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Abstract: Xanthohumol is a cancer chemopreventive agent that can interfere with the initiation,
promotion, and progression phase of carcinogenesis via a variety of inhibitory mechanisms. Xantho-
humol was reported as an effective agent against leukemia/lymphoma cells. In the present study,
we investigated the effect of xanthohumol and its natural and semisynthetic derivatives against
various canine leukemia/lymphoma cell lines. Xanthohumol, three hops minor prenylflavonoids
(xanthohumol C, xanthohumol D, «,3-dihydroxanthohumol) and four derivatives obtained by
biotransformation (xanthohumol 4’-O-3-D-(4"/-O-methyl)-glucopyranoside) as well as by chem-
ical modification (1”,2"’-dihydroxanthohumol K, 2,3-dehydroisoxanthohumol, (Z)-6,4-dihydroxy-4-
methoxy-7-prenylaurone) were tested for their antiproliferative and pro-apoptotic activities against
the following canine leukemia/lymphoma cell lines: CLBL-1 (B-cell lymphoma), CLB70 (B-cell
leukemia), and GL-1 (B-cell leukemia). The compounds were tested at a final concentration range of
0.1-30 uM for 48 h. All eight of the tested flavonoids exerted concentration-dependent cytotoxicity
in the selected canine lymphoma/leukemia cell lines. Three compounds markedly decreased the
viability of all cell lines with ICsg in the range of 0.5 to 8 uM. Double-staining of the treated cells
with AnnexinV and propidium iodide revealed that the dying cells were mostly in the late apoptosis
stage. ROS production and changes in mitochondrial potential were detected. Western blot analysis
showed a decreased expression of Bcl-2. Canine lymphoma and leukemia cell lines are sensitive to
xanthohumol derivatives, and the compounds acted through an apoptotic cell-death mechanism.
These compounds, either used alone or in combination with other therapies, may be useful for the
treatment of canine leukemia/lymphoma.

Keywords: hop flavonoids; xanthohumol; biotransformation; canine cell lines; apoptosis induction;
cancer treatment

1. Introduction

According to estimates from the World Health Organization (WHO), cancer was the
second-leading cause of death globally in 2018. Non-Hodgkin lymphoma (NHL) accounts
for about 4% of all cancers [1]. The main cause of dog mortality, apart from infectious
diseases, is also cancer. Lymphomas constitute about 90% of all hematopoietic neoplasms
found in dogs, which in turn constitute about 25% of all diagnosed types of cancer in
this animal species [2]. The incidence of lymphomas in the canine population is higher
than in humans. Some of them, such as non-Hodgkin lymphoma (NHL) and lymphocytic
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leukemia, are very similar in the etiology, pathogenesis, and response to treatment to the
diseases occurring in humans. Due to their anatomical and physiological similarities to
humans, dogs are a useful model for the study of new therapeutic strategies for humans.

There are many different approaches to treating cancers; however, they are often
painful because of undesirable side effects or are ineffective due to the cancer cells’ resis-
tance to chemotherapeutics. These problems result in a steady increase in the demand for
the development of new drugs. The discovery of new anticancer agents based on natural
products are a focus of much research because many phytochemicals have demonstrated
selective cytotoxicity towards various types of human cancer cells, accompanied by a
minimal toxicity to normal cells [3].

Of the 175 approved small-molecule anticancer agents available for use (since 1940
to the end of 2014) 131 are other than synthetic, and 85 are either natural products or are
directly derived therefrom [4]. Among phytochemicals, flavonoids have attracted much
attention due to their exceptional spectrum of pharmacological activities and because they
are essential components in human and animal diets, as has been summarized in numerous
comprehensive review articles [5,6].

One of the most important and therefore most frequently studied properties of
flavonoids is their antitumor activity. Epidemiological and clinical studies indicate that
flavonoids can prevent carcinogenesis as well as suppress the growth of established tu-
mors [7-11].

Xanthohumol is the most abundant prenylated flavonoid in hops (0.1-1%, w/w) ac-
companied by related chalcones and flavanones, all of which occur at 10-100-fold lower
concentrations [12]. Hop cones, due to their high content of bitter acids (humulones and
lupulones) and essential oils, are a difficult matrix for isolating flavonoids. A much cheaper
and easier to process source for obtaining prenylated hop flavonoids is spent hops—a
byproduct formed after the selective isolation of bitter acids from hop cones using supercrit-
ical carbon dioxide. However, due to the low flavonoid content related to the variability in
hop varieties, and their potential degradation due to the poor storage of spent hops, as well
as the time-consuming complex isolation process which requires specialized equipment
and involves coupled extraction with organic solvents and purification by chromatographic
methods (using Sephadex-LH20 and silica gel), it is still challenging to obtain large amounts
of xanthohumol and other natural prenylated flavonoids. Nevertheless, the relative ease of
access to spent hops as well as their low cost (as a brewery industry by-product), prenylated
hop flavonoids have become the objects of numerous studies focused on their use in cancer
prevention and treatment.

