
Citation: Recinella, L.; Gorica, E.;

Chiavaroli, A.; Fraschetti, C.; Filippi,

A.; Cesa, S.; Cairone, F.; Martelli, A.;

Calderone, V.; Veschi, S.; et al.

Anti-Inflammatory and Antioxidant

Effects Induced by Allium sativum L.

Extracts on an Ex Vivo Experimental

Model of Ulcerative Colitis. Foods

2022, 11, 3559. https://doi.org/

10.3390/foods11223559

Academic Editor: Angela Cardinali

Received: 6 September 2022

Accepted: 4 November 2022

Published: 9 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

Anti-Inflammatory and Antioxidant Effects Induced by
Allium sativum L. Extracts on an Ex Vivo Experimental Model
of Ulcerative Colitis
Lucia Recinella 1, Era Gorica 2, Annalisa Chiavaroli 1,* , Caterina Fraschetti 3, Antonello Filippi 3,
Stefania Cesa 3 , Francesco Cairone 3 , Alma Martelli 2,4,5 , Vincenzo Calderone 2,4,5, Serena Veschi 1 ,
Paola Lanuti 6 , Alessandro Cama 1 , Giustino Orlando 1, Claudio Ferrante 1 , Luigi Menghini 1 ,
Simonetta Cristina Di Simone 1, Alessandra Acquaviva 1,7 , Maria Loreta Libero 1 , Nilofar 1, Luigi Brunetti 1

and Sheila Leone 1,*

1 Department of Pharmacy, G. d’Annunzio University of Chieti-Pescara, 66013 Chieti, Italy
2 Department of Pharmacy, University of Pisa, 56126 Pisa, Italy
3 Department of Drug Chemistry and Technology, Sapienza University of Rome, 00185 Rome, Italy
4 Interdepartmental Research Center “Nutrafood: Nutraceutica e Alimentazione per la Salute”,

University of Pisa, 56126 Pisa, Italy
5 Interdepartmental Research Center “Biology and Pathology of Ageing”, University of Pisa, 56126 Pisa, Italy
6 Department of Medicine and Aging Science, Centre on Aging Sciences and Translational

Medicine (Ce.S.I-MeT), University “G. d’Annunzio” of Chieti-Pescara, 66100 Chieti, Italy
7 Veridia Italia Srl, Via Raiale 285, 65100 Pescara, Italy
* Correspondence: annalisa.chiavaroli@unich.it (A.C.); sheila.leone@unich.it (S.L.);

Tel.: +39-0871-3554658 (A.C.); +39-0871-3554774 (S.L.)

Abstract: Inflammatory bowel diseases (IBDs) are chronic and multifactorial inflammatory condi-
tions of the colonic mucosa (ulcerative colitis), characterized by increased and unbalanced immune
response to external stimuli. Garlic and its bioactive constituents were reported to exert various
biological effects, including anti-inflammatory, antioxidant and immunomodulatory activities. We
aimed to evaluate the protective effects of a hydroalcoholic (GHE) and a water (GWE) extract from
a Sicilian variety of garlic, known as Nubia red garlic, on an ex vivo experimental model of ul-
cerative colitis, involving isolated LPS-treated mouse colon specimens. Both extracts were able to
counteract LPS-induced cyclooxygenase (COX)-2, tumor necrosis factor (TNF)-α, nuclear factor-kB
(NF-kB), and interleukin (IL)-6 gene expression in mouse colon. Moreover, the same extracts inhibited
prostaglandin (PG)E2, 8-iso-PGF2α, and increased the 5-hydroxyindoleacetic acid/serotonin ratio
following treatment with LPS. In particular, GHE showed a better anti-inflammatory profile. The
anti-inflammatory and antioxidant effects induced by both extracts could be related, at least partially,
to their polyphenolic composition, with particular regards to catechin. Concluding, our results
showed that GHE and GWE exhibited protective effects in colon, thus suggesting their potential use
in the prevention and management of ulcerative colitis.

Keywords: garlic; colon; multimethodological evaluation; CIEL*a*b*; HS–SPME/GC–MS; apoptosis;
inflammatory bowel disease

1. Introduction

Garlic (Allium sativum L.) is an herbaceous plant, belonging to the Amarillidaceae
family, that is used all over the world as traditional medicine and spice [1]. Garlic contains a
number of biologically active compounds, including phenolic compounds [2], saponins [3],
polysaccharides [4], as well as organosulfur compounds [1] that contribute to its countless
pharmacological properties. In particular, the health-promoting properties induced by gar-
lic were suggested to be related to its bioactive compounds, including phenolic compounds,
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whose content in this plant is relatively high [5]. However, the content of phenolic com-
pounds in garlic was reported to be dependent on environmental, genetic and agronomic
factors [6]. Preclinical and clinical studies demonstrated the anti-inflammatory, antioxidant,
antiatherosclerotic, anticancer, immunomodulatory, antidiabetic, antiobesity, neuropro-
tective, as well as digestive system protective activities of both garlic and its phenolic
constituents [1]. Interestingly, raw garlic showed higher antioxidant activity compared to
cooked garlic [7], suggesting that the antioxidant property of garlic could be modified by
the processing methods. Moreover, in vitro and in vivo studies showed that garlic could
suppress inflammation mainly through inhibition of various inflammatory biomarkers,
including nitric oxide (NO), tumor necrosis factor (TNF)-α, and interleukin (IL)-1 [1].

The beneficial effects induced by garlic were also be related to its organosulfur com-
pounds, including diallyl thiosulfonate (allicin), diallyl sulfide (DAS), diallyl disulfide
(DADS), diallyl trisulfide (DATS), E/Z-ajoene, S-allyl-cysteine (SAC), as well as S-allyl-
cysteine sulfoxide (alliin) [1]. In particular, allicin was reported to be among the most
important bioactive constituents exerting antioxidant effects [8].

Inflammatory bowel diseases (IBDs) are chronic and multifactorial inflammatory con-
ditions of the colonic mucosa (ulcerative colitis), characterized by increased and unbalanced
immune response to external stimuli [9–11]. In this context, antioxidant/anti-inflammatory
herbal extracts were found to contrast IBD-related symptoms [12,13] by reducing various
pro-inflammatory and oxidative biomarkers, such as reactive oxygen/nitrogen (ROS/RNS)
species, prostaglandins, and cytokines.

