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Abstract

Background Over the past centuries, Aloe species have been traditionally used in managements of infectious ail-
ments. However, no scientific investigation has been conducted into their mechanistic actions behind their anti-
microbial activities. The main purpose of this study is to investigate the anti-virulence activities of Aloe marlothii A.
Berger (AM) and Aloe striata Haw (AS) leaves and roots against Pseudomonas aeruginosa based on biofilm, pyocyanin
and motility assays. Besides, the metabolic profiling of their different organs was evaluated via HPLC-MS/MS analysis.
A molecular docking study of marker compounds into a LasR target was conducted to gain an insight into the bioac-
tive metabolites involved into mechanism of action.

Results A. marlothii roots (AMR) and A. striata leaves (ASL) displayed significant activity against P geruginosa at 0.5
MIC via decreasing the biofilm development, pyocyanin production, swarming and swimming motilities. HPLC-MS/
MS analysis led to the identification of one hundred metabolites belonging to different chemical classes. Additionally,
it revealed the richness of AMR and ASL with anthraquinones and anthrones. Molecular docking of tentatively identi-
fied anthraquinones and anthrones was performed, revealing that chrysophanol-8-O-glucoside and 6-malonylnata-
loin revealed superior binding affinities and stabilities within the pocket of LasR system, compared to TP-4.

Conclusions These findings give sound evidence for the use of AMR and ASL as effective anti-virulence agents
against P aeruginosa.
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Background

Antibiotic resistance is the bacteria’s ability to withstand
the inhibitory or destructive activity of an antibiotic
to which it was not previously resistant [1]. This issue
raises major public health concerns since it has a nega-
tive impact on infection treatment. According to a recent
World Health Organization (WHO) research, antibiotic
resistance contributed to more than 4.95 million deaths
per year [2]. In addition, it is regarded as a major eco-
nomic burden as expected by the World Bank to increase
the health care costs US$ 1 trillion by 2050 [2].

Pseudomonas aeruginosa (P. aeruginosa), a Gram-neg-
ative bacterium, is found mainly in the environment and
can survive on various surfaces such as medical devices
and household drains. Thus, it causes harmful infections
in both immunocompromised and immunocompetent
hosts as enteritis, urinary tract infections, hematological
problems, osteomyelitis, skin infections, transplant-asso-
ciated infections, and pneumonia [3, 4].

P, aeruginosa is an adaptive organism as being capable
of producing different virulence factors. Biofilm is the
most important one of them. Biofilm is groups of cells
that release extracellular matrix substances which attach
the bacteria to various surfaces and protect them from
environmental changes. Biofilm matrix is mainly com-
posed of polysaccharides, extracellular DNA (eDNA),
proteins, and lipids. Quorum sensing (QS) is a signal
transduction pathway utilized by P aeruginosa to com-
municate with each other for adaptation to environmen-
tal stress. Las, Rhl, PQS, and IQS, the distinct pathways
in QS, play key roles in the biofilm development by pro-
ducing the functional elements including pyoverdine,
pyocyanin, rhamnolipid, lectins, and Pel polysaccharides
[3, 5]. Pyocyanin exhibits a cytotoxic effect due to its low
molecular weight and its zwitterionic properties. Its abil-
ity to oxidize and reduce other molecules results in the
killing of competing microbes against P aeruginosa by
disrupting their cells [3, 5, 6].

As a result, the concept of utilizing mixtures of com-
pounds that may interfere with the bacteria QS was
recently employed as a unique antipathogenic method.
Accordingly, the use of crude plant extracts, with their
distinct structural diversity, is regarded as a possible
alternative strategy in challenging the growing antibiotic
resistance dilemma [7].

The genus Aloe, with about 400 species, is the most
extensively used plants for ages to alleviate diseases, pro-
vide aesthetic benefits, and improve skincare. Despite the
numerous species of Aloe genus, Aloe vera has recently
sparked widespread interest among consumers and
researchers for its use in cosmetic and pharmaceutical
industries [8]. Unfortunately, there is a tendency of mis-
takenly referring to all species of the genus Aloe as Aloe
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vera, despite the diversity of aloes in the region. The
names for the different Aloe species in local languages
are usually the same for the different species [9]. In tradi-
tional medicine, some Aloe species are used as remedies
for infectious diseases in Egypt, China, and India [9-12].
Aloe marlothii (Mountain Aloe) is traditionally used in
the treatment of roundworm infestations, stomach, and
respiratory disorders, while Aloe striata (Coral Aloe) is
used to treat rheumatism and leg pain [11]. Despite their
usage in traditional medicine, few reports were traced
concerning their phytochemical profiles and biological
activities. The investigated species exhibited significant
pharmacological properties including antimicrobial,
hepatoprotective, anti-inflammatory, antioxidant, anti-
proliferative, moisturizing, and skin protection [13-22].

Here, we hypothesize that the effectiveness of the two
investigated species against P aeruginosa may under-
lie their traditional uses in the control of intestinal, lung
and musculoskeletal ailments. Therefore, we evalu-
ated the anti-virulence activities of leaves and roots
of A. marlothii and A. striata against P. aeruginosa as
well as performed a comparative chemical profile via
HPLC-PDA-MS/MS analysis combined with computa-
tional analysis to get insight into the marker compounds
responsible for the bioactivity.

Materials and methods

Plant material and extraction

Aloe marlothii A. Berger (AM) and Aloe striata Haw (AS)
were collected from Helal Cactus Farm (Al-Mansouria,
Giza, Egypt) in August 2021 in compliance with the insti-
tutional, national, and international guidelines and legis-
lation (ARRIVE guidelines). The plant taxa were checked
and confirmed on https://wfoplantlist.org/. The leaves
and roots of each species were separated, dried, and
finely ground. The powdered plants’ material (500 g each)
was separately extracted twice using 2 L of methanol at
ambient temperature. Solvent extracts were filtered, and
the combined filtrates (for each extract) were evaporated
in a rotary evaporator at 50 °C until completely dry-
ness to yield 22.23 g, 18.23 g, 20.29 g, and 17.96 g dried
extracts of A. marlothii leaves (AML), A. marlothii roots
(AMR), A. striata leaves (ASL), and A. striata roots
(ASR), respectively.

