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Abstract: Phlebotropic flavonoids, including diosmin and its aglycone diosmetin, are natural polyphe-
nols widely used in the prevention and treatment of chronic venous insufficiency (CVI). As oxidative
stress plays an important role in the development of pathophysiology of the cardiovascular system,
the study aimed to investigate the protective effects of diosmin and diosmetin on hydrogen peroxide
(H2O2)-induced oxidative stress in endothelial cells. The cells were pretreated with different con-
centrations of the flavonoid prior to the H2O2 exposure. The cell viability, the level of intracellular
reactive oxygen species (ROS), the activity of cellular antioxidant enzymes—including superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase GPx—and the malondialdehyde (MDA)
level were assessed. It was found that the H2O2-induced oxidative stress was ameliorated by dios-
min/diosmetin in a concentration-dependent manner. The flavonoids restored the activity of cellular
antioxidant enzymes and lowered the MDA level upregulated by the H2O2 exposure. These results
indicate that diosmin and diosmetin may prevent oxidative stress in endothelial cells; therefore, they
may protect against the development and progression of oxidative-stress-related disorders.

Keywords: H2O2 stress; diosmin; diosmetin; endothelial cells; chronic venous insufficiency

1. Introduction

Oxidative stress associated with the excessive production of reactive oxygen species
(ROS) favors the damage and dysfunction of cells and tissues and negatively affects physio-
logical processes in many organs. ROS contribute to damage to nucleic acids and lipids,
alter the structure and/or function of proteins, and thus promote structural changes in
tissues. Moreover, ROS alter some cellular signaling pathways via interaction with critical
signaling molecules, thereby affecting various cellular processes, such as proliferation,
migration, differentiation, and apoptosis of cells. ROS also influence the extracellular
matrix components, including matrix metalloproteinase (MMPs), which are responsible for
tissue remodeling [1,2].

It has been evidenced that oxidative stress caused by redox imbalance is involved
in pathological processes in the organism and participates in the development of var-
ious diseases, including cardiovascular disorders (CVD) [2]. Many reports suggest an
important role of endothelial dysfunction in CVD progression; therefore, protection of
the endothelium against ROS may alleviate CVD symptoms [3–6]. The endothelial layer
is responsible for proper vascular tone, vessel wall permeability, and functioning of the
coagulation/fibrinolytic system. Its dysfunction promotes unfavorable processes in blood
vessels, including adhesion and migration of leukocytes, aggregation and adhesion of
platelets, thrombosis, and increased vascular tone [7–10]. The endothelium maintains the
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local balance between pro- and anti-inflammatory factors, and its dysfunction leads to local
changes in the vessels and disturbance of homeostasis [3,11]. Additionally, the impairment
of the synthesis of endothelium-derived NO associated with endothelial dysfunction results
in or enhances multiple adverse effects, including vasoconstriction and thrombosis, as well
as the expression of proinflammatory cytokines and chemokines [3,6].

Recent reports considered antioxidants, including polyphenols, as useful factors pre-
venting the development and progression of disorders related to oxidative stress [12,13].
Diosmin and its aglycone diosmetin are natural polyphenolic compounds commonly found
in pericarps of different citrus fruits (Rutaceae). They are known for their effectiveness in
supporting the treatment of chronic venous insufficiency (CVI) belonging to a group of
cardiovascular disorders. Many clinical studies proved that diosmin alleviates CVI symp-
toms, including inflammation, edema, skin lesions, swollen legs, and structural changes in
the vein wall, such as varicose veins and venous leg ulcers [7–10]. Furthermore, it has a
protective effect on blood vessels, increases the tension and elasticity of vessel walls, and
reduces the permeability of capillary walls [14–16].

Some clinical and in vivo studies have evidenced the protective efficacy of dios-
min/diosmetin against CVI symptoms at the molecular level [7–10]. It was found that
diosmin administration in patients with CVI decreased the levels of selected proangiogenic
factors involved in CVI pathology and reduced pro-inflammatory cytokines, including
TNF and IL-6 [10,17]. Moreover, it decreased the concentration of isoprostanes, which
are the main product of nonenzymatic lipid peroxidation of polyunsaturated fatty acids
(PUFA) and are considered a marker of oxidative stress [17]. Our previous research showed
a modulatory effect of diosmin and diosmetin on proinflammatory factors in human skin fi-
broblasts stimulated with lipopolysaccharide and their strong inhibitory activity on elastase
and collagenase [18]. In addition to CVI, diosmin exerts beneficial activity in hemorrhoidal
disease, improves cardiac function, and has anti-inflammatory, antinociceptive, antifibrotic,
antidiabetic, and antihyperlipidemic properties [19].

