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Editorial on the Research Topic
Novel chemical, microbiological and physical approaches in food safety
control, volume Il

The possible simultaneous presence of microbiological and chemical contaminants in
the same food, also known as “cocktail effect” is an emerging topic in food safety. Given
the presence of such cocktail of contaminants, high amounts of data are needed in order
to develop any kind of evaluation, taking into account all possible interactions among
different contaminants that can be hypothesized. Taking into account that the range of
food which can be contaminated is very wide, and the need of comprehensive datasets
for elaborating a significant statistical analysis, new effective analytical approaches are
needed. These approaches can embrace new analytical procedures for chemical/physical
determinations and new microbiological protocols characterized by high throughput, low
cost and “Greenness” (1).

Most applications developed in the last years apply gas and liquid chromatography
coupled to mass spectrometry for the quantification of a lot of food contaminants,
detectable in the same run, using a single sample preparation procedure. Many approaches
have been optimized for the determination of most significant concerns in food safety
such as the presence of environmental contaminants, pesticides and veterinary drugs, etc.
Moreover, the recent advances based on metabolomics, dark matter, protein fingerprint in
microbiology, etc., open new frontiers in food analysis and food safety investigations.

Another new target of such novel methods is the “Green” aspects in terms of
environmentally friendly processes to achieve a suitable sustainability (2).

As it regards microbiological approaches, a significant challenge in food safety is
represented by the development of new and more effective methods for isolating and
detecting most important foodborne pathogens, such as human noroviruses, 0157:H7 and
non-0157 STEC, etc. (3, 4).

This Research Topic was conceived in order to showcase the recent advances in food
safety with respect to new chemical, microbiological and physical approaches for the
determination and quantification of both chemical and microbiological risk factors that
may contaminate food.
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A brief overview of all articles collected in this Research Topic
is reported below.

The original article proposed by Garcia et al. applied
disk diffusion and microdilution methods for evaluating the
antimicrobial and antibiofilm properties of Boletus edulis
and Neoboletus luridiformis aqueous and methanolic extracts
against ESKAPE isolates from clinical wound infections. High-
performance liquid chromatography coupled to diode array
detector was also used for phytochemical characterization
based on the determination of total phenols, orthodiphenols
and antioxidant activity. Finally, 3-(4, 5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide (MTT) assay was performed to
study the human foreskin fibroblasts-1 (HFF-1) cell viability.
The authors concluded that the extracts of B. edulis and N.
luridiformis exert antimicrobial and antibiofilm properties against
multidrug-resistant bacteria with different efficacy rates. This
effect can be explained by the relationship between the phenolic
content/antioxidant activity and antimicrobial activity, especially
due to the significant levels of protocatechuic acid, homogentisic
acid, pyrogallol, gallic acid, p-catechin, and dihydroxybenzoic acid
detected in the extract.

Luo et al. described a solid phase extraction coupled to
high-performance liquid chromatography-tandem Orbitrap high
resolution mass spectrometry (HPLC-Orbitrap HRMS) method
for simple, sensitive, and rapid determination of 12 mycotoxins
(ochratoxin A, ochratoxin B, aflatoxin B1, aflatoxin B2, aflatoxin
G, aflatoxin G2, HT-2 toxin, sterigmatocystin, diacetoxysciroenol,
penicillic acid, mycophenolic acid, and citreoviridin) in edible oil,
soy sauce, and bean sauce. This analytical method was characterized
by low limits of detection and quantification, in the range 0.12-1.2
ng/L and 0.40-4.0 wg/L, respectively, recovery percentages in the
range 78.3-115.6%, and relative standard deviations (RSDs) in the
range 0.9-9.7%. The authors applied this method for the analysis
of 24 samples of edible oil, soy sauce and bean sauce, verifying the
presence of AFB1, AFB2, sterigmatocystin and mycophenolic acid
in a concentration range from 1.0 to 22.1 pg/kg.

In the article by Yaman et al. three extraction solvents (water,
methanol, and ethanol) were used to obtain soluble fractions of
Turkish white cheese samples produced in a pilot plant scale. Then,
reference methods, including gas and liquid chromatography,
were used to detect and quantify amino acids, fatty acids and
organic acids. FT-IR spectra were also collected and correlated
with chromatographic data using pattern recognition analysis
to develop regression and classification predictive models. The
authors concluded that all models showed a good fit for predicting
the target compounds during cheese ripening and that a simple
methanolic extraction coupled to spectra obtained by a portable
FT-IR device provides a fast, simple, and cost-effective technique
to monitor the ripening of Turkish white cheese.

Wei-Ye et al. conducted a widely targeted metabolomics
analysis of four commonly used edible and medicinal Ganoderma
species based on ultra performance liquid chromatography-
electrospray ionization-tandem mass spectrometry. The authors
identified 575-764 significant differential metabolites among the
species, most of which exhibited large fold differences. In particular,
amino acids and derivatives, as well as terpenes, nucleotides and
derivatives, alkaloids, and lipids resulted as the most advantageous
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metabolites of Ganoderma lingzhi. The authors also highlighted
that the most significant metabolites in the four Ganoderma species
may regulate and participate in signaling pathways associated with
diverse cancers, Alzheimer’s disease, and diabetes.

Guo et al. selected Pak choi (Brassica rapa L. ssp. chinensis) as a
representative leafy vegetable to be tested in pots to reveal the effects
of silicate—phosphate amendments on soil Cd chemical fractions,
total plant Cd levels, and plant bioaccessibility. The authors
used three heavy metal-immobilizing agents, namely wollastonite,
potassium tripolyphosphate and sodium hexametaphosphate
(SHMP). Using an in vitro digestion method combined with
transmission electron microscopy, the authors reported that silicate
and phosphorus agents were found to reduce the bioaccessibility
of Cd in pak choi by up to 66.13%. The findings of this study
contribute to the development of methods for safer cultivation of
commonly consumed leafy vegetables and for soil remediation.

Marino et al. conducted a study on the nutritional and
microbiological characteristics of Aphia minuta, a pelagic species
harvested from the Golfo di Manfredonia in the Adriatic Sea
(Ttaly). They assessed its chemical composition and profiles across
different seasons, noting higher protein content in spring. Fatty
acids analysis showed seasonal variations, with increased n-3
polyunsaturated fatty acids in spring and summer. Essential amino
acids like leucine and lysine were most abundant in spring and
summer, underlining nutritional value of this species. The research
also examined the microbiological quality and shelf life of Aphia
minuta, testing essential oils against bacteria and their effects in
various packaging environments. Combining citrus extract with
vacuum packaging notably reduced microbial counts within a week.
The study offers valuable information to exploit the nutritional
benefits and market potential of Aphia minuta.

The review prepared by Sajad et al. describes the vital role
that pesticides play in modern agriculture by safeguarding crops
from pests and diseases, despite concerns about their negative
impact on human health and the environment. Pesticide residues
in food and water sources pose significant health risks, potentially
leading to cancer, endocrine disruptions, and neurotoxicity with
prolonged exposure. To address these issues, researchers and
health experts are seeking alternative strategies to counteract the
harmful effects of pesticide residues. Nutraceuticals and bioactive
compounds derived from whole foods like fruits, vegetables,
herbs, and spices, are being explored for their potential to
mitigate pesticide residue toxicity. These substances, comprising
minerals, vitamins, antioxidants, and polyphenols, offer diverse
biological actions that could aid in detoxification and recovery from
pesticide exposure. The review aims to investigate the efficacy of
nutraceutical interventions as a promising approach to combat the
detrimental effects of pesticide residues.

The study presented by Chen et al. is focused on the
photo-sensitivity of Lyophyllum decastes, an edible fungus, during
mushroom emergence and its responses to various light qualities.
Lyophyllum decastes was grown under different light conditions
including white light, red light, blue light, mixed red and blue
light, and a combination of far-red and blue light. Results indicated
that red light led to negative effects on mycelium growth and
primordial formation, while the combination of red and blue
light significantly increased fruiting body characteristics. Blue light
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decreased stipe length and fruiting body weight. Blue and far-
red light treatments deepened color in mushroom pileus and
up-regulated blue photoreceptor genes. Fruiting bodies exposed
to mixed red and blue light showed increased protein and
polysaccharide content. The study offers insights for optimizing
light conditions to enhance the quality of Lyophyllum decastes in
industrial production.

Wei et al. investigated the Liuweizhiji Gegen-Sangshen (LGS),
a very popular beverage in China for alleviating alcohol-
related disorders and preventing alcoholic liver disease, in
order to establish a comprehensive quality control methodology.
Composed of six herbal components, LGS is polysaccharide-
rich, yet the quality and activity of LGS-derived polysaccharides
remained unexplored. Indeed, this study aimed to establish
a quality control method for assessing LGS polysaccharides
(LGSP) and investigate their antioxidant, anti-inflammatory,
and prebiotic effects. LGSP was extracted and analyzed for
molecular weight distribution, monosaccharide content, and
structure applying various techniques such as high-performance
size exclusion chromatography (HPSEC), 1-phenyl-3-methyl-
5-pyrazolone-HPLC (PMP-HPLC), Fourier transform infrared
spectroscopy (FT-IR) as well as nuclear magnetic resonance
spectroscopy (NMR) techniques. Results revealed LGSP molecular
weight distribution peaks, monosaccharide composition and
structural characteristics. LGSP exhibited antioxidant properties,
reduced pro-inflammatory factors, and enhanced the growth of
beneficial probiotics. These findings contribute to understanding
LGSP’s structure-activity relationship, quality evaluation, and
potential for developing healthy products.

Ingegno et al. developed and validated a highly sensitive
analytical method based on gas chromatography-tandem mass
spectrometry (GC-MS/MS) for the determination of polycyclic
aromatic hydrocarbons (PAHs) in various baby foods. This study
details the first setup of PAHs extraction and clean up through
different QuEChERS-based methods and extraction solvents,
considering factors like efficiency and recovery. The GC-MS/MS
method was optimized, ensuring excellent linearity, sensitivity,
and accuracy with detection limits ranging from 0.019 to 0.036
ng/kg. Recovery rates ranged from 73.1 to 110.7%, meeting
European Commission guidelines. A survey on commercial infant
food products of different types, based on meat, fish, legumes,
and vegetables, confirmed PAH levels below quantification limits.
The developed GC-MS/MS method offers a sensitive and reliable
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Multidrug-resistant ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species) has become the most recurrent global cause of skin and
soft-tissue infections, belonging to the WHO priority pathogens list. Successful therapy
remains challenging and entails the assessment of novel and successful antibiotics.
In this study, mushrooms are considered a valuable and unique source of natural
antimicrobial compounds. Therefore, this study aimed to evaluate the antimicrobial
and antibiofilm properties of Boletus edulis (B. edulis) and Neoboletus luridiformis (.
luridiformis) aqueous and methanolic extracts against ESKAPE isolates from clinical
wound infections. Disk diffusion and microdilution methods were used to assess the
antimicrobial activity. Phytochemical characterization was achieved by analysis of total
phenols, orthodiphenols content, and antioxidant activity as well as by high-performance
liquid chromatography-diode array detector (HPLC-DAD). Human foreskin fibroblasts-
1 (HFF-1) cell viability was performed by the MTT assay. Aqueous and methanolic
extracts of B. edulis and N. luridiformis showed antimicrobial and antibiofilm properties
against multidrug-resistant bacteria, although with different efficacy rates. The results
showed that there is a convincing relation between the content of phenolic compounds,
antioxidant activity, and antimicrobial activity suggesting that the presence of phenolic
compounds may explain the biological effects. HPLC analysis revealed high levels
of protocatechuic acid, homogentisic acid, pyrogallol, gallic acid, p-catechin, and
dihydroxybenzoic acid in the aqueous extract of B. edulis, explaining the highest
antimicrobial and antibiofilm properties. Importantly, the mushrooms extracts were
non-cytotoxic at all the tested concentrations. Overall, the tested mushrooms extracts
are good candidates to further explore its use in the prevention of wound infection,
particularly by multidrug-resistant pathogens.

Keywords: antibiotic resistance, wound infection, ESKAPE bacteria, wild mushroom, antibiofilm

Frontiers in Nutrition | www.frontiersin.org

8 February 2022 | Volume 8 | Article 773346


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.773346
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.773346&domain=pdf&date_stamp=2022-02-24
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:juliana.garcia@aquavalor.pt
mailto:saavedra@utad.pt
https://doi.org/10.3389/fnut.2021.773346
https://www.frontiersin.org/articles/10.3389/fnut.2021.773346/full

Garcia et al.

Mushrooms Against Mulidrug-Resistant ESKAPE Pathogens

INTRODUCTION

Nowadays, the increase in multidrug-resistant (MDR) bacteria
represents an important worldwide public health problem
that inspires the search for new strategies to overcome this
multifarious phenomenon (1). Several studies have showed that
infections by MDR strains are one of the major causes of
morbidity and mortality worldwide (2, 3). MDR bacteria are
increasingly involved in infections associated with a variety
of cutaneous wound types including burns, combat-related,
surgical, and chronic wounds. Wounds are often characterized
by a complex and potentially pathogenic microflora that
presents a serious risk for both the wound infection and cross-
contamination (4). The efficacy of antibiotics is influenced
by several factors, namely, the wound microorganisms, their
antibiotic-resistance profile, and the presence of bacteria-
derived biofilm, which significantly enhances their tolerance
to antibiotics (4). The most notorious MDR bacteria was
identified as “ESKAPE,” which includes Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species
that are among the most prevalent bacteria in cutaneous
infections (5). These ESKAPE pathogens have revived the
attention on mushroom extracts as promising agents with
antibacterial and antibiofilm activities. In fact, mushroom species
contains several bioactive compounds, namely phenolic acids,
terpenoids, flavonoids, tannins, alkaloids, and polysaccharides
that could be used as novel and effective antibiotics (6, 7). On
that basis, this study aims to chemically characterize different
extracts of Boletus edulis (B. edulis) and Neoboletus luridiformis
(N. luridiformis) as well as to evaluate its antioxidant properties.
Moreover, the cytotoxicity, antimicrobial action, and ability
to inhibit biofilm formation against clinical MDR isolates of
ESKAPE pathogens were performed.

MATERIALS AND METHODS

Chemicals and Drugs

Methanol of analytical grade purity was from Lab-Scan (Lisbon,
Portugal). The culture media Brain Heart Infusion Agar (BHIA),
Mueller Hinton Broth (MHB), Mueller Hinton Agar (MHA),
and all the antibiotics were obtained from Oxoid (Hampshire,
UK). The saline solution was prepared with NaCl from
Merck (Darmstadt, Germany). The dye resazurin and crystal
violet were purchased from Sigma-Aldrich (St Louis, Mosby,
USA). All the organic solvents were HPLC grade. Ultrapure
water from purified system (Isopad Isomantle, Gemini BV, Pr
Beatrixlaan 301, 7312 DG Apeldoorn, Netherlands) was used.
External standards caffeic acid, catechin, chlorogenic acid, ferulic
acid, gallic acid, (-)-epicatechin, naringin, p-hydroxybenzoic
acid, quercitrin, and rutin were purchased from Extrasynthese
(Lyon Nord, Genay Cedex, France). Dulbecco’s Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), non-essential
amino acids, penicillin, streptomycin, and trypsin-EDTA were
obtained from Invitrogen Corporation (Life Technologies, SA,
Madrid, Spain).

Mushrooms Material

Boletus edulis and Neoboletus luridiformis mushrooms were
collected in a mixed stand at Sabugal, Guarda, located at the
Center of Portugal. The morphological identification of the
wild macrofungi was made till species according to macro-
and microscopic characteristics (8). Representative voucher
specimens were deposited at the mycological herbarium of
Universidade de Tras-os-Montes e Alto Douro. After taxonomic
identification, the mushrooms were immediately stored at
—20°C, freeze dried (Dura Dry TM pP, —41°C and 500 mTorr),
and grounded to a fine powder. The samples were kept in the dark
in hermetically sealed plastic bags up to analysis.

Mushrooms Extracts

Mushrooms extracts were obtained by two different extraction
methods according to our previous study (6): (1) Exhaustive
aqueous extracts: 5g of dried mushrooms material was added
to 150 ml of distilled water. The mixture was agitated at room
temperature (orbital shaker, 1h, 150 rpm) and centrifuged. The
supernatant was filtered (Whatman no. 4 filter paper) and 100 ml
of distilled water was added to the pellet. The whole procedure
was repeated 4 times. The total extracted was stored at —20°C
before lyophilization to obtain the final extract; (2) Exhaustive
methanolic extracts: 5 g of dried mushrooms material was added
to 150 ml of 80% methanol solution (methanol/distilled water
v/v). The mixture was agitated at room temperature (orbital
shaker, 1h, 150 rpm) and centrifuged. The supernatant was
filtered and 100ml of the previous solution was added to
the pellet. The whole procedure was repeated four times. The
total extracted volume was concentrated in a vacuum rotary
evaporator at 38°C to remove methanol and stored at —20°C
before lyophilization to obtain the final extract.

Microorganisms and Culture Media

The microorganisms used were clinical isolates from patients
hospitalized in various departments of Hospital Center of
Trés-os-Montes and Alto Douro (CHTMAD)—these are located
in the cities of Lamego, Peso da Régua, Chaves, and Vila Real,
a Portuguese north province of Trds-os-Montes and Alto
Douro. Ethical approval for this study was granted by the Ethics
Committee of Hospital Vila Real (CHTMAD), according to a
research collaboration protocol established in 2004. These strains
belong to MJH and MJMC collections and are stored at —70°C in
aliquots of BHI medium with 15% (v/v) glycerol in the Medical
Microbiology Laboratory at Department of Veterinary Sciences
— Antimicrobials, Biocides and Biofilms Unit at University of
Tras-os-Montes and Alto Douro (UTAD). Several Gram-positive
and Gram-negative bacteria isolated from wound exudates
were used to screen the antimicrobial activity of the mushroom
extracts. All the strains were identified by morphological and
biochemical tests (morphological identification of colonies,
Gram staining, conventional biochemical identification
methods, and MicroScan WalkAway identification panels),
followed by Kirby-Bauer antibiotic sensitivity assays, using
different antibiotics. Escherichia coli (E. coli) (CETC 434) and
Staphylococcus aureus (S. aureus) (CETC 976) strains were
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obtained from Spanish Type Culture Collection (CETC). Ethics
approval for this study was granted by the Ethics Committee of
Hospital Vila Real.

Antimicrobial Activity

Briefly, bacterial suspension with the turbidity adjusted to 0.5
McFarland standard units, were spread with a sterile cotton
swab onto Petri dishes (90 mm of diameter) containing 4 mm of
Mueller-Hinton agar. Six-millimeter diameter sterile paper discs
were dispensed on the seeded agar plates and imprinted with
12 wL of 1000 ug.mL™! extracts solution (in Dimethyl Sulfoxide
(DMSO) 10%). Incubation for 24 h at 37°C, followed by diameter
measurement (mm) of the clear inhibitory zones around the discs
imprinted with the extracts. In all experiments, a negative control
(12l DMSO) and a positive control [standard commercial
antibiotic gentamicin (10 pug)] were included.

The antimicrobial activity was classified according to the
following scheme: noneffective (—): inhibition halo = 0;
moderate efficacy (+): 0 < inhibition halo < antibiotic inhibition
halo; good efficacy (4++): antibiotic inhibition halo < inhibition
halo < 2x inhibition halo; strong efficacy (+ + +): inhibition
halo > 2x antibiotic inhibition halo (6). Minimum inhibitory
concentration (MIC, lowest concentration of mushroom extract
able to inhibit bacterial growth) was evaluated by a resazurin
microdilution assay (6). Bacteria tested were picked from
overnight cultures in Brain Heart Infusion. A small portion of
bacteria was transferred into a bottle with 50 mL of Mueller
Hinton Broth (MHB), capped and placed in an incubator
overnight at 37°C. After 16 h of incubation, bacterial suspension
was adjusted to an optical density of 0.5 measured at ODsgp nm.
The resazurin solution (3.4mgmL™!) was prepared in sterile
distilled water. A 96-wells sterilized microplate was used and a
volume of 100 pL of MHB was used in each well, together with
200 wL of extract solution, or positive control. From the first
well (belonging to the first horizontal line) 100 nL was taken
and added to the next well and then this step was repeated
to each of the following wells in the vertical line, allowing
a serial fold dilution of decreasing concentration (range of
1000 jLg.mL~! to 7.81 pg.mL ™). In addition, 20 L of bacterial
suspension and 20 wL of resazurin solution was added to each
well. Microplates were incubated at 37°C for 18-24 h. All tests
were performed in triplicate and MIC was then assessed visually
by the color change of resazurin in each well (blue to pink in the
presence of bacteria growth). For the determination of minimum
bactericidal concentration (MBC, the lowest concentration of
mushroom extract at which bacterial growth by at least 99.0%),
the content from each well without changes in color was plated on
Mueller-Hinton Agar and incubated at 37°C for 24 h. The lowest
concentration that yielded no growth after this subculturing was
taken as the MBC.

Bacterial Adhesion/Biofilm Formation and

Exposure to Extracts

The microtiter biofilm assay was used to assess the ability of the
mushrooms extracts to control adhered cells of S. aureus CECT
976 and E. coli CECT 434 biofilms. Briefly, 96-well polystyrene
microtiter plates were filled with 200 1 of bacterial suspension
at ODgyp nm of 0.04 £ 0.02 and incubated for 24 h (biofilm

formation) at 37°C and 150 rpm. After the incubation period,
the content of each well was aspirated and washed once with
200 pl of saline solution 0.85% (w/v). Then, 180 pl of fresh
medium (MH broth) and 20 pl of extracts solution (to a final
concentration at MIC, 5 x MIC, and 10 x MIC) were applied
on biofilms. Concentrations > MIC were used considering that
biofilm-associated cells are usually 10-1,000-fold more resistant
than in the planktonic state. Controls wells containing 10%
(v/v) dimethyl sulfoxide (DMSO) were included. After 24h of
exposure at 37°C and 150 rpm, the effects of extracts were
analyzed in terms of biomass and metabolic activity.

Biomass Quantification
After the treatment of biofilms with the different extracts, the
content of each well of the microtiter plates was removed and
the wells were washed with 250 pl of saline solution 0.85%
(w/v) to remove non-adherent and weakly adherent bacteria. The
remaining attached bacteria were fixed with 250 1 of 96% (v/v)
ethanol and after 15min, the microtiter plates were emptied.
Then, 200 pl of 1% crystal violet (Merck, Portugal) were added
to each well and allowed to stain for 5min at room temperature.
Afterward, the excess of crystal violet was gently withdrawn and
200 pl of 33% (v/v) glacial acetic acid (Fisher Scientific, UK) was
added to solubilize the dye. Finally, the biomass was quantified
by measuring the OD at 570 nm using a microplate reader. The
results were presented as the biomass reduction (%) in relation to
biofilms non-exposed to extracts (Equation 1).
%BR = (ODc — ODw)/ODcx 100 (1)
where %BR is the percentage of biomass reduction, ODc is the
ODs57¢ nm value of control wells, and ODw is the ODs57¢ nm value
for the extract-treated wells.

Metabolic Activity Quantification

After the treatment of pre-established biofilms with mushroom
extracts, the content of each well was removed and the wells were
washed with 250 pl of saline solution 0.85% (w/v) to remove
non-adherent and weakly adherent bacteria. For the staining
procedure, 190 pl of fresh MH broth and 10 pl of resazurin
solution at 400 M were added to each well. Then, the microtiter
plates were incubated for 20 min in the dark at room temperature.
Metabolic activity was quantified by measuring the fluorescence
at 570 and 590 nm, using a microtiter plate reader. The results
were presented as metabolic inactivation (%) in relation to
biofilms non-exposed to mushroom extracts (Equation 2).

%MI = (Fluoc — Fluow)/Fluocx 100 (2)
where %MI is the percentage of metabolic inactivation, Fluoc
represents the fluorescence intensity of biofilms not exposed to
extracts, and Fluow represents the fluorescence intensity value for
biofilms exposed to extracts.

Phytochemical Analysis

Phytochemical characterization of mushroom extracts was
achieved by analysis of total phenols, orthodiphenols content,
and antioxidant activity as well as by high-performance liquid
chromatography-diode array detector (HPLC-DAD).
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Determination of Total Phenolic Compounds

The total phenolic compounds in the extracts were determined by
the Folin-Ciocalteu method as previous described (9). Briefly, 10
il of mushroom extracts at a concentration of 1 mg ml~" or gallic
acid standards (0.01-1.0 mg ml~! in methanol) were mixed with
185 ] of distilled water in a 96-well plate followed by the addition
of 25 ul of Folin-Ciocalteu reagent. After an incubation period
of 5min, sodium carbonate (75 pl of 7% sodium carbonate)
was added and further incubated for 2h in the dark and at
room temperature. The absorbance was then measured at 725 nm
against a blank on the BioTek Powerwave XS2 Microplate Reader
(BioTek Instruments Incorporation, Winooski, Vermont, USA)
at 25°C. The phenolic content was expressed as mg gallic
acid equivalents (GAE) per gram of extract dry weight (mg
GAE/g DW).

Orthodiphenols Content

For the analysis of the orthodiphenols content, a colorimetric
method, based on a complex reaction with sodium molybdate
dehydrate, was applied (9). Briefly, extract aliquots (60 pl at
a concentration of 1 mg ml~!) or gallic acid standards (0.01-
1.0mg ml™! in methanol) were reacted for 25min with 200
ul of a sodium molybdate dihydrate solution (5% prepared
in ethanol/water, 1:1 v/v). The absorbance of the samples and
standards was measured at 370 nm against a blank (ethanol/water
1:1, v/v) on a plate reader at 25°C. The results were expressed as
mg of GAEs per gram of extract (mg GAE/g DW).

Determination of Antiradical and Antioxidant
Capacities

To evaluate 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) radical inhibition, 12 pl of sample or standard was
placed in the microplate followed by 188 1 of ABTS + working
solution. The plate was allowed to rest in the dark for 30 min at
room temperature and the absorbance was read at 734 nm. The
inhibition of ABTS + radicals was calculated using the following
Equation (3).

%Inhibition = (Abs Blank — Abs samples)/(Abs Blank) x 100
(3)

The antioxidant activity of the extracts was determined by
interpolation of the calibration curve for Trolox, and the results
were expressed in mmol Trolox per gram of DW [mmol Trolox/g
DW; (9)].

To measure ferric reducing antioxidant power (FRAP), 20 pl
of sample was placed in each well of the microplate followed
by adding 180 pl of FRAP working solution. After incubating
the reaction for 30 min at 37°C in the dark, absorbance was
read at 593 nm. Trolox was used as standard and the results
were expressed in mmol Trolox per gram of DW (mmol
Trolox/g DW).

High-Performance Liquid Chromatography Analysis
of Individual Polyphenol Compounds

The samples were submitted to HPLC-DAD in order to assess
the profile and content of polyphenols, using the procedure

next described, adapted from (10). A total of 500 pl of each
extract obtained previously was injected in a system with an
eluent composed by water with 0.1% of trifluoroacetic acid
(TFA) (solvent A) and acetonitrile with 0.1% TFA (solvent B).
The elution was performed at a flow rate of solvent of 1ml
min~!, with a gradient starting from 0% solvent B at 0min,
0% solvent B at 5min, 20% solvent B at 15min, 50% solvent
B at 30 min, 100% solvent B at 45min, 100% solvent B at
50 min, 0% solvent B at 55min, and 0% solvent B at 60 min.
The injection volume was 10 pl of sample. Chromatograms were
recorded at 254 and 280 nm for benzoic acids and flavan-3-ols,
320 nm for cinnamic acids, and 370 nm for flavonoids, with a C18
column (250, 9, 46 mm, 5 mm, ACE HPLC Columns, Advanced
Chromatography Technologies Ltd, Abeerden, Scotland, UK).
Individual polyphenols were identified using peak retention time,
UV spectra, and UV maximum absorbance bands and trough
comparison with external commercial standards (Extrasynthese,
Cedex, France). External standards were freshly prepared in
70% methanol (methanol:water) at concentration of 1.0 mg ml~!
and running in HPLC-DAD simultaneously to the samples. The
amount of each polyphenols was calculated using the internal
standard (naringin) method. The results were expressed as
mg 100 g~! DW and calibration curves with standards were
previously prepared and injected in HPLC in order to validate
the method.

Cytotoxicity Assay

Human foreskin fibroblasts-1 (HFF-1) was purchased from
ATCC (ATCC Number: SCRC-1041; ATCC, Manassas,
Virginia, USA). Cell line were grown in DMEM medium
(Carlsbad, California, USA) fortified with L-glutamine, 10%
inactivated fetal calf serum (FBS), antibiotic—antimitotic
mixture (final concentration of 100 U/ml penicillin and 100
U/ml streptomycin) maintained in 5% CO; incubator (Cell
Culture® CO, Incubator, ESCO GB Ltd., UK). At 90-95%
confluence, cells were trypsinized and plated in microtiter
dishes. The viable cells were counted using trypan blue dye
(Gibco) in hemocytometer. Cell viability was assessed using the
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4
-sulfophenyl)-2H-tetrazolium (MTT purchased from Promega,
Madison, Wisconsin, USA) conversion assay. Cells were cultured
in 96-well microtiter plate at a density of 25 x 10° cells
per ml culture medium for 24h. Then, cells were incubated
with 1 pgmL™! to 10mgml~! of both the extracts and its
corresponding formulation for 24 h at 37°C. After the removal of
samples from the wells, cells were washed in phosphate-buffered
saline, followed by addition of fresh medium. The microtiter
plates were then incubated in a humidified atmosphere of 5%
CO; at 37°C for 24 h. To evaluate the number of viable cells, 100
il of MTT solution was added into each well and incubated for
4hat 37°C in the dark. Afterward, the medium was removed, the
intracellular formazan crystals were solubilized, and extracted
with 100 1 DMSO. After 15 min in continuous stirring at room
temperature, the absorbance was measured at 490nm with
background subtraction at 630 nm in the Synergy HT Microplate
Reader (BioTek Instruments Incorporation, Winooski, Vermont,
USA; (11)).
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Statistical Analysis

Data are expressed as mean =+ SD and were statistically analyzed
by the one-way ANOVA, followed by the Holm-Sidak’s multiple
comparison test. Statistical analyses were performed using the
GraphPad Prism software (San Diego, CA) for Windows (version
7) and differences were considered significant when p < 0.05
(95% significance).

RESULTS

Antimicrobial Activity Evaluation of

Extracts

Data on screening of antimicrobial activity of the B. edulis
and N. luridiformis against Gram-positive and Gram-negative
bacteria are shown in Tables 1, 2, respectively. Aqueous extracts
from both the species of mushrooms represented high activity
against most of the sensitive and resistant clinical isolates,
while the methanolic extract showed a lesser activity against
all the isolates. Concerning to aqueous extracts, the bacterial
inhibition halos from Gram-positive varied between 8 and 25 mm
and between 8 and 18 mm for B. edulis and N. luridiformis,
respectively (Table 1). Noteworthy, aqueous extract also showed
high bacterial inhibition halos in P. aeruginosa, with values
varying between 13 and 21 mm and 7 and 17 mm for B. edulis
and N. luridiformis, respectively (Table 2). Methanolic extracts
from both the species showed lower bacterial inhibition halos
values for all the clinical isolates. On the other hand, aqueous and
methanolic extracts of both the species of mushrooms were not
effective against K. pneumoniae.

The MIC and MBC of extracts against Gram-positive
and Gram-negative clinical isolates are given in Tables 3, 4,
respectively. The MIC values for Gram-positive bacteria ranged
between 15.63 and 62.5 ug.ml~! and 62.5 and 250 pg.ml~! for
aqueous B. edulis and N. luridiformis, respectively. The MIC
values for P. aeruginosa varied from 7.81 to 62.5 jug.ml~! and
31.25 to 125 pg.ml~! for aqueous B. edulis and N. luridiformis,
respectively. Methanolic extracts from both the species showed
lower MICs values for all the clinical isolates. Similar to diffusion
test, aqueous and methanolic extracts of both the species were not
effective against K. pneumoniae.

Concerning to MBC, the lowest concentration with
bactericidal effect of aqueous and methanolic extracts of B. edulis
against Methicillin-resistant Staphylococcus aureus (MRSA)
were 250 and 500 pg.ml~!, respectively. For P. aeruginosa, the
values were 125 jLg.ml~! for aqueous B. edulis extract and 500
pg.ml~! for methanolic extract. With respect to N. luridiformis,
the MBC of aqueous and methanolic extracts against MRSA was
500 pg.ml~!. Similar results were achieved for P. aeruginosa
with N. luridiformis aqueous and methanolic extracts.

Effect of Extracts on Biofilms

The efficacy of the different extracts at MIC, 5 x MIC, and 10 x
MIC was tested against S. aureus CETC 976 and E. coli CETC
434 for 24h and the biofilms were characterized in terms of
biomass and metabolic activity (Figures 1, 2, respectively). The
higher biomass removal was obtained for the aqueous extract
of B. edulis in S. aureus (78.0 & 5.02%) and in E. coli (94.0 *+

8.0%) at 10 x MIC (Figures 1A,B). Concerning the remaining
analyzed extracts, the biofilm removal in both the bacterial
species presented the following order: N. luridiformis aqueous
> B. edulis methanolic > N. luridiformis methanolic for each
concentration tested (Figures 1, 2). Concerning to the biofilm
inactivation, the treatments with the different extracts caused
the highest inactivation and presented the following order for
both the biofilms (S. aureus and E. coli): B. edulis aqueous > N.
luridiformis aqueous > B. edulis methanolic > N. luridiformis
methanolic for each concentration tested (Figures1, 2). The
percentage of biofilm inactivation with the different extracts at
5 x MIC and 10 x MIC was higher than with MIC.

Phytochemical Profile

Total Phenolic and Orthodiphenols Contents

Figure3 shows the total phenolic and orthodiphenols
compounds in aqueous and methanolic extracts of B. edulis
and N. luridiformis, respectively. The results showed that there
were significant differences between aqueous (24.74 £+ 1.11 mg
GAE.g~! DW) and methanolic (21.62 + 0.77 mg GAE.g~! DW)
extracts of B. edulis. Similar results were observed between
aqueous (7.64 £ 0.08 mg GAE.g_1 DW) and methanolic (5.64 =+
0.56 mg GAE.g~! DW) extracts of N. luridiformis. Noteworthy,
the amount of total phenolic compounds content in the aqueous
B. edulis extract was significantly higher than in the aqueous
extract of N. luridiformis. Like the total phenolic compounds,
the orthodiphenols content in the aqueous extract of B. edulis
(30.54 & 4.23 mg GAE.g~! DW) was significantly higher than in
the aqueous extract of N. luridiformis (13.50 & 1.90 mg GAE.g™!
DW). On the other hand, no significant differences (p > 0.05)
were observed between the aqueous and methanolic extracts of
B. edulis.

In-vitro Antioxidant Activity

According to the previous reports, mushrooms polyphenols
exhibit a variety of bioactivities, especially antioxidant properties
(6). Consequently, with different approaches and mechanisms,
the 2 main usual antioxidant/antiradical activity assays, FRAP
and ABTS, were carried out in vitro. The results obtained are
shown in Figure 5. The aqueous extracts from both the species
showed a higher antioxidant activity compared to the methanolic
extracts. Also, a higher ABTS®* radical scavenging activity was
observed for the aqueous extract of B. edulis (0.157 &= 0.02 mmol
Trolox.g~! DW) when compared with the methanolic extract
(0.128 4 0.02 mmol Trolox.g~! DW). Noteworthy, a significant
difference (p > 0.05) between the aqueous extract of B. edulis
and the aqueous extract of N. luridiformis (0.044 + 0.02 mmol
Trolox.g~! DW) was observed. The reducing power of ferrous
ions in the tested extracts presents similar results to the radical
scavenging capacity (Figure 4). The FRAP capacities of the 4
extracts were in the order of B. edulis aqueous (0.349 + 0.01
mmol Trolox.g™! DW) > B. edulis methanolic (0.282 =+ 0.02
mmol Trolox.g~! DW) > N. luridiformis methanolic (0.133 =
0.005 mmol Trolox.g~! DW) > N. luridiformis aqueous (0.08 =+
0.005 mmol Trolox.g’1 DW). These results are in accordance
with those obtained for the total phenolic compounds and
orthodiphenols contents of methanolic and aqueous extracts.
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TABLE 1 | In vitro Gram-positive antimicrobial activity of positive control and aqueous and methanolic extracts of B. edulis and N. luridiformis (1,000 jg.mL™"),
determined by the diameter of inhibition zones (mm).

Aqueous extrac Methanolic extrac Control
Bacterial isolates Code B. edulis N. luridiformis B. edulis N. luridiformis CN DMSO
Gram * MS Staphylococcus aureus MJIMC 018 9+282(+) 8+0.71 (+) 7400+ 6+ 0.0(-) §20+10 6+0.0
MR Staphylococcus aureus MJMC 025 124212 (+4) 104071 (4) 7+0.0(+) 6+0.0(-) S17+05
MS Staphylococcus aureus MJMC 026 124071 () 104071 () 6+0.0(-) 6+0.0(-) §21+£00
MS Staphylococcus aureus MJMC 027 10+ 1.41(4) 10+£0.71 (4) 94+ 0.0 () 6+0.0(-) S17+£10
MR Staphylococcus aureus MJMC 102 18 £ 0.0 (+) 11 +£071(+) 8+0.71 (+) 6+0.0(-) g 18+20
MS Staphylococcus aureus MJMC 109 18 4+ 1.41 (+) 134+ 1.41 (+) 10+ 2.12 (+) 8+ 1.41(+) §20+£05
MS Staphylococcus aureus MJIMC 110 10+ 1.41(+) 6+0.0(-) 9+212(+) 7+212(+) S20£05
MR Staphylococcus aureus MJIMC 111 10 £0.70 (+) 8+ 0.0(+) 8+0.71 (+) 6+0.0(-) S16£10
MR Staphylococcus aureus  MJMC 507 10+ 0.0 (+) 6+0.0(-) 6+ 0.0 () 6+0.0(-) g 17 %20
MS Staphylococcus aureus MJIMC 511 15+0.71 (+) 11 +£1.41(+) 6+0.0(-) 6+0.0(-) S20+£05
MS Staphylococcus aureus MJIMC 534-B 18+ 0.71 (+) 6+0.0(-) 6+0.0(—) 6+0.0(-) §21+05
MR Staphylococcus aureus MJMC 539 84+ 1.41(+) 6+ 0.0(-) 6+ 0.0 (-) 64 0.0 (-) g 19+£10
MR Staphylococcus aureus MJIMC 545 9+212(+) 8+0.71 (+) 6+ 0.0 (-) 6+ 0.0(-) S20+£10
MR Staphylococcus aureus MJMC 552 20 + 1.41 (++) 94 0.71 (+) 11 +£0.71 (+) 94 0.71 (+) S 18+£00
MR Staphylococcus aureus MJMC 565-A 18+ 1.41(+4) 8+ 0.71 (+) 6+0.0(-) 6+0.0(-) g21£20
MR Staphylococcus aureus MJMC 583 254212 (++) 18 £0.71 (++4) 7+£0.0(+) 6+0.0(-) S17£10
MR Staphylococcus aureus MJMC 605 8+0.71 (+) 13+ 1.41(+) 6+0.0(-) 6+0.0(-) g 22£10
MS Staphylococcus aureus MJMC 606 8+ 0.71 (+) 6+0.0(-) 6+0.0(-) 6+ 0.0(-) S18£20
MR Staphylococcus aureus  MJMC 615 9+1.41(4) 6+0.0(-) 6+0.0(-) 6+0.0(-) g 19+ 10
Staphylococcus aureus CETC 976 94282 (4) 6+0.0(-) 6+0.0(-) 6+0.0(-) g20+10

CN, Gentamicin; MR, methicillin-resistant; MS, methicillin-susceptible.

TABLE 2 | In vitro Gram-negative antimicrobial activity of positive control and aqueous and methanolic extracts of B. edulis and N. luridiformis (1,000 pg.mL~1),
determined by the diameter of inhibition zones (mm).

Aqueous extrac Methanolic extrac Control
Bacterial isolates Code B. edulis N. luridiformis B. edulis N. luridiformis CN DMSO
Gram ~ Klebsiella pneumoniae MJMC 537 6+ 0.0 (—) 64 0.0 (—) 6+ 0.0 (—) 64 0.0 (-) §22+05 6+ 0.0
Klebsiella pneumoniae MJIMC 542 6+0.0(-) 6+0.0(-) 6+0.0(-) 6+0.0(-) S21+05
Klebsiella pneumoniae MJIMC 543 6+0.0(—) 6+0.0(—) 6+0.0(-) 6+0.0(-) §20+00
Klebsiella pneumoniae MJMC 555 6+0.0(—) 6+0.0(—) 6+0.0(—) 6+0.0(-) §28+05
Klebsiella pneumoniae MJIMC 562-B 6+0.0(—) 6+0.0(—) 6+0.0(-) 6+0.0(-) §21+05
Klebsiella pneumoniae MJIMC 566 6+0.0(-) 6+0.0(-) 6+0.0(-) 6+ 0.0(-) s21+10
Klebsiella pneumoniae MJIMC 569 6+0.0(-) 6+0.0(-) 6+0.0(-) 6+0.0(-) §20+£05
Klebsiella pneumoniae MJIMC 592 6+0.0(-) 6+0.0(-) 6+0.0(-) 6+0.0(-) §22 410
Klebsiella pneumoniae MJIMC 597 6+0.0(-) 6+ 0.0(-) 6+0.0(—) 6+ 0.0 (-) §21£00
Klebsiella pneumoniae MJMC 525 6+0.0(-) 6+0.0(-) 6+0.0(-) 6+0.0(-) §22+05
Acinetobacter. baumanni MJMC 561 64 0.0(—) 64 0.0 (-) 64 0.0(-) 64 0.0 (-) g 26 %05
Acinetobacter baumanni MJMC 526 64 0.0(-) 64 0.0 (-) 64 0.0(-) 64 0.0 (-) g2 +10
Pseudomonas aeruginosa MJMC 540 21 +£0.71 (4) 17 +£0.71 (4) 18+ 1.41(4) 10+1.41 (4 g26+£02
Pseudomonas aeruginosa MJMC 553 18+ 1.41(4) 124+0.71 (4) 144+£2.12 (4) 124+ 0.70 (4) §22+00
Pseudomonas aeruginosa MJMC 559 20 4+ 1.41 (++) 9+0.71(+) 6+ 0.0(-) 6+0.0(-) S17£05
Pseudomonas aeruginosa MJMC 568-A 18+ 1.41(4) 8+ 0.71 (4) 64 0.0(-) 6+0.0(-) §25+10
Pseudomonas aeruginosa MJMC 598 22 +1.41 (+) 183+ 1.41 (+) 13 £0.70 (+) 9 +0.70 (+) §22+10
Escherichia coli CETC 434 13+ 1.41 (4) 7400+ 9 +0.70 (+) 7 0.0 (+) g 1805

CN, Gentamicin.
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TABLE 3 | Minimum inhibitory concentration (ug.mL~") and minimum bactericidal concentration for aqueous and methanolic extracts of B. edulis and N. luridiformis.

Aqueous extract

Methanolic extracts

B. edulis N. luridiformis B. edulis N. luridiformis CN
Bacterial isolates Code MIC MBC MIC MBC MiC MBC MiCc MBC MiCc
GRAM * MS Staphylococcus aureus MJMC 018 31.25 500 125 >1,000 500 1,000 1,000 >1,000 62.5
MR Staphylococcus aureus MJIMC 025 62.5 1,000 125 >1,000 500 1,000 1,000 >1,000 62.5
MS Staphylococcus aureus MJMC 026 31.25 500 250 >1,000 500 1,000 1,000 >1,000 15.63
MR Staphylococcus aureus MJMC 027 31.25 500 250 >1,000 250 >1,000 500 >1,000 15.63
MR Staphylococcus aureus MJIMC 102 62.5 >1,000 125 >1,000 250 >1,000 500 >1,000 15.63
MS Staphylococcus aureus MJMC 109 31.25 500 62.5 500 250 1,000 500 1,000 15.63
MS Staphylococcus aureus MJMC 110 15.63 250 62.5 500 125 500 250 1,000 7.81
MR Staphylococcus aureus MJMC 111 15.63 250 62.5 500 125 500 500 1,000 7.81
MR Staphylococcus aureus MJMC 507 62.5 500 125 >1,000 250 1,000 250 >1,000 62.5
MS Staphylococcus aureus MJMC 511 31.25 500 125 >1,000 500 1,000 1,000 >1,000 7.81
MR Staphylococcus aureus MJMC 534B 15.63 500 250 >1,000 500 >1,000 1,000 >1,000 7.81
MR Staphylococcus aureus MJIMC 539 125 500 250 500 500 1,000 1,000 1,000 62.5
MR Staphylococcus aureus MJMC 545 31.25 500 62.5 >1,000 250 >1,000 500 >1,000 62.5
MR Staphylococcus aureus MJMC 552 31.25 1,000 62.5 >1,000 250 >1,000 250 >1,000 15.63
MR Staphylococcus aureus MJMC 565A 15.63 250 125 500 125 500 250 1,000 15.63
MR Staphylococcus aureus MJMC 583 62.5 500 125 1,000 125 500 500 1,000 31.25
MR Staphylococcus aureus MJMC 605 62.5 >1,000 250 >1,000 250 500 500 500 62.5
MS Staphylococcus aureus MJMC 606 125 >1,000 250 >1,000 500 500 1,000 500 31.25
MR Staphylococcus aureus MJMC 615 125 500 250 1,000 500 >1,000 1,000 >1,000 62.5
Staphylococcus aureus CETC 976 62.5 500 125 1,000 500 >1,000 1,000 >1,000 15.63
CN, Gentamicin; MR, methicillin-resistant; MS, methicillin-susceptible.
TABLE 4 | Minimum inhibitory concentration (ig.mL~") and minimum bactericidal concentration for aqueous and methanolic extracts of B. edulis and N. luridiformis.
Aqueous extract Methanolic extracts
B. edulis N. luridiformis B. edulis N. luridiformis CN
Bacterial isolates Code MiC MBC MIC MBC MIC MBC MIC MBC MiC
GRAM Klebsiella pneumoniae MJMC 537 NI ND NI ND NI ND NI ND 7.81
Klebsiella pneumoniae MJMC 542 NI ND NI ND NI ND NI ND 7.81
Klebsiella pneumoniae MJMC 543 NI ND NI ND NI ND NI ND 62.5
Klebsiella pneumoniae MJMC 555 NI ND NI ND NI ND NI ND 62.5
Klebsiella pneumoniae MJIMC 562-B NI ND NI ND NI ND NI ND 31.25
Klebsiella pneumoniae MJMC 566 NI ND NI ND NI ND NI ND 31.25
Klebsiella pneumoniae MJMC 569 NI ND NI ND NI ND NI ND 31.25
Klebsiella pneumoniae MJMC 592 NI ND NI ND NI ND NI ND 62.5
Klebsiella pneumoniae MJMC 597 NI ND NI ND NI ND NI ND 62.5
Acinetobacter baumanni MJIMC 525 NI ND NI ND NI ND NI ND 15.63
Acinetobacter baumanni MJIMC 561 NI ND NI ND NI ND NI ND 15.63
Pseudomonas aeruginosa MJMC 526 15.63 250 125 500 250 500 500 1,000 62.5
Pseudomonas aeruginosa MJMC 540 7.81 125 31.25 500 125 500 500 >1,000 31.25
Pseudomonas aeruginosa MJMC 553 31.25 500 62.5 >1,000 125 1,000 250 1,000 62.5
Pseudomonas aeruginosa MJMC 559 31.25 500 62.5 1,000 125 >1,000 250 500 31.25
Pseudomonas aeruginosa MJMC 568-A 62.5 1,000 125 >1,000 250 >1,000 500 1,000 31.25
Pseudomonas aeruginosa MJMC 598 15.63 250 125 500 250 1,000 500 >1,000 15.63
Escherichia coli CETC 434 62.5 >1,000 125 >1,000 500 1,000 1,000 >1,000 15.63

CN, Gentamicin; NI, Not inhibited; ND, Not determined.
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FIGURE 1 | Effect of extracts at MIC, 5 x MIC, and 10 x MIC biofilms of Staphylococcus aureus CETC 976. (A) Percentage of biofilm removal, (B) Biofim
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FIGURE 2 | Effect of extracts at MIC, 5 x MIC, and 10 x MIC biofilms of Escherichia coli CETC 434. (A) Percentage of biofilm removal, (B) Biofilm inactivation. Mean
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FIGURE 3 | (A) Total phenolic content of aqueous (AQ.) and hydromethanolic (MEOH) extracts of Boletus edulis (B. edulis) and Neoboletus luridiformis (N. luridiformis)
(*p < 0.0051 vs. B. edulis MEOH, ####p < 0.0001 vs. N. luridiformis AQ., Ttt*tp < 0.0001 vs. N. luridiformis MEOH, ##¢p < 0.0001 vs. N. luridiformis MEOH, ¥p
< 0.0245 vs. N. luridiformis MEOH); (B) Orthodiphenols content of AQ. and MEOH extracts of B. edulis and N. luridiformis (###p < 0.0001 vs. N. luridiformis AQ.,
T++p < 0.0003 vs. N. luridiformis MEOH, ®¢p < 0.0003 vs. N. luridiformis MEOH,).
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FIGURE 4 | (A) 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) AQ. and MEOH extracts of B. edulis and N. luridiformis (##p < 0.0001 vs. N. luridiformis
AQ.); (B) Ferric reducing antioxidant power (FRAP) AQ. and MEOH extracts of B. edulis and N. luridiformis (**p < 0.0003 vs. B. edulis MEOH, ####p < 0.0001 vs.
N. luridifomis AQ., Tt++p < 0.0001 vs. N. luridiformis MEOH, ©®®p < 0.0001 vs. N. luridiformis MEOH, ¥%&p < 0.0008 vs. N. luridiformis MEOH).

TABLE 5 | Phenolic compounds identified and quantified in the agueous and content between water and methanol extracts were found. A total
methanolic extracts of B. edulis and N. furidlformis. of nine different polyphenols were identified. Aqueous extract
Mushrooms Phenolic compounds [1mg. g~ of B. edulis profile exhibited high content of protocatechuic
extracts dry weight acid (18.1 + 1.8mg 100 g~! DW) and homogentisic acid

(144 £ 2.7mg 100 g~! DW). Other polyphenols were gallic

Boletus edulis Galic acid 78£1.2 acid, pyrogallol, 2,4-dihydroxybenzoic acid, p-dihydroxybenzoic

aqueous extract Pyrogallol 76+£08 acid, and catechin. Protocatechuic acid (11.5 + 3.2mg 100
2,4-dihydroxybenzoic acid 05+0.1 ¢~! DW) and homogentisic acid (6.2 &+ 2.2mg 100 g~! DW)
2,5-dihydroxyphenylacetic acid 144x27 were also the main polyphenols found in methanolic extracts
(Homogentisic acic) of B. edulis, followed by gallic acid, p-dihydroxybenzoic acid,
Protocatechuic acid 18118 and catechin. Protocatechuic acid (19.6 & 3.6 mg 100 g~! DW)
p-dinydroxybenzoic acid 18409 was the main polyphenol found in the aqueous extract of
Catechin 20+ 1.4 N. luridiformis, followed by the homogentisic acid and 2,4-

Boletus edulis Gallic acid 43+141

‘ dihydroxybenzoic acid. The 2,4-dihydroxybenzoic acid (7.0 mg
methanolic extract 2,5-dihydroxyphenylacetic acid 6222 + 1.5 100 g~! DW) was the main polyphenol identified in the
(Homogentisic acid) methanolic extract of N. luridiformis followed by protocatechuic

Profocatecmc ac.|d . 115%32 acid, homogentisic acid, 4-hydroxybenzoic acid, and vanillic

p-dihydroxybenzoic acid 1303 acid. In general, B. edulis showed higher content of individual

Cateclhin o 0.9+01 polyphenols compared to other species, which corroborates
gﬁgﬁgﬁf ;’gic?il:;:rrs:;;?ﬁzj:cae?sacid zjilz the findings of total phenolics and orthodiphenols contents.
agueous extract P;'otocateohuic o 19I6i3IG In addmoni our findings, showed for all the sampl.es the

o ' ' presence of important polyphenols such as protocatechuic acid,

gig;gﬁ;f ;'Z{j(?r:oz:fné:i:gicid ;'2i?2 homogentisic acid, gallic acid, and 2,4-dihydroxybenzoic acid
methanolic extract Areyeroy o ' ' and others, often reported by literature as having important

2,5-dihyaroxyphenylacetic acid 27+08 antioxidant and antimicrobial activities.

(Homogentisic acid)

Protocatechuic acid 58+ 1.3 . .

Vanilic acid 14407  Cytotoxicity

Data of Figure 6 indicate that the cell viability of HFF-1 cell
lines, after exposure to all extracts in the different concentrations,

Polyphenol Composition showed a cell survival rate of ~90%.

In this study, water and methanol extracts were used to assess

polyphenol composition of the species of mushroom. The results DISCUSSION

obtained by HPLC-DAD analysis of the mushrooms extracts are

given in Table 5 and B. edulis aqueous chromatogram can be  Nowadays, the incidence of human pathogens resistant to
seen in Figure 5. Differences in both the polyphenol profile and  numerous antibiotics has been increased worldwide. More
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FIGURE 5 | Effect of aqueous and methanolic extracts of B. edulis and N. luridiformis on viability of human foreskin fibroblasts-1 (HFF-1). Cell viability following
incubation with indicated concentrations of crude extract for 24 h was determined using the MTT assay. Cell viability is expressed as a percentage of untreated cells.
Results shown in the graphs are mean + SD obtained from triplicate experiments.
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FIGURE 6 | Effect of aqueous and methanolic extracts of Boletus edulis and Neoboletus luridiformis on viability of Human foreskin fibroblasts (HFF-1). Cell viability
following incubation with indicated concentrations of crude extract for 24 h was determined using the MTT assay. Cell viability is expressed as a percentage of
untreated cells. Results shown in the graphs are mean + SD obtained from triplicate experiments.

importantly, the efficacy absence of the conventional antibiotics ~ with MDR pathogens. Due to the recognized safe status
has generated serious problems on the treatment of infectious  of natural products, the industry interest in antimicrobials
diseases (12). Therefore, urge to find new alternative therapies  derived from nature has boosted (13). Indeed, an outstanding
to fighting or decrease cases of infectious diseases was associated ~ amount of antimicrobial has been obtained from natural sources
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including mushrooms (7). Mushrooms have been used since
1,000 of years in traditional medicine for several diseases and
presently continue to play an important role in the discovery
of new molecules (14). Mushrooms contain a multiplicity of
bioactive compounds with chemical and structural variation that
make them versatile in terms of biological activities including
antimicrobial action (6). In this sense, this study provides new
information with respect to the antimicrobial and antibiofilm
activities, chemical composition, and characterization of 2
mushrooms species, B. edulis and N. luridiformis. To the best
of our knowledge, this study provides the first report on the
phenolic composition of N. luridiformis as well as antimicrobial
activity. Moreover, this is a pioneer study with respect to B.
edulis and N. luridiformis antibiofilm properties and constitutes
an important step toward to combat the emergent biofilms
activities that differ substantially from free-living bacterial
cells (9).