Bacterial strains and media

The tested extracts (AML, AMR, ASL, and ASR) were
primarily screened for their antimicrobial activity against
Staphylococcus aureus, Pseudomonas aeruginosa, Kleb-
siella pneumoniae, Enterococcus faecalis, and Candida
albicans. The overnight cultures were made from -80 °C
frozen culture stocks in a nutrient-rich Luria—Bertani
(LB) broth (Oxoid, USA) at 37 °C while being shaken at
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180 rpm. To test the motility of P aeruginosa isolates,
the swimming media (1% tryptone, 0.5% NaCl, and 0.5%
agar) and the swarming media (0.5% peptone, 1% glu-
cose, 0.2% yeast extract, and 0.5% agar) were used. The
pyocyanin test was conducted using King A broth (pep-
tone 2%, K,SO, 1.0%, and MgCl, 0.14%).

Antibacterial activity

Agar well-diffusion assay

The antibacterial activity of the examined substances was
assessed using the agar well-diffusion method against
yeast (C. albicans ATCC 90028), Gram-positive bacteria
(S. aureus ATCC 43300 and E. faecalis ATCC29212), and
Gram-negative bacteria (P aeruginosa ATCC 27853 and
K. pneumoniae ATCC 27853). Briefly, a well (6 mm) was
previously prepared on Mueller—Hinton agar medium
(Oxoid, USA) and streaked with bacterial species. A vol-
ume of 100 pL of each extract (5 mg/mL) was added to
the well (0.5 McFarland). For 24 h, the inoculation plates
were incubated at 37+2 °C. Each well’s inhibitory zone
was assessed and recorded in millimeters. The imipenem
(Imp.) well (256 pg/mL) was used as a positive control
[23].

Determination of minimum inhibitory concentrations (MIC)
The MIC of the studied extracts was performed using the
broth microdilution technique. Each extract was serially
diluted and received an inoculum of a pure bacterial spe-
cies equating to a 0.5 McFarland standard in Mueller—
Hinton broth with or without extract, which was then
incubated at 37 °C for 24 h [24]. Then, each well of the 96
wells received 5 pL of the indicator resazurin dye, which
was created by dissolving 0.016 g in 100 mL of sterile dis-
tilled water. Examining the color change after the incu-
bation time (4—24 h) revealed that a shift from purple to
pink or colorlessness is a clear sign of bacterial metabolic
activity. The lowest concentration at which the color
change took place was identified as the MIC value. With
an average of three results, the MIC of the test material
and the bacterial strain were computed [25].

Evaluation of the anti-virulence activity of the extracts

The impact of the examined extracts on P aeruginosa
motility, pyocyanin, and biofilm was assessed. Results
were documented using the sub-MICs of the substances
that had been examined.

Biofilm assay

According to [26], the microtiter plate (MTP) technique
was used in 96-well flat-bottom polystyrene microtiter
plates to measure the investigated extracts’ biofilm-inhib-
iting efficacy. Briefly, each well was filled with 200 pL
of bacterial suspension in trypticase soy broth with 1%
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glucose equivalent to 0.5 McFarland after a further 1:100
dilution with a fresh medium and control organism with
and without sub-MICs of investigated extracts. The plate
was then incubated for 24 h at 37 °C. After that, each well
was rinsed three times with 300 pL of phosphate buffer
saline and mild tapings. The remaining adhering bacteria
were heat fixed by heating them at 60 °C for 60 min. A
150 pL dose of crystal violet dye was placed in each well.
Following the removal of the excess stain, the plate was
cleaned after 15 min. After adding 150 pL of 95% etha-
nol to each well, the OD of the stained, adhering bacterial
films was measured at 492 and 630 nm after 30 min. The
test was run three times, and the average of the findings
was calculated. The percentage (%) of bacterial biofilm
inhibition was calculated using the equation [(Ac-At)/Ac]
100, where Ac represents the average of six replicates of
the negative controls’ light absorption values at 492 nm
and 630 nm and At represents the average of six repli-
cates of the samples’ light absorption values at 492 nm
and 630 nm. PAO1 was used as a positive control for bio-
film formation [27].

Pyocyanin assay

Pyocyanin was quantified using King A broth (peptone
2%, K,SO, 1.0%, and MgCl, 0.14%) in triplicate. With
and without sub-MICs of the investigated drugs, a 500 uL
overnight P. aeruginosa culture was inoculated into 5 mL
of King A medium and cultured for 24—48 h at 37 °C [28,
29]. Pyocyanin (a green pigment) was extracted with
CHCl; (3 mL), to which 1 mL of HCl 0.2 N was added
to produce a pink tint. The solution’s OD520 nm read-
ing was then taken. Pyocyanin concentration was given
as pg/mL (OD 520 17.072). Each test was carried out in
triplicate. PAO1 was used as a positive control for pyo-
cyanin formation.

Motility assay

P aeruginosa is a motile bacterium that may swarm on
semisolid surfaces, streaked on hard surfaces, and swim
on soft surfaces [29]. Isolates were diluted from an over-
night culture to 0.1-0.2 nm at OD600. Swimming media
were used to test flagellum-dependent swimming, and
swarming media were used to test swarming motility.
After adding 2 pL of 0.5 McFarland P. aeruginosa to the
plates, they were incubated at 37 °C for 24 and 48 h with
and without sub-MICs of the investigated drugs. A meas-
urement of the turbid zone’s diameter (mm) was made
[30, 31]. The motility experiment was carried out three
times, and the mean diameter was computed. PAO1 was
used as a positive control for swimming and swarming
motility assay.
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HPLC-MS/MS analysis

The methanolic extracts of A. marlothii (AML and
AMR) and A. striata (ASL and ASR) leaves and roots
(10 mg, each) were separately dissolved in methanol
(1 mL), centrifuging at 13,000x g for 10 min, and filter-
ing through a 0.22 m syringe nylon filter before being
used for metabolic analysis. A Shimadzu LC-MS 8050
(Shimadzu, Japan) LC system utilized with a triple quad-
ruple spectrometer and outfitted with autosampler (SIL-
40C xs) was used in negative ionization mode according
to [32]. A triple quadruple spectrometer with an ESI
source was utilized. Separation was performed on a C18
reversed-phase column (Zorbax Eclipse XDB-C18, rapid
resolution, 4.6 X150 mm, 3.5 pum, Agilent, Santa Clara,
CA, USA) with a flow rate of 1 mL/min, and gradients
of water and acetonitrile (ACN) containing 0.1% for-
mic acid each were used from 5 to 30% ACN over the
course of 60 min and then increased to 90% over the last
20 min. The device was operated by Shimadzu’s (Japan)
LC solution software. The MS was in a negative phase of
operation.