Although some studies describe protective effects of diosmin/diosmetin against vari-
ous inducers in animal models or on different types of cells [19–21], there are no reports on
their protective effects against oxidative stress in the endothelium.

Therefore, the aim of the present study was to investigate the role of these flavonoids
in protection of the endothelial layer against oxidative damage caused by H2O2 exposure
as a model of oxidative stress. The impact of the pretreatment with the flavonoids on the
level of intracellular reactive oxygen species (ROS), the activity of antioxidant enzymes,
including SOD, CAT, and GPx, and the level of malondialdehyde (MDA) regarded as an
indicator of lipid peroxidation was evaluated. The NO concentration was also assessed
because it plays a pivotal role in the regulation of endothelial function.

2. Results
2.1. Cytotoxicity Assay

To establish the nontoxic concentration of diosmin and diosmetin, the cytotoxicity of
the flavonoids towards endothelial cells was assessed using MTT and Alamar Blue (AB)
assays. It was noted that, up to 250 µM, diosmetin did not affect the cellular metabolism,
the stability of cell membranes and the cell morphology. In turn, diosmin at a concentration
of 250 µM and diosmetin at a concentration of 300 µM decreased cell viability (to 90% and
84%, respectively, compared to the control) and the mitochondrial dehydrogenase level
at 300 µM decrease cell viability to 86% and 82%, respectively (Supplementary Materials
Figure S1). Their cytotoxicity was enhanced at higher concentrations. Therefore, the
concentrations up to 250 µM were used in further investigations.

To evaluate the protective effect of diosmin/diosmetin, endothelial cells were prein-
cubated with the flavonoids prior to H2O2 exposure. It was found that the H2O2 stim-
ulation had a negative impact on cell viability and decreased the percentage of viable
cells established using the MTT and Alamar Blue assays to 52% and 45%, respectively.
In turn, the preincubation with the flavonoids attenuated the H2O2-induced cytotoxicity
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in a concentration-dependent manner (Figure 1 and Supplementary Materials Figure S2).
Moreover, diosmetin was found to act more effectively than diosmin: at the concentration
of 250 µM, the percentage of viable cells was approx. 19% (MTT) and approx. 21% (AB)
higher than when diosmin was used.
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Figure 1. Cell viability determined by the MTT (a) and Alamar Blue (b) assays expressed as a percentage
of the control (0.5% DMSO). Cells were treated with H2O2 or pretreated with diosmin/diosmetin at
different concentrations prior to the H2O2 exposure. The data are means ± SD (n = 3). * indicates a
statistically significant difference (p < 0.05) versus H2O2-treated cells assessed using one-way ANOVA
followed by Dunnett’s multiple comparison post hoc test; # indicates a statistically significant difference
(p < 0.05) between the same concentrations of diosmin and diosmetin assessed using Student’s t-test.

A further assay aimed to find out whether the protective effects of the flavonoids on
cell viability after the H2O2 exposure resulted from their impact on oxidative imbalance.

2.2. Antioxidant Activity

To evaluate the protective effect of diosmin/diosmetin against disturbance in the
oxidative balance, the influence on the intracellular production of reactive oxygen species
and enzymatic activity of cellular antioxidant systems involved in protection against ROS
was determined.

2.2.1. Level of Intracellular Reactive Oxygen Species

The H2DCFDA test was used to determine the ability of the flavonoids to reduce the
intracellular production of reactive oxygen species in endothelial cells induced with H2O2.
The results are shown in Figure 2 and Supplementary Materials (Figure S3).
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Figure 2. Relative fluorescence intensity in endothelial cells calculated as a percentage in comparison
with untreated control cells. (a)—the cells were treated with H2O2 or different concentrations of
diosmin/diosmetin, * indicates a statistically significant difference (p < 0.05) versus untreated controls;
(b)—the cells were pretreated with diosmin or diosmetin prior to the H2O2 exposure. The data are
means ± SD (n = 3). * indicates a statistically significant difference (p < 0.05) versus the H2O2-treated
cells. One-way ANOVA followed by Dunnett’s multiple comparison post hoc test. # indicates a
statistically significant difference (p < 0.05) between the same concentrations of diosmin and diosmetin
assessed using Student’s t-test. AA—ascorbic acid. The red dashed line represents the control value
that was considered as 100%.
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As can be seen, the flavonoids did not affect the oxidative balance, and H2O2 signifi-
cantly increased the ROS level up to 148% compared to the control (Figure 2a). However, the
pretreatment with the flavonoids lowered ROS production in a concentration-dependent
manner. Diosmetin exerted a higher protective effect, as at the highest concentration, the
amount of ROS was almost restored to the level of the untreated control.

