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ABSTRACT: Quercetin is a ubiquitous bioactive flavonoid found in broad selection of dietary supplements. It has
potential beneficial health effects and induces therapeutic activity in many diseases including different types of cancer.
Quercetin exerts cytotoxic activity in cancer and induces apoptotic cell death. Albeit, each dietary supplement consists of
impurities, which in turn diminish the biological activity of the quercetin. Herein, we extracted quercetin from 5
different marketed dietary supplements in tablet formulation and detected their quercetin content by developing and
validating an RP-HPLC method. We further investigated the cytotoxic activity of quercetin and its role in apoptosis
through mitochondrial pathway in MCF-7 and 4T1 breast cancer cell lines. Our findings demonstrated that the quercetin
content in all formulations was less than the amount stated in the labeling information, nevertheless they exerted
significant cytotoxic activities in breast cancer cells. We revealed that formulations with high quercetin content induced
apoptosis through restoring the tumor suppression activity of p53 and activating downstream caspases, whereas the
formulation with low quercetin content potentially induced non-apoptotic cell death. Our work illustrates the
involvement of quercetin in apoptosis through the mitochondrial pathway in accordance with the quercetin content
detected by the RP-HPLC.
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1. INTRODUCTION

Quercetin (3,3',4',5,7'-pentahydroxyflavone) belongs to a family of flavonoids and is known to have
significant biological activities. It is readily found in some fruits and vegetables such as berries, apples,
onions, broccoli, pepper, citrus fruits, tea, and red wine [1]. In addition, quercetin is available in a broad
selection of marketed dietary supplements.

As a naturally occurring phytochemical, quercetin and its derivatives have wide range of bioactive
properties and their activities have been investigated in many diseases [2]. Quercetin exerts potential
beneficial health effects and triggers therapeutic activity in various diseases and conditions [3]. Previous
studies have revealed the anti-inflammatory, antioxidant, antitumor, neuroprotective, antiatherogenic,
antidiabetic, anti-obesity, antiviral and antibacterial roles of quercetin [4]. There is a growing body of
evidence suggesting that quercetin may have antiviral activity against various pathogens [5] including
influenza [6], herpes simplex virus [7], and respiratory syncytial virus [8]. In addition, quercetin has been
shown to stimulate immune function and modulate immune responses against SARS-CoV-2 infection [9].
The cytotoxic activities of quercetin have been shown in different cancer types. Through up-regulating the
expression of the tumor-suppressive miRNAs, quercetin prevented human cervical cancer [10]. Quercetin
was reported to suppress glycolysis and inhibit cell proliferation of oral squamous cell carcinoma [11]. Upon
administration of quercetin-loaded thermosensitive hydrogels, improved apoptosis was observed in ovarian
cancer models [12]. Similarly, quercetin-loaded hydrogel nanocomposite application caused cytotoxicity
against breast cancer cells [13]. In some cases, prolonged quercetin intake was shown to be effective in cancer
prophylaxis [14]. Interestingly, quercetin was reported to trigger a synergistic pharmacological effect, boost
the anticancer activity of the chemotherapeutic drugs and reduce their adverse effects [4,12,15,16].
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Owing to global burden of cancer, quercetin has gained particular interest as a supplement to help mitigate
the severity of the disease, in addition to its many health benefits. Regular consumption of dietary
supplements containing quercetin may exert significant health effects and help preventing numerous types
of cancers. However, the quercetin content of the marketed dietary supplements varies greatly since each
supplier provide substance with different impurities. Besides, the dietary supplements are subjected to
different sets of regulations compared to the drugs, which are controlled by the internal quality management
systems of the companies. These factors, in turn, affect the quality of the supplement, the biological activity
of the quercetin and its therapeutic role in cancer. Therefore, it is crucial to determine the quercetin content,
compare them with the labeling information and detect the apoptotic activity accordingly. In this study, we
aimed to determine the quantity of quercetin found in 5 different marketed dietary supplements in tablet
formulation using high-performance liquid chromatography (HPLC) and demonstrate their apoptotic
activities against breast cancer to allow providing the end-users with the proper dosage of this potentially
beneficial dietary supplement.

