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a  b  s  t  r  a  c  t

Salvadora  persica  L. (toothbrush  tree,  Miswak)  is well  recognized  in  most  Middle  Eastern  and  African
countries  for its potential  role  in  dental  care,  albeit  the  underlying  mechanism  for  its effectiveness  is  still
not  fully  understood.  A  comparative  MS and  NMR  metabolomics  approach  was  employed  to  investigate
the  major  primary  and secondary  metabolites  composition  of  S. persica  in  context  of its organ  type  viz.,
root  or stem  to rationalize  for its  use as  a tooth  brush.  NMR  metabolomics  revealed  its  enrichment  in
nitrogenous  compounds  including  proline-betaines  i.e., 4-hydroxy-stachydrine  and  stachydrine  reported
for the  first  time  in  S. persica.  LC/MS  metabolomics  identified  flavonoids  (8), benzylurea  derivatives  (5),
butanediamides  (3), phenolic  acids  (8)  and  5  sulfur  compounds,  with  21  constituents  reported  for  the
first  time  in  S.  persica.  Principal  component  analysis  (PCA)  and  hierarchical  cluster  analysis  (HCA)  of
either  NMR  or  LC/MS  dataset  clearly  separated  stem  from  root  specimens  based  on  nitrogenous  com-
pounds abundance  in roots  and is  justifying  for its preference  as  toothbrush  versus  stems.  The presence
of  betaines  at  high  levels  in S.  persica  (9−12  �g/mg  dry  weight)  offers  novel  insights  into  its functioning
as  an  osmoprotectant  that maintains  the  hydration  of  oral  mucosa.  Additionally,  the  previously  described

anti-inflammatory  activity  of  stachydrine  along  with  the  antimicrobial  effects  of  sulfonated  flavonoids,
benzylisothiocynate  and  ellagic  acid derivatives  are  likely  contributors  to S. persica  oral  hygiene  health
benefits.  Among  root  samples,  variation  in  sugars  and  organic  acids  levels  were  the  main  discrimina-
tory  criterion.  This  study provides  the  first standardization  of  S. persica  extract  using qNMR  for  further
inclusion  in  nutraceuticals.

© 2020  Elsevier  B.V.  All rights  reserved.
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1. Introduction

Miswak tree (Salvadora persica L., family Salvadoraceae) is an
ever green tree that grows in different regions in Africa and Asia.
For centuries, roots and stems of S. persica have been used as a

natural toothbrush in many cultures where it is known as Arak,
Kharijal, Miswak or Siwak among other names [1,2]. Additionally,
leaves, fruits and seed extracts of S. persica have been prescribed for

∗ Corresponding author at: Cairo University, College of Pharmacy, Department of
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he treatment of fever, cold, malaria, constipation and rheumatoid
rthritis [2].

Among its potential biological actions, the antimicrobial effect
f S. persica has received the most attention. Interestingly, the
xtent and spectrum of S. persica antimicrobial activity varied
idely depending on the organ used, method of extraction or geo-

raphical origin of the plant used [3]. Further investigation by
ofrata et al. identified benzyl isothiocyanate (BITC), a constituent
ound in S. persica roots and twigs, as a potent bactericidal agent

specially against Gram negative microbes i.e., Aggregatibacter acti-
omycetemcomitans and Porphyromonas gingivalis that are involved

n the etiology of different gum diseases [4]. Other secondary
etabolites identified in S. persica include 1,4-butanediamides,

https://doi.org/10.1016/j.jpba.2020.113727
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2020.113727&domain=pdf
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https://doi.org/10.1016/j.jpba.2020.113727
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lignin glycosides, benzylurea derivatives, alkaloids, and volatile
components [2].

Metabolomics, large scale analysis of metabolites in a living
organism employs different chemical analyses including chromato-
graphic separation of metabolites coupled to mass spectrometry
(MS) or direct fingerprinting using nuclear magnetic resonance
NMR to analyze complex mixtures of extracted metabolites [5].
Since its emergence at the beginning of the century, the use of
plant based metabolomics has continuously evolved to include
applications in different fields such as quality control of herbal
drugs, dereplication of bioactive compounds in herbal extracts,
optimization of nutraceuticals and investigation of the effect of
herbal products on the human metabolome [5]. Carefully designed
metabolomics studies are currently used for identifying chemicals
mediating for certain biological activities of plant extract such as
detection of the anti-diabetic alkaloid trigonelline in Egyptian bal-
anites [6].

MS  based metabolomics is commonly used to provide an exten-
sive chemical profile of secondary metabolites present in a plant
extract, even those present at low concentrations [7], while NMR
based metabolomics, despite being less sensitive is employed to
provide a more quantifiable picture of plant major metabolites.
We have previously reported on GC/MS for the aroma profiling of
S. persica in context of its different origin and organ type [8]. As
GC/MS analysis is limited to volatile constituents, herein we  extend
our investigation to encompass two more comprehensive plat-
forms (UPLC-MS and NMR) to scrutinize the secondary metabolome
of S. persica in its methanolic extract. Methanol was  chosen for
extraction due to its superior ability to extract a large number of
secondary metabolites with a wide range of polarity. The major
goal of the current study was to investigate the bioactive metabo-
lites of S. persica accessions in context of its different plant organs
and localities so as to set a framework for its quality control. Addi-
tionally, we attempted to rationalize for the traditional use of S.
persica as a natural toothbrush via detailed metabolites profiling.
Owing to the complexity of acquired data, multivariate analyses
e.g., hierarchical cluster analysis (HCA), principal component anal-
ysis (PCA) and orthogonal projections to latent structures (OPLS)
were performed to ensure good analytical reliability and define
both similarities and differences among accessions. Our results
unraveled a wide array of biologically active metabolites likely to
contribute to the use of S. persica as a natural toothbrush, and of
potential to be incorporated in dental pastes.

2. Material and methods

2.1. Plant material

Four well-characterized S. persica L. samples representing differ-
ent organs and geographical origin were selected. SP1 stem sample
was obtained from cultivated S. persica tree in Jeddah area, Saudi
Arabia, while SP2 and SP3 were two root samples obtained from
different regions of Saudi Arabia. Finally, SP4 represented a com-
mercial root sample obtained from Aswan, Egypt.

