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Background: The global prevalence of diabetes among adults over 18 years of
age is expected to increase from 10.5% to 12.2% (between 2021 and 2045). Plants
can be a cost-effective source of flavonoids like quercetin and kaempferol with
anti-diabetic properties.

Methodology:We aimed to assess the antidiabetic potential of leaves of Brassica
oleracea cvs. Green Sprout and Marathon. Further, flavonoid contents were
measured in broccoli leaves grown under light and dark conditions. The
methanolic extracts of Green Sprout (GSL-M) and Marathon (ML-M) were first
evaluated in vitro for their α-amylase and α-glucosidase inhibitory potential and
then for antidiabetic activity in vivo in alloxan-induced diabetic rat models.

Results: Treatment with plant extracts promoted the reduced glutathione (GSH)
content and CAT, POD, and SOD activities in the pancreas, liver, kidney, heart, and
brain of diabetic rats, whereas lowered lipid peroxidation, H2O2, and nitrite
concentrations. The histopathological studies revealed the protective effect of
plant extracts at high dose (300 mg/kg), which could be due to broccoli’s rich
content of chlorogenic acid, quercetin, and kaempferol. Strikingly, etiolated
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leaves of broccoli manifested higher levels of quercetin and kaempferol than green
ones. The putative role of an ABC transporter in the accumulation of quercetin and
kaempferol in etiolated leaves was observed as evaluated by qRT-PCR and in
silico analyses.

Conclusion: In conclusion, the present study shows a strong link between the
antidiabetic potential of broccoli due to the presence of chlorogenic acid,
quercetin, and kaempferol and the role of an ABC transporter in their
accumulation within the vacuole.

KEYWORDS

Brassica oleracea, antidiabetic, alloxan, antioxidant enzymes, lipid peroxidation,
histopathology, flavonoids, ABC transporter

1 Introduction

Diabetes mellitus is a chronic illness characterized by severe
metabolic disturbances. According to the statistics published by the
International Diabetes Federation (IDF), around 537 million people
suffered from diabetes in 2021, and this number is expected to rise to
783 million by 2045 (Sun et al., 2022). Complications of diabetes are
generally categorized into microvascular (neuro, nephron, and
retinopathy) and macrovascular (coronary heart disease, stroke,
and peripheral vascular disease). While taking into account the
intensity of these complications, this division is further elaborated as
short-term or metabolic acute complications such as hypoglycemia
and ketoacidosis or systemic late complications such as chronic
infections like diabetic foot disease, diabetic nephropathy, and
diabetic neuropathy (Ullah et al., 2016).

Oxidative stress is a pathological state caused by either excessive
production of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) or inadequate removal from the cells. The production
of free radicals is directly involved in the tissue damage and
initiation of the pro-inflammatory cascade. Several experimental
and clinical studies have shown direct evidence of the involvement
of oxidative stress in the pathogenesis and progression of
hyperglycemia-related vascular complications (Thakur et al.,
2017). Antioxidants are endogenous or exogenous entities that
prevent cellular damage by inhibiting the production of free
radicals or by scavenging the free radicals from the cell
(Shahrajabian and Sun, 2023). Significant considered biomarkers
for investigating the effect of antioxidants in diabetic animal models
are superoxide dismutase (SOD), catalase (CAT), peroxidase (POD),
and glutathione (GSH) (Haan and Cooper, 2011). Similarly, lipid
peroxidation is the most emphasized domain of research on
oxidative stress that contributes to the production of ROS
through a series of intermediates Valgimigli (2023).

Over the years, phytotherapy has become a significant source for
managing diabetes mellitus. Despite the vast amount of data on the
traditional use of plants for treating diabetes, most of the used plant
species are neglected due to insufficient clinical evidence or poor
quality of clinical trials (Bagherniya et al., 2018). In recent years,
many plants have been thoroughly studied for their antidiabetic
potential while considering their phytochemistry and their
underlying mechanism of action in detail, such as onion (Allium
cepa L.), neem (Azadirachta indica A. Juss.), basil (Ocimum
tenuiflorum L.) and fenugreek (Trigonella foenum-graecum L.)
(Governa et al., 2018).

Broccoli, a well-known medicinal plant, scientifically known as
Brassica oleracea var. italica is a member of the family Brassicaceae.
This cruciferous vegetable is known to have a large amount of
medicinally active phytochemicals, including phenols and
flavonoids (Ravikumar, 2015). Chlorogenic acid and Flavonols
such as quercetin and kaempferol are the major metabolites
found in broccoli (Vollmannová et al., 2024). Kaempferol exerts
its antidiabetic effects by enhancing the expression and activation of
AMP-activated proteins, thereby promoting cellular energy
metabolism. Additionally, it reduces cellular apoptosis by
suppressing caspase-3 activity and stimulates insulin secretion
from pancreatic beta cells (Zhang et al., 2011). Quercetin exerts a
hypoglycemic effect in animal models (Sok Yen et al., 2021) as well
as reduces intestinal glucose uptake and decreases postprandial
blood glucose levels in diabetic mice through the inhibition of
the GLUT2 glucose transporter (Alkhalidy et al., 2018). In vivo
studies with animals and clinical trials to assess the antidiabetic
activity of chlorogenic acid-rich foods and supplements or pure
chlorogenic acid showed that chlorogenic acid has antioxidant, anti-
inflammatory, anti-obesity, anti-dyslipidemia, antidiabetic, and
antihypertensive properties, which can serve for the prevention
and treatment of metabolic syndrome and associated disorders
(Santana-Gálvez et al., 2017). Thus, the presence of these
metabolites in broccoli is worthwhile having anti-diabetic and
anti-obese functional food aside from its chemo-protective and
cardio-protective roles (Syed et al., 2023).

Flavonoids have diverse roles in plant development, physiology,
and ecology and are primarily stored in vacuoles. Various
transporters have been reported for their vacuolar transport
activity of flavonoids in addition to anthocyanins. In Arabidopsis,
AtBCC2 manifested the vacuolar transport of anthocyanins but also
for flavones luteolin 7-O-glucoside (L7G) and apigenin 7-O-
glucoside (A7G) and flavonols kaempferol 3-O-glucoside (K3G)
and quercetin 3-O-glucoside (Q3G). MtMATE2 could uptake
kaempferol 7-O-glucoside (K7G) and its product kaempferol 7-
O-glucoside malonate (K7GM) when using heterologous expression
system of yeast vacuolar vesicles, although exhibited higher
transport rate for anthocyanins (Zhao et al., 2011). A plasma
membrane-localized MATE-type transporter (LaMATE2) of
white lupin could transport genistein but no other flavonoids,
including kaempferol, in a yeast expression system (Biała-
Leonhard et al., 2021). A growing body of research shows that
MATE and ABC transporter gene families are mainly involved in
flavonoid transport in flowering plants (Martinoia, 2017).
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The present study aimed to explore the antidiabetic potential of
two cultivars of Brassica oleracea var. italica, the Green Sprout, and
Marathon leaves’ extracts at two different concentrations,
i.e., 150 mg/kg b. w and 300 mg/kg b. w, studying their
antioxidant effect on five vital organs in diabetic rat models (the
dose concentration was selected based on a previous study done by
Lutfiyati et al. (2018), as well as the role of a putative flavonoid
transporter protein and its involvement in the accumulation of
flavonoids including quercetin and kaempferol in leaves of broccoli
seedlings. The relatively high concentrations of broccoli extracts
were selected for testing because they were the crude extracts of
selected cultivars. Plant leaves were chosen because of their high
biomass and ease of processing and because they are plants’ bio-
factories containing many essential components. In this study, we
selected commercial methanol as a solvent for extraction as
methanol extracts of different plant leaves have previously been
reported to show the maximum concentration of flavonoids and
phenols due to polarity (Dhawan and Gupta, 2017). We also
measured the levels of chlorogenic acid and flavonoids, including
quercetin and kaempferol, in the leaves of broccoli under different
physiological conditions to evaluate further the probable
involvement of a putative transporter in the accumulation of
these flavonoids in the vacuole.

2 Materials and methods

2.1 Plant collection, extract preparation,
physiological and molecular analyses

For the bioassays, commercially available seeds of two broccoli
cultivars, i.e., Green Sprout and Marathon, were used, and plants
were grown under controlled conditions. Broccoli was grown in the
peat medium from Klassman TS 1 including micronutrients as well
as potassium (mg K2O/l): 180, magnesium (mg Mg/L): 100,
phosphorus (mg P2O5/l): 160, and nitrogen (mg N/L): 140. The
details can be found at https://agrohoum.gr/datafiles/files/TS1%
20FINE.pdf (accessed on August 15, 2024). These seedlings were
maintained under controlled conditions in a plant growth room
with a 65% humidity level, 25°C temperature, a 16-h light/eight-hour
dark cycle photoperiod, and light intensity of about 250 µmol m2s-1.
Plants were watered every 5 days. Since environmental conditions
like soil, humidity, temperature, and light conditions are crucial (Li
et al., 2020), the conditions were maintained stringently throughout
the growing period of the broccoli plants. After 2 months of
germination, leaves from the full-grown plants were collected,
washed with distilled water, and allowed to shade dry. After
complete drying, leaves were ground to fine powder. Eighty
grams of finely grounded leaves of each cultivar were weighed
and soaked in commercial-grade methanol for 2 days with
occasional shaking, and the filtrate was separated using
Whatmann’s no. 1 filter paper.

For the analyses of real-time qPCR and HPLC-based
quantification of quercetin and kaempferol contents, the 7-day-
old seedlings of Green Sprout cultivar were exposed to dark periods

for 7 days but for 2 weeks for chlorophyll content measurement (Zu
et al., 2006; Saba et al., 2020; Aslam et al., 2022). The dark condition
denotes the continuous exposure to dark from day 7th to day 15th of
the broccoli growing stage, and the light condition refers to the 16 h
light/8 h dark cycle during the growth period. The chlorophyll
contents of etiolated and green seedlings were measured according
to Sameeullah et al. (2021).

2.2 In vitro antidiabetic activity

In vitro, the antidiabetic activity of both Broccoli cultivars was
determined by the following two assays.

