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Abstract 

Background  Diabetes mellitus (DM) is a major intricate metabolic disorder, being one of the chief causes of mortality 
worldwide. Coccoloba and Ruprechtia are two of the most intriguing polyphenol-rich genera within the Polygonaceae 
family. The potential of Coccoloba uvifera, Coccoloba peltata and Ruprechtia salicifolia total extracts and fractions 
as antioxidant, antidiabetic and anti-glycating agents was evaluated and correlated with their chemical composition 
via multiple approaches of metabolic profiling.

Results  All the total ethanolic extracts of plant leaves revealed remarkable antioxidant activities in terms 
of scavenging DPPH and ABTS radicals, as well as ferric reducing antioxidant power (FRAP). Despite having more 
or less comparable total phenolic and flavonoid contents, C. uvifera extract showed the highest inhibitory activ‑
ity against α-glucosidase enzyme (IC50 7.985 ± 1.08 μg/mL), being more potent than acarbose (20-fold). All total 
extracts demonstrated moderately high anti-AGEs (> 63% inhibition) in BSA-fructose model. Among all examined 
fractions, C. uvifera 50% MeOH fraction exhibited the most potent antioxidant activity in DPPH, ABTS and FRAP assays 
(5697.33 ± 360.7, 3078.9 ± 249, 1664.02 ± 220 µM ascorbic acid equivalent/mg extract, respectively) and the highest 
α-glucosidase inhibitory activity (IC50 3.36 ± 1.04 μg/mL). A total of 140 compounds, belonging to different classes, 
were annotated in the three species via UPLC-HRMS, where flavonoids and phenolic acids represented the major 
classes. Multivariate and correlation analyses revealed the key phytochemicals contributing to α-glucosidase inhibi‑
tion as 1-O-vanilloyl-hexoside, 1,3-O-diferuloylglycerol, drovomifoliol-O-glucopyranoside, protocatechuic acid gluco‑
side, digalloyl glucose and coumaric acid sulphate.

Conclusion  C. uvifera leaves extract and its 50% MeOH fraction had a superb potential to alleviate DM and its com‑
plications through their antioxidant, antiglycation and α-glucosidase inhibitory activities mediated by their versatile 
polyphenolic phytochemicals.
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Background
Diabetes mellitus (DM) is a major and intricate metabolic 
disorder that significantly affects health and patients’ 
life expectancy. Diabetes is one of the chief reasons for 
mortality worldwide, with 6.7 million deaths in 2021, as 
stated by the International Diabetes Federation. Glob-
ally, 537 million person suffer from diabetes, expected to 
reach 643 million in 2030 [1]. Prevention of diabetes is 
a continuous challenge to save people all over the world 
and minimize healthcare costs burden.

Among the strategies to control DM is controlling the 
digestive enzymes activity, alpha-amylase and alpha-
glucosidase, thereby delaying carbohydrates’ diges-
tion, glucose absorption and in consequence preventing 
postprandial hyperglycaemia (increase in serum glu-
cose levels after a meal) [2]. Advanced glycation end-
products (AGEs) are various compounds produced via 
non-enzymatic reaction of reducing sugar’s carbonyl 
groups and protein’s amino groups, forming unstable 
Schiff base, which further rearranges to Amadori prod-
uct, yielding AGEs upon glycoxidation [3]. AGEs inter-
act with their receptors (RAGE), activating a cascade of 

intracellular signalling that disrupts cellular function by 
inducing oxidative stress and inflammatory response. 
Thus far, diabetes consequences such as nephropathy, 
neuropathy, retinopathy and cardiovascular disease, and 
erectile dysfunction have all been linked to the advance-
ment of AGEs [3]. Uncontrolled hyperglycaemia has been 
reported to induce AGEs; being produced by combined 
oxidation and glycation reactions, AGEs are also reported 
to be a consequences of enhanced oxidative stress [3, 4]. 
AGEs and oxidative stress are thus considered of the 
main culprits of DM complications. Hence, the search 
for natural inhibitors of oxidative stress and AGEs has 
attracted much attention. Several investigations docu-
mented the role of phenolic compounds as antioxidants 
as well as inhibitors of digestive enzymes and AGEs [5, 6].

Coccoloba and Ruprechtia are two of the most inter-
esting polyphenol-rich genera in family Polygonaceae 
considering their biological activities and secondary 
metabolites. The genus Coccoloba has been reported 
to have a broad range of compounds such as flavo-
noids, phenolic acids, anthraquinones, diterpenes, trit-
erpenes and sterols [7, 8]. C. uvifera has demonstrated 
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different activities such as antioxidant, antidiabetic, 
antimutagenic, anti-inflammatory and antimicrobial 
activities [8, 9]. Also, C. peltata has showed cyto-
toxic, antioxidant, antihyperglycaemic activities [10, 
11]. Comparatively, Ruprechtia salicifolia has been 
reported for its immunomodulatory, anti-inflamma-
tory, antibacterial and anticancer activities in addition 
to possessing a variety of polyphenolic compounds 
[12].

Plant metabolomics is a fundamental approach for 
drug discovery. The recent advancements in plant 
metabolomics techniques for plants have made it pos-
sible to consistently figure out hundreds of metabolites 
and contrast between samples for differences and simi-
larities in an untargeted, semi-automated manner [13]. 
This was only possible through hyphenated techniques 
utilizing mass spectrometry (MS) coupled to chromato-
graphic system. The huge amount of data produced by 
these techniques are to be analysed through advanced 
chemometric tools in order to get meaningful results 
and tangible insights [14, 15].

The comparative chemical profiling and detailed bio-
logical studies for C. uvifera, C. peltata and R. sali-
cifolia have never been deeply investigated. Thus, this 
study aims to evaluate and compare the three ethanolic 
leaves extracts of C. uvifera, C. peltata and R. salicifolia 
along with their fractions (dichloromethane, 100% and 
50% MeOH) for antioxidant, α-glucosidase, pancreatic 
lipase and advanced glycation end-products inhibition 
potentials. In addition, a complete phytochemical pro-
filing of the three total extracts and their fractions using 
UPLC-ESI–MS/MS analysis and correlating the phyto-
chemical compounds with these activities via a non-
targeted metabolomics approach will be performed.

Methods
Chemicals and reagents
Analytical grade reagents and solvents were obtained 
from El-Nasr for chemicals (Cairo, Egypt). LC–MS 
grade solvents were purchased from Sigma-Aldrich (St. 
Louis, MO, USA) or local vendors. Deionized water 
was Milli-Q. In this experiment α-glucosidase was 
used from Saccharomyces cerevisiae (Sigma-Aldrich, 
St. Louis, MO, USA). P-nitrophenyl dodecanoate (p-
NPD), pancreatic lipase (porcine pancreatic lipase type 
II, PPL), p-nitrophenyl-α-D-glucopyranoside (p-NPG), 
all were purchased from Sigma-Aldrich (St. Louis, MO, 
USA).

Plant material
The leaves of the three plants C. peltata, C. uvifera, and 
R. salicifolia were collected in September 2020 from 

Al-Orman botanicalgarden, Giza. The samples were veri-
fied by Mrs. Therese Labib Youssef, Former Manager and 
Taxonomist of Al-Orman BotanicalGarden, Giza, Egypt. 
Voucher samples were deposited at Pharmacognosy 
Department Herbarium, Faculty of Pharmacy, CairoU-
niversity with the following numbers (25.7.23), (26.7.23) 
and (27.7.23) for C. peltata, C. uvifera, and R. salicifolia, 
respectively.

Plant extraction and liquid–liquid partitioning
Fresh leaves were cleaned from dust and air-dried in 
shade and then grinded into coarse powder. The dried 
powdered leaves of the three species (700 g/sample) were 
macerated separately in absolute ethanol (4 × 1.5 L), each 
time for 3 days. The extract was filtered through What-
man No.1 papers and then evaporated to dryness under 
vacuum using rotary evaporator (at 55  °C) (Buchi, G. 
Flawil, Switzerland). The dried extracts were then stored 
at −3  °C. The extracts were subjected to fractionation 
as follows. Aliquots of the three ethanolic extracts of C. 
peltata, C. uvifera and R. salicifolia were dissolved in 
methanol/water solution (1:1 v/v) and partitioned with 
dichloromethane (DCM) (4 × 250 mL) to yield methylene 
chloride fractions. Afterwards, the remaining water was 
run over a diaion HP-20 column (300 g, 5 × 50 cm) and 
fractionated into three fractions of 100% H2O (2L), H2O: 
MeOH (1:1) (2  L) and 100% MeOH (2  L) where three 
fractions were obtained from each extract. 100% water 
fraction was not investigated further in the study because 
of its content of sugars and pigments. Methylene chlo-
ride, 50% MeOH: H2O, 100% MeOH fractions together 
with total ethanolic leaves extracts of the three species 
were subjected to the biological assays. The yield of the 
extracts and fractions is represented in Table S1.

Phytochemical screening of ethanolic leaves extracts
Total phenolic content
Colorimetric method was employed to estimate the 
total phenolics in the three total ethanolic extracts 
using Folin–Ciocalteu reagent [16]. The tested extracts 
(100 µL) were mixed with Folin–Ciocalteu reagent (10%, 
200  µL) and vortexed; then, saturated Na2CO3 solution 
(7%, 800 µL) was mixed. In a dark area, the mixture was 
settled for 1 h at room temperature. MeOH (100 µL) or 
gallic acid (100 µL) replaced the tested extracts in blank 
and standard assays, respectively. Concentrations of the 
standard gallic acid were (250–15.6  µg/mL). Absorb-
ance was measured at 630  nm [17] using microplate 
reader (TECAN, Männedorf, Switzerland) after trans-
ferring 200 µL of the extracts, standard and control to a 
clear 96-well plate. The TPC was expressed in milligrams 
of gallic acid equivalents (GAE) for every gram of dry 
sample.
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Total flavonoids content
A colorimetric method was conducted to measure the 
total content of flavonoids in the extracts, based on the 
formation of aluminium–flavonoid complex [18]. AlCl3 
aqueous solution (5%, 500 µL) was mixed with the 500 µl 
of the tested extracts, methanol or quercetin (100–10) 
µg/mL; then, the mixtures were vortexed. After room 
temperature incubation for 10  min, aliquots (250  µL) 
were transmitted to a clear 96-well plate. The amount of 
AlCl3 solution was replaced by same amount of water in 
blank. Measurements were performed at 403  nm [18]. 
The amount of total flavonoids per gram of dried sample 
was quantified in milligrams of quercetin equivalents.

Antioxidant activity assessment of total extracts 
and fractions
2,2‑diphenyl‑1‑picrylhydrazyl (DPPH) scavenging assay
The capability of free radicle scavenging of the samples 
was determined in  vitro using 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) assay [19]. Methanolic DPPH solution 
(180 µL) is mixed with 20 µL of tested extracts, metha-
nol or ascorbic acid (500–15.6  µM). The mixtures were 
incubated for 20 min in dark at room temperature with 
absorbance determined at 540 nm [19]. The DPPH scav-
enging activity was determined from ascorbic acid stand-
ard curve and expressed as ascorbic acid equivalent in 
µM per milligram of extract.

