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Abstract: 7-Ketositosterol (7-KSS) was the focus of this investigation because of its potential
effects on sphingomyelin/ceramide metabolites and cell death in HepG2 and MCF-7 human
liver cancer cells. Methods: At various concentrations and times, the anti-proliferative effects
of 7-KSS therapy were evaluated. Cell viability was determined by MTT analysis, while
sphingomyelins (SMs), ceramides (CERs), and sphingosine-1-phosphate (S1P) levels were
analyzed by LC-MS/MS. Western blot analysis and immunofluorescence labeling were used
to determine the amounts of phosphorylated 44/42 ERK1/2 and NF-kB p65 (Ser536) proteins.
The process of cell death was examined by using flow cytometric analysis of annexin-V and
propidium iodide (PI) labeling, as well as TUNEL staining. In comparison to control cells, 7-
KSS treatment considerably reduced cell viability and levels of S1P, p-44/42 ERK1/2, and p-
NF-kB p65 proteins in cancer cells. In cancer cells treated with 7-KSS, apoptosis and
intracellular levels of C16-C24 CERs were shown to increase significantly. Results: S1P, p-
44/42 ERK1/2, and p-NF-xB p65 protein levels were downregulated by 7-KSS, which
decreased cell proliferation and increased ceramide buildup and apoptosis.
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1. Introduction

Recent studies have indicated that dietary plant sterols may protect against many types of cancer
[1,2]. The natural compound 7-ketositosterol comes from phytosterols, which are oxidized plant
sterols [3]. It is well-known that phytosterols, which look like cholesterol, may help reduce
human cholesterol levels by preventing the intestinal absorption of cholesterol [4]. One of the
most common phytosterols found in plants, including nuts, seeds, fruits, and vegetables, is beta-
sitosterol. One common dietary supplement for cholesterol management is beta-sitosterol, which
is well-known for its ability to decrease cholesterol levels [5]. Many plant oils, seeds, and nuts
also contain campesterol, another kind of phytosterol. Campesterol, like beta-sitosterol, may
reduce cholesterol levels [6]. You may find stigmasterol in a variety of foods, including beans,
vegetables, and grains. Because of its structural similarity to cholesterol, stigmasterol has been
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effects. More study is required in this area, however there is some indication that phytosterols may
affect immunological function [6].
Phytosterols have anti-inflammatory characteristics, according to some research [7]. This means
they might help with inflammatory disorders including arthritis and cardiovascular disease. The
antioxidant properties of phytosterols may aid in the neutralization of free radicals and the reduction
of oxidative stress, two factors that contribute to a number of illnesses and the aging process [7].
Due to their structural similarity to cholesterol and their potential to decrease the risk of certain
cancers through multiple mechanisms, including reducing inflammation, modulating immune
responses, or interfering with cancer cell growth pathways, phytosterols have garnered some
interest in the context of cancer [8]. Prompting cell cycle arrest, regulating oxidative stress,
enhancing metabolic reprogramming, thwarting drug resistance, modifying immunology and
inflammation, and inducing apoptosis are all mechanisms by which beta-sitosterol has been
associated with its anticancer effects [9]. In relation to cell death, B-sitosterol exerts its effects via
many mechanisms. As an example, B-sitosterol changes components like p21 and p53 to regulate
p53, which in turn causes apoptosis in A549 lung cancer cells [10]. Interactions with Bcl-2, pro-
caspase-3, and Bax are known to cause apoptosis in gastric cancer [10]. Similarly, HepG2 cells
activate internal and extrinsic apoptotic pathways, which include death receptors and Bcl-2 [10].
There are many mechanisms via which B-sitosterol affects cell cycle arrest. By inhibiting Cyclin-
D1 and cyclin-dependent kinase 2 (CDK-2), B-sitosterol causes cell cycle arrest in lung
adenocarcinoma, as an example [10]. When it comes to cancer migration, [-sitosterol mostly
operates via the signaling pathways of epithelial-mesenchymal transition (EMT) and protein kinase
B/glycogen synthase kinase 3 beta (AKT/GSK-3bh) [10].
Phytosterols are vulnerable to oxidation because their chemical structure contains two links [11].
The creation of phytosterol oxidation products (POPs) [11] may occur when free radicals remove
hydrogen atoms from both links. By promoting the formation of reactive oxygen species, transition
metal ions like copper and iron may accelerate the oxidation of phytosterols. Phytosterols may be
more easily oxidized when exposed to light, especially ultraviolet (UV) radiation [12].
Hydroperoxides, epoxidides, aldehydes, and ketones are among the oxidation products that may be
formed when phytosterols are oxidized [11]. It is possible that the chemical characteristics and
biological activity of these oxidized phytosterols are different from those of their unoxidized
counterparts [13]. Also, it's possible for some oxidation products to cause cell death [14,15]. When
beta-sitosterol undergoes oxidation, it produces 7-ketoestrol. There have been reports that it is the
most prevalent POP in commercial spreads [16]. According to earlier research, 7-KSS has cytotoxic
and apoptotic effects on human HepG2 liver cancer cells [14]. Phytosterols increase ceramide levels
in cancer cells of the breast, colon, and prostate in humans [17]. Cancer cells undergo apoptosis
when ceramide levels rise, which inhibits cell growth and activates caspases [18]. Extracellular
signal-regulated  kinases = (ERKs),  sometimes called  mitogen-activated  protein