Interestingly, garlic was suggested to exert protective effects against ulcerative col-
itis [14]. In addition, garlic oil suppressed endotoxin-induced neutrophil infiltration in
small intestine of rats [15]. Moreover, Balaha and collaborators (2016) [16] showed that
garlic oil (GO) was able to inhibit ulcerative colitis induced by dextran sulfate sodium in
rats. This effect was suggested to be related to antioxidant, anti-inflammatory as well as to
immunomodulatory effects of GO. Accordingly, more recently, GO was reported to decrease
inflammation and cellular damage in a rat model of colitis induced by acetic acid [17].

On the basis of these findings, in this study, we aimed to evaluate the potential
protective effects of a hydroalcoholic extract (GHE) and a water extract (GWE) of garlic
on isolated mouse colon specimens treated ex vivo with E. coli lipopolysaccharide (LPS),
which represents an experimental model of ulcerative colitis [18]. In particular, our research
focused on hydroalcoholic and water extracts from a Sicilian variety of garlic (Nubia red
garlic), known for the intense red color of the robes of its bulbils [19]. This variant is a
protected denomination of origin product (DOP), which is appreciated all over the world.
We reported here in, to the best of our knowledge, the first potential beneficial effects of
Nubia red garlic on colon inflammation.

2. Materials and Methods
2.1. Preparation of Garlic Extracts

Garlic cloves were supplied as dried powder by il Grappolo S.r.l. (Soliera, Modena,
Italy). Plant sample (1 g) was mixed with either a solution of ethanol–water (20:80, v/v) or
water (final concentration = 1 g/mL), as previously reported [20–22]. The supernatant was
filtered and then dried (freeze-drying). The dry residue, a yellow sugary solid, was stored
at 4 ◦C, until chemical analyses were performed.

2.2. High Performance Liquid Chromatography (HPLC)–Diode Array (DAD)–Mass Spectrometry
(MS) Analysis

Selected phenolic compounds contained in the extracts were identified and quantified
by HPLC–DAD–MS analysis. The HPLC apparatus consisted of a two PU-2080 PLUS
chromatographic pump, a DG-2080-54 line degasser, a mix-2080-32 mixer, UV, diode
array (DAD) and detectors, a mass spectrometer (MS) detector (expression compact mass
spectrometer (CMS), Advion, Ithaca, NY, USA), an AS-2057 PLUS autosampler, and a CO-
2060 PLUS column thermostat (all from Jasco, Tokyo, Japan). Integration was conducted



Foods 2022, 11, 3559 3 of 20

through ChromNAV2 Chromatography software. The separation was performed on an
Infinity lab Poroshell 120-SB reverse phase column (C18, 150× 4.6 mm i.d., 2.7 µm) (Agilent,
Santa Clara, CA, USA). Column temperature was set at 30 ◦C. The separation was conducted
within 60 min of the chromatographic run, starting from the following separation conditions:
97% water with 0.1% formic acid, 3% methanol with 0.1% formic acid, as previously
described [23]. Quantitative determination of phenolic compounds was conducted through
a DAD detector. Qualitative analysis of GHE and GWE was performed by an MS detector in
the positive and negative ion modes. MS signal identification was performed by comparison
with a standard solution and MS spectra available in the MassBank Europe database
(https://massbank.eu/MassBank/ (accessed on 11 November 2021). All HPLC grade
solvents were purchased from Merck Science Life S.r.l. (Milan, Italy). Each analysis was
performed in triplicate. The detailed protocol is enclosed as supplementary materials.

2.3. Headspace Solid-Phase Microextraction-Gas Chromatography–Mass Spectrometry
(HS–SPME–GC–MS) Analysis

The 4 mL vials were loaded with 50 mg of the garlic dry residue. According to the
extraction parameters optimized in our previous screening study performed on the garlic
powder [15], the sample was allowed to equilibrate at 80 ◦C for 20 min and then the SPME
fiber DVB-CAR-PDMS (Sigma Aldrich, now Merck KGaA, Darmstadt, Germany) was
exposed to the head space of the vial for 20 min at 80 ◦C.

After sampling, fiber was withdrawn in the needle and exposed into the GC inlet
at 260 ◦C for 0.5 min. The desorbed analytes were introduced in a gas chromatograph
(6850, Agilent Technologies, Santa Clara, CA, USA) coupled with a mass spectrometer
(5975, Agilent Technologies, Santa Clara, CA, USA), equipped with the non-polar capillary
column HP-5MS (30 m × 0.25 mm inner diameter, and film thickness 0.25 µm). The gas-
chromatographic parameters were set as follows: inlet temperature, 260 ◦C; injection mode,
splitless (splitter valve was opened after 0.2 min and split ratio = 20/1); flow rate of the
helium carrier gas (99.995% purity), 1.0 mL/min; oven temperature starting from 40 ◦C,
after 5 min raised to 200 ◦C at 5 ◦C/min, and kept at this final temperature for 60 min. Mass
spectrometry parameters were set as follows: EI energy, 70 eV; source temperature, 230 ◦C;
quadrupole temperature, 150 ◦C; and mass scan was carried out over the 50–350 m/z range.
The analyses were performed in triplicate.

Two analytical criteria were used to allow the identification of the eluted compounds,
namely the comparison between the EI experimental spectra and those collected in the
commercial (FFNSC 3) and free access databases (NIST 11, Flavor2) and the Kovats index
(KI) measured using a mixture of n-alkanes (C7–C40) with the same chromatographic
conditions, and then compared with values reported in the FFNSC 3 and NIST 11 databases.
A manual integration of chromatographic peaks with a S/N ratio above 3 was performed
without any further modification.