2.2. Chemicals and reagents

Methanol-d4 (99.80 % D) and hexamethyldisiloxane (HMDS)
were purchased from Deutero GmbH (Kastellaun, Germany). MilliQ

water was used for LC analysis. Acetonitrile (HPLC grade) and formic
acid (LC–MS grade) were obtained from J. T.Baker (Deventer, The
Netherlands). All other chemicals were provided by Sigma-Aldrich
(St. Louis, MO,  USA).
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.3. Extraction and sample preparation

Freeze-dried S. persica root or stem, (n = 3 each) were ground in
iquid nitrogen using pestle and mortar. Extraction procedure was
onducted as described previously [9]. The powder (150 mg)  was
ixed with 6 mL  methanol containing 1 �g/mL umbelliferone (an

nternal standard, Sigma-Aldrich, St. Louis, MO, US) and homoge-
ized with an Ultra- Turrax (IKA, Staufen, Germany) at 11,000 rpm,

 × 60 s with 1 min  break intervals. Extracts were vortexed (1 min),
entrifuged at 3000 g (30 min), and filtered through a 22 �m pore
ize filter.

.4. High resolution UPLC–MS analyses

For chromatographic separation of metabolites, an Acquity UPLC
ystem (Waters corporation, Milford, MA,  US) equipped with a
SS T3 column (100 × 1.0 mm,  1.8 �m;  Waters) was used. A
inary gradient of water/ formic acid, 99.9/0.1 [v/v] (A) and acetoni-
rile/formic acid 99.9/0.1 [v/v] (B) was  used for optimal separation
f eluted peaks at a flow rate of 150 �L min−1 as follows: 0–1
in, isocratic 95 % A, 5 % B; 1–16 min, linear from5 % to 95 %

; 16–18 min, isocratic 95 % B; 18–20 min, isocratic 5 % B. The
njection volume was 3.1 �L [9]. High resolution mass of eluted
ompounds were detected using a Micro- TOF-Q quadrupole time-
f-flight mass spectrometer (Bruker Daltonics Inc., Billerica, MA,
S) in both positive and negative ion modes using Apollo II elec-

rospray ion source under the following conditions: nebulizer gas,
itrogen, 1.6 bar; dry gas, nitrogen, 6 L min−1, 190 ◦C; capillary,
5500 V (+4000 V); end plate offset, −500 V; funnel 1 RF, 200
pp; funnel 2 RF, 200 Vpp; hexapole RF, 100 Vpp; quadrupole ion
nergy, 5 eV; collision gas, argon; collision energy, 10 eV; collision
F200/400 Vpp (timing 50/50); transfer time, 70 l s; prepulse stor-
ge, 5 l s; pulser frequency, 10 kHz; spectra rate, 3 Hz. Internal mass
alibration of each analysis was performed by infusion of 20 �L 10
M lithium formate in isopropanol/water, 1/1 (v/v), at a gradient

ime of 18 min  using a diverter valve.

.5. Identification of metabolites via UPLC–MS

Metabolites were characterized by their UV–Vis spectra
220–600 nm), retention times relative to external standards, mass
pectra and comparison to our in-house database, phytochemical
ictionary of natural products database and reference literature.

.6. MS data processing for multivariate analysis

Relative comparison of S. persica metabolites profiles after
HPLC–MS was  performed using XCMS data analysis software,
hich can be downloaded for free as an R package from

he Metlin Metabolite Database (https://www.bioconductor.org/
ackages/release/bioc/html/xcms.html). This software approach
mploys peak alignment, matching and comparison, as described
reviously [9].

.7. NMR acquisition

Agilent VNMRS 600 NMR  spectrometer (Agilent Technologies,
alo Alto, CA, US) was used for recording all spectra at proton
MR frequency of 599.83 MHz  using a 5-mm inverse detection cry-
probe. 1H-NMR spectra were recorded digital resolution: 0.367
z/point; pulse width (pw): 3 �s (45◦); relaxation delay, 23.7 s;
cquisition time, 2.7 s; and number of transients, 160. Zero filling

p to 128 K (lb = 0.4) was used prior to Fourier transformation.
D NMR  spectra were recorded using standard CHEMPACK 4.1
ulse sequences (gDQCOSY, gHSQCAD, gHMBCAD) implemented

n Varian VNMRJ 2.2C spectrometer software. HSQC experiment

https://www.bioconductor.org/packages/release/bioc/html/xcms.html
https://www.bioconductor.org/packages/release/bioc/html/xcms.html
https://www.bioconductor.org/packages/release/bioc/html/xcms.html
https://www.bioconductor.org/packages/release/bioc/html/xcms.html
https://www.bioconductor.org/packages/release/bioc/html/xcms.html
https://www.bioconductor.org/packages/release/bioc/html/xcms.html
https://www.bioconductor.org/packages/release/bioc/html/xcms.html
https://www.bioconductor.org/packages/release/bioc/html/xcms.html
https://www.bioconductor.org/packages/release/bioc/html/xcms.html
https://www.bioconductor.org/packages/release/bioc/html/xcms.html
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was optimized for 1JCH = 146 Hz with DEPT-like editing and
13C-decoupling during acquisition time. HMBC experiments were
optimized for a long-range coupling of 8 Hz; a two-step 1JCH filter
was used (130–165 Hz).

2.8. NMR  data processing for multivariate analysis

The 1H-NMR spectra were automatically Fourier transformed
to ESP files using ACD/NMR Manager lab version 10.0 software
(Advanced Chemistry Development Inc., Toronto, Canada). The
spectra Hexamethyl disiloxane (HMDS) was used as a reference
internal standard set at 0.062 ppm for 1H-NMR, while the solvent
carbon signal for CD3OD at 49 ppm was used as a reference for
13C-NMR, respectively. For multivariate analysis, 1H-NMR spectra
were divided into buckets of equal width (0.04 ppm) within the
region of � 11.4 to −0.4 ppm. Spectral intensities after exclusion
of the regions between � 5.0–4.7 and � 3.4–3.25 corresponding to
residual water and methanol signals, respectively, were used for
multivariate analyses. PCA was performed with R package (2.9.2)
using custom-written procedures after referencing to HMDS signal
and exclusion of solvent regions.

2.9. NMR  quantification

For the quantification of metabolites, HMDS was added to a
final concentration of 0.94 mM.  Peak area of selected proton sig-
nals belonging to the target compounds and the peak area of the IS
(HMDS) were integrated manually for all the samples. Concentra-
tion for each metabolite was calculated as mg/g of dry powder using
the method proposed by Farag et al. [9]. Values were expressed as
mean ± S.D (n = 3).