Docking study

Molecular docking was performed using in silico drug
design tools according to the previously described
method [88] and by applying the parameters of
AMBERIO:EHT forcefield. The co-crystal structure
of LasR with TP-4 was obtained from the Protein Data
Bank (PDB: 3JPU) available at http://www.rcsb.org/pdb.
Protein preparation was carried out to correct the errors
in protein structure, add hydrogens, and calculate par-
tial charges. The binding pocket was isolated, and the
energy-minimized ligands were docked using the trian-
gle matcher placement method. Final poses were ranked
using GBVI/WSA dG scoring function. The 2D interac-
tion diagram for each ligand was generated using the
Ligand Interactions tool in the software.
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Statistical analysis

Statistical analyses were conducted through one-way
analysis of variance (ANOVA) followed by Dunnett’s
multiple comparisons test. The statistical assessments
were conducted using Graph Pad Prism v. 8.0 (GraphPad
Software, Inc., CA, USA), considering significance when
the p value is <0.05.

Results

Antimicrobial activity and MIC determination

The in vitro antibacterial abilities of the extracts were
examined in the current study against both Gram-posi-
tive and Gram-negative bacteria. By measuring the pres-
ence of an inhibitory zone and the width of the zone, the
extracts’ potency and antibacterial activity were quantita-
tively evaluated. As shown in Table 1, only P. aeruginosa
was significantly inhibited by AML, AMR, and ASL.

Evaluation of the anti-virulence activity of the extracts
Antibiofilm activity

The current study evaluated the impact of the AML,
AMR, and ASL extracts at sub-MIC levels (0.5xMIC
and 0.25xMIC concentrations) on P. aeruginosa’s devel-
opment of biofilm, for the first time. Interestingly, ASL
decreased biofilm formation in a dose-dependent manner
(37.0% at 0.25 MIC and 46.4% at 0.5 MIC), while AMR
decreased the biofilm 19.0% at 0.5 MIC but no inhibition
was observed by AML at both tested doses, compared to
PAO1 (Fig. 1).

Anti-pyocyanin activity

The impact of AML, AMR, ASL, and ASR at sub-MIC
levels on P aeruginosa’s synthesis of pyocyanin was
assessed. The pyocyanin production was decreased by
75% and 70% by AMR and ASL, respectively, while AML
and ASR did not affect this pigment, compared to PAO1
(Fig. 2).

Table 1 The antibacterial activity and the MIC of AML, AMR, ASL, and ASR extracts

Sample Zone mm MIC mg/mL
S P C E P

AML - 14.5 - - 3.0

AMR - 123 - - 3.0

ASL - 10.7 - - 1.0

ASR - - - - -

Imp 40 15 - - -

AML: A. marlothii leaves; AMR: A. marlothii roots; ASL: A. striata leaves; ASR: A. striata roots; (Imp.): Imipenem, S: S. aureus, P: P. aeruginosa, K: Klebsiella pneumoniae, C:

Candida albicans, and E: Enterococcus faecalis
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Fig. 1 The effect of sub-MIC of AMR and ASL extracts on biofilm
formation. AMR: A. marlothii roots; ASL: A. striata leaves. The results are
expressed using the means+S.E.M., n=6. Statistical analysis was done
using one-way ANOVA, followed by Dunnett’s multiple comparisons
test. (¥) indicates p value <0.01, and (**) indicates p value <0.0001
compared with the positive control group (PAOT1)
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Fig. 2 The effect of sub-MIC of AML, AMR, ASL, and ASR extracts

on pyocyanin production. AMR: A. marlothii roots; ASL: A. striata
leaves. The results are expressed using the means+SEM, n=3.
Statistical analysis was done using one-way ANOVA, followed

by Dunnett’s multiple comparisons test. (*) indicates p value < 0.0001
compared with the positive control group (PAOT)

i mm Control
8+ = AMR 0.25 MIC
E E o == AMR 0.5 MIC
£z ASL 0.25 MIC
g é 4 mm ASL 0.5 MIC
2- - X *

Fig. 3 The effect of sub-MIC of AMR and ASL extracts on swarming
motility. AMR: A. marlothii roots; ASL: A. striata leaves. The results are
expressed using the means+S.E.M., n=3. Statistical analysis was done
using one-way ANOVA, followed by Dunnett’s multiple comparisons
test. (*) indicates p value <0.0001 compared with the positive control
group (PAOT)
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Anti-motility activity

After treatment with sub-MIC (0.25 and 0.5 MIC)
of AMR, the swarming and swimming motility was
decreased by 68.75% and 72.5%, respectively (Fig. 3).
ASL at 0.25 mg/mL and 0.5 mg/mL decreased the
swarming and swimming by 73.8% and 77.5%, respec-
tively, compared to PAO1 (Fig. 3), while treatment with
sub-MIC (0.25 and 0.5) of AML and ASR did not affect
the swarming and swimming motility of P aeruginosa,
compared to PAO1.

HPLC-MS/MS analysis

Metabolites were characterized by their retention
time, MS data (mass and MS/MS spectra). Identifica-
tion of the metabolites was confirmed by comparison
with the Phytochemical Dictionary of Natural Product
Database  (https://dnp.chemnetbase.com/faces/chemi
cal/ChemicalSearch.xhtml)and LipidMaps (https://
www.lipidmaps.org/). In addition, the diagnostic MS/
MS fragments, ionization behavior, and reviewing of
the documented chemical profile of genus Aloe [20,
33-39] provided additional support for the compound
annotations. In total, 100 compounds were identified
in the extracts. These compounds belong to different
chemical classes, including sugars, organic acids, amino
acids, nucleosides, phenolic acids, chromones, phenyl
pyrones, flavonoids, anthrones/anthraquinones and
lipids. The details on their masses [M-H]~, molecular
formulas, retention time, tentative identification, and
chemical class in the four samples are shown in Table 2
and Fig. 4. The detected metabolites’ structural elucida-
tion is outlined in the paragraphs that follow.