Xanthohumol is a broad-spectrum cancer chemopreventive agent that can interfere
with the initiation, promotion and progression phase of carcinogenesis via a variety of
inhibitory mechanisms [13,14]. It has been shown that xanthohumol modulates the activity
of enzymes related to cellular proliferation, differentiation, apoptosis, and inflammation as
well as enzymes involved in carcinogen metabolism [13-15]. The very promising anticancer
activity of xanthohumol has also led researchers to evaluate other prenylated hop flavonoids
such as isoxanthohumol, a flavanone resulting from the cyclization of xanthohumol, and
8-prenylnaringenin, the strongest phytoestrogen known to date [15], and to their analogues
obtained by chemical or enzymatic modifications [16,17]. The influence of xanthohumol
on blood cancer cells was studied both in vitro and in vivo. Lu with coworkers showed
that xanthohumol inhibits the proliferation, induces S phase cell-cycle arrest, stimulates
the apoptosis and decreases the BCR-ABL oncoprotein level in the K562 cell line (human
erythroleukemia) [18]. Xanthohumol also leads to cell death in HL-60 (human acute
myeloid leukemia) cells by increasing the level of ROS and membrane permeability and
causing LDH release and cell swelling [19]. Additionally, studies performed on B-cell acute
lymphocytic leukemia cell lines showed that the antileukemic activity of xanthohumol is
associated with impaired cell migration and invasion, which was confirmed also by in vivo
testing [20].
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In the present study we investigated the effect of xanthohumol and its natural and
semisynthetic derivatives with a modified flavonoid skeleton («,(-dihydrochalcone, fla-
vanone, flavone, aurone) and/or a modified prenyl group (oxidized, cyclized) functional-
ized by glycosylation on anti-inflammatory, antiproliferative and proapoptotic activities
against various canine leukemia/lymphoma cell lines. Today, one of the main causes
of dog mortality, apart from infectious diseases, is cancer. Lymphomas constitute about
90% of all hematopoietic neoplasms found in dogs, which in turn constitute about 25%
of all diagnosed types of cancer in this animal species. The incidence of lymphomas in
the canine population is higher than that in humans. Some of them, such as non-Hodgkin
lymphoma (NHL) and lymphocytic leukemia, are very similar in the etiology, pathogenesis,
and response to treatment to the diseases occurring in humans. Due to their anatomical
and physiological similarities to humans, dogs are a useful model for the study of new
therapeutic strategies for humans.

To the best of our knowledge, this is the first scientific report regarding the activity of
prenylated hop flavonoids against canine cancer cell lines.

2. Results
2.1. Compounds Preparation

Xanthohumol (1) and their seven derivatives (Figure 1) were tested for their antipro-
liferative and proapoptotic activities against canine cancer cell lines. Xanthohumol C
(2), Dihydroxanthohumol K (6) and Dihydroxy-4-methoxy-7-prenylaurone (8) were ob-
tained by cyclization of xanthohumol (1), whereas 2,3-Dehydroisoxanthohumol (7) was
obtained from isoxanthohumol, which is formed in the chalcone-flavanone cyclization
reaction of xanthohumol (1) in alkaline environment, &,3-Dihydroxanthohumol (4) was
prepared from xanthohumol (1) by regioselective hydrogenation reaction. Xanthohumol
4'-O-B-D-(4""-O-methyl)-glucopyranoside (5) was obtained as a product of the microbial
transformation of xanthohumol (1). These compounds were obtained earlier and described
by our group [16,17,21-23]. In this article, we describe a newly developed simple method
for the separation of xanthohumol D (3) from spent hops connected with the simultane-
ous purification of xanthohumol (1), which, as a prenylated flavonoid found in hops in
quantities up to 1%, w/w, [12], is usually the main focus of interest. The efficiency of the
isolation process carried out was 2.01 g of 1 and 0.44 g of 3 per 1 kg of spent hops. Because
column chromatography on Sephadex LH-20 is easy to scale up, a sufficient amount of
purified minor hops flavonoid xanthohumol D (3) can be obtained to evaluate its bioactivity
(Figure 1).
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Figure 1. Hops flavonoids (1-4) and their derivatives obtained by microbial and chemical modifica-
tions (5-8).
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2.2. ICs59 Measurement

We evaluated the ICs( value by treating three canine cancer cell lines with xanthohumol
(1) and its derivatives 2-8 (Table 1). Xanthohumol (1) was used as a reference compound.
The results revealed that CLB70 (B-cell leukemia) [24] and CLBL-1 (B-cell lymphoma) [25]
cells were relatively sensitive for the applied compounds, whereas GL-1 (B-cell leukemia)
cells [26] were the most resistant among the tested lines. Compounds 1, 3 and 5 displayed
the lowest ICs( values (Figure S1). Other tested compounds showed effective killing of
cancer cells in concentrations higher than 1, with the small exception of the ICsy value for 2
when applied to GL-1 cells; this concentration was similar to the concentration obtained for
1 applied to GL-1 cells (Table 1).

Table 1. Comparison of concentrations (uM) of xanthohumol and its derivatives that inhibited 50%
of the cell viability (ICsy values) in CLBL-1, CLB70 and GL-1 cells after 48 h of exposure. Values are
expressed as the means =+ SD of three independent experiments.

Cell Compound

Line 1 2 3 4 5 6 7 8
CLB70 135+013 6.73+136 055+0.17 742+136 120+034 7.65+290 588+1.05 839+ 1.44
CLBL-1 148+026 510+116 1084037 583+177 1.82+012 691+207 344+240 5.00=+158

GL-1 625+115 685+129 527+056 1349+246 487+120 1870+241 9.16+021 14.35+3.00

2.3. Evaluation of Apoptosis

Based on ICsg values, we have chosen 1, 3 and 5 for further investigation. The analysis
of apoptosis induced by 1 and its analogs in canine cancer cells showed that all three cell
lines were susceptible to apoptosis induced by the applied flavonoids. The highest number
of apoptotic cells was visible after 1 and 3 treatments. The apoptotic effect of 5 was smaller
in CLBL-1 and GL-1 cells but similar to other tested compounds in the case of CLB70 cells
(Figure 2).
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Figure 2. Evaluation of apoptosis induced by xanthohumol and its most active derivatives in CLBL-1,
CLB70 and GL-1 (Annexin V-FITC/PI (propidium iodide) staining): (A) percentage of apoptotic
cells after 48 h exposure to the concentration of 3 uM; ((B) CLBL-1 and (C) CLB70); and 10 uM
((D). GL-1). Different concentrations were used due to the different sensitivities of tested cell lines.
Values are expressed as the means £ SD of three independent experiments. 3—Xanthohumol D,
1—Xanthohumol, 5—Xanthohumol 4’-O-3-D-(4"’-O-methyl)-glucopyranoside.
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2.4. Measurement of Mitochondrial Potential

In order to check whether xanthohumol (1) and its analogs influence on mitochondrial
potential, we treated canine cancer cells with the investigated compounds for 24 h and
measured the number of cells with decreased mitochondrial potential. Again, GL-1 line was
the less sensitive for the treatment whereas CLB70 and CLBL-1 responded to the treatment
by the increase of cells with decreased AY (Figure 3).
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Figure 3. The analysis of mitochondrial potential decrease (AY) in canine cancer cells. Cells were
treated with the investigated flavonoids (concentration 3 uM each) for 24 h, stained with JC-1 dye
and the number of cells with decreased AY was measured: (A) the results were normalized to the
control values with SD plotted on the graph. 3—Xanthohumol D, 1—Xanthohumol, 5—Xanthohumol
4'-0-B-D-(4""-O-methyl)-glucopyranoside; and (B) representative dotplots showing the changes in
the mitochondrial potential. The R2 field contains the percentage of cells.