2.2.2. Enzymatic Activity

Since our previous study showed a low direct ability of diosmin and diosmetin to
scavenge free radicals [18], at this stage of the research, the effect of the flavonoids on the
activity of cellular antioxidant enzymes, such as SOD, CAT, and GPx, was investigated.
Moreover, the effect of the flavonoids on lipid peroxidation was assessed using malondi-
aldehyde (MDA) as the main end product of lipid peroxidation. The results obtained for
cells without the H2O2-induced oxidative stress and for cells pretreated with the flavonoids
prior to the H2O2 exposure are shown in Figure 3 and Supplementary Materials (Figure S4),
respectively.
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Figure 3. Effect of the diosmin/diosmetin pretreatment prior to the H2O2 exposure on the antioxidant
enzyme activity calculated as a percentage in comparison with the untreated control. (a)—relative
activity of superoxide dismutase (SOD), (b)—relative activity of catalase (CAT) (c)—relative activity
of glutathione peroxidase (GPx) (d)—relative malondialdehyde (MDA) concentration. The data are
means ± SD (n = 3). * indicates a statistically significant difference (p < 0.05) versus the H2O2-treated
cells. One-way ANOVA followed by Dunnett’s multiple comparison post hoc test. # indicates a
statistically significant difference (p < 0.05) between the same concentrations of diosmin and diosmetin
assessed using Student’s t-test. AA—ascorbic acid. The red dashed line represents the control value
that was considered as 100%.

It was found that diosmin and diosmetin at 200–250 µM significantly affected the SOD
and CAT activity in H2O2-exposed cells; however, they had a minor impact on GPx—only
the highest concentration of diosmetin slightly increased GPx compared to the H2O2-
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induced cells. Moreover, it was noted that diosmin and diosmetin at 250 µM decreased the
MDA level almost to that in the control cells.

2.3. Modulation of the Nitric Oxide (NO) Level

The intracellular nitric oxide was measured in endothelial cells treated with H2O2 or
diosmin and diosmetin at different concentrations (Supplementary Materials Figure S5)
and in cells pretreated with flavonoids prior to the H2O2 exposure (Figure 4).
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by Dunnett’s multiple comparison post hoc test. # indicates a statistically significant difference
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AA—ascorbic acid. The red dashed line represents the control value that was considered as 100%.

The H2O2 exposure inhibited the NO production, and the NO level was significantly
decreased (to 56% of the control). The NO level was also slightly reduced in the flavonoid-
treated cells (Supplementary Materials Figure S3). In cells preincubated with flavonoids
prior to oxidative stress induction, NO was higher compared to H2O2-treated cells and, at
the highest concentration of the flavonoids, it reached the level of 77% (diosmin) and 88%
(diosmetin) of that in the untreated control cells.

3. Discussion

Oxidative stress is regarded as one of the triggers of endothelial dysfunction, and
the imbalance between the overexpression of ROS and the defensive ability of cellular
antioxidant systems is the main cause of endothelial damage. It has been evidenced that
abnormal ROS production leads to unfavorable processes in cells, including damage to
DNA, proteins, and lipids, which impairs the function of cells and, consequently, tissues.
This, in turn, promotes the development and progression of cardiovascular disorders [5,6].
In our study, the H2O2 exposure was used as a model of oxidative stress in HBMVEC
cells, and the H2O2 concentration was chosen based on the literature. It was found that
H2O2 significantly decreased the cell viability and had an inhibitory effect on SOD, CAT,
and GPx belonging to the antioxidant enzyme system, which effectively regulates the
oxidation balance and inhibits the damage caused by oxidative stress. SOD is responsible
for catalyzing the conversion of superoxide anions to H2O2. CAT and GPx peroxidases are
involved in further transformation of hydrogen peroxide [22]. It was also noted that the
H2O2 induction increased the MDA concentration, which is another marker of oxidative
imbalance, and an increased MDA level indicates enhancement of lipid oxidation. More-
over, H2O2 lowered the NO level, an important factor regulating vasodilatation. Disrupted
or abnormal expression of all these factors as a result of oxidative stress was described in



Molecules 2022, 27, 8232 6 of 10

the literature, and it is believed that they are involved in the pathogenesis of many diseases,
including cardiovascular disorders [5,6]. In our work, diosmin and diosmetin were shown
to have a protective effect on endothelial cells with induced oxidative stress via protection
of the cells against the harmful effects of H2O2 and enhancement of the activity of cellular
antioxidant systems. The DCFDA/H2DCFDA assay indicated that diosmin/diosmetin sig-
nificantly alleviated H2O2-induced cytotoxicity. These compounds also strongly inhibited
the H2O2-induced oxidative stress by influencing the enzyme system; the pretreatment
with the flavonoids restored the CAT, SOD, and GPx activity in a concentration-dependent
manner in the H2O2-treated cells. Interestingly, at the highest concentration, diosmetin also
increased the SOD level in the control cells. It should also be mentioned that our previous
research [18] showed minor direct scavenging activities in in vitro tests using DPPH and
ABTS; however, this study demonstrated that both flavonoids, and especially diosmetin,
exerted an antioxidative effect by enhancing the cellular antioxidant enzyme system activity.
Moreover, the level of MDA was reduced in the H2O2-treated cells preincubated with the
flavonoids, which suggests their protective effect against lipid peroxidation.