2,2‑azino‑bis (3‑ethylbenzothiazoline‑6‑sulfonic acid) (ABTS) 
assay
Samples were tested to the free radical scavenging activ-
ity of ABTS following the previously reported methodol-
ogy [20]. To prepare the ABTS radical cation (ABTS•+), 
potassium persulphate (140 mM, 88 mL) was combined 
with ABTS aqueous solution (7 mM, 5 mL). The gener-
ated ABTS•+ solution was diluted using methanol (1:50) 
to get absorbance (0.7) at 690  nm. A 96-well plate con-
taining 10 µL of the test extract, MeOH or ascorbic acid 
was mixed with of ABTS•+ solution (190 µL) and kept in 
dark area for 30  min. Absorbances were performed at 
690 nm using the microplate reader [21]. By substituting 
the recorded absorbance of the samples into the ascorbic 
acid linear regression equation, the antioxidant power 
was calculated as µM ascorbic acid equivalents.

Gallic acid equation : y = 0.0039x + 0.1009

Quercetin equation : y = 0.008x + 0.0609

DPPH inhibition % =
[(
Ablank−Asample

)
/Ablank

]
× 100

Ferric reducing antioxidant power (FRAP) assay
The ferric reducing antioxidant power (FRAP) assay 
method relies on the reduction of Fe3+ to Fe2+,which 
is subsequently chelated to form the Fe2+-TPTZ com-
plex by 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) [22]. 
Briefly, the FRAP reagent (190  µL) (sodium acetate 
buffer 300 mM pH 3.6, ferric chloride 20 mM, and TPTZ 
10 mM (10:1:1)) left for 30 min in a dark place at 37  °C 
with 10 µL of the samples, using absorbance 620 nm for 
measurement [23]. Using the linear regression equation, 
the antioxidant effect of the extract was calculated as µM 
ascorbic acid equivalents.

Enzymatic assays for extracts and fractions
α‑glucosidase inhibition assay
α-glucosidase inhibition activity was investigated using 
the method reported by Gutiérrez-Grijalva [24]. At 
a concentration of 1  mM, acarbose was prepared in 
methanol as a positive control. For colorimetric assess-
ment, p-nitrophenyl-α-D-glucopyranoside was used 
as a substrate. In 96-microwell plates, 50  µL of (0.6  U/
mL) α-glucosidase in phosphate buffer (pH 7, 0.1  M) 
was added to samples/blank (25 µL) at 37 °C for 10 min. 
Afterwards, 25 µL of 3 mM p-NPG in phosphate buffer 
(pH 7) was then added and left at 37 °C for 5 min. Meas-
urement was performed at 405  nm. Then α-glucosidase 
inhibition percentage was determined.

Regarding the fractions, they were prepared at 25 µg/
mL as a final concentration in the assay buffer. At this 
concentration, samples which exceeded 50% inhibition 
were prepared to measure their IC50 values.

Pancreatic lipase inhibition assay
P-nitrophenyl dodecanoate p-NPD was used as the sub-
strate in the determination of the inhibition activity on 
pancreatic lipase; the assay was applied as previously 
described with a minor modifications [25]. Solutions of 
the total extracts were prepared 100 µg/mL as a final con-
centration. Orlistat prepared in assay buffer was used as a 
positive control. 50 µL of (1 mg/mL) PPL was mixed with 
samples /blank 25 µL in a Tris-HCl buffer (100 mM, pH 
8) at 37 °C for 10 min. Then, 10 µL of the p-NPD solution 
(10 mM, in isopropanol) was added, and the total volume 
was then diluted using Tris-HCl buffer to 200  µL. Fur-
thermore, the mixture was left at 37  °C for 20  min; the 

ABTS inhibition % =
[(
Ablank−Asample

)
/Ablank

]
× 100

Ferric reducing power =
[(
Ablank−Asample

)
/Ablank

]
× 100

α − glucosidase inhibition % =
[(
Ablank−Asample

)
/Ablank

]
× 100
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absorbance was carried out at 405 nm. Then, the percent-
age of pancreatic lipase inhibition was assessed.

Advanced glycation end‑products (AGEs) formation 
inhibition
Three different assays were used to assess the inhibitory 
activity of the samples against AGEs. The total extracts and 
their fractions were prepared at final concentration 1 mg/
mL in the assays buffer. At this concentration, samples 
which exceeded 50% inhibition were prepared to measure 
their IC50 values using quercetin as a positive control [26].

BSA‑fructose assay
The bovine serum albumin BSA-fructose model was used 
to evaluate the inhibition of AGEs production, as men-
tioned by the prior study [27]. Briefly, fructose solution 
(1.25 M) in phosphate buffer (200 mM, pH 7.4) was mixed 
with sodium azide (0.02%) and with BSA (50  mg/mL) 
(1:1:1) by volume. The incubations were settled in dark area 
at 37  °C for 72  h with samples/ blank. Fluorescent AGEs 
were assessed on microplate reader (Fluostar Omega BMG 
Labtech, Ortenberg, Germany) using wavelengths for exci-
tation 355 nm and for emission 460 nm. Then the inhibi-
tion percentage of AGEs was determined.

BSA‑methylglyoxal assay
The activity of the samples for AGEs formation inhibition 
was assessed following the reported method [27]. Briefly, 
samples were incubated in black 96-microwell plates with 
BSA (50 mg/mL, 200 mM phosphate buffer, pH 7.4, with 
0.02% sodium azide) together with 53.3  mM methylgly-
oxal in distilled water), (1:1:1 v/v/v) for 72 h in a dark area 
at 37  °C. Fluorescent AGEs were determined using wave-
lengths for excitation 355  nm and for emission 460  nm. 
Assays were all run in triplicate.

Arginine‑methylglyoxal assay
Wang’s previously described method was used to deter-
mine the inhibitory potential of the tested sample on 
the development of AGEs in the arginine-methylglyoxal 
experiment [27]. Simply, the samples were incubated in 
black 96-microwell plates with 53.3 mM methylglyoxal in 
distilled water and arginine 106.6 mM (in 200 mM phos-
phate buffer, pH 7.4, with 0.02% sodium azide), (1:1:1 
v/v/v), for 72  h at 37  °C in the dark. Fluorescent AGEs 
were investigated on a microplate reader (Fluostar Omega/

Lipase inhibition % =
[(
Ablank−Asample

)
/Ablank

]
× 100

% Inhibition =
[(
Fblank− Fsample

)
/ Fblank

]
× 100

% Inhibition =
[(
Fblank− Fsample

)
/ Fblank

]
× 100

BMG Labtech/Germany) using wavelengths for excita-
tion 355 nm and for emission 460 nm. Assays were run in 
triplicate.

Ultrahigh‑performance liquid chromatography 
electrospray ionization tandem mass spectrometry 
(UPLC‑ESI‑MS/MS analysis)
The dried residues of the total leaves extract of the three 
species and their fractions were dissolved separately in 
methanol: water (1:1, v/v) to a concentration of 1  mg/
mL. Samples were filtered using 0.2-µm PTFE syringe fil-
ter and transferred into LC glass vials. Blank and quality 
control (QC) (a pool that were collected by aliquoting the 
same volume from all the extracted tubes) samples were 
included for background removal and quality assess-
ment, respectively. To confirm the stability and repro-
ducibility of the analysis, QC samples were analysed 
prior to sample acquisition and after every five samples. 
Samples were randomized before the analysis to exclude 
run order effect. The UPLC was equipped with High-
Strength Silica C18 column (HSS) reversed-phase (RP) 
T3 (100 × 2.1 mm and 1.7 μm particles diameter, Waters). 
The extracts were individually subjected to chromatog-
raphy. The injection volume was 3 μL, and the flow rate 
was adjusted to 0.4 mL/min. The chromatographic con-
ditions were performed as using water containing 0.1% 
formic acid (A) and acetonitrile containing 0.1% formic 
acid (B). The separation gradient was as follows: 0–1 min 
at 99% A; 1–11 min from 99 to 60%A; 11–13 min from 60 
to 30%A; 13–15 min 60 to 1%A; 15–16 min, system was 
maintained at 1%A; 16.0–17.0 min, mobile phase A was 
linearly increased from 1 to 99%; 17.0–20.0 min, mobile 
phase A was maintained at 99%. The column temperature 
was set to 40 °C [28].

Mass spectra were acquired using heated electrospray 
ionization (HESI) source coupled with high-resolution 
Orbitrap mass analyser (QExactive, Thermo-Fisher, 
Bremen, Germany) [29]. Mass spectra were acquired 
using data-dependent acquisition (DDA) in negative 
ionization mode in the range of m/z 100–1500. Follow-
ing MS1 analysis, the five most intense precursor ions 
were selected for subsequent dissociation. The following 
parameters were applied: ion voltage, 3000 V; sheath gas, 
40 psi; auxiliary heating gas, 15 psi; ion source heating 
temperature, 350 °C; collision energy, 20–40–60 V cycle; 
MS1 and MS2 resolution, 70,000 and 17,500, respectively 
[28].

% Inhibition =
[(
Fblank− Fsample

)
/ Fblank

]
× 100
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Data processing and multivariate analysis
The chromatograms were visually inspected by Xcali-
bur 2.1 software package (Thermo-Fisher Scientific Inc., 
USA). In addition, the obtained MS/MS data were con-
verted from raw files (.RAW) to the mzML file format 
using the MSConvert software [30]. MZmine software 
(Version 3.6) was used to attain data matrices [31]. We 
used the following MZmine parameters (A) Mass detec-
tion: MS1 noise level, 1E5; MS2 noise level, 1E4. (B) 
ADAP chromatogram builder: MS-level 1; min. group 
size in no. of scans, level 2; group intensity threshold, 
2E5; m/z tolerance, 0.01 m/z. (C) Chromatogram decon-
volution: Local minimum search algorithm. (D) Isotopic 
peaks grouper: m/z tolerance, 0.01  m/z; RT tolerance, 
0.1 min; monotonic shape, yes; maximum charge, 2; rep-
resentative isotope, lowest m/z. (E) peak alignment: m/z 
tolerance, 0.02  m/z; weight for m/z, 75; RT tolerance, 
0.25 min; weight for RT, 25. (F) Peak list rows filter: Only 
features with accompanying MS2 data and their retention 
time between 0 and 20 min were kept. (G) Duplicate peak 
filter: filter mode, old average; m/z tolerance, 0.02  m/z; 
RT tolerance, 0.5  min. High-resolution mass as well as 
MS2 analysis fragmentation spectra were used to iden-
tify the chemical components in each sample, matching 
with the authentic standards, public MS/MS libraries and 
literature-based data. The resulting data were converted 
into a CSV file and directly exported to multivariate anal-
ysis. Data analysis and correlation were carried out using 
Metaboanalyst 5.0 (https://​www.​metab​oanal​yst.​ca/) [32]. 
The following settings were used Metaboanalyst param-
eters: sample normalization, none; data scaling, Pareto-
scaled (mean-centred values/square root of the standard 
deviation); and data transformation, log transformation. 
Subsequently, the data were subjected to different statis-
tical analysis methods, including unsupervised methods, 
i.e. principal component analysis (PCA) and hierarchical 
cluster analysis (HCA) and the supervised partial least 
squares discriminant analysis (PLS-DA). Heatmap clus-
tering analysis was performed on the transformed and 
scaled data using the Euclidian distance method utilizing 
ward clustering algorithm.

