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ntifungal and antiprotozoal
activities and LC-MS/MS quantification of steroidal
saponins isolated from Panicum turgidum†

Ahmed A. Zaki, *ab Mohamed M. Y. Kaddah, c Hamada S. Abulkhair *de

and Ahmed Ashour ab

Bioassay-guided investigation of Panicum turgidum extract resulted in the identification of seven steroidal

saponins (Turgidosterones 1–7). They were evaluated for their in vitro antifungal, antileishmanial, and

antitrypanosomal activities. Turgidosterone 6 was the most active antifungal against Candida albicans

and Candida neoformans (IC50 values of 2.84 and 1.08 mg mL�1, respectively). Turgidosterones 4–7

displayed antileishmanial activity against Leishmania donovani promastigotes with IC50 values ranging

from 4.95 to 8.03 mg mL�1 and against Leishmania donovani amastigote/THP with IC50 values range of

4.50–9.29 mg mL�1. Activity against Trypanosoma brucei was also observed for Turgidosterones 4–7

with an IC50 values range of 1.26–3.77 mg mL�1. Turgidosterones 1–3 did not display any activity against

the tested pathogens. The study of structure–activity relationships of the isolated saponins indicated that

the antifungal, antileishmanial, and antitrypanosomal activities are markedly affected by the presence of

spirostane-type saponins and the elongation of the sugar residue at C-3. To quantitatively determine the

most abundant active ingredient in Panicum turgidum extract, a single run, sensitive, and highly selective

liquid chromatography-tandem mass spectrometry (LC-MS/MS) method has been applied under positive

and negative modes. The obtained results showed that compound 5 was the most abundant (95.93 �
1.10 mg per gram of dry Panicum turgidum extract), followed by 6 (52.51 � 1.05 mg gm�1), 4 (32.71 �
0.48 mg gm�1), and 7 (13.19 � 0.50 mg gm�1). Docking of these saponins against the Candida albicans

oxidoreductases and Leishmania infantum trypanothione reductase active sites revealed their potential

to effectively bind with a number of key residues in both receptor targets.
1. Introduction

Panicum (panic grass) is one of the important genera belonging
to the family Poaceae.1 Traditionally, it has been reported to
treat various ailments. The genus Panicum includes 450 species
native to the tropical regions, with a few species extending into
the northern temperate zone.2 P. maximum was reported to have
antimalarial, antirheumatic, anti-inammatory, antidiabetic,
antiplasmodial, and analgesic activities.3,4 It was reported that
the consumption of P. miliaceum grains protects against
harmacy, Mansoura University, Mansoura
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hypercholesterolemia, cardiovascular disease, liver injury, and
type II diabetes.5,6 Panicum turgidum Forssk. is a widely
distributed grass in the Egyptian desert. In previous work, we
have reported the anti-inammatory activity of extracts and
isolated compounds from P. turgidum.1,7 Moreover, in our recent
publication, the isolation of steroidal saponins and their anti-
proliferative activity was studied.5 However, the antifungal and
antiprotozoal activities of P. turgidum have not yet been
investigated.

Microbes and protozoa are the leading causes of infectious
diseases, death, and many global health issues.8–10 The treat-
ment of most pathogens is difficult because of their resistance
to traditional medications. Additionally, antifungal drugs such
as amphotericin B which is effective against candida infections
showed severe side effects, including renal toxicity.11 Therefore,
there is an urgent unmet need to develop new safe antifungal
agents. On one hand, antimony (pentavalent antimonials) is the
most effective treatment for Leishmania infections.12 Alterna-
tive drugs commonly used for leishmaniasis are amphotericin B
and pentamidine, which are also considered ineffective.13 On
the other hand, nifurtimox and benznidazole are the front-line
antitrypanosomal against acute Chagas' disease.14 They are
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
trypanocidal agents, affecting mainly the circulating trypo-
mastigotes.15 However, the parasites' resistance together with
the high toxicity of current antiprotozoal drugs has proved to be
an inefficient treatment.12 These drugs can induce serious
unwanted effects including gastrointestinal intolerance,
neurological symptoms, nausea, vomiting, and abdominal
pain.15 Serious problems caused by a continuous increase in
drug-resistant pathogens have become a leading goal for the
discovery of novel antiprotozoal drugs.

1.1 Aim of the work

Previously, our research group has evaluated the cytotoxic
activity for the total extract of Panicum turgidum in bio guided
isolation of its active components. It resulted in the isolation of
seven steroidal saponins and the activity of these compounds as
cytotoxic and anti-inammatory were evaluated.5 In continua-
tion of our recent works for the bioassay-guided isolation and
biological evaluation of natural bioactive molecules,16–20 herein,
we have selected other activities than selected before to be used
for the bio guided isolation, antifungal and antiprotozoal
effects are selected especially that total extract exhibited good
activity in both assays. Also, we report bioassay-guided frac-
tionation and the rst quantitative and fully validated LC-MS/
MS for the analysis of the most abundant biologically active
constituents, NMR and HR-ESI-MS spectral characterization,
and biological evaluation of these steroidal saponins.