2.4. Positive-Ion Direct Infusion–Electrospray Ionization–Mass Spectrometry (DI–ESI–MS) Analysis

The dry residue of garlic was dissolved in H2O:MeOH (7:3) to a final concentration
of 20 µg/mL and directly infused at 10 µL min−1 in the ESI source of a LTQ XL linear ion
trap (Thermo Fisher Scientific, Waltman, MA, USA). The source parameters were set as
follows: source voltage = 4.5 kV; capillary voltage = 15 V; capillary temperature = 300 ◦C;
tube lens voltage 89.9 V, sheath gas flow rate 10 (arbitrary units). Each spectrum, acquired
over the 170–2000 m/z range, was from averaging 10 full scans, each one consisting of
5 micro scans. The major peaks were isolated and submitted to MS tandem experiments
to allow the compound identification by comparing their relevant MS/MS spectra with
those reported in literature or collected in a free access database (https://massbank.eu/
MassBank/Search (accessed on 19 May 2022). The precursor ion isolation width was 1–2 Da
and the normalized collision energy was set to the value needed to reduce the intensity of
the precursor ion to approximately 10%.

https://massbank.eu/MassBank/
https://massbank.eu/MassBank/Search
https://massbank.eu/MassBank/Search
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2.5. Colorimetric Analysis

Colorimetric analysis of garlic powder (GP) sample and GWE was performed by
X-Rite MetaVueTM® (Prato, Italy) as previously described [15]. GP sample and GWE
analysis was conducted at the time of delivery (t◦) and after 12 months (t12m) of storage
in the darkness at room temperature (25 ± 2 ◦C). The detailed description of colorimetric
analysis is reported in the Supplementary Materials section.

2.6. HPLC–DAD Analysis

GWE was weighed, dissolved in water and filtered before injection into a HPLC Perkin
Elmer apparatus (Series 200 LC pump, Series 200 DAD and Series 200 autosampler, Milan,
Italy). Chromatography was conducted on RP-18 column (3 µ) using a linear gradient
consisting of acetonitrile and acidified water (5% formic acid), from 100% aqueous phase
to 85% in 15 min, 85 to 55% in 30′ and 55 to 40% in 20′, at a flow rate of 0.8 mL/min, at
254 nm. Alliin was quantified as previously described [22] (y = 6.35x + 50.34; R2 = 0.9987,
in the range between 2 and 400 µg/mL, LOD 0.6 µg/g and LOQ 2.0 µg/g extract in dry
weight). Each analysis was performed in quadruplicate. The detailed protocol related to
HPLC-DAD analysis is described in the Supplementary Materials section.

2.7. Cell Lines

Colorectal cancer cell line SW480 was cultured in RPMI1640 (Sigma, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS), 1% Pen/Strep and 1% L-glutamine,
and maintained in a humidified incubator at 37 ◦C, 5% CO2.

2.8. Cell Viability Assay

Evaluation of cell viability was performed by MTT assay [3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide] (Sigma, St. Louis, MO, USA) as previously re-
ported [24]. SW480 cell line was seeded in 96-well plates (5 × 103 cells/well) and was
treated the following day with GHE (1, 10, and 100 µg/mL), GWE (1, 10, and 100 µg/mL)
or vehicle (culture medium). Each analysis was performed in triplicate.

2.9. Apoptosis Assay

To evaluate apoptosis, BD Pharmingen™ APC Annexin V antibody (BD, Becton-
Dickinson Biosciences, San Jose, CA, USA) and propidium iodide (PI) (Sigma, St. Louis,
MO, USA) were used according to the manufacturer’s instructions, essentially as previously
described [25]. Each analysis was performed in triplicate

2.10. Ex Vivo Studies

Adult C57/BL6 male mice (3-month-old, weight 20–25 g) were housed in Plexiglas
cages (2–4 animals per cage; 55 cm × 33 cm × 19 cm) and maintained under standard
laboratory conditions. Experimentation procedures were in agreement with the European
Community ethical regulations (EU Directive no. 26/2014) on the care of animals for
scientific research and approved by local ethical committee (‘G. d’Annunzio’ University,
Chieti, Italy) and Italian Health Ministry (Project no. 885/2018-PR).

After collection, isolated colon specimens were maintained in a humidified incubator
with 5% CO2 at 37 ◦C for 4 h (incubation period) in RPMI buffer with added bacterial
LPS (10 µg/mL) [26,27] and treated with either GHE or GWE (1, 10, and 100 µg/mL).
Prostaglandin (PG) E2 and 8-iso-PGF2α levels (pg/mg wet tissue) were measured by
radioimmunoassay (RIA) in tissue supernatants [28,29]. Each analysis was performed
in triplicate.

Extraction of total RNA from colon specimens was performed using TRI reagent
(Sigma-Aldrich, St. Louis, MO, USA), according to the manufacturer’s instructions. Re-
verse transcription was performed using High Capacity cDNA Reverse Transcription
Kit (ThermoFischer Scientific, Waltman, MA, USA). Gene expression of cyclooxygenase
(COX)-2, TNF-α, nuclear factor-kB (NF-kB), IL-6, and nuclear factor erythroid 2-related
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factor 2 (Nrf2) was measured by quantitative real-time PCR using TaqMan probe-based
chemistry [30,31]. The real-time PCR was performed in triplicate. Relative quantification of
gene expression was conducted through the comparative 2−∆∆Ct method [32]. The detailed
description of real-time PCR is reported in the Supplementary Materials section.

Extraction of serotonin (5-HT), and 5-hydroxyindolacetic acid (5HIIA) was performed
from individual colon specimens homogenized in perchloric acid solution (50 mM). Anal-
ysis of colon 5-HT, and 5HIIA levels was performed through high performance liquid
chromatography coupled to electrochemical detection consisting of ESA Coulochem III
detector equipped with ESA 5014B analytical cell [33,34]. Each analysis was performed
in triplicate.

2.11. Statistical Analysis

Analysis of the data was performed by using the software GraphPad Prism version
6.0 (Graphpad Software Inc., San Diego, CA, USA). Means ± SEM were assessed for each
experimental group and analyzed by one-way analysis of variance (ANOVA), followed
by the Newman–Keuls multiple comparison post hoc test. As for quantification of the
investigated phenolic compounds detected in GHE and GWE, analysis of the data was
conducted by unpaired t test (two-tailed p value). The limit of statistically significant
differences between mean values was set at p-value < 0.05. Calculation of the number of
animals randomized for each experimental group was performed by using the “Resource
Equation” n = (E + T)/T (10 ≤ E ≤ 20) [35].