2.10. PCA and OPLS analysis of UPLC-MS dataset

PCA and HCA were performed on the MS-data using custom
script under the R 2.9.2 environment. SIMCA-P Version 13.0 (Umet-
rics, Umeå, Sweden) was used for partial least squares-discriminant
analysis (OPLS-DA). Analysis of the resulting S-plot was used to
identify discriminating markers with covariance (p) and correla-
tion (pcor). All variables were mean centered and scaled to Pareto
variance. To prevent OPSL models over fit, p value was calculated
for all models at less than 0.05.

3. Results and discussion

3.1. NMR  analysis of S. persica metabolome

1H-NMR was utilized to characterize and quantify major peaks
in S. persica extract in an effort to identify major constituents to
contribute for its biological effects. The 1H-NMR spectrum of S.
persica extract was characterized by overcrowded signals in the
mid-spectrum region (�H 3–5) which represented mainly sugars,
alcohols and amino acids, Fig. 1. In contrast, few NMR  signals with
much lower intensities were observed in the downfield region, gen-
erally characteristic for phenolic/aromatic compounds (�H 5–8),
while the upfield region characteristic for sterols/terpenoids (�H
0–3) showed major variations among different samples, most
notably in the spectrum of stem samples (SP1) where the most
upfield region showed considerably high intensity signals of fatty

acids, Fig. 1A. To assign 1H-NMR signals, 2D experiments such
as 2D1H-1H-COSY, 1H-13C-HMBC and 1H-13C-HSQC were used to
assign signals in 1H-NMR spectrum to their corresponding com-
pounds.

l
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i
[

3
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.1.1. Primary metabolites
Some signals characteristic for common plant sugars could be

eadily assigned in the 1H-NMR spectrum such as those for the
nomeric protons of sucrose at �H 5.39 (d, J = 3.8 Hz), �-glucose
t �H 5.10 (d, J = 3.7 Hz), ˇ-glucose �H 4.47 (d, J = 7.8 Hz) and the
ethyl group signal characteristic for rhamnose �H 1.12 (3H,d, J

 6.4 Hz) in accordance with their spectroscopic data published
n many studies [9,10]. The identity of the aforementioned sugars

as  further confirmed by examining their 2D1H-1H-COSY, 1H-13C-
MBC and 1H-13C-HSQC correlations (Table 1).

The presence of fatty acids was  inferred from their characteristic
road peak at �H 1.26–1.30 which appeared coupled in the 1H-
3C-HSQC spectrum to methylene carbon at �C 30.4 representing
he repeated methylenes of the aliphatic chain [9], Fig. S1. Addi-
ionally, unsaturation of some fatty acid chains was  confirmed by
he presence of a triplet at �H/C (1H, 5.34/130, t, J =6.4 Hz) which
ould be correlated to the adjacent methylene at �H/C 2.04/28.2
nd the aliphatic methylenes at �C 30.4 in the HMBC spectrum, Fig.
2. Additionally, 1H-13C-HSQC and HMBC spectra revealed that the
ajority of aliphatic chain carbons were parts of amide derivatives

ather than free acids. While the free fatty acid is characterized
y its carbonyl at �C 178 and the adjacent �-methylene at �H/C
.27/35.22, amide derivatives could be identified by the upfield
hift of the amide carbon at �C 174.8 and downfield shift of the
djacent methylene proton at �H 2.33 (Table 2, Figs. S1 & S2). Other
dentified primary metabolites in the 1H-NMR spectrum are shown
n Table 1 which include carboxylic acids i.e., acetic, lactic and suc-
inic acid, and amino acids i.e., alanine in addition to �-sitosterol.
D spectra showing the diagnostic signals for these metabolites are
hown in Figs. S3–S5.

.1.2. Proline-betaines
1H-NMR peaks with the highest integration values were found

s a large cluster between 3.00–3.50 ppm and could not be assigned
n the 1D spectrum due to its overlapping with solvent peak of
D3OD at �H 3.32. In the 1H-13C-HSQC spectrum, five promi-
ent cross peaks were observed in this region at �H/C: 3.161/46.3,
.166/49.1, 3.338/52.8, 3.352/49.7 and 3.411/54.87, Fig. 2. The
hemical shift in both proton and carbon dimensions suggested
hat these peaks corresponded to methyl groups attached to het-
roatoms (O or N). Upon examining 1H-13C-HMBC spectra, it was
lear that within this cluster two  pairs of methyl groups can be
dentified that is the first at �H 3.166 and 3.411 representing com-
ound 1 while the two other signals observed at �H 3.161 and
.338 ppm were annotated to compound 2, Fig. 2A. Within each
air, the two methyl groups shared the same HMBC correlations
o two  carbon atoms in the ppm range of �C 68–78, Fig. 2B, con-
rming their attachment to a heteroatom. Interestingly, as these
ethyl groups are attached to a heteroatom, they displayed strong
MBC correlations (2–3 bonds) to one another, Fig. 2B, indicating

hat the only possible arrangement for each pair is to be attached
o a quaternary nitrogen. Furthermore, the lack of chemical and

agnetic equivalence for these germinal methyl groups suggested
he diastereotopic nature of these methyls due to their presence
ext to a stereogenic carbon. Additional HMBC correlations from
hese methyl pairs were observed to a methine carbon (CH) at
H/C 4.313/77.8 for compound 1 and �H/C: 4.055/77.5 for com-
ound 2 which in turn displayed HMBC correlation to a carboxylic
roup at �C 170.8 for compound 1 and �C 171 for compound 2,
espectively, Figs. S6 & S8. These key cross peak correlations anno-
ated compounds 1 and 2 as �-aminoacids of proline nucleus.
y further examination of 1H-13C-HMBC and 1H-1H-COSY corre-
ations, compound 1 was identified as 4-hydroxyproline-betaine
4-hydroxystachydrine), Figs. 2, S6 & S7, while compound 2 was
dentified as proline-betaine (Stachydrine), Figs. 2, Fig. S8 & S9
11]. Both compounds are first time to be reported in Salvadora spp,
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Fig. 1. 1H-NMR spectra of representative samples of 4 S. persica.
1H-NMR spectrum in the region �H -0.5–8.0 of four biological specimens A: SP1, stem sample, B:SP2, root sample from S.A., C: SP3: root sample from S.A., and SP4: root
sample from Egypt.
Lower case letters indicate signals assigned for different metabolites, a:HMDS, b:ˇ-sitosterol, c: fatty acids, c’: unsaturated fatty acids d: rhamnose, e: lactic acid, f: alanine, g:
acetic acid, h: succinic acid, i: 4-hydroxystachydrine, j: stachydrine, k: benzylamine, l: ˇ-glucose, m:  �-glucose, n: sucrose, o: collective aromatic signals of benzyl derivatives.