The antimicrobial activity evaluation revealed that aqueous
and methanolic extracts of both the species of mushrooms were
effective against Gram-positive bacteria [methicillin-susceptible
Staphylococcus aureus (MSSA) and MRSA] and Gram-negative
bacteria (P. aeruginosa and E. coli). Noteworthy, the aqueous
extracts from B. edulis presented the highest antimicrobial
activity that was obtained against to MRSA MJMC 583 and
P. aeruginosa carbapenem-resistant MJMC 540, which are in
accordance with our previous study (6). Noteworthy, as clinical
wound infection EKAPE isolates that are associated to healthcare
infections, these results confirmed the overwhelming importance
of mushrooms as a source of antimicrobial compounds.
Corroborating our findings, a study has found out that water
extracts were better than methanol extracts against bacterial
and fungal pathogens (15). Similarly, water extracts of wild
mushrooms showed to be more effective against P. aeruginosa,
E. coli, B. subtilis, and C. albicans isolates (16), which support our
results. It is worth underlining the effect of different solvents on
antioxidant activity. In this study, aqueous extracts had markedly
higher antioxidant capacities than the methanolic extracts.
Therefore, water is a more effective solvent for the extraction
of antioxidant compounds from wild mushrooms. Moreover, the
antimicrobial differences between the species of mushroom and
the two solvents employed (aqueous and methanol) may be due
to the contents of phenolic compounds, which was higher for
the aqueous extract of B. edulis. In fact, several authors have
previously associated with the antimicrobial activity of different
natural sources to phenolic compounds (17-19).

Concerning to phenolic compounds profile, there are few
studies with respect to the individual phenolics in wild edible
mushrooms (20). Commercial species are better known in
terms of composition; however, wild mushrooms are scarcely
studied and, to the best of our knowledge, the polyohenol
composition of the species N. luridiformis has not been
previously described. Data showed that 2,4-dihydroxybenzoic
acid, homogentisic acid, and protocatechuic acid were the only
three polyphenols common to both the aqueous and methanolic
extracts. Protocatechuic acid was present in higher amounts in
the aqueous extract, while high levels of 2,4-dihydroxybenzoic
acid were detected in the methanolic extract. 4-hydroxybenzoic

acid and vanillic acid were only present in methanolic extracts.
For B. edulis, the experimental data are comparable to
those reported in previous studies (20, 21); however, specific
and characteristic composition of each mushroom may be
associated with several factors, namely, genetic, physiological,
and morphological characteristics, agroclimatic conditions, and
ripening stage (6). The major phenolic compounds in aqueous
extract were protocatechuic acid and homogentisic acid. Besides
protocatechuic acid and homogentisic acid, the aqueous extract
also exhibited considerable levels of gallic acid, pyrogallol, and
catechin. On the other hand, the methanolic extract showed
similar phenolic composition, however, in low contents, except
for 2,4-dihydroxybenzoic acid and pyrogallol, which are only
present in aqueous extracts. Noteworthy, the proportion of
protocatechuic acid, however, is higher than in previous studies
from different geographical origins (20, 22).

Alves et al. (4) confirmed that phenolics were the most
important active compounds against bacteria (23). They also
identified 2,4-dihydroxybenzoic and protocatechuic acids as
the main phenolic compounds with higher activity against the
majority of Gram-negative and Gram-positive bacteria (23).
Moreover, this study highlighted the importance of the carboxylic
group in the molecular structure for antimicrobial activity. In
line with this, this study showed that the aqueous extract of B.
edulis presented protocatechuic acids as the main compound,
followed by homogentisic acid, pyrogallol, and gallic acid. It
should be noted that protocatechuic acid as well as homogentisic
acid has carboxylic groups, which may contribute for the higher
antimicrobial activity. These compounds were also present in the
other extracts tested, however, in low contents, explaining the
highest aqueous B. edulis antimicrobial activity. In addition, gallic
acid has been identified as the active compound for the inhibition
of E. coli, Salmonella enteritidis (24), P. aeruginosa, S. aureus,
and Listeria monocytogenes (25). Structural activity of correlation
assays revealed that the three hydroxyl groups of gallic acid were
effective for antibacterial activity and all the substituents of the
benzene rings were effective against S. aureus (24). Gallic acid
was only identified in B. edulis; however, the aqueous extracts
showed an amount almost twice higher than the methanolic
extract, which may explain the better antimicrobial activity of the
aqueous extract.

The different phytochemical composition as well as
antioxidant activity caused different effectiveness in the
Gram-negative and Gram-positive biofilms. The percentages of
biomass removal and inactivation were always higher for E. coli
than for S. aureus for all the extracts tested. The total biofilm
removal was not achieved with any of the extracts; however, the
highest reduction (94%) in biomass removal was found for E. coli
with the aqueous extract of B. edulis. Greater effect of extracts on
biofilms of E. coli than on S. aureus is due to morphology, which
is known to be different; generally, S. aureus biofilms are denser
than those of E. coli (26). To the best of our knowledge, the
antibiofilm properties of B. edulis and N. luridiformis have not
been reported before and, therefore, our results can be evaluated
as the first report about properties of these unique and wild
species. Furthermore, and more importantly, all the extracts
analyzed had no cytotoxic effect on the HFF-1 cell lines, which
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demonstrates their potential in the management and treatment
of wound.

It should be point out that specific compounds must be
evaluated for further conclusions.

Finally, the antimicrobial and antibiofilm activities obtained
in Boletus spp. extracts, especially against ESKAPE pathogens, is
a capable finding to fight the most frequent causes of bacterial
wound infections in developed countries. This study also
provides comparative data on the potential bioactive compounds
of different wild mushrooms and different solvents to help select
the best system for antimicrobial application.
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twelve mycotoxins in edible oll,
soy sauce and bean sauce by
PRIME HLB solid phase
extraction combined with
HPLC-Orbitrap HRMS
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Ming Liang®, Chunxia Zhou?, Yanping Xian* and Xiaofei Xu*

!College of Food Science and Engineering, Guangdong Ocean University, Yangjiang, China,
2Chaozhou Branch of Chemistry and Chemical Engineering Guangdong Laboratory (Hanjiang
Laboratory), Chaozhou, China, *Key Laboratory of Green Processing and Intelligent Manufacturing
of Lingnan Specialty Food, Guangdong Provincial Key Laboratory of Lingnan Specialty Food Science
and Technology, College of Light Industry and Food Sciences, Ministry of Agriculture, Zhongkai
University of Agriculture and Engineering, Guangzhou, China, *Guangzhou Quality Supervision and
Testing Institute, Guangzhou, China

A solid phase extraction-high-performance liquid chromatography-tandem
Orbitrap high resolution mass spectrometry (HPLC-Orbitrap HRMS) method
was established for the determination of 12 mycotoxins (ochratoxin A,
ochratoxin B, aflatoxin B1, aflatoxin B2, aflatoxin G1, aflatoxin G2, HT-2 toxin,
sterigmatocystin, diacetoxysciroenol, penicillic acid, mycophenolic acid, and
citreoviridin) in edible oil, soy sauce, and bean sauce. Samples were extracted
by 80:20 (v:v) acetonitrile-water solution, purified by PRIME HLB column,
separated by aQ C18 column with mobile phase consisting of 0.5 mmol/L
ammonium acetate-0.1% formic acid aqueous solution and methanol. The
results showed that the limits of detection (LODs) and limits of quantification
(LOQs) of 12 mycotoxins were 0.12—-1.2 ng/L and 0.40-4.0 ng/L, respectively.
The determination coefficients of 12 mycotoxins in the range of 0.20-100
ing/L were > 0.998. The average recoveries in soy sauce and bean sauce were
78.4-106.8%, and the relative standard deviations (RSDs) were 1.2-9.7% under
three levels, including LOQ, 2x LOQ and 10 x LOQ. The average recoveries
in edible oil were 78.3-115.6%, and the precision RSD (n = 6) was 0.9-8.6%.
A total of 24 edible oils, soy sauce and bean sauce samples were analyzed
by this method. AFB1, AFB2, sterigmatocystin and mycophenolic acid were
detected in several samples at concentrations ranging from 1.0 to 22.1 g/kg.
The method is simple, sensitive, and rapid and can be used for screening and
quantitative analysis of mycotoxin contamination in edible oil, soy sauce, and
bean sauce.

PRIiME HLB, HPLC-Orbitrap HRMS, edible oil, mycotoxin, soy sauce
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Introduction

Mycotoxins are toxic secondary metabolites produced
by mycotoxin-producing fungi under suitable environmental
conditions (1-3). Currently, there are more than 400 known
mycotoxins. Edible oils such as rapeseed oil, peanut oil,
corn oil, sesame oil, soy sauce and bean sauce are easily
contaminated by mycotoxins because most cereals are used
as raw materials in the preparation process (4, 5). It has
been reported that ~25% of wheat, corn, sorghum and
rice produce toxic and harmful mycotoxins due to mildew
during production, processing, transportation and storage
every year (6). At present, aflatoxin (AFT), ochratoxin A
(OTA) and zearalenone (ZEN) have a great influence on
human health, which will damage human liver function,
cause cancer and teratogenicity and induce immunosuppressive
diseases after exceeding a certain intake (7, 8). The World
Health Organization has included mycotoxins in the key
monitoring objects of the food safety system (9). In China,
GB2761-2017 “National Standard for Food Safety Limits of
Mycotoxins in Food” also has strict regulations on the
limit indicators of some mycotoxins in food. Under natural
conditions, edible oils and condiments may be contaminated
by various mycotoxins. According to the current national
standards, it is necessary to use several detection methods
for multiple experimental analyses to determine the content
of different mycotoxins (10-12). The determination methods
are not only cumbersome but also inefficient. Therefore, it
is urgent to establish a synchronous detection method for
multiple mycotoxins.

Anastassiades et al. (13) proposed the QUEChERS (Quick,
Easy, Cheap, Effective, Rugged, Safe) method, namely, dispersive
solid phase extraction, but it is still insufficient to extract many
toxins from complex substrates. Oasis PRIME HLB is a
type of reversed-solid phase extraction (SPE) adsorbent that
can simplify and accelerate the SPE process and can obtain
cleaner extracts compared with other sample pretreatment
methods. Compared with other SPE products, it can also
remove more than 90% of endogenous phospholipids and is
widely used in the detection of food organic pollutants (14).
At present, colloidal gold immunochromatography, enzyme-
linked immunosorbent assay (ELISA) kits, immunoaffinity
column-high-performance liquid chromatography and isotope
dilution liquid chromatography tandem mass spectrometry
are commonly used to detect mycotoxins (3, 15, 16). Liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
has higher selectivity and sensitivity and has gradually
become the main means for the simultaneous detection of
various mycotoxins (9, 17, 18). Orbitrap high-resolution
mass spectrometry (Orbitrap HRMS) has higher selectivity
and resolution than ordinary mass spectrometry and can
effectively reduce the interference of impurities in complex
matrices (19-22).
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Therefore, the samples were simply extracted and purified by
a PRiIME HLB solid phase extraction column in this study, and
the conditions of liquid chromatography and mass spectrometry
were optimized. An HPLC-Orbitrap HRMS method for the
determination of mycotoxins in edible oil, soy sauce, and bean
sauce was established. The method has advantages such as
simplicity, rapidity and high flux, which is suitable for the
screening and detection of mycotoxins in edible oil, soy sauce
and bean sauce and reduce food safety problems caused by
mycotoxin residues.

Materials and methods

Instruments and reagents

The Thermo Q Exactive Focus High Performance Liquid
Chromatography-Mass Spectrometry System includes a Dionex
Ultimate 3000 Liquid Phase Pump, Autosampler, Column Oven
and Orbitrap High Resolution Mass Spectrometry Section
(Thermo Fisher Scientific, Massachusetts, USA). XCalibur 4.0
software (Thermo Fisher Scientific, Massachusetts, USA) was
used for mass spectrometer control and data processing. A
Thermo Accucore aQ C18 (2.1 x 150 mm, 2.6 um) was used as
the chromatographic column. The samples were vortexed with
an MS3 basic vortex mixer (IKA GmbH, Staufen, Germany).
A KQ-250DV CNC ultrasonic cleaning device (Kunshan,
Jiangsu, China) was used for supersonic-assisted extraction.
Ultrapure water (18.2 M$2-cm) prepared from a Milli-Q
ultrapure system (Millipore, Bedford, MA, USA) was used in the
whole experiment.

Twelve mycotoxins, as shown in Table 1, were purchased
from Shanghai Anpu Scientific Instruments Co., Ltd. and
Adamas Reagent Company of Switzerland. These standards all
have a purity of or higher than 98.0%. Acetonitrile, methanol,
ammonium acetate, and formic acid were obtained from CNW
Technologies GmbH (CNW, Diisseldorf, Germany). A PRIME
HLB solid phase extraction column was purchased from Waters
Company (60 mg/3 cc, Waters, Beverly, MA, USA).

Preparation of standard solutions: The standard reference
materials of each mycotoxin were carefully measured and
prepared into a 1.00 mg/L mixed standard reserve solution
with acetonitrile, which was stored in a refrigerator at 4 °C.
Then, an appropriate amount of standard reserve solution was
transferred and prepared with acetonitrile to form a series of
mixed standard curves with concentrations of 100, 50, 20, 10,
5,2,1,0.5,and 0.2 pg/L.

Sample preparation

Thirteen kinds of edible oil samples and 11 soy sauce and
bean sauce samples were purchased from local supermarkets
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TABLE 1 The gradient elution procedure of HPLC.

Time (min) Mobile phase
0-2.0 90%A*
2.0-3.0 90%A-80%A
3.0-5.0 80%A-74%A
5.0-7.0 74%A
7.0-10.5 74%A-40%A
10.5-13.5 40%A
13.5-14.5 40%A-5%A
14.5-17.0 59%A
17.0-18.0 59%A-90%A
18.0-20.0 90%A

*The mobile phase consists of 0.5 mmol/L ammonium acetate solution containing 0.1%
formic acid (A) and methanol (B).

and online shopping malls in Guangzhou. A 2.0g sample
was weighed and placed in a 50mL centrifuge tube, and
20 mL acetonitrile-water 80:20 (v/v) solution was added. After
mixing, the sample was extracted by oscillation for 10 min and
centrifuged at 500 x g for 5min at room temperature. Ten
milliliters of supernatant was transferred into a 50 mL centrifuge
tube, and 10 mL of n-hexane was added and vortexed for 1 min.
Then, the mixture was centrifuged at 500 x g for 3min at
room temperature. After that, a PRIME HLB column and HLB
solid phase extraction column were adopted for purification.
Finally, the purified solution was dried with nitrogen at 40°C.
Then, the residual was reconstructed with 1.0 mL acetonitrile
and filtered by a 0.22 wm polytetrafluoroethene (PTFE) syringe
filter (Waters, Beverly, MA, USA).

LC-Orbitrap HRMS conditions

The mobile phase consisted of 0.5 mmol/L ammonium
acetate solution containing 0.1% formic acid (A) and
methanol (B). The gradient elution procedure is presented
in Table 1. The injection volume was 5 wL. The flow rate was
0.3 mL/min.

Mass spectrometry conditions

The Q Exactive Focus mass spectrometry system was
equipped with a HESI ion source using positive ion mode,
spray voltage 3.5 kV, and capillary and spray temperatures
of 320°C and 250°C, respectively. The sheath and auxiliary
gas pressures were set at 45 arb and 8 arb, respectively,
and the S-lens RF voltage was 50 V. Both the spray gas and
collision gas were nitrogen. Correction solutions (a solution
of 2 ug/mL caffeine, 1 pg/mL MRFA, 0.001% Ultramark 1621
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and 0.0005% n-butylamine; a solution of 2.9 pg/mL sodium
dodecyl sulfate, 5.4 g/mL sodium taurocholate and 0.001%
Ultramark 1621) were used to correct the mass axis once
every 7 days. The scanning mode was full MS/dd-MS2 mode.
The full MS first-level full scanning range was m/z 100-
650, resolution was 70000, automatic gain control AGC and
automatic injection time IT were set to 1.0 e® and 100 ms,
respectively; the data-dependent AGC of dd-MS2 was set to
1.0 €%, the resolution was set to 17,500, the maximum IT
was set to 60 ms, the separation window was set to 2.0 m/z,
the normalized collision energy (NCE) of each compound
was set to 20, 40, and 60%, and the dynamic exclusion was
setto 8 s.

Results and discussion

Optimization of mass spectrometry
conditions

Compared with triple quadrupole mass spectrometry,
Orbitrap high-resolution mass spectrometry is simpler to
operate and optimize mass spectrometry conditions (20). First,
12 target standards (concentration 100 jg/L) were scanned by
full MS with a resolution of 70,000, and qualitative screening
and quantitative detection were carried out according to the
accurate mass number of primary parent ions of the target
compounds. The quasi-molecular ion peaks of [M + H] T, [M
+ NHy] T, and [M + Na] T may be produced in the positive
ion mode, and the quasi-molecular ion peaks of [M-H]™ are
mainly produced in the negative ion mode. By comparing the
response values of each quasi-molecular ion peak in the two
modes, it was found that aflatoxin could produce molecular
ions in both positive and negative ion modes, but the response
value of [M-H]~ was far lower than that of [M + H] T;
HT-2 toxin belongs to trichothecenes, and its parent ion can
form [M + H] *, [M + Na] T and [M + NHy] 1, but the
conjugate of [M 4 Na] T has the highest response value and
sensitivity, so HT-2 toxin chooses [M + Na] T as the parent
ion. Diacetoxysciroenol can form [M + Na] * and [M +
NHy4] T, but the response value and sensitivity of [M + Na]
* are higher; the other six toxins all have [M + H] * ions
in positive ion mode, so positive ion scanning mode was used
for detection in this experiment. Then, full MS/dd-MS; mode
was adopted, in which dd-MS; was used as the confirmation
mode. When the parent ion strength reached the set threshold (1
x 10%), it automatically triggered secondary mass spectrometry
scanning, and the information of secondary fragment ions could
be further confirmed by combining the accurate mass number
and retention time of primary parent ions. The precise mass
number, mass accuracy error and retention time of the 12

mycotoxins are shown in Table 2.
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TABLE 2 HPLC and Orbitrap HRMS parameters of 12 mycotoxins.

10.3389/fnut.2022.1001671

Compounds Molecular Ion Rt/min Measured m/z Theoretical m/z Fragment ions Error  NCE (%)
(abbreviations) formula (ppm)

Ochratoxin A (OTA) CaoHi3CINOg [M+H]* 1344 404.08789 404.08954 358.08279, 257.02112 —4.08 10
Ochratoxin B (OTB) CaoHi1sNOg [M+H]* 1239 370.12781 370.12851 223.05954, 324.12219 —1.89 10
Aflatoxin B1 (AFB1) Ci7H1206 [M+H]* 1141 313.06979 313.07066 285.07471, 270.05087 -2.78 50
Aflatoxin B2 (AFB2) Ci7H1406 [M+H]* 1119 315.08524 315.08631 287.09055, 259.05942 —3.40 50
Aflatoxin G1 (AFG1) CiyH1,05 [M+H]* 1076 329.06464 329.06558 243.06461, 215.6949 —2.86 50
Aflatoxin G2 (AFG2) Ci7H1,0; [M+H]* 1048 331.08035 331.08123 313.06967, 245.08006 —2.66 50
HT-2 toxin (HT-2) CyH3,05 [M+Na]* 1174 447.19690 447.19894 149.02306, 345.12979 —4.56 40
Sterigmatocystin (ST) CisHi1206 [M+H]* 1539 325.07004 325.07066 281.04382, 310.04620 191 40
Diacetoxyscirpenol (DAS) C19Hy 07 [M+Na]* 10.70 389.15549 389.15707 89.05946, 133.08578 —4.06 50
Penicillic acid (PA) CsHip04 [M+H]* 4.92 171.06497 171.06518 12505949, 72.04420 -123 40
Mycophenolic acid (MA) ~ Cy7HyOp [M+H]* 1230 321.13220 321.13326 207.06477, 159.04353 —3.30 40
Citreoviridin (CIT) Ca3H3006 [M+H]* 1429 403.21017 403.21150 139.03871, 83.04883 -3.30 40

Optimization of chromatographic
conditions

The type and proportion of the mobile phase not only affect
the retention time and peak shape of the target compound but
also affect the ionization efficiency of the target compounds,
thus affecting the sensitivity (23-25). In this study, four different
mobile phases, A: 0.1% formic acid water-methanol, B: 1
mmol/L ammonium acetate-0.1% formic acid water-methanol,
A: 0.1% formic acid water-acetonitrile, and D: 1 mmol/L
ammonium acetate-0.1% formic acid water-acetonitrile, were
compared on the mass spectral responses of 12 mycotoxins. The
results showed that when A was the mobile phase, all toxins
had a mass spectrometry response. However, when ammonium
acetate is present in the mobile phase, the ionic response of
each target substance is obviously enhanced. Therefore, the
effects of different concentrations of ammonium acetate (0.1,
0.5, 1, 2, and 5 mmol/L) on the response intensity of mass
spectrometry were further optimized. The results showed that
when the concentration of ammonium acetate increased to 0.5
mmol/L, the ionic responses of most of the target compounds
were enhanced, but the concentration of ammonium acetate
continued to increase, but the response values of the other eight
target compounds decreased slightly except for four aflatoxins.
Therefore, 0.5 mmol/L ammonium acetate-0.1% formic acid
aqueous solution was finally selected as the mobile phase. The
main organic phases were acetonitrile and methanol. It was
found that the peak shape of some target compounds was poor
when acetonitrile was used as the mobile phase, so methanol
was selected as the organic phase in this study. Therefore, 0.5
mmol/L ammonium acetate-0.1% formic acid aqueous solution-

methanol was used as the mobile phase. The chromatographic
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and mass spectra of 12 mycotoxins after optimization are shown

in Figures 1A,B.

Optimization of pretreatment

Optimization of extraction solvent

Mycotoxins were mainly extracted by methanol, acetonitrile
or a mixture of these two solvents and water in different
proportions (26, 27). Therefore, this study compared the
extraction efficiency of 12 mycotoxins from soy sauce by
six insoluble solvent systems: methanol, acetonitrile, 80%
methanol-water, 80% acetonitrile-water, 80% methanol-water-
0.1% FA and 80% acetonitrile-water-0.1% FA. The results are
shown in Figure 2A. The extraction effect of acetonitrile on
12 mycotoxins was significantly better than that of methanol.
The addition of water can significantly improve the extraction
rate. Eighty percent acetonitrile-water and 80% acetonitrile-
hydr-0.1% FA had little effect on the mycotoxin extraction
efficiency, except for HT-2 and penicillin. However, 80%
acetonitrile-water was better than 80% acetonitrile-hydr-0.1%
FA in the extraction efficiency of HT-2 and penicillic acid.
Hence, 80% acetonitrile-water was finally selected as the
extraction solvent.

Optimization of extraction time

In this study, 80% acetonitrile-water was used as the
extraction solvent, and the effects of different shaking extraction
times (5, 10, 15, 20, and 30min) on the extraction of 12
mycotoxins from condiments were compared. The results
are shown in Figure 2B. With increasing extraction time, the
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FIGURE 2

Effects of extraction solvent (A), extraction time (B), and various solid phase extraction columns (C) on the extraction recoveries of 12

mycotoxins.
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recovery rate gradually increased, and after increasing to 10 min,
the recovery rate remained basically unchanged. Therefore, a
10 min shaking time was finally selected as the extraction time.

Optimization of purification conditions

The effects of two different solid phase extraction columns
(HLB column and PRiME HLB column) on the recovery of
mycotoxins were investigated. The HLB column was a reversed-
phase solid phase extraction column, and the impurities were
removed by leaching after adsorbing the target substance.
Compared with other SPE products, it can remove 95% of
common matrix interfering substances (such as phospholipids,
fats, salts and proteins) (28). As shown in Figure 2C, the
recoveries of 12 mycotoxins were improved by two purification
columns. After PRIME HLB purification, the recoveries of
mycotoxins ranged from 79.8 to 108.6%, and those obtained by
HLB column purification ranged from 68.8 to 93.1%. Without
purification, the recoveries of 12 mycotoxins ranged from 41.9
to 87.2%. Compared with the two kinds of solid phase extraction
columns, the recovery rate of the impurity adsorption solid
phase extraction column was better than that of the target
substance adsorption solid phase extraction column except for
HT-2 toxin, mainly because the HLB column did not have
specific adsorption for a specific toxin, so it is easy to lose the
recovery rate in the process of target substance adsorption and
impurity elution. Therefore, a PRIME HLB column was selected
as the purification column in this experiment.

Matrix effect

The matrix is a coextraction interfering substance other than
the measured substance in the sample that often competes with
the target compound for ionization, has significant interference
with the analysis of the measured substance, and affects the
accuracy of the determination results (29). These interferences
and influences are called the matrix effect. The matrix effect
is ion inhibition or ion enhancement. The existence of the
matrix effect will affect the accuracy of the determination results
(30, 31). The standard solution (analyte concentration is 10
ng/L) was prepared from the matrix extracts of edible oil and
condiment blank samples without 12 mycotoxins. The matrix
effect (ME) was evaluated by the ratio of the two with reference
to the standard solution of the same concentration prepared by
pure solvent, that is, the formula ME = B/A, where A and B
represent the peak areas of analytes in pure solvent and blank
sample matrix solution, respectively. If ME < 0.8, it indicates
that the matrix has a significant inhibition on the response of
analytes; if ME > 1.2, it indicates that the matrix will significantly
enhance the response of analytes; if 0.8 < ME < 1.2, it indicates
that the matrix effect is not significant (23, 32). The experimental
results are shown in Figure 3. After purification by PRIME
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FIGURE 3
Matrix effects of 12 mycotoxins in purified and unpurified
condiments and oil samples.

HLB column, the matrix effect of 12 mycotoxins in the two
matrices is between 0.80 and 1.13 (see Table 2), and when it is
not purified, the matrix effect is between 0.64 and 1.08. Some
compounds have obvious matrix inhibition, which shows that
purification by PRIME HLB column can obviously reduce the
matrix effect, which is beneficial to reduce matrix interference
and improve accuracy.

Method validation

Linear relationship, LOD and LOQ

In this method, pure solvent was used to dilute the standard
solution step by step to the lowest concentration that could
be detected by the instrument, and the samples were injected
repeatedly. According to the standard deviation of the test
results, the detection limit (LOD, S/N > 3) was determined by
three times the signal-to-noise ratio, and the quantification limit
(LOQ, S/N > 10) was determined by 10 times the signal-to-noise
ratio (33, 34). Regression analysis was carried out with the peak
area (y) of the exact mass-to-charge ratio of the target parent ion
as the ordinate and the compound concentration (x, ig/L) as
the abscissa, and the linear regression equation, linear range and
detection limit of each compound were obtained, as shown in
Table 3. The peak area of 12 mycotoxins showed a good linear
relationship with their mass concentrations; the determination
coefficient R? was > 0.998, the detection limit ranged from 0.12
to 1.2 pg/L, and the quantitative limit ranged from 0.4 to 4.0
pg/L, which indicated that the method had good sensitivity.
The applied regulatory levels and standards of mycotoxins vary
in the different regions of the world. The current maximum
levels for aflatoxins set by the European Commission (EC) are
2 pg/kg for AFBI and 4 g/kg for total aflatoxins in various
foods. These are to be extended to cover spices with limits of
5 and 10 pg/kg for AFB1 and total aflatoxins, respectively (35).
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TABLE 3 Matrix effect, linear ranges, regression equations, determination coefficients, LODs, and LOQs for 12 mycotoxins.

Compound Matrix effect Linear equation R? Linear range (jLg/L) LOD LOQ
(ng/L) (ng/L)
Soy sauceand  Oils
bean sauce
OTA 0.82 107  y=217641 x 10°x—1.57572 x 10°  0.99922 2-100 12 4.0
OTB 0.86 0.98 y = 527069 x 10°x—52541.489 0.99969 1-100 0.6 2.0
AFB1 0.88 091  y=358221 x 10°x—1.30582 x 10°  0.99969 0.2-100 0.12 04
AFB2 0.89 0.98 y=3.39177x10°%—1.11143x 10° 0.99954 0.2-100 0.12 04
AFGl1 0.80 0.89  y=270403 x 10°x—3.11662 x 10°  0.99931 0.2-100 0.12 04
AFG2 1.13 0.89 y =2.32422x10%%—1.26201 x 10° 0.99974 0.2-100 0.12 04
HT-2 1.01 080  y=251552 x 10°x—2.35324 x 10°  0.99969 2-100 12 4.0
ST 0.92 083 y=161012 x 10°x—1.23751 x 10°  0.99953 0.5-100 0.3 1.0
DAS 0.92 108 y=7.06211 x 10°x + 1.81285 x 10°  0.99907 1-100 0.6 2.0
PA 0.87 1.01 y=455992 x 10°x - 8.02080x10°  0.99947 2-100 12 4.0
MA 0.95 099  y=4.97538 x 10°x + 4.86495 x 10°  0.99892 1-100 0.6 2.0
CIT 0.85 094  y=2.65245 x 10°x —5.99355 x 10°  0.99914 2-100 1.2 4.0

TABLE 4 Recoveries and RSDs (n = 6) of blank samples fortified with 12 mycotoxins.

Sample Compounds Spiked level
1LOQ 2L0Q 10 LOQ
Recovery RSD Recovery RSD Recovery RSD
(%) (%, n=6) (%) (%, n=6) (%) (%, n=6)
Soy sauce and bean sauce OTA 85.8 3.4 94.6 3.8 91.3 8.5
OTB 78.4 33 106.2 2.3 102.4 7.6
AFB1 95.6 1.7 97.2 6.4 89.2 3.5
AFB2 94.8 2.6 100.5 7.6 90.6 2.9
AFG1 80.4 6.3 95.4 3.5 86.1 1.9
AFG2 99.0 3.9 106.8 1.3 99.5 5.4
HT-2 82.9 7.9 89.4 2.6 80.3 4.8
ST 82.6 1.5 104.2 9.7 100.8 8.1
DAS 95.7 4.5 106.2 7.1 97.8 3.8
PA 94.1 2.7 91.7 1.2 87.6 2.6
MA 92.1 6.2 95.1 4.1 105.2 1.6
CIT 94.8 3.2 99.3 2.9 97.3 7.9
Oils OTA 97.0 1.3 93.3 5.1 101.3 2.2
OTB 84.6 2.8 115.6 4.8 106.5 1.3
AFB1 99.4 1.5 98.7 3.4 93.3 2.4
AFB2 103.2 4.6 98.4 6.6 94.8 74
AFGI1 93.3 1.7 102.0 6.8 92.5 3.9
AFG2 101.6 1.4 105.3 4.0 93.8 3.5
HT-2 94.9 6.5 96.3 0.9 94.5 2.8
ST 81.3 2.0 81.9 3.9 78.3 6.3
DAS 93.9 4.1 100.4 5.1 97.6 3.9
PA 85.5 8.6 102.1 3.1 89.8 6.1
MA 87.4 7.7 95.3 6.6 101.8 1.2
CIT 89.3 7.4 93.8 3.3 84.3 7.5
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TABLE 5 Concentrations of mycotoxins detected in the condiments and oils.

Sample No. Sample information Concentrations
(ng/ke)

S1 Corn oil ND*

S2 Light soy sauce AFB2 (12.8)

S3 Sesame oil ST (2.9)
MA (7.5)

S4 Opyster sauce ND

S5 Light soy sauce AFB2 (22.1)

S6 Dark soy sauce ND

S7 Chili sauce ND

S8 Opyster sauce ND

S9 Dark soy sauce ND

S10 Dark soy sauce ND

S11 Opyster sauce AFB2 (1.8)

S12 Sweet bean sauce ND

*ND, Not detectable.

Apart from aflatoxins, the maximum levels for OTA, DON,
ZEN, and FBs (sum of FB1 and FB2) in various foods are
also stipulated in Commission Regulation (EC) No 1881/2006
and in its amendments (36). The sensitivity parameters in this
developed method are adequate to the legal limit requirements.

Recovery and precision

The blank substrate samples of edible oil and condiment
without the target substance to be tested were selected for the
standard addition recovery experiment. Standard solutions with
three concentration levels of LOQ, 2x LOQ, and 10 x LOQ were
added, and six parallel samples were made for each standard
addition concentration. The recovery rate was calculated, and
the results are shown in Table 3. Table 4 shows that the average
recovery rate of 12 mycotoxins in soy sauce and bean sauce is
between 78.4 and 106.8%, and the precision RSD (n = 6) is
between 1.2% and 9.7%. The average recoveries in edible oil
ranged from 78.3 to 115.6%, and the precision RSD (n = 6)
ranged from 0.9 to 8.6%.

Actual sample analysis

AFB2 was detected in 4 soy sauce and bean sauce samples
(S2, S5, S11, and S13) under optimized experimental conditions
with contents of 1.8-22.1 pg/kg (Table 5). AFB1 was detected in
6 edible oil samples (S15, S16, S18, S20, S23, S24) with contents
ranging from 0.9 to 4.7 pg/kg. Sterigmatocystin was detected
in S3 and S15 with contents of 2.9 and 2.1 pg/kg, respectively.
Mycophenolic acid was detected in S3 at a concentration of
7.5 pglkg. It could be inferred from the data that AFB2 is
easily produced in soy sauce and bean sauce, and AFBI1 is
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Sample No. Sample information Concentrations
(ng/kg)
S13 bean sauce AFB2 (7.3)
S14 Rapeseed oil ND
S15 Peanut oil AFBI (1.0)
ST (2.1)
S16 Peanut oil AFBI (1.0)
S17 Corn oil ND
S18 Peanut oil AFBI1 (1.4)
S19 Rapeseed oil ND
S20 Peanut oil AFB1 (0.9)
S21 Sesame oil ND
S22 Zanthoxylum oil ND
S23 Peanut oil AFB1 (1.0)
S24 Peanut oil AFBI1 (4.7)

easily produced in edible oil. AFBs represent a global public
health issue, as they are responsible for significant adverse
health issues affecting consumers worldwide. AFB1, due to its
toxic, mutagenic, immunotoxic, teratogenic, and carcinogenic
effects on humans and animals, is classified as a group 1
carcinogen in the International Agency for Research on Cancer
(TARC) classification of carcinogenic substances (37). To avoid
or minimize health concerns, the EU has also established
maximum tolerable limits for AFs in chillies as 10 pg/kg for
total and 5 pg/kg for AFB1 (38). Therefore, the control of
AFBs, especially AFB1 and AFB2, is particularly crucial due
to their high contents in soy sauce, bean sauce and edible
oil. Moreover, the need for normative updates regarding legal
limits for sterigmatocystin and mycophenolic acid should be
considered based on their biological toxicity, as they were
detected in several samples.

Comparison with other reported
methods

The comparison of this established method with other
reported methods for the determination of mycotoxins in oil
and sauce samples is summarized in Table 6. Table 6 clearly
shows that HPLC and liquid chromatography with tandem
mass spectrometry (LC-MS/MS) are the most commonly used
methods for the determination of mycotoxins in separate
matrices (38-41, 43, 44). For the pretreatment method, the
QuEChERS procedure (quick, easy, cheap, effective, rugged and
safe) seems to be the most commonly used technique (9, 39, 43—
46). However, all these methods listed in Table 6 are suitable
for the determination of several mycotoxins in either vegetable
oil samples or sauce samples. The method established in our
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TABLE 6 Comparison with other methods reported in the literature”.

Mycotoxins Matrix Instrumental method Pretreatment method LODs Recoveries RSDs (%) Reference
(ng/L) (%)

4 mycotoxins (AOH, AME, TEN, and TeA) tomato sauce LC-MS/MS QuEChERS 1.0-80 98.8-108.9 <10 (39)
5 mycotoxins (AFB1, AFB2, AFG1, AFG2, chili sauce HPLC-FLD Solvent extraction and IAC 0.05-0.1 86-93 6-15 (38)
and OTA) clean-up
5 mycotoxins (AFB1, AFB2, AFG1, AFG2, soybean paste HPLC-FLD Solvent extraction and IAC 0.01-0.2 / / (40)
and OTA) clean-up
6 mycotoxins (AFB1, AFB2, AFG1, AFG2, edible vegetable oil UHPLC-QqQ-MS/MS QuEChERS procedure 0.5-1.0 87.5-119.4 <20 9)
a-ZOL, and ZEA)
4 mycotoxins (AFB1, AFB2, AFG1, and bean sauce HPLC-UV monolithic column based on 0.08-0.2 76.1-113 1.1-9.6 (41)
AFG2) covalent cross-linked polymer

gels
6 mycotoxins (a-ZOL, B-ZOL, a-ZAL, edible vegetable oil GC-QqQ MS gel permeation 0.01-0.06 80.3-96.5 <11.6 (42)
B-ZAL, ZON, and ZAN) chromatography
9 mycotoxins (AFB1, AFB2, AFG1, AFG2, vegetable oil LC-MS/MS QuEChERS-based procedure 0.02-14.66 70-120 <30 (43)
BEA, OTA, ZEA, FB1, and FB2)
16 mycotoxins (a-ZAL, ZON, DON, B-ZAL, vegetable oil LC-MS/MS QuEChERS-based extraction 0.04-2.9 72.8-105.8 <7 (44)
B-ZOL, a-ZOL, OTA, T-2,3-Ac-DON,
15-Ac-DON, AFB1, AFB2, AFG1, AFG2,
AFM1, and AFM2)
12 mycotoxins (AFB1, AFB2, AFG1, AFG2, edible oil, soy sauce and bean sauce HPLC-Orbitrap HRMS PRiME HLB solid phase 0.12-1.2 78.3-115.6 0.9-9.7 This work
OTA, OTB, HT-2, ST, DAS, PA, MA, and extraction

CIT)

*Abbreviations: GC-QqQ MS, Gas chromatography-triple quadrupole-mass spectrometry; HPLC-UV, high-performance liquid chromatography-ultraviolet detection; UHPLC-QqQ-MS/MS, ultrahigh-performance liquid chromatography-triple

quadrupole tandem mass spectrometry; HPLC-Orbitrap HRMS, high-performance liquid chromatography-tandem Orbitrap high-resolution mass spectrometry; LC-MS/MS, liquid chromatography with tandem mass spectrometry.

AFBI, Aflatoxin Bl; AFB2, aflatoxin B2; AFGI, aflatoxin G1; AFG2, aflatoxin G2, AFM1, aflatoxin M1, AFM2, aflatoxin M2, OTA, ochratoxin A, ZON, zearalenone, ZAN, zearalanone, DON, deoxynivalenol, a-ZAL, a-zearalanol, f-ZAL, p-
zearalanol, B-ZOL B-zearalenol, a-ZOL, a-zearalenol, T-2, T-2 toxin, HT-2, HT-2 toxin, 3-Ac-DON, 3-acetyldeoxynivalenol, 15-Ac-DON, 15-acetyldeoxynivalenol, FB1, fumonisin B1, FB2, fumonisin B2, BEA, beauvericin, ST, sterigmatocystin, DAS,
diacetoxyscirpenol, PA, penicillic acid, MA, mycophenolic acid, CIT, citreoviridin, AOH, alternariol.

30

‘leyo on

T£97007°2202INU}/6855°0T


https://doi.org/10.3389/fnut.2022.1001671
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Luo et al.

work can be used for the analysis of 12 mycotoxins in not only
edible oil samples but also soy sauce and bean sauce samples.
The PRiIME HLB solid phase extraction combined with HPLC-
Orbitrap HRMS developed in the present work shows rapid
extraction time as well as favorable linearity, LODs, recoveries
and RSDs, which are comparable or superior in comparison
with other analytical methods. In addition, this is also the first
study to develop an accurate method for the determination
of sterigmatocystin (ST), diacetoxyscirpenol (DAS), penicillic
acid (PA), mycophenolic acid (MA), and citreoviridin (CIT)
in foodstuffs.

Conclusion

Aiming at the present situation that edible oil, soy sauce
and bean sauce are easily contaminated by many mycotoxins
simultaneously, a new impurity adsorption purification
technology was adopted, and a simultaneous determination
method for rapid screening and quantitative determination of
12 mycotoxins by HPLC-Orbitrap HRMS was established. The
pretreatment operation is simple and rapid. The method realizes
simultaneous analysis and detection of various mycotoxins,
with high stability and sensitivity, strong specificity and good
reproducibility. The LODs of the 12 mycotoxins were 0.12-1.2
ng/L. The average recoveries in edible oil, soy sauce and bean
sauce were 78.3-115.6% with RSDs of 0.9-9.7%. Therefore, the
developed method can be used as a quantitative method for the
determination of various mycotoxins in edible oils, soy sauce
and bean sauce.
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The biochemical metabolism during cheese ripening plays an active role in producing
amino acids, organic acids, and fatty acids. Our objective was to evaluate the unique
fingerprint-like infrared spectra of the soluble fractions in different solvents (water-
based, methanol, and ethanol) of Turkish white cheese for rapid monitoring of cheese
composition during ripening. Turkish white cheese samples were produced in a pilot
plant scale using a mesophilic culture (Lactococcus lactis subsp. lactis, Lactococcus
lactis subsp. cremoris), ripened for 100 days and samples were collected at 20-
day intervals for analysis. Three extraction solvents (water, methanol, and ethanol)
were selected to obtain soluble cheese fractions. Reference methods included gas
chromatography (amino acids and fatty acid profiles), and liquid chromatography
(organic acids) were used to obtain the reference results. FT-IR spectra were
correlated with chromatographic data using pattern recognition analysis to develop
regression and classification predictive models. All models showed a good fit
(Rpre > 0.91) for predicting the target compounds during cheese ripening. Individual
free fatty acids were predicted better in ethanol extracts (0.99 > Rp, > 0.93,
1.95 > SEP > 0.38), while organic acids (0.98 > Rp,e > 0.97, 10.51 > SEP > 0.57)
and total free amino acids (Rpe = 0.99, SEP = 0.0037) were predicted better by
using water-based extracts. Moreover, cheese compounds extracted with methanol
provided the best SIMCA classification results in discriminating the different stages
of cheese ripening. By using a simple methanolic extraction and collecting spectra
with a portable FT-IR device provided a fast, simple, and cost-effective technique to
monitor the ripening of white cheese and predict the levels of key compounds that
play an important role in the biochemical metabolism of Turkish white cheese.

cheese ripening, Turkish white cheese, FT-IR, extraction methods, organic acids, free amino
acids, free fatty acids

1. Introduction

Turkish white cheese, Kashar cheese, and Tulum cheese are the most produced industrial
cheeses among traditional cheese varieties in Turkey (1). These cheeses are either consumed
fresh or ripened according to the traditional characteristics of the product. For example, fresh
classic white cheese produced from cow’s milk is taken to the market with minimum a three-
week ripening, while Ezine-type white cheese can have a ripening period of up to 6 months
(2). Therefore, determining the quality characteristics of the cheese is important to monitor the
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degree of ripening of the cheese. The biochemical reactions and their
importance for the industry have been explained in detail by many
researchers (3-5). Cheese ripening involves various biochemical
and microbiological changes by the metabolism of starter cultures,
indigenous, clotting, adjunct enzymes, and ripening accelerating
agents. The biochemical reactions that occur during cheese ripening
can be classified into three main categories: (1) the catabolism of
residual lactose and citrate into organic acids and other components
(glycolysis); (2) the catabolism of proteins into amino acids and other
amin products (proteolysis); and (3) the catabolism of the fat into
fatty acids and other further lipolysis compounds (3, 4).

The degree of importance of these metabolites during the
ripening period may vary according to the production method and
type of cheese. While lipolysis plays a more active role in cheeses with
high-fat content or ripened with mold and fatty acids formed during
ripening (6-8), proteolysis is responsible for texture development,
functionality, and flavor improvement through amino acids and
small peptides formation (9, 10). The residual lactose is converted to
organic acids and other further breakdown compounds by glycolysis
depending on the used starter culture or indigenous microbiota (6,

—14).

Monitoring the level of these molecules during ripening
provides information about the development of ripening and
product quality. Determination of these biochemical changes by
analytic methods is time-consuming, laborious, expensive, and
involves extensive chemical use also complex analysis methods with
expensive equipment, especially chromatographic techniques (15).
The disadvantages can be overcome using new, rapid, portable,
and simple methods based on Fourier-transform infrared (FT-IR)
spectroscopy. Previously, it was found a high correlation coeflicient
(R > 0.90) for the prediction of acetic, propionic, and butyric acid
contents using the FT-IR spectra for Swiss cheese with a novel sample
preparation method of water-soluble extractions (16). Similarly, the
free amino acid content of cheddar cheese samples was determined
from the water-soluble extract of cheese with a high correlation
with FT-IR spectra (17,
of Turkish white cheese through ripening were examined by three

). Furthermore, the primary composition

vibrational spectroscopy methods (NIR, FT-IR, and Raman), and the
suitability of the analytic method has been demonstrated (19).

Our objective was to evaluate the unique fingerprint-like infrared
spectra of target soluble compounds in Turkish white cheese,
including amino acids (GC-MS), fatty acids (GC-FID), and organic
acids (HPLC-PDA), to evaluate their influence on the metabolic
profile throughout the ripening period. Solvents (water, methanol,
and ethanol) with different polarities were used to extract target
compounds from Turkish white cheese samples and these fractions
were characterized using a metabolomics study for biomarkers to
enable rapid monitoring of the cheese ripening process.

2.1. Manufacture of Turkish white cheese

Whole cow milk (pH 6.67) was standardized (1:1 protein: fat
ratios) and then pasteurized (at 65°C for 30 min) and dropped
the temperature to 32°C for clotting. Mesophilic culture-specific for
Turkish white cheese (Lactococcus lactis subsp. lactis, Lactococcus
lactis subsp. cremoris) (Choosit MA11, Danisco, France) was added
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to milk with a ratio of 0.002% and fermented until the pH reached
6.4. In addition, 0.2% CaCl2 and rennet enzyme (CHY-MAX, Chr.
Hansen, Hoersholm, Denmark) were added and rested for one and
a half hours. Afterward, the clot formed was cut into 1 cm cubes,
waited for 30 min for syneresis, and transferred into the cheesecloth.
Subsequently, the pressure was applied as 20 kg weights for each
100 kg of cheese milk for four hours then teleme was obtained and
it was cut into 7 x 7 cm cubes and waited for 12 h in 16% NaCl
brine at 20°C. Cheese blocks were placed in 12% brine in an airtight
Ziplock bag and stored at 4°C until further analysis. Cheese samples
were ripened for 100 days and analyzed at each 20 days interval.

A batch of Turkish white cheese produced at The Ohio State
University Dairy Plant was cut into 36 cubes and then divided into
six groups to be used for analysis at each ripening time (1, 20, 40, 60,
80, and 100 days). The cheese production was replicated and as a total
of 72 cheese blocks were manufactured in two repetitions.

2.2. Sample preparation for the FT-IR
analysis

Approximately 20 g Turkish white cheese sample was blended
with liquid nitrogen and ground cryogenically using a Waring
Lextra 2 speed blender (East Windsor, NJ, USA) to produce a
fine cheese powder.

Water-soluble extracts followed the procedure described by
Subramanian et al. (18) and were prepared by mixing 0.1 g of the
cheese powder with 0.5 mL of distilled water. The mixture was
sonicated by an ultrasonic water bath (Fisher Scientific, Pittsburgh,
PA) for 10 s to extract water-soluble components, and then 0.5 mL
chloroform was added to remove the complex fats, vortexed for
30 s, and the mixture was centrifuged at 15,700 x g for 3 min at
25°C (Megafuge 8, Thermo Fisher Scientific, Waltham, MA, USA).
Supernatants (200 L) were mixed with 200 L absolute ethanol to
precipitate the complex proteins in the mixture and centrifuged at
15,700 x g for 3 min at 25°C. The supernatant was employed for
further spectroscopic analysis.

Methanol and ethanol extracts were prepared by mixing 0.1 g of
the cheese powder with either 1.0 mL of 100% methanol or 100%
ethanol solutions. The mixtures were sonicated by using an ultrasonic
water bath (Fisher Scientific, Pittsburgh, PA) for 10 s to break down
the cheese clumps and improve the extraction of components and
centrifuged at 15,700 x g for 3 min at 25°C. The supernatant was
employed for further spectroscopic analysis.

2.3. FT-IR spectroscopy measurement

The FT-IR spectra of the extractions were collected using a
portable FT-IR 4500a (Agilent Technologies, Santa Clara, CA, USA)
equipped with a 3-bounce diamond attenuated total reflectance
(ATR) accessory. The FT-IR also had Zinc Selenide (ZnSe) beam
splitter, a low-powered solid-state laser, a wire-wound element
infrared source, and a thermoelectrically cooled deuterated triglycine
sulfate (DTGS) detector. The supernatants (10 pL) from the extracts
were deposited on the ATR crystal and dried under a vacuum to
generate a thin film. The infrared spectra were collected from 4,000
to 650 cm~! with a 4 cm ™! resolution, and 64 scans were co-added
to increase the signal-to-noise ratio. Four independent spectra were
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collected from each sample to address the possible heterogeneity of
the samples. The means of the four spectra per sample was used
for pattern recognition analysis. Thus, a total of 72 spectra were
used for model development in this study for the different extraction
methods (water-soluble, methanol, and ethanol extracts) obtained
from 6(ripening times) x6 (cheese cubes per ripening time) x1
(average of 4 spectra per sample) x2 (cheese production replications).

2.4. References analyses

2.4.1. Organic acid determination by
high-performance liquid chromatography (HPLC)

The organic acid content of Turkish white cheese samples was
determined by extracting the samples with chloroform and distilled
water and running the sample through a Sep-Pak C18 Vac solid
cartridge (Waters Corp., Milford, MA, USA). The organic acids were
determined using an HPLC (1100, Agilent Technologies, Santa Clara,
CA, USA), and eluted components were separated through a Prevail
organic acid column with dimensions of 150 x 4.6 mm X 5 pm
thickness (Hichrom, Berkshire, UK). The elution of the components
was carried out isocratically using pH 2.5 phosphate buffer (25 mM
KH,POy4) as a mobile phase at a flow rate of 1.5 mL/min at room
temperature. The chromatogram was automatically integrated for the
organic acids at 210 nm.

2.4.2. Free amino acid determination by gas
chromatography—mass spectrometry (GC-MS)

Free amino acids were extracted by dispersing 100 mg of Turkish
white cheese in 1 mL of distilled water through an ultrasonic
dismembrator (Fisher Scientific, Pittsburgh, PA, USA) for 10 s; then,
it was centrifugated at 15,700 x g for 3 min at room temperature.
The supernatant was then derivatized using an EZ:faast amino acid
analysis kit (KG0-7165, Phenomenex Inc., Torrance, CA, USA). After
the derivatization, the sample was injected through a GC (78204,
Agilent Technologies, Santa Clara, CA, USA) coupled with an MS
detector (5,977, Agilent Technologies, Santa Clara, CA, USA). The
chromatic separation was carried out in a Zebron™ ZB-AAA 10 m x
0.25 mm x 0.25 pm capillary column (Phenomenex®, Torrance, CA)
with a 0.1 pm film thickness. The MS acquisition was carried out in
Scan mode with a range scanned set at 45-450 m/z. After identifying
the ions, the quantification was achieved with selected ion monitoring
(SIM). After determining the 18 individual free amino acid content in
the cheese samples, the total free amino acid content was calculated
by summing those 18 free amino acid contents.

2.4.3. Free fatty acid determination by gas
chromatography-flame ionization detector
(GC-FID)

The fat content of the cheese samples was extracted using a
mixture of hexane:methanol (2:1 v/v) and methylated, as explained
in Yaman et al. (19). Methylated samples were analyzed through
a GC-FID (6890N, Agilent Technologies, Santa Clara, CA, USA).
The separation of the fatty acids was achieved in an HP-88 capillary
column (100 m x 0.25 mm X 0.2 wm) (Agilent Technologies, Santa
Clara, CA, USA). Fatty acids’ identification was verified by comparing
the sample peak retention times and percentage with reference
standards (Supelco 37 Component FAME Mix, Sigma-Aldrich, St.
Louis, MO, USA). The fatty acid concentrations were determined
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as percent fatty acid. All the reference analyses were performed in
duplicate. Short-chain fatty acid content was calculated by adding the
content of fatty acids, including Butyric acid, Caproic acid, Caprylic
acid, and Capric acid.

2.5. Data analysis

The changes in the target components, including individual
organic acids, free amino acids, and free fatty acids during the
ripening period, were evaluated by descriptive analysis and a
randomized ANOVA experimental design with General Linear
Model Repeated Measure analysis (SPSS Statistics software version
25.0, IBM Corp., Armonk, NY). The standard error of laboratory
(SEL) was calculated according to Berzaghi et al. (20).

Infrared spectral data consist of highly rich as well as complex
information (21), and multivariate data analysis was used to extract
meaningful information from this complex data set. Cheese sample
spectral data were analyzed with multivariate statistical analysis
software (Pirouette version 4.5, Infometrix Inc., Bothell, WA, USA).
The collected FT-IR spectra were imported as GRAMS (.spc) files and
mean-centered, normalized, and smoothed (S-G polynomial fitting
algorithm with a 35-point window) prior to the multivariate analysis.
Samples with high leverage and/or studentized residual were re-
analyzed or labeled as an outlier and excluded from the multivariate
model. Soft independent modeling of class analogy (SIMCA) was
used to classify the cheese samples according to their ripening days
(day 1 to day 100). Partial least squares regression (PLSR) was
employed to develop prediction models that quantify biochemical
changes in the Turkish white cheese samples. In the regression
model, after the outliers were excluded (if any), the remaining
data set was subdivided into two groups: calibration/training and
external validation. The last-mentioned group was used to unbiasedly
estimate the strength of the prediction capabilities (robustness) of the
generated training models in real-world situations. After removing
the outliers (if any), 80% of the total data set was randomly utilized in
the training model, and the remaining 20% was used in the external
validation. The validation was generated with cheese samples from
any ripening time that came from cheese blocks not used for the
calibration set.