A key role in cancer development is played by mitogen-activated protein kinases (MAPKSs) [19]. It
is well-established that phytoster-ols regulate ERK signaling [20]. Ceramide is also known to
inhibit ERKSs, which are composed of ERK1 and ERK2 [21]. Activated protein 1 (AP1) signaling
pathway stimulation of the extracellular signal-regulated kinase (ERK) proteins occurs when toll-
like receptor 4 (TLR4) upstream acts as an input [22]. According to [23], ERKSs and nuclear factor
kappa B (NF-xB) manage the expression of genes involved in the cell cycle, leading to an
upregulation of cell growth, proliferation, and angiogenesis. By halting the activation of NF-xB and
ERK signaling and the generation of cytokines, some phytosterols reduce the tumor
microenvironment and decrease tumor development [20].
Unfortunately, 7-KSS is not as well-known or understood as other comparable chemicals, and its
biological importance is still a subject of investigation. Here, we measured intracellular
sphingolipid metabolite levels and apoptosis in human breast (MCF-7) and liver (HepG2) cancer
cells to determine 7-KSS's anti-proliferative and anticancer effectiveness. Both cancer cell lines
express TLR-4, according to studies [24,25]. That being said,

also determined the impact of 7-KSS on ERK signaling pathway downstream effectors by
measuring phospho-NF-kB and phospho-ERK protein levels. In this study, we provide evidence
that 7-KSS may reduce cell growth, induce apoptosis, and raise ceramide levels in human breast

and liver cancer cells via preventing the phosphorylation of ERKs and NF-«xB.
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2. Results
2.1. Cell Viability Analysis

Viability analysis following 24 h 7-KSS treatment was performed in cancer cells and
non-cancerous BJ fibroblasts (Figure 1). Treatment of MCF-7 cells with 5, 10, or 15 uM 7-
KSS did not significantly affect cell viability over time. It was observed that 30 uM 7-KSS
application significantly reduced cell viability in breast cancer cells by approximately 30%
in 24 h (Figure 1A). Incubation of liver cancer cells with 5-30 uM 7-KSS for 12-18 h did
not significantly affect cell viability compared to control and DMSO groups (Figure 1B).
HepG2 cell viability was reduced significantly by approximately 25% after 24 h of 30 uM
7-KSS treatment. It was determined that 5-30 pM 7-KSS administration in the non-cancer-
ous B]J fibroblast cell line did not significantly affect cell viability at 24 h (Figure 1C).

MCF-7 HepG2
(A) m 12n (B) = 12h . 12h
== 18h = 18h == 18h
150 Em 24h 150 EE 24h 1504 . 24h
#
3. #
2
= 4 = Z |
Q 100 L # 3 100+ # 8 100
& g s
z s 2
S so- 2 3 so-
» ::E 50 =
0- 0- 0-
S O B L 2 o S O & & & B
& ¥ E e e & ¢ EE &
P Q “:\ “\ \k:\ “:\ ® Q ‘x:\ “:\ ‘{\ ‘!:\ )
o o¥ oY o¥ P S B PN
N N ) N N >

Figure 1. Examination of the carcinogenic effects of 7-ketositosterol on cancer cells and BJ
fibroblasts. (A) Assessment of MCF-7 cell viability after 24 hours of 7-KSS treatment. The values
are averages with standard deviations (n = 8). Statistical testing was carried out using either
Kruskal-Wallis or one-way ANOVA. Tukey or Dunn's test was used to assess the difference
between the groups. *, with a p-value less than 0.05, when compared to the control, DMSO, and 5
uM 7-KSS groups concurrently. **, p < 0.05 when contrasted with 12 h and 18 h within the same
dosage period. (B) HepG2 cell viability analysis after 24 hours of 7-KSS treatment. The values are
averages with standard deviations (n = 8). Statistical testing was carried out using either Kruskal-
Wallis or one-way ANOVA. Tukey or Dunn's test was used to assess the difference between the
groups. *, with a p-value less than 0.05, as compared to the control group, DMSO, 5 uM 7-KSS,
and 10 uM 7-KSS at the specific time intervals. relative to 12 and 18 hours in the same dosage
range, with a p-value less than 0.05.

(C) Evaluation of the vitality of 7-KSS in BJ fibroblast cells after 24 hours of treatment. Mean
values plus or minus standard deviation (n = 7-8). Statistical testing was carried out using either
Kruskal-Wallis or one-way ANOVA. Tukey or Dunn's test was used to assess the difference among
the groups. 18 hours at the same dosage compared to #, p < 0.05.

2.2. Proliferating Cell Nuclear Antigen Levels

Figures 2A and 3A show PCNA immunofluorescence staining in MCF-7 and HepG2
cells incubated with 30 uM 7-KSS for 24 h. Quantitation of PCNA fluorescence staining
showed that PCNA protein was significantly suppressed in MCF-7 cells (Figure 2D) and
HepG2 cells (Figure 3D) treated with 7-KSS compared to control and DMSO groups.
ELISA analysis of PCNA protein levels in MCE-7 (Figure 2E) and HepG2 (Figure 3E) cells
confirmed immunofluorescence staining and showed that the amount of PCNA protein
was meaningfully reduced in cancer cells incubated with 30 uM 7-KSS for 24 h vs. control
and DMSO groups.
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Figure 2. (A) Representative Inmunofluorescent staining of p-ERKs, p-NF-kB, and PCNA in MCF-
7 cells incubated with 30 uM 7-Ketositosterol for 24h. A 40x objective lens was used to obtain double-
labeled images. (B) Quantitation of p-ERK fluorescence staining by Image] software. Values mean *
SD (n = 10). Kruskal-Wallis test and Dunn’s multiple comparison analysis were performed to test
statistical significance. * p < 0.05 vs. control and DMSO groups. (C) Quantitation of p-NF-«B fluo-
rescence staining. Values are given as mean = SD (1 = 10). One-way ANOVA test and Tukey’s multi-
ple comparisons were used to determine statistical significance. * p <0.05 compared to control and
DMSO. (D) PCNA staining quantitation. Values are given as mean + SD (1 =10). One-way ANOVA
test and Tukey’s multiple comparisons were used to determine statistical significance. * p < 0.05
compared to control and DMSO. (E) PCNA levels in MCF-7 cells. Values mean + SD (n =5). ¥, p <
0.05 vs. control and DMSO groups.