2. Results and discussion
2.1 Isolation of compounds

Total extract of Panicum turgidum showed antifungal activity
against C. albicans, C. glabrata and C. neoformans at a low range of
the IC50. It also exhibited good antiprotozoal activity against L.
donovani Promastigote, L. donovani Amastigote/THP, and T. brucei.
The extract was partitioned into n-hexane,methylene chloride, and
remaining aqueous fractions. Both n-hexane and methylene chlo-
ride extracts showed no activity against fungi and leishmania
strains used at the highest tested concentrations. However, the
aqueous fraction was the most active against both fungi and
protozoa. The bioactive remaining aqueous extract was subjected
to fractionation in a vacuum liquid chromatography (VLC) over C-
18 silica gel and the mixture of water : methanol (different
proportions) was used to obtain een fractions. The re-
investigation of antifungal and anti-parasitic activities for the
resulted fractions revealed that the fractions 14 and 15 are the only
active ones. Therefore, these latter fractions were chromato-
graphed over silica gel columns to isolate the constituting
compounds. Seven steroidal saponins were isolated from these
fractions and identied based on the analysis of the NMR spectra
andHR-ESI-MS. Upon identication, it was found that they are the
same as those we have isolated and reported before (Fig. 1).5

2.2 Quantitative analysis of active Turgidosterones 4–7 in
Panicum extract

It has been shown that Turgidosterones 4–7 are the compounds
responsible for the activity of P. turgidum extract. Therefore, we
© 2022 The Author(s). Published by the Royal Society of Chemistry
have decided to determine their naturally occurring concen-
tration required to give the biological effect. The Turgid-
osterones 4–7 and vancomycin as an internal standard (IS) were
individually prepared in methanol and directly injected into the
mass spectrometer using a gas-tight syringe at a ow rate of 7
mL min�1 to implement automatic compound optimization
using quadrupole full MS/MS scans in positive and negative ion
modes to obtain the maximal sensitivity. Table 1 shows the
molecular ions used to establish the multiple reaction moni-
toring (MRM) scanning method with its optimum mass spec-
trometry parameters for compounds 4–7 and IS. The ESI-MS/MS
spectral data of these compounds and the IS are shown in
Fig. S1–S6 in ESI.† Many papers have been reported with
proposals for pharmaceutical compounds' MS/MS fragmenta-
tion pattern.21,22 Here, we further used the Competitive Frag-
mentation Modeling for Metabolite Identication CFM-ID23 to
develop a proposal for the fragmentation pattern for each
compound (Fig. S1–S6†).

The chromatographic conditions were optimized to achieve
high sensitivity, a good symmetric chromatographic peak
shape, and a shorter retention time for the chosen compounds.
HILIC chromatography is a fast, reliable, and highly selective
HPLC technique that may be utilized to analyze polar
substances quantitatively. The high polarity of the studied
substances instructed that the chromatographic conditions be
optimized utilizing the Luna® 3 mm HILIC column (100 � 4.6
mm) in this analysis. The mobile phase composition inuenced
the chromatographic separation and ionization of the
compounds 4–7. Several trials were executed to determine the
optimal chromatographic conditions by changing the elution
type and ow rate. Gradient elution in various mobile phase
ratios was investigated using different time programming
elution systems. Methanol was used as the organic component
of the mobile phase in this investigation instead of acetonitrile
because it produced the best chromatographic peak shape. In
this study, using 0.01 percent formic acid instead of 0.1 percent
in both the aqueous and organic phases improved the peak
shape, sensitivity, and retention behavior of the analytes
substantially.24 The detailed gradient elution program is illus-
trated in Table S1 in ESI.† A stable isotopically labelled version
of the analyte you want to measure is the perfect internal
standard. It is considered to yield higher technique accuracy
and precision since it acts in the same way as the analyte in ESI
ion source, extraction recovery, and comparable chromatog-
raphy.25 However, it necessitates a particular form of synthesis,
which is both costly and time-consuming. In many situations,
compound analogs to the analytes may be utilized as an IS.26–28

Vancomycin was chosen as the IS in this investigation because it
demonstrated similar responses in both positive and negative
modes. The MRM extracted chromatograms of the IS and Tur-
gidosterones 4–7 are given in Fig. S7 and S8.†

2.2.1 Method validation. A reliable calibration graph was
constructed when the right weighing factor 1/x was employed,
where the analytical method's accuracy was enhanced at the
lower end (lower-value points) of the calibration curve. The
regression equation, LOD and LOQ for LC-MS/MS determina-
tion of the selected compounds, as well as the intra-day
RSC Adv., 2022, 12, 2980–2991 | 2981
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Fig. 1 Structure of isolated Turgidosterones 1–7.
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accuracy and precision of the quality control samples, are
depicted in detail in (Tables 2 & S2 in ESI†).