The FT-IR spectra of the cheese sample collected over the
ripening period were grouped pursuant to the unique biochemical
changes that occurred during that period. SIMCA is a supervised
classification method that uses known class membership by
constructing a multidimensional box for each class (ripening days:
class 1: day 1, class 2: day 20. . . etc.) to generate the model to classify
new samples in the future by using an F test (21). The performance of
the generated SIMCA models was evaluated through class projection
plots, misclassification numbers, and interclass distances (ICD). As
a rule of thumb, groups with ICD higher than 3 are accepted as
significantly different than each other (22).

The quantification of the specific biochemical compounds in
the cheese samples over the ripening period was determined
by combining the spectroscopic measurement results with the
traditional reference data with chemometric regression approaches.
The regression analysis tries to find the best functional relationship
between the vector of measured signals (a spectrum in our case)
and response (e.g., Lactic acid content) and also finds the optimal
value of the parameters that will lead to the lowest error in the

prediction of the responses (23). The developed PLSR model’s
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prediction performance was evaluated using the standard error
of cross-validation (SECV), coeflicient of determination (r), and
outlier diagnostics.

3. Results and discussion

3.1. Changes in organic acids, fatty acids,
and free amino acid concentrations during
the ripening period

The starter cultures, Lc. lactis ssp. cremoris and L. lactis ssp. lactis,
used for Turkish white cheese production, have been considered
critical in developing flavor compounds because of their natural
autolytic activity (24-26). Our results (Table 1) showed significant

10.3389/fnut.2023.1107491

development of organic acids, fatty acids, and free amino acids
in cheese during ripening (P < 0.05). With respect to organic
acids, we found increased levels of lactic, citric, propionic, and
acetic acid throughout the ripening period (P < 0.05) (Table 1).
Citric acid had the highest concentration in terms of the organic
acids in the tested cheese samples (Table 1) and showed the
most dominant changes during ripening, following a zero-order
kinetics (Supplementary Figure 1A) with an average increase in the
concentration of 1.40 mg/100 g per day. The high concentration
of citric acid was due to the presence of native citrate in milk
(~0.8 mmol/100 mL) (4), besides the production of citrate in the
Krebs cycle utilized by lactic acid bacteria (27, 28). The increase
in citrate concentration during cheese ripening has been previously
reported in white cheese (7). Acetic acid was the second most
important organic acid in terms of the formation rate by having

TABLE 1 Changes in certain organic acids, free fatty acids, and free amino acids in white cheese during the ripening period (Mean + SD).

Compound Ripening day

Lactic mg/100 g cheese | 13.77 + 0.49* 14.78 + 0.54° 15.82 £ 0.39¢ 17.56 + 0.43¢ 19.84 + 0.48° 24.21 + 0.59 0.39
Citric 132.96 + 3.23° 164.8 + 6.00° 184.82 + 8.55¢ 20516 +9.49¢ | 231.82+10.72° | 282.83 +13.07° 3.60
Propionic 7.96 4 0.29* 9.9 4 0.53" 11.10 = 0.46¢ 11.07 £ 0.55¢ 13.00 + 0.524 15.38 + 0.82¢ 0.28
Acetic 20.16 + 0.94* 22.38 + 1.04° 2528 + 1.18° 28.25 +0.954 34.46 + 1.15° 38.45 4 0.93 0.87
SCFA (Cy4 - C10) 5.38 4 0.33 7.26 + 0.61° 8.75 + 0.87° 10.23 + 0.64¢ 11.62 + 0.52¢ 12.45 + 0.47° 0.38
Lauric acid (Cy,) 5.63 & 0.23° 7.72 £ 0.39° 6.98 +0.33° 7.01 4 0.36° 7.82 4 0.27° 8.14 +0.28¢ 0.24
Myristic acid (C14) 19.61 + 0.42% 25.97 4 0.44° 24.74 + 0.86° 24.36 4 0.344 24.11 + 0.794 25.09 + 0.34¢ 0.40
Palmitic acid (Cy) 63.74 +0.712 79.51 + 2.9° 76.78 4 1.52¢ 77.21 + 1.03¢ 78.43 4+ 1.624 80.57 + 1.81¢ 1.08
Stearic acid (C1g) 25.6 +0.27* 31.55 4 0.51° 29.96 + 1.04¢ 30.28 + 0.56° 30.82 4 0.714 31.97 4 0.62¢ 0.35
Oleic acid (Cyg:1) 35.75 4 1.15% 45.59 + 0.98" 42.61 + 0.73¢ 42.08 + 1.32° 43.55 + 0.524 45.64 + 0.62° 0.79
Linoleic acid (Cy5.2) 5.70 + 0.17° 7.10 +0.32° 6.93 +0.12° 6.81 +0.27° 7.394+0.164 7.47 +£0.22¢ 0.16
Glycine 11g/100 g cheese 10.11 £ 0.16* 10.03 + 0.05" 10.35 £ 0.05¢ 10.66 =+ 0.06¢ 10.93 + 0.06° 11.15 + 0.06 0.06
Alanine 18.55 = 0.09* 18.69 + 0.09" 19.24 £ 0.1¢ 19.78 + 0.114 20.28 + 0.12¢ 20.68 + 0.10f 0.07
Valine 9.5+ 0.05 9.64 % 0.05" 9.9 +0.05° 10.16 + 0.06¢ 10.41 + 0.06° 10.61 = 0.05¢ 0.03
Isoleucine 6.31 +0.03* 6.45 + 0.03" 6.61 %+ 0.03¢ 6.77 4 0.044 6.94 + 0.04° 7.07 4 0.04F 0.02
Methionine 11.57 £ 0.06* 11.89 + 0.06" 12.16 + 0.06° 12.44 + 0.07¢ 12.74 £ 0.07¢ 12.97 £ 0.07° 0.04
Proline 23.24 +0.12% 24.04 4 0.12° 24.54 + 0.13¢ 25.07 4 0.144 25.65 % 0.15° 26.12 + 0.13f 0.08
Phenylalanine 14.47 £ 0.07° 15.06 4 0.07° 15.35 4 0.08¢ 15.65 4 0.094 16.01 £ 0.09¢ 16.3 + 0.08° 0.05
Tyrosine 21.77 +0.112 22.81 4 0.11° 23.240.12° 23.6240.134 24.15 4 0.14° 24.57 +0.13f 0.08
Tryptophan 43.89 +0.222 46.28 + 0.23" 46.97 + 0.24¢ 47.76 + 0.269 48.8 +0.28° 49.65 + 0.25 0.16
Serine 73.41 4 0.37° 73.49 + 0.36 75.81 4 0.39" 78.04 + 0.43° 80.07 4 0.464 81.65 4 0.41° 0.26
Threonine 13.87 £ 0.07 13.98 + 0.07° 14.39 £ 0.08¢ 14.79 + 0.08¢ 15.17 + 0.09° 15.46 + 0.08¢ 0.05
Cysteine 1.27 £ 0.03° 1.29 + 0.02° 1.32 £ 0.02¢ 1.36 + 0.05¢ 1.39 + 0.02¢ 1.42 +0.02¢ 0.00
Lysine 41.81 +0.212 42.69 +0.21° 43.77 +0.22° 44.84 +0.254 45.94 +0.27° 46.8 + 0.24¢ 0.15
Histidine 30.87 4 0.15% 31.73 + 0.16" 32.46 + 0.16° 33.2140.184 34.00 + 0.20° 34.63 4 0.18° 0.11
Aspartic acid 8.36 4 0.04° 8.65 & 0.04° 8.83 % 0.05° 9.02 4 0.054 9.23 4 0.05° 9.40 + 0.05¢ 0.03
Glutamic acid 31.03 4 0.15% 32.340.16" 32.92 +0.17 33.57 +0.194 34.33 4 0.20° 34.95 4 0.18¢ 0.11
Asparagine 35.45 4 0.18% 37.15 4 0.19° 37.78 4+ 0.19° 38.46 4 0.214 39.32 4 0.23° 40.02 + 0.20° 0.13
Glutamine 60.50 + 0.30* 63.8 + 0.32° 64.75 + 0.33¢ 65.84 4 0.364 67.28 + 0.39° 68.44 + 0.35° 0.22
TFAA 455,98 + 2.36* 469.97 +2.33" 480.36 + 2.46° 491.04 +2.704 502.65 + 2.91° 511.89 4 2.58" 1.66

*~fDifferent superscript in the same line indicates significant differences (p < 0.05); SCFA: short chain fatty acids; TEAA: Total free amino acid; SD: standard deviation; SEL: standard error of

laboratory.
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Characteristic raw spectra of soluble extracts of cheese samples (A) water; (B) methanol; and (C) ethanol on day 1 and 100, were collected using

portable FT-IR (4,000-650 cm~1).

a 0.19 mg/100 g increase each day. Acetic acid is generated from
different pathways, including generation in the Krebs cycle (acetic
acid or acetate formation from acetyl-CoA in the glycolysis step)
(11), production from amino acids (glycine, alanine, glutamic acid,
and leucine) (29), and lipolysis of fatty acids (4). Even though lactic
acid was not predominantly present in the cheese samples, it is the
precursor of the main metabolic reactions in cheese; also, it is the
main component of numerous aroma compounds in the cheese (4).
The limited amount of lactic acid could be due to the removal of most
of the lactose (~98%) in the whey, and the residual lactose (1-2%) in
the cheese curd is metabolized to lactic acid by the lactic starter in a
short period of time (4). Lastly, propionic acid was the organic acid
that had the lowest content in all tested cheese samples throughout
the ripening and also increased at a lower rate (0.07 mg/100 g increase
each day) than other organic acids with no significant change in
propionic acid between days 40 and 60 (Table 1). The propionic
acid increase occurs with enzymatic hydrolysis of milk fat and via
Propionibacterium fermentation. Akalin et al. (7) reported a similar
increase in organic acids, particularly lactic, propionic, butyric, and
acetic acid, in Turkish white cheese when using a starter culture
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that consisted of equal rates of Lactococcus lactis ssp. cremoris and
Lactococcus lactis ssp. Lactis.

The free fatty acids (FFA) in cheese are produced by lipolytic
processes (C4—Cig.1) and bacterial fermentation (C,-Cy4). The FFA
contents in the samples are presented in Table 1. Myristic, stearic,
palmitic, and oleic acids contents all showed similar trends by
increasing rapidly during the first 20-days of ripening, and then they
all reached a plateau. On the other hand, the SCFAs accumulated
linearly throughout the ripening period by showing a zero-order
kinetic (Supplementary Figure 1B). Instead, the hydrolysis of lauric
and linoleic acids were flat throughout the ripening (Supplementary
Figure 1B). Akin and others (30) also reported similar FFA
results in white cheese ripening using the same lactic acid starter
bacteria. The plateau and the limited increase could be explained
by the transesterification reactions between alcohol and fatty acids
throughout ripening that result in fatty acid esters formation (31).
Therefore, increasing FFA content through lipolysis was restricted in
our samples.

Finally, the free amino acid levels of the cheese samples
(Table 1) increased throughout the ripening period (P < 0.05)
(Supplementary Figures 1C, D). Total free amino acids (TFAAs)
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Soft independent modeling of class analogy (SIMCA) 3D projection plots for spectra collected by portable FT-IR spectrometer for soluble extracts (A)
water; (B) methanol; and (C) ethanol for 100 days ripening period and (D) SIMCA discriminating plot showing the bands and regions responsible for class

separation based on the corresponding FT-IR SIMCA model.

change linearly over time with a rate of production (0.714 g/100 g
increase per day). The leading free amino acid produced was
serine (0.091 wg/100 g), followed by glutamine (0.074 ng/100 g),
tryptophane (0.053 ng/100 g), lysine (0.051 pg/100 g), asparagine
(0.043 ng/100 g), histidine (0.038 g/100 g), and glutamic acid
(0.038 g/100 g). The other free amino acids showed lower
production rates (average of 0.017 wg/100 g increase per day). The
production of free amino acids during the ripening of Turkish white
cheese was low compared to organic acids and fatty acids, likely
associated with the starters’ modest proteolytic characteristics.

3.2. FT-IR spectra to monitor biochemical
changes during cheese ripening

Figures 1A-C show the overlaid FT-IR spectra (4,000 -
650 cm 1) of different extracts of cheese samples on days 1 and 100,
exhibiting noticeable changes during the ripening process, primarily
in the spectral range 1,800-900 cm~!. The spectra collected from the
different extracts showed unique patterns depending on the solubility
of the cheese component in the solvents (Figures 1A-C).

The broad band at 3,700 to 3,000 cm™! was associated with O-H
stretching vibrations of hydroxyl groups (water); while the bands
centered at 2,955, 2,920, and 2,850 cm™! were related to methylene
(CH3) asymmetrical and symmetrical stretching and methyl (CH,)
asymmetrical stretching of lipids (32-35). The distinct band at
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1,745 cm™! corresponds to the ester carbonyl (-C = O) functional
group of lipids (33, 36). The prominent band at 1,578 cm™! and its
left shoulder (1,645 cm™') were attributed to the amide groups in
proteins, peptides, and free amino acids (36-38). The shoulder band
at 1,453 cm~! corresponded to methylene bending of amino side
chains and the CH3 asymmetric deformation of amines (33, 38, 39).
The band at aground 1,425 cm™! was related to acidic amino acids
(COO™ symmetric stretching) (38), while the bands between 1,390
and 1,429 cm™! can be related to the [-CH(CHj3)] groups in amino
acids such as alanine, valine, leucine, isoleucine, and methionine.
The band at 1,315 cm~! was responsible for the plane bending
vibration of CH bonds of amino acids (40). The band at 1,159 cm™!
corresponded to ester linkages of fats (C-O) (41). The bands between
1,120 and 1,040 cm™! were associated to C-O stretching and OH
bending groups of organic acids and residual lactose (38). Cheese
ripening from day 1 to day 100 showed an increase in the intensity
of the infrared signal in all extracts (Figures 1A-C), evidencing the
extent of proteolysis, lipolysis, and lactose metabolism during white
cheese maturation.

Even though the overall spectra of the different cheese
extracts (water, methanol, and ethanol) showed similar spectral
characteristics, there were some remarkable distinctions due to the
solvent polarity (Figures 1A-C). The region related to fats (2,955-
2,850 cm ™!, 1,745 cm~! and 1,159 cm™!) showed higher intensities
for ethanol extracts showing its ability to penetrate through the cell
membrane and dissolve hydrophobic chains compared to methanol
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TABLE 2 Interclass distances between various cheese extracts (a: water; b:
methanol; and c: ethanol) on different ripening ages, based on SIMCA
model generated by the FT-IR spectral data.

Ripening day

20 7.3 0.0

40 14.2 3.6° 0.0

60 16.5 49 4.2¢ 0.0

80 15.8 6.3 43 3.4 0.0

100 15.4 7.1 46 33 1.5¢ 0.0

Ripening day

20 14.6* 0.0

40 245 9.5> 0.0

60 29.9 152 11.4¢ 0.0

80 345 14.8 13.2 7.74 0.0

Ripening day ‘mm

1 0.0

20 5.3 0.0

40 8.5 6.2 0.0

60 113 8.6 4.6° 0.0

80 11.0 9.8 4.7 3.44 0.0

100 13.6 14.9 7.1 7.3 2.7¢ 0.0

Stage 1 (day 1 to 20), bStage 2 (day 20 to 40), “Stage 3 (day 40 to 60), dStage 4 (day 60 to 80),
¢Stage 5 (day 80 to 100).

(42). Water and methanol extracts showed more intense signal in
the 1,650-1,570 cm~!, attributed to protein bands, compared to
ethanol extracts. The solubilities of the amino acids in water are
high because they are present predominantly in zwitterionic form
and their solubility decrease with the increase in the hydrophobic
character of the solvents (43).

The FT-IR spectra were analyzed using pattern recognition
analysis (SIMCA) to evaluate the effects of solvent extracts to classify
cheese ripening stages (Figures 2A-C). The boundaries around the
samples define the regions in which samples belong to a specific class
fall within 95% confidence (44). The projection plots for all extraction
methods showed distinct groups, with most interclass distances
(ICDs) above 3, indicating that the different solvents extracted cheese
metabolites that allowed to classify samples during the complex
process of ripening (Tables 2A-C). In general, the greater the ICDs
between two clusters, the more chemically distinct. The diagonal
values of the ICDs decreased with ripening time, indicating smaller
biochemical changes as cheese aging increases. Methanol extracts
showed the largest ICDs between clusters indicating that its mixed
polarity allowed to solubilize a wider array of metabolites compared
to water and ethanol.

We evaluated the discriminating power plots in SIMCA that
shows the variables with a predominant effect on the sample
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grouping. Model developed with water-based extracts employed
3 factors to explain 97.8% of the variance in the data set. It is
important to highlight that water extracts were further fractionated
with chloroform (45), resulting in negligible amounts of neutral fat
in the samples. The discriminating power (Figure 2D) for water
extracts showed that the spectral regions from 1,680 to 1,510, 1,430
to 1,360, and 1,100 to 1,040 cm~! were important in classifying
Turkish white cheese samples based on the ripening process. The
bands between 1,680 and 1,510 cm™! comprise the absorbances
from amide functional groups (46), and the bands between 1,430
to 1,360 cm™! were related to amide III (47, 48). Furthermore, the
smaller bands at 1,093 - 1,041 and 855 cm™! could correlate with
the organic acids in the white cheese. The changes in the amino
acids and organic acids though out the ripening period (Table 1)
also support these findings. Methanol extracts also employed 3
factors and explained 98.2% of the variance. The discriminating
power plot revealed that bands at around 3,290 to 2,880, 1,636
to 1,611, 1,405, and 1,219 to 960 cm™! were responsible for the
class separations (Figure 2DD). Methanol is a polar organic solvent
that is effective in dissolving amino (1,650 - 1,219 cm™!) and
organic (1,096 — 962 cm™!) acids but can also solubilize some non-
polar compounds such as fatty acids (3,290 - 2,880 cm~!). Finally,
the discriminating power plot for ethanol extracts revealed that
the clustering between classes was mainly related to the regions
between 3,080 - 2,850 cm~! and 1,700 - 1,685 cm™! (Figure 2D),
which can be corresponded to the-C-H symmetric and asymmetric
stretching of fatty acids and fatty acids’ esters, respectively (19,
45). The band at around 1,400 cm~! can be associated with acidic
amino acids and the aliphatic chains of fatty acids (45). As a
polar organic solvent, ethanol also had an affinity for amino and
organic acids, indicated by the signal in the range of 1,230 -
835cm™ L.

3.3. PLSR models for the prediction of
individual organic acids, free fatty acids,
and total free amino acids

Individual organic acids, free fatty acids, and free amino acids
content in Turkish white cheese samples were correlated with the
FT-IR spectra of the various extraction methods (including water-
based solution, methanol, and ethanol) using PLSR algorithms to
generate prediction models. As mentioned earlier, the sample set
was divided into the calibration/training and external validation sets,
and the robustness/strength of the generated calibration models was
tested using the external validation set. The performance statistics of
each model, as well as the range of the values and the number of
samples included in each model, were given in Tables 3, 4. In order
to improve the predictive capacity of each model, mathematical pre-
processing procedures were employed, and the frequency regions that
give low regression coefficients were excluded from each model since
those regions were dominated by noisy, unreliable variables (49). The
specific bands and ranges for the model generation were shown in
Supplementary Table 1.

Depending on the target compound and extraction method, the
cross-validation (leave-one-out) approach determined two to six LV's
to generate the models (Table 3), and those LVs explained 95.36
t0 99.96% of the variance in the generated calibration models. The
regression models for different extraction methods showed a strong
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TABLE 3 Performance statistics of the calibration models developed using FT-IR, for the prediction of free amino acids, organic acids, and free fatty acids in
soluble extracts (water, methanol, and ethanol) samples during the ripening period.

Level range
(mg/100g)

Compound ‘

Methanol Ethanol

0.88

N [secv
6 0.96

Lactic acid 12.6-25.2 55 6 0.97 54 0.95 55 6 0.99 0.96
Citric acid 128.7-295.8 57 6 10.65 0.98 55 6 11.35 0.97 55 6 15.98 0.94
Propionic 7.41-16.3 58 4 0.71 0.95 58 4 0.72 0.95 55 4 0.71 0.95
Acetic acid 18.0-39.6 56 5 1.28 0.98 56 6 1.52 0.97 55 6 1.99 0.95
SCFA? 4.7-14.4 56 5 0.64 0.97 55 6 0.51 0.98 56 5 0.51 0.98
Lauric acid 4.9-9.0 55 5 0.58 0.92 55 5 0.48 0.93 55 5 0.45 0.94
Myristic acid 17.8-27.2 54 6 0.83 0.92 55 6 0.80 0.93 56 5 0.72 0.94
Palmitic acid 58.8-89.6 55 6 2.20 0.93 56 6 2.09 0.94 56 6 1.85 0.95
Stearic acid 23.8-34.8 55 5 0.93 0.91 55 6 0.82 0.93 55 6 0.79 0.93
Oleic acid 32.0-49.2 54 6 1.34 0.92 55 5 1.09 0.94 56 4 1.01 0.94
Linoleic acid 5.13-8.2 55 6 0.24 0.93 55 6 0.24 0.93 54 6 0.23 0.93
TFAAY 0.58-0.66 55 4 0.0029 0.99 55 4 0.0039 0.98 54 5 0.0048 0.96

2Short chain fatty acids, bTotal free amino acid, “Number of samples used in calibration models, dNumber of factors (latent variables) used to generate the models, “Standard error of cross validation,
fCorrelation coefficient of cross-validation. For each model 58 sample were exist before excluding the outliers.

TABLE 4 Performance statistics of the validation models developed using FT-IR, for the prediction of free amino acids, organic acids, and free fatty acids in
soluble extracts (water, methanol, and ethanol) samples during the ripening period.

Compound

Level range
(mg/100g)

Methanol Ethanol

Lactic acid 13.5-25.2 14 112 0.97 14 1.00 0.96 14 1.10 0.95
Citric acid 128.7-299.7 14 10.51 0.98 14 12.80 0.96 14 13.18 0.96
Propionic 7.4-16.3 14 0.57 0.97 14 0.87 0.92 14 0.64 0.96
Acetic acid 19.8-38.4 14 1.67 0.97 14 1.78 0.96 14 2.19 0.94
SCFA? 4.7-12.9 14 0.72 0.97 14 0.67 0.96 14 0.41 0.99
Lauric acid 4.9-9.0 14 0.63 0.92 14 0.52 0.93 14 0.38 0.95
Myristic acid 18.0-27.1 14 0.79 0.93 14 0.82 0.93 14 0.80 0.93
Palmitic acid 59.0-88.0 14 2.00 0.92 14 1.81 0.94 14 1.95 0.95
Stearic acid 23.8-34.6 14 0.92 0.92 14 0.72 0.95 14 1.07 0.94
Oleic acid 32.6-49.0 14 1.53 0.93 14 1.18 0.95 14 0.95 0.96
Linoleic acid 5.1-8.2 14 0.24 0.91 14 0.23 0.92 14 0.19 0.94
TFAA® 0.58-0.66 14 0.0037 0.99 14 0.0040 0.98 14 0.0057 0.95

2Short chain fatty acids, bTotal free amino acid, “Number of samples used in calibration models, dStandard error of prediction, fCorrelation coefficient of prediction for validation.

correlation (0.98 > Rcy > 0.91 and 0.99 > Rpre > 0.91) in predicting
individual organic acids, free fatty acids, and total free amino acids
(Tables 3, 4). The standard error of prediction (SEP) values ranged
from 0.57 to 13.18 mg/100 g cheese for individual organic acids,
0.19 to 2.00 mg/100g cheese for SCFA and individual free fatty acids,
and 0.0037 to 0.0057 mg/100 g cheese for total free amino acids;
the numbers were similar to the standard error of cross-validation
(SECV) for their corresponding models (Tables 3, 4) that indicates
the good predictive ability of the generated calibration models. Even
though all types of extraction methods provided similar prediction
performances, the organic and amino acids were predicted slightly
better with the water-based solution, while free fatty acids levels were
predicted best in ethanol-extracted samples.

Frontiers in Nutrition

4. Conclusion

This study proposes how to improve the FT-IR prediction
performance by using simple extraction methods using various
solvents or mixtures to monitor soluble further ripening compounds
such as free amino acids, organic acids, and fatty acids that occur
with the biochemical reactions in cheese during ripening. We
found that ethanol was more effective than methanol in extracting
free fatty acids providing the best measurement performance for
this class of compounds. However, water-based extracts were most
effective in solubilizing organic acids and free amino acids. The
mixed polarity of methanol provided the best classification of
metabolites during ripening. Selection of extraction solvent (water,
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methanol, ethanol) had a slight effect on the ability of FT-IR to
monitor cheese ripening and predict several cheese components.
This study could help cheese manufacturers easily monitor the
rate and the products of biochemical reactions, including lipolysis,
proteolysis, and glycolysis, that produce essential flavor and texture
characteristics in white cheese.
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The Chinese name “Lingzhi” refers to Ganoderma genus, which are increasingly
used in the food and medical industries. Ganoderma species are often used
interchangeably since the differences in their composition are not known.
To find compositional metabolite differences among Ganoderma species,
we conducted a widely targeted metabolomics analysis of four commonly used
edible and medicinal Ganoderma species based on ultra performance liquid
chromatography-electrospray ionization-tandem mass spectrometry. Through
pairwise comparisons, we identified 575-764 significant differential metabolites
among the species, most of which exhibited large fold differences. We screened
and analyzed the composition and functionality of the advantageous metabolites
in each species. Ganoderma lingzhi advantageous metabolites were mostly related
to amino acids and derivatives, as well as terpenes, G. sinense to terpenes, and G.
leucocontextum and G. tsugae to nucleotides and derivatives, alkaloids, and lipids.
Network pharmacological analysis showed that SRC, GAPDH, TNF, and AKT1 were
the key targets of high-degree advantage metabolites among the four Ganoderma
species. Analysis of Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
demonstrated that the advantage metabolites in the four Ganoderma species may
regulate and participate in signaling pathways associated with diverse cancers,
Alzheimer's disease, and diabetes. Our findings contribute to more targeted
development of Ganoderma products in the food and medical industries.

KEYWORDS

widely targeted metabolomics, Ganoderma, Ganoderma lingzhi, Ganoderma sinense,
Ganoderma leucocontextum, Ganoderma tsugae

1 Introduction

“Lingzhi” is the Chinese term for a certain type of edible and medicinal fungi with a long
history, generally including Ganoderma lingzhi, Ganoderma sinense, Ganoderma tsugae, and
Ganoderma leucocontextum (1-3). Ganoderma contains a diverse range of bioactive
compounds, including polysaccharides, triterpenoids, polyphenols, nucleotides, amino acids,
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alkaloids, and vitamins (4-6). These active compounds exert
remarkable pharmacological effects and are therefore intensively
researched and widely applied in the medical field (7). The
pharmacological properties of Ganoderma have been demonstrated
in clinical trials and therapeutic applications, encompassing its
anticancer, antioxidant, immunomodulatory, hypoglycemic,
cardioprotective, anti-inflammatory, antiviral, and neuroprotective
effects (8-11).

Ganoderma is also highly favored in the food industry (12). For
thousands of years, it has been utilized as a health-promoting food
supplement renowned for its properties of relaxation, mental clarity,
and physical well-being (13, 14). Currently, Ganoderma is primarily
marketed in health products and nutritional supplements, such as teas,
alcoholic beverages, beverages, capsules, oral solutions (12, 14).
Ganoderma and derived products represent a multibillion-dollar
industry worldwide (15). Thus, Ganoderma has great potential in the
food and medical industries.

However, there remain some prominent and challenging issues
in the development of the Ganoderma industry. The most significant
issue is that it is currently uncertain whether there are differences
in the composition and contents of active components among
different species. If so, it may be possible to develop different
Ganoderma products based on the advantages of each species in
future, which would be of great importance for the further
development of Ganoderma for the food and medical industries.
Widely targeted metabolomics tools are suitable for addressing the
aforementioned issues as they offer high throughput, high
sensitivity, and high qualitative accuracy, and comprehensive
databases are available (16).

In this study, we collected samples of the four commonly
cultivated Ganoderma species: G. lingzhi, G. sinense, G. tsugae, and
G. leucocontextum (17). We analyzed the composition of the active
components in each species and identified significantly differential
metabolites using widely targeted metabolomics based on ultra
performance liquid chromatography-electrospray ionization-tandem
mass spectrometry (UPLC-ESI-MS/MS). The research findings are
beneficial for the development of Ganoderma in the food and
medical industries.

2 Materials and methods
2.1 Sampling and sample extraction

The abbreviations used for the fungal species in this manuscript
and the production areas of the four Ganoderma species are presented
in Table 1. The fruiting bodies of all Ganoderma species are harvested
upon reaching maturity through artificial cultivation. The criteria for

TABLE 1 Sample details of the four Ganoderma species.

Sample

abbreviation Production area

Species name

10.3389/fnut.2024.1335538

determining Ganoderma fruiting body maturity are disappearance of
the white growth ring of the fungus cap, cessation of expansion of the
fungus cap and continuous thickening, and browning of the edge of
the fungus cap (24, 25). Three replicate samples (1g) from fungal caps
were collected for each species. Using vacuum freeze-drying
technology, place the biological samples in a lyophilizer (Scientz-
100F), then grinding (30 Hz, 1.5 min) the samples to powder form by
using a grinder (MM 400, Retsch). Next, weigh 50mg of sample
powder using an electronic balance (MS105DM) and add 1200 pL of
—20°C pre-cooled 70% methanolic aqueous internal standard extract
(less than 50 mg added at the rate of 1200 uL extractant per 50 mg
sample). Vortex once every 30 min for 30 sec, for a total of 6 times.
After centrifugation (rotation speed 12000rpm, 3min), the
supernatant was aspirated, and the sample was filtered through a
microporous membrane (0.22um pore size) and stored in the
injection vial for UPLC-MS/MS analysis.

2.2 UPLC conditions

The sample extracts were analyzed using an UPLC-ESI-MS/MS
system (UPLC, ExionLC™ AD, https://sciex.com.cn/; MS, Applied
Biosystems 6,500 Q TRAP, https://sciex.com.cn/). The analytical
column was Agilent SB-C18 (1.8 pm, 2.1mmx 100mm), and the
mobile phase comprised solvent A, pure water with 0.1% formic acid,
and solvent B, acetonitrile with 0.1% formic acid. Sample
measurements were performed with a gradient program comprising
95% A, 5% B, linear gradient to 5% A and 95% B within 9 min, 5% A
and 95% B for 1 min, 95% A and 5.0% B within 1.1 min and kept for
2.9min. The flow rate was 0.35mL/min, column oven temperature
was 40°C, and the injection volume was 2pL. The effluent was
alternatively connected to an ESI-triple quadrupole (QQQ)-linear ion
trap (QTRAP)-MS.

2.3 ESI-g trap-MS/MS

The ESI source operation parameters were as follows: source
temperature, 500°C; ion spray voltage (IS), 5,500V (positive ion
mode)/—4,500V (negative ion mode); ion source gas I (GSI), gas II
(GSII), curtain gas were 50, 60, and 25 psi, respectively; and collision-
activated dissociation, high. QQQ scans were acquired under multiple
reaction monitoring (MRM), with collision gas (nitrogen) set to
medium. Declustering potential (DP) and collision energy (CE)
analyses for individual MRM transitions were performed, with further
DP and CE optimization. A specific set of MRM transitions was
monitored for each period according to the metabolites eluted within
this period.

Host plant

Gl Ganoderma lingzhi Castanea, Cyclobalanopsis and Quercus (18)
Changbai Mountain, Jilin province,
Gs Ganoderma sinense Chi Albizia mollis, Quercus sp., Dendrocalamus strictus and Dipterocarpus sp. (19, 20)
ina
Gt Ganoderma tsugae Larix sp., Picea sp. and Tsuga sp. (20-22)
Gz Ganoderma leucocontextum | Linzhi City, Tibet province, China = Cyclobalanopsis glauca (20, 23)
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2.4 Qualitative and quantitative analyses of
metabolites

Crucial MS parameters, such as DP, CE, retention time (RT), Q1
(precursor ion), and Q3 (product ion), were used to identify
(Wuhan Metware
Biotechnology Co., Ltd.). After identifying the compounds,

metabolites from the Metware database
we conducted a comparative analysis against the database and
classified them into Class I and Class II based on their structural
characteristics. Class I represents the primary classification of
compounds, while Class II provides a more detailed categorization of
metabolites in Class I. Metabolites were quantified using the MRM

mode for mass spectrum peaks of metabolites.

2.5 Reconstruction and analysis of
protein—protein interaction networks

The canonical SMILES of Ganoderma metabolites were retrieved
from the PubChem and NPASS databases. Subsequently, protein targets
for each compound were predicted using SwissTargetPrediction, with
a restriction to Homo sapiens. The identified targets of each dominant
Ganoderma metabolite were merged, and duplicates were eliminated.
PPI networks for all targets were predicted using information provided
by the STRING database, with target genes restricted to “Homo sapiens”
genetic symbols and saved as tsv files. The tsv files were visualized in
Cytoscape v3.9.1 to depict the PPI network. To identify the key targets,
we conducted target screening within the PPI network of all targets. The
screening criteria were as follows: key targets were determined based
on a degree value greater than twice the median, and betweenness
centrality, and closeness centrality values exceeding the median. The
selected key targets were subsequently visualized using STRING and
Cytoscape v3.9.1, leading to the construction of a PPI network for each
key target of each Ganoderma metabolite.

2.6 Gene ontology functional annotation
and Kyoto encyclopedia of genes and
genomes pathway analysis

To elucidate the biological processes and signaling transduction
roles of key target proteins, we employed the ClueGO tool (a Cytoscape
plug-in) for GO functional annotation and KEGG pathway analysis.
The analysis was performed by inputting a list of human target gene
names. The pathways wherein genes were located were filtered,
retaining only GO items with p values <0.01, while ensuring that each
pathway contains more than 20 genes and has a ratio higher than 20%.
The top 20 pathways were selected based on their ratio, and a bubble
plot visualization was generated using the ggplot2 package in R.!

2.7 Statistical analysis

Unsupervised principal component analysis (PCA) was
performed using the statistics function prcomp in R. The data were

1 www.r-project.org
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unit variance-scaled before unsupervised PCA. Pearson correlation
coefficients between two samples were calculated using the cor
function in R and the data are presented as heatmaps. In differential
metabolite analysis, differential metabolites between two groups were
determined based on a value importance plot (VIP) value >1 and
|Log,fold change (FC)|>1.0. VIP values were extracted from
orthogonal projections to latent structures-discriminant analysis
(OPLS-DA) results, which also contain score plots and permutation
plots, generated using the R package MetaboAnalystR. The data were
log-transformed and mean-centered before OPLS-DA. To avoid
overfitting, a permutation test (200 permutations) was used.

3 Results and discussion

3.1 Metabolite composition of the four
Ganoderma species

Widely targeted metabolomics analysis revealed the presence of
1,187 metabolites in the Gl, Gs, Gz, and Gt samples. All detected
metabolites were categorized into 11 classes under Class I: amino acids
and derivatives (387), lipids (140), alkaloids (119), organic acids (110),
others (110), phenolic acids (92), terpenoids (91), nucleotides and
derivatives (84), flavonoids (36), lignans and coumarins (10), and
quinones (8). Polysaccharides and triterpenoids have been the focus of
research on the pharmacological activities of Ganoderma (26, 27). The
fruiting body is the most important pharmacological part of Ganoderma.
Xie et al. (6) demonstrated that the fruiting body exhibited the highest
abundance of metabolites compared to the fermentation broth,
mycelium, and spores of G. lucidum. Additionally, most triterpenoids
were exclusively detected in the fruiting body, thereby establishing the
fruiting body as a more promising candidate for the development of
anti-tumor and anti- AIDS drugs (6). However, the chemical composition
of Ganoderma is remarkably complex, and efforts are underway to
broaden the research scope of its pharmacological constituents (28, 29).
We found that amino acids and their derivatives were the most abundant
metabolites in each Ganoderma species, providing new insights for the
development of Ganoderma products. Amino acids and derivatives play
diverse specific physiological roles in human life activities, and derived
products represent an established market globally (30-32). Our findings
indicate that Ganoderma is suitable for developing amino acid-based
health products, such as nutritional supplements and beverages. In
addition, Ganoderma is rich in other functional components such as
alkaloids and organic acids, but research on their composition and
functionality is limited. Based on the detected metabolites, we analyzed
the metabolite composition of each Ganoderma species.

3.2 Differential metabolite composition of
each Ganoderma species

The upset Venn diagram in Figure | shows the numbers of
metabolites in each species. We detected a total of 1,187 metabolites,
including 1,117 common metabolites, in all four species, with Gt
having the widest variety of metabolites (1,174), followed by Gl (1,169),
Gz (1,162), and Gs (1,155). Thus, there were only minor differences in
metabolite variety among the four Ganoderma species were.

The pie chart in Figure 2 shows the numbers of metabolites in
the different categories in each Ganoderma species. Among all
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FIGURE 1
Upset Venn plots of metabolite numbers in the four Ganoderma species.

species, Gz was the most abundant in amino acids and derivatives,
Gl in lipids, and Gt in alkaloids and terpenoids. Differences in the
numbers of metabolites in other categories were relatively small (<3).

The interrelationships in metabolite composition among all
Ganoderma species were investigated using PCA (Figure 3). PC1 and
PC2 contributed 35.73 and 23.46%, respectively, of the metabolic
variation among all species. The central sample Qc was a mixture of
equal amounts of all samples and served as a quality control. The three
samples from each Ganoderma species clustered closely together,
indicating good reproducibility of the triplicate measurements. The
distance between Gz and Gs was short, whereas Gl and Gt were
clustered further away from the other species. These findings indicated
significant differences in metabolite composition among the different
Ganoderma species.

3.3 Selection and analysis of advantageous
metabolites in each Ganoderma species

3.3.1 OPLS-DA

To maximize the differentiation among groups and screen differential
metabolites, an OPLS-DA model was established using multidimensional
statistics (33). The results indicated that differential metabolites could
be screened based on VIP values (Supplementary Figure S1).

3.3.2 Differential metabolite analysis among the
four Ganoderma species

The volcano plots in Figure 4 show the numbers of differential
metabolites (both significantly and insignificantly) in pairwise
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comparisons of all Ganoderma species. There most significantly
differential metabolites (764) were found between Gs and Gt, and the
least (565) between Gl and Gt (Table 2). The metabolites that were
significantly more abundant in one species than in the other three
were regarded advantageous metabolites and are represented in an
upset Venn diagram (Figure 5). According to the numbers of
advantageous metabolites, the species were ranked in the following
order: Gl (179) > Gt (160) > Gz (129) > Gs (37).

3.3.3 FCs in advantageous metabolites among
Ganoderma species

FCs represent differences in the relative abundance of metabolites.
We statistically analyzed the FC of advantageous metabolites to evaluate
their level of dominance (Figure 6). In general, the majority of
advantageous metabolites in Gl and Gz were found in the larger FC
range, whereas the majority of predominant metabolites in Gt and Gs
showed smaller FCs. The advantageous metabolites with FC> 1,000 are
listed in Supplementary Table S1. Most of these metabolites were unique
to one species, as observed in pairwise comparisons. Some metabolites,
e.g., terpenoids in Gs, exhibited a FC > 1,000-fold between two species.

3.4 Composition of advantageous
metabolites of different categories among
all Ganoderma species

Advantageous metabolites reflect the characteristics in which

one Ganoderma species excels over the others. Therefore, we will
discuss the advantageous metabolites of each species based on the
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Supplementary Figures S2, S3 show the composition of

advantageous metabolites in Classes I and II of each species.
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Within Class I, the most advantageous metabolites in all species

were amino acids and derivatives. According to the numbers of amino
acids and derivatives among advantageous metabolites, the species
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TABLE 2 Numbers of significant and non-significant differential metabolites among the four Ganoderma species.

Group name Significant Down regulated Up regulated Insignificant
Glvs. Gs 699 522 177 488
Glvs. Gt 565 268 297 619
Glvs. Gz 654 398 256 532
Gs vs. Gt 764 170 594 420
Gz vs. Gs 577 432 145 599
Gz vs. Gt 688 259 429 499

were ranked in the following order: Gz (98) > Gl (71) > Gt (46) > Gs
(15). Combining the results of Section 3.1 with these findings on
dominant metabolites, it can be concluded that Gz is the most suitable
among all Ganoderma species for developing amino acid products.
Lipids were also found to be abundant in Ganoderma. According to
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the numbers of lipids, the species were ranked as follows: Gl (35) > Gt
(33)>Gs (4)>Gz (1). The major lipids in Gl were comprised
lysophosphatidylethanolamine and lysophosphatidylcholine, whereas
those in Gt were mainly free fatty acids. Some fatty acids are essential
because they cannot be synthesized by the human body. For instance,
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FIGURE 5
Upset Venn diagrams of metabolites specifically enriched in each of the four Ganoderma species.

a-linolenic acid identified in this study has antithrombotic functions
and is associated with reduced mortality rates of cardiovascular
diseases and cancer (34, 35).

Terpenoids are considered one of the most important chemical
compounds in Ganoderma (26, 36). According to the numbers of
terpenoids among advantageous metabolites, the species were ranked
as follows: Gs (9)=Gz (9)>Gt (2)>Gl (0). The contents of many
terpenoids (91 in total) were relatively similar among all Ganoderma
species; however, Gs and Gz were more abundant in advantageous
terpenoids than the other species. Nearly all terpenoids found in
Ganoderma have been demonstrated to possess beneficial
physiological activities, such as anticancer and antioxidant properties
(26, 36, 37). However, when we attempted to extract a large quantity
of a specific terpenoid, we were unable to determine which species
contains the highest amount and allows the highest extraction
efficiency. Therefore, we presented the advantageous terpenoids in
Supplementary Table 52 to facilitate better utilization of the terpenoids
from each species.

Alkaloids are important chemical components of Ganoderma.
Several studies have demonstrated that alkaloids in various
Ganoderma products have remarkable health-promoting functions,
including neuroprotection, renal protection, and anticancer effects
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(29, 38, 39). In total, 119 different alkaloids were identified in the four
Ganoderma species, which calls for further research and development.
According to the numbers of advantageous alkaloids among
advantageous metabolites, the species were ranked as follows: Gl
(20)>Gt (19)>Gz (5)>Gs (2). According to the pie chart in
Supplementary Figure 52, Gl and Gt are more abundant in alkaloids
than the other species. Compared to Gl, Gt has a wider variety of
advantageous alkaloids. In addition to plumerane, which is also
present in Gl, Gt contains pyridine alkaloids, pyrrole alkaloids,
quinoline alkaloids, and piperidine alkaloids, which are absent in GI.
The alkaloids among the advantageous metabolites of all Ganoderma
species are listed in Supplementary Table S2. N-Oleoylethanolamine
exhibits weight-reducing and anti-atherosclerotic effects and is
employed for the treatment of cardiovascular and metabolic disorders
(40-42). O-Acetyl-L-carnitine functions in neuroprotection and the
protection of brain development (43-45). Agmatine contributes to the
regulation of glucose and lipid metabolism and has antidepressant,
anticonvulsant, and neuroprotective effects (46, 47).

Nucleotides and derivatives are another important component of
Ganoderma and derived health products; they exhibit pharmacological
activities and health-promoting functions such as lipid-lowering
effects (48-51). We identified 84 nucleotides and derivatives in the
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four Ganoderma species. According to the numbers of nucleotides and
derivatives among advantageous metabolites, the species were ranked
as follows: Gt (17)>Gl (14)> Gz (2) >Gs (0). The nucleotides and
derivatives among advantageous metabolites of all Ganoderma species
are listed in Supplementary Table S2. Vidarabine exhibits potent
antiviral activity and is widely used as an anti-herpesvirus agent (52).
Citicoline exerts neuroprotective effects and has anticonvulsant
properties (53, 54). B-Nicotinamide mononucleotide possesses anti-
aging properties (55, 56). Acadesine possesses antitumor activities in
several cancer types (57, 58).

Flavonoids, phenolic acids, and organic acids among advantageous
metabolites of four Ganoderma species are listed in
Supplementary Table S2. Flavonoids are a research focus in
Ganoderma studies and exhibit antioxidant and anti-inflammatory
effects and cytotoxicity against cancer cells (59-62). Xanthohumol
possesses antitumor activities and antiarrhythmic properties (63, 64).
2',7-Dihydroxy-3’,4’-dimethoxyisoflavan possesses anti-inflammatory
activity (65). The organic acid y-aminobutyric acid improves sleep and
reduces blood pressure (66-68). Shikimic acid has diverse biological
activities and serves as an intermediate in the synthesis of anticancer
drugs (69). The phenolic acids protocatechualdehyde, (E)-ethyl
exhibit

inflammatory, and antioxidant effects (70-73).

p-methoxycinnamate, and picein anticancer, anti-

3.5 Network pharmacology analysis

3.5.1 PPI networks of key targets from the four
Ganoderma species

PPI networks of key targets were constructed for advantageous
Ganoderma (Figure 7 and

metabolites of all species
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Supplementary Table S3). In each PPI network, SRC, GAPDH, TNF,
and AKT1 were among the top five highest-degree targets. SRC is
associated with increased tumor progression, invasion, and metastasis
in many cancers (74, 75). TNF plays a crucial role in cancer treatment
and autoimmunity (76, 77), while AKT1 is linked to breast cancer and
ovarian cancer (78, 79). Despite differences in the advantageous
metabolites from the four Ganoderma species, their mechanisms of
tumor suppression are closely related to these targets.

The third highest-degree target of TP53 was identified in Gz and
Gt, but not in Gl and Gs. TP53 functions as a crucial tumor suppressor,
with its mutations being frequently observed in various malignant
neoplasms (80, 81). This observation implies that the tumor-
suppressive mechanisms of metabolites in Gz and Gt may exhibit
greater prominence in regulating TP53 than those of metabolites in
Gl and Gs. Albumin (ALB) exhibited a high degree in the PPI
networks of Gl, Gs, and Gt. ALB is primarily synthesized by the liver
in humans and serves as the predominant plasma protein (82).
Extensive research has demonstrated that ALB functions as a tumor
suppressor and plays a crucial role in hepatocellular carcinoma
metastasis and invasion (83).

3.5.2 KEGG pathway and GO annotation analyses
GO and KEGG pathways were enriched and visualized by Cluego
software (Figure 8). Among the top 20 pathways identified in the four
Ganoderma species, several cancer-related pathways were prominently
observed, including prostate cancer, non-small cell lung cancer,
colorectal cancer, small cell lung cancer, pancreatic cancer, bladder
cancer, and endometrial cancer. The advantageous metabolites of the
four Ganoderma species exhibited a strong correlation with diverse
cancer pathways, underscoring their potential as promising
therapeutic agents. We also observed that some of the top 20 pathways
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were only found in certain species of Ganoderma, including cocaine
addiction and B cell receptor signaling pathway in Gl; TNF signaling
pathway, positive regulation of smooth muscle cell proliferation, IL-17
signaling pathway, C-type lectin receptor signaling pathway, pertussis,
and neuroinflammatory response in Gs; and renal cell carcinoma in
Gz. The findings facilitate a more precise investigation into the
therapeutic pathways of different Ganoderma species.

The bubble plot was utilized to compare the number and ratio of
genes in the pathways (Figure 9). Prostate cancer accounted for the
highest ratio in all Gl and Gt pathways, reaching more than 44%. The
proteasome exhibited a high ratio in both the Gz and Gt pathways. The
response to amyloid-beta in the top 20 pathways of the four Ganoderma
species exhibited a relatively high ratio. The neurotoxicity of amyloid-
beta and its strong correlation with Alzheimer’s disease have been
consistently demonstrated in recent studies (84, 85). Therefore, the
neuroprotective effects of the four Ganoderma species may primarily
be attributed to their modulation of the amyloid-beta pathway. Similar
findings have also been corroborated in pharmacological analyses and
validation studies involving G. lucidum (86, 87). The AGE-RAGE
signaling pathway in diabetic complications had a high ratio in the four
Ganoderma species. AGE-RAGE plays a crucial role in the development
of diabetic complications, such as kidney disease and cardiovascular
disease (88). Recent advancements in network pharmacological
analysis and animal experiments have demonstrated that certain

Frontiers in Nutrition

natural remedies, such as Radix Rehmanniae and Corni Fructus, can
effectively regulate this pathway to combat diabetic complications (89);
however, limited research has been conducted on Ganoderma.

4 Conclusion

We conducted a widely targeted metabolomics analysis of four
Ganoderma species commonly used in the food and medical
industries. The results indicate that although there are differences in
the variety of metabolites among the four Ganoderma species, these
differences are relatively small. However, there are significant
differences in the content of metabolites among the four Ganoderma
species. The relative amounts of many metabolites in different species
of Ganoderma vary significantly by hundreds or even thousands of
times. Therefore, even if the metabolite compositions of these four
species of Ganoderma are similar, it is imperative to determine the
difference in dosage when using them interchangeably. To achieve a
more targeted application of Ganoderma in the medical and food
fields and to facilitate further development and research of each
Ganoderma species, we identified and discussed advantageous
metabolites that are significantly more abundant in one Ganoderma
species than in the others. Among the four Ganoderma species, Gz is
the most suitable for the development of amino acid-based products.
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Gs and Gz are richer in terpenes, whereas Gl and Gt are more
abundant in nucleotides and derivatives, alkaloids, and lipids than the
other species. Network pharmacological analysis showed that the
top 5 targets with high degree were similar, although the compositions
of dominant metabolites in the four Ganoderma species were different.
Simultaneously, certain discrepancies were also observed. For
instance, among the highly correlated targets, TP53 was exclusively
present in Gz and Gt, while ALB appeared in only Gl, Gs, and Gt.
These variations may reflect the specificity of different Ganoderma
species in targeting disease-related pathways. Furthermore, KEGG
and GO analyses demonstrated that the advantageous metabolites of
the four Ganoderma species have potential regulatory effects on
various pathways associated with cancer, Alzheimer’s disease, and
diabetes complications, among others. However, each Ganoderma
species also displayed unique and significantly enriched pathways. The
findings necessitate further comprehensive exploration and validation
to facilitate the targeted utilization of diverse metabolites from
Ganoderma. In the future, we should determine the absolute content
of the advantageous metabolites of the four types of Ganoderma to
determine their utilization value. At the same time, we should also
study the thermal stability of the active ingredients in Ganoderma and
explore the temperature range required to maintain their biological
activity in daily processing.
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Cadmium (Cd) contamination of soil can strongly impact human health through
the food chain due to uptake by crop plants. Inorganic immobilizing agents such
as silicates and phosphates have been shown to effectively reduce Cd transfer
from the soil to cereal crops. However, the effects of such agents on total Cd
and its bioaccessibility in leafy vegetables are not yet known. Pak choi (Brassica
rapa L. ssp. chinensis) was here selected as a representative leafy vegetable to
be tested in pots to reveal the effects of silicate—phosphate amendments on
soil Cd chemical fractions, total plant Cd levels, and plant bioaccessibility. The
collected Cd contaminated soil was mixed with control soil at 1:0, 1:1, 1:4, 0:1
with a view to Cd high/moderate/mild/control soil samples. Three heavy metal-
immobilizing agents: wollastonite (W), potassium tripolyphosphate (KTPP), and
sodium hexametaphosphate (SHMP) were added to the soil in order to get four
different treatment groups, i.e., control (CK), application of wollastonite alone
(W), wollastonite co-applied with KTPP (WKTPP), application of wollastonite
co-applied with SHMP (WSHMP) for remediation of soils with different levels
of Cd contamination. All three treatments increased the effective bio-Cd
concentration in the soils with varying levels of contamination, except for W
under moderate and heavy Cd contamination. The total Cd concentration in
pak choi plants grown in mildly Cd-contaminated soil was elevated by 86.2%
after WKTPP treatment compared to the control treatment could function
as a phytoremediation aid for mildly Cd-contaminated soil. Using an in vitro
digestion method (physiologically based extraction test) combined with
transmission electron microscopy, silicate and phosphorus agents were found
to reduce the bioaccessibility of Cd in pak choi by up to 66.13% with WSHMP
treatment. Application of silicate alone reduced soil bio-Cd concentration
through the formation of insoluble complexes and silanol groups with Cd, but
the addition of phosphate may have facilitated Cd translocation into pak choi
by first co-precipitating with Ca in wollastonite while simultaneously altering
soil pH. Meanwhile, wollastonite and phosphate treatments may cause Cd to
be firmly enclosed in the cell wall in an insoluble form, reducing its translocation
to edible parts and decreasing the bioaccessibility of Cd in pak choi. This study

57 frontiersin.org


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2024.1337996%EF%BB%BF&domain=pdf&date_stamp=2024-04-04
https://www.frontiersin.org/articles/10.3389/fnut.2024.1337996/full
https://www.frontiersin.org/articles/10.3389/fnut.2024.1337996/full
https://www.frontiersin.org/articles/10.3389/fnut.2024.1337996/full
https://www.frontiersin.org/articles/10.3389/fnut.2024.1337996/full
https://www.frontiersin.org/articles/10.3389/fnut.2024.1337996/full
https://www.frontiersin.org/articles/10.3389/fnut.2024.1337996/full
mailto:tianyuan198712@163.com
https://doi.org/10.3389/fnut.2024.1337996
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2024.1337996

Guo et al.

10.3389/fnut.2024.1337996

contributes to the mitigation of Cd bioaccessibility in pak choi by reducing soil
Cd concentration through in situ remediation and will help us to extend the
effects of wollastonite and phosphate on Cd bioaccessibility to other common
vegetables. Therefore, this study thus reveals effective strategies for the
remediation of soil Cd and the reduction of Cd bioaccessibility in crops based
on two indicators: total Cd and Cd bioaccessibility. Our findings contribute to
the development of methods for safer cultivation of commonly consumed leafy
vegetables and for soil remediation.

KEYWORDS

Cd immobilization, bioaccessibility, leafy vegetables, wollastonite, cell ultrastructural

1 Introduction

Soil contamination with cadmium (Cd) has become a major
environmental and public health challenge in countries such as China,
Thailand, and India (1, 2). Cd readily migrates from the soil into crop
plants, thus entering the food chain and posing a risk to human health.
For example, Chinese cabbage plants grown in a specific region of
China reportedly have maximum Cd contents of 0.09mg/kg,
exceeding the standard limit by 180% (3). Cd has also been found to
exceed the standard by 53.85% in vegetables from Yunnan Province
(4). Thus, effective methods are urgently needed to control Cd
contamination to limit Cd transfer through the food chain.