Identification of Sugars and sugar acids

Results revealed the presence of 2 sugar acids (1 and
3) and 2 sugars (2 and 4) which were characterized by
loss of H,O (-18 Da) molecules [7]. The disaccharide
(4) showed loss of hexose moiety (-162 Da). Hexuronic
acid (1) was only detected in the leaves of both species.

Identification of organic acids

Three organic acids (5-7), namely malic, citric and
quinic, were detected in the extracts. Decarboxyla-
tion (—44 Da) and water elimination (—18 Da) were
detected in their fragmentation pattern [40]. The
organic acids were detected in all the tested extracts.

Identification of amino acids and nucleosides

Seven amino acids were tentatively identified, includ-
ing pyroglutamic acid (9), m-carboxyphenyl-L-alanine
(11), tryptophan (15), alongside glycosides as hexosyl
pyroglutamic acid (8), hexosyl isoleucine (10), hexosyl
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Table 2 Compounds identified in the methanol extracts of Aloe marlothii and Aloe striata (leaves and roots) by HPLC-PDA-MS/MS

analysis

No Rt (min) [M-HI~ MS/MS (m/z) Identification AML AMR ASL ASR
Sugars and sugar acids

1 1.30 193 85,73,71,59 Hexuronic acid + - + -
2 141 179 151,131,120 Hexose + + + +
3 1.94 195 129,115 Gluconic acid + + + +
4 7.69 341 179,133 Disaccharide + + + +
Organic acids

5 1.31 133 115 Malic acid

6 147 191 11 Citric acid +

7 191 191 172,155,129 Quinic acid + + +

Amino acids and nucleosides

8 203 290 128 Hexosyl pyroglutamic acid - + - -

9 211 128 111,93 Pyroglutamic acid + + + +

10 233 292 130, 101 Hexosyl isoleucine + + + -

11 248 208 164 m-Carboxyphenyl-L-alanine + - + -

12 264 266 134 Adenosine - + - +

13 2.83 282 150 Guanosine + + - -

14 4.32 326 164,147 Hexosyl phenylalanine + + + -

15 6.57 203 144,130,116 Tryptophan + + + +

16 9.91 293 131 Hexosyl asparagine + + + +
Phenolic acids and their derivatives

17 278 311 179,149,135 Caftaric acid + + -

18 6.22 153 109 protocatechuic acid + + +

19 6.82 515 191 178,161 Dicaffeoyl quinic acid + - - +

20 6.90 515 323,191,135 Caffeoylquinic acid hexoside + - - -

21 6.93 183 168, 125 Methyl gallate + + + -

22 743 353 191,179 3-0-Caffeoylquinic acid (neochlorogenic acid) + + +

23 7.70 367 193,134 3-O-Feruloylquinic acid + + + -

24 9.17 137 118,109 protocatechualdehyde + - + +

25 11.55 325 145,117 Coumaric acid glucoside + + +

26 11.87 353 191,127 5-O-Caffeoylquinic acid (chlorogenic acid) + - -

27 12.12 353 191,173,135 4-Caffeoylquinic acid (cryptochlorogenic acid) + + + -

28 13.05 179 135 Caffeic acid + + + +

29 13.10 197 169, 125 Ethyl gallate - - + +

30 15.81 337 191,173,118 Coumaroylquinic acid + + + +

31 16.75 335 161,135 Caffeoylshikimic acid - + + -

32 17.60 367 193,191,173 4-O-Feruloylquinic acid - - +

33 17.61 367 193,191,173 5-O-Feruloylquinic acid + + + +

34 19.40 193 178,134 Ferulic acid + + + +

35 2361 623 461,315,179 Verbascoside - - + -

36 31.57 529 367,353 3-O-(E)-caffeoyl-4-O-feruloylquinic acid + + - +
Chromone

37 7.24 353 233,205 Undulatoside A - + - -

38 10.67 393 273,245,203 Aloesin + + + +

39 22.55 395 275,231,203 Aloesol-C-glucosyl + + + +

40 27.16 539 375,285, 163 Coumaroyl aloesin + - - +

41 28.23 569 375, 285, 193 Aloesin-O-feruloyl + - + -

42 29.70 555 513,438,273 Isoaloeresin D + - - -

43 30.32 189 147 Altechromone A - + + +
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Table 2 (continued)

No Rt (min) [M-H]I™ MS/MS (m/z) Identification AML AMR ASL ASR
44 3541 407 287,259 Methyl aloesin + - - -
45 60.54 583 570,407,272 Feruloyl aloesin methyl ether - + - -
Phenyl pyrones

46 18.94 717 409, 307, 247 Aloenin B + + - -
47 23.23 555 247,391,307 Coumaroylaloenin + + + -
48 28.52 571 409, 247 Glucopyranosyl aloenin + + - +
49 71.01 409 307,247 Aloenin + - - -
Flavonoids

50 16.72 593 503,383,353 Apigenin-6,8-C-diglucoside (vicenin Il) + -

51 18.62 609 327 Luteolin-C-hexoside-O-hexoside + - + -
52 19.26 579 459,447,285 Luteolin-C-hexoside-O-pentoside + - - -
53 19.95 447 357,327,285 Luteolin-6-C-glycoside (isoorientin) - - - +
54 20.14 447 357,327,285 Luteolin-8-C-glycoside (orientin) + + + +
55 23.33 463 301 Isoquercitrin + + +
56 2417 593 431,311,297 Apigenin-C-hexoside-O-hexoside + - - -
57 25.13 461 371,341, 285 Luteolin-methoxy-C-hexoside + - - -
58 25.02 447 227 Kaempferol-O-hexoside + + + +
59 2932 447 285 Luteolin O-hexoside - + + -
60 2933 747 482 Wighteone-O-diglucoside malonylate - + + +
61 3149 431 341,311 Isovitexin (apigenin-6-C-glycoside) + + + +
62 36.86 431 341,311 Vitexin (apigenin-8-C-glycoside) + + + +
63 40.26 477 315,285, 243 Isorhamnetin-O-glucoside + - - -
64 41.15 343 Eupatorin + + + +
Anthrones