2.2.1 α-glucosidase inhibition assay
α-glucosidase inhibition activity of methanol extract of both

cultivars was determined by the protocol of Jabeen et al. (2014).
100 μL of Acarbose, the standard (20 mg/mL) was added to 50 μL
α-glucosidase that was prepared at the concentration of 1 U/mL
in 0.1 M Phosphate buffer (PH 6.9). pre-incubation at 37°C for
20 min was done. After preincubation 10 μL of 10 mM
P-nitrophenyl-α-D-glucopyranoside (the substrate) was added
and the mixture was incubated at 30°C for 30 min 650 μL of 1 M
sodium bicarbonate was used to stop the reactions The activity of
extracts was measured by preparing three serial dilutions, having
the concentrations 1000 μg/mL, 500 μg/mL, and 250 μg/mL to
calculate the dose-dependent effect of the plant extract.
Absorbance was measured by using spectrophotometer at
405 nm. Enzyme activity was calculated as percentage
inhibition by using the following formula

Percentage inhibition � A405 of control − A405 of tratment( )/A405[
of control] × 100

2.2.2 α-amylase inhibition assay
α-amylase inhibition assay was performed to verify the

antidiabetic potential of the methanol extract of Green Sprout
and Marathon cultivars, according to the method of Keerthana
et al. (2013). The stock solutions of the acarbose as well as test
samples were prepared in water. 100 μL of acarbose (prepared as
serial dilutions of concentrations 2–20 mg/mL was added to
100 μL of α-amylase (1 U/mL) and 200 μL of sodium
phosphate buffer (20 mM, pH 6.9) to get 0.5–5.0 mg/mL final
working concentration. Pre-incubation was done at 25°C for
10 min, and 200 μL of 1% starch (the substrate) prepared in
20 mM sodium phosphate buffer (pH 6.9) was added. The
reaction mixtures were incubated at 25°C for 10 min. The
reactions were stopped by incubating the mixture in a boiling
water bath for 5 min after adding 1 mL of dinitrosalicylic acid. The
reaction mixtures were cooled to room temperature, diluted to 1:
5 ratio with water, and absorbance was measured in a
spectrophotometer (at 540 nm. The extracts were checked for
activity at three different concentrations: 1000 μg/mL, 500 μg/mL,
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and 250 μg/mL to estimate the dose dependent α-amylase
inhibition potential of plant extracts. The percentage of
inhibition of enzyme activity was calculated as

Percentage inhibition � A405 of control − A405 of tratment( )/A405[
of control] × 100

2.3 Animal trials

2.3.1 Animals
Twenty-one adult male Sprauge-Dewaly rats weighing

150–200 g each were used in the present study that were kept
and bred at the primate facility, Quaid-i-Azam University,
Islamabad, Pakistan (under permission letter#: BEC-FBS-
QAU2019-164 from Bioethical Committee). Only male rats were
used in this experiment to avoid fluctuations in the readings due to
hormonal changes that happened in the female rats because of their
estrous cycle. Animals were kept in cages at room temperature
(25°C ± 30°C), provided with an adequate amount of food and water,
and a standard light-dark cycle (12 light +12 h dark)—experimental
protocol as approved by the ethical board committee of Quaid-i-
Azam University. Details of experimental groups are given below
in Table 1.

2.3.2 Diabetes induction and multiple-dose studies
in rats

For the induction of diabetes, 120 mg/kg alloxan monohydrate
(Sigma-Aldrich, cat# A7413) solution was injected intraperitoneally
into each group of rats except the normal control group. All the
treatments were administered orally. Animals were fed with 70%
glucose solution to overcome post-alloxan hypoglycemia. After 24 h,
the blood glucose level of each rat was checked with a glucometer
(Accu-Chek active blood glucose meter). Animals with blood
glucose concentrations ≥200 mg/dL were considered diabetic and
were preceded for multiple-dose studies. Excluding groups I and II,
all other groups were given their respective doses for seven alternate
days, with blood glucose concentration measured each day.

2.3.3 Dissection
After 14 days of dosing, animals were anesthetized and sacrificed

for organ collection. Five vital organs pancreas, liver, heart, brain,

and kidney, were collected from each rat. Half of each organ was
preserved in normal saline (0.5% NaCl) solution for biochemical
analysis, and the other half in 10% formalin solution for histology.

2.4 Biochemical analysis

2.4.1 Tissue homogenate preparation
100 mg of each organ (pancreas, liver, heart, brain, and kidney)

was taken and homogenized in potassium phosphate buffer (1 mM
potassium phosphate +1 mM EDTA, pH 7.4). Homogenate was
centrifuged at 10,000 rpm while maintaining the temperature at 4°C
for 30 min. The supernatant was separated, stored at −20°C, and
used for the enzymatic and non-enzymatic antioxidant profiling.

2.4.2 Enzymatic antioxidant profiling
Activities of enzymatic oxidants, i.e., catalase (CAT), peroxidase

(POD), and superoxide dismutase (SOD), were checked for each
separated organ from all experimental groups. CAT and POD
activities were assayed according to Maehly’s protocol (Maehly,
1954). In the assessment of catalase activity, the reacting solution
consisted of 625 μL of 50 mM of potassium phosphate buffer (pH 5),
100 μL of 5.9 mM H2O2, and 35 μL enzyme extract. After a minute,
changes in absorbance at 240 nm were measured. One unit of
catalase activity was stated as an absorbance change of
0.01 units/min. Whereas in the case of assessment of peroxidase
levels, the reaction solution contained 40 mM hydrogen peroxide
(75 μL), 20 mM guaiacol (25 μL), and 625 μL of 50 mM potassium
phosphate buffer (pH 5.0), and 25 μL of tissue homogenate. After
1 min, the change in absorbance was measured at 470 nm. One unit
POD activity is considered as change in absorbance of 0.01 as units/
min. The activity of SOD in tissue homogenates was assessed by
following the method of Kakkar et al. (1984). Assessment of SOD
activity was done by the reaction of phenazinemethosulphate and
sodium pyrophosphate buffer. Tissue homogenate was centrifuged
at 1,500 × g for 10 min and then at 10,000 × g for 15 min. The
supernatant was heaped and 150 μL of it was added to the aliquot
containing 600 μL of 0.052 mM sodium pyrophosphate buffer
(pH 7.0) and 186 mM of phenazinemethosulphate (50 μL). To
initiate the enzymatic reaction, 100 μL of 780 μMNADHwas added.
After 1 min, glacial acetic acid (500 μL) was added to the reaction
mixture to stop the reaction. Optical density was measured at
540 nm to recapitulate the color intensity. Results were evaluated
in units/mg protein.

TABLE 1 Administration of control and treatment groups of rats.

Group Characteristics Treatment

Group I Normal animals Normal diet + vehicle control (10% DMSO) (n = 3)

Group II Diabetic Negative Control Normal diet + vehicle control (10% DMSO) (n = 3)

Group III Diabetic Positive control Normal diet + Glibenclamide (10 mg/kg) (n = 3)

Group IV Diabetic + ML-M Low dose Normal diet + Marathon leaves methanol extract low dose (150 mg/kg b.w in 10% DMSO)

Group V Diabetic + ML-M high dose Normal diet + Marathon leaves methanol extract high dose (300 mg/kg b.w in 10% DMSO)

Group VI Diabetic + GSL-M low dose Normal diet + Green Sprout leaves methanol extract low dose (150 mg/kg b.w in 10% DMSO)

Group VII Diabetic + GSL-M high dose Normal diet + Green Sprout leaves methanol extract high dose (300 mg/kg b.w in 10% DMSO)
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2.4.3 Non-enzymatic antioxidant profiling
In non-enzymatic profiling, reduced glutathione (GSH) level was

measured. Hydrogen peroxide (H2O2), tissue nitrite levels, and
thiobarbituric acid reactive substances (TBARS) levels were assessed
as oxidative stress markers. Levels of GSH in all organs were quantified
using the method of Jollow et al. (1974). 4% sulfosalicylic acid (500 μL)
was added to the tissue homogenate (500 μL), and precipitation
occurred. After 1 h of incubation at 4°C the samples were
centrifuged for 20 min at 1,200 × g. 33 μL supernatant was collected
and mixed into aliquots consisting of 900 μL of 0.1 M potassium
phosphate buffer (pH 7.4) and 66 μL of 100 mM DTNB. As a result of
this reaction between GSH and DNTB a yellow-colored complex of
reduced glutathione was produced. Absorbance was measured at
405 nm through micro microplate reader. The GSH activity was
measured as μM GSH/g tissue Hydrogen peroxide levels were
assessed using Pick and Keisari’s protocol (Pick and Keisari, 1981).
The H2O2 horseradish peroxidase enzyme engenders the oxidation of
phenol red. reaction mixture contained 500 μL of 0.05 M phosphate
buffer (pH 7), 100 μL of homogenate was added in conjunction with
100 μL of 0.28 nM phenol red solution, 250 μL of 5.5 nM dextrose and
horse radish peroxidase (8.5 units). The reaction mixture was left at
room temperature for 60 min 100 μL of NaOH (10 N) was then added
to stop the reaction. Then mixture tubes were centrifuged for 5–10 min
at 800 × g using a spectrophotometer the absorbance of the collected
supernatant was recorded against the reagent as a blank at 559 nm.
Production of H2O2 was assessed as nMH2O2/min/mg tissue based on
the standard curve of H2O2 oxidized phenol red. The status of tissue
nitrites was measured using a standard sodium nitrite curve (Grisham
et al., 1996). For the deproteinization of tissue samples (100 mg each)
equal quantity, i.e. 100 μL each of both 5%ZnSO4 and 0.3MNaOHwas
used. The mixture was centrifuged at 6,400 × g for 15–20 min later
20 μL supernatant was mixed with Griess reagent (1.0 mL) in the
cuvette and at 570 nm, color change was estimated by measuring the
absorbance. 1 mL Griess reagent was used as a blank. The standard
curve of sodium nitrite was used for the evaluation of nitrite
concentration in living tissues. The extent of lipid peroxidation
(TBARS levels) was measured by the protocol of Iqbal et al. (1996).
The reaction mixture contained 0.1 M phosphate buffer of 290 μL
(pH 7.4), 100 mM ferric chloride (10 μL), 100 mM ascorbic acid
(100 μL), and 100 μL of homogenized tissue sample. The reaction
mixture was incubated at 37°C for about 1 h in the shaking water bath.
10% trichloroacetic acid (500 μL) was added to the above reaction
mixture to inhibit the reaction. Then 0.67% thiobarbituric acid (500 μL)
was added, and the reaction tubes were kept in the water bath for
20 min. After that, the tubes were removed from the water bath placed
in the crushed ice bath for 5 min, and were centrifuged at 2500 × g for
12–15 min. Absorbance was calculated at 540 nm against a blank
having reagent using a microplate reader. By using the molar extinction
coefficient of 1.56 × 105/M/cm, results were recorded as nM of TBARS
formed per min per mg tissue at 37°C.