The health risks associated with heavy metal elements in crops can
be reduced through two key strategies. The first is to decrease the total
concentration of heavy metals taken up by crop plants. In prior
studies, immobilizing agents have proven effective in reducing heavy
metal uptake from the soil (5, 6). Common heavy metal immobilizing
agents include organic materials, such as compost and biochar;
inorganic materials, including lime, phosphate, and silicate; and
chemical chelating agents, such as ethylenediaminetetraacetic acid
(EDTA) and diethylenetriaminepentaacetic acid (DTPA) (7). For
example, the addition of bagasse biochar to paddy soil significantly
reduced the DTPA extractable fraction of Cd and reduced the Cd
content of rice plants (8). Another study found that biochar reduced
Cd accumulation in pak choi (9). Similarly, straw composting resulted
in a significant 69% reduction in Cd content in pak choi, as well as a
reduced Cd transfer factor from soil to pak choi leaves (10). One
promising inorganic immobilizing material is a calcium silicate
material, wollastonite. This compound combines with heavy metals to
form Si-Cd precipitates, which are less readily absorbed by plants than
free Cd. Several studies have demonstrated the efficacy of wollastonite
in reducing heavy metal mobility and toxicity (11-14). Phosphate is
another common heavy metal immobilizing treatment for soils. The
addition of phosphorus reduces the concentration of Cd (water-
soluble and exchangeable) released into the soil solution in the soil,
reducing the migration of its Cd to plants (15). Field experiments have
demonstrated that it effectively reduces Cd concentrations in rice (16).
In addition, co-application of silicate and potassium dihydrogen
phosphate enhances soil adsorption of Cd, minimizing Cd uptake by
altering the proportions of competing cation fractions in the soil. This
has been shown to reduce Cd concentrations in amaranth and Chinese
cabbage by up to 74% (17). Recently, Wang et al. (18) found that a
combined application of silicate and phosphate decreases the
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exchangeable Cd concentration in the soil by altering the soil pH or
causing direct Cd adsorption to the surfaces of silicate minerals. Such
prior studies have identified strong candidates for Cd remediation via
immobilization in the soil. However, most of the current studies are
on the effect of single immobilizers on Cd in vegetables or other crops,
and the effect of wollastonite and phosphate on Cd in leafy vegetables,
especially pak choi, is not yet known, and further studies are needed
to clarify the potential mechanisms of the effect.

The second method of mitigating health risks associated with
heavy metal contamination is to reduce their bioaccessibility in plants.
Bioaccessibility refers to the proportion or amount of a compound in
a food product that can be digested and extracted in the gastrointestinal
environment. In the context of heavy metals, the total contaminant
mass within a crop may not accurately reflect the mass that can
be absorbed by the human body (19). Research has indicated that
bioaccessibility is a more accurate reflection of human absorption and
utilization of heavy metals than total heavy metal concentrations are.
Thus, it is important to understand heavy metal bioaccessibility in
crops. For example, Wang et al. (20) found that Cd bioaccessibility in
peppermint can reach 85.8%, posing a significant health risk to
humans. Similarly, Hu et al. (21) found that Cd bioaccessibility in leafy
vegetables from market in Hong Kong is 71%, making it a major health
risk for residents. Prior studies have indicated that Cd contamination
poses a major health risk due to its generally high bioaccessibility.
Strategies for minimizing bioaccessibility Cd are thus urgently needed.

In addition to preventing plant uptake of heavy metals,
immobilizing agents may also impact bioaccessibility. For example,
biochar can transform the exchangeable and carbonate-bound
fractions of Cd into organic-bound and residual fractions. In wheat
and corn, this reduces the bioaccessible Cd content by 12.7-26.0% and
13.1-20.5%, respectively (22). In celery production, a combined
application of hydroxyapatite with slaked lime or hydroxyapatite with
zeolite produce synergistic effects, significantly increasing soil pH and
reducing Cd bioaccessibility by 54.8-79.0% (23). These types of
immobilizing agents may therefore reduce heavy metal bioaccessibility
in other crop plants as well. However, to date, little is known about the
bioaccesssibility of Cd in pak choi harvested from agricultural soils
remediated by in situ soil immobilization of Cd and the associated
risks associated with its consumption. The beneficial effects of in situ
soil Cd immobilization in reducing Cd accumulation in other crops
such as rice have been well documented (24, 25). However, its effect
on the bioaccessibility of Cd in vegetables has not received
sufficient attention.
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Bioaccessibility content of heavy metals in agricultural
products is a key indicator for assessing health risks. And chard is
more likely to absorb Cd when grown on contaminated soils,
leading to an increase in potential health risk (26). The addition
of passivator will immobilize Cd more in the soil and reduce its
migration to pak choi, meanwhile, wollastonite has non-specific
immobilization and can immobilize some trace elements in the
soil, and the addition of phosphorus will also change the soil
nutrients. Passivator combinations of wollastonite and phosphate
have been used to reduce the risk of Cd exposure in paddy and
rice, however, their effect on the bioaccessibility of Cd in
vegetables remains unclear. Therefore, there is a need to use a
combination of wollastonite and phosphate to reduce the total
amount and bioaccessibility of cadmium in the edible parts of
aubergines. Prior studies of Cd bioaccessibility have primarily
focused on the effects of immobilizing agents on total heavy metal
concentrations in crops such as grains; research on the
bioaccessibility of Cd among leafy vegetables grown in
contaminated soils is extremely scarce. However, recent dietary
trends have emphasized consumption of leafy green vegetables
over grains, increasing the overall health risks posed by heavy
metal contamination of leafy vegetables. Thus, there is a pressing
need to assess Cd bioaccessibility in such plants. To address this
goal, the present study had three key aims: (1) to investigate the
effects of a combination of silicate and different phosphates on
total Cd concentrations in the leafy green vegetable pak choi
(Brassica rapa L. ssp. chinensis); (2) to assess changes in Cd
chemical fractions in the soil after application of silicate and
phosphates; and (3) to study the effects of a silicate-phosphate
combination on Cd bioaccessibility and toxicity in pak choi. This
study was designed to aid in determining appropriate strategies
for controlling Cd exposure in specific populations, reducing the
health risks posed by heavy metal exposure in the context of
modern dietary patterns.

2 Materials and methods
2.1 Soil collection

Soil samples contaminated with Cd were collected from 0 to
20 c¢m topsoil of a barren land outside a chemical industrial park in
Linyi City, Shandong Province, China (Supplementary Figure S1).
Control soil samples were simultaneously collected ~5km away from
the industrial park. The basic properties of the experimental soil
were analyzed before experimenting. Soil pH and conductivity were
measured with a pH meter and a conductivity meter at a ratio of
1:2.5 soil to distilled water. Soil organic matter was measured by
potassium dichromate method by oxidising soil organic carbon with
excess potassium dichromate-sulphuric acid solution under heated
conditions and excess potassium dichromate was titrated with
ferrous sulphate standard solution. The dry matter content was
obtained by drying and weighing the difference, and the basic
physio-chemical properties of the collected soils were as follows
(27). The pH of the Cd-contaminated soil was 7.297, with 1.94%
organic matter and 97.0% dry matter content. The pH of the control
soil was 7.316, with 1.99% organic matter and 97.1% dry matter
content (Table 1).
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TABLE 1 Physical and chemical properties of soil before and after
treatment.

Properties Values
Before After

treatment treatment
pH 7.29-7.32 8.15-8.65
Organic matter content (%) 1.99 1.91
Dry matter content (%) 97.0 97.6
Cation exchange capacity (CEC, cmol kg™) 13.57 13.16
Conductivity (pscm™) 128.5 126.4
Texture Brown loam

2.2 Determination of soil Cd concentration

For each sample, 15mL of aqua regia was transferred to a conical
100mL flask that had been infiltrated by aqua regia vapors. An
additional 6 mL of aqua regia solution was added and a glass funnel
was placed at the top. Each flask was heated on an electric hot plate to
maintain the aqua regia at a slight boiling state for 2h. Then, samples
were cooled to room temperature and allowed to settle. The extract
was then slowly filtered through quantitative filter paper into a 50 mL
volumetric flask. The glass funnel, conical flask, and residue were
rinsed with a small amount of nitric acid solution at least three times,
with the reinstate collected in the volumetric flask. After filtration, the
inductively coupled plasma mass spectrometry (ICP-MS 1600, Hexin
Mass Spectrometry, China) was used to determine Cd concentrations
in the digested sample solutions.

2.3 Pot-planting experiment

The Cd-contaminated and control soils were mixed at ratios of 1:0,
1:1, 1:4, and 0:1 to yield soil samples with a range of Cd contamination
levels: heavy contamination (6.28 mg/kg), moderate contamination
(3.21 mg/kg), mild contamination (1.36 mg/kg), and uncontaminated
soil (0.14 mg/kg). Several compounds were then tested to assess the
Cd-immobilizing effects in each soil type. Wollastonite (a low cost
calcium silicate mineral) was used as the main immobilizing agent of
the crop and two different phosphate crops, sodium tripolyphosphate
(KTPP) and sodium hexametaphosphate (SHMP), were selected to
enhance the immobilizing effect of Cd based on the results of Matusik
et al. and Thawornchaisit and Polprasert (28, 29). The silica fume and
phosphate salt dosages were 400 mg Si kg™ soil and 0.4% P,05 kg™ soil,
respectively. The treatments consisted of a control check (CK),
wollastonite (W), wollastonite with potassium triphosphate (WKTPP),
and wollastonite with sodium hexametaphosphate (WSHMP). Each
treatment was applied to each of the four soil types with differing Cd
contamination levels in biological triplicate. After thoroughly mixing
wollastonite and phosphate with the soil samples were incubated for
14 d soil moisture was maintained at ~70% of the field capacity. Treated
soil samples were air-dried, ground, and sieved through 2mm mesh.
Each pot was filled with 0.75kg of soil. Fertilizers were applied to all
pots in the forms of urea and KCl to final concentrations of 0.2 gN and
0.15gK per kg of soil, respectively. In the blank and W treatment
groups, Na,HPO, was added to a final concentration of 0.4% P,O; per
kg of soil.
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Pak choi seeds were purchased from Sanjiang Agriculture
(Zhejiang Province, China) (30) and three to four seeds were planted
in each pot. After the seedlings grew four true leaves, they were
thinned to one plant per pot, and all potted plants were placed ina 24h
light incubator, with the temperature maintained at 23°C and humidity
at about 60%. After 45 d, the aboveground plant portions were
harvested rinsed with tap water, then thoroughly washed with
ultrapure water. After removing excess surface moisture, samples were
weighed to determine the fresh weight. A portion of each sample was
finely chopped with a ceramic knife, mixed well, and stored in a
refrigerator at 4°C prior to additional analyses. The remaining portions
was dried in an oven at 70°C to constant weight for further analysis.

2.4 Determination of soil Cd chemical
fractions

Nowadays, methods such as BCR and Tessier are mostly used for
the determination of heavy metal forms, and in this study, soil samples
were analyzed using an improvement upon the Tessier sequential
extraction method (31), the Tessier seven-step extraction method
(32). Elements were divided into different forms: water-soluble (F1),
ion exchangeable (F2), carbonate-bound (F3), humic acid-bound
(F4), iron-manganese oxide-bound (F5), strong organic-bound (F6),
and residual forms (F7). F1, F2, and F3 represent bioaccessible Cd
(bio-Cd), which has better mobility and migration in soil and can
be bioaccessible by plants, whereas F4-F7 represent inert Cd (inert-
Cd), which is not easy to migrate in soil and is more stable. The
specific analysis method is shown in Table 2.

2.5 Determination of Cd concentrations in
pak choi

Dry samples (0.5g) were placed in tetrafluoroethylene inner jars.
After adding 5mL of nitric acid, samples were soaked overnight, then
2-3mL of hydrogen peroxide solution was added. After adding 2-3mL
of 30% hydrogen peroxide solution, the inner lid was covered, the
stainless-steel jacket was tightened, and jars were incubated in a drying
oven at 120-160°C for 4-6h. Samples were naturally cooled to room
temperature in the incubator, then opened and heated until nearly dry.
The digestive solution was washed into a 25mL volumetric flask before
the inner jar and inner lid were washed with a small amount of 1% nitric
acid solution three times. The rinsates were combined in a volumetric

TABLE 2 Tessier's seven-step sequential extraction method for Cd in soil.

10.3389/fnut.2024.1337996

flask and fixed to 25 mL scale with 1% nitric acid solution. Samples were
mixed; at the same time, repeat the above procedure without adding
samples as a blank control. The Cd contents in the digested sample
solutions were then determined with an ICP-MS instrument (ICP-MS
1600, Hexi Mass Spectrometry, China). The main instrumental operating
parameters for the determination of the samples are shown in Table 3.
After ignition of the plasma, the ICP-MS was preheated for 30 min, and
the sensitivity, oxide and double charge of the instrument were tuned
with 1.0 pg/L tuning solution, and the relative standard deviation of the
signal intensity of the elements contained in the tuning solution was less
than or equal to 0.8% under the conditions that the sensitivity, oxide and
double charge of the instrument met the requirements. The results
showed that the precision RSD ranged from 0.5 to 12.3%; the recoveries
of the certified standard samples ranged from 86.4 to 114.3%, and the
limits of detection, precision and correctness were all in accordance with
the standard determination requirements.

2.6 Determination of the Cd
bioaccessibility in pak choi

Currently, PBET is used as an in vitro method to determine the
bioaccessibility of Cd in the literature. Therefore, an improved method
based on those described by experimental methods of Ruby et al. (33)
and Fu et al. (34) was employed to determine the bioaccessibility of Cd
in aboveground pak choi tissues using the Physiologically Based
Extraction Test (PBET) method. In the simulated gastric digestion stage,
3g of fresh sample was mixed with 30mL of simulated gastric fluid
containing 0.50 g/L sodium citrate, 0.50 g/L sodium malate, 0.42mL/L
lactic acid, 0.50mL/L acetic acid, and 1.25g/L gastric protease (pH
adjusted to 1.50 using concentrated hydrochloric acid). The mixture was
then 4000rpm  and 37°C

rotated and oscillated at

TABLE 3 The major instrumental operation parameters for soil and food
samples determination.

Radio frequency power of plasma 1,400 W
Depth of sampling 9.70mm
Extraction voltage -910V
Gas flow rates Carrier gas 0.80 L/min
Dilution gas 0.30 L/min
Collision gas 1.48 mL/min

Step Fraction Reagent(s) Experimental conditions

1 Water-soluble Distilled water 2.5 g soil sample reagents. Echocardiography: 30 min

11 Tonic bond 1M magnesium chloride Residual fraction +25 mL reagents. Echocardiography: 30 min

111 Carbonate 1M NaAc Residual fraction +25 mL reagents. Echocardiography: 1h

v Humic acid-bound 0.1 M Na,P,0, Residual fraction +50 mL reagents. Echocardiography: 40 min

v Fe/Mn oxide bound 0.25M NH,0OH.HCI-HCI Residual fraction +50 mL reagents. Echocardiography: 1h

VI Strong organic 0.02M HNO; H,0, (pH 2) Residual fraction +3mL HNO; + 5mL H,0, 83°C constant temperature: 1.5h
3.2M NH,Ac-HNO, Residual fraction +2.5mL NH,Ac-HNO; Set aside: 10h Centrifugation: 20 min

VI Residual Ultrapure water Residual fraction +20 mL reagents. Oscillate: 15 min
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for 1h. After centrifugation at 4000rpm or 10min, 5mL of the
supernatant was filtered and collected for further testing. In the simulated
intestinal digestion stage, 5mL of gastric fluid was added to the reaction
solution to maintain a constant solid: liquid ratio. The pH of the digestion
solution was adjusted to 7.0 with solid sodium bicarbonate (NaHCO5).
Bile salt solution was prepared by diluting 52.5g/L porcine bile salt
solution with 0.1mol/L NaHCO; solution, then adding 15mg of
pancreatin. Each sample was combined with 1mL of the bile salt
solution, then the mixture was rotated and oscillated at 4000 rpm and
37°C for 4h. After centrifugation at 4000 rpm for 10 min, the supernatant
was collected and the precise volume recorded. The digestion solution of
the small intestine phase was filtered through a 0.45 pm filter membrane,
and the Cd content was determined by ICP-MS (ICP-MS 1600, Hexi
Mass Spectrometry, China) together with the gastric digestion solution.

The bioaccessibility of cadmium was assessed during the gastric
and intestinal digestion stages of cabbage samples. Equation (1) was
used for calculation (35).

BAC(%):%MOO% (1)

where BAC is the percent bioaccessibility of Cd in aboveground
plant tissue in the gastric or small intestinal stage; Cl is the Cd content
in the reaction solution at that stage (ug-mL™"); V1 is the volume of
the reaction solution at that stage (mL); C2 is the Cd content in the
aboveground plant tissue (pug-g~' DW); and M is the original mass of
the sample used in the simulated digestion experiment (g).

2.7 Transmission electron microscopy

The second developed leaves were collected from pak choi plants
grown for 35d. Slices of 2 mm? in size were taken from the tops of the
leaves in the subapical region (without veins or root tips). The slices
were set for 12h with 2.5% glutaraldehyde (v/v) in 0.1 M phosphate-
buffered saline (PBS) at pH 7.0. After washing twice in PBS, samples
were post-fixed in 1% (v/w) OsO, for 2h, then washed three times
with 0.1M PBS 0.1 M for 10min each. The samples were then
dehydrated in an ethanol gradient (50, 60, 70, 80, 90, 95, and 100%)
with 15-20min between solutions before washing for 20min in
absolute acetone. Prepared samples were fixed in Spurr’s resin
overnight, then heated at 70°C for 9h. Ultrathin (80 nm) sections of
the samples were set up under an accelerating voltage of 60.0kV,
mounted on a copper grid, and observed under TEM (Hitachi-7800).
The magnification of 5,000 and 30,000 was chosen to observe the
overall cellular and subcellular changes. Images that best represented
the ultrastructural cell states were selected for analysis.

2.8 Transfer factor

The TF of Cd from the soil to the edible portions of pak choi
was defined as the ratio of the Cd concentration in the edible parts
of the vegetable (in mg kg™') over the total cadmium concentration
in the planting soil (mg kg™') (36, 37) and was calculated using

Equation 2.

TF = Cplant/Csoil )
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Where Cplant and Csoil represents the Cd concentration in plants
and soils on dry weight basis, respectively.

2.9 Statistical analysis

SPSS (SPSS Statistics 25) was used for statistical analysis. Data
were analyzed by one-way ANOVA with Duncan’s New Multiple
Range Test to determine significant differences between different.
Pearson’ correlation test was used to establish the correlation between
Cd bioavailability and total Cd in Brassica napus and between total
pak choi Cd and total soil Cd at a significant level of p<0.05
(two-tailed). Cd concentration and chemical form in soil and pak choi
are given as means and standard errors, p <0.05, and were analyzed by
one-way ANOVA and post-hoc Tukey’s honestly significant difference
test because of the grouped observed variables. All of the data
presented are means + SE of three replicates. All graphs were plotted
using Origin 2022.

3 Results and discussion
3.1 Cd soil chemical fractions

We first assessed the impacts of three immobilizing treatments, W,
WKTPP and WSHMP on soil properties. All three treatments
increased the soil pH from 7.29-7.32 to 8.15-8.65. Furthermore, the
bioaccessible Cd fractions (bio-Cd) (F1-F3) were more abundant than
inert Cd fractions (inert-Cd) (F4-F8) after each treatment (Figure 1).
In mildly Cd-contaminated soil, all three treatments reduced the
proportion of inert-Cd; the proportion of bio-Cd in the WKTPP
treatment group reached 76.8%, which was 20.48% higher than in the
untreated control soil. In moderately Cd-contaminated soil, inert-Cd
was reduced by WKTPP and WSHMP treatment, in which the bio-Cd
proportions reached 76.7 and 78.5%, respectively. However, W
treatment reduced the bio-Cd percentage from 75 to 70.9%. In highly
Cd-contaminated soil, alterations in inert-Cd and bio-Cd contents
were consistent with those in moderately Cd-contaminated soil, with
WKTPP and WSHMP treatment increasing the bio-Cd proportions
by 3.2 and 4.5%, respectively.

In general, application of W alone reduced bio-Cd levels in the
tested soils, whereas combined wollastonite-phosphate applications
increased bio-Cd concentrations. Soil Si has previously been shown to
adsorb Cd to form silicate complexes. The resulting complexes have a
limited capacity for ion exchange, limiting their solubility in soil water
(38, 39). This is the reason for the decrease in bio-Cd in the soil under
the W treatment alone in Figure 1.

Furthermore, the mineral form of Si has silanol (Si-OH) groups
that can adsorb Cd, decreasing Cd mobility because it is kept in the
stable Cd-Si-OH form (40). Unstable forms of Cd also bind to Si
through oxygen bridges to create insoluble Fe-O-Si-Cd complexes
(41). This is in line with the finding of Feng et al. that Si is able to
transform heavy metal fractions in soil by producing Si complexes,
thus reducing bioaccessible Cd (42). Phosphate alone can bind with
Cd to form metal-phosphate precipitates, thus reducing bio-Cd
content. However, wollastonite is Ca-based; in a simultaneous
application of wollastonite with a phosphate, the phosphate will form
precipitates with Ca (43), reducing binding of both compounds to soil
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FIGURE 1

Cd chemical fractions in soils with varying degrees of Cd contamination in response to treatment with immobilizing agents. F1, water-soluble fraction;
F2, ionic bond fraction; F3, carbonate fraction; F4, humic acid-bound fraction; F5, Fe/Mn oxide-bound fraction; F6, strong organic fraction; F7, residual
fraction. CK, untreated control soil; W, wollastonite treatment; WKTPP, wollastonite + potassium triphosphate treatment; WSHMP, wollastonite +
sodium hexametaphosphate treatment. Numbers before treatment group names indicate the soil Cd abundance: 0, control soil; 1, mild Cd

contamination; 3, moderate Cd contamination; 6, high Cd contamination.

Cd and thus increasing soil bio-Cd concentrations. Furthermore, the
elevated pH resulting from treatment with wollastonite and phosphate
decreases the bioaccessibility of iron (Fe) and manganese (Mn).
Because Cd competes for metal transporters with Fe and Mn, this
treatment results in increased competitive adsorption and
bioaccessibility of Cd*', promoting transportation into the soil-plant
system (44, 45). Thus in Figure 1 it can be seen that the simultaneous
application of wollastonite and phosphate instead led to an increase in
bio-Cd concentration in the soil.

Little attention has been given in previous studies to the effects of
combinations of passivators on soil Cd fractions, and this study found
that Si and P in wollastonite and phosphate will combine with Cd in
the soil to form precipitates and complexes to reduce the bio-Cd
content. However, the addition of wollastonite and phosphate at the
same time reduces the precipitation and complexation with Cd
because Ca is the first to bind to P, resulting in an increase in bio-Cd
content of soil in most of the treatment groups, especially in the
WSHMP treatment group in moderately contaminated soil. Therefore,
the simultaneous addition of immobilizing agents combination
containing Si material and phosphate will instead promote the
conversion of soil Cd to plant bioaccessible fractions.

3.2 Total Cd concentrations in
aboveground pak choi tissues

We next assessed the effects of each treatment on Cd
concentrations in aboveground pak choi tissues. In highly

Frontiers in Nutrition

Cd-contaminated soil, W treatment decreased the total aboveground
Cd concentration. All other treatment group-soil combinations
showed increased total aboveground Cd levels (Figure 2). For example,
in moderately Cd-contaminated soil, W treatment significantly
increased the total Cd in aboveground tissues to 16.61 mg/kg from
7.63 mg/kg in the control. In mildly and highly Cd-contaminated soil,
Cd uptake by the plant was highest in the combined W + phosphate
treatments. Specifically, WKTPP treatment increased the total
aboveground pak choi Cd contents by 86.2 and 59.5% in mildly and
highly Cd-contaminated soils, respectively; WSHMP treatment
increased the Cd contents among plants grown in the same soils by
29.7 and 69.9%, respectively (Table 4). In mildly Cd-contaminated
soils, the Cd transfer factor (TF) increased by 71.6% in the WKTPP
treatment group compared to the control. In moderately and highly
Cd-contaminated soils, WSHMP treatment increased the TF by 74.4
and 51.0%, respectively (Supplementary Tables S1, S3). This is
generally consistent with changes in Cd fractions in the soil.

Zhou et al. (46) previously found that the addition of Si-containing
materials to soil reduces the Cd content in wheat seeds by 16-30%. A
combined application of sodium silicate and potassium dihydrogen
phosphate has also been shown to reduce Cd concentrations in the
roots, stems, and leaves of dicotyledonous plants by 52, 65, and 68%,
respectively (17). However, other studies have reported that the
application of Si-containing materials increases heavy metal
accumulation in plants. For example, application of calcium silicate
(CaSiO;) increases Cd accumulation in maize due to the growth-
promoting effects of Si (47). Similarly, in kale, potassium silicate
treatment increases Cd levels in the roots; potassium phosphate
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variance with post-hoc Tukey's honestly significant difference test).
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Total Cd concentrations in aboveground pak choi tissues in (A) CdO, (B) Cd1, (C) Cd3, and (D) Cdé6 soils after treatment with immobilizing agents. CK,
untreated control soil; W, wollastonite treatment; WKTPP, wollastonite with potassium triphosphate treatment; WSHMP, wollastonite with sodium

hexametaphosphate treatment. Numbers before treatment group names indicate the soil Cd abundance: 0, control soil; 1, mild Cd contamination; 3,
moderate Cd contamination; 6, high Cd contamination. Letters above each bar indicate statistical significance groups at p <0.05 (one-way analysis of

promotes retention of Cd in the root epidermis and endosperm of the
roots and inhibits Cd transport to other tissues (17). Mao et al. (43)
found that a combined W + phosphorus-containing material treatment
leads to a 144% increase in Cd concentrations in brown rice compared
to W treatment alone. Thus, our results were broadly consistent with
those of previous studies.

Wollastonite contains Ca*, which can compete with Cd** for
binding sites in the roots of pak choi, thus reducing the migration of
Cd to pak choi, but the addition of phosphate may disrupt this
competitive adsorption and cause Ca to bind with phosphate first, so
that the Cd of pak choi after the simultaneous application of
wollastonite and phosphate exhibits an increase in the phenomenon
shown in Figure 2. Although changes in Cd concentrations in crops

Frontiers in Nutrition

after wollastonite and phosphate application were analyzed in previous
studies, Cd morphology was not included. In the present study it was
found that the application of compounds containing Si may also
change the soil pH, thus altering the solubility of Cd** in soil water and
facilitating the migration of Cd from the soil to the pak choi plant
(48). Changes in the TF of soil Cd to pak choi were consistent with
changes in the soil Cd fractions; i.e., increases in the more bioaccssible
fractions corresponded to higher the soil Cd mobility, suggesting that
differences in Cd soil fractions heavily influenced Cd transport
through the soil-pak choi system. Prior studies have indicated that the
total Cd mass in Brassica napus is related to soil heavy metal fractions.
Specifically, water-soluble heavy metals have high transport capacities
and bioaccessibility, whereas those in ion-exchange state are most
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TABLE 4 Effects of in situ soil treatment with immobilizing agents on
total Cd mass and Cd bioaccessibility in pak choi.

Soil Total C(lj Cd Bioaccessibility (%)
’;rs)a::)nent (Mg kg™) Gastric Intestinal
0CK 0.17+0.14 122.49+52.72 16.03+5.96
ow 0.41£0.13 94.54+24.43 13.78+0.06
0WKTPP 0.37+0.30 71.96+10.06 9.73£0.35
0 WSHMP 0.31+0.21 111.60+21.99 1271+£1.73
1CK 2.69+0.45 100.41+8.78 9.82+0.84
1w 3.92+0.28 57.42+3.62 6.03+0.85
1 WKTPP 5.01+0.92 49.52+0.82 5.59+0.36
1 WSHMP 3.49+0.45 92.01+5.88 12.60+3.10
3CK 7.63+0.40 56.87+21.83 8.73+0.38
3W 16.62+0.99 45.15+5.21 5.54+0.75
3WKTPP 15.31+£0.30 78.96+6.22 10.27+1.05
3 WSHMP 1525035 40.37+14.13 5.98+1.57
6CK 33.27+0.33 43.13+27.38 1232+2.10
6W 30.23+0.61 43.30+4.61 6.36+0.70
6 WKTPP 53.07+0.27 26.07+3.68 2.05+0.34
6 WSHMP 56.65+0.65 10.35+0.08 0.98+0.04

CK, untreated control soil; W, wollastonite treatment; WKTPP, wollastonite with potassium
triphosphate treatment; WSHMP, wollastonite with sodium hexametaphosphate treatment.
Numbers before treatment group names indicate the soil Cd abundance: 0, control soil; 1,
mild Cd contamination; 3, moderate Cd contamination; 6, high Cd contamination.

easily absorbed and utilized by plants. Heavy metals in the carbonate-
bound state are most likely to be re-released into the aqueous phase
when the soil pH is altered. The addition of wollastonite and phosphate
to the soil can change stable Cd to the more mobile water-soluble,
ion-exchange, or carbonate-bound states, promoting accumulation in
plants (Supplementary Table 52).

Overall, as wollastonite and phosphate increase the migration of Cd
from soil to Brassica napus, and at the same time shift soil Cd to a more
migratory form, the total amount of Cd in Brassica napus increased in
most treatment groups, in which the total amount of Cd in Brassica
napus in mildly Cd-contaminated soils was elevated by 86.2% by the
treatment of WKTPP compared to the blank control, and the treatment
has the potential to become a phytoremediation This treatment has the
potential to be a phytoremediation aid for mildly Cd-polluted soil. The
current study found that rice with low micronutrient content will result
in poorer nutritional status of minerals such as calcium, iron and zinc
in the human body, exacerbating the risk of Cd uptake and disease
problems in the human body (49), suggesting that assessment of
immobilization treatments should not focus on changes in Cd content
alone. Consequently, subsequent studies should also focus on changes
in the micronutrient content of pak choi to minimize and avoid
compromising the nutritional value of pak choi.

3.3 Cd bioaccessibility in pak choi
We next analyzed the gastrointestinal bioaccessibility of Cd

present in pak choi using PBET. The gastric phase bioaccessibility of
Cd ranged from 10.35-122.49% (mean =65.27%) (Figure 3), which

Frontiers in Nutrition

10.3389/fnut.2024.1337996

was significantly higher than Cd bioaccessibility in the small intestine
(range=0.98-16.03%; mean =8.67%), suggesting that Cd uptake by
plant tissues occurs mainly in the gastric digestive phase, which is in
agreement with the findings of Qin et al. (50). This was likely due to
the intensely low pH in the stomach (pH 1.5), which causes heavy
metal release from plant tissues (51). Furthermore, proteases and
other enzymes in the stomach break down proteins, releasing any
protein-bound heavy metals (52, 53), and organic compounds in the
stomach acid (such as sodium malate or sodium citrate) contain
functional groups that may bind to heavy metals, increasing their
accessibility and solubility (54). In contrast, the intestinal digestive
environment is pH-neutral, with proteins that are inactivated in
higher pH environments. Under high-pH conditions, soluble Cd often
binds to digested products such as phytate, sulfur-containing amino
acids, and glutathione, generating precipitates. Bile salts also reduce
Cd solubility, decreasing Cd bioaccessibility in the small intestine (55).

We here found that wollastonite+phosphate treatments decreased
Cd bioaccessibility in the gastric phase in both control soil and mildly
Cd-contaminated soil. Compared to the untreated control, WKTPP
treatment reduced Cd bioaccessibility in the gastric and intestinal
phases by 50.53 and 6.3%, respectively; in mildly Cd-contaminated
soils, WKTPP treatment significantly reduced Cd bioaccessibility in
the gastric phase by 50.89%, whereas WSHMP increased Cd
bioaccessibility in the intestinal phase by 2.78%. In moderately and
highly Cd-contaminated soils, WSHMP treatment reduced gastric-
phase Cd bioaccessibility by 16.49 and 32.78%, respectively. In highly
Cd-contaminated soil, WKTPP treatment increased gastric-phase Cd
bioaccessibility by 22.09% (Table 4).

In Figure 3 it can be seen that the addition of wollastonite and
phosphate decreases the bioaccessibility of Cd in the gastric and small
intestinal almost to varying degrees. This is due to the fact that Si
accumulation significantly inhibit the net cellular influx of Cd** (56),
whereas phosphate treatment leads to formation of Cd-phosphate
complexes. These complexes adsorb to the cell wall, thus decreasing
Cd transport to portions of the plant that are consumed by humans
(57). Wollastonite and phosphates can mitigate heavy metal toxicity
in plants and reduce bioaccessibility to in the human body through
compartmentalization and structural changes that reduce metal
transfer. For example, Mao et al. (43) found that wollastonite and
phosphates reduce Cd bioaccessibility in rice by 29-39% by enhancing
Cd incorporation into cell walls, inhibiting its transport throughout
the plant. Phosphorus-containing materials (such as hydroxyapatite)
cause changes in bioaccessible heavy metal fractions by altering the
pH; in chili peppers and cabbages, this leads to reductions in Cd and
Pb bioaccessibility of 5.0-84.8% and 5.71-93.81%, respectively (58).

The lowest bioacceesibility of Cd by WSHMP treatment was
found in the study of Mao et al. This was consistent with the results in
moderate and high Cd contaminated soils, but opposite to the results
in mild Cd contaminated soils, which may be related to the total
amount of Cd in the soil and in the pak choi (59). In the present study,
Pearson’s correlation analysis showed that the total amount of Cd in
pak choi was significantly negatively correlated with Cd bioaccessibility
(Table 5). This suggests that high Cd concentrations in the plant were
associated with a decreased capacity to release Cd from the food
matrix, thus reducing Cd bioaccessibility. The addition of wollastonite
and phosphate increased Si and Ca concentrations in pak choi by 50
and 10%, respectively; these increases were associated with decreased
Cd bioaccessibility (Supplementary Figure 52). This is consistent with
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FIGURE 3
Cd bioaccessibility in pak choi grown under varying soil conditions in the (A) gastric and (B) small intestinal phases. CK, untreated control soil; W,
wollastonite treatment; WKTPP, wollastonite with potassium triphosphate treatment; WSHMP, wollastonite with sodium hexametaphosphate
treatment. Numbers before treatment group names indicate the soil Cd abundance: O, control soil; 1, mild Cd contamination; 3, moderate Cd
contamination; 6, high Cd contamination.

TABLE 5 Correlations between Cd bioaccessibility and total Cd content
in pak choi grown under varying soil conditions.

Cd bioaccessibility

from pak choi

Total Cd Pearson’s correlation —0.789%%*
concentration Significance (bilateral) <0.001
N 16

## Correlation is significant at the 0.01 level (2-tailed).

prior studies showing that CaCl, treatment significantly reduces Cd
bioaccessibility in rice and vegetables (34, 35). The extent of the effect
of several treatments on Cd concentration differed from the effect on
Cd bioaccessibility, which indicates the importance and necessity of
considering the bioaccessibility of pak choi for the rational selection
of fixation treatments.

Generally, the bioaccessibility of Cd in pak choi was greater in the
gastric phase than in the small intestine due to the influence of pH and
other digestive fluids. Wollastonite and phosphate bind to and form
complexes with Cd in the cell wall components of chard, and the
bioaccessibility of Cd in pak choi is reduced in both cases, and the
increase in the total amount of Cd in pak choi is a reduction in the
ability of the food matrix to release Cd, which in turn further reduces
its bioaccessibility.

3.4 Ultrastructural changes in pak choi due
to immobilizing agent treatment

Ultrastructural changes are often overlooked in current studies on
the effects of fixation treatments on Cd in vegetables, and in order to
further assess the effects of the treatments on plant morphology,
we analyzed the ultrastructural characteristics of plants grown in each
treatment group. No structural distortions were observed in any of the
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control plants (Figure 4A,F). However, the cells of leaves from plants
grown in Cd-contaminated soil showed symptoms of toxicity, such as
irregularly shaped cell walls and separation of cell membranes from the
cell walls. Compared with plants grown in control soil, the chloroplasts
of these plants were irregularly shaped; there are more osmiophilic
globules increased and the granules clustered together (Figure 4B,G).
Prior studies have shown that Cd exposure causes membrane lipid
oxidation, significantly altering the structural features of cell membranes
(60). Furthermore, cell metabolism is known to be disrupted by Cd
entry into the cells, causing decreases in cell proliferation and plant
biomass, which in turn increase starch granule size (61).

Here, combined applications of wollastonite and phosphate
compounds also resulted in the formation of osmiophilic granules.
Both these structures and the chloroplasts were of uniform size and
shape, and were evenly distributed throughout the cells. These cells
contained more starch granules than cells from control plants, and the
cell walls and membranes were clearly defined. Impurities were
isolated from the cell membranes, and the immobilizing agent
treatments appeared to promote cell membrane integrity.

These ultrastructural results were consistent with earlier published
findings. Heavy metals such as Cd are initially prevented from
entering cells by the cell wall, which contains structural carbohydrates
and proteins that act as barriers. For example, cellulose, hemicellulose,
and pectin in the cell wall contain a large number of carboxyl and
hydroxyl groups, which provide many binding sites for heavy metal
fixation; this reduces metal solubility and decreases root-to-stem
translocation (62, 63). Heavy metal contamination triggers cell wall
thickening, promoting metal sequestration (64). If the heavy metal
content exceeds the sequestration capacity of the cell wall, the metals
are sequestered inside the cell by vesicles, which continue to protect
organelles from toxicity (65).

Cd is known to interfere with chlorophyll synthase activity
and to inhibit chlorophyll synthesis. Phosphate treatment of
Cd-contaminated plants was here shown to cause precipitate
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FIGURE 4

Magnification = 5,000x (A-E) and 30,000x (F-J).

Subcellular structures of pak choi leaves from plants grown in Cd-contaminated soil with varying immobilizing treatments. (A—J) Cells of plants grown
in the (A,F) blank control soil, (B,G) Cd-contaminated control soil, (C,H) Cd-contaminated soil treated with wollastonite, (D,l) Cd-contaminated soil
treated with wollastonite and potassium triphosphate, and (E,J) Cd-contaminated soil treated with wollastonite and sodium hexametaphosphate.

formation (Figures 4D,E,L]), which can reduce Cd-mediated
prochlorophyllate oxidoreductase inhibition and decrease Cd-induced
chlorophyll damage (66). Silicate addition also increases phosphate
desorption from the soil and increases plant phosphate uptake,
promoting chlorophyll synthesis.

Prior studies have been conducted to assess the effects of the
subcellular heavy metal distribution within crops on heavy metal
bioaccessibility. Chewing and digestion alone result in the release of
heavy metal ions from leafy vegetable vesicles (67), although the
release of heavy metal elements from cell walls requires cell wall
protein and polysaccharide degradation by a variety of digestive
enzymes (68). Wollastonite and phosphate treatments can thicken pak
choi cell walls (69) and cause co-precipitation of Cd in the cell wall
(47); thus, Cd is strongly sequestered in the cell wall in a non-soluble
form. This prevents Cd-mediated damage to the cell membrane and
vesicles; reduces Cd uptake; and reduces Cd release from pak choi into
the body (Figures 4C,H). The incorporation of wollastonite and
phosphate ameliorated the damage of Cd to the cellular structure of
pak choi and maintained its integrity, while reducing the migration of
Cd to the edible parts of pak choi, greatly reducing the health risks
associated with its consumption.

3.5 Summary: the importance of
immobilizing agents in pak choi production

Compared with traditional cereals and root crops, leafy vegetables
such as pak choi are more susceptible to absorption of soil Cd. When
such vegetables are consumed, Cd enters the body, which could
represent a serious human health risk if the Cd has high bioaccessibility.
We here sought to assess the associated risk and the effects of potential
remediation strategies for soil Cd contamination. Using pak choi as a
model leafy green vegetable, we here tested common immobilizing
agents for soil heavy metals, including silica-containing and
phosphorus-containing materials, in soils with three levels of Cd
contamination. Soil Cd fractions were analyzed and pak choi cells were
analyzed with transmission electron microscopy to elucidate the
mechanism by which each treatment affected both the total Cd
contents in pak choi and the associated bioaccessibility. These
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experiments yielded several key findings. First, all three treatments led
to decreases in the residual soil Cd content, except for one silica—
phosphorus treatment (WSHMP) in moderately Cd-contaminated
soils. Furthermore, all treatments caused increases in the soil effective-
state Cd concentrations, except for W treatment in moderately
Cd-contaminated soil. The second key finding was that the tested
treatments had varying effects on Cd bioaccessibility in pak choi plants
based on the level of soil Cd contamination. Specifically, in mildly
Cd-contaminated soils, WKTPP reduced Cd bioaccessibility in pak
choi, whereas WSHMP had a more pronounced reducing effect on Cd
bioaccessibility in pak choi in moderately and highly Cd-contaminated
soils. Transmission electron microscopy observations revealed a large
number of unidentified particles in the cell walls, which were inferred
to be silicate complexes and insoluble precipitates formed by Cd
binding with Si and P. Overall, the treatments used in this study
consistently increased the total Cd content in pak choi. For example,
the WKTPP treatment increased plant Cd contents by 86.2% compared
to the untreated control. This finding suggests that the WKTPP
treatment could be optimized for use as a phytoremediation aid for
mildly Cd-contaminated soils, especially under alkaline conditions.

4 Conclusion

Prior evaluations of heavy metal risks to human health have
focused on the total amount of a given pollutant in the environment or
a specific substrate, ignoring bioaccessibility. This is a serious oversight
because bioaccessibility, not total contaminant mass, ultimately
determines human exposure rates. Wollastonite-conjugated phosphate
immoblizingcombinations are also mostly used for remediation of Cd
contamination in cereals such as rice, while Cd in leafy vegetables
should be given more attention with the increasing consumption of
vegetables in China. To address this issue, we here analyzed both total
Cd and bioaccessible Cd in pak choi grown in Cd-contaminated soil
treated with several immobilizing agents. We found that different types
reduced Cd
bioaccessibility among pak choi plants grown in soil with varying levels

of silica-phosphorus treatments significantly

of Cd contamination. Importantly, WKTPP treatment promoted Cd
uptake by pak choi plants, leading to significant increases in the total
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Cd content in the aboveground plant tissues. At the same time,
we explored the mechanisms by which wollastonite and phosphate
affect Cd in pak choi at the ultrastructural level, which has often been
overlooked in previous studies. These treatments could therefore play
important roles in controlling the human health risks associated with
Cd contamination of farmland soils; they could be used to either
effectively reduce Cd bioaccessibility in crops or to maximize Cd
uptake by plants optimized for soil remediation. However, in situ soil
Cd fixation sessions had different effects on the bioaccessibility of Cd
in pak choi, suggesting that there is a large uncertainty in Cd health
risk assessment based simply on the total amount of Cd in pak choi.
This implies that there is a need to incorporate Cd bioaccessibility into
health risk assessment to accurately reflect the risk of Cd exposure
from pak choi consumption. This paper provides an example of an
optimal fixative treatment to reduce the bioaccessibility of pak choi.
However, in order to minimize the Cd exposure risk associated with
pak choi consumption, further research is needed to wind up effectively
reducing Cd accumulation and bioaccessibility in pak choi. We here
varied the types, but not the proportions, of silica to phosphorus
immobilizing agents; future studies should address the impacts of
differences in silica-containing to phosphorus-containing material
ratios (and of application methods) in different soil types, and also
replace the use of different combinations of silica-containing and other
micronutrients. Changes in nutrients such as Zn and Se and growth-
friendly enzymes should also be observed to observe more growth in
pak choi. The present study provides the optimal treatment
combinations that can be used for soil phytoremediation and reduction
of Cd bioaccessibility in different Cd-contaminated soils in pak choi,
and provides a methodology for in-situ soil treatments to reduce the
risk of heavy metal contamination in the food chain and the
environment, which promotes human and ecosystem health, and
provides a theoretical basis for future environmental remediation and
agri-food safety production.
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Pesticides play a crucial role in modern agriculture, aiding in the protection of
crops from pests and diseases. However, their indiscriminate use has raised
concerns about their potential adverse effects on human health and the
environment. Pesticide residues in food and water supplies are a serious health
hazards to the general public since long-term exposure can cause cancer,
endocrine disruption, and neurotoxicity, among other health problems. In
response to these concerns, researchers and health professionals have been
exploring alternative approaches to mitigate the toxic effects of pesticide
residues. Bioactive substances called nutraceuticals that come from whole
foods including fruits, vegetables, herbs, and spices have drawn interest because
of their ability to mitigate the negative effects of pesticide residues. These
substances, which include minerals, vitamins, antioxidants, and polyphenols,
have a variety of biological actions that may assist in the body’s detoxification
and healing of harm from pesticide exposure. In this context, this review aims
to explore the potential of nutraceutical interventions as a promising strategy to
mitigate the toxic effects of pesticide residues.

KEYWORDS

pesticides, nutraceuticals, reactive oxygen species, apoptosis, cytotoxicity

1 Introduction

Pesticides have become indispensable tools in modern agriculture, ensuring the
protection of crops from pests and diseases, thus securing food production and global food
security (1). Nevertheless, there are significant concerns about the unintended effects of
pesticides on the environment and human health due to their widespread usage. Among
these concerns, the presence of pesticide residues in food and water sources has emerged as
a pressing issue, with potentially detrimental effects on both human and ecological systems
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(2). On the other hand, nutraceuticals have gained significant
attention as functional foods that offer potential health benefits
beyond basic nutrition (3). Derived from natural food sources,
nutraceuticals contain biologically active compounds, such as
vitamins, minerals, antioxidants, and phytochemicals, which can
promote health, prevent chronic diseases, and enhance overall
wellbeing. The increasing demand for nutraceuticals stems from
the desire to seek alternative approaches to traditional medicine
for maintaining and improving health (4). However, the use of
pesticides in conventional agricultural practices poses a significant
challenge to the concept of food-based nutraceuticals. Pesticides,
despite their intended purpose of safeguarding crops, can leave
residues on fruits, vegetables, and other agricultural products.
These residues can contaminate the food supply chain, leading to
potential health risks for consumers (5).

The presence of pesticide residues in food has raised concerns
about their adverse effects on human health. Some pesticides have
been linked to various health problems, including developmental
disorders, hormonal disruption, neurotoxicity, and even certain
types of cancer. Thus, the substances used to protect and
enhance food production can inadvertently become a threat to
human health (6). In contrast, food-based nutraceuticals offer a
promising solution to counterbalance the potential harm caused
by pesticide residues (7). These natural compounds found in
fruits, vegetables, whole grains, and other food sources possess
significant antioxidant and anti-inflammatory properties (8). They
can help combat oxidative stress, neutralize harmful free radicals,
support immune function, and contribute to overall health
and wellness. The key challenge lies in minimizing pesticide
residues in food products to ensure the safety and efficacy of
nutraceuticals (9). Adopting sustainable agricultural practices,
such as organic farming, integrated pest management (IPM), and
precision agriculture, can reduce reliance on synthetic pesticides
and promote the production of cleaner, pesticide-free crops (10).
The use of pesticides in agricultural practices raises concerns about
their potential impact on human health and the environment.
While pesticide residues can pose risks, food-based nutraceuticals
derived from natural sources offer a potential solution to counteract
these risks (11). By adopting sustainable agricultural practices and
ensuring strict monitoring, it is possible to reduce pesticide residues
and promote the production of safe, nutrient-rich crops. Striking a
balance between the benefits of pesticides in crop protection and
the potential harm they may cause is crucial for ensuring a healthy
and sustainable food system (12).

The global pesticide consumption in 2019 was approximately
4.19 million metric tons, where China was by far the largest
pesticide-consuming country (1.76 million metric tons), followed
by the United States (408 thousand tons), Brazil (377 thousand
tons), and Argentina (204 thousand tons) (13). In southeast Asia,
the WHO reported an annual increase in pesticide usage, with
20% of developing countries as pesticide consumers, including
Cambodia, Laos, and Vietnam. India belongs to one of the major
pesticide producing countries in Asia, having 90 thousand tons
annual production of organochlorine pesticides including benzene
hexachloride (14).

An increase in the usage of pesticides can cause endocrine and
neurological disturbances, influencing development, reproduction,
and the immune system (15). Pesticides may also influence
fundamental regulatory and homeostatic systems, drive reactive
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oxygen species (ROS)-induced alteration of cellular components,
and deplete antioxidant mechanisms, all of which contribute to
the occurrence of oxidative stress (16). This review highlights
various studies and research that have explored the presence of
pesticide residues in food and their potential health implications.
It delves into the adverse effects of chronic pesticide exposure,
such as neurotoxicity, endocrine disruption, and carcinogenicity,
among others. Additionally, it discusses the mechanisms by which
pesticide residues can accumulate in the human body and the
challenges associated with regulating their usage and monitoring
their presence in food.

Pesticides are categorized according to their toxicological
attributes (17). The World Health Organization (WHO) has
created a generally accepted pesticide classification system based
on acute toxicity values. This method divides pesticides into four
categories:

Class I: highly hazardous pesticides. They have high acute
toxicity and constitute a serious risk to human health.
Organophosphates and carbamates are examples (18).

Class II: moderately hazardous pesticides. They have moderate
acute toxicity and constitute a substantial risk to human health.
Some pyrethroids and herbicides are examples (19).

Class III: slightly hazardous pesticides. They have modest acute
toxicity but can still be dangerous. Fungicides and insecticides
are two examples (20).

Class IV: unlikely to present an acute hazard. Pesticides in this
class have low toxicity. Some herbicides and insecticides are
examples (21).

Here, we discuss that the classification of pesticides as highly
hazardous is often based on their acute toxicity, which refers to the
immediate detrimental effects that might emerge following short-
term exposure. Pesticides designated very toxic can cause serious
health problems even at modest levels of exposure (22).

2.1 Organochlorine

Organochlorine insecticides are organic compounds that
are linked to five or even more chlorine atoms (also known as
chlorinated hydrocarbons). They are used in agriculture and
were among the first pesticides developed (23). There are two
types of organochlorides: DDT-type substances and chlorinated
alicyclic substances, comprising bornanes, cyclohexanes, and
cyclodienes. Organochlorine is also a broad category of chlorinated
hydrocarbons, which also includes chlorinated compounds of
hexachlorobenzene (HCB), diphenyl ethane, cyclodiene (aldrin,
endrin, and dieldrin), hexachlorocyclohexane (or lindane),
nonachloride, chlordane, heptachlor, and heptachlor epoxide (24).
Such chemicals have bioaccumulated in nature as a result of their
extensive use, lipophilic nature, persistence, and narrow-spectrum
action (25). The primary site of action for these substances or
their metabolites in humans is the central nervous system, where
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they alter the electrophysiological characteristics and enzymatic
neuronal membranes. These changes in the dynamics of Na™ and
K" flow through the cell membranes of neurons result in the
propagation of multiple nerve impulses for each external stimulus,
which can cause symptoms such as seizures and acute respiratory
poisoning or even death from respiratory failure (26).

2.2 Organophosphates

They are phosphoric acid esters, which are classified as
wide-spectrum insecticides because they contain a diverse
This
differentiated by the covalent substitution of one of the
four carbon-oxygen-phosphorus links of phosphate
with the carbon-phosphate bond (28). Organophosphorus
insecticides fall under a variety of other chemical categories,

range of compounds (27). class of compounds is

ester

such as organothiophosphate, aliphatic amide, aliphatic
organothiophosphate, oxime organothiophosphate, benzotriazine
organothiophosphate, heterocyclic organiorthophosphate,
benzothiopyran organothiophosphate, isoindole
organothiophosphate, ~ benzotriazine  organothiophosphate,
isoxazole organothiophosphate, pyrazolopyrimidine
organothiophosphate, pyrimidine organothiophosphate,

pyridine organothiophosphate, thiadiazole organothiophosphate,
quinoxaline organothiophosphate, triazole organothiophosphate,
phosphonate phosphonothioate, phenyl organothiophosphate,
phenyl ethylphosphonothioate, phosphoramidate,
phenylphosphonothioate,
(19).

diazinon,

phosphorodiamide, and phosphate

oramidothioate Organophosphorus  pesticides include

mipafox, chlorpyrifos,  ethion,  dichlorvos,
malathionparathion, and fenthion. The cholinesterase-inhibiting
effects invertebrates

of organophosphorus pesticides on

and vertebrates result in acetylcholine neurotransmitter
superimposition across synapses. Because nerve impulses are
unable to cross the synapse, voluntary muscles contract quickly,

resulting in paralysis and death (18).

2.3 Carbamates

Pesticides made from organic carbamic acid are known as
carbamates. These compounds comprise aminocarb, carbaryl, and
carbofuran (29). Similar to carbamates, organophosphate pesticides
also work by interfering with nerve signal transmission and
destroying pests by poisoning them (30). Aldicarb, trimethacarb,
carbofuran, carbaryl, propoxur, ethinenocarb, methomyl, oxamyl,
pirimicarb, and fenobucarb are common substances that cause
hazardous exposure (31).

2.4 Pyrethroid

They are synthesized derivatives of natural pyrethrin.
Compared to natural pyrethrins, they are more reliable and have
prolonged residual effects (32). Although they are moderately
poisonous to mammals, they are extremely detrimental to insects.
For instance, cyclomethrin and decamethrin come under the
pyrethroid category (33).
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Overall, the classification of pesticides as highly hazardous
serves as a crucial tool for identifying and managing the risks
associated with their use. It emphasizes the significance of
taking preventative precautions, following correct handling rules,
and moving to safer and more sustainable pest management
practices (34).

2.5 Pesticide exposure

Previous report demonstrated that pesticide

contributes to over 300,000 deaths worldwide annually (35). It is

exposure

characterized by a state in which an individual ingests or inhales
any pesticide beyond its threshold levels, which causes adverse
effects. Pesticides can penetrate the organism by inhalation, contact
with skin, and ingestion. Pesticide exposure can be occupational,
as people who work in forestry, agriculture, the pesticide industry,
and pesticide application are exposed to pesticides on the job
(36). Domestic use (clothing) and dietary intake of tainted food
and drink are the sources of nonoccupational exposure, which
can lead to significant complications as they are absorbed by the
environment and food chain. Although they can be eliminated
through the skin, exhaled, and urine, pesticides are transported
throughout the body by the bloodstream (37). Pesticides can
penetrate the body through the mouth, skin, eye, and respiratory
routes, which are the four most prevalent entry points. Pesticides
are an essential component of fundamental agricultural processes
all over the world, and farmer exposure to them is an inevitable
occupational hazard (38). Farmers, according to various studies,
are more prone to neurological, digestive, retinal, respiratory,
and reproductive disorders than the general population and it is
suspected to be influenced by the regular exposure to harmful
chemicals but not only, as other factors related to way of life and
hard work are also affecting their health (34). Pesticide exposure
can cause immediate health problems such as acute poisoning,
nausea, eye irritation, pain, and headaches. Diabetes, cancer,
asthma, and other medical disorders might develop as a result
of prolonged exposure. Pesticide exposure has a negative impact
based on the quantity of pesticide used and the period of its
retention, i.e., how prolonged it stays there. We are repeatedly
exposed to pesticides in our regular activities, either directly or
indirectly (39).