The contents of the chosen compounds in P. turgidum extract
were 95.93 � 1.10 mg per gram of dry Panicum turgidum extract,
52.51 � 1.05 mg gm�1, 32.71 � 0.48 mg gm�1 and 13.19 �
0.50 mg gm�1 for compound 5, 6, 4, and 7, respectively. The
2982 | RSC Adv., 2022, 12, 2980–2991
estimated extraction efficiencies for compounds 4, 5, 6, and 7
were 79.29, 68.17, 74.93, and 64.30%, respectively.
2.3 Biological evaluation

The chemical investigation of the biologically active fractions in
P. turgidum extract revealed the presence of Turgidosterones 1–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Mass spectrometry optimized parameters for vancomycin and Turgidosterone 4–7

Compounds Mode of analysis
Precursor ion
(m/z)

Product ion
(m/z)

Declustering
potential (V)

Collision energy
(V)

Collision cell exit
potential (V)

Dwell time
(ms)

4 Negative 1029.36 737.4a �25 �64 �37 50
1029.36 59b �25 �130 �7 50

5 Positive 869.48 70.9a 1 95 10 100
869.48 84.8b 1 75 14 100

6 Negative 1013.34 721.4a �20 �60 �55 100
1013.34 59b �20 �130 �19 100

7 Positive 885.39 293.2a 1 23 8 50
885.39 413.3b 1 29 20 50

Vancomycin (IS) Negative 722.81 700.7 �190 �20 �27 50
Vancomycin (IS) Positive 724.73 83 141 67 8 50

a Quantier ion. b Qualier ion.
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7. With the guidance of the appropriate in silico approach,
researchers can determine the accurate biological target and to
what extent the activity could be attained. Also, the cost and
implementation time of the experimental work could be
reduced to the optimum. Accordingly, to decipher the proposed
biological effect of new steroidal saponins, an in silico PASS
online tool was used.29 Results of online PASS-prediction are
shown in Table S3 (see ESI).† The tabulated results surprisingly
showed that the antifungal and antileishmanial potencies were
among the highest predicted actions of the newly isolated
saponins. All the isolated Turgidosterones revealed probabili-
ties of being active as antifungal and as antileishmanial over
71.30%. Consequently, encouraged by these promising results,
we decided to experimentally investigate these predicted
actions in vitro. The biological activities of 1–7 are discussed in
the following sections.

2.3.1 Antifungal activity of isolated compounds. The
compounds were initially evaluated for their antibacterial
activity against a panel of available bacterial strains. None of
them exhibited in vitro antibacterial activity. A panel of patho-
genic fungi was used to evaluate the antifungal activity. Stan-
dard antifungal drug amphotericin B was used for comparison.
All compounds showed no in vitro antifungal activities against
C. glabrata, C. Krusei, and A. fumigates. Steroidal saponins 1–4
and 7 exhibited no activity against C. neoformans at the highest
tested concentration of 20 mg mL�1, while Turgidosterones 1–3
showed no activity against C. albicans up to 20 mg mL�1.
Yamogenin glycoside (6) showed potent antifungal activity
Table 2 Linear regression data and linearity ranges of the analytes in Pa

Linear regression 4 5
Linearity range (ng mL�1) 4–1200 4–
LOD (ng mL�1) 0.96 1.
LOQ (ng mL�1) 2.89 3.

Linear regressiona

Correlation coefficient (r) 0.998 0.
Slope 2.04 � 10�3 2.
Intercept 3.18 � 10�3 �
a y ¼ a + xb where y is the analyte/IS peak area ratios; x is the concentrat

© 2022 The Author(s). Published by the Royal Society of Chemistry
against C. albicans, and C. neoformans with IC50 values of 2.84 �
0.55 and 1.08� 0.002 mg mL�1, respectively. The IC50 values of 6
against C. albicans and C. neoformans were found to be 5.1 and
2.51 mg mL�1, respectively. Yamogenin glycoside (5) showed
moderate antifungal activity against C. albicans, and C. neofor-
mans with IC50 values of 10.83� 1.97 and 14.51� 2.01 mg mL�1,
respectively. Among tested compounds, only 4 and 7 exhibited
moderate activity against C. albicans with IC50 values of 13.83 �
2.50 and 16.04 � 3.20 mg mL�1, respectively (Table 3).

2.3.2 Antileishmanial activity of isolated compounds.
Leishmania donovani promastigotes (extracellular agellated)
and L. donovani amastigotes (non-agellated intracellular)/THP
were used to assess the antileishmanial activity adopting Ala-
mar blue assay. Turgidosterones 4–7 exhibited antileishmanial
activity with IC50 values of 7.72 � 1.58, 8.04 � 1.25, 4.92 � 2.16,
and 7.80 � 1.71 mg mL�1, respectively (Table 4). They also
showed activity against L. donovani amastigotes/THP with IC50

of 9.03 � 0.98, 4.51 � 0.66, 5.15 � 0.14, and 9.29 � 0.65 mg
mL�1, respectively. None of compounds 1–3 showed anti-
leishmanial activity.

2.3.3 Antitrypanosomal activity of isolated compounds.
Isolated compounds were tested for antitrypanosomal activity
against T. brucei. Turgidosterones 4–7 exhibited activity with
IC50 values of 1.26, 2.87, 3.78, and 1.42 mg mL�1, respectively.
None of Turgidosterones 1–3 showed antitrypanosomal activity.