Statistical analysis
The significance of the differences was calculated using 
one-way ANOVA followed by Tukey’s HSD test (p ≤ 0.05) 
as post-tests for multiple comparisons. The graph-
ics were done using Microsoft excel 365 while Graph-
Pad Prism version 6.0 was used to perform all statistical 
analysis. The expression of the data was illustrated as 
mean ± standard deviation of the mean, and all analy-
ses were done in triplicate. p values less than 0.05 were 
deemed statistically significant.

Results
Total phenolic and flavonoid contents
Total phenolic and flavonoid contents of the three spe-
cies total ethanolic extracts were quantified. C. peltata 
and C. uvifera possessed the highest total phenolic con-
tent (209.77 and 204.26 mg/g GAE, respectively), while R. 
salicifolia had the highest total flavonoid content (33.933 
mg/g QE) (Table 1).

Antioxidant capacity
Strong association exists between oxidative stress and 
many chronic diseases such as cardiovascular diseases, 
atherosclerosis, diabetes neurological disorders and 
others. At this point, herbs are considered vital sources 
of plethora of variable antioxidants [33]. The anti-
oxidant activities of the total extracts and their frac-
tions were investigated in terms of scavenging DPPH 
and ABTS radicals, as well as ferric reducing anti-
oxidant power (FRAP) to assess different antioxidant 
mechanisms.

The highest DPPH scavenging activity was exhib-
ited by C. uvifera extract (2996.556 ± 205.7  µM ascor-
bic acid equivalent (AAE)/mg extract), followed by R. 
salicifolia then C. peltata (Fig. 1). However, no signifi-
cant difference existed between the three extracts as 
revealed by ANOVA testing. Similarly, in ABTS assay, 
the extracts revealed remarkable activities, with no sig-
nificant differences between them. Regarding the FRAP 
assay, R. salicifolia showed higher reducing power 
(1492.44 ± 141.42  µM AAE/ mg extract), compared to 
the other two extracts (Fig. 1).

As for the antioxidant activity of fractions, 50% 
and 100% MeOH fractions of C. uvifera were the 
most potent DPPH scavengers (5697.33 ± 360.7 and 
5548.67 ± 308.36  µM AAE/ mg extract, respectively), 
with no significant difference between them, followed 
by C. peltata 100% MeOH fraction (3363.64 ± 91.07 µM 
AAE/ mg extract), then both the 50% and 100% 
MeOH fractions of R. salicifolia (2622.89 ± 360.2 and 

Table 1  Total phenolic and flavonoid contents of the tested 
extracts

* mg/g gallic acid equivalent ± SD

**mg/g quercetin equivalent ± SD
a, b Means with different letters superscript indicate significant difference 
between them, while means with the same letter superscript have no significant 
difference between them (Tuckey’s—HSD multiple range post hoc test, P < 0.05)

Extract Total phenolic content* Total flavonoid content**

C. peltata 209.77 ± 3.811a 26.475 ± 1.635b

C. uvifera 204.26 ± 0.361a 31.162 ± 0.574b

R. salicifolia 190.632 ± 10.636b 33.933 ± 4.596a

https://www.metaboanalyst.ca/
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2389.77 ± 80.57  µM AAE/ mg extract), respectively, 
with no significant difference between them. C. peltata 
50% MeOH fraction was the least effective fraction as 
DPPH scavenger (Fig. 2). The 50% MeOH fraction of C. 
uvifera also demonstrated the highest ABTS scavenging 
activity (3078.9 ± 249 µM AAE/mg extract), followed by 
C. uvifera 100% MeOH fraction and R. salicifolia 50% 
MeOH fraction (2621.6 ± 151.56 and 2279.4 ± 195.2 µM 
AAE/mg extract, respectively, with no significant dif-
ference), then the 100% MeOH fraction of R. salicifo-
lia (1784.7 ± 215.9  µM AAE/ mg extract). C. peltata 
100% and 50% MeOH fractions were the least active, 
with no significant difference between them (Fig.  2). 
In the FRAP assay, again C. uvifera 50% and 100% 
MeOH fractions revealed the highest ferric reduc-
ing power (1664.02 ± 220 and 1434.5 ± 60.5  µM AAE/
mg extract, respectively), with no significant difference 
among them. R. salicifolia 50% and 100% MeOH frac-
tions owed the second highest activity (1312.36 ± 56.8 
and 1287.6 ± 103.16 µM AAE/mg extract, respectively), 
followed by C. peltata 50% and 100% MeOH fractions 
(441.94 ± 61.2 and 237.9 ± 31.5  µM AAE/mg extract, 
respectively) (Fig. 2).

Accordingly, C. uvifera 50% and 100% MeOH fractions 
displayed the highest free radical scavenging activity, 

followed by 50% and 100% MeOH fractions of R. salicifo-
lia in ABTS and FRAP assays. Conversely, DCM fractions 
of the three species demonstrated the least antioxidant 
activities in the three utilized assays.

A correlation analysis between different antioxidant 
assays was further performed, revealing a positive corre-
lation (> 0.7) between the three antioxidant assays: ABTS, 
DPPH, FRAP, as demonstrated in Table  S2. The high-
est correlation (0.92) was evidenced between ABTS and 
DPPH, with a similar mechanism of action. The positive 
correlations between ABTS, DPPH scavenging activities 
and FRAP are also illustrated in Table S2; Fig. S1.

α‑glucosidase and pancreatic lipase inhibition assays
Postprandial hyperglycaemia represents a continuous 
risk factor with a linear link to cardiovascular disorders, 
atherosclerosis and strokes [34]. α-Glucosidase inhibitors 
can slow down the release of glucose from oligo- or poly-
saccharides, thereby reducing the rate of glucose absorp-
tion and the subsequent postprandial plasma glucose 
levels [35, 36]. Thereof, α-glucosidase inhibitors repre-
sent potential therapeutic approach to restrain postpran-
dial hyperglycaemia, which can be a helpful mechanism 
in the development of antidiabetic medications. In this 

Fig. 1  Antioxidant activities of the three total extracts using DPPH, ABTS and FRAP assays, a, bMeans with different letters superscript indicate 
significant difference between them, while means with the same letter superscript have no significant difference between them (Tuckey’s—HSD 
multiple range post hoc test, P < 0.05)
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aspect, polyphenolic compounds display a significant 
role via blocking the action of digestive enzymes [5]. 
In a similar scenario, inhibition of lipases lowers fatty 
acids absorption by interfering with fat hydrolysis from 
ingested lipids. As a result, pancreatic lipase inhibitors 
are regarded as a beneficial treatment medication for 
treating people with diet-related obesity [37]. Conse-
quently, α-glucosidase and pancreatic lipase inhibition 
assays were conducted to investigate the antidiabetic 

and antihyperlipidemic activities of the tested samples, 
respectively.

The results of α-glucosidase inhibition assays of the 
total ethanolic extracts are demonstrated in Table  2, 
while IC50 values of the fractions exhibiting more than 
50% enzyme inhibition at 25 µg/mL are demonstrated in 
Fig.  3 (IC50 values curve for total extracts and fractions 
Fig. S2). C. uvifera leaves extract exhibited the high-
est inhibitory activity against α-glucosidase enzyme, 
followed by C. peltata extract with IC50 values of 
7.985 ± 1.08 and13.74 ± 1.03  µg/mL, respectively; it was 
worth noting that these extracts were significantly 12–20 
times more potent than acarbose (Table  2). In addition, 
both the 50% and 100% MeOH fractions of C. uvif-
era were the most potent α-glucosidase inhibitors (IC50 
values 3.36 ± 1.04 and 4.61 ± 1.03  µg/mL, respectively), 
presenting no significant difference, followed by 100% 
MeOH fraction of C. peltata (IC50 7.86 ± 1.03  µg/mL). 
On the contrary, all DCM fractions showed less than 50% 
enzyme inhibition at 25 µg/mL.

Conclusively, C. uvifera extract and its fractions (50% 
and 100%MeOH) showed more significant inhibition of 

Fig. 2  Antioxidant activities of the three total extracts fractions (100%MeOH, 50%MeOH and DCM) using DPPH, ABTS and FRAP assays, a−eMeans 
with different letters superscript indicate significant difference between them, while means with the same letter superscript have no significant 
difference between them (Tuckey’s—HSD multiple range post hoc test, P < 0.05)

Table 2  IC50 values of the three total leaves extracts in 
α-glucosidase inhibition assay

a −dMeans with different letters superscript indicate significant difference 
between them, while means with the same letter superscript have no significant 
difference between them (Tuckey’s—HSD multiple range post hoc test, P < 0.05)

Extract IC50 µg/mL ± SE

C. uvifera 7.985 ± 1.08a

C. peltata 13.74 ± 1.03b

R. salicifolia  > 500 µg/mLd

Acarbose 161.4 ± 1.05c
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α-glucosidase than the other two tested species. On the 
other hand, all extracts revealed weak inhibitory activ-
ity against pancreatic lipase, less than 30% inhibition at a 
concentration of 100 µg/mL.

Pearson’s correlation coefficients (r) were employed to 
unveil the relation between the antioxidant and antidia-
betic activities (Table S2; Fig. S3). A strong positive cor-
relation existed between the results of DPPH and ABTS 
assays on one side and the IC50 values of the α-glucosidase 
inhibition on the other side (r ≥ 0.8, P < 0.001). How-
ever, the FRAP assay results were poorly correlated with 
α-glucosidase inhibition (r = 0.54, P < 0.001, Table  S2); it 
can thus be concluded that metal reduction or chelation 
is not correlated with α-glucosidase inhibition.

Advanced glycation end‑products (AGEs) inhibition assays
Glycation is a long term non-enzymatic process, involv-
ing three phases: first, unstable Schiff bases are formed 
through the reaction of reducing sugars’ carbonyl groups 
with protein’s amino moieties which further rearrange 
into the more stable ketoamines (Amadori products); 

second, Schiff bases or Amadori products break down 
into different dicarbonyl compounds as glyoxal and 
methylglyoxal; finally advanced glycation end-products 
(AGEs) are formed via a series of reactions. Thereafter, 
AGEs bind to their specific receptors (RAGE) and stimu-
late intracellular signalling pathways which induce oxida-
tive stress, inflammation and tissue damage, resulting in 
cardiovascular diseases, nephropathy, retinopathy and 
neuropathy [3, 6]. Persistent hyperglycaemia and oxida-
tive stress induce accelerated generation of AGEs, which 
play a key role in the pathogenesis of diabetic complica-
tions. At this point, we evaluated the in vitro antiglyca-
tion activity of the three species using three models viz: 
BSA-fructose, arginine-methylglyoxal, and BSA-methylg-
lyoxal assays. BSA was used as the model protein, being 
90% homologous with human serum albumin so used as 
its analogue. Fructose was used as glycating agent, as it 
mediates protein glycation ~ ten times faster than glucose 
[27]. Additionally, in diabetic patients, fructose accu-
mulates in the peripheral nerves, ocular lens and blood 
vessels after increased glucose supply, thus contributing 

Fig. 3  IC50 values µg/mL ± SE for extracts fractions (100%MeOH and 50%MeOH) in α-glucosidase inhibition assay, a−eMeans with different 
letters superscript indicate significant difference between them, while means with the same letter superscript have no significant difference 
between them (Tuckey’s—HSD multiple range post hoc test, P < 0.05)

Table 3  BSA-fructose, BSA-methylglyoxal and arginine-methylglyoxal inhibition assays for total extracts at 1000 µg/mL

a, b Means in the same column with different letters superscript indicate significant difference between them (Tuckey’s—HSD multiple range post hoc test, P < 0.05)

Extract BSA-fructose inhibition % BSA-methylglyoxal 
inhibition %

Arginine-
methylglyoxal 
inhibition %

C. peltata 63.83 ± 1.16a 21.26 ± 2.8a 34.6 ± 0.66a

C. uvifera 63.1 ± 1.59a 8.1 ± 5b 16.9 ± 0.9b

R. salicifolia 67.27 ± 2.7a 23 ± 1.6a 17.3 ± 0.3b
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to vascular complications [38]. Hence, inhibition of 
fructose is considered of paramount importance. The 
three total ethanolic leaves extracts (1000 µg/mL) inhib-
ited AGEs formation in BSA-fructose model by > 63% 
(Table  3). However, in the arginine-methylglyoxal and 
BSA-methylglyoxal models, the inhibition of AGEs by the 
total extracts was less than 50% at 1000 µg/mL. In con-
sequence, BSA-fructose inhibition assay was selected for 
assessing the fractions’ inhibitory activities.

