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Paclitaxel, one of the most effective chemotherapeutic drugs, is used to treat various cancers but it is exceedingly toxic when used long-
term and can harm the liver. This study aimed to see if rutin, hesperidin, and their combination could protect male Wistar rats against
paclitaxel (Taxol)-induced hepatotoxicity. Adult male Wistar rats were subdivided into 5 groups (each of six rats). The normal group was
orally given the equivalent volume of vehicles for 6 weeks. The paclitaxel-administered control group received intraperitoneal injection of
paclitaxel at a dose of 2mg/Kg body weight twice a week for 6 weeks. Treated paclitaxel-administered groups were given paclitaxel
similar to the paclitaxel-administered control group together with oral supplementation of rutin, hesperidin, and their combination at
a dose of 10 mg/Kg body weight every other day for 6 weeks. The treatment of paclitaxel-administered rats with rutin and hesperidin
significantly reduced paclitaxel-induced increases in serum alanine transaminase, aspartate transaminase, lactate dehydrogenase, al-
kaline phosphatase, and gamma-glutamyl transferase activities as well as total bilirubin level and liver lipid peroxidation. However, the
levels of serum albumin, liver glutathione content, and the activities of liver superoxide dismutase and glutathione peroxidase increased.
Furthermore, paclitaxel-induced harmful hepatic histological changes (central vein and portal area blood vessel congestion, fatty
changes, and moderate necrotic changes with focal nuclear pyknosis, focal mononuclear infiltration, and Kupfter cell proliferation) were
remarkably enhanced by rutin and hesperidin treatments. Moreover, the elevated hepatic proapoptotic mediator (caspase-3) and pro-
inflammatory cytokine (tumor necrosis factor-«) expressions were decreased by the three treatments in paclitaxel-administered rats. The
cotreatment with rutin and hesperidin was the most effective in restoring the majority of liver function and histological integrity.
Therefore, rutin, hesperidin, and their combination may exert hepatic protective effects in paclitaxel-administered rats by improving
antioxidant defenses and inhibiting inflammation and apoptosis.

1. Introduction widely used chemotherapy drugs [1-4]. The active com-

pound selection program founded by the National Cancer
Paclitaxel, which stabilizes microtubules and inhibits their =~ Institute in 1981 proved that paclitaxel was the only active
depolymerization during cell division, is one of the most  biological ingredient that falls within this category and
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meets the standard that could be effectively used to
manage cancer, mainly from clinical trials [5, 6]. Pacli-
taxel is used to treat various cancers, including breast,
prostate, bladder, cervical, and brain cancer [7-10]. Many
different cancers are also treated with paclitaxel, such as
aggressive and metastatic breast cancer, ovarian cancer,
lung cancer, pancreatic cancer, and others [11]. However,
its administration causes numerous adverse effects, in-
cluding neuropathy, cardiotoxicity, and hepatotoxicity, as
well cancer cells’ resistance to paclitaxel chemotherapy
[12-14]. Paclitaxel has been widely known to stimulate
apoptosis. Moreover, it has been recognized to produce
reactive oxygen species (ROS) that trigger mitochondrial
dysfunction to release cytochrome C into the cytoplasm
and activate the caspase cascade and apoptosis stimulation
[15, 16]. Paclitaxel promotes oxidative stress, decreases
antioxidants, increases liver enzymes, and impairs renal
function, which may be due to its mechanism of action
and the oxidative stress that it caused [17]. Paclitaxel
exacerbates liver damage during treatment and causes
severe liver necrosis that may lead to mortality [18-20].
Paclitaxel has been reported to exert inflammatory ac-
tions. It also revealed a significant increase in pro-
inflammatory cytokines, such as interleukin (IL)-17A,
tumor necrosis factor-alpha (TNF-«), interferon-y (IFN-
y), and keratinocyte, in paclitaxel-treated mice [21].

To reduce the toxicity of various organs from chemo-
therapeutic drugs, several studies have investigated the use
of natural compounds that have antioxidant and anti-
apoptotic effects [22-28]. Citrus species are considered to be
among the most economically significant biological re-
sources, as they contain a variety of plant nutrients and
phytochemicals with promising therapeutic properties [29].
Flavonoids have various biological effects and may confer
health benefits via different mechanisms through anti-
inflammatory, antioxidant, antimicrobial, and anti-
proliferative regulatory activities [30-32]. Several natural
antioxidants have been experimentally tested for their po-
tential to protect the liver, such as rutin [33] and hesperidin
[34]. Combining rutin with other drugs can reduce drug
resistance and side effects of chemotherapy [35]. Rutin has
tremendous medicinal potential to regulate several cell
signaling and apoptotic pathways implicated in cancer
progression [36]. Additionally, it induces an important
mechanism in inhibiting cell proliferation in neoplastic cells
in the liver tissue by hepatocellular marker enzyme and
tumor incursion suppression [37]. Rutin has shown re-
markable protection against acrylamide-induced oxidative
deoxyribonucleic acid (DNA) damage, which may be due to
its antioxidant potential [38]. Hesperidin possesses che-
mopreventive potential against paclitaxel-induced hepato-
toxicity probably by reducing oxidative stress, inflammation,
apoptosis, and autophagy [39]. Furthermore, the pre-
treatment of hesperidin offers powerful protective effects
against cisplatin-induced hepatic damage, which is achieved
by its antioxidant, anti-inflammatory, and antiapoptotic
activities [40]. Hesperidin’s anticancer potential is con-
trolled by ROS-dependent apoptotic pathways in certain
cancer cells, despite the fact that it can be an excellent ROS
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scavenger and could operate as a powerful antioxidant
defense mechanism [41].

Chemotherapeutic drugs such as paclitaxel have
several deleterious side effects including liver injury and
we aim to minimize these effects by using plant con-
stituents with antioxidant and anti-inflammatory activ-
ities. Therefore, this research aimed to scrutinize the
preventative efficacy of rutin, hesperidin, and their
combination on paclitaxel (Taxol)-induced liver toxicity,
as well as to investigate the roles of inflammation, oxi-
dative stress, and apoptosis modulations in preventive
action.

2. Materials and Methods

2.1. Chemicals. The trade name drug, paclitaxel, or Taxol, in
the formulation vehicle of cremophor® EL * (CrEL) (poly-
oxyethylated castor oil) (batch number: 7E05628), was
obtained from Bristol-Myers Squibb global bio-
pharmaceutical company (Princeton, USA). Rutin (batch
number: 501) was obtained from Oxford Laboratory
Company (Mumbai, India). Rutin is a light yellow crystalline
powder with the empirical formula C27H30016 and
a molecular weight of 610.5 and tastes slightly bitter. It has
low solubility in water (125 mg/L), while it is highly soluble
in polar solvents and melts at around 176-178°C. Hesperidin
(lot number: # SLBT3541) was obtained from Sigma-Aldrich
Company (St. Louis, MO, USA). Hesperidin is a light yellow
crystalline powder with the empirical formula C,sH3,0,5
and a molecular weight of 610.6, odorless, and tasteless. It
demonstrated poor, pH-independent, aqueous solubility,
while it dissolves in dimethyl formamide and formamide at
60°C and slightly soluble in other polar solvents and melts at
around 258-262°C. Alanine transaminase (ALT) reagent kit
(catalog number: M11533¢c-21) and aspartate transaminase
(AST) reagent kit (catalog number: M11531c-21) were
purchased from Biosystem S.A. (Barcelona, Spain). The
alkaline phosphatase (ALP) reagent kit and gamma-
glutamyl transferase (GGT) reagent kit were purchased
from Biosystem S.A. (Barcelona, Spain), with catalog
numbers M11592-0610 and M11584c-11, respectively. A
lactate dehydrogenase (LDH) reagent kit (catalog number:
MX41214) was purchased from Spin React (Girona, Spain).
Total bilirubin reagent kit (catalog number: 10742) and
albumin reagent kit (catalog number: 10560) were purchased
from HUMAN Gesellschaft fiir Biochemica und Diagnostica
mbH (Wiesbaden, Germany). Chemicals of oxidative stress
including trichloroacetic acid (TCA) (batch number:
50011689) obtained from PanReac AppliChem ITW
Companies (Spain); thiobarbituric acid (TBA) (batch
number: L 16A/1916/1212/13) was obtained from Sd Fine
Chem Limited (SDFCL) Company (India); 1,1,3,3 tetra-
methoxy propane or malondialdehyde (MDA) (catalog
number: T9889) was obtained from Sigma-Aldrich (MO,
USA); metaphosphoric acid (batch number: M21519) was
obtained from ALPHA CHEMIKA Company (India); 5,5-
dithiobis nitrobenzoic acid (DTNB or Ellman’s reagent)
(batch number: 40K3652) was obtained from Sigma-Aldrich
(MO, USA); Reduced glutathione (GSH) (batch number:
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3W010085) was obtained from PanReac AppliChem ITW
Companies (Spain); and pyrogallol (batch number:
1280B251114) was obtained from ResearchLab Company
(India).

2.2. Experimental Animals. The experimental animals in this
study were thirty adult male Wistar rats weighing 130-150 g
and aged 7-8 weeks. They came from the National Research
Center’s Animal House in Dokki, Giza, Egypt. The animals
were monitored for 15 days before the trial began to ensure
that no inter competitive infections existed. The animals
were kept in polypropylene cages with well-ventilated
stainless steel lids at room temperature (25+5°C) and on
a 12-hourlight-dark cycle every day. The animals had un-
limited access to water and were fed a well-balanced meal ad
libitum daily. The Experimental Animal Ethics Committee’s
rules and guidelines were followed in all animal procedures.
Faculty of Science, University of Beni-Suef, Egypt (Ethical
Approval Number: BSU/FS/2017/8). Every effort has been
made to reduce pain, distress, and discomfort among
animals.

2.3. Experimental Design. Adult male Wistar rats were
subdivided into 5 groups in this study (6 rats per group).

(i) Normal group: rats in this group were orally ad-
ministered with 5mL 1% carboxymethylcellulose
(CMC) (vehicle in which rutin and hesperidin are
dissolved)/Kg body weight (b. wt) every other day
and 2mL isotonic saline (0.9% NaCl) (vehicle in
which paclitaxel is dissolved)/Kg b. wt twice per
week via the intraperitoneal (i.p.) route for
6 weeks.