3 Mechanism of oxidative stress
caused by some pesticides

Exposure to pesticides and many chemicals can lead to
oxidative stress in living organisms. Oxidative stress occurs when
there is an imbalance between the production of ROS and the body’s
antioxidant defense mechanisms. Pesticides can induce oxidative
stress through various mechanisms (35). Some pesticides (such as
rotenone) can directly generate ROS, such as superoxide anion
(O27), hydrogen peroxide (H,05), and hydroxyl radicals (-OH).
These ROS can damage cellular components, including lipids,
proteins, and DNA, leading to oxidative stress. Pesticides can
deplete the body’s antioxidant defenses, including enzymes such
as superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) (40). These enzymes play a crucial role in
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FIGURE 1

Chemical exposure induces reactive oxygen species and alters other signaling cascades, which results in cell apoptosis.

neutralizing ROS. Pesticides can inhibit or reduce the activity of
these enzymes, impairing the antioxidant defense system. Some
pesticide exposure can lead to lipid peroxidation; a process in
which ROS attack and damage lipid molecules in cell membranes.
This process generates lipid peroxides, which further exacerbate
oxidative stress and cause membrane dysfunction. Some pesticides
can directly interact with DNA, causing oxidative damage to
DNA molecules (41). This can lead to mutations, DNA strand
breaks, and impaired DNA repair mechanisms, which contribute
to cellular dysfunction and oxidative stress. Some Pesticides
can disrupt mitochondrial function, leading to increased ROS
production. Mitochondria are a major source of ROS generation
in cells. Pesticide-induced mitochondrial dysfunction can impair
the electron transport chain, leading to increased electron leakage
and ROS production. Pesticide exposure can trigger inflammation
in tissues and organs. Inflammatory cells produce ROS as part of
the immune response, contributing to oxidative stress. Pesticide-
induced inflammation can further promote oxidative damage and
disrupt cellular homeostasis (42).

Exposure to certain chemicals or toxins can initiate a cascade
of events within cells. Some compounds have the potential to
produce reactive oxygen species. Oxidative stress develops when
there is an imbalance between the creation of ROS and the
ability of cells to detoxify them. ROS can cause damage to
biological structures such as lipids, proteins, and DNA. ROS
can disrupt several signaling pathways within the cell. ROS, for
example, can trigger signaling cascades involving transcription
factors such as NF-B and AP-1, which influence gene expression
in inflammation and cell survival (43). Apoptosis, also known
as programmed cell death, is a natural mechanism that aids
in the elimination of damaged or undesirable cells. Apoptosis
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can be triggered by excessive oxidative stress and disrupted
signaling cascades. This is a defense mechanism designed to
keep injured cells from causing more harm as illustrated in
Figure 1 (25). Overall, the sequence of events demonstrates
the complex link between chemical exposure, oxidative stress,
altered signaling, and cellular responses (19). Understanding how
pesticides cause oxidative stress can aid in the development of
ways to minimize their adverse effects and encourage safer pesticide
use (Table 1).

In contrast, high ROS concentrations cause cellular
biomolecule damage, which results in the emergence of
numerous illnesses (65). The human body contains a number
of defense systems to mitigate the harm caused by oxidative
stress. Antioxidative agents’ action is the primary mechanism (66).
Since they are stable enough to eliminate free radicals by donating
electrons, antioxidants are molecules that prevent or limit oxidative
injury (67). Many substances have recently been discovered to
have antioxidative properties, but the human body has two types
of antioxidant defense systems: enzymatic and nonenzymatic.
By preserving a physiologic amount of ROS, they defend both
cellular structural integrity and performance from ROS harm
(68). The enzymatic antioxidants include catalase (present in
peroxisomes), glutathione peroxidase, which contains selenium
(Se-GPX) and resides in the matrix of mitochondria and cytosol,
and glutathione reductase (GSH-R), which is considered a key
enzyme for the glutathione (GSH) redistribution pathway. Copper
and zinc-containing SOD (Cu, Zn-SOD) is present in peroxisomes
and CAT. These factors maintain the cellular homeostasis of the
human body (54).

Elevated levels of oxidative stress and endocrine disruption
have been linked to pesticide actions in the human body. Exposure
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TABLE1 Some examples of well-known pesticides and their oxidative stress response and related toxicity.

Name of pesticides

Chemical structure

Used for crop

Cellular responses

References

74

1 Triflorin Glycine max, citrus, and Coffea It can induce microtubules in Oreochromis niloticus and is genotoxic to mice and (44)
F Y 8
HN £ arabica Drosophila melanogaster. In humans it is fighting leishmaniasis.
S P 8 ghting
o
B
HO “"OH
2 Parathion o Barley, canola, corn, cotton, sorghum, | It causes immunotoxic reactions such as enhanced in vitro lymphocyte (45)
o N s sunflowers, and wheat apoptosis, lowers IgM and germ cells center-positive B-lymphocyte numbers as
\©\ B g well as antigen-specific immunotoxicology IgM responses.
P
O o $
3 DDT Beans, sweet, potatoes, peanuts, In both humans and laboratory animals, dichlorodiphenyltrichloroethane (46)
I p p ry pheny]
Cl Cl cabbage, tomatoes, and cauliflower (DDT) and its metabolite dichlorodiphenyldichloroe-thylene (DDE) have been

linked to an increased risk of insulin resistance and obesity.

4 Dieldrin Corn, cotton, and citrus fruit Through a nuclear receptor CAR-mediated method of action, it causes liver (47)
cancers in mice.

5 Mancozeb Tree fruits, vegetables crops, field In mice exposed to (mancozeb) MCZ, the ovarian structure was harmed, and (48)

s 8 P P
-3 H J\ Zn2* crops, nuts, and ornamentals apoptosis was elevated. MCZ can affect the abnormal function of mitochondrial
T s respiratory chain, lead to oxidative phosphorylation decoupling, produce

oxidative stress, and finally cause ovarian injury and apoptosis in mice.

6 Endosulfan Soybean Endosulfan was found to cause DNA damage in grass carp (Ctenopharyngodon (49)
idella).

7 Monocrotophos o) o) Maize, rice, sugarcane, cotton, In nematodes (Caenorhabditis elegans) and arthropods (Culex quinquefasciatus), (50)

- 1 M P groundnut, soybeans, and vegetables causes paralysis, acetylcholine inhibition, increased micronuclei, and a decrease
071°0 N in the DNA/RNA ratio.
_0 H
(Continued)
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TABLE 1 (Continued)

Name of pesticides Chemical structure Cellular responses References
8 Carbofuran Potatoes, corn, soybeans, strawberries, Because to its anticholinesterase function, which blocks the action of (51)
grapes, wheat, and alfa-alfa acetyl-cholinesterase and butyrylcholines, it is exceedingly deadly to animals,
o birds, fishes, and other species. Carbofuran is linked to endothelial dysfunction,
anomalies in the reproductive cycle, and cytotoxicity and mutagenicity effects in
o) o) humans.
H N\
9 Pendimethalin NO, H Cereals, legumes, and vegetable crops ROS production, apoptosis induction, and DNA damage were all detected in rat (52)
I:[N bone marrow and human lymphocytes.
NO,
10 Cyhalothrin o MeC CHs Cotton, cereals, hops, ornamentals, It binds to the voltage-gated sodium channel in nerve and tremors in poisoned (53)
PN @\ OO potatoes, and vegetables insects. Due to this insect lose control on nervous system.
° o
N
11 Phorate s Corn, sugar beets, cotton, coffee, It is observed in comet assay that the exposure of phorate to human lymphocytes (54)
l'j' potatoes, beans, wheat, some results in DNA damage.
g g Poo |
o) ornamental peanuts, herbaceous
< plants, and bulb
12 Captan ) Apples, peaches, strawberries, Apoptotic and necrotic cell death caused by captan, it increases the intrinsic (55)
H almonds. Ornamental plants, turf, and | Ca?>* and Zn?*, also increases hydrogen peroxide cytotoxicity and reduce the
seeds levels of cellular thiol compounds prior to cell death.
Cl
Cl
13 Isoproturon Wheat, cereal, sugarcane, citrus, Isoproturon boosted kidney and heart weight while decreasing epididymis (56)
0 cotton, and asparagus weight. Organ histopathological changes were dose dependent.
NS
N N
| H
14 Dichlorvos 0 Cotton, coffee, tea, and cocoa Elderly male Swiss mice exposed to dichlorvos experience reactive oxygen (57)
1l species generation, altered gene expression for acetylcholinesterase (AChE), and
Cl / /P\\ /CH3 significantly higher levels of protein carbonyl content (PCC) and thiobarbituric
0 0 0 acid reactive substances.
/
Cl HsC
(Continued)
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TABLE 1 (Continued)

Name of pesticides Chemical structure Used for crop Cellular responses References
15 Quinalphos N o o Wheat, rice, coffee, sugarcane, and Low expression of antioxidant biomarkers in the kidney tissue of wistar rats, (58)
AN SpT ~ cotton which include total thiol groups, glutathione s-transferase, superoxide
7N
_ S’ O dismutase, glutathione peroxidase, catalase, and glutathione reductase, as well as
N K enhanced thiobarbituric acid reacting substance levels, suggested that
considerable oxidative damage to the renal tissue happened after multiple doses
of quinalphos.
16 Cypermethrin Cotton and fresh vegetables In zebra fish, it has been found that there is a decrease in egg production, a delay (59)
in the growth of gonadotropins, significant changes in the levels of plasma
o 17-estradiol (E2) and testosterone, disruption of the release of sex hormones,
and anomalies in the gene expression of the thalamic axis.
17 Spinosad Cotton, corn, soybeans, and tomato Due to Spinosad injection inhibition of acetylcholinesterase in the liver and (60)
brain of Oreochromis niloticus. Spinosad induces fast stimulation of the
organism’s nervous system by stimulating y-aminobutyric acid (GABA) and
nAChR receptors, resulting in paralysis and death.
18 Azadirachtin Tomatoes, cabbage, potatoes, cotton, In silkworm, the Sf9 cell line's Ca?* Mg?* ATPase activity was significantly (61)
tea, tobacco, coffee, and protected increased by azadirachtin, indicating that the calcium signaling pathway may be
crops involved in growth control and the process of death in the prothoracic gland.
19 Pyrethroid Cotton, tea, and vegetables Pyrethroid produce oxidative damage in fish species such as tilapia, carp, and (62)
N\ o = trout through ROS-mediated mechanisms.
¢}
20 Bifenthrin HsC_CHs Bananas, apples, pears, and Bifenthrin has the capacity to cause severe oxidative stress (lipid peroxidation) (63,64)
e R A N ornamentals in the kidney, lung, and liver of rats and in insect Spodoptera frugiperda, it causes
THH DNA damage and autophagy, and reduces viability of Sf9 cells.
F o) CH, P
X
CHg Pz
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to pesticides is a major factor in the rise in oxidative stress,
which might change a person’s susceptibility to diseases. They have
been discovered in the human placenta and have been linked to
increased oxidative stress, intrauterine limitation, and decreased
birth weight. In particular, lipid peroxidation (one of the key
oxidative stress markers) and cytotoxicity have been observed in
humans, primarily in pregnant women and agricultural producers
(69). However, studies utilizing pesticides on mammals that directly
connect the lethality of the contaminants and oxidative stress
are exceedingly rare. As a result, research employing human cell
lines started, and it is now being done more often. The effects of
pesticides on the extent of oxidative stress in human tissues and
changes in the endocrine system were demonstrated using human
cell cultures. The precise action mechanisms of phenoxy analogs,
triazolo pyrimidines, triazines, dinitroanilines, imidazolines, and
other types of fungicides and insecticides are typically difficult to
pinpoint. Particularly in cases where the effect is brought on by a
dose of environmental exposure, these pathways in humans are not
well understood (70).

As previously noted, in human cell lines, the oxidative
stress variables under the action of pesticides were studied.
discovered that the herbicide MCPA (4-chloro-2-
methylphenoxyacetic acid) is carried across the membranes of

It was

Caco-2 cells, which is a useful study model of the human digestive
tract. Caco-2 cells cultivated on semipermeable membranes
were utilized to examine and characterize the mechanisms of
transcellular transport of MCPA across the small intestine, where
pesticides are absorbed (71). Another study looked at the impact of
the sodium salts of 2,4-D-Na and 4-chloro-2-methylphenoxyacetic
acid (MCPA-Na), two extensively used phenoxy herbicides, on the
amount of carbonyl groups in protein substrates in erythrocytes.
Because of their biological and structural simplicity, making them
particularly suited for research on specific xenobiotic toxicity,
human erythrocytes were chosen as such an experimental animal
model (68). The results of the experiments showed that the
location of the hydroxyl in the phenol ring has a significant impact
on the pro-oxidative activity of phenoxy herbicides. According
to previous literature, paraquat (1,1-dimethyl-4,40-bipyridinium
chloride), one of the most commonly used herbicides, causes
mitochondrial dysfunction in human bronchial BEAS-2B cells.
Because these cells were developed from normal healthy bronchi,
they are a suitable model system to investigate the pathogenic
mechanisms of oxidative stress-induced respiratory ailments
caused by pesticides. Furthermore, the mechanisms behind
oxidative stress are frequently studied using this cell line (72).

4 Signaling mechanism related with
oxidative stress in some pesticides

Although some pesticide exposure is acute or chronic, a
number of events comprising various cellular pathways, including
alterations in gene activation, expression, or suppression, take place
(73). The exact molecular mechanism by which this happens is
still unknown. Understanding the molecular and cellular level
alterations is essential for determining the primary pathways
associated with the induction of oxidative stress due to some
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pesticides and evaluating potential defensive medications or
therapies (74).

4.1 TNF-a pathway

According to several investigations, one of the potential
mechanisms responsible for oxidative stress is the death receptor
pathway (75). The signaling of caspase-8, which catalyzes the
breakdown of the caspase-3 effector either indirectly or directly
through the mitochondrial pathway, is brought on by the
conjugation of cell surface death receptors, including the tumor
necrosis factor receptor (TNFR), which facilitates the transmitted
signal of tumor necrosis factor-alpha (TNF-a). TNF- is a potent
pro-inflammatory cytokine that is produced during inflammation
by macrophages and monocytes and is in control of many cell
signaling pathways that trigger necrosis or apoptosis (76). The
association between TNF-a and the two cell surface receptors
TNF-R1 and TNF-R is what causes the inflammatory responses
that it triggers. TNF-a is also responsible for the activation
and transcription of adhesion molecules, the stimulation of
inflammatory cytokines, and the promotion of growth. The mouse
fibrosarcoma cell line (L929) could experience mitochondrial
dysfunction and ROS production as a result of increased TNEF-
a levels alone (77). Based on an experiment on mice exposed to
permethrin, a rise in TNF- levels induces ROS generation and
reduces the redox equilibrium, which causes oxidative stress (78).
Permethrin also enhanced TNF-mRNA expression in zebrafish
exposed for a period of 72 h after fertilization in a concentration-
dependent manner (65).

4.2 NF-kB and Nurrl pathway

The transcription factor orphan nuclear receptor-related 1
(Nurrl), a constituent of the nuclear receptor subclass 4 group A
member 2 (NR4A2) family of proteins, is crucial for dopaminergic
neuron metabolism. New research suggests that decreased Nurrl
activity may play a role in Parkinson’s disease etiology. In brain
cells, Nurrl prevents NFE-B (transcription factor NF-B), which has
anti-inflammatory properties (79). The pro-inflammatory nuclear
factor-B, i.e., transcription factor, is expressed more, while the
Nurrl gene expression is lowered by permethrin (80). Permethrin
(insecticide) enhanced the production of the pro-inflammatory
cytokine TNF- and inhibited the expression of IL-13, IL-2, and
IL-1 in an additional investigation in older treated rats. These
findings suggest that the Nurrl, NF-kB, and TNF-a pathways
may contribute to understanding some pathways associated with
oxidative stress caused by pesticides (81).

4.3 STAT

According to a plethora of studies, chlorpyrifos (CPF) weakens
antioxidant defenses by interfering with the electron transport
chain in mitochondria (ETC) complex 1 activity, which increases
the formation of free radicals and superoxide. According to an
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The role of oxidative stress in pesticide-induced toxicities.

earlier investigation, CPF increased cell mortality in a dose-
dependent manner and caused oxidative stress by increasing ROS
production and lowering GSH levels in dopaminergic neurons
and human mesencephalic cells (82). The team hypothesized that
signaling transducers and activators of transcription 1 (STAT-
1) regulate CPF-induced ROS production and that higher ROS
ultimately result in cell apoptosis based on the findings of CPF-
induced dopaminergic cell damage (Figure 2). Apoptotic cell
mortality subsequently results from increased reactive oxygen
species.
cytoplasmic transcriptional regulators that are crucial for cell

STAT proteins are members of a group of latent

type-specific differentiation, growth, apoptosis, and multiplication.
Both neuronal viability and cell death depend on Janus kinase
(JAK)-STAT signaling (83). The activation of JAK that results
from the binding of mediators to their receptors phosphorylates
STAT-1 on serine 727 and tyrosine 701 residues. Phospho STAT-
1 dimerizes and moves into the nucleus, where it attaches to
the GAS/ISRE found on the coding region of particular target
genes that control NADPH oxidase (NOX), pro-inflammatory
cytokines, apoptosis, and regulators of cell cycle arrest such fas,
caspases, and bax. Proapoptotic gene transcription-dependent
expression as well as non-transcriptional signal transduction
pathways are regulated by STAT-1 to control apoptosis. In yet
another study, when organophosphate pesticides (OP) pesticides
were used on STAT-1 suppression (KD) dopaminergic cells, they
caused a 66% reduction in mitochondrial ROS levels compared to
scrambled tiny interfering RNA (siRNA)-transfected cells subjected
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to identical pesticides (84). NOX-1, an NADPH oxidase isoform
that produces superoxide, controls the production of ROS in a
variety of cell types, including but not limited to monocytes,
macrophages, vascular endothelial cells, and smooth muscle cells.
The primary ROS-producing enzyme throughout inflammation
is NOXI1. The fact that OP pesticides boosted the recruitment
of STAT-1 to the constitutive NOX1 promoter suggests that
STAT-1 is responsible for controlling the transcription of NOXI.
In neural cells exposed to the OP pesticide CPE STAT-1 is
critical in controlling ROS production as well as GSH levels in a
NOXI-dependent manner. In human monocytes, organochlorine
pesticides increased NOX-dependent ROS production. These
findings collectively imply that NOX-STAT-1 activation is critical
for the production of ROS during OP pesticide-induced oxidative
damage (85).

4.4 Endoplasmic reticulum stress

Assembly, folding, posttranslational alteration, and protein
transport are only a few of the many tasks performed by the
endoplasmic reticulum (ER). Additionally, calcium, which
is necessary for muscular contractions, is stored in the ER.
When the ER’s (86) aptitude for folding peptides is exceeded,
ER stress results, and cells with ER stress are characterized
by a build-up of abnormal proteins within the ER lumen.
Numerous factors, such as hypoxia, nutritional scarcity, and
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pesticides, can cause ER stress. Cellular senescence might
be produced in the event that ER stress is substantial or
prolonged. It has been demonstrated that a number of pesticides,
including  2,4-dichlorophenol, paraquat,

deltamethrin, cause ER stress. Numerous of these pesticides

chlorpyrifos, and

also cause apoptosis, although research indicates that ER
stress and apoptotic cell death are caused by separate chemical
mechanisms (78).

4.5 Mitochondrial dysfunction pathway
(mitochondrial apoptosis)

Mitochondrial dysfunction is a typical oxidative stress-related
malfunction. ROS can induce mitochondrial damage in some
circumstances, but they can also cause mitochondrial damage in
other circumstances. Numerous pesticides have been found to
block mitochondrial ensembles, which are the primary site for ROS
generation (87). As a result, it is believed that the ROS generated
by damaged mitochondria play a significant role in oxidative stress.
In both mammals and fish, ER stress and apoptosis are frequently
linked to mitochondrial malfunction (65). Pentachlorophenol
(PCP) and its metabolite tetrachlorohydroquinone (TCHQ)
massively increased lipid oxidation in the rat liver and lowered
the antioxidant GSH level by producing large amounts of urine 8-
iso-prostaglandin-F2 (8-iso-PG-F2). The mitochondrial apoptotic
pathway is another possible mechanism that may be implicated
in pesticide such as atrazine (ATR), organophosphorus (OP)
compounds, carbamates, and pyrethroids induced mitochondrial
dysfunction, according to the available and developing evidence
(88). The primary regulators of mitochondrial coherence in this
system are B-cell lymphoma 2 (BCL2) and BCL2-associated X
(BAX). They also affect the release of cytochrome c and the
activation of caspase. Several well-known proteins linked to cell
damage, BAX and BCL2, have opposing roles. In contrast to
the BAX peptide, which acts as an apoptosis activator, the BCL2
protein suppresses apoptosis by its own antioxidative action
(89). Following mitochondrial injury, Bax is translocated from
the cytoplasm to the mitochondria, and Bcl-2 expression is
significantly reduced. Mitochondrial cytochrome c is released
into the cytoplasm, which is a crucial terminal event, as a
result of high amounts of ROS from exposure to pesticides.
TCHAQ increased the transcription of Hsp70 in hepatocytes while
decreasing the expression of the BCL2/BAX ratio and cellular
apoptotic sensitivity (CAS), two genes involved in apoptotic and
necrotic processes (90).

5.1 Neurotoxicity

Neurotoxins are any compounds that can damage the central
nervous system, along with the brain (80). The brain is particularly

prone to OP toxicity, which disrupts the balance of oxidant
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and antioxidant components in neuronal cells (91). OPs have a
strong pro-oxidant action that disrupts neuronal mitochondrial
function, resulting in a variety of neurological disorders. Higher
level exposures from occupational exposures and closeness to
agricultural spraying are linked to a variety of neurotoxicity in
people (92).

Human neurodegenerative disorders and neurotoxicity
have been associated with pyrethroid pesticides, organochlorine
insecticides, and organophosphate insecticides. DDT has low
toxicity (rat oral LDsg = 113 mg/kg) (93). Furthermore, oral
administration of 3.5 or 35 mg DDT/day to people for up to
18 months did not result in observable toxicity or neurotoxicity.
Only a few human studies have examined DDT’s possible
neurotoxicity. DDT was identified more frequently in the brains
of Alzheimer’s sufferers. Nonoccupational DDT exposure can
potentially result in cognitive impairments (94). Dieldrin caused
substantial oxidative stress, mostly owing to mitochondrial
malfunction, and was associated with considerable caspase
overexpression and activation, resulting in apoptosis (95).
Dieldrin-induced dopaminergic neurotoxicity is caused by
caspase-3-dependent proteolytic cleavage of protein kinase C
(PKC3) (96). Dieldrin has also been shown to cause epigenetic
dysregulation in cell and animal models of dieldrin neurotoxicity
by hyperacetylation of core histones. Endosulfan is very
neurotoxic in rats, inducing both chronic neurodegeneration
and developmental neurotoxicity.

Aside death
mitochondrial dysfunction. According to research (97), rats
gavaged with 2 mg/kg endosulfan for 6 days had damaged brain
mitochondria, as evidenced by significantly lower levels of SOD,
GSH, and CAT, as well as enhanced lipid peroxidation.

from inducing apoptotic cell through

5.2 Disruption of the endocrine system

Every hormone has a different molecular structure and a
unique production process with numerous phases. The production
of the hormone may be impaired or the characteristics of the
hormones may change if one component or link in the chain
of hormone synthesis is disrupted. Some pesticides, including
prochloraz, fenarimol, and other fungicides (imidazole), have the
capacity to block testosterone to oestrogen conversion by inhibiting
cytochrome 19 aromatase in vitro (98). It was predicted that
substances that may decrease the activity of aromatase in vitro
might also be able to alter local oestrogen and androgen levels
in vivo. Aromatase induction is a biological method of xenobiotic
deactivation that does not typically result in toxicity. In vitro
aromatase function is induced by the pesticides simazine, atrazine,
and propazine. It has been proven that p,p-DDE induces aromatase
both in vivo and in vitro. Additionally, the pesticide heptachlor
may operate as an inducer of testosterone 16-alpha and 16-
beta hydroxylases, although pirimicarb, methomyl, iprodione, and
propamocarb can only slightly stimulate aromatase activity (99).
Dopamine-beta-hydroxylase activity has been demonstrated to
be suppressed by thiram, sodium N-methyl-di-thio-carbamate
(SMD), and other di-thio-carbamates, which results in a reduced
conversion of dopamine to norepinephrine. This might affect the
hypothalamic catecholamines that produce the proestrus surge in
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luteinizing hormone, which triggers the last stages of ovulation.
It was determined that SMD has the ability to prevent rat
ovulation and the LH surge. Ketoconazole blocks the synthesis of
progesterone as well as a number of cytochrome 450-dependent
monooxygenase enzymes (100).

5.3 Carcinogenicity

The large percentage of pesticides poses a risk to nontarget
organisms, including humans. In laboratory animals, 56
pesticides have been identified as cancer-causing. In clinical
studies, chemicals such as lindane, phenoxy acid herbicides,
toxaphene, and several organophosphates have been linked
to cancer (101). Due to the destructive effects of genotoxic
substances, cellular genetic components (DNA and RNA) lose their
genotoxic characteristics.

It has been studied in vivo, in vitro, and epidemiologically
that certain pesticides can cause genomic toxicity (102). This
genotoxicity is viewed as a fundamental health concern that,
with repeated exposures, will have long-term consequences on
reproductive, neurological, and cancerous systems. Pesticide use
might cause mutagenic and non-mutagenic processes that cause
genetic changes. Several studies have revealed a strong link
between chronic pesticide exposure and a few proto-oncogenes in
populations exposed owing to pesticide cytogenetic effects (103).
It is linked to an increased risk of leukemia and non-lymphoma,
Hodgkin’s as well as cancers of the brain, skin, thyroid, esophagus,
kidney, lung, prostate, testicles, cervix, bladder, and rectum (104).
These may cause oxidative stress, which results in the production of
free radicals and changes in enzymatic antioxidants such as catalase,
glutathione transferase and SOD (105).

6 Nutraceuticals and bioactive
compounds from medicinal plants

Medicinal plants have traditionally been utilized by humans
as a traditional way of treating a variety of diseases. Despite
significant improvements in therapeutic development, there is still
a need for effective and potent analgesic drugs (106). In this
context, it has been widely described that numerous plant-derived
compounds serve an essential part in the process of developing
novel techniques to treat various diseases. Recent research on
herbal plants or medicine has resulted in significant advances in the
pharmacological assessment of diverse plants utilized in traditional
medical systems (107). Secondary metabolites or substances found
in medicinal plants include tannins, terpenoids, alkaloids, and
flavonoids, which determine the therapeutic effectiveness of the
plant, particularly its antioxidant activity. Secondary metabolites
are very diverse low molecular weight substances with a wide range
of biological characteristics that interact with proteins, nucleic
acids, and other bio membranes and are active and volatile targets
of cells (108).

Herbal remedies play a crucial part in healthcare and have
various therapeutic applications. Here are some key reasons
highlighting the importance of medicinal plants and their
therapeutic applications:
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6.1 Traditional medicine

For ages, medicinal plants have been employed in traditional

medical systems including Ayurveda, Traditional Chinese
Medicine, and Indigenous healing practices. They form the
foundation of these systems and have been trusted for their healing

properties by communities worldwide (109).

6.2 Rich source of bioactive compounds

Medicinal plants contain numerous bioactive compounds
including flavonoids, alkaloids, terpenoids, and tannins, which
possess medicinal properties. These compounds can have
diverse impacts on the human health, including analgesic,
anti-inflammatory, antimicrobial, antioxidant, anticancer, and

antidiabetic activities (110).

6.3 Drug discovery and development

Many modern pharmaceutical drugs are derived from or
inspired by medicinal plants. Natural plant substances serve as
the foundation for the creation of novel drugs. Examples include
the use of the plant-derived compound paclitaxel for cancer
treatment and the development of aspirin from willow bark (111).
Medicinal herbs are often the primary source of healthcare in many
developing countries, where access to conventional medicine may
be limited. Local communities rely on traditional herbal remedies
derived from medicinal plants for treating common ailments and
maintaining their wellbeing (112). Medicinal plants are an integral
part of complementary and alternative medicine practices. Many
people seek natural and plant-based treatments as alternatives
or supplements to conventional medicine. Herbal remedies and
supplements made from medicinal plants are used for various
purposes, including immune support, stress reduction, and overall
wellness (113, 114).

6.4 Nutraceuticals and functional foods

Medicinal herbs are also used to create functional meals and
nutraceuticals. These products go beyond basic nourishment to
give additional health advantages. They are created with specialized
plant extracts or bioactive chemicals to promote various areas
of health, such as cardiovascular health, cognitive function, and
digestive wellness (115, 116).

7 Protective effects of various
nutraceuticals against some
pesticide-induced injuries

Various nutraceuticals have been studied for their potential
protective effects against pesticide-induced toxicities. These natural
compounds derived from food sources can possess antioxidant,
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Schematic representation of the interplay between pesticide exposure and cellular responses, including DNA damage, lipid peroxidation, and cell
apoptosis, alongside the protective effects of nutraceutical antioxidants through detoxification pathways.

anti-inflammatory, and detoxifying properties, which may help
mitigate the harmful effects of some pesticides (Figure 3) (117).

Nutraceuticals rich in antioxidants, such as vitamins C and
E, beta-carotene, and flavonoids, can counteract oxidative stress
induced by pesticides. Examples include berries (blueberries and
strawberries), citrus fruits, leafy greens (spinach and kale), and
cruciferous vegetables (broccoli and cauliflower).

7.1 Curcumin

Curcumin, a bioactive component found in turmeric, has
been examined for its possible protective mechanisms against
pesticide-induced damage (118). While the particular methods
may differ based on the pesticide and the target organ or
system. Curcumin is a powerful antioxidant that can neutralize
the damaging free radicals produced by pesticides (119). This
helps to protect cells and tissues from oxidative damage and
decreases inflammation (120). Curcumin has the ability to suppress
a variety of inflammatory processes in the body. Pesticides can
cause inflammation, and curcumin’s anti-inflammatory qualities
may assist to mitigate this impact. It may increase the activity
of detoxification enzymes in the liver, such as glutathione
S-transferases (GSTs), which are important in metabolizing and
removing pesticides. Pesticide poisoning frequently targets the
liver. Curcumin may help protect the liver from pesticide-
induced damage by lowering oxidative stress and inflammation.
Curcumin’s anti-apoptotic characteristics may aid in the prevention
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or reduction of cell death caused by pesticide exposure (121).
Some pesticides have been related to an increased cancer risk.
By suppressing tumor development and metastasis, curcumin’s
anticancer effects may help lessen the carcinogenic risk of some
pesticides. Curcumin may boost the generation and activity of
natural antioxidant enzymes including SOD and catalase, boosting
the body’s ability to counteract pesticide-induced oxidative
stress. Curcumin can improve gut health by encouraging the
development of good gut bacteria and decreasing inflammation
in the gastrointestinal system. This can help reduce some of
the negative effects of pesticides on the digestive system (122).
A recent study demonstrated that rats treated with mancozeb
alone exhibited significant liver damage, characterized by elevated
levels of liver enzymes [aspartate transaminase (AST) and
alanine transaminase (ALT)] and histopathological alterations
indicative of hepatotoxicity. In contrast, rats co-administered
with curcumin and mancozeb showed a significant reduction
in liver enzyme levels and less severe histopathological changes,
indicating the protective effects of curcumin against pesticide-
induced hepatotoxicity (88).

7.2 Resveratrol

Resveratrol is a polyphenolic chemical found naturally in
foods such as red grapes, red wine, and some berries. Its possible
preventive mechanisms against pesticide-induced damage have
been investigated. Resveratrol is a powerful antioxidant that may
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neutralize pesticide-generated free radicals. This helps to minimize
oxidative stress and tissue damage. Resveratrol has the ability
to suppress a variety of inflaimmatory pathways in the body
(123). Pesticides can cause inflammation, which resveratrol’s anti-
inflammatory qualities may help to mitigate. Resveratrol may
increase the activity of liver detoxification enzymes such as GSTs.
These enzymes are essential for pesticide metabolization and
elimination. Pesticide poisoning frequently affects the liver. Some
pesticides have the ability to cause cell death in diverse tissues.
The anti-apoptotic characteristics of resveratrol may help prevent
or minimize cell death in response to pesticide exposure (124).
Resveratrol has been explored for its neuroprotective properties.
It may help protect nerve cells from pesticide damage, potentially
lowering the likelihood of neurodegenerative consequences. Some
insecticides may be harmful to the cardiovascular system. The
cardiovascular advantages of resveratrol, such as its capacity
to enhance blood vessel function and lower inflammation,
may protect against these consequences. Resveratrol has been
linked to anticancer activity. By suppressing tumor development
and metastasis, it may help lessen the carcinogenic risk of
some pesticides. Resveratrol may promote metabolic health by
regulating blood sugar levels and improving lipid profiles. These
advantages may assist in mitigating some pesticide-induced
metabolic abnormalities. Some pesticides have the potential to
damage the endocrine system. The ability of resveratrol to promote
hormonal homeostasis may assist to mitigate these abnormalities
(94). Kumar et al. (
neuroprotective effects of resveratrol against pesticide-induced

) provides evidence supporting the potential

neurotoxicity in rats. The findings suggest that resveratrol may offer
therapeutic benefits in mitigating the adverse neurological effects
associated with pesticide exposure (125).

7.3 Flavonoids and flavone glycosides

Flavonoids and flavone glycosides constitute a diverse class
of phytochemicals known for their potent antioxidant and anti-
inflammatory properties. These compounds have demonstrated
significant potential in preventing oxidative damage induced by
pesticides. Quercetin is a flavonoid, which is a polyphenolic
component present in a variety of fruits, vegetables, and cereals
(126,

pesticide-generated free radicals. This helps to minimize oxidative

). Quercetin is a powerful antioxidant that may neutralize
stress and tissue damage (128). Histopathological analysis of brain
tissues revealed that rats treated with chlorpyrifos alone displayed
neuronal damage and gliosis, whereas rats co-administered with
quercetin and chlorpyrifos showed preservation of neuronal
morphology and reduced gliosis, supporting the neuroprotective
effects of quercetin. Rutin is well-known for its antioxidant
properties. Pesticides can cause free radicals and oxidative stress
in the body, which can lead to cell damage and inflammation
(129,

toxicity by blocking cholinesterase enzymes. The ability of rutin

). Organophosphate insecticides, for example, cause

to inhibit these enzymes may give protection against pesticide-
induced toxicity (
inflammatory cytokines (such as TNF-a and IL-6) and apoptotic

). A recent study measured levels of pro-

markers (such as caspase-3 activity) in liver and kidney tissues.
Rats treated with deltamethrin alone showed increased levels
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of pro-inflammatory cytokines and caspase-3 activity, indicative
of inflammation and apoptosis. However, rats co-administered
with rutin and deltamethrin exhibited reduced levels of pro-
inflammatory cytokines and caspase-3 activity, suggesting the anti-
inflammatory and anti-apoptotic effects of rutin (132). Flavonols
like kaempferol may be found in a variety of fruits and vegetables.
It is useful in preventing oxidative stress brought on by pesticides
because of its potent anti-inflammatory and antioxidant qualities.
A prevalent flavone in celery, parsley, and chamomile tea is
apigenin. By scavenging free radicals and adjusting the activity
of antioxidant enzymes, it has been demonstrated to mitigate
oxidative damage caused by pesticides (133).

7.4 N-acetylcysteine

N-acetylcysteine (NAC) is an amino acid supplement and
pharmaceutical renowned for its mucolytic and antioxidant
characteristics. NAC is a precursor of glutathione, one of
the most essential antioxidants in the body. NAC can help
neutralize damaging free radicals produced by pesticides by raising
glutathione levels, lowering oxidative stress and cellular damage
(134). NAC helps the body’s detoxification functions, notably in
the liver. It can aid in increasing the liver’s ability to metabolize
and remove pesticides and other pollutants. NAC is widely
used to treat acetaminophen (paracetamol) overdoses. While not
specifically related to pesticide toxicity, it demonstrates NAC’s
potential to combat toxic chemicals by increasing detoxification
mechanisms in the liver. In situations of pesticide inhalation, NAC’s
mucolytic characteristics can assist lower the thickness of mucus
in the respiratory system, making hazardous chemicals easier to
remove from the lungs (135). NAC may have anti-inflammatory
characteristics that can aid to reduce the inflammatory response
caused by some pesticides. NAC may affect the immune system,
perhaps improving the body’s immunological response against
pesticide-induced illnesses or inflammatory processes. NAC may
protect against the negative effects of pesticides on several organs,
including the liver, kidneys, and nervous system, by lowering
oxidative stress and oxidative damage in cells and tissues. NAC
has been examined for its possible neuroprotective benefits, and
it may help protect nerve cells against pesticide damage, lowering
the likelihood of neurodegeneration (136). A report assessed
biochemical markers of oxidative stress and neuroinflammation
in the brain tissues of rats. Rats treated with chlorpyrifos
alone showed increased levels of oxidative stress markers (such
as malondialdehyde) and pro-inflammatory cytokines (such as
TNF-a and IL-1B) compared to control rats. In contrast, rats
co-administered with NAC and chlorpyrifos exhibited reduced
levels of oxidative stress markers and pro-inflammatory cytokines,
indicating the antioxidant and anti-inflammatory properties of
NAC (137).

7.5 Omega-3 fatty acids
Omega-3 fatty acids, polyunsaturated fats present in foods

such as fatty fish, flaxseeds, and walnuts, have been investigated
for their possible protective mechanisms against pesticide-induced
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toxicity. Anti-inflammatory properties of omega-3 fatty acids
are well established. Pesticides, notably organophosphates and
pyrethroids, have the potential to cause inflammation in the
body (
potentially reducing pesticide harm. Omega-3 fatty acids have

). Omega-3 fatty acids can help decrease inflammation,

antioxidant qualities, which means they can help neutralize the
damaging free radicals produced by pesticide exposure. Some
research suggests that omega-3 fatty acids can boost the activity
of detoxification enzymes in the liver, such as cytochrome P450
enzymes. These enzymes are in charge of breaking down and
removing numerous poisons, including pesticides, from the body.
Omega-3 fatty acids may alter the immune system’s response
to pesticide exposure. They may help the body deal with the
harmful effects of pesticides by altering immunological function.
Pesticides, particularly some organophosphates, can be neurotoxic
(139). Docosahexaenoic acid (DHA), in particular, is critical for
brain health and development. They may provide protection
against pesticide-induced nervous system harm. Cell membranes
rely heavily on omega-3 fatty acids. They can assist preserve the
fluidity and integrity of cell membranes, which may protect cells
against pesticide-induced disruption. Pro-inflammatory cytokines,
which are chemicals involved in the inflammatory response, have
been demonstrated to be reduced by omega-3s. This decrease
in cytokine production may aid in reducing the inflammatory
response caused by certain pesticides (140). The study evaluated the
neurobehavioral effects of organophosphate pesticide exposure and
the potential protective effects of omega-3 fatty acids using various
behavioral tests, including the Y-maze test and the elevated plus
maze test. Rats treated with organophosphate pesticide exhibited
impaired spatial memory and increased anxiety-like behavior
compared to control rats. However, rats co-administered with
omega-3 fatty acids and pesticide showed significant improvements
in spatial memory and reduced anxiety-like behavior, suggesting
the neuroprotective effects of omega-3 fatty acids against pesticide-
induced toxicity (141).

7.6 Vitamins

Vitamins are essential micronutrients known for their diverse
physiological functions, including antioxidant defense and immune
regulation. Vitamin C is a potent antioxidant that scavenges free
radicals and regenerates other antioxidants, such as vitamin E.
It plays a crucial role in protecting cells from oxidative damage
induced by pesticides. Elzoghby et al. (139) evaluated markers
of liver function, such as serum levels of ALT and AST, as
well as histopathological changes in liver tissues. Rats treated
with malathion alone exhibited elevated levels of ALT and AST,
indicative of liver damage. However, rats co-administered with
vitamin showed reduced levels of ALT and AST, suggesting
the protective effects of vitamin C against pesticide-induced
hepatotoxicity. Histopathological examination also revealed less
severe liver damage (142). Vitamin E comprises a group of
fat-soluble antioxidants, including alpha-tocopherol and gamma-
tocotrienol. It acts as a lipid-soluble antioxidant, protecting cell
). The

experimental study provides evidence supporting the protective

membranes from oxidative stress caused by pesticides (

effects of vitamin E against organophosphate pesticide-induced
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oxidative stress in rats. The findings suggest that supplementation
with vitamin E enhances the activity of key antioxidant enzymes,
such as SOD, CAT, and GPx, thereby mitigating the adverse effects
associated with pesticide exposure (144).

Vitamin A and its precursors, such as beta-carotene, possess
antioxidant properties that contribute to cellular defense against
pesticide-induced oxidative damage (145). Rats treated with
atrazine alone showed decreased activities of antioxidant enzymes,
such as SOD and catalase, and increased levels of lipid peroxidation,
indicative of oxidative stress. In contrast, rats co-administered
with vitamin E and atrazine exhibited restored antioxidant
enzyme activities and reduced lipid peroxidation levels, suggesting
the antioxidant properties of vitamin E (146). Additionally,
vitamin A is involved in maintaining epithelial integrity and
immune function. Vitamin D regulates calcium and phosphorus
metabolism, thereby promoting bone health. Moreover, emerging
research suggests its potential role in modulating immune
responses and reducing inflammation, which may aid in mitigating
pesticide-induced toxicity (147).

7.7 Coenzyme Q10

Coenzyme Q10 (CoQl0), also known as ubiquinone, is a
naturally occurring molecule present in the body that plays an
important role in the creation of cellular energy. CoQIl0 is a
powerful antioxidant that aids in the neutralization of damaging
free radicals and the reduction of oxidative stress. Pesticides can
cause free radicals to form in the body, causing cellular damage
and inflammation (147). The antioxidant capabilities of CoQ10
may assist to offset these effects and reduce pesticide-induced
oxidative stress. CoQ10 is essential in mitochondria, the energy-
producing organelles found within cells. Pesticides can interfere
with cellular energy generation, causing weariness and tissue
damage. CoQ10 supplementation may maintain mitochondrial
activity, guaranteeing an appropriate energy supply to cells and
maybe assisting cells in coping with pesticide-induced stress.
Some insecticides, especially those with neurotoxic characteristics,
can cause mitochondrial damage. Because CoQI10 is an essential
component of the mitochondrial electron transport chain, it may
help shield mitochondria from such damage, sustaining cellular
function (148). CoQl0 has been linked to anti-inflammatory
properties. Pesticides can cause inflammation in the body, which
can lead to tissue damage. CoQ10 has been shown to improve the
body’s natural defense systems against pollutants such as pesticides.
It may boost the activity of detoxification enzymes in the liver and
aid in the elimination of pesticides from the body. CoQ10 has being
investigated for its neuroprotective effects. Some pesticides can
injure the neurological system, and CoQ10 may provide protection.
Some insecticides have been linked to cardiovascular damage.
CoQ10 is proven to benefit heart health and may help guard against
pesticide-related cardiovascular problems (129). A report provides
evidence supporting the potential cardioprotective, antioxidant,
and anti-inflammatory effects of coenzyme Q10 against pesticide-
induced cardiac toxicity in rats. The findings suggest that coenzyme
Q10 supplementation may offer therapeutic benefits in mitigating
the adverse effects of pesticide exposure on cardiac health (149).

A report by Mohamed et al. (148) measured SOD activity in
rat tissues as an indicator of antioxidant defense. Rats treated with
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acetamiprid alone showed decreased SOD activity compared to  restored SOD activity, suggesting the ability of these phyto-

control rats, indicative of reduced antioxidant capacity. However,  protective nutraceuticals to enhance antioxidant defense against

rats co-administered with curcumin and pesticide exhibited  pesticide-induced oxidative stress (150). As an additional indicator

TABLE 2 List of commonly used plants and their medicinal properties against different toxicities.

Scientific name Component(s) Medicinal properties of References

nutraceuticals

1 Spinach Spinacia oleracea Leaves Anticarcinogenic and anti-mutagenic activity (155)

2 Nettle Urtica dioica Leaves Anti-inflammatory, anticancer, and antioxidant (156)
activity

3 Okra Abelmoschus esculentus Leaves and fruits Anti-inflammatory and antioxidant property (157)

4 Drum stick Moringa oleifera Leaves, seeds, bark, and roots Antidiabetic, anti-hypertensive, fertility (158)
enhancer, antioxidant, and anticancer property

5 Quinoa Chenopodium quinoa Seeds Phenolics and antioxidant property (159)

6 Inula Inula racemosa Roots Antioxidant and anti-bacterial property (160)

7 Shepherds purse Capsella bursa-pastoris Stem, leaves, and flowers Antioxidant and anti-inflammatory property (161)

8 Curry leaves Murraya koenigii Leaves Anti-inflammatory, anti-aging, and antioxidant (162)
property

9 Turmeric Curcuma longa Rhizome Anti-inflammatory and anticancer property (163)

10 Black pepper Piper nigrum Peppercorn Antioxidant, antimicrobial, anti-inflammatory, (164)
antidiabetic, and anticancer property

11 Sweet pepper Capsicum annuum Peppercorn Antioxidant and anti-inflammatory property (165)

12 Ginger Zingiber officinale Rhizome Antioxidant and anti-inflammatory property (166)

13 Garlic Allium sativum Bulb, leaves, and flowers Antioxidant, antidiabetic, anticancer, and (167)
anti-inflammatory property

14 Green tea Camellia sinensis Leaves Antioxidant and anticancer property (168)

15 Red ginseng Panax ginseng Leaves and roots Antioxidant property (169)

16 Purple coneflower Echinacea purpurea Leaves and flowers Anti-inflammatory, antioxidant, and (170)
antiproliferative property

17 Fenugreek Trigonella Leaves and seeds Pro-apoptotic and anticancer property (171)

foenum-graecum

18 Grapes Vitis vinifera Fruit Anti-oxidative, anti-inflammatory, anticancer (172)
and anti-aging property

19 Raspberries Rubus idaeus Fruit Antioxidant and anticancer property (173)

20 Blueberries Vaccinium cyanococcus Fruit Antioxidant and anti-proliferative property (174)

21 Black cumin Nigella sativa Seeds Antioxidant property (175)

22 Fennel seed Foeniculum vulgare Seeds Antioxidant property (176)

23 Kale Brassica sabellica Leaves Anticancer, antioxidant, and anti-inflammatory (177)
property

24 Broccoli Brassica oleracea Stem, leaves, and florets Anti-proliferative and antioxidant property (178)

25 Pomegranate Punica granatum Endocarp Anticancer, anti-fungal, and anti-inflammatory (179)
property

26 Papaya Carica papaya Fruit Antioxidative and anticancer property (180)

27 Orange Citrus sinensis Fruit Antioxidant property (181)

28 Pineapple Ananas comosus Fruit Antioxidant and anticancer property (182)

29 Apple Malus domestica Fruit Antioxidative and anticancer property (183)

30 Mango Mangifera indica Fruit Antioxidant, anti-inflammatory, and anticancer (184)
property

31 Jalapeno Capsicum annuum Seeds Antioxidant, anti-obesity, antibiotic, and (185)
anticancer property

32 Amla Phyllanthus emblica Fruit Anti-diabetes, anticancer, and antioxidant (186)

33 Chamomile Matricaria chamomilla Flowers Antioxidant and anti-aging properties (187-189)

Frontiers in Nutrition

84

frontiersin.org


https://doi.org/10.3389/fnut.2024.1342881
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Sajad et al.

of antioxidant defense, CAT activity in rat tissues was evaluated
in an earlier report. When compared to control rats, animals
treated with deltamethrin alone had lower CAT activity, a sign of
compromised antioxidant defense systems. On the other hand, rats
who received both the pesticide and rutin concurrently showed
increased CAT activity, indicating that these phyto-protective
nutraceuticals can improve CAT-mediated antioxidant defense
against oxidative stress caused by pesticides (151).

As another indicator of antioxidant defense, GPx activity
was also evaluated in rat tissues in previous report. When
compared to control rats, animals treated with metribuzin alone
had lower GPx activity, a sign of impaired antioxidant defense
systems. Rats co-administered with quercetin plus metribuzin,
however, showed restored GPx activity, indicating that these phyto-
protective nutraceuticals can improve GPx-mediated antioxidant
protection against oxidative stress caused by pesticides (152). The
findings suggest that supplementation with these phyto-protective
nutraceuticals can enhance the activity of key antioxidant enzymes,
such as SOD, CAT, and GPx, thereby mitigating the adverse effects
associated with pesticide exposure.

The
n-acetylcysteine, omega-3 fatty acids, vitamins, and coenzyme Q10

substances  curcumin,  resveratrol,  flavonoids,
are highlighted as representative examples due to their relevance
in providing protective effects against certain injuries induced by
pesticide exposure. These substances have been studied for their
potential to counteract the harmful effects of pesticides on the
body, such as oxidative stress, inflammation, and cellular damage.
By presenting these examples, it is suggested that they may offer
promising avenues for mitigating the negative impacts of pesticide
exposure on human health (153).

These compounds also possess anti-inflammatory properties,
further protecting against pesticide-induced injuries (154).
Furthermore, certain nutraceuticals have been found to enhance
detoxification mechanisms in the body. Similarly, certain herbs
and spices, such as ginger and turmeric, have been found to
alleviate pesticide-induced liver and kidney injuries through their
antioxidant and anti-inflammatory properties (Table 2).

8 Conclusion

Specific pesticide-mediated toxicities pose significant risks to
human health and the environment. Pesticides are widely used
in agricultural practices to control pests and increase crop yield,
but they can have detrimental effects on nontarget organisms,
including humans. However, there is growing evidence that
certain food-based nutraceuticals can help mitigate the toxic
effects of pesticides. Natural compounds found in various foods,
such as antioxidants, vitamins, minerals, and phytochemicals,
possess protective properties against pesticide toxicity. These
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Development of a highly sensitive
method based on QUEChERS and
GC-MS/MS for the determination
of polycyclic aromatic
hydrocarbons in infant foods

Mariateresa Ingegno?, Rosalia Zianni?, Ines Della Rovere?,
Andrea Chiappinellit, Valeria Nardelli*,

Francesco Casamassima?, Anna Calitri!, Maurizio Quinto?,
Donatella Nardiello? and Marco lammarino™

!Struttura Complessa di Chimica, Istituto Zooprofilattico Sperimentale della Puglia e della Basilicata,
Foggia, Italy, 2Department of Agriculture, Food, Natural Resources and Engineering (DAFNE),
University of Foggia, Foggia, Italy

Polycyclic aromatic hydrocarbons (PAHs) are environmental contaminants that
can be found in various food products, including those intended for infants.
Due to their potential health risks, it is crucial to develop sensitive analytical
methods for the accurate determination of PAHs in infant foods. This study
describes the development and validation of a highly sensitive method for the
quantification of European PAH markers, namely benzolalpyrene, benzolal
anthracene, chrysene, and benzo[blfluoranthene, using gas chromatography—
tandem mass spectrometry (GC-MS/MS), in baby food samples. The first step
was the optimization of the sample preparation procedure, performed using
different methods based on the QUEChERS approach, also testing different
extraction solvents. Several factors such as extraction efficiency, selectivity, and
recovery were evaluated to choose the most effective procedure for sample
preparation. Furthermore, the GC-MS/MS method was optimized, evaluating
parameters such as linearity, sensitivity, accuracy, and robustness using spiked
infant food samples. The method demonstrated excellent linearities with a
correlation coefficient higher than 0.999 over a wide concentration range, and
limits of detection and limits of quantification in the range 0.019-0.036 pg/
kg and 0.06-0.11png/kg, respectively. Extraction recoveries were between 73.1
and 110.7%, with relative standard deviations always lower than 8%. These
findings are compliant with the indications of the European Commission (Reg.
836/2011). To assess the applicability of the method to official control activities,
a survey was conducted on commercially available infant food products. Four
markers were determined in commercial samples belonging to different food
categories for infants and young children. The outcome of this monitoring
showed that PAH contamination, in all samples, was below the quantification
limits. In conclusion, the developed GC-MS/MS method provides a highly
sensitive and reliable approach for the determination of PAHs in baby foods. The
optimized sample preparation, instrumental parameters, and validation results
ensure accurate quantification of 4 PAHs even at trace levels. This method could
contribute to the assessment of PAH exposure in infants and it could support
regulatory efforts to ensure the safety and quality of infant food products with
regular monitoring.
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1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of chemical
contaminants, comprising over 200 organic compounds, that are
originated from the incomplete combustion or pyrolysis of organic
matter by natural and anthropogenic processes (1-3). PAHs contain
two or more fused benzene rings in linear, angular, or cluster
arrangements and they are classified in function of the number of
condensed aromatic rings as light (2-3 rings) or heavy (4-6 rings) (4,
5). Due to particular physicochemical properties, such as high
lipophilicity, thermostability, low solubility in water, and low
biodegradability, these contaminants are ubiquitous and persistent,
both in the environment and in the food chain (1, 6). These organic
pollutants are highly toxic, mutagenic, carcinogenic, teratogenic, and
immunotoxicogenic for several life forms, including humans (7). In
particular, the heavy PAHs, such as benzo[g,h,i]perylene, benzol[a]
pyrene (BAP), and indeno[1,2,3-c,d]pyrene, because of higher
hydrophobicity, are more toxic and stable compared to the light
ones (8).