Fig. 2. Identification of proline-betaines in S. persica extract.
A: 1H-13C-HSQC spectrum from the region (�H 3.10–3.46, �C 44–60) showing characteristic methyl signals for two proline-betaines 1 and 2, B: 1H-13C-HMBC spectrum from
the  region (�H3.10–3.46, �C 42–85) showing HMBC correlations from the methyl group protons to adjacent carbons of compound 1 (green solid lines) and 2 (blue dashed
lines),  C and D: Chemical structures of compound 1, 4-hydroxystachydrine, and 2: stachydrine with HMBC correlations of the methyl groups indicated by arrows.

4
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Table  1
NMR  Assignment of major metabolites identified in Salvadora persica extract.

Metabolite Position �H ppm Multiplicity, J(Hz) HSQC HMBC

Acetic acid C2 1.98 s – C1:175.7
Succinic acid C2,3 2.55 s 30.5 C1,C4:177
Lactic  acid C2 4.16 q, 6.9 68.5 C1:180, C3:21.8

C3  1.37 d, 6.9 21.8 C1:180, C2:68.5

4-Hydroxy proline-betaine
4-Hydroxy stachydrine

C2 4.313 dd,10.3,7.2 77.8 C1:170.8,C6:49.1, C6’:54.9, C3:38.1
C3  2.658

2.349
ddd,14.9,10.3,7.2 38.1 C1:170.8, C2:77.8, C3:75.1,

C4  4.594 br 67.6 C2:77.8
C5  C7 4.029

3.411
overlap
s

75.1
54.9

C4:67.6, C3: 38.1
C2:77.8, C5:75.1, C6’: 49.1

C8  3.166 s 49.1 C2:77.8,C5: 75.1, C6:54.9
Proline-betaine

Stachydrine
C2  C3 C4 C5 C7 C8 4.055

2.322
2.504
2.147
3.716
3.535
3.161
3.338

overlap
m
m
m
overlap
dd, 3, 9.3
s
s

77.5
26.8
19.9
68.2
46.3
52.8

C1:171, C3:26.8
C5:68.2, C4:19.9
C3:26.7
C4:19.9
C2:77.5, C5:68.2, C6’:52.8
C2:77.5,  C5:68.2, C6:46.3,

Fatty  acids t-CH3 0.89 t,7.1 14.4 30.2, 21.4
(CH2)n- 1.26-1.3 m 30.2 30.2, 21.4
CH  = CHCH2-CH= 5.35

2.04
t,6
m

130.7
28.2

28.2
130.7, 30.2

C2  2.27 t 35.2 C1:178, 30.2, 26.1
Fatty  amide (CH2)n- C2 1.26-1.3

2.33
m
m

30.2
34.9

30.2, 21.4
C1:174.8, 30.2

Rhamnose C6 1.13 d,6.4 19.7 C5:69.7, C4:72.2
Sucrose C1 5.4 d,3.8 93.6 C2’:105.1,C2: 74.5

C5’  3.77 m 83.6 C6’:64.9
C1’  3.6 m 64.1 C2’:105.4, C3’:79.4
C3’  4.1 m 79.4 C4’:76.2, C1’:64.1

�-Glucose C1 5.12 d,3.6 93.8 C2:75.25, C3:73.4
�-Glucose C1 4.48 d, 7.7 98.2 C2:78.5
Alanine C3 1.47 d, 7.2 17.3 C1:175.2,  C2:51.7
Benzyl  urea C1’ 4.26 s 52.4 C1:  161.4,  C2’: 137.8, C3’,7’:131,

Salvadoside
C1 4.73

4.91
d,
overlap

71.7 C2:139.2,C3,7:130.4, C1’:101.2

C1’  4.5 d, 7.8 101.2 C1:  71.7
C3,7 7.45 overlap 130.4 C3,5:129.3, C7:71.4,

Benzyl amine
C1 4.12 s 44.2 C2:  135, C3,7: 130.7,
C3,7  7.48 overlap 130.7 C1:52.7

BITC  C1’ 4.84 overlap 49.9 C1’:137.7, C1:129.2,

�-Sitosterol
C18  0.72 s 12.1 C14:58, C13:43.6, C12:40.9
C26/27 0.84 d,6.5 19.9 C24:51.6, C25:33.6, C26/27:19.9

Table 2
Secondary metabolites identified in S. persica and their potential biological activity relevant to periodontal health.

Metabolite Detection LC/MS Detection NMR Activity Reference

Stachydrinea – ++ Anti inflammatoryAntioxidant [28]
4-Hydroxy stachydrinea + ++ Anti inflammatory [29]
Salvadosides ++ ++ Not known
N-Benzyl-2-phenylacetamide + – Antimicrobial [13]
BITC  – + AntibacterialAntiviral (HSV-1) [4] [15]
Ellagic  acida + – Antibacterial [18]
Sulfated flavonoidsa + – Antiviral Anti inflammatory [19] [20]
Persicaline + – Antioxidant [16]

tion.
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ˇ-Sitosterol + + 

a Identified in S. persica for the first time, +: present, ++, present in high concentra

albeit previously reported in many plants including citrus fruits and
Leonurus genus [12]. The presence of additional betaines at lower
concentration may  be possible due to the existence of minor cross
peaks within the same ppm range of compounds 1 and 2.

3.1.3. Benzyl derivatives
Due to the quantitative nature and the relative low sensitivity
of NMR, only plant metabolites with the highest abundance are
detected. By examining 1H-NMR spectrum of S. persica extract, sig-
nals indicative for phenolic compounds such flavonoids, coumarins
and phenolic acids were detected only at very low intensity, thus
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Anti inflammatory [30]

heir presence as major secondary metabolites in S. persica was
xcluded, Fig. 1. This narrow ppm range of the aromatic signals and
he fact that they are heavily overlapping suggested the abundance
f benzyl derivatives rather than phenolics.

