viability [123]. Two methoxylated flavonoids, flavonoid
7-methylquercetagetin and 7-methylquercetagetin-4’-O-f3-p-glucopyranoside were extracted from
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Paepalanthus latipes which showed significant antimycobacterial activity against NTM species with
MIC ranged from 1-2 mg/L [181].

5.3. Inhibition of Efflux Mediated Pumping System

Efflux pumps are well-recognized proteins and protein complexes that provide antibiotic resistance
in bacteria, including mycobacteria [182]. Hence, the finding of efflux pump inhibitors is a fascinating
target in antimycobacterial treatment. Plant-derived natural bioactive compounds are potent inhibitors
of an efflux pump that may capable adjunct to traditional chemotherapy by improving mycobacterial
vulnerability to antibiotics. Flavonoids exert noteworthy antimycobacterial activities and exhibited
considerable outcomes as antimycobacterial agents [183]. A study showed that the inhibition of
the efflux pump has been performed using flavonoid, pinocembrin isolated from Alpinia katsumadai,
which showed antimycobacterial activities against M. smegmatis using MIC: 64 mg/L, further the
antimycobacterial activity was synergistically significant in combination with rifampicin [184]. Similarly,
the isoflavone biochanin A exhibited significant efflux pump inhibiting activity against M. smegmatis
that has evoked much attention as promising novel targets in antimycobacterial treatment [144].

A  recent study showed that two polymethoxyflavones, Skullcapflavone 1I
(5,2'-dihydroxy-6,7,8,6'-tetramethoxyflavone) and Nobiletin (5,6,7,8,3’,4’-hexamethoxyflavone)
exerted as effective antimycobacterial activity and antibiotic resistance modulating activities against
M. smegmatis [185]. In this study, the efflux inhibitory activity was studied using an ethidium
bromide-based fluorometric assay. Conversely, an association between potent modulatory and
putative efflux activity of the skullcapflavone II and Nobiletin was not described in this study.
However, the outcome has highly emphasized that two polymethoxyflavones are valuable adjuvants in
anti-mycobacterial treatments [185]. Nine novel paradol- and gingerol-related compounds known as
putative efflux pump inhibitors extracted from Aframomum melegueta seeds, which were also possessed
significant antimycobacterial activities against M. smegmatis [186]. Three novel phenylpropanoids
(1’-S-1"-acetoxychavicol acetate, trans-p-coumaryl diacetate and 1’-S-1’-acetoxyeugenol acetate)
isolated from the rhizome of Alpinia galanga showed that effective antimycobacterial activity and
antibiotic resistance modulating activities against the isolates of M. smegmatis with MIC value of 2.5,
6.25 and 5.0 mg/L [187].

Similarly, the function of efflux pumps in clarithromycin resistance with nine clinical isolates of
M. abscessus subsp. abscessus or bolletii complex was studied. Based on the findings, the team has
highlighted the requirement for additional investigation on M. abscessus efflux response to implement
more efficient alternative antimicrobial beneficial regimens and direction in the improvement of novel
drugs against mycobacterium [77]. In search of efflux pump inhibitors, flavonoids are a promising
therapy for potent antimycobacterial activity and antibiotic resistance modulating activities (Figure 3).

5.4. Inhibition of Bacterial DNA Synthesis

Flavonoids are well-known topoisomerases inhibitors, contributes to antimycobacterial activity.
DNA topoisomerase is a key enzyme for DNA replication that contribute to a central target for
antimycobacterial agents [78]. Earlier, in silico analysis study has confirmed that quercetin is a
significant DNA topoisomerase inhibitor at B subunit of the enzyme and prevents the growth of M.
smegmatis [188]. This statement was further established using different DNA topoisomerase subunits
that also showed quercetin binding to the B subunit of topoisomerase and parallel obstruction of ATP
binding pocket by the development of H-bonds in the amino acid residues of DNA topoisomerase [78].
Previously, several molecular docking studies suggested that quercetin inhibits DNA topoisomerase
and DNA supercoiling, which competitively interacts with the ATP binding site in the B subunit
of DNA topoisomerase [78,189,190]. Finally, quercetin binds with DNA that alleviates the DNA
topoisomerase complex leads to the breakdown of bacterial DNA [189]. The binding of flavonoids with
DNA topoisomerase usually favored by the active groups positioned in the flavonoids viz., 4-carbonyl,
3-hydroxyl, 5-hydroxyl and 7-hydroxyl groups [78,189].
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5.5. Synergistic Action of Flavonoids with Antimycobacterial Agents

This synergistic effect of flavonoids with conventional agents is often effective and beneficial
for both the proportion and degree of bacterial destructions and microbial resistance modulating
activities [191]. The available conventional agents have a spectrum of underlying modes of action, and
the combination of two or more agents can contribute diverse targets, ensuing multi-targeting. The
implementation of the multi-targeting policy usually eases drug resistance [192]. These synergistic
approaches largely evade toxicity and intolerance of the drug [79]. Previously, various in vitro
investigations have been studied and reduce the minimum inhibitory concentration of bioactive
compounds with conventional antimycobacterial agents (Table 3) [123-125,144,153,181,193,194].

Several studies have demonstrated that the bactericidal antibiotics such as f-lactams,
aminoglycosides, and fluoroquinolones induced oxidative stress, regardless of their specific targets,
and involved in the ROS-antibiotic bacteria-killing [195,196]. Conversely, other reports failed to
indicate the connection between ROS and antibiotic-mediated killing [197]. These varying data
may have resulted from the generation of ROS, which is produced through the hyperactivation of
normal cell metabolism, as well as the related difficulty or even the impossibility to completely
separate the effects of reduced levels of ROS and ROS production as a consequence of the action of
antibiotics [195-197]. Flavonoids are synergistic potentiators with conventional agents in improving
the antibiotic efficiency against NTM [194]. Flavonoids generally protect the cells from the harmful
effects of ROS generation [198,199]. Markedly, Brynildsen et al. [200] suggested that to enhance
the antibiotic efficiency not by damaging the bacterial ROS defense systems by flavonoids, but by
increasing the endogenous ROS generation in the host, which could negate its capacity to manage with
oxidative stress from the available antibiotics. Bactericidal antibiotics such as quinolones, 3-lactams and
aminoglycosides often induced Fenton reaction resulting in the production of OHe radical [201]. These
OHe radicals lead to bactericidal antibiotic-mediated cell loss. Flavonoids play as iron-chelating agents
and quenching the hydroxyl radical that attenuate killing by bactericidal drugs [201]. Additionally, the
practice of aminoglycoside antibiotics (AGs) such as amikacin, gentamycin, spectinomycin, neomycin,
streptomycin and tobramycin, which is driven through the proton motive force and abolished as soon as
ROS levels are augmented [202,203]. Flavonoids are iron chelators that protect against AGs by blocking
the intake of AGs through the damage of Fe-S cluster synthesis ensuring the impendence of the proton
motive force [202]. Co-administration of inhibitory concentrations of resveratrol increased the activity
of aminoglycosides, including gentamicin, kanamycin, neomycin, streptomycin and tobramycin, up
to 32-fold against various Gram-positive pathogens. Eventually, resveratrol increases the efficacy of
aminoglycosides appears to be unrelated to membrane hyperpolarization and disruption of membrane
integrity, which have been related with increased aminoglycoside susceptibility [204].

The most common mechanism of AGs resistance is a chemical modification by
bacterial aminoglycoside-modifying enzymes: phosphotransferases, acetyltransferases and
nucleotidyltransferase [205]. Flavonoids are documented as aminoglycoside-modifying enzyme
inhibitors. quercetin and apigenin have recommended as phosphotransferases inhibitor, which occupies
the ATP binding site and interacts with the enzyme through a series of hydrogen bonds [206]. Therefore,
flavonoids play as chelators that could be employed as potential inhibitors of aminoglycoside-modifying
enzymes. However, such a flavonoid application still requires a prospect investigation. To date,
many flavonoids were characterized by the antibacterial activities against human pathogens, which
play in different mechanisms than those of conventional drugs, and thus could be of significance in
the enhancement of antimycobacterial therapy [85]. Important virulence factors, such as bacterial
hyaluronidases (produced by both Gram-positive and Gram-negative bacteria), directly interact with
host tissues or mask the bacterial surface from host’s defense mechanisms. In the bacterial pathogenesis,
hyaluronidase-mediated degradation of hyaluronan increases the permeability of connective tissues
and decreases the viscosity of body fluids [207]. Notably, flavonols, such as myricetin and quercetin
have been identified as hyaluronic acid lyase (Hyal B) inhibitors. Plants have a limitless ability to
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synthesize aromatic substances, most of which are secondary metabolites. The inhibitory effect of the
flavonoids increased with the number of hydroxyl groups present in the flavonoid structure [208].
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6. Future Directions and Remarks

Studies on synergistic relations between natural products and synthetic drugs are very limited.
Hence, urgent studies are required for a better understanding of synergistic behavior and the underlying
mechanisms of action of flavonoids-drug combinations against NTM. This attempt may accelerate the
discovery of novel drugs that are effective against antibiotic resistance targets of NTM and reduce the
global occurrence of severe chronic pulmonary and extrapulmonary infections. To date, the favorite
strategy for the treatment of multidrug resistance is to simultaneously inhibit multiple targets such
as the inhibition of DNA gyrase activity and cell wall synthesis. However, in future studies on the
synergistic relations between flavonoids and synthetic drugs would be greater effects than treating
conventional drugs alone. There are various motives to investigate a novel class of antimicrobial
drugs and the flavonoids represent a novel set of opportunities. Based on the chemical profile of the
flavonoids, the outcomes can be analyzed to show the target sites of novel drugs against extensively
multidrug-resistant NTM. These new classes of drugs may be effective on NTM, which brings about
better understandings of flavonoids and structure-activity relationships. Therefore, these plant-derived
novel compounds could be useful to cope with the resistance problem. Although these efforts are
implemented earlier in the pharma industries and being conducted on NTM drug development
projects, the current progress is still inadequate to overwhelm the subject of multidrug resistance. The
primary reason for ineffectiveness is based on bacterial resistance and the demands which are not
gratified in terms of the requirements for the combinations of novel agents. Novel targets among
the bacterial resistance mechanisms and investigation on novel molecules are vital for developing
innovative anti-NTM drugs. Further, in vitro, in vivo and clinical, and pharmacokinetics studies and
chemical relationship are mandatory to analyze the synergistic relations between flavonoids and
synthetic drugs, which may provide the state-of-the-art and translate bench to bed treatments.

7. Conclusions

Recently, NTM have developed into significant bacterial pathogens for both animals and humans.
In particular, the concern is the high level of antimicrobial resistance displayed by these organisms,
which complicates treatment and possible effective outcomes. The state of the existing antimycobacterial
agents and their hitches is relatively serious. In developing nations, the incidence rate and diagnosis of
NTM have often not been noticed as a deficiency of laboratory settings and mycobacteria identification.
The escalating rate of pathogenic NTM in developing nations is significantly greater in HIV/AIDS
patients, which leads to high levels of morbidity and mortality globally. Furthermore, there are
restrictions evident by antimycobacterial drugs: the lower bactericidal ability, multidrug usage,
high resistance and toxicity and organ damage. Hence, it is imperative to find new drugs as
alternative therapies in which flavonoids are promising to be safe for usage, endowed with abundant
pharmacological roles that are potentially active against NTM. Several flavonoids have been used in
connotation with their antimycobacterial activities and can be potential and cost-effective. They have
possible antimycobacterial effects at minor quantities by themselves or in synergistic combinations. A
cocktail of flavonoids used with existing antimycobacterial agents is a proposal of a novel strategy to
lessen side effects. They often prevent bacterial growth in several underlying mechanisms by increasing
the disturbance of the plasma membrane, inhibiting cell wall development, efflux-mediated pumping
system and DNA synthesis. These flavonoids are potential in synergetic combination treatment with
available conservative pharmacological agents, which can be very suitable and supportive in the search
for novel drug treatment against mycobacterial pathogens.
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Abstract: Species of the family Bufonidae, better known as true toads, are widespread and produce
bioactive substances in the secretions obtained from specialized skin macroglands. Some true toads
have been employed as a folk remedy to treat infectious diseases caused by microbial pathogens.
Recent publications based on in silico analysis highlighted the Bufonidae as promising sources of
antimicrobial peptides. A review of the literature reveals that Bufonidae skin secretion extracts
show inhibitory activity in vitro against clinical isolates of bacteria, resistant and standard strains of
bacterial, and fungal and parasitic human pathogens. Secondary metabolites belonging to the classes
of alkaloids, bufadienolides, and peptides with antimicrobial activity have been isolated from species
of the genera Bufo, Bufotes, Duttaphrynus, and Rhinella. Additionally, some antimicrobial extracts and
purified compounds display low cytotoxicity against mammal cells.

Keywords: alkaloids; amphibians; antimicrobial peptides; bufadienolides; Bufonidae; crude extract;
parotoid gland; skin secretion; toad

1. Introduction (True Toads, Antimicrobial Resistance of Human Pathogens against Drugs)

Amphibians of the Bufonidae family are distributed worldwide, mainly in arid and glacial
regions [1]. More than 600 species of the Bufonidae family have been classified into 50 genera, with the
genus Bufo being the most abundant. [2]. Toads of the Bufonidae family are known as “true toads”
because they possess specialized macroglands, identified as parotoids, behind the eyes [3]. Additionally,
some true toads have macroglands on the limbs (Figure 1a,b).

The bufonid secretions contain small molecules such as alkaloids and steroids, as well as larger
molecules such as peptides and proteins [4]. Skin gland secretions can be obtained by gentle manual
compression, although other techniques have been successfully applied such as mild electrical
discharges and chemical stimulation (Figure 1c,d). Amphibian stimulation should be carried out at
intervals of 4 weeks in order to avoid harm to the animals [5]. Parotoid and skin glands of amphibians
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are involved in cutaneous respiration, reproduction, thermoregulation, and defense [6]. In vivo
assays, via intraperitoneal injection in mice, revealed that parotoid gland secretions of Rhinella marina
(Linnaeus, 1758) and Rhaebo guttatus (Schneider, 1799) contain metabolites that may act as antipredator
agents through toxic and nociceptive effects [7]. True toads biosynthesize peptides and steroids that
are able to inhibit the growth of amphibian pathogens. Three steroids, arenobufagin, gamma-bufotalin,
and telocinobufagin, of the bufadienolide class were isolated from mucosal and skin gland secretions of
the toad Anaxyrus boreas (Baird and Girard, 1852). All three bufadienolides showed activity against the
lethal fungus of amphibians Batrachochytrium dendrobatidis (Bd). Furthermore, arenobufagin enhanced
the growth of the anti-Bd bacterium Janthinobacterium lividum [8]. Two cathelicidin-derived peptides
designated as BG-CATH(37) and BG-CATH(5-37) were identified from the DNA of the Asian toad
Bufo gargarizans (Cantor, 1842). Both peptides were found to inhibit the aquatic bacteria Vibrio splendidus,
Streptococcus iniae, and Aeromorus hydrophila that are usually found in the habitat of this toad [9].

Scientific research focused on the potential use of extracts and compounds isolated from true
toads for medical treatment has increased during the last years [10]. Currently, clinical trials are
underway to evaluate the anticancer activity of the aqueous extracts obtained from the dried skin of
Bufo gargarizans [11]. Some evidence supports the use of bufonid secretions, found in true toads, in folk
treatments for diseases caused by microbes. In the Colombian forest region of Cundinamarca, species of
Rhinella toads are employed to treat erysipelas, which is an infection caused by the multidrug-resistant
bacteria Streptococcus pyogenes. The treatment consists of rubbing the toad skin on the infected areas of
the body in order to eradicate the infection [12]. Furthermore, Rhinella marina toads, from the Brazilian
Amazon, have also been used for treatment of patients with erysipelas [13]. In the Northeastern region
of Brazil, the skin and fat tissues from Rhinella jimi (Stevaux, 2002) are employed to treat asthma, cancer,
and infections [14].

|
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Figure 1. Species of true toads, with white arrows indicating skin macroglands. (a) Adult specimen of
Rhinella horribilis (Wiegmann, 1833). (b) Adult toad of Incilius alvarius (Girard, 1859); (© 2014 Hunter
McCall). (c) Mild electrical stimulation of an adult male of Rhinella centralis (Narvaes and Rodrigues,
2009) employing a transcutaneous amphibian stimulator [15]. (d) Stimulation of Rhinella horribilis by
gentle compression of the parotoid glands.

Due to the low efficacy of many antimicrobial drugs against many pathogenic microorganisms,
the discovery of new antimicrobial compounds, such as peptide substances, has increasingly gained
attention [16]. In this regard, amphibians are rich sources of antimicrobial peptides, and more than
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100 of these chemical compounds have been discovered. These molecules confer to amphibians
immunological, analgesic, antimicrobial, antiparasitic, hormonal regulation, mating, and wound
healing properties for survival [17]. Recently, it was found by employing transcriptomic and peptidomic
techniques that the deionized-water extract of the parotoid gland secretion from B. gargarizans contains
a high amount of unique peptides, 23 of which showed defensive properties [18]. Antimicrobial
peptides of the buforin, kassinin, temporin, peroniin, and rugosauperoilin families were identified
from the DNA of the skin of the toad Rhinella diptycha (Cope, 1862). Caseinolytic activity was
detected confirming the protease activity of toad skin secretions [19]. Furthermore, eight peptides
with potential antimicrobial activities were predicted from the DNA sequence of H2A histones
from the toads Duttaphrynus melanostictus (Schneider, 1799) and Phrynoidis asper (Gravenhorst, 1829).
In silico analysis revealed that these peptides show a positively charged face, aggregation of bacterial
cell membranes, and absence of cleavage sites for alpha-chymotrypsin, which suggests promising
antimicrobial activity [20].

According to the World Health Organization (WHO) three of the top 10 causes of deaths
worldwide are bacterial diarrhea, lower respiratory infections, and tuberculosis [21]. Fungal infections
(mycosis) are opportunistic and affect mainly asthmatic, human immunodeficiency virus (HIV)-infected,
and hospitalized patients. Current statistical data estimate 15,000 and 181,000 new cases worldwide
per year of aspergillosis and cryptococosis, respectively [22]. Parasitic tropical diseases remain a
challenge. There is a high incidence of leishmaniasis in 90 countries, with around eight million
people at risk for American trypanosomiasis, 2000 positive cases between 2017 and 2018 of African
trypanosomiasis, and about 1700 diagnosed cases each year of malaria in the United States, mostly in
returning travelers [23]. Microbial illnesses that have been in the population but are increasing rapidly
in prevalence and geographic localities are defined as reemerging infections [24]. The incidence of
these diseases is mainly related to microbial adaptation, partly as a consequence of the inadequate and
overuse of antimicrobial drugs by humans. Additionally, pathogenic bacteria, fungi, and parasites
are able to develop strategies such as specific gene overexpression, incorporation of new virulence
genes, and rapid genetic mutations to overcome biological pressures. These gene adaptions are then
translated into proteins that confer microbial resistance [25].

Pathogenic microbes such as bacteria, fungi, and protozoan parasites may resist the bioactivity of
drugs due to mechanisms related to membrane permeability, efflux systems, binding target, and drug
inactivation [26]. The Gram-negative pathogen Pseudomonas aeruginosa changes membrane permeability
against the antibiotic imipenem via deletion of D2 pores involved in drug transport across the plasma
membrane [27]. The intracellular concentration of a drug decreases with the use of ATP-binding cassette
(ABC) efflux pump systems in bacteria and represents a major cause of multidrug resistance [28].
Bacteria are able to develop modification to alter the drug-binding target interaction. Recently, it was
reported that the Mycobaterium tuberculosis genome encodes 20 different cytochrome p450 (CYP)
enzymes, which are involved in the biosynthesis of membrane steroids. Inhibition of CYP51B1 by
rifampicin remains among the only few options for treatment of tuberculosis [29]. Gram-negative
and Gram-positive pathogens produce enzymes that decrease the activity of antibiotics by modifying
their chemical structure. Chloramphenicol-resistant strains of Escherichia coli and Staphylococcus aureus
produce chloramphenicol acetyltransferase, an enzyme that catalyzes the acetylation of chloramphenicol
into the inactive metabolite 1,2-di-acetyl-chloramphenicol [30]. Penicillin-resistant S. aureus strains
deactivate 3-lactam antibiotics via hydrolysis of the penam ring. 3-Lactamases transform penicillins
into penicilloic acids, which are not toxic for bacteria [31].

Fungal pathogens have been shown to produce efflux pumps at the plasma membrane for
antimycotic azoles [32]. An ABC transporter was characterized in Cryptococcus neoformans and
found to confer resistance against fluconazole [33]. Two genes that code for ABC transporters were
identified in Candida krusei. Both genes display correlation with resistance against miconazole [34].
Alterations in the chemical composition at the membrane level in order to decrease susceptibility
against antimycotics have been reported for human pathogenic fungi [32]. An amphotericin-resistant
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strain of Aspergillus flavus was produced experimentally from a susceptible wild-type strain. Chemical
analysis of the cell membrane showed significant changes in chemical composition of carbohydrates,
suggesting that acquired resistance is associated with modifications in membrane glycans [35]. Clinical
isolates of Candida albicans that present mutations on the gen erg3, which encodes for ergosterol
biosynthesis, were found to display resistance against amphotericin. The chemical analysis revealed
highly decreased ergosterol content in comparison with polyene-sensitive strains [36].

Trypansoma brucei, the causative agent of African trypanosomiasis, exhibits cross-resistance against
the drugs melarsoprol and pentamidine. This adaptation was revealed to be caused by the loss of the
aquaporin-2 (AQP2) function at the cell membrane [37]. Genetic mutations on the Plasmodium falciparum
chloroquine-resistant transporter (PFCRT) were detected in resistant clinical isolates [38]. Induced
overexpression of the P-glycoprotein (LtrMDR1) from Leishmania tropica revealed that this protein
pumps miltefosine out of the parasite cells, conferring resistance by decreasing intracellular drug
concentrations [39]. The cellular disruption caused by metabolites produced by drug metabolism in
parasites can be neutralized by the catalytic actions of cytosolic oxide-reductase enzymes. In this
sense, the gene expression profile among sensitive and resistant strains of Leishmania braziliensis
clinical isolates to antimony was evaluated. The results showed overexpression of the gene TRYR,
which encodes the parasitic enzyme thrypanothione reductase [40].

Resistance mechanisms expressed by pathogenic microbes against drugs reveal the need for
the development of more efficient treatments ideally focused on different targets not recognized by
pathogens. In this sense, therapy based on bacteriophages, also known as phages, which are viruses
that invade bacteria and disrupt the metabolism leading to bacterial lysis, has gained attention [41].
Another option is the research for new chemical entities able to inhibit growth and, hence, overcome the
resistance that pathogenic microbes display. Bioactive compounds obtained from understudied natural
sources such as toxins from amphibians, insects, marine invertebrates, spiders, and reptiles represent a
promise for unknown chemical entities [42]. Former review articles described different bioactivities of
compounds and extracts, isolated from the skin of amphibians, against several diseases [4,10]. Hence,
our present work focused on a description and understanding, for the first time, of the importance of
natural products isolated from true toads with potential for the development of antimicrobial drugs.

2. Methodology

This article reviews the literature of antimicrobial activity of molecules and extracts prepared from
secretions of toads from the family Bufonidae. Selection of published information from the electronic
databases PubMed. Gov, MDPIL.com, SciFinder®, and ScienDirect.com, as well as Google Scholar,

was carried out employing the key words “amphibians”, “antimicrobial secretions”, “animal venom”,
“Bufonidae”, and “toads”. As result, this literature review covers papers from 1975 to 2020.

3. Antimicrobial Activities

Compounds and crude extracts prepared from skin secretions obtained from toads of the family
Bufonidae display inhibitory activity against clinically isolated, drug resistant, and standard pathogenic
strains of microbes (Table 1).

3.1. Antibacterial

The aqueous-soluble fraction of the parotoid gland secretion and the methanolic skin extract from
the Sudan toad Duttaphrynus melanostictus have antibiotic potential against Bacillus cereus, Escherichia coli,
Klebsiella pneumoniae, Salmonella typhimurium, Staphylococcus aureus, and Staphylococcus epidermidis;
however, no activity was found against a methicillin-resistant strain of S. aureus [43,44]. The granular
secretion from Rhinella jimi was extracted with 70% ethanol and evaluated against drug-resistant bacteria;
however, no activity was observed. When tested in association with antibiotics of the aminoglycosides
and -lactam classes, the secretion was able to reduce the minimal inhibitory concentration (MIC) values
of antibiotics against clinical isolates of E. coli, Pseudomonas aeruginosa, and S. aureus [45]. The dorsal
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skin secretion from Phrynoidis asper was extracted with deionized water and investigated for antibiotic
potential. As a result, it was shown to have antibiotic properties with pronounced activity against the
Gram-positive pathogens S. aureus and Bacillus subtilis. The protein profile of the antimicrobial skin
secretion of P. asper was analyzed by tandem mass spectrometry (MS?). The bands from sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) wells were digested and showed fragments of
proteins involved in different cellular processes, such as actins, cathepsins, histones, and synthases [46].
Buforin I, an antimicrobial peptide (AMP) with broad-spectrum activity, was isolated from the stomach
of the toad Bufo gargarizans (Figure 2). Sequencing by Edman’s degradation revealed that Buforin I
(MH* = 4309 g/mol) and its endoproteinase Lys-C product, named Buforin II (MH* = 2432 g/mol),
are homologous to the N-terminal region of Xenopus histone H2A. Buforin II was found to have
more potent bioactivity than Buforin I [47]. Labeling experiments showed that Buforin I is able to
penetrate cell membranes of E. coli even at doses lower than its MIC value, as well as bind to RNA and
DNA and, hence, disrupt cellular metabolism [48]. Structural-activity relationship analysis testing
of synthesized analogues of Buforin II revealed that the proline hinge is essential for antimicrobial
activity [49]. The skin secretion of the toad Bufotes sitibundus (Pallas, 1771) contains the peptides
Buforin I, Maximin 1, Alyteserin-1a, and a novel +2 charged hydrophobic peptide named Maximin-Bk.
This peptide has a molecular weight of 2012 g/mol (MH") and showed antimicrobial activity with very
low hemolytic activity against human erythrocytes even at 100 mg/mL [50]. Lectins with antibacterial
activity LBP-1 (50 KDa) and LBP-2 (56 KDa) were isolated from skin of Rhinella arenarum (Hensel,
1867) via saccharide extraction. Microbial inhibition was determined to be bacteriostatic, and both
proteins did not agglutinate human type O, A, and B erythrocytes [51]. Total aqueous crude secretion
extracts were prepared by pooling skin (granular gland) and parotoid gland secretions followed by
extraction with ultra-pure water. Total aqueous crude extracts obtained from Bufo bufo (Linnaeus,
1758), Bufo verrucosissimus (Pallas, 1814), and B. sitibundus displayed activity against E. coli, S. aureus,
Enterococcus faecalis, Enterococcus faecium, S. epidermidis, and S. thyphimurium standard strains without
hemolysis between 0.5 and 50 mg/mL [52]. A lysozyme (15 kDa) was isolated from the saline-soluble
skin secretion extract of the Asian toad B. gargarizans. The protein was named Ba-lysozyme and
exhibits potent bactericidal activity. The complete sequence of Ba-lysozyme was deduced by peptide
mass fingerprinting and phylogenetic analysis. According to the occurrence in Ba-lysozyme of the
amino-acid residues at positions glutamate-35 and aspartate-52, commonly found in other lysozymes
and essential for lytic activity, the antibiotic mechanism of Ba-lysozyme is suggested to be via enzymatic
degradation; however, the potent activity against both S. aureus (Gram+) and E. coli (Gram—) points to
a different mechanism [53]. Solutions prepared from the parotoid gland secretion of Rhinella icterica
(Spix, 1824) (no solvent reported) are able to inhibit the growth of E. coli and S. aureus in 15 and
30 min, respectively. This difference in antimicrobial action has been observed for some drugs, such
as lincomycin and erythromycin, and may be related to differences in the structure of their cell
walls [54]. Bufotenine, an indole alkaloid widespread among toads, shows antibacterial activity
against B. subtilis, E. coli, Proteus mirabilis, and S. aureus with inhibition halos of 4, 6, 9, and 5 mm,
respectively [55,56]. Two bufadienolides, known as marinobufagin and telocinobufagin, were isolated
as major components from the chloroform/methanol (9:1)-soluble parotoid gland secretion extract of the
toad Rhinella rubescens (Lutz, 1925). Both steroids presented antimicrobial properties with MIC values
comparable to commercial antibiotics [57]. More recently, it was revealed that telocinobufagin was
able to significantly decrease the bacterial burdens in spleen and enhance the Th1 immune response
against the pathogen S. typhimurium in mice, as revealed by interferon gamma induction. Furthermore,
after co-injection with formalin-inactivated S. typhimirium, telocinobufagin promoted the production
of immunoglobulin G (IgG) and IgG2a antibodies, making it a promising adjuvant for antibiotic
vaccines [58].
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Maximin-Bk = ILGPVLGLVGRLAGGLIKRE

b c

_CH,
HO /N :

N\ HC

NH

Alkaloid Formula MW
Bufotenine C;ioHiNoO 204.2

Bufadienolide Ri R> Ra Rs Rs Rsg Ry Formula MW
Arenobufagin H CH; aOH =0 OH H H CaH30s 4165
19-hydroxy-Bufalin H CHxOH H H OH H H CuH:0s 4025
gamma-Bufotalin H CH; aOHH OH H H CyH.0O5 4025
16-deacetyl-Cinobufagin H CH; H H -O-  OH C,H1,05 4005
Hellebrigenin OH CHO H H OH H H CyH:05 4165
Marinobufagin OH CH, H H -O- H CyHi05 4005
Telocinobufagin OH CH, H H OH H H CyH.Os 4025

Figure 2. Chemical structures of antimicrobial molecules isolated from Bufonidae. (a) Primary structure
of peptides; the underlined sequence in Buforin I represents the primary structure of buforin II.
(b) Alkaloid. (c) Bufadienolides. MW: Molecular weight (g/mol).

3.2. Antifungal

Screenings of crude skin secretions from bufonids have become a recent field of research for
novel sources of antimycotics. The aqueous-soluble parotoid gland secretions from the toads B. bufo,
B. verrucosissimus, and B. variabilis inhibit the growth of Candida albicans ATCC 10239. Additionally,
extracts from these toads were evaluated for hemolytic activity on red blood cells from healthy rabbits,
and no toxicity was detected [52]. The methanol-soluble skin extract and the water-soluble parotoid
gland secretions from the toad D. melanostictus were found to be active with a similar inhibition
halo against Aspergillus niger and Penicillium notatum [60]. Micrographs of the fungal morphology
after treatment with the D. melanostictus secretions prepared by extraction with physiological saline
revealed disrupted integrity of the cell wall, which was observed as pore formation and shrinkage
of the membrane [40]. The human pathogen Trichophyton mentagrophytes is inhibited by the saline
phosphate buffer-soluble extract of the skin secretion from the toad Leptophryne cruentata (Tschudi,
1838). According to gas chromatography (GC) analysis, L. cruentata skin secretions contain amines,
fatty acids, and steroids; however, no indole alkaloids were detected [61]. Toads of the family
Bufonidae biosynthesize indole alkaloids that may represent as much as 15% of the dried weight of
skin gland secretions [68]. The antifungal effects of amphibian alkaloids, such as samandarines and
indoles, were evaluated on the nonpathogenic fungus Saccharomyces cerevisiae. The results showed
that the alkaloids induced disturbances in the cytoplasm and plasma membrane, as observed by
the appearance of vacuoles and translucent bodies in the cytoplasm [56]. The skin secretion from
Rhinella jimi (Stevaux, 2002) was purified by Soxhlet extraction. The fixed oil obtained was evaluated
in combination with some antifungal drugs. The oil extract was able to increase the potency (MIC) of
amphotericin-B from 512 to 64 ug/mL against Candida krusei ATCC 6258. The chemical analysis by GC
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revealed that the fixed oil of R. jimi is composed mainly of the methyl esters of linoleic, oleic, palmitic,
and stearic fatty acids [69]. Recently, the antifungal properties of some methyl esters against human
pathogenic fungi were revealed [70]. The skin secretion of the South African toad Sclerophrys pantherina
(Smith, 1828) was extracted with saline buffer phosphate and was found to be bioactive against the
pathogens Aspergillus flavus, C. albicans, and Fusarium verticillioides. A temporal analysis of the MIC
values suggested that the toad secretion inhibited fungal growth by killing the fungus, as revealed
by stable inhibition for 120 h [67]. Two peptides with antifungal properties have been isolated from
bufonid toads. Buforin I from B. gargarizans was equipotent against standard strains of C. albicans,
Cryptococcus neoformans, and S. cerevisae [47]. Maximin-Bk from B. sitibundus was able to inhibit
Aspergillus fumigatus, A. niger, C. albicans, and Penicillium lilacinum at nanomolar levels. On the basis
of the observed low MIC values, researchers suggested that the inhibitory activity of Maximin-Bk is
carried out via fungicidal effects [50].

3.3. Antiprotozoal

The antimicrobial potential of bufadienolides from toads was initially ignored and believed
not to possess significant inhibitory activities against human pathogens [71]. Hellebrigenin and
telocinobufagin were extracted from the skin secretion of the toad R. jimi via bioguided isolation.
Both bufadienolides inhibit the growth of Leishmania chagasi, but only hellebrigenin was active
against Trypanosoma cruzi. According to electron microscopy analysis, antileishmanial activity of
telocinobufagin is mediated by damage to mitochondria and plasma membranes of the parasites [65].
The parotoid gland secretion of the Panamanian toad Rhinella centralis contains 19-hydroxy-bufalin as
a major component. In vitro bioassays revealed that 19-hydroxy-bufalin exerted growth inhibition
of Trypanosoma cruzi with significant selectivity, as its cytotoxicity was limited against normal kidney
Vero cells [64]. The chloroform/methanol extract prepared from the parotoid gland secretion of the
toads Rhinella marina (Linnaeus, 1758) and Rhaebo guttatus (Schneider, 1799), as well as telocinobufagin,
displays antimalarial activity against the cloroquine-resistant strain W2 of Plasmodium falciparum.
Remarkably, toad poisons and telocinobufagin presented low cytotoxicity against human cells and
high selectivity for parasites [62]. Recently, the crude (no solvent reported) and methanolic extracts
from the R. marina parotoid secretion showed antileishmanial and antiplasmodial activity. In general,
both extracts displayed antiparasitic activity, although the methanolic extracts showed less inhibition
against Leishmania braziliensis promastigotes. Biological evaluations revealed that R. marina crude
extract did not induce DNA damage or mutagenesis [66].

4. Concluding Remarks

Bioactive molecules produced by bufonids in skin gland secretions as a defense mechanism
against pathogens and predators have gained interest for drug discovery and development. Traditional
uses of true toads as medicine for infections caused by microbes highlight the potential of bufonids
as source of antimicrobial drugs. Bioguided isolation has allowed purification of alkaloids, peptides,
and steroids with activity against human pathogens. Additionally, recent publications using omics
technologies of gland and skin secretions have demonstrated that bufonids produce peptides with
unknown structures, as well as peptides with known antimicrobial activity. Microbial resistance
against drugs continues to be an important factor in the reemergence of infectious diseases. Crude
extracts and isolated metabolites such as alkaloids, peptides, and steroids from Bufonidae display
potent activity against clinical isolates, resistant and standard strains of bacteria, fungi, and protozoan
parasites. An elucidation of biochemical mechanisms involved in the reported microbial inhibition
by true toad secondary metabolites is needed. Bufonidae skin gland secretions represent a valuable
source of antimicrobial agents with potential for the development of novel therapeutic drugs in studies
against pathogens.
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Abstract: Antimicrobial resistance is one of today’s major public health challenges. Infections caused
by multidrug-resistant bacteria have been responsible for an increasing number of deaths in recent
decades. These resistant bacteria are also a concern in the food chain, as bacteria can resist common
biocides used in the food industry and reach consumers. As a consequence, the search for alternatives
to common antimicrobials by the scientific community has intensified. Substances obtained from
nature have shown great potential as new sources of antimicrobial activity. The aim of this study
was to evaluate the antimicrobial activity of five bee venoms, also called apitoxins, against two
common foodborne pathogens. A total of 50 strains of the Gram-negative pathogen Salmonella enterica
and 8 strains of the Gram-positive pathogen Listeria monocytogenes were tested. The results show
that the minimum inhibitory concentration (MIC) values were highly influenced by the bacterial
genus. The MIC values ranged from 256 to 1024 pug/mL in S. enterica and from 16 to 32 pug/mL in
L. monocytogenes. The results of this study demonstrate that apitoxin is a potential alternative agent
against common foodborne pathogens, and it can be included in the development of new models to
inhibit the growth of pathogenic bacteria in the food chain.

Keywords: apitoxin; antimicrobial resistance; natural antimicrobial compounds; foodborne pathogens;
Salmonella; Listeria monocytogenes

1. Introduction

The discovery and development of antimicrobial agents in the first half of the 20th century
created a new paradigm. Since that time, common infections that would have caused death have
become treatable with antibiotics, saving millions of lives. At first, the use of antimicrobials was
generalized, and they were used to treat both human and animal infections [1]. Antimicrobials
were, and still are, used for zootechnical purposes in farm animals [1]. Soon after the discovery of
antibiotics, the phenomenon of antimicrobial resistance was addressed. In his 1945 Nobel Prize lecture,
Sir Alexander Fleming stated that “there is the danger that the ignorant man may easily under dose
himself and by exposing his microbes to non-lethal quantities of the drug make them resistant” [2].
This warning has become a reality; antimicrobial resistance is a global public health problem [3].
It is estimated that antimicrobial resistance in common bacterial infections is responsible for 700,000
deaths worldwide each year, with the potential to reach millions of deaths per year by 2050. In the
European Union alone, there are 25,000 deaths each year related to antimicrobial resistance. In addition,
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antimicrobial resistance causes serious economic damage, estimated at $1.5 trillion in health care costs
and lost productivity [4]. Multidrug-resistant bacteria are also a serious problem in the food production
chain [5]. Studies in recent years have found a large number of strains of multidrug-resistant foodborne
pathogens. The use of antibiotics in production animals and the resultant selective pressure on the
environmental microbiota together constitute one of the main causes of the current exponential increase
in antimicrobial resistance.