65 23.25 433 343,313,271 10-Hydroxyaloin B - + + -
66 24.99 447 285,269 8-O-Methyl-7-hydroxyaloin B + + + +
67 26.00 433 343,313,271 10-Hydroxyaloin A - + + -
68 26.12 433 396,342,271 5-Hydroxyaloin A - + + -
69 27.21 593 269 Aloe-emodin diglucoside + - + +
70 2894 593 269 Aloe-emodin diglucoside isomer + - + +
71 29.27 447 285,269 8-O-methyl-7-hydroxyaloin A + + + +
72 31.91 417 297, 268, 255 Aloin B (isobarbaloin) - + + +
73 32.82 297 238,208 Dimethyl ether of Aloe-emodin - + + +
74 33.66 563 443,297 Aloinoside A/B - +

75 33.95 417 297,268,239 Aloin A (Barbaloin)

76 36.90 503 297,268 6'-Malonylnataloin + + - -
77 39.98 415 253 Chrysophanol-8-O-glucoside - + + -
78 41.74 431 269 Aloe-emodin-8-O-glucoside + + + +
79 46.54 315 297,285,256 Aloesaponol | - + - +
80 55.94 269 240, 223,196 Aloe-emodin + + + +
81 58.21 311 223,195 Aloesaponarin | - + - +
82 58.82 253 225 Chrysophanol - + + -
83 59.75 283 240,212 Physcion +
84 59.78 283 183,169 Rhein + + -
Lipids

85 5155 255 211,196 Palmitic acid - - +
86 59.84 476 279,140 LPE 182 + + + +
87 6048 564* 279,242,224 LPC18:2 + + + +
88 61.26 452 255,196, 140 LPE 16:0 + + + +
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Table 2 (continued)

No Rt (min) [M-H]~ MS/MS (m/z) Identification AML AMR ASL ASR
89 61.59 595 415,315, 241 LPI118:2 + + - +

90 62.27 540% 255,224 LPC16:0 + + + +

91 63.55 571 255,241,153 LPI16:0 + + + +

92 63.83 297 183 Hydroxy oleic acid + + + +

93 65.10 695 279,153 PA (18:2/18:2) - - - +

94 65.30 325 237,121 Trihydroxy octadecatrienoic acid + + + +

95 65.60 671 279,255,153 PA (16:0/18:2) - - - +

96 66.13 311 183 Octadecatrienoic acid + + + +

97 66.96 433 279,171,153 LPA (18:2) + + - +

98 70.74 409 255,171,153 LPA16:0 + + + +

99 70.86 833 279, 255,241 PI(16:0/18:2) - + - -

100 7192 327 183 Hydroxy eicosanoic acid + + + +

AML: A. marlothii leaves; AMR: A. marlothii roots; ASL: A. striata leaves; ASR: A. striata roots; LPA: lysophosphatidic acid; LPC: lysophosphatidylcholine; LPE:
lysophosphatidylethanolamine; LPI: lysophosphatidylinositol; R, retention time; Pl, phosphatidylinositol; and PA, phosphatidic acid, *: [M +HCOQ]~

phenylalanine (14), hexosyl asparagine (16). The gly-
cosides showed the same fragmentation pattern losing
the attached sugar (—162 Da) and base peak formation
at m/z 128, 130, 164, 131 for compounds 8, 10, 14, and
16, respectively [40]. Nearly, all the studied extracts
showed similar amino acids except for hexosyl pyroglu-
tamic acid (8) were detected in AMR, hexosyl isoleu-
cine (10) and hexosyl phenylalanine (14) were absent in
ASR and m-carboxyphenyl-L-alanine (11) was detected
only in the leaves extracts. In addition, 2 nucleosides
were detected [adenosine (12) and guanosine (13)].

Identification of phenolic acids and their derivatives

A total of 20 phenolic acids and their derivatives (17-36)
were tentatively identified in the extracts. They were
mainly hydroxycinnamic and benzoic acids derivatives.
Fifteen hydroxycinnamic acid derivatives were identified.
They are mainly represented by esters of quinic or shi-
kimic acids condensed either with caffeic, ferulic, or cou-
maric acids. Those compounds displayed characteristic
fragment ions corresponding to quinic, ferulic, coumaric,
and caffeic acids at m/z 191, 193, 163, and 179, respec-
tively [36, 41]. Regarding compounds 22, 25, and 26,
they showed the same [M-H]™ at m/z 353, yielding frag-
ments at m/z 191, 179, 173, and 135 on MS/MS spectra,
which are characteristic fragments of caffeoylquinic acids
[quinic acid-H]~, [caffeoyl-H]~, [quinic acid-H-H,0],
[caffeoyl-H-COOQO]", respectively. Compounds (22 and
25) both yielded base peak at m/z 191 and were identi-
fied as 3-O-caffeoylquinic acid (neochlorogenic) and
5-O-caffeoylquinic acid (chlorogenic acid), respectively,
based on the relative abundance of the peak at m/z 179
[42]. Compound 26 was identified as 4-O-caffeoylquinic
acid (cryptochlorogenic acid) due to the distinctive

base peak at m/z 135 and the abundant fragment ion
at m/z 173 [35, 42]. Both compounds 19 and 20 yielded
pseudomolecular ion at m/z 515 which was 162 Da
higher than compounds (22, 25, and 26). They showed
diagnostic fragmentation (m/z 191, 179, and 135) of
caffeoylquinic acids. Thus compound 19 could be iden-
tified as di-caffeoylquinic acid. However, compound
20 showed distinctive ions at m/z 323 ([caffeoyl hexo-
side — H — H,0]") characteristic for caffeoylquinic acid
hexoside which was not detected in compound 19 [43].
Compounds 23, 32, and 33 gave pseudomolecular ions at
m/z 367 that gave rise to fragment ions at m/z 193 char-
acteristic to feruloyl moiety [ferulic acid —H]™ and m/z at
191 [quinic acid —H] —, and 173 [quinate — H,O]~ corre-
sponding to quinic moiety. They were identified accord-
ing to their characteristic fragmentation [44]. Compound
35 detected in ASL exhibited loss of sugar moiety yield-
ing fragment ion at m/z 416 (-162 Da) and characteristic
fragment ion of phenylpropanoid moiety at m/z 161 [caf-
feic acid-H-H,O]™. The compound was identified as the
phenylethanoid verbascoside [45]. It is reported for the
first time in Aloe species. Four benzoic acid derivatives
were detected: protocatechuic acid (18), methyl gallate
(21), protocatechualdehyde (24), and ethyl gallate (29).
They showed loss of CO, (44 Da) and CO (28 Da) groups
which are characteristic fragmentation pattern of phe-
nolic acids [46].