(ii) Paclitaxel-administered control group: this group of
rats received paclitaxel at a dose of 2 mg/Kg b. wt (in
2mL 0.9% NacCl) by i.p. injection [42] twice a week
on the 2"4 and 5™ days of each week for 6 weeks, an
equivalent dose of 1% CMC (5mL/Kg b. wt) was
also given orally every other day.

(iii) Paclitaxel-administered group treated with rutin:
this group of rats received paclitaxel as in the
paclitaxel-administered control group, as well as
rutin orally every other day at a dose of 10 mg/Kg b.
wt [43] (dissolved in 5 mL of 1% CMC) for 6 weeks.

(iv) Paclitaxel-administered group treated with hes-
peridin: this group of rats received paclitaxel as in
the paclitaxel-administered control group, as well as
hesperidin orally every other day at a dose of 10 mg/
Kg b. wt [44] (dissolved in 5mL of 1% CMC) for
6 weeks.

(v) Paclitaxel-administered group treated with rutin
and hesperidin combination: this group of rats
received paclitaxel as in the paclitaxel-administered
control group, as well as rutin and hesperidin
combination orally every other day at a dose of
10 mg/Kg b. wt (dissolved in 5mL of 1% CMC) for
6 weeks.

2.4. Blood and Liver Sampling. Under inhalation anesthesia
[45], blood samples were collected from the jugular vein into
gel and clot activator tubes after a 6-week treatment with the
prescribed dosages. Blood samples were allowed to clot at
room temperature and then centrifuged for 15 minutes at
3,000 rounds per minute (rpm). For various biochemical
experiments, sera were quickly separated, split into four
portions for each animal, and kept at —30°C. Following
decapitation and dissection, livers were dissected for bio-
chemical testing and histopathological examination, with
each rat’s liver tissue being quickly weighed and washed with
isotonic saline (0.9% NaCl). A part of the liver was preserved
in buffered formalin for 24 hours, then cut and placed in 70%
alcohol for histopathologic analysis. The Teflon homoge-
nizer (Glas-Col, Terre Haute, IND, USA) was used to ho-
mogenize approximately 0.5 g of each liver tissue into 5mL
0.9% NaCl. The homogenates were then centrifuged for
15 minutes at 3,000 rpm, and the supernatants were aspi-
rated and frozen at —30°C until employed in the assessment
of oxidative stress marker-related biochemical and antiox-
idant parameters.

2.5. Determination of Liver Function Biomarkers in Serum.
ALT and AST activities were assessed according to the
method of Gella et al. [46]. The activities of GGT and ALP
were assayed using the methods of Schumann et al. [47] and
Schumann et al. [48], respectively. The activity of LDH was
measured as previously described by Pesce [49]. The levels of
serum albumin and total bilirubin were measured according
to the procedures of Doumas et al. [50] and Jendrassik [51],
respectively.

2.6. Liver Oxidative Stress and Antioxidant Biomarkers’
Analysis. Chemical reagents prepared in the laboratory were
used to evaluate liver oxidative stress and antioxidant bio-
markers. The method provided by Preuss et al. [52] was used
to estimate liver lipid peroxidation (LPO). Briefly, 0.15 mL
76% TCA was added to 1 mL liver homogenate to precipitate
the protein. The isolated supernatant was then color-
enhanced with 0.35mL TBA. At 532nm, the produced
pale pink color was identified after 30 minutes in an 80°C
water bath. The standard was MDA. On the other hand, GSH
concentration in the liver was evaluated by adding 0.5 mL
DTNB or Ellman’s reagent (as a color-developing agent),
and phosphate buffer solution (pH, 7) to homogenate su-
pernatant after protein precipitation by centrifugation, as
described by Beutler et al. [53]. At 412 nm, the generated
yellow colors in the samples and GSH standard were
measured and compared to a blank. The activity of liver GPx
was determined using a modified version of the procedure
described by Matkovics et al. [54]. The remaining GSH after
it has been converted by the enzyme to GSSG (oxidized
glutathione) and deducting the residual from the total is the
basis of this approach. Briefly, 50 yL of homogenate su-
pernatant was introduced to a Wasserman tube that already
contained 350 L of Tris buffer (pH 7.6), 50 uL of GSH
solution (2mM), and 50 yL of hydrogen peroxide (H,O,)
(3.38mM). The previously mentioned technique for



determining GSH was used to quantify the residual GSH
content at 430 nm following a 10-minute incubation period.
The standard test was made using 50 uL of dist. H,O instead
of 50 yL sample and the blank test was made with 100 yL of
distilled water instead of 50 yL sample and 50 uL GSH so-
lution. Following the discovery of residual GSH in the
sample, the enzyme activity was measured by converting
GSH to GSSG. The activity of the liver SOD was measured
using the method of Marklund and Marklund [55]. SOD
inhibits pyrogallol autoxidation, which is the basis for the
reaction. Superoxide ions are necessary for the process to
take place. One unit of enzyme is equivalent to the quantity
of enzyme required to reduce extinction changes by 50% in
one minute as compared to the control.

2.7. Histological Investigations. After the fast decapitation
and dissection of each rat, 3mm’ pieces of liver from all
groups were preserved in 10% neutral phosphate-buffered
formalin (pH 7.2) for 24 hours. The fixed livers were
transferred to the Pathology Department of Beni-Suef
University’s Faculty of Veterinary Medicine in Egypt for
additional processing, wax blocking, sectioning, and he-
matoxylin and eosin (H&E) staining [56]. Histological
scores were determined by examining the stained liver
sections. Six random fields were estimated for each section.
The number of sections in each group is six. Degenerative
change, fatty change, inflammatory cell infiltration, necrosis,
vascular congestion, and Kupffer cell proliferation were
among the graded lesions. Scoring of these hepatic lesions
was calculated based on Khafaga et al. [57] and Wasef et al.
[58] and graded as follows 0=none; 1<25%; 2=26-50%;
3=51-75%; and 4 =76-100%.

2.8. Immunohistochemical Investigations of Caspase-3 and
TNF-a. The liver samples, secured with 10% neutral
buffered formalin, were processed, blocked, and divided
into 5-ym-thick sections that were fixed on positive-loaded
slides (Fisher Scientific, Pittsburgh, PA, USA) at the Na-
tional Cancer Institute’s Pathology Department. The im-
munohistochemical reactions in the liver sections were
investigated according to the method described by previous
publications [59-63]. Briefly, after antigen retrieval, liver
sections were incubated for 1 hour with diluted primary
antibodies (dilution: 1-100 in phosphate buffer saline) for
caspase-3 or TNF-a (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Diluted biotinylated secondary antibodies
(dilution: 1-200 in phosphate buffer saline) of DakoCy-
tomation Kit were added and incubation was carried out
for 15 minutes at 37°C. Then, using a DakoCytomation Kit,
horseradish peroxidase conjugated with streptavidin was
added and incubated for another 15 minutes. A reaction of
3,3’-diaminobenzidine (DAB) substrate was used to vi-
sualize the bound antibody complex, which was counter-
stained with  hematoxylin. Immunostaining was
comparable across all research groups since all liver slices
were incubated under the same conditions with the same
antibody dilutions and for the same period. A light mi-
croscope was used to examine the immunostained liver

Evidence-Based Complementary and Alternative Medicine

sections and determine the degree of cell immunoposi-
tivity. A digital camera was used to capture photos of the
liver section (Leica, DM2500M Leica, Wetzlar, Germany).
Image] (1.51d), a free software program, was used to
measure the area percentage of immune positivity for
caspase-3 and TNF-a reactions according to Khafaga et al.
[64] and El-Far et al. [65].

2.9. Statistical Analysis. The mean and standard error of the
mean (SEM) were used to express all of the data. The Sta-
tistical Package for Social Sciences computer software (SPSS)
(version 22, IBM software, Armonk, NY, USA) was used to
perform the statistical analysis. A one-way analysis of var-
iance (ANOVA) test was performed to clarify the signifi-
cance among group means, followed by Tukey’s post hoc test
to compare-averaged aged results. At p<0.05, differences
were considered significant. Percentage changes were cal-
culated using the formula: % change = [(Final value - Initial
value)/Initial] x 100 [66].

3. Results

3.1. Effects on Serum Parameters Related to Liver Function.
The serum AST, ALT, GGT, LDH, and ALP activities, as
well as the total bilirubin level, increased significantly
(p <0.05) after rats were given paclitaxel intraperitoneally
for 6 weeks. When compared to the corresponding
normal controls, paclitaxel administration resulted in
a significant decrease in serum albumin level, with
a documented percentage change of -37.37%. The
treatment of paclitaxel-administered rats with rutin and/
or hesperidin resulted in substantial decreases in in-
creased serum AST, ALT, LDH, ALP, GGT, and total
bilirubin levels when compared to the paclitaxel-
administered control group. The treatment with rutin
and its combination with hesperidin, on the other hand,
resulted in a significant change in albumin levels, with
recorded percentage changes of +31.72 and+34.41%,
respectively, whereas the treatment with hesperidin
produced a nonsignificant improvement (p>0.05).
Moreover, compared with the paclitaxel-administered
control group, the treatment of paclitaxel-administered
rats with rutin and hesperidin combination was the most
efficacious in improving the elevated serum AST, ALT,
LDH, ALP, and total bilirubin levels, as well as the de-
creased albumin levels. Hesperidin treatment was the
most effective in lowering GGT activity, with a recorded
percentage change of —33.33% (Table 1).

3.2. Effects on Liver Oxidative Stress and Antioxidant Defense
Parameters. Paclitaxel was given intraperitoneally to rats for
six weeks, resulting in a highly significant rise in liver LPO
and a highly significant decrease in liver GSH content, as
well as SOD and GPx activities. The treatment of paclitaxel-
administered rats with rutin, hesperidin, and their combi-
nation significantly decreased liver LPO. Hesperidin seemed
to be the most effective in lowering the increased LPO
product in the liver. In contrast to the paclitaxel-
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administered control group, paclitaxel-administered rats
treated with rutin, hesperidin, or their combination showed
a significant improvement in lowered liver SOD and GPx
activities. The treatment of paclitaxel-administered rats with
rutin and hesperidin caused a significant increase in the GSH
content (Table 2).