As shown in Table 4, all the cholestane-type steroidal sapo-
nins 1–3 were totally inactive. The obtained results revealed that
nicum turgidum extract

6 7
1200 4–1200 4–1200
03 0.74 1.05
12 2.26 3.19

998 0.999 0.998
17 � 10�3 1.01 � 10�3 4.95 � 10�4

10.60 � 10�3 1.05 � 10�3 3.08 � 10�3

ion of the analyte; a is the intercept and b is the slope.

RSC Adv., 2022, 12, 2980–2991 | 2983
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Table 3 Antifungal activity of isolated saponins

Comp. #

IC50 mg mL�1

C. albicans C. glabrata C. krusei A. fumigatus C. neoformans

Plant-total 106.88 � 5.97 22.2 � 4.20 >200 >200 50.01 � 1.01
Remaining aq 8.28 � 0.01 — — — 21.03 � 2.00
1 >20 NA NA >20 >20
2 >20 NA NA >20 >20
3 >20 NA NA >20 >20
4 13.83 � 2.50 NA NA >20 >20
5 10.83 � 1.97 NA NA >20 14.51 � 2.01
6 2.84 � 0.55 NA NA >20 1.08 � 0.002
7 16.04 � 3.20 NA NA >20 >20
Amphotericin B 0.2 � 0.002 0.27 � 0.001 0.61 � 0.001 1.21 � 0.003 0.33 � 0.0003
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all the active compounds are of yamogenin-type glycosides (5
and 6) and pennogenine-type glycosides (4 and 7).
2.4 Structure–activity relationships (SARs)

Literature survey revealed that saponins have activity against
a broad spectrum of microorganisms, mainly fungi but showed
weak activity against bacteria.30 Antifungal and antiprotozoal
activities of saponins are affected by both the type of sapogenin
and the sugar residue.31 The number of sugar residues and
presence of 3b-linked glucose is crucial for activity, and
branched sugar chains containing derivatives exhibited higher
activities than straight chains.32 Compound 6 showed better
activity than that of 5, which has fewer sugar residues. For
antifungal and antiprotozoal activities, the closed F-ring is vital
for this kind of activity.33 Accordingly, compounds lacking F-
ring (1–3) presented almost no activity. Our results fully
comply with previous reports; glycosides of spirostane-type have
better activity than cholestane- and furostane-type. Cammarata
et al. reported the MIC of series of steroidal saponins of spiro-
stane- and cholestane-type against C. albicans, C. glabrata, and
C. neoformans and they found that the antifungal activity of both
spirostane- and cholestane-type is enhanced by the presence of
hydroxyl group in 2a-position.34 Furthermore, the presence of
Table 4 Antitrypanosomal activity of isolated saponins

Comp. #

IC50 (mg mL�1)

L. donovani Promastigote L. Dono

Plant -total 19.11 � 0.90 >20
Remaining aq. 13.17 � 1.79 14.82 �
1 >10 >10
2 >10 >10
3 >10 >10
4 7.72 � 1.58 >10
5 8.04 � 1.25 >10
6 4.92 � 2.16 >10
7 7.80 � 1.71 >10
Pentamidine 1.78 � 0.59 6.77 �

2984 | RSC Adv., 2022, 12, 2980–2991
the C-17 hydroxyl group caused a reduction of fungicidal activity
conrmed by the moderate IC50 values exhibited by compounds
4 and 7 compared to 5 and 6. The structure requirements for
steroidal saponins to be active as antifungal and/or anti-
protozoal are concluded in Fig. 2.
2.5 Molecular docking study

Molecular docking as a bioinformatic tool is applied at different
steps of drug development for three vital purposes: (i) suggest-
ing the binding mode of the structurally interrelated
compound; (ii) expecting a new ligand using the technique of
virtual screening; (iii) predicting the binding pattern of a known
ligand.35–39 To unravel the possible underlying mode of action of
new steroidal saponins as antifungal and antitrypanosomal, we
employed molecular docking studies against the C. albicans
oxidoreductases and L. infantum trypanothione reductase active
sites. To date, only three main classes of FDA-approved anti-
fungal drugs are available, polyenes (like amphotericin B &
nystatin), azoles (like miconazole & ketoconazole), and candins
(like caspofungin).40 The rst two classes exert their antifungal
activity through the inhibition of ergosterol biosynthesis. The
third class acts on inhibiting the synthesis of b-1,3-D-glucan.40

On the other hand, antimonial antiprotozoals exert their effect
van Amastigote
L. donovani
Amastigote/THP T. brucei

16.84 � 3.16 7.79 � 0.12
1.93 16.14 � 1.09 4.64 � 2.74

>10 >10
>10 >10
>10 >10
9.03 � 0.98 1.26 � 0.25
4.51 � 0.66 2.87 � 0.34
5.15 � 0.14 3.78 � 0.31
9.29 � 0.65 1.42 � 0.16

0.004 5.48 � 3.06 0.002 � 0.001

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structure–activity relationships for isolated saponins.
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through the inhibition of DNA topoisomerase while the mech-
anism of pentamidine has not been yet clearly identied.41 The
mitochondrion is a suggested target of pentamidine action.42

Although none of these antifungals and antileishmanial agents
target the oxidoreductase or trypanothione reductase, both
proteins remain novel promising biological targets for the
development of fungicidal and antileishmanial medications.43