Identification of chromones

Nine chromones were tentatively identified (37-45). Chr-
omone-O-glycosides were detected as undulatoside A
(37) that showed fragment ions at m/z 233 and 205 due to
loss of C,HgO, and C;HgOy, respectively [47]. The major-
ity of the detected chromones were C-glycosylated that
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Fig. 4 LC chromatogram of methanolic extracts of A. marlothii and A. striata leaves and roots. AML: A. marlothii leaves; AMR: A. marlothii roots; ASL:

A. striata leaves; and ASR: A. striata roots

are distinct components of Aloe species and not reported
in other plant species [48]. The MS/MS of the C-glyco-
sylated chromones as aloesin (38) and methyl aloesin (44)
showed a diagnostic loss of 120 Da which is characteris-
tic for C-glucosides [38]. It was detected only in AMR. It
was identified as the chromone glycoside, undulatoside A
which was previously reported in A. vera leaves [35]. The
chromone derivative, altechromone A (43), showed frag-
ment ion at m/z 146 [M-H-CH;-CO]~ [49].

Identification of phenyl pyrones

Four phenyl pyrones were identified: aloenin B (46), cou-
maroylaloenin (47), glucopyranosyl aloenin (48), and
aloenin (49). The MS/MS of aloenin (49) showed frag-
ment ion at m/z 307 due to loss of C,HO; and a distinct
fragment ion at m/z 247 representing the phenyl pyrone
aglycone [50]. Phenyl pyrones have a limited distribution
in Aloe species, with aloenin restricted to few Aloe spe-
cies [51]. Herein, aloenin was detected in AML.
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Identtification of flavonoids

Flavonoid glycosides represent a prevalent class in Aloe
species. Herein, 15 flavonoids were determined. They
were detected as trimethoxy flavone, C-glycosylated fla-
vones O, C-di-glycosylated flavones, O-glycosylated, and
malonylglucoside isoflavone. Flavones were the most
frequent subclass where apigenin and luteolin with vari-
ous sugar attachments were detected. Flavonols were
the second subclass determined in the studied Aloe spe-
cies. The fragmentation of flavones di-C-glycosides was
observed in apigenin-6,8-C-diglucoside (vicenin II) (50)
showing loss of 90 Da (m/z 503) and 210 Da (m/z 210)
[52], while that of mono-C-glycosylated flavones was
observed in luteolin-6-C-glycoside (isoorientin) (53)
and luteolin-8-C-glycoside (orientin) (54) showing loss
of 90 Da (m/z 357) and 120 Da (m/z 327). However,
the higher abundance of [M-H-90]™ over that of [M-H-
120]~ confirmed the 6-C-glyco assumption and vice versa
[52]. Regarding O, C-di-glycosylated flavones, luteolin-
C-hexoside-O-pentoside (52) showed loss of 132 Da
(m/z 447) confirming the presence of C-pentose. It also
exhibited characteristic fragmentation of C-hexoside
represented by the loss of 120 Da due to cross-ring cleav-
age (O-C1). As an example of O-glycosylated flavonoid,
luteolin O-hexoside (59) showed loss of hexosyl moieties
(-162 Da).

Identification of anthrones and anthraquinones

Ten C-glycosylated anthrones were characterized
(65-76). Their mass spectra displayed the character-
istic fragmentation of C-glycosides (loss of C,HgO,)
represented by [M-H-120]" fragment ions. Com-
pounds 72 and 75 were identified as two isomers show-
ing fragment ions at m/z 297 due loss of (-120 Da)
followed by further loss of CHO yielding fragment
ions at m/z 268 [M—H-120—CHO]™ and m/z 239
[M—-H-120-2CHO]~ [33, 50]. Aloinoside A/B (74)
is the O-rhamnoside of aloin A/B which showed frag-
ment ions at m/z 443 [M —H—120]" and at m/z 297 due
to the subsequent loss of rhamnosyl moiety (—146 Da)
[53]. 6'-Malonylnataloin (76) showed a base peak at /2
297 due to the concomitant loss of C,H;O, (—120 Da)
and malonyl (-86 Da) [35]. 10-Hydroxyaloin B (65),
10-hydroxyaloin A (67), 5-hydroxyaloin A (68), aloin A
(75), and 6 -malonylnataloin (76) were detected in AMR
and ASL only. Anthraquinone aglycones were detected as
well (73, 79-84). Aloe-emodin (80) produced a character-
istic fragment ions at m/z 240 [M—H-CHO]". It is a char-
acteristic constituent of Aloe species [54]. It was detected
in the four tested extracts. Aloesaponarin I (81) showed
fragment ions at 225, 195 due to loss of CH;OH-2CO
and CH3;OH-3CO, respectively. Aloesaponol I (79) and
aloesaponarin I (81) were detected in the roots of both
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species. Chrysophanol (82) was determined in AMR and
ASL only. Aloe-emodin glycosides were detected [aloe-
emodin diglucoside (69), aloe-emodin diglucoside isomer
(70), aloe-emodin-8-O-glucoside (78)] having diagnostic
ions at m/z 269 [49]. Compound 77 was detected in AMR
and ASL and determined as chrysophanol-8-O-glucoside
showing diagnostic ion at m/z 253 [49].