Occurrence and toxicity of PAHs have been evaluated by
numerous organizations, e.g., the United States Environmental
Protection Agency (U.S. EPA), the International Agency for Research
on Cancer (IACR), the Scientific Committee on Food (SCF), the Joint
FAO/WHO Expert Committee on Food Additives (JECFA), the
International Programme on Chemical Safety (IPCS), and the
European Food Safety Authority (EFSA) (9). The two most important
groups of PAHs monitored worldwide are the 16 PAHs, listed by
U.S. EPA, and the 15+1 priority PAHs, defined by SCF for the
European Union (EU) (10, 11). The 16 EPA PAHs are the following:
acenaphthene, acenaphthylene, anthracene, fluoranthene, fluorene,
naphthalene, phenanthrene, pyrene, benzo[a]anthracene, benzo[b]
fluoranthene (BBF), benzo[k]fluoranthene, benzo[ghi]perylene, BAP,
chrysene (CHY), dibenz[a,h]anthracene, and indeno[1,2,3-cd]pyrene
(7, 9). The SCF assessed 33 PAHs and identified 15 PAHs that possess
both genotoxic and carcinogenic properties, including 8 high
molecular weight PAHs that are also part of the U.S. EPA list. The
15+1 EU priority PAHs are benz[a]anthracene (BAA), BBE benzolj]
fluoranthene, benzo[k]fluoranthene, benzo[ghi]perylene, BAP, CHY,
cyclopenta[cd]pyrene, dibenzo[a,h]anthracene, dibenzo[a,e]pyrene,
dibenzo[a,h]pyrene, dibenzo[a,i]pyrene, dibenzo[a,l]pyrene,
indeno[1,2,3-cd]pyrene, and 5-methylchrysene. These compounds
show clear evidence of mutagenicity/genotoxicity and, with the
exception of benzo[ghi]perylene, they also show clear carcinogenic
effects in various bioassays of experimental animals (9). SFC suggested
to use of BAP as a marker of occurrence of carcinogenic PAHs in food
because it is based on examinations of PAH profiles in food and on
evaluation of carcinogenicity studies (12). PAHs have several negative
effects on human health, in particular on reproductive, developmental,
cardiorespiratory, and immune systems, also causing asthma or
chronic obstructive pulmonary disease and such as breast, skin,
bladder, lung, and colon cancer (2). The main routes of human
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exposure to PAHs are ingestion, dermal, and inhalation pathways,
even if food ingestion contributes largely to overall PAH intake (13).
Indeed, they can be present in cooked foods as a consequence of the
cooking process (12), especially in grilling and deep-frying process,
owing to the pyrolysis of fat at higher temperature and adsorption of
PAHs emitted from combustion process. In raw foods PAHs may
come from the deposition of ambient particles, contaminated soils and
water (14). Dietary intake represents a very common and widespread
route of exposure specifically for infants and young children, which
are particularly vulnerable to food contaminants, due to their different
physiological characteristics compared to adults (15-17). Exposure to
potentially toxic substances is especially dangerous because of their
higher food intake, higher ventilation, and greater body surface area
(18). Chronic exposure to PAHs, which unfortunately already begins
during gestation through the placenta, continuing with feeding, can
lead to delays in cognitive development, disorders of the nervous,
urinary and immune systems, and cardiovascular diseases (19). The
legislation of the EU Commission established regulation guidelines
for the presence of four substances, that is BAP, BAA, BBE, and CHY,
known together as PAH4, in food matrices. The lower bound
concentration, used as a limit and reference for adherence to safe
standards, is calculated as the sum of PAH4 concentrations (20).
Regulation (EU) 2023/915 sets maximum levels for PAH4 in foods for
infants and young children at 1.0 pg/kg (21).

The extreme heterogeneity of PAHs in foods and their
simultaneous presence, combined with their toxicity, require not only
a robust regulatory framework but also advanced analytical
techniques. The distribution of PAHs is influenced by different
physical states of foods, therefore extraction and analysis methods
must be adapted to the specific matrices to detect and quantify these
contaminants (3). To provide repeatable data and satisfy legal criteria,
proper sample preparation with adequate extraction procedures and
improved cleaning strategies are required. Soxhlet extraction is
probably the most widely used traditional extraction technique for
PAHs from a wide range of foodstuffs. However, this conventional
approach is laborious, time-consuming and requires great amounts
of organic solvents (22, 23). To date, automated extraction techniques
for PAHs in food have achieved popularity through their increased
efficiency, shorter analytical times, and environmentally friendly
characteristics. They include accelerated solvent extraction (ASE),
microwave-assisted extraction (MAE), supercritical fluid extraction
(SFE), high-temperature distillation (HTD), and fluidized-bed
extraction (FBE) (1). Among the clean-up procedures, column
chromatography, such as gel permeation chromatography (GPC),
Florisil, and silica gel, is the standard approach which is characterized
by an extensive quantity of reagents, solvents, and materials. The
solid—phase extraction (SPE), along with dispersive liquid-liquid
microextraction (DLLME), solid-phase microextraction (SPME),
magnetic solid-phase extraction (MSPE), and QuEChERS (Quick,
Easy, Cheap, Effective, Rugged, and Safe) are the clean-up procedures
with high enrichment factor, automation capability, and less exposure
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to organic solvents (9). In particular, the QuEChERS method is based
on the green chemistry principles of multi-residue analysis, with
several advantages such as lower costs, fewer solvents, time savings,
increased yield, and great extraction performance (24-26). The
QuEChERS strategy is characterized by great versatility and, for this
reason, it has been systematically employed in routine analytical
determinations of a wide range of analytes (e.g., pesticides,
mycotoxins, pharmaceutical residues, illicit drugs, etc.) in
environmental, food, feed, pharmaceutical, biological, and forensic
matrices (27). The experimental layout of the QUEChERS method
includes two steps: a solid-liquid extraction/partitioning with a
salting—out effect and a dispersive solid-phase extraction (d-SPE) for
sample clean-up. The extraction is performed with acetonitrile
partitioned from an aqueous matrix using MgSO, and NaCl, followed
by dispersive-SPE (d-SPE) with MgSO,, a primary secondary amine
(PSA), and another sorbent such as octadecyl silica (C18) and
graphitized carbon black (GCB) (24, 28).

In the QuUEChERS d-SPE method, the choice of adsorbents is
critical for the reduction of matrix interference in the following
chromatographic analysis. In the original method proposed by
Anastassiades et al. (24), the first extraction step was carried out under
unbuffered conditions with acetonitrile as solvent, but this approach
had some limitations. To overcome these drawbacks, citrate buffer
(with a relatively low buffering capacity) (29) and/or acetate buffer
(with a strong buffering capacity) (30) were used to enhance the
extraction efficiency. Another important factor is the nature of the
extraction solvent, which can be modified according to the target
analyte. Acetonitrile is an excellent separator from water, after the salt
addition, therefore it is suitable to extract the broadest range of organic
compounds, without co-extraction of large amounts of lipophilic
material, in different matrices (3, 27). However, to improve the
extraction efficiency of target analytes some solvent modifications
have been proposed, namely acidification or combination of
acetonitrile with isooctane and/or ethyl acetate (31-33).

PSA is typically used as sorbent of the d-SPE step to remove fatty
acids, sugars, organic acids, lipids, and some pigments. C18 is
particularly effective for the removal of high lipid contents while GCB
is used to remove co-extracted pigments, namely carotenoids and
chlorophyll, typical from highly pigmented matrices (27, 33). For
other complex matrices, more oriented adsorbents based on new
materials have been developed, such as zirconium-coated silica (32).
Furthermore, modifications of the QUuEChERS procedure in terms of
solvents, salts, and sorbents, are continuously proposed to improve
and broaden even more the range of applications from food
samples (9).

In this work, different extraction and purification methods,
principally based on molecularly imprinted polymers (MIP) and
QuEChERS with Enhanced Matrix Removal-Lipid (EMR-lipid), were
considered. MIPs are a class of highly cross-linked polymer-based
molecular recognition elements engineered to bind one specific target
compound or a class of structurally related compounds with high
selectivity. The MIP material is designed with cavities that are sterically
and chemically complementary to the target analytes. As a result,
multiple interactions (e.g., hydrogen bonding, ionic, Van der Waals,
hydrophobic) can take place between the MIP cavity and the analytes.
On the other side, EMR-Lipid is a new product used as a d-SPE to
remove lipids. This technology, based on size exclusion and
hydrophobic interactions, is very promising for the selective removal
of lipids, ensuring minimal loss and ion suppression of target analytes,
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and improving method reliability and ruggedness. Moreover,
modified-QuUEChERS procedures were tested, also using EMR-Lipid
in combination with different extraction and purification salts.

For the identification and quantification of PAHs in a wide range
of food matrices, common analytical approaches are adopted, such as
high-performance liquid chromatography (HPLC) with an ultraviolet
(UV) array detector photodiode array (PDA), and gas chromatography
(GC) coupled to a flame ionization detector (FID). However, these
techniques are not sensitive, not selective, time-consuming, and labor-
intensive (9). High-resolution mass spectrometry (HRMS) detectors
allow better performance than DAD and FLD, and for this reason,
they are widely used in PAH determination in food matrices (1). In
particular, GC coupled to tandem mass spectrometry (MS/MS) is the
most common analytical tool, mainly due to its sensitivity, accuracy,
and convenience even in official methods (34, 35). Current literature
provides several investigations focused on the extraction and analysis
of PAHs in baby food, comprising both traditional and novel
approaches (32). Moazzen et al. (17) proposed the good performances
of MSPE method coupled to GC-MS/MS to detect PAHs in the Irian
market. Recently, Prata et al. (36) provided a QuEChERS-based
extraction procedure based on different salts composition in addition
to MgSO, and PSA, such as Florisil, C18 and zirconium-coated silica.
All these approaches are adequate for the determination of PAHs in
baby food, but they are quite laborious also requiring particular
laboratory equipment for sample preparation, which is not
always available.

In this study, the preparative procedure based on modified-
QuEChERS for the extraction and purification of four regulated PAHs
was optimized, and the following efficient GC-MS/MS analytical
method was validated to detect and quantify the target analytes in
baby foods. Compared to the current methods, the proposed
procedure involves a double initial extraction with acetonitrile and
extract freezing at —20°C, before clean-up. Therefore, a method based
on a simple modification of standard QUEChERS protocol for
contaminants analysis was optimized and used for the first time to
analyse the main PAHs in several types of baby food. The developed
method was found to be accurate, efficient, sensitive, and selective for
the analysis of food products of different types, based on meat, fish,
legumes, and vegetables, subject to official control for the presence of
BAP, BAA, BBE and CHE. To the best of our knowledge, there is a lack
of information regarding the determination of PAHs in the Italian
markets. Therefore, this procedure was used to analyze food samples
present on the Italian market and intended for infant nutrition,
demonstrating its suitability for baby food control. Cooking methods,
i.e., microwave and steam cooking, were also considered to verify PAH
contamination as a consequence of heat treatments.

2 Materials and methods
2.1 Samples and chemical standards

A total of 60 samples, consisting of meat (chicken) and mixed
meat, mixed fish, and mixed legumes were used for validation. A total
of 100 samples, consisting of meat (chicken, beef, lamb, ham) and
mixed meat, fish (salmon and trout) and mixed fish, legumes (white
beans, chickpeas, lentils) and mixed legumes, and vegetables (green
peas and courgettes) were analyzed for monitoring purposes. All
samples, listed in Table 1, were purchased in local markets and
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subsequently stored in their original packaging, properly labeled, and
refrigerated (4 £+ 1°C) until analysis. In Italy, in accordance with the
European Regulation (37), the dietary guidelines suggest introducing
homogenized products into infant complementary feeding,
particularly during weaning, thanks to their consistency and
specific composition.

Analytical grade cyclohexane, ethyl acetate, and acetonitrile were
supplied by Merck Life Science s.r.l. (Darmstadt, Germany). Isooctane
was purchased from Panreac Quimica S.L.U. (Castellar del Valles,
Barcelona, Spain). Deionized water (18.2 MQ/cm) was obtained from
a Milli-Q purification system (Millipore, Milan, Italy). Polychlorinated
biphenyl (PCB) 209 (purity >99.0%; 10mg/L in isooctane, Lab
Instruments Castellana Grotte, Bari, Italy) was used as internal
standard. From this stock standard solution, PCB 209 working
standard solutions of 1,000 pg/L in isooctane were prepared and used
to spike food samples at 100 pg/L. Within the subsequent monitoring
survey of PAH levels in tested samples, PCB 209 was added to the
samples before extraction, to perform reliable quantifications of target
analytes with correction of errors due to ion suppression/enhancement
caused by the presence of matrix co-extracts in the injector and ion
source. Certified mix standard solution, indicated as IL8 constituted
by benzo[a]pyrene (BAP), benz[a]anthracene (BAA), benzo[b]
fluoranthene (BBF), chrysene (CHR) and their relative deuterated
(PAHs-d12), that is BAP-d12, BAA-d12, BBF-d12 and CHR-d12
(purity >99.0%; 100mg/L in toluene, Lab Instruments Castellana
Grotte, Bari, Italy) was used for the method validation. Working
standard solutions of 1,000 pg/L, 100 pug/L, 25 pg/L, and 10 pg/L were
obtained by diluting the stock IL8 in isooctane. All standard solutions
were stored at —20°C and were taken out to allow them to reach room
temperature and sonicated before use. Matrix-matched calibration
(MMC) curves were obtained using 0.1, 0.5, 1.0, 2.0, 5.0 ug/L working
standard solutions of IL8 in the blank sample. The presence of the
matrix effect was considered in the optimization and validation steps
and in the monitoring study. MMCs were used because the different
substances investigated had a different composition from each other,
i.e., lipid, protein, carbohydrate and salt content (Table 1).

TABLE 1 Declared composition of investigated baby food matrices.

10.3389/fnut.2024.1403541

SupelMIP SPE - PAHs cartridges (50 mg/3 mL) were purchased
from Merck Life Science s.rl. (Darmstadt, Germany). Bond Elut
Enhanced Matrix Removal - Lipid dispersive SPE (Bond Elut-EMR
lipid dSPE) Agilent Technologies were purchased from Analitica sas
(Gioia del Colle, Bari, Italia).

For QUEChERS procedures, all extraction and purification salts
were listed below and were supplied by Lab Instruments (Castellana
Grotte, Bari, Italy):

a) QuE-Lab® EMR dSPE Lipid Tube (15mL) with the following
composition: 0.40 g NaCl and 1.60g MgSO,;

QuE-Lab® Citrate tube (15 mL) with the following composition:
4.00g MgSO,, 1.00g NaCl, 0.50g Na,HCH;0,-1.5H,0 and
1.00g C¢H:Na,0,-2H,0;

QuE-Lab® PSA Tube (15mL) with the following composition:
950mg MgSO, and 150mg Primary secondary amine
sorbent (PSA);

QuE-Lab® PSA/C18 Tube (15mL) with the following
composition: 900 mg MgSO,, 150 mg PSA, and 150mg C18
end-capped (C18EC);

QuE-Lab® LLE tube EMR method (50 mL), with the following
composition: 3.00g NaCl, 0.50g Na,HC(H;O,-1.5H,0
and1.00 g C;H;Na,0;-2H,0;

QuE-Lab® dSPE MgSO, tube EMR method (15mL), with the
following composition: 0.50 g MgSO.,.

b)

2.2 Extractions and clean-up procedures

The optimization of PAH extractions and clean-up protocols were
performed on smoked salmon samples and chicken baby foods,
following what was suggested by literature and on the base of our
earlier knowledge relevant to the multi-residual analysis of foodstuffs
(38, 39). During the development of analytical procedures, an
ultrasonic bath (LIARRE s.r.l,, Casalfiumanese, Bologna, Italy), a TX4

Protein content = Salt content (%) Carbohydrates content Total lipid (%) Fatty saturated

(%) (%) (%)
Chicken 6.1 0.08 6.3 24 1.6
Beef 5.8 0.06 5.7 37 13
Lamb 5.5 0.05 6.8 3.1 15
Ham 7.9 0.20 8.7 3.6 1.2
Mixed Meat 7.5 0.10 6.6 2.1 0.5
Salmon 4.0 0.03 8.7 24 0.5
Trout 37 0.03 9.2 14 0.3
Mixed Fish 4.0 0.08 10 24 05
White beans 35 0.01 6.4 0.005 0.001
Chickpeas 25 0.01 4.9 0.9 0.1
Lentils 24 0.04 6.5 0.2 0.001
Mixed legumes 34 0.05 5.9 0.004 0.002
Green peas and

1.9 0.003 7.9 03 0.002
courgettes
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Digital vortex mixer (Velp Scientifica, Usmate Velate, Italy) and a
BKC-DL5M centrifuge (BiobaseMeihua Trading Co., Ltd., Jinan,
China) were used to sonicate, vortex and centrifuge, respectively.

2.2.1 Protocol |

SupelMIP SPE - PAH for extraction and clean-up. Aliquots of
2.5g of homogenized samples were weighed into 10 mL screw-cap
vials, 7.5mL of cyclohexane were added, and then stirred for 2min
with a TX4 Digital VortexMixer (Velp Scientifica, Usmate, Italy) to
disperse the sample. Afterwards, the mixture was sonicated for 20 min
using an ultrasonic bath (LIARRE s.rl., Casalfiumanese, Bologna,
Italy), and centrifuged at 1,.500rpm for 15min at 4°C with a
BKC-DL5M centrifuge (BiobaseMeihua Trading Co., Ltd., Jinan,
China). A SupelMIP column was conditioned with ImL of
cyclohexane, then the sample was loaded, discarding the first eluate,
avoiding its complete drying. After column washing with 2mL of
cyclohexane, for the elution of PAHs, 3 mL of ethyl acetate were used,
collecting the eluate in a 10mL glass vial, completely drying the
column under vacuum. The extract was evaporated to dryness at 55°C
under N, flow using an automated solvent evaporation system
TurboVap® 1I (Biotage AB, Uppsala, Sweden). Finally, the dried
extracts were suspended with 0.5mL of working standard solution of
PCB 209 and transferred into a glass vial for the following GC-MS/
MS analysis in duplicate.

2.2.2 Protocol Il

QuEChERS method using Bond Elut-EMR lipid dSPE for
extraction and purification salts a) for clean-up. Aliquots of 5.0g of
homogenized samples were weighed into a 10 mL polypropylene tube,
and 10mL of acetonitrile were added. The mixture was vortexed for
2min and centrifuged at 3,000rpm for 5min at 4°C. The resulting
supernatant was then added to a tube containing 1.0 g of EMR-Lipid
adsorbent and was vortexed for 2 min. The phases were separated by
centrifugation at 3,000 rpm for 5min at 4°C, and subsequently, the
supernatant was put into a dispersive SPE tube containing a mixture
of salts MgSO, and NaCl, vortexed for 2min and then centrifuged at
3,000 rpm for 5min at 4°C. The supernatant (8 mL) was evaporated to
dryness under a N, stream at 55°C.

2.2.3 Protocol IlI

QuEChERS method using Bond Elut-EMR lipid dSPE for a
double extraction and purification salts a) for clean-up. This protocol
is the same as Protocol II, but the extraction procedure was repeated
twice. Indeed, this step was carried out by adding acetonitrile and
Bond Elut-EMR lipid two times consecutively, therefore the final
volume of supernatant to be evaporated to dryness was 16 mL.

2.2.4 Protocol IV

QuEChERS method using dispersive salts b) for extraction step,
and purification salts c) for clean-up. In this procedure, a double
extraction with acetonitrile was performed and then the resulting
supernatant was extracted with the following dispersive salts MgSO,,
NaCl, Na,HC,H;0,-1.5H,0 and C;H;Na;O,-2H,0. Afterward, the
mixture was vortexed for 2min and the phases were separated by
centrifugation 3,000rpm for 5min at 4°C;, subsequently, the
supernatant was purified with a mixture of salts MgSO, and PSA,
vortexed for 2min, and then centrifuged at 3,000 rpm for 5min at
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4°C. The supernatant (16 mL) was evaporated to dryness under an N,
stream at 55°C.

2.2.5 Protocol V

QuEChERS method using dispersive salts b) for extraction step
and purification salts d) for clean-up. This protocol is the same as
Protocol IV for the three extractions, but the clean-up was performed
using MgSO,, PSA, and C18EC as dispersive salts. The supernatant
(16 mL) was evaporated to dryness under an N, stream at 55°C.

2.2.6 Protocol VI

QuEChERS method using dispersive salts e) for extraction step
and Bond Elut-EMR lipid dSPE and purification salts f) for clean-up.
In this procedure, a double extraction with acetonitrile was performed
and then the resulting supernatant was extracted with the following
dispersive salts NaCl; Na,HC:H;0,-1.5H,0 and C4H;Na;O,-2H,0. The
extracted supernatant, firstly with Bond Elut-EMR lipid and after with
MgSO,, was then purified. Between the two purification steps, the
sample was vortexed for 2 min and centrifuged at 3000 rpm for 5min
at 4°C. The supernatant (5mL) was evaporated to dryness under an
N, stream at 55°C.

2.2.7 Protocol VII

QuEChERS method using Bond Elut-EMR lipid dSPE and
purification salts a) for clean-up. In this procedure, a double extraction
with acetonitrile was performed and then the resulting supernatant
was again extracted with EMR-lipid. Afterward, the supernatant was
refrigerated at —20°C for 1 h and then purified with MgSO, and NaCl,
vortexed for 1 min, and then centrifuged at 3,000 rpm for 10 min at
4°C. The supernatant (16 mL) was evaporated to dryness under an N,
stream at 55°C.

Finally, all the dried extracts obtained from protocols II up to VII
were suspended with 1.0 mL of working standard solution of PCB 209,
as internal standard, and transferred into a glass vial for the following
GC/MS/MS analysis in duplicate.

2.3 Gas chromatography/tandem mass
spectrometry analyses (GC—MS/MS)

An Agilent 7693A Automatic Liquid Sampler and an Agilent
8,890N gas chromatograph coupled with an Agilent 7,000 Triple
Quadrupole detector (Little Falls, DE, United States) were used for
GC-MS/MS analyses. Data were acquired using MSD ChemStation
software (Agilent, Little Falls, DE, United States). The GC-MS/MS
operating conditions are shown in Table 2. Backflushing was used to
prevent contamination with compounds strongly retained in the
primary column by reversing a continuous flow of carrier gas, thus
avoiding, through the second column, reaching the MS detector.
According to European directive (40), the number of identification
points that GC-MS/MS can earn, namely three points, one for ion
precursor and 1.5 for each of two daughter ions. The identification
point can be five if there are two precursor ions, each with 1 daughter
of five points. The list of precursor ions, both quantifiers and
qualifiers, their transitions, as well as the chosen collision energies
(CEs), were shown for each of the 4 PAHs and the 4 PAHs-d12, in
Table 3.
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TABLE 2 Operating conditions of GC—MS/MS.

Chromatographic parameters

Ultra Inert Liner of 78.5mm, ID 4mm, OD 6.47 mm, volume 900 pL and single taper (Agilent technologies Little
Falls, DE, United States)

Liner

Column 1 and Column 2 Ultra Inert 15m x 0.25 mm, 0.25 pm film thickness (Agilent J&W. Scientific, Folsom, United States)

Helium carrier gas (99.999%);
Carrier gas and flow mode Flow in Colum 1: 1.0 mL/min

Flow in Colum 2: 1.2 mL/min

Injection mode, temperature, and volume Splitless mode, 280°C, 1 pL, hold time 3.0 min

Oven temperature 60°C (held 1.0 min); 170°C (rate 40°C/min, held 3.75min) and 310°C (rate 10°C/min)

Blackflush 320°C (held 5.0 min)

Run time 18 min + 5 min blackflush

Mass spectrometer parameters

MS operating in electron ionization mode: 70 eV

Temperature of MS1 and MS2: 150°C

Source temperature: 280°C

Detector Transfer line: 290°C

Acquisition in Multiple Reaction Monitoring mode (MRM),

Resolution MS,=1.5

Resolution MS,=1.5

TABLE 3 List of quantifier and qualifier ions (m/z) used in GC—MS/MS method for PAHs, PAHs-d12, and PCB-209 determination.

Analyte RT® Quantifier ion Transition CEP Quialifier ion Transition

BAP 16.97 252 252250 45 252 2525224 60
BAP-d12 16.92 264 264.1 - 260.1 40 265.1 265.1-261.1 40
BAA 13.93 228 228226 40 228 228227 25
BAA-d12 13.88 240 240236 40 240 240238 30
BBF 16.33 252 252248 60 252 252224 60
BBF-d12 16.28 264.1 264.1 - 260.1 40 265.1 265.1-261.1 40
CHR 14.02 228 228226 40 228 228227 25
CHR-d12 13.96 240 240238 20 240 240236 38
PCB 209 17.08 497.7 497.7 4277 30 495.8 495.8 4257 30

*RT Retention time (min).
"CE collision energy (V).

3 Results and discussion

3.1 Optimization of extraction and
clean-up procedure

The identification of BAP, BAA, BBE, and CHR in GC-MS/MS
analysis was performed by comparing the retention time of each
compound with that of the relevant standard and verifying the
presence of precursor ions (Table 3). The ratios between the peak areas
and PCB 209 were used for the
compound quantification.

of quantifier ions

The first two extraction and clean-up protocols were tested using
MMC curves with smoked salmon samples. MMC curves of SupelMIP
SPE and QuUEChERS based on Bond Elut-EMR lipid dSPE showed
correlation coefficients >0.99. The recovery percentage at 2 ug/kg was
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also evaluated, carrying out 3 replicates for both protocols, also
comparing two different solvents, i.e., acetonitrile and toluene, for the
preparation of the IL8 working standard solution used to spike the
samples. The results, shown in Table 4, demonstrated that the
QuEChERS approach gave higher recovery values (71.4-83.0%)
compared to SupelMIP SPE (29.8-48.8%). In Figure 1, the
chromatographic separation and mass spectrometric identification of
the analytes were reported for protocol based on the QUEChERS
procedure. Therefore, the QUEChERS method was selected as the best
procedure and was further optimized, modifying the extraction and
purification steps in the other 5 Protocols (III, IV, V; IV, and VII). No
significant differences emerged changing the solvent for standard
solutions preparation, therefore, considering the high toxicity of
toluene compared to acetonitrile, the latter was selected for
further experiments.
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TABLE 4 Mean values (N = 3) of recovery % of smoked salmon samples,
spiked at 2 pg/kg, obtained from Protocol | and Il, using IL8 working
standard solution prepared with two solvents, toluene and acetonitrile,
respectively.

Extraction Solvents BAA BAP BBF

and clean-

up

procedure

Protocol 1 Toluene 40.3% 29.6% 33.4% 40.4%
Acetonitrile 48.8% | 36.5% | 40.4% 48.1%

Protocol IT Toluene 80.6% 71.4% 77.6% 83.0%
Acetonitrile 80.3% 71.4% 78.2% 80.0%

Protocols from III to VII were tested with chicken baby food
samples, performing two replicates for the recovery evaluation at
0.5 pg/kg. Protocols III, IV, V, and VI provided recovery values <10%,
as shown in Table 5. Protocol VII provided the best results with
recovery values ranging from 70 to 90% and, for this reason, it was
chosen as the extraction and cleaning procedure for subsequent
validation and monitoring. In particular, concerning other tested
procedures, the step at —20°C overnight, together with chosen salts,
enhanced the clean-up with better removal of co-extracted fat lipids.
Then, protocol VII was also tested on other infant food matrices based
on meat, fish, legumes, and mixed fruits. The full dataset obtained from
this study was evaluated by using Box Plot, a useful tool of graphic
representation used for managing quantitative data. This tool allows
the comparison of many distributions in the same graph, highlighting
the most significant characteristics such as symmetry, range, variance,
and possible outliers. The median value, first and third interquartile,
upper and lower limits within Tukey’s limit, and outliers (if any) can
be visualized in a single graphical representation. Moreover, the use of
median and quartiles in describing the distribution makes the
considerations about possible outliers in the dataset more robust. The
dataset obtained during the method validation showed similar
accuracy parameters for 4 PAHs, but different behavior in different
matrices. A more detailed data analysis showed that the mean recovery
percentage obtained by analysing baby food samples of mixed meats,
legumes, fish products, and chicken were comparable, in the range of
80-100%, with higher variance in chicken samples, while a lower value
(~60%) was obtained from homogenized mixed fruits analysis.
Regarding method sensitivity, evaluated by elaborating the linear
regression, the higher performance was obtained for BAA, followed by
CHR, BAP, and BBE The Box Plot, shown in Figure 2, was successfully
applied for optimizing the analytical method for the detection of 4
PAHs in baby food since it allows rapid and effective visualization of
all statistical parameters that characterize the procedure.

3.2 Method validation

The following validation parameters, namely the linearity of
MMC curves, the limit of detection (LOD), the limit of quantification
(LOQ), the selectivity, the precision, the recovery percentage, and the
ruggedness were determined to assure the efficiency of the proposed
GC-MS/MS method and to guarantee the validity of routine analysis.
The MMC curve for the 4 PAHs was evaluated from 0.1 to 5 pg/kg,
considering the framework of European legislation for residues in
baby foods (40). MMC curves were used for the validation method,
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TABLE 5 Mean values (N = 3) of recovery % of smoked salmon samples,
spiked at 2 pg/kg, obtained from Protocol Ill to Protocol VII, using L8
working standard solution prepared with acetonitrile.

Extraction

and clean-up

procedure

Protocol 11T 9.8% 7.3% 9.5% 4.3%
Protocol IV 8.8% 7.9% 9.5% 8.9%
Protocol V 7.5% 10.1% 10.2% 9.5%
Protocol VI 8.3% 7.3% 10.1% 10.2%
Protocol VII 70.5% 84.5% 89.2% 71.0%

analyzing each level in triplicate. All validation parameters, obtained
using matrix chicken baby food (Table 6) resulted in compliance with
EU provision No. 836/2011 and 808/2021 (41, 42).

The coefficients of determination (R* values) were in the range of
0.998-0.999, indicating good calibration linearity in investigated
matrices. Mandel test was used to assess whether the data best fitted a
linear function. The test was verified with a p-value <0.05. The
significance of the slope (b), of the regression line obtained from the
MMC curve, at a =0.05, was verified with a t-test. The t-Student was
calculated for ratios s,/b, where s, was the standard deviation of the
slope b, obtained for each of the studied analytes. All the values
resulted lower than 0.22. Figure 3 shows MMC curves for each PAHs.

LODs and LOQs were calculated, according to the following
equations: LOD =3.3s,/b and LOQ = 10s,/b, where s, was the standard
deviation of the intercept. The calculated values of LOD and LOQ
(Table 6), indicated high sensitivity for the determination of these
analytes at trace levels, reducing the risk of false-negative results.
Selectivity ensures the correct identification of analytes of interest
without interference from other components that could be present in
the sample, such as impurities, degradants, matrix components, etc.
To verify method selectivity, 20 sample blanks representative of the
chosen matrices were analysed. The 20 specificity tests were carried
out on the following baby food samples: chicken, beef, lamb, ham,
salmon, trout, white bean, chickpea, legumes, pea and courgettes,
mixed meat, and mixed fish. The absence of significant interferences
in the maximum tolerance range of 0.1 min for analyte retention
times compared to a spiked sample was verified.

The trueness and precision of measurements were assessed in
accordance with Decision 2021/808/EC (40) through the analysis of
spiked samples, prepared starting from blank material by additions of
known amounts of the analytes. The precision of a method measures
the repeatability, evaluating the degree of agreement among individual
test results. The recovery percentage is used to indicate trueness and to
express the distance between the mean and the reference value.
Precision and trueness were determined by analyzing two sets of blank
matrices (six replicates each), spiked at a concentration of 0.1 pg/kg for
each analyte. Precision was expressed as deviation standard (SD) and
relative deviation standard (RSD), while trueness was expressed as
recovery %. The intra-day RSD values were well below the reference
values of 20%, derived by the Horwitz equation, under repeatability
conditions, demonstrating a good method precision (43). Calculated
values of recoveries % and RDS % were in the range of 73-110% and
always lower than 8.75%, respectively. Homoscedasticity of data was
evaluated using ANOVA (p =0.05), calculating the mean of recoveries
9%, obtained for the level at 0.1 pg/Kg. The recovery factors resulted
from 0.903 to 1.368 for the 4 PAHs. In Figure 4, an example of a
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FIGURE 1
Chromatograms and mass spectra of quantifier and qualifier ions (m/z) used in GC-MS/MS method for (A) BAP, (B) BAA, (C) BBF, (D) CHR, (E) PCB-209
determination, obtained from smoked salmon samples, extracted with Protocol Il based on QUEChERS method (Bond Elut-EMR lipid dSPE for
extraction and purification salts for clean-up, see text for details).
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TABLE 6 Validation parameters of BAP, BAA, BBF, and CHR, determined by means of GC—-MS/MS analysis of chicken samples, extracted and cleaned-up

with Protocol VII.

ts,/b<0.22° Intercept LODe LOQH SD + RSD Recovery Uncertainty %'
%° % + RSD %°
BAP 0.056 1.803 x 10~* 0.999 0.036 0.110 0.004 +5.56 73.08+4.06 10.15
BAA 0.035 3.295x 1073 0.999 0.023 0.070 0.005+5.43 94.25+5.12 9.98
BBF 0.043 1.457 x 1073 0.999 0.028 0.080 0.005+7.29 76.07 +£5.54 12.57
CHY 0.030 2.604 x 1073 0.999 0.019 0.060 0.009+£7.91 110.70£8.75 13.47
“t-Student of the ratios s,/b, where s, is the standard deviation of the slope of MMC curve (b).
bR? is the coefficients of determination of MMC curve.
Limit of detection (LOD) =3.3s,/b where s, was the standard deviation of the intercept.
4LOQ=10s,/b, both calculated from MMC curve.
“Mean values + standard deviations (#=6) of blank matrices fortified at 0.1 pg/kg for each analyte.
‘Mean values determined of blank matrices fortified at 0.1 pg/kg for each analyte (n=6).
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FIGURE 3
MMC curve for BAP (A), BAA (B), BBF (C) and CHR (D).
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FIGURE 4
Chromatograms and mass spectra of quantifier and qualifier ions (m/z) used in GC-MS/MS method for (A) BAP, (B) BAA, (C) BBF, (D) CHR, (D) PCB-209
determination, obtained at 0.1 pg/Kg for the evaluation of method precision.
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TABLE 7 Repeatability and recovery % of BAP, BAA, BBF, and CHR, determined by means of GC—-MS/MS analysis of fish and legume baby foods samples,

extracted and cleaned-up with Protocol VII.

Fish baby foods?

Recovery %

Legume baby foods®

Recovery %

|C,-Col <5, x ty/2

|C,-Col <5, x ty/2

BAP 10.063-0.066| < 0.014 64.5 10.743-0.756] < 0.400 74.95
BAA 10.096-0.095| <0.018 95.5 |0.848-0.859] <0.233 85.35
BBF 10.080-0.071|<0.018 75.5 [0.721-0.742| <0.334 73.15
CHR [0.110-0.103| < 0.032 106.5 10.758-0.822|<0.214 79.00

*Collected data by performing the analysis on sets of six replicates of blank matrices fortified at a concentration of 0.1 ug/kg for each analyte.
"Collected data by performing the analysis on sets of six replicates of blank matrices fortified at a concentration of 1.0 pg/kg for each analyte.

TABLE 8 Repeatability standard deviation (s,) at 0.1, 1.0 and 1.5 ng/kg of BAP, BAA, BBF and CHR, calculated in step of validation method by means of
GC-MS/MS analysis of chicken baby foods samples, extracted and cleaned-up with Protocol VII.

S BAP BAA BBF CHR
0.1pg/kg 0.004 0.005 0.005 0.008
1.0pg/kg 0.108 0.064 0.092 0.060
1.5pg/kg 0.161 0.101 0.053 0.083

chromatographic separation obtained at 0.1pug/kg was reported,
showing the chromatogram of quantifier ions and relative studied
transition for all 4 PAHs in chicken baby food samples. For the
evaluation of the uncertainty of measurements, the metrological
approach was adopted, using the validation data obtained from each
step of the analytical procedure. Taking into consideration the
uncertainties propagation law, the concentration relative uncertainty
was calculated for 4 PAHs, as reported in a previous work (39). A
relative expanded measurement uncertainty was calculated using a
coverage factor k of 2, corresponding approximately to a 95%
confidence level.

The robustness of this analytical method was evaluated by
Youden’s test, introducing several changes at once (44). The
application of the method to other matrices was considered as
changes to be applied. Hence, mixed meat and fish were also
spiked at 1.0 pg/Kg of each PAH and then analyzed and compared
with chicken samples. The standard deviation of the differences
D; (SD;) was calculated according to the equation reported by
Karageorgou and Samanidou (45). SD; resulted not significantly
larger than the standard deviation of the method carried out on
validated matrices (chicken samples), confirming that the
proposed method is sufficiently robust against the
chosen modification.

Moreover, other matrices such as fish and legume baby foods
were considered. Further analyses on two sets of blank matrices
(four replicates each) were also carried out. Fish and legume blank
samples were spiked at a concentration of 0.1 and 1.0 ug/kg for each
analyte, respectively. To evaluate the method reproducibility, the
absolute difference between independent single test results (C, and
C,) was considered. The |C,-C,| values were not found to be higher
than the repeatability limit, calculated against the expected 95%
probability interval of s, x t\/ 2, where s, is the repeatability standard
deviation at 1.0 pg/kg, as shown in Table 7. For fish samples, values
of recovery % resulted in the range of 83-105%, while for the
legume matrix, they were in the range of 73-85%. Also, these data
were compliant with the acceptability criteria of European
regulation (41, 42).
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3.3 Evaluation of four PAHs in baby food
samples

The monitoring was performed over 2years, by analyzing a total
of 60 samples of baby food, of common brands present on the Italian
market, and of different compositions (meat, fish, legumes, and
vegetables). The samples were analyzed in duplicate, verifying that the
concentrations of each analyte satisfied the repeatability criteria, i.e.,
the absolute difference of two values |C1-C2| must not exceed the
repeatability limit (s, x t\/ 2). In Table 8 values of s,, obtained during
the validation step, were calculated at three levels (0.1, 1.0, and 1.5 pg/
kg). If |C1-C2] satisfied these criteria, a mean value of concentration
was calculated and reported together with its measurement
uncertainty, also considering the coverage and recovery factors. The
final results were expressed as the sum of 4 PAHs. The results showed
that the mean level of total PAHs, for all the investigated samples, was
always below the lowest LOQ. Moreover, as reported in the literature,
cooking methods could influence the production of PAHs (46).
Considering that microwave and steaming cooking are the most used
methods to conserve nutrients and quality of baby foods, 40 samples
of chicken, salmon, lentils, and mixed legumes and vegetables, were
analyzed after these heat treatments. Twenty samples were heated for
5min in a water bath at 100°C and the other 20 samples were heated
for 30s in a microwave at full power. As in the previous case, PAH
contents resulted under the LODs and then they were not detected
and quantified (Figure 5). However, in this regard, further studies are
needed to evaluate the formation of 4 PAHs also considering other
setting parameters (temperature, time, power etc...) but also different
cooking treatments.

4 Conclusion

Different extraction and clean-up procedures were evaluated and
compared for the analytical determination of four regulated PAHs in
different infant foods, aiming to achieve high recovery rates and low
detection and quantification limits. The QuUEChERS method based on
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FIGURE 5

Chromatograms and mass spectra of quantifier and qualifier ions (m/z) used in GC-MS/MS method for BAP determination in fish baby food samples
(A) not-cooked, (B) after microwave cooking and (C) after steaming cooking.

a triple extraction, twice with acetonitrile and once with Bond  procedure, with recoveries in the range of 70-90% for the target
Elut-EMR lipid dSPE, followed by a subsequent purification with salts ~ analytes. The proposed method, based on GC-MS/MS analysis, was
NaCl and MgSO, 1:4 and —20°C overnight, was found to be the best ~ validated and used to analyze baby food samples (meat, fish, legumes,
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and vegetables), collected in the Italian market. The monitoring was
performed on untreated, steamed, and microwaved baby foods,
confirming that the concentration levels of BAP, BAA, BBE, and CHR
were lower than LOQs and consequently lower than the EU standard
limit (1 pg/kg) in all samples. Moreover, considering the high toxicity
and carcinogenicity of BAP, this monitoring has provided reassuring
results for children’s common products on the Italian market. In
conclusion, the developed GC/MS/MS method provided a highly
sensitive and reliable approach for the determination of PAHs in
different types of baby foods, even at trace levels. This method can
contribute to the assessment of PAH exposure in infants and support
regulatory efforts to ensure the safety and quality of infant food
products with regular monitoring.
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mixed light provided by
light-emitting diode
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Jiuxiao Zhao?, Xin Zhang*and Wengang Zheng®*

!Intelligent Equipment Research Center, Beijing Academy of Agriculture and Forestry Sciences,
Beijing, China, 2College of Horticultural and Landscape Architecture, Tianjin Agricultural University,
Tianjin, China

Edible fungi has certain photo-sensitivity during the mushroom emergence stage,
but there has been few relevant studies on the responses of Lyophyllum decastes
to different light quality. L. decastes were planted in growth chambers with
different light qualities that were, respectively, white light (CK), monochromatic
red light (R), monochromatic blue light (B), mixed red and blue light (RB), and
the mixture of far-red and blue light (FrB). The photo-sensitivity of L. decastes
was investigated by analyzing the growth characteristics, nutritional quality,
extracellular enzymes as well as the light photoreceptor genes in mushroom
exposed to different light treatments. The results showed that R led to mycelium
degeneration, fungal skin inactivation and failure of primordial formation in L.
decastes. The stipe length, stipe diameter, pileus diameter and the weight of
fruiting bodies exposed to RB significantly increased by 8.0, 28.7, 18.3, and 58.2%
respectively, compared to the control (p<0.05). B significantly decreased the
stipe length and the weight of fruiting body, with a decrease of 8.5 and 20.2%
respectively, compared to the control (p <0.05). Increased color indicators and
deepened simulated color were detected in L. decastes pileus treated with
B and FrB in relative to the control. Meanwhile, the expression levels of blue
photoreceptor genes such as WC-1, WC-2 and Cry-DASH were significantly
up-regulated in mushroom exposed to B and FrB (p <0.05). Additionally, the
contents of crude protein and crude polysaccharide in pileus treated with RB
were, respectively, increased by 26.5 and 9.4% compared to the control, while
those in stipes increased by 5.3 and 58.8%, respectively. Meanwhile, the activities
of extracellular enzyme such as cellulase, hemicellulase, laccase, manganese
peroxidase, lignin peroxidase and amylase were significant up-regulated in
mushroom subjected to RB (p<0.05), which may promote the degradation of
the culture materials. On the whole, the largest volume and weight as well as the
highest contents of nutrients were all detected in L. decastes treated with RB.
The study provided a theoretical basis for the regulation of light environment in
the industrial production of high quality L. decastes.

KEYWORDS

edible fungi, Lyophyllum decastes, nutritional quality, light quality, extracellular
enzymes, photoreceptor
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1 Introduction

Lyophyllum decastes (L. decastes), also known as fried chicken
mushroom, belongs to the order Agaricales, family Tricholomataceae,
and genus Lyophyllum. It is named for its resemblance to the
medicinal plant pilose antler (1). L. decastes is a large fungus widely
distributed in temperate regions of the northern hemisphere, which
can be used for both food and medicine. The substances such as
protein, vitamins, dietary fiber, minerals, amino acids and trace
elements in the mycelium and fruiting body have high nutritional
value, while the crude polysaccharides have medicinal functions such
as antioxidant, anti-tumor, blood pressure lowering, cholesterol
lowering, and immune function improving (2, 3). Nowadays, the
market prospect of L. decastes is promising due to its rich nutritional
composition, good medicinal properties and rich flavor.

The growth and development process of edible fungi can
be divided into the nutritional growth stage and the reproductive
growth stage, and the transition between these two stages is mainly
achieved through changes in environmental factors. Among them,
light is one of the important environmental factors affecting the
growth and development of edible fungi. Some studies have shown
that certain mushrooms such as Agaricus bitorquis, Agaricus bisporus,
and underground Poria cocos can produce fruiting bodies in total
darkness. However, light is indispensable during the reproductive
growth stage of most edible mushrooms. Meanwhile, studies have
reported that the light requirements of edible fungi are related to the
variety and growth stage (4-6). Previous studies have reported that
light quality can affect the mycelium activity, as well as the color, size
and weight of the fruiting bodies, and edible fungi exhibited different
fruiting body morphologies under different light environments. Wu
et al. (7) showed that red and yellow light promoted the mycelial
growth of Pleurotus eryngii in solid culture compared with the white
light. Dong et al. (8) showed that pink light increased the dry matter
content of Cordyceps militaris fruiting body compared with the blue
light. Yu et al. (9) investigated the effects of light quality on the growth
of mycelium and fruiting bodies of Volvariella volvacea, and found
that blue-green light was beneficial for the growth of mycelium, and
the number and yield of fruiting bodies were also the highest under
blue-green light. Song et al. (10) found that the length and diameter
of the Hypsizygus marmoreus stipe were the largest in the dark, while
the pileus diameter was the largest under blue light and the
combination of red, green and blue light. Light quality not only
affected the growth of mycelium and fruiting body, but also affected
the synthesis and accumulation of nutrient substance in edible fungi.
Jang and Lee (11) showed that the yield and ergot content of Pleurotus
ostreatus were higher under mixed blue and white light in relative to
the white light. Wu et al. (7) showed that the exopolysaccharides (EPS)
production of Pleurotus eryngii was highest under blue light
conditions. In addition, studies have shown that light exposure time
also had impacts on the development of edible fungi. Li et al. (12)
reported that 6h of light exposure was beneficial for the appearance
and total yield (per bottle) of fruiting bodies, while 18h of light
exposure was beneficial for the weight of individual fruiting body.

The nutrients required for the growth and development of edible
fungi are mainly provided by cultivation materials. Edible fungi
decompose macromolecular substances into micromolecular
substances under the catalytic action of extracellular enzymes. The
small molecule substances which are easily absorbed and
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transformed by the mycelium and fruiting bodies, can provide
nutrients for the hypha growth, primordial formation, and fruiting
body growth. Therefore, extracellular enzymes play a crucial role in
edible fungi growth and development. The main extracellular
enzymes during the growth of edible fungi include cellulase system,
hemicellulase system, lignin degrading enzyme system, and amylase
system (13-15). Cellulases include endo-1,4-p-D-glucanohydrolase
(E.C.3.2.1.4), exo-1,4-p-D-glucanase (E.C.3. 2.1.91) and B-1,4-
glucosidase (E.C.3.2.1.21), etc. Hemicellulases include endo-1,4-p-
xylanase (E.C.3.2.1.8) and exo-1,4-p-xylosidase (E.C.3.2.1.37), etc.
Lignin degrading enzymes include Lignin peroxidase (E.C.1.11.1.14),
Manganese peroxidase (E.C.1.11.1.13) and Laccase (E.C.1.10.3.2).
Amylase includes a-Amylase (E.C.3.2.1.1), f-Amylase (E.C.3.2.1.2),
Glucoamylase (E.C.3.2.1.3.) and Isoamylase (E.C.3.2.1.68) (16).
Study has shown that green light can increase the activities of total
cellulase, endo-1,4-B-D-glucanohydrolase, and xylanase in Pleurotus
ostreatus, but reduce the activity of laccase (17). The extracellular
enzyme activity of edible fungi varies in different environments,
which reflects the growth rate of mycelium and its ability to absorb
small molecule nutrients, thereby affecting the yield and nutrient
quality of edible fungi. Therefore, it is of great practical significance
to study the response of extracellular enzymes in edible fungi to
different light qualities.

So far, studies on the effects of light on the growth and
development of edible fungi mainly focus on Auricularia auricula,
Flammulina velutipes, Ganoderma lucidum, and Lentinula edodes, etc.
On the contrary, there have been few studies on the effects of artificial
lights on the characteristic mushroom L. decastes. This study not only
analyzed the impacts of light quality on L. decastes from the
perspective of phenotype, but also further explored the mechanism of
light’s influence on the mushroom at the molecular level. Meanwhile,
light emitting diodes (LED) control system with all-round adjustable
light formula has been applied in the experiment, ensuring the
stability and accuracy of the lighting environment. The results are
expected to provide a theoretical basis for the light regulation in the
industrial production of high-quality L. decastes.

2 Materials and methods
2.1 Experimental design

This experiment was conducted in a growth chamber of BAAFS,
Beijing, China, using an LED system that can set any light formula.
The L. decastes mushroom-sticks were treated with different light
qualities from the day when the mycelium was full. The growth cycle
of the mushrooms were divided into four stages that were hyphal stage
[needle shaped primordium, undifferentiated fruiting body, 0-14 days
after treatment (DAT)], bud stage (hemispherical pileus, 15-25 DAT),
coralline stage (oblate hemispherical pileus, 26-31 DAT), and mature
stage (flat pileus, diameter >35mm, 32-37 DAT) (18).

Five treatments were set up in the experiment, namely white light
(CK), pure blue light (B), pure red light (R), red and blue light (RB), and
far-red and blue light (FrB), with a total light intensity of 15 pmol-m—2s™"
for each treatment. The wavelength peak of blue light, red light and
far-red light were, respectively, 450 nm, 660 nm and 735nm. The light
intensity and spectrum were all measured approximately 10 cm below
the light source using a spectrometer (LI-180, LI-COR, USA).
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The light/dark (L/D) period at hyphal stage, bud stage, coralline stage
and mature stage were, respectively, 12h/12h, 12h/12h, 22.5h/1.5h
and 21h/3h (Supplementary Figure S1 and Table 1). The temperature
and the CO, concentration in the growth chamber was, respectively,
17+1°C and 1,550 pmol-mol™", and the relative humidity of air was,
respectively, (80+1)%, (80+1)%, (90+1)% and (90+1)% at hyphal
stage, bud stage, coralline stage and mature stage. Purified water was
sprayed three time per day with a spray bottle during the growth period.

2.2 Sampling and phenotypic measurement

The length and diameter of mushroom stipe, the pileus diameter
as well as the mushroom-sticks weight of L. decastes were dynamically
measured at 25, 28, 31, 34 and 37 DAT. The weight of fruiting body
was measured at harvest (37 DAT). Eight fruiting bodies randomly
taken from per treatment was regarded as a repetition, and there were
three repetitions in each treatment.

The color parameters and the spectral reflectance ranging
400 ~ 700 nm of the fruiting body were measured by spectrophotometer
(Shenzhen Sanenshi Technology Co., Ltd., Guangzhou, China) at
harvest. The color tone was obtained using various color space
parameters (L*, a* and b*). L* represents the gloss brightness, with a
value range of [0,100]. The larger L*, the brighter surface of the
fruiting body. a* and b* represent color components, with values
ranging from [—60,60]. Among them, a* represents the displacement
of mushrooms from green to red, where positive values represent the
red color tone and negative values represent the green color tone. b*
represents the displacement of the mushrooms from blue to yellow,
where positive values represent the yellow color tone and negative
values represent the blue color tone. The color parameters such as the
hue angle (Hue), the color saturation (C), the color index (CCI) and
the chromatism (AE) were calculated to further compare color

TABLE 1 Irradiation modes of LED light in different treatments.

10.3389/fnut.2024.1404138

differences of the mushrooms exposed to different light treatments.
The calculation formula was as follows:

Hue:tan’l(b* /a*), ifa*>0; and 180 + tan”~' (b* /a*), ifa* <0

Cz\la*2 +b*2

CCI=1000xa* /(L*xb*)

AE = AL + Aa*™? + Ab™2

2.3 Determination of nutrient content and
extracellular enzyme activities

0.1 g mushroom tissue (ground in liquid nitrogen) mixed with
0.9mL PBS buffer (pH =7.4) were centrifuged at 4°C and 8,000 rpm/
min for 30 min, then the supernatant was collected and stored at 4°C
for use. The nutritional indicators and extracellular enzyme activities
of L. decastes were determined using the Elisa assay kit purchased
from Shanghai C-reactive Biotechnology Co. Ltd. The contents of
crude polysaccharides (19), crude proteins (19), and total triterpenes
(20) were determined according to the instructions of the biochemical
analysis kit. The activities of extracellular enzymes including cellulase,
hemicellulase, laccase, manganese peroxidase, lignin peroxidase and
amylase were measured according to the instructions of the enzyme-
linked immunosorbent assay kit (21-25).

Treatment Light supply Light intensity (umolm=—=2.s7)
mode Blue light Red light White light  Far-red light

Hyphal stage B pure blue light 15 0 0 0
(0-14 DAT) R pure red light 0 15 0 0
&Bud stage CK white light 0 0 15 0
(15-25 DAT) RB red and blue light 7.5 7.5 0 0
L{12h) / D12h) FrB far-red and blue light 7.5 0 0 7.5

B pure blue light 15 0 0 0
Coralline stage R pure red light 0 15 0 0
(26-31 DAT) CK white light 0 0 15 0
L(22.5h) / D(1.5h) RB red and blue light 7.5 7.5 0 0

FrB far-red and blue light 7.5 0 0 7.5

B pure blue light 15 0 0 0
Mature stage R pure red light 0 15 0 0
(32-37 DAT) CK white light 0 0 15 0
L(21h) /D(3h) RB red and blue light 75 7.5 0 0

FrB far-red and blue light 7.5 0 0 7.5
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2.4 Photoreceptor related gene expression
analysis by quantitative real-time
reverse-transcription polymerase chain
reaction (QRT-PCR)

The total RNA of L. decastes was extracted using a polyphenolic
polysaccharide plant total RNA extraction kit (Magen Biotechnology
Co., Ltd., Guangzhou, China). The real-time PCR primers were
designed using Premier 6.0, and gene quantitative analysis was
performed on a fluorescence quantitative PCR instrument (Applied
Biosystems, USA) using the SYBR green method. The 10 pL reaction
mix was obtained using 5pL of 1 X SYBR Green Master Mix, 1 pL of
upstream and downstream primers, 2 pL of cDNA, and RNase-free
Water. The relative transcript levels were calculated using the 2-AACT
method (26). GPD gene was used as internal gene in the test. The
design of primer sequences for target gene and internal parameter
gene was shown in Supplementary Table S1.

2.5 Statistical analysis

The relative spectral curve was extracted using Avasoft 8, and data
was organized and plotted using Excel and SPSS Statistics 22. Cluster
analysis was performed using Hiplot, and correlation analysis was
performed using Origin 2021. The data was presented as mean + errors.

3 Results

3.1 The growth and development of
Lyophyllum decastes under different light
treatments

As shown in Figure 1A, the mycelium of mushroom treated with
monochromatic red light (R) degenerated and the activity of fungal skin
decreased. The primordium formation was inhibited and no fruiting
body formed under R treatment, indicating that monochromatic red
light was not conducive to the growth of L. decastes.

As shown in Figure 1B, the stipe length was increased by RB and
FrB, while decreased by B, compared with the control. The stipe length
of mushroom exposed to RB treatment kept the longest throughout
the entire growth period, while that subjected to B treatment displayed
the lowest. At 37 DAT, the stipe length of mushroom under RB and
FrB treatments was increased by, respectively, 8.0 and 3.5% relative to
the control, while that under B was significantly decreased by 8.5%
(p < 0.05). It indicated that monochromatic blue light combined with
red light or far-red light promoted the elongation of the stipe, on the
contrary, the monochromatic blue light restrained the stipe elongation.
The highest elongation rate of stipe was detected during the mature
stage which was 5.7-6.6 mm-d ™' under different treatments.