The impact of flavonoids on the activity of cellular enzymes has been reported in
some papers; however, the results are ambiguous. Some researchers have described an
increase [23–25], while others have reported no effect or even a decrease in the expression
of antioxidant enzymes [26,27]. Contradictory results regarding the impact of flavonoid
compounds on the antioxidant systems are results of strong structure–activity relationships,
as described among others by Zhang et al [28].

Similar to our study, the activation of cellular antioxidant enzymes by flavonoid
compounds in the H2O2-treated endothelial cells has been observed for quercetin [29],
luteolin [30,31], and flavonoid-rich extract from the leaves of Carya cathayensis Sarg. [32]
and from Piper sarmentosum Roxb. [33].

Oxidative stress also has a significant impact on vascular tone regulation. On the one
hand, ROS favor vasoconstriction because they reduce the bioavailability of nitric oxide,
which is a key factor in the regulation of vasodilation; on the other hand, H2O2 stimulates
endothelial NO synthase (eNOS) and, therefore, the production of nitric oxide; thus, it
shows a vasorelaxing effect. The disturbance in the NO level has a significant role in the
development of cardiovascular disorders [6]. Sariya et al. suggested the vasodilator effects
of diosmetin are relevant in reducing oxidative stress, raising endogenous antioxidant
enzymes, and increasing nitric oxide bioavailability. In their study, the antioxidant effect of
diosmetin was consistent with that of protein expression, such as Nrf2 and HO-1, leading
to mitigated oxidative stress [34].

Our investigation shows that the H2O2 exposure decreased the level of endothelium-
derived nitric oxide and diosmin/diosmetin upregulated its production. Some researchers
suggest that the antioxidant effect may be a result of induced activation of the mitogen-
activated protein kinase signaling pathway contributing to various processes, including the
response to oxidative stress. MAPK proteins, such as p38, JNK, and ERK, are reported as
important targets of H2O2. Moreover, the interaction between ROS and protein kinases is
involved in the control of the vascular function. Abnormal levels of phosphorylated ERK,
JNK, and p38 participate in the pathogenesis of cardiovascular disease [1,35].

The protective effect of diosmin and another flavonoid, hesperidin, against oxidative
stress induced with acrylamide was previously evidenced in a rat model. For example, it
was found that supplementation with flavonoids prevents lipid peroxidation and DNA
damage induced by acrylamide. Moreover, pretreatment with diosmetin (but not diosmin)
protected hepatocytes against oxidative stress caused by tert-butylhydroperoxide (TBHP),
which was related to lower lipid peroxidation and higher glutathione content [20]. In turn,
Mirzaee et al. found that diosmin had ameliorative effects on oxidative stress, significantly
increased GSH levels, and restored catalase activity in paraquat-induced lung injury in
mice [36].

Our findings demonstrate a protective effect of diosmin/diosmetin on H2O2-induced
cell damage in the endothelium; however, it should be pointed out that diosmetin acted
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more effectively, probably as a result of partial blocking of the activity of diosmin by the
sugar moiety. The higher activity of the aglycone form was also observed by Zaragozá et al.,
who investigated the inhibition of platelet aggregation and COX-1 [37] and the impact of
these flavonoids on the level of pro-inflammatory factors in LPS-treated cells [38].

Our results showed a beneficial effect of the flavonoid in the alleviation of oxidative
stress, which may be important in supporting the treatment of oxidative-stress-related
disorders such as cardiovascular disease. However, it should also be mentioned that
investigations based on cell lines could not be directly transferred into human studies
because many other factors have to be considered; for example, the bioavailability and
metabolism of the compounds. It should be noted that the maximal concentration of
diosmin in plasma in CVD treatment is from several up to 50 ng/mL [19,39], which is
a lower value than that used in our study. However, in experiments on cell lines, the
concentrations used depend on cell sensitivity, and it has been shown that the flavonoids
applied at lower concentrations exerted no effect on the endothelium treated with H2O2.