36



Hanumanthu, et. al International Journal of Pharmacetical Sciences Letters

p-ERK Fluorescence
(% of Control)

-

(=

o
1

(5]
o
1

CONTROL

p-ERK
p-NF-kB
PCNA
150 150 — 5+
@
g 8 = 4=
8= €= » £
@ £ 100 o £ 100 v g
58 . 85 77
g9 So <o
Y— —_ Z E 2+ *
@ % 50+ <o 50 O3
¥ 8 L a o
w = = £
T £ H
a
0- 0-
(o} ] > O 9 » 9
$ @ @ C @ © & L
& ¥ 5 j & W°
& & A o N A c,ca“ 0\‘\ AF

Figure 3. (A) Representative immunofluorescent staining of p-ERKs, p-NF-«B, and PCNA in HepG2
cells incubated with 30 uM 7-Ketositosterol for 24 h. A 40x objective lens was used to obtain double-
labeled images. (B) Quantitation of p-ERK fluorescence staining by Image] software. Values mean +
SD (n = 10). Kruskal-Wallis test and Dunn’s multiple comparison analysis were performed to test
statistical significance. * p < 0.05 vs. control group. (C) Quantitation of p-NF-«B fluorescence stain-
ing. Values are given as mean + SD (n = 10). One-way ANOVA test and Tukey’s multiple compari-
sons analysis were used for statistical analysis. * p < 0.05 compared to control and DMSO groups.
(C) Quantitation of PCNA fluorescence staining by Image] software. Values mean + SD (n = 10).
Kruskal-Wallis test and Dunn’s multiple comparison analysis were performed to test statistical sig-
nificance. * p < 0.05 vs. control and DMSO groups. (E) PCNA levels in HepG2 cell groups. Values
mean + SD (n =5). One-way ANOVA and Tukey multiple comparison test were performed for sta-
tistical analysis. *, p < 0.05 vs. control and DMSO groups.
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2.3. Sphingolipid Levels

Sphingolipid levels measured in cancer cells are shown in Table 1. A meaningful rise
was detected in endogenous C18-C24 CERs levels in MCF-7 and HepG2 cells treated with
30 pM 7-KSS for 24 h, compared to control and DMSO groups. Incubation with 30 uM 7-
KSS for 24 h considerably reduced S1P levels in cancer cells.

Table 1. Sphingolipid levels in cancer cells. All values mean + SD. SM, sphingomyelin; S1P, sphin-
gosine-1-phosphate; 7-KSS, 7-Ketositosterol. Statistical analysis was carried out by One-Way Anal-
ysis of Variance and all pairwise multiple comparison procedures were performed by the Tukey
test. ¥, p < 0,001 vs. Control and DMSO groups.

CONTROL DMSO 7-KSS
Sphingolipids (ng/mg protein)
16:0 SM (d18:1/16:0)
MCEF-7 159.83 +17.60 138.13+21.36  143.80 +3.02
HepG2 154.40 +32.80 155.26 +27.77  178.63 +16.61
18:0 SM (d18:1/18:0)
MCEF-7 81.89 +8.14 84.93 +0.58 87.80 +9.12
HepG2 84.35 + 6.49 89.53 +3.37 82.79 +5.70
24:0 SM (d18:1/24:0)
MCE-7 3451 £2.21 40.57 +7.38 39.94 +9.20
HepG2 40.38 £ 6.35 35.61 £ 5.96 39.22 +6.12
C16 Ceramide (d18:1/16:0)
MCEF-7 65.47 +7.88 65.89 +10.02 67.65 +2.76
HepG2 66.52 + 8.58 66.20 +10.48 64.92 +8.75
C18 Ceramide (d18:1/18:0)
MCEF-7 7.40 +0.30 6.87 +0.71 37.20+1.86*
HepG2 6.26 +0.29 6.22 +0.16 34.89+1.72*
C20 Ceramide (d18:1/20:0)
MCE-7 7.95 +0.27 7.60 +0.22 45.70 £2.67 *
HepG2 6.37 +0.18 6.54 +0.34 31.56 +0.52 %
C22 Ceramide (d18:1/22:0)
MCE-7 24.11 £ 3.10 23.84 +4.22 64.63 +3.48 *
HepG2 23.97 +3.30 24.08 +3.04 66.50 +£2.79 *
C24 Ceramide (d18:1/24:0)
MCEF-7 44.02 +2.48 43.20+0.62 121.34+13.16*

HepG2 42.47 +5.03 35.30 = 3.69 101.38 £ 1.77 *
S1P

MCEF-7 5.36 +0.27 5.00 +0.52 1.79 £ 0.08 *
HepG2 8.39 £0.27 7.92 +0.47 2.58+0.15*