3. Results and Discussion
3.1. Phytochemical Analyses
3.1.1. HPLC–DAD–MS Analysis

Both garlic extracts were analyzed for the measurement of the levels of selected
flavonoids and phenols by quantitative HPLC–DAD–MS analysis. The list of the polyphe-
nolic compounds studied, as well as the retention time, wavelength, and the m/z ratio for
their determination are reported in Table S2. Quantification was performed as previously
reported [23]. The characterization of the investigated phenolic compounds is reported in
Table 1. A variety of factors influence composition of garlic extracts, such as source of garlic
strain, conditions of storage, processing type, and aging [36,37]. The biological activity
of garlic components has also been reported to be dependent on extraction, temperature,
preparation, and storage [38]. In addition, the data are not easily comparable with literature,
being chiefly related to the garlic clove and garlic powder rather than to the separated
parts [39,40]. The chromatographic analysis of GHE and GWE confirmed the presence of
19 and 18 phytochemicals, respectively (Figure 1 and Table 1). In the present study, the
prominent compound found in GHE was catechin, while the prominent compounds found
in GWE were catechin and benzoic acid. Gallic acid, chlorogenic acid, p-coumaric acid,
t-ferulic acid, benzoic acid, resveratrol, naringenin, hesperetin, and flavone were present at
concentrations ranging from 22.66 to 13.33 µg/mL in GHE, and from 12.73 to 21.51 µg/mL
in GWE. On the other hand, concentrations of 3-hydroxytyrosol, caffeic acid, epicatechin,
syringaldehyde, p-coumaric acid, t-cinnamic acid, quercetin, and 3-hydroxyflavone ranged
from 8.94 to 11.83 µg/mL in GHE, and from 7.23 to 11.59 µg/mL in GWE. Caftaric acid
was detected only in GHE, at very lower concentration (0.93 µg/mL). Interestingly, GHE
was richer than GWE in catechin, epicatechin, t-ferulic acid, benzoic acid, resveratrol,
quercetin, naringenin, and hesperetin. On the other hand, GWE showed higher levels of
3-hydroxytyrosol and 3-hyroxyflavone as compared to GHE.
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Figure 1. HPLC-DAD chromatograms of standards solution (A), garlic water extract (GWE) (B) and
garlic hydroalcoholic extract (GHE) (C). Chromatographic analysis of GWE (B). The chromatographic
analysis showed the presence of 18 phytochemicals: gallic acid (peak #1), 3-hydroxytyrosol (peak
#2), catechin (peak #3), chlorogenic acid (peak #5), caffeic acid (peak #7), epicatechin (peak #8),
syringaldehyde (peak #9), p-coumaric acid (peak #10), t-ferulic acid (peak #11), benzoic acid (peak #12),
rutin (peak #13), resveratrol (peak #14), t-cinnamic acid (peak #15), quercetin (peak #16), naringenin
(peak #17), hesperetin (peak #18), flavone (peak #21), 3-hydroxyflavone (peak #22). Chromatographic
analysis of GHE (C). The chromatographic analysis showed the presence of 19 phytochemicals: gallic
acid (peak #1), 3-hydroxytyrosol (peak #2), caftaric acid (peak #3), catechin (peak #4), chlorogenic
acid (peak #7), caffeic acid (peak #9), epicatechin (peak #10), syringaldehyde (peak #11), p-coumaric
acid (peak #12), t-ferulic acid (peak #13), benzoic acid (peak #14), rutin (peak #15), resveratrol (peak
#16), t-cinnamic acid (peak #17), quercetin (peak #18), naringenin (peak #19), hesperetin (peak #20),
flavone (peak #24), 3-hydroxyflavone (peak #25).
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Table 1. Quantification of the investigated phenolic compounds detected in garlic hydroalcoholic
extract (GHE) and garlic water extract (GWE) (µg/mL).

Compound GHE GWE

Gallic acid 17.21 ± 0.17 16.88 ± 0.12
3-Hydroxytyrosol 10.13 ± 0.15 *** 12.86 ± 0.22

Caftaric acid 0.93 ± 0.06 n.d.
Catechin 37.40 ± 1.25 *** 21.38 ± 0.72

4-Hydroxybenzoic acid n.d. n.d.
Loganic acid n.d. n.d.

Chlorogenic acid 13.54 ± 0.72 12.14 ± 0.53
Vanillic acid n.d. n.d.
Caffeic acid 10.91 ± 0.95 10.19 ± 0.58
Epicatechin 8.94 ± 0.23 * 7.23 ± 0.40

Syringaldehyde 9.53 ± 0.12 9.54 ± 0.23
p-Coumaric acid 13.33 ± 0.17 12.73 ± 0.15

t-Ferulic acid 15.82 ± 0.26 ** 13.43 ± 0.21
Benzoic acid 22.66 ± 0.35 * 21.51 ± 0.18

Rutin 13.68 ± 0.22 13.08 ± 0.23
Resveratrol 16.18 ± 0.27 ** 13.97 ± 0.15

t-Cinnamic acid 11.83 ± 0.09 11.59 ± 0.12
Quercetin 15.86 ± 0.20 * 14.76 ± 0.21

Naringenin 17.93 ± 0.21 * 16.02 ± 0.37
Hesperetin 17.06 ± 0.58 ** 12.72 ± 0.31
Kaempferol n.d. n.d.
Carvacrol n.d. n.d.
Thymol n.d. n.d.
Flavone 20.43 ± 0.15 19.83 ± 0.19

3-Hydroxyflavone 10.27 ± 0.29 ** 13.46 ± 0.25
Emodin n.d. n.d.

Values expressed are the means ± S.D. of three parallel measurements. n.d., not detected. t-test, * p < 0.05,
** p < 0.01, and *** p < 0.001 vs. vehicle.