Int. . Mol. Sci. 2023, 24, 11724 6 of 14

2.5. Analysis of ROS Production

Next, we decided to investigate the effect of 1, 3 and 5 on ROS production in canine
cancer cells. Compounds 1 and 3 were able to increase ROS production in CLBL-1 and
CLB70 cells. GL-1 cells did not respond to any of the investigated substances. Xanthohumol
glucoside (5) was not effective in the induction of ROS production in any of the cell lines

(Figure 4).
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Figure 4. ROS production in canine cancer cells. The cells were incubated with the flavonoid
(concentration 10 uM each) for 1 h and with an H2DCFDA reagent for an additional hour and
measured using a flow cytometer: (A) the fluorescence of reagent was measured in FL-1 (FITC-A)
channel. The percentage of ROS production with SD calculated; and (B) representative histograms.
The graphs show the control cells without the addition of the flavonoid (white field) and the shift
generated by the addition of the flavonoid (gray field). 3—Xanthohumol D, 1—Xanthohumol,
5—Xanthohumol 4’-O-p-D-(4""-O-methyl)-glucopyranoside.
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2.6. Expression of Antiapoptotic Proteins

Treatment with 1, 3 and 5 in concentration 3 uM each for 48 h caused decreased
expression of Bcl-2 in CLBL-1 and CLB70 cell lines, especially when treated with xanthohu-
mol. The expression of ERK kinases is unchanged and PARP protein digestion is barely
detectable (Figure 5).
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Figure 5. Representative immunoblots of PARP, ERK and Bcl-2 expression in canine cancer cells after
1,3 and 5 treatments for 48 h. Each compound was used in concentration 3 uM. Actin was used as a
loading control. 3—Xanthohumol D, 1—Xanthohumol, 5—Xanthohumol 4’-O-3-D-(4""-O-methyl)-
glucopyranoside.

3. Discussion

Comparative oncology is a rapidly evolving discipline aimed at integrating research
on naturally occurring cancer in animals and applying it to more general research in cancer
biology and therapy. Among the various species of animals, the dog is the most appropriate
in terms of its body size, life expectancy and shared living conditions with humans.

Due to their anatomical and physiological similarities, dogs have become a useful
model for research into new drugs and treatments for humans. Spontaneously emerging
tumors in dogs also share a number of clinical and molecular features with human tumors.
It has also been suggested that canine cell lines could become a good research model for the
testing of new therapeutic strategies in the treatment of human leukemias and lymphomas.
The fight against cancer requires different therapeutic approaches to minimize side effects
for patients. Naturally derived compounds and their analogs appear to be helpful either in
combination with chemotherapeutics as we showed in [27], or as anticancer agents [10].
Xanthohumol (1), a flavonoid isolated from spent hops, is easily accessible and displays
promising anticancer activity [14]; therefore, we decided to investigate the properties of 1
and its several derivatives using canine cancer cells. Dogs, like humans, also suffer from
cancer [28] and they are used as a model for studying drug toxicology; however, we did not
find any reports focusing on the influence of 1 on canine cancer cells, therefore we decided
to conduct this type of research. The similar clinical picture of the disease, as well as the
response to therapy, enables the use of studies conducted in dogs to not only monitor the
effectiveness of new therapeutic strategies, but to also observe and attempt to reduce the
side effects of some drugs.
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We isolated two chalcones, xanthohumol (1) and xanthohumol D (3), from a waste
material, spent hops. Then, using 1 as a starting material, we obtained another six xantho-
humol (1) derivatives by bio- or chemical transformations, which differed from xantohumol
(1) in their flavonoid skeleton, modification in the prenyl group, and the presence of a sugar
derivative, which in the case of flavonoids can affect their better absorption. Therefore, the
goal of this study was to determine: (1) the effect of the type of flavonoid skeleton (chal-
cone 1, o, 3-dihydrochalcone 4, flavone 7, aurone 8); (2) modification in the prenyl group
(cyclization—compounds 2 and 6, hydroxylation—compound 3); and (3) the presence of a
sugar moiety (compound 5) on the antiproliferative activities against three canine cancer
cell lines: CLBL-1, CLB70 and GL-1. The study showed that changing the skeleton of the
prenylated flavonoid from chalcone to another, as well as cyclization of the prenyl group,
reduced the antiproliferative activity against the tested cancer cell lines. The presence of a
glycosylated derivative of xanthohumol 5 among the tested compounds is not accidental.
The biological activity of many compounds including flavonoids may be limited by their
low solubility in water, which may affect their uptake. Pharmacokinetic study on rats
which orally administered doses of 40, 100, and 200 mg xanthohumol (1) kg-1 body weight
confirmed the low absolute bioavailability (1.16%, 0.96%, and 0.53%, respectively [29],
which may be the result of very limited uptake in the small intestine and rapid metaboliza-
tion by microorganisms in the colon [12]. The presence of a sugar moiety in the flavonoid
molecule was proposed as the crucial determinant of its absorption in humans [30]. A
study performed on Beagle dogs showed that bioavailability of 3-O-glycoside of quercetin
(isoquercetin) was higher (235%) in comparison to its aglycone quercetin [31]. Therefore,
we also decided to determine the activity of xantohumol glucoside 5, which may increase
the bioavailability of xanthohumol, against the tested canine cancer cell lines.

The measurement of ICsy towards canine cancer cell lines allowed us to choose chal-
cone 1 and its two analogs: 3 and 5 for further studies due to their lower ICs values.
Xanthohumol C (2) was less effective than 1, in contrast to the results obtained by Roehrer
et al. [23]. It should come as no surprise that the compounds act differently on different cell
lines (dog blood cancer and human breast cancer). Among our tested cells, the GL-1 cell
line appeared to be the most resistant to the treatment, which was also visible during other
experiments in this project as well as in our previous findings [32].