Identification of lipids

Four fatty acids [palmitic acid (85), hydroxy oleic acid
(92), trihydroxy octadecatrienoic acid (94), and octade-
catrienoic acid (96)] were identified as well as 12 phos-
pholipids were identified. Lysophosphatidylcholine (LPC)
[LPC 18:2 (87) and LPC 16:0 (90)] formed primarily
[M+HCOO]™ and the rest of the lipids tended to render
[M -H]™ (Table 2). Diagnostic fragment ion at m/z 140 for
deprotonated ethanolamine appeared in 86 and 88 justi-
fying their nature as lysophosphatidylethanolamine (LPE)
[55]. LPE 16:0 (86) showed fragments ions at #1/z 196 and
255 which detected the loss of ketene [C;H,;NOzP]™ and
fatty acyl chain (16:0) [56], while a prominent fragment
ion at m/z 279 was detected in LPE 18:2 (88) correspond-
ing to fatty acyl chain (18:2). A characteristic fragment
of the inositol headgroup of phosphatidylinositol (PI)
[C¢H,yOgP]- at m/z 241 [57] and fragment ion at m/z 415
due to neutral loss of inositol from the pseudomolecular
ion were detected in lysophosphatidylinositol (LPI 18:2)
(89), LPI 16:0 (91), and PI 16:0/18:2 (99). In addition to
prominent fragment ions at m/z 279 and m/z 255 were
detected characteristic for fatty acyl chain (18:2) and
(16:0) [56]. Phosphatidic acids [PA 18:2/18:2 (93) and PA
16:0/18:2 (95)] and lysophosphatidic acid [LPA 18:2 (97)
and LPA 16:0 (98)] were characterized by the presence of
a diagnostic fragment ion m/z 153 glycerol-3-phosphate
after loss of water [55]. Also, fragment ions were deter-
mined as carboxylate anions at m/z 255 and 279, corre-
sponding to fatty acid 16:0 and 18:2.

Molecular docking of anthraquinone compounds from A.
marlothii and A. striata extracts

AMR and ASL displayed significant anti-virulence
activity against P aeruginosa. Anthrones and anth-
raquinones are a marker for Aloe species, and dock-
ing of identified anthrones and anthraquinones was
performed to predict the binding mode of these
compounds to LasR target (Table 3). The docking
protocol was first validated by redocking of the co-
crystallized compound TP-4 that showed a docking
score (S) of —10.67 kcal/mol and RMSD of 0.19. Com-
pound TP-4 forms three H-bond interactions with
LasR residues Asp73, Tyr56, and Serl29, in addition
to, a pi—pi interaction with residue Tyr64 (Fig. 5A).
These residues are pivotal in determining the potential



Abdel-Baki et al. Future Journal of Pharmaceutical Sciences

(2025) 11:92

Page 11 of 16

Table 3 Docking scores and interaction residues of the docked compounds

No Compound Interactions Docking
score S (kcal/
mol)

TP-4 ASP73: H-donor; TYR56: H-acceptor; SER129: H-acceptor; TYR64: pi—pi -10.67

1 Chrysophanol-8-O-glucoside THR75: H-donor; GLY38: H-acceptor; TYR64: pi—pi; TYR64: pi—pi -9.24

2 6-Malonylnataloin ASP65: H-donor; ASP65: H-donor; THR75: H-donor; SER129: H-acceptor; TYR64: pi—pi -9.01

3 Aloe-emodin-8-O-glucoside THR75: H-donor; TRP60: H-acceptor; TRP88: H-pi; TYR64: pi—pi -8.65

4 Aloin A ASP65: H-donor; ASP73: H-donor; TYR56: H-acceptor; TYR64: pi—pi -8.39

5 5-Hydroxyaloin A ASP65: H-donor; ASP73: H-donor; THR75: H-donor; SER129: H-acceptor; TYR64: pi—pi —7.50

6 Aloesaponol | TRP88: H-pi; TYR64: pi—pi -7.72

7 10-Hydroxyaloin B ASP65: H-donor; ASP65: H-donor -7.72

GLY126: H-donor; ASP73: H-donor; THR75: H-donor; TYR56: H-acceptor
8 Aloesaponarin | ASP65: H-donor; THR75: H-donor; TRP88: H-pi; TYR56: pi-H; TYR64: pi—pi; TYR64: pi—pi -7.75
9 10-Hydroxyaloin A TYR47: H-donor; ASP65: H-donor; ASP73: H-donor; THR75: H-donor; SER129: H-donor; —6.95
TYR56: H-acceptor; TRP60: H-acceptor
10 Aloe-emodin ASP73: H-donor; TRP60: H-acceptor; TRP88: H-pi; TYR56: pi-H; TYR64: pi—pi; TYR64: pi-pi —6.80
11 Chrysophanol TRP60: H-acceptor; TYR64: pi-pi —6.15

interaction of compounds with LasR. Most compounds
maintained the pi—pi interaction, in addition to, one or
more H-bond interactions. Aloin A and 10-hydroxya-
loin A interacted with the LasR active site in a com-
parable mode to TP-4, primarily through H-bonding.
Both compounds maintained the H-bond interactions
with residues Asp73 and Tyr56, with 10-hydroxyaloin A
additionally forming a H-bond with Ser129, similar to
the co-crystallized ligand (Fig. 5B and C). Furthermore,
aloin A retained the pi-pi interaction with Tyr64. Simi-
lar to aloin A, 10-hydroxyaloin B formed H-bonds with
Asp73 and Tyr56, while 5-hydroxyaloin A interacted
with Asp73 and Ser129 (Table 3). Among the docked
compounds, 6-malonylnataloin and chrysophanol-8-O-
glucoside had the highest docking scores of -9.01 and
-9.24 kcal/mol, respectively, binding with LasR through
H-bonding and pi-pi interactions (Table 3, Fig. 5D
and E). However, while both compounds maintained
the Tyr64 pi—pi interaction, only 6-malonylnataloin
formed a H-bond interaction with Ser129 similar to
TP-4. Chrysophanol-8-O-glucoside, with a sugar moi-
ety attached to the terminal aromatic ring, adopted a
slightly different position in the active site and inter-
acted through a H-bond with Gly38 (Fig. 5E). Less
favored binding was observed with chrysophanol that
formed a pi—pi interaction with Tyr64 and a H-bond
with Trp60 with a docking score of -6.15 kcal/mol
(Table 3, Fig. 5F). All compounds engaged with the
binding pocket through additional H-bond interac-
tions especially with residues Asp65, Thr75, and Trp60
that formed H-bonds with multiple docked compounds
(Table 3). Overall, the compounds bind to the active

site of LasR suggesting their potential to inhibit it and
promote anti-virulence activity.