3.1.2. HS–SPME–GC–MS and DI–ESI–MS Analysis

The compounds identified through the HS–SPME–GC–MS were clustered in three
main classes (Table 2), namely the monoterpenes and their oxygen derivatives (61.2%),
the sulfur-containing-compounds (SCC, 22.8%) and finally the aldehydes (3%). Thymol
and carvacrol, two monoterpenoids, are the most abundant species (22.4% and 36.1%,
respectively), followed by allyl disulfide (9.52%) and the 3-vinyl-1,2-dithiacyclohexene
isomers (7.14%) belonging to the SSC class.

The DI–ESI–MS full spectrum was dominated by the regular repetition of two monocharged
species differing by 16 mass units (Figure 2), that suggests the presence of species complexing
Na+ and K+ cations. The 162 Da intervals correspond to the difference of one -C6H10O5- unit,
typical of a homologous series of polysaccharides. The MS/MS spectrum of the 1029 m/z ion,
reported in Figure 3 as representative ion of the series, showed the sequential loss of 162 Da
(=C6H10O5) and 18 Da (=H2O) according to the MS2 fragmentation of a polysaccharide. The
detected oligosaccharides, most probably fructans [41], are characterized by a wide degree of
polymerization (DP), namely in the 2-11 DP range (Table 3). The Na+ and K+ ions distribution
emerging from the fructans series indicates a larger content of the latter, despite what one should
expect considering the ubiquitous presence of Na+ cation in the ESI–MS experiments. In addi-
tion to the fructans, the full scan showed two intense signals at m/z 175 and 214, corresponding
to the protonated L-arginine and to N-butylbenzene sulfonamide (a plasticizer contaminant),
respectively (Table 3).
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Table 2. HS–SPME–GC–MS analysis of dry residue of garlic water extract (GWE).

Compound Class Area% RI RIL
a

2-Propenal b Aldehyde 1.89
Heptane b Other 0.33

Diallyl sulfide SCC 0.43 864 857
Methyl allyl disulfide SCC 1.47 927 919

Methoxy phenyl oxime b Other 5.72 943
p-cymene Monoterpene 0.47 1041 1025

Allyl disulfide SCC 9.52 1088 1090
3-Allyl-thio-propionic acid SCC 1.70 1107 1093

Linalyl anthranilate Monoterpenoid 0.95 1110 1104
Nonanal Aldehyde 1.16 1113 1102

Methyl 2-propenyl trisulfide SCC 2.51 1146 1142
Isoborneol Monoterpenoid 0.44 1178 1165

Terpinen-4-ol Monoterpenoid 0.55 1187 1184
3-Vinyl-1,2-dithiacyclohex-4-ene SCC 3.18 1195 1191

Alpha-terpineol Monoterpenoid 0.27 1203 1207
Decanal Aldehyde 0.63 1214 1208

3-Vinyl-1,2-dithiacyclohex-5-ene SCC 3.96 1222 1224
Thymol Monoterpenoid 22.4 1310 1293

Carvacrol Monoterpenoid 36.1 1319 1317
7 unknown compounds 6.32

Class
Monoterpene and derivatives 61.2

SCC 22.8
Aldehyde 3.68

Other 6.05
a RI reported in literature; b MS-only identification method.

Foods 2022, 11, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 2. (+) ESI–MS full scan of the dry residue of garlic water extract (GWE). 

 
Figure 3. MS/MS spectrum of the m/z 1029 positively charged ion. 

Table 3. DI–ESI–MS analysis of dry residue of garlic water extract (GWE). 

m/z Compound  Charge 
Positive mode 

163 Allicin  H+ 
175 Arginine  H+ 
214 N-butylbenzene sulfonamide  H+ 

  DP  
365 Disaccharide  Na+ 
381 Disaccharide  K+ 
527 Trisaccharide 3 Na+ 
543 Trisaccharide 3 K+ 

Figure 2. (+) ESI–MS full scan of the dry residue of garlic water extract (GWE).



Foods 2022, 11, 3559 9 of 20

Foods 2022, 11, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 2. (+) ESI–MS full scan of the dry residue of garlic water extract (GWE). 

 
Figure 3. MS/MS spectrum of the m/z 1029 positively charged ion. 

Table 3. DI–ESI–MS analysis of dry residue of garlic water extract (GWE). 

m/z Compound  Charge 
Positive mode 

163 Allicin  H+ 
175 Arginine  H+ 
214 N-butylbenzene sulfonamide  H+ 

  DP  
365 Disaccharide  Na+ 
381 Disaccharide  K+ 
527 Trisaccharide 3 Na+ 
543 Trisaccharide 3 K+ 

Figure 3. MS/MS spectrum of the m/z 1029 positively charged ion.

Table 3. DI–ESI–MS analysis of dry residue of garlic water extract (GWE).

m/z Compound Charge

Positive mode

163 Allicin H+

175 Arginine H+

214 N-butylbenzene
sulfonamide H+

DP
365 Disaccharide Na+

381 Disaccharide K+

527 Trisaccharide 3 Na+

543 Trisaccharide 3 K+

689 Oligosaccharide 4 Na+

705 Oligosaccharide 4 K+

851 Oligosaccharide 5 Na+

867 Oligosaccharide 5 K+

1013 Oligosaccharide 6 Na+

1029 Oligosaccharide 6 K+

1175 Oligosaccharide 7 Na+

1191 Oligosaccharide 7 K+

1337 Oligosaccharide 8 Na+

1353 Oligosaccharide 8 K+

1449 Oligosaccharide 9 Na+

1515 Oligosaccharide 9 K+

1661 Oligosaccharide 10 Na+

1677 Oligosaccharide 10 K+

1823 Oligosaccharide 11 Na+

1839 Oligosaccharide 11 K+

Negative mode

191 Citric acid [M-H]−

289 Catechin [M-H]−

DP: degree of polymerization.
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3.1.3. Colorimetric Analysis

The color parameters and relative reflectance curves of the analyzed samples are
shown in Table 4 and Figure 4.

Table 4. Colorimetric CIEL*a*b* parameters of garlic powder (GP) and garlic water extract (GWE).