The diameter of both stipe and pileus were increased by all the
treatments compared with the control, displaying an order as
RB > FrB > B > CK. At 37 DAT, the stipe diameter of mushroom
exposed to RB, B and FrB treatments was significantly increased by,
respectively, 28.7, 27.4 and 26.4% compared with the control (p <0.05).
The highest growth rate of stipe diameter was detected during the bud
stage which was 0.9-1.0mm-d™' under different treatments
(Figure 1C). At 37 DAT, the pileus diameter of mushroom exposed to
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RB, B and FrB treatments was significantly increased by, respectively,
18.3, 14.8 and 8.2% compared with the control (p <0.05). The highest
growth rate of pileus diameter was observed during the coralline stage
which was 3.4-4.7mm-d~" under different treatments (Figure 1D).
The total weight of nutrients and fruiting bodies declined with the
nutrient consumption in the bacterial bag over time, however, no
significant difference was detected among different treatments
(Figure 1E). In addition, as regards of the body weight at harvest, the
weight of fruiting bodies subjected to RB and FrB treatments were
significantly increased by, respectively, 58.2 and 31.9% (p <0.05)
compared to the control. On the contrary, B treatment significantly
decreased the fruiting body weight by 20.2% relative to the control
(p <0.05) (Figure 1F). On the whole, compared with white light, blue
light mixed with red light or far-red light were beneficial for increasing
the size and weight of L. decastes. Monochromatic blue light inhibited
the stipe elongation and the weight accumulation of the fruiting body,
but promoted the lateral growth of L. decastes compared with white light.

3.2 The coloring of pileus and stipe of
Lyophyllum decastes under different light
treatments

Color is an important factor affecting the appearance and
commercial value of mushrooms. C represents color saturation, with
higher values indicating higher chromaticity and lower values
indicating a color closer to gray. Hue represents the color angle,
reflecting the coloring of the fruiting body. CCI stands for color index
which can be used to evaluate the color changes of mushroom, and
the color ratio a*/b* is the comprehensive color index. AE represents
color difference, the larger the value, the greater the color difference.
As shown in Table 2, all color parameters showed higher in the pileus
than the stipe, which might be due to the stipe being obscured by the
pileus and receiving less light. Compared with the control, mushroom
pileus exposed to B and FrB treatments showed significantly higher
value of Hue, CCI, a*/b* and AE, together with darker simulated color
(p<0.05). It indicated that monochromatic blue or mixed blue and
far-red light irradiation was beneficial for the coloring of the pileus. In
contrast, the color change of stipe under different treatments was not
as significant as that of the pileus from the result of simulated color.

3.3 The reflectance of pileus and stipe of
Lyophyllum decastes under different light
treatments

As shown in Figure 2, the reflection spectrum curves of mushroom
were basically similar among treatments, and the reflectance of the pileus
and stipe increased with the increasing wavelength. The reflectance of
mushroom pileus in each treatment was lower than that of the control,
as follows: CK>RB>FrB> B, the difference between each treatment
reached a significant level (p <0.05). This indicated that light treatments
especially B and FrB enhanced the light absorption of pileus (Figure 2A),
which was corresponded with the color parameters in Table 2. Similarly,
the reflectance of the stipe was also found the lowest in mushroom
exposed to B (significantly lower than the other treatments, p <0.05), it
might imply that monochromatic blue light was conducive for light
absorption of mushroom. The reflectance difference in the stipe among
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FIGURE 1
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Growth and development of L. decastes under different light qualities. (A) Photos of L. decastes at different stages; (B) The stipe length of L. decastes at 25,
28, 31, 34, and 37days after treatment (DAT); (C) The stipe diameter of L. decastes at 25, 28, 31, 34, and 37 DAT; (D) The pileus diameter of L. decastes at 25,
28, 31, 34, and 37 DAT; (E) The weight of culture material and fruiting body of L. decastes at 25, 28, 31, 34, and 37 DAT; (F) The weight of fruiting body of L.
decastes at 37 DAT. Different lowercase letters indicate significant differences between groups (p<0.05). The following figure is the same.
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TABLE 2 The color and simulated color of the pileus and stipe of L. decastes under different light qualities.

Treatment Simulated
color
B 21.0+0.68a 3.53+2.00b 5.86+0.86a 0.30+0.03a 16.84+2.78a
CK 21.39+1.18a 0.32+0.10c 3.19+0.29b 0.22+0.02b od
Pileus
RB 21.73+0.54a 0.65+0.73¢ 3.66+0.48b 0.23+0.03b 4.16+1.13¢
FrB 22.40+1.14a 8.30+1.15a 5.96+0.06a 0.33+0.00a 12.45+1.87b
B 16.86+1.21a 1.70+0.80a 0.84+0.19a 0.06+0.02a 3.66+2.37ab
CK 19.96+1.14a 0.15+0.11b 0.99+0.33a 0.08+0.02a 0b
Stipe
RB 17.90+2.61a 0.12+0.07b 0.69+0.42a 0.06+0.03a 4.13+3.13ab
FrB 16.76+1.12a 0.30+0.17b 1.02+0.17a 0.08+0.01a 7.45+2.19

Different letters in the same industry indicate significant differences (p <0.05), as shown in the table below. Calculate AE using CK as the standard.
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FIGURE 2
Reflection spectra of the pileus (A) and stipe (B) of L. decastes under different light qualities.

treatments seemed smaller than that of the pileus, indicating that the
pileus was more sensitive to light quality than the stipe (Figure 2B).

3.4 The nutrient quality of Lyophyllum
decastes under different light treatments

As seen in Figure 3, all treatments raised the contents of crude
protein, crude polysaccharide and total triterpenoids in the fruiting
bodies in various degrees compared with the control. The crude

Frontiers in Nutrition

protein content in pileus exposed to B, RB and FrB treatments was
significantly increased by, respectively, 14.0, 26.5 and 18.8% (p <0.05)
in relative to the control, while that in stipe was increased by,
respectively, 19.0, 5.3 and 6.5% (Figure 3A).

The crude polysaccharide content in pileus exposed to B, RB and
FrB treatments was increased by, respectively, 2.1, 9.4 and 17.4%
compared with the control, however no significant difference was
observed. B and RB treatments significantly enhanced the crude
polysaccharide content in stipe by, respectively, 38.0 and 58.8%
(p<0.05) compared with the control (Figure 3B). In addition, no
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FIGURE 3
The contents of crude protein (A), crude polysaccharide (B), and
total triterpenoid (C) in L. decastes under different light treatments.

significant difference was detected in the content of total triterpenoids
in the fruiting bodies subjected to different light treatments ( ).

3.5 The extracellular enzyme activities of
Lyophyllum decastes under different light
treatments
As shown in , the activities of cellulase, hemicellulase,
laccase, manganese peroxidase, lignin peroxidase and amylase were all
significantly (p <0.05) raised in fruiting bodies exposed to RB and FrB
treatments compared with the control, and the highest activities for
these six extracellular enzymes were all detected under RB treatment,
which were, respectively, 13.7% ~46.2% (in pileus) and 19.0% ~ 63.3%
(in stipe) higher than those treated with the control. The increase of
extracellular enzyme activities stimulated the degradation of the culture
medium, thereby promoting the growth of fruiting bodies, which
might explain the significantly higher weight of fruiting bodies in RB
and FrB treatments. In contrast, the laccase activity of the fruiting body
subjected to B treatment was significantly decreased compared with the
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other treatments, it might indicate that short wavelength irradiation
was not conducive to the enhancement of laccase activity.

3.6 The relative expression level of
photoreceptor genes in Lyophyllum
decastes exposed to different light
treatments

To further investigate the responses of L. decastes to different light
qualities, RT-PCR technology was used to analyze the expression of
photoreceptor genes in the fruiting bodies under different light qualities.
As shown in , B and FrB treatments significantly increased the
expression levels of both blue light photoreceptor gene (WC-1, WC-2
and Cry-DASH) and red light photoreceptor gene (Phy) compared with
the control (p <0.05). The highest expression levels of WC-2 and Cry-
DASH were both detected in mushroom exposed to B treatment,
significantly increased by 3 times and 1 times compared to the control
(p<0.05), respectively. The highest expression level of WC-1 and Phy
were both detected in mushroom exposed to FrB treatment, significantly
increased by 1 time and 3 times relative to the control (p<0.05),
respectively. In contrast, no significant difference was detected in the
expression level of photoreceptor genes in mushroom exposed to RB
treatment compared to the control. The better coloring and higher light
absorption of pileus subjected to B and FrB observed in and

might be due to the up-regulated expression level of
photoreceptor genes by the two treatments.

3.7 Correlation analysis among the
phenotype, nutrient qualities and
extracellular enzyme activities of
Lyophyllum decastes exposed to different
light treatments

As shown in , significant positive relationship was
observed between the stipe length and the activities of laccase and
cellulase in the stipe (p <0.05). The diameter of the stipe and pileus
was significantly positively correlated with the activities of cellulase,
hemicellulase, manganese peroxidase, lignin peroxidase as well as
amylase (p<0.05). Moreover, the weight of the fruiting body was
positively correlated with the activities of hemicellulase, manganese
peroxidase, and lignin peroxidase in the stipe and pileus. It can be seen
that the size and weight of L. decastes seemed generally positively
correlated with extracellular enzyme activities.

As for the correlation between the nutrients and extracellular
enzyme activity in the fruiting body, it was observed that the crude
protein content was significantly positively correlated with the
activities of cellulase and laccase in pileus, while the crude
polysaccharide content was significantly positively correlated with the
activity of amylase in pileus (p <0.05). However, the crude protein
content was negatively correlated with the activities of hemicellulase,
manganese peroxidase, or lignin peroxidase in the stipe. Moreover,
there is no significant correlation between triterpenoid substances and
extracellular enzyme activity in the fruiting body. Therefore, the
interaction mechanism between extracellular enzymes and the
nutrient accumulation in the fruiting body was relatively complex.


https://doi.org/10.3389/fnut.2024.1404138
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Chen et al.

10.3389/fnut.2024.1404138

FIGURE 4

Cellulase activity (U/g)

Lignin peroxidase activity

0.40 -

0.00

7.00
6.00
5.00
4.00

/g)

=,3.00
2.00
1.00
0.00

M Pileus
0O Stipe

b
b

FrB

M Pileus
O Stli)pe

RB

FrB

M Pileus
ElaStipe

FrB

Manganese peroxidase

1.00
0.90
%60.80
<0.70
Z 0.60
£ 0.50
«
 0.40
-
= 0.30
Z0.20
=
Z 0.10
3
I 0.00

5.00
450 |
4.00 |

350

o0

S 3.00

2250

Z 200

& 1.50
1.00
0.50

0.00

0.100
0.090
0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010
0.000

Amylase activity (U/mg)

FirB

M Plieus
O Stipe

Laccase activity (Pileus)

Laccase activity (Stipe)

Hemicellulase activity (Stipe)

Lignin peroxidase activity (Stipe)
Cellulase activity (Pileus)

Manganese peroxidase activity (Stipe)
Amylase activity (Stipe)

Cellulase activity (Stipe)

Manganese peroxidase activity (Pileus)
Hemicellulase activity (Pileus)
Lignin peroxidase activity (Pileus)

Amylase activity (Pileus)

FrB

0.5

o -0.5

The enzyme activities of cellulase (A), hemicellulase (B), laccase (C), manganese peroxidase (D), lignin peroxidase (E) and laccase (F) in L. decastes
under different light treatments, and the cluster heatmap of extracellular enzyme activity (G).

Frontiers in

112



https://doi.org/10.3389/fnut.2024.1404138
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Chen et al. 10.3389/fnut.2024.1404138

A B
1.00 - 18.00
WC-1 16.00
T 080
& a ,, 1400
E el ERELD a
H b 2. 10.00
«
£ 040 - b % 8.00
£ z 6.00 "
& 020 4 400
2.00
0.00 L L L .
B CK RB FiB 0.00
RB FrB
C D
1.20
050
Ph
1.00 Y
. b 040 -
£ 080 & X
g Z o030 | b
E- 0.60 & %
o =] -
% 040 2 020
& £
= 0.20 g o010 - s £
0'00 . . . .
000 1 1 1
RB FrB B CcK RB FrB
E
1.5
1
Phy
0.5
0
-0.5
” -1
wcC-1
-1.5
wC-2
Cry-DASH
CK-1 CK-2 CK-3 RB-2 RB-1 RB-3 FrB-1 FrB-3 FrB-2 B-2 B-1 B-3
FIGURE 5

The relative expression levels of photoreceptor genes: WC-1 (A), WC-2 (B), Cry-DASH (C) and Phy (D) in L. decastes under different light treatments,
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4 Discussion important factor in the growth and development of edible fungi.
Our study indicated that the highest average growth rate of stipe

The fruiting stage of edible fungi is light sensitive stage, light ~ diameter, pileus diameter, and stipe length of L. decastes was,
can either stimulate or inhibit fungal development, so light isan  respectively, detected at bud stage (DAT 15-Day 25), coralline
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FIGURE 6
The correlation analysis among the phenotype, nutrient qualities and extracellular enzyme activities of L. decastes. * represents p-value less than 0.05,
**represents p-value less than 0.01.

stage (Day 26-Day 31) and the mature stage (Day 32-Day 37)
regardless of different treatments. Arjona et al. (27) reported that
blue light was the triggering signal for the formation of Pleurotus
ostreatus primordia, and the formation of primordia could not
be achieved in a light environment lacking blue light. Ellis et al.
(28) found that blue light with wavelengths of 440-470 nm was
the most favorable for the formation of Coprinus comatus
primordia. Kim et al. (29) found that blue light irradiation
increased the expression level of FAD-NAD binding proteins
related to primordial formation in Lentinula edodes by four times
compared with the darkness. Li et al. (30) also observed that blue
light up-regulated the expression of conidiation and hydrophobin
proteins, which was related to the composition of fungal cell wall
and cell membrane synthesis during the primordial formation in
Trichoderma. These studies indicated that blue light played an
important role in the formation of the primordium of edible
fungi. In the present study, normal primordia formation of
L. decastes occurred under CK, B, RB and FrB treatments.
However, the mycelium of L. decastes degenerated and the fungal
skin activity decreased under R treatment. It indicated that blue
light was indispensable during the primordium formation of
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L. decastes, confirming the importance of blue light for edible
fungi mentioned above. In addition, studies also have shown that
several important biosynthetic pathways in mushrooms such as
the membrane transport protein synthesis and the amino acid
biosynthetic were found inactive under monochromatic red light
irradiation. The function of membrane transporters was to
perceive external stimuli and transmit signals to cells,
maintaining the activity of mycelial (31, 32). Therefore, the
degradation of L. decastes mycelium under R treatment in this
study might be due to the lack of blue light irradiation or a
decreased expression level of membrane transporter protein in
L. decastes caused by monochromatic red light.

Our study found that RB treatment significantly enhanced the size
and weight of the L. decastes fruiting body compared with the control
(p<0.05). On the contrary, B treatment significantly decreased the stipe
length and the fruiting body weight. This was consistent with Jang et al’s
study (33), which showed that the stipe of Hypsizygus marmoreus was
the shortest under the pure blue light compared with the other light
treatments such as mixed blue and white light, mixed green and white
light, combined blue and green light. It implied that although blue light
acted a crucial role in the primordium formation of L. decastes,
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monochromatic blue light was not optimum light quality for the size or
weight of fruiting body of L. decastes. In addition, the correlation analysis
showed that the stipe length, the diameter of stipe and pileus were
positively correlated with the activities of cellulase, hemicellulase, laccase,
manganese peroxidase, lignin peroxidase, and amylase. Meanwhile, the
fruiting body weight was positively correlated with the activities of
hemicellulase, manganese peroxidase, and lignin peroxidase in both
pileus and stipe. In the resent study, the highest extracellular enzyme
activity accompanied with the highest size and fruiting body weight were
all detected in L. decastes treated with RB treatment. The mixed red and
blue light might promote the degradation of the cultivation materials and
absorption of nutrients by L. decastes via increasing the activities of the
extracellular enzyme, which might account for the best growth and
weight of the fruiting bodies detected under RB treatment.

The color of edible mushroom is one of the main factors
affecting consumer choices (34). Carotenoid is one of the main
pigments that contribute to the coloration of fungi, providing
characteristic yellow, orange or reddish colors (35). Studies have
shown that the synthesis of carotenoids in Fusarium and
Cordyceps militaris was associated with the blue light signaling
pathway and was synergically regulated by blue light
photoreceptor, while red light wave band was ineffective for the
carotenoids synthesis (36, 37). The current study displayed that
higher color spectral parameters such as Hue, CCI, a */b *, and
A E values as well as deeper simulated color of the pileus were
detected in L. decastes under B and FrB treatments compared
with the other treatments. It demonstrated that blue light or
mixed far-red and blue light were beneficial for the coloring of
L. decastes. This might be due to that B or FrB irradiation
up-regulated the expression level of light photoreceptor genes
such as WC-1, WC-2 and Cry-DASH, which might participate to
regulate carotenoid biosynthesis pathway in edible fungi (38).

Light quality not only affected the morphology formation of
edible fungi, but also acted on the synthesis and accumulation of
nutrient substance in the fruiting body. Tang et al. (39) used
transcriptomics to study the photoresponse mechanism of Lentinus
edodes and found that light would affect the transportation and
metabolism of carbohydrates. The studies by Wang et al. (40) and
Zhu et al. (41) showed that blue light was conducive to the synthesis
of polysaccharides and protein in Ganoderma lucidum and
Hypsizygus marmoreus compared with red light. Similarly, our
study found that the contents of crude protein and crude
polysaccharide in L. decastes exposed to B, RB, FrB treatments were
all increased compared with the control. The possible reason was
that organic metabolism related genes such as hydrophobin genes
(SCI and SC3), lignin-modifying genes (LACI, LCC2 and LCC3)
and Tyrosinase-encoding genes (TYRI and MELC2) were
up-regulated under the those light qualities (29, 39, 42, 43).

Extracellular enzyme activity reflects the ability of mushrooms to
absorb and utilize small molecule nutrients. It has been reported that
extracellular enzyme stimulated the degradation of the culture medium,
thereby promoting the organic metabolism and the growth of fruiting
bodies (14). Cao et al. (44) found that higher activities of cellulase and
laccase appeared with higher contents of polysaccharides in Lentinula
edodes. In the present study, the correlation analysis in Figure 6 showed
that the crude protein content was significantly positively correlated with
the cellulase and laccase activities in the pileus, while the crude
polysaccharide content was significantly positively correlated with the
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amylase activity in the stipe (p <0.05). The results confirmed the positive
correlations between the extracellular enzyme and the organic
metabolism. In addition, our study found that the activities of cellulase,
hemicellulase, manganese peroxidase, lignin peroxidase and amylase
were all raised in fruiting bodies exposed to B, RB and FrB compared
with the control. Thus, the increased activity of cellulase, hemicellulase,
peroxidase and amylase in L. decastes treated with B, RB, FrB may also
accounted for the higher contents of organic substance observed in those
light treatments. Xie et al. (45) studied the effects of blue light on the
activity of manganese peroxidase in Pleurotus eryngii, to find that blue
light inhibited the activity of manganese peroxidase compared with
darkness. Ramirez et al. (46) reported that blue light significantly reduced
the activity of lignin peroxidase in Phanerochaete chrysosporium Burds
in relative to white light. On the contrary, Gan et al. (47) and Zhu et al.
(48) reported that blue light increased the activity of amylase in
Pseudopestalotiopsis theae, Fusarium solani, Xylaria venustula and
Aspergillus niger compared with the white light. The results in our study
displayed that the activities of the manganese peroxidase, lignin
peroxidase and amylase were all increased in L. decastes treated with B
compared with the control. This might indicate that the effects of light
quality on extracellular enzymes in edible fungi was variety dependent.
Furtherly, when comparing the effects of these three light qualities (B, RB
and FrB) on extracellular enzymes in the current study, it was found that
the up-regulation effect of RB and FrB were more significant compared
with B. It implied that blue light mixed with red light or far-red light were
more effective to the extracellular enzyme activities in L. decastes.

Light signals were first transmitted into cells through photoreceptor
proteins, and then the protein complexes acted as transcription factors
to regulate the expression of many downstream genes, thereby regulating
various life activities such as the development and nutrient synthesis in
edible fungi (49-51). The results in our study showed that all treatments
up-regulated the expression levels of the four photoreceptor genes
(WC-1, WC-2, Cry-DASH, and Phy) compared with the control.
Additionally, it was noticed that all treatments enhanced the activities of
extracellular enzymes such as cellulase, hemicellulase, manganese
peroxidase, lignin peroxidase and amylase in L. decastes. This may
because that photoreceptor genes were involved in the regulation of
extracellular enzyme (52). Nevertheless, since light environment
elements include light intensity, light period, light quality and light
distribution, the current study only analyzed the effects of light quality
on L. decastes, further studies are needed to reveal the effects and
mechanisms of the other light factors on the growth and development of
L. decastes.

5 Conclusion

R led to the degeneration of the mycelium and decreased the
activity of fungal skin, without forming the primordia. RB significantly
promoted the increase of volume and weight in L. decastes and
up-regulated the activities of extracellular enzyme in mushrooms,
while B significantly decreased the stipe length and the weight of
mushroom fruiting body compared to the white light. B or FrB were
beneficial for the coloring of L. decastes, in that blue light
photoreceptors (WC-1, WC-2 and Cry-DASH) which synergically
regulated the main pigments contributing to the coloration of fungi
were up-regulated by B and FrB. On the whole, the largest volume and
weight as well as the highest contents of crude polysaccharide, crude
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protein and total triterpenoids were all detected in the L. decastes
fruiting bodies treated with RB, compared with the other treatments.
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Integrated Traditional Chinese and Western Medicine for Prevention and Treatment of Digestive
System Diseases of Luzhou City, The Affiliated Traditional Chinese Medicine Hospital, Southwest
Medical University, Luzhou, China

Introduction: Liuweizhiji Gegen-Sangshen beverage (LGS) is popular in
China, which has been used for alleviating alcohol-mediated discomfort
and preventing alcoholic liver disease (ALD). This beverage is consisted of
six herbal components that are known as functional foods and fruits. LGS is
rich in polysaccharides, however, the activity and quality evaluation of LGS-
derived polysaccharides remain unexplored. The purpose of this study is thus
to establish a comprehensive quality control methodology for the assessment
of LGS polysaccharides (LGSP) and to further explore the anti-oxidant, anti-
inflammatory as well as prebiotic effect of LGSP.

Methods: LGSP was extracted, followed by analysis of molecular weight
distribution, monosaccharide content and structural characterization via
integrating the application of high-performance size exclusion chromatography
(HPSEC),  1-phenyl-3-methyl-5-pyrazolone-HPLC  (PMP-HPLC), fourier
transform infrared spectroscopy (FT-IR) as well as nuclear magnetic resonance
spectroscopy (NMR) techniques. The anti-oxidation activity of LGSP was
determined by DPPH, ABTS, hydroxyl radical scavenging capacity and total
antioxidant capacity. The anti-inflammation of LGSP were assessed on the RAW
264.7 cells. The effect of LGSP on growth of Lactobacillus, Bifidobacterium
bifidum and Bifidobacterium adolescentis was evaluated.

Results: The results demonstrated that LGSP had two molecular weight
distribution peaks, with the average molecular weights of (6.569 + 0.12) X 10 Da
and (4.641 + 0.30) x 10* Da. LGSP was composed of 8 monosaccharides, with
galacturonic acid, glucose rhamnose and galactose representing the highest
molar ratios. Homogalacturonic acid (HG) type and rhamnosegalacturonic acid
glycans | (RG-I) type and a-1,4-glucan were present in LGSP. LGSP concentration
in LGS was 17.94 + 0.28 mg/mL. Furthermore, fingerprint analysis combined
with composition quantification of 10 batches of LGSP demonstrated that there
was a high similarity among batches. Notably, LGSP exhibited anti-oxidant
effect and inhibited expressions of pro-inflammatory factors (TNF-a and IL-
6) in LPS-stimulated RAW 264.7 cells. In addition, LGSP remarkably promoted
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the proliferation of probiotics Lactobacillus, Bifidobacterium bifidum and
Bifidobacterium adolescentis, showing good prebiotic activity.

Discussion: The results of present study would be of help to gain the
understanding of structure—activity relationship of LGSP, provide a reference for
quality evaluation of bioactive LGSP, and facilitate development of unique health
and functional products in the future.

KEYWORDS

Gegen-Sangshen beverage, polysaccharide, fingerprint, anti-inflammation,
Lactobacillus, Bifidobacterium

Introduction

Liuweizhiji® Gegen-Sangshen beverage (LGS), consisting of six
functional and herbal foods, including Puerariae lobatae radix (The
dried radix of Pueraria lobata (Willd.) Ohwi), Hoveniae semen (The
dried fruit and seed of Hovenia dulcis Thunb), Imperatae rhizoma (The
dried rhizome of Imperata cylindrica Beauv. var. major (Nees)
C. E. Hubb), Crataegi fructus (The dried fructus of Crataegus pinnatifida
Bge.), Mori fructus (The dried fructus of Morus alba L.) and Canarli
fructus (The dried fructus of Canarium album Raeusch.), is available in
market and is popular in southwest China, which has been used for
alleviating alcohol-mediated discomfort and preventing alcoholic liver
disease (ALD) (1). This functional drink and its components have been
traditionally used to treat digestive tract disorders including liver
dysfunction. The main components of LGS included flavonoids,
polyphenols, organic acids, as well as the macromolecular
polysaccharides. It was demonstrated that some flavonoids and organic
acids, including puerarin and its derivatives, vitexin, rutin and gallic
acid, showed anti-oxidant, anti-inflammatory and gut microbiota
regulating activities and contributed to the ALD alleviating effect of LGS
(2-5). Current studies on active ingredients of LGS are mainly focused
on the small-molecule components (1), however, the polysaccharide
fraction is largely unexplored. The activity and quality control of
polysaccharides from LGS necessitate further studies.

Polysaccharides derived from varied sources exhibit potent
biological effects, such as antioxidant, antitumor, immunomodulatory,
hypoglycemic, and hepatoprotective properties (6-8). Previously, it
was reported that Pueraria lobata polysaccharides, possessed
antioxidant and immunomodulatory activities, and regulated gut
microbiome (9, 10). Polysaccharides from Crataegi fructus modulated
lipid metabolism and restored the imbalance of intestinal microbiota
(11). Similarly, polysaccharides from Mori fructus showed anti-
inflammation, antioxidant, and hepatoprotective properties (12, 13).
Biologically active polysaccharides were also identified from rest of
the three herbs (14-16). It is thus speculated that polysaccharides are
an important fraction of LGS. However, after complex processing and
manufacturing, the structure of LGS polysaccharides (LGSP) may
be altered significantly. Moreover, whether LGSP exerts biological
effects (including antioxidant, anti-inflammatory and prebiotic
effects) related to the anti-ALD effect of LGS remains unclear.

Owing to the complicate structure and large molecular weight of
polysaccharides, quality control of polysaccharides is considered
difficult. Natural plant polysaccharides are complex carbohydrate
polymers consisting of varied long-chain monosaccharide units, and
the quantification of a single marker substance is difficult and cannot
reflect the
polysaccharides (17). Integrated techniques to evaluate polysaccharide

specifically whole structural characteristics of
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quality from different aspects, including monosaccharide contents,
molecular weight, and distinctive structures, is thus of great significance
(18). Multiple fingerprinting using spectroscopic and chromatographic
methods as well as chemometrics have been proposed for the quality
assessment (19). The determination of monosaccharide composition is
indispensable in polysaccharide fingerprinting, and the commonly
used detection methods include 1-phenyl-3-methyl-5-pyrazolone-
HPLC (PMP-HPLC), gas chromatography-mass spectrometry (GC-
MS), high-performance size exclusion chromatography (HPSEC), and
high performance anion exchange chromatography-pulsed
amperometric detector (HPAEC-PAD) (20, 21). In addition, gel
permeation chromatography has been used for molecular weight
distribution fingerprinting (22). Structural characteristic fingerprinting
by fourier transform infrared spectroscopy (FT-IR) as well as nuclear
magnetic resonance spectroscopy (NMR) analysis affords sufficient
structural information of polysaccharides (21). Thus, multi-
fingerprinting analysis combined with quantitative analysis present as
an efficient and effective method for evaluation of the quality
consistency of polysaccharides, especially those derived from complex
herbal preparations with potential batch-to-batch differences.

Based on the limitations on current studies of LGSP, the purpose
of this study is to establish a multiple-fingerprint-based methodology
for quality control assessment of LGSP and to investigate the related
biological activity of LGSP. In this study, the LGSP were extracted
from LGS, and multi-fingerprint analysis based on HPSEC,
PMP-HPLC, FT-IR, and NMR were performed to analyze the
molecular weight, the types and proportions of constituent
monosaccharides, the types of characteristic functional groups and
glycosidic bonds of LGSP from 10 batches of samples. The contents of
total polysaccharides, total acidic sugars, and the content distribution
of different molecular weight components were also investigated.
Eventually, the antioxidant, anti-inflammatory and prebiotic activities
of LGSP were analyzed by in vitro assays. The results of current study
would gain better understanding towards the structure of LGSP,
provide basis for the quality evaluation, and support for the functional
use of the active polysaccharide fraction of LGS.

Materials and methods
Materials and chemicals

Amyloglucosidase, heat-stabilized a-amylase, D-glucuronic acid,

L-rhamnose = monohydrate, ~D-(+)-glucose, D-(+)-mannose,
L-arabinose, D-galacturonic acid, KBr (AR grade), bovine serum
albumin (BSA) and coomassie brilliant blue were obtained via Shanghai

Yuanye Bio-Technology (Shanghai, China). D-xylose and D-galactose
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were provided by Shanghai Aladdin Biochemical Technology
(Shanghai, China). PMP, trifluoracetic acid (TFA) and dextran were
obtained from Sigma-Aldrich (St. Louis, MO, United States). Glucose,
lipopolysaccharide (LPS), 5-diphenyltetrazolium bromide (MTT) and
dimethyl sulfoxide (DMSO) were obtained from Shanghai Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). MRS medium
without glucose was got from Shandong Tuopu Biol-engineering
(Shandong, China). DMEM culture medium and fetal bovine serum
(FBS) were purchased from Shanghai Xiaopeng Biotechnology Co.,
Ltd. (Shanghai, China). Primers were purchased from Tsingke
Biotechnology Co., Ltd. (Beijing, China). Acetonitrile and methanol
(HPLC grade) were obtained from Chron Chemicals (Chengdu,
China). Ultra-pure water was prepared by Milli-Q (Merck, Germany).

Lactobacillus (CICC 6269), Bifidobacterium bifidum (CICC
6071), Bifidobacterium adolescentis (CICC 6070) and Escherichia coli
(CICC 10899) were purchased from the China Center of Industrial
Culture Collection (CICC, Beijing, China). Under anaerobic
condition at 37°C, Lactobacillus was cultured in MRS medium, E. coli
was cultured in LB medium, while B. bifidum and B. adolescentis were
cultured in CM0233 medium.

RAW264.7 macrophages
Biotechnology Co., Ltd. (Guangdong, China). Macrophages were
inoculated into DMEM medium supplemented with 10% FBS, 100 U/
mL penicillin, and 100 U/mL streptomycin. The cells were then placed
at 37°C in an incubator with 5% CO, humidified atmosphere.

A total of 10 batches of LGS (S1-S10) were supplied by Sichuan
Tongyou Life Health Technology Co., Ltd. (Sichuan, China). Voucher
specimens (Batch Number: 230101-230,110) were deposited at School
of Pharmacy, Southwest Medical University, Luzhou, China.

were obtained from Cyagen

Extraction and purification of LGSP

An aliquot of 30mL LGS was mixed with 40mL of ultrapure
water. Thermostable a-amylase was added at 10 U/mL, maintaining at
70°C for 8h. After cooling down, amyloglucosidase was added at
10 U/mL for removing starch. The reaction was taken at 59°C for 12 h,
and finally heated to 95°C for 30 min to inactivate the enzyme. After
further centrifugation at 4000 x g for 15min, 4 volumes of alcohol
(95%, v/v) were mixed with the supernatant for precipitating crude
polysaccharides. Next, crude polysaccharides were washed and
redissolved and freeze-dried to obtain LGSP, which was stored at 4°C.

HPSEC fingerprint

The molecular weight and distribution of LGSP were analyzed by
HPSEC connecting to a multi-angle laser light scattering and
differential index detector (HPSEC-MALLS-RID), and molecular
weight fingerprint of polysaccharides of LGS was established. The
column used was Shodex OHpak SB-804 HQ column (8.0 x 300 mm).
The 0.9% NaCl in water served as the mobile phase. The flow rate was
0.5mL/min. The injection volume was set to 100 pL.

PMP-HPLC fingerprint

Complete acid hydrolysis
The complete acid hydrolysis of LGSP analyzed by PMP
derivatization was conducted as previously reported (23). In brief,
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6mg of LGSP is precisely weighed and dissolved in 1mL of
ultrapure water and hydrolyzed by with 1 mL of 4mM TFA at 95°C
for 12 h. After complete removal of TFA residues under a vacuum
evaporator, it is dissolved in 1 mL of ultrapure water for follow-up
PMP derivatization. The monosaccharide standard solutions
(0.5mg/mL; including galacturonic acid, mannose, rhamnose,
glucose, glucuronic acid, galactose, xylose, and arabinose) or the
hydrolysate samples (50 pL; 6 mg/mL) were, respectively, added
with 50 pL of sodium hydroxide (0.6 mM) and 100 pL of PMP
solution (0.5mM) for reaction for 100min at 70°C. After
neutralization with 30 pL of 0.3 mM HCI and removing PMP by
chloroform extraction, the derivatization solution was filtered for
further analysis.

Derivatized samples were analyzed on a Thermo UHPLC-3000 SL
system with a ZORBAX Eclipse XDB-C18 column (150 mm x 4.6 mm,
5um) equipped with a diode array detector (DAD). The column
temperature was controlled at 35°C. Isocratic elution was performed
using the mixed mobile phase of A (0.1M PBS, pH=6.7) and B
(acetonitrile) with a v/v ratio of 83.5:16.5. The flow rate was 1.0mL/
min. Injection volume was 20 pL. The detection wavelength was set at
245nm for DAD analysis.

Partial acid hydrolysis

The partial acid hydrolysis of LGSP was conducted by reaction of
0.5mM TFA with 6 mg/mL LGSP at 95°C for 5h. The other procedures
including PMP derivatization and ultra-high performance liquid
chromatography (UHPLC) analysis were identical to those for
complete acid hydrolysis.

FT-IR fingerprint

The FT-IR spectra (ranged 4,000-500cm™) of LGSP were
acquired on a PerkinElmer Spectrum 3 FT-IR spectrometer.

NMR fingerprint

The LGSP samples were dissolved in D,0. The one-dimensional
hydrogen spectra ("H) and one-dimensional carbon spectra (*C) of
LGSP were analyzed by a Bruker Ascend 600 MHz spectrometer using
a z-gradient probe. The information acquisition temperature was
25°C, the carbon frequency was 150.90 MHz, and the proton
frequency was 600.13 MHz.

Chemical composition analysis

Using the following formula, the extraction rate of LGSP was
calculated: yields (%) = (weight of LGSP / volume of LGS) x 100%.
Components of LGSP, such as total polysaccharides, total proteins
and total uronic acids, were determined using the colorimetric
method. In brief, total contents of polysaccharides were quantified
using phenol-sulfuric acid method with galactose and galacturonic
acid as standards. Using galacturonic acid as the standard, the
m-hydroxybiphenyl method was applied to detect the quantity of
uronic acid. The protein contents were analyzed by the Bradford
method with BSA used as the standard.
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TABLE 1 Molecular weight distribution of polysaccharides in different batches of LGSP.

Fraction 1 M,, x Relative peak M../M,, Fraction 2 M,, x Relative peak M./M,,
10* (Da) areas (%) 104 (Da) areas (%)
S1 6.436 32.1 1.168 4.242 67.9 1.092
S2 6.443 332 1.189 4.068 66.8 1.109
S3 6.763 32.5 1.162 4.880 67.5 1.076
S4 6.531 32.8 1.150 4.881 67.2 1.075
S5 6.667 314 1.154 4.886 68.6 1.088
S6 6.689 33.7 1.159 4.681 66.3 1.082
S7 6.570 30.8 1.165 4.353 69.2 1.115
S8 6.621 321 1.169 4.851 67.9 1.076
S9 6.387 33.1 1.155 4.930 66.9 1.094
S10 6.583 32.8 1.163 4.640 67.2 1.089
Average 6.569 32.45 1.163 4.641 67.55 1.090

M,, weight-average molecular weight; M,,, number-average molecular weight; M,/M,, index of molecular weight distribution.

Activity of LGSP

Antioxidant activity

The antioxidant activity of LGSP was assessed by the DPPH free
radical scavenging assay, the hydroxyl radical scavenging assay, the
ABTS free radical scavenging assay and the total antioxidant capacity
test according to the kit manufacturer’s instructions.

Anti-inflammatory effect

The anti-inflammation of LGSP were assessed on the RAW 264.7
cells. The impact of LGSP on macrophage proliferation was firstly
detected using the MTT method. For the anti-inflammation study,
pre-cultured RAW 264.7 cells were collected and seeded in 6-well
plates (6x 10°/mL). LPS (1 pg/mL) was added for induction for 4h,
and then the cell morphology changes were observed before adding
the LGSP (0-200 pg/mL). After 24h of drug treatment, cells were
collected, and total RNA was extracted with Trizol reagent. Reverse
transcription into ¢cDNA was conducted by using a reverse
transcription kit (Vazyme), and GAPDH was used as the internal
control. The mRNA expression level was determined by quantitative
PCR (qPCR). The primer sequences were as follows: GAPDH
(forward, AGGTCGGTGTGAACGGATTTG; reverse, TGTAGACC
ATGTAGTTGAGGTCA); IL-6 (forward, TCTATACCACTTCACA
AGTCGGA; reverse, CGATCACCCCGAAGTTCAGTAG); TNF-a
(forward, CAGGCGGTGCCTATGTCTC; reverse, CGATCA
CCCCGAAGTTCAGTAG). The culture supernatants were used for
determination of the concentrations of IL-6 and TNF-« using the
enzyme linked immunosorbent assay (ELISA) kits (Jiangsu Meibiao
Biotechnology Co., Ltd., Jiangsu, China).

Prebiotic activity

During experimentation, sugar-free culture medium was used.
In order to evaluate whether LGSP had an effect on bacterial
growth, LGSP at 4000 mg/L was supplemented as the carbon source.
Glucose added at 4000 mg/L was used as a positive control. The
bacterial growth was recorded at the time points of 0, 4, 8, 12, and
24 h, respectively, through determining the optical density (OD) at
600nm with a spectrophotometer. In addition, to test the
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particularity of LGSP in promoting the growth of beneficial
bacteria, the impact of LGSP on the growth of E. coli was
further investigated.

Statistical analysis

GraphPad Prism 6.0 was used for data analysis. All data are
displayed as mean + standard deviation (SD). Statistical analysis was
carried out using one-way analysis of variance (ANOVA) followed by
Tukey’s test.

Results
Quality evaluation

Fingerprint based on molecular weight
distribution

HPSEC fingerprint of 10 batches of LGSP was first conducted to
reveal the characteristics of molecular weight distribution. The results are
shown in Table 1 and Figure 1. The solvent background peaks that
appeared after 21 min were removed, and the 10 batches of LGSP had
similar spectra and molecular weight distributions, which contained two
molecular weight distribution peaks, namely the fraction 1 and fraction 2.

The molecular weight of fraction 1 ranged from 6.387 x 10* Da
to 6.763x10*Da, with the average molecular weight of
6.569 x 10" Da. It is worth noting that sample 3 had the highest
molecular weight of fraction 1, while sample 9 had the lowest
molecular weight of fraction 1. The relative proportion of fraction
1 accounted for 30.8-33.7% (average: 32.45%) of the total peak area.
The molecular weight range of fraction 2 of different batches of
LGSP was 4.068 x 10* Da - 4.930 x 10* Da, and the average molecular
weight was 4.641 x 10" Da. The sample 9 had the highest molecular
weight of fraction 2 and sample 2 had the lowest molecular weight.
The relative proportion of the peak area of fraction 2 was 66.3—
69.2%, with the average proportion of 67.55%. The peak area ratio
of fraction 2 in different batches of LGSP was about twice that of
fraction 1.
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FIGURE 1

Fingerprints of molecular weight distribution of LGSP by HPSEC-
MALLS-RID. (A) The analysis of different batches (S1-S10) of LGSP.
(B) The generated standard fingerprint for molecular weight
distribution of LGSP which contained two major fractions 1 and 2.
The solvent peak was resulted from the dissolving reagent of LGSP.
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FIGURE 2

Fingerprints of monosaccharide composition of different batches
(S1-S10) of LGSP by PMP-HPLC after complete acid hydrolysis. MIX
represents the chromatogram of mixed monosaccharide standards.
Ara, arabinose; Gal, galactose; GalA, galacturonic acid; Glc, glucose;
GIcA, glucuronic acid; Man, mannose; Rha, rhamnose; Xyl, xylose.

Fingerprint based on monosaccharide
composition

Monosaccharides serve as the fundamental building blocks of
polysaccharides, playing a crucial role in identifying their
structural characteristics. The monosaccharide composition and
the molar percentage among different batches of LGSP were
analyzed by complete hydrolysis followed by HPLC analysis after
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pre-column PMP derivatization. As shown in Figure 2, the
monosaccharide compositions of different batches of LGSP were
basically the same, which were composed of 8 monosaccharide
components: mannose (Man), glucose (Glc), galactose (Gal),
xylose (Xyl), rhamnose (Rha), arabinose (Ara), glucuronic acid
(GlcA), and galacturonic acid (GalA). The molar ratios of 10
batches of LGSP are shown in Table 2. The molar percentages of
different batches of LGSP were similar, among which Ara, Glc,
GalA, Gal and Rha were the predominant monosaccharides.

In general, GalA, Gal, Ara, Rha, and GlcA are the typical
monosaccharides of homogalacturonic acid (HG) type and
rhamnosegalacturonic acid glycans I (RG-I) type polysaccharides.
The molar ratio (MR) of monosaccharides can unveil the structural
characteristics of polysaccharides. MR1 is the ratio of GalA/Rha,
indicating the proportion of HG to RG-I domains. In addition,
MR2 is the ratio of (Ara + Gal)/Rha, which reflects the degree of
branching of RG-I. Higher values indicate that the RG-I region
contains more or longer side chains. The results showed that the
MRI1 of different batches of LGSP ranged from 1.84 to 2.65, while
MR2 ranged from 1.76 to 2.03. Therefore, according to the MR
values, HG and RG-I pectin polysaccharides were present in the
LGSP. In addition, although the samples were destarched with
amylase and saccharification enzyme, Glc was still present in the
LGSP, which may be resistant starch that could not be removed by
the two enzymes. This indicated that different batches of LGSP also
contained dextran.

Fingerprint based on controllable partial acid
hydrolysis

Partial acid hydrolysis can simplify the complex structure of
polysaccharides and degrade them into oligosaccharides with different
degrees of polymerization. Unlike complete acid hydrolysis, partial
acid hydrolysis is different in acid concentration or treatment time,
which leads to different final hydrolysate products, and polysaccharide
structure can be analyzed from different aspects (24). Thus,
controllable partial acid hydrolysis of LGSP was carried out using
low-concentration TFA, and the analysis of the controllable partial
acid hydrolysate and the molar percentage of monosaccharide
compositions were analyzed by HPLC after pre-column PMP
derivatization. Fingerprints for both complete and partial acid
hydrolysates would provide a more comprehensive information for
chemical compositions of LGSP.

As shown in Figure 3, the monosaccharide compositions in the
partial hydrolysate of LGSP were generally similar, which were
composed of five monosaccharide components: Rha, Glc, Gal, Xyl and
Ara. This indicated that the controllable partial acid hydrolysis did not
destroy the HG pectin domain in the LGSP. In addition, the molar
compositions of monosaccharides in the partial acid hydrolysate of
different batches of LGSP were slightly different, and the composition
of each monosaccharide in the partial hydrolysate of LGSP is shown
in Table 3. The main monosaccharides in the partial acid hydrolysate
of LGSP were Rha, Glc, Gal and Ara, among which the molar
percentage of Rha was 10.46-14.04% averaged at 12.14%. The molar
percentage of Glc was 41.23-48.65% averaged at 44.39%. The molar
percentage of Gal was 14.92-17.36% averaged at 16.10%. The molar
mass percentage of Ara was 22.86-25.43% averaged at 24.24%.
Notably, the MR2 ratio of different batches of LGSP was 2.88-3.78,
and the average value was 3.35.
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TABLE 2 Monosaccharide composition and molar ratio of different batches of LGSP by complete acid hydrolysis.
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No. Man Rha GlcA GalA Glc Gal Xyl Ara MR1 MR2
S1 0.0132 0.1141 0.009 0.2499 03767 0.1141 0.0202 0.1028 2.19 1.90
s2 0.0438 0.1186 0.0082 0.2397 0.3481 0.1183 0.0197 0.1035 2.02 1.87
S3 0.0356 0.1172 0.008 0.2348 0.3696 0.1142 0.0196 0.101 2.00 1.84
S4 0.0183 0.111 0.0094 0.269 0.3487 0.116 0.018 0.1094 2.42 2.03
S5 0.0837 0.1086 0.009 02313 03414 0.1117 0.0177 0.0967 213 1.92
S6 0.0185 0.1118 0.0093 0.2813 03397 0.1145 0.0185 0.1065 252 1.98
7 0.0609 0.1153 0.0078 02125 03824 0.1074 0.0184 0.0953 1.84 1.76
S8 0.0522 0.1167 0.0078 02197 03726 0.114 0.0191 0.098 1.88 1.82
S9 0.0167 0.1112 0.0093 0.2947 03375 0.11 0.0178 0.1029 2.65 1.91
S10 0.0178 0.1106 0.0091 0.2725 0.3534 0.1121 0.0177 0.1067 2.46 1.98
Average 0.0361 0.1135 0.0087 0.2505 0.3570 0.1132 0.0187 0.1023 221 1.90

Ara, arabinose; Gal, galactose; GalA, galacturonic acid; Glc, glucose; GlcA, glucuronic acid; Man, mannose; Rha, rhamnose; Xyl, xylose; MR1, the molar ratio of GalA/Rha; MR2, the molar

ratio of (Ara+ Gal)/Rha.

TABLE 3 The composition and proportion of monosaccharides in the
partial acid hydrolysate of different batches of LGSP.
[\[e} Rha Glc Gal Xyl Ara MR2
S1 0.1046 0.4865 0.1506 0.0283 0.2300 3.64
S2 0.1187 0.4299 0.1658 0.0313 0.2543 3.54
S3 0.1062 0.4616 0.1600 0.0305 0.2417 3.78
S4 0.1179 0.4415 0.1662 0.0301 0.2443 3.48
150
S5 0.1157 0.4568 0.1582 0.0306 0.2388 3.43
- 100 S6 0.1311 04134 | 01736 | 00337 | 02482 3.22
<
€ 50 S7 0.1227 0.4695 0.1492 0.0299 0.2286 3.08
S1 S8 0.1193 0.4434 0.1592 0.0329 0.2452 3.39
or—rT— T T T T T T T T 1 1T
.1 412 .1 . .24 .02
5 10 15 20 25 30 35 40 S9 0.1378 0. 3 0.1669 0.0335 0.2495 3.0
Time (min) S10 0.1404 0.4245 0.1606 0.0312 0.2433 2.88
FIGURE 3 Average 0.1214 0.4439 0.1610 0.0312 0.2424 3.35
Fingerprints of monosaccharide composition of different batches Ara, arabinose; Gal, galactose; Glc, glucose; Rha, rhamnose; Xyl, xylose; MR2, molar ratio of
(S1-S10) of LGSP by PMP-HPLC after controllable partial acid (Ara+Gal)/Rha.
hydrolysis. MIX represents the chromatogram of mixed
monosaccharide standards. Ara, arabinose; Gal, galactose; GalA,
galacturonic acid; Glc, glucose; GlcA, glucuronic acid; Man,
mannose; Rha, rhamnose; Xyl, xylose.
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Fingerprint based on FT-IR

The FT-IR spectrometer was used to record the infrared spectra
in the wavelength range of 4,000-500cm™', and the FT-IR
fingerprint of different batches of LGSP was established. As shown
in Figure 4, the FT-IR spectra of different batches of LGSP were

1

similar. The vibrational region shown between 3,200cm™" and

Transmittance (%)

3,600 cm™" was the featured band of the hydroxyl groups, and the 50 | $1
A}

peak at 3400 cm™ indicated the stretching vibration of hydroxyl 1 4I140 a3 1636/ 1418 1|1;827

group, representing the presence of hydroxyl groups. The 0 4000 3000 2000 1000

fluctuations in the range of 3,000cm™ -2800cm™ (2,929cm™)
were the C-H absorption peaks, which included the stretching
vibrations of CH, CH,, and CHj. The strong peak at 1636 cm™' was
the asymmetric stretching vibration of C=0 in the carboxylic acid
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FT-IR fingerprints of different batches (S1-S10) of LGSP.
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FIGURE 5
'H NMR fingerprints of different batches (S1-S10) of LGSP with structural assignments of key signals.

group, which represented the presence of uronic acid. The vibration
at 1418 cm™ was attributed to the bending vibration of C-H or
O-H, and the vibration at 1150 cm™" was an asymmetrical C-O-C
vibration, representing the presence of a methoxy group. In
addition, the vibrational range (1,000 cm™ -1200 cm™') was caused
by the vibration of the ester glycan group (CO-C) and the C-O-H
of the which proved that the LGSP
contained pyranonose.

pyranose ring,
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Fingerprint based on NMR

To better understand the precise structure of the LGSP, the 'H and
C NMR spectra of 10 batches of LGSP were measured and analyzed
by Bruker NMR spectroscopy (Figures 5, 6). The 'H and *C NMR
spectra of the 10 batches of LGSP were similar, indicating that they
had similar primary chemical structures.

Typical signals of pectins (HG and RG-I) as well as a-glucan, were
observed from 'H and ®C NMR. For example, from the 'H spectra, the
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3C NMR fingerprints of different batches (S1-S10) of LGSP with structural assignments of key signals.

"H NMR signals in the range of 5.09 to 5.29 ppm were attributed to the
a-L-Ara and a-L-Rha residues. The signals in the range of 4.40 to
4.53 ppm were attributed to the f-D-Gal residue. The signals in the
range of 4.97ppm and 3.81 ppm were attributed to the GalAMep
residue. The presence of signals (5.41 and 5.35ppm) suggested the
presence of T-a-D-Glc and 1,4-a-D-Glc, which further confirmed the
presence of resistant starch in the LGSP. The signals at 5.29 ppm and
5.23 ppm were corresponded to the presence of 1,2-a-L-Rha and 1,2,4-
a-L-Rha, respectively, while the 5.16 ppm and 5.09 ppm 'H NMR signals
were attributed to T-a-L-Ara and 1,5-a-L-Ara, respectively. The signal
of 4.97 ppm was suggestive of the presence of 1,4-a-D-GalAMep, while
the signal at GalA-OCH; was observed at 3.81 ppm. The signal at
4.47ppm suggested the presence of 1,3,6-B-D-Gal. The signal at

Frontiers in Nutrition

125

2.00-2.09 ppm indicated the presence of the O-acetyl chemical group.
Signals at 1.25 ppm and 1.31 ppm indicated the presence of 1,2-a-L-Rha
and 1,2,4-a-L-Rha, respectively.

Based on "C spectra, the signals at 170.73 and 100.37 ppm
were due to the presence of 1,4-a-D-GalAMep, while the signal of
GalA-OCHj; was observed at 52.81 ppm. The signal at 107.38 ppm
indicated the presence of 1,5-a-L-Ara, while the signal at
103.45 ppm suggested the presence of 1,3,6-p-D-Gal. The signal
at 99.45ppm indicated the 1,4-a-D-GalA, while the signal at
16.40 ppm indicated the 1,2,4-a-L-Rha. According to the data of
monosaccharide composition analysis combined with NMR
analysis, HG, RG-I and «-1,4-glucan were indeed found in 10
batches of LGSP.
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TABLE 4 Total polysaccharides, total uronic acid, and total protein content of different batches of LGSP.

Extraction rate (mg/mL)

Polysaccharide (%)

Uronic acid (%) Protein (%)

S1 17.43+0.13 82.64+0.68 21.23+0.16 2.78+0.02
S2 17.98+£0.49 83.18+0.76 22.20+0.17 3.39+0.01
S3 17.91£0.65 78.78+0.45 21.33+0.11 3.25+0.08
S4 17.54+0.15 76.44+0.13 21.84+0.05 3.19+0.01
S5 17.34+0.01 77.18+0.29 21.99+0.04 3.19+0.04
S6 17.35+£0.17 80.97+0.55 22.40+0.11 2.96+0.04
S7 18.68+0.33 78.36+0.44 22.24+0.12 2.83+£0.03
S8 17.69+0.17 76.86+0.30 22.00+0.27 2.72+0.06
S9 18.84+0.53 79.49+1.76 22.77+0.04 3.11+0.08
S10 18.62+0.13 80.31+0.39 22.15%£0.06 2.89+0.07
Average 17.94+0.28 79.42+0.58 22.02+0.11 3.03+£0.04
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FIGURE 7
Antioxidant activity of different concentrations of LGSP. (A) Scavenging activity on DPPH radicals; (B) Scavenging activity on ABTS radicals;
(C) Scavenging activity on hydroxyl radicals; (D) Total antioxidant capacity. Vitamin C was used as a positive control.

Quantitative analysis

The total polysaccharides, extraction rate, total uronic acids and
total protein contents of different batches of LGS are shown in Table 4.
The results showed that the yield of LGSP ranged from 17.34+0.01 mg/
mL to 18.84+0.53mg/mL of LGS averaged at 17.94+0.28mg/
mL. Different batches of LGSP contained a small amount of protein,
with the content ranging from 2.72 to 3.39% averaged at 3.03%. The
total polysaccharide content in different batches of LGSP ranged from
76.44 to 83.18%, and the average content was 79.42%. The total uronic
acid content in different batches of LGSP ranged from 21.23 to 22.77%,
and the average content was 22.02%.
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Activity evaluation

Anti-oxidant activity

The anti-oxidation activity of LGSP was determined by DPPH,
ABTS, hydroxyl radical scavenging capacity and total antioxidant
capacity. The DPPH radical, characterized by a lone electron, exhibits
notable stability despite its status as a free radical. Reacting with a
scavenger, the solution undergoes a color change. (25). As can be seen
in Figure 7A, the scavenging efficiency of LGSP on DPPH free radicals
increased in direct proportion to the polysaccharide concentration,
ranging from 1 to 10mg/mL., and at a concentration of 10 mg/mL, the
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DPPH free radical scavenging rate reached 94.27%, slightly surpassing
that of vitamin C (Vc) at 1 mg/mL.