Accordingly, we used the already FDA-approved, potent, and
clinically useable antifungal and antileishmanial drugs
(amphotericin B & pentamidine) as reference drugs to compare
results of in vitro studies while oxidoreductases and trypano-
thione reductase were used to conduct the docking studies as
predicted by the in silico PASS tools. Based on PDB search for C.
albicans oxidoreductases and trypanothione reductase, more
than one hundred protein codes were obtained for each. Based
on the obtained docking score values and nature of the internal
co-crystallized ligand, 5V5Z and 2JK6 complexes were selected
to conduct molecular docking studies and consequently
understand the virtual binding modes of the newly dened
saponins with these receptor targets.44

2.5.1 Docking against C. albicans oxidoreductase. With
one hydrogen bond and four noncovalent hydrophobic inter-
actions, the binding mode of the internal co-crystallized ligand,
1YN (Fig. 3) with the binding pocket of C. albicans oxidore-
ductase, exhibited a binding energy of �12.38 kcal moL�1.44

These interactions include: (a) one hydrogen bonding interac-
tion between the NH of triazole ring in 1YN and the mercapto
group of Cys470; (b) four hydrophobic interactions between the
two triazole, dioxolane, and cyclohexyl fragments in the co-
crystallized ligand and the amino acid residues Leu376, Ala61,
Tyr118, and Tyr64 respectively.

The behavior of newly isolated steroidal saponins inside the
C. albicans oxidoreductase active pocket is summarized in Fig. 4
and S9 in ESI.† With low value of root mean square deviation
(RMSD), the binding mode of Turgidosterone 4 exhibited an
© 2022 The Author(s). Published by the Royal Society of Chemistry
affinity value of �11.32 kcal mol�1 and obeyed a similar inter-
action pattern with that of 1YN. Turgidosterone 4 interacted
with the active pocket through a set of four hydrogen bonds and
one hydrophobic interaction. This new isolated saponin played
as a hydrogen bond donor to form two hydrogen bonds with the
amino acid residues Gly303 and Cys470. One more hydrogen
bond arose between one alcoholic OH group attached with the
terminal sugar moiety and the carboxylate oxygen of Gly308.
The last interaction is in the form of hydrophobic stacking
between ring C of Turgidosterone 4 steroidal nucleus and
His377. This set of desirable covalent and noncovalent inter-
actions of compound 4 might explain the good activity of this
compound as antifungal agent.

Turgidosterone 5 revealed RMSD value of 1.59, exhibited an
affinity value of �9.89 kcal mol�1 and exhibited a little different
virtual binding mode with the C. albicans oxidoreductase
enzyme. Turgidosterone 5 played as a HB donor to form three
hydrogen bonds with Gly303, His468, Cys470, and Gly472. Also,
the latter saponin exerted one hydrophobic interaction with the
amino acid residue Tyr118.

The best effective steroidal saponin as antifungal (6) revealed
a much better affinity value than that of the co-crystallized
ligand, (�13.43 kcal mol�1), and showed four covalent inter-
actions within a distance range of 2.89–3.29 Å. Two alcoholic
OH groups of this ligand acted as hydrogen bond donors to
create two hydrogen bonds with the His468 and Cys470 residues
of the C. albicans oxidoreductase receptor backbone. Two
additional hydrogen bonds also formed between the ligand's
OHs and the hydroxyl groups of Tyr118 and Gly472. This set of
covalent bindings may describe the potent activity of this
compound as antifungal against both C. albicans and C. neo-
formans. Free energy of bindings, RMSD values, hydrophobic
interactions, H-bonding interactions, and ligand positioning of
the co-crystallized ligand and the best effective antifungal
saponins (4, 5, 6, and 7) are presented in Table S4 (see ESI).† In
RSC Adv., 2022, 12, 2980–2991 | 2985
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Fig. 3 3D interactions of the internal ligand, with the active site of C. albicans oxidoreductase.
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order to validate the above results further, molecular docking
experiments were also conducted on saponins that revealed the
lower activity in the in vitro studies (Turgidosterones 1–3).
Results of these experiments showed notable lower affinities
and fewer numbers of covalent and non-covalent interactions.
All results of these experiments are available in the ESI.† In
particular, Turgidosterones 1 gives a number of poses with very
Fig. 4 Superimposition of the re-docked 1YN (golden) over that of the co
interactions of 4 (upper right panel), 5 (lower left), and 6 (lower right) wi