2.5 Histopathological examination

Histopathological assessment was done via a paraffin-embedded
staining procedure (Hristu et al., 2021). The fresh tissues of all
isolated organs were sliced into small pieces and fixed in 10%
formalin. The tissues were then secured on hard solid blocks via

paraffin embedding. Slides were prepared by sectioning 3–4 µm thin
layers of the embedded tissue samples and staining with
hematoxylin and eosin. Afterward, the slides were examined
under the light microscope (DIALUX 20EB) at 10X and
photographed via an HDCE-50B camera.

2.6 In silico analysis of a putative ABC
transporter

The full-length protein sequence of the putative ABC
transporter (BolC8t51326H), possibly responsible for the
accumulation of quercetin and kaempferol in broccoli, was
retrieved from the Brassicaceae Database (BRAD) (Chen et al.,
2021). The phylogenetic tree was constructed using the neighbor-
joining method using MATE, ABC, and GST gene family members
responsible for flavonoid transport in different plant species. The
membrane topology of the putative transporter was drawn using the
online resource Protter (Omasits et al., 2013). The subcellular
localization of the ABC transporter was predicted using LocTree3
(Goldberg et al., 2014).

2.7 Real-time qPCR analysis of ABC
transporter in leaves of broccoli seedlings

After in silico analysis of a putative ABC transporter
(BolC8t51326H) and its predicted localization, its expression
levels were further analyzed by a real-time qPCR to explore its
presumed role in the accumulation of flavonoids like quercetin and
kaempferol in broccoli leaves. RNA isolation, cDNA synthesis, and
real-time PCR were performed following the procedures reported
earlier (Sameeullah et al., 2013; Sameeullah et al., 2021). The gene-
specific primer set for quantitative real-time PCR was
BolC8t51326H-F 5′-CTCTCGGTGAGTGAAAAGCTG-3′ and
BolC8t51326H-R 5′-GTCTGCGAATCAACAGACGC-3’. As
reported earlier, ACT2 was used as a reference gene (Ren
et al., 2022).

2.8 Detection of phenolic substances in
broccoli leaves by HPLC

Chromatographic analysis of chlorogenic acid, quercetin, and
kaempferol was done according to Zu et al. (2006). 7-day-old
broccoli seedlings were exposed to light (control) and dark
conditions (etiolated) for 7 days. Then, the fresh green or
etiolated leaves were cleaned and dried at 60°C. 2 g of powdered
leaves were extracted with 30 mL of 85% ethanol under 80 kHz, 45°C
in an ultrasonic extraction device for 30 min, repeated twice. The
extract was filtered, and the filtrate was dried at 50°C under reduced
pressure in a rotary evaporator. The dried extract was dissolved in
the mobile phase methanol. The extract was injected directly after
filtering through a filter paper and a 0.45 mm membrane
filter (Millipore).

Chromatographic analysis was performed by Shimadzu HPLC
SPD-M 10A vp diode array detection (DAD) detector and Agilent
Eclipse XDB-C18 (250 × 4.60 mm) 5-micron column. The mobile
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phase was A: 3% acetic acid, B: Methanol. Flow rate and injection
volume were 0.8 mL/min and 20 μL, respectively. Chlorogenic acid,
quercetin, and kaempferol were quantified by DAD following HPLC
separation at 278 nm. The chromatographic peaks of the analytes
were confirmed by comparing their retention time and UV spectra
with those of the reference standards. Quantification was performed
by integrating the peaks using the external standard method. All
chromatographic operations were performed at room temperature.

2.9 Statistical analysis

Graph pad Prism version 5 and Statistica 8.1 software were used
to analyze the data statistically. Data was compared to the respective
control groups by one-way ANOVA followed by Tukey’s
comparison and two-way ANOVA followed by Bonferroni post-
analysis. P-value ≤ 0.05 was considered statistically significant.

3 Results and discussion

3.1 Effect of ML-M and GSL-M on inhibition
of α-glucosidase and α-amylase enzymes

ML-M (Marathon methanolic extract) and GSL-M (green sprout
methanolic extract) showed a very promising effect in inhibiting α-
glucosidase and α-amylase enzymes in a concentration-dependent
manner, where ML-M showed the highest percentage inhibition
equivalent to 69.2% ± 3.6% at the concentration of 1000 μg/mL in
case of α-glucosidase inhibition assay. At the same time, GSL-M showed
52.3% ± 2.5% inhibition at the same concentration. Acarbose was used
as a positive control in this assay, showing 90.6% ± 1.1% inhibition at
1000 μg/mL concentration. Results are summarized in Table 2 α-
glucosidase inhibitors delay the absorption of carbohydrates in the
small intestine, thus reducing the postprandial blood glucose levels
(Mohd Bukhari et al., 2017). A similar mode of action could be
considered for ML-M and GSL-M extracts.

While checking the α-amylase inhibition activity of ML-M and
GSL-M, ML-M showed 64.11% ± 3.6% inhibition at the concentration
of 1000 μg/mL, GSL-M showed 58.3% ± 2.5% inhibition at the highest
concentration. In this assay, acarbose, the positive control, showed a
91.6% ± 1.1% inhibition at 1000 μg/mL concentration. Results are
displayed in Table 2 α-amylase inhibitors or “starch blockers” prevent

the hydrolysis of starch and other oligosaccharides into simple sugars
(Wickramaratne et al., 2016). The prominent activity of ML-M in
inhibiting the α-amylase could be due to the presence of polar phyto-
constituents.

3.2 Effect of ML-M and GSL-M on plasma
glucose levels (mg/dL) in diabetic animals

ML-M and GSL-M showed a very promising effect as both extracts
significantly (p ≤ 0.05) lowered the blood glucose concentration in
alloxan-induced diabetic animals in a dose-dependent manner. After
recovering from the initial hypoglycemic state generated by the alloxan
injection, blood glucose concentration was significantly high in negative
diabetic control (588 ± 2.1 mg/dL), which remained consistently high
throughout the experiment. The positive control, i.e., Glibenclamide,
restored the elevated blood glucose level from 365 ± 1.3 mg/dL to 156 ±
1.16 mg/dL on day 14 before dissection, slightly higher than normal
animals. While observing the plant-treated groups, GSL-M at its high
concentration (300 mg/kg) appeared to be the most effective extract
(decreasing the blood glucose concentration from 437 ± 2.61 mg/dL to
176 ± 1 mg/dL). ML-M at its high dose (300 mg/kg) also showed
significant hypoglycemic activity in a time-dependent manner
(decreasing the blood glucose concentration from 485 ± 2 mg/dL to
240 ± 1.16mg/dL). The plant-treated groups showed comparable effects
to that of the standard drug Glibenclamide. This hypoglycemic activity
of broccoli extracts might be due to the presence of kaempferol and
quercetin, which regulate blood glucose levels by inhibiting the activity
of glucose transporters and α-glucosidase, reducing hepatic glucose
production (Sok Yen et al., 2021; Yang et al., 2022). It also prevents
glucose intolerance in diet-challenged animal models (Ravikumar,
2015). The effect of ML-M and GSL-M on plasma glucose levels in
diabetic animals is shown in Figure 1. In this assay, the blood glucose
level of all diabetic groups was compared with normal, non-diabetic
healthy animals.

3.3 Effect of ML-M and GSL-M on the status
of antioxidants (CAT, POD, SOD, GSH)

The level of a nonenzymatic antioxidant, reduced glutathione
(GSH), and activities of antioxidant enzymes (CAT, POD, and SOD)
were studied in the pancreas, liver, kidney, heart, and brain tissues of

TABLE 2 α-glucosidase and α-amylase inhibition activity of ML-M and GSL-M.

Concentration µg/mL Percentage inhibition

α-glucosidase enzyme α-amylase enzyme

Acarbose ML-M GSL-M Acarbose ML-M GSL-M

1000 μg/mL 90.6 ± 1.1 69.2 ± 3.6* 52.3 ± 2.5** 91.6 ± 1.1 64.11 ± 3.6 58.3 ± 2.5*

500 μg/mL 85.3 ± 1.5 57.0 ± 3.4 27.4 ± 1.0** 83.3 ± 1.5 55.5 ± 3.4 44.4 ± 1.0**

250 μg/mL 78.9 ± 1.6 53.3 ± 2.7 20.4 ± 2.1** 72.2 ± 1.6 36.1 ± 2.7** 33.3 ± 2.1**

IC50µg/mL 35.4 213.1 2,887 97.65 451 649.3

Values are presented as mean ± SD (n = 3). Acarbose was used as a positive control. All groups were compared with positive control Acarbose at respective concentrations. Mean values with

superscripts (*) are significantly different at *P ≤ 0.05 and **P ≤ 0.01.
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all experimental groups, and enzyme activity was measured in Unit/
minute. Induction of diabetes by alloxan injection remarkably
reduced the activities of all antioxidant enzymes studied,
i.e., CAT, POD, and SOD, as well as the GSH level.
Glibenclamide (10 mg/kg b. w) showed a positive impact and
reversed back the effect of alloxan in all organs by regulating
CAT enzyme activities (pancreas 0.3535 ± 0.16 U/min; liver
0.6616 ± 0.02 U/min; kidney 0.3819 ± 0.001 U/min; heart
0.298 ± 0.024 U/min; brain 0.3119 ± 0.001 U/min). We observed
that the animals treated with ML-M and GSL-M showed improved
antioxidant enzyme status much closer to that of standard drugs
than that of the untreated diabetic group. The level of CAT
drastically dropped down (p ≤ 0.05) in all organs of the
untreated diabetic group (pancreas 0.0214 ± 0.1 U/min; liver
0.0634 ± 0.01 U/min; kidney 0.010 ± 0.001 U/min; heart
0.0433 ± 0.01 U/min; brain 0.00098 ± 0.0001 U/min). Treatment
with ML-M and GSL-M high dose (300 mg/kg) significantly
reversed the dropped levels of CAT near the normal healthy
group (Figure 2A).