The benzylic region in the 1H-13C-HSQC and 1H-13C HMBC spec-
ra showed four main benzyl derivatives that were distinguished
ased on their chemical shifts and HMBC correlations of their corre-

ponding benzylic CH2 carbon, Fig. S10. The first benzyl derivatives
ere annotated as benzylureas/benzylamide derivatives with the

enzylic CH2 observed spanning a narrow �H range of 4.22–4.30
nd �C 52, Fig. S10. Among these signal which all showed HMBC cor-
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relation to an aromatic carbon at 131 ppm, at least one (�H 4.25, 2H,
s) showed a clear cross peak at the downfield carbon at a �C:161.4,
characteristic for benzylurea Fig. S11 [13]. Further distinction of
these benzyl derivatives based on the substitution of the aliphatic
chain or the aromatic ring was not possible as these substitutions
are more than 3 bonds far beyond the limit of detection in HMBC
experiment.

The downfield chemical shift of another benzylic CH2 car-
bon at �H/C 4.73,4.91/71.7 was found to be consistent with
that of benzylglycosides including salvadoside, 1-O-benzyl-ˇ-D-
glucopyranoside-2-sulfate, previously reported in S. persica [14].
The presence of the glycosidic linkage was also confirmed by HMBC
correlations of the benzylic protons to the anomeric carbon of ˇ-
glucose at �c 101.2, Fig. S12. Similarly, ˇ-glucose anomeric proton
at �H 4.5 showed HMBC correlations to the benzylic carbon at �c

71.7 confirming the assignment of salvadoside signals.
Additional benzylic compounds detected in the 1H-NMR spec-

trum included benzylamines which has been previously reported
in S. persica via GC/MS [8]. Benzylamine was identified in the 1H-
13C-HSQC from its key benzylic carbon �H 4.12 (2H, s), �C 44.2, Fig.
S10. These benzylic protons were assigned to benzylamine based
on literature and due to their strong HMBC correlations to two  aro-
matic carbons at �C 110.7 and 135, while showing no additional
correlations despite its relatively good signal intensity, Fig. S13.
Finally, the characteristic signal for the benzylic carbon for ben-
zylisothiocyanate (BITC) could not be unequivocally assigned in
the 1H-NMR spectrum due to its position at �H 4.84 underneath the
solvent (water) signal, Fig. S10. However, presence of BITC was con-
firmed from the 1H-13C-HSQC spectrum by a methylene cross peak
at �H/C 4.84/49.9 and HMBC correlations observed for these pro-
tons to two carbons at 128.9 and 136.8 in agreement with previous
reports [15,16], Table 2, Fig. S14.

3.2. Quantitative NMR

Due to the inherent unbiased nature of NMR, quantification of
major metabolites could be obtained as long as they display at
least one well resolved discriminatory signal. In that regard, rel-
ative quantitation of several metabolites in S. persica extract was
possible relative to the internal standard HMDS. Stachydrine level
was quantified from its characteristic methyl group (3 H) at �H
3.353, whereas 4-hydroxystachydrine was quantified based on its
resolved signal (1 H) at �H 4.596.

For benzylic derivatives, NMR  could only discriminate based on
the general type of benzylic derivatives as further substitution at
the conjugated aliphatic moiety may  not affect the chemical shift
of the benzylic protons to considerable degree. Accordingly, the
molecular weights for N,N’ dibenzylurea and salvadoside were used
to calculate benzylureas and benzylglycosides amounts, respec-
tively.

For sugars, integration of the well resolved anomeric proton
signal was used to estimate their concentration, while lactic acid,
acetic acid and alanine were quantified from their well resolved
methyl groups (3 H) at �H 1.37, 1.98 and 1.47, respectively, whereas
succinic acid was quantified through integration of its �-CH2 (4H,
2.55 ppm).

Generally, samples derived from stem had much lower sec-
ondary bioactive metabolites level than root samples suggesting
its inferior quality as toothbrush or chewing stick, Table S1.
NMR quantification revealed that proline-betaines appeared to be
the most abundant group of secondary metabolites in all sam-
ples. 4-Hydroxy-stachydrine was the major secondary metabolite

detected at highest levels in root samples (7.3–10.4 �g/mg) versus
lowest in stem (3.76 �g/mg), Table S1. Salvadoside was the sec-
ond most abundant secondary metabolite in both root (6.48–8.38
�g/mg) and stem (2.84 �g/mg). Larger variation was observed
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n primary metabolites i.e., sugars and organic acids exempli-
ed in sucrose which displayed wide concentration range from
.07–26.45 �g/mg. Interestingly, higher benzylamine levels were
lways detected along high lactic acid levels and vice versa, Table
1. Therefore, the detrimental effect exhibited by lactic acid on
eeth may be offset by the presence of other ionized molecules such
s benzylamine and betaines.

.3. Characterization of secondary metabolites in S. persica via
PLC–ESI-MS

Although NMR  provided a clear distribution of major metabo-
ite classes in S. persica with quantification, LC/MS was  further
mployed for the detection of minor constituents. Methanol extract
f the different accessions of S. persica were analyzed using a high
esolution UPLC–PDA–ESI–qTOF-MS, which allowed for the detec-
ion of 73 peaks as listed in Table S2. To provide a comprehensive
nsight onto metabolites composition, both negative and positive
onization modes were employed. A total of 76 metabolites were
etected which belonged to various chemical classes including
henolic acids, sulfur compounds, flavonoids, alkaloids, phenolic
iterpenes and fatty acids (Fig. 3). 45 compounds were detected in
ositive ion mode mostly belonging to nitrogenous compounds and
oumarins versus 24 compounds detected in negative ion mode,
ainly phenolic acids, sulfated compounds and flavonoids, Table 2.

.3.1. Phenolic acids
MS spectral analysis revealed for the presence of ellagic acid and

ts derivatives as major phenolic components in S. persica extract
peaks 9, 11, 12, 16, 34). The MS/MS  spectrum of peak 11 dis-
layed fragmentation pattern characteristic of ellagic acid with

ragment ion m/z 257 [M−H-CO2]−, m/z 241 [M−H-CO2 −OH]−,
/z 213[M−H-2CO2]− and m/z 181[M−H-2CO2- 2OH]−, along with

yran ring derivatives at m/z 210, 167, 151 and 139, Fig. S15. Peak
 exhibited [M−H]− ion at m/z 287.0421 and yielded fragment

ons typical of ellagic acid at m/z 257[M−H-CO]−, 241 [M−H-CO
OH]−, 213[M−H-CO−CO2]- and 181[M−H-CO−CO2-2OH]− with
ne less oxygen annotated as deoxyellagic acid, Fig. S16. Peaks
2 and 16 exhibited [M−H]– at m/z 315.0832 and m/z  329.0712
M−H]–, respectively indicating one and two  extra methyl groups
n peak 12 and 16, annotated as methoxyellagic acid and di-O-

ethylellagic acid, respectively, Figs. S17 and S18 [17]. An acylated
llagic acid with gallic acid moiety was  annotated in peak 34
M−H]− at m/z 453.0912 showing typical 152 amu  loss of gallic
cid moiety appearing at m/z 301 and identified as ellagic acid gal-
ate. These ellagic acid derivatives might play a role in S. persica oral
ealth owing to their potent antimicrobial effect against common
ral pathogens e.g. P. gingivalis and S. mutans [18].