IC50 values of BSA-fructose inhibition assay for frac-
tions are demonstrated in Fig.  4 (IC50 values curve Fig 
S4). 100% MeOH and 50% MeOH fractions of R. sali-
cifolia showed the highest AGEs inhibitory potential 
(IC50 values 56.09 ± 1.08 and 58.32 ± 1.5   µg/mL, respec-
tively), followed by C. uvifera 100% MeOH fraction 
(91.22 ± 1.16  µg/mL), presenting no significant differ-
ences between their IC50 values, and being nonsignificant 
from the positive control quercetin (IC50 61.27 ± 1.04 µg/
mL) (P < 0.05). C. peltata 100% MeOH fraction was sec-
ondly ranked, with IC50 value of 217.2 ± 1.07  µg/mL, 
whereas 50% MeOH fractions of C. peltata and C. uvif-
era extracts came in the third rank, compared to other 
fractions.

It was obvious that the activities of the same extracts 
varied based on the used glycation model. In a simi-
lar way, the same phenolic compound exhibited var-
ied degrees of inhibition according to the used AGEs 
model [39]. In the BSA-fructose model, fructose and its 

oxidation products mediate protein glycation yielding 
AGEs; thus, this model can evaluate all phases of protein 
glycation [39]. Nonetheless, BSA-MGO model assesses 
only the middle phase of protein glycation, where MGO 
is directly used for glycation, omitting the initial conver-
sion steps from sugars to carbonyls [27, 39]. It is worth 
noting that methylglyoxal is detected at high concentra-
tions in diabetic patients, which results in protein glyca-
tion a way more faster than sugars. On the other hand, 
the arginine-methyl glyoxal model specifically gauges 
reactions of methylglyoxal with the arginine guanidine 
group [27].

Overall, the three tested extracts as well as their polar 
fractions, in particular the 100% MeOH fractions, inhib-
ited protein glycation in BSA-fructose model, whereas 
nonpolar fractions (DCM) were much less effective, 
which could be partly attributed to their low polyphe-
nolic contents. Considering the favoured generation of 
AGEs by oxidative reactions, together with the antioxi-
dant efficacies of the three tested species proven herein, 
antioxidants in the investigated samples may have inhib-
ited the early stage of protein glycation.

Identification of metabolites by ultrahigh‑performance 
liquid chromatography electrospray ionization tandem 
mass spectrometry (UHPLC‑ESI‑MS/MS)
Natural products have shown a fascinating improvement 
in human health for a long time. With the advent of using 

Fig. 4  IC50 values of the extract’s fractions (100%MeOH and 50%MeOH) in BSA-fructose inhibition assay, a−cMeans with different letters superscript 
indicate significant difference between them, while means with the same letter superscript have no significant difference between them. 
(Tuckey’s—HSD multiple range post hoc test, P < 0.05)
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nutraceuticals as dietary supplements for protection and 
healing, there has been a rise in the importance of medic-
inal plants as a source of biologically active compounds. 
Besides, plant-derived bioactive compounds possess a 
variety of chemical characteristics in addition to varying 
biological effects both in vitro and in vivo [40].

Owing to the robust antioxidant potential and promis-
ing inhibitory effects of the total extracts of C. uvifera, C. 
peltata and R. salicifolia against α-glucosidase and AGEs, 
their chemical profiles were analysed for first time via 
ultrahigh-performance liquid chromatography electro-
spray ionization mass spectrometry (UHPLC-ESI-MS/
MS) to distinguish the phytochemical constituents cor-
related with the biological activities. The results of this 
analysis are summarized in Table  4; Fig. S5. Based on 
MS/MS data in comparison with published literature, a 
total of 140 compounds were putatively identified. About 
69 compounds were newly identified in the genus Coc-
coloba, whereas about 57 compounds were newly identi-
fied in the genus Ruprechtia. 

Phenolic acids and derivatives
LC–MS analysis of the ethanolic extract of the three spe-
cies showed 31 hydroxybenzoic acid derivatives. Gener-
ally, there was a discernible fragmentation that involved 
the cleavage of the intact sugar and then the ion that 
matched the fragment of phenolic acid was released. 
These compounds were 8, 10–16, 18, 20, 22, 25, 29–31, 
38, 39, 44, 45, 60, 65, 72, 77, 78, 88, 93, 96, 101, 108, 
113, 115. They were identified according to their MS and 
MS/MS pattern as gallic acid and its derivatives, proto-
catechuic acid and its glycosides, ellagic and vanillic acids 
glycosides. Compound 101 was putatively identified as 
digalloyl quinic acid with m/z 495.0786 which generated 
the fragments of MS2 at m/z 343 ([M-H-152]−) in addi-
tion to m/z 191 ([M-H-304]−) (i.e. quinic acid ion) result-
ing from the elimination of one and two galloyl moieties, 
respectively, then m/z 173 ([M-H-18]−) due to water loss, 
while m/z 169 fragment referred to gallic acid anion. 
Thus, the compound was identified as digalloyl quinic 
acid (Fig. S6) [41].

In addition, compound 38 was putatively assigned as 
vanillic acid pentoside hexoside with m/z 461.1307 which 
provided the fragments of MS2 at m/z  329.05 ([M-H-
132]−) corresponding to a pentose loss, followed by hex-
ose loss m/z 167.03 ([M-H-294]−) (i.e. vanillic acid ion), 
in addition to methyl m/z 153.01 moieties [42].

For cinnamic acid derivatives, CO2 losses were 
observed as well as [M − CH3]−• formation in case of 
methoxylated compounds. Twelve compounds were 
putatively identified as cinnamic acid derivatives, com-
pounds 17, 26, 37, 40, 46, 48, 54, 68, 104, 116, 136 
and 139. The compounds were rosmarinic acid, ferulic 

acid glucoside, p-coumaroyl hexose, coumaric acid sul-
phate, coumaric acid isomer sulphate, sinapoyl-hexoside, 
chlorogenic acid derivative, 1-O-galloyl-2-O-cinnamoyl-
glucose, feruloyl tyramine, 3,4-di-O-caffeoyl-5-O-sina-
poylquinic acid and caftaric acid respectively. Compound 
136  m/z 721.1761 yielded fragment ions at m/z 397.13 
(sinapoylquinic acid),  m/z  223 corresponding to sinapic 
acid ion and  m/z  179 corresponding to sinapic acid—
COO (Fig. S7) [43, 44].

Flavonoids
The analysis of the three ethanolic extracts showed 
65 flavonoids based on the MS2 fragmentation pat-
tern, in comparison with available literature and mass 
spectral libraries. Glucose and H2O were the charac-
teristic neutral losses of flavonoids, and many of these 
flavonoids showed a distinctive fragment at m/z 151, an 
outcome of the retro Diels–Alder (RDA) reaction. Com-
pounds 24, 35, 36, 42, 43, 49, 50, 52, 53, 59, 69 and 
90 were flavanols, identified as gallocatechin, catechin 
hexoside, epicatechin, EGCG dimer (prodelphinidin 
dimer),catechin-3-O-gallate, catechin, epigallocatechin 
gallate, catechin-7-O-alpha-L-rhamnopyranoside, epicat-
echin dimethyl gallate, procyanidin B1 monogallate, pro-
cyanidin dimer digallate (B-type), 7-O-methyl catechin, 
respectively.

Compound 69 was putatively identified as proantho-
cyanidin dimer digallate (B-type) with m/z 881.1591 
according to its MS2 fragmentation pattern. The for-
mation of the conspicuous product ion peak at m/z 
729.1476 ([M-H-152]−) was obtained from the neutral 
loss of either the flavanol B ring or a galloyl group com-
bined with a portion of the C ring from RDA reaction. 
Additionally, subsequent expulsions of one or two more 
152  Da fragments due to collision-induced dissociation 
produced ions with m/z values of 577 and 407 (425—
H2O) as well. Furthermore, an interflavan bond cleavage 
took place, resulting in (epi)catechin and its gallate ester 
ions at 289 and 441 Da, respectively (Fig. S8) [45].

Thirteen flavones were tentatively identified (com-
pounds 34, 47, 56, 57, 82, 99, 114, 122, 123, 125, 135, 
137 and 138) based on their MS2 fragmentation pattern. 
The compounds were tentatively identified as apigenin-
O-hexoside I, apigenin pentoside, isorhamnetin-3-O-
glucoside, isorhamnetin-O-glucuronide, orientin, 
apigenin-O-hexoside II, acacetin-O-glucoside, chrysoe-
riol hexoside, tricin, isoliquiritin, chrysoeriol, apigenin 
and chrysin derivative, respectively. Compound 57 with 
m/z 491.0812 was putatively identified as isorhamne-
tin glucuronide according to its MS2 spectrum; the base 
peak ion at m/z 315 ([M–H–176]−) demonstrated a loss 
of glucuronyl unit, resulting in the isorhamnetin aglycone 
at m/z 315 [46].
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Table 4  Characterization of compounds in three species C. peltata, C. uvifera and R. salicifolia ethanolic leaves extracts and their 
fractions using UPLC-ESI-MS/MS in negative ion mode

Number Compound name Molecular 
formula

Monoisotopic 
mass

Retention 
time

Experimental 
m/z

Mass 
error 
(ppm)

MS/MS fragmentation References

1 Glucose C₆H₁₂O₆ 180.06339 0.63 179.0552 −2.04 164.8355, 162.8384, 160.8414 [74]

2 Quinic acid C7H12O6 192.06339 0.69 191.0557 0.71 173.0449, 127.0391 [47]

3 Dihexose C12H22O11 342.116215 0.7 341.1093 2.67 179.0555 [75]

4 4-Methoxy phenyle‑
thanol-O-coumarate

C18H18O4 298.120509 0.71 297.1139 4.09 163.0607, 145.0500, 135.0654, 
117.0549

[76]

5 Shikimic acid C7H10O5 174.052824 0.91 173.0448 −1.16 155.0345, 129.0377 [77]

6 Succinic acid C4H6O4 118.02661 1.69 117.0183 −4.14 73 [78]

7 1-Methyl emodin C16H12O5 284.068475 1.77 283.0637 8.30 241.0027, 225.0782, 182.9544 [79]