The status of the other protective antioxidant enzyme, POD, in the
ML-M and GSL-M-treated diabetic rats, was compared to its level in
the organs of untreated diabetic control and standard drug-treated
positive control. The drastic decrease in the level of peroxidase activity
in all organs of untreated diabetic control showed oxidative stress due
to an altered balance between the production of free radicals and
antioxidant enzyme activities. Compared to the diabetic control,
glibenclamide showed a protective effect by elevating the activity of
POD in all tested organs, especially in the liver, where the POD activity
was measured as 1.513 ± 0.31 U/min. Among the plant extract-treated
groups, ML-M, at its high concentration, significantly enhanced the
POD activity in all cell types. The most prominent effect was shown in
the liver cells, where the activity of POD was noted as 0.1402 ± 0.1 U/
min in the negative control but was increased up to 1.0946 ± 0.5U/min
in the ML-M (300 mg/kg) treated group. GSL-M also showed a
protective effect regarding the activity level of POD in a dose-
dependent manner, where a high dose proved more effective than a
low dose (Figure 2B).

Similar results were obtained in the case of SOD activity and
GSH level. Glibenclamide was used as a positive control and
significantly enhanced SOD activity and GSH level, recorded as
6.556 ± 0.37 U/min (Figure 2C) and 13.17 ± 1.12 µM (Figure 2D),
respectively. Regarding SOD activity in the plant extract-treated
groups, the most effective extract was ML-M at its high
concentration. The prominent difference was observed in the
hepatic cells, where the activity of SOD was 0.2126 ± 0.1 U/min
in the negative control, whereas in the ML-M treated group, it was
increased up to 4.0476 ± 0.5 U/min. Trends in the GSH content were
similar to other enzyme activities, where the levels of GSH were
significantly improved in GSL-M and ML-M treated groups
compared to the non-treated diabetic group (negative control).

Oxidative stress is the main culprit behind cellular damage in
patients with diabetes mellitus. Against this oxidative stress-induced
damage in the cells, antioxidant enzymes such as CAT, POD, and
SOD present the first line of defense at the cellular level. SOD
catalyzes the conversion of superoxide into hydrogen peroxide
(Halliwell, 2006). CAT, a haemo-protein, scavenges the hydrogen
peroxide from the cell to protect against tissue damage caused by
oxidative stress (Sahreen et al., 2014). The reduced form of
glutathione (GSH) plays a vital role as a scavenger of
electrophilic and oxidant species either directly or through
enzymatic catalysis to maintain cell homeostasis and glutathione
peroxidase scavenges H2O2 to water by using GSH as a hydrogen
donor (Maritim et al., 2003). Our study has suggested the protective
potential of the two cultivars of Brassica oleracea var. italica against
alloxan-induced oxidative stress in diabetic animals, as it
significantly enhanced the activities of essential antioxidant
enzymes and GSH at the cellular level in all vital organs.

3.4 Effect of ML-M and GSL-M on the status
of oxidative stress markers

The status of oxidative stress markers, including TBARS
content, Nitrite, and H2O2 accumulation, was checked in all

FIGURE 1
Blood glucose concentration (mg/dL) at different intervals in experimental groups. Normal control: Non-diabetic healthy animals. Negative control:
Untreated diabetic animals. Positive control: Glibenclamide-treated diabetic animals. ML-M: Marathon leaves methanol extract treated diabetic animals.
GSL-M: Green sprout leaves methanol extract treated diabetic animals. All groups were compared to the normal control group using two-way ANOVA
followed by Bonferroni’s test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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experimental groups. In the negative control, TBARS was
significantly high, which is a clear indication of the occurrence of
lipid peroxidation and, thus, oxidative stress in this group
(Figure 3A). Increased level of lipid peroxidation is indirect
evidence of intensified free-radical production and known to be
involved in neuro, nephron, and hepatotoxicity (Repetto et al.,
2012). Plant extract-treated groups showed a moderate effect in
reversing the levels of TBARS in diabetic animals upon treatment as
compared to standard drugs, where GSL-M at the concentration of
300 mg/kg appeared to be the most effective treatment for all cell
types. ML-M at its high concentration (300 mg/kg) showed
moderate to low activity to reverse TBARS content compared to
GSL-M at similar concentrations. The results were consistent for all
organs. Elevated concentration of H2O2 is directly linked with
insulin signalling. It is involved in glucose uptake by stimulating
GLUT4 receptors by adipocytes and muscles, the same event in
oxidative stress (Pitocco et al., 2010). In our experiment, the levels of
H2O2 were very high in the negative control group compared to the
normal and positive control groups (Figure 3B), which shows the
potential of alloxan to induce oxidative stress and affect all cell types.
Broccoli plant extracts were significantly effective in controlling the
levels of H2O2, GSL-M (300 mg/kg) being the most effective
treatment. Nitrite, a cell nitric oxide metabolism product, is
involved in oxidative stress, even in millimolar concentrations
(May et al., 2004). In diabetic animals, the nitrite level was
significantly higher than in normal control animals (Figure 3C).

Treatment with the plant extracts lowered the elevated nitrite levels
in all cell types (organs) in a dose-dependent manner. The alleviative
effect of plant extract treatments in reducing the level of oxidative
stress damage by decreasing TBARS, nitrite, and H2O2 levels,
coincided with enhanced activities of antioxidant enzymes CAT,
POD, and SOD and enhanced content of GSH in the pancreas, liver,
kidney, heart, and brain tissues of diabetic animals in the
present study.

3.5 Effect of ML-M and GSL-M on histo-
architecture of vital organs (pancreas, liver,
sKidney, heart, brain)

Histopathological studies revealed the protective effect of ML-M
and GSL-M against alloxan-induced tissue damage. In the untreated
diabetic control (negative control), pancreatic cells suffered acute
disruption of Islets of Langerhans (IL) due to acinar cell (AC)
steatosis (Figure 4, row 1). However, when treated with a standard
drug, it significantly restored the normal structure with only mild cell
disintegration (Figure 4, row 1, column C). ML-M and GSL-M dose-
dependently reversed the pathological alterations induced by alloxan.
ML-M and GSL-M protected islets of Langerhans from disintegration
with a completely intact pancreatic duct (Figure 4, row 1, columnD-G).
Islets of Langerhans have stable cells that possess the ability to
regenerate and can survive oxidative stress up to some extent. These

FIGURE 2
Effect of 150mg/kg and 300mg/kg doses of ML-M and GSL-Mmethanolic extracts on the status of antioxidants in the pancreas, liver, kidney, heart,
and brain tissues of diabetic animals. (A)Catalase (CAT) activity (U/min). (B) Peroxidase (POD) activity (U/min). (C) Superoxide dismutase (SOD) activity (U/
min). (D) Reduced glutathione (GSH) level (µM/g of tissue). Normal control: Non-diabetic healthy animals. Negative control: Untreated diabetic animals.
Positive control: Glibenclamide-treated diabetic animals. ML-M: Marathon leaves methanol extract treated diabetic animals. GSL-M: Green sprout
leaves methanol extract treated diabetic animals. All groups were compared to negative control groups using one-way ANOVA followed by Tukey’s
comparison. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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cells can proliferate and replace the worn-out cells (Chakravarthy et al.,
1980). The protective effect of ML-M and GSL-M could be due to the
presence of insulin-like substances that promote the regeneration
capacity of pancreatic cells.

Similar results were observed when the histo-architecture of the
liver was examined. In negative control animals, inflammatory cell
infiltrations, cellular hypertrophy, ballooning, and dilation of the central
vein were the most prominent features observed (Figure 4, row 2,
column B). Treatment with ML-M and GSL-M protected the central
vein from improper dilation and reduced cellular hypertrophy dose-
dependently (Figure 4, row 2, column D-G). GSL-M at its high dose
showed more protective potential than any other treatment (Figure 4,
row 2, column G). Alloxan-induced hypoglycemia and oxidative stress
are the major known culprits behind hepatic cell damage (Ragavan and
Krishnakumari, 2006). Treatment withML-M and GSL-M significantly
lowered the blood glucose, protecting the tissues against hyperglycemia-
induced damage.

In the case of kidney tissues, both cortex and medulla were
carefully examined for any tissue damage in all treated groups and
normal animals. The negative control showed deleterious effects in
renal tissues. Severe damage of cortical tissues was observed in this
group due to oxidative stress induced by alloxan. The renal sections
of this group showed severe impairments such as tubular dilation,
tubular deterioration, glomerular atrophy, glomerular hypertrophy
and obliteration of Bowman’s capsule of nephrons, clogging in

capillaries tubule dilation, alterations in Bowman’s space and
mild lobulation in diabetic control (Figure 4, row 3, column B).
All these disturbances have been reported earlier in people with
diabetes (El-Demerdash et al., 2005). Treatment with a high dose of
ML-M and GSL-M noticeably conserved the normal morphology of
the kidney, while a low dose of ML-M and GSL-M narrowed the
chronic damages (Figure 4, row 3, column D-G).

Damaged heart muscles with distorted capillaries, degenerated
muscle fibers, sub-endocardial necrosis, and edema were seen in
animals used as negative control (Figure 4, row 4, column B) as
compared to normal control where normal cardiac muscles with a
central nucleus (distinct) and refined blood capillaries were obvious
(Figure 4, row 4, column A). Similar conditions were observed in a
previous study (Yin et al., 2018). In ML-M and GSL-M treated
groups, myofibrils with continued striations were observed with
branched appearance, intact endocardium, and pericardium
represented standard architecture with no signs of inflammatory
cell infiltration (Figure 4, row 4, column D-G).