4. Materials and Methods
4.1. Cell Culture

The Human Brain Microvascular Endothelial Cells (HBMVEC) were obtained from
iXCells Biotechnologies (San Diego, CA 92121, USA). The cells were cultured according to
the standard protocol given by the manufacturer. The cells were grown in 96-well plates
in CS-C medium (Sigma, St Louis, MO, USA) supplemented with 5% FBS (Sigma), 1%
endothelial cell growth factor supplement (Sigma), and 1% penicillin solution (Sigma), and
incubated at 37 ◦C in a humidified 5% CO2 incubator.

4.2. Experimental Design

The cells were seeded on the well bottom (1 × 105 cells/mL) in 96-well plates. After
24 h of incubation at 37 ◦C, the cells were pretreated with the flavonoids (150–250 µM), and
after 30 min, H2O2 (250 µM) was added to the medium to induce oxidative stress. After 6 h
of cell stimulation, the NO (Nitric Oxide Assay Kit, ThermoFisher Scientific, Waltham, MA,
USA), the MDA level, SOD, GSH-Px, and CAT (Abcam, Berlin, Germany) activities were
determined using the kit according to the manufacturer’s instructions. Stock solutions of
diosmin and diosmetin (Sigma) were prepared using DMSO/culture medium (1:1), and it
was diluted. The final concentration of DMSO did not exceed 0.5%, and this concentration
did not affect the cell viability.

4.3. Cytotoxicity Assay
4.3.1. MTT Assay

The cells were treated with diosmin or diosmetin (100–500 µM), and after 24 h of
incubation, 25 µL/well of a 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide
solution at a concentration 5 mg/mL (Sigma) was added, and the plates were incubated
for 3 h at 37 ◦C. The crystals were solubilized in 10% sodium dodecyl sulfate (SDS) in
0.01M HCl, and absorbance was measured at λ = 570 nm wavelength with the use of an
E-max Microplate Reader (Molecular Devices Corporation, Menlo Park, CA, USA). To
establish cytotoxicity in H2O2-treated cells, the cells were pretreated with the flavonoids
(150–250 µM), and after 30 min, H2O2 (250 µM) was added to the medium. MTT assay was
carried out after 6 h of cell stimulation.

4.3.2. Alamar Blue Assay

The cells were treated with diosmin or diosmetin (100–500 µM), and after 24 h of
incubation, a Resazurin solution (60 µM) was added. The plates were incubated for 2 h
at 37 ◦C. Then, fluorescence was measured at λ = 570 nm wavelength using a FilterMax
F5 microplate reader (Thermo Fisher Scientific). To establish cytotoxicity in H2O2-treated
cells, the cells were pretreated with the flavonoids (150–250 µM), and after 30 min, H2O2
(250 µM) was added to the medium. AB assay was carried out after 6 h of cell stimulation.
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4.4. Quantification of Intracellular Reactive Oxygen Species

The generation of intracellular reactive oxygen species (ROS) in the endothelial cells
was performed as previously described [40]. After 24 h of incubation, the medium was
removed and replaced with 10 µM H2DCFDA (Sigma Aldrich), and the cells were incubated
for 45 min at 37 ◦C. The fluorescence was measured after 90 min using a FilterMax F5
microplate reader (Thermo Fisher Scientific) at a maximum excitation of 485 nm and
emission spectra of 530 nm. The concentrations of flavonoids were 150, 200, and 250 µM.

4.5. Statistical Analysis

The results are means ± SD of three independent measurements (n = 3). The data were
analyzed using one-way ANOVA followed by Dunnett’s multiple comparison post hoc
test. Additionally, Student’s test was performed to assess the differences between flavonoid
concentrations. Differences were considered significant at p < 0.05. All statistical analyses
were performed using Statistic ver. 13.3 software (Tibco Software Inc., Palo Alto, CA, USA).