The analysis of apoptosis revealed that 1, 3 and 5 treatments caused an increase in
apoptotic cell numbers, and in this case 1 and 3 were shown to be more effective than 5.
These three compounds, in terms of their chemical structure, are characterized by a chalcone
skeleton and uncyclized prenyl group, which are the only noteworthy structure-activity
motifs observed in the tested panel of compounds.

Our results regarding the influence of 1 on cancer cells are consistent with the findings
of Deeb and colleagues [33] who revealed that xanthohumol (1) increased the number
of apoptotic prostate cancer cells when applied in the concentration range 5-40 M. The
analysis of ROS production showed that case 5 was also less efficient in causing the desired
effect in comparison to 1 and 3. We were able to detect a decrease in the expression of the
anti-apoptotic protein Bcl-2 in the two tested B-type lines. The Bcl-2 protein belongs to
the Bcl-2 protein family and acts as pro-survival protein and can inhibit apoptosis. Over-
expression of Bcl-2 protein is associated with a poor prognosis during tumour treatment.
The CLBL-1 line is a representative of DLBCL lymphoma, which is most common in dogs.
The significant reduction in Bcl-2 expression in this line after treatment with xanthohumol
derivatives is beneficial. The same compounds can induce different proteins and signaling
pathways in different cell lines. A precise elucidation of the mechanism of action would
require examining the expression of many other signaling proteins.

4. Materials and Methods
4.1. Reagents

Methanol and acetone of analytical grade, dimethyl sulphoxide (DMSO) and ethanol
were purchased from POCh (Gliwice, Poland). Methanol of HPLC grade was purchased
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from Merck (Darmstadt, Germany). Sephadex LH-20, formic acid of analytical grade,
fetal bovine serum, L-glutamine, penicillin and streptomycin solutions, thiazolyl blue tetra-
zolium bromide (MTT), sodium dodecyl sulfate (SDS), and N,N-dimethylformamide (DMF)
were purchased from Sigma-Aldrich (Chemie GmbH, Steinheim, Germany). Phosphate-
buffered saline (PBS) and an RPMI 1640 culture medium were obtained from the Institute of
Immunology and Experimental Therapy, Wroclaw. Water for all experiments was provided
by a Milli-Q water purification system from Millipore.

The spent hops were produced in the New Chemical Syntheses Institute, Putawy,
Poland by supercritical carbon dioxide extraction according to [34]. Cones (hops) of
Humulus lupulus cv. ‘Magnum’ collected in 2015 in Lublin region (SE Poland) were used in
the extraction process. Flavonoids used in these studies were isolated from spent hops or
synthesized. The protocols for obtaining these compounds and their spectroscopic data
were reported in previous studies from our group (see Section 4.2).

4.2. Preparation of Flavonoids

Xanthohumol (1) and xanthohumol D (3) were isolated from spent hops. Plant material
(250 g) was extracted with acetone (1 L) for 24 h at room temperature on a rotary shaker.
After solvent removal under a vacuum, the concentrated extract (7.45 g) was further
dissolved in 25 mL of methanol and filtrated through filter paper in order to dispose of
difficult-to-dissolve ballast substances. The filtrate was concentrated in a vacuum (7.28 g)
and then subjected to Sephadex LH-20 column chromatography using methanol as an
eluent and a total of 62 (50 mL each) fractions were collected. Fractions 41-57 containing
mainly xanthohumol (1) and xanthohumol D (3) were combined and then concentrated in
a vacuum (1.99 g).

The procedure described above was repeated four times (i.e., for 4 x 250 g of spent
hops) to give in total 7.98 g of a crude mixture of 1 and 3, which was subjected repeatedly
to separation on a Sephadex LH-20 column using methanol as the eluent. Xanthohumol
D (3) of purity 95.6% was separated in fractions 41-44 (0.441 g) while xanthohumol (1)
in the amount of 2.01 g of purity 96.8% was separated in fractions 47-56. Xanthohumol
(1) and xanthohumol D (3) intended for use in biological studies were further purified
to >98% by column chromatography on silica gel 60 sing methylene chloride:diethyl
ether:hexane:formic acid (200:40:28:1 v/v) as the eluent to give yellow-orange crystals of
both compounds 1 and 3. The purity of the obtained flavonoids was determined with
UHPLC.

Xanthohumol C (2) was obtained by cyclization of xanthohumol (1) using 2,3-dichloro-
5,6-dicyan-1,4-benzochinone (DDQ) in anhydrous 1,4-dioxane at 95 °C according to the Vo-
gel and Heilman method [35] modified by Poptoniski et al. [17]. «,3-Dihydroxanthohumol
(4) was prepared from xanthohumol (1) by regioselective hydrogenation reaction with
hydrogen gas, catalyzed with palladium (5%) on carbon [36]. Xanthohumol 4’-O-f3-D-
(4"""-O-methyl)-glucopyranoside (5) was obtained as the product of microbial transforma-
tion of xanthohumol (1) by fungi Beauveria bassiana [21]. 1”,2"-Dihydroxanthohumol K
(6) was obtained by cyclization of xanthohumol (1) using trifluoroacetic acid [17]. 2,3-
Dehydroisoxanthohumol (7) was obtained from isoxanthohumol, which is formed in the
chalcone—flavanone cyclization reaction of xanthohumol (1) in alkaline environment [22].
Dehydrogenation of isoxanthohumol was performed with iodine-pyridine complex [17].
(Z2)-6,4'-Dihydroxy-4-methoxy-7-prenylaurone (8) was prepared from xanthohumol (1) in a
chalcone—aurone cyclization reaction using mercury acetate in pyridine [23].