2. RESULTS

2.1. RP-HPLC analysis to detect quercetin content in the dietary supplements

The quercetin content in the marketed dietary supplements varies greatly. Most products consist of
impurities and the amount of quercetin rarely matches with the labeling information. Therefore, we initially
analyzed the amount of quercetin in the marketed dietary supplements and compared the findings with the
labeling information. To do this, we performed RP-HPLC analysis using 5 different dietary supplements
containing quercetin in tablet formulation and encoded them as F1-F5. Quercetin dihydrate was used as the
standard. Interestingly, the quercetin content in all formulations was less than the amount stated in the
labeling information. We detected that F1-F5 formulations had 90.96+0.46%, 87.43+2.37%, 90.01+2.42%,
46.92+1.76% and 78.4£0.93% quercetin content compared to product labeling. The country of production and
origin of the active pharmaceutical ingredients (API) declared on the label of the products and the
comparison of the amounts experimentally determined in them with the label values are given in Table 1.
The experimental quercetin content of F4 was dramatically low, whereas the quercetin content of F1, F2 and
F3 formulations were comparable to the product labeling (Figure 1A).

Table 1. Quercetin contents in formulations

Formulation code, Product Declared

origin and API origin amount per one rlife‘:lr::)i dby Z:gg:;e(: Percentage of Standard

dosage form, P P . 8 coverage Error
mg orm, mgt SD

F1 (Ttirkiye, API from Italy) 100 90.96+0.79 90.96 0.46

F2 (Tarkiye, API from India) 500 437.13+4.11 87.43 237

F3 (USA, API from USA) 500 450.06+4.19 90.01 242

F4 (Tiirkiye, API from India) 500 234.6043.05 46.92 1.76

F5 (Ttrkiye, API from USA) 100 78.40+1.60 78.40 0.92

2.2. Quercetin supplements prevent viability and proliferation of breast cancer cells

We further investigated the cytotoxic activity of dietary supplements containing quercetin against
breast cancer cell lines. To do this, MTT assay was carried out using 300 pM or 500 uM quercetin. The effect
of quercetin was tested on hormone-responsive breast cancer cell line MCF7, metastatic stage IV human
breast cancer cell line 4T1 and Human Embryonic Kidney cell line HEK293. We initially evaluated the dose
dependent cell viability and proliferative activity of the different quercetin formulations. The cytotoxicity of
500 uM quercetin extracts was more efficient than that of 300 uM quercetin (data not shown). The MCF7 cell
viabilities after quercetin treatment were within 55% and 82% (Figure 1B), whereas the viabilities of 4T1 cells
were within 32% and 52% (Figure 1C). The HEK293 cells were used as control and the survival rates
following quercetin application were above 70% (Figure 1D). F3, which had 90.01% quercetin content
compared to product labeling, yielded the greatest cytotoxic activity in both breast cancer cell lines.
Surprisingly, the survival rates of F4 formulation (46.92% drug content compared to product labeling) were
similar to that of the standard. We further performed RP-HPLC analysis to detect cellular uptake of
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quercetin. Negligible amount of quercetin was detected in cell culture media suggesting that the cellular
uptake of quercetin was efficient. These findings revealed that the quercetin content of the dietary
supplements was in accordance with their cytotoxic activities except F4, which was shown to be quite
effective against breast cancer contrary to its low drug content.