L* a* b* c* h◦ DE◦

GP t◦ 90.15 0.47 16.02 16.03 88.32 -

GP t12m 78.55 1.11 20.17 20.20 86.85 12.34 a

GWE t◦ 76.41 −1.10 16.83 16.87 93.74 13.85 a

GWE t12m 65.00 −2.87 28.00 27.95 95.90 28.06 a–16.06 b

Reported values represent the mean of four measurements. Mean error < 2%. ∆E represents the overall color variation,
a using GP t◦ as reference, and b using GWE t◦ as reference ∆E = [(L*2–L*1)2 + (a*2–a*1)2 + (b*2–b*1) 2]

1
2 .
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Figure 4. Reflectance curves of the analyzed garlic samples.

As reported in our previous work [22], the garlic powder analyzed at t◦ has a very
bright color tending to pale yellow (L* = 90.15 and b* = 16.02) that, after eight months of
storage, seemed to fade slightly (L*≈ 94 vs. 90 at t0, b*≈ 14 vs. 16 at t0, with a ∆E≈ 2, data
previously reported). In this study, the analyses performed at t12m, showed a substantial
change in color (∆E = 12.34), characterized by a strong darkening of the powder (L* ≈ 78;
b* ≈ 20), as also shown by the lowering of the reflectance curve reported in Figure 4. The
initial light bleaching and subsequent browning were already described in milk powder
samples in Cesa and collaborators (2015) [42], and interpreted as carotenoid degradation
followed by Maillard reaction. In the case of garlic, bleaching was not previously described.
Nevertheless, the presence of carotenoids in Allium spp. phytocomplex was reported in
the literature [43] and the carotenoid bleaching seems the simplest hypothesis, despite
all our attempts to extract a carotenoid fraction by organic solvents failed. Therefore, the
slight bleaching should be attributed to other yellow, hydrosoluble, components. On the
other hand, the powder darkening could be mainly due to the different sulfur components
(the presence of many different sulfur compounds was confirmed by HS–SPME–GC–MS
analysis (see Section 3.1.2)) which, modifying the pH and the activity of polyphenol
oxidases, with a not completely known mechanism depending on the state of preservation
and on the temperature, cause darkening of the matrix [44,45].
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This darkening is also confirmed in the aqueous extract newly prepared and analyzed
after 12 months (see Figure 4). In fact, the L* parameter of GWE t◦ decreases significantly
from 76 to 65, as well as the b* parameter increases even more, from 17 to 28, denoting
altogether a strong color change characterized by a substantial browning with respect to
the starting points (∆E = 28 respect to GP t◦ and ∆E = 16 respect to GWE t◦).

3.1.4. HPLC–DAD Analysis

The HPLC–DAD analysis was conducted at 254 nm for the identifying benzoic and
hydroxycinnamic acids, flavanols and organosulfur compounds. The molecular profile is
confirmed by literature even if no chromatograms of aqueous extracts are reported [46,47].

The chromatogram showed the presence of alliin and an its diastereoisomer
(361.1 ± 17.3 µg/g dry extract) as reported by Dethier et al., 2012 [48]. Furthermore,
chlorogenic acid, caffeic acid, and epicatechin (see Section 3.1.1 for the relevant quantifica-
tion) were also shown.

These results are only partially comparable to those present in the literature, because
the garlic phytocomplex and relative aqueous extracts are very variable according to the
different cultivar, geographic area, and storage conditions. There are no references in the
literature on quantitative data related to garlic aqueous extracts. Existing data refer to
methanolic or hydroalcoholic extracts reporting alliin content in range of 0.5–33 expressed
in mg/g dry weight [47,49]. Compared to the hydroalcoholic extract, reported in our
previous work [22], alliin values found in GWE are significantly lower (approximately
360 vs. 1200 µg/g dry extract).

3.2. Toxicological and Pharmacological Studies

In a previous study of ours, GHE (1–100 µg/mL) was not able to modify cell viability
of H9c2 cells (rat cardiomyoblasts), in basal conditions, confirming its good biocompat-
ibility [22]. Moreover, the same extract (10–100 µg/mL) was effective in protecting cells
from cytotoxicity induced by H2O2 (200 µM) [22]. In the present study, we investigated
the effects of GHE and GWE, in the dose range 1–100 µg/mL, on colon cancer SW480 cell
line viability, in basal conditions. Compared to the control group, GHE was not able to
affect SW480 cell viability (Figure 5). However, GWE (100 µg/mL) significantly suppressed
SW480 cell viability, even if the cell viability was not under the biocompatibility limits (70%
viability compared to control, respectively) (Figure 5).
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Figure 5. MTT assay of SW480 cell line treated with garlic hydroalcoholic extract (GHE) (1, 10, and 
100 µg/mL), garlic water extract (GWE) (1, 10, and 100 µg/mL), and vehicle (RPMI) for 48 h, in basal 
conditions. Data are displayed as the means ± SEM. ANOVA, p < 0.001; ** p < 0.01 vs. vehicle. 
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Figure 6. Apoptosis assay in SW480 cell line treated with garlic hydroalcoholic extract (GHE) (1, 10, 
and 100 µg/mL), garlic water extract (GWE) (1, 10, and 100 µg/mL), and vehicle (RPMI) for 48 h, in 
basal conditions. 

GHE and GWE, in the dose range 1–100 µg/mL, were then tested to evaluate their 
potential protective activities on oxidative and inflammation pathways in mouse colon 
specimens treated with LPS. In particular, GHE, in the tested dose range, was effective in 
suppressing LPS-induced gene expression of pro-inflammatory markers strongly 

Figure 5. MTT assay of SW480 cell line treated with garlic hydroalcoholic extract (GHE) (1, 10, and
100 µg/mL), garlic water extract (GWE) (1, 10, and 100 µg/mL), and vehicle (RPMI) for 48 h, in basal
conditions. Data are displayed as the means ± SEM. ANOVA, p < 0.001; ** p < 0.01 vs. vehicle.
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Accordingly, both GHE and GWE were not able to modify apoptosis of SW480 cell
lines following 48 h of treatment in basal conditions (Figure 6).
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suppressing LPS-induced gene expression of pro-inflammatory markers strongly 

Figure 6. Apoptosis assay in SW480 cell line treated with garlic hydroalcoholic extract (GHE) (1, 10,
and 100 µg/mL), garlic water extract (GWE) (1, 10, and 100 µg/mL), and vehicle (RPMI) for 48 h, in
basal conditions.