4.3. Identification with UHPLC

HPLC was performed on an Ultimate 3000 UHPLC™ focused instrument (Thermo
Scientific, Waltham, MA, USA) with a photodiode array detector (detection from 210 to
450 nm wavelength) using Acclaim RSLC PolarAdvantage II column (100 x 2.1 mm, 2.2 pm,
Thermo Scientific, Waltham, MA, USA) at the flow rate of 0.8 mL/min and the following
elution program: isocratic elution from 0 to 1 min (45% B); gradient elution: from 1 to
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1.2 min (45% B — 50% B), from 1.2 to 1.6 min (50% B — 60% B), from 1.6 min to 4.4 min
(60% B — 65% B), isocratic elution: from 4.4 to 5.2 min (65% B), gradient elution: from 5.2
to 6.2 (65% B — 100% B), isocratic elution: from 6.2 to 7.00 min (100% B), gradient elution:
from 7.0 to 7.1 min (100% B — 45% B), then isocratic elution: from 7.1 to 8.0 min (45% B).
As solvents, A 0.1% HCOOH in water, and B 0.1% HCOOH in MeCN were used. The
temperature of the column during separation was set at 28 °C. The retention time (Rt) and
wavelength (A) of the obtained compounds are shown in Table 2.

Table 2. Retention time (Rt) and wavelength (A) of the obtained compounds.

Compound Rt Detection

[min] at A [nm]
1" 2"-dihydroxanthohumol K (6) 1.67 330
xanthohumol 4'-O-B-D-(4"'-O-methyl)-glucopyranoside (5) 2.58 370
2,3-dehydroisoxanthohumol (7) 3.00 370
xanthohumol D (3) 3.77 370
(Z)-6,4'-dihydroxy-4-methoxy-7-prenylaurone (8) 3.80 400
«,3-dihydroxanthohumol (4) 5.10 280
xanthohumol (1) 5.87 370
xanthohumol C (2) 6.37 370

4.4. Cell Lines and Cell Culture

The following canine cell lines: CLB70 (B-cell leukemia), CLBL-1 (B-cell lymphoma)
and GL-1 (B/T-cell leukemia) were used in this study. The CLB70 cell line was obtained by
Aleksandra Pawlak and coworkers [24]; CLBL-1 was obtained from Barbara C. Ruetgen,
Institute of Immunology, Department of Pathobiology, University of Veterinary Medicine,
Vienna, Austria [25]; and GL-1 cells were obtained from Yasuhito Fujino and Hajime
Tsujimoto from the University of Tokyo, Department of Veterinary Internal Medicine [26].

CLB70, CLBL-1 and GL-1 cell lines were cultured in Advanced RPMI 1640 medium
supplemented with 2 mM L-glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin
and 10% fetal bovine serum (FBS) (CLB70 and GL-1) and 20% FBS (CLBL-1). The culture
was maintained at 37 °C in a 5% CO, incubator in a humidified atmosphere. The cells were
cultured in 75 cm? (CLBL-1) and 25 cm? (CLB70 and GL-1) flasks (Corning, Corning, NY,
USA) and split every second day to maintain optimal density (50-70% of cell density).

4.5. Evaluation of Changes in Mitochondrial Potential

Changes in mitochondrial potential were detected using JC-1 Mitochondrial Mem-
brane Potential Flow Cytometry Assay Kit (Cayman Chemicals, Ann Arbor, MI, USA)
according to the manufacturer’s instructions. Briefly, the cells were treated with flavonoids
1, 3 and 5 and valinomycin (as a positive control) for 24 h. After treatment, the cells were
washed twice with PBS containing 2.5% FBS and incubated with JC-1 stain (5 pg/mL)
suspended in culture media for 20 min in the dark at 37 °C. After that, the cells were
washed again twice, resuspended in PBS containing 2.5% FBS and measured using FACS
Calibur. A minimum of 10,000 gated events per tube were collected. The fluorescence of
JC-1 dye monomers was detected in the FL-2 channel and the signal from the aggregates
was identified in FL-1 channel. The results were analyzed in Flowing Software 2.5.1 (Perttu
Terho, Turku, Finland).

4.6. Evaluation of Reactive Oxygen Species (ROS)

ROS production was detected using H2DCFDA reagent (Thermo Fisher Scientific,
Waltham, MA, USA). Cells were treated with flavonoids 1, 3 and 5 for 1 h in culture condi-
tions, the culture media were removed, and cells were suspended in H2DCFDA reagent
in concentration 10 uM, diluted in PBS containing 10% FCS. The cells were incubated
in culture conditions for another hour, washed twice with PBS containing 10% FCS and
incubated for another 30 min in culture conditions, followed by two washings with PBS.
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Pellets were suspended in PBS containing 2.5% FCS and analyzed using FACS Calibur. A
minimum of 10,000 gated events per tube were collected. The fluorescence of reagent was
identified in FL-1 channel. Cells incubated without the addition of investigated agents
served as a control.

4.7. Annexin V/PI Staining

After seeding at a density of 1 x 10°/mL in 96-well plates (TPP, Trasadingen, Switzer-
land) the cells were incubated for 48 h with tested concentration (3 or 10 uM) of xanthohu-
mol (1) and its most active derivatives: xanthohumol D (3) and xanthohumol glucoside
(5). Cells were then collected, suspended in a binding buffer, and stained with Annexin
V-FITC and PI (final PI concentration 1 pug/mL). Flow cytometric analysis was immediately
performed using a flow cytometer (FACS Calibur; Becton Dickinson, Biosciences, San Jose,
CA, USA). CellQuest 3.Lf. software (Becton Dickinson, San Jose, CA, USA) was used for
the data analysis.

4.8. MTT Test

The proliferation of canine cells was determined using the MTT test (Sigma Aldrich,
Steinheim, Germany). In brief, 1 x 10° cells per well were seeded in a 96-well-plate
(Thermo Fisher Scientific, Denmark), and xanthohumol (1) and its derivatives were added
in the concentration range of 0.1-30 uM. After incubation for 48 h, 20 uL of MTT solution
(5 mg/mL) were added to each well. After dissolving of the contents, the optical density
of the wells was measured with a spectrophotometric microplate reader (EIx800, BioTek,
Winooski, VT, USA) at a reference wavelength of 570 nm. The results were calculated as
ICs (50% inhibitory concentration) from the graph plotting using Prism GraphPad 7.0
software. The values were determined as the means from three independent experiments
(three wells each).