3.3. Liver Histological Changes. Histopathological findings
of the liver specimens from different experimental groups
are presented in Figure 1 and Table 3. The normal group’s
liver sections revealed normal histological structures in the
form of a thin-walled central vein and normal hepatocytes
forming the hepatic cords radiating from the central vein
toward the periphery and alternating with narrow blood
spaces, the sinusoids, which are lined with single-layered
Kupffer cells on histopathological analysis (Figure 1(a)).
Conversely, the livers of the paclitaxel-administered group
showed marked pathological changes in the form of central
vein and portal area blood vessel congestion, marked de-
generative changes, including fatty changes and moderate
necrotic changes with focal nuclear pyknosis in certain areas,
focal leukocytic infiltration (mainly mononuclear cells), and
Kupfter cell proliferation (Figure 1(b)). These changes were
altered to some extent in different paclitaxel-treated groups.
These changes were amended to some extent by treatments
of paclitaxel-administered groups. First, rats treated with
paclitaxel/rutin showed severe degenerative and fatty
changes associated with moderate necrotic changes and focal
leukocytic infiltration associated with moderate pro-
liferation of Kupffer cell activation (Figure 1(c)). Second,
pathologic changes in the paclitaxel/hesperidin-treated
group were relatively similar to those in the paclitaxel/
rutin-treated group (Figure 1(d)). Finally, the treatment of
paclitaxel/rutin/hesperidin produced a good improvement
in liver histological changes compared with other treated
rats. Moderate degenerative changes and mild necrotic
changes accompanied by the mild Kupffer cell proliferation
were noted (Figure 1(e)). The significantly elevated histo-
logical lesion scores of degenerative changes, fatty changes,
necrosis, inflammatory cells, congestion, and activated
Kupfter cell proliferation in the paclitaxel-injected group
were significantly decreased by treatments with rutin, hes-
peridin, and their combination. The combinatory treatment
was the most effective in improving the degenerative and
fatty changes (Table 3).

3.4. Effects on Liver Caspase-3 and TNF-a. As demonstrated
in Figures 2 and 3, immunohistochemical detection of
expressed caspase-3 and TNF-« in the liver was performed.
Caspases-3 and TNF-a immunohistochemistry reactivity
was very feeble in the liver sections of normal control rats,
indicating that their expression levels are very low. Caspase-
3 and TNF-a staining in the livers of paclitaxel-administered
rats was highly positive, as shown by a dense cytoplasmic
brownish-yellow color that suggested their high expression,
with percentage changes of +549.29% and +309.55%, re-
spectively, in comparison to the control group. Rutin,
hesperidin, and their combination significantly reduced the
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enhanced caspase-3 activity and TNF-a concentration in
paclitaxel-administered rats. The treatment of paclitaxel-
administered rats with rutin and hesperidin combination
was the most successful in lowering caspase-3 and TNF-«
expressions.

4. Discussion

Paclitaxel is a drug that is commonly used to treat a variety of
cancers. Its use may have a variety of adverse effects on
several organs, including the liver, kidneys, and heart
[67-70]. Despite remarkable progress in cancer research,
compounds derived from natural resources are powerful
candidates for cancer treatment [71]. Flavonoids and other
reported phenolic components were discovered to have
impressive antioxidative, cardioprotective, anticancer, an-
tibacterial, antidiabetic, hypertensive, anti-inflammatory,
and immune response enhancing effects as well as to protect
skin from harmful ultraviolet radiation, making them out-
standing drugs for pharmaceutical and medical use [72-74].

This study showed that the intraperitoneal injection of
paclitaxel in the form of Taxol at a dose of 2mg/Kg b. wt
twice a week for 6 weeks caused hepatotoxicity, which was
manifested biochemically by a significant increase in serum
activities of cytosolic enzymes (ALT, AST, and LDH) due to
their leakage into the bloodstream from injured hepatocytes
[75]. Elevated serum ALT and AST levels in hepatocellular
damage have been previously reported in paclitaxel-induced
hepatotoxicity models [76-81]. Furthermore, the activity of
LDH increased in paclitaxel-administered rats [82]. The
LDH activity is elevated in patients with cancer and as
a result of tissue damage; it is a common marker of toxicity.
Additionally, we found a significant elevation in serum
activities of membrane-bound enzymes (ALP and GGT) as
a result of the increased rate of bile duct production and/or
regurgitation in the blood after bile duct blockage [83]. These
findings are similar to those reported by Ortega-Alonso et al.
[84] who stated that the alteration of membrane perme-
ability of liver cells and bile ducts triggers the release of their
specific enzymes, notably GGT and ALP. Moreover, pacli-
taxel administration led to a significant increase in the total
bilirubin content [85, 86], and this increase may be in-
dicative of a specific liver injury and loss of function [87].
The serum albumin level was significantly reduced in
paclitaxel-administered rats, which agrees with Wang et al.
[88], who found that serum albumin concentration de-
creased significantly following chemotherapy. A decrease in
albumin concentration, as observed in paclitaxel-
administered rats, indicated insufficiency of albumin syn-
thesis by the liver due to hepatopathy [89]. These bio-
chemical parameter alterations strongly correlate with
hepatic histopathological changes in the form of central vein
and portal area blood vessel congestion, marked de-
generative changes, including fatty changes and moderate
necrotic changes with focal nuclear pyknosis in certain areas,
focal leucocytic infiltration, and Kupffer cell proliferation.
The current findings are congruent with those of Salahshoor
et al. [80] who showed obvious changes and damage in the
liver following paclitaxel treatment. Additionally,
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8
TaBLE 3: Pathological hepatic lesion scores in different groups.
Parameters

Groups . . . Activated Kupffer

Degenerative change Fatty change  Necrosis  Inflammatory cells Congestion cell proliferation
Normal 0 0 0 0 0 0
Paclitaxel 3.83+0.17% 3.83+0.17° 217+0.17° 3.33+0.21° 3.17+£04° 3.67+0.21°
Paclitaxel + rutin 2502022 3.00£026™ 1.00+£0.37%°  1.83+031°  1.50+£0.22%  2.67+0.33"
Paclitaxel + hesperidin 3.00+0.37°> 2834031 1.67+0.31"°  2.00+£036®  1.67+0.33°  250+0.22%

Paclitaxel + rutin + hesperidin 1.67 +£0.33% 2.00+£0.26% 133+021°°  1.50+£043*®  1.00£026*  217+031%
Data are expressed as Mean + SEM (n = 6). % p < 0.05: significant compared with the normal group. ? p < 0.05: significant compared with the paclitaxel-injected
group. p < 0.05: significant compared with the paclitaxel-injected group treated with both rutin and hesperidin. Scoring of hepatic histological lesions was
calculated and graded as follows 0=none; 1<25%; 2=26-50%; 3 =51-75%; and 4 =76-100%.

(e)

FiGuRre 1: Photomicrographs of liver sections of the normal (a), paclitaxel-injected control group (b), and paclitaxel-injected groups treated
with rutin (c), hesperidin (d), and their combination (e). (H) hepatocytes; (T) trabeculae; (S) sinusoids; and KC: Kupffer cells; (N) necrosis;
IC: inflammatory cells infiltration; FC: fatty changes; (C) congestion; CV: central vein; DC: degenerative changes. (H&E; x400).

hepatotoxic effects following paclitaxel therapy were ob- Rutin and/or hesperidin treatment of paclitaxel-
served [90, 91]. It has been also found a distinctive hepa- administered rats successfully reduced increased blood
tocellular carcinoma in hepatic histological sections in all ~ ALT, AST, LDH, ALP, and GGT activities, as well as serum
groups following paclitaxel treatment was observed [85]. total bilirubin levels, by stopping further paclitaxel-induced
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FIGURE 2: Photomicrographs of immunohistochemically stained liver sections for caspase-3 detection showing very weak expression in normal
(2a and 2A), very strong expression in the paclitaxel-administered group (2b and 2B), and moderate expression in paclitaxel-administered groups
treated with rutin (2c and 2C), hesperidin (2d and 2D), and their combination (2e and 2E). Arrows indicate positive reactivity. 2f indicates the
image analysis result of caspase-3 of the tested groups. ® p < 0.05: significant compared with the normal group. p < 0.05: significant compared
with the paclitaxel-injected group. Photomicrographs 2A-2E are magnified sectors of Photomicrographs 2a-2e respectively.

hepatocellular damage and stabilizing membrane activity,
thereby decreasing the leakage of these enzymes into the
general circulation. The treatments potentially increased the
reduced serum albumin level. Moreover, most hepatic
histopathological changes were effectively improved by these
treatments. Similar observations have been reported by
Hozayen et al. [92] who stated that the pretreatment with
rutin, hesperidin, and their combination can protect the liver
against the hepatotoxic effect of doxorubicin by ameliorating
the elevated AST, ALT, ALP, and y-GT activities. This is
attributed to the hepatoprotective potential of rutin [33] and
hesperidin [34]. It was found that hesperidin reduces the
severity of sodium arsenate (SA)-induced liver damage [93].
Rutin administration restored the elevated ALT, LDH, AST,
and ALP levels in 5-fluorouracil (FU)-treated rats and im-
proved the hepatic structure to normal [24]. Furthermore,
rutin treatment improved carfilzomib-induced elevated
levels of direct bilirubin in rats [94].