2.3. Quercetin supplements induce apoptosis through mitochondrial pathway

The cytotoxic activities of dietary supplements containing quercetin led to further investigation to
understand whether quercetin induced breast cancer cell death was apoptotic. p53 has been known to
regulate a wide range of cellular activities including apoptosis. Therefore, we inspected the expression of
total p53 in MCF7, 4T1 and HEK293 cell lines after 500 uM quercetin treatment. We observed increased p53
expression in breast cancer cell lines. The expression levels were higher in metastatic 4T1 cells. These
findings indicated that the quercetin induced cell death might have occurred through the apoptosis pathway
(Figures 2A-C). As expected, the levels of p53 expression after F3 treatment were greatest in MCF7 and 4T1
cell lines (Figures 2A-B), which was in agreement with its quercetin content. Strikingly, the cell density and
thus p53 expression of F4 seemed to be less, which might have pointed out reduced apoptosis (Figures 2A-
B).

Given that p53 mediated apoptosis has been known to occur through downstream activation of
Caspase-9, we next explored its expression in breast cancer cell lines after administration of quercetin
extracted from F1-F5 formulations. Almost no Caspase-9 was detected in HEK293 cells, whereas the breast
cancer cells expressed significant levels of cleaved Caspase-9 following quercetin treatments (Figures 3A-C).
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Figure 1. A) Quercetin content of 5 different dietary supplements detected by RP-HPLC. Products reduced the
viability of B) MCF7 and C) 4T1 breast cancer cells, D) whereas the viability of HEK293 cells did not change.
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Figure 2. Quercetin extracted from 5 different marketed dietary supplements restored the tumor suppression
activity of p53 in A) MCF7 and B) 4T1 cells in accordance with the content of the supplement. C) p53 expression
in HEK293 cells after quercetin treatment remained low. Scale bar: 50 pm

Collectively, these results suggested that the dietary supplements containing quercetin, in parallel
with the drug content compared to product labeling, mediated cell death through p53 induced apoptosis
with downstream activation of Caspase-9.

To better understand the extend of apoptosis driven by quercetin treatment, we investigated the level
of Caspase-3/7 activity in living cells. High Caspase-3/7 activity in MCF7 (Figures 4A, D) and 4T1 (Figures
4B, E) cells upon F1, F2, F3 and F5 application demonstrate that these formulations are effective in apoptosis
mediated cell death, whereas F4 formulation yielded lower Caspase-3/7 activity in both breast cancer cell
lines. Likewise, Caspase-3/7 activity in HEK293 cells were negligible (Figures 4C, F). Taken together, these
findings suggest that quercetin formulations triggered apoptosis mediated cell death in breast cancer cells,
except F4 formulation, which might have triggered non-apoptotic cell death.

3. DISCUSSION

Here, we identified the quantity of quercetin found in 5 different marketed dietary supplements in
tablet formulation using HPLC and reported their role in apoptosis mediated cell death in breast cancer cell
lines; MCF7 and 4T1. Specifically, formulations with high quercetin content (F1, F2, F3 and F5) had
significant apoptotic activity against cancer cells.

Quercetin, a ubiquitous bioactive flavonoid, is found in various dietary supplements and widely used,
albeit the majority of these products consist of impurities, which in turn alters the biological activity of the
quercetin. A well-fitted method has been developed for quercetin extracts from 5 different marketed dietary.
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Figure 3. The activation of Caspase-9 increased in A) MCF7 cells (Scale bar: 50 pm) and B) 4T1 cells (Scale bar: 20
pm) upon application of quercetin extracted from 5 different marketed dietary supplements in accordance with
the content of the supplement. C) No Caspase-9 expression was detected in HEK293 cells after quercetin
application. Scale bar: 50 pm

supplements, which reduces solvent consumption as results are obtained in a shorter time, is cost effective
and therefore more environmentally friendly. This developed and validated RP-HPLC method provides
results with high accuracy, intermediate precision, and reproducibility. We provided this RP-HPLC method
to detect the quercetin contents of 5 different marketed dietary supplements in tablet formulation and
compared them with the product labeling.