8 Gallic acid C7H6O5 170.021525 2.54 169.0134 −0.67 108.0209, 124.0254, 125.0236, 
151.0026

[80]

9 Taxifolin-hexoside C21H22O12 466.11113 3.19 465.1026 −1.52 303.1029, 285.0629, 151.0029 [81]

10 Protocatechuic acid C7H6O4 154.02661 3.36 153.0185 −1.86 109.0286 [82]

11 Galloyl-rhamnose C13H16O9 316.079435 3.48 315.0726 3.14 169.0137 [83]

12 Monogalloyl-hex‑
oside

C13H16O10 332.07435 3.68 331.0638 −8.23 271.8394, 211.0609, 169.0137, 
125.0234

[84]

13 1-O-Vanilloyl-hex‑
oside1

C14H18O9 330.095085 3.71 329.0881 2.55 167.0343, 152.0108, 123.0442 [84]

14 Methyl gallate-
hexoside

C14H18O10 346.09 3.88 345.0824 0.65 183.0294, 168.0058, 124.0157 [85]

15 Protocatechuic acid 
glucoside

C13H16O9 316.079435 3.94 315.0725 2.82 153.0186 [86]

16 Acetyl-O-galloyl 
glucose

C15H18O11 374.084915 4 373.0745 −6.94 313.0958, 271.0988 169.0137, 
151.0392

[83]

17 Rosmarinic acid C18H16O8 360.08452 4.1 359.0789 6.14 197.0453, 179.0708, 161.0450, 
135.0442

[87]

18 Protocatechiuc acid 
pentoside hexoside

C18H24O13 448.121695 4.11 447.1151 2.75 315.0746, 271.1011, 152.0118 [88]

19 3,4-Dihy‑
droxy-7-O-(4’-
O-glucosylvanilloyl) 
benzyl alcohol

C21H24O11 452.131865 4.22 451.1252 2.66 167.0344, 123.0443, 152.0110, 
329.0887

[89]

20 Elenolic acid glu‑
coside

C18H28O10 404.16825 4.3 403.1622 4.40 223.0611, 161.0448 [90]

21 4-O-(6′-O-
Glucosylcaffeoyl)−4-
hydroxybenzyl 
alcohol

C22H24O10 448.13695 4.38 447.1261 −6.77 323.1353, 179.0557, 138.0553 [91]

22 Hydroxyacetyl-
O-galloyl glucose

C15H18O12 390.07983 4.44 389.0725 1.10 313.0569, 271.0456, 
169.0137,151.0394

[83]

23 Protocatechuic 
aldehyde

C7H6O3 138.031695 4.54 137.0247 6.06 108.0207 [92]

24 Gallocatechin C15H14O7 306.073955 4.61 305.067 2.85 179.0556, 169.0137, 163.0394, 
125.0236

[93]

25 3,4-di-O-Gal‑
loylquinic acid

C21H20O14 496.08531 4.67 495.0786 2.25 191.0556, 169.0136, 137.0235, 
109.0287

[94]

26 Ferulic acid gluco‑
side

C16H20O9 356.110735 4.68 355.1053 6.73 193.0503, 134.0365, 119.0340 [95]

27 Torachrysone-8-O-
glucopyranoside

C20H24O9 408.142035 4.69 407.1319 −5.67 245.0458, 229.9163 [50]

28 1,3-O-Diferuloylg‑
lycerol

C23H24O9 444.142035 4.71 443.1328 −3.18 235.0608, 193.0502,134.0365 [96]

29 Coumaroyl-O-gal‑
loyl-glucose

C22H22O12 478.11113 4.75 477.1021 −2.53 331.0833, 313.0578, 169.0138, 
125.0236

[97]
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Table 4  (continued)

Number Compound name Molecular 
formula

Monoisotopic 
mass

Retention 
time

Experimental 
m/z

Mass 
error 
(ppm)

MS/MS fragmentation References

30 Protocatechiuc acid-
O-pentoside

C12H14O8 286.06887 4.76 285.0618 1.77 153.0186, 109.0285 [98]

31 Di-galloyl-glucose C20H20O14 484.08531 4.84 483.0786 2.31 125.0235, 151.0394, 169.0137, 
313.0572, 331.0686

[99]

32 3-Glucosyl- pentahy‑
droxybenzophe‑
none

C19H20O11 424.100564 4.85 423.0944 3.92 314.0605, 169.0137, 109.0286 [75]

33 Quercetin-3-O-
glucuronide

C21H18O13 478.074745 4.86 477.0629 −8.42 301.0361, 299.0564, 271.1046 [53]

34 Apigenin-O-hex‑
osideI

C21H20O10 432.105649 4.88 431.0968 −2.38 269.1035 [100]

35 Catechin hexoside C21H24O11 452.131865 4.92 451.1203 −8.29 289.0722, 245.0858, 179.0556 [96]

36 Epicatechin C15H14O6 290.07904 4.96 289.0728 5.48 125.0236 [53]

37 P-coumaroyl hexose C15H18O8 326.10017 5.01 325.0931 1.77 163.0394, 147.0452, 187.0259, 
146.0367, 119.0493

[76]

38 Vanillic acid pento‑
side hexoside

C19H26O13 462.137345 5.03 461.1307 2.56 329.0534, 299.0532, 167.0343, 
152.0109

[42]

39 Vanillic acid hexo‑
side

C14H18O9 330.095085 5.08 329.0881 2.55 167.0344, 152.0067, 123.0442 [42]

40 Coumaric acid 
sulphate

C9H8O6S 244.004162 5.13 242.9967 1.49 163.0394, 119.0493 [100]

41 Tuberonic acid 
glucoside

C18H28O9 388.173335 5.24 387.1630 −6.48 207.0661, 163.0395, 101.0233 [78]

42 EGCG dimer (prodel‑
phinidin dimer)

C44H34O22 914.15418 5.33 913.1489 2.79 743, 573, 555, 429, 169, 125 [101]

43 Catechin-3-O-gallate C22H18O10 442.0900 5.37 441.0839 3.91 289.0720, 245.0459, 169.0137 [99]

44 Gentisic acid C7H6O4 154.02661 5.39 153.0185 −0.44 109.0287 [102]

45 HHDP galloyl 
glucose

C27H22O18 634.08062 5.42 633.0735 1.11 463.0916, 301.1079, 248.9607, 
169.0137, 125.0236

[99]

46 Coumaric acid 
isomer sulphate

C9H8O6S 244.004162 5.47 242.9967 1.49 163.0394, 119.0493 [100]

47 Apigenin pentoside C20H18O9 402.095085 5.51 401.0854 −4.64 269.1035, 161.0448, 112.9846 [103]

48 Sinapoyl-hexoside C17H22O10 386.1213 5.56 385.1145 2.66 225.0775, 223.0612 [104]

49 Catechin C15H14O6 290.07904 5.68 289.0693 −6.62 245.0821/137.0235/125.0235 [53]

50 Epigallocatechin 
gallate

C22H18O11 458.084915 5.71 457.0784 2.87 305.0672, 261.0407, 219.0658, 
169.0136

[105]

51 Drovomifoliol-O-β-
D-glucopyranoside

C19H30O8 386.1940 5.76 385.1875 3.26 223.1339, 205.1231, 153.0914 [106]

52 Catechin 7-O-α-L-
rhamnopyranoside

C21H24O10 436.13695 5.78 435.1284 −1.67 289.0724, 169.0136, 125.0235 [75]

53 Epicatechin dime‑
thyl gallate

C24H22O10 470.1213 5.83 469.1169 7.30 271.0636, 319.0485, 169.0137, 
125.0235

[107]

54 Chlorogenic acid 
derivative

5.83 405.1405 383.2081, 191.0346, 161.0449 [108]

55 Dihydrovomifoliol-
O-β-D-
glucopyranoside

C19 H32O8 434.2152 5.85 387.2035 4.15 225.1495, 161.0448 [106]

56 Isorhamnetin-3-O-
glucoside

C22H22O12 478.11113 6.05 477.1045 2.66 314.0439, 315.0482, 271.0598 [109]

57 Isorhamnetin-O-glu‑
curonide

C22H20O13 492.090395 6.05 491.0812 −2.79 315.1430, 271.0463, 255.0272 [46]

58 Phloridzin (phlore‑
tin-2-O-glucoside)

C21H24O10 436.13695 6.06 435.1293 0.40 273.0789 [81]
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Table 4  (continued)

Number Compound name Molecular 
formula

Monoisotopic 
mass

Retention 
time

Experimental 
m/z

Mass 
error 
(ppm)

MS/MS fragmentation References

59 Procyanidin B1 
monogallate

C37H30O16 730.15339 6.08 729.1411 −9.75 577.1219, 451.1033, 441.0815, 
407.0768, 289.0728, 287.0542

[53]

60 Galloylquinic acid-
O-hexoside

C20H26O15 506.127175 6.09 505.1172 −4.26 343.0461, 313.0350, 169.0137 [110]

61 3-(benzoyloxy)−2-
hydroxypropyl 
glucopyranosidu‑
ronic acid

C16H20O10 372.105649 6.13 371.0985 1.82 249.0618, 121.0285 [111]

62 Myricetin 3-O-glu‑
coside

C21H20O13 480.090395 6.23 479.0834 1.73 317.0283, 316.0229, 287.0204, 
271.0250, 151.0029

[97]

63 Myricetin-O-glucu‑
ronide

C21H18O14 494.06966 6.29 493.063 2.60 317.0305, 315.0153, 287.0206, 
178.990

[53]

64 Myricetin-3-O-
galactoside

C21H20O13 480.090395 6.33 479.0839 3.10 317.0290, 316.0228, 287.0201, 
271.0250

[53]

65 Syringic acid C9H10O5 198.052824 6.47 197.045 0.00 179.0553, 135.0441, 123.0078 [78]

66 Phlorisobutyrophe‑
none-2-glucoside

C16H22O9 358.126385 6.5 357.1182 −1.01 195.0658 HMDB

67 Chrysophanol-8′-
O-(6′-O-galloyl)-
glucose

C28H24O13 568.121695 6.58 567.1151 2.17 331.0809, 313.0576, 271.0616, 
211.0598, 169.0137

[110]

68 1-O-Galloyl-2-O-
cinnamoylglucose

C22H22O11 462.116215 6.6 461.1051 −7.13 169.0137, 125.0236 [50]

69 Procyanidin dimer 
digallate (B-type)

C44H34O20 882.16435 6.62 881.1591 2.92 729.1479, 559.1294, 407.0781, 
711.1370

[45]

70 Dihydrokaempferol 
hexoside

C21H22O11 450.116215 6.62 449.1096 2.88 287.0529, 259.0616, 125.0236 [112]

71 Quercetin-3-O-(-
O-galloyl)-hexoside

C28H24O16 616.10644 6.68 615.0998 1.93 463.0895, 301.0352, 271.0453, 
169.0136

[47]

72 3-Methoxy-
4-hydroxyphe‑
nol-1-O-(6’-O-
galloyl)-glucoside

C20H22O12 454.11113 6.74 453.1045 2.60 313.1278, 169.0137, 151.0394, 
125.0236

[99]