2986 | RSC Adv., 2022, 12, 2980–2991
high values of RMSD. The nearest acceptable pose exhibited
a binding energy of �1.80 kcal mol�1 with C. albicans oxidore-
ductase (compared with �11.32, �9.89, �13.43, and �9.90 for
compounds # 4, 5, 6, and 7 respectively). As well, this steroidal
saponin interacted with the C. albicans oxidoreductase via three
hydrogen bonds only (Cys470, Met508, and His377).
-crystalized one (green) with RMSD value of 1.16 (upper left) and the 3D
th the active site of C. albicans.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 3D interactions of FAD with the active site of Leishmania infantum trypanothione reductase.
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2.5.2 Docking against trypanothione reductase. Trypano-
thione reductase (TryR) enzyme is essential for the parasites
redox balance.43 The molecular docking study of the three most
potent saponins as antitrypanosomal was performed against
the 3D structure of trypanothione reductase of Leishmania
infantum to realize their binding affinities with the potential
biological target. New ligands as well as the co-crystallized one
avin-adenine dinucleotide (FAD) were docked into the active
site of modeled trypanothione reductase. The binding mode of
Fig. 6 Superimposition of the re-docked FAD (golden) over that of the co
interactions of 5 (upper right panel), 6 (lower left), and 7 (lower right) wi

© 2022 The Author(s). Published by the Royal Society of Chemistry
the redocked ligand, FAD with the pocket of Leishmania infan-
tum trypanothione reductase, demonstrated a binding energy of
�10.29 kcal mol�1 and a RMSD value of 1.61. The virtual
binding interaction of FAD with this target protein includes
thirteen hydrogen bonds and three hydrophobic interactions
(Fig. 5): (a) this ligand played as a hydrogen bon donor to form
four hydrogen bonding interactions with the amino acid resi-
dues Asp35 (bidirectional), Gly127, and Asp327. Also, FAD acted
as a hydrogen bond acceptor to form ninemore hydrogen bonds
-crystalized one (green) with RMSD value of 1.61 (upper left) and the 3D
th the active site of trypanothione.
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with the residues Thr51, Ser14, Thr51, Gly127, Thr335, Lys60
(bidirectional), Gly15, and Asp327; (b) Three additional arene-H
interactions arose within a distance range of 3.68–4.15 Å
between the pyrazinopyrimidine moiety of FAD and the amino
acid residues Cys57 and Tyr198.

The behavior of new saponins in the L. infantum trypano-
thione reductase active pocket is summarized in Fig. 6 & S10 (in
ESI).† With ve hydrogen bonding interactions, the binding
mode of compound 5 exhibited an affinity value of
�0.78 kcal mol�1. Two alcoholic OHs played as hydrogen bond
donors to create three hydrogen bonds with the essential amino
acid residues Cys52, Cys57, and Pro435. Additionally two more
hydrogen bonds formed between the new ligand and the resi-
dues Thr51 and Lys60, in which the ligand's primary alcoholic
OH and oxolane oxygen played as HB acceptors. Obeying almost
the same binding mode and occupying identical pocket, the
binding mode of Turgidosterone 6 exhibited an affinity value of
�3.72 kcal mol�1. The etherial oxygen linking the rst two sugar
moieties played as a hydrogen bond acceptor to form a bidi-
rectional hydrogen bond with OH and NH2 groups of Thr51.
Three of the ligand's alcoholic functionalities played as HB
donors to form three additional hydrogen bonds with Ala159,
Thr160, and Gly15 residues. As well, another alcoholic OH
played as a hydrogen bond acceptor to form the last interaction
between this ligand and the phenolic group of Tyr198. This set
of strong covalent interactions may justify the superior activity
of this compound as antitrypanosomal against both L. donovani
Amastigote/THP and L. donovani Promastigote. With much lower
affinity (4.61 kcal mol�1), the last compound formed six
hydrogen bonds with the active site of the target trypanothione
reductase. The oxolane and OH functionalities of this ligand
played as HB acceptors to form three hydrogen bonds with
Lys60, Gln439, and Ser14 and as hydrogen bond donors to form
threemore covalent interactions with Cys57, Pro435, and Thr51.
An outline of free energy of bindings, RMSD values, H-bonding
interactions, hydrophobic interactions, and ligand positioning
of selected saponins and that of the internal co-crystallized
ligand is shown in Table S5 (ESI).† Results of molecular dock-
ing experiments of Turgidosterones with low in vitro anti-
trypanosomal activity (1–3) on trypanothione reductase showed
notable lower affinities and fewer numbers of effective inter-
actions. For instance, Turgidosterone 1 formed only one
hydrogen bond with the amino acid residue Asp327 and
exhibited a very low affinity (22.17 kcal mol�1). Also, Turgid-
osterone 2 revealed a low binding affinity (13.73 kcal mol�1) and
interacted with only ve amino acid residues (Asp327, Ala365,
Cys364, Gly13, and Cys364).

3. Conclusion

In our ongoing study to nd biologically active compounds
from medicinal plants, a bio-guided chemical investigation of
methanolic extract of Panicum turgidum against fungi and
protozoa was adopted. Seven steroidal saponins were isolated
from active fractions. The biological evaluation of the isolated
compounds against these two pathogens revealed that the
yamogenin glycoside (yamogenin 3b-O-a-L-rhamnopyranosyl-
2988 | RSC Adv., 2022, 12, 2980–2991
(1/2)-O-[a-L-rhamnopyranosyl-(1/4)-O-a-L-rhamnopyranosyl-
(1/4)]-O-b-D-glucopyranoside, 6) is the most active saponin.
The structure–activity relationships of the active compounds
were also studied, it revealed that spirostane-type saponins are
active compounds with some structure requirements. These two
activities were assessed before for the steroidal saponins and
our results found comply with the those reported earlier.
However, this is the rst time for these two activities to be
investigated for Panicum turgidum. A new LC-MS/MS method
was developed to quantify the bioactive saponins 4–7 to deter-
mine their concentration in total extract responsible for the
tested activities. Computational docking studies were con-
ducted to determine the binding modes of the most potent
steroidal saponins to identify their potential interactions with
the active sites of C. albicans oxidoreductase and L. infantum
trypanothione reductase. In line with the results of the in vitro
experiments, the bioactive saponins 4–7 demonstrated the best
virtual affinities and binding interactions.