2.4. Phospho-ERK and Phospho-NF-xB p65 Protein Levels

Immunofluorescent labeling of p-ERKSs and p-NF-«B in HepG2 and MCF-7 cells treated with 30
uM 7-KSS for 24 hours is shown in Figures 2A and 3A. The phosphorylated proteins were shown
to be considerably reduced in MCF-7 cells (Figure 2B,C) and HepG2 cells (Figure 3B,C) treated
with 7- KSS, as compared to the control and DMSO groups, according to the quantitation of p-ERK
and p-NF-«kB fluorescence labeling. Figure 4A shows that immunofluorescence labeling of p-ERKS
and p-NF-xB in cancer cells was also validated by Western blot analysis. There was agreement
between the immunofluorescence results (Figure 4B-E) and the significantly reduced p-ERK/Total
ERK and p-NF-kB p65/Total NF-kB p65 ratios in both cancer cells. The results of the
immunofluorescence and Western blot analyses were validated by the ELISA analysis of p-ERK
and p-NF-«kB protein levels in MCF-7 (Figure 4F,H) and HepG2 (Figure 4G,I) cells, indicating that
phosphorylated Compared to the control and DMSO groups, cancer cells cultured with 30 uM 7-
KSS for 24 hours showed a substantial decrease in proteins.
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Figure 4. (A) Hllustrative Western immunoblots for phospho-44/42 ERK1/2 (T202/Y204), total ERK
1/2, phospho-NF-«B p65 (5536), total NF-kB p65, and (3-Actin in MCF-7 and HepG2 cells. C, control;
D, cells treated with 1 uL/mL dimethyl sulfoxide; 7-KSS, cell treated with 30 uM 7-KSS for 24 h. (B)
The band quantitation ratio of phospho-ERK/Total ERK in MCF-7 and (C) HepG2 cells. (D) The
band quantitation ratio of phospho-NF-«B p65/Total NF-kB p65 in MCF-7 and (E) HepG2 cells. Blots
were quantitated by Image] software. Data shown are representative of 3 separate experiments and
values are given as mean + SD. Statistical analysis was performed by one-way ANOVA and all pair-
wise multiple comparison procedures carried out by the Tukey test. *, p <0.01 vs. control and DMSO
groups. (F) Phospho-ERK levels in MCF-7 cells. Values mean + SD (1 = 5-8). One-way ANOVA and
Tukey multiple comparisons were used to determine statistical significance. *, p < 0.05 vs. control
and DMSO groups. (G) Phospho-ERK levels in HepG2 cells. Values mean + SD (n = 8). One-way
ANOVA and Tukey multiple comparisons were performed for statistical analysis. *, p < 0.05 when
compared with the control and DMSO groups. (H) Phospho-NF-«B p65 levels in MCF-7 cells. Values
mean + SD (n = 8). One-way ANOVA and Tukey multiple comparisons were performed to test sta-
tistical significance. *, p <0.05 when compared with the control and DMSO groups. (I) Phospho-NF-
kB p65 levels in HepG2 cells. Values mean + SD (n = 8). One-way ANOVA and Tukey multiple com-
parisons were used to determine statistical significance. ¥, p < 0.05 when compared with the control
and DMSO groups.
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2.5. Apoptosis

A considerable rise in cell death was seen in cancer cells treated with 30 uM 7-KSS for 24 hours
according to TUNEL assay (Figure 5A). Apoptotic MCF-7 (Figure 5B) and HepG2 (Figure 5C)
cells treated with 7-KSS were significantly more numerous than those in the control and DMSO
groups, according to fluorescence labeling for apoptosis quantification. See the illustrative plots of
HepG2 and MCF-7 cells in Figure 5D. Within each square, cells that are not yet dead are shown in
the lower left corner (annexin V negative/Pl negative), cells that are about to die are shown in the
upper left corner (annexin V positive), cells that are late in the process of dying are shown in the
upper right corner (annexin V positive/PI positive), and cells that have already died are shown in
the lower right corner (Pl positive). A phospholipid typically located on the inner leaflet of the
plasma membrane, annexin V is a protein with a high affinity for PS. During cell death, PS is
exposed to the outside world by being translocated from the inner to the outside leaflet of the plasma
membrane. One particular target for annexin V binding is PS. The fluorescent dye PI binds to DNA
but cannot cross the membranes of living cells. The cell membranes of cells in late stages of
apoptosis or necrosis are damaged, thus it may still penetrate these cells. Annexin V and Pl staining
together make it possible to distinguish between viable cells, cells that have begun to die, cells that
have finished dying, and cells that have become necrotic. In Figures 5E and 5F, we can see the flow
cytometric quantification of annexin V-FITC labeling in MCF-7 and HepG2 cells, respectively.
When compared to the control group, 7-KSS treatment significantly raised the quantity of early and
late apoptotic cells.
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Figure 5. TUNEL staining in cancer cells. (A) Dimethyl sulfoxide (DMSO, 1 uL/mL) and 7-KSS (30
uM) were applied for 24 h (200x magnification). (B) Quantitation of TUNEL staining in MCF-7 cells
with the Image] program. Values mean +SD (n = 7-8). Kruskal-Wallis test and Dunn’s analysis were
performed to test statistical significance. *, p < 0.05 compared with the control and DMSO groups.
(C) Quantitation of TUNEL staining in HepG2 cells with Image] program. Values are mean + SD (n
= 8). One-way ANOVA and Tukey multiple comparisons were used to determine statistical signifi-
cance. ¥, p < 0.05 when compared with the control and DMSO groups. (D) Annexin V-FITC and PI-
labeled HepG2 and MCEF-7 cells. In total, 10,000 events were analyzed for each condition. (E) Quan-
titative analysis of annexin-V and PI labeling in MCF-7 cells by flow cytometry. Values mean + SD
(n =3). One-way ANOVA analysis and Tukey test were used for statistical analysis. *, p < 0.05 com-
pared to control and DMSO groups. (F) Quantitative analysis of annexin-V and PIlabeling in HepG2
cells by flow cytometry. Values mean + SD (1 = 3). One-way ANOVA analysis and Tukey test were
used for statistical analysis. *, p < 0.05 compared to control and DMSO groups.