Therefore, a current research priority is the search for and discovery of alternatives to conventional
antibiotics. The three principal research strategies can be classified as (i) naturally occurring alternatives,
(ii) synthetic designs, and (iii) biotechnology-based strategies [6]. The most common naturally occurring
alternatives are bacteriocins, bacteriophages, and antimicrobial peptides (AMPs) [6]. Of these,
AMPs have received great attention from the research community in recent years. These naturally
derived molecules are part of the innate immune system in both prokaryotic and eukaryotic cells;
their main advantages with respect to other natural alternatives are their broad-spectrum activity
and lack of susceptibility to resistance development [6-8]. AMPs’ mode of action is based on the
permeabilization of bacterial membranes and the formation of cytotoxic pores, but they can also
inhibit nucleotides, proteins, and cell wall biosynthesis [9]. Practical studies have demonstrated that
AMPs are a promising alternative for combating common foodborne pathogens such as Salmonella,
L. monocytogenes, and Staphylococcus aureus [8,10,11]. The water-soluble peptide melittin from honeybee
venom is one of these promising AMPs. Melittin has demonstrated both antimicrobial and antiviral
activity in in vitro studies [12,13]. Melittin is a 26 amino acid cationic linear peptide with an N-terminal
hydrophobic region, a C-terminal hydrophilic region, and asymmetrical distribution of polar and
nonpolar amino acid residues. This suggests an amphipathic nature in a-helical conformation that
makes melittin a membrane-active molecule. Due to its nature, melittin exerts antimicrobial activity by
destabilizing the bacterial membrane and causing pore formation, which induces a loss of osmotic
balance and, ultimately, cell lysis. Specifically, the perpendicular orientation of melittin to the cell
membrane causes its insertion, peptide aggregation, and the bending of lipids, resulting in the leakage
of cytoplasmic contents [14-16]. However, honeybee venom, or apitoxin, is also composed of other
peptides such as adolapin, apamin, and MCD peptide, and enzymes such as phospholipase A2 and
hyaluronidase [16]. Although melittin is the most bioactive component of apitoxin, its bioactivity is
enhanced by other components of bee venom [17]. In this sense, it has been demonstrated that melittin
and phospholipase A2 have synergistic activity. Melittin exposes membrane phospholipids through
pore formation to the catalytic site of phospholipase A2 [14]. Although the antimicrobial properties of
melittin have been studied in depth, only limited studies have evaluated the antimicrobial ability of
apitoxin, and very few strains were included [12,18]. It is therefore necessary to determine whether
the apitoxins obtained in different geographic locations and tested in different studies show similar
inhibition values. It is also important that these types of studies include a large collection of wild
strains to increase the significance of the data obtained.

Therefore, the aim of this study is to evaluate the antimicrobial activity and determine the minimum
inhibitory concentration (MIC) of five apitoxins obtained from apiaries located in different parts of
Ecuador on a large collection of wild-strain foodborne pathogens. For this purpose, 50 Salmonella
strains belonging to different serotypes and subspecies and 8 L. monocytogenes strains were included
in this study. These pathogens were selected because Salmonella spp. and L. monocytogenes are two
of the main foodborne pathogens in the European Union, with 91,662 and 2480 confirmed cases of
human infections in 2017, respectively. Moreover, by including these two pathogens, we tested both
Gram-positive and Gram-negative bacteria.

2. Results

The amount of apitoxin collected each time was between 29 and 40 mg. The amount collected
from apitoxin 1 was 34.33 + 2.98 mg, from apitoxin 2 was 36.55 + 1.46 mg, from apitoxin 3 was
37.25 £ 495 mg, from apitoxin 4 was 39.66 + 0.67 mg, and from apitoxin 5 was 39.66 + 0.78 mg.
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There were significant differences (p < 0.05) in the amounts between apitoxin 1 and apitoxins 4 and
5. There were no significant differences (p < 0.05) in the concentration of melittin in the apitoxins
tested in this study, with values around 129 pug/mL. The five tested apitoxins showed antimicrobial
activity against all S. enterica and L. monocytogenes strains included in this study. In S. enterica, the MIC
values ranged between 256 and 1024 pg/mL (Table 1), but most of the strains showed an MIC value of
512 ug/mL. The lowest inhibitory concentration in Apitoxins 1 and 4 was 256 ug/mL, and four and
three strains, respectively, showed an MIC value of 1024 ng/mL. On the other hand, apitoxin 5 showed
the most strains in which growth was inhibited at 256 ug/mL.

Table 1. Minimum inhibitory concentrations (MICs) of five apitoxins tested in 50 Salmonella strains
isolated from poultry.

MIC (ug/mL)
Strain Source Code Apitoxin1l Apitoxin2 Apitoxin3 Apitoxin4 Apitoxin5

S. Anatum PF Al 512 256 256 512 512

S. Anatum PF A6 512 512 512 512 512

S. Anatum PF A1l5 512 512 512 512 512

5. enterica PE AZ1 512 256 256 512 512
subspec1es arizonae

S. enterica PF AZ6 512 256 256 512 256
subspecies arizonae

5. enterica PE  AZI2 256 256 256 512 512
subspecies arizonae

5. enterica PF AZ16 1024 512 512 512 512
subspec1es arizonae

5. enterica PF AZ20 512 256 512 512 512
subspeCIes arizonae

5. enterica PF  AZ21 512 512 256 256 256
subspec1es arizonae

S. Bardo PF B2 512 512 512 512 512

S. Bardo PF B3 512 512 512 512 512

S. Bredeney PF BR1 1024 512 512 512 512

S. Dabou PF DA1 512 512 512 512 256

S. Drac PF DC4 1024 512 512 512 512

S. Enteritidis CK ET1 512 512 256 256 256

S. Enteritidis PF ET2 512 512 256 256 512

S. Infantis PF 5l 256 256 256 512 256

S. Infantis PF 2 256 256 256 512 256

S. Infantis PF 3 256 256 256 512 256

S. Infantis PF 14 256 256 256 1024 256

S. Infantis PF 17 512 512 512 256 256

S. Infantis PF 112 512 512 512 512 512

S. Infantis PF 111 512 512 512 512 512

S. Infantis PF 118 512 512 512 256 512

S. Isangi PF IG1 512 512 512 512 512

S. Isangi PF 1G9 512 512 512 512 512

S. Montevideo PF M1 512 512 512 512 512

S. Mbandaka PF MB1 512 512 512 512 256

S. Ndolo PF NDI 512 512 512 512 512

S. Ndolo PF ND2 512 512 512 512 512

S. Ndolo PF ND5 512 512 512 256 256

S. Newport PF N1 512 512 512 512 512

S. Newport PF N6 512 512 512 512 512

S. Rissen PF R1 512 512 512 512 256

5. enterica PF SA1 512 512 512 1024 512

subspecies salamae
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Table 1. Cont.

MIC (ug/mL)
Strain Source Code Apitoxin1l Apitoxin2 Apitoxin3 Apitoxin4 Apitoxin 5
5. enterica PF SA2 1024 512 512 1024 512
subspeCIes salamae
5. enterica PF SA3 1024 1024 1024 1024 1024
subspecies salamae

S. Seftenberg PF s1 512 512 512 512 512
S. Stanleyville PF ST1 512 512 512 512 512
S. Thompson PF T™1 1024 512 512 512 512
S. Typhimurium CK T2 512 256 512 512 256
S. Typhimurium CK T3 512 512 256 512 512
S. Typhimurium PF T6 512 512 512 512 512
S. Typhimurium PF T10 512 512 256 512 256
S. Typhimurium PF T12 512 512 512 512 256
S. Typhimurium PF T13 512 256 256 512 256
S. Typhimurium PF T18 512 512 512 512 512
S. Typhimurium PE T21 256 512 256 256 256
S. Typhimurium PF T24 512 512 512 512 512
S. Typhimurium CC ?359? 512 512 512 512 512
n (%) n (%) n (%) n (%) n (%)

256 6 (12%) 11 (22%) 15 (30%) 7 (14%) 17 (34%)

MIC (jig/mL) 512 38 (76%) 38 (76%)  34(68%) 39 (78%) 33 (64%)

1024 6(12%) 1(2%) 1(2%) 4 (8%) 1(2%)

CC, culture collection; CK, chicken meat; PF, poultry farm.

The value of MICyy and MICs for S. enterica was 512 ug/mL for four of the apitoxins tested.
However, the MICq of apitoxin 1 was 1024 pg/mL, which could indicate lower antimicrobial activity.
There were no significant differences (p > 0.05) in MIC values between the five apitoxins tested. It is
also remarkable that four S. Infantis strains showed an MIC of 256 ug/mL in four of the apitoxins
tested. This indicates a higher susceptibility of those strains to apitoxin in comparison with the other
strains of S. Infantis. In this sense, there were significant differences (p < 0.05) in resistance results
between S. Infantis and the other strains of S. enterica subspecies enterica. On the other hand, the strain
S. enterica subspecies salamae SA3 showed higher values, with an MIC of 1024 ug/mL in the five
apitoxins tested. In fact, S. enterica subspecies salamae was significantly more resistant (p < 0.05) than
S. enterica subspecies arizonae or S. enterica subspecies enterica.

In the case of L. monocytogenes, the MIC values observed were lower than those found in S. enterica
strains, ranging between 16 and 32 ug/mL (Table 2). There were differences in the MICsq of the
apitoxins used in this study. For apitoxins 1, 2, and 4, the MICsy was 16 pug/mL, and for apitoxins 3
and 5, it was 32 ug/mL. All apitoxins had an MICyj of 32 pug/mL. It is also remarkable that all tested
L. monocytogenes strains showed an MIC of 32 pg/mL with apitoxin 5. The MIC value of L. monocytogenes
was significantly lower (p < 0.05) than that of Salmonella spp.
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Table 2. Minimum inhibitory concentrations of five apitoxins tested in eight L. monocytogenes strains
isolated from foodstuff.

MIC (ug/mL)
Strain Source Code Apitoxin1 Apitoxin2 Apitoxin3 Apitoxin4 Apitoxin5
L. monocytogenes RM LHICA 1 16 16 32 16 32
L. monocytogenes RM LHICA 2 16 16 32 16 32
L. monocytogenes CH LHICA 3 32 16 32 32 32
L. monocytogenes CH LHICA 4 32 32 16 32 32
L. monocytogenes CH LHICA 5 16 16 32 32 32
L. monocytogenes FP LHICA 6 16 16 16 32 32
L. monocytogenes FP LHICA 7 32 32 32 16 32
L. monocytogenes CcC CECT 934 32 16 32 16 32
n (%) n (%) n (%) n (%) n (%)

MIC (ug/mL) 16 4 6 2 4 0
32 4 2 6 4 8

CC, culture collection; CH, cheese; FP, fish product; RM, rabbit meat.
3. Discussion

The discovery and evaluation of new and natural antimicrobial substances is one of the main
strategies to decrease the use of antibiotics and avoid the increase in multidrug-resistant strains [6].
In the last several decades, compounds isolated from natural products have shown promising activity
against resistant bacteria [19]. In this sense, venoms have been shown to be composed of various
substances, such as antimicrobial peptides, with high inhibitory activity [15,20,21]. In this study
the antimicrobial activity of bee venom was tested. Different works have observed that the main
components of apitoxin, such as pure melittin and phospholipase A, have high antimicrobial activity
against different bacterial pathogens [15]. However, a very limited number of studies have tested the
inhibitory capacity of pure apitoxin in bacteria, and the information available on foodborne pathogens
is currently insufficient [22]. The results of this study show significant differences in MIC values
between Salmonella (2561024 pg/mL) and L. monocytogenes (16-32 pg/mL) strains. A previous study
that evaluated the activity of commercially available apitoxin against oral bacteria such as Enterococcus
faecalis and Streptococcus salivarius found MIC values between 20 and 40 pg/mL [18], very similar to
the results observed in L. monocytogenes in this study. Additionally, a recent study found an MIC of
7.2 pg/mL in strains of Gram-positive Staphylococcus aureus bacteria [12]. In the same way, Picoli et
al. [23] observed that S. aureus had lower MIC values (6-7 ng/mL) than Gram-negative Escherichia coli
(40-42.5 pg/mL) and Pseudomonas aeruginosa (65-70 pug/mL) bacteria for the AMP of bee venom melittin.
These differences can be related to structural differences between Gram-positive and Gram-negative
bacteria. In this sense, it has been suggested that melittin can penetrate the peptidoglycan layer of
Gram-positive bacteria more easily than the membrane of Gram-negative bacteria, which is protected by
alayer of lipopolysaccharides [13,14]. In the same way, the phospholipase A2 present in apitoxin causes
phospholipid membrane degradation, resulting in cell death [13,14]. However, the outer membrane
in Gram-negative bacteria reduces the efficacy of phospholipase A2 by reducing the interaction of
this enzyme with the cytoplasmic membrane [16]. Therefore, the combination of apitoxin with other
substances that disrupt the outer membrane of Gram-negative bacteria could increase the antimicrobial
activity of apitoxin. One of the main advantages of the present study in comparison with the studies
previously described is the number of strains included. Salmonella spp. are composed of more than 2600
serotypes and six subspecies, which differ in their pathogenicity [24]. The results of this study show
that the observed MIC values were very stable through the Salmonella enterica species, but there were
some significant differences between some subspecies and serotypes of Salmonella enterica subspecies
enterica. In addition, the differences observed between the five apitoxins were not due to different
concentrations of melittin, as no significant differences were observed between them.
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4. Materials and Methods

4.1. Apitoxin Collection

Bee venom, or apitoxin, was collected from 5 Apis mellifera apiaries in Ecuador: El Inca (apitoxin 1),
Apiary Caranqui (apitoxin 2), Apiary Clatura (apitoxin 3), Apiary Cotacachi (apitoxin 4), and Apiary
ECAA (apitoxin 5) (Figure 1). The collections were made between 11:00 and 13:00 from 9 January to
28 May 2016, with an interval of 21 days between collections, until 5 collections per apiary and hive
were completed. Apitoxin was collected by using an electric stimulus, as previously described [25].
Briefly, when bees land on a woven copper wire located inside the beehive, an electric stimulus is
applied, causing the release of bee venom without killing the bees. The bee venom is collected on glass
slides, where the apitoxin crystallizes. The glass slides are transported to the laboratory, where the
crystallized bee venom is detached with a scraper, collected in microtubes, and weighed. This crude
apitoxin was used in subsequent analyses.

®

Figure 1. Geographic location of five apiaries in the province of Imbabura (Ecuador). 1: Apiary El Inca;
2: Apiary Caranqui; 3: Apiary Clatura; 4: Apiary Cotacachi; and 5: Apiary ECAA.

4.2. Mellitin Determination of Apitoxin by HPLC-UV

The melittin content of the 5 apitoxin samples was determined according the method developed
by Rybak-Chmielewska and Szczésna [26] with some modifications. A melittin standard with 96.5%
purity was obtained from Sigma-Aldrich (Germany). Briefly, 5 mg of apitoxin was mixed with
5 mL of ultrapure water and sonicated for 5 min, and the liquid was filtered through a 0.45 um
polytetrafluoroethylene syringe filter and collected in an amber glass vial. A volume of 5 uL of 85%
phosphoric acid was added to the vial. The samples were analyzed by HPLC in a Jasco LC-Net II/ADC
(Jasco, Spain) coupled with a UV-2070 detector (Jasco). A Machery-Nagel C-18 column with a length of
250 mm, internal diameter of 4 mm, and particle size of 5 pm was used. Gradient chromatography was
performed by the linear method with 5-80% of eluent (acetonitrile in 20% phosphoric acid) for 45 min
with flow velocity of the moving phase at 1 mL-min~!. Melittin was identified at 220 nm wavelength.
The data were collected through the use of Chrom NAV software (Jasco).
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4.3. Salmonella and L. monocytogenes Strains

A total of 50 S. enterica and 8 L. monocytogenes strains, including culture collection strains Salmonella
CECT 4395 and L. monocytogenes CECT 934, were used in this study. The rest of the Salmonella strains
were isolated in our laboratory from poultry farms within the framework of the national Salmonella
control plan and from chicken meat according ISO 6579:2017 [27]. All Salmonella strains were serotyped
using the Kauffman-White typing scheme for the detection of somatic (O) and flagellar (H) antigens
with standard antisera (Bio-Rad Laboratories, Irvine, CA, USA). The rest of the L. monocytogenes
strains were isolated in our laboratory from food products (rabbit meat, cheese, fish products) by
routine analysis for the food industry according to ISO 11290-1:2017 [28]. Salmonella strains were
kept at —20 °C in Tryptic Soy Broth (TSB; Oxoid, Basingstoke, UK) supplemented with 20% glycerol,
and L. monocytogenes strains were kept in Brain Heart Infusion (PanReac AppliChem, Barcelona, Spain)
supplemented with 20% glycerol until use.

4.4. Determination of Minium Inhibitory and Biocidal Concentrations

The MIC of the 5 apitoxins included in this study was determined according Clinical and
Laboratory Standards Institute (CLSI) guidelines by using the broth microdilution method. Briefly,
an initial stock of 4096 ug/mL of each apitoxin was prepared. Dilutions of apitoxin in Mueller-Hinton
agar from 2048 pg/mL to 2 pg/mL were made. Salmonella and L. monocytogenes strains were grown in
nutrient agar (PanReac, AppliChem, Spain) for 24 h at 37 °C. Isolated colonies were used to obtain a
saline suspension of 0.5 McFarland equivalent to 108 colony-forming units (CFU)/mL. This suspension
was diluted to 1:20 to obtain a final concentration of 10° CFU/mL. The broth volume in a 96-well
microtiter plate was 0.1 mL, and 0.01 mL of the diluted bacterial suspension was inoculated to a final
bacterial concentration of 10* CFU/mL. The 96-well microtiter plates were incubated for 24 h at 37 °C,
and the MIC value of each strain with each apitoxin was determined. The MIC was defined as the
lowest concentration of antimicrobial agent that completely inhibited the visual growth of the organism
in the wells.

4.5. Stastitical Analysis

GraphPad Prism 8 (GraphPad, San Diego, CA, USA) was used in this research for statistical
analysis. Chi-squared tests were performed to evaluate the differences between the 5 apitoxins tested
and between genera, subspecies, and serotypes. Analysis of variance (one-way ANOVA) and Tukey’s
honestly significant difference test (p < 0.05) were used to determine the differences between the
amounts of apitoxin collected from the apiaries.

5. Conclusions

This study increases the information available on the antimicrobial capacity of apitoxin against
foodborne pathogens. The results demonstrate that apitoxin is a potential alternative agent to inhibit
the growth of common foodborne pathogens in the food chain at low concentrations, especially
in L. monocytogenes strains. Therefore, apitoxin can potentially be used alone as an alternative to
common antimicrobials or even in combination with them to enhance the antimicrobial activity of both
substances. Future studies should be focused on developing new models to apply this substance at
different steps of the food chain in order to translate in vitro results to real-life applications.
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Abstract: Trypanosoma cruzi causes the lethal Chagas disease, which is endemic in Latin America.
Flowers of Moringa oleifera (Moringaceae) express a trypsin inhibitor (MoFTT) whose toxicity to T. cruzi
trypomastigotes was previously reported. Here, we studied the effects of MoFTI on the viability of
human peripheral blood mononuclear cells (PBMCs) as well as on the production of cytokines and
nitric oxide (NO) by T. cruzi-infected PBMCs. Incubation with MoFTI (trypsin inhibitory activity:
62 U/mg) led to lysis of trypomastigotes (LCsy of 43.5 ug/mL) but did not affect the viability of
PBMCs when tested at concentrations up to 500 pg/mL. A selectivity index > 11.48 was determined.
When T. cruzi-infected PBMCs were treated with MoFTI (43.5 or 87.0 ug/mL), the release of the
pro-inflammatory cytokine TNF-« and INF-y, as well as of NO, was stimulated. The release of
the anti-inflammatory cytokine IL-10 also increased. In conclusion, the toxicity to T. cruzi and the
production of IL-10 by infected PBMCs treated with MoFTT suggest that this molecule may be able to
control parasitemia while regulating the inflammation, preventing the progress of Chagas disease.
The data reported here stimulate future investigations concerning the in vivo effects of MoFTI on
immune response in Chagas disease.

Keywords: cytokines; cytotoxicity; immunomodulatory agent; Moringa oleifera; protease inhibitor;
trypanocidal agent

1. Introduction

The Chagas disease, also known as American trypanosomiasis, is an endemic and lethal disease
common in Latin America. It is caused by the protozoan Trypanosoma cruzi and the transmission occurs
when vertebrates come in contact with the feces of infected triatomine insects, popularly known as
“kissing bugs”. The current situation of the Chagas disease is a concern, since it is estimated that about
6 to 7 million people worldwide are infected with T. cruzi [1].

The life cycle of T. cruzi is complex, comprising several evolutionary forms. The vector harbors
epimastigotes and metacyclic trypomastigotes in its gut, while the blood trypomastigotes and the

Antibiotics 2020, 9, 515; doi:10.3390/antibiotics9080515 www.mdpi.com/journal/antibiotics
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intracellular amastigotes are found in vertebrate hosts. Trypomastigotes and amastigotes represent the
main targets for therapies [2,3].

The World Health Organization [1] recommends treating Chagas disease using benznidazole and
nifurtimox. Both medicines are effective if given early in the acute phase, but their effectiveness is
reduced in the more advanced stages; in addition, there is an increase in the frequency of adverse effects
with increasing patient age [4,5]. The most common side effects are rashes, fever, generalized edema,
lymphadenopathy, myalgia, arthralgia, gastrointestinal disorders, neutropenia, thrombocytopenic
purpura, and peripheral polyneuropathy [6].

This scenario stimulates the search for new trypanocidal agents that are more effective in the
chronic phase of Chagas disease and less toxic to hosts [7]. The processes of infection of host cells by
T. cruzi and the survival of the parasite depend on the activity of important proteases; thus, an imbalance
in the activity of these enzymes can cause damages to the parasite [8-10]. In this sense, T. cruzi enzymes
represent interesting targets for studies of new therapeutic approaches [11].

It is well reported that some compounds (called protease inhibitors) are able to interact with
protease molecules at specific sites, leading to the reduction or blockage of their activities [12].
The deregulation of proteases is a triggering factor for the onset of various pathologies and recent
research has pointed out protease inhibitors as promising pharmacological agents [13,14]. Antioxidant,
anti-inflammatory, immunomodulatory, antiviral, antimicrobial and antiparasitic activities of these
molecules have been demonstrated [15-18]. Sangenito et al. [19] reported that inhibitors of HIV
aspartyl peptidase affected the integrity of cellular structures of T. cruzi trypomastigotes, leading to
metabolic disorders.

Moringa oleifera Lamarck (Moringaceae) is a pantropical tree (Figure 1A) that has aroused interest
due to its medicinal properties and use as a source of oil and biogas, for example [20-22]. Its flowers
(Figure 1B) contain a 18-kDa protein called MoFTI with trypsin inhibitory activity and toxicity to
T. cruzi trypomastigotes with a lethal concentration that led to lysis of 50% of parasites (LCsg) of
41.20 ug/mL [11]. MoFTI was more toxic to the parasites than to murine macrophages and Vero
cells, with selectivity indexes (SI) of 9.8 and >12, respectively [11]. The statement that MoFT1 is a
trypanocidal agent stimulated the investigations described in the present manuscript. Here, we tested
the hypothesis that this inhibitor may interfere with the immune response of human peripheral blood
mononuclear cells (PBMCs) infected with T. cruzi. In this sense, the assessment of MoFTI effects the
viability and production of cytokines and nitric oxide (NO) by infected PBMCs are reported.

Figure 1. The Moringa oleifera tree (A) and its flowers (B).
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2. Results and Discussion

The affinity chromatography of M. oleifera flower extract in the Trypsin—Agarose column
resulted in isolation of MOoFTI (Figure 2A), which was able to inhibit the hydrolyze of
N-a-benzoyl-DL-arginine-p-nitroanilide (BApNA) by trypsin in a dose-dependent way (Figure 2B).
The specific trypsin inhibitory activity of MoFIT was 62 U/mg, agreeing with previous reports [11,22].
Pontual et al. [22] reported that MoFTI showed an inhibition constant (Ki) of 2.4 uM on bovine trypsin.
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Figure 2. Isolation of MoFTI. (A) Affinity chromatography of M. oleifera flower extract in Trypsin—Agarose
column. The elution step with 0.1 M KCI-HCI pH 2.0 can be seen and fractions of 1.0 mL were collected.
(B) Trypsin inhibitor activity (TTA) of MoFTI on bovine trypsin.

After verifying that the protease inhibitor domain of MoFTI was active, we checked whether its
antiparasitic property was also active. It was found that incubation with this inhibitor led to lysis of
T. cruzi trypomastigotes, since the number of parasite cells counted in treatments with MoFTI was
lower than in the negative control. After 24 h, the LCsj value was 43.5 (26.2-60.9) pug/mL. Similarly,
Pontual et al. [11] reported an LCs value of 41.20 pug/mL for MoFTI on T. cruzi trypomastigotes. In this
same work, the authors showed that MoFTI was low in toxicity to murine peritoneal macrophages
(50% cytotoxic concentration, CCsg, of 407.01 ng/mL) and did not interfere with the viability of Vero
cells at concentrations up to 500 pug/mL.

In the present work, we investigated the effect of MoFTI on viability of human PBMCs. After 24,
72 and 120 h, it was revealed that MoFTI did not significantly (p > 0.05) affect the ability of these cells to
metabolize the 3-[4,5-dimethylthiazol-2yl]-diphenyl tetrazolium bromide (MTT), in comparison with
negative control (Figure 3). Therefore, it was assumed that, under the conditions used here, MoFTI was
not toxic to human PBMCs. As can be seen in Figure 3A, the significantly (p < 0.05) greater number of
viable cells in treatment with the inhibitor at 15.62 pg/mL, compared to the negative control group,
suggest that MoFTI induced cell proliferation after exposure to 24 h. Benznidazole was also not able to
interfere with PBMCs viability in comparison with the negative control.

It is well known that molecules with potential for use in therapy of infectious diseases need to be
toxic to parasites without affecting the viability of host cells, or at least causing much more damage
to parasites than to hosts [23]. The ratio between the CCs value for PBMCs (>500 pg/mL) and LCsq
for trypomastigotes showed that MoFTI was selective (SI > 11.48) for the parasite regarding these
human cells. To the best of our knowledge, this is the first report of MoFTI effects on human cells and
this datum suggests that this protein can be an interesting starting material for the production of a
new drug for Chagas disease therapy. In fact, it can be expected that a protease inhibitor will end up
interacting unwantedly with important enzymes of host cells; however, this is not the only report of a
non-cytotoxic protease inhibitor to human cells. For example, the trypsin inhibitor from Tecoma stans
leaves (TesTI) was also not toxic to human PBMCs [24].
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Figure 3. Effects of M. oleifera flower trypsin inhibitor (MoFTI) and benznidazole (Bz) on the viability of
human peripheral blood mononuclear cells (PBMCs) after exposure by 24 h (A), 72 h (B), and 120 h
(Q). Different letters (a,b) indicate significant differences between the negative control and the other
treatments by analysis of variance (ANOVA) followed by the Kruskal-Wallis test (p < 0.05). The asterisk
(*) indicates significant differences between Bz and the other treatments. Control: negative control
(untreated cells).

Previous reports have shown that plant compounds can act as immunomodulatory agents, and this
can be interesting from a therapeutic point of view since, when these agents modulate the production
of cytokines and other immune mediators, they can increase body defense against pathogens or
pathological conditions, even when there is no direct toxicity to the causative agent [25]; because of
this, we evaluated the effect of MoFTI on the release of cytokines by PBMCs uninfected or infected
by T. cruzi. Interestingly, no alterations of cytokine production were observed regarding to negative
control group when uninfected PBMCs were exposed to MoFTI (Figures 4 and 5). After 48-h incubation,
MOoFTI was not able to affect the release of interferon (IFN) v by infected cells (Figure 4A). On the other
hand, the release of tumor necrosis factor (TNF) « and interleukin (IL) 10 (Figure 4B,C, respectively) by
T. cruzi-infected PBMCs was stimulated by MoFTI at 87.0 pg/mL (2 x LCsp) in comparison with the
control group.

TNF-« is a cytotoxic factor associated with Thl response against microorganisms, while IL-10 is a
Th2 anti-inflammatory interleukin that inhibits the release of pro-inflammatory cytokines. Clinical
studies showed that individuals with the chronic cardiac Chagas disease produce pro-inflammatory
cytokines, such as TNF-«, to control T. cruzi infection. Simultaneously, anti-inflammatory cytokines,
especially IL-10, are released to prevent damages to the host tissues and to slow the progress of cardiac
complications [26,27]. Individuals at the chronic phase of the indeterminate form of Chagas disease
produce higher levels of IL-10 and this is the reason why they do not progress to the clinical stage
of Chagas cardiomyopathy [28]. In this sense, the trypanocidal activity of MoFTI, along with the
simultaneous stimulation of TNF-« and IL-10 release, suggests that this protein may be able to control
parasitemia while regulating the inflammation, preventing the progress of Chagas disease.

Still, after 48-h exposure, increased release of IL-6 was detected for PBMCs infected with T. cruzi
and treated with MoFTI (2 x LCs) at a similar level to that shown by the untreated infected cells
(Figure 4D). This datum suggests that the release of IL-6 occurred because of T. cruzi infection and not
due to MoFTI activity. IL-6 is a pleiotropic cytokine that influences antigen-specific immune responses
and inflammatory reactions [29,30]. The profile of the other cytokines investigated here did not change
in the untreated infected cells. The release of IL-4, IL-2 and NO by infected cells was not significantly
affected by MoFTI after 48-h exposure (Figure 4E-G, respectively).

Unlike the results obtained for 48 h, the infected PBMCs had the release of INF-y strongly
increased in response to treatment for 120 h with both concentrations of MoFTI (Figure 5A) regarding
the control. However, no differences were found for the release of TNF, IL-10, IL-6, IL-4 and IL-2
between the treatment groups (Figure 5B-F). When the infected PBMCs were treated with MoFTT at
both concentrations, a significant increase in NO release was recorded (Figure 5G), but this does not
seem to depend on the infection, because a similar result was detected for uninfected PBMCs treated
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with the inhibitor. The NO release may have occurred due to direct action of MoFTI or in response
to the production of INF-y [31]. Benznidazole did not affect cytokine release by both uninfected and

infected cells.
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Figure 4. Effect of M. oleifera flower trypsin inhibitor (MoFTI) on the production of cytokines (A-F)
and nitric oxide (G) by human peripheral blood mononuclear cells (PBMCs) infected or not with
T. cruzi trypomastigotes after 48-h exposure. The treatments were: negative control (C = untreated and
uninfected PBMCs); untreated PBMCs infected with trypomastigotes (C + T); infected PBMCs treated
with MoFTT at 43.5 ug/mL (C + T + LCsp) and 87.0 ug/mL (C + T + 2 x LCsp); infected PBMCs treated
with benznidazole (C + T + Bz); uninfected PBMCs treated with benznidazole (C + Bz); uninfected
PBMCs treated with MoFTI at 43.5 pg/mL (C + LCsp) and 87.0 ug/mL (C+ 2 X LCsq). Different letters
(a,b) indicate significant differences between treatments by analysis of variance (ANOVA) followed by

the Tukey post-test (p < 0.05).
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Figure 5. Effect of M. oleifera flower trypsin inhibitor (MoFTI) on the production of cytokines (A-F) and
nitric oxide (G) by human peripheral blood mononuclear cells (PBMCs) infected or not with T. cruzi
trypomastigotes after 120-h exposure. The treatments were: negative control (C = untreated and
uninfected PBMCs); untreated PBMCs infected with trypomastigotes (C + T); infected PBMCs treated
with MoFTT at 43.5 ug/mL (C + T + LCsp) and 87.0 ug/mL (C + T + 2 X LCs); infected PBMCs treated
with benznidazole (C + T + Bz); uninfected PBMCs treated with benznidazole (C + Bz); uninfected
PBMCs treated with MoFTI at 43.5 pg/mL (C + LCsp) and 87.0 ug/mL (C+ 2 X LCsq). Different letters
(a,b) indicate significant differences between treatments by analysis of variance (ANOVA) followed by
the Tukey post-test (p < 0.05).

NO plays an important role in the defense of macrophages against T. cruzi by damaging parasite
biochemistry and causing, for example, the inhibition of metalloproteins that mediate crucial metabolic

processes, including cruzipain. This enzyme participates in parasite nutrition and the infection of host
cells [32].
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3. Materials and Methods

3.1. Isolation of MoFTI

The collection of M. oleifera flowers occurred in Recife city (8°02'57.9” S, 34°56’47.8” W),
Pernambuco, Brazil, and a voucher specimen (number 73345) is deposited at the herbarium Ddrdano de
Andrade Lima (Instituto Agrondmico de Pernambuco, Recife, Brazil). MoFTI was purified as described by
Pontual et al. [22]. The procedure started from the maceration (10 min at 27 °C) of fresh flowers (50 g)
with distilled water (100 mL) in a blender. The mixture was filtered through gauze and centrifuged
(9000 g, 15 min, 4 °C) to remove suspended material. The crude preparation was dialyzed (6 h)
against 0.1 M Tris-HCl, pH 8.0, containing 0.02 M CaCl, and loaded (4 mL; 66.8 mg of proteins)
onto a Trypsin—-Agarose (Sigma-Aldrich, St. Louis, MO, USA) column (4.5 X 1.0 cm). MoFTI was
eluted with 0.1 M KCI-HCI, pH 2.0, and the presence of proteins in the collected fractions was
accompanied by the measurement of absorbance at 280 nm. After dialysis (16 h) against distilled water,
MOoFTI was lyophilized to dryness and resuspended to a concentration of 1000 pg/mL in distilled water,
for assessment of trypsin inhibitory activity, or in Rockwell Park Memorial Institute 1640 (RPMI 1640)
complete medium (Sigma-Aldrich), for the assays with T. cruzi or PBMCs. Protein concentration was
determined according to Lowry et al. [33] using bovine serum albumin (31.25-500 pg/mL) as standard.

3.2. Trypsin Inhibitory Activity

The ability of MoFTI to inhibit trypsin was assayed according to Pontual et al. [22]. In a microtiter
plate, bovine trypsin (5 uL, 0.1 mg/mL in 0.1 M Tris-HCI, pH 8.0, containing 0.02 M CaCl,) was added
to 5 uL of 8.0 mM BApNA and MoFTT (0.005 to 0.03 mg/mL). Next, each well received Tris buffer to
complete a volume of 200 pL. After incubation (30 min at 37 °C), the absorbance at 405 nm was measured
using a microplate reader (Multiskan, Thermo Fisher Scientific, Waltham, MA, USA). One unit of
trypsin inhibitor activity corresponded to the amount of MoFTI able to reduce the absorbance by 0.01
in accordance with trypsin activity in absence of the inhibitor.

3.3. Obtaining of T. cruzi Trypomastigotes

Cryopreserved trypomastigotes (107 trypomastigotes/mL) were thawed in a water bath at 37 °C.
After centrifugation (400x g, 10 min, 22° C), the supernatant was discarded, and the pellet resuspended
with 5 mL of complete Roswell Park Memorial Institute (RPMI) 1640 medium. The suspension
was distributed in culture bottles containing Vero cells and incubated (37 °C, 5% CO;) for 24 h.
Next, the supernatant was removed to withdraw parasites that did not infect cells. RPMI 1640
complete medium (5 mL) was added and the cultures were incubated for 7 days. During this time,
the multiplication of intracellular parasites was daily observed using an inverted microscope. After cell
disruption, the trypomastigotes were collected for the subsequent assays.

3.4. Trypanocidal Activity of MoFTI

Culture-derived trypomastigotes (Y strain) were maintained by weekly passages in Vero cells
cultured in complete RPMI 1640 medium. Trypomastigotes (10° parasites/mL, 100 pL) were placed
in 96-well plates and treated with MoFTT (100 uL, 6.25-100 pug/mL) in RPMI medium supplemented
with 10% fetal bovine serum (FBS). In negative control, parasites were incubated with complete RPMI
medium in the absence of MoFTI. Benznidazole (1.0 ug/mL) was used as positive control. The assays
were incubated for 24 h at 37 °C. Next, the number of trypomastigotes was determined by counting
cells using a Neubauer chamber in a E100 LED microscope (Nikon, Melville, NY, USA). The percentage
of lysis (%) was estimated regarding the number of trypomastigotes in the negative control (100%).
Three independent experiments were performed in quadruplicate and the concentration (ug/mL) of
MOoFTI that leads to lysis of 50% of trypomastigote cells (LCsp) for 24 h was calculated using the
software MedCalc version 17.9.7 (MedCalc Software bvba, Ostend, Belgium).
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3.5. Isolation of Human PBMCs

The blood collection was performed following the protocol approved (process:
07511612.2.0000.5190) by the Research Ethics Committee of the Instituto Aggeu Magalhaes/Fundacao
Oswaldo Cruz (IAM/FIOCRUZ). The blood was collected from ten healthy individuals (6 women
and 4 men) through a vacuum system (Vacutainer; BD Biosciences, Franklin Lakes, NJ, USA) in
tubes containing sodium heparin, and homogenized (15 mL) with an aliquot of filtered and sterile
phosphate buffered saline (PBS), pH 7.2 (15 mL). Next, 15 mL of this mixture was added to 50 mL
Falcon polypropylene tubes containing 15 mL of Ficoll-Hypaque (GE Healthcare Life Sciences, Uppsala,
Sweden). After centrifugation (900x g, 30 min, 20 °C), PBMCs appeared as a ring between Ficoll and
plasma and were collected using a sterile transfer pipette and placed in 15 mL Falcon polypropylene
tubes. PBMCs were resuspended using 14 mL of incomplete RPMI 1640 medium containing 1%
penicillin/streptomycin and centrifuged (400x g, 10 min). This procedure was repeated twice. Following,
the cells were resuspended in 2 mL of RPMI 1640 complete medium supplemented with FBS (10%) and
containing 1% penicillin/streptomycin. The cells (10 uL) were subsequently stained with Trypan Blue
(Sigma-Aldrich) dye (90 pL) and counted in a Neubauer chamber. The number of cells were recorded
and adjusted to the desired concentration of 10° cells/mL.

3.6. Effect of MoFTI on PBMCs Viability

The effect of MoFT1 on viability of PBMCs was assayed measuring the activity of mitochondrial
succinate dehydrogenase [34]. Cell suspension (10 cells) was placed in 96-well culture plates with
complete RPMI 1640 medium and exposed to MoFTI (3.9 to 500.0 pug/mL). In negative control,
PBMCs were incubated with RPMI 1640 medium in absence of MoFTI. Benznidazole (1.0 pg/mL) was
also tested. The plates were incubated at 37 °C and 5% CO; for 24, 72 and 120 h. Next, the culture
medium was removed and RPMI medium containing 5.0 mg/mL of MTT (Sigma-Aldrich) was added.
After incubation (37 °C, 5% COy) for 3 h, the culture medium containing MTT was removed and 100 uL
of dimethyl sulfoxide was added. The presence of formazan crystals derived from MTT reduction
was immediately recorded by measuring the absorbance at 540 nm. The experiment was conducted in
triplicates and the selectivity index (SI) was calculated from the ratio between cytotoxicity to PBMCs
(CCsp) and the LCs; of MoFTL

3.7. Treatment of T. cruzi-Infected PBMCs with MoFTI

PBMCs (1 mL, 2 x 10° cells) in complete RPMI medium were placed in 48-well polystyrene culture
plates, which were incubated (37 °C, 24 h) to fix adherent cells (mainly monocytes). Next, 0.5 mL of
the RPMI medium was removed from each well, and trypomastigotes (0.5 mL, 10° cells) were added.
The plates were incubated (37 °C, 5% CO5) for 2 h to allow the infection of PBMCs. The mixture (RPMI
medium containing infected adherent and non-adherent cells) was treated with MoFTI at 43.5 ug/mL
(LCs0) and 87.0 ug/mL (2 x LCsp). In negative control, the mixture was maintained without MoFTI,
while benznidazole (1.0 ng/mL) was used in positive control. To compare the cell response in the
presence or absence of parasites, uninfected cells were incubated in the absence or presence of MoFTI
(LCsp and 2 x LCs) or benznidazole (1.0 pg/mL), as described above. The plates were incubated (37 °C,
5% COy,) for 48 or 120 h, and 700 pL of the supernatant from each well was removed and immediately
stored at —20 °C for later use to measure cytokine and nitric oxide (NO) levels.