4.9. Western Blot Analysis

Cells were collected and lysed using cold RIPA buffer (150 mM NaCl (POCH), 50 mM
Tris—-HCI pH 8.0 (BioShop, Burlington, ON, Canada), 1% NP-40 (Calbiochem, San Diego,
CA, USA), 0.5% sodium deoxycholate (Sigma-Aldrich, St. Louis, MO, USA), and 1% SDS
(BioShop, Burlington, ON, Canada)) supplemented with SigmaFAST Protease Inhibitor
Cocktail (Sigma-Aldrich, St. Louis, MO, USA) and Halt Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific, Waltham, MA, USA). The lysates were sonicated for 10 s at 100%
power using a Sonopuls HD 2070 ultrasonic homogenizer (Bandelin, Berlin, Germany)
and centrifuged at 10,000x g for 10 min at 4 °C to pellet cellular debris. The protein
concentration was established using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer’s protocol. Absorbance at 570 nm
was measured using a Wallac 1420 VICTOR?2 plate reader. Cell lysates were then diluted
in Laemmli sample buffer (50 mM Tris-HCl pH 6.8, 10% glycerol (BioShop, Burlington,
ON, Canada), 5% 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), 2% SDS, 0.05%
bromophenol blue (BioShop, Burlington, ON, Canada)) and heated for 5 min at 95 °C.
The samples were then loaded on SDS-PAGE resolving gels (SDS-PAGE running buffer:
25 mM Tris, 192 mM glycine (BioShop Burlington, ON, Canada), 0.1% SDS) and transferred
(semidry transfer) to a PVDF membrane (0.45 um pore size; Merck Millipore, Burlington,
MA, USA) (transfer buffer: 25 mM Tris, 192 mM glycine, and either 10% or 20% methanol
(POCH)). In between the steps, membranes were washed with TBST (20 mM Tris, 150 mM
NaCl, 0.1% Tween 20 (BioShop, Burlington, ON, Canada)). Membranes were blocked
either with 1% casein (0.1 M Tris-HCI pH 8.0, 214 mM NaCl overnight at 4 °C and then
incubated with the primary antibody overnight at 4 °C. After probing with HRP-conjugated
secondary antibody for 1 h in RT, proteins of interest were detected using SuperSignal
West Dura Extended Duration Substrate (Thermo Fisher Scientific, Waltham, MA, USA).
The following antibodies were used in this study: anti-PARP (1:1000, sc-7150; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-Bcl-2 (1:1000, sc-7382; Santa Cruz Biotechnology),
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anti ERK (1:1000, sc-93; Santa Cruz Biotechnology), anti-actin/HRP (1:2000, sc-1615; Santa
Cruz Biotechnology, Dallas, TX, USA), anti-mouse/HRP (1:2000, P0447; Dako, Glostrup,
Denmark), and anti-rabbit/HRP (1:2000-3000, P0048; Dako, Glostrup, Denmark).

5. Conclusions

In conclusion, three natural flavonoids, xanthohumol (1), xanthohumol D (3) and xan-
thohumol 4'-O-B-D-(4""-O-methyl)-glucopyranoside (5), are easily accessible and promising
candidates as proapoptotic agents in canine leukemia/lymphoma treatment. Three selected
compounds induced apoptotic cell death in three different canine leukemia/lymphoma cell
lines, although the mechanism of action of these compounds was somewhat different in
each of the cell lines tested. ROS production and changes in mitochondrial potential were
not detected in the GL-1 cell line. The downregulation of Bcl-2 was detected especially
in cells treated with xanthohumol. Xanthohumol has strong anti-proliferative properties,
but it also has disadvantages. It is hardly soluble and shows estrogenic activity. Therefore,
new derivatives with better properties are being sought. The most promising derivative is
glycosylated compound 5 due to its much better solubility and possibly its bioavailability
in the body. The influence of these compounds on healthy canine cells as well as their
efficacy in in vivo models can be addressed in future investigations.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/1jms241411724 /s1.

Author Contributions: Conceptualization, E.H. and A.R.; methodology, M.G., A.P, T.T,, ] K, AK,,
J.P, E.H. and A.R,; software, M.G., A.P, T.T., J K., AK. and ].P; validation, M.G., A.P, T.T., J.K. and
J.P; formal analysis, M.G., A.P, T.T,, ].K. and J.P; investigation, E.H. and A.R.; resources, E.H. and
A.R,; data curation, M.G., A.P, T.T,, ] K. and ].P.,; writing—original draft preparation, M.G., E.H.
and A.R,; writing—review and editing, M.G., A.P, T.T,, ] K, A K,, ].P, E.H. and A.R.; visualization,
M.G., AP, TT, JK. and J.P; supervision, E.H. and A.R.; project administration, E.-H. and A.R.;
funding acquisition, E.H. and A.R. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the funds of WROCLAW CENTRE OF BIOTECHNOLOGY,
programme the Leading National Research Centre (KNOW) for years 2014-2018. The APC/BPC is
financed/co-financed by Wroctaw University of Environmental and Life Sciences.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon reasonable request from the corresponding author.
Acknowledgments: We would like to thank Ewa Ziolo for excellent cell-culture support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cai, W,; Zeng, O.; Zhang, X.; Ruan, W. Trends Analysis of Non-Hodgkin Lymphoma at the National, Regional, and Global Level,
1990-2019: Results from the Global Burden of Disease Study 2019. Front. Med. 2021, 8, 738693. [CrossRef]

2. Zandvliet, M. Canine lymphoma: A review. Vet. Q. 2016, 36, 76-104. [CrossRef] [PubMed]

3. Ravindran, J.; Prasad, S.; Aggarwal, B.B. Curcumin and cancer cells: How many ways can curry kill tumor cells selectively?
AAPS ]. 2009, 11, 495-510. [CrossRef] [PubMed]

4. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Nearly Four Decades from 01/1981 to 09/2019.
J. Nat. Prod. 2020, 83, 770-803. [CrossRef] [PubMed]

5. Kumar, S.; Pandey, A K. Chemistry and Biological Activities of Flavonoids: An Overview. Sci. World J. 2013, 2013, 162750.
[CrossRef] [PubMed]

6. Panche, AN.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef]

7. Liu, H.; Jiang, W.; Xie, M. Flavonoids: Recent Advances as Anticancer Drugs. Recent Pat. Anticancer. Drug Discov. 2010, 5, 152-164.
[CrossRef]