Quercetin has long been known for its anti-cancer activity in various cancer types. Previous studies
revealed that cancer cells are readily available to the cytotoxic effects of quercetin [17-23]. These studies are
in accordance with the findings of the current study, where we demonstrated that the breast cancer cell
growth was inhibited after treating with quercetin extracts obtained from different dietary supplements.
Restricted growth of cancer cells was earlier linked to suppression of survival signal proteins including AKT,
ERK, protein kinase C (PKC-a) and activation of death signals including c-Jun N-terminal kinases (JNK) and
PKC-5 [24-26].
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Figure 4. Live imaging demonstrated that quercetin extracted from 5 different marketed dietary supplements
significantly increased Caspase-3/7 expression in A, D) MCF7 and B, E) 4T1 cells in accordance with the content
of the supplement, C, F) whereas Caspase-3/7 levels in HEK293 were negligible. (***p < 0.001). Scale bar: 50 pm

The cytotoxic effect of quercetin is potentially modulated by the induction of the apoptotic pathways
[17,27,28]. So far, disruption of mitochondria [29,30], generation of ROS [31], DNA intercalation [32] and cell
cycle arrest [33,34] have been attributed to quercetin induced apoptosis. Quercetin was previously shown to
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induce apoptosis through mitochondrial pathway [35]. In this pathway, apoptotic cell death is regulated by
caspases, which belong to a family of cysteine proteases and allow cleavage of target proteins. The
transcription factor p53 induces apoptosis and tumor suppression [36]. As a response to apoptosis inducing
stress signals, mitochondrial translocation of p53 occurs, which in turn initiates release of cytochrome c
release into cytosol and caspase activation [37]. After Caspase-9 is activated, Caspase-3 and Caspase-7, the
downstream caspases, are activated as well, which altogether induces apoptosis [35,38]. Herein, our findings
support the involvement of quercetin in apoptosis through the mitochondrial pathway (Figure 5). Our work
indicates that quercetin extracted from F1, F2, F3 and F5 formulations restored the tumor suppression
activity of p53 and induced downstream activation of Caspase-9 and Caspase-3/7. Treatment with F4
formulation did not promote p53 and downstream activation of caspases, nevertheless it reduced cancer cell
viability, which may have led to non-apoptotic cell death.
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Figure 5. Schematic representation of the involvement of quercetin in apoptosis through the mitochondrial
pathway (Created with Biorender.com)

4. CONCLUSION

We conclude that the quantity of quercetin extracted from 5 different marketed dietary supplements
induce apoptosis through the mitochondrial pathway in accordance with the content described in the
product labeling, which consequently provides an understanding of the proper dosing to maximize its
therapeutic role in breast cancer.
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5. MATERIALS AND METHODS
5.1. Materials

Quercetin dihydrate was used as the reference standard (Sigma-Aldrich, MO, USA). HPLC grade
methanol (MeOH) and acetonitrile (ACN) were used to prepare the standard solutions and the mobile phase
(Sigma-Aldrich). Formic acid was ACS reagent grade (Merck, Germany). Ultrapure water was obtained from
Elga LabWater PURELAB flex 3 system.

5.2. Chromatographic conditions

An Agilent 1100 series HPLC system (USA) with an autosampler, column oven, gradient pump and
UV detector was used during the analyses. An InertSustain C18 column with octadecyl silica particles
(150x4.6mm, 5pm) was used for separation (GL Sciences, CA, USA). The column oven was thermostabilized
at 30°C. A and B solvents mixed at different ratios and different time points were used during the separation
that took place in binary gradient conditions. The ACN:Water:Formic acid combinations were 10:89:1 for
mobile phase A and 89:10:1 for mobile phase B. The change of the mobile phase gradient over time started
with 100% of A and decreased to 40% in 1.5 minutes, whereas the ratio of B increased to 60%. This ratio
continued until the 34 minute. The concentration of A increased to 55% at the 4th minute and to 100% 40
seconds later and continued at the same rate until the 7th minute. Retention time was 3.226 minutes. The
method has been adapted from a previous study [39], modified and validated. Overlaid chromatograms of
the standard quercetin and extracted quercetin are given in Figure 6.
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Figure 6. HPLC chromatogram of quercetin marketed products
5.3. Preparation of standard solution and extraction of marketed formulations

