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Opuntia ficus-indica red fruit (OFI-RF) is a member of the Cactaceae family and native to South 
America. Phytochemical evaluation of the plant has revealed variable bioactive components; 
therefore, this study explored the medicinal value of butanol (BE) and ethylacetate extracts (EE) 
by evaluating their antidiabetic, antioxidant and antihypercholesterolemic properties. Selected 
solvents were used for phytochemical extraction according to established protocols, and then 
pharmacological effects of phenolic and betanin-rich extracts were evaluated. Results indicated 
that butanol was the most effective solvent for extracting polyphenolics followed by ethyl acetate, 
yielding: 148.91 ± 0.95 and 110.96 ± 0.61 μg/g, respectively. Identification analysis of OFI-RF using 
UPLC/HESI-MS/MS revealed a diverse range of 101 metabolites, including polyphenolics (phenolic 
acids, phenolic glycosides, flavanols, flavanonols, flavonoids and biflavonoids), alkaloids, pyridine, 
betalains, coumarins, vitamins, fatty acids and other therapeutic compounds. Biological studies (in 
vitro and in vivo) demonstrated that both EE and BE exhibited significant antidiabetic, antioxidant 
and antihypercholestremic activities. These findings were further supported via histopathological 
examination.
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UPLC/HESI-MS/MS	� Ultra-performance liquid chromatography-electrospray ionization-tandem mass 

spectrometry

Opuntia ficus-indica red fruit OFI-RF is a member of the Cactaceae family that is widely distributed globally. The 
OFI, originally from South America (specifically Mexico), was introduced to Spain by Christopher Columbus in 
1493 and later naturalized across the Mediterranean region and northern Africa. Due to its genetic diversity, OFI 
is highly adaptable and widely distributed, thriving in varied climates across north, central, and south America, 
northern and southern Africa, the middle east, Australia, India, and Mediterranean countries1,2. Mexico and 
Italy are the primary producers and consumers of OFI. Mexico holds the highest genetic diversity of the species 
and, along with Italy, accounts for 70% and 3.3% of the 590,000 ha cultivated globally, respectively3,4. In Mexico, 
cladodes are the fifth most consumed vegetable, and prickly pear ranks as the third most consumed fruit5,6. This 
difference in appearance is attributed to unequal distribution of the pigment color and region of growth6. A high 
concentration of the polyphenolics7, stilbenes8, flavanols9, flavanonols9, flavonoids7, lignans10, suberin-acids10, 
as well as betalains7, alkaloids11, and pyridine carboxylic acids10,12 has been reported. These substances improve 
blood flow, reduce the risk of heart disease, enhance cognitive performance13, minimize neurological diseases, 
and reduce cell death induced by oxidative stress and free radicals14,15.

Type 2 diabetes mellitus (T2DM) affects over 537 million people worldwide and is one of the chronic diseases 
with the highest growth rate along with the obesity pandemic16. This debilitating disease significantly raises 
costs of healthcare system; hence it is necessary to explore innovative treatments and preventive measures that 
could retard its deteriorating effects globally. Nevertheless, therapeutic methods are generally affected by cost, 
accessibility, compliance, and adverse effects that may pose hazard, particularly in elderly population17.

It has long been known that effective nutritional therapies can improve glycemic control, such as the 
Mediterranean diet18 and usage of functional food. Functional food has been reported to assist in the management 
of a number of health problems, including hyperglycemia. The use of OFI-RF and related products lowered post-
prandial glucose levels in numerous trials possibly by altering glucose absorption thus, reducing its release into 
the blood circulation. High fiber content of OFI-RF may also have a key role in glycemic control19. Mucus that 
humans generally cannot digest is a type of dietary fiber found in this genus as well. Soft stems, or nopalitos, 
are commonly consumed in Mexico to treat diabetes. Frati-Munari et al. studied the hypoglycemic effect of 
cactus pads, which inhibited glucose absorption in the intestine and led to a significant reduction in blood 
glucose levels within 120–180 min after ingestion of Opuntia ficus-indica20. Trejo-González et al. suggested 
that the blood glucose-lowering effects of a purified Opuntia extract in diabetic mice may be due to high 
dietary fiber content21. The aim of this comprehensive study was designed for phytochemical characterization 
and pharmacological evaluation of OFI-RF selected extracts against diabetes and its related complications. 
Additionally, histopathological examination of pancreatic sections was conducted for further assessment of 
findings.

Materials and methods
Phytochemical studies
Chemicals
Trolox, DPPH, ABTS, and Folin-Ciocalteu reagent were purchased from Sigma Aldrich. All other chemicals and 
solvents displayed a high level of purity and conformed to the standards for analytical grade.

Plant materials and extraction
Opuntia ficus-indica fruit was collected from a private Sekem farm in El Salam City, Cairo, Egypt. A specimen 
was deposited at the herbarium unit of the National Research Centre under Number M248. Three kilograms 
of fresh fruit were cut into slices, dried by lyophilization, and milled to a particle size of 75–180  μm, then 
exhaustively extracted by maceration with 5 L of methanol at room temperature (25–30 °C) in five repeated 
cycles. The substance underwent filtration and concentration at 45  °C utilizing a rotary evaporator under 
decreased pressure. Subsequently, the crude methanol extract residue was suspended in 1 L water, allowed to 
stand overnight, and consecutively separated using 0.7 L petroleum ether (PE), 0.7 L chloroform (CE), 0.7 L 
ethylacetate (EE), and finally 0.7 L butanol (BE) five times repeatedly for each solvent in ascending order of 
polarity22. Pooled QC samples (mixed EE, TE and BE extract) are used to condition the analytical platform, 
assess intra-study reproducibility, and correct for systematic errors through mathematical adjustments of 
bioinformatics processing23.