Enzymatic and nonenzymatic antioxidant substances are
components of antioxidant defense systems. GSH has
a tripeptide structure and is a potent nonenzymatic anti-
oxidant. SOD, catalase, and GPx are additional enzymatic
antioxidants for ROS defense [95, 96]. Paclitaxel adminis-
tration increases the formation of oxygen-free radicals,
decreases antioxidants (SOD and GPx) and GSH content,
and increases LPO, which results in liver damage. These
results are consistent with those of Harisa [97] who reported
that paclitaxel induces oxidative stress through decreased
GSH content and increased MDA levels. In addition, it was
reported that paclitaxel increases ROS and MDA concen-
trations and decreases SOD activity [82], indicating that
paclitaxel induces changes in protein expression associated
with apoptosis and ROS generation (Figure 4). ROS activates
several mechanisms by damaging cell membranes and
macromolecules in cells, resulting in inflammation and cell
death [98]. Therefore, oxidative stress, which is caused by
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FI1GURE 3: Photomicrographs of immunohistochemically stained liver sections for TNF-« detection showing very weak expression in normal
(3aand 3A), strong expression in the paclitaxel-administered group (3b and 3B), and moderate expression in paclitaxel-administered groups
treated with rutin (3c and 3C) and hesperidin (3d and 3D) and mild expression in the paclitaxel-administered group treated the combination
of rutin and hesperidin (3e and 3E). Arrows indicate positive reactivity. 3f indicates the image analysis result of TNF-« of the tested groups.
%p<0.05: significant compared with the normal group. ?p <0.05: significant compared with the paclitaxel-injected group. ¢p < 0.05:
significant compared with the paclitaxel-injected group treated with both rutin and hesperidin. Photomicrographs 3A-3E are magnified

sectors of Photomicrographs 3a-3e respectively.

paclitaxel administration, may cause the production of ac-
tive oxygen species, including pure oxygen, H,O, and su-
peroxide radicals, which destroy cells, DNA, proteins, and
intracellular lipids, and finally liver damage [99]. According
to the findings, rutin and hesperidin treatment remarkably
reduced paclitaxel-induced oxidative stress by reducing LPO
and improving GSH content along with the activities of
antioxidant enzymes due to the ability of rutin to recover-
free radicals by chelating metallic iron ions [100, 101] as well
as the antioxidant activity and radical recovery properties of
hesperidin [102, 103]. These findings are consistent with
those of Hozayen et al. [92], who found that rutin and
hesperidin significantly increased GSH and GPx levels in the
liver and decreased the LPO level in doxorubicin-treated
rats. Rutin treatment alleviated liver and kidney damage by
reducing oxidative stress, endoplasmic reticulum stress,

inflammation, apoptosis, and autophagy caused by valproic
acid [104]. Additionally, rutin has a hepatoprotective role in
eliminating isoniazid-induced oxidative stress [33]. Hes-
peridin has been discovered to protect the brain, liver,
kidneys, and oxidative damage caused by numerous toxins
[105, 106]. In another way, thymoquinone and costunolide
are also natural products that have been shown to have an
apoptotic effect to rapidly eliminate the senescent cells in-
duced by doxorubicin and induce apoptosis of proliferative
cancer cell lines [107].

Immunohistochemical investigations showed a signifi-
cant increase in the proapoptotic protein (caspase-3) activity
and pro inflammatory cytokine (TNF-a) concentration in
the liver of paclitaxel-administered rats. The findings of our
investigation agree with those of Yardim et al. [108] who
revealed that the mRNA levels of TNF-« and caspase-3 were
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F1GURE 4: The effects of rutin and hesperidin on oxidative stress, inflammation, and apoptosis in the livers of paclitaxel-administered rats are
depicted in a schematic diagram. The target effects of rutin and hesperidin on various mediators of oxidative stress, inflammation, and
apoptosis are shown. The figure was designed by us using power point software.

higher in the paclitaxel group for the sciatic nerve and spinal
cord, and the immunohistochemical expression of caspase-3
in the paclitaxel-induced bone marrow tissue was increased.
Furthermore, taxanes, including paclitaxel, induced an in-
crease in IL-1f, IL-6, and TNF-« levels in patients with
cancer [109-111]. It was also found that circulating IL-6 and
TNEF-« levels were increased 3 days after a 6-dose paclitaxel
regimen [112]. TNF-« is a critical mediator of inflammation
[113] that has been demonstrated to recruit and trigger more
inflammatory cells in response to increased oxidative stress
[114]. TNF-a can promote hepatocyte apoptosis via binding
to TNF receptors (TNFR) and death receptors, triggering the
extrinsic apoptosis pathway [115-117] (Figure 4). Through
the permeability of the mitochondrial membrane or its
transition pore apertures, paclitaxel releases apoptogenic
components, including cytochrome C, into the cytosol, ei-
ther directly or indirectly [118, 119]. Apoptosis is facilitated
by cytochrome C active caspase-9, which stimulates various
caspase enzymes, including caspase-3 and caspase-7, in the
presence of apoptotic protease activating factor-1 [120, 121].

The treatment of paclitaxel-administered rats with rutin
and/or hesperidin suppressed the activity of caspase-3,
which is a common mediator of extrinsic and intrinsic
apoptotic pathways and the level of TNF-a, which is a key
regulator of inflammation (Figure 4). These results are
consistent with those of Li and Schluesener [122] who re-
ported that hesperidin suppressed oxidative/nitrative stress,
inflammation, and apoptosis. Hesperidin reduced the
caspase-3 activity and showed an anti-inflammatory effect
by decreasing the levels of TNF-a, nuclear factor kappa B
(NF-«B), and IL1f in the kidney and liver tissues of rats with
SA-induced toxicity [93]. It also reduced the serum level of
TNF-a in arthritic rats [123]. Hesperidin decreased the

elevated liver caspase-3 expression and altered serum TNF-
o, IL-17, and IL-4 levels in diclofenac-administered rats
[124]. Additionally, rutin may have potential protective
benefits against hepatotoxicity induced by doxorubicin
through reducing oxidative stress, inflammation, and apo-
ptosis as well as altering the expression of the nuclear factor
erythroid 2-related factor 2 (Nrf2) gene [125]. Rutin de-
creased the hepatic TNF-a and IL-6 levels of carbon
tetrachloride-treated rats [126]. It was found that rutin sig-
nificantly decreased caspase-3 immunopositivity in 5-FU-
treated rats [24]. The therapeutic potential of rutin can be
owed to its antioxidant, anti-inflammatory, antiallergic, and
antiangiogenic properties [127, 128]. Based on our findings
and past research studies, the intrinsic pathway, which is
activated by high ROS levels, or extrinsic ligands of pathway
receptors, such as TNF-a, can cause caspase-3, the apoptosis
executor, to be activated in paclitaxel hepatotoxicity. Rutin
and hesperidin may have reduced apoptosis by modulating
both intrinsic and extrinsic apoptotic pathways by sup-
pressing oxidative stress and significantly lowering increased
TNEF-« concentration (Figure 4). In addition, TNF-« (through
canonical pathway) can activate NF-xB, which promotes NF-
kB target genes involved in inflammatory responses [129].
Both rutin and hesperidin may produce their anti-
inflammatory effects by affecting the canonical pathway of
NEF-«B through the suppression of TNF-« levels and in turn
inhibition of TNF-a receptors (INFR) (Figure 4).

5. Conclusion

Oral administration of rutin, hesperidin, and their combi-
nation could counteract paclitaxel-induced liver damage and
toxicity by strengthening the antioxidant defense system and
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decreasing oxidative stress and apoptosis. Additionally, it
was discovered that rutin and hesperidin combined therapy
was the most effective at restoring liver function and his-
tological integrity in paclitaxel-administered rat models.
However, before rutin and hesperidin be used in humans,
more clinical trials are necessary to evaluate their effec-
tiveness and safety during paclitaxel administration. The
Food and Drug Administration also needs to approve their
use in human beings these evaluations. Moreover, further
studies are required to scrutinize the effect on mediators of
apoptosis other than caspase-3 and mediators of in-
flammation other TNF-« to identify other targets of rutin
and hesperidin in paclitaxel-administered rats.
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Background. Cholesterol efflux and lipid raft redistribution contribute to attenuating temozolomide resistance of glio-
blastoma. Ginsenosides are demonstrated to modify cholesterol metabolism and lipid raft distribution, and the brain
distribution and central nervous effects of whose isoforms Rb1, Rgl, Rg3, and CK have been identified. This study aimed to
reveal the role of Rbl, Rgl, Rg3, and CK in the drug resistance of glioblastoma. Methods. The effects of ginsenosides on
cholesterol metabolism in temozolomide-resistant U251 glioblastoma cells were evaluated by cholesterol content and efflux
assay, confocal laser, QRT-PCR, and Western blot. The roles of cholesterol and ginsenosides in temozolomide resistance
were studied by CCK-8, flow cytometry, and Western blot, and the mechanism of ginsenosides attenuating resistance was
confirmed by inhibitors. Results. Cholesterol protected the survival of resistant U251 cells from temozolomide stress and
upregulated multidrug resistance protein (MDR)1, which localizes in lipid rafts. Resistant cells tended to store cholesterol
intracellularly, with limited cholesterol efflux and LXRa expression to maintain the distribution of lipid rafts. Ginsenosides
Rbl, Rgl, Rg3, and CK reduced intracellular cholesterol and promoted cholesterol efflux in resistant cells, causing lipid rafts
to accumulate in specific regions of the membrane. Rgl and CK also upregulated LXRa expression and increased the
cytotoxicity of temozolomide in the presence of cholesterol. We further found that cholesterol efflux induction, lipid raft
redistribution, and temozolomide sensitization by Rgl and CK were induced by stimulating LXRa. Conclusions. Ginse-
nosides Rgl and CK controlled temozolomide resistance in glioblastoma cells by regulating cholesterol metabolism, which
are potential synergists for temozolomide therapy.

1. Introduction

Glioblastoma (GBM) is the most frequent and most ma-
lignant (WHO 1IV) central nervous system (CNS) tumor.
According to the latest statistics [1], the proportion was
54.4% among CNS tumor patients >20 years old, which rises
with age. In the past 40 years, the treatment of GBM has not
made significant progress, and the 5-year survival rate of

patients has only increased from 4% to 7%. DNA alkylating
agent temozolomide (TMZ) is the first-line drug for GBM,
used in conjunction with radiotherapy and further adjuvant
therapy after maximal safe surgical resection [2]. It has
completed oral absorption, depressed plasma protein
binding, metabolism not affected by liver and kidney status,
and easy penetration of the blood-brain barrier (BBB) [3].
Nonetheless, drug resistance developed in about half of the
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patients [4]. They relapsed within 6 months of TMZ stan-
dard treatment and had to start a second-line treatment with
deficient standards, higher toxicity, and less benefit [5]. O6-
methylguanine-DNA methyltransferase (MGMT) and drug
efflux transporters such as multidrug resistance protein 1
(MDR1, also known as ATP-binding cassette (ABC)B1 or P
glycoprotein) and ABCG2, are still independent risk factors
for TMZ resistance [6-8]. Strategies to address resistance
need to be established.

In traditional medicine, the herbs of the Panax genus,
Araliaceae, including ginseng (Panax ginseng C.A. Mey.),
American ginseng (Panax quinquefolius L.), and pseudo-
ginseng (Panax notoginseng (Burkill) F.H. Chen), which can
“nourish vitality” and “disperse stasis” [9], were used to
combat the pathogenesis of glioma [10]. They exhibited
therapeutic activities against tumors including GBM and
have been commonly used in East Asia as adjuvant drugs
[10, 11]. Ginsenosides containing numerous subtypes
(Figure 1) are active ingredients with high content in Panax
genus [11], and their saponin structure makes them am-
phipathic and BBB permeability, which have been confirmed
by generally reported CNS effects. For instance, the oral
pharmacokinetics of total ginsenosides indicated high
concentrations of subtype Rgl and compound K (CK) in
brain tissues [12, 13]. Rb1, the precursor of CK, can enter the
brain through glucose transporter member 1 (GLUTI) [14].
Moreover, Rg3 was identified to attenuate the TMZ resis-
tance of GBM in vivo and in vitro [15].