4. Material and methods
4.1 Plant material

Panicum turgidum Forssk. aerial parts were obtained from Egypt,
and the plant identity was conrmed in the Botany Department,
Faculty of Science, Mansoura University, Mansoura 35516,
Egypt. In addition, a plant specimen was kept for reference in
the Department of Pharmacognosy, Faculty of Pharmacy,
Mansoura University.

4.2 Isolation of compounds

The P. turgidum Forssk. aerial parts (450 g) were dried under
shade, ground into a ne powder, and repeatedly extracted with
methanol at 27 �C (3 L � 3 � 24 h). The combined extract was
dried by using a rotary evaporator at 40 �C to afford crude
residue (22.16 g). The total amount of the crude extract was re-
dissolved in distilled water: methanol (9.5 : 0.5) and defatted by
shaking vigorously with n-hexane, and the process was repeated
three times. The residual aqueous phase was extracted by
CHCl3. The remaining aqueous layer was dried to yield (7.2 g)
then applied to a VLC packed with RP18 silica (30 cm � 3.5 cm),
and the following polarity mixtures were used for elution of
H2O–MeOH (1 : 0, v/v), (4 : 1), (7 : 3), (3 : 2), (1 : 1), (2 : 3), (3 : 7),
(1 : 4), and (0 : 1) to give 15 fractions. Fractions 15 (1.98 g) and
14 (1.99 g) were subjected to repeated silica gel column and
eluted gradually within EtOAc : CHCl3 : MeOH : H2O
(10 : 6 : 4 : 1 then 6 : 4 : 4 : 1, v/v/v/v) to get the steroidal
saponin 1–7.

4.3 Biological evaluation

4.3.1 In vitro antifungal assay. A panel of ve fungal strains
(C. albicans, C. glabrata, C. krusei, A. fumigatus, and C. neofor-
mans) was obtained from ATCC (Table 4), used to evaluate the
antifungal activity of compounds 1–7 following a previously
reported procedure 45 at the concentration range of 8–200 mg
mL�1 for extract and 0.8–20 mg mL�1 for pure compounds. In
brief, serial dilutions of samples in 20% DMSO/saline were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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transferred to 96-well microplates in duplicate manner.
Microbe suspensions in incubation broth were inoculated.
Positive controls such as ciprooxacin and amphotericin B were
used. At the wavelength of 630 nm the plates were read by using
BioTek Power Wave XS plate reader (BioTek Instruments, Ver-
mont). The IC50 value was obtained by plotting the percent
growth versus test concentration.

4.3.2 In vitro antileishmanial activity. The compounds
were tested for their in vitro antileishmanial activity against L.
donovani amastigotes and promastigotes culture. The RPMI
1640 medium containing 10% fetal calf serum (Gibco Chem.
Co.) at 26 �C was used. The compound dilutions were prepared
in the cell suspension (5 � 105 per mL) in 96-well plates and
incubated for 48 h at 26 �C. The parasite growth was determined
using Alamar blue assay as previously described 46. Standard
antileishmanial agent pentamidine was used. Dose–response
curves were employed for calculating the IC50 values.

4.3.3 In vitro antitrypanosomal activity. Compounds were
screened against T. burucei using a method described earlier 47.
Briey, T. brucei culture was diluted with IMDMmedium to 5 �
103 cells per mL. The diluted culture was dispensed in 384-well
plates with 98 mL per well and incubated with 2 mL of tested
compounds (concentrations ranging from 10–0.4 mg mL�1) at
37 �C for 48 h. Alamar blue was added to each well then incu-
bated for 24 h. The dose–response growth inhibition curve was
used to calculate IC50 values.

4.4 Chemicals and reagents for quantitative analysis

Sigma Pharmaceutical Industries in Egypt kindly provided the
internal standard (IS) vancomycin hydrochloride (99.50%). The
LC-MS grade acetic acid, formic acid, ammonium acetate, and
ammonium formate were bought from Fisher Scientic, UK.
Acetonitrile and methanol of UHPLC-MS grade were bought
from Sigma-Aldrich (Steinheim, Germany). The water used in all
procedures was puried using the Milli-Q water purication
system (Millipore, Bedford, MA, USA).