5. Conclusions

Our study has shown that diosmin and diosmetin may protect endothelial cells against
oxidative stress caused by H2O2 exposure, as they alleviate the cytotoxicity via an impact
on the cellular antioxidant enzymatic system. It has been demonstrated that the protective
effects were strongly associated with the increased activity of CAT, GPx, and SOD, i.e.,
enzymes responsible for cellular redox homeostasis. Moreover, they restored the NO level.
Based on these findings, it can be supposed that flavonoids may support the treatment in
oxidative stress-related disorders.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238232/s1, Figure S1: Cell viability determined by
the MTT (a) and Alamar Blue (b) assay expressed as a percentage of control (0.5% DMSO). Cells
were treated with diosmin/diosmetin at different concentrations. The data are means ± SD (n = 3).
One-way ANOVA followed by Dunnett’s multiple comparison post hoc test; *indicates statistically
significant difference (p < 0.05) versus untreated controls; Figure S2: May-Grünwald–Giemsa (MGG)
staining of endothelial cells: (a) control, (b) cells treated with H2O2, (c) cells preincubated with
diosmin prior to H2O2 exposure, (d) cells preincubated with diosmetin prior to H2O2 exposure.
Magnification 200×. Bar = 20 µm; Figure S3: Intracellular Reactive Oxygen Species (H2DCFDA
assay): (a) control, (b) cells treated with H2O2, (c) cells preincubated with diosmin prior to H2O2
exposure, (d) cells preincubated with diosmetin prior to H2O2 exposure; Figure S4: Effect of the
diosmin/diosmetin treatment and the H2O2 exposure on the antioxidant enzyme activity calculated as
a percentage in comparison with the untreated control. (a)—relative activity of superoxide dismutase
(SOD), (b)—relative activity of catalase (CAT) (c)—relative activity of glutathione peroxidase (GPx)
(d)—relative malondialdehyde (MDA) concentration. The data are means ± SD (n = 3). * indicates a
statistically significant difference (p<0.05) versus the control cells. One-way ANOVA followed by
Dunnett’s multiple comparison post hoc test; Figure S5: Effect of the diosmin/diosmetin treatment
and the H2O2 exposure on the NO level calculated as a percentage in comparison with the untreated
control. The data are means ± SD (n = 3). *indicates a statistically significant difference (p < 0.05)
versus the control cells. One-way ANOVA followed by Dunnett’s multiple comparison post hoc test.
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17. Feldo, M.; Woźniak, M.; Wójciak-Kosior, M.; Sowa, I.; Kot-Waśnik, A.; Aszyk, J.; Bogucki, J.; Zubilewicz, T.; Bogucka-Kocka, A.
Influence of diosmin treatment on the level of oxidative stress markers in patients with chronic venous insufficiency. Oxid. Med.
Cell. Longev. 2018, 2018, 2561705. [CrossRef]

18. Feldo, M.; Wójciak, M.; Ziemlewska, A.; Dresler, S.; Sowa, I. Modulatory effect of diosmin and diosmetin on metalloproteinase
activity and inflammatory mediators in human skin fibroblasts treated with lipopolysaccharide. Molecules 2022, 27, 4264.
[CrossRef] [PubMed]

19. Gerges, S.H.; Wahdan, S.A.; Elsherbiny, D.A.; El-Demerdash, E. Pharmacology of Diosmin, a Citrus Flavone Glycoside: An
Updated Review. Eur. J. Drug Metab. Pharmacokinet. 2022, 47, 1–18. [CrossRef] [PubMed]

20. Elhelaly, A.E.; AlBasher, G.; Alfarraj, S.; Almeer, R.; Bahbah, E.I.; Fouda, M.M.; Bungău, S.G.; Aleya, L.; Abdel-Daim, M.M.
Protective effects of hesperidin and diosmin against acrylamide-induced liver, kidney, and brain oxidative damage in rats.
Environ. Sci. Pollut Res. Int. 2019, 26, 35151–35162. [CrossRef] [PubMed]

21. Villa, P.; Cova, D.; De Francesco, L.; Guaitani, A.; Palladini, G.; Perego, R. Protective effect of diosmetin on in vitro cell membrane
damage and oxidative stress in cultured rat hepatocytes. Toxicology 1992, 73, 179–189. [CrossRef] [PubMed]

22. Nandi, A.; Yan, L.-J.; Jana, K.C.; Das, N. Review article role of Catalase in oxidative stress-and age-associated degenerative
diseases. Oxid. Med. Cell. Longet. 2019, 2019, 9613090. [CrossRef]

23. Kampkotter, A.; Chovolou, Y.; Kulawik, A.; Rohrdanz, E.; Weber, N.; Proksch, P.; Watjen, W. Isoflavone daidzein possesses no
antioxidant activities in cell-free assays but induces the antioxidant enzyme catalase. Nutr. Res. 2008, 100, 620–628. [CrossRef]