Other phenolic acids detected in the positive ion mode included
-coumaroylquinic acid (peak 31, m/z 339.4321, C16H19O8

+), O-
affeoylshikimic acid (peak 38, m/z  337.1532, C16H17O8

+) and
affeoyl-O-hexoside (peak 55, m/z 343.2511, C15H19O9

+). These
henolic acids are reported herein for the first time in S. persica
.

.3.2. Flavonoids
8 Flavonoid glycoside peaks were identified (22–25, 27,

9, 52, 56) based on their UV spectra and corresponding
o sugar losses. Kaempferol aglycone (m/z  285.0329, C15H9O6)
as detected in peaks 22, 23, 24 annotated as kaempferol-
-dihexoside, kaempferol-O-hexosyl-pentoside and kaempferol-
-hexoside, respectively. Likewise, two isorhamnetin glycosides

ere detected in peaks 52 and 56 with [M+H]+ at m/z  463.4321

nd 479.3272 yielding fragment ion of isorhamnetin at m/z 317
nnotated as isorhamnetin-O-deoxyhexoide and isorhamnetin-O-
exoside, respectively. Abundance of flavonols was  visible from the
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Fig. 3. Examples of natural product classes identified in S. persica using UPLC-MS.
Classes identified included coumarins. A: phenolic acid B: urea derivatives, C: butanediamide derivative, D: sulfur compound, E: fatty acid amide, F: with selected compound(s)
discussed in the manuscript
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Fig. 4. Representative UPLC-ESI-MS base peak chromatograms (BPC) of the methan
BPC of S. persica extract A: in positive ion mode and B: negative ion modes. Chroma
Rt values, and basic UV and MS  data of all peaks are listed in Table 2.

chromatogram in the elution region (100–300 s), especially in S.
persica stem extract (Fig. 4).

In addition to flavonols, apigenin glycosides were identified

in peaks 25, 27 and 29, based on aglycone fragment ion at m/z
271 [M+H]+. In the negative ionization mode, a flavonoid sulfate
was identified (peak 32 [M−H]− at m/z 659.1822 for C26H27O18S−)

fi
C
d

7

racts of S. persica.
hic conditions are described under “material and methods” section. The identities,

ielding characteristic cleavage of sulfate group at m/z  579 [M−H-
0]− along with further sequential loss of a hexose m/z  417 for
M−H-162-80]−and deoxyhexose m/z 433 for [M−H-146-80]− and

nally yielding m/z 271 corresponding to naringenin aglycone.
onsequently, peak 32 was  annotated as naringenin-O-hexosyl-
eoxyhexoside sulfate. This is the first report of a sulfated flavonoid
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in S. persica which may  be of special significance due to its reported
antifungal, anticoagulant, anti-inflammatory, antiviral activities
[19,20].

Flavonoids and phenolic acids were not detected in the 1H-NMR
spectrum of the extract (Fig. 1) due to the relative low concentration
of these compounds in the extract which fell below detection limits
of 1H-NMR. However, their higher ionizability together with high
sensitivity of MS  allowed for their detection using UPLC/MS (Table
S2), highlighting the advantage of complementing both techniques.

3.3.3. Sulfur-containing compounds
S. persica is known to biosynthesize sulfur-containing com-

pounds including persicaline and salvadoside which were detected
in peak 21 and 50 from their predicted molecular formula [16]. The
positive ion MS  spectrum of persicaline (peak 22, m/z 400.1623,
C21H25N2O4S+) showed sequential loss of water molecules at m/z
382, 364 and 346 in addition to the characteristic ion for dibenzyl-
dihydroimidazolethione at m/z 280, Fig S19. Salvadoside (peak 50,
m/z 373.2041) exhibited fragment ions at m/z  293 due to the loss
of sulfate moiety in addition to the loss of benzene ring appearing
at m/z  295 and the characteristic peaks at m/z  91 and 108 corre-
sponding to benzyl and benzyl alcohol moieties, respectively, Fig.
S20. Other salvadoside derivatives were identified in peaks 13 and
14 for the first time in S. persica at m/z  511.1131 for C19H27O14S−

and m/z 349.0812 for C13H17O9S- annotated as O-benzyl dihexo-
sylsulfate and O-benzyl hexosylsulfate conjugates, Figs. S21 and
S22.

Butanediamides
Three butanediamide derivatives were identified in the posi-

tive ion mode in peaks 17, 53 and 59 as evident from characteristic
fragmentation of the butanediamide based moiety, Figs. S23, S24.
Their tandem MS  showed intense product ions at m/z  205 (ben-
zyl butanediamide), m/z  144 (dimethyl butanediamide), m/z 120
(methylbenzyl amine), m/z 117 (butanediamide), m/z 108 (benzy-
lamine), m/z  91 (benzyl moiety). By comparison with the literature,
peak 17, m/z  223.9912 [M+H]+, peak 53, m/z  329.1321[M+H]+ and
peak 59, m/z 297.1033[M+H]+ were annotated as N-hydroxybenzyl-
butanediamide, N,N’-dihydroxybenzyl-butanediamide and N, N’-
dibenzyl-butanediamide, respectively [13].

3.3.4. Urea compounds
Four urea derivatives were detected in S. persica for the first

time along with salvadourea (bis-(methoxybenzyl)-urea) [21]. Urea
derivatives were detected in peak 33 (m/z: 301.1321+, salvadourea),
peak 40 (m/z  273.1123+, N,N’-di(hydroxyphenyl)-urea), peak 42
(m/z 271.1322, N-hydroxybenzyl-N’-methylbenzyl-urea, peak 49,
(m/z 241.1323+, N,N’-dibenzylurea) and peak 54, (m/z 257.1102+,
N-benzyl-N’-hydroxybenzyl-urea), Table S2. A characteristic frag-
mentation pattern of such metabolite class include fragment
ions appearing at m/z 241 for dibenzylurea (C15H17N2O)+, m/z
163 for methyl benzylurea (C9H11N2O)+, m/z  150 for benzylurea
(C8H10N2O)+, m/z  108 for benzylamine (C7H6NH2)+, m/z  91 for ben-
zyl moeity (C7H7)+, dimethyl urea at m/z  89 and urea at m/z 62
(CO(NH2)2), Figs. S25, S26.