Determination of total flavonoids, phenols in different Opuntia spp. extracts
Flavonoids and phenols were quantified in various extracts using the established methodologies24. The 
mean ± standard error of the mean (s.e.m) using t-test analysis by GraphPad Prism software (USA, version 
8.0.1). The level of statistical significance was adjusted to p value of less than 0.05.
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Metabolomics and molecular networks of secondary metabolites from Opuntia spp fruits by using LC/MS/MS via 
MS-Dial
The UPLC system (Acquity, Waters, Milford, USA) was connected to a Q Exactive hybrid MS/MS quadrupole-
Orbitrap mass spectrometer. The chromatographic separation protocol employed in this setup utilized an 
aqueous solution acidified with 0.1% formic acid (referred to as solvent A) along with acetonitrile (referred to as 
solvent B), with a mobile phase flow rate set at 0.4 ml/min25. Specifically, the gradient used was as follows: from 
0 to 7 min, there was a transition from 50% A to 50% B; from 7 to 10 min, the composition changed to 98% B 
and these conditions were sustained for 15 min. Subsequently, from 10 to 13 min, the system was adjusted to 
95% A, before returning to the initial conditions by 15 min. Following this, a re-equilibration period of 2 min 
was implemented using the BEH shield C18 column26,27. The selected potential metabolites were searched and 
identified by comparing their fragmentation patterns and retention indices (RI) by those available in Ms-Dial, 
Golm, KNApSAcK, Fiehn BinBase and RIKEN databases28.

Several factors affect HPLC analysis of phenolics, including sample preparation, mobile phase, column type, 
and detector choice. Utilizing MS/MS data from literature, along with a hybrid database and search algorithm, 
we developed an online MS/MS database to improve metabolite identification. MS-DIAL and MetaboAnalyst 
were used for MS/MS fragmentation analysis and to identify the complete profile of the OFI-RF plant.

Pharmacological studies
Biological evaluation was conducted using selected extracts with the highest polyphenolics and flavonoids 
content according to results of the phytochemical characterization.

In vitro study
Antidiabetic activity  (i) α-Amylase inhibitory activity: Inhibitory activity against α-amylase enzyme was deter-
mined spectrophotometrically at 595 nm according to method described by Xiao et al.29 against blank. Acarbose 
was used as standard reference.

(ii) α-Glucosidase inhibitory activity: Inhibition of α-glucosidase enzyme activity was measured 
spectrophotometrically 405 nm according to the method described by Elya et al.30 against blank and acarbose 
(standard reference).

DPPH and ABTS antioxidant activity  The DPPH• and ABTS•+ radical scavenging activity assays were uti-
lized to evaluate the antioxidant potential of Opuntia spp extracts22 and their fractions including; water (H2O), 
butanol (BE), ethylacetate (EE), chloroform (CE), petroleum ether (PE), and total extract (TE), at various con-
centrations ranging from 30, 20, 10, 5, 2.5, 1.5, 1 and 0.5 μg/mL. Standard references (ascorbic acid and trolox) 
were employed during the analysis, which was conducted in triplicates as depicted in Fig. 3. The assessment of 
antioxidant activity was based on the radical scavenging model using 1,1-diphenyl-2-picrylhydrazyl (DPPH, 
250 mM) according to the methodology explained by Shimada et al.31.

In the second method, ABTS•+ was dissolved in water to achieve a concentration of 7 mM. The generation of 
ABTS•+ radical cation (ABTS•+) was accomplished by mixing the ABTS•+ stock solution with 2.45 mM potassium 
persulfate. Each assay included appropriate solvent blanks, consistent with the protocol by Dinkova-Kostova et 
al.32. The percentage of inhibition for both DPPH• and ABTS•+ radicals was determined using the formula: % 
Inhibition = [(A control − A sample)/A control] × 100, where A represents the absorbance at 517 nm for DPPH• and 
734 nm for ABTS•+33.

In vivo study
Animals  Adult male Wistar rats (200–250 g) were purchased from the animal facility of the National Research 
Centre. They were acclimatized one week before the investigation period and kept under conventional labo-
ratory conditions with 12 h light/dark exposure34. Standard pellet diet and free access to water was provided 
throughout the study (3 weeks). All animal procedures follow regulations approved by the Ethics Committee 
(National Research Centre/ no. 20140)35 and in accordance with the recommendations for the proper care and 
use of laboratory animals (Percie et al.36, The ARRIVE guidelines, 2020). ARRIVE guidelines ​(​​​h​t​t​p​s​:​/​/​a​r​r​i​v​e​g​u​i​
d​e​l​i​n​e​s​.​o​r​g​​​​​)​.​​

Drugs and chemicals  Streptozotocin (STZ; Sigma, USA) and Gliclazide (GZ; Amoun, Egypt) were used in the 
study. Diagnostic enzyme kits were purchased from MD (Italy), MyBiosource (San Diego, USA), PicoKine ELI-
SA Kit (Pleasanton, USA) for the determination of glucose, insulin and adiponectin in rat serum, respectively. 
Estimation of oxidative stress and lipid peroxidation was performed using SOD kits from MyBiosource (San 
Diego, USA) and rat MDA ELISA kit (LifeSpan Bioscience Inc., USA). Lipid profile was assessed using choles-
terol and HDL assay kits (Biochain, California, USA).