In the normal group, proper layers, i.e., the outer layer (molecular
layer), middle layer (Purkinje cell layer), and the inner layer (granular
layer) of the cerebellum along with pia matter, were clearly visible
(Figure 4, row 5, column A). Alloxan-treated groups revealed distortion
in the histo-architecture of the narrowed white matter, cerebellum,
degenerated granular layer, loss of Purkinje’s cell layer, and distorted
molecular level (Figure 4, row 5, column B). Agbon et al. (2014)

FIGURE 3
Effect of 150 mg/kg and 300 mg/kg doses of ML-M and GSL-M methanolic extracts on the status of oxidative stress markers in the pancreas, liver,
kidney, heart, and brain tissues of diabetic animals. (A) Level of TBARS (nM/min/mg of protein). (B) Level of H2O2 (µM/mL). (C) Level of nitrite (µM/mL).
Normal control: Non-diabetic, healthy animals. Negative control: Untreated, diabetic animals. Positive control: Glibenclamide-treated diabetic animals.
ML-M:Marathon leavesmethanol extract treated diabetic animals. GSL-M: Green sprout leavesmethanol extract treated diabetic animals. All groups
were compared to normal non-diabetic groups using one-way ANOVA followed by Tukey’s comparison. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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previously documented similar deterioration. The control group treated
with the drug exhibited mild alterations. While treatment with a high
dose of broccoli cultivars exhibited an effect close to normal, and a low
dose ofML-MandGSL-Malso showed a protective effect (Figure 4, row
5, column D-G).

3.6 HPLC analysis of quercetin and
kaempferol in green and etiolated leaves

In humans, flavonoids are associated with a wide range of health
benefits due to their bioactive properties, including anti-inflammatory,
anti-cancer, anti-aging, cardioprotective, neuroprotective,
immunomodulatory, anti-diabetic, antibacterial, anti-parasitic and
antiviral properties (Alkhalidy et al., 2018; Sok Yen et al., 2021). In
plants, these compounds are involved in various activities such as cell
growth regulation, protecting plants against biotic and abiotic
environmental factors, attracting pollinators, etc., (Agati et al., 2012).

Kaempferol and quercetin are the main class of flavonols and differ in
the OH group, with quercetin having an extra OH group on the third
position of the B-ring. They are abundant in onions, apples, and
broccoli and have great therapeutic potential for human health (Jan
et al., 2022). After having seen both the in vitro and in vivo antidiabetic
and protective effects of broccoli extracts in reducing the level of
oxidative stress-induced tissue damage in this study, we further
explored the accumulation pattern of flavonoid content (quercetin
and kaempferol) in leaves under control and etiolated conditions.
For this purpose, broccoli seedlings were grown under light (16 h
light/8 h dark) (Figure 5A) and continuous dark (Figure 5B) for 7 days.
For chlorophyll contents, plants were exposed to constant darkness for
2 weeks, and chlorophyll levels were significantly lower in etiolated
leaves than in those grown under light conditions (Figure 5C).

TheHPLC-based quercetin and kaempferol levels were significantly
higher in broccoli seedlings’ etiolated leaves (Figure 6). However,
chlorophyll content decreased in etiolated leaves, suggesting the
synthesis and accumulation of quercetin and kaempferol but

FIGURE 4
Effect of 150mg/kg and 300mg/kg doses of ML-M andGSL-Mmethanolic extracts on histo-architecture of vital organs. Column A: Normal control.
Column B: Negative control. Column C: Positive control. Column; D ML-M 150 mg/kg. Column E; ML-M 300 mg/kg. Column F; GSL-M 150 mg/kg.
Column G; GSL-M 300 mg/kg. Row (1) Pancreas; IL: islets of Langerhans; AC: Acinar cells; MLD: mild Langerhans disruption; ALD: acute Langerhans
disruption; LD: Langerhans disruption; AD: acinar disintegration; ACS: acinar cell steatosis; IC: inflammatory cells; PD: pancreatic duct. Row (2) Liver;
CV: central vein; HPC: hepatocytes; DCV: damaged central vein; CT: cellular infiltration; CHT: cellular hypertrophy; N: necrosis; S: sinusoids. Row (3)
Kidney; G: glomerulus; BC: Bowman’s capsule; BS: Bowman’s space; ML:mild lobulation; CI: cellular infiltration; CD: capsule distortion; Abs: alterations in
Bowman’s space; TD: tubule dilation; PT: proximal convoluted tubule; DCT: dilated convoluted tubule; RBC: regenerating Bowman’s capsule; LBB: loss
of brush border; DCG: degenerative changes in glomerulus; RT: renal tubule; BB: brush border. Row (4) Heart; M: myocytes; DS: damaged striations; N:
nucleus; E: edema; MCN: muscle cell nucleus; BC: blood capillary; CD: capillary damage; S: striation. Row (5) Brain; PM: Pia Matter; ML: Molecular Layer;
GL: Granular Layer; WM: White Matter; PL: Purkinge’s cell Layer; NWM: Narrowed White Matter; GL: Degenerated Granular Layer; DML: Distorted
Molecular Layer; WMN: White matter narrowed; MDPL: Mild Distorted Purkinge’s cell Layer; MDGL: Mild Distorted Granular Layer.

Frontiers in Pharmacology frontiersin.org10

Latif et al. 10.3389/fphar.2024.1421131

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1421131


chlorophyll degradation under dark conditions. On the other hand,
chlorogenic acid content was significantly lower in etiolated leaves than
in green leaves. Our results corroborate with the previous findings in tea
leaves, where quercetin and kaempferol were enhanced in albino leaves
than in green leaves (Zhang et al., 2022), suggesting the evolutionarily
conserved biosynthesis and accumulation mechanism of quercetin and
kaempferol in tea and broccoli leaves.

On the other hand, the accumulation of flavonoids and
carotenoids but chlorophyll degradation was reported to
promote the yellowing of leaves in Ginkgo biloba (Shi et al.,
2012) and macadamia (Yang et al., 2023). This might also be the
case in etiolated broccoli leaves, whose chlorophyll content

showed a decline, but flavonoids like quercetin and
kaempferol increased in the present study.

3.7 Real-time qPCR analysis of ABC
transporter in light and dark-
grown seedlings

Three-day exposure of broccoli seedlings to dark conditions
significantly upregulated the expression level of the ABC transporter
at the growth stage on day ten compared to light-grown seedlings. After
5-day exposure to darkness (on the 12th day of the growing stage), the
expression level was decreased but still significantly higher than the
light-grown seedlings. However, on the 15th day of the growing stage,

FIGURE 5
Phenotype and chlorophyll contents of light and dark (etiolated) grown seedlings. The broccoli seedlings were grown under light (A) and dark (B) for
2 weeks. The chlorophyll contents were measured after 2 weeks (C). Asterisks show a significance level of P < 0.01. Data shows an average of three
repeats; error bars represent ± SE.

FIGURE 6
Flavonoids level in broccoli seedlings. Chlorogenic acid,
quercetin, and kaempferol were measured from 15-day-old seedlings
grown in light and dark conditions for 7 days. Data represented the
mean ± SE of three replications. Asterisks show a significance
level of P < 0.001.

FIGURE 7
Effects of dark and light on the expression level of broccoli ABC
transporter (BolC8t51326H). The dark condition was imposed on the
day 7th of the broccoli seedlings. The expression was determined
during days 7, 10, 12, and 15 of growing broccoli seedlings in light
or dark. Data represent the mean ± SE of three independent biological
repeats. Asterisks show a significance level of P < 0.001.
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FIGURE 8
Phylogenetic tree construction (A), predicted subcellular localization (B), and membrane topology (C) of BoMRP10 (BolC8t51326H). The protein
accessions used were BoMRP10 (BolC8t51326H), Bronze2 (X81971.1; Marrs et al., 1995), PfGST1 (AB362191; Yazaki et al., 2008), ABCC1 (JX245004;
Francisco et al., 2013), AtMRP1 (AF008124; Lu et al., 1998), AtTT9 (At3g28430; Ichino et al., 2014), AtMRP10 (At3G62700; Sugiyama et al., 2006), AtTT13
(At1g17260; Appelhagen et al., 2015), MtMATE (HM856605.1; Zhao et al., 2011). Prediction shows tonoplast localization of the transporter and
17 membrane helices across the membrane.

FIGURE 9
Pathway for kaempferol and quercetin synthesis, transport, and accumulation into vacuole via vacuolar ABC transporter in broccoli. The pathway
wasmodified and adapted fromZhao et al. (2011). The dark conditionwas imposed on the 7th day of the broccoli seedlings, and green (A) and etiolated (B)
leaves were sampled on the 15th day. The 7-day continuous dark condition triggered a higher accumulation of flavonoids such as kaempferol and
quercetin in etiolated leaves than in light-grown seedlings.
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the expression level of the ABC transporter was downregulated to the
level of light-grown seedlings (Figure 7).

3.8 Phylogenetic tree, subcellular
localization, and membrane topology

The phylogenetic tree was constructed using the neighbor-
joining method. The broccoli transporter grouped in ABC family
protein transporters and closely resembled AtMRP10; therefore,
we named it BoMRP10 ABC transporter (Figure 8A). The ABC
transporter protein sequence was used to predict its cellular
localization. The protein was localized to the vacuolar
membrane (Figure 8B), indicating the putative accumulation
role of quercetin and kaempferol in vacuoles of broccoli
leaves. The membrane topology of the transporter showed
17 transmembrane helices (Figure 8C). In a recent study, the
functional role of Yeast Cadmium Factor 1 (Ycf1) belonging to
the ATP binding cassette C-subfamily (ABCC) of transporters
and sequesters glutathione into vacuole has been shown to have
17 transmembrane helices (Khandelwal et al., 2022). The ABC
transporter in this study having highly similar subcellular
localization and membrane topology, shows a significant role
in the accumulation of flavonoids like quercetin and kaempferol
in broccoli leaves.