8. Chahar, M.K,; Sharma, N.; Dobhal, M.P; Joshi, Y.C. Flavonoids: A versatile source of anticancer drugs. Pharmacogn. Rev. 2011, 5,

1-12. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms241411724/s1
https://www.mdpi.com/article/10.3390/ijms241411724/s1
https://doi.org/10.3389/fmed.2021.738693
https://doi.org/10.1080/01652176.2016.1152633
https://www.ncbi.nlm.nih.gov/pubmed/26953614
https://doi.org/10.1208/s12248-009-9128-x
https://www.ncbi.nlm.nih.gov/pubmed/19590964
https://doi.org/10.1021/acs.jnatprod.9b01285
https://www.ncbi.nlm.nih.gov/pubmed/32162523
https://doi.org/10.1155/2013/162750
https://www.ncbi.nlm.nih.gov/pubmed/24470791
https://doi.org/10.1017/jns.2016.41
https://doi.org/10.2174/157489210790936261
https://doi.org/10.4103/0973-7847.79093

Int. . Mol. Sci. 2023, 24, 11724 13 of 14

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

George, V.C.; Dellaire, G.; Rupasinghe, H.P.V. Plant flavonoids in cancer chemoprevention: Role in genome stability. J. Nutr.
Biochem. 2017, 45, 1-14. [CrossRef]

Raffa, D.; Maggio, B.; Raimondi, M.V.; Plescia, F.; Daidone, G. Recent discoveries of anticancer flavonoids. Eur. |. Med. Chem.
2017, 142,213-228. [CrossRef]

Farombi, E.O.; Akinmoladun, A.C.; Owumi, S.E. Anti-Cancer Foods: Flavonoids; Elsevier: Amsterdam, The Netherlands, 2018.
Stevens, ].E; Page, ].E. Xanthohumol and related prenylflavonoids from hops and beer: To your good health! Phytochemistry 2004,
65, 1317-1330. [CrossRef]

Gerhauser, C.; Alt, A.; Heiss, E.; Gamal-Eldeen, A.; Klimo, K.; Knauft, J.; Neumann, I.; Scherf, H.R.; Frank, N.; Bartsch, H.; et al.
Cancer chemopreventive activity of xanthohumol, a natural product derived from hop. Mol. Cancer Ther. 2002, 1, 959-969.
Jiang, C.H.; Sun, T.L.; Xiang, D.X.; Wei, S.S.; Li, W.Q. Anticancer activity and mechanism of xanthohumol: A prenylated flavonoid
from hops (Humulus lupulus L.). Front. Pharmacol. 2018, 9, 530. [CrossRef] [PubMed]

Gerhéuser, C. Beer constituents as potential cancer chemopreventive agents. Eur. ]. Cancer 2005, 41, 1941-1954. [CrossRef]
[PubMed]

Bartmanska, A.; Tronina, T.; Poplonski, J.; Huszcza, E. Biotransformations of Prenylated Hop Flavonoids for Drug Discovery and
Production. Curr. Drug Metab. 2013, 14, 1083-1097. [CrossRef]

Poplonski, ].; Turlej, E.; Sordon, S.; Tronina, T.; Bartmanska, A.; Wietrzyk, J.; Huszcza, E. Synthesis and antiproliferative activity of
minor hops prenylflavonoids and new insights on prenyl group cyclization. Molecules 2018, 23, 776. [CrossRef] [PubMed]

Lu, X.; Geng, J.; Zhang, J.; Miao, J.; Liu, M. Xanthohumol, a prenylated flavonoid from hops, induces caspase-dependent
degradation of oncoprotein BCR-ABL in K562 cells. Antioxidants 2019, 8, 402. [CrossRef]

Wang, C.M.; Huo, X.; Chen, J.; Liu, ]JW,; Yang, T.Y.; Mi, X.Q.; Meng, Y.; Zhou, L.; Lin, C.J; Liu, ]. An acute lytic cell death induced
by xanthohumol obstructed ROS detecting in HL-60 cells. Toxicol. Vitr. 2019, 62, 104667. [CrossRef]

Benelli, R.; Ven, R.; Ciarlo, M.; Carlone, S.; Barbieri, O.; Ferrari, N. The AKT/NF-«B inhibitor xanthohumol is a potent anti-
lymphocytic leukemia drug overcoming chemoresistance and cell infiltration. Biochem. Pharmacol. 2012, 83, 1634-1642. [CrossRef]
Tronina, T.; Bartmariska, A.; Milczarek, M.; Wietrzyk, J.; Poptoniski, J.; R6j, E.; Huszcza, E. Antioxidant and antiproliferative
activity of glycosides obtained by biotransformation of xanthohumol. Bioorganic Med. Chem. Lett. 2013, 23, 1957-1960. [CrossRef]
Bartmariska, A.; Huszcza, E.; Tronina, T. Transformation of isoxanthohumol by fungi. J. Mol. Catal. B Enzym. 2009, 61, 221-224.
[CrossRef]

Tronina, T.; Strugala, P.; Poplonski, J.; Wloch, A.; Sordon, S.; Bartmanska, A.; Huszcza, E. The Influence of Glycosylation of
Natural and Synthetic Prenylated Flavonoids on Binding to Human Serum Albumin and Inhibition of Cyclooxygenases COX-1
and COX-2. Molecules 2017, 22, 1230. [CrossRef]

Pawlak, A.; Ziolo, E.; Kutkowska, J.; Blazejczyk, A.; Wietrzyk, J.; Krupa, A.; Hildebrand, W.; Dziegiel, P.; Dzimira, S.; Obminska-
Mrukowicz, B.; et al. A novel canine B-cell leukaemia cell line. Establishment, characterisation and sensitivity to chemotherapeu-
tics. Vet. Comp. Oncol. 2016, 15, 1218-1231. [CrossRef]

Riitgen, B.C.; Hammer, S.E.; Gerner, W.; Christian, M.; de Arespacochaga, A.G.; Willmann, M.; Kleiter, M.; Schwendenwein, L;
Saalmdiller, A. Establishment and characterization of a novel canine B-cell line derived from a spontaneously occurring diffuse
large cell lymphoma. Leuk. Res. 2010, 34, 932-938. [CrossRef] [PubMed]