Experimental design  Animals were randomly assigned to six groups of eight animals each. They received their 
daily oral treatments for three successive weeks as follows:

Group1: Normal animals received distilled water and citrate buffer (0.1 M, pH 4.5) orally and intraperitoneally, 
respectively, and served as negative control. Groups (2–6) each received a single intraperitoneal dose of 45 mg/
kg STZ37 dissolved in cold citrate buffer (0.1 M, pH 4.5). After confirmation of diabetes using a glucose meter 
device (Bionime, Switzerland), group 2 served as the positive control untreated group. Group 3 diabetic rats 
received oral reference drug; GZ (10  mg/kg)38. Groups 4–6 diabetic animals were given 200  mg/kg of OP 
extracts; total extract (TE), butanol extract (BE) and ethylacetate extract (EE), respectively. All animals were 
euthanized using isoflurane inhalation in anesthesia chamber. Blood was collected from orbital venous plexus, 
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centrifuged for serum separation, then stored in − 80 °C for biochemical analyses after termination of the study. 
After decapitation of rats, pancreas was separated and dissected for histological examination.

Determination of carbohydrate metabolic changes  Metabolic changes are closely associated with STZ-induced 
diabetes; hence %body weight change, serum glucose, insulin and adiponectin were determined according to the 
manufacturer’s instructions provided within the kits.

Estimation of oxidative stress  SOD in rat serum was determined spectrophotometrically to assess oxidative 
stress in vivo as per the manufacturer’s instructions. Optical density reading was proportional to the enzyme 
activity in sample/ standard and was expressed as U/mL.

Lipid peroxidation  Lipid peroxidation was estimated as MDA concentration in rat serum and expressed as ng/
mL according to the manufacturer’s manual provided.

Lipid profile  Cholesterol and HDL were measured using procedural steps in the manual provided within Bio-
chain’s Assay kit (USA). Serum LDL value was determined by a method described by de Cordova et al.39.

Histopathological study
Histopathology examination
Pancreatic tissue was dissected from rats, washed with a solution of normal saline, and subsequently separated 
from adipose tissue. It was then immersed in buffered 10% formalin for fixation. The process of dehydrating 
the samples involved a series of incremental dilutions of ethyl alcohol. Following dehydration, the samples 
underwent a clearing process in xylene before being embedded in paraffin at a temperature of 56 °C within an 
incubator for duration of 24 h. Subsequently, paraffin blocks were meticulously prepared and sliced into sections 
with a thickness of 4 μm. These sections were mounted onto glass slides, subjected to deparaffinization, and 
then stained with hematoxylin and eosin for histological analysis. Additionally, 4 μm sections were treated with 
Masson’s trichrome stain to evaluate fibrotic changes. The resulting images were scrutinized and captured using 
a digital camera (Microscope Digital Camera DP 70, Tokyo) and processed utilizing Adobe Photoshop, Version 
8.0.

Histomorphometric quantitative analysis
Extent of fibrosis and its distribution was assessed through histomorphometric quantitative analysis utilizing an 
image analysis system at the pathology laboratory of the Medical Research Centre of Excellence (MRCE) unit, 
National Research Centre. The evaluation employed the image analysis system Leica Qwin DW3000 by LEICA 
Imaging Systems Ltd, Cambridge, England, comprising a Leica DM-LB microscope with JVC color video camera 
that is connected to a computer system. The system was meticulously configured for fibrosis assessment, with the 
extent of fibrosis quantified as a percentage of the total examined pancreatic area. This percentage was calculated 
as an area per field in micrometer square, area fraction and area percentage using the interactive measurement 
software of the system. The findings were automatically displayed on the monitor in tabular format, featuring 
total, mean, standard deviation, standard error, minimum area, and maximum area measured.

Statistical analysis
The results of biological investigations were reported as the mean ± standard error of the mean (s.e.m) using 
one-way analysis of variance (one-way ANOVA), followed by Tukey’s post hoc analysis using GraphPad Prism 
software (USA, version 5). The level of statistical significance was adjusted to p-value of less than 0.05.

Results and discussion
Phytochemical study
Estimation of total flavonoids and phenolics
The total flavonoids and polyphenolics are widely recognized for their antioxidative40 and antidiabetic properties. 
They were quantified in five fractions and a comprehensive extract was derived from Opuntia spp. fruits, as 
illustrated in Fig. 1 and Table S1. The quantification of total phenolic and flavonoid content, along with the 
evaluation of anti-diabetic enzyme inhibition, revealed significant variability across the five fractions of Opuntia 
spp. extracts. Among the fractions, the butanol (BE) extract exhibited the highest levels of phenolic content 
(148.91 ± 0.95  mg gallic acid/g extract) and flavonoid content (31.10 ± 1.07  mg rutin/g extract), indicating 
its potential as a rich source of these bioactive compounds in Fig.  1. This extract also demonstrated strong 
inhibitory activity against both α-amylase (IC50: 6.51 ± 0.24 µg/mL) and α-glucosidase (IC50: 5.58 ± 0.45 µg/mL), 
suggesting its potential for managing blood glucose levels in Fig. 5. The ethyl acetate (EE) extract, while lower 
in phenolic (110.96 ± 0.61 mg gallic acid/g extract) and flavonoid content (20.41 ± 0.16 mg rutin/g extract), still 
exhibited promising inhibitory effects on both enzymes (α-amylase IC50: 7.51 ± 0.17 µg/mL and α-glucosidase 
IC50: 8.33 ± 0.02  µg/mL). Conversely, the petroleum ether (PE) extract contained no detectable phenolics or 
flavonoids, and displayed the weakest inhibitory activity against both enzymes (α-amylase IC50: 50.28 ± 0.03 µg/
mL and α-glucosidase IC50: 55.33 ± 1.00 µg/mL), supporting the conclusion that the presence of phenolic and 
flavonoid compounds is closely linked to the anti-diabetic activity.