GHE and GWE, in the dose range 1–100 µg/mL, were then tested to evaluate their
potential protective activities on oxidative and inflammation pathways in mouse colon
specimens treated with LPS. In particular, GHE, in the tested dose range, was effective in
suppressing LPS-induced gene expression of pro-inflammatory markers strongly involved
in colon inflammation, including COX-2, TNF-α, NF-κB, and IL-6 (Figure 7A–E) [50–53].
In the same experimental paradigm, GWE (1–100 µg/mL) inhibited LPS-induced TNF-α,
NF-κB, and IL-6 (Figure 7A–E) gene expression. Moreover, the higher concentrations of
GWE suppressed COX-2 (Figure 7A) gene expression induced by LPS treatment. On the
other hand, GHE and GWE did not modify LPS-induced Nrf2 gene expression (Figure 7E),
ruling out a possible role of this mediator in mediating the protective effects exerted by
GWE and GHE in mouse colon.

Accordingly, Hodge and collaborators (2002) [54] showed that, in peripheral blood
monocytes, production of various leukocyte pro-inflammatory cytokines, such as IL-6,
IL-8 and TNF-α, was reduced by a garlic extract (≥10.0 µg/mL). On the other hand, it
also stimulated IL-10 synthesis in the same experimental model. In this context, the same
authors suggested a possible therapeutic use of garlic in the management of inflammatory
conditions, including inflammatory bowel disease [54]. Our present findings also agree
with those by Shin and collaborators (2013) [55], who observed inhibitory effects induced
by fresh and heated raw garlic extracts (FRGE and HRGE) on LPS-induced release of
pro-inflammatory cytokines, such as IL-1β, TNF-α, and IL-6, in RAW 264.7 macrophages.
Moreover, we investigated the effects of the extracts on LPS-induced levels of PGE2, a
pro-inflammatory mediator generated by COX-2, which is strongly involved in the patho-
physiology of inflammatory bowel disease [56]. Our present results showed that both GHE
(1–100 µg/mL) and GWE (10–100 µg/mL) suppressed LPS-induced PGE2 levels in isolated
colon specimens (Figure 8), further supporting the anti-inflammatory effects exerted by
these extracts.
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Figure 7. Effects of garlic hydroalcoholic extract (GHE) (1, 10, and 100 µg/mL), garlic water extract
(GWE) (1, 10, and 100 µg/mL) and vehicle (RPMI) on LPS-induced cyclooxygenase (COX)-2 (A),
tumor necrosis factor (TNF)-α (B) nuclear factor-kB (NF-kB (C)), interleukin (IL)-6 (D), nuclear factor
erythroid 2-related factor 2 (Nrf2) (E) gene expression (RQ, relative quantification) in mouse colon
specimens. Data are displayed as the means ± SEM. ANOVA, p < 0.01; * p < 0.05, ** p < 0.01 vs. LPS,
and *** p < 0.001 vs. LPS; # p < 0.05 vs. LPS+GWE 100 µg/mL; ## p < 0.01 vs. GWE 10 µg/mL.

Accordingly, we previously reported that GWE exerted cardioprotective activities,
by suppressing LPS-induced COX-2, IL-6, and NF-kB gene expression, as well as PGE2
levels, in heart specimens. To this regard, we hypothesized that the suppression of NF-
kB gene expression could be involved in modulating the inhibitory effects induced by
GWE on COX-2 gene expression and PGE2 production [22]. Accordingly, ethyl linoleate
from garlic was reported to suppress LPS-induced COX-2 mRNA and protein expression
as well as PGE2 production in RAW264.7 cells, by suppressing NF-kB activation [57].
Actually, the anti-inflammatory effects exerted by GHE and GWE could be related, at
least in part, to their phenol and flavonoid content [58–67], with particular regards to
catechin [58]. To this regard, catechin was suggested to act as a potential therapeutic agent
in the prevention of inflammation. In particular, catechin exhibited anti-inflammatory
properties by suppressing inducible nitric oxide synthase (iNOS), and COX-2 protein
expression, as well as IL-6 and TNF-α mRNA levels in LPS-treated RAW264.7 cells [68].
Interestingly, GHE was shown more effective than GWE in decreasing gene expression of
COX-2, and IL-6 (Figure 7A,D), as well as PGE2 levels (Figure 9) in isolated mouse colon
specimens following LPS challenge. This finding could be related to its major content in
catechin [69], resveratrol [70], naringenin [71], and hesperetin [72]. Accumulating evidence
showed that 5-HT is a pro-inflammatory mediator critically involved in the pathogenesis
of intestinal disorders, such as IBD [73–75], irritable bowel syndrome [73,76,77], as well
as DSS-induced experimental colitis [78]. In the present study, we also investigated the
effects of the garlic extracts on the LPS-induced 5HIIA/5-HT ratio, which is known as a
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useful index of 5-HT turnover, in vivo [79,80], deeply related to the activity of monoamine
oxidase (MAO)-A [81].
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mouse colon specimens. Data are shown as the means ± SEM. ANOVA, p < 0.0001; * p < 0.05, and
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Figure 9. Effects of garlic hydroalcoholic extract (GHE) (1, 10, and 100 µg/mL), garlic water extract 
(GWE) (1, 10, and 100 µg/mL) and vehicle (RPMI) on the 5-HIIA/5-HT ratio in mouse colon speci-
mens treated with vehicle. Data are displayed as the means ± SEM. ANOVA, p < 0.0001; * p < 0.05, 
and *** p < 0.001 vs. LPS; # p < 0.001 vs. LPS + GWE 100 µg/mL. 