As the most cholesterol-rich organ [16], the brain
provides a unique microenvironment for GBM. GBM cells
not only retain the ability of glial cells to synthesize cho-
lesterol de novo but also increase cholesterol uptake me-
diated by low-density lipoprotein receptor (LDLR) [17].
Stimulating the liver X receptor (LXR) to promote ABCA1-
mediated cholesterol efflux and degradation of LDLR in-
duced GBM cell death [18-20]. It seems that the enormous
demand for cholesterol from GBM cells is not just for the
production of organelles. The increase in cholesterol and
LDL levels promotes resistance of various tumors to che-
motherapy, and it is also an independent risk factor for poor
prognosis of GBM under standard TMZ treatment [21, 22].
Although cholesterol-induced drug resistance has not been
confirmed in CNS tumors, elevated cholesterol in malignant
ascites was proved to induce chemotherapy resistance by
upregulating the drug efflux proteins ABCG1 and MDRI
[23]. MDRI is located and stably expressed in lipid rafts
composed of cholesterol, sphingolipid, and proteins on the
plasma membrane [24]. When lipid rafts were induced to
accumulate in specific parts of the membrane, MDRI ex-
pression was confined, and tumor cells were less resistant
[25]. Moreover, additionally added cholesterol restored the
homogenous (broad and low-density) distribution of lipid
rafts and upregulated MDR1 [25]. Conversely, lipid rafts
were depleted when cholesterol was scavenged, and che-
motherapy resistance was correspondingly diminished [26].

Both ginsenosides and cholesterol have steroid core
structures (Figure 1), and ginsenosides can regulate choles-
terol metabolism in tumor cells. Rg3 and CK hindered
cholesterol ~ synthesis by  inhibiting  f-hydroxy-
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p-methylglutaryl coenzyme A (HMG-CoA) [27, 28], and CK
also promoted cholesterol efflux by stimulating LXRa [29, 30]
to synergistically decrease intracellular cholesterol. Rh2
revealed lipid raft depleting activity [31, 32]. More direct
evidence indicates that the ginsenoside derivative Rpl de-
creased MDRI activity by redistributing lipid rafts and at-
tenuated the cholesterol-dependent resistance [25].
Consequently, ginsenosides are potential agents for the
treatment of tumor resistance as regulators of cellular cho-
lesterol metabolism. However, the differential roles of gin-
senoside subtypes that govern cholesterol metabolism and
drug resistance in CNS tumors remain undisclosed. In this
study, we certified the role of cholesterol in TMZ resistance of
glioblastoma U251 cells and investigated the effects of several
ginsenosides with BBB penetration on TMZ resistance of
U251 cells in the presence of cholesterol. We further studied
the roles of ginsenosides on cholesterol metabolism and lipid
raft distribution and the mechanisms controlling TMZ re-
sistance. Our work suggests that ginsenosides Rgl and CK are
potential drugs to control TMZ resistance, providing refer-
ences for adjuvant therapy of GBM.

2. Materials and Methods

2.1. Chinese Glioma Genome Atlas (CGGA) RNA-seq Analysis.
From the CGGA database (https://www.cgga.org.cn/, China),
which is a professional clinical transcriptome database of
glioma, the mRNA-seq_693 dataset [33] was downloaded to
attain the clinical information and sequencing data of sam-
ples. Among the 693 glioma patients, those who were known
to be >18 years old, diagnosed with WHO grades III to IV,
and treated by TMZ were screened. To eliminate the inter-
ference from the data of surviving patients with a short
observation period, we excluded the surviving patients with
less than 6 months of overall survival (OS). The mRNA-seq
data were used to evaluate the correlation between OS, tumor
tissue MGMT methylation status, fragments per kilobase
transcriptome per million (FPKM) fragments of drug resis-
tance gene MDRI, and FPKM of cholesterol metabolism
genes including LDLR, SREBF2, HMGCR, NRIH3, ABCAI,
and ABCGI via the Pearson correlation test.

2.2. Cell Culture, Resistance Induction, and Treatment.
U251 human GBM cells (U251 MG, KeyGEN, “KG050)
were cultured in high-glucose DMEM (KeyGEN,
*KGM12800-500) containing penicillin, streptomycin,
and fetal bovine serum (Gibco, 730044333), with a
constant ambient temperature of 37°C, saturated hu-
midity, and 5% CO,. After stable growth, the TMZ-re-
sistant U251 cells were induced by the dose escalation
[34]. The escalating doses of TMZ (MCE, *HY-17364)
were 0.645, 1.29, 2.58, 5.16, 10.32, 20.64, 41.28, and
82.56 uM. When the cells treated with the previous dose
had grown to a confluency >50% and were stably passaged
2-3 times, the treatment was continued with the next
dose. Induction of TMZ resistance was accomplished
when cells were stably grown at 82.56yM TMZ. The
Jiangsu KeyGEN BioTECH was commissioned to identify
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FIGURE 1: Acanthaceae, Panax genus, and ginsenosides. (a) The photographs of 3 representative Panax genus plants from the Chinese
medicine specimen center of Nanjing University of Chinese Medicine (https://zybb.njucm.edu.cn/). (b) The structure of ginsenosides and
cholesterol. The core steroid structure of ginsenosides is similar to cholesterol.

the genetic stability of the constructed TMZ-resistant
cells by comparing the alleles on short tandem repeat
(STR) and Amelogenin locus of the resistant cells with the
data of parental U251 cells (Supplementary Figures S1
and Table S1). TMZ-resistant and wild-type U251 cells
were treated with 0.78, 1.56, 3.13, 6.25, 12.5, 25, 25, 50,
and 100 uM TMZ with DMSO as a control, and ICs, and
resistance index were calculated by Cell Counting Kit
(CCK)-8 (KeyGEN, *KGA317).

Cells were collected when rapidly grown to 60-80%
density after passaging and treated with 5 ug/ml cholesterol

(dissolved in anhydrous ethanol, Solarbio, #8280) for 24h
depending on the grouping needs, and an equal volume of
anhydrous ethanol was used as control. After the cells were
washed, 200 uM TMZ was added to continue treatment for
72h, and an equal volume of DMSO was used as the control.
Referring to the dose reported in GBM cells [15], 100 uM
ginsenosides Rb1 (Yuanye, “B21050), Rgl (Yuanye, “B2105),
Rg3 (Yuanye, “B21059), and CK (Yuanye, “B21045), and
100 nM LXR inhibitor GSK2033 (MCE, "HY-108688) were
used to treat cells alone or concurrently with TMZ for 72 h,
with an equal volume of DMSO as the control.
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2.3. Cell Proliferation and Cytotoxicity Assay. The cells were
cultured in 96-well plates and treated according to the above
protocol. CCK-8 reagent (KeyGEN, #KGA317) was added in
plates 3h before the end of administration, and the cells
continued to incubate in the original culture environment.
After 3h, the plates were shaken and placed into the
microplate reader (BioTek ELx800, USA), and the optical
density (OD) value was read at 450 nm to calculate the
inhibition rate. Inhibition rate=(1 — ODrest wet/ ODcontrol
well) % 100%.

2.4. Flow Cytometry for Apoptosis and Cell Cycle Analysis.
After 72 h of administration, cells were digested and collected
with 0.25% EDTA-free trypsin (KeyGEN, *KGM27250),
washed, and resuspended with PBS containing 2% BSA.
Annexin V-FITC Apoptosis Detection Kit (KeyGEN,
*KGA105) and Cell Cycle Detection Kit (KeyGEN, “KGA511)
were used for flow cytometry. For apoptosis staining, cells were
mixed with Annexin V-FITC and propidium iodide (PI) re-
agents and were incubated for 10 min at room temperature in
the dark. After fixation in 70% cold ethanol at 4°C for 12 h, PI
containing RNase A was added into the resuspended cells for
45 min atroom temperature in the dark for cell cycle assay. Flow
cytometer (Beckman Coulter CytoFLEX, USA) was used to
detect FITC and PIL. Annexin V" populations were considered
asapoptotic cells, including PI” earlyapoptotic cellsand PI" late
apoptotic cells. The flow cytometry data were processed by
FlowJo vX.0.7 (BD, USA) to evaluate apoptosis and cell cycle.

2.5. Western Blotting for Protein Expression. The total cell
protein was extracted with cold RIPA lysis buffer containing
phenylmethylsulfonyl fluoride (PMSF) (Whole Cell Lysis
Assay Kit, KeyGEN, “KGP250). The protein concentration of
the extracts was determined by BCA Protein Quantitation
Assay Kit (KeyGEN, “KGP902) using a microplate reader.
Then, SDS-PAGE loading buffer (KeyGEN, “KGP101) was
added to denature the protein at 100°C in thermostat. The
prepared protein samples and prestained protein mass
marker (KeyGEN, *KGM441) were added to a 10% SDS-
polyacrylamide gel with equal mass for electrophoresis (Bio-
Rad Power Supplies Basic, USA). Then, the protein transfer
system (Bio-Rad Trans-Blot Turbo, USA) was used to
transfer the separated proteins from the gel to a poly-
vinylidene fluoride (PVDF) membrane, and 5% skim milk
was used to eliminate nonspecific binding. Under the in-
struction of the prestained marker, the PVDF membranes
were cut according to the protein mass and were incubated
with primary antibodies overnight in a shaker at 4°C, in-
cluding rabbit monoclonal to MGMT (Abcam, *ab108630,
dilution ratio 1:1000), rabbit monoclonal to P glycoprotein
(MDRI1, Abcam, *ab168337, dilution ratio 1:1000), rabbit
monoclonal to LXRa (Abcam, *ab176323, dilution ratio 1:
2000), and mouse monoclonal to GAPDH (Abcam,
*ab8245, dilution ratio 1:2000). After washing the PVDF
membranes combined with primary antibodies, goat anti-
rabbit IgG-HRP (for rabbit antibody, KeyGEN, *KGAA35,
dilution ratio 1:10000) or goat anti-mouse IgG-HRP (for
mouse antibody, KeyGEN, *KGAA37, dilution ratio 1:
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10000) was added to continue incubating. The electro-
chemiluminescence reagent (KeyGEN, *KGP1121) was
dripped on the PVDF membrane after antibody labeling,
and a gel imaging system (Syngene G:BOX Chemi XR5,
UK) was used to photograph the blots. The raw images of the
immunoblot bands are presented in Supplementary
Figure S2. The images were subjected to background re-
moval and gray value (integrated density) determination via
Image] 1.51j8 (National Institutes of Health, USA). The
integrated density of (sample target blot/control target blot)/
(sample GAPDH blot/control GAPDH blot) was considered
as the relative expression of the target proteins.