The chloroform (CE) and water (H2O) extracts demonstrated moderate phenolic and flavonoid content 
and enzyme inhibition activities, with the chloroform extract (phenolic: 20.67 ± 0.56 mg gallic acid/g extract, 
flavonoid: 1.89 ± 0.05  mg rutin/g extract) showing better inhibition of α-amylase (IC50: 45.67 ± 0.57  µg/mL) 
compared to α-glucosidase (IC50: 50.73 ± 0.55  µg/mL). The water extract (phenolic: 88.67 ± 2.87  mg gallic 
acid/g extract, flavonoid: 3.38 ± 0.23 mg rutin/g extract) exhibited more modest enzyme inhibition (α-amylase 
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IC50: 31.06 ± 1.33  µg/mL and α-glucosidase IC50: 29.76 ± 0.51  µg/mL). The total alcohol (TE) extract showed 
intermediate phenolic (93.07 ± 2.57  mg gallic acid/g extract) and flavonoid (11.47 ± 0.74  mg rutin/g extract) 
content, along with moderate enzyme inhibition (α-amylase IC50: 10.29 ± 0.33 µg/mL and α-glucosidase IC50: 
10.99 ± 0.58 µg/mL).

These findings indicate that Opuntia spp. fruits, particularly the butanol and ethyl acetate extracts, have 
significant anti-diabetic potential, which could be attributed to their rich phenolic and flavonoid content. This 
supports their traditional use in managing diabetes and highlights the importance of these bioactive compounds 
in combating diabetes-related complications.

Metabolomic profiles molecular networks of successive extraction of from OFI-RF fruits by using LC/MS/MS and 
MS-Dial
For the structural elucidation of secondary metabolites, the extract was evaporated in a vacuum concentrator. 
During this procedure, the tube was placed in a tray rotating in a vacuum at room temperature. Dried extract 
samples were dissolved in methanol (1 mL) and subjected to solid-phase extraction (SPE) on silica gel RP/
C18 (150 × 2.1 mm, 1.7 μm)41. The loaded SPE columns were filtrated by a syringe filter and then immediately 
subjected to the LC–MS analyses. The quantification of phenolic content through the Folin-Ciocalteu method 
does not provide a comprehensive assessment of the phenolic constituents present in extracts22. Therefore, LC/
MS is the preferred methodology for both separating and quantifying polyphenolics (Figs. 2, 3 and 4).

Bioinformatics processing of LC/MS data resulted in the detection of 106,699 total signals in both 
modes (Table 1). Metabolites profiling via UPLC-HESI-MS/MS preliminary polyphenols were studied using 
ESI in negative and positive mode. The positive ionization mode resulted in a more detailed and intricate 
chromatographic profile compared to the negative mode. The Pearson correlation heat map of metabolic 
profiling revealed 68,362 total signals in the negative mode and 38,337 signals in the positive mode across 
various compound classifications (Fig. 3 and figures S1-5). The positive mode showed more intense signals for 
metabolite features that were consistent across all sampled communities. Specifically, in the negative mode, we 
identified 689 reference matches, 11,751 MS2 signals, and 23,782 suggested signals. In the positive mode, there 
were 573 reference matches, 12,584 MS2 signals, and 17,409 suggested signals. These results are illustrated by 
the base peak chromatogram (BPC) under the chosen analytical conditions and the chromatograms at 280 nm, 
which highlight intermediary molecules42.

Pharmacological study
In vitro study
In vitro antidiabetic activity  (i) Amylase inhibition

(ii) Glucosidase inhibition
The highest levels of α-amylase and α-glucosidase enzymes activity were detected in the butanol and 

ethylacetate fractions, with respective IC50 values of 6.51 ± 0.24 and 7.51 ± 0.17, and by IC50 values of 5.58 ± 0.45 
and 8.33 ± 0.02, respectively. This observation aligns with the outcomes of total phenolic and total flavonoids 
analyses, as well as the LC/MS quantification results, as illustrated in Fig. 5 and Table S1. The mean ± standard 
error of the mean (s.e.m) was determined using t-test analysis by GraphPad Prism software (USA, version 8.0.1). 
The level of statistical significance was adjusted to p-value of less than 0.05.

In vitro antioxidant activity  (i) DPPH. assay method: Findings of the antioxidant activity were obtained by 
conducting DPPH assay for total methanol (TE), petroleum ether fraction (PE), dichloromethane fraction (CE), 
ethylacetate fraction (EE), butanol fraction (BE) and water fraction (H2O) as shown in Fig. 6 and Table S2. All 

Fig. 1.  Total phenolic and flavonoid content.
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Fig. 3.  (A) Displays the positive mode correlations among different extracts of OFI-RF, as illustrated in the 
dendrogram. (B) Presents the PC1 loading plot for various extracts, which clusters the BuOH extracts in the 
same zone as the total extract. In contrast, the EtOAc fraction differs from both the total and blank fractions. 
This indicates that the fractionation process effectively distinguishes between different classes of compounds, 
leading to meaningful groupings43. Butanol = BuoH = BE, Ethylacetate = EtOAc = EE, and TT = Total extract.