Although several gene families of transporters such as
Glutathione S-transferases (GST), Multidrug resistance-
associated protein (MRP), and multi-drug and toxic
compound extrusion (MATE) are involved in transporting
flavonoids (Manzoor et al., 2023) into vacuolar accumulation
processes, however, in this study we focused on broccoli ABC
transporter which is a superfamily protein (Klein et al., 2006).
The transporters localized to the tonoplast are reported
responsible for the accumulation of flavonoids in various plant
species. AtTT9 gene from the MATE family, although localized to
the Golgi apparatus, is involved in vacuolar development.
Therefore, mutants of the AtTT9 reduced the level of
kaempferol and quercetin, including other flavonoids in the
seed coat, suggesting its role in facilitating flavonoids
accumulating into vacuoles (Ichino et al., 2014). Flavonoids,
including kaempferol and quercetin, are reported to be
accumulated into the vacuole by GST, MATE, and ABC
transporters (Zhao, 2015; Ku et al., 2020).

Our findings clearly demonstrated that antidiabetic flavonoids
like kaempferol and quercetin accumulated in etiolated seedlings
than in green seedlings. Chlorophyll is responsible for the greening
of leaves (Figure 5). However, a decrease in chlorophyll content
could, therefore, trigger the generation of kaempferol and quercetin
as a defence mechanism to manage the cellular stress caused by the
lack of chlorophyll. A recent report also supports our study that the
accumulation of kaempferol and quercetin in albino leaves resulted
from oxidative stress (Zhang et al., 2022). Thus, our study further
postulates a novel way for the enhanced production of flavonoids by
reducing chlorophyll content in plants, especially in broccoli leaves,
as illustrated in Figure 9.

4 Conclusion

In conclusion, both plant extracts showed a dose-dependent
inhibition of alloxan-induced hyperglycaemic oxidative
damage, which suggests their role as a potential natural
antidiabetic agent. Study demonstrates that the complete
absence of light favours the enhanced accumulation of
kaempferol and quercetin, and the expression of the putative
ABC transporter BoMRP10 was closely connected to their
accumulation. Taken together, our study postulates a novel
method for the enhanced accumulation of kaempferol and
quercetin as antidiabetic agents.

5 Future perspectives

In future, the putative ABC transporter should be elaborated
functionally by electrophysiology for its transport of compounds like
kaempferol and quercetin in isolated oocytes, subcellular
localization in protoplast and also genome editing of this
transporter in broccoli to test its functional activity for
accumulation of the compounds.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Bioethical Committee of
Quaid-i-Azam University, Islamabad, Pakistan. The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

SL: Writing–original draft, Formal Analysis, Data curation.
MS: Writing–original draft, Methodology, Investigation. HA:
Writing–original draft, Methodology, Investigation, Formal
Analysis. ZM: Writing–review and editing, Visualization,
Validation, Investigation. TD: Writing–review and editing,
Writing–original draft, Methodology, Investigation, Formal
Analysis, Data curation. NA: Writing–original draft,
Visualization, Software, Investigation. TP: Writing–review and
editing, Methodology, Investigation, Data curation. MI:
Writing–original draft, Validation, Project administration,
Methodology, Data curation. VÇ: Writing–original draft,
Formal Analysis, Data curation, Conceptualization. KS:
Writing–review and editing, Visualization, Validation,
Methodology, Investigation. MM: Writing–original draft,
Visualization, Validation, Software, Methodology,

Frontiers in Pharmacology frontiersin.org13

Latif et al. 10.3389/fphar.2024.1421131

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1421131


Investigation. FI: Writing–review and editing, Visualization,
Methodology, Investigation, Formal Analysis. NB:
Writing–review and editing, Validation, Software,
Methodology, Investigation, Formal Analysis. BM:
Writing–original draft, Validation, Methodology, Investigation,
Conceptualization. MW: Conceptualization, Writing–review and
editing, Writing–original draft, Visualization, Supervision,
Resources, Project administration, Methodology, Investigation.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Agati, G., Azzarello, E., Pollastri, S., and Tattini, M. (2012). Flavonoids as antioxidants
in plants: location and functional significance. Plant Sci. 196, 67–76. doi:10.1016/j.
plantsci.2012.07.014

Agbon, A. N., Ingbian, S. D., and Dahiru, A. U. (2014). Preliminary histological and
histochemical studies on the neuroprotective effect of aqueous fruit extract of Phoenix
dactylifera L. (Date Palm) on atesunate - induced cerebellar damage in wistar rats. Sub-
Saharan Afr. J. Med 1, 204. doi:10.4103/2384-5147.144744

Alkhalidy, H., Wang, Y., and Liu, D. (2018). Dietary flavonoids in the prevention of
T2D: an overview. Nutrients 10, 438. doi:10.3390/nu10040438

Appelhagen, I., Nordholt, N., Seidel, T., Spelt, K., Koes, R., Quattrochio, F., et al.
(2015). TRANSPARENT TESTA 13 is a tonoplast P3A-ATPase required for vacuolar
deposition of proanthocyanidins in Arabidopsis thaliana seeds. Plant J. 82, 840–849.
doi:10.1111/tpj.12854

Aslam, N., Sameeullah, M., Yildirim, M., Baloglu, M. C., Yucesan, B., Lössl, A. G., et al.
(2022). Isolation of the 3β-HSD promoter from Digitalis ferruginea subsp. ferruginea
and its functional characterization in Arabidopsis thaliana. Mol. Biol. Rep. 49,
7173–7183. doi:10.1007/s11033-022-07634-4

Bagherniya, M., Nobili, V., Blesso, C. N., and Sahebkar, A. (2018). Medicinal plants
and bioactive natural compounds in the treatment of non-alcoholic fatty liver disease: a
clinical review. Pharmacol. Res. 130, 213–240. doi:10.1016/j.phrs.2017.12.020

Biała-Leonhard, W., Zanin, L., Gottardi, S., De Brito Francisco, R., Venuti, S.,
Valentinuzzi, F., et al. (2021). Identification of an isoflavonoid transporter required
for the nodule establishment of the rhizobium-fabaceae symbiotic interaction. Front.
Plant Sci. 12, 758213. doi:10.3389/fpls.2021.758213

Chakravarthy, B. K., Gupta, S., Gambhir, S. S., and Gode, K. D. (1980). Pancreatic beta
cell regeneration – a novel antidiabetic mechanism of Pterocarpus marsupium, Roxb.
Indian J. Pharmacol. 12, 123–127.

Chen, H., Wang, T., He, X., Cai, X., Lin, R., Liang, J., et al. (2021). BRAD V3.0: an
upgraded Brassicaceae database. Nucleic Acids Res. 50, D1432–D1441. doi:10.1093/nar/
gkab1057

Dhawan, D., and Gupta, J. (2017). Comparison of different solvents for
phytochemical extraction potential from Datura metel plant leaves. Int. J. Biol.
Chem. 11, 17–22. doi:10.3923/ijbc.2017.17.22

El-Demerdash, F. M., Yousef, M. I., and El-Naga, N. I. A. (2005). Biochemical study
on the hypoglycemic effects of onion and garlic in alloxan-induced diabetic rats. Food
Chem. Toxicol. 43, 57–63. doi:10.1016/j.fct.2004.08.012

Francisco, R. M., Regalado, A., Ageorges, A., Burla, B. J., Bassin, B., Eisenach, C., et al.
(2013). ABCC1, an ATP binding cassette protein from grape berry, transports
anthocyanidin 3-O-glucosides. Plant Cell 25, 1840–1854. doi:10.1105/tpc.112.102152

Goldberg, T., Hecht, M., Hamp, T., Karl, T., Yachdav, G., Ahmed, N., et al. (2014).
LocTree3 prediction of localization. Nucleic Acids Res. 42, W350–W355. doi:10.1093/
nar/gku396

Governa, P., Baini, G., Borgonetti, V., Cettolin, G., Giachetti, D., Magnano, A. R., et al.
(2018). Phytotherapy in the management of diabetes: a review.Molecules 23, 105. doi:10.
3390/molecules23010105

Grisham, M. B., Johnson, G. G., and Lancaster, J. R. (1996). Quantitation of nitrate
and nitrite in extracellular fluids. Methods Enzymol. 268, 237–246. doi:10.1016/s0076-
6879(96)68026-4

Haan, J. B., and Cooper, M. E. (2011). Targeted antioxidant therapies in
hyperglycemia-mediated endothelial dysfunction. Front. Biosci. Sch. Ed. 3 (2),
709–729. doi:10.2741/s182

Halliwell, B. (2006). Reactive species and antioxidants. Redox biology is a
fundamental theme of aerobic life. Plant Physiol. 141, 312–322. doi:10.1104/pp.106.
077073

Hristu, R., Stanciu, S. G., Dumitru, A., Paun, B., Floroiu, I., Costache, M., et al. (2021).
Influence of hematoxylin and eosin staining on the quantitative analysis of second
harmonic generation imaging of fixed tissue sections. Biomed. Opt. Express 12,
5829–5843. doi:10.1364/BOE.428701

Ichino, T., Fuji, K., Ueda, H., Takahashi, H., Koumoto, Y., Takagi, J., et al. (2014).
GFS9/TT9 contributes to intracellular membrane trafficking and flavonoid
accumulation in Arabidopsis thaliana. Plant J. 80, 410–423. doi:10.1111/tpj.12637

Iqbal, M., Sharma, S. D., Rezazadeh, H., Hasan, N., Abdulla, M., and Athar, M. (1996).
Glutathione metabolizing enzymes and oxidative stress in ferric nitrilotriacetate
mediated hepatic injury. Redox Rep. 2, 385–391. doi:10.1080/13510002.1996.11747079

Jabeen, F., Oliferenko, P. V., Oliferenko, A. A., Pillai, G. G., Ansari, F. L., Hall, C. D.,
et al. (2014). Dual inhibition of the α-glucosidase and butyrylcholinesterase studied by
molecular field topology analysis. Eur. J. Med. Chem. 80, 228–242. doi:10.1016/J.
EJMECH.2014.04.018

Jan, R., Khan, M., Asaf, S., Lubna, L., Asif, S., and Kim, K.-M. (2022). Bioactivity and
therapeutic potential of kaempferol and quercetin: new insights for plant and human
health. Plants 11, 2623. doi:10.3390/plants11192623

Jollow, D. J., Mitchell, J. R., Zampaglione, N., and Gillette, J. R. (1974).
Bromobenzene-induced liver necrosis. protective role of glutathione and evidence
for 3,4-bromobenzene oxide as the hepatotoxic metabolite. Pharmacology 11,
151–169. doi:10.1159/000136485

Kakkar, P., Das, B., and Viswanathan, P. N. (1984). A modified spectrophotometric
assay of superoxide dismutase. Indian J. biochem. Biophys. 21 (2), 130–132.