73 Myricetin-3-O-
pentoside

C20H18O12 450.07983 6.79 449.0735 3.33 316.0230, 287.0207, 178.9981 [110]

74 Myricetin 3-O-α-
rhamnoside

C21H20O12 464.09548 6.86 463.0887 2.26 317.0284, 316.0227, 287.0199, 
271.0250,178.9979, 151.0028

[97]

75 Quercetin3-O-glu‑
coside

C21H20O12 464.09548 6.97 463.0889 2.69 301.0357, 300.0280, 271.0253 [97]

76 Phloretin 3’,5’ dihexo‑
side

C27H34O15 598.189775 6.98 597.1835 3.54 357.0986, 209.0798, 167.0343, 
123.0439

[113]

77 Ellagic acid-O-hex‑
oside

C20H16O13 464.059095 7.01 463.0518 1.14 300.0280, 301.0348, 283.0254, 
257.0465, 169.0136

[114]

78 Ellagic acid pen‑
toside

C19H14O12 434.04853 7.28 433.0401 −1.40 300.0281, 179.0575 [99]

79 Quercetin 3-O-pen‑
tooside I

C20H18O11 434.084915 7.36 433.0779 1.87 301.0699, 300.0280 151.0393 [97]

80 Kaempferol-3-O-
rhamnoside

C21H20O10 432.105649 7.41 431.0967 −2.61 285.0397,284.0331, 255.0301 [110]

81 Quercetin 3-(2’’-gal‑
loylrhamnoside)

C28H24O15 600.111525 7.42 599.1059 3.67 300.0280, 301.0343, 447.0941, 
169.0137

[115]

82 Orientin (Luteolin 
8-C-glucoside)-
Sulphate

C21H20O14S 528.057382 7.5 527.0505 1.79 447.0946, 327.0724 [105]

83 Myricetin-3-O-
acetylhexoside

C23H22O14 522.10096 7.61 521.0949 3.39 317.0268, 316.0229, 271.0248, 
151.0394

[116]
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Table 4  (continued)

Number Compound name Molecular 
formula

Monoisotopic 
mass

Retention 
time

Experimental 
m/z

Mass 
error 
(ppm)

MS/MS fragmentation References

84 Cyanidin-3-gluco‑
side

C21H21O11 449.10839 7.62 447.0938 2.37 284.0331 [117]

85 Quercetin 3-O-rham‑
noside

C21H20O11 448.100564 7.68 447.0891 −8.14 301.0351, 300.0280, 255.0300, 
179.0557

[105]

86 Kaempferol-3-O-
hexoside I

C21H20O11 448.100564 7.74 447.0943 3.49 285.0398, 255.0302, 227.0349 [110]

87 Dihydroferuloyl-
glucosyl-3-hydroxy-
3-methylglutaric 
acid

C22H30O13 502.16864 7.75 501.1621 2.55 399.1293, 357.1230, 195.0660, 
151.0030

[118]

88 Digalloyl shikimic 
acid

C21H18O13 478.074745 7.78 477.0648 −4.44 325.0335,169.0137, 125.0236 [99]

89 Quercetin-3-O-acetyl 
hexosideI

C23H22O13 506.106045 7.78 505.0995 2.88 300.0282, 301.0352, 463.0891 [119]

90 7-O-Methyl catechin C16H16O6 304.09469 7.82 303.0854 −4.83 285.0398, 193.0504, 151.0394, 
125.0236

[96]

91 Kaempferol-3-O-
pentoside

C20H18O10 418.09 7.85 417.0837 3.66 285.0394, 284.0332, 255.0303, 
169.0137

[120]

92 Myricetin 3-O-(4″-
acetyl)-α-l-
rhamnopyranosides

C23H22O13 506.106045 7.88 505.0997 3.32 317.0276/316.0230/271.0232 [121]

93 Gallic acid-mono‑
hydrate

C7H8O6 188.03209 7.97 187.0237 −3.02 169.0137, 125.0236 [96]

94 Quercetin-3-O-acetyl 
hexosideII

C23H22O13 506.106045 8.02 505.0994 2.34 300.0282, 301.0352, 463.0891 [119]

95 Myricetin C15H10O8 318.03757 8.12 317.0301 1.12 191.0347,178.0502,151.0030 [122]

96 Homovanillic acid C9H10O4 182.05791 8.21 181.05 −0.47 137.0238, 89.0230 [123]

97 Syringin C17H24O9 372.142035 8.23 371.135 2.13 209.0816,148.0842 [114]

98 Quercetin-3-O-acetyl 
hexosideIII

C23H22O13 506.106045 8.32 505.0994 2.34 300.0282, 301.0352, 463.0891 [119]

99 Apigenin-O-hex‑
osideII

C21H20O10 432.105649 8.33 431.0988 2.26 269.0461 [124]

100 Rutin C27H30O16 610.15339 8.4 609.1442 −2.24 301.0340, 300.0280, 271.0238, 
151.0394

[110]

101 Digalloyl quinic acid C21H20O14 496.08531 8.49 495.0786 2.60 343.0676, 191.0556, 169.0136 [41]

102 Tetrahydrox‑
ystilbene-2-O-
(coumaroyl)-hex‑
oside

C29H28O11 552.163164 8.49 551.151 −7.87 405.1188, 307.0830, 243.0665 [54]

103 Malvidin-3-gluco‑
side

C23H25O12 493.134605 8.55 491.1200 2.13 329.0630, 328.0595 [117]

104 Feruloyl tyramin C18H19NO4 313.131409 8.56 312.1244 2.61 178.0504, 135.0443 [125]

105 Mearnsetin-gluco‑
side

C22H22O13 494.106045 8.58 493.0997 3.00 478.1950, 331.0466, 316.0229, 
315.0513, 287.0566

[126]

106 Quercetin 
3-(2′’-galloyl-α-
arabinopyranoside)

C27H22O15 586.095875 8.63 585.0897 2.82 433.0918, 301.0360, 283.0487, 
169.0138

[75]

107 4-Methyldaphnetin C7H12O6 192.06339 8.64 191.0556 0.22 177.0187 [127]

108 Ellagic acid valeryl 
rhamnoside

C25H24O13 532.121695 8.65 531.1154 2.88 300.0280, 299.0210 489.1031, 
471.2553

[128]

109 Naringenin 
-O-hexoside

C21H22O10 434.1213 8.68 433.1143 1.90 271.0574, 151.0393, 169.0137 [96]

110 Trilignol G(8–O–4)
G(8–5)G

C30H36O10 556.23085 8.71 555.2244 2.48 507.2038, 477.1941, 341.0667, 
329.1402, 195.0661, 165.0552

[53]
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Table 4  (continued)

Number Compound name Molecular 
formula

Monoisotopic 
mass

Retention 
time

Experimental 
m/z

Mass 
error 
(ppm)

MS/MS fragmentation References

111 Kaempferol-3-O-
acetyl glucoside

C23H22O12 490.11113 8.81 489.1046 2.65 285.0399., 284.0332 [129]

112 Kaempferide -glucu‑
ronide

C22H20O12 476.09548 8.84 475.0887 2.43 300.0281, 284.0328 [130]

113 Methyl ellagic acid 
pentoside

C20H16O12 448.06418 8.87 447.0595 7.03 315.1816, 300.0278 [131]

114 Acacetin-O-gluco‑
side

C22H22O10 446.1213 8.95 445.1145 2.30 283.0253 [132]

115 Trigalloylquinic acid C28H24O18 648.09627 9 647.0866 −2.85 495.1948, 343.2147, 191.0551, 
169.0137

[133]

116 Feruloyl tyramin 
isomer

C18H19NO4 313.131409 9.03 312.1244 2.61 178.0504, 148.0522 [125]

117 Quercetin 
3-O-acetyl-rham‑
noside

C23H22O12 490.11113 9.1 489.1047 2.85 447.0909, 301.0342, 300.028, 
271.0659

[134]

118 Trilignol G(8–O–4)
X(8–8)X

C31H38O11 586.241415 9.31 585.2353 2.92 537.3228, 507.1869, 371.2435, 
359.1522, 195.0659, 165.0553

[53]

119 Quercetin C15H10O7 302.042654 9.42 301.0356 2.56 273.0409, 179.0562, 151.0029 [135]

120 3-O-Methylquercetin C16H12O7 316.058305 9.6 315.0514 2.92 300.0280/271.0640 [53]

121 Emodin hexoside C21H20O10 432.105649 9.62 431.0989 2.49 269.0461, 241.0507 [136]

122 Chrysoeriol hexoside C22H22O11 462.116215 9.69 461.1047 −8.00 299.0565, 284.0645 [96]

123 Tricin C17H14O7 330.073955 9.85 329.0657 −1.31 314.0078, 298.9842, 270.9889 [96]

124 Kaempferol-3-O-
hexoside II

C21H20O11 448.100564 9.85 447.0943 3.49 285.0398, 255.0302, 227.0349 [110]

125 Isoliquiritin C21H22O9 418.126385 9.92 417.1196 2.49 297.0773, 255.0650, 152.9952 [137]

126 Trilignol G(8–O–4)
S(8–5)G

C31H36O11 584.225765 9.99 583.2192 2.16 368.8896, 357.1333, 195.0661, 
165.0552

[53]

127 Quercetin- O-(O-
acetyl)-hexuronide

C23H20O14 520.085309 10.52 519.0731 −8.45 477.2130, 301.0357 [138]

128 Kaempferol C15H10O6 286.04774 10.66 285.041 3.81 151.0391, 132.8672, 107.0493 [114]

129 Kaempferol 3,7,4’-tri‑
methyl ether

C18H16O6 328.09469 10.68 327.0881 3.78 285.0410, 255.2331, 227.0354 [139]

130 Oxo-dihydroxy-
octadecenoic acid

C18H32O5 328.224975 10.79 327.218 1.99 291.1971, 229.1445, 211.1338, 
171.1021

[140]

131 Kaempferol isomer C15H10O6 286.04774 10.92 285.041 3.81 151.0391, 132.8672, 107.0493 [114]

132 Methoxyquercetin 
dimethyl ether

C18H16O8 360.08452 10.94 359.0755 −3.33 344.0493, 329.2346, 301.0331, 
286.0494, 257.9159, 223.0953, 
162.0192

[53]

133 Kaempferol-dime‑
thyl ether

C17H14O6 314.07904 11.3 313.0698 −4.52 285.0409, 283.0253, 255.2334 [46]

134 Undecyl benzene 
sulphonic acid

C17H28O3S 312.175917 11.43 311.1693 3.88 248.9605, 183.0117, 170.0169, 
119.0493

[75]

135 Chrysoeriol C16H12O6 300.06339 12.78 299.0565 3.13 223.0399, 224.0433, 256.0707 [141]

136 3,4-di-O-caffeoyl-
5-O-sinapoylquinic 
acid

C36H34O16 722.18469 13.44 721.1761 −1.06 397.1350, 223.1334, 179.0556 [44]

137 Apigenin C15H10O5 270.052825 13.48 269.0456 1.33 225.0556, 195.0447, 183.0409, 
157.0653

[142]

138 Chrysin derivative 14.02 559.313 277.2177, 278.2211, 253.0931 [143]

139 Caftaric acid C13H12O9 312.048135 14.8 311.0391 −3.89 149.0964, 179.0560, 135.0446 [144]

140 Kaempferol 
−3-O-neohesperi‑
doside

C27H30O15 594.158475 15.09 593.1499 −1.26 327.2186, 285.0485 [145]
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Thirty-five flavonols were putatively identified as com-
pounds 33, 62–64, 71, 73–75, 79–81, 83, 85, 86, 89, 91, 
92, 94, 95, 98, 100, 105, 106, 111, 112, 117, 119, 120, 127–
129,131–133 and 140. The compounds were myricetin 
and its derivatives, quercetin and its derivatives, kaemp-
ferol and its derivatives, kaempferide-glucuronide and 
mearnsetin-glucoside. Compound 71, m/z 615.0998 was 
identified as quercetin-3-O-(-O-galloyl)-hexoside which 
provided the fragments of MS2 at m/z  463.08 ([M-H-
152]−) corresponding to the loss of galloyl group, hexose 
m/z 301.03 ([M-H-162]−) (i.e. quercetin aglycone ion), as 
well as the fragment m/z 169.01 verifies gallic acid anion 
moiety presence (Fig. S9) [47].