 

Fig. 2.  LC–MS/MS profiles of different groups of compounds, identified by tentative mass in successive extract 
fractionation (methanol (A); butanol (B); ethyl acetate (C) and QC sample (D)) of Opuntia spp.
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extracts were evaluated against vitamin C and trolox as reference standards50. Results revealed a descending 
order of IC50 values activity as follows: 48.23, 18.74, 10.20, 5.78, 1.44, and 1.35 µg/ml for PE > CE > H20 > EE > BE 
and TE, respectively).

(ii) ABTS•+ radical cation: Data of the current study provide a quantification of the antioxidative efficacy 
against ABTS•+ radical formation. Assessment of reduction in the radical cation was determined as a percentage 
decrease in absorbance at 734 nm. In Table S3, the duration of the inhibitory action of trolox and ascorbic acid 
on ABTS•+ radical cation absorbance (at 734  nm) was depicted as the conventional reference substances. A 
comparison was shown between the values of the two standards and those of TE, PE, CE, EE, BE, and H2O51.

The antioxidant activity was directly proportional to concentration. This finding was evident in both 
standards, as well as all six specimens under investigation. Values of IC50 were arranged in descending order, 
in the following sequence: 120.50, 10.89, 10.20, 6.93, 4.02, and 1.43 µg/ml for PE > CE > H20 > EE > BE and TE, 
respectively (Fig. 6 and Table S3).

Furthermore, the TE, BE, and EE extracts exhibited the strongest antioxidant activity compared to all other 
extracts and standard compounds, as they effectively inhibited DPPH and ABTS in Fig. 6.

In vivo study
Metabolic changes  % Body weight changes: Fig.  7a illustrated that normal animals showed a mean of 15% 
weight change at the end of the 3 week study period; however STZ induced a significant threefold reduction as 
compared to normal group. Oral administration of GZ, BE or EE extracts significantly elevated the % weight 
change by 31.3 and 26.8 and 10%, respectively as compared to diseased control animals; however this change 
remained significantly lower in comparison with the normal value. Noteworthy, BE extract exhibited significant 
improvement superior to that of the TE and EE extracts at p < 0.05.

Estimation of serum glucose: STZ significantly raised serum glucose level to 6 folds with respect to normal 
value as shown in Fig. 7b. GZ daily administration, as reference standard for 3 weeks, revealed a significant 

Fig. 4.  The OFI-RF extracts consist of a wide range of 101 essential metabolites that play a vital role as key 
elements in cellular biosynthetic pathways44. The identification of these essential metabolites was achieved 
through a comparison of mass spectra against the MS-Dial repository. Within the scope of this investigation, a 
compilation of diverse secondary metabolites was effectively determined via LC–MS analysis in Table 1.
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reduction in blood glucose level to 67.4% that of the diabetic group. Likewise, daily oral treatment with TE and 
EE extracts exhibited a marked reduction to 73 and 66% that of the diseased rats. Noteworthy, oral treatment with 
BE caused a marked improvement by 69 and 54% as compared to that of diabetic and GZ groups, respectively, 
almost approaching near normal value at p < 0.05, therefore showing better effect than the other two extracts.

Estimation of serum insulin: As shown in Fig. 7c, STZ significantly depressed insulin level to 23% that of the 
normal value. Daily treatment of diabetic rats with GZ, TE, BE and EE for 3 weeks exhibited significant rise to 
2.2, 2.4, 3 and 3.4 folds that of control untreated animals, respectively, where BE and EE showed superior effect 
to GZ.

Estimation of serum adiponectin: Untreated diabetic rats exhibited a sharp depression in serum adiponectin 
level to 13% that of the normal group as illustrated in Fig. 7d. Daily oral treatment with GZ, TE, BE and EE for 
3 weeks significantly elevated its level to 3, 2, 4.5 and 5 folds that of the untreated rats, respectively, but was still 
significantly lower than normal value. Interestingly, BE and EE showed better effect than that observed in TE 
group at p < 0.05.

Fig. 6.  Concentration–response curve for the absorbance at 734 nm for ABTS•+ as a function of concentration 
of standard Trolox solution. (Six separately prepared stock standard solutions).

 

Fig. 5.  In vitro antidiabetic of amylase and glucosidase enzymes.
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Fig. 7.  Effect of daily oral treatment with GZ, TE, BE and EE for 3 successive weeks on A) metabolic changes: % 
weight changes (a), serum glucose (b), serum insulin (c) and adiponectin (d), B) Oxidative stress: SOD activity 
(e), C) Lipid peroxidation: MDA (f), C) Lipid Profile: cholesterol (g), HDL (h) LDL (i) in normal and diabetic 
rats (n = 8). Each value represents mean ± sem. * vs. normal, # vs. control, s vs. GZ reference standard, values 
not sharing the same alphabet differ significantly at p < 0.05. (Gliclazide = GZ, methanol fraction = TE, butanol 
fraction = BE, and ethylacetate fraction = EE).
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Antioxidant effect  Estimation of Serum SOD: According to Fig. 7e, STZ induced a marked reduction in enzyme 
activity to 14% that of the normal value. Daily oral administration of GZ, TE, BE and EE significantly raised 
SOD activity to 2.2, 2.8, 4.6 and 6 folds that of the diseased rats, respectively, but was still remarkably lower than 
normal value. Again, BE and EE showed superior improvement in enzyme activity to 2 and 2.7 folds that of the 
GZ group, the latter of which was best of all extracts at p < 0.05.