Keerthana, G., Kalaivani, M. K., and Sumathy, A. (2013). In vitro alpha amylase
inhibitory and anti-oxidant activities of ethanolic leaf extract of Croton bonplandianum.
Asian J. Pharm. Clin. Res. 6, 32–36.

Khandelwal, N. K., Millan, C. R., Zangari, S. I., Avila, S., Williams, D., Thaker, T. M.,
et al. (2022). The structural basis for regulation of the glutathione transporter Ycf1 by
regulatory domain phosphorylation. Nat. Commun. 13, 1278. doi:10.1038/s41467-022-
28811-w

Klein, M., Burla, B., and Martinoia, E. (2006). The multidrug resistance-associated
protein (MRP/ABCC) subfamily of ATP-binding cassette transporters in plants. FEBS
Lett. 580, 1112–1122. doi:10.1016/j.febslet.2005.11.056

Ku, Y.-S., Ng, M.-S., Cheng, S.-S., Lo, A.W.-Y., Xiao, Z., Shin, T.-S., et al. (2020).
Understanding the composition, biosynthesis, accumulation and transport of
flavonoids in crops for the promotion of crops as healthy sources of flavonoids for
human consumption. Nutrients 12, 1717. doi:10.3390/nu12061717

Li, Y., Kong, D., Fu, Y., Sussman, M. R., and Wu, H. (2020). The effect of
developmental and environmental factors on secondary metabolites in medicinal
plants. Plant Physiol. Biochem. 148, 80–89.

Lu, Y.-P., Li, Z.-S., Drozdowicz, Y. M., Hörtensteiner, S., Martinoia, E., and Rea, P. A.
(1998). AtMRP2, an arabidopsis ATP binding cassette transporter able to transport
glutathione S-conjugates and chlorophyll catabolites: functional comparisons with
AtMRP1. Plant Cell 10, 267–282. doi:10.1105/tpc.10.2.267

Lutfiyati, H., Yuliastuti, F., Hidayat, I. W., Pribadi, P., and Kamal, S. (2018).
Antidiabetic activities of broccoli extracts (brassica oleracea L.var Italica) on mice
induced streptozotocin-nicotinamide. J. Trop. Pharm. Chem. 4 (4), 182–188. doi:10.
25026/jtpc.v4i3.203

Frontiers in Pharmacology frontiersin.org14

Latif et al. 10.3389/fphar.2024.1421131

https://doi.org/10.1016/j.plantsci.2012.07.014
https://doi.org/10.1016/j.plantsci.2012.07.014
https://doi.org/10.4103/2384-5147.144744
https://doi.org/10.3390/nu10040438
https://doi.org/10.1111/tpj.12854
https://doi.org/10.1007/s11033-022-07634-4
https://doi.org/10.1016/j.phrs.2017.12.020
https://doi.org/10.3389/fpls.2021.758213
https://doi.org/10.1093/nar/gkab1057
https://doi.org/10.1093/nar/gkab1057
https://doi.org/10.3923/ijbc.2017.17.22
https://doi.org/10.1016/j.fct.2004.08.012
https://doi.org/10.1105/tpc.112.102152
https://doi.org/10.1093/nar/gku396
https://doi.org/10.1093/nar/gku396
https://doi.org/10.3390/molecules23010105
https://doi.org/10.3390/molecules23010105
https://doi.org/10.1016/s0076-6879(96)68026-4
https://doi.org/10.1016/s0076-6879(96)68026-4
https://doi.org/10.2741/s182
https://doi.org/10.1104/pp.106.077073
https://doi.org/10.1104/pp.106.077073
https://doi.org/10.1364/BOE.428701
https://doi.org/10.1111/tpj.12637
https://doi.org/10.1080/13510002.1996.11747079
https://doi.org/10.1016/J.EJMECH.2014.04.018
https://doi.org/10.1016/J.EJMECH.2014.04.018
https://doi.org/10.3390/plants11192623
https://doi.org/10.1159/000136485
https://doi.org/10.1038/s41467-022-28811-w
https://doi.org/10.1038/s41467-022-28811-w
https://doi.org/10.1016/j.febslet.2005.11.056
https://doi.org/10.3390/nu12061717
https://doi.org/10.1105/tpc.10.2.267
https://doi.org/10.25026/jtpc.v4i3.203
https://doi.org/10.25026/jtpc.v4i3.203
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1421131


Maehly, A. C. (1954). “The assay of catalases and peroxidases,” in Methods of
biochemical analysis. Editor D. Glick (Wiley). doi:10.1002/9780470110171.ch14

Manzoor, M. A., Sabir, I. A., Shah, I. H., Riaz, M. W., Rehman, S., Song, C., et al.
(2023). Flavonoids: a review on biosynthesis and transportation mechanism in plants.
Funct. Integr. Genomic. 23, 212. doi:10.1007/s10142-023-01147-4

Maritim, A. C., Sanders, R. A., and Watkins, J. B. (2003). Diabetes, oxidative stress,
and antioxidants: a review. J. Biochem. Mol. Toxicol. 17, 24–38. doi:10.1002/jbt.10058

Marrs, K. A., Alfenito, M. R., Lloyd, A. M., and Walbot, V. (1995). A glutathione
S-transferase involved in vacuolar transfer encoded by the maize gene Bronze-2. Nature
375, 397–400. doi:10.1038/375397a0

Martinoia, E. (2017). Vacuolar transporters – companions on a longtime journey.
Plant Physiol. 176, 1384–1407. doi:10.1104/pp.17.01481

May, J. M., Qu, Z.-C., and Li, X. (2004). Nitrite generates an oxidant stress and
increases nitric oxide in EA.hy926 endothelial cells. Free Radic. Res. 38, 581–589. doi:10.
1080/10715760410001688366

Mohd Bukhari, D. A., Siddiqui, M. J., Shamsudin, S. H., Rahman, M. M., and So’ad, S.
Z. M. (2017). α-glucosidase inhibitory activity of selected malaysian plants. J. Pharm.
Bioallied. Sci. 9, 164–170. doi:10.4103/jpbs.JPBS_35_17

Omasits, U., Ahrens, C. H., Müller, S., and Wollscheid, B. (2013). Protter: interactive
protein feature visualization and integration with experimental proteomic data.
Bioinformatics 30, 884–886. doi:10.1093/bioinformatics/btt607

Pick, E., and Keisari, Y. (1981). Superoxide anion and hydrogen peroxide
production by chemically elicited peritoneal macrophages—induction by
multiple nonphagocytic stimuli. Cell Immunol. 59, 301–318. doi:10.1016/0008-
8749(81)90411-1

Pitocco, D., Zaccardi, F., Di Stasio, E., Romitelli, F., Santini, S. A., Zuppi, C., et al.
(2010). Oxidative stress, nitric oxide, and diabetes. Rev. Diabet. Stud. 7, 15–25. doi:10.
1900/RDS.2010.7.15

Ragavan, B., and Krishnakumari, S. (2006). Effect of T. arjuna stem bark extract on
histopathology of liver, kidney and pancreas of alloxan-induced diabetic rats. Afr.
J. Biochem. Res. 9, 189–197. doi:10.4314/ajbr.v9i3.48904

Ravikumar, C. (2015). Therapeutic potential of Brassica oleracea (broccoli) - a review.
Int. J. Drug Dev. Res. 7 (2), 009–010.

Ren, G., Liu, Y., Deng, B., Wang, Y., Lin, W., Zhang, Y., et al. (2022). Gene expression
analyses reveal mechanisms of inhibited yellowing by applying selenium-chitosan on
fresh-cut broccoli. Foods 11, 3123. doi:10.3390/foods11193123

Repetto, M., Semprine, J., and Boveris, A. (2012). Lipid peroxidation: chemical
mechanism, biological implications and analytical determination. Croatia: InTech,
1–24. doi:10.5772/45943

Saba, K., Sameeullah, M., Asghar, A., Gottschamel, J., Latif, S., Lössl, A. G., et al.
(2020). Expression of ESAT-6 antigen from Mycobacterium tuberculosis in broccoli: an
edible plant. Biotechnol. Appl. Biochem. 67, 148–157. doi:10.1002/bab.1867

Sahreen, S., Khan, M. R., and Khan, R. A. (2014). Comprehensive assessment of
phenolics and antiradical potential of Rumex hastatusD. Don. roots. BMC Complement.
Altern. Med. 14, 47. doi:10.1186/1472-6882-14-47

Sameeullah, M., Sasaki, T., and Yamamoto, Y. (2013). Sucrose transporter
NtSUT1 confers aluminum tolerance on cultured cells of tobacco (Nicotiana
tabacum L.). Soil Sci. Plant Nutr. 59, 756–770. doi:10.1080/00380768.2013.830230

Sameeullah, M., Yildirim, M., Aslam, N., Baloğlu, M. C., Yucesan, B., Lössl, A. G., et al.
(2021). Plastidial expression of 3β-hydroxysteroid dehydrogenase and progesterone 5β-
reductase genes confer enhanced salt tolerance in tobacco. Int. J. Mol. Sci. 22, 11736.
doi:10.3390/ijms222111736

Santana-Gálvez, J., Cisneros-Zevallos, L., and Jacobo-Velázquez, D. A. (2017).
Chlorogenic acid: recent advances on its dual role as a food additive and a
nutraceutical against metabolic syndrome. Molecules 22, 358. doi:10.3390/
molecules22030358

Shahrajabian, M. H., and Sun, W. (2023). Medicinal plants, economical and natural
agents with antioxidant activity. Curr. Nutr. Food. Sci. 19 (8), 763–784. doi:10.2174/
1573401318666221003110058