4.5 Preparation of calibration standards and quality control
samples

A separate stock solution of 4–7 compounds were prepared in
methanol (1.0 mg mL�1) while the IS was prepared in Mill-Q
water (1.0 mg mL�1) and kept in refrigerator for one month. A
methanol–water mixture (50 : 50, v/v) was used as a diluent to
prepare a combined intermediate stock solution of 2000 ng
mL�1. A serial dilution was applied to the intermediate stock
solution to generate a standard working solution in the range of
4 ng mL�1 to 1200 ng mL�1 in which each concentration level
contained a xed amount of the IS (50 ng mL�1). 20 mL of these
working standard solutions were injected into the LC-MS/MS. In
the same way, the quality control samples were prepared in
methanol–water mixture (50 : 50, v/v): low-quality control (LQC,
20.0 ng mL�1), medium-quality control (MQC, 600.0 ng mL�1),
and high-quality control (HQC, 800.0 ng mL�1). To determine
the compounds 4–7 in the plant extract, a stock solution of the
plant extract was prepared in methanol (1.0 mg mL�1), soni-
cated for 5.0 minutes, and further centrifuged at 10 000 rpm for
© 2022 The Author(s). Published by the Royal Society of Chemistry
15 minutes. The stock solution supernatant was further serially
diluted by methanol–water mixture (50 : 50, v/v) to produce
a working solution of 10 mg mL�1 that contained a xed amount
of IS (50 ng mL�1).
4.6 Instrumentation and soware

The UPLC analysis was carried out using Eksigent ekspert™
ultraLC 100 system (Dublin-California-USA). Mass spectro-
metric detection was implemented on SCIEX QTRAP® 5500
(SCIEX instruments, Foster City, Canada) in multiple reaction
monitoring (MRM). A Turbo V™ electrospray ionization (ESI)
interface under positive and negative ionization modes was
used. Analyst® soware v. 1.6.2 was utilized to control both the
UHPLC and the mass spectrometer. Data acquisition, analysis,
and post-run data processing were implemented with Analyst®
1.6.2 and MultiQuant 3.0.1 soware.
4.7 Quantitative MRM method and chromatographic
conditions

Positive and negative MRM scanning modes were implemented
for the quantitative estimation of 4–7 compounds. A direct
injection of a methanolic solution of 4–7 compound and IS at 20
ng mL�1 was employed to adjust the mass spectral data. The
best mass spectrometer's main operating parameters are illus-
trated in Table 1.

The quantitative estimation of 4–7 was executed on Luna® 3
mm HILIC column (100 � 4.6 mm), Phenomenex, USA. The
column wasmaintained at 40 �C and run under gradient elution
program with a ow rate of 0.5 mL min�1 and 20 mL injection
volume. Table S1 in ESI† demonstrates the full chromato-
graphic elution programs for quantitative assay.
4.8 Method validation

The LC-MS/MS method's validation was executed as described
under the current Food and Drug Administration (FDA) guide-
line on bioanalytical method validation45 and ICH guideline on
validation of analytical procedure.46

4.8.1 Linearity, LOD, and LOQ. The calibration graph was
created by drawing the individual peak area ratio (y-axis) for 4–7
to IS versus their nominal concentration values (x-axis). The
concentrations of 4–7 were estimated using linear regression
analysis with reciprocating of the compound concentration as
a weighing factor 1/x. The following equations were used to
estimate the limit of detection (LOD) and limit of quantication
(LOQ):

LOD ¼ 3 Cs/(S/N) & LOQ ¼ 10 Cs/(S/N)

Where S/N is the average signal-to-noise ratio, and Cs is the
concentration of the injected compounds at the low concen-
tration level of linearity curve.47

4.8.2 Extraction efficiency (apparent recovery). The extrac-
tion efficiency was implemented by applying the LC-MS/MS
method to the plant extract (10 mg mL�1), to which a known
amount of pure compounds corresponding to 400 ng mL�1 was
RSC Adv., 2022, 12, 2980–2991 | 2989
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added. Then, the following equation was used to calculate the
percentage extraction efficiency:

Extraction efficiency (%) ¼ (spiked extract � unspiked extract)/

concentration of the analyte added to the spiked portion

4.8.3 Accuracy and precision. The quality control samples
at low concentration level (LQC: 20 ng mL�1), medium
concentration level (MQC: 600 ng mL�1) and high concentra-
tion level (HQC: 800 ng mL�1) were assessed utilizing the
proposed LC-MS/MS method in three replicates per concentra-
tion. Percentage recovery (85% to 115%) and percentage varia-
tion coefficient (% CV# 15) were utilized to represent precision
and accuracy, respectively.

4.8.4 Carry-over. Double blank samples, one before and
two immediately aer injection of the upper limit of quanti-
cation (ULOQ of 1200 ng mL�1), were injected to estimate the
lower limit of quantication (LLOQ) and the concentration of
the IS.

4.9 Molecular docking study

Docking experiments were conducted using the Molecular
Operating Environment (MOE) soware (MOE2014, https://
www.chemcomp.com/Products.htm). Crystal structures of C.
albicans oxidoreductases and L. infantum trypanothione reduc-
tase were retrieved from the protein data bank (PDB IDs: 5V5Z,
resolution: 2.20 Å, https://www.rcsb.org/structure/5V5Z; 2JK6:
resolution: 2.10 Å, https://www.rcsb.org/structure/2JK6) and
considered as target for docking simulation. Molecular docking
studies were conducted following our previously reported
procedures.48–53
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