Quercetin dihydrate (11.2 mg) was weighed and dissolved in methanol assisted by ultrasound. 10 mL
stock solution was prepared at a concentration of 1 mg/mL and it was used to obtain the calibration curve
by diluting the standard solution in the range of 10-500 pg/mL. Due to the stability of the quercetin solution
and the volatility of methanol, the solution was prepared in an amber flask, covered with aluminum foil, and
stored at +4°C. All solutions were filtered through 0.22 pym membrane filters and analyzed in triplicate using
the HPLC system.
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Five different best-selling dietary supplements, with quercetin being the API, were obtained from a
pharmacy. All supplements contained quercetin only and were tablet formulations. The supplements were
coded as F1-F5 throughout the manuscript (F1 (Tturkiye, API from Italy), F2 (Ttirkiye, API from India), F3
(USA, API from USA), F4 (Ttrkiye, API from India), F5 (Ttirkiye, API from USA) as manufacturer declared).
Quercetin in the supplements was extracted with methanol for 3 times. The solvent was evaporated and
dissolved with methanol to make the final volume 10 mL. The procedure to extract quercetin from the
preparations was carried out in accordance with the monographs in the European pharmacopoeia (EUP).
The extracts were freshly prepared, filtered through a 0.22 pm membrane filter before injection and injected
into the HPLC device after 1:100 dilution.

5.4. Validation of HPLC Method

The linearity of the developed method was analyzed in the range of 10-500 ng/mL quercetin standard
solutions. Effective parameters such as system suitability, precision, accuracy, specificity, selectivity,
stability, theoretical plate number, resolution and tailing factor were carried out and the shown to be within
the limits which is proposed by ICH Q2(R1) (International conference of harmonization) guidelines. In
addition, linearity and system suitability data are given in Table 2.

Table 2. Linearity and system suitability parameters for the developed method (n=3)

Linear range (png/mL) 10-500

Equation y=23.154x - 41.07
Slope 23.154+0.0801
Intercept -410.6967+2.6297
Correlation coefficient (R2) 0.9995
Theoretical plate number (N) 7760

Resolution 8.35

Tailing factor 1.1

Intra-assay precision, Recovery, RSD 98.13%, 0.14%

Intermediate precision, (inter-day) Recovery, RSD
Intermediate precision (Intra-day) precision, Recovery, RSD
Recovery range

Short-term stability (96 hours), difference, RSD

LOD (3S/N) (ug/mL)

LOQ (10°S/N) (ug/mL)

97.9 %, 0.65%
98%,1.15%
98.87-104.26%
1.5 %, 0.2%
0.0700

0.2400

5.5. Cell lines and in vitro studies

All cell lines were obtained from American Type Culture Collection (ATCC®, Manassas, VA, USA).
Hormone-responsive breast cancer cell line MCF7 (ATCC®: HTB-22) and triple-negative breast cancer cell
line 4T1 (ATCC®: CRL-2539) were maintained in RPMI-1640 Medium (R0833; Sigma-Aldrich) supplemented
with 10% Fetal Bovine Serum, 1% GlutaMAX™ (35050061; Gibco, Thermo Fisher Scientific, Waltham, MA)
and 1% Antibiotic Antimycotic Solution (A5955; Sigma-Aldrich) at 37°C and 5% CO,. Human Embryonic
Kidney cell line HEK293 (ATCC®: CRL-1573) was maintained in Dulbecco's Modified Eagle Medium
(DMEM-HPXA; Capricorn Scientific, Germany) supplemented with 10% Fetal Bovine Serum, 1%
GlutaMAX™ (35050061; Gibco, Thermo Fisher Scientific, Waltham, MA) and 1% Antibiotic Antimycotic
Solution (A5955; Sigma-Aldrich) at 37°C and 5% CO.. Cells were seeded at a density of 5x103 cells/well and
incubated for 24 hours.