3. Discussion
The results of this study showed that MCF-7 and HepG2 cancer cells treated with 5-15 uM 7-
KSS for 24 hours did not show any significant change in cell viability. After being treated with
30 uM 7-KSS for 24 hours, the viability of cancer cells was significantly decreased. Our finding
is consistent with a research that found 30 uM to be the threshold concentration of 7-KSS to
achieve subtoxic damage in HepG2 cells at 24 hours [8]. A different research found that after 12
hours of incubation with 120 pM beta-sitosterol oxides, the survival rate of U937 human lung
lymphoblastic cells was about 50% lower than the control group, in contrast to the group that did
not receive the treatment [26]. Fortunately, even at 30 uM, 7-KSS did not damage noncancerous
cells, indicating that it had little  cytotoxicity = for  healthy tissues.
After 24 hours of incubation with cytotoxic doses of 7-KSS, HepG2 and MCF-7 cells showed a
significant increase in intracellular levels of C18-C24 ceramides compared to controls. To our
knowledge, this is the first investigation into how7-KSS affects the amounts of endogenous
sphingolipids in cancer cells of the liver and breast. In line with previous research showing that
beta-sitosterol action increased ceramide levels in HT-29 colon cancer cells, our results support
this idea [27]. Similarly, a study found that LNCaP human prostate cancer cells treated with 16
UM beta-sitosterol experienced apoptosis and a significant uptick in ceramide synthesis [28].
Additionally, the effects of dietary B-sitosterol on the proliferation and ceramide concentrations
of MCF-7 and MDA-MB-231 human breast cancer cells were investigated. The results
demonstrated that beta-sitosterol increased serine palmitoyl transferase activity, which in turn
stimulated de novo ceramide production [29]. Additionally, we found that cancer cell S1P levels
were significantly decreased after 24 hours of treatment with 30 uM 7-KSS. Our research
indicates that 7-KSS treatment of cancer cells results in decreased S1P levels, which is the first
of its kind. Ceramide and S1P are functional sphingolipid metabolites that play an essential role
in the activity of many pathways that are fundamental to the development of cancer. Modern
understanding of physiologically active sphingolipid production acknowledges its critical
functions in the initiation and progression of cancer. Ceramide inhibits tumor growth by activating
anti-proliferative mechanisms; it is an essential chemical in sphingolipid metabolism.
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and death processes in a large number of malignant cells [30]. Instead, S1P is a lipid that promotes
cancer due to the processes it triggers.
The mechanism by which 7-KSS enhances ceramide production in HepG2 and MCF-7 cells
remains unexplained by our results. Phytosterols, which have a structure different from
cholesterol, may interact with enzymes in the ceramide production pathway in a manner that alters
the fluidity of the cell membrane. A previous research found that rats given a diet containing 2%
cholesterol and 3% B-sitosterol for 21 days had less fluidity in their liver membranes [31]. Some
degrees of membrane fluidity may be required for the optimal functioning of enzymes attached
to membranes [32]. A byproduct of beta-oxidation sitosterol, 7-KSS, may upregulate enzymes
involved in ceramide production, including ceramide synthase (CerS) and serine
palmitoyltransferase (SPT) [29,33], much like beta-sitosterol itself. Ceramide levels may be
increased by 7-KSS, similar to campesterol, by downregulating ceramidases [34]. Ceramidases
break down ceramides into sphingosine and fatty acids.
In cancer cells treated with 7-KSS, compared to the control groups, we observed a substantial
suppression of phosphorylated 44/42 ERK1/2 and phosphorylated NF-kB p65 (Ser536) proteins.
Our understanding is that this is the first work to document that 7-KSS suppresses ERK1/2 and
NF-xB phosphorylation in cancer cells. While few biological phytosterol oximes have been
studied, one that did reduce cell viability in MCF-7 cells via apoptosis and down regulation of the
ERKZ1/2 signaling pathway was 7-alpha-OH-beta-sitosterol [35]. There were no obvious effects
on ERK1/2 expression when the phytosterol fucosterol, which is obtained from marine algae and
several plant types, was discovered to decrease phosphorylated ERK1/2 expression [36]. Integral
to the MAPK signaling cascade are phospho-44/42 ERK1/2, or phosphorylated extracellular
signal-regulated kinases 1 and 2 [37]. One possible therapeutic target for cancer is ERK1/2, as its
aberrant phosphorylation is associated with tumor etiology [37]. Multiple biological activities,
such as cell proliferation, differentiation, survival, and apoptosis, are fundamentally regulated by
this route. There is a strong correlation between cell proliferation and growth and ERK1/2
phosphorylation [38]. There is evidence that phosphorylated ERK1/2 signaling plays a role in cell
differentiation as well [38]. By preventing cancer cells from undergoing cell death, ERK1/2
phosphoryla-tion may enhance cell survival [39]. A possible mechanism by which 7-
ketositosterol inhibits ERK signaling is by increasing the activity of MAPK phosphatases, which
in turn deactivate ERKS, or by blocking upstream activators such as Ras. Similar to beta-sitosterol,
7-KSS may hinder ERK activation via interactions with membrane receptors or signaling
molecules [42].
The anticancer effects of several phytosterols have been documented, and they work by reducing
inflammatory cytokines and chemokines that target NF-xB signaling and by blocking NF-xB
activation [20]. The transcription factor NF-kB p65 has two activation domains called TA1 and
TAZ2, as well as signals for nuclear localization and areas for binding to DNA. An essential trans-
activation domain, the TA1 region has 30 amino acids at its C-terminus. Several phosphorylation
processes occurring within this region are necessary for NF-kB transactivation. Ser536 inside
TAL is one of these critical phosphorylation sites that is conserved across different species. Its
transcriptional activity is increased by phosphorylating p65. The number 43. In pancreatic cancer
cells, beta-sitosterol was shown to reduce levels of phospho-NF-kB p65 but had no effect on
overall NF-xB p65 levels [44]. It is possible that 7-keto-sitosterol reduces the transcription of pro-
inflammatory genes by blocking the phosphorylation and degradation of IkBa, an inhibitor of NF-
kB, which in turn inhibits the activation of NF-kB [45]. The activation of NF-«B might be reduced
if 7-ketositosterol directly interacts with components of the NF-«B signaling pathway, for as by
inhibiting the activity of IxB kinase (IKK) [45].
As previously mentioned, phytosterols' anticancer effects are due in large part to their ability to
induce apoptosis and stimulate ceramide production. Analysis using TUNEL, as