3.8. Effect of MoFTI on Cytokine Release by T. cruzi-Infected PBMCs

The release of the cytokines IL-2, IL-4, IL-6, IL-10, IFN-y and TNF-« by PBMCs was quantified
using the Cytometric Bead Array (CBA) system, following the instructions of the manufacturer (BD
Biosciences). The data were acquired on the FACScalibur flow cytometer. The acquisitions and analyses
were performed using the CellQuestPro software (BD Biosciences) and 5000 events were acquired
within the lymphocyte population. The analyses were performed using the BD CBA software.
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3.9. Effect of MoFTI on NO Production by T. cruzi-Infected PBMCs

Aliquots (50 uL) of the supernatants removed from the plates referred to in Section 3.7 were added
to the Griess reagent (50 puL) in 96 well microplates, according to Resende et al. [35]. After incubation
(28 °C, 15 min), NO production was estimated by measuring the absorbance at 540 nm and a standard
curve of nitrite (3.12-400.0 uM).

3.10. Statistical Analysis

The results regarding cytokine and NO levels were statistically evaluated using the GraphPad
Prism 5.0 software (GraphPad Software Inc, San Diego, CA, USA). The data that passed the
Kolmogorov-Smirnov normality test were analyzed using analysis of variance (ANOVA) followed
by the Tukey post-test, while the data that did not pass the normality test were analyzed by the
Kruskal-Wallis test followed by the Dunnet post-test. Significance level at 5% was considered.

4. Conclusions

The data reported herein point to the trypanocidal trypsin inhibitor of M. oleifera flowers
as an immunomodulatory agent on T. cruzi-infected human PBMCs by stimulating the release
of pro-inflammatory (TNF-a and INF-y) and anti-inflammatory (IL-10) cytokines, as well as NO.
In addition, MoFTI was more toxic to the parasite cells than to the human immune cells. Our findings
stimulate future investigations of MoFTI in vivo effects on immune response in Chagas disease.
It should be remembered that MoFT1 is a proteinaceous inhibitor. In this sense, some points must
be addressed to develop drug formulations using MoFT]I, such as its stability and immunogenicity.
Finally, strategies for producing MoFTI at a large scale must be designed so that it can be inserted in
the pharmaceutical industry.
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Abstract: Helminths such as the blood fluke Schistosoma mansoni represent a major global health
challenge due to limited availability of drugs. Most anthelminthic drug candidates are derived
from plants, whereas insect-derived compounds have received little attention. This includes venom
from assassin bugs, which contains numerous bioactive compounds. Here, we investigated whether
venom from the European predatory assassin bug Rhynocoris iracundus has antischistosomal activity.
Venom concentrations of 10-50 ug/mL inhibited the motility and pairing of S. mansoni adult worms
in vitro and their capacity to produce eggs. We used EdU-proliferation assays to measure the effect of
venom against parasite stem cells, which are essential for survival and reproduction. We found that
venom depleted proliferating stem cells in different tissues of the male parasite, including neoblasts
in the parenchyma and gonadal stem cells. Certain insect venoms are known to lyse eukaryotic
cells, thus limiting their therapeutic potential. We therefore carried out hemolytic activity assays
using porcine red blood cells, revealing that the venom had no significant effect at a concentration
of 43 ug/mL. The observed anthelminthic activity and absence of hemolytic side effects suggest
that the components of R. iracundus venom should be investigated in more detail as potential
antischistosomal leads.

Keywords: assassin bug; Rhynocoris iracundus; Schistosoma mansoni; venom; in vitro culture; natural
compound; stem cells; cell proliferation

1. Introduction

Helminths (parasitic worms) infect more than 3.5 billion people worldwide, causing significant
morbidity and economic losses [1,2]. Novel anthelminthic compounds are urgently needed to achieve
better control of this important group of parasites given the limited availability of effective vaccines
and drugs [3-5]. Among helminths, blood flukes (schistosomes) such as Schistosoma mansoni cause
schistosomiasis, a neglected tropical disease that globally affects more than 200 million people and
causes 200,000 deaths each year [6,7]. Male and female schistosomes mate in the blood vessels of
their host and produce hundreds of eggs per day, which, if trapped in the liver, can trigger chronic
diseases including liver fibrosis [6,8]. The treatment of schistosomiasis currently relies on a limited
drug repertoire, with praziquantel as the current gold standard [9]. The continual use of this drug since
its approval in the 1980s likely promotes emergence of resistant helminth populations, as evidenced
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by animal studies and human drug administration programs [10-12]. The discovery of alternative
antischistosomal drugs is therefore a high priority in neglected tropical disease research [13].

Natural products represent a treasure trove for the discovery of new drugs, particularly novel
anti-infectives. Plant-derived natural products have been extensively studied for their antischistosomal
activity, whereas animal-derived compounds have received comparatively little attention [14],
despite being the focus of drug discovery for various other therapeutic applications [15,16]. Only a few
studies have reported on the antischistosomal activity of bee, scorpion, frog and snake venoms [17-21].
Venoms are injected by animals into the body of their victims using stings, spines or bites [22-24]. These
complex fluids include proteolytic enzymes, biogenic amines, neurotoxic peptides, neurotransmitters,
and compounds that bind to and disrupt the function of multiple molecular targets in the victim [25].
Assassin bugs (Reduviidae) are a family of predaceous hemipteran insects comprising ~6800 species [26].
They are known for their potent venom, which is injected via a straw-like proboscis to paralyze and
liquefy other invertebrates as prey. Assassin bugs can also use their venom defensively against
(mainly vertebrate) predators [25,27]. The composition and function of assassin bug venom is poorly
understood, but more than 200 compounds have recently been identified in two reduviid species:
Platymeris biguttatus L. and Psytalla horrida (both Hemiptera, Reduviidae) [28]. This is an important step
toward the repurposing of venom toxins for biomedical applications. Here, we investigated the potential
anthelminthic properties of venom from the European predatory assassin bug Rhynocoris iracundus
against adult S. mansoni. We assessed the effects of the venom on parasite motility, reproduction,
and cell proliferation in vitro for a cultivation period of 3 days.

2. Results

2.1. Assassin Bug Venom Reduces Motility, Pairing, Attachment and Egg Production in S. mansoni

Venom was collected from R. iracundus by physical stimulation (Figure 1). The venom was tested
for its anthelminthic activity against pairs of adult S. mansoni using an in vitro culture system over a
period of 72 h. To assess the vitality of the worms, we determined their motility and the percentage
of worms fit enough to (a) maintain the pairing state and (b) attach via their suckers to the base of
the culture plate. As a positive control, worm couples were treated with different concentrations
of praziquantel which caused death to all worms at 5 uM (Supplementary Figure S1). While pairs
of worms in the control group remained motile and attached, those treated with 25 or 50 pg/mL of
venom showed an overall loss of vitality (Figure 2, Videos S1-54). Both males and females treated
with the high dose of venom also became stunted (Figure 2C). At a venom concentration of 25 ug/mL,
the motility of worms was significantly inhibited after 72 h, with male worms often being more
affected (motility score 1) than females (scores 1 or 2). At the higher venom concentration (50 pg/mL),
a significant loss of motility was observed already after 24 h (Figure 3A). Some (25 pg/mL) or all
(50 pg/mL) worms were unable to attach to the base of the culture plate or maintain their pairing
status (Figure 3B,C). Finally, a dose-dependent reduction in egg production was observed, while the
shape of eggs appeared normal (Figure 3D-F). The lowest tested concentration of venom (10 ug/mL)
had a slight impact on motility in some worms, but significantly reduced pairing stability and egg
production (Figure 3C,D). Taken together, these results confirmed that R. iracundus venom affects
S. mansoni motility, pairing stability, attachment and fecundity, starting at concentrations as low as
10 pg/mL.
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Figure 1. The European predatory assassin bug Rhynocoris iracundus. Stimulation of R. iracundus on the
hind legs using entomological forceps (white arrow heads) encourages the insect to use its proboscis
(black arrow head) to inject venom through laboratory film (Parafilm) stretched over a collection tube
containing phosphate-buffered saline (PBS).
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Figure 2. Rhynocoris iracundus venom affects the vitality of Schistosoma mansoni. Worm pairs were
treated with different concentrations of venom (25 or 50 ug/mL). Representative images show worms
after 72 h. (A) Untreated control worms remained paired and attached via their suckers to the base of
the culture plate. The addition of venom at (B) 25 pg/mL or (C) 50 ug/mL induced the separation of
pairs and detachment from the plate. Scale bars = 250 pum.
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Figure 3. Effect of Rhynocoris iracundus venom on Schistosoma mansoni motility, pairing and egg
production. Worm pairs were treated with different concentrations of venom (10-50 pug/mL) for a
period of 72 h. We measured (A) motility, (B) the percentage of worms attached to the base of the plate,
and (C) pairing stability every 24 h. (D) The number of eggs produced within 72 h relative to the
untreated control. The shape of the eggs appeared normal after venom treatment (inserts). Graphs
show a summary of two experiments with 5-8 worm pairs (mean + SEM). Significant differences vs.
the control are indicated (* p < 0.05, Wilcoxon rank sum test). (E,F) Representative images showing
the number of eggs produced by untreated control worms and venom-treated worms (50 pg/mL).
Scale bars = 250 um, for inserts = 60 um.

2.2. Proliferating Stem Cells Are Depleted by Assassin Bug Venom

Antischistosomal effects may be associated with a decrease in the number of proliferating stem
cells [29], which are considered essential for parasite development and survival [30]. We therefore
investigated whether R. iracundus venom had a similar effect. Because stem cells are the
only proliferating cells in adult schistosomes [31], we made use of the thymidine analog EdU
(5-ethynyl-2-deoxyuridine) in order to visualize proliferating stem cells in whole-mount worms.
EdU-positive stem cells were observed throughout the parenchyma of male and female worms
(Figure 4A). These are known as neoblasts and have been shown to provide a constant stream of
new cells for the development of the tegument, gastrodermis and potentially other tissues [31].
EdU-positive stem cells were also abundant in the gonads: spermatogonia in testes and oogonia in
the ovary (Figure 4A), which give rise to germ cells. The analysis of venom-treated female worms by
confocal laser scanning microscopy (CLSM) revealed no obvious change in the number of EdU-positive
stem cells compared to untreated controls. However, the number of proliferating stem cells in males
treated with 50 pg/mL venom fell to near zero in both the parenchyma and gonads (Figure 4B).
To quantify this effect, we performed 3D image analysis to determine the numbers of EdU-positive stem
cells and of Hoechst-positive total cells in the testes (Figure 5A-D) and the parenchyma (Figure 5SE-H).
This revealed a significant reduction in the frequency of stem cells and of the density of stem cells per
defined tissue volume with 50 ug/mL venom. This was observed for both, spermatogonial stem cells
(Figure 5C,D) and parenchymatic neoblasts (Figure 5G,H).
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Figure 4. Effect of Rhynocoris iracundus venom on the proliferation of Schistosoma mansoni stem
cells. (A) Overview of the location of parenchymal stem cells (neoblasts) and gonadal stem cells
(spermatogonia and oogonia) in male and female worms. Stem cells are labeled with EAU (green),
and nuclei are counterstained with Hoechst 33342 (blue). Scale bars = 100 pm. (B) Worm pairs were
treated for 72 h with 25 or 50 pg/mL of venom or cultured without venom as a control. EQU was added
during the final 24-h period. The abundance of EdU-positive proliferating stem cells was comparable in
worms of the control group (a—d) and those treated with 25 ug/mL of venom (e-h) whereas 50 pg/mL of
venom reduced the number of proliferating stem cells in males (i, j) but not in females (k, 1). Scale bars
=50 um. Representative images of four worms per treatment group are shown.
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Figure 5. Reduction in stem cell frequency and density in male Schistosoma mansoni treated with
Rhynocoris iracundus venom. Worm pairs were treated for 72 h with 25 or 50 pg/mL of venom or cultured
without venom as a control. Proliferating stem cells were labeled with EAU and nuclei of all cells with
Hoechst 33342. Cell numbers were quantified in z-stacks using the software package “IMARIS for
cell biologists” (Bitplane). The percentage of EdU-positive cells related to the total cell number (C, G)
and the number of EdU-positive cells per 1e5 um? tissue were calculated (D, H). (A) Representative
images of testes from one worm which was digitally separated from the surrounding tissue using
IMARIS. Nuclei are depicted in blue, stem cells in green. Scale bar = 40 pm. (B) All EAU-positive
stem cells (spermatogonia) from the testes shown in (A) were aligned and quantified. Scale bar =
25 um. The frequency (C) and density (D) of spermatogonial stem cells in testes were calculated.
(E) Representative images of parenchyma from one worm after processing with IMARIS. Nuclei are
depicted in blue, stem cells in green. Scale bar = 30 um. (F) All EdU-positive stem cells (neoblasts) from
the parenchymatic area shown in (E) were aligned and quantified. Scale bar = 15 um. The frequency
(G) and density (H) of neoblasts were calculated. Four worms per treatment group were analyzed.
Statistical differences compared to the untreated group are indicated with * p < 0.05 (Wilcoxon rank
sum test).
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We used carmine red staining to gain a deeper insight into the cellular composition of the
testicular lobes and to assess effects on cell differentiation. Control males typically featured pronounced
testicular lobes filled with a large number of large spermatogonia, various stages of maturing cells,
and mature spermatozoa (Figure 6A). In contrast, the testicular lobes were shrunken after venom
treatment, included atypical cell-free areas, and lacked most of the large spermatogonial stem cells.
The few remaining spermatogonia showed evidence of intracellular degradation (Figure 6B). Given the
abundance of spermatozoa in the lobes and seminal vesicle (Figure 6B) and the reduction of stem cell
frequency and density, these results argue for the selective depletion of proliferating stem cells by
assassin bug venom.

A

Testes

Control

50 ug/mil

Figure 6. Rhynocoris iracundus venom reduces the number of spermatogonia in the testes of Schistosoma
mansoni. Pairs of worms were treated with 50 pug/mL of venom for 72 h and males were stained with
carmine red to reveal morphological details. (A) Control males feature typically pronounced testicular
lobes filled with large spermatogonia (red arrows show examples) and different stages of maturing cells.
Mature spermatozoa appear as small white comma-shaped cells (yellow arrows). (B) Testicular lobes in
venom-treated males appear shrunken, include atypical cell-free areas (marked with *), and lack most
of the spermatogonia, whereas mature spermatozoa are still present. The remaining spermatogonia
show evidence of intracellular degradation. Scale bars = 100 um (left), 50 um (center), 20 um (right).

2.3. Hemolytic Analysis of Assassin Bug Venom

Certain insect venoms are known for their ability to lyse eukaryotic cells, which limits their
suitability as therapeutic leads [32,33]. To assess the hemolytic activity of the crude venom, we carried
out hemolytic assays using porcine red blood cells, with 10% Triton X-100 as a positive control (100%
lysis). The crude venom at a concentration of 43 pug/mL caused only 6.3% hemolysis, which can be
regarded as non-significant (Figure 7).

78



Antibiotics 2020, 9, 664

Hemolysis (%)

H 1.5%

(-) control

.—< 6.3% - (+) control

0 2'5 5'0 7'5 1(')0 - 43 pg/ml

Figure 7. Hemolytic activity of Rhynocoris iracundus venom against porcine red blood cells. Relative

proportion of cells lysed by R. iracundus venom (43 pug/mL) compared to 10% Triton X- 100 as a positive
(+) control (100% lysis) and PBS as a negative (-) control.

3. Discussion

The aim of the study was to test whether venom from R. iracundus has anthelminthic activity
and might therefore be of interest in drug discovery research. Our data reveal that venom reduced
the vitality and egg production of S. mansoni adult worms, which was paralleled by the depletion of
proliferating stem cells in male worms.

3.1. Antischistosomal Effects of Assassin Bug Venom

Reduced motor activity and detachment are important antischistosomal phenotypes. In vivo,
both phenotypes would very likely result in the detachment of worms from the endothelial walls of
mesenteric veins and thereby the displacement and degradation of the parasite by its host. Venom
clearly reduced motility and caused detachment of worms during in vitro culture. Furthermore,
diminished egg production was observed, which would reduce the pathological effect of helminths
in vivo because fewer eggs accumulate in the liver [6]. It is unclear whether the impairment of egg
production is a direct or indirect effect of the venom. A direct effect would require venom components
to interfere with pathways involved in oogenesis, as an example. However, we would argue for a rather
indirect effect: when separated from their male partners, female worms arrest egg production within
a few days [34]. This seems more likely because exposure to 10 ng/mL of the venom triggered the
separation of mating pairs and fewer eggs were laid, but the overall fitness of most females (in terms
of motility and substrate attachment) was unaffected.

The antischistosomal effects of R. iracundus venom are difficult to compare with other insect-derived
compounds due to the sparse literature published in this field. Bee venom and bee propolis (a complex
beehive product) have previously been tested in vivo in mouse models of schistosomiasis. Both products
reduced the pathogen burden [21], possibly reflecting their known immunomodulatory capacity within
the host [35]. However, the potential direct effects of these compounds on worm vitality were not
assessed in vitro, which leaves the question unanswered whether bee-derived compounds have a
direct influence on the parasite. Recently, we demonstrated a direct schistosomicidal effect for the
alkaloid harmonine [29], which is produced by the harlequin ladybird Harmonia axyridis (Coleoptera,
Coccinellidae) as abioweapon [36]. In S. mansoni, harmonine not only affected motility, pairing, substrate
attachment and egg laying, but also caused damage to the tegument [29], which is the physiologically
active surface layer of schistosomes [37]. R. iracundus venom triggered mild antischistosomal effects at
10 pg/mL and severe effects at 50 ug/mL, whereas harmonine was more active, triggering mild effects
at 5 pg/mL and severe effects at 10 pg/mL. It has to be taken into account that harmonine is a defined
compound, whereas assassin bug venom is a complex mixture of ~220 different enzymes, toxins and
other compounds [38]. In future studies, it will be important to identify the active antischistosomal
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components of the crude venom, and such components are likely to be active against S. mansoni at a
much lower concentration than the crude venom.

3.2. Antiproliferative Effect of Assassin Bug Venom

The importance of stem cells for growth and development has been demonstrated in various
helminths, including S. mansoni [30,39]. Compounds affecting stem cell proliferation and hence the
viability of schistosomes are therefore attractive drug candidates. The venom of R. iracundus caused
a strong depletion of proliferating stem cells in male but not in female worms. Together with the
more severe reduction of motility, males appeared more sensitive to assassin bug venom compared
to females. This may reflect the fact that paired females are mostly shielded from the environment,
here the culture medium containing venom, by the male’s body. However, we find this unlikely because
one early effect of the venom is to cause pair separation, which would expose females to the venom
after ~24 h. A more plausible explanation for these phenotypes is based on sex-dependent differences
in the efficiency of uptake and/or mode of action of the venom. Interestingly, lady-beetle-derived
harmonine also impaired stem cell proliferation, but it affected both sexes. Enzyme activity assays
suggested this may involve the inhibition of a schistosome acetylcholine esterase [29]. It is unclear
whether the depletion of EdU-positive cells by harmonine reflects cell cycle arrest or cell death among
the stem cell population. Our experiments with R. iracundus venom suggest that EdU-positive cell
depletion is not based on an arrest in cell differentiation because differentiated spermatozoa were still
present. Schistosome stem cells appear more sensitive towards venom than other cells, indicating that
the mechanism of action targets proliferating rather than quiescent cells.

The available literature indicates a double-edged effect of animal-derived venom components on
the proliferation of various cell types. Either cell proliferation was promoted, as reported for cobra,
scorpion and lizard venom components tested against embryonic stem cells and mesenchymal stem
cells [40,41], or venom components inhibited proliferation, as demonstrated for bufalin (a steroid
hormone) and bombesin (a peptide hormone) isolated from toad venom and tested against stem
cells [42,43]. Hormones may also be responsible for the anti-proliferative effect of R. iracundus venom.
In addition, venom necrotoxins and cytotoxins might be involved, both of which typically kill cells [44].
Redulysins have been found in the venoms of other assassin bugs and were defined as putative
pore-forming proteins with a cytolytic motif [45,46]. Therefore, we assume that R. iracundus redulysins
may play a role for the observed cytotoxic effects against schistosome stem cells, with support from
other compounds.

3.3. Venom as Source for Antischistosomal Compounds

Results of the hemolytic assay indicated that the crude venom is not hemolytic, and from this
perspective appears suitable for biotechnological applications and for the development of therapeutic
leads. The absence of hemolytic activity is particularly important in the context of antischistosomal
drugs, which must be bioavailable and efficacious in the blood where schistosomes live. Once active
components in R. iracundus venom have been identified in future studies, cytotoxicity testing against
different cell lines would be crucial. Together with the characterization of EC50 values against
S. mansoni, this will allow for judging whether the selectivity is suitable to pursue venom components,
e.g., to preclinical animal studies.

4. Materials and Methods

4.1. Ethical Statement

Syrian hamsters (Mesocricetus auratus) were used as model hosts in accordance with the European
Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific
Purposes (ETS No 123; revised Appendix A). The experiments were approved by the Regional Council
(Regierungspraesidium) Giessen (V54-19 ¢ 20/15 h 02 GI 18/10 Nr. A 14/2017).
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4.2. Production of Adult Worms

Freshwater snails of the genus Biomphalaria glabrata were used as the intermediate host for a
Liberian strain (Bayer AG, Monheim) of S. mansoni [47,48]. Syrian hamsters from Janvier (France) were
infected at 8 weeks of age by the paddling method [48]. In brief, hamsters were exposed to shallow
water containing 1700-2000 cercariae for 45 min during which cercariae penetrated the host’s skin.
Adult worm couples were collected by hepatoportal perfusion of hamsters 46 days post-infection [49].
Worms were cultured in M199 medium (Sigma-Aldrich, Germany) supplemented with 10% newborn
calf serum (Sigma), 1% 1 M HEPES and 1% ABAM solution (10,000 units/mL penicillin, 10 mg/mL
streptomycin and 25 mg/mL amphotericin B) at 37 °C in a 5% CO, atmosphere.

4.3. Assassin Bug Collection and Rearing

The adult R. iracundus specimens were collected from North Rhine-Westphalia, Germany,
with permission granted (Permission No. 425-104.1713) from the nature conservation authority
(Obere Naturschutzbehorde) as part of the County Government of Rhineland-Palatinate. The insects
used in this study were reared on a diet of mealworm larvae (Tenebrio molitor L.) in a ventilated box
under constant conditions (24 + 1 °C, 55-75% relative humidity).

4.4. Venom Collection

In order to stimulate the production of venom used by R. iracundus for defense purposes, hind legs
were gently pressed with entomological forceps to mimic a predatory attack (Figure 1). This induced
the insects to display a defense posture and to penetrate laboratory film (Parafilm) stretched across the
opening of a pre-cooled 200-uL Eppendorf tube containing 100 uL phosphate-buffered saline (PBS).
Following this procedure, the tubes were centrifuged briefly. Four specimens of R. iracundus were
used and venom was collected every 2-3 days. The protein content was determined using the Pierce
bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific, Germany). Venom then was stored at
-20°C.

4.5. Evaluation of the Physiological Effects of Venom

The anthelminthic activity of R. iracundus venom against adult pairs of S. mansoni was assessed
in vitro. The worms were cultured in 96-well plates in supplemented M199 medium (one worm pair
per well) mixed with different concentrations of the venom (10, 25 or 50 ug/mL) or the same volume
of PBS as a negative control. The worms were incubated at 37 °C in a 5% CO, atmosphere for 72 h,
and the medium plus venom was refreshed every 24 h. Venom-induced effects on worm miotility,
pairing stability and attachment to the culture plate were assessed every 24 h using an inverted
microscope (Labovert, Germany). Worm motility was scored as recommended by WHO-TDR [50],
with the scores 3 (normal motility), 2 (reduced motility), 1 (minimal and sporadic movements) and 0
(no movement within 30 s was considered dead). Egg numbers per well were counted after the 72-h
culture period.

4.6. Proliferation Assay and CLSM

To assess the potential effect of venom on cell proliferation, EAU was added to a final concentration
of 10 uM for the last 24 h of the in vitro culture period. The worms were then fixed with 4%
paraformaldehyde, stained with the Click-iT Plus EAU Alexa Fluor 488 imaging kit (Thermo Fisher
Scientific) and counterstained with Hoechst 33342 as previously described [29,51]. Morphological
effects on testicular cells were assessed by fixing worms in AFA (66.5% ethanol, 1.1% paraformaldehyde,
2% glacial acetic acid) and staining with CertistainH carmine red (Merck, Germany) as previously
described [52,53]. A TSC SP5 inverse confocal laser scanning microscope (Leica, Germany) was used for
imaging. AlexaFluor488 and carmine red were excited using an argon-ion laser at 488 nm, and Hoechst
at 405 nm. Optical section thickness and background signals were defined by setting the pinhole size to
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1 Airy unit in the Leica LAS AF software. Z-stacks were acquired by CLSM with a step-size of 0.3 um
for quantification of EdU-positive stem cells and Hoechst-positive total cell numbers. For each worm,
testes and two selected parenchymatic tissue areas were manually selected using the software package
“IMARIS for cell biologists” (Bitplane, Switzerland). Cells were quantified applying the automatic
surface creation of the software. To minimize background noise or counting of artifacts, a threshold
was set prior to cell quantification that excluded objects <3 pm.

4.7. Hemolytic Activity Assay

Porcine blood was obtained from a local butcher and was mechanically treated to remove
coagulants. Red blood cells were harvested by centrifugation (1500x g, 3 min, room temperature) and
washed three times with PBS. A cell suspension was prepared with a dilution factor of 1:10 in PBS.
Crude venom (final concentration 43 pug/mL) was mixed with the red blood cells (4.8 x 107 cells/mL)
in a 96-well plate and incubated for 1 h at 37 °C. Venom-induced hemolysis was then measured in
relation to 10% Triton X-100 as a positive control (set at 100%) and PBS as a negative control [54].

4.8. Statistical Analysis

Homogeneity of variance was checked with Levene’s test (https://www.statskingdom.com/230var_
levenes.htmL). Statistical significance was tested using the nonparametric Wilcoxon rank sum test
(https://ccb-compute2.cs.uni-saarland.de/wtest/) [55]. p < 0.05 was considered statistically significant.

5. Conclusions

We have demonstrated antischistosomal effects of venom from the European predatory assassin
bug R. iracundus. The effects included impairment of motility, pairing stability, attachment and
egg production. Thus, assassin bug venom not only affects prey invertebrates but also helminths.
Furthermore, the venom also caused the ablation of proliferating stem cells in male schistosomes.
These phenotypes are reminiscent of the effects induced by paralytic and cytolytic assassin bug venoms
used to subdue invertebrate prey [25,27]. The observed anthelminthic effects, together with the
absence of hemolytic activity, warrant further studies to identify the antischistosomal components of
R. iracundus venom and assess their suitability for therapeutic applications in the field of parasitology.
The transcriptomic and proteomic data recently obtained for this venom will greatly facilitate future
research in this direction [38] and provide insight into a new and underexploited resource for the
development of anthelminthic drugs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/10/664/s1.
Figure S1: Effect of praziquantel on Schistosoma mansoni motility as a positive control for the in vitro culture assay.
Worm pairs were treated with different concentrations of praziquantel (0.1-5 uM) for a period of 72 h. Motility
was measured every 24 h and compared to DMSO-treated control worms. The graph shows a summary of two
experiments with 10 worm pairs per experiment (mean + SEM). Significant differences vs the control are indicated
(*p < 0.05, Wilcoxon rank sum test), Video S1: Schistosoma mansoni pair in the control group. The male worm was
attached via its suckers to the base of the culture plate and showed normal motility. The female resides within the
ventral grove of the male partner. Normal motility involves whole body movements (displayed by the male in the
video from 10 sec onwards), Video S2: Schistosoma mansoni pair after treatment with 25 pug/mL Rhynocoris iracundus
venom for 72 h, showing reduced motility (motility score 2). The male worm was detached with its sucker from
the base of the culture plate and did not show whole-body movements, Video S3: Schistosoma mansoni male treated
with 50 pg/mL Rhynocoris iracundus venom for 72 h, showing severe loss of motility (little movement detected,
confined to the posterior end, motility score 1), Video S4: Schistosoma mansoni female treated with 50 pg/mL
Rhynocoris iracundus venom for 72 h, showing severe loss of motility (little movement detected, confined to the
anterior and posterior ends, motility score 1).
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Abstract: Agricultural fungicides contaminate the environment and promote the spread of
fungicide-resistant strains of pathogenic fungi. The enhancement of pathogen sensitivity to these
pesticides using chemosensitizers allows the reducing of fungicide dosages without a decrease in their
efficiency. Using Petri plate and microplate bioassays, 6-demethylmevinolin (6-DMM), a putative
sensitizer of a microbial origin, was shown to affect both colony growth and conidial germination of
Alternaria solani, A. alternata, Parastagonospora nodorum, Rhizoctonia solani, and four Fusarium species
(F. avenaceum, F. culmorum, F. oxysporum, F. graminearum) forming a wheat root rot complex together
with B. sorokiniana. Non- or marginally toxic 6-DMM concentrations suitable for sensitizing effect were
determined by the probit analysis. The range of determined concentrations confirmed a possibility of
using 6-DMM as a putative sensitizer for the whole complex of root rot agents, other cereal pathogens
(A. alternata, P. nodorum), and some potato (R. solani, A. solani) and tomato (A. solani) pathogens.
Despite the different sensitivities of the eight tested pathogens, 6-DMM lacked specificity to fungi
and possessed a mild antimycotic activity that is typical of other known pathogen-sensitizing agents.
The pilot evaluation of the 6-DMM sensitizing first confirmed a principal possibility of using it for the
sensitization of B. sorokiniana and R. solani to triazole- and strobilurin-based fungicides, respectively.

Keywords: chemosensitization; antifungal compounds; plant pathogenic fungi; fungicide resistance;
6-demethylmevinolin; environmental pollution

1. Introduction

To meet an increasing demand for crop products, high-yielding cultivars of agricultural plants are
now grown all over the world. One of the main conditions for fully realizing a potential productivity
of such cultivars is a successful control of crop pathogens, primarily fungi, which may cause diseases
resulting in up to 70-80% of yield losses [1]. In many countries, including Russia, causative agents of
foot/root rots (Fusarium spp., Bipolaris spp., Rhizoctonia spp.), leaf and/or glume blotches (Bipolaris spp.,
Alternaria spp., Parastagonospora spp.) head blight, kernel smudge (Fusarium spp., Alternaria spp.),
and wilt (F. oxysporum) belong to the most widespread and detrimental pathogens of such economically
important crops as cereals, potato and tomato [2—4]. As in the case of other plant pathogenic fungi,
a common practice to control these agents, and thus efficiently prevent significant yield losses caused by
these pathogens, is the use of chemical fungicides. However, like medical antibiotics and antimycotics,
the effectiveness of agricultural fungicides is under threat because of the evolution of fungicide
resistance, which is often developed soon after a new fungicide is introduced due to improper
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and/or extensive fungicide application practices [5,6]. A wide use of modern fungicides resulted in a
significant increase in the frequency of high fungicide resistance and multiple or cross-resistance of
various plant pathogenic fungi. Fungicides with a single-site mode of action, such as Quinone outside
Inhibitors or DeMethylation Inhibitors (Qol- and DMI-fungicides, respectively) commonly used against
above-mentioned pathogens can reduce or lose their protective efficacy relatively quickly [7-12].
Moreover, in some cases, the time required for the emergence of resistant strains since the start of a
commercial application of such fungicides do not exceed several years [13]. The attempts to control
resistant forms by increasing the dosages or frequency of fungicide applications increase the total costs
for plant protection and only complicate the problem resulting in an enhanced accumulation of such
forms and stimulating their spreading across populations [14]. Apart from this problem, the excess
of fungicides spread into the environment causing significant contamination of terrestrial and water
ecosystems and multiple negative effects on soil microbiota, insects, vertebrates, as well as in poisoning
of food and feed [15-17]. Thus, the solving of a fungicide resistance problem and associated problems
of the excess fungicide applications and environment pollution become one of the dominant trends in
the current plant protection science.

Different strategies are proposed for agricultural practices to prevent or minimize negative
side effects of extensive fungicidal treatments accompanied with increasing resistance of fungi and
environmental risks [18,19]. A promising new approach intended to reduce fungicidal dosages without
any mitigation of the antifungal effect is the enhancement of a pathogen sensitivity to fungicides
(chemosensitization). This can be accomplished by the co-application of a fungicide with certain
natural or chemical eco-friendly compounds (sensitizers) at concentrations, which should meet the
following requirements. First, both fungicide and sensitizer, applied alone, should provide no or
insignificant fungitoxic effect. Second, both compounds applied together should effectively suppress a
target pathogen, preferably in a synergistic or in some cases in an additive manner [20,21]. The synergy
between ineffective doses of the components occurs since a sensitizer and a fungicide attack different
pathways of fungal metabolism or distant stages of the same metabolic pathway.

The chemosensitization approach was initially developed in medicine to overcome the resistance
of pathogenic fungal hospital strains to antimycotic drugs. To date, a number of secondary
plant metabolites, as well as their synthetic analogues, which can be used as chemosensitizing
agents against human-infecting fungi, have been revealed. Some of them possess an antifungal
activity, but significantly less than that of commercial antimycotics [20]. In contrast, only a few
chemosensitization studies were recently performed for agricultural purposes [21-23], with a confirmed
effect on plants in some cases [22,23]. The cited researchers demonstrated that not only plants but
also bacteria [22] or filamentous fungi [23-25] may serve as the sources of metabolites significantly
enhancing the sensitivity of plant pathogens to agricultural fungicides including such widely-used
and rather persistent ones as triazoles [26].

The first research step to search for chemosensitizing compounds is the in vitro testing of
the antifungal effect of putative sensitizers to determine their working concentration range and
to make sure their toxicity is significantly lower than that of a fungicide used against the target
pathogen. Recently, we found non-fungitoxic metabolites of plant origin, which enhanced the
sensitivity of five cereal pathogens to one of DMI-fungicides [27]. Earlier, we also screened a range
of microbial metabolites for sensitizing activity and briefly reported that a secondary metabolite of
Penicillium citrinum, 6-demethylmevinolin (6-DMM) was the most promising as a putative sensitizer
among them. 6-DMM was much less fungitoxic compared to tebuconazole, and it enhanced the
sensitivity of a wheat and barley pathogen B. sorokiniana to one of tebuconazole-based fungicides [25].
We supposed that 6-DMM might be applied to improve the protective effect of triazoles against other
soil or foliar pathogenic fungi attacking plants under field conditions, in the case that 6-DMM does not
possess narrow antifungal and sensitizing activities towards a single pathogen. Therefore, the current
study is the first step towards confirming this assumption and it aims to evaluate the effect of 6-DMM on
the in vitro growth and germination of some other triazole-controlled pathogenic fungi in order to
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determine non- or marginally toxic 6-DMM concentrations for these species and to compare their
sensitivity to this putative sensitizer. Here, we focused mainly on a 6-DMM activity towards Fusarium
species (F. avenaceum, F. culmorum, F. graminearum, F. oxysporum), which most often form the common
pathogenic complex of wheat or barley root rots together with B. sorokiniana [28-30]. Additionally,
the effect on other important crop pathogens, such as Alternaria alternata, A. solani, causing early
bight of tomato and potato, Parastagonospora nodorum, a causative agent of wheat glume/leaf blotch
and Rhizoctonia solani, potato stem canker and black scurf agent, was tested. We also demonstrated
6-DMM sensitized B. sorokiniana to tebuconazole, and R. solani to azoxystrobin formulated as Folicur®,
EC 250 and Quadris®, SC 250, respectively.

2. Results

2.1. The Effect of 6-DMM on the Fungal Growth and Spore Germination

The growth-inhibitory effect of 6-DMM towards several plant pathogens was evaluated after
culturing the fungi on PDA containing 6-DMM at seven (F. graminearum), eight (F. avenaceum,
E. culmorum), nine (F. oxysporum), or six (A. alternata, A. solani, P. nodorum, R. solani) concentrations that
ranged, depending on the pathogen, from 5 to 800 nug/mL. Additionally, the conidia of some fungi
were exposed to five (Alternaria spp.) or at least six (Fusarium spp.) 6-DMM concentrations varied in a
wide range from 10 ng/mL to 15 pg/mL. As a result, nominally fungitoxic, sub-fungitoxic, and strongly
or totally inhibiting concentration ranges causing 2-15%, 30-60% or 80-100% growth suppression,
respectively, were selected for each pathogen. According to the obtained data, 6-DMM was found to
affect both colony growth and conidial germination of all tested fungi. As in case of B. sorokiniana [25],
this microbial metabolite was much less toxic for them than the tebuconazole-based fungicide (Figure 1).
In our experiments, minimum inhibitory concentration (MIC) values of the fungicide exceeded those
of 6-DMM for F. avenaceum and F. culmorum at least five-fold, and were either an order (F. graminearum,
F. oxysporum, A. alternata) or several orders (A. solani, P. nodorum, R. solani) of magnitude higher.

F. avenaceum

B Folicur
F. culmorum 06-DMM

F. graminearum

F. oxysporum

A. alternata

A. solani /)

P. nodorum 1/

R. solani P
|

0 107 102 103 104 105 108
MIC level, pg/mL

Figure 1. Minimum inhibitory concentrations (MIC) of 6-demethylmevinolin (6-DMM) and a
tebuconazole-based fungicide (Folicur® EC 250) preventing visible growth of fungal colonies.

In general, 6-DMM concentrations causing 50% inhibition of Fusarium spp., A. alternata, and
P. nodorum growth or their spore germination were significantly higher compared to EDs for A. solani
and R. solani (Table 1, Figure 2A,C).
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Table 1. Inhibitory concentrations of 6-dimethylmevinolin (6-DMM) for eight plant pathogenic fungi

calculated by a probit analysis.