One flavanone was putatively identified as naringenin-
O-hexoside (109). It demonstrated [M-H]− ion at m/z 
433.1143, MS2 spectrum gave rise to the fragment at m/z 
271 ([M-H-162]−) (i.e. naringenin aglycone ion), corre-
sponding to hexose loss; then, the ions at m/z 151 and 
119 could be formed through undergoing a fragmenta-
tion mechanism retro Diels–Alder involving cleavage of 
O1 − C2 and C3 − C4 bonds in the C ring resulting in loss 
of water [41].

Two flavanonol were identified in the extracts, com-
pounds 9 and 70 with [M-H]– ion at m/z 449.1026 and 
m/z 465.1096, respectively. The two compounds were 
putatively identified as taxifolin-glucoside and dihydro-
kaempferol hexoside. Compound 70 provided fragments 
at m/z 287 ([M-H-162]−) resulting from hexose moiety 
loss, followed by m/z 259 ([M-H-28]−) due to CO mol-
ecule loss and m/z 125[1,4A]. The compound was then 
identified as dihydrokaempferol hexoside [48].

Anthocyanins are flavonoids renowned for having 
advantageous effects on both humans and animals; they 
are typically the pigments that give many plants their 
colours, existing as glycosides in nature. The capacity of 
the anthocyanin group’s structure to alter under various 
pH settings, resulting in a change in colour, is one of its 
most noteworthy and distinctive characteristics. In this 
work, two anthocyanins were putatively identified in the 
ethanolic extracts of Coccoloba leaves. Compounds 84 
and 103 with m/z 447.0938 and 491.1200, respectively, 
showed characteristic fragmentation pattern similar to 
cyanidin-3-glucoside and malvidin-3-glucoside through 
the loss of hexose ([M-H-162]−), showing their aglycone 
fragment ions at m/z 284.03 and 329.06, respectively [49].

Anthraquinones
Glucosyl or galloyl residues are typically lost by anth-
raquinones, resulting in a prominent fragment with m/z 

equivalent to its corresponding free anthraquinone. This 
finding may be clearly seen even in their full scan MS 
spectra. For free anthraquinones with hydroxyl (OH) and 
carbonyl (CO) groups on the benzene ring, a sequence of 
losses of 18 and 28  Da was characteristic. Three signals 
were assigned as anthraquinones compounds 7, 67 and 
121 which were tentatively identified as 1-methyl emo-
din, chrysophanol-O-(-O-galloyl)-glucose and emodin 
hexoside, respectively. Compound 121 was putatively 
identified as emodin hexoside with m/z 431.0989 which 
showed loss of hexose then removal of CO to yield m/z 
241([M-H-28]−), after which one hydroxyl group was lost, 
resulting in m/z 225 (Fig. S10). Regarding compound 67: 
chrysophanol-O-(-O-galloyl)-glucose, with m/z 567.1151, 
it gave rise to m/z 253 due to loss of hexose and galloyl 
moieties. The [M-H−] ions of C-3 methylated anthraqui-
none derivatives firstly lose a neutral molecule of CO and 
then successively lose a methyl group and a CO molecule, 
respectively [50, 51].

Lignin oligomers
It was suggested that lignin was a cross-linked, amor-
phous macromolecule consisting of lignols, which are 
phenylpropanoid monomers. A 4-hydroxyphenylring 
makes up the monolignol H structure. One methoxyl 
and one hydroxyl group are present in the monolignol 
guaiacyl G-structure, while one hydroxyl group and two 
methoxyl groups are present in the monolignol syringyl 
S-structure. The combinatory process, the most well-
known method of biosynthetic polymerization, assumes 
that dilignols, trilignols and oligolignols are produced by 
the combination of oxidizing enzymes that form lignol 
radicals [52]. Three trilignols were identified, compounds 
110, 118 and 126 as trilignol G(8–O–4)G(8–5)G, tri-
lignol G(8–O–4)X(8–8)X (with X being either an S or G 
unit) and trilignol G(8–O–4)S(8–5)G. The fragment ion 
of m/z 195 which appeared in all the compounds corre-
sponded to A− which is the 8-phenolic end indicating a 
G unit (guaiacyl, a unit derived from coniferyl alcohol). 
Compound 126, m/z 583.2192 gave rise to fragments 
m/z 368.88 equivalent to ([M-H-A− -H2O]−), m/z 357.13 
equivalent to ([M-H-A− -CH2O]−) and m/z 195 which is 
the guaiacyl unit (Fig. S11) [53].

Stilbenes
Compound 102 revealed a molecular ion peak of 
[M–H]–  at  m/z  551.1510 and characteristic fragments 
ion at m/z 405 which was generated by the loss of 
C9H6O2 ([M-H-146]−), followed by elimination of hexose 

Table 4  (continued)
All compounds were detected as [M-H]−. HHDP: Hexahydroxydiphenoyl, EGCG: Epigallocatechin gallate
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C6H10O5 producing fragment at m/z 243 in MS/MS spec-
tra. Additionally, a small ion at m/z 307 was observed. As 
a result, compound 102 was putatively identified as tet-
rahydroxystilbene-O-(coumaroyl) hexoside [54].

Naphthalene derivatives
Torachrysone-8-O-glucoside, compound 27, was the 
only naphthalene glycoside in Coccoloba peltata etha-
nolic leaves extract. The [M–H]–  ion of the compound 
at  m/z  407.1319 produced fragment at m/z  245.04 
corresponding to one glucosyl residue loss; then, a 
CH3  free radical was eliminated to produce the ion 
at m/z 229.91[54].

Other compounds
Compounds 58 and 76 were putatively identified as chal-
cones, compound 130 was a fatty acid derivative, whereas 
compounds 51 and 55 presented sesquiterpene glyco-
sides. Compounds 1–6, 19–21, 23, 28, 32, 41, 61, 66, 
87, 97, 107 and 134 were also identified in the current 
study, and their chemical information is listed in Table 4.

Multivariate and correlation analyses
Multivariate data analysis is an important tool to extract 
meaningful information from complex data sets. Prin-
cipal component analysis (PCA) and hierarchical clus-
ter analysis (HCA) are the most commonly utilized 
approaches for untargeted metabolic analysis [55]. Good 

discrimination was evident between the three investi-
gated extracts (Fig. 5). PCA score plot (Fig. 5A) revealed 
three distinct clusters, reflecting different metabo-
lomes. The first two components explained 90.2% of the 
variation, where PC1 accounted for 55.9% of the total 
variance, being the major component responsible for dis-
crimination. C. peltata located on the plot far-left side 
(negative PC1 values) was the most distant species. On 
the right side (positive PC1 values), R. salicifolia was top 
located, while C. uvifera was located at the bottom. HCA 
(Fig. 5B) supported PCA results, showing three clusters, 
in which C. peltata comprised a cluster distantly located 
from the other two clusters, suggesting variations in its 
metabolic profile in contrast with other species.

The behaviour of the investigated compounds with 
regard to each species as a whole was examined apply-
ing a heat map to display hierarchical clustering that 
gathered similar groups in order to uncover cogent 
patterns among them. A heat map is a visual illustra-
tion of data where each value in a matrix is represented 
by a colour [56]. The heat map was created based on 
metabolites’ abundance in the tested species (Fig. S12). 
C. uvifera extract (the most active antidiabetic/antioxi-
dant extract) showed the accumulation of quercetin and 
its derivatives mainly, with few phenolic acids and their 
derivatives alongside a sesquiterpene glycoside. Mean-
while, flavonoids mainly flavones, flavanones, flavonols 
with few phenolic acid’s derivatives and a tetrahydroxy 

Fig. 5  Principal component analysis (PCA) (A) and the dendrogram from the hierarchical clustering analysis (HCA) (B) of metabolites identified 
in the total extracts of C. uvifera, C. peltata and R. salicifolia 
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stilbene derivative dominated R. salicifolia metabolome. 
Additionally, flavonoids, phenolic acids and cinnamic 
acid derivatives were the discriminating compounds in 
C. peltata extract. Pearson’s correlation coefficients (r) 
were used to reveal the strength of relationship between 
α-glucosidase inhibition and the top metabolites accu-
mulated in the total extracts of C. uvifera, C. peltata and 
R. salicifolia, as shown in Fig. S13.

Further analysis focused on C. uvifera extract; the most 
active DPPH antioxidant/antidiabetic extract, in compar-
ison with other species. Subsequently, a heatmap show-
ing the significant metabolites accumulating in the total 
extract of C. uvifera and distinguishing it from C. peltata 
and R. salicifolia is illustrated in Fig.  6. In accordance 
with the former results (Fig. S12), quercetin derivatives, 
hydroxybenzoic acid derivatives and a sesquiterpene gly-
coside were the most significantly accumulated metabo-
lites in C. uvifera extract. Among these metabolites, eight 
main compounds positively and significantly correlated 
with in  vitro α-glucosidase inhibition, as indicated by 
Pearson’s correlation coefficients (Table 5). These metab-
olites included kaempferol, protocatechuic acid gluco-
side, quinic acid, quercetin-O-(O-acetyl)-hexuronide, 

1-O-Vanilloyl-hexoside, digalloyl shikimic acid, kaemp-
ferol 3,7,4’-trimethyl ether and shikimic acid. 

Furthermore, multivariate data analysis including prin-
cipal component analysis (PCA) and partial least squares 
discriminant analysis (PLS-DA) was performed to the 
three extracts and their fractions 50% MeOH, 100% 
MeOH and DCM (Fig. S14; Fig.  7A). PLS-DA serves to 

Fig. 6  Heatmap showing significant metabolites accumulated in the total extract of C. uvifera compared to C. peltata and R. salicifolia 

Table 5  Pearson’s correlation coefficients (r) showing the 
strength of relationship between α-glucosidase inhibition and 
significant metabolites accumulated in the total extract of C. 
uvifera compared to C. peltata and R. salicifolia 

Metabolites Correlation p value

α-glucosidase inhibition 1 0

Kaempferol 0.98571 1.13E-06

Protocatechuic acid glucoside 0.97974 3.82E-06

Quinic acid 0.96265 3.2E-05

Quercetin-O-(O-acetyl)-hexuronide 0.90676 0.000743

1-O-Vanilloyl-hexoside 0.89755 0.001024

Digalloyl shikimic acid 0.88035 0.001732

Kaempferol 3,7,4’-trimethyl ether 0.87444 0.002039

Shikimic acid 0.71039 0.031975
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identify the variables that contain the class separating 
information and to sharpen the separation among groups 
of observations by rotating the PCA components with the 
aim of achieving the largest separation between classes. 