annexin V-FITC/PI staining and other methods demonstrated that cancer cells exposed to 30 uM
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7-KSS for 24 hours exhibited a significant upregulation of cell death. In humans, 7-KSS has been
shown to enhance early apoptosis in HepG2 cells [14], U937 cells (a type of leukemia), and
intestinal cancer cells [46, 47]. Our results corroborate these prior findings.
It is critical to acknowledge the limits of cancer cell culture research, despite the fact that these
investigations may substantially help fundamental biological processes and early drug testing. To
get a more comprehensive grasp of cancer biology and treatment responses, these research should
include in vivo models and clinical data. Contrary to what is seen in live animals, the intricate
tumor microenvironment of cultured cancer cells does not contain stromal cells, immune cells,
the extracellular matrix, or blood vessels. Traditional two-dimensional cell cultures can't capture
the complex three-dimensional structure of tumors, which might influence how drugs interact
with cells and how they behave. Due to genetic and phenotypic changes that occur throughout
time, cancer cell lines might vary from the initial tumor and from subculture to subculture. The
original tumor's heterogeneity may not be accurately reflected in the selection forces that result
from continuous passage and adaption to in vitro circumstances. These pressures favor the
survival of particular cell populations. There may be differences in medication reactions and
cellular metabolism between the tumor microenvironment and cell culture media due to
differences in nutritional makeup and oxygen concentrations. Absorption, distribution,
metabolism, and excretion of drugs in living beings cannot be accurately predicted by the
pharmacokinetics and pharmacodynamics of drug administration in cell cultures. The
heterogeneity inside tumors that might impact treatment results is overlooked in many cancer cell
culture research because they only concentrate on one kind of cancer cell
To summarize, adding 7-KSS to cancer cells led to a decrease in cell viability, suppression of
proliferating cell nuclear antigen, S1P, p-ERK, and p-NF-«xB p65 protein levels, and an increase
in ceramide quantities and apoptotic cell counts. Reduced proliferation in cancer cells treated with
7-KSS, which may facilitate apoptosis, is caused by increased ceramide concentrations, decreased
S1P, decreased phospho-44/42 ERK1/2, and dropped phospho-NF-kB p65 levels. Our research
indicates that 7-KSS has promise as a cancer treatment agent, mainly due to its capacity to trigger
cell death and alter important signaling pathways. Applying these in vitro findings in a clinical
setting should be the focus of future study. We hope that future research using animal models of
cancer will confirm our in vitro results. The safety and efficacy of 7-KSS in a more complex
biological system should be better understood with the aid of these investigations. Outlining the
pathways involved in 7-KSS-induced apoptosis and the rise in ceramide levels might be achieved
via the use of particular inhibitors or transgenic models. It would be interesting to see how 7-KSS
treatment plays out when combined with other targeted treatments or chemotherapeutic medicines
to see if there are any synergistic effects that might boost the effectiveness of the treatment. For
a more realistic simulation of the clinical setting and validation of the results, patient-derived
cancer cells and organoids might be used. Better and more personalized cancer treatments may
be in the future if these questions are answered, which might improve our knowledge of 7-KSS's
action mechanisms and its possible function in cancer therapy.

4. Materials and Methods

4.1. Cell Culture

The cell lines used in this study were sourced from the American Type Culture Collection (ATCC)
in Manassas, VA, USA. The human breast cancer (MCF-7) and liver cancer (HepG2) cell lines
were also used. The cells known as MCF-7 were grown in a culture medium called Dulbecco's
Modified Eagle's Medium (DMEM)-F12. This medium was supplied by Biowest and was sourced
from Nuaillé, France. It also contained 10% (v/v) heat-inactivated fetal bovine serum (FBS) from
Gibco, Life Technologies, Grand Island, NY, USA, 100 U/mL penicillin, 100 pg/mL streptomycin,
5 ug/100 mL amphotericin B, and 2.5 mM L-Glutamine, which were all from Gibco. 3.7 g/L of
sodium bicarbonate was added to the DMEM high-glucose medium (Sigma; Cat.#D5648, St. Louis,
MO, USA) when HepG2 and BJ cells were cultivated.
(Gibco), 5 pg/100 mL amphotericin B, 10% (v/v) FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 1% sodium pyruvate (Sigma-Aldrich). In a controlled environment of 37°C, 5%
C02, and 95% humidity, the cells were cultured in an incubator. When the cell density reached
80% confluency, the cells were transferred to fresh flasks by removing them from the surface and
suspending them in a solution of trypsin-EDTA (0.05% Tryp-sin/0.02% EDTA,; Gibco).
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Treatment with 7-ketositosterol (4.2) Commercially available 7-KSS (MW = 428.7 g/mol; Cay-
man, Cat.#37189, Ann Arbor, MI, USA) was used in our investigation. To create an 11.66 mM
stock solution, 5 mg of 7-KSS was diluted in 1 mL of DMSO. Using cell culture medium, a 1 mM
intermediate stock was prepared. The MTT [3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] study used 7, 10, 15, and 30 uM 7-KSS as its final concentrations. The final dosage and
duration of 7-KSS administration in MCF-7 and HepG2 cells were determined using data from
MTT analyses4.3. Analysis of MTT The following cell types were introduced into 96-well plates:
MCF-7, HepG2, and BJ. After being left to adhere overnight, the cells were treated with culture
media that contained either 1 pL/mL DMSO or 5-30 uM 7-KSS. After12,18, and 24 hours of
incubation, the MTT procedure was initiated. A 0.22 um pore filter was used to filter out MTT after
dissolving it in PBS (5 mg/mL) from Gold Biotechnology Inc. in St. Louis, MO, USA. After
removing the incubation media, 90 pL of fresh medium and 10 pL. of MTT were added to each well
by volume. Purple formazan crystals were produced after 2 hours of incubation with MTT at 37
°C, and 100 pL of DMSO was then added. Two wavelengths, 570 and 690 nm, were used in a
spectrophotometric plate reader to quantify absorbance. The cell viability percentage was
determined by dividing the absorbance of the control group by that of the sample, and then
multiplying the result by 100. For every cell line, three distinct experimental groups were
established: control, DMSO (1 uL/mL), and 7-KSS (MCF-7 and HepG2 cells treated with 30 uM
7-KSS  for 24  hours). Four  Chapters on Immunofluorescent  Staining
We used chamber slides from Merck Millipore in Cork, Ireland, with 100,000 cells per well, to
transfer MCF-7 and HepG2 cells. To ensure cell adhesion, the chamber slides were incubated
overnight at 37 °C in a 5% CO2 incubator. After 24 hours of incubation, the treatment media was
added to the culture medium after the cells achieved 70% confluency. Two washes with 0.01 M
cold PBS were performed on the removed medium. The cells were left to fix at room temperature
for 10 minutes after 250 pL of newly made 4% paraformaldehyde was added. The cells were
washed twice with PBS buffer after the fixing solution was aspirated. To initiate the
permeabilization process, 300 pL of PBS containing 0.2% Triton X-100 (Sigma-Aldrich, St. Louis,
MO, USA) was mixed, then incubated at room temperature for 30 minutes. Prior to blocking with
5% normal goat serum (NGS; Vector Laboratories, Burlingame, CA, USA), cells were washed five
times with cold PBS. After the blocking solution was removed, cells were exposed to phospho-
p44/42 ERK1/2 (1:200 dilution, Cat.#9101, Cell Signaling Tech., Massachusetts, USA), phospho-
NF-kB p65 (1:200 dilution, Cat.#AF2006, Affinity Biosciences, Changzhou, Jiangsu, China), and
PCNA (1:200 dilution, Cat.#bs-0754R, Bioss Antibodies Inc., Woburn, MA, USA) antibodies at
200 pL per well for an overnight period at 4 °C without washing. The next day, under dark
conditions, the chamber slides were washed five times with PBS at room temperature before being
incubated for 45 minutes with 200 pL of Alexa Fluor-488 conjugated goat anti-rabbit (1:1000,
Cat.#ab150077 Abcam, Cambridge, UK) secondary antibody. Once the chamber slide assembly
had been washed three times with PBS, a drop of DAPI (Vector Laboratories Inc., Burlingame,
CA, USA) was carefully poured onto the slide to stain the nucleus. The slide was then covered with
a bubble-free coverslip. The fluorescent microscope (Olym-pus 1X81, Tokyo, Japan) was used at a
magnification of 20x to examine the slides. The 488 nm excitation was used to photograph the
Alexa Flour. The excitation and emission wavelengths for DAPI were 350 nm and 440-460 nm,
respectively, whereas those for other samples were 505-525 nm. We used NIH ImageJ 1.53e
software to measure the fluorescence intensity in HepG2 and MCF-7 cells. The total cell
fluorescence (CTCF) that was validated for each individual cell in each group was calculated using
the following formula: CTCF = Integrated Density — (Area of the chosen cell x Background mean
fluorescence).