Inhibitory Concentrations of 6-DMM *

Colony Growth Spore Germination
Pathogen ED1o, EDs, EDos, R2 EDso, EDgs, R2
ug/mL ug/mL mg/mL pug/mL mg/mL

B. sorokiniana ** 6.02 952 0.082 0.977 1.302 482 0.939
E. culmorum 1.0P 38.0° 0.172 0.923 0.35P 32b 0.917
F. avenaceum 1.3P 575¢ 0.26b 0.940 0.40b 414 0.986
F. oxysporum 1.1b 63.1°¢ 0.55°¢ 0.932 0.80 ¢ 472 0.956
E. graminearum 1.6°¢ 14134 0744 0.973 1.254 7.1¢ 0.913
A. alternata 482 30.9P 0.172 0.979 3.60 € 524 0.964
A. solani 85.8d 401.2¢ 13.164 0.891 3.85¢ 544 0.991

P, nodorum 712 36.3P 7.59 ¢ 0.946 nd #** nd nd

R. solani 50.0 d 398.0 ¢ 50.12 f 0.883 nd nd nd

* Different uppercase letters within the column indicate statistically significant differences (p < 0.05).
** For B. sorokiniana, EDjy is the minimum 6-DMM concentration determined experimentally, which provided
effective sensitization of this pathogen to tebuconazole [25], while ED5, and EDgs were calculated in this work,
using previously obtained data. ED means effective dose (see 4.5). *** Not determined.
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Figure 2. Dose-response curves showing inhibitory effect of 6-DMM on the growth (A,C)
and germination (B,D) of various plant pathogenic fungi. FCUL, Fusarium culmorum; FAVE, F. avenaceum;

FOXY, E. oxysporum; FGRA, F. graminearum; AALT, Alternaria alternata; PNOD, Parastagonospora

nodorum; ASOL, A. solani; RSOL, Rhizoctonia solani. Vertical dotted lines cross the X-axis at the points
corresponding to LogEDs for each of pathogens. Bars on the graphs (A-D) indicate SD and SE,
respectively. The markers correspond to logarithms of the tested 6-DMM concentrations.
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Interestingly, EDyg values were almost equal for four Fusarium fungi, insignificantly differed in
A. alternata or P. nodorum and did not exceed the minimum 6-DMM concentration previously found
to enhance B. sorokiniana sensitivity to tebuconazole [25]. These data point to a common range of
6-DMM nominal toxic concentrations, which probably could be used in the studies on sensitization of
all these cereal pathogens.

When culturing on PDA supplemented with 6-DMM, A. solani manifested a much lower sensitivity
to the putative sensitizer compared to A. alternata, for which the inhibitory effect of both nominally
toxic and the growth suppressing 6-DMM concentrations was dozens of times higher as compared to
A. solani. Besides, A. solani was completely insensitive to doses sensitizing B. sorokiniana. In contrast,
no difference in the sensitivity to 6-DMM was found between these causative agents of Alternaria
diseases in the spore germination tests (Table 1). Moreover, the dose-response patterns obtained for
germinating conidia and colony growth of the pathogens were similar in both cases (Figure 2C,D).

With respect to the response to growth suppression, potato-damaging R. solani took almost the same
position as the most insensitive A. solani (Table 1), at the same time showing the dose-response character
similar to P. nodorum (Figure 2C).

2.2. The Sensitizing Effect of 6-DMM on B. sorokiniana and R. solani

For in vitro testing of the 6-DMM sensitizing activity, B. sorokiniana and R. solani were chosen, for
which the maximum and minimum growth inhibition EDg5 and MIC levels were determined (Table 1,
Figure 1).

The pilot Petri plate bioassays involving co-applications of 6-DMM and Folicur® or Quadris®
fungicides at different concentration combinations showed the inhibition of fungal growth to be
significantly (p < 0.05) enhanced when both tested pathogens were cultured on fungicide-containing
PDA amended with 6-DMM (Figures 3-6). For B. sorokiniana, the synergistic interaction of 6-DMM and
Folicur® was observed in 15 of 32 concentration combinations tested by the checkerboard assay
(Figure 3). In other cases, the effect was rather additive (E, > E,, p > 0.05; data not shown). The most
pronounced sensitizing effect was observed for 6-DMM concentrations equal to 4, 6, or 8 pg/mL applied
together with Folicur® at a ratio of 1.5:1, 2:1, or 4:1 (Figure 4). In these cases, the growth-inhibiting
effect in relation to the pathogen demonstrated a 16-fold increase. For example, the MIC value
of the Folicur® used alone was 64 pug/mL, while, in the presence of the sensitizer, the complete
inhibition of the fungal colony growth was observed at 4 pg/mL. The fractional inhibitory concentration
indices (FICIs) varied from 0.27 to 0.36 (0.32 on average) confirming the synergetic interactions in
these tebuconazole/6-DMM combinations and suggesting a significant increase in the B. sorokiniana
sensitivity to the fungicide. A statistically significant excess of E, over E, evidencing the effect of
synergism was revealed even for those combinations, where the 6-DMM dose reached 10 pug/mL
(54.7% growth inhibition), i.e., exceeded EDs( (Figure 5).

In the experiment with R. solani, the synergistic enhancement of the growth-inhibiting effect was
also registered for the 6-DMM and Quadris® (azoxystrobin) combinations (Figure 6). The E, values
significantly exceeded E, values in 10 of 16 combinations tested, while another six variants of the
combined use demonstrated either an additive effect, or a less than 10% increase in the inhibiting
action of one of the components.
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Figure 3. Enhancing the inhibitory effect of Folicur® EC 250 on the in vitro growth of Bipolaris sorokiniana
due the fungicide combination with 6-DMM. The numbers in bold or regular above the columns indicate
E; values, while italic numbers show E, values related to the same fungicide/6-DMM concentration
combination. E, shows the inhibition of the fungal growth (%) when the fungicide and 6-DMM were
co-applied; E, is the inhibition calculated for an estimated additive effect of the fungicide and 6-DMM (%).
In the case when E, > E, at p < 0.05, a synergistic interaction between the fungicide and the sensitizer is
confirmed (see Materials and Methods, Section 4.4 and [31]). The case of an additive effect is marked
with “x”. Each histogram column represents the mean of three experiments (two diameter measuring
of each colony, three colonies per each individual or combined application in each of three independent
assays). Y-bars indicate standard error (SE) of the mean. The difference between treatments is significant
at p < 0.05 (t-test for independent variables). * Control colonies were cultured on potato dextrose agar
free of 6-DMM and the fungicide.
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Figure 4. Bipolaris sorokiniana colonies grown for 9 days on potato dextrose agar supplemented with
6-DMM, Folicur® EC 250, or their combinations. The shown Petri plate cultures represent a typical
picture for one of three performed checkerboard assays.
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Figure 6. The inhibitory effect of Quadris® SC 250 on the in vitro growth of Rhizoctonia solani
augmented due the fungicide combination with 6-DMM. Each bar represents the mean of three
experiments. Concentration combinations providing an additive effect are marked with asterisks;
for other combinations, E; > E, at p < 0.05 (see Materials and Methods 4.4). The difference between
treatments is significant at p < 0.05 (t-test for independent variables). * Control colonies were cultured
on potato dextrose agar free of 6-DMM and the fungicide.

3. Discussion

The antifungal effect of 6-DMM was evaluated using different plant pathogenic fungi, such as
wheat pathogens A. alternata, F. avenaceum, F. culmorum, F. graminearum, and P. nodorum; tomato/potato
pathogen A. solani causing early bight of these two crops, F. oxysporum infecting wheat and tomato,
and R. solani, an important potato pathogen also able to infect a wide range of other crops. All these fungi
are controlled with various triazoles, and tebuconazole is one of the most often applied among them [32].
The strains tested in our work demonstrated stable in vitro growth, active spore production, and the
sensitivity to tebuconazole. Tebuconazole has been reported to show a good effect against a wide range
of Fusarium species and other fungi during plant treatments, and its in vitro inhibitory effect has been
well documented [33-36]. On the other hand, a widespread application of tebuconazole-containing
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formulations may promote selection and accumulation of tebuconazole-resistant strains in fungal
populations [34,37,38] that decreases or even nullifies the sensitivity to tebuconazole resulting in
in vitro variability of its fungicidal activity [39].

Fusarium species included in this study form a wheat root rot pathogenic complex able to
cause significant yield losses in cereals across the world [29]. Since Fusarium root rot belongs to
seed-transmitted diseases, seed treatment with fungicides still remains the main way to control it in
spite of reports about the appearance of fungicide-resistant strains of target pathogens. In this context,
the development of approaches providing the reduction in fungicide dosages without decreasing its
antifungal effect is a very important practical task. The results of this study allowed us to determine
the range of non- or marginally toxic 6-DMM concentrations for the studied Fusarium species. All four
species were less sensitive to 6-DMM than B. sorokiniana at high growth-inhibiting concentrations and
differed by the sensitivity to this microbial compound. However, high reliability of the approximation
in the probit analysis confirmed with the R? level determination (Table 1), similar dose-response pattern
for 6-DMM in all four species (Figure 2A), and lower ED;q values (as compared to the dosage providing
sensitizing effect for B. sorokiniana; Table 1) may evidence that 6-DIMM is a putative sensitizer to
triazole fungicides for Fusarium pathogens and that it will be possible to select a working concentration
of this compound providing an increased sensitivity of all components of the wheat root rot complex
towards triazole fungicides.

A. solani, a foliar pathogen of tomato and potato, is considered to be poorly controlled by
chemicals [40], while R. solani is a great problem in potato tuber storage. Early bight of tomato caused
by A. solani is one of the most devastating diseases of this crop, while A. alternata is a soilborne
fungus that often accompanies both Fusarium root rot agents, and A. solani on potato and tomato.
R. solani on potato is often controlled by azoxistrobin and other strobilurins. These Qol-fungicides
belong to the antifungal compounds with a high risk of resistance development in pathogens, and
strobilurin-resistant R. solani strains have been reported for many pathogenic populations [8,11,41,42].
Our pilot findings on enhancing the sensitivity of these agents to Quadris® open an avenue to further
investigations on the chemosensitization of such resistant strains.

We found that strains pathogenic to Solanum plants were much less sensitive to the
growth-suppressing action of 6-DMM as compared to strains of cereal pathogens (Table 1, Figure 2A,C).
Additionally, a drastic distinction in the 6-DMM effect on the growth of A. solani and A. alternata was
observed. In contrast, the germination of A. solani conidia was inhibited by 6-DMM as effectively as in
A. alternata and other pathogens.

Like many other known chemosensitizers, which generally have a mild antimicrobial activity and
lack specificity to fungi [20], 6-DMM was revealed to possess such properties. Summing up all the
presented results, one can conclude that they confirm a low fungitoxicity of 6-DMM, pointing to a
wide spectrum of its antifungal activity, and suggesting that 6-DMM may have promise as a natural
remedy for combination with chemicals to reduce their content in fungicidal formulations and their
xenobiotic impact in agriculture, and probably, to enhance the protective effect of chemical fungicides
by sensitization of various plant pathogens.

Fusarium, Alternaria, and Rhizoctonia fungi produce a range of highly toxic secondary metabolites
including trichothecene and polyketide mycotoxins [43,44]. These compounds cause mycotoxicoses in
animals and are carcinogens and/or allergens for humans, while their producers are among nosocomial
infections that are especially dangerous for immunodeficient patients. Earlier we showed that
6-DMM suppressed the biosynthesis of a polyketide aflatoxin Bl in a toxigenic Aspergillus flavus [45].
In this regard, there is a suggestion that the antifungal effect of 6-DMM may be accompanied by the
inhibition of the biosynthesis of toxins in other toxigenic fungi. In this case, this putative sensitizer will
have an additional beneficial effect.

The pilot studies on the assessment of the sensitizing effect of 6-DMM presented in this study
first confirmed a principal possibility of using 6-DMM for the sensitization of B. sorokiniana and
R. solani to the fungicides based on triazole (Folicur®) and strobilurin (Quadris®), respectively,
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which are widely used for the crop protection against these dangerous plant pathogenic fungi.
A number of concentration combinations resulting in a synergistic enhancement of the in vitro
fungicidal effect were revealed for both pathogens. Being less responsive to 6-DMM alone (Table 1),
R. solani was also less responsive to sensitization by this agent compared to B. sorokiniana, and the
higher doses of the sensitizer were needed to synergistically augment the Quadris® effect against
R. solani. Nevertheless, the results obtained for the fungicide/sensitizer co-applications at the most
effective concentration combinations towards B. sorokiniana (4.0 + 8.0 ug/mL of Folicur® + 6-DMM)
and R. solani (4.0 + 40.0 pg/mL of Quadris® + 6-DMM) suggest some prospects for 6-DMM combined
with antifungal compounds of a different chemical nature and mode of action to improve their inhibitory
effect. These findings also confirm the ability of 6-DMM to enhance the sensitivity of fungi belonging
to different taxa, infecting different crops, and considerably differed in their pathogenesis processes.

The study on a sensitization of other plant pathogenic fungi with 6-DMM is in progress. The further
investigations of this microbial product could contribute to overcoming the resistance of plant pathogens
to agricultural fungicides and the reduction in the fungicide contamination of agricultural areas and
products, as well as the total environmental pollution with toxic xenobiotics.

4. Materials and Methods

4.1. Fungal Strains and Their Culturing

Pathogen strains A. alternata MRD1-12, Bipolaris sorokiniana Ir-01-38, F. avenaceum Br-04-60,
F. culmorum OR-02-37, F. graminearum FG-30, F. oxysporum KF-1713-4, and R. solani 100,063 isolated
from various agricultural plants were provided by the State Collection of Plant Pathogenic
Microorganisms of the All-Russian Research Institute of Phytopathology (ARRIP). The strains
A. solani MO-VNIIF-9-2018 and P. nodorum B-9/47 were provided by the ARRIP work collections.

Plant pathogens’ stock cultures maintained on potato dextrose agar (PDA) slants were resumed
by culturing for 5-15 days (depending on the growth rate of a certain fungus) in Petri plates on
the same medium to obtain spore-producing actively growing colonies. The aerial mycelia of these
colonies at the log growth stage were used in the further experiments for inoculations of the fresh
control or 6-DMM-containing PDA by placing a piece of the mycelium into the center of a 90-mm Petri
plate. Conidia of Fusarium and Alternaria fungi were collected from a colony surface by flooding the
mycelium with sterilized water and gently rubbing with a glass rod. Spore suspensions were filtered
through sterile cotton wool to remove mycelial debris, and spore concentrations were counted using
a hemocytometer. To simulate spore production in Alternaria solani, its cultures were flooded with
sterilized ice water, irradiated with UV-A (315-360 nm) [46]. The Petri plates with treated colonies
were allowed to dry for 3 days at room temperature under a diffused light [47] in sterilized laminar
boxes followed by incubation at 24 °C for 7 days.

4.2. Preparation of 6-DMM and Fungicide Samples for Microbiological Experiments

Since 6-DMM lactone produced by the microbiological synthesis and extracted from P. citrinum
culture liquid [48] was insoluble in aquatic media, we transformed it into a water-soluble sodium salt
prior to addition to the nutrient media. To do this, a preparation of 6-DMM was dissolved in hot
ethanol, the ethanol solution was amended with an equimolar amount of NaOH, incubated for 30 min
at gently mixing and diluted with distilled water so that the final 6-DMM content was not lower than
10% in order to prevent a pellet formation during storage that occurred in less concentrated solutions.
A 6-DMM concentration in the resulting sample was determined by HPLC as described earlier [48].
Just prior to microbiological tests, portions of this sample were diluted with ethanol to prepare 1%
6-DMM stock solution, whose aliquots were added aseptically into sterilized warm melted PDA up to
necessary concentrations before PDA inoculation with the pathogens.

Commercial samples of Folicur®, EC 250 (a.i. tebuconazole) as well as Quadris® SC 250
(a.i. azoxystrobin) used in sensitization tests with B. sorokiniana and R. solani, respectively, were dissolved
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in distilled water and sterilized by filtration through a 0.22-pm Millipore membrane. The minimal
volumes of the stock filtrate were added to PDA as described above.

4.3. In Vitro Assessment of a 6-DMM Effect on the Fungal Growth and Spore Germination

The influence of 6-DMM on the fungal growth was studied by a Petri plate bioassay involving the
cultivation of fungi on PDA supplemented with different 6-DMM concentrations. The tested fungi
were grown at 25-27 °C in the dark until the control colonies grown on 6-DMM-free PDA completely
covered the agar surface. A growth inhibitory effect was determined by diminishing the average
colony diameter measured on 6-DMM-containing PDA as compared to the control that was calculated
after measuring the minimum and maximum diameters of colonies (six replications per treatment for
each pathogen) in two perpendicular directions.

To assess the effect of 6-DMM on the germination of Fusarium spp. and Alternaria spp., a microplate
test [23,49] was applied. Briefly, fungal conidia were incubated for 5-6 h at room temperature in distilled
water (control) or in aquatic solutions supplemented with the 6-DMM sodium salt. The number of
germinated conidia (among 500 ones of each pathogen per treatment) was counted in the control and
6-DMM-containing spore suspensions using an inverted microscope followed by calculation of the
percentage of conidia germination inhibition as compared to the control.

4.4. In Vitro Assessment of a 6-DMM Sensitizing Effect

The sensitization experiments were designed under the principle of a double-dilution test and a
checkerboard assay [20,50,51]. Marginally fungicidal or sub-fungicidal concentrations of the fungicides
and non-fungitoxic or marginally toxic doses of the putative sensitizer were selected in preliminary
experiments including the pathogen cultivation in the presence of either 6-DMM or each fungicide.
Then, the fungi were grown as described above on PDA supplemented with marginally fungicidal
or sub-fungicidal concentrations of Folicur® (B. sorokiniana) or Quadris® (R. solani) causing 0-10%
or 11-40% colony growth inhibition, respectively, and on PDA with 6-DMM in the concentration range
of 2-10 pg/mL (B. sorokiniana) or 5-40 ug/mL (R. solani), which provided no or marginally toxic effect.
In parallel, the fungi were grown on PDA containing both fungicide and 6-DMM taken at the same
concentrations as alone. Control cultures were grown under the same conditions on PDA without any
supplements. Except for the cases where both the sensitizer and the fungicides showed no detectable
suppression of a fungal growth, the synergy in 6-DMM/fungicide combinations was determined by the

Limpel formula [31]:

X+Y)-XY
E, = (T?o <E, (p <0.05),

where E, is the expected additive inhibiting effect of the use of both components (%), X and Y represent
the level of a spore germination inhibition by each of the components alone (%), and E; is the inhibition
obtained by a joint use of 6-DMM and a fungicide. In addition, fractional inhibitory concentration
indices (FICIs) [20,50] were calculated; according to generally accepted protocols, FICIs < 0.5 were
interpreted as a confirmation of synergistic interactions [50,52] between 6-DMM and a fungicide.

4.5. Data Analysis and Statistical Treatment

Average 6-DMM inhibitory concentrations capable of 10, 50 or 95% suppression of the mycelium
growth or spore germination (ED;g, EDsy, and EDys, respectively) were determined by the probit
analysis [53] with the involvement of a linear regression based on the data obtained in two
independent experiments for each pathogen. In a regression equation (Y = ax, + b) used in
probit-analyses, Y is the probit value for 10, 50 or 95% growth inhibition, x values represent logarithms
of these EDs, while a and b represent regression coefficients. Minimum inhibitory concentrations
(MIC), i.e., the lowest 6-DMM or fungicide concentrations preventing a visible colony growth,
were detected by serial two-fold dilutions of the stock solutions according to a reference CLSI
method for antifungal susceptibility testing of filamentous fungi [54]. Approximation confidence
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values (R?), regression coefficients, mean values, standard deviations, and standard errors as well
as significant differences (at p < 0.05) between treatments and the control, determined based on the
t-test for independent variables, were calculated using a STATISTICA 6.0 package (StatSoft Inc.,
Tulsa, OK, USA).

Author Contributions: Conceptualization, L.S. and V.D.; data curation, V.D.; formal analysis, L.S. and N.S.;
funding acquisition, L.S.; investigation, M.K., T.P. and L.S.; methodology, L.S., M.K. and T.P.; software, N.S.;
supervision, V.D.; validation, L.S., N.S. and V.D.; visualization, L.S., M.K,; writing—original draft preparation,
N.S. and L.S.; writing—review and editing, N.S., V.D. and L.S. All authors have read and agreed to the published
version of the manuscript.

Funding: The study was supported by the Russian Science Foundation (project no. 18-16-00084).

Acknowledgments: We acknowledge Tatyana I. Smetanina from the ARRIP Department of Potato and Vegetable
Diseases for consulting on the A. solani spore production.

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

References

1. Moore, D.; Robson, G.D.; Trinci, A.P. 21st Century Guidebook to Fungi, 2nd ed.; Cambridge University Press:
Cambridge, UK, 2020; pp. 408-409.

2. Termorshuizen, A.]J. Fungal and fungus-like pathogens of potato. In Potato Biology and Biotechnology: Advances
and Perspectives; Vreugdenhil, D., Ed.; Elsevier: Oxford, UK, 2007; pp. 643-665.

3.  Carson, G.R;; Edwards, N.M. Criteria of wheat and flour quality. In Wheat Chemistry and Technology, 4th ed.;
Khan, K., Shewry, PR., Eds.; AACC International: St. Paul, MN, USA, 2009; pp. 97-118.

4. Rosentrater, K.A.; Evers, A.D. Introduction to cereals and pseudocereals and their production.
In Kent’s Technology of Cereals, 5Sth ed.; Rosentrater, K.A., Evers, A.D., Eds.; Woodhead Publishing: Duxford, UK,
2018; pp. 3-75.

5. Hawkins, N.J,; Bass, C.; Dixon, A.; Neve, P. The evolutionary origins of pesticide resistance. Biol. Rev. 2019,
94, 135-155. [CrossRef] [PubMed]

6.  Fisher, M.C.; Hawkins, N.J.; Sanglard, D.; Gurr, S.J. Worldwide emergence of resistance to antifungal drugs
challenges human health and food security. Science 2018, 360, 739-742. [CrossRef] [PubMed]

7. Takagaki, M.; Kaku, K.; Watanabe, S.; Kawai, K.; Shimizu, T.; Sawada, H.; Kumakura, K.; Nagayama, K.
Mechanism of resistance to carpropamid in Magnaporthe grisea. Pest. Manag. Sci. 2004, 60, 921-926.
[CrossRef] [PubMed]

8.  Olaya, G.; Buitrago, C.; Pearsaul, D.; Sierotzki, H.; Tally, A. Detection of resistance to Qol fungicides in
Rhizoctonia solani isolates from rice. Phytopathology 2012, 102, 88.

9. Fairchild, K.L.; Miles, T.D.; Wharton, P.S. Assessing fungicide resistance in populations of Alternaria in Idaho
potato fields. Crop Protect. 2013, 49, 31-39. [CrossRef]

10. Cheval, P; Siah, A.; Bomble, M.; Popper, A.D.; Reignault, P.; Halama, P. Evolution of Qol resistance of the
wheat pathogen Zymoseptoria tritici in Northern France. Crop Protect. 2017, 92, 131-133. [CrossRef]

11.  Muzhinji, N.; Woodhall, J.W.; Truter, M.; van der Waals, ].E. Variation in fungicide sensitivity among
Rhizoctonia isolates recovered from potatoes in South Africa. Plant Dis. 2018, 102, 1520-1526. [CrossRef]

12. Liu, S; Fu, L; Wang, S.; Chen, J.; Jiang, J.; Che, Z,; Tian, Y., Chen, G. Carbendazim resistance of
Fusarium graminearum from Henan wheat. Plant Dis. 2019, 103, 2536-2540. [CrossRef]

13.  Fernandez-Ortufio, D.; Torés, J.A.; de Vicente, A.; Pérez-Garcia, A. Mechanisms of resistance to Qol fungicides
in phytopathogenic fungi. Int. Microbiol. 2008, 11, 1-9.

14. Lucas, J.A.; Hawkins, N.J.; Fraaije, B.A. The evolution of fungicide resistance. Adv. Appl. Microbiol. 2015,
90, 29-92.

15.  Chen, Z.-F,; Ying, G.-G. Occurrence, fate and ecological risk of five typical azole fungicides as therapeutic and
personal care products in the environment: A review. Environ. Int. 2015, 84, 142-153. [CrossRef] [PubMed]

16. Esteve-Turrillas, FA.; Agullo, C.; Abad-Somovilla, A.; Mercader, ].V.; Abad-Fuentes, A. Fungicide multiresidue
monitoring in international wines by immunoassays. Food Chem. 2016, 196, 1279-1286. [CrossRef] [PubMed]

17.  Carvalho, EP. Pesticides, environment, and food safety. Food Energy Secur. 2017, 6, 48-60. [CrossRef]

18. Brent, KJ.; Hollomon, D.W. Fungicide Resistance in Crop Pathogens: How Can It be Managed?
Fungicide Resistance Action Committee: Brussels, Belgium, 2007.

96



Antibiotics 2020, 9, 842

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Alvarez-Martin, A.; Rodriguez-Cruz, M.S.; Andrades, M.S.; Sanchez-Martin, M.]. Application of a biosorbent
to soil: A potential method for controlling water pollution by pesticides. Environ. Sci. Pollut. Res. Int. 2016,
23,9192-9203. [CrossRef]

Campbell, B.C.; Chan, K.L.; Kim, ].H. Chemosensitization as a means to augment commercial antifungal agents.
Front. Microbiol. 2012, 3, 79. [CrossRef]

Dzhavakhiya, V.G.; Shcherbakova, L.A.; Semina, Y.V.; Zhemchuzhina, N.S.; Campbell, B. Chemosensitization of
plant pathogenic fungi to agricultural fungicides. Front. Microbiol. 2012, 3, 87. [CrossRef]

Kim, K; Lee, Y.; Ha, A.; Kim, J.I; Park, A.R.; Yu, N.H.; Son, H.; Choi, G.J.; Park, HW.; Lee, CW.; et al.
Chemosensitization of Fusarium graminearum to chemical fungicides using cyclic lipopeptides produced by
Bacillus amyloliquefaciens strain JCK-12. Front. Plant Sci. 2017, 8, 2010. [CrossRef]

Shcherbakova, L.A.; Syomina, Y.V.; Arslanova, L.R.; Nazarova, T.A.; Dzhavakhiya, V.G. Metabolites secreted
by a nonpathogenic Fusarium sambucinum inhabiting wheat rhizosphere enhance fungicidal effect of some
triazoles against Parastagonospora nodorum. AIP Conf. Proc. 2019, 2063, 030018.

Kim, J.H.; Chan, K.L. Augmenting the antifungal activity of an oxidizing agent with kojic acid: Control of
Penicillium strains infecting crops. Molecules 2014, 19, 18448-18464. [CrossRef]

Kartashov, M.L; Shcherbakova, L.A.; Dzhavakhiya, V.G. In vitro enhancement of the sensitivity to
tebuconazole in Bipolaris sorokiniana, a causative agent of cereal root rots, by a microbial metabolite
6-demethylmevinolin. In Abstract Book of 19th International Reinhardsbrunn Symposium on Modern Fungicides
and Antifungal Compounds, Friedrichroda, Germany, 7-11 April 2019; DPG Verlag: Braunschweig, Germany,
2019; p. 48.

Wang, E; Wang, Z.; Zhang, B.; Zhang, Q. Degradation and adsorption of tebuconazole and tribenuron-methyl
in wheat soil, alone and in combination. Chil. J. Agric. Res. 2017, 77, 281-286. [CrossRef]

Odintsova, T.; Shcherbakova, L.; Slezina, M.; Pasechnik, T.; Kartabaeva, B.; Istomina, E.; Dzhavakhiya, V.
Hevein-like antimicrobial peptides WAMPs: Structure-function relationship in antifungal activity and
sensitization of plant pathogenic fungi to tebuconazole by WAMP-2-derived peptides. IJMS 2020, 21, 7912.
[CrossRef] [PubMed]

Smiley, R.W.; Gourlie, ].A.; Easley, S.A.; Patterson, L.M. Pathogenicity of fungi associated with the wheat
crown rot complex in Oregon and Washington. Plant Dis. 2005, 89, 949-957. [CrossRef] [PubMed]
Gagkaeva, T.Y.; Gavrilova, O.P,; Levitin, M.M.; Novozhilov, K.V. Fusarium diseases of grain crops. Zashchita i
Karantin Rastenii 2011, S5, 69-120.

Matin, M.; Farugq, A. Prevalence of pathogenic fungi in soils of wheat field. J. Exp. Biosci. 2013, 4, 63—-68.
Richer, D.L. Synergism: A patent view. Pestic. Sci. 1987, 19, 309-315. [CrossRef]

Paul, PA.; Lipps, PE.; Hershman, D.E; McMullen, M.P; Draper, M.A.; Madden, L.V. Efficacy of
triazole-based fungicides for Fusarium head blight and deoxynivalenol control in wheat. Phytopathology 2008,
98,999-1011. [CrossRef]

Klix, M.B.; Verreet, J.A.; Beyer, M. Comparison of the declining triazole sensitivity of Gibberella zeae and increased
sensitivity achieved by advances in triazole fungicide development. Crop Prot. 2007, 26, 683-690. [CrossRef]
Masiello, M.; Somma, S.; Ghionna, V.; Logrieco, A.F.; Moretti, A. In vitro and in field response of different
fungicides against Aspergillus flavus and Fusarium species causing ear rot disease of maize. Toxins 2019,
11, 11. [CrossRef]

Mullenborn, C.; Steiner, U.; Ludwig, M.; Oerke, E.C. Effect of fungicides on the complex of Fusarium species
and saprophytic fungi colonizing wheat kernels. Eur. |. Plant Pathol. 2008, 120, 157-166. [CrossRef]

Ivic, D.; Sever, Z.; Kuzmanovska, B. Invitro sensitivity of Fusarium graminearum, F. avenaceum and
F. verticillioides to carbendazim, tebuconazole, flutriafol, metconazole and prochloraz. Pestic. Fitomedicina
2011, 26, 35-42. [CrossRef]

Deising, H.B.; Reimann, S.; Pascholati, S.F. Mechanisms and significance of fungicide resistance. Br. J. Microbiol.
2008, 39, 286-295. [CrossRef]

Becher, R.; Hettwer, U.; Karlovsky, P.; Deising, H.B.; Wirsel, S.G.R. Adaptation of Fusarium graminearum
to tebuconazole yielded descendants diverging for levels of fitness, fungicide resistance, virulence, and
mycotoxin production. Phytopathology 2010, 100, 444-453. [CrossRef] [PubMed]

Avozani, A; Tonin, R.B.; Reis, E.M.; Camera, J.; Ranzi, C. In vitro sensitivity of Fusarium graminearum isolates
to fungicides. Summa Phytopathol. 2014, 40, 231-247. [CrossRef]

97



Antibiotics 2020, 9, 842

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pawar, P; Bhosale, A.; Lolage, Y.; Arts, S.; Commerce, D. Alternaria blight of tomato (Lycopersicon esculentum
Mill). Int. ]. Adv. Technol. Innov. Res. 2016, 8, 1727-1728.

Arabiat, S.; Khan, M.ER. Sensitivity of Rhizoctonia solani AG-2-2 from sugar beet to fungicides. Plant Dis.
2016, 100, 2427-2433. [CrossRef]

Castroagudin, V.L,; Fiser, S.; Cartwright, R.D.; Wamishe, Y.; Correll, J.C. Evaluation of Rhizoctonia solani AG
1-IA and Rhizoctonia species for resistance to Qol fungicides. Phytopathology 2013, 103 (Suppl. 2), S2-524.
Broquist, H. Slaframine and swainsonine, mycotoxins from Rhizoctonia leguminicola. Toxin Rev. 2008,
5,241-252. [CrossRef]

Fraeyman, S.; Croubels, S.; Devreese, M.; Antonissen, G. Emerging Fusarium and Alternaria mycotoxins:
Occurrence, toxicity and toxicokinetics. Toxins 2017, 9, 228. [CrossRef]

Dzhavakhiya, V.G.; Voinova, T.M.; Popletaeva, S.B.; Statsyuk, N.V,; Limantseva, L.A.; Shcherbakova, L.A.
Effect of various compounds blocking the colony pigmentation on the aflatoxin Bl production by
Aspergillus flavus. Toxins 2016, 8, 313. [CrossRef]

Fourtouni, A.; Manetas, Y.; Christias, C. Effects of UV-B radiation on growth, pigmentation, and spore
production in the phytopathogenic fungus Alternaria solani. Can. J. Bot. 1998, 76, 2093-2099.

Alan, A ; Earle, E. Sensitivity of bacterial and fungal plant pathogens to the lytic peptides, MSI-99, Magainin II,
and Cecropin B. Mol. Plant Microbe Interact. 2002, 15, 701-708. [CrossRef] [PubMed]

Ukraintseva, S.N.; Voinova, T.M.; Dzhavakhiya, V.G. Penicillium citrinum strain improvement for
compactin production by induced-mutagenesis and optimization of obtained mutant cultivation conditions.
In Biotechnology and Medicine; Zaikov, G.E., Ed.; Nova Science Publishers: New York, NY, USA, 2004;
pp- 71-78.

Aver’yanov, A.A.; Lapikova, V.P.,; Pasechnik, T.D.; Abramova, O.S.; Gaivoronskaya, L.M.; Kuznetsov, V.V,;
Baker, C.J. Pre-illumination of rice blast conidia induces tolerance to subsequent oxidative stress. Fungal Biol.
2014, 118, 743-753. [CrossRef] [PubMed]

Canton, E.; Peman, J.; Gobernado, M.; Viudes, A.; Espinel, I.A. Synergistic activities of fluconazole
and voriconazole with terbinafine against four Candida species determined by checkerboard,
time-kill, and E-test methods. Antimicrob. Agent Chemother. 2005, 49, 1593-1596. [CrossRef] [PubMed]

Orhan, G.; Bayram, A.; Zer, Y.; Balci, I. Synergy tests by E test and checkerboard methods of antimicrobial
combinations against Brucella melitensis. |. Clin. Microbiol. 2005, 43, 140-143. [CrossRef]

Odds, EC. Synergy, antagonism, and what the chequerboard puts between them. J. Antimicrob. Chemother.
2003, 52, 1. [CrossRef]

Sparling, D.W. Modeling in ecotoxicology. In Ecotoxicology Essentials, 1st ed.; Donald, W., Ed.; Academic Press:
London, UK, 2016; pp. 361-390.

Espinel-Ingroff, A.; Canton, E.; Peman, J. Antifungal susceptibility testing of filamentous fungi. Curr. Fungal
Infect. Rep. 2012, 6, 41-50. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

98



antibiotics @\py

Article

Antibacterial Activity of Volatile Organic Compounds
Produced by the Octocoral-Associated Bacteria Bacillus
sp. BO53 and Pseudoalteromonas sp. GA327

Anette Garrido I'*, Librada A. Atencio 1*(0, Rita Bethancourt 2, Ariadna Bethancourt 2,
Héctor Guzman 3, Marcelino Gutiérrez 1'*© and Armando A. Durant-Archibold 1-4*

1 Center for Biodiversity and Drug Discovery, Instituto de Investigaciones Cientificas y Servicios de Alta

Tecnologia (INDICASAT AIP), Panama City 0843-01103, Panama; anecgarrido@gmail.com (A.G.);
latencio@indicasat.org.pa (L.A.A.)

Department of Microbiology and Parasitology, College of Natural, Exact Sciences, and Technology,
Universidad de Panama, Panama City 0824-03366, Panama; rita.bethancourt@up.ac.pa (R.B.);
ariadna.bethancourt@up.ac.pa (A.B.)

Smithsonian Tropical Research Institute, Panama City 0843-03092, Panama; GuzmanH@si.edu
Department of Biochemistry, College of Natural, Exact Sciences, and Technology, University of Panama,
Panama City 0824-03366, Panama

Correspondence: mgutierrez@indicasat.org.pa (M.G.); adurant@indicasat.org.pa (A.A.D.-A.)

t  These authors contributed equally to this work.

check for

Received: 29 October 2020; Accepted: 16 December 2020; Published: 18 December 2020 updates

Abstract: The present research aimed to evaluate the antibacterial activity of volatile
organic compounds (VOCs) produced by octocoral-associated bacteria Bacillus sp. BO53 and
Pseudoalteromonas sp. GA327. The volatilome bioactivity of both bacteria species was evaluated
against human pathogenic antibiotic-resistant bacteria, methicillin-resistant Staphylococcus aureus,
Acinetobacter baumanni, and Pseudomonas aeruginosa. In this regard, the in vitro tests showed that
Bacillus sp. BO53 VOCs inhibited the growth of P. aeruginosa and reduced the growth of S. aureus and
A. baumanni. Furthermore, Pseudoalteromonas sp. GA327 strongly inhibited the growth of A. baumanni,
and P. aeruginosa. VOCs were analyzed by headspace solid-phase microextraction (HS-SPME) joined
to gas chromatography-mass spectrometry (GC-MS) methodology. Nineteen VOCs were identified,
where 5-acetyl-2-methylpyridine, 2-butanone, and 2-nonanone were the major compounds identified
on Bacillus sp. BO53 VOCs; while 1-pentanol, 2-butanone, and butyl formate were the primary volatile
compounds detected in Pseudoalteromonas sp. GA327. We proposed that the observed bioactivity
is mainly due to the efficient inhibitory biochemical mechanisms of alcohols and ketones upon
antibiotic-resistant bacteria. This is the first report which describes the antibacterial activity of VOCs
emitted by octocoral-associated bacteria.

Keywords: octocoral-associated bacteria; antibacterial activity; volatilome; Bacillus; Pseudoalteromonas;
bacteria volatile organic compounds; antibiotic-resistant bacteria

1. Introduction

For centuries, the fight against bacterial infections has been one the focus of attention of humanity.
Although in the 20th century an important number of discovered antibacterial compounds have
improved the quality of life of the people, it has been observed an increased antibiotic resistance
prevalence among bacteria which represents the greatest challenge to human health. The main
molecular mechanisms of bacteria resistance to antibiotics are due to mutations in bacterial genes;
and due to the elevated number of multidrug resistance pumps (MDR pumps), which extrudes
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antibiotics out of the bacterial cells [1-3]. It is therefore imperative the discovery of new therapeutic
compounds that overcome the bacterial resistance to antimicrobial agents. Among the major
critical group of multidrug-resistant bacteria are Staphylococcus aureus, Pseudomonas aeruginosa,
and Acinetobacter baumannii [4]. S. aureus is a commensal Gram-positive bacteria, which causes different
types of diseases such as endocarditis, septic arthritis, necrotizing fasciitis, parotitis, pyomyositis,
osteomyelitis, and skin infections [5]. P. aeruginosa is an opportunistic pathogen that is a leading cause
of morbidity and mortality in cystic fibrosis patients and immunocompromised individuals. Moreover,
it is one of the main risk factors for nosocomial infections and ventilator-associated pneumonia [6].
A. baumannii is a Gram-negative Bacillus, which is the main cause of hospital-acquired infections,
leading to septicemia and pneumonia in immune-compromised hosts [7].