Effect on lipid peroxidation  Estimation of serum MDA: Lipid peroxidation was estimated as MDA concentra-
tion in serum (Fig. 7f). STZ significantly raised its level to 4 folds the normal value. Interestingly, treatment of 
diabetic animals with GZ, TE, BE and EE significantly reduced MDA level to 75, 64, 50 and 38% the value of the 
diseased group respectively, however they remained significantly higher than that of normal animals. Notewor-
thy, EE showed better effect in comparison with standard and other extracts at p < 0.05.

Effect on lipid profile  Estimation of serum cholesterol: According to Fig. 7g, streptozotocin-injected animals 
revealed a 1.8 fold elevation in serum cholesterol level with respect to normal value. Daily oral intake of GZ, TE, 
BE and EE extracts for 3 successive weeks markedly decreased the value to approximately 62, 60, 68 and 62% that 
of the diabetic group, respectively at p < 0.05.

Estimation of serum HDL: Fig.  7h showed that STZ injection significantly lowered serum HDL value to 
almost half that of normal animals, however daily treatment with GZ, TE, BE and EE induced a significant rise 
by 22, 28, 39, 44%, respectively in comparison with that of the untreated group, with superior effect revealed by 
BE and EE over the group treated with GZ as reference drug at p < 0.05.

Estimation of serum LDL: Untreated diabetic rats exhibited an 11 fold elevation in serum LDL with respect 
to normal animals (Fig. 7i). Oral treatment with GZ, TE, BE and EE markedly reduced values to 39, 36, 42 and 
33% that of the diseased group, respectively, hence superior effect was noticeable in EE-treated group at p < 0.05.

Histopathological study
As illustrated in Fig.  8 histopathological photomicrograph of the pancreas in normal group showed normal 
acini, with normal cellularity in the islets of Langerhans (Fig. 8A). Diabetic control group showed extensive 
damage to islets of Langerhans with disappearance of its borders. There is also a decrease in number of islet cells 
with permanent vesicular nuclei and appearance of vacuolation and perivesicular fibrosis (Fig. 8B–D).

Fig. 8.  Photomicrograph of pancreatic tissue. (A) Normal group showing normal structure of pancreatic tissue 
and islet of Langerhans (black arrow). (B, C, D) Diabetic pancreas showing decreased cell mass (thick red 
arrow) and increased vacuolation (thin arrow). Perivascular fibrosis (yellow arrow) (H&E stained, × 20).
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Treatment of diabetic group with GZ showed improvement of pancreatic islets with mild vacuolation. TE-
treated group showed normal but smaller appearance in islet size. BE group revealed normal appearance with 
improved islet size. While administration of EE preserved normal appearance of pancreatic islet (Fig. 9).

These results indicated that treatment with selected extracts could repair islet damage and improve the 
structural integrity of pancreatic islet beta cells and tissues with variable degree, where marked improvement 
was observed from the extracts in the following order EE > BE > TE (Fig. 9).

Masson’s Trichrome staining was performed to assess fibrosis, (Figs.  10 and 11). Histopathological 
examination showed extensive perivascular fibrosis in diabetic group, in contrast to normal group. Treatment 
with different extracts showed marked improvement in fibrosis with best result observed in EE group, which had 
the same picture as that of the normal, followed by that of BE with minimal fibrosis. TE and GZ-treated groups 
exhibited moderate fibrosis.

The outcomes of the current investigation unveiled that the highest level of phenolic content in dry ripe fruit 
of OFI-RF was detected in the butanol fraction, followed by the ethyl acetate fractionand finally in the total 
alcohol fraction (148.91 ± 0.95, 110.96 ± 0.61, and 93.07 ± 2.57 mg GAE (gallic acid equivalents)/g of fruit pulp 
for total phenolics, respectively). Similarly, the highest concentration of flavonoids was found in the butanol 
fraction, followed by ethyl acetate and methanol extracts (31.10 ± 1.07, 20.41 ± 0.16, and 11.47 ± 0.74 mg QE 
(quercetin) equivalents/g OFI-RF for total flavonoids, respectively). These results align with the research by 
Mohammed et al.52. Antidiabetic and antioxidant activities conducted in vitro and in vivo could be attributed to 
rich fractions in total phenol and flavonoid content (Table 1S and Fig. 1).

Metabolomics, facilitated by high-throughput and sensitive UPLC-HESI-MS/MS, has facilitated 
comprehensive investigations into various secondary metabolites present in different fractions of OFI-RF. This 
analysis unveiled a total of 101 distinct compounds, predominantly comprising phenolics, flavonoids, betalains, 
alkaloids, and nine unique fatty acids. Identification of individual compounds involved precise determination of 
molecular masses with a margin of error less than 5 ppm, along with analysis of mass spectra and retention times 
in comparison to standard compounds. Additionally, various databases including ChEBI, Metlin, PubChem, and 
KNApSAck, as well as literature data, were utilized for compound identification. Enhancements in annotation 
coverage were achieved through the development of reference MS and MS/MS databases, complemented by a 
query data search algorithm. This algorithm facilitated comparison of m/z values in query data with reference 
data obtained from authentic compounds, resulting in the retrieval of matched data within user-defined 