4.5. Elispot Assay Enzyme-Linked An ELK Biotechnology non-competitive sandwich ELISA kit
(Cat.#ELK5141) was used to assess proliferating cell nuclear antigen (PCNA) in Denver, CO, USA.
The research groups determined the dosage of MCF-7 and HepG2 cells, which were then suspended
in PBS at a concentration of 107 cells/mL. The cells were then ultrasonicated and centrifuged at 2-
8 °C for 10 minutes at 1500x g. We followed the manufacturer's instructions to conduct PCNA
measurements in supernatants. Using a PCNA standard curve, the concentration of PCNA in the
samples was measured at 450 nm and expressed as nanograms per milligram of protein.
An ELK Biotechnology non-competitive sandwich ELISA kit (Cat.#ELK8541; Denver, CO, USA)
was used for phospho-ERK studies. The MCF-7 and HepG2 cells were divided into different groups
based on their dosage. After collecting the cells (107 cells/mL), they were mixed with PBS and put
through ultrasonication. After that, they were centrifuged at 2-8 °C for 10 minutes at 1500x g. Upon
the manufacturer's instruction, phospho-ERK assays were carried out in the supernatants. The
samples' p-ERK concentration was measured at 450 nm using a p-ERK standard curve. The results
were presented as pg/mg protein. Non-competitive sandwich ELISA kits (BT Lab, Bioassay
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Technology Laboratory; Shanghai, China, Cat.#E4753Hu) were used to quantify phospho-NF-xB
p65 (ser536) in accordance with the instructions provided by the manufacturer. The groups of
research determined the dosage of MCF-7 and HepG2 cells, which were then resuspended in PBS
at a concentration of 106 cells/mL. The cells were then ultrasonicated and centrifuged at 2-8 °C for
20 minutes at 1500 x g. Protein concentration of p-NF-xB p65 (ser536) was measured in the
samples at 450 nm using a standard curve and given as pg/mg. Western blot analysis (4.6)
Following the procedures outlined in [48], Western blot analysis was carried out. Before combining
the cell lysates from the different treatment groups, 2-mercaptoethanol was added to the Laemmli
sample buffer (Cat.# 161-0737, BioRad Laboratories Inc., Hercules, CA, USA). The 30 pL sample,
which contained 30 pg of protein, was separated using 12% Mini-protean TGX precast
electrophoresis gels (Cat.#4561043, BioRad Laboratories Inc., USA) after the proteins were
denaturated at 100 +/-°C. After immobilizing proteins on nitrocellulose membranes using a Trans-
Blot SD Semi-Dry Transfer Cell (BioRad Laboratories Inc., USA), the membranes were rinsed
with 10 mL of blocking solution (2% bovine serum albumin (BSA) in PBS) and left to sit at room
temperature for 5 minutes. After dilution in blocking solution, the primary antibodies were applied
and left at room temperature for 1 hour. The primary antibodies used in the experiment were
phospho-44/42 ERK1/2 (1:1000 dilution, Cat.#9101, Cell Signaling Tech., Danvers, MA, USA),
phospho-NF-«xB p65 (Ser536) (1:500 dilution, Cat.#AF2006, Affinity Biosciences, Jiangsu, China),
NF-kB p65 (1:2000 dilution, Cat.#ab16502, Abcam Limited, Cambridge, UK), ERK1/2 (1:2000
dilution, Cat.#AF0155, Affinity Biosciences, Changzhou, Jiangsu, China), and beta Actin (1:1000
dilu-tion, Cat.#ab8227, Abcam Limited, Cambridge, UK). In a total of five washes, the blots were
immersed in 10 mL of Tris Buffered Saline (TBS) containing 0.05% Tween 20 for 5 minutes each.
The blots were washed five times in 10 mL of TBS containing 0.05% Tween 20 after being
incubated with the secondary antibody, Goat Anti-Rabbit IgG HRP-conjugate (1:10,000 dilution,
Cat.# 632131, Sigma-Aldrich, St. Louis, MO, USA), for one hour at room temperature. It was the
Amersham Pharmacia Biotech ECL reagent in Buckinghamshire, UK, that was used to see the
immunoreactive bands. The NIH ImageJ 1.53e program was used for image processing and
guantification of all Western blots. 4.7. Apoptotic Cell Count Determination
Apoptotic cells were detected using the One-Step TUNEL Test Kit (Elabscience, Cat#E-CK-A320,
Houston, TX, USA). When DNA is broken, the exposed 3'-OH ends may be used to add
fluorescein-labeled dUTP by means of Terminal Deoxynucleotidyl Transferase (TdT). Following
the instructions on the test kit, we prepared the reagents and samples. At a density of around 100,000
cells/well, MCF-7 and HepG2 cells were transplanted onto chamber slides. After 24 hours of
incubation, the treatment media was added to the culture medium after the cells achieved 70%
confluency. The positive control group underwent DNA cleavage with DNase I to disclose 3'-OH
ends. After adding 100 uL of DNase | solution (200 U/mL), the cells were left to incubate at 37 °C
for 20 minutes. We used PBS to wash the slides three times, each time for five minutes. The cells
used as negative controls were incubated with DNase | buffer for 5 minutes at room temperature
before being rinsed three times with PBS for 5 minutes each. The addition of 100 pL of TdT
balancing buffer was made after the experimental groups finished the penetration stage, and the
slides were then incubated at 37 °C for 25 minutes. After the time was up, 50 uL of labeling solution
was applied to every slide and left to incubate in a humidified atmosphere at 37 °C for 60 minutes.
None of the working solutions used for negative control labeling included TdT enzyme. The
incubation period came to a close with three 5-minute washes of the slides in PBS. One drop of
DAPI was dropped over the slides after the chambers were separated and cleaned with a napkin. A
clean coverslip, free of air bubbles, was then sealed. Next, the fluorescence intensity of the slides
was examined using Image J software (NIH) after being seen using a fully automated Olympus
BX61 microscope. The apoptotic effects of 7-KSS on breast cancer cells and liver cancer cells were
also assessed using a Pl apoptosis kit and FITC-conjugated annexin-V (#E-CK-A211, Elabscience,
Houston, TX, USA). Cell groups were formed according to the methods outlined before. We threw
out the media after each application. Trypsinization was used to remove the cells from the surface
of the flask after washing. After centrifugation at 125x g for 5 minutes at +4 °C, the supernatant
was removed in order to extract the cells from the solution that contained trypsin. A total of 1 x 10t
cells were moved to the flow cytometry tube after being suspended in PBS. The supernatant was
collected after 5 minutes of centrifugation at 125x g. The annexin-V binding buffer was added to
500 pL of cell suspension. Five microliters of PI reagents and five microliters of FITC-labeled
annexin-V were combined and incubated with the cells for twenty minutes at room temperature.
Flow cytometry was used to rapidly examine fluorescently conjugated cells after incubation using
the correct parameters (FACS Canto Il, BD Bioscience, San Jose, CA, USA). Analysis was
conducted using BD FACS Diva 6.1.3 software from BD  Bio-sciences.