2.6. Cholesterol Content Detection. Free cholesterol in the
collected cells was removed by centrifugation. BCA Protein
Quantitation Assay Kit (KeyGEN, *KGP902) was used to
determine protein concentration. Cells were treated with
isopropanol and sonicated in the ice bath to prepare cell
lysates. The total cholesterol content detection kit (Solar-
bio, *BC1985) was used to detect the cholesterol concen-
tration in the lysates. The samples, standard, and control
solutions were treated with a reaction solution containing
cholesterol ester hydrolase, cholesterol oxidase, and per-
oxidase at 37°C for 15 min, and OD values at 500 nm were
measured with a microplate reader (MD SpectraMax M3,
USA). After subtracting the OD value of the blank wells, the
total cholesterol concentrations of the samples were cal-
culated by the standard curve, and the total cholesterol
concentration/protein concentration was calculated as the
total cholesterol content.

2.7. Cholesterol Efflux Assay. For cholesterol tracking, 10 ug/
mL 25-NBD cholesterol (Sigma-Aldrich, *810250P) was
added to the cells in serum-free medium. After 24 h, the 25-
NBD cholesterol that had not entered the cell was washed
away. 6h before the end of drug treatment, 1 mM sodium
taurocholate (NaTC, Solarbio, *YZ-110815) was added as a
receptor for ABCAl-mediated cholesterol efflux, which acts
similarly to apolipoprotein A-I [35, 36]. After 6 h, the culture
supernatant and pelleted cells were collected separately.
Cells were lysed by 0.1 M NaOH for 30min. The entire
process was protected from light. A fluorescence microplate
reader (BioTek ELx800, USA) was used to measure the
fluorescence intensity (FI) at 469/537 nm of Abs/Em, and the
cholesterol efflux rate was calculated. Cholesterol efflux
rate = (FIsupernatant/(FIsupernatant + FIcell)) % 100%.

2.8. Lipid Raft Labeling and Confocal Laser Scanning.
After the cells were fixed with 4% formaldehyde for 15 min at
4°C, the Vybrant Alexa Fluor 594 Lipid Raft Labeling Kit
(Invitrogen, “V34405) was used to label lipid rafts by cholera
toxin subunit B (CT-B). After incubating with Alexa Fluor 594-
conjugated CT-B for 10 min at 4°C, the cells were centrifuged
and resuspended in anti-CT-B antibody solution and kept at
4°C for 15min in the dark. After lipid raft labeling, the cells
were washed and treated with 4’, 6-diamidino-2-phenylindole
(DAPI, KeyGEN, *KGA215-50) for 10 min to stain the nucleus.
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After washing, cells were resuspended in cold PBS and pho-
tographed using a confocal laser scanning microscope
(Olympus FV3000, Japan) at Ex/Em =594/618 nm for Alexa
Fluor 594 and Ex/Em = 359/461 nm for DAPL

2.9. Quantitative Real-Time PCR (qRT-PCR) for mRNA
Expression. Total cel RNA was extracted with TRIzol reagent
(Invitrogen, #15596-026). RNA concentration (OD260) and
purity (OD260/280) were determined by UV spectropho-
tometer (Shimadzu UV-2450, Japan), and RNA with satis-
factory purity (OD260/280 1.8-2.1) was quantified to 200 ng/
ul. RT Master Mix (Takara, *RR036B) reagent and thermal
cycler (ABI Veriti, USA) were used to reverse transcribe the
RNA samples into cDNA. cDNA samples, primers, and PCR
Master Mix containing SYBR Green (Takara, “RR086B) were
added to the PCR plate to detect the Ct values (amplification
cycles) of SREBF2, NRI1H3, ABCAI, and GAPDH mRNA
through a qRT-PCR system (ABI StepOnePlus, USA). The
relative expression of target mRNAs was calculated as 244"
{AACt=(Ct (target RNA in sample well)-Ct (GAPDH in
sample well))—(Ct (target RNA in control well)-Ct (GAPDH
in control well))}. The primers (Table 1) were designed by
KeyGEN BioTECH (China) using Primer 6.0 (Premier,
Canada) and purified by PAGE. The amplification efficiency
of primers was detected by cDNA standards prepared from
U251 cells. The total RNA of U251 cells was quantified to
80ng/ul and mixed with a Total-Transcriptome cDNA
Synthesis Reagent (ABM, *G904) for reverse transcription by
a thermal cycler (Bio-Rad C1000 Touch, USA), and five 10-
fold concentration gradient cDNA standards were prepared.
A qRT-PCR system (ABI QuantStudio 5, USA) was used to
detect Ct values of cDNA standards after mixing with primers
and BlasTaq 2X qPCR MasterMix Reagent (ABM, “G891).
Linear regression was executed according to the gene copies
and Ct values of the standards, and the amplification effi-
ciency (E) was calculated by the slope, E= (107Y/sloPe_1)
100% (Table 1, Supplementary Figure S3).

2.10. Statistics and Graphs. GraphPad Prism 8.3.0 (Graph-
Pad Software, USA) was used to perform statistical tests and
data graphing. The RNA-seq data from CGGA were ana-
lyzed by the two-way ANOVA, Person correlation test,
linear regression, and residual test. To calculate ICs, a
variable slope nonlinear regression was performed. Other
data were analyzed by the one-way ANOVA and passed the
Brown-Forsythe test of variance homogeneity. P < 0.05 was
considered statistically significant.

3. Results

3.1. Cholesterol Promoted the Resistance of GBM Cells to TMZ.
We first analyzed the correlation between drug resistance
and cholesterol metabolism through the CGGA database. By
comparing the levels of cholesterol metabolism genes in
high-grade glioma (HGG, WHO III-IV) tissues of patients
receiving TMZ therapy with OS less than half a year and 5
years (Supplementary Figure S4(a)), we found that the level
of NRIH3 (transcribing LXRa) mRNA that mediates

cholesterol efflux in patients with longer survival is higher
than that with shorter survival. The clinical response of GBM
patients to TMZ is related to the methylation status of
MGMT and the expression of MDRI [6, 8], but the levels of
cholesterol metabolism genes displayed a correlation with
MDRI expression rather than MGMT methylation (Sup-
plementary Figures S4(b) and S4(c)). LDLR that mediates
cholesterol uptake and SREBF2 and HMGCR that mediate
cholesterol synthesis were positively correlated with the level
of MDR1, and NRIH3 that mediates cholesterol release was
negatively correlated. These findings imply that cholesterol is
related to MDR1-related TMZ resistance and the prognosis
of GBM patients.

To explore whether cholesterol affects the TMZ resis-
tance of GBM cells, we induced TMZ-resistant U251 GBM
cells (resistance index=8.784, Supplementary Figure S5
and Table S2). The levels of viable wild-type and resistant
cells were similar, and TMZ inhibited the survival of both
cell lineages, but the inhibition of TMZ on the resistant
cells was considerably weaker than wild type (Figure 2(a)).
The reaction of resistant strains to TMZ was further at-
tenuated after cholesterol addition and was even compa-
rable to that of the untreated resistant strains (Figure 2(b)).
We further verified the protective effects of cholesterol on
resistant U251 cells from TMZ pressure through flow
cytometry. Compared with Annexin V' apoptosis cells
generally induced by TMZ in wild-type U251 cells
(Figures 2(c) and 2(d)), including PI™ early apoptosis and
PI* late apoptosis, the level of apoptosis in resistant strains
was moderate. The addition of cholesterol decreased ap-
optotic resistant cells in each phase, which was similar to
untreated resistant cells. As a non-cell cycle-specific drug,
TMZ displayed a slight effect on the cell cycle (Figures 2(e)
and 2(f)). We only observed the shortening of S phase in
wild-type cells, while cholesterol showed no further effect
on the cell cycle. The above results demonstrated that
cholesterol supports TMZ resistance of U251 cells.

As the most cholesterol-rich organ [16], the brain
provides a unique microenvironment for GBM. GBM cells
not only retain the ability of glial cells to synthesize cho-
lesterol de novo but also increase cholesterol uptake me-
diated by low-density lipoprotein receptor (LDLR) [17].
Stimulating the liver X receptor (LXR) to promote ABCA1-
mediated cholesterol efflux and degradation of LDLR in-
duced GBM cell death [18-20]. It seems that the enormous
demand for cholesterol from GBM cells is not just for the
production of organelles. The increase in cholesterol and
LDL levels promotes resistance of various tumors to che-
motherapy, and it is also an independent risk factor for poor
prognosis of GBM under standard TMZ treatment [21, 22].
Although cholesterol-induced drug resistance has not been
confirmed in CNS tumors, elevated cholesterol in malignant
ascites was proved to induce chemotherapy resistance by
upregulating the drug efflux proteins ABCG1 and MDRI
[23]. MDRI is located and stably expressed in lipid rafts
composed of cholesterol, sphingolipid, and proteins on the
plasma membrane [24]. When lipid rafts were induced to
accumulate in specific parts of the membrane, MDRI ex-
pression was confined, and tumor cells were less resistant
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TaBLE 1: Primer parameters for qRT-PCR.