Natural antibacterial agents represent the main source of new drugs [8,9]. Most of the scientific
investigations for the discovery of drugs with bioactivity against different illnesses have been focused
on living organisms from the terrestrial ecosystem. However, in recent years an important number
of researches undertaken for the discovery of new bioactive natural products have been performed
on marine organisms [10,11]. In this sense, corals (Cnidaria) are aquatic invertebrates in which
thousands of bacterial phylotypes coexist. Coral’s microbiome association mainly depends on the
corals’ species on which they develop a relevant role in the biosynthesis of compounds with a high
degree of bioactivities, for protection against pathogenic microorganisms. Thus, the coral microbiome
is an important source of antibacterial natural products [11-14].

Many marine bacteria produce volatile organic compounds (VOCs) whose bioactivity against
human pathogenic bacteria are at the early stages of investigation [15-20]. These VOCs are small
molecules biosynthesized by primary and secondary metabolic pathways and include chemical
classes such as alcohols, esters, aliphatic and aromatic hydrocarbons, terpenes, nitrogen, and sulfur
compounds, among others. The bacteria volatile organic compounds (bVOCs), contribute to the
intra- or inter-communication, and protection against other microorganisms [15,17]. Taking this into
account, marine bacteria VOCs can be considered a highly potential source of drugs with antibacterial
bioactivity. Despite bacterial symbionts of octocorals represent a source of potential antibiotic drugs [14],
no investigation has been focused on the assessment of the antibacterial activity of bVOCs. Accordingly,
the purpose of this research is to study the antibiotic activity of VOCs of bacteria isolated from two
different octocoral species of the Caribbean Sea against human pathogenic bacteria P. aeruginosa,
A. baumannii, and methicillin-resistant S. aureus.

2. Results

2.1. Identification of Marine Bacteria BO53 and GA327

The marine bacteria species BO53 and GA327, isolated in Panama from Pseudopterogorgia acerosa
(Pallas, 1766) and Muriceopsis sulphurea (Donovan, 1825), respectively, were identified by 16S rRNA
gene sequence analyses. In this sense, the 165 rRNA gene sequence of each species shows 99% sequence
similarity with Bacillus sp. (BO53) and Pseudoalteromonas sp. (GA327) species, when compared to those
in the GenBank database (https://www.ncbi.nlm.nih.gov/genbank), using the Basic Local Alignment
Search Tool (BLAST). GeneBank accession numbers of the 165 rRNA sequence of BO53 and GA327 are
MK291446 and KU213068, respectively.

2.2. Antibacterial Activity of VOCs Produced by Bacillus sp. BO53 and Pseudoalteromonas sp. GA327

The in vitro study to determine the antibacterial activity of volatile compounds produced by
marine bacteria Bacillus sp. BO53 and Pseudoalteromonas sp. GA327 species revealed that both bacterial
compounds had inhibitory activity towards A. baumannii, P. aeruginosa, and methicillin-resistant
S. aureus growth (Table 1). The Gram-positive Bacillus sp. BO53 volatile organic compounds lead
to significant growth inhibition of P. aeruginosa at 24 h, and to growth reduction of S. aureus and
A. baumannii at 48 h. The volatiles released by the Gram-negative Pseudoalteromonas sp. GA327 lead to
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the growth inhibition of A. baumannii at 24 h, and P. aeruginosa at 48 h, and did not inhibit the growth
of S. aureus. On the other hand, in the absence of bVOCs produced by marine bacteria, the growth of
human pathogenic bacteria was not suppressed. The inhibition of Gram-negative pathogenic bacteria
growth by marine bacteria VOCs was greater for Pseudoalteromonas sp. GA327, than Bacillus sp. BO53;
while on the other hand, the bioactivity of VOCs on Gram-positive pathogenic bacteria, was higher for
Bacillus sp. BO53 than Pseudoalteromonas sp. GA327.

Table 1. Antibacterial effect of Bacillus sp. and Pseudoalteromonas sp. volatile compounds against
Acinetobacter baumanni, Staphylococcus aureus, and Pseudomonas aeruginosa pathogenic bacteria.

Bacillus sp. BO53 Pseudoalteromonas sp. GA327

Species Strain
24h 48 h 24h 48 h
A. baumanni ATCC 19606 - + + +
S. aureus ATCC 43300 - + - -
P. aeruginosa ATCC 10145 - + + +

(+) Growth inhibition; (+) Growth reduction; (-) No inhibition.

2.3. Identification of VOCs from Bacillus sp. BO53 and Pseudoalteromonas sp. GA327

The analysis for identification of VOCs biosynthesized by octocoral-associated bacteria
Bacillus sp. BO53 and Pseudoalteromonas sp. GA327 was performed by HS-SPME-GC-MS technique.
Each marine bacteria sample was analyzed three times using the DVB/CAR/PDMS coating solid-phase
microextraction fiber; 37 °C extraction temperature; and 40 min extraction time. DVB/CAR/PDMS fiber
was selected due to its high capacity for the extraction of volatile and semi-volatile compounds present
in samples [21-23].

In total, 19 bVOCs were identified, of which 11 were detected in Bacillus sp. BO53 and 13 in
Pseudoalteromonas sp. GA327 (Table 2). Compounds that were present in the blank Luria Bertani (LB)
broth, supplemented with seawater, were excluded. Ketone comprised the largest compounds detected
in Bacillus sp. BO53, followed by alcohols, sesquiterpenes, monoterpenes, aromatics, and alkanes
(Figure 1a). 5-Acetyl-2-methylpyridine (64.63%), 2-butanone (17.03%), and 2-nonanone (7.00%) were
the major VOCs detected in Bacillus sp. BO53. In the case of Pseudoalteromonas sp. GA327, alcohols are
the main compounds detected followed by ketones, ester, and monoterpene compounds (Figure 1b).
1-Pentanol (38.91%), 2-butanone (20.14%), and butyl formate (17.30%) were the primary VOCs
detected in Pseudoalteromonas sp. GA327. 2,4-trimethylpentane, o-xylene, 5-acetyl-2-methylpyridine,
a-cubebene, 1-undecanol, and x-longicyclene are the specific VOCs produced by Bacillus sp. BO53
(Figure 2b); while 1-butanol, 2-pentanone, butyl formate, 2-heptanone, 6-methyl-5-heptene-2-one,
benzyl alcohol, 2-decanone, 2-undecanone were found only in Pseudoalteromonas sp. GA327 (Figure 2c).

Table 2. Identified mVOCs produced by the marine bacteria Bacillus sp. BO53 and Pseudoalteromonas

sp. GA327.
% Detected Compound on Each Species
Compound TRI ERI Buggg; Sp- Pseudoalteromonas sp. GA327
2-Butanone 602 609 17.03 20.14
1-Butanol 671 676 - 4.55
2,2 4-Trimethylpentane 680 687 0.46 -
2-Pentanone 687 693 - 1.29
1-Pentanol 775 780 1.33 38.91
Butyl formate 787 793 - 17.30
0-Xylene 884 891 0.47 -
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Table 2. Cont.

% Detected Compound on Each Species

Compound TRI ERI Baggl; SP- Pseudoalteromonas sp. GA327
2-Heptanone 889 895 - 7.99
6-Methyl-5-heptene-2-one 988 995 - 0.37
p-Cymene 1021 1027 0.50 0.98
Benzyl Alcohol 1033 1040 - 3.32
2-Nonanone 1096 1102 7.00 1.38
3-Methylacetophenone 1176 1184 0.26 1.18
5-Acetyl-2-methylpyridine ~ 1189 1193 64.63 -
2-Decanone 1190 1198 - 1.01
2-Undecanone 1291 1300 - 1.58
a-Cubebene 1354 1355 0.43 -
1-Undecanol 1370 1374 4.58 -
a-Longicyclene 1374 1380 3.30 -

TRI: Theoretical Retention Index; ERI: Experimental Retention Index.

Bacillus sp. BO53

88.93% Ketone

5.91% Alcohol
3.73% Sesquiterpene
0.50% Monoterpene
0.47% Aromatic
0.46% Alkane

b.

Pseudoalteromonas sp. GA327

46.78% Alcohol
34.94% Ketone
17.30% Ester

0.98%  Monoterpene

Figure 1. The proportion of the chemical families of VOCs detected in octocoral-associated bacteria
Bacillus sp. BO53 and Pseudoalteromonas sp. GA327.
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Figure 2. Molecular structure of Bacillus sp. BO53 and Pseudoalteromonas sp. GA327. detected volatile
compounds. (a) VOCs detected on Bacillus sp. BO53 and Pseudoalteromonas sp. GA327: (1) 2-butanone,
(2) 1-pentanol, (3) p-cymene, (4) 3-methylacetophenone, (5) 2-nonanone, (b) VOCs detected only on
Bacillus sp. BO53: (6) 2,2,4-trimethylpentane, (7) o-xylene, (8) 5-acetyl-2-methylpyridine, (9) a-cubebene,
(10) 1-decanol, (11) logicyclene, (c) VOCs detected only on Pseudoalteromonas sp. GA327: (12) 2-butanone,
(13) 2-pentanone, (14) butyl formate, (15) 2-heptanone, (16) 6-methyl-5-heptene-2-one, (17) benzyl
alcohol, (18) 2-decanone, (19) 2-undecanone.

3. Discussion

Human pathogenic bacteria, A. baumannii, methicillin-resistant S. aureus, and P. aeruginosa bacteria,
are antibiotic-resistant microorganisms for which the development of research for the discovery of new
antibacterial drugs have become crucial. To date, only a small number of marine bacteria have been
studied for bioactive bVOCs [24].

This study aimed to determine the antibacterial activity of the volatilome produced by marine
bacteria, Bacillus sp. BO53 and Pseudoalteromonas sp. GA327, isolated from octocorals. Overall,
the VOCs produced by Pseudoalteromonas sp. GA327 lead to the inhibition of the two Gram-negative
pathogenic bacteria investigated at early stages (24 h) when compared to the antibacterial activity of
Bacillus sp. BO53. The antibacterial activity of Bacillus sp. BO53 VOCs against P. aeruginosa was higher
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than for A. baumannii and S. aureus, and lead to a total inhibition of P. aeruginosa growth within 48 h
after exposure to the Bacillus sp. BO53 VOCs.

The HS-SPME-GC-MS analysis, lead to the identification of ketones, mainly 5-acetyl-2-
methylpyridine, as the most abundant volatile compound produced by Bacillus sp. BO53. Among the
main VOCs biosynthesized by bacteria are ketones and alcohols [25]. It is evident from this research
that the volatile compound 5-acetyl-2-methylpyridine leads to the growth reduction of A. baumannii,
S. aureus, and the inhibition of P. aeruginosa. In this sense, pyridine derivatives have shown relevant
bioactivity against Gram-positive and Gram-negative bacteria [26]. The antibacterial activity of this
volatile compound has to be performed to corroborate its bioactivity. On the other hand, studies have
reported a relevant inhibitory activity of 2-butanone upon S. aureus, P. aeruginosa, and E. coli [27].
Furthermore, Arambula et al. [28] have reported an important growth inhibition of S. aureus and
E. coli by 2-nonanone. The alcohol volatile compound 1-undecanol, which was determined as one
of the main compounds produced by Bacillus sp. BO53 inhibits S. aureus by damaging the bacterial
cell membrane [29]. This reported bioactivity also might contribute to the growth reduction of
methicillin-resistant S. aureus observed in the current study. The lack of complete inhibition of S. aureus
and A. baumannii strains can be attributed to the low amount of VOCs produced by Bacillus sp. BO53,
which was due to its low growth rates.

The results of this investigation have revealed an effective antibacterial activity of Pseudoalteromonas sp.
GA327 VOCs on A. baumannii and P. aeruginosa strains. These observations suggest that alcohol, ketone,
and ester volatile compounds, which were the most abundant VOCs identified from Pseudoalteromonas sp.
GAB327, generate an efficient inhibitory biochemical mechanism on the Gram-negative bacteria studied.
1-Pentanol and benzyl alcohol, which were detected in high amounts in Pseudoalteromonas sp. GA327,
affect the bacterial cell membrane, causing fluidization or interrupting the functions of the membrane
proteins. The alteration of the bacterial membrane due to volatile alcohols allows other antimicrobial
compounds to easily penetrate the cell membrane [30] 2-Butanone was the main antibacterial ketone
identified from Pseudoalteromonas sp. GA327. On the other hand, it has been reported that 2-heptanone,
6-methyl-5-heptene-2-one, and 2-undecanone ketones, produced by Pseudoalteromonas sp. GA327,
present antibacterial properties against pathogenic Gram-positive and Gram-negative bacteria [31-35].
Regarding the inhibitory activity of the volatile ester butyl formate, one of the VOCs detected in higher
amounts in Pseudoalteromonas sp. GA327, Calvo et al. [36] reported the presence of this molecule within
the antifungal VOCs produced by the bacteria B. velezensis. Therefore, the results of the present study
suggest the potential antibacterial bioactivity of butyl formate.

4. Materials and Methods

4.1. Bacterial Isolation from Octocorals

Isolated bacteria GA327 and BO53 were obtained from two octocorals hosts located in coastal
Caribbean Sea waters of Panama: GA327 from Pseudopterogorgia acerosa and Muriceopsis sulphurea. M.
sulphurea was collected at Punta Galeta in Colon Province (9°24’16” N 79°51’35” W), and P. acerosa from
San Cristobal Island in Bocas del Toro Province (9°15’31” N 82°16’12” W).

For isolation of the octocoral-associated bacteria, 0.5 mL of the coral mucus was inoculated on
agar plates with seawater-based nutrient medium (500 mg of mannitol, 100 mg of peptone, 8 g of
Noble agar, and rifampicin [5 pg/mL] in 1 L of seawater). The octocoral-associated bacteria, GA327 and
BO53, were subsequently isolated from the collection plate and successively replated until the pure
isolated bacteria was obtained.

4.2. Molecular Identification of Octocoral-Associated Bacteria Species

The genetic identification of the bacterial species GA237 and BO53 was performed based on
the methodology described by Atencio et al. [13]. Briefly, for DNA extraction, one milliliter of the
GA237 and BO53 species were cultured on Luria Bertani (LB) broth (Difco, Michigan, MI, USA),
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supplemented with seawater, and grown at 25 °C for 24 h. The samples were then centrifuged at
10,000 rpm for 2 min. The resulting pellet was resuspended in 500 uL of 5% Chelex-100. Each suspension
was vortexed and incubated at 56 °C for 20 min, then boiled at 100 °C for 10 min, and placed on ice
for 2 min. The samples were centrifuged at 13,000 rpm for 5 min. Subsequently, the supernatants
containing the DNA were transferred to a new tube and stored at —20 °C.

The DNA fragment of the 165 rRNA gene was amplified by PCR using primers pairs
27F (5’-AGAGTTTGATCMTGGCTCAG-3") and 1492R (5'-TACGGYTACCTTGTTACGACTT-3'),
and sequenced using 518F (5’CCAGCAGCCGCGGTAATACG3’) and 800R (5TACCAGGG
TATCTAATCC3’) primers [37]. The obtained sequences were compared to 16S rRNA gene sequences,
using the BLAST algorithm, deposited in the GenBank, keeping a maximum of 100 hits per query
sequence. Moreover, 16S rRNA sequences were compared against RDP (Ribosomal Database
Project) [38] and aligned against the SILVA reference database using SINA with a 98% similarity
threshold [39]. The nucleotide sequence of the BO53 and GA327 species have been submitted to the
GenBank database under the accession number MK291446 and KU213068, respectively.

4.3. Pathogenic Bacterial Strains

Pathogenic bacteria A. baumannii (ATCC 19606), P. aeruginosa (ATCC 10145), and S. aureus (ATCC
43300) were maintained on LB medium at 37 °C. Each pathogenic strain was transferred to LB broth
and was grown at 37 °C overnight. These broths were used to prepare dilutions of 0.5 McFarland to
use as inoculum for the antibacterial activity assays.

4.4. Antibacterial Activity of Marine bVOCs

The antibacterial activity of the VOCs of BO53 and GA327 species were determined by the double
plate test method of Romoli et al. [40] with slight modifications. BO53 and GA327 species were
cultured by triplicate on LB broth, supplemented with sterile seawater, and incubated at 37 °C for
24 h. A dilution of the cultured marine bacteria was made to achieve a turbidity of 0.5 McFarland,
and then each dilution was inoculated on LB plates supplemented with sterile seawater (hereafter
marine bacteria plate) and placed on an incubation chamber at 37 °C overnight. Afterward, the Petri
dish lid was taken off and a plate with only LB medium (hereafter pathogenic bacteria plate) was placed
over the marine bacteria plate. Both plates were sealed with parafilm and incubated at 37 °C for 24 h,
to allow the VOCs generated by the marine bacteria to be absorbed in the pathogenic bacteria plate.
Afterward, the 0.5 McFarland dilutions of each pathogenic strain were inoculated homogeneously on
the pathogenic bacteria plate with a sterile cotton swab, and placed again over the marine bacteria plate,
sealed with parafilm, and incubated at 37 °C for 48 h. The pathogen’s growth was evaluated every
24 h. Antibacterial activities were compared to negative controls. The pathogenic bacteria growth
inhibition by the marine bVOCs was judged as “+” (complete inhibition), “+” (reduced growth), and “-*
(no detectable bioactivity). Each experiment was carried out in triplicate.

4.5. Marine Bacteria Volatolome Analysis

Pseudoalteromonas sp. GA327 and Bacillus sp. BO53 species were cultured in glass vials, by triplicate,
on LB medium supplemented with sterile seawater and incubated at 37 °C for 24 h. The samples were
subsequently analyzed after 48 h of incubation. Three vials containing LB medium supplemented with
sterile seawater, but not inoculated, were incubated under the same conditions.

The VOCs of all samples were analyzed by headspace-solid phase microextraction-gas
chromatography-mass spectrometry (HS-SPME-GC-MS) method [22,41]. A divinylbenzene-carboxen-
polydimethylsiloxane (DVB/CAR/PDMS 50/30 um) fiber (Supelco, Bellefonte, PA, USA) was exposed
to the headspace of the samples for 40 min at 37 °C. The isolated VOCs were analyzed by GC-MS,
on a GC 6890N coupled to a 5975C mass spectrometry detector (Agilent Technologies, Palo Alto, CA,
USA). VOCs were desorbed by insertion of the SPME fiber into the GC injection port, in splitless mode,
for 2 min at 250 °C. The compounds were separated on an HP-5MS capillary column (30 m length,
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0.25 mm id, 0.25 pm), using He as carrier gas at 1 mL/min. The oven temperature was 50 °C for 2 min,
then increased to 240 °C at 6 °C/min and held for 5 min. MS detector was operated in electron impact
mode (EV =70 eV); in scan mode from 30 to 550 m/z; with an ion source temperature of 250 °C.

VOCs were identified by comparing their MS spectra with Registry of Mass Spectral Data with
Structures library (Wiley 7th edition, USA), and National Institute of Standards and Technology library
(NIST) spectral databases, and by using authentic standards when available. Additional identification
was performed by determination of the compounds Kovat’s retention index (RI) by using an alkane
standard solution C8-C20 (Sigma- Aldrich, Saint Louis, MO, USA). VOCs compounds identified in
vials not inoculated were excluded from the data analyses. The relative quantities of the volatile
compounds are expressed as percent peak areas relative to the total peak area of identified compounds
from the average of the three replicates [22,42].

5. Conclusions

The antibacterial activity of octocoral-associated bacteria Bacillus sp. BO53 and Pseudoalteromonas sp.
GA327 VOCs were determined for the first time. Bacillus sp. BO53 volatile compounds lead to complete
inhibition of P. aeruginosa and displayed growth reduction on A. baumannii and methicillin-resistant
S. aureus; while Pseudoalteromonas sp. GA327 VOCs exhibited a high inhibition against both
Gram-negative bacteria species and were inefficient against S. aureus growth. HS-SPME-GC-MS
methodology allowed the identification of VOCs produced by both octocoral-associated bacteria.
Alcohol and ketone volatile compounds were the most abundant VOCs detected. The bacterial emission
of these VOCs might explain the antibacterial activity observed. The results of this study justified
future research to determine the antibacterial activity of a few of the identified VOCs to evaluate their
potential bioactivity against antibiotic-resistant bacteria.
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Abstract: The current study was designed to assess the impact of L-carnitine (LC) supplementation in
the drinking water of growing Alexandria-line rabbits on performance and physiological parameters.
Two hundred eighty-eight 35-day-old rabbits were divided into four groups of twenty-four replicates
each (seventy-two rabbits/treatment). The treatment groups were a control group without LC and
three groups receiving 0.5, 1, and 1.5 g/L LC in the drinking water intermittently. The results showed
that the group receiving 0.5 g LC/L exhibited significant improvements in final body weight, body
weight gain, feed conversion ratio, and performance index compared to the other groups. The feed
intake remained unaffected except for the 1.5 g LC/L group, which had significantly decreased
intake. Hematological parameters improved in all supplemented groups. Compared with those in
the control group, the 0.5 g LC/L group showed significant increases in serum total protein and
high-density lipoprotein, along with decreased cholesterol and low-density lipoprotein. Compared to
other supplemented groups, this group also demonstrated superior carcass traits (carcass, dressing,
giblets, and percentage of nonedible parts). In conclusion, intermittent supplementation of LC in
the drinking water, particularly at 0.5 g/L twice a week, positively influenced the productivity,
hematology, serum lipid profile, and carcass traits of Alexandria-line growing rabbits at 84 days
of age.

Keywords: carnitine; Alexandria-line rabbits; productive performance; hematology; lipid profile; carcass

1. Introduction

Rabbits are an exciting field that is vital for providing humans with animal protein, es-
pecially in developing countries. Scientific institutions and the general public have recently
paid close attention to the quantitative and qualitative features of rabbit meat [1,2]. The
most critical period of a rabbit’s life is after weaning, when rabbits turn from feeding milk
to a solid diet [3]; this leads to digestive disorders, poor growth rates, poor feed efficiency,
and increased mortality rates [4,5], and antibiotics are used to solve these problems. Be-
cause of the issues of human health caused by antibiotics, European Union countries have
banned their use [6]. Scientists have been researching natural substitutes for antibiotics that
may promote rabbit growth and ensure that rabbits are kept healthy, such as prebiotics,
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probiotics, phytobiotics, essential oils, and herbs [7]. Some nutritional additives, such as
LC, have beneficial effects on health status and are required for growth [8-10].

LC is water soluble and plays a vital role in the metabolism of long-chain fatty acids
by transferring through the inner mitochondrial membrane for (3-oxidation [11,12]. It
also affects carbohydrate metabolism, which regulates pyruvate dehydrogenase in the
glycolysis pathway and Krebs cycle to produce energy from glucose [11,12]. Moreover,
scientists widely recognize amphiphilic chemicals as effective antimicrobial substances.
According to Calvani et al. [13] quaternary ammonium LC esters with long alkyl chains
have a light antimicrobial effect against a wide range of Gram-positive and Gram-negative
bacteria, as well as fungi. This is because LC has a polar structural motif that is common in
these compounds. Antimicrobial activity was also demonstrated in synthetic acylcarnitine
analogs [1,14]. Additionally, [15,16] investigated the antimicrobial effects of LC chloride
using Caenorhabditis elegans and Escherichia coli strain OP50. They discovered that 3 mg/mL
of LC inhibited bacterial growth. Further testing revealed that LC chloride displayed
antimicrobial activity against various yeasts and bacteria, with minimal inhibitory concen-
trations between 2 and 8 mg/mL and minimal bactericidal concentrations ranging from 4
to over 16 mg/mL. The minimal fungicidal concentrations were between 1 and 4 mg/mL.
At these concentrations, it may be feasible to use it as a secure local antimicrobial agent. The
LC chloride exhibits antimicrobial activity by disrupting the cell membranes of both yeasts
and bacteria, leading to increased permeability and cell lysis. It interferes with essential
metabolic pathways, inhibiting enzyme production necessary for microbial growth, and
reduces biofilm formation, enhancing susceptibility to other antimicrobial agents. Studies
have shown its efficacy against pathogens like E. coli, Staphylococcus aureus, Candida albicans,
and others [1]. Furthermore, LC has many biological effects, such as improving immunity
and productive performance in broilers, as reported by Asadi et al. [15]; Liu et al. [16],
and in fish, as shown by Wang et al. [17]. Additionally, it plays a crucial role in enhancing
carcass characteristics and modulating the blood lipid profile in broiler chickens [10]. The
LC plays a vital role in enhancing the balance of the microbial population in lambs [18].

After the weaning stage, rabbits do not develop LC because LC synthesis, mainly in
the liver, is dependent on the amino acids (lysine and methionine), as well as cofactors of
minerals and vitamins such as iron, ascorbic acid, pyridoxine, and niacin. Furthermore, four
enzymes are required to complete the synthesis of LC N-tri methyl lysine dioxygenase: 3-
hydroxy-N-trimethyl lysine aldolase, 4-N-trimethyl amino butyraldehyde dehydrogenase,
and y-butyrobetaine dioxygenase [19]. The vitality of LC during the weaning phase stems
from the challenges associated with its formation and limited availability in grains and
legume diets, which contain only 5.9 to 6.8 mg/kg dry matter of LC [19].

The current study aimed to determine the effect of adding different levels of LC twice a
week (intermittently) to the drinking water of growing rabbits on productive performance,
hematology, serum protein, lipid profiles, and carcass traits in response to weaning stress.

2. Results

Table 1 shows that the growth performance of growing Alexandria rabbits was in-
fluenced by water supplemented with LC. Compared with those in all the experimental
groups, the final body weight (FBW) and BWG in the drinking water of the rabbits that
received 0.5 g LC/L were significantly greater. However, the FBW and BWG values in
the group that received 1.5 g LC/L were lower than those in the control group, although
the differences were not statistically significant. The feed intake significantly decreased in
rabbits that received 1.5 g LC/L in drinking water compared with those in the remaining
experimental groups. Moreover, the rest of the groups exhibited no significant change
in feed consumption. The FCR changed dramatically in all the experimental groups, as
the group that received 0.5 g LC/L had the greatest change, followed by the group that
received 1.5 g LC/L and then 1 g LC/L compared to the control group. A significant
improvement in production index (PI) was found in all treated groups, especially those
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that received 0.5 g LC/L, followed by groups that received 1 and 1.5 g LC/L, compared to
the control.

Table 1. Productive performance as influenced by L-carnitine supplementation in the drinking water
of growing Alexandria-line rabbits at 84 days of age.

LC g/L
Item Control SEM p Value
0.5 1.0 1.5
IBW, g 731.0 7554 758.7 724.7 41.00 0.323
FBW, g 2095 © 2243 2165 P 2063 © 39.81 0.0001
BWG, g 1364 © 1488 2 1406 © 1338.3 ¢ 30.69 0.0001
FI, g/rabbit 4065 @ 4026 @ 4064 @ 37500 73.60 0.0001
FCR 2982 2714 2.89P 2.80°¢ 0.061 0.0001
PI (%) 70.30 © 82.912 74.90 b 73.64° 2.58 0.0001
Means with different superscripts in the same row are significantly different (p < 0.05); SEM: standard error of
means; IBW: initial body weight; FBW: final body weight; BWG: body weight gain; FI: feed intake; FCR: feed
conversion ratio; PI: performance index.
Table 2 shows that the hematological parameters of growing Alexandria rabbits were
influenced by water supplemented with LC intermittently. The results indicated that PCV,
RBC, and hemoglobin (Hb) levels were significantly improved in the groups that received
varying levels of LC compared to the control group. Compared with those in the control
group, MCH and MCV were significantly lower in all the LC supplementation groups.
Table 2. Hematological parameters as influenced by L-carnitine supplementation in the drinking
water of growing Alexandria-line rabbits at 84 days of age.
LCg/L
Item Control SEM p Value
0.5 1.0 1.5
PCV (%) 41.18" 44352 43.302 44167 1.008 0.0001
RBCs (106/uL) 4.63b 6.152 6.47 2 6.042 0.680 0.0002
Hb (g/dL) 9.03b 9.884 9.942 9.6542 0.554 0.0203
MCHC (g/dL) 21.93 22.26 22.94 21.82 0.831 0.079
MCH (pg) 19.522 16.20 b 15.65 P 16.06 b 1.411 0.0001
MCV (fL) 89.012 73.14 P 68.06 P 73.85P 6.990 0.0001

Means with different superscripts in the same row are significantly different (p < 0.05); SEM: standard error
of the mean; PCV: picked cell volume; RBCs: red blood cells; Hb: hemoglobin; MCHC: mean corpuscular Hb
concentration; MCH: mean corpuscular Hb; MCV: mean corpuscular volume.

Table 3 shows the serum protein and lipid profiles of growing Alexandria rabbits
treated intermittently with water supplemented with LC. The findings revealed that the
group receiving 0.5 g LC/L had significantly greater total protein (TP) than the other
groups. Additionally, the results revealed that TP did not significantly change in the rest
of the treated groups compared with the control group. The serum ALB concentration
significantly increased in the group that received 0.5 g LC/L compared to the other groups.
The serum globulin and (3-globulin levels were significantly greater in the group receiving
0.5 g LC/L than in the group receiving 1 g LC/L. Moreover, neither group significantly
differed from the other groups. The study found no significant changes in «-globulin or
v-globulin concentrations, total lipids, triglycerides, or VLDL levels among the experimental
groups. Compared with that in the control group, the serum cholesterol in the treated
groups significantly decreased, especially in the group that received 1.5 g LC/L, followed
by 0.5 g and 1 g LC/L. Compared with those in the control group, the LDL in all treated
groups significantly decreased, especially in the groups that received 0.5 g and 1.5 g of LC,
followed by the group that received 1 g of LC/L. Furthermore, HDL significantly increased
only in the group that received 0.5 g LC/L compared with the other groups.
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Table 3. Serum protein and lipid profile as influenced by L-carnitine supplementation in the drinking
water of growing Alexandria line rabbits at 84 days of age.

LCg/L
Item Control SEM p Value
0.5 1.0 1.5
Protein profile
Total protein (g/dL) 5.861b 6.4712 5.896 b 5.926b 0.220 0.0001
Albumin (g/dL) 22920 2.7252 2.508 ab 2.368P 0.206 0.0035
Globulin (g/dL) 3.569 ab 3.7472 3.387b 3.557 ab 0.258 0.106
«-Globulin (g/dL) 1.707 1.768 1.675 1.711 0.099 0.388
-Globulin (g/dL) 1.1112P 1.1782 1.045 P 1.108 2P 0.078 0.0346
¥-Globulin (g/dL) 0.750 0.800 0.667 0.738 0.128 0.303
Lipid profile
Total lipid (g/dL) 360.3 357.8 361.3 361.1 5.787 0.6487
Triglycerides (mg/dL) 81.89 77.95 77.98 76.87 6.797 0.5406
Cho (mg/dL) 12032 112.5b 112.4" 108.3 € 2.153 0.0001
LDL (mg/dL) 55.06 2 4521°¢ 47.50b 44.97 ¢ 1.817 0.0001
HDL (mg/dL) 48.86 b¢ 51.722 49.34b 47.97°¢ 0.898 0.0001
VLDL 16.38 15.59 15.59 15.38 1.360 0.5408
Means with different superscripts in the same row are significantly different (p < 0.05); SEM: standard error
of means; Cho: total cholesterol; LDL: low-density lipoprotein; HDL: high-density lipoprotein; VLDL: very
low-density lipoprotein.
Table 4 presents the effects of intermittent LC supplementation in drinking water
on the carcass characteristics of growing Alexandria rabbits. The group receiving 0.5 g
LC/L exhibited a highly significant increase in both carcass yield and dressing percentage
compared to the control group. This group also demonstrated the highest giblets percent-
age and a corresponding decrease in non-edible parts. In comparison to the control, all
LC-treated groups showed significantly lower percentages of non-edible parts, although
this did not affect the giblets percentage. Notably, the abdominal fat percentage decreased
significantly with increasing LC dosage. Furthermore, the percentage of pancreatic tissue
was significantly higher in the 0.5 g LC/L group relative to other treatment groups. Simi-
larly, the liver percentage was significantly greater in this group compared to the others.
Conversely, the kidney tissue percentage was significantly lower in all treated groups
compared to the control group. No significant differences were observed in the percentages
of heart, lungs, spleen, or abdominal fat among the different groups.
Table 4. Carcass traits as influenced by L-carnitine supplementation in the drinking water of growing
Alexandria-line rabbits at 84 days of age.
LCg/L
Item Control SEM p Value
0.5 1.0 1.5
Carcass traits %
Carcass 51.16 ¢ 56.57 2 53.40 b 53.20 0 1.620 0.0001
Dressing 56.37 € 63.26 2 58.75 P 58.50 b 1.660 0.0001
Giblets 521P 6.692 535° 531P 0.707 0.0047
Nonedible part 43.632 36.74¢ 4125P 4150 1.660 0.0001
pancreas 0.14° 0.26 2 0.18° 0.20 b 0.067 0.032
Heart 0.34 0.31 0.38 0.37 0.042 0.074
Liver 3.39P 5.09° 377b 3.77b 0.610 0.0006
Kidney 0.812 0.742b 0.69 b¢ 0.64 ¢ 0.075 0.008
Lungs 0.67 0.53 0.51 0.53 0.178 0.389
Spleen 0.07 0.06 0.08 0.06 0.028 0.553
Abdominal fat 0.81 0.67 0.64 0.50 0.214 0.133

Means with different superscripts in the same row are significantly different (p < 0.05); SEM: standard error
of means.
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3. Discussion
3.1. Productive Performance

The results of this study demonstrated significant improvements in final body weight
(FBW) and body weight gain (BWG) in rabbits treated with LC, particularly at a con-
centration of 0.5 g LC/L. This aligns with previous research that has highlighted the
growth-promoting effects of LC in rabbits. The primary mechanism behind these effects
is LC’s role in enhancing lipid metabolism, which increases energy availability by facil-
itating the transport of fatty acids into mitochondria for oxidation [20]. The 0.5 g LC/L
dose appears to provide an optimal balance, maximizing growth benefits without causing
metabolic imbalances. Studies have shown that moderate doses of LC are more effective
than higher doses, which may not offer additional benefits and could potentially disrupt
metabolic processes [21]. This increased energy efficiency contributes to improved growth
performance and feed conversion ratios in rabbits. Similarly, Ayyat et al. [22] reported that
in comparison to control rabbits, growing rabbits exposed to heat stress and receiving a
50 mg LC/kg diet exhibited significantly improved FBW and BWG. However, other authors
found no effect of LC on BW or BWG [23] and reported that LC (160 mg/kg diet) did not
affect FBW in broilers. Arslan et al. [24] found that when duck chicks received 200 mg of
LC in drinking water, it had no significant effect on BW or BWG.

Similarly Murali et al. [25] found no significant differences in BW or BWG when
LC at 900 mg/kg was incorporated into broiler diets. This finding supported our results
showing a nonsignificant effect on FI and improvements in FCR and performance index in
the group that received 0.5 g LC/L. Arslan et al. [26] reported that feed consumption did
not significantly change in ducks that received 200 mg of LC. The FCR was significantly
improved in broilers that received 200 and 300 mg LC/kg diets during the fattening
period [25]. Moreover, Abdel-Fattah et al. [27] found that FCR improved in quails fed
200 and 400 mg LC/kg diets. Moreover, ref. [22] reported that heat stress in growing rabbits
receiving a 50 mg LC/kg diet did not significantly influence feed consumption, while FCR
was significantly enhanced in these rabbits than in control rabbits.

On the other hand, Xu et al. [28] observed that FCR was not affected by different levels
of LC from 25 to 100 mg LC/kg diet in broilers. Additionally, some studies on laying hens
from hatching to four weeks of age reported by Deng et al. [29] stated that different levels
of LC (100 mg or 1 g/kg diet) had no significant influence on the FCR. In another study on
laying hens at 22 weeks of age, Yal¢in et al. [30] reported no significant variation in FCR
in the group receiving 100 mg LC/kg diet. Awad et al. [31] revealed that the PI improved
in groups supplemented with 300 and 400 mg LC/kg diet. According to previous results
and the literature, it is clear that the improvement in PI is related to improvements in
BW, BWG, and FCR without increasing feed consumption. Another explanation is that
adding LC reduces the amount of methionine and lysine, which are precursors for protein
production [12]. The positive effect of LC on productive performance can be explained by
the ability of LC to utilize energy either through enhanced fatty acid 3-oxidation or energy
from glucose by activating pyruvate dehydrogenase through the glycolysis pathway and
the tricarboxylic acid cycle [11,12].

3.2. Hematological Parameters

The results of this study demonstrate that intermittent supplementation of LC in
drinking water positively influences the hematological parameters of growing Alexandria
rabbits. Specifically, we observed significant improvements in packed cell volume (PCV),
red blood cell count (RBC), and hemoglobin (Hb) levels in the LC-treated groups compared
to the control. These enhancements suggest that LC supplementation may contribute
to better overall blood health and increased oxygen-carrying capacity, which is crucial
for optimal growth and performance in rabbits [32]. The LC plays a key role in energy
metabolism by facilitating the transport of fatty acids into mitochondria for oxidation, which
may enhance erythropoiesis and improve red blood cell production [33]. Additionally,
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the antioxidant properties of LC can protect red blood cells from oxidative damage, thus
supporting improved hematological parameters [34].

However, we also observed that mean corpuscular hemoglobin (MCH) and mean
corpuscular volume (MCV) were significantly lower in all LC supplementation groups
compared to the control. This reduction could indicate more efficient erythrocyte function
rather than a decrease in red blood cell quantity or quality. Lower MCH and MCYV values
may reflect a higher concentration of hemoglobin per cell and a more compact cell volume,
which could be attributed to LC'’s effects on cellular metabolism and efficiency [34]. These
findings suggest that intermittent LC supplementation can positively influence key hema-
tological parameters, contributing to improved blood health and potentially enhancing
growth performance in rabbits. The decrease in MCH and MCV warrants further investi-
gation to understand its implications fully. Future studies should explore the long-term
effects of LC supplementation on hematological profiles and overall health in rabbits.

3.3. Serum Protein and Lipid Profile

The results of the analysis of the serum TP concentration in the studied groups showed
that the levels in rabbits that received 1 or 1.5 g LC/L were similar to those reported by
Yalcin et al. [30], who indicated that 100 mg/kg LC in laying hens had no significant effect
on the serum TP concentration. Moreover, Wang et al. [35] stated that broilers had no
significant impact on serum TP, albumin (ALB), or globulin. According to Hamad et al. [36],
administering 40 mg of LC orally to developing rabbits did not influence the serum TP,
ALB, globulin, or the albumin-to-globulin ratio. Furthermore, Ayyat et al. [22] revealed
that the serum TP concentration significantly increased while the ALB concentration did
not change in New Zealand White rabbits receiving 50 mg of LC compared to those in the
control group. Consistent with our findings on the TP value in the group that received 0.5 g
LC/L, Rehman et al. [37] reported that broiler chicks that received a 0.5 g LC/kg diet had
significantly increased serum protein levels.