Measurements of Sphingolipids by Mass Spectrometry (4.8)
The HepG2 and MCF-7 cell lysates, which contain 10 mg protein/mL, were produced by mixing 2
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pL of an IS stock solution with 5 pg/mL. Once the tubes had been vortexed, 100 pL of distilled
water was added, followed by sonication for 30 seconds and vortexing for 5 minutes. Then, a
mixture of 1:2 chloroform: methanol by volume was added. After 30 minutes of incubation at room
temperature, the mixture was spun at 2000x g for 5 minutes to extract the supernatants. The
supernatants were mixed with 125 pL of chloroform and 125 pL of distilled water, then vortexed
and left at room temperature for 30 minutes with no further action. Following the incubation period,
around 500 pL of the top-organic layer was moved to a fresh glass tube and subjected to a
continuous nitrogen flow to initiate the volatilization process. The samples were prepared for LC-
MS/MS measurements by dissolving the dried residues in a solution of methanol and formic acid
(100 pL; 99.9:0.1). Then, the samples were transferred to insert vials. The LC-MS/MS analyses
followed the procedures detailed elsewhere [49]. Section 4.9: Protein Assays
A modified Bradford assay was used to quantify protein concentrations at 595 nm. Thermo Fisher
Scientific Cat.# 23238, Waltham, MA, USA, was supplied by Thermo Fisher, and bovine serum
albumin served as the standard. 4.10. Analyzing Statistics
We used GraphPad Prism 9.00 and SigmaPlot 15 for Windows (Systat Software, Inc., St. Palo Alto,
CA, USA) to analyze the data. A statistically significant result was defined as a p value less than
0.05. The statistical analysis for each measurement is described in depth in the figure and table
legends. Before the groups were compared using statistical analysis, a normalcy test was conducted.
We used a nonparametric test when the data did not follow a normal distribution.
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