Discussion

The increasing demand for the discovery of natural ingre-
dients as antimicrobial agents as an alternative to antibi-
otics is an emerging research interest nowadays. Previous
studies showed the efficacy of A. marlothii and A. striata
against a variety of bacteria [58—61]. In addition, the ace-
tone and aqueous infusion of A. marlothii leaves exhib-
ited potential activity against P aeruginosa with MIC
values of 0.13 and 0.87 mg/mL, respectively [62]. On
the other hand, our study has focused on evaluating the
comparative effectiveness of A. striata and A. marlothii
leaves and roots against P. aeruginosa for the first time,
revealing that A. marlothii leaves and roots in addition
A. striata leaves significantly inhibited the growth of P
aeruginosa.

Production of biofilms is a crucial survival strategy for
P aeruginosa because they function as a barrier, decreas-
ing the penetration of medications and, as a result, pre-
venting them from exerting their effects [3]. Moreover,
pyocyanin is considered as a virulence factor produced
by P aeruginosa. It increases the levels of reactive oxy-
gen species and inflammatory cytokines in various organ
systems, including the cardiovascular, urological, respira-
tory, and central nervous systems, leading to fatal dis-
eases [3, 6]. Only AMR and ASL significantly decreased
the biofilm formation, pyocyanin production, the swarm-
ing and swimming activity in the current investigation.
Other studies illustrated the antibiofilm activity of A.
marlothii leaves against Clostridium perfringens, showing
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Fig.5 2D and 3D interactions of the co-crystal compound TP-4 and representative compounds with LasR. A TP-4, B 10-hydroxyaloin A, C Aloin A, D

6-malonylnataloin, E Chrysophanol-8-O-glucoside, and F Chrysophanol

potential activity against mature biofilms [63] and the
anti-swarming activity of A. barbadensis against P. aer-
uginosa [64].

With the aim of identifying the secondary metabolites
of A. marlothii and A. striata that could be responsible
for the antibacterial and anti-virulence activities, we
performed LC-MS of the AML, AMR, ASL, and ASR
extracts. Our findings demonstrated that the examined
extracts contain a plethora of bioactive metabolites as
phenolic acids, chromones, flavonoids, anthrones, and

lipids. Phenolic acids were previously reported to exhibit
antibacterial activity [65, 66]. Several Aloe leaf compo-
nents have been linked to antibacterial action. Cinnamic
acid, coumaric acid, ascorbic acid, and pyrocatechol iso-
lated from A. vera leaves showed strong antibacterial
activity, particularly against Gram-positive bacteria [67].
It was proposed that phenolic compounds disrupted bac-
terial cell membranes and denaturated bacterial proteins.
Cinnamic acid inhibited bacterial growth by blocking
glucose uptake and ATP generation [68]. Coumaric acid
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inhibited various bacterial enzymes [69]. Several phe-
nolic acids showed antibiofilm activity against methicillin
resistant Staphylococcus aureus [70]. Some phenolic acids
as caffeic, cinnamic, and ferulic inhibited the production
of QS regulated virulence factors including biofilm for-
mation, pyocyanin production, and swarming motility of
Pseudomonas aeruginosa [71]. The inhibitory activity of
phenolic acids was correlated with the site and degree of
hydroxylation that interact with sulfhydryl groups on the
proteins [72]. The antimicrobial potentials of aloesin and
undulatoside A were previously demonstrated against
various bacteria [73-76]. Chromones-based compounds
showed potent inhibition of P aeruginosa biofilm [77].
Flavonoids are characterized to exhibit substantial anti-
bacterial activity by providing protection toward plant
pathogen, and as a result, they can also demonstrate
effectiveness in fighting human pathogens [78]. Flavo-
noids showed antibacterial activity against P. aeruginosa
[79]. Anthrones and anthraquinones and pre-anthraqui-
nones are the most important and characteristic con-
stituents of genus Aloe [54]. Interestingly, AMR and ASL
extracts showed their richness with anthrones in the
present study. Aloesaponarin I was previously reported
to show antimicrobial activity [80]. Anthrones and anth-
raquinones are structurally related and have been shown
to inhibit growth of several pathogenic microorganisms
[81, 82]. The anthrones: 8-O-methy-7-hydroxyaloin A/B,
aloin A/B isolated from A. trigonantha, exhibited pro-
nounced antibacterial activity against various bacteria
[74]. Several research studies have shown that isolated
anthraquinones from Aloes have antibacterial action [83].
They showed inhibition of P aeruginosa [84]. While the
mechanism of their antibacterial activity is still being
investigated, it has been proposed that aloe-emodin
and aloesin work by breaking bacterial membranes [83].
Aloe-emodin inhibited the biofilm formation and the
extracellular protein synthesis of S. aureus [85]. Besides,
phospholipids have a crucial role in biological mem-
branes, providing structural, functional, and metabolic
support [7]. Therefore, exogenous fatty acid exposure
alters P aeruginosa membrane phospholipid structure,
membrane permeability as well as virulence [86].

LasR system is the main regulator of many genes
including biofilm and virulence factors of P aeruginosa
QS. Its activation can positively impact gene expression.
Blocking QS may reduce the pathogenicity of bacte-
rial infections [87]. In the current study, docking results
show the binding of the anthrones and anthraquinones
identified from A. marlothii and A. striata extracts sug-
gesting that their anti-virulence activity is a result of
their interaction with LasR. In light of the above find-
ings, it is necessary to validate the potential antimicro-
bial activities of these natural compounds, anthrones and

(2025) 11:92

Page 13 of 16

anthraquinones, by conducting further in vivo studies to
evaluate their safety profiles for use in clinical studies.

Conclusion

This study highlighted the mechanistic role of AMR
and ASL as effective anti-virulence agents against P
aeruginosa via reducing biofilm development, decreas-
ing pyocyanin production and limiting the swimming
and swarming activity of P aeruginosa for the first time.
Furthermore, we applied HPLC-MS/MS to gain more
insights into the differential chemical composition
between the investigated species to detect the marker
bioactive compounds, finding that the bioactive species,
AMR and ASL, were rich with anthrones/anthraqui-
nones. In this context, chrysophanol-8-O-glucoside and
6-malonylnataloin revealed higher binding affinities
and stabilities within the binding pocket of LasR sys-
tem, compared to TP-4, based on molecular docking.
These findings support the use of AMR and ASL as nat-
ural alternatives for sustainable infections caused by P
aeruginosa.
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