3.3.5. Phenolic diterpenes
MS spectral analysis also revealed for the presence of carnosol

(peak 70, m/z  331.0443, (C20H27O4
+) along with carnosic acid (peak

68, m/z  333.1522 (C20H29O4
+). The respective fragment ions at m/z

287 and 289 [M+H−CO2]+ in the tandem MS  of peak 67 and 68
accounted for the decarboxylation of the lactone and free acid,

respectively. Asides, MS2 spectra exhibited fragmentation pattern
typical of phenolic diterpenes at m/z  241, 215, 205 and 165, Figs.
S27 and S28. Both peaks 67 and 68 showed UV maxima at 248, 280
and 428 nm indicative for the O-benzoquinone chromophore.
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lkaloids. Alkaloids are widely distributed in Salvadora genus and
ere readily annotated in ESI-MS from their even mass weights.
ydroxystachrydine was detected in peak 3 (m/z 158.9821,
7H12O3N−, [M−H]−), showing the loss of hydroxy and carboxy
oieties (-18 and −44 Da) at m/z 141 and 115, respectively, in

ddition to ions at m/z 87 and 71 characteristic of hydroxylpyrro-
idine and pyrrolidine moieties, respectively Fig. S29. This alkaloid

as also identified in the 1H-NMR as the major constituent of the
xtract along with its biosynthetic precursor prolinebetaine (Fig. 2).
ther alkaloids detected included N-benzylamine; (peak 1, m/z
06.1670, C7H8N −, [M−H] −), N-benzyl-2-phenylacetamide (peak
7, m/z 226.3421, C15H16NO+, [M+H]+) and reticuline (peak 48, m/z
30.2034, C19H24NO4

+,[M+H]+), Table S2.

oumarins. Examination of S. persica UPLC/MS chromatogram
evealed the presence of salvadorin, a dimeric dihydroisocoumarin,
peak 60, m/z 555.2481[M+H]+, C38H35O4

+) yielding fragment ions
t m/z 537, 464, 449, 435, 316 and 281 corresponding to the follow-
ng losses [M+H-H2O]+, [M+H-C7H7]+, [M+H-C7H7−CH3]+, [M+H-
7H7-C2H5]+, [M+H-C7H7-C9H8O2]+ and [M+H-C7H7-C14H15]+,
espectively, Fig. S30. Identification of salvadorin was  further
onfirmed by UV � max at 225, 240 and 315 nm suggesting a dihy-
roisocoumarin skeleton.

Hydroxy-methoxy-methyl-H-chromen-one-C-hexoside was
dentified in peak 28, m/z 369.1235 [M+H]+ showing loss of water
t m/z 351[M+H-H2O]+, loss of methoxy at m/z  321 and the charac-
eristic typical loss of C-hexoside at m/z 261 [M+H-90−OH]+, m/z
49 [M+H-120]+and m/z[M+H-120−OH]+, Fig. S31 [22].

mino acid/dipeptides. Peak 20, with an [M−H]−at m/z  365.1621
howed the loss of 162 Da (hexoside) with fragment ions at m/z  203
nd 157 characteristic of tryptophan annotated as tryptophan-N-
exoside. To the best of our knowledge, this compound is identified

or the first time in S. persica.

atty acid conjugates and sterols. MS  spectra of the late eluting
eaks revealed for several fatty acids and sterols detected mostly

n positive ionization mode. These molecules included arachidic
cid (peak 64; m/z 313.2712, C20H41O2

+), stigmasten-diol (peak
5; m/z 433.1323, C29H53O2

+), hydroxy-octadecadienoic acid (peak
6; m/z 297.1034, C18H33O3

+), ˇ-sitosterol (peak 71; m/z  415.2311,
29H51O+), stigmasterol (peak 73;m/z 413.3821,C29H49O+). Among
hese compounds, ˇ-Sitosterol, ˇ-sitosterol-O-hexoside, stigmas-
erol, palmitic acid, linoleic acid and arachidic acid were previously
dentified [8,14].

Two fatty acyl amides were identified from their even mass
eights indicating the presence of a nitrogen atom in peaks 69

nd 70 at m/z 346.3151 and 360.3241 [M+H]+, Fig. S32. The mass
ifference of 14 Da (CH2), suggested that they were homologues
ith different alkyl chain length. Tandem MS  analysis annotated

eaks 69 and 70 as pentadecanoic acid and hexadecanoic acid ben-
yl amides, respectively post the respective loss of benzyl amide
oieties at m/z  212 and 226, in peak 69 and 70. Further fragment ion

orresponding to N-benzylformamide [M+H-C8H9NO]+ appeared
t m/z 137 in peaks 69 and 70 after the loss of fatty acid alkyl chains.
his is the first report for the presence of oxygenated fatty acids and
atty acyl amides in Salvadora species and suggests that UPLC-MS
epresents a useful platform for fatty acids profiling in Salvadora sp.

.4. Unsupervised PCA and HCA analyses of S. persica L
To characterize for metabolites heterogeneity in S. persica in
ontext of its different origin and organ type, multivariate data
nalyses exemplified in PCA and HCA were employed to classify dif-
erent accessions based on their chemical profile. For data derived
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Fig. 5. Multivariate analysis of LC/MS and NMR  metabolomics data sets for four Salvadora persica samples.
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Principal component analyses of the different S. persica (n = 3). A, scoring plot base
and  principal component 2 (PC2 = 18 %). B: PCA scoring plot based on 1H-NMR sp
component 2 (PC2, 30 %), C: the corresponding PCA LC/MS loading plot along PC1 an

from both UPLC/MS and NMR  analysis, triplicate biological mea-
surements from same sample were found to be highly reproducible
as indicated by PCA scoring plots and HCA dendograms obtained
from these data sets, Fig. 5, Fig. S33. Both models enabled clear
segregation of stem samples from roots as indicated in PCA plots
derived from either LC/MS or 1H-NMR dataset with stem samples
positioned in the lower left quadrant with negative PC1 and PC2
score values clearly distant from root samples, Fig. 5A & B. Likewise,
HCA derived from either UPLC/MS or NMR  resulted in the separa-
tion of stem samples in one cluster as the most distant branch from
that of root, Fig. S33.