However, GHE and GWE (100 µg/mL) prevented LPS-induced reduction in 5-HT 
turnover. The decreased levels of 5-HT, measured as the 5HIIA/5-HT ratio, could further 
account for the anti-inflammatory effects exerted by garlic extracts. To this regard, we 
have previously found that anti-inflammatory herbal extracts suppressed 5-HT levels in 
isolated rat colon treated with LPS [82,83]. In particular, GHE was found more effective 
than GWE in counteracting the LPS-induced decrease in the 5HIIA/5-HT ratio (Figure 9). 
Actually, the higher activity of GHE compared to GWE could be related to its higher con-
tent in benzoic acid and flavonoids, such as quercetin [84,85]. 

A wide body of evidence showed that imbalance between the oxidative reactions and 
antioxidant defense mechanisms played a key role in the initiation and progression of 
IBD. This imbalance generates oxidative stress resulting from either reactive oxygen spe-
cies (ROS) overproduction or a reduction in antioxidant activity [86,87]. In particular, ROS 
overproduction was suggested to be involved in functional disruption of the enteric mu-
cosa [52]. Increased production of ROS is known to damage cellular lipids, proteins, as 
well as nucleic acids, and finally disrupt gastrointestinal barrier integrity [88]. 8-iso-PGF2α 
is an isomer of prostaglandins produced from membrane arachidonic acid by free radical-
catalyzed peroxidation, which is regarded as a stable marker of lipid peroxidation and 
oxidative stress [89]. As shown in Figure 10, both GHE and GWE (1–100 µg/mL) were able 
to counteract 8-iso-PGF2α levels induced by LPS treatment in isolated mouse colon speci-
mens. In particular, GHE (1 µg/mL) showed higher efficacy in inhibiting 8-iso-PGF2α lev-
els (Figure 10). 

Figure 9. Effects of garlic hydroalcoholic extract (GHE) (1, 10, and 100 µg/mL), garlic water extract
(GWE) (1, 10, and 100 µg/mL) and vehicle (RPMI) on the 5-HIIA/5-HT ratio in mouse colon speci-
mens treated with vehicle. Data are displayed as the means ± SEM. ANOVA, p < 0.0001; * p < 0.05,
and *** p < 0.001 vs. LPS; # p < 0.001 vs. LPS + GWE 100 µg/mL.
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Consistently with the literature data [33], we found that LPS reduced the 5HIIA/5-HT
ratio (Figure 9) in isolated mouse colon specimens.

However, GHE and GWE (100 µg/mL) prevented LPS-induced reduction in 5-HT
turnover. The decreased levels of 5-HT, measured as the 5HIIA/5-HT ratio, could further
account for the anti-inflammatory effects exerted by garlic extracts. To this regard, we have
previously found that anti-inflammatory herbal extracts suppressed 5-HT levels in isolated
rat colon treated with LPS [82,83]. In particular, GHE was found more effective than GWE
in counteracting the LPS-induced decrease in the 5HIIA/5-HT ratio (Figure 9). Actually, the
higher activity of GHE compared to GWE could be related to its higher content in benzoic
acid and flavonoids, such as quercetin [84,85].

A wide body of evidence showed that imbalance between the oxidative reactions
and antioxidant defense mechanisms played a key role in the initiation and progression
of IBD. This imbalance generates oxidative stress resulting from either reactive oxygen
species (ROS) overproduction or a reduction in antioxidant activity [86,87]. In particular,
ROS overproduction was suggested to be involved in functional disruption of the enteric
mucosa [52]. Increased production of ROS is known to damage cellular lipids, proteins,
as well as nucleic acids, and finally disrupt gastrointestinal barrier integrity [88]. 8-iso-
PGF2α is an isomer of prostaglandins produced from membrane arachidonic acid by free
radical-catalyzed peroxidation, which is regarded as a stable marker of lipid peroxidation
and oxidative stress [89]. As shown in Figure 10, both GHE and GWE (1–100 µg/mL) were
able to counteract 8-iso-PGF2α levels induced by LPS treatment in isolated mouse colon
specimens. In particular, GHE (1 µg/mL) showed higher efficacy in inhibiting 8-iso-PGF2α
levels (Figure 10).
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Figure 10. Effects of garlic hydroalcoholic extract (GHE) (1, 10, and 100 µg/mL), garlic water
extract (GWE) (1, 10, and 100 µg/mL) and vehicle (RPMI) on LPS-induced 8-iso-prostaglandin
(PG)F2α levels in mouse colon specimens. Data are shown as the means ± SEM. ANOVA, p < 0.0001;
*** p < 0.001 vs. LPS; ### p < 0.001 vs. co-respective treatment with GWE.

These results agreed with the antioxidant effects induced by GHE, tested in the same
concentration range, in isolated mouse heart [22]. Accordingly, aqueous garlic extract
was also shown to possess antioxidant properties by scavenging ROS and increasing
cellular antioxidant enzymes including superoxide dismutase, catalase, and glutathione
peroxidase [36]. The antioxidant effects induced by GHE and GWE are consistent with their
polyphenol content [90], with particular regards to catechin [58]. In this context, catechins
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were found able to reduce the colonic oxidative damages to the colon, by suppressing
oxidative stress, via exerting direct or indirect antioxidant effects, and by enhancing the
activity of various antioxidant enzymes including glutathione peroxidases [58].

4. Conclusions

Concluding, GHE and GWE, particularly GHE, showed protective effects, as con-
firmed by the inhibitory effects on selected pro-inflammatory and pro-oxidant markers,
in LPS-stimulated colon, suggesting a potential role in the prevention and management
of ulcerative colitis. The phytochemical analyses suggested these effects could be related,
albeit partially, to their phenol and flavonoid content, with particular regards to catechin.
Moreover, other components of nutraceutical and pharmaceutical interest were detected in
these extracts. On the other hand, further studies are necessary to accurately evaluate the
in vivo activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11223559/s1. Table S1: MS analysis conditions. Table S2:
Retention times, wavelengths of quantification, mass to charge (m/z) ratios, and molecular weight
of the investigated phenolic compounds. Table S3: Gradient elution conditions of the HPLC-DAD
analyses for investigated polyphenolic compounds in garlic hydroalcoholic and water extracts (GHE
and GWE).
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