Fig. 9.  Photomicrograph of treated diabetic pancreas; (A) GZ group showing normal structure of pancreatic 
tissue (black arrow) with vacuolation (thin arrow), (B) TE group show normal pancreatic islet, (C) BE 
group show normal pancreatic islet and (D), EE group show normal pancreatic islet (H&E stained, × 20).
(Gliclazide = GZ, methanol fraction = TE, butanol fraction = BE, and ethylacetate fraction = EE).
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tolerance limits for both unit and high-resolution m/z values. The MS/MS search algorithm leveraged both m/z 
values and intensities for scoring the probability of a match between query and reference data. Furthermore, 
untargeted data analysis allowed for tolerance adjustments in both chromatographic retention time and m/z 
values, with drifts across measurements being rectified through the utilization of alignment software MS-DIAL. 
To streamline the process from data processing to analysis, automated workflows encompassing tasks such as 
peak alignment of raw data, annotations, statistical analysis, and visualization have been implemented53. These 
workflows are accessible through advanced web-based platforms, enabling efficient annotation of numerous MS 
data sets and catering to a diverse audience of researchers.

In the current work, a comprehensive characterization of the secondary metabolites using LC–MS/MS was 
accomplished in the hydroalcoholic extract along with its methanol, ethyl acetate, butanol fractions as well as 
the total alcohol. The analysis revealed 101 secondary metabolites, divided into eight groups: Group 1: phenolic 
acids and phenolic glycosides; Group 2: flavanols, flavanonols, and flavonoids; Group 3: betalains, alkaloids, and 
pyridine carboxylic acids; Group 4: amino acids and derivatives; Group 5: carboxylic acids, Group 6: coumarins; 

Fig. 10.  Photomicrograph show perivascular fibrosis (arrow) in different groups. (A) normal group, (B) 
diabetic group, (C) GZ group, (D) TE group, (E) BE group and (F) EE group. (Masson stained, × 20).
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Group 7: organic compounds; and Group 8: fatty acid profiles. Total flavonoid and phenolic contents were more 
pronounced in the BE and EE extracts, hence, both extracts exhibited potential antioxidant, antidiabetic and 
antihyperlipidemic activities. Different types of phenolic compounds, including phenolic acids and polyphenols, 
such as quinic acid, gallic acid, cinnamic acid, piscidic acid derivative II, piscidic acid, coumaric acid, vanillic 
acid, protocatechuic acid, p-hydroxybenzoic acid, benzoic acid, benzoic acid glucoside, caffeoylquinic acid, 
trans-caffeic acid, syringic acid, 4-methoxycinnamic acid, 3-o-feruloylquinic acid, p-coumaric acid, ferulic acid, 
sinapic acid, vanillin and methoxyphenols (syringaldehyde and feruloyltyramine) and rhoifolin, isoquercetrin, 
isorhamnetin 3-galactoside, diosmin, cyanidin-3-o-galactoside, kaempferol-3-o-rutinoside, acacetin-7-o-
neohesperidoside, naringin, hyperoside, tiliroside, rutin, kaempferol 7-o-glucoside, guajavarin, isorhamnetin-
3-o-rutinoside, narcissin, isorhoifolin, cynaroside, isorhamnetin 3-galactoside, dihydrokaempferol, flavanonols, 
cynaroside, quercetin, naringenin, formononetin, baicalein, jaceidin, cirsiliol, kaempferol, kaempferol 3-o-methyl 
ether, isokaempferide, taxifolin, cirsimaritin, isorhamnetin, 5-hydroxy-6,7-dimethoxyflavone, skullcapflavone 
II, neobaicalein, acacetin and other metabolites were identified from the OFI-RF phenolic extract by different 
organic solvents (Table 1). Figures 4 and 12 illustrates a concise pathway delineating the protective effects of 
all identified compounds in OFI-RF dry ripe fruit against hyperglycemia, reactive oxygen species (ROS) and 
hyperlipidemia, along with the proposed mechanisms documented in existing literature54–60 in Figures S1-S5.

Phenolic acids are characterized as aromatic carboxylic acids containing hydroxyl derivatives, featuring a 
singular phenolic ring within their chemical structure. These acids encompass two categories: hydroxybenzoic 
and hydroxycinnamic acid derivatives61. Hydroxycinnamic acid derivatives such as; caffeic, p-coumaric, 
ferulic and sinapic acids are more prevalent in plant sources as compared to benzoic acid derivatives (gallic, 
protocatechuic and p-hydroxybenzoic acids). Biological activities are depicted with proposed mechanistic action 
in Table 1 and Figs. 4, 12 and 13).

The pathway illustrated in this diagram highlights key molecular signaling processes involved in glucose 
metabolism, insulin signaling, and energy regulation. When insulin binds to its receptor, it initiates a cascade that 
promotes glucose uptake into cells, particularly in muscle and fat tissue. This is facilitated by GLUT4 (Glucose 
Transporter Type 4), which moves to the cell membrane to allow glucose entry. Insulin signaling also triggers 
various proteins such as IRS-1/2 (Insulin Receptor Substrate-1/2) and PI3K (Phosphoinositide 3-Kinase), which 
further propagate the signal62.

The pathway includes PKB/PKC (Protein Kinase B/Protein Kinase C) and PDK (Phosphoinositide-dependent 
Kinase), which enhance glucose uptake and promote glycogen synthesis by inhibiting GSK3β (Glycogen Synthase 
Kinase 3 Beta), an enzyme that would otherwise hinder glycogen production. Additionally, proteins like TC10, 
CAP (Cbl-associated Protein), Cbl, Crk, and C3G are part of this signaling cascade, helping to regulate glucose 
transport by modulating cytoskeletal organization.