http://doi.org/10.1016/j.cellsig.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22286106
http://doi.org/10.1016/j.biopha.2022.113238
http://www.ncbi.nlm.nih.gov/pubmed/35687909
http://doi.org/10.3390/ijms150711324
http://doi.org/10.1016/j.tcm.2013.12.001
http://doi.org/10.1016/j.vph.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28579545
http://doi.org/10.1016/j.redox.2014.02.005
http://doi.org/10.1177/00033197050560i104
http://www.ncbi.nlm.nih.gov/pubmed/16193222
http://doi.org/10.1371/journal.pone.0061794
http://doi.org/10.3390/molecules24183316
http://doi.org/10.1038/nri2171
http://www.ncbi.nlm.nih.gov/pubmed/17893694
http://doi.org/10.1016/j.freeradbiomed.2018.03.018
http://doi.org/10.1097/FJC.0000000000000757
http://www.ncbi.nlm.nih.gov/pubmed/31613843
http://doi.org/10.3390/biomedicines10051076
http://www.ncbi.nlm.nih.gov/pubmed/35625813
http://doi.org/10.1007/s12325-020-01219-y
http://doi.org/10.3390/jcm10153239
http://www.ncbi.nlm.nih.gov/pubmed/34362022
http://doi.org/10.1155/2018/2561705
http://doi.org/10.3390/molecules27134264
http://www.ncbi.nlm.nih.gov/pubmed/35807509
http://doi.org/10.1007/s13318-021-00731-y
http://www.ncbi.nlm.nih.gov/pubmed/34687440
http://doi.org/10.1007/s11356-019-06660-3
http://www.ncbi.nlm.nih.gov/pubmed/31686333
http://doi.org/10.1016/0300-483X(92)90101-J
http://www.ncbi.nlm.nih.gov/pubmed/1609428
http://doi.org/10.1155/2019/9613090
http://doi.org/10.1016/j.nutres.2008.06.002


Molecules 2022, 27, 8232 10 of 10

24. Sun, L.; Zhang, J.; Lu, X.; Zhang, L.; Zhang, Y. Evaluation to the antioxidant activity of total flavonoids extract from persimmon
(Diospyros kaki L.) leaves. Food Chem. Tox. 2011, 49, 2689–2696. [CrossRef]

25. Elavarasan, J.; Velusamy, P.; Ganesan, T.; Ramakrishnan, S.K.; Rajasekaran, D.; Periandavan, K. Hesperidin-mediated expression
of Nrf2 and upregulation of antioxidant status in senescent rat heart. J. Pharm. Pharmacol. 2012, 64, 1472–1482. [CrossRef]
[PubMed]

26. Wiegand, H.; Boesch-Saadatmandi, C.; Regos, I.; Treutter, D.; Wolffram, S.; Rimbach, G. Effects of quercetin and catechin on
hepatic Glutathione-S Transferase (GST), NAD(P)H Quinone Oxidoreductase 1 (NQO1), and antioxidant enzyme activity levels
in rats. Nutr. Cancer 2009, 61, 717–722. [CrossRef] [PubMed]

27. Valdameri, G.; Trombetta-Lima, M.; Worfel, P.R.; Pires, A.R.A.; Martinez, G.R.; Noleto, G.R.; Cadena, S.M.S.C.; Sogayar, M.C.;
Winnischofer, S.M.B.; Rocha, M.E.M. Involvement of catalase in the apoptotic mechanism induced by apigenin in HepG2 human
hepatoma cells. Chem. -Biol. Interact. 2011, 193, 180–189. [CrossRef] [PubMed]

28. Zhang, Q.; Yang, W.; Liu, J.; Liu, H.; Lv, Z.; Zhang, C.; Chen, D.; Jiao, Z. Identification of Six Flavonoids as Novel Cellular
Antioxidants and Their Structure-Activity Relationship. Oxid. Med. Cell. Longev. 2020, 2020, 415089. [CrossRef] [PubMed]

29. Hung, C.H.; Chan, S.H.; Chu, P.M.; Tsai, K.L. Quercetin is a potent antiatherosclerotic compound by activation of SIRT1 signaling
under oxLDL stimulation. Mol. Nutr. Food Res. 2015, 59, 1905–1917. [CrossRef] [PubMed]

30. Xia, F.; Wang, C.; Jin, Y.; Liu, Q.; Meng, Q.; Liu, K.; Sun, H. Luteolin protects HUVECs from TNFalpha-induced oxidative stress
and inflammation via its effects on the Nox4/ROS-NF-kappaB and MAPK pathways. J. Atheroscler. Thromb. 2014, 21, 768–783.
[CrossRef]

31. Ou, H.C.; Pandey, S.; Hung, M.Y.; Huang, S.H.; Hsu, P.T.; Day, C.H.; Pai, P.; Viswanadha, V.P.; Kuo, W.-W.; Huang, C.-Y. Luteolin:
A natural flavonoid enhances the survival of HUVECs against oxidative stress by modulating AMPK/PKC pathway. Am. J. Chin.
Med. 2019, 47, 541–557. [CrossRef]

32. Zhou, F.M.; Huang, J.J.; Hu, X.J.; Wang, J.; Zhu, B.Q.; Ding, Z.S.; Huang, S.; Fang, J.J. Protective effects of flavonoids from the
leaves of Carya cathayensis Sarg. against H2O2-induced oxidative damage and apoptosis in vitro. Exp. Ther. Med. 2021, 22, 1443.
[CrossRef] [PubMed]