ABTS has been used to evaluate the antioxidation ability of the
substance (26). As displayed in Figure 7B, the ABTS free radical
scavenging activity of LGSP was also positively correlated with dose.
At the concentration was 4mg/mL, the scavenging rate reached
94.66%, surpassing that of Vc at 0.05 mg/mL. These data indicate that
LGSP exhibited significant efficacy in scavenging ABTS free radicals.

Among reactive oxygen species, hydroxyl radicals are very
active, which may cause genetic alterations in cells and promote
disease or cell death (27). As shown in Figure 7C, in the range of
concentrations of 1-8 mg/mL, the scavenging ability of LGSP was
gradually decreased. At the concentration of 8 mg/mL, its
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scavenging rate reached 82.97%, which was slightly lower than that
of Vc at 10 mg/mL.

The total antioxidant capacity represents the level of various
antioxidant substances in the system. As shown in Figure 7D, similarly,
with the increase of LGSP concentration, total antioxidant capacity
increased. At a concentration of 8 mg/mL, its total antioxidant capacity
was 471.19 pmol/mL.

Anti-inflammatory effect

The effect of LGSP on cell viability of macrophages is analyzed by
MTT assay before evaluating anti-inflammatory effect of LGSP. The
result showed that LGSP was non-cytotoxic to macrophages at dose
range of 10-200 pg/mL (Figure 8A).
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RAW 264.7 cells were further stimulated by LPS to establish the
experimental inflammation model. The relative expression levels of
pro-inflammatory cytokines (IL-6 and TNF-a) in cells stimulated by LPS
were detected by gPCR and ELISA kits. As shown in Figures 85-D, the
expression levels of these pro-inflammatory cytokines in LPS-induced
RAW 264.7 cells were significantly higher than that in the non-LPS-
induced group, suggestive of successfully establishment of the
inflammatory cell model. Remarkably, LGSP treatment significantly
inhibited both the gene and protein expression levels of IL-6
(Figures 8B,C) and TNF-a (Figures 8D,E) in RAW 264.7 cells in a dose-
dependent manner, especially at the concentration of 100 and 200 pg/mL.

The above results indicated that LGSP had an anti-inflammatory
activity on LPS-stimulated macrophages.

Prebiotic activity

Three strains of probiotics (Lactobacillus, Bifidobacterium bifidum
and B. adolescentis), which have been demonstrated to alleviate liver
dysfunctions, were used in this study (28, 29).

Carbon sources were important for bacterial growth. To avoid
interference of glucose, glucose-free medium was used for study. The
results showed that supplementation of glucose-free medium with
glucose or LGSP significantly promoted the growth of Lactobacillus
(Figure 9A), B. adolescentis (Figure 9B) and B. bifidum (Figure 9C)
when compared to the Medium group (using glucose-free medium
only). Notably, for the growth of Lactobacillus (Figure 9A), the
promoting effect of LGSP was smaller than that of glucose, while for
the growth of B. adolescentis (Figure 9B) and B. bifidum (Figure 9C)
the promoting effect of LGSP was comparable to that of glucose. The
bacterial precipitation images at different time points also showed the
same trend as the growth curve. In contrast, in vitro incubation
experiments with E. coli, LGSP did not show an in vitro proliferative
effect compared to the Medium group (Figure 9D). These results
indicate that Lactobacillus, B. bifidum and B. adolescentis could
ferment and use LGSP as a carbon source to support their proliferation
in vitro, and LGSP displayed a prebiotic effect.

Discussion

In this study, for the first time, we provided a comprehensive
understanding on the chemical compositions and structural
characteristics of LGSP through performing multiple-fingerprint
analysis. Moreover, the anti-oxidant, anti-inflammatory and prebiotic
effects of LGSP were revealed.

Quality control of polysaccharides poses a significant bottleneck
in the development of novel polysaccharide-based pharmaceuticals. As
a macromolecular substance, polysaccharides have a multi-level
structure like proteins, which makes it difficult to evaluate their quality
by content determination alone or by a specific spectrum (30).
Recently, fingerprinting has been used as the preferred quality control
method for complex natural polysaccharides due to its efficiency and
convenience. From the aqueous extract of Astragalus membranaceus,
Wang et al. purified polysaccharides, and the quality control of the
polysaccharides was carried out by assessing polysaccharide content,
monosaccharide composition and molecular weight (31). Jiang et al.
isolated polysaccharides from sea cucumbers by anion exchange and
gel permeation chromatography (32). HPSEC, PMP-HPLC, FT-IR
spectroscopy, gas chromatography-mass spectrometry (GC-MS) and
NMR spectroscopy were used to characterize the preliminary
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structure, and the results showed that the molecular weight of the
polysaccharide was 9.3 x 10° Da and the polysaccharide was composed
of Glc, Gal, Ara and GIcA, with the major backbone of (1 — 4)-linked
a-Glcp, (1— 6)-linked B-Glcp, and (1, 4— 6)-linked B-Glcp (32).
Generally, polysaccharides are mainly controlled by molecular weight
distribution, the types and proportions of constituent sugars, the types
of characteristic functional groups, and the determination of
characteristic glycosidic bond types and contents. In this study, LGSP
contained two molecular weight distribution peaks, which were
divided into fraction 1 and 2, with the average molecular weight of
(6.569+0.12) x 10" Da, and (4.641 £0.30) x 10* Da. LGSP was composed
of 8 monosaccharides, including Man, Rha, Ara, Glc, Xyl, Gal, GlcA,
GalA, with GalA and Glc representing the highest composition
followed by Rha and Gal. FT-IR analysis suggested the presence of
uronic acid, pyranonose and methoxy groups. NMR analysis found
that HG, RG-I and a-1,4-glucan were present in LGSP. Quantitative
analysis showed that LGSP yields 17.94+0.28 mg/mL from LGS, with
a protein content of 3.03% and total uronic acid content of 22.02%.
Notably, batch-to-batch analysis of LGSP indicated that the quality of
different batches of LGSP were generally consistent. The quality control
research system established is thus considered complete and reliable.

The antioxidation activity of polysaccharides is related to the capacity
to scavenge free radicals (24, 33). It is worth noting that the activity of
polysaccharides is directly determined by the polysaccharide backbone
and glycosidic bond type. Studies showed that the smaller the molecular
weight of the polysaccharide, the higher the activity. The probable reason
for this is that low-molecular-weight polysaccharides have more reducing
ends and can bind better to free radicals (34-36). In addition to
molecular weight, uronic acid, fucose, galactose, and galacturonic acid
have also been identified as significant contributors to antioxidant
activity. High composition of uronic acid in polysaccharides may lead to
activation of isomeric hydrogen atoms to scavenge free radicals (37-39).
In this study, the good free radical scavenging capacity of LGSP may
be attributable to the relatively low molecular weight (10* Da) and
relatively high molar ratio of GalA (25.05%) and Gal (11.32%).

Macrophages are widely distributed and are important cells
associated with inflammation, which are critical for immune stimulation
and pathogen phagocytosis (40). Macrophages can differentiate into M1
type induced by LPS and generate the pro-inflammatory TNF-«, IL-1f
and IL-6 (41). Numerous naturally occurring active polysaccharides
demonstrate anti-inflammatory effects through modulating the
secretion of inflammatory factors (42). The anti-inflammatory effect of
polysaccharides is closely associated with the structural properties, and
the content of galacturonic acid may directly affect their anti-
inflammatory activity (43). In this study, it is found that LGSP has good
anti-inflammatory activity by suppressing LPS-induced macrophage
activation via inhibiting TNF-a, IL-1/3 and IL-6.

Polysaccharides with specific structures have good prebiotic activity
(44). Increased probiotics may inhibit the systemic level of
pro-inflammatory factors by correcting the imbalance of intestinal
microbiota, increasing the proportion of probiotics, promoting the
repair of intestinal wall and mucous membrane, inhibiting translocation
of harmful bacterial metabolites (45, 46). Intestinal probiotics can
decrease the lipid burden of the liver by regulating the intestinal
microbial community, affecting the production of alcohol metabolites
and the absorption of nutrients in the gut (47). Intestinal probiotics play
a critical role in preserving immune balance within gut-liver axis, and
their anti-inflammatory modulates the hosts immune system,
improving alcohol-related liver damage and hepatic oxidative stress (48,
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was used as positive control. ***p <0.001 vs. Medium group.

49). Previously, Bifidobacterium have been shown to increase glutathione
peroxidase (GSH-Px) and glutathione (GSH) levels, reduce liver
oxidative stress, while also reducing the expression of anti-inflammatory
factors, reducing liver damage caused by ALD and ALD-associated
intestinal dysbiosis (50, 51). In addition, Lactobacillus intake attenuates
hepatic steatosis and liver injury, significantly reduces serum alanine
aminotransferase (ALT) and aspartate transaminase (AST) levels, and
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ameliorates hepatic lipid droplet accumulation (28). Interestingly,
Lactobacillus also has the effect of regulating intestinal bacteria (28).
Therefore, modulating gut microbiota by applying probiotics such as
Bifidobacterium and Lactobacillus has been regarded as promising
therapeutic strategy for handling ALD and other liver diseases. In this
study, we found that LGSP could remarkably promote the growth of
Bifidobacterium and Lactobacillus, displaying prebiotic effect. The
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results provide evidence for understanding the polysaccharides as an
active fraction of LGS to treat ALD. Furthermore, as the predominant
pectin polysaccharide found in plants, HG-type pectin polysaccharides
have the functions of regulating the intestinal microbiome and
modulating the secretion of anti-inflammatory factors (52, 53). The
finding that LGSP contains high content of GalA may suggest the
potential association of typical structure of LGSP with its prebiotic
effect. Although the starch fraction of LGS was removed during the
extraction of LGSP, resistant starch (NMR signals showing T-a-D-Glc
as well as 1,4-a-D-Glc) has been detected in LGSP. Resistant starch has
also been investigated with prebiotic effect. Thus, the resistant starch in
LGSP may also contribute to its prebiotic effect.

The main limitation of current study is that the anti-inflammatory
and prebiotic effects of LGSP have not been validated in vivo. How
these positive effects contribute to the anti-ALD effect of LGS warrants
further investigation. Polysaccharides, polyphenols, flavonoids and
others are mainly included in LGS, among which LGSP accounts for
a high proportion (17.94+0.28 mg/mL). The results of this study
would help support the market use of LGS as a functional beverage
and open up possible research directions (e.g., mechanisms of action
and effective components) in the future.

Conclusion

Multiple fingerprint profiling combined with composition
quantification for quality evaluation of LGSP was established based on
HPSEC, PMP-HPLC, FT-IR and NMR. The quality consistency of
different batches of LGSP was assessed. The molecular weight
distribution, monosaccharide contents and structural characteristics
of LGSP were obtained. LGSP demonstrated anti-oxidant, anti-
inflammatory and prebiotic effects, which correlated well with its
structures. The results of current study would gain better
understanding towards the structure of LGSP, provide guidance for
the quality control, and support for the treatment of ALD by the active
polysaccharide fraction of LGS.
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Glossary

ALD alcoholic liver disease

Ara arabinose

ALT alanine aminotransferase

AST aspartate transaminase

BSA bovine serum albumin

DMSO dimethyl sulfoxide

FBS fetal bovine serum

FT-IR fourier transform infrared spectroscopy

Gal galactose

GalA galacturonic acid

Glc glucose

GlcA glucuronic acid

GSH glutathione

GSH-Px glutathione peroxidase

HG homogalacturonic acid

HPAEC-PAD high performance anion exchange chromatography-pulsed amperometric detector

HPSEC high-performance size exclusion chromatography

LGS Liuweizhiji Gegen-Sangshen beverage

LGSP LGS polysaccharide

LPS lipopolysaccharide

Man mannose

MR molar ratio

MTT 5-diphenyltetrazolium bromide

NMR nuclear magnetic resonance

OD optical density

PMP-HPLC 1-phenyl-3-methyl-5-pyrazolone-HPLC

Rha rhamnose

RG-I rhamnosegalacturonic acid glycans I

SD standard deviation

TFA trifluoracetic acid

UHPLC ultra-high performance liquid chromatography

Xyl xylose
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Valorization of fish from the
Adriatic Sea: nutritional
properties and shelf life
prolongation of Aphia minuta
through essential oils

Rosaria Marino*, Marzia Albenzio, Antonella della Malva,
Angela Racioppo, Barbara Speranza and Antonio Bevilacqua

Department of Agriculture, Food, Natural Resources, and Engineering (DAFNE), University of Foggia,
Foggia, Italy

This study aimed to exploit the nutritional and microbiological qualities of
Aphia minuta, which are still largely unknown; they are collected from Golfo
di Manfredonia (Adriatic Sea). Chemical composition, fatty acids, and amino
acid profiles were evaluated during winter, spring, and summer (two samples
each season). The protein content was highest in spring, while no significant
differences were found for fat and ash contents across all sampling periods.
Fatty acid profile analyses revealed that monounsaturated and polyunsaturated
fatty acids were affected by the sampling season. Notably, the value of n-3
polyunsaturated fatty acids increased in spring and summer compared to the
winter season. The highest content of essential amino acids was measured
during the spring and summer seasons (P < 0.01), with leucine and lysine being
the most dominant. Regardless of the fishing season, from a nutritional point of
view, this species is an excellent source of bioactive compounds. This study also
focused on the microbiological quality and shelf life of Aphia minuta. Initially, the
bioactivity of three different essential oils (thymol, lemon, and citrus extract) was
tested on Pseudomonas fluorescens, Staphylococcus aureus, and Escherichia
coli. These essential oils were then combined with various packaging materials
(conventional, maize starch, and polylactate) and packaging atmosphere (air,
vacuum, and a modified atmosphere with reduced oxygen content). The results
indicated that combining citrus extract with vacuum packaging significantly
reduced the psychrotrophic viable count to undetectable levels after 7 days. This
study suggests some important considerations for exploiting and expanding the
market of the Aphia minuta.

KEYWORDS

Aphia minuta, n-3 fatty acids, essential amino acids, essential oils, shelf life

1 Introduction

Aphia minuta (1) is a small neretic pelagic species, reaching a maximum size of
6cm. It belongs to the Gobiidae family, one of the largest groups of fish in coastal
marine waters. This species has a transparent or whitish-reddish body, compressed
laterally, with chromatophores along the base of the median fin and on the head.
It is found throughout the northeastern Atlantic region, from the western Baltic
and Norway to Morocco and the Mediterranean and Black Seas (2). This species is
highly valued in the Mediterranean region for its taste, making it a thriving business.
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In Italy, the Aphia minuta fishery, referred to as “Rossetto,” has
a long history and represents one of the most important small-
scale activities; it is usually caught by small-scale fleets disseminated
throughout the Ligurian Sea (3), Tyrrhenian Sea (4), Adriatic Sea
(5, 6), and around the coast of Sicily and Sardinia (7, 8). Particularly,
catches are about 160 tons per year, most of them in the southern
Adriatic, and the fishing fleet comprises about 400 vessels (8).

It is known that fish provide significant amounts of bioavailable
nutrients such as proteins, lipids, and micronutrients such as
vitamins, iron, selenium, or zinc with well-recognized health
benefits (9). In particular, fish are a good source of long-chain
polyunsaturated fatty acids, supporting human health through
various metabolic functions. In order to harness the potential of
any food item to its fullest extent, its nutritional composition
must be known. This is particularly important in the case of fish,
which represent a large biodiversity with varieties of species and
consequent differences in nutritional composition. To date, no
studies are available on the nutritional properties of Aphia minuta;
most studies on this fish concern the growth and reproduction
aspects (5, 8, 10).

The high water activity, neutral pH, high content of low
molecular weight molecules, and cold-adapted microbial flora
make fish highly perishable. As a result, traditional fish preservation
methods (salting, drying, and freezing) drastically reduce water
activity. However, consumers now prefer fresh food that has
been minimally processed. Many consumers perceive the use
of synthetic preservatives as a potential health risk, so the use
of natural preservatives is being investigated (11). Essential oils
(EOs) are aromatic extracts (mainly terpenes and other aromatic
compounds) of whole plants or specific parts of plants whose
bioactive components confer biological properties (antioxidants,
insecticides, antimicrobials, and so on). These properties depend on
the plant and many other factors (agronomy, plant part, extraction
process, application process). The solubility of the EO and the type
of bacteria (gram-negative bacteria are more resistant than gram-
positive bacteria) strongly influence the antimicrobial properties;
furthermore, the food matrix can interfere with the activity of
the EO (12). EOs are valued for food preservation because they
are natural products; many are widely used and historically safe,
and their addition to foods is part of the current trend toward
clean labeling.

Several authors have demonstrated significant antimicrobial
and antioxidant effects of various EOs. The efficacy of EOs depends
on chemical structure, concentration, comparison of antimicrobial
spectrum with target microorganisms, interactions with food
matrix, and method of application (13). Regarding the food matrix,
some authors have suggested that the fat level in fish may affect the
efficacy of essential oils, as some essential oils have been reported to
be more effective in low-fat fish (cod) than in fatty fish (salmon).
Several systems have been tested for the application of EO to
fish: (i) direct application to the food, such as dipping or direct
application, (ii) as part of an active packaging, such as vapor phase
application (14), or (iii) film packaging embedded in edible coatings
(chitosan, starch, gelatin, blends, and others) with varying degrees
of emulsification (nanoemulsions). The latter two allow a gradual
release of the active compound and are more effective than direct
application (12). Cooling combined with vacuum or modified
atmosphere packaging are the most commonly used technologies
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in combination with EO to preserve fish. In this context, the use
of essential oils/natural extracts, combined with packaging and
modified atmosphere, could be a promising strategy to promote
and valorize Aphia minuta commercialization.

Therefore, the main aims of this research were as follows:

a) Nutritional characterization (chemical composition, fatty
acids, and amino acid profile) of Aphia minuta from the
Adriatic Sea and its compositional changes throughout the
fishing season;

b) Preliminary optimization of packaging, treatment with
natural compounds, and storage conditions are needed to
increase the shelf-life and promote the diffusion of this
product in other regions.

2 Materials and methods

2.1 Study area and sample collection

Aphia minuta was collected in five specific areas (A, B, C, D,
and E, Figure 1), located along the Gulf of Manfredonia, at different
distances from the coast and with different natures of the seabed
or surrounding biocenoses. The more abundant samples of Aphia
minuta were collected in B, D, and E areas. Area A was chosen
near the coast, 2.5km from the southwestern limit of Mattinata
Bay, and is characterized by dense meadows of Cymodocea nodosa
on a sandy-muddy bottom, up to a depth of 7-9 meters. Area
B is ~5km from the coast, with depths between 11 and 13 m.
The bottom is predominantly inconsistent but characterized by
the presence of mud and bio-constructions. Area C, about 6 km
away from the port of Manfredonia and 3 km at the closest point
to the coast, has a depth of 11-13 m, a muddy bottom, and small
formations of scattered bio-constructions. Area D is ~4.4 miles
away, transverse from the coast, and ~14.3 miles from the port
of Manfredonia, with depths between 18 and 20 m. It is featured
by coral formations of limited development and detrital beds; the
samplings were carried out only along the mud/sandy channels
present among the environments mentioned. Area E concerns the
Maérl and Rodoliti funds, overlooking the Saline di Margherita
di Savoia.

The Gulf of Manfredonia is located along the Italian coast of
the Adriatic Sea in the Apulia region. Many factors contribute
to determining the oceanographic characteristics of the Gulf of
Manfredonia, such as the WAC (Western Adriatic Current), which
is powered by northeast winds and moves the water masses along
the Italian coasts in a north vs. south direction. The climate of
the area is temperate Mediterranean with alternating dry and rainy
seasons. In the last 10 years, rainfall has not exceeded 700 mm/year,
which determines the accumulation of nutrients in the river
basin. In the event of torrential rains, large quantities of nutrient-
rich water are discharged into the gulf, which can cause local
eutrophication. Due to its physiographic characteristics, the Gulf of
Manfredonia is characterized by shallow, low hydrodynamic, and
very productive waters. The abundance of phytoplankton in the
area is the basis of the high fish density.

According to the fishing season of the South Adriatic Sea and
the current guidelines in Italy (Council Regulation No 1967/2006),
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FIGURE 1

Five specific sampling areas (A, B, C, D, and E) of Aphia Minuta located along the Gulf of Manfredonia. Map Data: Google Earth ©2021/ Data SIO,

NOAA, US. Navy, NGA, GEBCO.
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samples were collected at each site at six different times of the year
(n = 30): two sampling in winter (in January and February), two
in spring (at March and April), and two sampling in Summer (at
June and July). During each sampling, local fishing vessels from
10 to 40 m depth on the seabed follow the seasonal migrations and
shoaling of Aphia minuta. A small meshed semipelagic trawl with
three concentric bags coded from 16 to 5mm (stretched) mesh
size was used for the sampling. The chemical-physical parameters
of the seawater were also recorded for each catch. At every
sampling point, the samples of Aphia minuta were placed in self-
draining polystyrene boxes, packed in flake ice, and delivered to the
laboratory on the same day.

2.2 Nutritional analyses

2.2.1 Chemical composition and fatty acid
methyl esters profile

Fish samples were homogenized using a laboratory blender and
frozen at —20°C until the subsequent analysis. The grounded mass
was used as the representative sample for the analyses, and the
results were expressed as a particular content/edible portion (EP).

Moisture, protein, lipid, and ash contents were performed
according to AOAC methods (15), and all the chemical
determinations were performed in triplicate.

The analysis for the determination of fatty acid composition
was performed according to the method of O’Fallon et al. (16)
with some modifications as previously described by Marino et al.
(17). Briefly, 1 g of each sample was placed into a screw cap Pyrex
reaction tube, added with 5.3 mL of MeOH, 0.7 mL of 10N KOH
in water, and 0.5mg of C13:0/mL of the internal standard. Then,
the tubes were incubated in a water bath at 55°C for 90 min, with
handshaking for 5 s every 20 min. After incubation, the tubes were
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cooled to room temperature, and subsequently, 580 wL of 24 N
H,S04 were added. After cooling, 3 mL of hexane was added into
each tube, vortexed, and then centrifuged at 500 x g (Eppendorf
5810 R, Hamburg, Germany) for 5min at 21°C. The hexane layer
containing the fatty acids methyl esters (FAME) was collected and
transferred into a gas-chromatographic vial. The fatty acid profile
was quantified through an Agilent 6890 N instrument (Agilent
Technologies, Santa Clara, CA, USA) equipped with an HP-
88 fused-silica capillary column (length 100 m, internal diameter
0.25 mm, film thickness 0.25pum). Operating conditions were as
follows: carrier gas (helium) at a constant flow of 1 mL/min; split-
splitless injector at 260°C; split ratio 1:25; injected sample volume
1 pL; FID detector at 260°C. The temperature program of the
column was 5 min at 100°C, then increased to 240°C (3.5°C/min)
and held for 15min. The retention time and area of each peak
were computed using the 6890 N NETWORK GC system software.
Fatty acids were identified by comparing their retention times with
the fatty acid methyl standards (FIM-FAME-7-Mix, Matreya LLC,
Pleasant Gap PA, USA), added of C18:1-11t, C18:2-9¢,11t, C18:2-
9¢, 11¢, C18:2-9t, 11t, and C18:2-10t, 12¢ (Matreya LLC, Pleasant
Gap PA, USA). The fatty acid concentration was expressed as g fatty
acids/100 g total fatty acids. Nutritional indices such as PUFA/SFA,
n6/n3, % EPA+DHA, atherogenic and thrombogenic indices, and
fish lipid quality were calculated according to Marino et al. (18).

All the chemical and fatty acid determinations were performed
in triplicate.

2.2.2 Amino acid determination

Amino acid extraction was carried out according to Marino
et al. (19). Briefly, 20 mg of freeze-dried samples were placed in
hydrolysis tubes with 500 wL of 6 M HCL Tubes were sealed under
vacuum and placed in a ventilated oven at 160°C for 75 min.
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Hydrolyzed samples were filtered through Whatman 0.45pum
filters, and filtered solutions were diluted 1:10 with ultrapure
water before being submitted to automated online derivatization
and injection. The HPLC system consisted of an Agilent 1260
Infinity Series chromatograph (Agilent Technologies, Santa Clara,
CA, USA) equipped with a binary pump (G1312B), a diode-
array detector (1315C), and a fluorescence detector (G1321B). The
analyses were performed using a Zorbax Eclipse AAA column
(150 x 4.6 mm i.d., 3.5um particles; Agilent Technologies, Palo
Alto, CA, USA). Individual amino acid peaks were identified by
comparing their retention times with those of standards. Results
for amino acids were expressed as mg/100g meat. Amino acid
determinations were performed in triplicate.

2.3 Microbiological analyses

2.3.1 Determination of antimicrobial activity of
essential oils in vitro

(Sigma, Pool, UK),
Probena sl, Zaragoza, Spain), and lemon extract (Spencer
Food Industrial, Amsterdam, The Netherlands) were tested
to evaluate their antimicrobial activity against three specific

Thymol citrus extract (Biocitro,

spoilage microorganisms. Stock solutions (200-300-400-500
mg/L) of thymol were prepared in water-ethanol (1:1), while
the other compounds were dissolved in distilled water. All
solutions were freshly prepared before each use and sterilized by
filtering through membranes (0.20 wm; Sartorius, Goettingen,
Germany). The strains used were Pseudomonas fluorescens DSM
50090 purchased from a Public Collection (Deutsche Sammlung
von Mikroorganismen und Zellkulturen), Staphylococcus spp.,
and Escherichia coli belonging to the culture collection of the
Laboratory of Predictive Microbiology, University of Foggia.
The microorganisms were stored at —20°C in nutrient broth
(Oxoid, Milan, Italy) added with 33% sterile glycerol and grown
under aerobic conditions in nutrient broth at 25°C for 48 h for P.
fluorescens and at 37°C for 24 h for both strains. The effectiveness
of natural compounds against fish spoilage microorganisms was
determined by inhibition zone assays inoculating the substrates
with 1ml of cell suspension (10° CFU/mL). For each natural
compound, 0.1 mL of the active solutions, for each concentration,
was poured into wells (9mm diameter) previously cut with a
sterilized cork-borer into the agar medium. The plates inoculated
with P. fluorescens were incubated at 25°C for 48 h, while those
with Staphylococcus spp. and E. coli were incubated at 37°C
for 24h. As a control for the antimicrobial activity of thymol,
0.1 ml of a water-ethanol (1:1) solution was poured into wells; for
the other active compounds, 0.1 ml of distilled water was used.
After incubation, the inhibition diameter was measured in three
directions, and the average was tabulated. Three replications of this
experiment were made.

2.3.2 Challenge test in model system

Agar diskettes containing technical agar No. 3 (Oxoid, Milan)
and 2% meat extract (Beef Extract, Oxoid) were used to simulate a
fish filet model system. Before use, P. fluorescens and E. coli strains
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were grown in nutrient broth and incubated at 25°C for 48 h and
37°C for 24 h, respectively. The microorganisms were centrifuged
at 4,000 x g for 10 min, the supernatant was discarded, and the pellet
was suspended in a sterile saline solution (0.9% NaCl). After two
dilutions of the stock solution, 200 pL of cell suspension was added
to a test tube containing liquid agar and meat extract (19 mL; 55°C)
and 1 mL of a 2 g/L citrus extract. Immediately after inoculation,
the agar solution was put in Petri dishes and left to dry for 1 h; the
concentration of citrus extract in the final sample was 100 mg/L,
while the microorganisms were 3 log CFU/g. Samples were stored
at 37°C for E. coli and 25°C for P. fluorescens and analyzed after 24,
48, and 72 h. Agar pieces (20 g) were taken and diluted in 180 mL of
saline solution in a Stomacher bag (Seward, London, England), then
homogenized for 1 min in a Seward Stomacher Lab Blender 400.
Serial dilutions of the homogenates were inoculated on nutrient
agar and incubated at 37°C for 24 h (E. coli) or 25°C for 48-72h (P.
fluorescens). All tests were performed in duplicate over two different
batches. Samples not containing the citrus extract but inoculated
with the test microorganisms were used as a control.

2.3.3 Influence of citrus extract and different
packages on the microbial stability of Aphia
minuta

Aphia minuta samples were dipped for 5min in a 100 mg/L
citrus extract solution; after treatment, excess liquid was removed
by air drying under a laminar flow hood. Samples immersed
in distilled water were used as controls. Then, the samples
were packaged in three different kinds of packaging materials:
Nylon/Polyethylene bags (95 wm, Tecnovac, San Paolo D’Argon,
Bergamo, Italy) using S100-Tecnovac equipment were 170 mm
x 250mm long, with O, permeability of 50.65 cm®/m? day
atm and a water vapor transmission rate of 1.64 g/m? day, as
specified by the manufacturer; PLA polylactic bags [OTR: 45*10°
cc/(m?xday)]; corn starch based [OTR: 45%10° cc/(m?xday)]
under three conditions: (A) under vacuum (UV); (B) ordinary
Atmosphere (AO); and (C) modified atmosphere (65% N,-30%
CO,-5% Oy; MA). Samples were stored at 4°C for 7 days and
periodically analyzed as described in the following. All analyses
were conducted twice.

For microbiological analyses, the following media were used:
plate count agar (PCA) incubated at 5°C for 1 week and at 30°C for
48h under aerobic conditions for psychrophilic microorganisms
and total bacteria count, respectively; Baird Parker Agar Base,
supplemented with Egg Yolk supplement, for coagulase-positive
staphylococci; Pseudomonas agar base (PAB) supplemented with
Pseudomonas CFC supplement, incubated at 25°C for 48h for
Pseudomonadaceae; Violet Red Bile Glucose Agar (VRBGA)
incubated at 37°C for 24 h for Enterobacteriaceae. All the media
and the supplements were sourced from Oxoid (Milan, Italy).

2.4 Statistic

Nutritional properties data were subjected to analysis of
variance (ANOVA) using the GLM procedure of the SAS statistical
software (20). The mathematical model included the fixed effect of
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TABLE 1 Chemical composition (%) of Aphia minuta as affected by the sampling season (means + SEM).

Sampling season

Winter (n = 10) Spring (n = 10) Summer (n = 10) Effect, P
Moisture 79.70 ab 78.85b 8091a 0.45 .
Fat 1.20 1.14 0.98 0.12 NS
Protein 15.86 ab 16.09a 14.66 b 0.32 e
Ash 3.09 3.66 3.10 0.18 NS

NS, not significant.
P < 0.01.
Letters indicate significant differences in a row.

sampling season and random residual error. All effects were tested
for statistical significance (to P < 0.05), and significant effects were
reported in tables. When significant differences were found (at P
< 0.05 unless otherwise noted), Tukey’s test was performed for
multiple comparisons among means.

For microbiological studies, significant differences were
pointed out through a t-test for paired comparison, while ANOVA
was used for the challenge test, using the time, the packaging and
modified atmosphere, and treatment (control vs. dipping in citrus
extract) as categorical predictors.

3 Results and discussion

3.1 Chemical composition and fatty acid
profile

The chemical composition of Aphia minuta as affected by
sampling season is shown in Table 1. No significant differences
were found for fat and ash contents during the seasons, remaining
relatively stable throughout the year (0.98-1.20 and 3.19-3.66%
for fat and ash, respectively). A significant seasonal variation
concerning protein (14.56-16.09%) and moisture content (78.85-
80.91%) was noticed. Higher protein content was found in spring
(P < 0.01) compared to the other seasons, while moisture content
in this season showed the lowest content (P < 0.01). The highest
value of protein observed in spring coincides with the high feeding
period of Aphia minuta, as there is a peak in the primary production
(planktonic blooms) during spring and summer. Particularly,
Aphia minuta has a diet consisting of zooplankton (decapods,
crustaceans, copepods, and cirripedes), a protein source.

The composition of Aphia minuta’s fatty acids during the
winter, spring, and summer seasons is shown in Table 2. The
percentage of saturated fatty acids (SFA) did not change during the
winter, spring, and summer seasons, while monounsaturated and
polyunsaturated fatty acid content was affected by sampling season
(P < 0.05and P < 0.01, respectively). Monounsaturated fatty acids
(MUFA) were higher in winter compared to the percentage found
in spring and summer seasons, with the highest content of oleic
acid (P < 0.01). The content of polyunsaturated fatty acids (PUFA)
was the highest in spring and summer. Particularly during summer,
Aphia minuta showed the lowest content of n-6 PUFA and the
highest content of n-3 PUFA. In contrast, the highest content of
n-6 and the lowest content of n-3 PUFA were found in the winter.
Among n-3 PUFAs, linolenic, eicosapentaenoic (EPA; C20:5 n-3),

Frontiersin Nutrition

137

docosapentaenoic (DPA; C22:5 n-3), and docosaeasoenoic (DHA;
C22:5 n-3) fatty acids showed a higher value (P < 0.01) in spring
and summer compared to the winter season.

As reported in a previous study, the fatty acid composition
of fish varies throughout the year due to factors such as the
fish’s life cycle and external influences, such as their food’s
temperature, salinity, and fatty acid composition (21). The seasonal
changes in the fatty acid profile observed in Aphia minuta are
consistent with variations observed in European sardine (Sardina
pilchardus), which show the highest levels of PUFA and n-3
PUFA during intensive feeding in the summer season (22). In
particular, European sardine is recognized as a highly nutritious
and important species of Mediterranean Sea fisheries (23). It is
popular for its rich of long-chain polyunsaturated fatty acids. The
n-3 PUFA levels found in Aphia minuta are higher than those
reported in sardines.

Regardless of the sampling season, it is worth noting that in
Aphia minuta, the content of palmitic acid (C16:0) was lower than
other little fishes of the Adriatic Sea. In particular, previous studies
reported palmitic acid as the most abundant fatty acid in sardine
in anchovy and picarel (24). On the contrary, in the Aphia minuta,
the fatty acids with the highest percentages were DHA and EPA,
resulting in 88% of the total polyunsaturated fatty acids. This is
an important result from a nutritional point of view because n-
3 eicosapentaenoic (EPA) and docosahexaenoic (DHA) fatty acids
are essential for human development and have different beneficial
effects on human health, performing important anti-inflammatory
and antithrombotic functions and playing a very important role
in the prevention and treatment of coronary heart disease (25).
In contrast, palmitic acids are positively associated with a risk of
atherosclerosis and other cardiovascular diseases.

The positive effects of n-3 PUFA on human health are related
to the actual dietary intake of n-3 PUFA. In the present study, 100 g
of Aphia minuta provided nearly 1,800 mg of EPA+ DHA. On a
quantitative basis, the values of this fish accounted for 90% of the
recommended intake of long-chain (LC) n-3 PUFA [2g EPA+ DHA
per day; (26)]. Thus, Aphia minuta can be considered a high source
of n-3 and a very good choice of fish all year round.

Based on the fatty acid profile, nutritional indices were
calculated (Table 3). Samples of Aphia minuta collected in spring
and in summer showed higher values of P/S (P < 0.05), EPA+DHA
percentage (P < 0.01), and fish lipid quality index (P < 0.05) than
samples collected during the winter season, while n-6/n-3 was the
lowest in summer sampling (P < 0.05). This result confirms that
Aphia minuta fished in spring and summer had better nutritional
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TABLE 2 Fatty acid profile (%) of Aphia minuta as affected by the sampling season (means + SEM).

Sampling season

Winter (n = 10) Spring (n = 10) Effect, P

C12:0 0.05 0.05 0.11 0.05 NS
Cl14:0 331 298 3.53 0.19 NS
C15:0 0.63 0.55 0.54 0.10 NS
Cl16:0 14.80 14.84 14.27 0.28 NS
C17:0 1.43 1.38 1.55 0.12 NS
C18:0 4.15 3.96 3.95 0.15 NS
C21:0 0.34 0.25 0.31 0.06 NS
Other SFA 0.49 0.36 0.49 0.05 NS
SFA 25.20 24.37 24.75 0.45 NS
Clé6:1 3.80 3.34 3.75 0.18 NS
Cl17:1 0.11 0.13 0.10 0.03 NS
C18:1t9 0.16 0.11 0.15 0.03 NS
C18:1¢9 532a 4.55b 3.95b 0.31 *
C20:1 0.26 0.25 0.30 0.05 NS
Other MUFA 0.42 0.19 0.18 0.09 NS
MUFA 10.08 a 8.57b 8.43b 0.41 *
C18:2t9t12 0.07 0.05 0.05 0.03 NS
C18:2¢9¢12 0.94 0.89 091 0.11 NS
C20:2n6 558a 5.24 ab 4.75b 0.25 o
C20:3n6 0.01 0.03 0.02 0.01 NS
C20:4n6 0.64a 0.50 b 0.48b 0.02 b
C22:2n6 0.04 0.02 0.05 0.02 NS
C18:3n3 0.84b 1.28a 1.32a 0.15 o
C20:3n3 0.05b 0.13a 0.16a 0.02 *
C20:5n3 (EPA) 16.80 b 17.63 a 17.75a 0.23 o
C22:6n3 (DHA) 39.74b 4127 a 41.32a 0.25 o
né 7.28a 6.74 ab 6.26 b 0.19 b
n3 57.43b 60.31a 60.55a 0.28 o
PUFA 64.71 a 67.05b 66.81b 0.31 o

NS, not significant.

*P < 0.05.

**P < 0.01.

P < 0.001.

Other SFA = C 20:0, C22:0, C23:0, C24:0; other MUFA = C 14:1, C15:1, C22:1, C24:1.
Letters indicate significant differences in a row.

properties. It has been demonstrated that FAs play positive or
negative roles in the prevention and treatment of diseases; in the
last years, many studies (18, 27) have been addressed to evaluate
the nutritional value of fatty acids and to explore their potential
usage in disease prevention and treatment to accurately select
appropriate indices.

The n-6/n-3 ratio is an important index for determining the
quality of fat, as a higher amount of n-6 fatty acids promotes the

Frontiersin Nutrition 138

pathogenesis of many diseases, including cancer, inflammatory, and
autoimmune diseases, whereas increased levels of n-3 PUFA exert
suppressive effects (28). Reducing the ratio of n-6/n-3 fatty acids in
the human diet was essential to help prevent coronary heart disease
and reduce the risk of cancer (28). In the current study, the ratio
of n-6/n-3 fatty acids found in Aphia minuta ranged from 0.10 to
0.13; this value is much lower compared to previous studies (29)
and to the threshold value (<4) indicated by the World Health
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TABLE 3 Nutritional indices of Aphia minuta as effected by the sampling season (means + SEM).

Sampling season

Winter (n = 10) Summer (n = 10)

Spring (n = 10)

P/S 2.57b 2.75a 2.70a 0.05 *
n6/n3 0.13a 0.11 ab 0.10b 0.01 *
Atherogenic index (AI) 0.38 0.35 0.38 0.04 NS
Thrombogenic index (TI) 0.12 0.11 0.11 0.04 NS
EPA+DHA (%) 56.54b 58.90 a 59.07 a 0.18 o
Fish lipid quality (FQL) 224.38b 241.74a 238.67 a 1.55 *

NS, not significant.

*P < 0.05.

**P < 0.01.

4P < 0.001.

Al = (C12:0 4 4xC14:0 + C16:0)/(MUFA + £n6 + £n3).

TI = (C14:0 4 C16:0 4 C18:0)/[(0.5x MUFA) + (0.5x X'n-6 PUFA) + (3x ¥'n-3 PUFA) + (£n-3 PUFA/ ¥ n-6 PUFA)].

FLQ = 100 x (C20:5n-3 + C22:6n-3)/( X Saturated Fatty Acids).
Letters indicate significant differences in a row.

Organization (WHO). Similarly, Atherogenic and Thrombogenic
indices ranged from 0.35 to 0.38 and from 0.11 to 0.12, respectively,
showing values much lower than the threshold values (atherogenic
index <0.5 and thrombogenic index <1.0) suggested as desirable to
minimize the risks of cardiovascular diseases.

3.2 Amino acids

Next to providing essential fatty acids, fish is a source of high-
quality proteins; particularly, fish protein is considered a complete
source of protein, as it is only the protein source that contains a
well-balanced amino acid composition that has eight essential and
eight non-essential amino acids (30).

The amino acid composition of Aphia minuta during the
winter, spring, and summer seasons is shown in Table 4. The
highest content of essential amino acids was measured during
the spring and summer (P< 0.01), with leucine and lysine being
the most dominant amino acids. Essential amino acids are basic
in the diet, particularly for certain populations with specific
needs, such as those of children and sick and old people. In
particular, leucine can stimulate the synthesis of muscle protein,
while lysine has been shown to improve growth performance in the
body (31).

The highest value was found in spring (P < 0.05) related to
the total amino acid content. This result is consistent with the
highest protein percentage found in this season. It is worth noting
that Aphia minuta showed a very high percentage of essential
amino acids/total amino acids, ranging from 58.4 to 62.7%, with the
highest ratio in summer (P < 0.05). Furthermore, Aphia minuta has
a high arginine content; being a functional amino acid, it plays an
important role in the regulation of metabolic pathways to improve
health, survival, growth, development, lactation, and reproduction
of the organisms (32). These results highlight that the amino acid
content of the Aphia minuta has many similarities with the amino
acid profile of sardines (22), which is a rich source of essential and
functional amino acids.
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3.3 Microbiology

The antimicrobial activity of the three natural compounds at
different concentrations (200-500 mg/L) was measured against
three well-defined fish spoilage/pathogen bacteria, used as targets
for the following reasons: P. fluorescens, such ad all pseudomonads,
is among the most resistant strains to EOS, while E. coli and
Staphylococcus spp. are hygiene indicators. The diameter of the
growth inhibition zone (measured in mm) was used as the criterion
for antimicrobial activity. Table 5 shows the inhibitory effect of
the active compounds on the growth of the target strains. The
inhibitory effect of thymol was not observed against Staphylococcus
spp., whereas for citrus and lemon extracts, the zone of inhibition
was between 2 and 2.5mm at all concentrations tested. For P.
fluorescens and E. coli, at the lowest concentrations (200-300 mg/L)
of citrus and lemon extracts, the inhibition zone was around
1.5-2 mm, without statistically significant differences between the
compounds used. On the other hand, thymol concentrations up to
500 mg/L were required to obtain the same antibacterial activity.

The antibacterial activity of citrus and lemon extract was
concentration-independent, as their antibacterial activity did not
increase proportionally with increasing concentrations. In fact,
against Staphylococcus spp. and E. coli, the inhibitory effect of these
natural compounds was independent of the concentration, and the
diameter of the inhibition zone was ~2-2.5 mm by using 200, 300,
400, or 500 mg/L. The trend of thymol was different from the other
active compounds; the inhibition zone was very low, up to 300
mg/L, while at the highest concentration, an inhibition diameter of
about 1.5 mm was recorded. Thymol is one of the most known and
widely studied EO, extracted among others from Thymus vulgaris
and Ocimum gratissium and with a variety of biological functions
(antimicrobial, anti-inflammatory, antioxidant, antimutagenic,
larvicidal, analgesic, and radioprotective effects) (33). Although
many authors in the past suggested a higher sensitivity of Gram-
negative microorganisms (34, 35), the results hereby collected
confirm the findings of the meta-analysis of Speranza et al. (36),
who found a strong resistance of some Gram-negative bacteria,
mainly those belonging to E. coli species and Pseudomonas genus.
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TABLE 4 Aminoacids composition (mg/100 g fish) of Aphia minuta as affected by the sampling season (means & SEM).

Sampling season

Winter (n = 10) Spring (n = 10) Summer (n = 10) Effect, P

Arginine 969.6 977.7 936.6 22.3 NS
Histidine 452.4 395.1 382.0 24.7 NS
Threonine 924.2 995.4 949.2 44.7 NS
Valine 876.7 946.6 906.9 389 NS
Methionine 713.3 746.9 744.2 22.6 NS
Phenylaalnine 629.2 688.7 696.6 31.3 NS
Isoleucine 740.5 839.0 849.7 42.8 NS
Leucine 1,6222 B 1,852.7 a 1,938.3 a 66.5 *

Lysine 1,865.5B 2,079.0a 2,159.0a 77.5 o
Aspartate 1,551.0 1,618.5 1,634.5 63.5 NS
Glutamate 2,112.4 2,170.6 2,275.6 76.5 NS
Serine 571.9 536.5 504.6 55.6 NS
Glycine 722.7 682.2 641.5 45.8 NS
Alananine 908.8 990.4 1,100.5 48.7 NS
Tyrosine 618.7 553.4 536.3 315 NS
Cystein 336.5 247.3 263.0 255 NS
Proline 391.3 480.5 404.4 225 NS
AAT 15,056.8 B 16,104.4 15,242.8 b 250.5 *

EAAT 8,793.4 B 9,521.2a 9,562.5a 99.5 o
NEAAT 7,213.4 7,279.2 7,360.3 68.8 NS
EAA/NEAA 1.2 1.3 1.3 0.3 NS
%EA/AAT 58.4B 59.1b 62.7 a 0.65 *

Letters indicate significant differences in a row.
NS, not significant.

*P < 0.05.

P < 0.01.

P < 0.001.

AAT, amino acid total; EAAT, essential amino acid total; NEAAT, non-essential amino acid total.

On the other hand, the antimicrobial activity recorded by citrus
and lemon extracts confirms the potentiality of oils and active
components extracted from Citrus spp.; some authors reported in
the past the ability to eradicate several Pseudomonas and/or E.
coli strains by different mechanisms, including among others the
disturbance of quorum sensing, biofilm eradication, or affecting cell
surface hydrophobicity (37-39).

Based on these findings, lemon and citrus extracts were
regarded as promising antimicrobials for the second step, but
lemon extract was not used in the second phase of the experiment
because its antimicrobial activity was not reproducible due to
its variable and complex composition; in fact, some preliminary
analyses by authors revealed that its antimicrobial activity changed
as a function of the batch used. Furthermore, the organoleptic
impact on the matrix should not be underestimated when using
essential oils. Therefore, based on the preliminary results, the
citrus extract was chosen for the next steps, as the commercial
preparation used is less organoleptically harmful, as also found by
authors for other applications. Thus, a solution of citrus extract at
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200 mg/L was chosen to study the antimicrobial efficacy on the
development kinetics of the two target microorganisms. The test
was conducted in a model system at this stage on two representative
microorganisms of spoiling (P. fluorescens) and pathogenic (E. coli)
microbiota. In the citrus extract sample, the concentration of P.
fluorescens was about 3 log CFU/g throughout time, while in the
control, the concentration increased from 3.5 to 8.0 log CFU/g
after 72h. As for E. coli, the pathogen was already below the
detection threshold after 24 h, while the cellular concentration of
the microbial target in the control sample was 8.1 log CFU/g after
72h (Figure 2). These results suggest a possible bacteriostatic effect
of citrus extract against Pseudomonas spp. and a bactericidal effect
against E. coli.

The difference between the two test strains, at least for the
action on the growth/death kinetic, confirms the possibility that
an EO could act differently, depending on various conditions,
but mainly due to the characteristics of the external layers. In
the case of E. coli, several authors postulated different modes of
action. For example, Alvarez-Ordéfiez et al. (40) found that a
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TABLE 5 Inhibition effects of natural compounds tested against Pseudomonas fluorescens, Staphylococcus spp., and Escherichia coli.

Natural compound

Target strain

Diameter of the zones of inhibition (mm)

200 mg/L 300 mg/L 400 mg/L 500 mg/L
Thymol Pseudomonas fluorescens 0.87 £0.12 0.93 £ 0.06 1.17 £ 0.06 1.40 £0.17
Staphylococcus spp. - - -
Escherichia coli 0.63 & 0.06 0.73 4 0.06 1.10 £ 0.20 1.13+0.15
Citrus extract Pseudomonas fluorescens 1.30 4 0.40 1.60 & 0.12 2.00 £ 0.00 2.20 £0.20
Staphylococcus spp. 2.30 £0.17 220+£0.17 22040.20 2.13+£0.15
Escherichia coli 2.90 £0.10 1.80 £0.12 2.00 £ 0.00 2.03 £ 0.06
Lemon extract Pseudomonas fluorescens 1.60 % 0.00 1.77 £0.25 1.93 +0.12 2.134+0.12
Staphylococcus spp. 2.50 & 0.00 243+£0.12 2234025 2.67 £0.29
Escherichia coli 2.00 £ 0.00 2.00 4 0.00 2.07+0.12 2.00 £ 0.00

The mean values + standard deviation.
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FIGURE 2

The concentration of Pseudomonas fluorescens and Escherichia
coli in model systems (mean =+ standard deviation). CNT, control;
TR, sample dipping in citrus extract solution. *This symbol denotes a
statistical difference between control and treated samples (t-test,

P < 0.05).

commercial citrus extract determined the formation of pores with
the leakage of cellular components due to the interaction with
the carboxylic groups of the fatty acids of the membrane. On the
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other hand, the same extract used in this study was tested by de
Nova et al. (41), who also found a morphological alternation of the
cell envelope. These changes, along with possible changes in the
hydrophobicity of the cell surface (38), would have been responsible
for the bactericidal effect on E. coli. In the case of Pseudomonas spp.,
different mechanisms have been postulated, but the most important
ones are the reduction of cell motility and the disturbance of cell-
to-cell communication, which could determine a delay rather than
inactivation (42).

Based on the results obtained in the model system, a shelf-
life test was carried out. Enterobacteriaceae, staphylococci, and
SSO contamination were random and variable, neither affected
by treatment conditions nor packaging, as many samples were
below the detection limit. On the other hand, psychrophilic
microorganisms showed consistent developmental kinetics that
were responsive to the input variables and allowed accurate
assessment of the microbiological quality of the product; this
result is of concern, as it is well-known that psychrophilic
microorganisms are limiting for the quality and the shelf life of
fish (43-45). Data on the cellular concentration of psychrophilic
microorganisms in Aphia minuta samples during the shelf-life
test are shown in Figure 3. In the control samples, there was an
increase in the concentration of psychrophilic microorganisms over
time (4-6 log CFU/g), which was mainly dependent on the type
of storage atmosphere, as after 7 days the samples UV-packed
showed a significantly lower viable count (4.2-4.5 vs. 6.2-6.5
log CFU/g in AO samples); these results are probably because
pseudomonads represent a significant proportion of psychrophilic
microbiota in fish (46), and the removal of oxygen could exert
a detrimental effect as they are aerobic. Under vacuum, the
citrus extract exerted a biocidal effect, as the target microbes
were below the detection threshold after 7 days, due probably
to the combination of oxygen removal and the antimicrobial
effect of EO. To better understand the effects of the variables,
MANOVA modeled the data; the table of standardized effects
shows that all predictors were significant as single terms but
with different statistical weights (Table 6). The most significant
predictor variable was the dipping treatment (F-test, 926.44),
followed by the storage atmosphere (F-test, 569.86), storage time
(F-test, 301.25), and packaging type (F-test, 4.39). In addition,
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FIGURE 3

The concentration of psychrophilic microorganisms in Aphia minuta samples during the shelf-life test; error bars represent 95% confidence intervals.
UV, vacuum; OA, ordinary atmosphere; MA, modified atmosphere (65% N», 30% CO,, and 5% O5). CNT, control; TR, sample dipping in citrus extract
solution. A, conventional bags; B, PLA bags; C, corn starch bags.

statistical analysis showed the significance of some interactive terms  treatment, storage atmosphere*dipping treatment*storage time).
(in order of statistical weight: dipping treatment*storage time,  Estimating the quantitative effects of predictors is possible by
storage atmosphere*storage time, storage atmosphere*dipping  decomposing the statistical hypothesis, which does not show real
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trends but the mathematical correlation of each predictor vs. the
dependent variable. Figures 4, 5 show the decomposition of the
statistical hypothesis for the individual effects of predictors (storage
atmosphere, treatment). As expected, the most effective storage
atmosphere was UV (2.7 log CFU/g), followed by MA (3.6 log
CFU/g), and finally, AO (4.3 log CFU/g; Figure 4). Regarding
the effect of the treatment (Figure 5), the cell concentration of

TABLE 6 Standardized effects of packaging, dipping in citrus extract
solution (treatment), storage time, and atmosphere.

Variable Fisher test

10.3389/fnut.2024.1454228

psychrophilic microorganisms was 4.1 log CFU/g in the control
and 3.1 log CFU/g in the treated sample, indicating a very strong
quantitative effect.

4 Conclusion

This study provides valuable into  the
nutritional values, fatty acid and amino acid profiles,
and the shelf life of Aphia minuta collected from the
Adriatic Sea.

Aphia minuta is a rich source of n-3 fatty acids and amino

insights

CO», and 5% O3).

Decomposition of the statistical hypothesis for the effect of the storage atmosphere on the concentration of psychrophilic microorganisms during
the shelf-life test. Error bars represent the 95% confidence interval. UV, vacuum; OA, ordinary atmosphere; MA, modified atmosphere (65% N2, 30%

) acids. It has the highest content of n-3 fatty acids and essential
{1} Packaging 4.39
amino acids during spring and summer. Additionally, it maintains
{21 Storage atmosphere 26086 a very high content of eicosapentaenoic and docosahexaenoic
{3} Treatment 926.44 fatty acids throughout the year. These acids are essential for
{4} Storage time 301.25 human development and offer various beneficial effects on
human health.
Packaging-St: t it . . . . s s
ACagimE oIoTage AImosPReTe Concerning the microbiological quality, psychrophilic
Packaging-Treatment microbiota could present an issue. However, combining
Storage atmosphere-Treatment 92.38 natural antimicrobial compounds and packaging could be
) ) a valuable strategy to prolong the shelf life. Experiments
Packaging-Storage time - .
conducted in the model system suggest that the effect of the
Storage atmosphere-Storage time 29591 citrus extract could be either bacteriostatic or bactericidal,
Treatment-Storage time 475.10 depending on the target microorganisms. Nevertheless, this
Packaging Storage atmosphere-Treatment is a p?omlsmg st.ratfzgy. 'Spec1ﬁc'ally, the comblnat'lon of UV
packaging and dipping in a citrus extract solution at 100
Packaging-Storage atmosphere-Storage time : mg/L inhibited the growth of psychrophilic microorganisms,
Packaging-Treatment-Storage time - reducing their viable count below the detection limit
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Decomposition of the statistical hypothesis for the treatment on the concentration of psychrophilic microorganisms during the shelf-life test. Error
bars represent the 95% confidence interval. CNT, control sample; TR, sample dipping in the citrus extract solution.

In conclusion, the information and results reported in this
study could be very useful for exploiting and expanding the
market of the Aphia minuta and paving the way for new
valorization strategies.
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