The results showed three distinguished clusters, each 
cluster containing the total extract and its 3 fractions dis-
criminated from the two other species. Variable impor-
tance projection (VIP) scores are used as a quantitative 

Fig. 7  A Partial least squares discriminant analysis (PLS-DA) and B variable importance in projection (VIP) Top 25 metabolites with VIP score > 1 
accumulated in the total extracts and fractions of C. uvifera, C. peltata and R. salicifolia 
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evaluation of each particular metabolite discriminatory 
power to figure out metabolites that significantly con-
tribute to discriminate various samples; metabolites with 
a VIP score greater than 1 are considered informative 
metabolite marker. VIP scores discriminated the sam-
ples against each other, defining the top accumulating 25 
metabolites in the tested samples (Fig. 7B).

Significant metabolites, responsible for discriminat-
ing the most active fraction of C. uvifera (50% MeOH 
fraction) from C. peltata and R. salicifolia, were fur-
ther investigated via a heat map (Fig.  8), demonstrating 
29 metabolites. Correlation between these metabolites 
and α-glucosidase inhibitory activity was next investi-
gated, where Pearson’s correlation coefficient (r) was > 0.3 
at P < 0.05 (Table  S3). This uncovered 25 metabolites 
including catechins, hydroxybenzoic acids derivatives, 

hydroxycinnamic acid derivatives, procyanidins and a 
sesquiterpene glycoside.

The above results of the most active fraction (50% 
methanol fraction of C. uvifera) were correlated with the 
significant metabolites accumulated in C. uvifera total 
extract to highlight the most contributing metabolites to 
α-glucosidase inhibition and DPPH antioxidant activi-
ties. Pearson’s correlation coefficient (r) revealed the 
significantly correlated compounds, namely 1-O-vanil-
loyl-hexoside, 1,3-O-diferuloylglycerol, drovomifoliol-
O-glucopyranoside, protocatechuic acid glucoside, 
digalloyl-glucose and coumaric acid sulphate (Table 6).

Discussion
This study is providing a quite complete picture for the 
first time of phytochemical composition of C. peltata, C. 
uvifera and R. salicifolia leaves ethanolic extract through 

Fig. 8  Heatmap showing significant metabolites accumulated in C. uvifera 50% methanol fraction, compared to C. peltata and R. salicifolia 
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UPLC-ESI-MS/MS as well as their potential to possess 
antidiabetic, antioxidant, antihyperlipidemic and AGEs 
inhibition activities together with their fractions (DCM, 
100% and 50% MeOH). C. uvifera extract showed highest 
antioxidant and antidiabetic activity through inhibition of 
α-glucosidase and DPPH free radicle scavenging activity. 
In addition, 50% MeOH fraction of C. uvifera showed the 
highest α-glucosidase, DPPH, ABTS and FRAP inhibition 
activities compared to the other fractions. Pearson’s cor-
relation coefficients revealed the significantly correlated 
compounds in the most active fraction 50% MeOH C. 
uvifera extract with the antioxidant/antidiabetic activ-
ity 1-O-vanilloyl-hexoside, 1,3-O-diferuloylglycerol, 
drovomifoliol-O-glucopyranoside, protocatechuic acid 
glucoside, digalloyl-glucose, coumaric acid sulphate to be 
the discriminating compounds.

Vanillic, ferulic, protocatechuic and p-coumaric acids 
were previously revealed to inhibit carbohydrate digest-
ing enzymes: α-amylase and α-glucosidase, alongside 
with their DPPH and ABTS radical scavenging activities 
as well as Fe3+ reducing properties [57–60]. The phenolic 
hydroxyl group and the unsaturated alkyl chain are cru-
cial for the α-glucosidase inhibitory activity of phenolic 
acids [61]. Additionally, diferuloyl glycerol, obtained 
from Pandanus odoratissimus flowers, showed promising 
radical scavenging and reducing properties as well as sig-
nificant in vitro inhibition of invertase enzyme [62]. Also, 
the antioxidant activity of vanillic acid β-glucoside was 
investigated through oxygen radical absorbance capacity 
ORAC assay [63]. In [64], it is reported that galloyl-based 
polyphenols with free or unfree galloyl moieties inhib-
ited α-glucosidase at varying degrees; as the number of 
free galloyl moieties increased, the inhibitory activity of 
galloyl-based polyphenols increased. Molecular dock-
ing results as well revealed that galloyl-based polyphe-
nols with more galloyl moieties led to more amino acid 

residues involved in the interaction; however, too many 
galloyl moieties and complex structures could not enter 
the α-glucosidase active site due to steric hinderance. 
The monosaccharide core aided the interaction of gal-
loyl moieties with the α-glucosidase active site [64]. The 
potent antioxidant activity (ABTS assay) of the sesquit-
erpene vomifoliol, isolated from Sesbania grandiflora, 
alongside with its promising antidiabetic activity via 
inhibiting α-glucosidase enzyme, sevenfold more than 
acarbose, was reported. Molecular modelling showed 
two hydrogen bonding interactions between the vomi-
foliol 6-OH group and the amino acid residues: HIS279 
and GLU304, as well as one hydrogen bonding between 
its enone carbonyl oxygen and ASN241, crucial for bind-
ing to α-glucosidase [65]. Yet, the activity of its glucoside 
derivative hasn’t been investigated; hence, its isolation 
should now follow to determine its activity as a new anti-
diabetic agent.

Nevertheless, R. salicifolia 100%, and 50% MeOH 
fractions demonstrated the highest inhibition of AGEs 
in the BSA-fructose antiglycation model. According 
to VIP scores (Fig.  7B), fifteen metabolites favourably 
accumulated in the 100% and 50% MeOH fractions of 
R. salicifolia, designated as chlorogenic acid deriva-
tive, methyl glutaric acid derivative, phlorisobutyroph-
enone glucoside, isorhamnetin glucuronide, kaempferol 
acetylglucoside, tetrahydroxy stilbene derivative, myri-
cetin acetylhexoside, orientin sulphate, protocatechuic 
acid pentoside, acacetin glucoside, quercetin acetylr-
hamnoside, hydroxyl acetyl-O-galloyl glucose, digalloyl 
quinic acid, ellagic acid hexoside and apigenin pento-
side. Polyphenolic compounds as phenolic acids, fla-
vonoids and stilbenes have contributed to the ability of 
various plant extracts in inhibiting AGEs production 
[6]. Gallic acid’s antiglycation ability had been demon-
strated through in vivo and in vitro tests, in addition to 
reducing AGE-induced inflammatory responses [66]. 
Also, ellagic acid and its derivatives were investigated 
for their inhibitory actions on the production of AGEs 
and rat-lens aldose reductase (AR); ellagic acid exhib-
ited a significantly stronger inhibitory effect on AGEs, 
compared to aminoguanidine [67]. Protocatechuic 
acid inhibited AGEs in oleic acid-BSA system more 
favourably than in glucose-BSA model, by its reducing 
power [6]. Besides, chlorogenic acid inhibited fluores-
cent AGEs and prevented BSA-glucose cross-linking 
substances as detected by sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS-PAGE) [68]. 
Regarding flavonoids, their inhibitory activities were 
enhanced by increased hydroxylation on the A and 
B rings; myricetin showed higher inhibition potency 
against AGEs than quercetin and kaempferol due to the 
pyrogallol structure of its B ring [69]. The antiglycation 

Table 6  Pearson’s correlation coefficients (r) showing the 
strength of relationship between α-glucosidase inhibition, DPPH 
antioxidant activity and significant metabolites accumulated 
in the total extract and 50% methanol fraction of C. uvifera 
compared to C. peltata and R. salicifolia 

Metabolites Correlation p value

α-glucosidase inhibition 1 0

DPPH 0.88637 6.47E-13

1-O-Vanilloyl-hexoside 0.72332 6.24E-07

1,3-O-Diferuloylglycerol 0.63727 2.92E-05

Drovomifoliol-O-glucopyranoside 0.53447 0.000785

Protocatechuic acid glucoside 0.51258 0.001392

Di-galloyl-glucose 0.42865 0.009096

Coumaric acid sulphate 0.3358 0.045255
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effect of quercetin was reported by many authors, via 
trapping methylglyoxal and glyoxal [6], in addition to 
its aldose reductase inhibitory effect [70]. Isorhamnetin 
was also assessed for its ability to inhibit aldose reduc-
tase enzyme and attenuate AGE formation; it could 
be a promising agent in the management of diabetes 
and age-related disorders [71]. Glycosylation of the 
hydroxyl group at C-3 of flavonols increased the AGEs 
inhibitory activity [69]. For flavones, apigenin reduced 
the generation of AGEs in a dose-dependent manner 
in BSA-fructose and BSA-glucose models and inhib-
ited the glycated BSA cross-linking or aggregation, as 
revealed by the altered molecular weight determined 
by SDS-PAGE [72]. As reported by Lv, Lishuang, et al. 
[73], 2,3,5,4’-tetrahydroxystilbene 2-O-β-D-glucoside 
(THSG), a major bioactive constituent in Polygonum 
multiflorum Thunb., efficiently inhibited the formation 
of AGEs by trapping reactive methylglyoxal under phys-
iological conditions. It is worth noting that chlorogenic 
acid showed higher binding constant to BSA than feru-
lic acid, in accordance with molecular docking predic-
tions, where more hydroxyl groups on the benzene ring 
enhanced the formation of hydrogen bonds. Similarly, 
molecular docking prediction revealed that BSA-luteo-
lin had a higher binding affinity than apigenin, which 
may have been as a result of the extra hydroxyl group 
of luteolin located on the A ring [72]. Nevertheless, the 
flavones, luteolin and apigenin, were more potent AGEs 
inhibitors than quercetin and phenolic acids [72], in 
accordance with [69], reporting higher efficacies of fla-
vones compared to their corresponding flavonols. This 
may partly rationalize the higher effectiveness of R. 
salicifolia as AGEs inhibitor than the other two inves-
tigated species.

Conclusions
This study reported for the first time the metabolites pro-
file of the extracts and fractions of C. uvifera, C. peltata 
and R. salicifolia leaves by UHPLC-ESI/MS/MS analysis. 
C. uvifera extract and its 50% MeOH fraction exhibited 
the most potent antioxidant and α-glucosidase inhibitory 
activities. The most correlated metabolites with these 
activities included 1-O-vanilloyl-hexoside, 1,3-O-difer-
uloylglycerol, drovomifoliol-O-glucopyranoside, proto-
catechuic acid glucoside, digalloyl-glucose and coumaric 
acid sulphate. On the other hand, R. salicifolia extract 
and its polar fractions demonstrated potent antiglyca-
tion activities which can be attributable to phenolic 
acids, flavonols, flavones and stilbene derivative. Further 
in  vivo studies and clinical trials should now follow to 
validate the use C. uvifera and R. salicifolia as efficient 

complementary therapies in the management of DM and 
its complications.
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