The lipid profile results disagree with the results obtained by [11,12], who illustrated
that LC supplementation decreased serum total lipids and triglycerides but were similar
to our results in reducing cholesterol levels. In contrast, Eder [38] showed that rats fed a
hyperlipidemic diet supplemented with 0.5 g LC/kg diet had considerably higher total
cholesterol. Similar to our results regarding total lipids and triglycerides, as mentioned
by Arslan et al.’s study [26] of ducks and Yalgin et al.’s study [30] of laying hens, they
found no significant influence on serum total lipids, triglycerides, or VLDL. Moreover,
they found no significant impact on serum total cholesterol. The decrease in plasma
cholesterol is due to the link between acetyl coenzyme A, which is essential for cholesterol
synthesis, and free carnitine to form acyl-carnitine [39]. Our results conflict with those of
Parsaeimehr et al. [40] regarding serum total cholesterol, LDL, and HDL in broilers, as they
concluded no significant influence on serum cholesterol, HDL, LDL, or triglycerides.

On the other hand, our study cholesterol, LDL, and HDL results agree with those of
Rehman et al. [37], who reported that broiler chickens receiving a 0.5 g LC/kg diet had
significantly decreased cholesterol and LDL and increased HDL. In harmony with our
results regarding total cholesterol, Ayyat et al. [22] showed that growing rabbit cholesterol
was significantly lower in rabbits fed a diet with high energy plus 50 mg LC/kg under heat
stress than in those fed other diets. The decrease in LDL may be related to the ability of LC
to reduce the activity of 3-hydroxy-B-methylglutaryl-L-CoA reductase, which is involved
in cholesterol generation [41].

3.4. Carcass Characteristics

The results of this study indicate that intermittent supplementation of LC in drinking
water has a significant impact on the carcass characteristics of growing Alexandria rabbits.
Notably, the group receiving 0.5 g LC/L exhibited the most pronounced improvements in
carcass yield and dressing percentage compared to the control group. This finding aligns
with previous studies suggesting that LC supplementation can enhance carcass traits by
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improving overall growth performance and feed efficiency [38]. The observed increase in
giblet percentage and the corresponding decrease in non-edible parts in the 0.5 g LC/L
group suggest that LC supplementation promotes more efficient utilization of nutrients and
enhances the quality of edible parts. Similar improvements in meat quality and yield have
been reported in other studies, where LC was found to enhance the overall carcass value
in various animal models, including poultry and rabbits [42,43]. The significant decrease
in abdominal fat percentage with increasing LC dosage is consistent with the role of LC
in lipid metabolism. The LC facilitates the transport of fatty acids into mitochondpria for
oxidation, which can lead to reduced fat deposition [44]. This effect has been observed in
rabbits, where LC supplementation resulted in decreased fat accumulation and improved
body composition [45].

The increase in pancreatic and liver percentages in the 0.5 g LC/L group may reflect
enhanced metabolic activity and nutrient processing, which are essential for optimal growth
and health. The LC’s role in improving liver function and pancreatic health has been
documented in various studies, highlighting its benefits for metabolic efficiency and overall
organ health [46]. Conversely, the reduction in kidney tissue percentage in the treated
groups could be attributed to the overall improvement in metabolic efficiency, which may
lead to a more balanced distribution of internal organ tissues. While no significant changes
were observed in the percentages of heart, lungs, or spleen, the overall improvement in
carcass traits suggests that LC supplementation contributes to more efficient growth and
better utilization of body resources [38].

In conclusion, intermittent LC supplementation, particularly at 0.5 g/L, enhances carcass
characteristics in Alexandria rabbits by improving carcass yield, reducing abdominal fat, and
optimizing organ development. These findings support the potential of LC as a valuable
supplement in rabbit production to improve meat quality and growth performance.

4. Materials and Methods
4.1. Ethical Statement

The study location was the El-Bostan Experimental Station, Damanhour University’s
Faculty of Agriculture, Al-Behera Governorate, Egypt. The authors attest to the European
Parliament’s and the Council’s Directive 2010/63/EU of 22 September 2010, on the pro-
tection of animals and birds used for research. The ethical standards of animal research
were incorporated into the present study, which was authorized by Damanhur University’s
Ethical Animal Care and Use Committee (Approval No: DUFA-2023-9).

4.2. Animals and Experimental Design

The Alexandria line rabbits used in this study were obtained from stocks kept at
Alexandria University’s Poultry Research Centre. This artificial paternal line is produced
by crossing rabbits of the maternal V-line line with the paternal Black Baladi line [47,48].

A total of 288 mixed-sex Alexandria-line rabbits with an average mass of 742 + 309 g
at 35 days of age were randomly divided into four groups (n = 72 each). Each group was
divided into 24 replicates, three rabbits each; all rabbits in all treatments provided identical
standard meals prepared following NRC [49] and calculated according to AOAC [50]. The
feed components and chemical proximate analysis are the same as the previous study
of Hassan et al. [51]. The first group served as a control, and the subsequent groups,
the second, third, and fourth groups, were supplemented with 0.5, 1.0, and 1.5 g/L LC,
respectively. LC was purchased from Sigma Aldrich, Inc., St. Louis, MO, USA. LC was
administered twice weekly (Monday and Thursday) via the drinking water of the growing
rabbits, with the dosage adjusted to ensure proportionality to the daily water consumption
specific to each treatment group. On the following day, any residual water was discarded,
and the rabbits were provided with fresh water.

The rabbits were housed as three rabbits per cage in galvanized wire single cages
within open-system pens (35 x 40 x 50 cm) in width, height, and length. (Italian battery).
Hand feeding and an automated nipple drinker system offered constant access to fresh,
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clean water for every cage. The rabbits were housed under identical environmental and
sanitary conditions throughout the trial.

4.3. Data Collection
4.3.1. Growth Performance

The initial and final body weights of each rabbit were recorded at 35 and 84 days of
age, respectively, and were used to determine body weight gain (BWG). The BWG was
calculated as the final and initial body weight difference. FI was determined by providing
the rabbits with a known feed weight and subtracting the residual feed from the feed
supplied after feeding. The FCR was calculated using the ratio of FI to BWG during the
interval. The performance index (PI, %) was computed using the following formula: PI (%)
= final live body weight (kg)/feed conversion ratio x 100.

4.3.2. Blood Hematology, Serum Protein and Lipid Profile

At 84 days of age (at the end of the experiment), twenty-four blood samples were
obtained from the marginal ear veins of the rabbits of each treatment at 8 AM before
the customary feeding time. Blood was drawn into clean tubes with or without heparin.
Hematological parameters were measured using fresh blood samples treated with hep-
arin. Red blood cell (RBC) and packed cell volume (PCV) counts were determined as
described by Ewuola and Egbunike [52]. The Hb concentration was determined accord-
ing to Drew et al. [53]. The blood constant mean corpuscular Hb concentration (MCHC),
mean corpuscular Hb (MCH), and mean corpuscular volume (MCV) were calculated us-
ing the appropriate formulae [54]. Serum TP [55], serum ALB [56], and the difference
between TP and total ALB were used to determine serum globulin levels [57]. By using
a commercial diagnostic kit and automated electrophoresis equipment, globulins were
separated on an agarose gel by zone electrophoresis (23 EL-Montazah St. Heliopolis,
Cairo, Egypt, http:/ /www.diamonddiagnostics.com accessed on 11 July 2024) according
to the procedure described by the manufacturer. The total lipids were determined us-
ing the phospho-vanillin method as described by Woodman and Price [58]. The serum
triglyceride concentration was measured using specific kits supplied by CAL-TECH Di-
agnostics, INC, Chino, California, USA, following the glycerol phosphate oxidase (GPO)
method according to Frings et al. [59]. Total cholesterol levels were quantified using the
Liebermann-Burchard method as described by Burstein et al. [60]. Low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) cholesterol concentrations were measured using
the precipitation method by Wieland and Seidel [61], and the precipitation method by
Bogin and Keller [62], respectively; likewise, very low-density lipoprotein (VLDL) was
calculated as one-fifth of triglycerides [63].

4.3.3. Carcasses Trial

Twelve rabbits from each group were randomly selected at the end of the trial (84 days
of age). They were fasted for 12 h to ensure empty gastrointestinal tracts, which is crucial
for accurate carcass weight measurement. The rabbits were then individually weighed
before euthanasia. Euthanasia was performed humanely using an overdose of sodium
pentobarbital administered intravenously, following AVMA guidelines for the euthanasia
of animals. After euthanasia, the rabbits were immediately slaughtered, and the carcasses
were carefully eviscerated. This involved making an incision along the ventral midline and
removing internal organs to avoid contamination and maintain sample integrity. Carcasses
were weighed post-evisceration, including the head, and expressed as a percentage of the
pre-slaughter body weight to determine the carcass yield.

The following tissues were dissected and weighed separately: abdominal fat, pan-
creas, heart, liver, kidney, lungs, and spleen. Each tissue was carefully separated using
sterilized surgical instruments to prevent cross-contamination. The weights of these or-
gans were expressed as a percentage of the live body weight. The dressing percentage
was calculated by including the weight of the carcass and the giblets, which comprised
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the heart, liver, kidneys, and lungs. The giblets were accurately weighed and recorded,
ensuring a consistent methodology across all samples. Non-edible parts were calculated as
(100-dressing percentage).

4.4. Statistical Analysis

Using the general linear model (GLM) procedure of the Statistical Package for Social
Sciences (SPSS®, version 20) [64], the data were statistically analyzed. The following
formula was used for the one-way analysis of variance:

Yij = p + Ti + eij (1)

where Yi7j is the observation of the statistical measurements, y is the general overall mean, Ti
is the treatment effect, and eij is the experimental random error. The significant differences
among treatments were examined according to Duncan [65].

5. Conclusions

The intermittent administration of L-carnitine (LC) at a concentration of 0.5 g/L in the
drinking water of growing rabbits twice weekly significantly enhanced their productivity,
hematological parameters, serum lipid profiles, and carcass characteristics. This strategic
supplementation method demonstrates the potential of LC to optimize growth performance
and health outcomes in rabbit production systems.
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Abstract: Necrotic enteritis (NE) is a critical disease affecting broiler health, with Clostridium per-
fringens as its primary pathogen. Polygonum hydropiper compound extract (PHCE), formulated
based on traditional Chinese veterinary principles, contains primarily flavonoids with antibacte-
rial, anti-inflammatory, and antioxidant properties. However, PHCE's efficacy against Clostridium
perfringens-induced NE and its underlying mechanism remain unclear. This study employed net-
work pharmacology and molecular docking to predict PHCE's potential mechanisms in treating NE,
followed by determining its minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) against Clostridium perfringens (C. perf). Subsequently, the effects of various
PHCE doses on intestinal damage, antioxidant capacity, and inflammatory factors in C. perf-infected
broilers were assessed. Network pharmacology and molecular docking suggested that PHCE’s
therapeutic mechanism for NE involves the NOD-like receptor thermal protein domain associated
protein 3 (NLRP3) inflammasome signaling pathway, with flavonoids such as quercetin, kaempferol,
and isorhamnetin as key active components. PHCE exhibited an MIC of 3.13 mg/mL and an MBC of
12.5 mg/mL against C. perf. High PHCE doses effectively reduced intestinal damage scores in both
the jejunum and ileum, accompanied by attenuated intestinal pathological changes. Additionally, the
high dose significantly increased superoxide dismutase (SOD) levels while decreasing malondialde-
hyde (MDA), hydrogen peroxide (H,O,), tumor necrosis factor-alpha (TNF-«), interleukin-1 beta
(IL-1pB), and interleukin-6 (IL-6) in the jejunum and ileum (p < 0.01 or p < 0.05). PHCE also modulated
the expression of caspase-1, IL-13, gasdermin D (GSDMD), and NLRP3 mRNA, key components of
the NLRP3 inflammasome signaling pathway, in both intestinal segments. These findings collectively
indicate that PHCE protects against C. perf-induced oxidative stress and inflammatory damage in NE.
By enhancing antioxidant capacity, PHCE likely reduces oxidative stress and inflammatory responses,
subsequently modulating NLRP3 inflammasome signaling pathway key factor expression. Overall,
this research provides valuable insights into the protective mechanism of the herbal compound PHCE
and its potential benefits for avian health.

Keywords: Polygonum hydropiper compound extract; Necrotic enteritis; network pharmacology;
oxidative stress; NLRP3 inflammasome

1. Introduction

Necrotic enteritis (NE) is a significant intestinal disease in poultry, manifesting in
either acute clinical or chronic subclinical forms. The latter is prevalent in the global
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poultry industry, representing a substantial threat to broiler production and resulting in
approximately $6 billion in economic losses annually [1]. NE is caused by pathogenic
Clostridium perfringens (C. perf), a spore-forming, anaerobic, Gram-positive bacterium,
which can also be a component of the normal microbiota in humans and animals [2,3].
The pathogenesis of NE is primarily attributed to toxins produced by C. perf, including
a-toxin (CPA), B-toxin (CPB), e-toxin (ETX), t-toxin (ITX), enterotoxin (CPE), and NetB
toxin (NetB) [4]. The conserved CPA gene encodes phospholipase C, sphingomyelinase,
and a zinc-dependent metalloenzyme with hemolytic activity. This metalloenzyme is
capable of hydrolyzing phospholipids within cell membranes, thereby inducing membrane
dysfunction and subsequent cell death [2]. Known for its hemolytic, skin necrotic, and lethal
properties, CPA plays a pivotal role in gangrene [5]. While PFO is leukotoxic at high doses,
it stimulates the production of intracellular adhesion molecule 1 (ICAM-1) and adhesion
glycoprotein CD11b/CD18 in endothelial cells at sublethal concentrations, resulting in
leukocyte stasis in vessels adjacent to gangrene [6,7]. C. perf types A and C are the primary
causative agents of NE in poultry, with type A strains producing toxins such as CPA and
PFO [8]. Although C. perf exhibits low pathogenicity in the intestinal tract of healthy
poultry, environmental changes or feed-induced stress can trigger its overgrowth, leading
to food poisoning, NE, and other diseases [9]. Antibiotics were once the mainstay of NE
treatment, but concerns over residues, contamination, and resistance have prompted their
ban in many countries. Consequently, NE cases surged, necessitating urgent development
of antibiotic alternatives [10]. Traditional Chinese medicine has emerged as a promising
replacement due to its low toxicity, minimal residue, and reduced likelihood of inducing
drug resistance [11].

In recent years, clinical applications of Polygonum hydropiper L. and its compounds have
steadily increased, with studies demonstrating their efficacy against various bacterial and
fungal diseases. Extracts of Polygonum hydropiper L. exhibit protective effects against Vibrio
parahaemolyticus-infected Litopenaeus vannamei, and the minimum inhibitory concentration
(MIC) against Aeromonas hydrophila, a pathogen affecting weather fish, is less than 10 uL/mL,
indicating potent bacteriostatic activity [12,13]. Polygonum hydropiper compound extract
(PHCE) is formulated based on traditional Chinese veterinary medicine principles, incorpo-
rating six herbs, including Polygonum hydropiper L. and patchouli. As the core component,
Polygonum hydropiper L., with its heat-clearing and detoxifying properties, constitutes the
largest proportion of PHCE and plays a primary role. The remaining herbs—Patchouli,
Pulsatilla, Astragalus, Ligustrum lucidum, and licorice—enhance the therapeutic efficacy of
Polygonum hydropiper L. while mitigating potential adverse effects [14]. PHCE, a commonly
used herb in Guangxi, contains abundant flavonoids and is employed in treating dysentery,
gastroenteritis, diarrhea, and other gastrointestinal disorders. Plant-derived flavonoids
possess diverse biological activities, including anti-inflammatory, antiviral, antioxidant,
and antimicrobial properties [15-17]. Liu et al. demonstrated that licorice chalcone A,
extracted from licorice, reduced pro-inflammatory TNF-« levels in broiler chicken small
intestinal tissues and effectively treated C. perf-induced NE with associated intestinal
pathology [18]. In addition, the traditional Chinese medicine compound composed of
Polygonum hydropiper L. also has great efficacy in treating animal diseases. Shen reported
the efficacy of a compound Polygonum hydropiper powder containing Polygonum hydropiper
L., cinnabar, and tea in preventing and treating contagious porcine gastroenteritis [19].

Network pharmacology, a novel discipline rooted in systems biology, analyzes bio-
logical system networks to identify specific signaling nodes for targeted drug molecule
design [20]. Its aim is to systematically elucidate complex scientific challenges at multiple
levels [21]. A key characteristic of network pharmacology is its predictive nature, empha-
sizing multi-channel signaling pathway regulation to enhance therapeutic efficacy, reduce
adverse effects, and improve clinical trial success rates, thereby lowering drug research
and development costs [22]. Molecular docking, a drug design method based on receptor
characteristics and drug-receptor interactions, is a theoretical simulation technique for
predicting binding patterns and affinities. It has become a crucial technology in computer-
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aided drug research [23]. To optimize the development and utilization of PHCE, this study
integrated network pharmacology and molecular docking to explore potential network
targets and mechanisms of action in treating chicken NE. PHCE and its constituents were
extracted using decoction and alcohol extraction methods and subsequently applied to
C. perf type A. The in vitro bacteriostatic effects of PHCE on C. perf type A were evaluated
by determining the MIC, minimum bactericidal concentration (MBC), and bacteriostatic
curves. To further elucidate PHCE's protective effects and mechanisms against NE in vivo,
different PHCE doses were incorporated into broiler chicken diets. This experimental
approach investigated PHCE’s protective effects and mechanisms in the jejunum and ileum,
providing a theoretical foundation for PHCE application in preventing and controlling
C. perf-induced NE in broilers.

2. Results
2.1. Compound-Target Network

As illustrated in Figure 1, a Traditional Chinese Medicine Systems Pharmacology
(TCMSP) search identified 140 active ingredients within PHCE: 13 from Polygonum hy-
dropiper L., 7 from patchouli, 8 from pulsatilla, 16 from astragalus, 8 from Ligustrum lucidum,
and 88 from licorice, along with 216 potential targets. The PHCE compound-target network,
visualized in Cytoscape, comprised 339 nodes and 2291 edges. The top 10 drug components
were selected based on degree, betweenness centrality, and closeness centrality, with higher
degree values indicating greater network significance (Table 1). Within this network, active
ingredients such as quercetin, kaempferol, isorhamnetin, and lignocerol exhibited high
degree values, suggesting their potential as key components of PHCE for NE treatment.

MOLO0SS

MoLI)

Figure 1. Herb—compound-target network of PHCE. Nine yellow ellipses and four yellow sectors
represent Polygonum hydropiper L. components, six green ellipses and one green sector represent
patchouli components, five pink ellipses and three pink sectors represent pulsatilla components, nine
blue ellipses and seven blue sectors represent astragalus components, five red ellipses and thee red
sectors represent Ligustrum lucidum components, and eighty-one cyan ellipses and seven cyan sectors
represent licorice components. Orange rectangles represent the 216 potential targets of PHCE. Circles
represent compounds shared among different herbs.
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Table 1. Top ten compounds information of PHCE network.

Mol ID Compound Degree  Closeness Centrality Betweenness Centrality OB DL
MOLO000098 quercetin 605 0.51057 0.39401 46.43 0.28
MOL000422 kaempferol 188 0.41936 0.07805 4188 0.24
MOLO000354 isorhamnetin 84 0.39302 0.02112 496 031
MOL000392 formononetin 71 0.39211 0.03092 69.67 0.21
MOL000358 [3-sitosterol 50 0.39579 0.02882 3691 075
MOL000006 luteolin 47 0.41523 0.08765 36.16 025
MOL000378 7-O-methylisomucronulatol 30 0.40143 0.01798 7469 03
MOL003896 7-Methoxy-2-methyl isoflavone 28 0.39953 0.01247 4256 0.2
MOL004328 Calycosin 27 0.39302 0.08517 4775 0.24
MOL000417 naringenin 26 0.38585 0.00097 59.29 0.21

Note: OB (Oral Bioavailability) refers to the rate and extent to which a drug is absorbed into the bloodstream from
a dosage form. DL (drug-likeness) indicates the similarity of a compound to known drugs.
2.2. Protein—Protein Interaction (PPI) Network Construction

As shown in Figure 2A, PHCE exhibited 216 targets, while NE displayed 2774 targets,
with 141 shared targets between the two. Figure 2B illustrates the PHCE and NE common
target PPI network. In this network, node size and darkness correlated with degree value,
indicating the likelihood of a target being a core target, such as NLRP3 and CASP1.

B CASP3
CCNDI L6

TNEF EGFR

RBI TNF-a TPS3 PPARA

2633 a1 75 =Ry

CREBI . IL-1p PRKCA

AKTI
MYC MAPKS

ESRI CAVL
1510

Figure 2. Network pharmacological analysis of PHCE and NE. (A) Venn diagram illustrating the
overlap between PHCE targets and NE targets. (B) Protein—protein interaction (PPI) network of
shared PHCE and NE targets. Nodes represent proteins, with a color gradient from yellow to red,
indicating increasing protein interaction strength. Edges represent protein—protein association.

2.3. Results of Functional Enrichment Analysis

As illustrated in Figure 3A, GO enrichment analysis identified 414 GO entries (p < 0.01),
from which the top ten terms were selected for biological processes, cellular components,
and molecular functions, respectively. These terms included positive regulation of tran-
scription from the RNA polymerase II promoter, response to hypoxia, and inflammatory
response. Figure 3B presents the results of the KEGG pathway analysis, revealing 174 path-
ways associated with common targets. The top 30 pathways were ranked based on signifi-
cant enrichment and gene count, with the NLRP3 inflammasome signaling pathway, TNF
signaling pathway, and pathways in cancer identified as the most prominent. Notably, the
NLRP3 inflammasome signaling pathway exhibited lower p-values and higher gene counts
compared to other pathways, suggesting its potential as a primary mechanism of action for
PHCE in treating NE.
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Figure 3. Network pharmacology prediction for PHCE treatment of NE. Top 10 GO terms of hub
genes (A) and top 30 KEGG pathway of hub genes (B). The cut-off values of count and —log10(pvalue)
for (A) are 5.3 and 8, respectively, while the cut-off values of count and —log10(pvalue) for (B) are
10.3 and 16, respectively.

2.4. Molecular Docking

Two primary targets, NLRP3 and CASP1, exhibiting the highest degree values within
the network diagram, were selected, along with the top components, for molecular docking
analysis. The absolute values of docking scores reflect the affinity and conformational
stability of component-target interactions. A score exceeding 4.25 indicates a certain
binding activity, while values greater than 5.0 and 7.0 suggest good and strong binding
activities, respectively [24]. As shown in Table 2, all docking results were negative, and the
absolute binding energies of NLRP3 and CASP1 to the ligand surpassed 5.0, indicating
favorable ligand-receptor binding activity. Figure 4 illustrates the specific binding site of
each protein and the calculated specific binding energy for each target, with those exhibiting
superior binding energies highlighted.

86
~

Figure 4. Molecular docking results of main chemical components of PHCE. Quercetin-NLRP3 (A),
Quercetin-CASP1 (B), Kaempferol-NLRP3 (C), Kaempferol-CASP1 (D), Isorhamnetin-NLRP3 (E) and
Isorhamnetin-CASP1 (F).
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Table 2. Docking results of core target proteins and core active components.

Active Components NLRP3 CASP1
quercetin -5.71 -5.72
kaempferol -6.28 -5.31
isorhamnetin -5.79 —6.15

2.5. MIC and MBC of PHCE

As presented in Table 3, the MIC of PHCE was 3.13 mg/mL. For individual compo-
nents, patchouli exhibited an MIC of 12.5 mg/mL, Polygonum hydropiper L. 6.25 mg/mL,
astragalus and licorice 50 mg/mL each, and pulsatilla and Ligustrum lucidum 6.25 mg/mL
each. Following PHCE treatment, the bacterial solution was uniformly spread on a sterile
TSC solid medium. A colony count below five indicated the MBC, which was found to
be 12.5 mg/mL for PHCE, as shown in Table 4. Comparative analysis of PHCE and its
constituent fractions revealed that PHCE demonstrated superior bacteriostatic efficacy
against C. Perf.

Table 3. MIC of Chinese herbs against C. perf.

Drug Concentration (mg/mL)

Drug Negative  Positive
200 100 50 25 125 625 3.13 156 0.78 0.39
PHCE - - - - - - - + + + — +
Patchouli — — — — — + + + + + — +
Polygonum hydropiper L. - — — - — + + + + — +
Astragalus — — — + + + + + + + — +
Pulsatilla — — — — — — + + + + - +
Ligustrum lucidum - — — - — — + + + + — +
Licorice — - — + + + + + + + - +
Note: “+” indicates bacterial growth; “—" indicates no bacterial growth.

Table 4. Determination of C. perf MBC by PHCE.

0.78 mg/mL 1.56 mg/mL 3.13 mg/mL 6.25 mg/mL 12.5 mg/mL

C. perf + + + + —

G

Note: “+” indicates more colonies; “—" indicates that the number of colonies is less than five.

2.6. Antibacterial Activity Curve of PHCE against C. perf

As shown in Figure 5, different PHCE concentrations induced varying growth curve
alterations in C. perf. At1/4x MIC (0.78 mg/mL) and 1/2x MIC (1.56 mg/mL) PHCE
concentrations, C. perf bacterial concentration declined. While growth rates slowed at 1
and 4 h, respectively, bacteria eventually entered a stable phase following rapid logarithmic
growth, with final growth approximating that of the 0 mg/mL PHCE control group. Con-
versely, at MIC and 2 x MIC PHCE concentrations, C. perf exhibited no logarithmic growth
phase, and colony numbers decreased over time, falling below the initial colony count.

2.7. Levels of SOD, H,O;, and MDA in Jejunal and Ileal Tissues

As shown in Figure 6, compared to the control group, SOD enzyme activity in jejunal
tissues of model group broilers was significantly lower (p < 0.05), while MDA and H,O,
levels were significantly higher (p < 0.05). HyO, levels were significantly elevated in jejunal
tissues of both the low-dose and medium-dose group broilers (p < 0.05), with no significant
changes in SOD enzyme activity or MDA levels (p > 0.05). The levels of H,O; in the jejunal
tissues of broilers in both the high-dose group and ampicillin group were significantly lower
than those in the control group (p < 0.01). There were no significant differences in SOD
enzyme activity or MDA levels in the high-dose, high-dose control, or ampicillin groups
(p > 0.05). Compared to the model group, SOD enzyme activity was significantly or highly
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significantly increased (p < 0.01 or p < 0.05) in jejunal tissues of high-dose, high-dose control,
and positive control group broilers, accompanied by significantly or highly significantly
decreased MDA and H,O; levels (p < 0.01 or p < 0.05). There was no significant change
in SOD enzyme activity or MDA level in the low-dose, medium-dose, or medium-dose
prophylaxis groups (p > 0.05).
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- —&— 3.13 mg/mL
=
2 ~* 1.56 mg/mL
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Figure 5. Antibacterial activity curve of PHCE against C. perf.
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Figure 6. Levels of oxidative stress-related factors in the jejunum: SOD (A), MDA (B), and H,O, (C).
Data represent mean = standard error of the mean (1 = 5). A total of 200 one-day-old healthy broilers
were randomly assigned to eight groups, with five replicates per treatment group and five broilers
per replicate. The experiment lasted 17 days. Bars labeled with different uppercase letters indicate
highly significant differences (p < 0.01), while bars labeled with different lowercase letters indicate
significant differences (p < 0.05). Bars labeled with the same letter indicate no significant difference
(p > 0.05).

Compared to the control group, the model group exhibited significantly decreased
SOD activity (p < 0.05) and significantly or highly significantly increased MDA and H,O,
levels (p < 0.01 or p < 0.05). No significant changes in SOD activity were observed in
the ileal tissues of low-dose and medium-dose groups, while MDA and H,O; levels
were significantly or highly significantly elevated in the medium-dose group (p < 0.01 or
p < 0.05). Relative to the model group, the high-dose, high-dose control, and ampicillin
groups displayed significantly or highly significantly increased SOD activity and decreased
MDA and H,O; levels (p < 0.01 or p < 0.05). No significant alterations in SOD activity,
MDA, or H,O, levels were observed in the ileal tissues of low-dose, medium-dose, or
medium-dose prevention groups (p > 0.05) (Figure 7).
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Figure 7. Levels of oxidative stress-related factors in the ileum: SOD (A), MDA (B), and H,O, (C).
Data represent mean =+ standard error of the mean (1 = 5). A total of 200 one-day-old healthy broilers
were randomly assigned to eight groups, with five replicates per treatment group and five broilers
per replicate. The experiment lasted 17 days. Bars labeled with different uppercase letters indicate
highly significant differences (p < 0.01), while bars labeled with different lowercase letters indicate
significant differences (p < 0.05). Bars labeled with the same letter indicate no significant difference
(p > 0.05).

2.8. Levels of TNF-«, IL-1B, and 1L-6 in Jejunal and Ileal Tissues

As shown in Figure 8, compared to the control group, TNF-« secretion levels in jejunal
tissues were significantly elevated in model and low-dose group broilers (p < 0.05), while
IL-1$ and IL-6 secretion levels were significantly or highly significantly increased in model,
low-dose, and medium-dose group broilers (p < 0.01 or p < 0.05). IL-1 secretion levels
were significantly increased in jejunal tissues of medium-dose prevention group broilers
(p < 0.05). No significant changes in TNF-c, IL-1f3, or IL-6 secretion levels were observed in
jejunal tissues of high-dose, high-dose control, or ampicillin groups (p > 0.05). Compared
to the model group, TNF-«, IL-1f3, and IL-6 secretion levels were significantly or extremely
significantly reduced in jejunal tissues of high-dose, high-dose control, and ampicillin group
broilers (p < 0.01 or p < 0.05). No significant changes in TNF-«, IL-1f3, or IL-6 secretion levels
were observed in jejunal tissues of low-dose, medium-dose, or medium-dose prevention
groups (p > 0.05).
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Figure 8. Secretion level of inflammatory factors in jejunum. TNF-« (A), IL-13 (B), and IL-6 (C). Data
represent mean =+ standard error of the mean (1 = 5). A total of 200 one-day-old healthy broilers
were randomly assigned to eight groups, with five replicates per treatment group and five broilers
per replicate. The experiment lasted 17 days. Bars labeled with different uppercase letters indicate
highly significant differences (p < 0.01), while bars labeled with different lowercase letters indicate
significant differences (p < 0.05). Bars labeled with the same letter indicate no significant difference
(p > 0.05).

As shown in Figure 9, compared to the control group, ileal tissue TNF-«, IL-1f3,
and IL-6 secretion levels were significantly or highly significantly elevated (p < 0.01 or
p < 0.05) in model group broilers. Low-dose and medium-dose group broilers exhibited
significantly increased IL-6 levels (p < 0.05) in ileal tissues. The high-dose and ampicillin
groups displayed significantly or highly significantly reduced IL-1f secretion (p < 0.01
or p < 0.05) in ileal tissues, with no significant changes in TNF-oc or IL-6 levels (p > 0.05).
Compared to the model group, ileal tissue TNF-«, IL-13, and IL-6 secretion levels were
significantly or highly significantly decreased (p < 0.01 or p < 0.05) in high-dose, high-dose
control, and ampicillin group broilers. No significant changes in TNF-«, IL-1f3, or IL-6
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secretion levels were observed in ileal tissues of low-dose, medium-dose, or medium-dose
prevention group broilers (p > 0.05).
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Figure 9. Secretion level of inflammatory factors in ileum. TNF-« (A), IL-1p (B), and IL-6 (C). Data
represent mean =+ standard error of the mean (n = 5). A total of 200 one-day-old healthy broilers
were randomly assigned to eight groups, with five replicates per treatment group and five broilers
per replicate. The experiment lasted 17 days. Bars labeled with different uppercase letters indicate
highly significant differences (p < 0.01), while bars labeled with different lowercase letters indicate
significant differences (p < 0.05). Bars labeled with the same letter indicate no significant difference
(p > 0.05).

2.9. Injury Scoring of Jejunum and Ileum

Compared to the control group, jejunal and ileal tissue damage scores were signifi-
cantly higher (p < 0.01) in the model and low-dose groups, while no significant differences
were observed in the medium-dose prophylaxis, medium-dose, high-dose, high-dose con-
trol, and ampicillin groups (p > 0.05). Relative to the model group, no significant changes
were detected in the medium-dose prophylaxis, low-dose group, and medium-dose groups
(p > 0.05), whereas jejunal and ileal tissue damage scores were significantly or highly sig-
nificantly lower (p < 0.01 or p < 0.05) in the high-dose, high-dose control, and ampicillin
groups (Table 5).

Table 5. Effect of PHCE on jejunal and ileal lesion scores.

Rank Score Means

Treatments

Jejunum Ileum

Control group 5.54a 6.0 Aa

Model group 36.2 Bb 34.8 BP
Medium dose Prophylaxis group 27.0 ABab 26.2 ABab

Low-dose group 32.1 B0 32.7 Bb
Medium-dose group 27.4 ABab 27.7 ABab
High-dose group 11.3 ABa 11.8 ABa

Ampicillin group 10.6 AB2 9.4 ABa

High-dose control group 8.9 Aa 9.4 ABa

Note: Data represent rank score means (1 = 5). Rank score means and difference in rank score means were
calculated by the Kruskal-Wallis test. Data with different uppercase letters superscripts differ highly significantly
(p < 0.01), data with varying letters of lowercase superscripts differ significantly (p < 0.05), and data with common
superscripts denote no significant difference (p > 0.05).

2.10. Histopathologic Lesions of the Jejunum and Ileum

As shown in Figure 10, enterochromaffin structures in the jejunum and ileum of
broilers from the model, low-dose, medium-dose, and medium-dose prophylactic groups
exhibited breakage with necrotic shedding or disintegration. In contrast, enterochromaffin
cells in the jejunum and ileum of the high-dose and ampicillin groups displayed relatively
intact structures with only minor detachment at the cellular ends. The jejunal and ileal
intestinal villi of broilers in the high-dose control and control groups maintained structural
integrity without apparent pathological damage.
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Figure 10. Histopathological changes in the jejunum and ileum of broilers (400x magnification).
Control group (A), model group (B), medium-dose prophylactic group (C), low-dose group (D),
medium-dose group (E), high-dose group (F), ampicillin group (G), and high-dose control group (H).
Histopathological abnormalities include intestinal villi rupture (a), extensive necrotic shedding of
intestinal villi (b), and minor shedding at the tips of intestinal villi (c).

2.11. The mRNA Levels of NLRP3 Inflammasome Signaling Pathway-Related Factors in Jejunal
and Ileal Tissues

As shown in Figure 11, mRNA expression levels of TNF-«, IL-1f, IL-6, caspase-1,
NLRP3, and GSDMD were significantly elevated (p < 0.01) in jejunal tissues of broilers
from the model, low-dose, medium-dose, and medium-dose prophylactic groups com-
pared to the control group. In contrast, mRNA expression levels of these same cytokines
remained unchanged in jejunal tissues of broilers from the high-dose, high-dose control,
and ampicillin groups (p > 0.05). Compared to the model group, mRNA expression levels
of TNF-e, IL-1B, IL-6, caspase-1, NLRP3, and GSDMD were significantly reduced (p < 0.01)
in jejunal tissues of broilers from the high-dose, high-dose control, and ampicillin groups.
No significant changes in mRNA expression levels of these cytokines were observed in
jejunal tissues of broilers from the low-dose or medium-dose prevention groups (p > 0.05).

As shown in Figure 12, ileal tissue mRNA expression levels of TNF-«, IL-1, IL-6,
caspase-1, NLRP3, and GSDMD were significantly elevated in broilers from the model,
low-dose, medium-dose, and medium-dose prophylaxis groups compared to the control
group (p < 0.01). While IL-6 mRNA levels were significantly increased in the high-dose
group (p < 0.05), TNF-«, IL-13, caspase-1, NLRP3, and GSDMD mRNA levels remained
unchanged in the high-dose, high-dose drug control, and ampicillin groups (p > 0.05).
Compared to the model group, ileal tissue mRNA expression levels of TNF-c, IL-133, IL-6,
caspase-1, NLRP3, and GSDMD were significantly reduced in the high-dose, high-dose
control, and ampicillin groups (p < 0.01). No significant changes in mRNA expression
levels of these cytokines were observed in the low-dose, medium-dose, or medium-dose
prophylaxis groups (p > 0.05).
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Figure 11. The expression of inflammasome signal pathway-related factors in the jejunum. TNF-a
(A), IL-1p (B), IL-6 (C), caspase-1 (D), NLRP3 (E), and GSDMD (F). Data represent mean =+ standard
error of the mean (n = 5). A total of 200 one-day-old healthy broilers were randomly assigned to
eight groups, with five replicates per treatment group and five broilers per replicate. The experiment
lasted 17 days. Bars labeled with different uppercase letters indicate highly significant differences
(p < 0.01), while bars labeled with different lowercase letters indicate significant differences (p < 0.05).
Bars labeled with the same letter indicate no significant difference (p > 0.05).
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Figure 12. The expression of inflammasome signal pathway-related factors in ileum. TNF-o (A),
IL-1B (B), IL-6 (C), caspase-1 (D), NLRP3 (E), and GSDMD (F). Data represent mean = standard error
of the mean (n = 5). A total of 200 one-day-old healthy broilers were randomly assigned to eight
groups, with five replicates per treatment group and five broilers per replicate. The experiment lasted
17 days. Bars labeled with different uppercase letters indicate highly significant differences (p < 0.01),
while bars labeled with different lowercase letters indicate significant differences (p < 0.05). Bars
labeled with the same letter indicate no significant difference (p > 0.05).

3. Discussion

PHCE, formulated based on traditional Chinese veterinary principles, comprises six
Chinese herbs including Polygonum hydropiper L., Patchouli, Pulsatilla, Astragalus, Ligustrum
lucidum, and Licorice, with Polygonum hydropiper L. serving as the primary therapeutic
agent [14]. Primarily affecting broiler chicks aged 2—-6 weeks, NE is induced by C. perf and
represents a significant bacterial intestinal disease in poultry [25]. Analysis of the PHCE
herb—compound-target network identified flavonoids, such as quercetin, kaempferol, and
isorhamnetin, as primary active components. Activation of the NLRP3 inflammasome
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stimulates caspase-1, leading to the release of inflammatory cytokines IL-1f3 and IL-18
and subsequent cellular pyroptosis. However, NLRP3 inflammasome hyperactivation
can induce pathological inflammation [26]. Studies have demonstrated that flavonoids,
including quercetin, kaempferol, and isorhamnetin, effectively inhibit NLRP3 inflamma-
some activation, ameliorating various inflammatory conditions by targeting the NLRP3
inflammasome and suppressing its mediated inflammatory responses [27-29]. Interestingly,
PPI network analysis, GO analysis, and KEGG pathway enrichment analysis identified
NLRP3 and CASP1 as key PHCE targets against NE, suggesting the NLRP3 inflammasome
pathway as a potential mechanism of action. Molecular docking analysis revealed strong
binding affinities between PHCE’s primary active components (quercetin, kaempferol,
and isorhamnetin) and the target proteins NLRP3 and CASP1, indicating that PHCE may
counteract NE by inhibiting NLRP3 inflammasome activation.