33. Hafizah, A.H.; Zaiton, Z.; Zulkhairi, A.; Mohd Ilham, A.; Nor Anita, M.M.; Zaleha, A.M. Piper sarmentosum as an antioxidant
on oxidative stress in human umbilical vein endothelial cells induced by hydrogen peroxide. J. Zhejiang Univ. Sci. B 2010, 11,
357–365. [CrossRef] [PubMed]

34. Sariya, M.; Patoomprn, P.; Prapassorn, P.; Sarawoot, B.; Poungrat, P.; Putchrawipa, M. Diosmetin ameliorates vascular dysfunction
and Remodeling by modulation of Nrf2 /HO-1 and p-JNK/p-NF-kB expression in hypertensive rats. Antioxidants 2021, 10, 1487.

35. Qi, M.; Elion, E.A. MAP kinase pathways. J. Cell Sci. 2005, 118, 3569–3572. [CrossRef] [PubMed]
36. Mirzaee, S.; Mansouri, E.; Shirani, M.; Zeinvand-Lorestani, M.; Khodayar, M.J. Diosmin ameliorative effects on oxidative stress

and fibrosis in paraquat-induced lung injury in mice. Environ. Sci. Pollut Res. Int. 2019, 26, 36468–36477. [CrossRef] [PubMed]
37. Zaragozá, C.; Álvarez-Mon, M.Á.; Zaragozá, F.; Villaescusa, L. Flavonoids: Antiplatelet Effect as Inhibitors of COX-1. Molecules

2022, 27, 1146. [CrossRef] [PubMed]
38. Zaragozá, C.; Villaescusa, L.; Monserrat, J.; Zaragozá, F.; Álvarez-Mon, M. Potential Therapeutic Anti-Inflammatory and

Immunomodulatory Effects of Dihydroflavones, Flavones, and Flavonols. Molecules 2020, 25, 1017. [CrossRef]
39. Russo, R.; Chandradhara, D.; De Tommasi, N. Comparative Bioavailability of Two Diosmin Formulations after Oral Administra-

tion to Healthy Volunteers. Molecules 2018, 23, 2174. [CrossRef] [PubMed]
40. Ziemlewska, A.; Nizioł-Łukaszewska, Z.; Zagórska-Dziok, M.; Bujak, T.; Wójciak, M.; Sowa, I. Evaluation of cosmetic and

dermatological properties of kombucha-fermented berry leaf extracts considered to be by-products. Molecules 2022, 27, 2345.
[CrossRef]

http://doi.org/10.1016/j.fct.2011.07.042
http://doi.org/10.1111/j.2042-7158.2012.01512.x
http://www.ncbi.nlm.nih.gov/pubmed/22943178
http://doi.org/10.1080/01635580902825621
http://www.ncbi.nlm.nih.gov/pubmed/19838946
http://doi.org/10.1016/j.cbi.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21756884
http://doi.org/10.1155/2020/4150897
http://www.ncbi.nlm.nih.gov/pubmed/33014269
http://doi.org/10.1002/mnfr.201500144
http://www.ncbi.nlm.nih.gov/pubmed/26202455
http://doi.org/10.5551/jat.23697
http://doi.org/10.1142/S0192415X19500289
http://doi.org/10.3892/etm.2021.10878
http://www.ncbi.nlm.nih.gov/pubmed/34721685
http://doi.org/10.1631/jzus.B0900397
http://www.ncbi.nlm.nih.gov/pubmed/20443214
http://doi.org/10.1242/jcs.02470
http://www.ncbi.nlm.nih.gov/pubmed/16105880
http://doi.org/10.1007/s11356-019-06572-2
http://www.ncbi.nlm.nih.gov/pubmed/31732951
http://doi.org/10.3390/molecules27031146
http://www.ncbi.nlm.nih.gov/pubmed/35164411
http://doi.org/10.3390/molecules25041017
http://doi.org/10.3390/molecules23092174
http://www.ncbi.nlm.nih.gov/pubmed/30158431
http://doi.org/10.3390/molecules27072345

	Introduction 
	Results 
	Cytotoxicity Assay 
	Antioxidant Activity 
	Level of Intracellular Reactive Oxygen Species 
	Enzymatic Activity 

	Modulation of the Nitric Oxide (NO) Level 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Experimental Design 
	Cytotoxicity Assay 
	MTT Assay 
	Alamar Blue Assay 

	Quantification of Intracellular Reactive Oxygen Species 
	Statistical Analysis 

	Conclusions 
	References