Gene NCBI ID Forward primer Reverse primer Efficiency (%)
SREBF2 6721 5" TTGTCGGGTGTCATGGGC-3' 5'-ACAAATTGCAGCATCTCGTCG-3' 108.88
NRIH3 10062 5'-TCTGGACAGGAAACTGCACC-3' 5'-ACATCTCTTCCTGGAGCCCT-3' 113.12
ABCAI 19 5'-GGGTCTGTCCCCAGCATAAC-3' 5'-TCTGCATTCCACCTGACAGC-3' 101.44
GAPDH 2597 5'-AGATCATCAGCAATGCCTCCT-3' 5'-TGAGTCCTTCCACGATACCAA-3’ 110.17
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FIGURE 2: Cholesterol promoted temozolomide (TMZ) resistance of U251 cells. (a) Inhibition rate of 200 M TMZ or DMSO on U251 wild-
type (U251-WT) and TMZ-resistant U251 (U251-R) cells evaluated by CCK-8. (b) Inhibition rate of 200 uM TMZ on U251-R cells treated
with 5 ug/ml cholesterol (Chol) or DMSO. (c, d) The apoptosis proportion of U251-WTand U251-R cells treated with DMSO, 200 uM TMZ
alone, or combined with 5ug/ml Chol. (e, f) The cell cycle of U251-WT and U251-R cells treated with DMSO, 200 uM TMZ alone, or
combined with 5 ug/ml Chol. (g, h) The protein expression of MGMTand MDRI (integrated density referred to GAPDH) in DMSO, 200 yM
TMZ, or additional 5 yg/ml Chol-treated U251-WT and U251-R cells. The histograms show the mean, and the error bars indicate SD. The
percentage of cells (%) is displayed in the flow cytometry chart. P* <0.05, P** <0.01, P*** <0.001, P**** <0.0001; ns, no significant.

[25]. Moreover, additionally added cholesterol restored the
homogenous (broad and low-density) distribution of lipid
rafts and upregulated MDR1 [25]. Conversely, lipid rafts
were depleted when cholesterol was scavenged, and che-
motherapy resistance was correspondingly diminished [26].

Both ginsenosides and cholesterol have steroid core
structures (Figure 1), and ginsenosides can regulate cho-
lesterol metabolism in tumor cells. Rg3 and CK hindered
cholesterol synthesis by inhibiting p-hydroxy-B-methyl-
glutaryl coenzyme A (HMG-CoA) [27, 28], and CK also

promoted cholesterol efflux by stimulating LXRa [29, 30] to
synergistically decrease intracellular cholesterol. Rh2
revealed lipid raft depleting activity [31, 32]. More direct
evidence indicates that the ginsenoside derivative Rp1 de-
creased MDR1 activity by redistributing lipid rafts and at-
tenuated the cholesterol-dependent resistance [25].
Consequently, ginsenosides are potential agents for the
treatment of tumor resistance as regulators of cellular
cholesterol metabolism. However, the differential roles of
ginsenoside subtypes that govern cholesterol metabolism



and drug resistance in CNS tumors remain undisclosed. In
this study, we certified the role of cholesterol in TMZ re-
sistance of glioblastoma U251 cells and investigated the
effects of several ginsenosides with BBB penetration on TMZ
resistance of U251 cells in the presence of cholesterol. We
further studied the roles of ginsenosides on cholesterol
metabolism and lipid raft distribution and the mechanisms
controlling TMZ resistance. Our work suggests that ginse-
nosides Rgl and CK are potential drugs to control TMZ
resistance, providing references for adjuvant therapy of
GBM.

3.2. Cholesterol Metabolism and Lipid Raft Distribution in
TMZ-Resistant GBM Cells Were Significantly Different from
Wild Type. As cholesterol attenuated the cytotoxicity of
TMZ to resistant U251 cells and increased the expression of
MDRI, we studied the cholesterol metabolism characteris-
tics of TMZ-resistant U251 cells, to assess the potential of
resistant cells to utilize cholesterol. When exposed to cho-
lesterol, TMZ-resistant U251 cells preserved higher levels of
intracellular cholesterol than wild type (Figure 3(a)), which
may be due to cytotoxicity-mediated disruption of mem-
brane integrity. We subsequently treated two cell lines with
25-NBD cholesterol to assay the cholesterol efflux provoked
by the extracellular receptor NaTC [35, 36]. We found that
the cholesterol efflux level of resistant U251 cells was
markedly lower than wild type (Figure 3(b)). In addition,
TMZ slightly reduced the content of intracellular cholesterol
in both wild-type and resistant cells and promoted cho-
lesterol efflux, implying that TMZ has a weak activity on
cholesterol metabolism, which may also be related to its
cytotoxic effect. The results reveal that TMZ-resistant GBM
cells tend to retain more cholesterol and are associated with
their resistance to chemotherapy.

MDRI1 expression positively correlated with the
homogenous distribution (broad and low density) of
lipid rafts, which was attenuated upon the accumulation
of lipid rafts and restored to a homogenous distribution
after cholesterol uptake [25]. To confirm this phenom-
enon in GBM cells, we used fluorescently coupled CT-B
to label lipid rafts [37, 38]. Under laser confocal mi-
croscopy, the CT-B signal of wild-type U251 cells was
concentrated in a small area of the plasma membrane,
while CT-B bound to TMZ-resistant strains tended to be
distributed widely, homogenously, and moderately
(Figure 3(c)).

3.3. Ginsenosides Attenuated Cholesterol Accumulation and
Redistributed Lipid Rafts in TMZ-Resistant GBM Cells.
Since the heterogeneous cholesterol metabolism properties
of TMZ-resistant U251 cells, we studied the effects of brain
tissue-permeable ginsenosides Rbl, Rgl, Rg3, and CK
[12-14, 39] on cholesterol accumulation and efflux. All four
ginsenosides decreased cholesterol content in resistant U251
cells (Figure 3(d)) and promoted NaTC-mediated choles-
terol efflux (Figure 3(e)). Rg3 and CK exhibited the most
pronounced effects.
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Next, we studied the impact of ginsenosides on the dis-
tribution of lipid rafts. We found that the CT-B-binding lipid
raft areas of the ginsenoside-treated TMZ-resistant strains
exhibited different degrees of redistribution (Figure 3(c)).
Among the resistant U251 cells, lipid rafts were significantly
concentrated in partial areas after Rbl and CK treatment,
while the CT-B-labeled regions of the cells treated with Rgl
and Rg3 increased in density only in part of the plasma
membrane, but were still widely distributed. Consequently,
ginsenosides Rb1, Rgl, Rg3, and CK can redistribute lipid
rafts, which are potentially associated with a decline in MDR1
expression. Among them, Rb1 and CK can redistribute lipid
rafts more markedly.

3.4. Ginsenosides Increased LXRa Expression in TMZ-Resis-
tant GBM Cells. To study how ginsenosides regulate cho-
lesterol aggregation and eftlux, we assayed the expression of
metabolism genes, including NRIH3 (LXRa) that activates
cholesterol eftlux, cholesterol efflux transporter ABCA1, and
SREBF2, which mediates the de novo synthesis of choles-
terol. Compared with wild-type U251 cells, the transcription
of NRIH3 considerably diminished in TMZ-resistant cells,
but ginsenosides Rgl, Rg3, and CK reversed this phe-
nomenon to varying degrees (Figure 4(a)). Unexpectedly,
the ABCAI transcription in the TMZ-resistant U251 cells
was higher than the wild type. Although Rb1 displayed no
effect on NR1IH3 mRNA, Rbl and Rgl both further upre-
gulated ABCAI mRNA in resistant cells. In addition,
compared with the wild-type cells, the expression of SREBF2
mRNA in TMZ-resistant strains was almost undetectable.
The expression of SREBF2 mRNA in resistant cells treated
with these ginsenosides was restored to a certain extent, but
the upregulation mediated by Rgl, Rg3, and CK was
subdued.

Due to the gene expression results, the effects of gin-
senosides on intracellular cholesterol content may depend
on cholesterol efflux mediated by LXRa, rather than at-
tenuating SREBF2-mediated cholesterol synthesis. To verify
this conjecture, we next identified the expression of LXRa on
the protein level and found the reduced expression of LXRa«
in TMZ-resistant U251 cells (Figures 4(b) and 4(c)). Simi-
larly, ginsenosides Rb1, Rgl, Rg3, and CK upregulated the
protein expression of LXRa, particularly Rgl and CK. The
results disclose that ginsenosides Rb1, Rg1, Rg3, and CK may
decrease the intracellular cholesterol content and promote
cholesterol efflux in TMZ-resistant GBM cells by upregu-
lating LXRa.