The PCA loading plot derived from UPLC/MS data (Fig. 5C)
revealed that MS  peaks assigned for isorhamnetin-O-
deoxyhexoside contributed negatively to PC1 as found more
abundant in stem specimens. In contrast, roots appeared enriched
in N-hydroxybenzyl-N’-methylbenzyl urea and N,N’-dibenzyl urea
to contribute positively to PC1. No difference in alkaloids or in
butanediamides was observed among specimens as revealed from
PCA loading plot derived from LC/MS data.

Although NMR  segregated samples in a similar pattern to that of
UPLC/MS, PCA loading plot based on NMR  dataset (R2 0.865664, Q2

0.744264) was quite different, likely due to differential metabolites
detection by each technique [9]. Stem samples were separated with
negative PC1 values attributed to enrichment in aliphatic chain
signal of fatty acids at�  1.28 ppm. The loading plot also revealed
that signals of betaines (�H 3.161) and benzylamine (�H 4.12) con-
tributed positively to PC1 and were more abundant in root samples,
Fig. 5D. Additionally, SP3 samples which was positioned with high-

est PC1 values were segregated from other samples along PC2 due
to their enrichment in organic acids (i.e., lactic and succinic acid).
The abundance of lactic acid was previously reported in the same
specimen using GC/MS [8].
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PLC–MS(m/z 100–1000) along two vectors of principal component 1 (PC1 = 62 %)
f all investigated samples along principal component 1 (PC1, 57 %) and principal
, D: 1H-NMR PCA loading plot along PC1 and PC2 axes.

.5. Supervised OPLS analysis

A further classification model (Fig. S34) was  built using OPLS-
A by modeling root accessions versus stem based on LC/MS data.
he performance of the developed model was validated from model
arameters “R2 (0.9856) and Q2 (0.9577)” indicating model validity
nd good prediction power, respectively. N-hydroxybenzyl-N’-
ethylbenzyl urea m/z 271.1322 [M+H]+ and N, N’-dibenzylurea
/z 241.1323 [M+H]+ were more abundant in root samples,
hereas stem samples showed higher levels of isorhamnetin-O-

eoxyhexoide m/z 463.4321 [M+H]+, and in agreement with PCA
esults (Fig. 5). Likewise, S-loading plot of supervised OPLS-DA anal-
sis of 1H-NMR data (R2 0.977893 and Q2 0.96875) revealed the
nrichment of stem samples in aliphatic fatty acids/amides due to
ignals at �H 1.28, Fig. S35.

Proline-betaines were identified for the first time in S. persica
xtract using LC/MS and NMR  metabolomics platforms. NMR  quan-
ification further revealed for their abundance in all specimens as

ajor secondary metabolite up to 12.63 mg/g. This is the first report
f proline-betaines occurrence in that species, albeit the presence
f certain pyrrolidines in S. persica was previously detected [23].
etaines are zwitterions derived from amino acids, most com-
only glycine, widely distributed in higher plants. They function

s an osmoprotectant (compatible solutes) and to be secreted as
 response to stress conditions, likely typical in arid areas where
. persica grows [24]. In the human body, these osmoprotectants
unction to help preserve mucous membranes as betaines can be
xcreted in human tears to protect ocular mucosa [25]. More rel-

vant, certain betaines were added to commercial toothpaste to
rotect against dry mouth conditions and further to protect against
he detergent effects of toothpaste surfactant in clinical trials [26].

ost interestingly, a mixture of a prototype betaine and the sugar
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alcohol erythritol, the later previously identified in miswak from
our first analysis using GC/MS, was found to cause rapid detach-
ment of Streptococcus mutans biofilm involved in the formation
of dental plaque [8,27]. Such multiplex approach for metabolites
detection using NMR  now provides more exact roles of these
meabolites, i.e. betaines in S. persica action mechanism.

The major betaines detected in S. persica were stachydrine and
4-hydroxystachydrine which function mainly as osmoprotectants.
However, previous studies revealed that 4-hydroxystachydrine
displayed anti-inflammatory activity while stachydrine exhib-
ited antioxidant, anti-tumor and anti-inflammatory effect via the
release of nitric oxide and inhibition of NF-�B [28]. These major
betaines in S. persica reported biological effects validate its use for
dental care and supports more in depth investigation of its exact
biological effect regarding periodontal health.

The presence of several other secondary metabolites more
enriched in root samples justify further for its traditional preference
over stems as natural toothbrush. Benzylureas, N,N benzyl butane-
diamide, alkaloids and amides were detected using both LC/MS
and NMR. Some of these nitrogenous metabolites have well docu-
mented biological activities that augment the benefits of S. persica
for dental hygiene including antimicrobial, antioxidant and anti-
inflammatory effect as summarized in Table 2. However, many of
the compounds identified herein have not been investigated for
their biological activities in pure form yet.

For further quality control purposes and standardization, sim-
ple rapid NMR  metabolomics platform could be employed to
determine S. persica drug quality based on relative intensities dis-
played by 1H-NMR peaks in the three different spectral regions viz
fatty acids (�H 1–2), betaines (�H 3–4) and benzyl derivatives (�H
7.2–7.5), as revealed in Table 1. Based on the classification model
results (Fig. 5), a good quality root specimen should have high-
est intensities between �H 3–4 and �H 7.2–7.5 while showing less
intensity signals between �H 1-2. Such approach can indeed be used
for the screening or standardization of S. persica when present in
dental preparations and or to assess other factors on its metabolites
composition i.e., processing or storage. Screening of other Salvadora
genotypes representing different species within that genus could
also help identify other, less explored drugs.

4. Conclusion

For centuries, S. persica twigs and roots have been used in differ-
ent cultures as a tooth brushing stick (miswak) for dental care [2].
The use of S. persica in dental care was traditionally justified by the
mechanical friction due to its fibers in a way similar to the modern
toothbrush and its ability to eliminate bad odors from mouth [8].
In the present study, two powerful metabolomics platforms were
employed to develop a comprehensive profiling of the S. persica
metabolome to justify for its folk use in oral care. Our results suggest
multiple benefits from the use of S. persica including antimicrobial,
anti-inflammatory and hydrating activities due to the abundance
of several metabolites such as ellagic acid derivatives, flavonoids,
proline-betaines, benzylisothiocyanate and urea derivatives. This
study also presents a robust NMR  platform that can be used for qual-
ity control and standardization of S. persica and its pharmaceutical
products.
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