Herbal medicines, with their antimicrobial, antioxidant, and anti-inflammatory prop-
erties, and their reduced propensity for bacterial resistance, are promising alternatives to
antibiotics in preventing and treating bacterial diseases [30]. PHCE, composed of Poly-
gonum hydropiper L., Patchouli, Pulsatilla, Astragalus, Ligustrum lucidum, and Licorice, aligns
with traditional Chinese veterinary medicine, with Polygonum hydropiper L. serving as
the primary therapeutic agent. Zhou et al. [31] reported the potent bacteriostatic effects
of hydropiper L. decoction against Salmonella dysentery, Escherichia coli, and Staphylococcus
aureus (MICs of 15.62 g/L), as well as Candida albicans and Pseudomonas aeruginosa (MICs
of 31.25 g/L). Zhu et al. [32] employed a compound preparation containing Polygonum
hydropiper L., Sapium sebiferum leaves, and neem to treat red crucian carp fingerling disease,
achieving a 100% worm kill rate within 24 h at a dose of 8 g/L. These studies collectively
suggest that PHCE or compound formulations centered around Polygonum hydropiper L.
possess significant antibacterial potential and hold promise for preventing and treating
animal diseases. The current study determined MIC and MBC values of 3.13 mg/mL and
12.5 mg/mlL, respectively, against C. perf type A, confirming PHCE’s potent antibacterial
activity. However, given the potential discrepancies between in vitro and in vivo antimi-
crobial activities of traditional Chinese medicines or their compounds, further in vivo
investigations are necessary to evaluate PHCE's efficacy against C. perf-induced NE.

Network pharmacology analysis revealed that most PHCE active ingredients are
flavonoids, possessing antioxidant properties through antioxidant enzyme activation and
reduced oxygen-containing free radical levels. SOD, MDA, and H,O, play crucial roles in
maintaining redox balance in animals. SOD, an antioxidant enzyme, catalyzes the dispro-
portionation of superoxide anions into HyO, and molecular oxygen. H,O;, in the presence
of iron chelates, reacts with oxygen to generate harmful hydroxyl radicals. MDA exhibits
cytotoxicity, while the antioxidant enzyme CAT scavenges H,O, [33]. Flavonoids exert
antioxidant effects by increasing antioxidant enzyme activity and chelating metal ions [34].
Wang et al. [35] demonstrated that Angelica dahurica (polymethoxylated flavonoids) at-
tenuated oxidative stress damage in astrocytes by reducing ROS and MDA production
in a hypoxia-induced oxidative stress model. Tao et al. [36] reported that a compound
containing Polygonum hydropiper L. and astragalus enhanced broiler chicken antioxidant
capacity by increasing SOD enzyme activity when added to the basal diet. In this in vivo
experiment, high-dose and ampicillin groups exhibited significantly or highly significantly
increased SOD enzyme activity and decreased MDA and H,0; levels in jejunal and ileal
tissues compared to the model group, aligning with previous findings. While the ampicillin
group demonstrated a stronger effect on increasing SOD enzyme activity and reducing
MDA and H;O; levels in broiler and ileal tissues compared to the medium- and low-dose
groups, the high-dose group exhibited comparable efficacy. These results suggest that
high-dose PHCE can alleviate oxidative stress damage induced by C. perf NE by enhancing
antioxidant capacity.

Oxidative stress and inflammation can contribute to intestinal injury in poultry, with a
reciprocal relationship between the two processes. Inflammatory cells release substantial
quantities of reactive substances at inflammation sites, exacerbating oxidative stress. Con-
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versely, reactive oxygen and nitrogen species (ROS/RNS) can initiate intracellular signaling
cascades and upregulate pro-inflammatory gene expression [37-40]. Flavonoids possess
diverse biological activities, including antioxidant and anti-inflammatory properties. Angel-
ica dahurica attenuated hepatic injury in a mouse model of hepatic ischemia by enhancing
antioxidant capacity and reducing TNF-«, IL-1$3, and IL-6 mRNA expression [41]. Similarly,
compound formulations containing Polygonum hydropiper L. have demonstrated compa-
rable effects. Yang et al. [42] reported that Polygonum hydropiper L.-based Changyanning
compound ameliorated ulcerative colitis in rats by increasing antioxidant enzyme activity
and reducing MDA and TNF-« levels. In the current in vivo experiment, the high-dose
and ampicillin groups exhibited the most pronounced effects, significantly or markedly
reducing TNF-«, IL-1p3, and IL-6 secretion and mRNA expression in the jejunum and ileum
of broilers compared to the model group.

Inflammatory cytokines contribute to host defense against bacterial and other mi-
crobial invasions, but their overexpression disrupts biological homeostasis, triggering an
inflammatory cascade that compromises intestinal integrity and barrier function [43,44].
Conversely, these cytokines protect the intestinal tract from pathogen-induced damage.
Liu et al. [18] demonstrated that licorice chalcone A reduced intestinal damage scores and
preserved intestinal villus structure with minimal pathological changes in C. perf-induced
NE in broiler chickens. In the present study, all treatment groups (low-dose, medium-dose,
high-dose, medium-dose prophylaxis, high-dose control, and ampicillin control) reduced
intestinal damage scores. However, only the high-dose, high-dose control, and ampicillin
groups exhibited relatively intact intestinal villi structures in jejunal and ileal histological
sections, with minimal necrotic detachment at intestinal villus apices in the high-dose
group. Pathological damage in the jejunum and ileum of ampicillin-treated broilers was
less severe than in the low-dose and medium-dose groups, resembling that of the control
group. The high-dose and high-dose control groups displayed similar levels of jejunal and
ileal pathological damage as the ampicillin group. The high-dose control group, lacking
antibacterial treatment and receiving only high-dose PHCE, exhibited effects on antioxidant
capacity, inflammatory cytokine secretion and expression, and intestinal damage similar
to the control group, indicating the safety and non-toxicity of high-dose PHCE in broilers.
Moreover, these findings suggest that high-dose PHCE effectively treats C. perf-induced NE.

Inflammation is a biological process safeguarding the body from pathogen invasion
and cellular stress signals. The inflammatory response is triggered by inflammasome
activation (intracellular protein complexes). Stress-induced danger signals encompass vari-
ous molecules, including cellular debris (e.g., DNA fragments, ATP), pathogen-associated
molecular patterns (e.g., bacterial LPS, viral dsRNA), and cytokines/chemokines released
by damaged or stressed cells [45]. These molecules are recognized by the immune system
and cellular receptors, activating inflammasomes and initiating the inflammatory response.
PAMPs and DAMPs stimulate NLRP3 inflammasome activation, which subsequently ac-
tivates caspase-1. Caspase-1 cleaves pro-IL-13 and pro-IL-18 into active IL-1p and IL-18,
releasing them extracellularly. Additionally, caspase-1 cleaves GSDMD, a member of the
gasdermin family, resulting in cell perforation and pyroptosis. However, excessive inflam-
masome activation can induce pathological inflammation [26]. Studies have demonstrated
the anti-inflammatory effects of flavonoids through inflammasome inhibition. For instance,
Tsai et al. [46] observed that the flavonoid gallocatechin gallate (EGCG) attenuated lupus
nephritis in mice by inhibiting caspase-1 activation through decreased NLRP3 mRNA
expression, reducing IL-13 and IL-18 production. Jiang et al. [47] investigated the effects of
quercetin on mice with sodium urate crystal-induced gouty arthritis, finding that quercetin
ameliorated symptoms by inhibiting NLRP3, caspase-1, and IL-1 mRNA expression in
knee joints. ROS, as upstream regulators of NLRP3 inflammasome activation, are inhibited
by flavonoids, which also reduce MDA production [48]. For example, lidocaine suppresses
ROS production, inhibiting NLRP3 inflammasome activation and preventing THP-1 cell
pyroptosis [49]. Apigenin and fusaricin decrease MDA levels in Adriamycin-induced renal
injury and glyoxylate-induced renal tissue injury, respectively [50,51]. HO; and -OH, both
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ROS, contribute to MDA formation through lipid oxidation [52]. Compared to the model
group, the high-dose PHCE group exhibited significantly or highly significantly lower
H0O; and MDA levels in jejunal and ileal tissues, suggesting reduced ROS production.
Concurrently, NLRP3, caspase-1, IL-1f3, and GSDMD mRNA expression was significantly
or highly significantly elevated in jejunal and ileal tissues of high-dose, high-dose control,
and ampicillin groups, but not in low-dose, medium-dose, or medium-dose prophylaxis
groups. The high-dose control group (no antibacterial treatment) and ampicillin group (an-
tibiotic effective against C. perf) served as controls. These findings suggest that high-dose
PHCE protects against C. perf-induced NE by inhibiting NLRP3 inflammasome activation
through reduced ROS production, subsequently attenuating intestinal damage.

4. Materials and Methods
4.1. Bacterial Strains and Drugs

C. perf type A (ATCC13124) was purchased from the American type culture collection
(ATCC, Rockville, MD, USA), and anaerobically cultured in Brain heart infusion (BHI)
broth (Qingdao Hopebio Co., Qingdao, China) or on Tryptose sulfite—cyloserine (TSC) agar
base (Qingdao Hopebio Co. Qingdao, China) at 37 °C. The raw materials for the test drug,
such as Polygonum hydropiper L., Patchouli, Pulsatilla, Astragalus, Ligustrum lucidum, and
Licorice, were purchased from Gaoxiong Chinese Medicine (Kaohsiung, China).

4.2. Screening the Active Ingredients and Targets of PHCE

The compounds and the corresponding targets of Polygonum hydropiper L., Patchouli,
Pulsatilla, Astragalus, Ligustrum lucidum, and Licorice in PHCE were obtained from the
databases TCMSP (https:/ /old.tcmsp-e.com/tcmsp.php, accessed on 15 June 2024) and
CNN (https:/ /www.cnki.net/, accessed on 15 June 2024). We retrieved all components of
the PHCE compounds from TCMSP and CNN, which had oral bioavailability (OB) > 30%
and drug-likeness (DL) > 0.18 as screening conditions to retrieve the active components
and targets of action of PHCE [53,54].

4.3. NE Target Acquisition

To identify potential therapeutic targets for NE, the GeneCards database (https://
www.genecards.org/, accessed on 16 June 2024) and PharmGKB database (https://www.
pharmgkb.org/, accessed on 16 June 2024) were queried using the keyword “Necrotic
Enteritis”. Extracted disease targets from both databases were then merged and subjected
to de-weighting to account for potential redundancies. Subsequently, the de-weighted list
of potential targets was imported into the UniPort database (https://www.uniprot.org/,
accessed on 16 June 2024) for name standardization to ensure a consistent nomenclature for
NE targets.

4.4. Construction of Active Compound—Target Networks

Cytoscape is a network biology visualization and analysis software that enables the
visualization of molecular interactions and biological processes [55]. The PHCE chemical
composition and target files were imported into Cytoscape 3.9.1 to construct a compound-
target network. In this network, each compound or target is represented by a node, and the
relationships between them are depicted as connecting lines.

4.5. Construction of PPI Network

To identify potential PHCE targets for treating NE, the active ingredients of PHCE
and known NE targets were imported into a bioinformatics platform (https://www.
bioinformatics.com.cn/, accessed on 19 June 2024) to generate a Venn diagram. Over-
lapping genes within the diagram were considered potential targets for PHCE action
against NE. These intersecting genes were subsequently uploaded to the STRING database
(https://cn.string-db.org/, accessed on 20 June 2024) with a high confidence interaction
score threshold of 0.9 [56]. Irrelevant nodes were hidden, and default settings were main-
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tained for other parameters. The resulting interaction network data were exported in
“.tsv” format and imported into Cytoscape 3.9.1 software. Network node properties, in-
cluding Degree, Betweenness Centrality, and Closeness Centrality, were calculated within
Cytoscape [57]. Nodes exceeding the median values for these properties were identified as
key targets and used to construct the final PPI network.

4.6. Functional Enrichment Analysis

Genes identified at the intersection of PHCE’s mechanism of action and NE were
imported into the DAVID database (https://david.ncifcrf.gov/summary.jsp, accessed on
21 June 2024) for GO analysis with background enrichment against the KEGG pathway
database [58]. The top 10 significantly enriched (p-value < 0.01) GO terms in each category
(biological process, cellular component, and molecular function) were selected, along with
the top 30 pathways ranked by gene enrichment [59]. Subsequently, GO and KEGG data
were uploaded to the microbiometrics platform for visual analysis.

4.7. Molecular Docking Studies

Leveraging network pharmacology, the top three key components of PHCE effective
against NE were identified and subjected to molecular docking simulations with the two
most promising target proteins from the PPI network. Here, the key components act as
ligands, and the target proteins function as receptors. The 3D structures of the target
proteins were downloaded in PDB format from the RCSB PDB database (http:/ /www.rcsb.
org/, accessed on 22 June 2024) while ligand structures were retrieved in SDF format from
the TCMSP and PubChem databases (https:/ /pubchem.ncbi.nlm.nih.gov/, accessed on
23 June 2024). Open Babel 2.4.1 was used to convert ligand SDF files into MOL2 format,
which is suitable for docking simulations. Finally, PyMoL 5.2.7 and AutoDock Vina [60]
were employed to perform the docking simulations between the key PHCE ingredients and
core target proteins. The minimum binding efficiency served as the metric for assessing
ligand-receptor binding activity.

4.8. Preparation of PHCE

PHCE was prepared using a hydrodecoction—alcohol method. A 20 g mixture of six
herbs (Polygonum hydropiper L., Patchouli, Pulsatilla, Astragalus, Ligustrum lucidum, and
Licorice), sieved through a 100-mesh sieve, was decocted three times in ten volumes of
distilled water at 100 °C for 1.5 h each. The combined filtrates (passed through 8-layer
gauze) were centrifuged at 3000 rpm for 30 min, and the supernatant was concentrated
using a rotary evaporator at 60 °C. Subsequently, 95% ethanol was added to achieve an
80% ethanol concentration, and the solution was left to stand for 24 h. After filtration
through eight layers of gauze and centrifuging at 3000 rpm for 30 min, the ethanol was
recovered using a rotary evaporator, and the solid obtained (20 g) was suspended in the
corresponding medium to have 20 mL of solution (conc. 1 g/mL). The prepared PHCE was
stored at 4 °C for subsequent use.

4.9. Determination of MIC and MBC

PHCE, Polygonum hydropiper L., patchouli, pulsatilla, astragalus, Ligustrum lucidum,
and licorice medicinal liquids were autoclaved at 100 °C for 30 min for sterilization. Sub-
sequently, 4 mL of each drug solution was pipetted into 1 mL of BHI medium, yielding
an 800 mg/mL concentration. Serial two-fold dilutions were performed using BHI liquid
medium to prepare 10 drug concentrations ranging from 0.78 mg/mL to 400 mg/mL.
The C. perf bacterial solution in the logarithmic growth phase was diluted to about
2 x 10° CFU/mL in BHI medium. A sterile 96-well plate was then used to introduce 100 uL
of the bacterial solution to each well, followed by the addition of 100 pL of the prepared
drug solutions at varying concentrations, resulting in final drug concentrations ranging
from 0.39 mg/mL to 200 mg/mL and a final bacterial concentration of 1 x 10° CFU/mL.
Positive (100 uL. BHI medium + 100 puL bacterial solution) and negative (200 uL BHI
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medium) controls were established in triplicate. In 96-well plates, each experimental group
was repeated four times, and three 96-well plates were used for 12 replicates. All 96-well
plates were incubated for 12-18 h at 37 °C in a 2.5 L round-bottomed vertical anaerobic
culture bag (Qingdao Hopebio Co.) containing a 2.5 L anaerobic gas-generating bag and
oxygen indicator. Following incubation, the cultures were mixed, and the OD600 nm
value was measured using an enzyme-labeling instrument. An absorbance change of less
than 0.05 indicated effective bacterial growth inhibition, defining the MIC. An absorbance
change of less than 0.05 at OD600 nm was considered the absence of bacterial growth,
allowing for the determination of the MIC of PHCE, Polygonum hydropiper L., patchouli,
pulsatilla, astragalus, Ligustrum lucidum, and licorice medicinal liquids against C. perf based
on the measured absorbance values.

To determine the MBC of PHCE against C. perf, five PHCE drug concentrations
(0.78 mg/mL, 1.56 mg/mL, 3.13 mg/mL, 6.25 mg/mL, and 12.5 mg/mL) were prepared.
One hundred microliters of bacterial suspension were evenly inoculated onto a sterile TSC
solid medium and placed within a 2.5 L round-bottom vertical anaerobic culture bag. A
2.5 L anaerobic gas production package and oxygen indicator were added before incubation
at 37 °C overnight. The PHCE concentration resulting in fewer than five colonies on the
medium was defined as the MBC against C. perf.

4.10. Determination of Antimicrobial Activity

C. perf liquid was diluted to 1 x 10° CFU/mL in BHI medium and distributed into
tubes. PHCE was introduced at final concentrations of 0 mg/mL, 0.78 mg/mL, 1.56 mg/mL,
3.13 mg/mL, 6.25 mg/mL, and 12.5 mg/mL, respectively. Tubes were incubated statically
at 37 °C, and 100 pL bacterial aliquots were collected at 0, 1, 2, 3, 4, 6, 8, 10, and 12 h for
bacterial count determination via plaque assay, with triplicate samples at each time point.
Time-kill curves were generated, plotting time (hours) on the horizontal axis and colony
number (log) on the vertical axis.

4.11. Animals and Treatment

Two hundred one-day-old healthy yellow-feathered broilers were purchased from
Guangxi Shengde Poultry; the cages and equipment used in the test were thoroughly
disinfected, and the coops were fumigated. Broilers were routinely vaccinated, fed, and
watered ad libitum, and the coops were cleaned and disinfected regularly. Environmental
temperature control was as follows: 32-34 °C in the first week, the temperature was
reduced by 2-3 °C every week, and the humidity of the chicken house was controlled
at 50-60%. The basal feed (BF) was the same corn-soybean meal type, formulated with
reference to the Chicken Feeding Standard (2004), and its composition and nutrient content
are shown in Table 6 [61]. The present experiment was carried out at the hatchery facility
of the Laboratory of Histoembryology, College of Animal Science and Technology of
Guangxi University, and the broiler rearing facility of Guangxi Key Laboratory of Animal
Breeding, Disease Control and Prevention, Nan-Ning City, China. All animal procedures
were approved by the Animal Care and Welfare Committee of Guangxi University, China
(Protocol GXU-2020-008).

Two hundred one-day-old healthy broilers were randomly assigned to eight groups:
control, model, medium-dose prophylaxis, low-, medium-, and high-dose ampicillin, and
high-dose drug control. Each treatment group contained five replicates of five broilers.
Broilers received a basal diet throughout the experiment (Table 7). On day 17, chicks
were slaughtered via CO, asphyxiation. Under aseptic conditions, the abdominal cavity
was opened to observe and score jejunal and ileal pathological changes. One-centimeter
segments from the mid-sections of the jejunum and ileum were collected, fixed in precooled
4% paraformaldehyde, washed with sterilized phosphate-buffered saline (PBS) to remove
intestinal contents, and stored at —80 °C in liquid nitrogen for rapid freezing.
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Table 6. Basal feed composition and nutritional level (air-dried basis).

Ingredients Contents (%) Nutrient Level Contents (%)
Grain 51.73 Crude protein 21.50
Soybean meal 40.73 Lys 1.17
Soybean oil 3.36 Met 0.59
Calcium phosphate 1.92 Calcium 1.00
Limestone 1.16 Available phosphorus 0.45
Salt 0.35 Met + Cystine 0.90
DL-Met 0.26
50% Choline chloride 0.25
Mineral premix 0.20
Vitamin premix 0.24
Total 100.00

Note: (1) Mineral premix provided the following per kg of diet: Mn, 100 mg; Zn, 75 mg; Fe, 80 mg; Cu, 8 mg; I,
0.35 mg; Se, 0.15 mg. (2) Vitamin premix provided the following per kg of diet: VA 12 500 IU, VD3 2500 IU, VE
301U, VK 2.65 mg, VB; 2 mg, VB, 6 mg, VB, 0.025 mg, biotin 0.0325 mg, folic acid 1.25 mg, niacin 12 mg, and
niacin 50 mg. (3) Metabolism, 3.35 Mcal/kg.

Table 7. Experimental group classification by dosage and stimulation protocols.

Group 1-6d 7-13d 14-16 d
Control group BF BF PBS
Model group BF BF C. perf
Medium-dose Prophylaxis group BF BF + 1 g/kg PHCE C. perf +1g/kg PHCE
Low-dose group BF BF C. perf + 0.5 g/kg PHCE
Medium-dose group BF BF C. perf +1g/kg PHCE
High-dose group BF BF C. perf +2 g/kg PHCE
Ampicillin group BF BF C. perf + 1 g/kg ampicillin
High-dose control group BF BF 2 g/kg PHCE

Note: BF: basal feed. Except for the medium-dose prophylaxis group, the other seven groups were fed basal
feed from 1 to 13 days. The control group and model group were fed 1 mL sterile PBS and 1 x 10° CFU/mL
C. perf bacterial solution once a day from 14 to 16 d, respectively, with the same basal feed. The medium-dose
prophylaxis group was fed a basal feed from 1 to 6 d, 1 g/kg PHCE was added to the basal feed from 7 to 16 d,
and 1 mL 1 x 10° CFU/mL C. perf bacterial solution was fed once a day from 14 to 16 d. The high-dose control
group was fed a basal feed from 1 to 13 days, and 2 g/kg PHCE was added to the basal feed from 14 to 16 days.
The low-dose group, medium-dose group, high-dose group, and ampicillin group were fed basal feed from 1 to
13 days, 1 mL of 1 x 10° CFU/mL C. perf bacterial solution from 14 to 16 d, and 0.5 g/kg, 1 g/kg, 2 g/kg PHCE,
and 1 g/kg ampicillin were added to the basal diet, respectively, once a day. All groups were sampled at 17 d.

4.12. Determination of Oxidation and Antioxidant Indexes

Jejunal and ileal tissues were retrieved from —80 °C storage and minced into small
pieces using autoclaved scissors. Approximately 0.1 g of tissue from each group was
weighed and homogenized in 0.9 mL PBS containing sterile grinding beads using a high-
speed tissue grinder. The homogenate was centrifuged at 5000x g for 10 min, and the
supernatant was carefully transferred to a new centrifuge tube for subsequent analysis.
SOD activity and HyO, and MDA levels were quantified according to kit instructions. The
H,0O, (20220509), MDA (20220428), and SOD (20220507) kits were procured from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

4.13. Determination of TNF-, IL-1 and IL-6

TNF-«, IL-1f3, and IL-6 levels were quantified in jejunal and ileal tissue homogenate
supernatants using ELISA kits (TNF-o [MM-093801], IL-13 [MM-3691001], and IL-6 [MM-
052101]) procured from Jiangsu Enzyme Immunity Industry Co., Ltd. (Taizhou, China),
following the manufacturer’s protocol.

4.14. Scoring of Jejunal and Ileal Lesions

Ocular pathologic changes were observed within a 5 cm segment of the jejunum and
the anterior ileum. Intestinal injury was scored using a 0-6 point scale adapted from
Shojadoost et al. [62]: 0 (no apparent injury), 1 (intestinal wall thinning and brittleness),
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2 (1-5 necrotic foci), 3 (6-15 necrotic foci), 4 (16 or more necrotic foci), 5 (a 2-3 cm necrotic
sheet), and 6 (a large, diffuse necrotic area).

4.15. Observation of Histopathologic Changes in the Jejunum and Ileum

Jejunal and ileal tissues were fixed in 4% paraformaldehyde for 24 h, followed by
dehydration, clearing, wax embedding, sectioning, and hematoxylin—eosin (HE) staining
to produce histopathological sections. Microscopic examination under low magnifica-
tion assessed the morphology and structure of jejunum and ileum tissues, while high-
magnification examination focused on intestinal villi morphology and structure.

4.16. RNA Extraction and Gene Expression Analysis

Approximately 50-100 mg of jejunum and ileum tissues, stored at —80 °C, were trans-
ferred to sterile, enzyme-free microcentrifuge tubes. Sterile, enzyme-free grinding beads
were added, followed by 1 mL of RNA isolator reagent. The samples were homogenized
using a high-speed tissue grinder, subsequently centrifuged at 12,000 x g for 5 min at 4 °C,
and the supernatant was transferred to a sterile, enzyme-free microcentrifuge tube. Total
RNA from intestinal tissues was extracted using the RNA isolator Total RNA Extraction
Reagent kit following sample processing.

RNA purity was assessed by spectrophotometric determination of OD260/280 values,
while integrity was verified using 1% agarose gel electrophoresis. Reverse transcription
employed the All-In-One 5x RT MasterMix kit (Nanjing Ai Bi MnegBiological Material
Co., Ltd., Nanjing, China), generating cDNA from 1 pL. RNA template, 4 pL MasterMix,
and 15 pL ddH,O through incubation at 37 °C for 15 min, 60 °C for 10 min, and 95 °C for
3 min. cDNA was stored at —20 °C. RT-qPCR primers targeting GADPH, caspase-1, IL-1f3,
NLRP3, IL-6, GSDMD, and TNF-o genes were designed using Primer Express 6.0 software
based on GenBank sequences and synthesized by Shanghai Sangon Biotech Co., Shanghai,
China (Table 8). Real-time PCR reactions were conducted using BlasTaq™ 2 x qPCR Mas-
terMix (Nanjing Ai Bi MnegBiological Material Co., Ltd.), comprising 10 uL MasterMix,
0.5 uL of each primer (10 pM), 1 uL cDNA, and 8 pL. ddH,O. A Light Cycler 96 real-time
fluorescence quantitative PCR instrument (Roche, Basel, Switzerland) was used with the
following cycling conditions: initial denaturation at 95 °C for 3 min, followed by 40 cycles
of denaturation at 95 °C for 15 s and annealing/extension at 60 °C for 60 s.

Table 8. The sequence of primers.

Gene Primer Name Primer Sequence (5'—3)
GADPH GADPH-F 5-CTGGCAAAGTCCAAGTGGTG-3'
GADPH-R 5-AGCACCACCCTTCAGATGAG-3'
caspase-1 caspase-1-F 5-TTCCTTCAACACCATCTACG-3'
P caspase-1-R 5-GGTGAGCTTCTCTGGTTTTA-3/
1L-18 IL-1B3-F 5-AGCAGCCTCAGCGAAGAGACC-3'
IL-13-R 5'-GTCCACTGTGGTGTGCTCAGAATC-3’
NLRP3 NLRP3-F 5-AGCTACCACACATCTAGGAT-3'
NLRP3-R 5-GGTGTCCAAATCCTCAATCT-3’
-6 IL-6-F 5-AAGTTCACCGTGTGCGAGAA-3'
; IL-6-R 5'-TCAGGCATTTCTCCTCGTCG-3'
GSDMD GSDMD-F 5-ACTGAGGTCCACAGCCAAGAGG-3’
GSDMD-R 5'-GCCACTCGGAATGCCAGGATG-3'
TNE TNF-o-F 5'-CTTCCTGCTGGGGTGCATAG-3'
“ TNF-a-R 5'-AAGAACCAACGTGGGCATTG-3'

4.17. Statistics Analysis

SPSS 23 software was used for statistical analysis. One-way analysis of variance
(ANOVA) was used to test the main effect. When the differences were significant (p < 0.05),
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the group means were further compared using Tukey’s test. Data were presented as
mean =+ standard deviation, with significance levels set at p < 0.05 and high significance at
p < 0.01. The analysis for lesion score was performed using the nonparametric Kruskal-
Wallis test. Graphical representations were generated using GraphPad Prism 9.

5. Conclusions

In summary, network pharmacology and molecular docking analyses indicated that
PHCE's primary active components, including flavonoids such as quercetin, kaempferol,
and isorhamnetin, potentially counteract NE by modulating the NLRP3 inflammasome
signaling pathway. In vitro experiments demonstrated that both PHCE and its constituent
herbs exhibit antibacterial properties against Clostridium perfringens, with PHCE demonstrat-
ing superior efficacy. In vivo studies align with network pharmacology findings, revealing
that PHCE (2 g/kg) is safe and effectively mitigates oxidative stress in NE-infected broilers
by enhancing intestinal antioxidant capacity. Moreover, PHCE inhibits NLRP3 inflam-
masome activation, potentially through reduced ROS production, leading to decreased
expression of NLRP3 inflammasome signaling pathway-related factors. Consequently,
PHCE attenuates jejunal and ileal inflammation, preserving intestinal integrity. The find-
ings of this study provide a theoretical basis for the clinical application of PHCE. The active
ingredients and content in PHCE still need further study, and the mechanism of PHCE
against NE should be verified by knockout and over-expression of genes.
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Abstract: Background: Beef burgers are perishable meat products, and to extend their shelf life, EU
Regulation 1129/11 permits the use of certain additives. Objectives: However, given the concerns of
health-conscious consumers and the potential toxicity of synthetic substances, this study aimed to explore
the use of fennel waste extracts as natural preservatives. Methods: This study characterized the bioactive
compounds (phenolic content), the antioxidant activity (ABTS* and DPPH assay), and the antimicrobial
properties (against Salmonella enterica serotype Enteritidis, Escherichia coli, Staphylococcus aureus, Bacillus
cereusi, and Pseudomonas aeruginosa) of different fennel waste extracts (LF, liquid fraction; SF, solid fraction
and PF, pellet fraction). Additionally, the potential use of the best fennel extract was evaluated for its impact
on beef burger shelf life (up to 18 days at 4 + 1 °C) in terms of microbiological profile, pH, and activity
water (aw). Results: The PF extract, which was rich in flavones, hydroxybenzoic, and hydroxycinnamic
acids, demonstrated the highest antioxidant and antimicrobial activities. Microbiological analyses on
beef burgers with PF identified this extract as a potential antimicrobial substance. The a,, and pH values
did not appear to be affected. Conclusions: In conclusion, fennel extracts could be proposed as natural
compounds exploitable in beef burgers to preserve their quality and extend their shelf-life.

Keywords: minced meat products; additives; natural compounds; fennel extracts

1. Introduction

Meat and meat products represent a significant source of energy and various nutrients
in the human diet, such as high-value proteins containing essential amino acids, essential
fatty acids, minerals (iron or zinc), and vitamins (B1, B2, B6, and B12) [1]. Their consump-
tion is widespread globally, and they are commonly found in restaurants, fast food chains,
and stores [2]. However, due to some physicochemical characteristics such as pH, water
content, oxygen sensibility [3], and the production process, they are highly perishable
products with a shorter shelf life compared to whole-muscle meat [4]. Microorganisms
responsible for rapid microbiological spoilage lead to changes in flavor, odor, texture, color,
and a reduction in shelf life [5]. In addition, microorganisms responsible for microbiological
deterioration not only cause economic losses to the food industry, but some also pose health
risks to consumers (Salmonella spp., Staphylococcus aureus, Escherichia coli, Campylobacter
jejuni, Listeria monocytogenes, Clostridium perfringes, Yersinia enterocolitica, and Aeromonas
hydrophila) [6]. Moreover, during storage, burgers also undergo natural chemical spoilage,
characterized by lipid oxidation and protein degradation, resulting in nutrient loss and the
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development of unpleasant odors and flavors, further reducing their shelf life [7]. There-
fore, given the economic importance of these meat products and high consumer demand,
the primary concern of the food industry is to reduce and control microbial proliferation
and chemical changes, thereby enhancing shelf life and overall safety [8]. Traditional
meat preservation techniques include the use of synthetic chemical antioxidant and/or
antimicrobial additives and preservatives, such as sulfur dioxide—sulphates, acetic acid, sor-
bates, and benzoates. These substances “prolong the shelf-life of foods by protecting them
against deterioration caused by microorganisms and/or which protect against growth of
pathogenic microorganisms.” [9]. In this regard, the addition of nitrates and nitrites to meat
products offers several benefits, including enhanced quality characteristics and improved
microbiological safety. These compounds, in fact, play a crucial role in developing the
distinctive flavor, maintaining the red color stability, and protecting against lipid oxidation
in cured meats [10]. Nitrites, in particular, exhibit significant bacteriostatic and bactericidal
properties against various spoilage bacteria and foodborne pathogens commonly found
in meat products and prevent the growth and toxin production of Clostridium botulinum.
However, the International Agency for Research on Cancer (IARC) has recently determined
that ingested nitrates or nitrites can be probable human carcinogens under conditions
that promote endogenous nitrosation. Although the use of synthetic preservations offers
numerous technological benefits and are thus of great importance to the meat industry, the
safety of these chemical agents is questionable [11]. Concerns persist about the potential
risks associated with their consumption, such as allergic reactions, gastrointestinal issues,
carcinogenicity, asthma, and behavioral disorders like hyperactivity [12-14]. For this reason,
the development and application of novel technologies involving natural compounds with
antimicrobial and antioxidant properties have become a new strategy adopted by the meat
industry to produce healthier products. These products are free from synthetic chemical
additives or preservatives yet still offer appealing colors and flavors [15-18]. Numerous
natural antimicrobial substances are already in use today, including bacteriophages and
their lysins [19,20], bacteriocins [21], and plant extracts (including essential oils) [22,23].
In this regard, extracts from medicinal and aromatic plants, rich in bioactive compounds
(e.g., phenolics, terpenoids, carotenoids) with potent activity against microbial growth and
oxidative reactions, are increasingly being used as natural additives and quality enhancers
in minced meat processing [24-26].

Fennel (Foeniculum vulgare Mill.) is one of these medicinal and aromatic plants,
renowned for its anticancer, antidementia, antiplatelet, antihirsutism, hepatoprotective,
and anti-hyperlipidemic properties due to its chemical composition [27,28]. Fennel ex-
tracts, particularly from fennel leaves, are important sources of vitamins (A, C, thiamine,
riboflavin, and niacin), minerals (potassium, sodium, calcium, and manganese) [29], and
n-3 fatty acids (primarily found in the leaves) [30]. Rich in bioactive compounds (phenolic
acids, tocopherols, flavonoids, terpenoids, carotenoids) and essential oils [31-33], these
extracts have significant potential as preservatives (antioxidative and antimicrobial) in
the food processing sector [34-36]. Notably, Yanan Sun et al. [36], in a study focused on
the meat industry, demonstrated the antimicrobial effectiveness of fennel extracts against
aerobic mesophilic bacteria in ground pork. The study showed that fennel extracts could
be used to improve the quality of ground pork and extend its shelf life.

Recently, new attention has shifted towards the search for sustainable solutions for recy-
cling and valorizing food by-products for their reintegration into industrial supply chains [37].
However, despite the potential of by-products of fruits and vegetables, little attention has been
given to studying and utilizing this waste and its potential. Therefore, this study aimed to
explore the use of fennel waste extracts as natural preservatives. This study characterized
the bioactive compounds, the antioxidant activity, and the antimicrobial properties (against
Salmonella enterica serotype Enteritidis, Escherichia coli, Staphylococcus aureus, Bacillus cereus, and
Pseudomonas aeruginosa) of different fennel waste extracts. Additionally, the potential use of
the best fennel extract was evaluated for its impact on beef burger shelf life (up to 18 days at
4 + 1 °C) in terms of microbiological profile, pH, and activity water (aw).
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2. Results and Discussion
2.1. Total Phenolic and HPLC Analyses of the Phenolic Compounds in the Fennel Extracts

The results for the total phenolic content (TPC) and HPLC-DAD analysis are presented
in Table 1. The data show that the fennel extract PF had the highest TPC, with 949 mg
GAE/100 g DE, followed by the LF and SF fennel extracts, with 369.49 and 346.72 mg
GAE/100 g DE, respectively. The total phenolic compounds measured based on the HPLC-
DAD analysis were different and lower than those measured using the spectrophotometer
based on the Folin—Ciocalteu assay (Table 1). These discrepancies can be attributed to the
detection limits for certain phenolic compounds and to the fact that the Folin—-Ciocalteu
reagent can react with other molecules (such as sugars and proteins) present in the ex-
tracts, leading to measurement interference and an overestimation of total phenolic content.
According to the HPLC-DAD analysis, four different chemical classes of polyphenols,
including flavonols, flavones, and hydroxybenzoic and hydroxycinnamic acids, and seven-
teen individual phenolic compounds were identified in the three different fennel extracts
(SE LF, and PF), showing a high complexity and richness of such well-known bioactive
compounds. Specifically, for each fennel fraction, at least nine of them (gallic acid, protocate-
chuic acid, catechin, dihydroxycaffeic acid, 4-hydroxybenzoic acid, caffeic acid, p-coumaric,
ferulic acid, and rutin) were quantified using HPLC (Table 1). In this study, the most rele-
vant phenolic compound was the protocatechuic acid hydroxybenzoic acid, whose highest
concentration was found in the PF (126.89 mg/100 g DE). Moreover, 4-hydroxybenzoic acid
and catechin (87.17 and 79.54 mg/100 g DE, respectively), which are bioactive polyphenols
with antimicrobial, anti-inflammatory, and antioxidant properties attributed to their high
free radical-scavenging capacity, were the most prominent compounds in the PF fennel
extract. These higher PF values could be attributed to the presence of more lipophilic com-
pounds, such as flavonoids (naringinin-7-glucoside, rutin, quercetin, and luteolin), which
are associated with insoluble fiber and were separated during the milling and centrifuga-
tion process. Our data are consistent with previous research, such as the study by Roby
et al. [38], which identified fifteen individual compounds, including quercetin, chlorogenic
acid, and ferulic acid, and reported a lower total polyphenol content (TPC) in methanolic
fennel extracts—340 mg GAE /100 g DE—compared to what was observed in this study.
Similarly, Salami et al. [39] reported a high concentration of phenolic compounds (including
chlorogenic acid, caffeic acid, p-coumaric acid, rutin, ferulic acid, 1,5-dicaffeoylquinic acid,
quercetin, and apigenin) in fennel leaves and seeds, with TPC values of 200 mg GAE/100 g
DE and 262 mg GAE/100 g DE, respectively.