http://dx.doi.org/10.29228/jrp.841
J Res Pharm 2024; 28(5): 1653-1664

1661


http://dx.doi.org/10.29228/jrp.841

Erim and Aysit Journal of Research in Pharmacy
HPLC method to detect the apoptotic activity of quercetin Research Article

5.6. Cell viability and apoptosis

300 pM or 500 pM quercetin extracted from different marketed products (F1-F5) were added to each
well. Quercetin dihydrate was used as positive control. The control wells were treated with DMSO or left
untreated. The cells were incubated for 48 hours at 37°C and 5% COa.

After incubation, MTT assay was performed to assess the viability, proliferation, and cytotoxicity of
cells by measuring their metabolic activity since it employs a colorimetric technique that relies on the
conversion of a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or
MTT) into purple formazan crystals in metabolically active cells [40]. 10 pL of the MTT labeling reagent (final
concentration of 0.5 mg/mL) was added to each well, and the plate was incubated for 3 hours at 37°C and
5% COz. The medium was removed and 100 pL of DMSO was added to each well. The plate was covered
with aluminum foil, shaken for 20 minutes, and measured at 570 nm using a BioTEK Synergy HTX
multimode reader. The findings were normalized to control value using the equation below.

Cell Viability (%) = (Sample Absorbance - DMSO absorbance) / (Control absorbance) x 100
All experiments were carried out in quadruplicate.

To detect apoptosis in living cells, CellEvent™ Caspase-3/7 Detection Reagent (C10423; Invitrogen,
Thermo Fisher Scientific) was added to the cells by the end of 48-hour incubation in 1:100 concentration. The
cells were incubated for 30 minutes and visualized using a confocal laser scanning microscope (LSM 800,
Carl Zeiss, Jena Germany). To detect apoptosis, Caspase-3/7 expressing cells located at 5 adjacent regions of
interest (ROI) were counted.

5.7. Immunocytochemistry (ICC)

For immunocytochemistry, cells were treated with 500 pM quercetin extracts and quercetin dihydrate
and incubated for 48 hours. Then, the cells were fixed with 4% paraformaldehyde (PFA) (158127; Sigma-
Aldrich) for 15 minutes and washed with 1xPBS for 3 times. The cells were incubated with blocking solution
containing 3:100 (v/v) bovine serum albumin, 3:1000 (v/v) sodium azide, 1:100 (v/v) fetal goat serum and
1:1000 (v/v) Triton X-100 (X100; Sigma-Aldrich) in 1xPBS for 30 minutes at room temperature. Cells were
probed with anti-p53 (1:100; 2524; Cell Signaling, Beverly, MA) or anti-cleaved caspase-9 (Asp353) (1:100;
9509; Cell Signaling, Beverly, MA) in primary antibody solution containing 3:100 (v/v) bovine serum
albumin, 3:1000 (v/v) sodium azide, 1:100 (v/v) fetal goat serum and 1:1000 (v/v) Tween-20 in 1xPBS and
incubated overnight. Next day, the cells were washed with 1xPBS for 3 times and treated with secondary
antibodies (1:1000; goat anti-mouse IgG (H+L) Alexa Flour 488 and 1:1000; goat anti-rabbit IgG (H+L) Alexa
Flour 568; Invitrogen). After 3-hour incubation, cells were washed with 1xPBS for 3 times, counterstained
with 4’6-diamino-2-phenylindole (DAPI) for 5 minutes, washed again and evaluated using a confocal laser
scanning microscope (LSM 800, Carl Zeiss).

5.8. Statistical Analysis

Data were expressed as mean + SEM. The differences between the two groups were tested with
unpaired Student’s t tests. Corrected p values, Pearson r and p values were calculated using Prism 9.0
(GraphPad Software Inc., Boston, MA, USA). A p value <0.05 was statistically significant.
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