Shi, J., Zou, X., Zhao, J., Mei, H., Wang, K., Wang, X., et al. (2012). Determination of
total flavonoids content in fresh Ginkgo biloba leaf with different colors using near

infrared spectroscopy. Spectrochim. Acta A Mol. Biomol. Spectrosc. 94, 271–276. doi:10.
1016/j.saa.2012.03.078

Sok Yen, F., Shu Qin, C., Tan Shi Xuan, S., Jia Ying, P., Yi Le, H., Darmarajan, T., et al.
(2021). Hypoglycemic effects of plant flavonoids: a review. Evid. Based Complement.
Altern. Med. 2021, 2057333. doi:10.1155/2021/2057333

Sugiyama, A., Shitan, N., Sato, S., Nakamura, Y., Tabata, S., and Yazaki, K. (2006).
Genome-wide analysis of ATP-binding cassette (ABC) proteins in a model legume
plant, Lotus japonicus: comparison with Arabidopsis ABC protein family. DNA Res. 13,
205–228. doi:10.1093/dnares/dsl013

Sun, H., Saeedi, P., Karuranga, S., Pinkepank, M., Ogurtsova, K., Duncan, B. B., et al.
(2022). IDF Diabetes Atlas: global, regional and country-level diabetes prevalence
estimates for 2021 and projections for 2045. Diabetes Res. Clin. Pract. 183, 109119.
doi:10.1016/j.diabres.2021.109119

Syed, R. U., Moni, S. S., Break, M. K. B., Khojali, W. M. A., Jafar, M., Alshammari, M.
D., et al. (2023). Broccoli: a multi-faceted vegetable for health: an in-depth review of its
nutritional attributes, antimicrobial abilities, and anti-inflammatory properties.
Antibiot. Basel, Switz. 12 (7), 1157. doi:10.3390/antibiotics12071157

Thakur, P., Kumar, A., and Kumar, A. (2017). Targeting oxidative stress through
antioxidants in diabetes mellitus. J. Drug Target. 26, 766–776. doi:10.1080/1061186X.
2017.1419478

Ullah, A., Khan, A., and Khan, I. (2016). Diabetes mellitus and oxidative stress—a
concise review. Saudi Pharm. J. 24, 547–553. doi:10.1016/J.JSPS.2015.03.013

Valgimigli, L. (2023). Lipid peroxidation and antioxidant protection. Biomolecules 13
(9), 1291. doi:10.3390/biom13091291

Vollmannová, A., Bojňanská, T., Musilová, J., Lidiková, J., and Cifrová, M. (2024).
Quercetin as one of the most abundant represented biological valuable plant
components with remarkable chemoprotective effects - a review. Heliyon 10,
e33342–e38440. doi:10.1016/j.heliyon.2024.e33342

Wickramaratne, M. N., Punchihewa, J. C., and Wickramaratne, D. B. M. (2016). In-
vitro alpha amylase inhibitory activity of the leaf extracts of Adenanthera pavonina.
BMC Complement. Altern. Med. 16, 466. doi:10.1186/s12906-016-1452-y

Yang, W., Xu, H., Xiao, Q., Li, X., and Shao, Q. (2023). Combined analysis of
metabolome and transcriptome provides insights into metabolisms of chlorophylls,
carotenoids, and flavonoids in the yellowing leaves of ‘HAES344’ macadamia. Sci.
Hortic. 308, 111600. doi:10.1016/j.scienta.2022.111600

Yang, Y., Chen, Z., Zhao, X., Xie, H., Du, L., Gao, H., et al. (2022). Mechanisms of
Kaempferol in the treatment of diabetes: a comprehensive and latest review. Front.
Endocrinol. 13, 990299. doi:10.3389/fendo.2022.990299

Yazaki, K., Sugiyama, A., Morita, M., and Shitan, N. (2008). Secondary transport as an
efficient membrane transport mechanism for plant secondary metabolites. Phytochem.
Rev. 7, 513–524. doi:10.1007/s11101-007-9079-8

Yin, P., Wang, Y., Yang, L., Sui, J., and Liu, Y. (2018). Hypoglycemic effects in alloxan-
induced diabetic rats of the phenolic extract from Mongolian oak cups enriched in
ellagic acid, kaempferol and their derivatives. Molecules 23, 1046. doi:10.3390/
molecules23051046

Zhang, Q., Li, C., Jiao, Z., Ruan, J., and Liu, M.-Y. (2022). Integration of metabolomics
and transcriptomics reveal the mechanism underlying accumulation of flavonols in
albino tea leaves. Molecules 27, 5792. doi:10.3390/molecules27185792

Zhang, Z., Ding, Y., Dai, X., Wang, J., and Li, Y. (2011). Epigallocatechin-3-gallate
protects pro-inflammatory cytokine induced injuries in insulin-producing cells through
the mitochondrial pathway. Eur. J. Pharmacol. 670, 311–316. doi:10.1016/j.ejphar.2011.
08.033

Zhao, J. (2015). Flavonoid transport mechanisms: how to go, and with whom. Trends
Plant Sci. 20, 576–585. doi:10.1016/j.tplants.2015.06.007

Zhao, J., Huhman, D., Shadle, G., He, X.-Z., Sumner, L. W., Tang, Y., et al. (2011).
MATE2 mediates vacuolar sequestration of flavonoid glycosides and glycoside
malonates in medicago truncatula. Plant Cell 23, 1536–1555. doi:10.1105/tpc.110.
080804

Zu, Y., Li, C., Fu, Y., and Zhao, C. (2006). Simultaneous determination of catechin,
rutin, quercetin kaempferol and isorhamnetin in the extract of sea buckthorn
(Hippophae rhamnoides L.) leaves by RP-HPLC with DAD. J. Pharm. Biomed.
Anal. 41, 714–719. doi:10.1016/j.jpba.2005.04.052

Frontiers in Pharmacology frontiersin.org15

Latif et al. 10.3389/fphar.2024.1421131

https://doi.org/10.1002/9780470110171.ch14
https://doi.org/10.1007/s10142-023-01147-4
https://doi.org/10.1002/jbt.10058
https://doi.org/10.1038/375397a0
https://doi.org/10.1104/pp.17.01481
https://doi.org/10.1080/10715760410001688366
https://doi.org/10.1080/10715760410001688366
https://doi.org/10.4103/jpbs.JPBS_35_17
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1016/0008-8749(81)90411-1
https://doi.org/10.1016/0008-8749(81)90411-1
https://doi.org/10.1900/RDS.2010.7.15
https://doi.org/10.1900/RDS.2010.7.15
https://doi.org/10.4314/ajbr.v9i3.48904
https://doi.org/10.3390/foods11193123
https://doi.org/10.5772/45943
https://doi.org/10.1002/bab.1867
https://doi.org/10.1186/1472-6882-14-47
https://doi.org/10.1080/00380768.2013.830230
https://doi.org/10.3390/ijms222111736
https://doi.org/10.3390/molecules22030358
https://doi.org/10.3390/molecules22030358
https://doi.org/10.2174/1573401318666221003110058
https://doi.org/10.2174/1573401318666221003110058
https://doi.org/10.1016/j.saa.2012.03.078
https://doi.org/10.1016/j.saa.2012.03.078
https://doi.org/10.1155/2021/2057333
https://doi.org/10.1093/dnares/dsl013
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.3390/antibiotics12071157
https://doi.org/10.1080/1061186X.2017.1419478
https://doi.org/10.1080/1061186X.2017.1419478
https://doi.org/10.1016/J.JSPS.2015.03.013
https://doi.org/10.3390/biom13091291
https://doi.org/10.1016/j.heliyon.2024.e33342
https://doi.org/10.1186/s12906-016-1452-y
https://doi.org/10.1016/j.scienta.2022.111600
https://doi.org/10.3389/fendo.2022.990299
https://doi.org/10.1007/s11101-007-9079-8
https://doi.org/10.3390/molecules23051046
https://doi.org/10.3390/molecules23051046
https://doi.org/10.3390/molecules27185792
https://doi.org/10.1016/j.ejphar.2011.08.033
https://doi.org/10.1016/j.ejphar.2011.08.033
https://doi.org/10.1016/j.tplants.2015.06.007
https://doi.org/10.1105/tpc.110.080804
https://doi.org/10.1105/tpc.110.080804
https://doi.org/10.1016/j.jpba.2005.04.052
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1421131

	Broccoli (Brassica oleracea var. italica) leaves exhibit significant antidiabetic potential in alloxan-induced diabetic rat ...
	1 Introduction
	2 Materials and methods
	2.1 Plant collection, extract preparation, physiological and molecular analyses
	2.2 In vitro antidiabetic activity
	2.2.1 α-glucosidase inhibition assay
	2.2.2 α-amylase inhibition assay

	2.3 Animal trials
	2.3.1 Animals
	2.3.2 Diabetes induction and multiple-dose studies in rats
	2.3.3 Dissection

	2.4 Biochemical analysis
	2.4.1 Tissue homogenate preparation
	2.4.2 Enzymatic antioxidant profiling
	2.4.3 Non-enzymatic antioxidant profiling

	2.5 Histopathological examination
	2.6 In silico analysis of a putative ABC transporter
	2.7 Real-time qPCR analysis of ABC transporter in leaves of broccoli seedlings
	2.8 Detection of phenolic substances in broccoli leaves by HPLC
	2.9 Statistical analysis

	3 Results and discussion
	3.1 Effect of ML-M and GSL-M on inhibition of α-glucosidase and α-amylase enzymes
	3.2 Effect of ML-M and GSL-M on plasma glucose levels (mg/dL) in diabetic animals
	3.3 Effect of ML-M and GSL-M on the status of antioxidants (CAT, POD, SOD, GSH)
	3.4 Effect of ML-M and GSL-M on the status of oxidative stress markers
	3.5 Effect of ML-M and GSL-M on histo-architecture of vital organs (pancreas, liver, sKidney, heart, brain)
	3.6 HPLC analysis of quercetin and kaempferol in green and etiolated leaves
	3.7 Real-time qPCR analysis of ABC transporter in light and dark-grown seedlings
	3.8 Phylogenetic tree, subcellular localization, and membrane topology

	4 Conclusion
	5 Future perspectives
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