2.2. Antioxidant Activity of the Fennel Extracts

The antioxidant activity of the free radical-scavenging fennel extracts is illustrated in Table 1.
The results show that SF and PF had the highest antioxidant capacities compared to the LF
extract. Specifically, SF exhibited strong scavenging effects on DPPH radicals, with values of
653.22 + 14.66 uM TE/100 g DE, and on ABTS radicals, with values of 323.10 & 25.11 mg AAE/
100 g DE (dry extract). The PF extract, on the other hand, demonstrated the highest antioxidant
activity on ABTS radicals, with values of 383.00 £ 18.07 mg AAE/100 g DE (dry extract),
and on DPPH radicals, with values of 638.28 £ 46.70 uM TE/100 g DE. In contrast, the LF
extract exhibited lower antioxidant activity, with scavenging effects on ABTS and DPPH radicals
showing values of 328.85 &+ 14.92 mg AAE/100 g DE (dry extract) and 143.64 + 35.17 uM
TE/100 g DE, respectively. These antioxidant activity results can be partly attributed to the high
polyphenol content in the fennel extracts. Polyphenols are well-known for their potent ability to
reduce oxidative compounds and scavenge free radicals, often surpassing the effectiveness of
vitamins and carotenoids found in plants. Various studies have reported differing outcomes
on this matter; while some authors have identified a correlation between phenolic content
and antioxidant activity [40,41], others have found no such relationship, suggesting that other
compounds may be responsible for the antioxidant effects [42]. Overall, the high antioxidant
capacity observed in our study’s extracts highlights the importance of studying fennel by-
products as a cost-effective and rich source of natural antioxidants.
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2.3. Antimicrobial Screening of Fennel Fraction Extracts

The results illustrated in Figure 1 and Table 2 show the effects of the four fennel
extracts (liquid fraction used directly, LF; liquid fraction at 40 °C, LF*; solid fraction,
SF; and pellet fraction, PF) on the growth of Staphylococcus aureus and Escherichia coli in
the first preliminary screening. Neither the directly used LF nor the concentrated LF*
exhibited any inhibitory activity against the tested microorganisms. In fact, no inhibition
zones were observed on the agar plates (Figure 1). Although a different concentration of
the extracts was used in the screening test, making it difficult to compare antimicrobial
activity, an inhibitory effect was observed for the SF and for PF extracts at concentrations
of 110 mg DE/mL and 20 mg DE/mL, respectively, but only against Staphylococcus aureus
(Figure 1a), with inhibition zones of 10 mm and 10.5 mm (Table 2). These data revealed less
antimicrobial activity against Staphylococcus aureus compared to other studies. For example,
Ghasemian et al., [43] reported that fennel essential oils exhibited an inhibition zone of
19 mm, while Barrahi et al., [44] found inhibition zones ranging from 10 to 20 mm. However,
Lemiasheuski et al., [45], who also worked with essential oils extracted from various parts
of the fennel plant (such as seeds, leaves, or aerial parts), reported inhibition zones of
5-6 mm, which were even smaller than those obtained in our study. It is important to note
that the cited studies were focused on essential oils extracted directly from fennel, unlike
our research, which examined whole extracts derived from fennel waste already used
for other purposes. This difference could potentially explain the slight variations in our
results compared to other studies in the field. In fact, it is well known that the antibacterial
activity of a fennel extract is influenced by several different factors, including the fennel
variety [33], the extraction method, and the part of the plant used for the extraction. For
example, Ghafarizadeh et al., [46] observed that in the case of extracts obtained from
fennel leaves, the ethanolic extract showed the highest inhibitory effect. Additionally,
Rafieian et al., [47] demonstrated that extracts obtained from fennel flowers showed better
antibacterial properties compared to the extracts obtained from other parts of the plant.

Moreover, in this first preliminary screening, none of the four extracts (LF, LF*, SE,
PF) showed inhibitory effects against Escherichia coli (Figure 1b). Thus, the best result was
obtained for the PF extract with the lowest concentration (20 mg DE/mL) and the higher
inhibition (10.5 mm) only against Staphylococcus aureus, a Gram-positive bacterium. This
result agrees with several previous studies [43,48] and has shown that fennel scrap extracts
like fennel essential oils exhibit stronger antimicrobial activity against Gram-positive bac-
teria than Gram-negative bacteria. This difference in efficacy could be attributed to the
distinct structural characteristics of their cell membranes. Gram-negative bacteria have a
relatively thin peptidoglycan cell wall, which is further shielded by an outer membrane con-
taining lipopolysaccharides. In contrast, Gram-positive bacteria lack this outer membrane
but possess a much thicker peptidoglycan layer than that of Gram-negative bacteria [49,50].

Figure 1. Inhibitory effects of fennel hydroalcoholic extracts (LF, liquid fraction used directly; LF*,
liquid fraction at 40 °C; SF, solid fraction extract; PF, pellet fraction extract) against Staphylococcus
aureus growth (a) and Escherichia coli (b).
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Table 2. Inhibitory potentials of fennel extracts on Staphylococcus aureus and Escherichia coli.

Inhibition Zone

Fennel Extract Positive Effect (x) C((::gc?)lg?:f;l Diameter
S. aureus E. coli (mm)
LF - - 38.7 -
LF* - - 160 -
SF X - 110 10.00 £+ 0.21
PF X - 20 10.50 £+ 0.52

LE liquid fraction used directly; LF*, liquid fraction at 40 °C; SF, solid fraction extract; PF, pellet fraction extract.
(-) no inhibition zone was observed; (), positive effect was observed.

After identifying the fennel extracts with antimicrobial properties (SF and PF) and
their respective concentrations (50, 100, and 150 mg/mL for the SF; 10 and 20 mg DE/mL
for PF), a second screening using a microplate-based assay was conducted. The data
revealed that the fennel extracts (SF and PF) had inhibitory effects on the growth of all
tested indicator strains (Salmonella enterica serotype Enteritidis, Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, and Bacillus cereus). Microbial growth, derived from ab-
sorbance data, decreased as the fennel extract concentration increased. As shown in Table 3,
higher concentrations of the extracts resulted in greater growth inhibition, suggesting a
proportional relationship between the amount of fennel extract used and its antimicrobial
activity, as noted by Di Napoli et al., [51]. In summary, PF exhibited the best antimicrobial
properties against all the tested microorganisms due to its effectiveness at lower concentra-
tions (MIC = 2%) compared to the SF extract (MIC = 10%). In fact, an almost total inhibition
(72-81%) of microbial growth was observed, particularly for the Gram-negative bacteria
Salmonella enterica serovar Enteritidis, Escherichia coli, and Pseudomonas aeruginosa. Our
data are consistent with other studies, which have confirmed the bactericidal activity of
the fennel extract against these pathogens [51-53]. Moreover, in agreement with Ozcan
et al., [54], the PF has shown its biocidal power against the Gram-positive Bacillus cereus,
with an inhibition percentage (76%) similar to that observed for Gram-negative bacteria.
Finally, an action, albeit minimal, was also observed on Gram-positive Staphylococcus aureus,
with an inhibition of 28%. As the extracts were obtained from fresh fennel waste, this
antimicrobial effectiveness could be attributed to the bioactive compounds present in the
vegetable waste, such as hydroxybenzoic acids (gallic acid; 3,4 dihydroxybenzoic acid;
protocatechuic acid; 4-hydroxybenzoic acid; p-coumaric and ferulic acid), hydroxycinnamic
acids (dihydroxycaffeic acid and caffeic acid), flavonols (catechin), and flavonoids (rutin).
Specifically, flavonoids are often reported to possess membrane-disrupting and inhibition
activities of cell envelope synthesis, nucleic acid synthesis, electron transport chain, ATP
synthesis, and biofilm formation [55], while the antimicrobial mechanisms of phenolic
acids (hydroxybenzoic and hydroxycinnamic acids) are not yet fully understood. However,
the leading theory suggests that these compounds destabilize microbial cell surfaces and
cytoplasmic membranes, causing irreversible damage to the cell wall and various intra-
cellular organelles. This process may lead to the coagulation of cellular components and
the inhibition of intracellular enzymes. Additionally, once the cell wall is compromised,
phenolic compounds may interact with intracellular components and DNA. The disruption
of internal membranes can also release free radicals, which can further damage DNA and
induce lipid oxidation [56].
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Table 3. Antimicrobial activity of fennel solid fraction extract, SF (concentrations:
50 mg DE/mL = 5%, 100 mg DE/mL = 10%, and 150 mg DE/mL = 15%) and pellet fraction ex-
tract, PF (concentrations: 10 mg DE/mL = 1% and 20 mg DE/mL = 2%) on Salmonella enterica serotype
Enteritidis, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Bacillus cereus growth

and comparison with the positive control (PC).
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Specifically, for Salmonella enterica serotype Enteritidis, an increase in the inhibitory
index (%) was observed, directly proportional to the concentration of fennel extracts. The
inhibition ranged from 44% to 82% for the SF extract and from 37% to 81% for the PF extract
(Table 4). These findings are consistent with several studies investigating the antimicrobial
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effects of fennel plant extracts (notably essential oils) against Salmonella enterica serotype
Enteritidis, demonstrating their inhibitory potentials on both the growth and virulence of
this pathogen at different concentrations. For example, Pluta et al., [56] observed that fen-
nel oils showed inhibitory effects at various concentrations, with the minimum inhibitory
concentration (MIC) varying based on the specific strain and testing conditions. Moreover,
Di Napoli et al., [51], in a study closely aligned with ours, revealed that fennel extracts,
being rich in bioactive compounds, can significantly disrupt bacterial biofilms at low con-
centrations, showing strong antibacterial activity against various pathogens, including
Salmonella enterica. Additionaly, Almuzaini [57] suggests that plant-derived compounds,
including those found in fennel, such as phenolic compounds, polyphenols, flavonoid,
terpenoids, and essential oils, can disrupt bacterial cell membranes, inhibit biofilm forma-
tion, and lead to bacterial death, particularly in strains like Salmonella Typhimurium and
Salmonella Enteritidis.

Table 4. Inhibitory potentials of the solid fennel (SF) and pellet extract (PF) on Salmonella enterica
serotype Enteridis.

Item SF PF
50 mg 100 mg 150 mg 10 mg 20 mg
DE/mL DE/mL DE/mL DE/mL DE/mL
(5%) (10%) (15%) (1%) 2%)
Absorbance 0.843 0.556 0.271 1.013 0.300
Inhibition 43.82 62.92 81.92 36.57 81.21
index, %

The absorbance value and the calculation of inhibition index (%) were recorded after 22 h.

Unlike the first preliminary screening, in the second one, both fennel extracts (SF and
PF) showed antimicrobial effectiveness against Escherichia coli. An inhibitory index (%)
ranging from 21% to 83% for the SF and from 0.12% to 72% for the PF was observed (Table 5).
These data are in accordance with the study by Di Napoli et al. [51], where the fennel
extract effectiveness was found to be dose-dependent, with higher concentrations leading
to greater bacterial inhibition. According to Pluta et al., [56], this antimicrobial activity may
be attributed to the bioactive components found in the extracts, which disrupt bacterial
cell membranes and interfere with essential cellular processes. Notably, the mechanism
involves disruption of the bacterium’s outer membrane, which, although more resistant
due to its lipopolysaccharide layer, can still be permeated by the extract’s hydrophobic
compounds under appropriate conditions [56]. Additionally, it is important to highlight
that among all the Gram-negative bacteria analyzed in the present study, Escherichia coli was
the most resistant to fennel extracts, as also observed Shabnam et al. [58]. However, unlike
the study carried out by Manonmani and Khadir [59], which found that the ethanolic fennel
extracts did not exhibit antibacterial effects against Escherichia coli, we found antimicrobial
activity of the extracts even at a concentration of 20 mg DE/mL (MIC = 2%). The obtained
MIC values are comparable to those reported by Gheorghita et al., (5-10%) [60].

Table 5. Inhibitory potentials of the solid fennel (SF) and pellet extract (PF) on Escherichia coli.

Item SF PF
50 mg 100 mg 150 mg 10 mg 20 mg
DE/mL DE/mL DE/mL DE/mL DE/mL
(5%) (10%) (15%) (1%) (2%)
Absorbance 1.199 0.717 0.253 1.013 0.300
Inhibition 21.01 52.74 83.31 0.117 72.189
index, %

The absorbance value and the calculation of inhibition index (%) were recorded after 22 h.
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Regarding the solid fraction, a similar pattern to that observed for Escherichia coli
was noted for Pseudomonas aeruginosa, with an inhibitory index (%) ranging from 33%
to 79% (Table 6). However, this Gram-negative bacterium proved to be more sensitive
than Escherichia coli to the PF extract, with an inhibitory index (%) ranging from 19% to
75% (Table 5). This finding agrees with the study carried out by Daniela Gheorghita
et al., [60] which reported the greater susceptibility of Pseudomonas aeruginosa compared to
Escherichia coli regarding certain essential oils derived from various plants, including fennel,
particularly in biofilm formation inhibition and growth reduction. In fact, the fennel’s
ability to prevent biofilm formation, which is a key factor in Pseudomonas aeruginosa’s
pathogenicity, disrupts its defense mechanism even at low concentrations, allowing for
better control of bacterial growth [61]. Furthermore, generally, the minimum inhibitory
concentrations (MIC) of essential oils for antibacterial activity may vary depending on the
specific bacterial strain and the oil’s composition [61]. In our study, the MIC for PF (which
is the best extract) was even lower (2 mg DE/mL) than that reported by Diao et al. [35]
(>10 mg DE/mL), despite their research focusing on the antimicrobial activity of essential
oils from fennel seeds (Foeniculum vulgare Mill.) and not on fennel scrap extracts.

Table 6. Inhibitory potentials of the solid fennel (SF) and pellet extract (PF) on Pseudomonas aeruginosa.

Item SF PF
50 mg 100 mg 150 mg 10 mg 20 mg
DE/mL DE/mL DE/mL DE/mL DE/mL
(5%) (10%) (15%) (1%) (2%)
Absorbance 0.820 0.475 0.253 0.956 0.291
Inhibition 33.44 61.42 79.44 18.91 75.27
index, %

The absorbance value and the calculation of inhibition index (%) were recorded after 22 h.

Unlike the previous trends, the PF at a concentration of 10 mg DE/mL was unable to
inhibit or reduce the proliferation of Staphylococcus aureus. In fact, for this microorganism,
higher growth was observed compared to the untreated positive control (PC) (Table 3). At
a concentration of 20 mg DE/mL, the PF showed slight efficacy, with an inhibitory index
(%) of 28% (Table 7). For the SF (Table 3), the best result was observed at a concentration of
100 mg DE/mL (10%) with an inhibition of 43%, confirming the data obtained in the first
preliminary screening (Figure 1 and Table 1). These results differ from those of Rafiejan
et al., [47] and Barrahi et al., [44] who found that Staphylococcus aureus was among the
bacteria most sensitive to fennel extracts. Conversely, Manonmani and Khadir reported
that fennel ethanolic extracts showed no antibacterial activity against Staphylococcus aureus.
In our study, however, the most effective ethanolic extract (PF) reduced microbial growth
by 28%. According to Shahat et al., [62], these variations are likely due to differences in the
concentrations used, extraction methods, and the specific parts of the plant analyzed. In
fact, fennel extracts (notably essential oils) are effective in concentrations ranging from low
to moderate, depending on the strain, the conditions, and the type of extract used.

Table 7. Inhibitory potentials of the solid fennel (SF) and pellet extract (PF) on Staphylococcus aureus.

Item SF PF
50 mg 100 mg 150 mg 10 mg 20 mg
DE/mL DE/mL DE/mL DE/mL DE/mL
(5%) (10%) (15%) (1%) (2%)
Absorbance 0.298 0.240 0.242 1.027 0.266
Inhibition 29.30 42.90 4258 ; 28.30
index, %

The absorbance value and the calculation of inhibition index (%) were recorded after 22 h.
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For Bacillus cereus, the SF at a concentration of 100 mg DE/mL (10%) exhibited greater
effectiveness than the SF at a concentration of 150 mg DE/mL (15%), with an inhibitory
index of 72% (Table 8). For the PF, an increase in antibacterial activity directly proportional
to the fennel extract concentrations was observed (Table 3), with an inhibitory index (%)
ranging from 50% to 76% (Table 8). These findings are in accordance with Lemiasheuski
etal., [45], who observed an inhibitory effect of approximately 50% on Bacillus cereus growth.
The variation in antimicrobial efficacy may be attributed to differences in the type of extract
used (essential oil versus ethanolic extract) and the concentration applied.

Table 8. Inhibitory potentials of the solid fennel (SF) and pellet extract (PF) on Bacillus cereus.

Item SF PF
50 mg 100 mg 150 mg 10 mg 20 mg
DE/mL DE/mL DE/mL DE/mL DE/mL
(5%) (10%) (15%) (1%) (2%)
Absorbance 0.266 0.236 0.274 0.498 0.236
Inhibition 68.92 72.42 67.99 50.17 76.36
index, %

The absorbance value and the calculation of inhibition index (%) were recorded after 22 h.

Overall, the data show that the maximum antibacterial activity was detected at a
concentration of 20 mg DE/mL (2%) for the PF and 150 mg DE/mL (15%) for the SF,
except for the Gram-positive bacteria Bacillus cereus and Staphylococcus aureus, where the
best results were obtained at a concentration of 100 mg DE/mL (10%). Additionally, it
is important to note that, unlike in the first preliminary screening, both fennel extracts
demonstrated antibacterial effectiveness against Escherichia coli in this case, successfully
reducing its proliferation.

2.4. Effects of Selected Fennel Extract on Beef Burgers

The preliminary in vitro screenings showed that the fennel leave extract with the best
antimicrobial properties was the hydroalcoholic extract obtained from the semi-solid pellet.
Based on these initial results, a shelf-life test was conducted in an Italian meat cutting and
processing company to confirm its antimicrobial activity on beef burgers packaged in a
skin pack for 18 days.

Microbiological Analysis

The results of the microbiological analysis of treated (TRT) and untreated (CTR) beef
burgers are shown in Table 9. Overall, the data showed that all the analyzed parameters
of the TRT beef burgers were not only recorded below the limits (m and M) set by the EC
Regulation 1441/07 [63] but also exhibited lower values compared to those of CTR group
(Table 9). However, no significant differences were found between CTR and TRT beef burgers
(<1.0 Log (CFU/g)), likely because these products originated from the production facility and
were prepared for commercial distribution, resulting in low contamination levels.

The TAB 30 °C of the TRT group exhibited an increasing trend during the storage until
reaching a concentration equal to 5.32 Log (CFU/g) at 15 and 18 d. Despite this, it always
remained lower than the TAB 30 °C registered for the CTR group (5.52 Log (CFU/g) at
18 d) and lower than 5.69 Log (CFU/g), which is the m limit set by EC Regulation 1441/07.

From 0 to 8 days, yeasts and molds showed a constant trend, with a concentration
always below 1.0 Log (CFU/g). An increase in microbial proliferation was observed only at
the end of the storage (from 15 to 18 d), but with concentrations (1.56 Log (CFU/g)) always
lower than those obtained for the CTR group, which instead exhibited an increasing trend
starting from day 8 (with 1.1 Log (CFU/g) at 8 d until 1.63 Log (CFU/g) at 18 d).
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The other microbial determinations (coliforms, Beta-glucuronidase-positive Escherichia
coli, coagulase-positive staphylococci, and Listeria monocytogenes) had a constant trend
over time in both groups (CTR and TRT), always remaining below 1.0 Log (CFU/g) (re-
specting the m limits set by the EC Regulation 1441/07 [63] of 2.69 Log (CFU/g) for
Beta-glucuronidase-positive Escherichia coli and of 2.0 Log (CFU/g) for Listeria monocy-
togenes). Salmonella spp. was not found at any time during the storage period. Similar
findings were also reported by others [51,64,65] who evaluated the antimicrobial activity
of extracts obtained from different parts of the fennel plant on meat products. Minor
differences compared to other studies may be attributed to our use of extracts from fennel
waste and their use of extracts or essential oils obtained directly from the plant.

With regard to the chemical analyses, pH and activity water (a, ) are essential quality
indicators for meat and meat products, as they impact the microbiological safety, water-
holding capacity, and tenderness of the final products [26,66].

Throughout the storage period, the water activity (aw) values for the TRT group,
ranging in intervals from 0.975 to 0.981, increased and dropped (from 0.979 at day 0 to 0.981
at day 8, 0.975 at day 12, 0.976 at day 15, and 0.975 at day 18) in narrow intervals, showing
a fluctuating trend (Table 9). In comparison, the water activity (ay) values for the CTR
group, ranging in intervals from 0.974 to 0.980, exhibited a gradual increase until day 12
before declining by day 18 (from 0.979 at day 0 to 0.980 at days 8 and 12, 0.975 at day 15,
0.974 at day 18).

Regarding pH values, both groups showed a decreasing trend over time. According
to Huang et al., [67] this decline could be attributed to the activity of muscle and microbial
enzymes, as well as the formation of organic acids. However, the TRT group showed a
more pronounced pH reduction compared to the CTR group, except on the last two days
(day 15 and day 18). Notably, on day 15, both groups had identical pH values (5.45), while
on day 18, the CTR group had a slightly lower pH value (5.37) compared to the TRT group
(5.40). This greater decrease in pH values observed in the TRT group may be due to a
reduced rate of ammonia production, possibly influenced by the terpenoids present in
natural extracts [67].

3. Materials and Methods
3.1. Reagents and Standards

Anhydrous sodium carbonate (NayCOs3) and Folin—Ciocalteu’s reagent were purchase
from Merck (Algés, Portugal). Standards of gallic acid, caffeic acid, chlorogenic acid, p-
coumaric acid, dihydroxicaffeic acid, ferulic acid, myricetin, quercetin, resveratrol, and rutin
were acquired from Sigma-Aldrich (St. Louis, MA, USA), whereas catechin, (—epicatechin, epi-
catechin gallate, epigallocatechin gallate, epicatechin-3-O-gallate, hydroxytyrosol, kaempferol,
and luteolin-7-glycosidewere purchased from Extrasyn these (Lyon, France). Formic acid and
methanol were purchased from Fischer Scientific (Oeiras, Portugal).

3.2. Preparation of Vegetable Extracts

The vegetable extracts used in this study were provided by the Benefit Company Evra
S.rl (Lauria, PZ, Italy) and obtained according to the Patent No. 102021000007460. Briefly,
fresh fennel (Foeniculum vulgare Mill.) scraps were centrifuged at 7000 rpm for 15 min
at room temperature to obtain a liquid fraction and a solid fraction. The solid fraction
was dried in a vacuum oven type M40-VT (MPM Instruments s.rl.—Bernareggio, Italy) at
40 °C for 48 h and then ground into a fine powder using a grinder model WSG30E (Waring
Commercial—Torrington, CT, USA). The liquid fraction was further centrifuged to obtain a
semi-solid pellet and a liquid supernatant (LF). Subsequently, the powdered solid fraction
and the semi-solid pellet were extracted with ethanol (30-70%) in a raw material to solvent
ratio of 1:5 (g/mL) using a magnetic stirrer for 45 min at temperature ranging from 40 to
70 °C, resulting in extracts of the fennel solid (SF) and pellet fraction (PF). The obtained
extracts were filtered and dried. For the experimental tests, the dried extracts (SF and PF)
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were reconstituted in distilled water to obtain hydroalcoholic fennel extracts at the required
concentrations.

3.3. Total Phenolic Content (TPC)

The total phenolic content of the three extracts (SF, LE, and PF) was determined
using the Folin—Ciocalteu method with some modifications, as reported by Gomez-Garcia
et al., [68]. In a 96-well plate, 20 puL aliquots of each sample were mixed with 80 uL of
Folin—Ciocalteu reagent previously diluted 1:10 (v/v) in water and 100 uL of 7.5% (w/v)
sodium carbonate. After incubating the mixture in the dark at room temperature for 1h, the
absorbance was measured at 750 nm using a microplate reader (Synergy H1, Winooski, VT,
USA). Gallic acid (Sigma-Aldrich, St. Louis, MA, USA) was used as the standard, and the
results were expressed as mg gallic acid equivalents (GAE) per 100 g of dry extract (DE).
Gallic acid was used as a calibration curve standard (0.05-0.50 mg/mL). All measurements
were performed in triplicate for each experiment.

3.4. Analysis of Phenolic Compounds Using HPLC

The polyphenolic profile of fennel extracts (SF, LF, and PF) was obtained using high-
performance liquid chromatography coupled to a diode-array detector (HPLC-DAD) ac-
cording to the method described by Campos et al., [69] with some modifications. The
samples were injected into a Waters Series 2695 Separation Module System (Mildford,
MA, USA) interfaced with a UV /Vis photodiode array detector (PDA 190-600 nm). Sep-
aration was performed using a reverse-phase column (COSMOSIL 5C1 8-AR-II Packed
Column—4.6 mm I.D. x 250 mm: Dartford, UK). The chromatographic separation of
phenolic compounds was carried out with mobile phase A—water/methanol/formic acid
(92.5:5:2.5, v/v/v) and mobile phase B—methanol /water/formic acid (92.5:5:2.5, v/v/v)
under the following conditions: 50 uL of sample was injected at a continuous flow rate
of 0.5 mL/min, with gradient elution starting at 100% mobile phase A for 50 min. From
50 to 55 min, the gradient was adjusted to 45% A and 55% B, then mobile phase A was
returned to 100% for 4 min (until 59 min). Data acquisition and analysis were carried
out using Empower 3 software. Measurements were taken at wavelengths ranging from
200 to 600 nm. Phenolic compounds were identified and quantified using an external
calibration curve of each specific phenolic compound at concentrations ranging from 0.008
to 0.125 mg/mL by comparing retention times, UV absorption spectra, and peak areas with
pure standards. All measurements were performed in triplicate for each experiment, and
the results were expressed as mg of phenolic compounds per 100 g of dry extract (DE).

3.5. Antioxidant Activity of Fennel Fraction Extracts

The DPPH-radical scavenging activity of the fennel extracts (LF, SE, and PF) was
determined according to the method described by Gémez-Garcia et al., [68]. Briefly, 1.75 mL
of DPPH solution (60 uM) was mixed with 250 uL of each extract, and the mixture was
incubated at room temperature for 30 min in the dark. Then, the absorbance was measured
at 515 nm using a UV spectrophotometer (Shimadzu UV-2401PC) (Kyoto, Japan). Trolox
was used as a standard for the preparation of a calibration curve (0.005-0.08 mg/mL), and
the results were expressed in M of Trolox equivalents (TE) per 100 g of dry extract (DE).
All measurements were performed in triplicate for each experiment.

The ABTS™ radical method was performed following the method described by Gémez-
Garcia et al., [68] mixing 10 pL of the sample extract with 1 mL of ABTS radical solution.
After 6 min in the dark, the absorbance was recorded at 734 nm using a UV spectropho-
tometer. The stock solution was prepared by combining ABTS+ (7 mM) with potassium
persulfate (2.5 mM) in ultra-pure water, and the mixture was stirred at room temperature
for 16 h. The ABTS+ radical solution was subsequently diluted with water to achieve
an absorbance of 0.700 & 0.020 at 734 nm. The results were expressed in mg ascorbic
acid (EAA) per 100 g of dry extract (DE) equivalents. The standard curve was made with
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l-ascorbic acid (0.05-0.5 mg/mL). All measurements were performed in triplicate for each
experiment.
The antioxidant activity was calculated as follows:

Antioxidant activity = (Aplank — Asample/ Ablank) X 100

3.6. Antimicrobial Screening of Fennel Fraction Extracts

The antimicrobial properties of fennel leaves extract were evaluated in vitro against
pathogenic and spoilage microorganisms commonly found in the meat industry. Two
preliminary screenings (agar-well diffusion assay and microplate-based assay) were carried
out to test the antibacterial activity of the fennel extracts (LF, PF, and SF) against the follow-
ing microorganisms: Salmonella enterica serotype Enteritidis ATCC 13076, Escherichia coli
ATCC 25922, Staphylococcus aureus ATCC 25923, Bacillus cereus NCTC 2599, and Pseudomonas
aeruginosa from the CBQF-ESB collection. Moreover, a fourth extract (LF*), obtained by
concentrating the LF using a rotary evaporator under a vacuum at a temperature below
40 °C, was tested using the agar-well diffusion method.

3.6.1. Inoculum Preparation

All microbial strains used as indicators, stored in a freezer at —80 °C, were reactivated
on a solid non-selective nutrient medium (Nutrient Agar, provided by Biolife, Milan, Italy)
to assess their purity and vitality. According to ISO 4833-1:2013 [70], sterilized Petri dishes
(9 cm in diameter) containing Plate Count Agar (PCA) were inoculated with the microbial
indicator strains and incubated at 37 °C for 24 h. Bacterial cells were then picked from the
colonies on the plates and suspended in phosphate buffer (pH 7.4) via agitation, aiming to
achieve a final concentration of 1.5 x 108 CFU/mL (0.5 McFarland standard), measured
using a densitometer (Sensititre—Nephelometer, Thermo Fisher, Roskilde, Denmark).

3.6.2. Agar-Well Diffusion Assay

A preliminary screening was performed using the agar-well diffusion method to test
the antimicrobial properties of four fennel hydroalcoholic extracts (liquid fraction used
directly, LF; liquid fraction concentrated, LF*; solid fraction, SF; and pellet fraction, PF) at
different concentrations (38.7 mg DE/mL for LE, 160 mg DE/mL for LF*, 110 mg DE/mL
for SE, and 20 mg DE/mL for PF) against the Gram-positive bacterium Staphylococcus aureus
and Gram-negative Escherichia coli. The aim of this laboratory assay was to identify the
most effective extracts and concentrations. Briefly, a standardized inoculum suspension
of each bacterial strain, with a final concentration of 1.5 x 108 CFU/mL, was swabbed
onto PCA agar plates. Subsequently, four-millimeter wells were then created and inoc-
ulated with 50 pL of each hydroalcoholic extract. The plates were incubated for 24 h at
37 °C. The effectiveness of these extracts was evaluated by measuring the diameter of the
inhibition zones.

3.6.3. Microplate-Based Assay

After identifying the two most effective fennel extracts (SF and PF) and their respective
concentrations (50, 100, and 150 mg/mL for the SF; 10 and 20 mg of dry extract DE/mL for PF),
a second screening using a microplate-based assay was conducted to evaluate their antibacterial
activity against pathogenic and spoilage microorganisms commonly found in the meat industry:
Salmonella enterica serotype Enteritidis ATCC 13076, Escherichia coli ATCC 25922, Pseudomonas
aeruginosa, Staphylococcus aureus ATCC 25923, and Bacillus cereus NCTC 2599. Briefly, for each
fennel extract, various solutions at different concentrations were prepared using distilled water
as follows: SF at concentrations of 50 mg DE/mL = 5%, 100 mg DE/mL = 10%, and 150 mg
DE/mL = 15%, and PF at concentrations of 10 mg DE/mL = 1% and 20 mg DE/mL = 2%;
the best inhibitory concentration being considered as the minimum inhibitory concentration
(MIC). The MIC value corresponded to the lowest extract concentration that inhibited visible
bacterial growth. The sterilized samples were added to the wells of sterile polystyrene 96-well
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microtiter plates (Sarstedt, Wexford, Ireland). Mueller-Hinton broth with the inoculum (without
any extract solution) was used as the positive control, while Mueller-Hinton broth without the
inoculum was used as the negative control (blank). The plates were incubated at 37 °C for 24 h.
Absorbance was measured at 660 nm at 1 h intervals using a Thermo Scientific™ Multiskan™
GO Microplate Spectrophotometer (Roskilde, Denmark). The laboratory test was conducted
in triplicate. According to Sahar Roshanak et al., [71] and Maria-Leonor Pla et al., [72], the
increase in turbidity is a sign of microorganism growth. Thus, based on these studies and in
accordance with Ju-Sung Kim et al., [66], we calculated the percent inhibition (%) of each fennel
extract at the different concentrations (SF at concentrations of 50 mg DE/mL = 5%, 100 mg
DE/mL =10%, and 150 mg DE/mL = 15% and PF at concentrations of 10 mg DE/mL =1%
and 20 mg DE/mL = 2%) using the measured absorbance as follows:

Inhibition rate (%) = (1 — (Abssampie — AbSpiank)/ AbScontror)) % 100

where Absg;pl, is the absorbance of the experimental sample, Abspjq,x is the absorbance of
the blank, and Abs,;y0; is the absorbance of the positive control.

3.7. Evaluation of Effects of Selected Fennel Extracts on Beef Burgers

The preliminary in vitro screenings showed that the fennel extract with the best
antimicrobial properties was the hydroalcoholic extract obtained from the semi-solid pellet
represented by the pellet fraction (PF). Consequently, to evaluate the effects of this extract
on beef burgers, microbiological and physicochemical analyses were conducted. The results
of the treated beef burger (TRT) analyses were compared to those of an untreated beef
burger (control, CTR) commonly produced by the meat industry involved in this study.

3.7.1. Beef Burger Processing and Analyses

The tested beef burgers were taken from a batch produced by the meat product
company of interest. The following ingredients were used for the preparation of the dough:
minced beef (84%), water (8.5%), salt (1.5%), and a powdered mixture of aromas, vegetable
fibers, plant extracts, and potato starch (6%). In the TRT group, 2% (20 mg DE/mL) of
the best fennel extract (PF) was added to the beef burgers and thoroughly mixed. The
percentage refers to final product concentration. Beef burgers with no additions were used
as controls (CTR). The mixture was then manually blended to obtain a homogeneous mass.
The samples were divided into treated (TRT) and untreated (control, CTR) groups. All
burgers were formed using a conventional burger maker, packaged in skin packs, and
stored for 18 days (shelf life determined by the company based on preliminary studies)
in a relative vacuum at a refrigerator temperature of 4 + 1 °C (in a refrigerator with
digital control of air temperature and relative humidity). When opening each package,
the product’s acceptability was evaluated based on the color and smell to determine its
suitability for analysis. Analyses were performed at 0, 5, 8, 12, 15, and 18 days from
production. Sampling times were chosen based on preliminary shelf-life studies (data not
published). At the laboratory, during when each package was opened from 0 to 18 days,
microbiological and chemical analyses were carried out in triplicate.

3.7.2. Microbiological and Chemical Analysis

In the microbiological laboratory, the following meat hygiene indicator microorgan-
isms were determined: total aerobic plate count at 30 °C (TAB 30 °C), total coliforms,
beta-glucuronidase-positive Escherichia coli, coagulase-positive staphylococci, yeasts, and
molds. Briefly, 10 g of each sample was added to 90 mL (1:10, w/v) of sterilized peptone
water (PW, CM0009, OXOID, Basingstoke, UK) in a sterile stomacher bag and homogenized
at 230 rpm for three minutes in a peristaltic homogenizer (BagMixer®400 P, Interscience,
Saint Nom, France). Subsequently, ten-fold serial dilutions were prepared from each ho-
mogenate to isolate and enumerate the following: the total aerobic plate count at 30 °C
on plate count agar (PCA; CM0325, Oxoid, Madrid, Spain) incubated at 30 °C for 48-72 h
according to ISO 4833-1:2013 [70]; the total coliforms on violet-red bile lactose agar (VRBL,
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Oxoid, Madrid, Spain) incubated at 37 °C for 48 h in agreement with ISO 4831:2006 [73]; the
-glucuronidase-positive Escherichia coli on tryptone bile x-glucuronide agar (TBX, CM0945,
Oxoid, Basingstoke, Hampshire, UK) incubated at 44 °C for 24-48 h in agreement with
ISO 16649-2:2001 [74]; the coagulase-positive staphylococci on Baird-Parker agar (Oxoid,
Madrid, Spain) at 37 °C for 24-48 h in agreement with ISO 6888-1:1999 [75]; and yeasts
and molds on dichloran rose-Bengal chloramphenicol agar (DRBC, Oxoid, Madrid, Spain)
incubated at 25 °C for 120/168 h according to ISO 21527-2:2008 [76].

In addition, the potential presence of two pathogens most commonly associated with
meat products was also evaluated: Listeria monocytogenes, according to ISO 11290-1:2017 [77],
and Salmonella spp., according to ISO 6579-1:2017 [78]. For this, 25 g of each meat sample
was homogenized in 225 mL (1:10 w/v) of buffer peptone water (BPW, CM0509, Oxoid,
Basingstoke, UK) and incubated for 24 h at 37 °C for the detection of Salmonella spp. and in
225 mL of half Fraser broth (HF, CM1053, Oxoid, Basingstoke, Hampshire, UK), incubated
for 24 h at 30 °C for the detection of Listeria monocytogenes.

During the storage period, water activity (aw) and pH were evaluated using Aqualab
4 TE—Decagon Devices (METER Group, Inc., Pullman, WA, USA) and a pH-meter (Crison-
Micro TT 2022, Crison Instruments, Barcelona, Spain) equipped with a glass insertion
electrode, respectively. The pH values were measured by inserting the glass electrode 2 cm
deep into the beef burgers. Each measurement was performed in triplicate (n = 3), and the
mean value was recorded as the result. Moreover, the overall acceptability was assessed
based on visual and odor evaluation of the samples.

3.8. Statistical Analysis

Statistical analyses were performed using SAS software version 6. 3rd ed. One-way
ANOVAs were performed for the results of the fennel fraction extracts by comparing the
inhibition halos of each extract against the indicator microorganisms tested. For the analysis
of total phenols, individual phenolic content, and DPPH and ABTS activity, Student’s t-
test was applied. Physicochemical and microbiological data of beef burger analyses were
statistically analyzed using generalized linear mixed models (GLMMs), including the
fixed effects of treatment (CTR and TRT) and time (TO, T1, T2, T3, T4, and T5). Each
measurement was performed in triplicate (n = 3), taking the mean value as the result. The
means were compared using the Tukey test (p < 0.05; p < 0.01). All data were presented as
the mean (M) + standard error (SE).

4. Conclusions

Overall, as observed in other studies [64], the preliminary results from the present
work suggest that fennel scraps and their extracts have significant potential as natural
antioxidant and antimicrobial agents in minced meat products such as beef burgers.

The growing interest in optimizing the use of food waste and by-products from agri-
culture and other food sectors presents substantial opportunities for recovering high-value
compounds such as bioactive compounds. The fact that fennel extracts obtained from these
by-products were shown to have very high antioxidant activity and inhibitory potentials
against microorganisms commonly found in meat products opens new possibilities for
using vegetable waste in the meat industry. These extracts could serve as natural antimicro-
bial agents that are healthier and more sustainable than the chemical additives currently
used in industrial markets. In fact, they have the potential to extend the shelf life of minced
meat products, enhance food safety, and transform waste into valuable resources, aligning
with the principles of the circular economy. This approach could reduce food waste while
generating novel, safe, and natural value-added products.

However, to fully realize this potential, given the relatively limited antimicrobial effects
of fennel extracts (notably the pellet fraction) observed in the beef burger experiments of this
study, optimization of the extraction process and incorporation methods in minced meat is
necessary to improve their antimicrobial efficacy. Further studies, such as challenge tests, are
required to support these preliminary findings and will be the focus of future research.
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5. Patents
Patent no. 102021000007460 was filed on 26 March 2021.
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