Nakaichi, M.; Taura, Y.; Kanki, M.; Mamba, K.; Momoi, Y.; Tsujimoto, H.; Nakama, S. Establishment and characterization of a new
canine B-cell leukemia cell line. J. Vet. Med. Sci. 1996, 58, 469-471. [CrossRef] [PubMed]

Kutkowska, J.; Strzadala, L.; Rapak, A. Sorafenib in combination with betulinic acid synergistically induces cell cycle arrest and
inhibits clonogenic activity in pancreatic ductal adenocarcinoma cells. Int. . Mol. Sci. 2018, 19, 3234. [CrossRef]

Pawlak, A.; Obminska-Mrukowicz, B.; Rapak, A. The dog as a model for comparative studies of lymphoma and leukemia in
humans * Pies jako model do badani poréwnawczych nad ludzkimi chfoniakami i biataczkami. Postep. Hig. Med. Dosw. 2013, 67,
471-480. [CrossRef] [PubMed]

Nowak, B.; Pozniak, B.; Poploriski, J.; Bobak, L.; Matuszewska, A.; Kwiatkowska, ].; Szelag, A. Pharmacokinetics of xanthohumol
in rats of both sexes after oral and intravenous administration of pure xanthohumol and prenylflavonoid extract. Adv. Clin. Exp.
Med. 2020, 29, 1101-1109. [CrossRef]

Hollman, P.C.; Bijsman, M.N.; Van Gameren, Y.; Cnossen, E.P.; De Vries, ].H.; Katan, M.B. The sugar moiety is a major determinant
of the absorption of dietary flavonoid glycosides in man. Free Radic. Res. 1999, 31, 569-573. [CrossRef]

Reinboth, M.; Wolffram, S.; Abraham, G.; Ungemach, FR.; Cermak, R. Oral bioavailability of quercetin from different quercetin
glycosides in dogs. Br. J. Nutr. 2010, 104, 198-203. [CrossRef]

Pawlak, A.; Rapak, A.; Zbyryt, I.; Obmiriska-Mrukowicz, B. The effect of common antineoplastic agents on induction of apoptosis
in canine lymphoma and leukemia cell lines. In Vivo 2014, 28, 843-850. [PubMed]

Deeb, D.; Gao, X.; Jiang, H.; Arbab, A.S.; Dulchavsky, S.A.; Gautam, S.C. Growth Inhibitory and Apoptosis-inducing Effects
of Xanthohumol, a Prenylated Chalone Present in Hops, in Human Prostate Cancer Cells. Anticancer Res. 2010, 30, 3333-3339.
[PubMed]

Jackowski, J.; Hurej, M.; R6j, E.; Poptoniski, J.; Kosny, L.; Huszcza, E. Antifeedant activity of xanthohumol and supercritical carbon
dioxide extract of spent hops against stored product pests. Bull. Entomol. Res. 2015, 105, 456-461. [CrossRef] [PubMed]

Vogel, S.; Heilmann, J. Synthesis, cytotoxicity, and antioxidative activity of minor prenylated chalcones from Humulus lupulus.
J. Nat. Prod. 2008, 71, 1237-1241. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jnutbio.2016.11.007
https://doi.org/10.1016/j.ejmech.2017.07.034
https://doi.org/10.1016/j.phytochem.2004.04.025
https://doi.org/10.3389/fphar.2018.00530
https://www.ncbi.nlm.nih.gov/pubmed/29872398
https://doi.org/10.1016/j.ejca.2005.04.012
https://www.ncbi.nlm.nih.gov/pubmed/15953717
https://doi.org/10.2174/1389200214666131211151855
https://doi.org/10.3390/molecules23040776
https://www.ncbi.nlm.nih.gov/pubmed/29597299
https://doi.org/10.3390/antiox8090402
https://doi.org/10.1016/j.tiv.2019.104667
https://doi.org/10.1016/j.bcp.2012.03.006
https://doi.org/10.1016/j.bmcl.2013.02.031
https://doi.org/10.1016/j.molcatb.2009.07.008
https://doi.org/10.3390/molecules22071230
https://doi.org/10.1111/vco.12257
https://doi.org/10.1016/j.leukres.2010.01.021
https://www.ncbi.nlm.nih.gov/pubmed/20153049
https://doi.org/10.1292/jvms.58.469
https://www.ncbi.nlm.nih.gov/pubmed/8741612
https://doi.org/10.3390/ijms19103234
https://doi.org/10.5604/17322693.1050411
https://www.ncbi.nlm.nih.gov/pubmed/23752599
https://doi.org/10.17219/acem/126293
https://doi.org/10.1080/10715769900301141
https://doi.org/10.1017/S000711451000053X
https://www.ncbi.nlm.nih.gov/pubmed/25189898
https://www.ncbi.nlm.nih.gov/pubmed/20944105
https://doi.org/10.1017/S0007485315000255
https://www.ncbi.nlm.nih.gov/pubmed/25851834
https://doi.org/10.1021/np800188b
https://www.ncbi.nlm.nih.gov/pubmed/18611049

Int. . Mol. Sci. 2023, 24, 11724 14 of 14

36. Poplonski, J.; Sordon, S.; Tronina, T.; Huszcza, E. Selective hydrogenation of xanthohumol to alfa, beta-dihydroxanthohumol.
Przem. Chem. 2014, 93, 1916-1918.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



	Introduction 
	Results 
	Compounds Preparation 
	IC50 Measurement 
	Evaluation of Apoptosis 
	Measurement of Mitochondrial Potential 
	Analysis of ROS Production 
	Expression of Antiapoptotic Proteins 

	Discussion 
	Materials and Methods 
	Reagents 
	Preparation of Flavonoids 
	Identification with UHPLC 
	Cell Lines and Cell Culture 
	Evaluation of Changes in Mitochondrial Potential 
	Evaluation of Reactive Oxygen Species (ROS) 
	Annexin V/PI Staining 
	MTT Test 
	Western Blot Analysis 

	Conclusions 
	References