Bioactive compounds such as phenolic acids, flavonoids, alkaloids, amino acids, and vitamins interact with 
this pathway, influencing molecules like PPARγ (Peroxisome Proliferator-Activated Receptor Gamma) and 
AMPK (AMP-Activated Protein Kinase). Activation of PPARγ, often induced by phenolic acids, plays a role 
in lipid and glucose metabolism, improving insulin sensitivity. Similarly, AMPK activation by amino acids and 
other natural compounds regulates energy balance by controlling enzymes such as PFK (Phosphofructokinase), 
ACC (Acetyl-CoA Carboxylase), and GPAT (Glycerol-3-Phosphate Acyltransferase), reducing lipid synthesis 
and promoting fat oxidation63. In essence, this pathway underscores how insulin and various signaling proteins, 

Fig. 11.  Immunostaining area (%) of Masson’s Trichrome. Data shown as mean ± s.e.m., error bars show the 
variations of determinations in terms of standard error. One-way analysis of variance, followed by Tukey’s post 
hoc analysis using GraphPad Prism software (USA, version 8.0.1.) was used for data analysis (n = 5), values 
with unlike superscript letters were significantly different (p < sss0.05).
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in conjunction with bioactive compounds, contribute to glucose uptake, glycogen metabolism, and overall 
metabolic health.

Polyphenolic compounds, as their name implies, are distinctive due to the presence of various phenolic 
groups, which can be connected to low or high molecular weight groups of chemicals to construct their 
molecular configurations. These compounds are products of plant metabolism64. The quantity and arrangement 
of hydroxyl groups in a specific phenolic compound result in diverse variations in their antioxidative capacity65, 

Fig. 12.  Role of secondary metabolites from Opuntia spp with effects against diabetes and related 
complications54–60.
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so they could represent an essential source of dietary antioxidants that are readily assimilated within the 
gastrointestinal tract66. Therefore, polyphenols are widespread and have been extensively recognized for their 
additional health-protective benefits (Figs.  6 and 7). The mechanism proposed for radical scavenging could 
be explained by the phenolic group and resonance-stabilized structure in phenolic acids, which facilitate the 
donation of hydrogen atoms. An additional mechanism of antioxidant capacity involves the suppression of 
radicals through donation of electrons and the quenching of singlet oxygen67. This information was consistent 
with the antioxidant potential demonstrated in vitro and in vivo by the selected extracts, with superior effect 
observed from the EE and BE of Opuntia spp. fruit (Fig. 5).

Phenolic acids also exhibited a characteristic feature against diabetes and its complications as recorded in the 
current in vivo studies possibly via activation of the PPAR-γ, Akt and AMPK pathways by gallic acid, which may 
enhance insulin uptake68 in Fig. 13. The regulation of TNF and adipocytokines expressions may also be managed 
to amplify the antidiabetic effects of gallic acid, which could eventually protect against β-cell death and improve 
the functionality of the pancreatic islets69,70. Chlorogenic and ferulic acids, found in selected extracts of this study, 
showed similar transporter stimulation mechanisms and exhibited antidiabetic properties71 in Figs.  4 and 13. 
Various mechanisms proposed for phenolic acids in diabetes have been outlined in literature reviews59,72.

Betaine therapy enhanced glucose tolerance and insulin action, particularly impacting insulin-sensitive 
tissues such as skeletal muscle, adipose tissue and liver55. The positive impact of betaine supplementation extends 
to multiple genes, the dysregulation of which is associated with diabetes. The antidiabetic action of betaine was 
believed to be mediated by AMP-activated protein kinase55. Furthermore, research involving animal models 
of type 2 diabetes has indicated that betaine exhibits anti-inflammatory/antioxidant properties and mitigates 
endoplasmic reticulum stress73. These alterations contribute to heightened insulin sensitivity and improved 
blood glucose metabolism. Findings from animal studies may pave the way to further investigate therapeutic 
efficacy of betaine in individuals with type 2 diabetes55. Quercetin attached sugar is removed before absorption, 
either by lactase phloridzin hydrolase in the small intestine or by the gut microbiota74.

Conclusion
Metabolomic analysis using UPLC-HESI-MS/MS identified 101 distinct compounds that consisted of phenolics, 
flavonoids, betalains and fatty acids among other different OFI-RF fractions. Findings of this study suggested 
that high content of polyphenolics and flavonoids in BE and EE could serve as natural antioxidants with potential 

Fig. 13.  Pharmacological pathways of OFI-RF secondary metabolites involved in glucose homeostasis.
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applications in food and nutraceuticals. Additionally, the study highlighted the diverse mechanisms through 
which phenolic acids and other compounds in the selected extracts of Opuntia spp. exhibited remarkable effects 
against diabetes and its related complications, such asinhibition of key enzymes involved in glucose homeostasis 
(in vitro). Moreover, both extracts revealed marked improvement in carbohydrate metabolism with superior 
effect observed in BE-treated groups. Similar findings were noticeable against diabetes-induced oxidative stress 
and hyperlipidemia Future research is recommended in order to study the long-term daily consumption of 
Opuntia spp red fruits (OFI-RF) and confirm being a potential cost-effective nutritional intervention for the early 
protection against T2DM with associated complications, since quantifiable amounts of beneficial polyphenolics 
was obtained optimally in butanol and ethyl acetate extracts.

Data availability
The datasets used in this investigation are all included in this publication, and other information files are added.
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