3.5. Ginsenosides Rgl and CK Improved Cholesterol Efflux and
Inhibited TMZ Resistance in GBM Cells by Upregulating
LXRa. Given that Rgl and CK showed better upregulation of
LXRa among the four ginsenoside subtypes (Figures 4(b) and
4(c)), we consider that these two ginsenosides have more
potential to control the TMZ resistance of GBM cells in the
presence of cholesterol. The results indicated that resistant
U251 cells were more resistant to TMZ stress than wild type in
the presence of cholesterol. The cells were nearly uninhibited
(Figure 5(a)), and the level of apoptosis was lower at all stages,
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FiGure 3: Ginsenosides Rbl, Rgl, Rg3, and compound K (CK) regulated cholesterol accumulation, efflux, and lipid raft distribution in
temozolomide (TMZ)-resistant U251 (U251-R) cells. (a) Intracellular cholesterol concentrations of U251 wild-type (U251-WT) and re-
sistant cells treated with 200 yM TMZ or DMSO. (b) NaTC-induced 25-NBD cholesterol (10 yg/mL) efflux rate of U251-WT and U251-R
cells treated with 200 uM TMZ or DMSO. (c) Intracellular cholesterol concentration of U251-WT cells treated with DMSO and U251-R cells
treated with 100 uM ginsenoside or DMSO. All cells were pretreated with 5 ug/ml cholesterol. (d) NaTC-induced cholesterol efflux rate in
U251-WT and U251-R cells. The cells were incubated with 10 yg/mL 25-NBD cholesterol and treated with DMSO or 100 4M ginsenosides.
(e) Confocal laser scanning of the distribution of lipid rafts labeled with cholera toxin subunit B (CT-B) in U251-WT and U251-R cells
treated with 5 ug/ml cholesterol and 100 yuM ginsenoside or DMSO. Alexa Fluor 594-conjugated CT-B emits red fluorescence, and the blue
fluorescence shows 4, 6-diamidino-2-phenylindole (DAPI)-labeled nucleus. The arrows point to the area where lipid rafts accumulated on
the cell membrane (magnification, x 600; scale bar, 10 ym). The dots represent the value of each sample, the midlines or histograms display
the mean, and the error bars indicate SD. P**** <0.0001.
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FIGURE 4: Ginsenosides modulated the transcription and translation of cholesterol metabolism factors in temozolomide (TMZ)-resistant
U251 (U251-R) cells. (a) The expression of SREBF2, NR1H3, and ABCAI mRNAs in wild-type U251 (U251-WT) and U251-R cells. All cells
were pretreated with 5 ug/ml cholesterol. (b, ¢) The protein expression of LXRa and ABCA1 (integrated density referred to GAPDH) in
U251-WT and U251-R cells. U251-WT cells were treated with DMSO, and U251-R cells were treated with 100 4uM Rbl, Rgl, Rg3,
compound K (CK), or DMSO. The top of the histograms or the center lines of boxes display the mean, and the error bars indicate SD.
P* <0.05, P* <0.05, P** <0.01, P*** <0.001, P**** <0.0001; ns, no significant.
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FIGURre 5: Ginsenosides Rgl and compound K (CK) raised the sensitivity of resistant U251 cells (U251-R) to temozolomide (TMZ) in the
presence of cholesterol. (a) Inhibition rate on U251 wild-type (U251-WT) and U251-R cells evaluated by CCK-8. (b, ¢) Proportion of
apoptosis in U251-WT and U251-R cells at each stage. After incubation with 5 yg/ml cholesterol, U251-WT cells were treated with DMSO,
and U251-R cells were treated with DMSO, Rgl, or CK. P**** <0.0001.
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FI1GURE 6: Ginsenosides Rgl and compound K (CK) regulated cholesterol metabolism and lipid raft distribution and inhibited the temozolomide
(TMZ) resistance of U251 cells by upregulating LXRa. (a, b) The protein expression of LXRa« (integrated density referred to GAPDH) in TMZ-
resistant U251 (U251-R) cells. (c) NaTC-induced cholesterol efflux rate in U251-R cells incubated with 10 yg/mL 25-NBD cholesterol. (d) Confocal
laser scanning of the distribution of lipid rafts labeled with cholera toxin subunit B (CT-B) in U251-R cells. Alexa Fluor 594-conjugated CT-B emits
red fluorescence, and the blue fluorescence shows 4', 6-diamidino-2-phenylindole (DAPI)-labeled nucleus. The arrows point to the area where lipid
rafts accumulated on the cell membrane (magnification, X600; scale bar, 10 ym). (e) Inhibition rate on U251-R cells assessed by CCK-8. (£, g) The
proportion of apoptotic U251-R cells at each stage. (h, i) The protein expression of MDRI (integrated density referred to GAPDH) in U251-R cells.
Cells in all groups were pretreated with 5 yg/ml cholesterol and dosed with 200 uM TMZ, and cells were additionally supplemented with 100 uM Rgl
or CK in the presence or absence of 100nM GSK2033. The histogram and dots represent the mean, and the error bars indicate SD. P* < 0.05,
P* <0.05, P** <0.01, P*** <0.001, P**** <0.0001; ns, no significant.
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FIGURE 7: Ginsenosides Rgl and compound K (CK) increased the sensitivity of resistant glioblastoma cells to temozolomide (TMZ) by governing
cholesterol metabolism and lipid raft distribution. (a) Cholesterol in the brain tumor microenvironment is taken up in the form of cholesterol esters
by low-density lipoprotein receptor (LDLR). Restricted expression of LXRa in TMZ-resistant glioblastoma cells leads to attenuated ABCA1-
mediated cholesterol efflux, which retains a higher concentration of intracellular cholesterol to maintain a stable distribution of lipid rafts and
increases the resistance to TMZ. The amplified TMZ resistance is potentially associated with the upregulation of MDRI in lipid rafts. (b)
Ginsenosides Rgl and CK facilitated cholesterol efflux by stimulating the expression of LXRa. The decreased intracellular cholesterol redistributed
lipid rafts in an uneven and aggregated state and reserved the cytotoxicity of TMZ on glioblastoma cells. Following the regulation of cholesterol

metabolism, Rgl treatment also diminished MDRI1 expression.

especially at the Annexin V" PI" late stage (Figures 5(b) and
5(c)). The additional treatment of Rgl and CK restored the
sensitivity of resistant cells to TMZ and promoted TMZ-
induced cell apoptosis at all stages. To explore how ginse-
nosides Rgl and CK attenuated TMZ resistance in GBM cells
in cholesterol-containing matrices, we focused on LXRa.

In consideration of the correlation of LXRa with the
survival and transcription level of MDR1 in TMZ-treated
HGG patients (Supplementary Figure S4), we evaluated the
role of LXR inhibitor GSK2033 on the effects of ginsenosides
Rgl and CK in regulating cholesterol metabolism and TMZ
resistance. GSK2033 greatly inhibited LXRa expression in
TMZ-resistant U251 cells and blocked the induction of
LXRa translation by Rgl and CK (Figures 6(a) and 6(b)).
Following changes in LXRa levels, GSK2033 inhibited
cholesterol efflux to NaTC in resistant cells and blocked the
facilitation of cholesterol efflux by Rgl and CK (Figure 6(c)).
GSK2033 also more homogenously distributed lipid rafts in
resistant U251 cells and reversed the aggregated remodeling
of lipid rafts by Rgl and CK (Figure 6(d)). These changes in
cholesterol metabolism were ultimately reflected in the
cytotoxicity of TMZ to resistant GBM cells. In the presence

of cholesterol, GSK2033-mediated LXR« inhibition resisted
the sensitization of Rgl and CK to TMZ (Figures 6(e), 6(f),
and 6(g)). It is worth mentioning that even in the presence of
GSK2033, CK still increased the level of Annexin V' PI" late
apoptosis in resistant U251 cells. Besides, GSK2033 in-
creased MDR1 expression in resistant U251 cells exposed to
cholesterol while regulating lipid raft distribution (Figures 6
(h)and 6(i)). Although Rgl downregulated MDRI1 expres-
sion in resistant cells, this effect was inhibited by GSK2033.
No effect of CK on MDRI expression was identified, al-
though CK increased the cytotoxicity of TMZ to resistant
cells. Our work not only identified ginsenosides Rgl and CK
with activity to attenuate TMZ resistance but also confirmed
that the cytotoxic sensitization of these ginsenosides was
through stimulating LXRa-mediated cholesterol efflux and
lipid raft redistribution.

4, Discussion

Tumor cells are adaptable to the environment. In addition
to microenvironmental oxygen, glucose, and glutamine,
cholesterol has also become an essential material basis for
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tumor cells to attain energy and synthesize organelles after
metabolic reprogramming [40]. Although astrocytes are
the main source of cholesterol in brain tissues [41], cho-
lesterol from peripheral blood can also be taken up through
the BBB expressing abundant LDLR [42]. Hence, the brain
tumor microenvironment possesses high levels of choles-
terol that can be deployed by GBM cells. We identified that
TMZ resistance of GBM cells was dependent on cholesterol
in the microenvironment. The addition of cholesterol led to
attenuated apoptosis and reduced expression of the lipid
raft-related drug resistance protein MDRI in resistant cells,
which tended to retain more cholesterol intracellularly with
inhibited efflux and maintained lipid raft distribution.
MGMT, which mediates the alkylation repair of the 6™
oxygen of guanine on DNA, is another TMZ resistance
vector of GBM cells. Both hypermethylation status of
MGMT promoter and MGMT overexpression are inde-
pendent risk factors for desensitization to TMZ therapy
[8, 43]. Although the increased expression of MGMT was
observed in the resistant cells, the addition of cholesterol
failed to further modify its level. Different from MGMT,
the expression and activity of MDRI1 are determined by
lipid rafts and are associated with cholesterol-maintained
lipid raft homeostasis [24, 25]. Consequently, faded cho-
lesterol efflux and stable lipid raft distribution may be
involved in sustaining the expression of MDRI in resistant
GBM cells. The development of drugs to target cholesterol
metabolism is a favorable strategy to control TMZ resis-
tance in GBM.

Ginsenosides are the active components of the Panax
genus, Araliaceae, which have a steroid structure similar to
cholesterol and have the potential to govern cholesterol
metabolism. Rbl, Rgl, Rg3, and CK are subtypes of gin-
senosides that have been reported to have CNS effects and
brain penetration [12-14, 39]. Rb1, Rg3, and CK belong to
protopanaxadiol, while Rgl belongs to protopanaxatriol. We
found that Rb1, Rgl, Rg3, and CK induced cholesterol eftflux
in TMZ-resistant GBM cells, reduced intracellular choles-
terol concentrations, and redistributed lipid rafts at different
levels. It has been reported that CK promoted cholesterol
efflux by stimulating LXRa« [29, 30], and we recognized the
increased expression of LXRa« in resistant GBM cells after
treated with Rbl, Rgl, and Rg3, in addition to CK. We
further observed that Rgl and CK raised the sensitivity of
resistant GBM cells to TMZ, and this effect was via upre-
gulation of LXRa. According to the structure of Rgl and CK
(Figure 1), hydroxyl at R1 position and O-fB-D-glucopyr-
anosyl at R3 position on the core of saponin may be effector
groups stimulating LXR« and controlling drug resistance in
GBM cells.

The increase in intracellular cholesterol level medi-
ated by downregulation of LXRa« plays an important role
in promoting TMZ resistance in GBM cells. Based on our
analysis of the CGGA database, in tumor tissues of GBM
patients treated with TMZ, the level of LXRa mRNA
(NRIH3) was associated with prolonged survival, while
the level of the raft resistance gene MDR1 was negatively
correlated with NRIH3 and positively correlated with
cholesterol uptake gene LDLR and synthetic gene
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SREBF2. It was recently reported that cholesterol accu-
mulation mediated by the downregulation of LXRa
promoted GBM cell growth, whereas the activation of
LXRa-mediated cholesterol efflux exhibited the opposite
effects [19, 44]. Although a study identified an increase in
TMZ-induced apoptosis in resistant GBM cells treated
with cholesterol [45], the dose of cholesterol was up to
20 ug/ml [46]. We applied a small dose of cholesterol
(5ug/ml) and found that cholesterol strengthened the
TMZ resistance of GBM cells, and the expression of LXRa«
was depressed in resistant cells. In cholesterol-main-
tained TMZ-resistant cells, ginsenosides Rgl, Rg3, and
CK upregulated LXRa and stimulated LXRa-mediated
cholesterol efflux, which were initially depressed to retain
intracellular cholesterol and improve lipid raft distri-
bution. We demonstrated that subtypes Rgl and CK
increased the sensitivity of resistant cells to TMZ through
their stimulatory effects on LXRa by a LXR inhibitor,
further supporting the positive effect of this protein and
cholesterol efflux in controlling resistance. The upregu-
lation of LXRa and promotion of cholesterol efflux by CK
were weaker than that of Rgl, which is consistent with the
redistribution of lipid rafts. This may be the reason for the
mild inhibitory effect of CK on the raft resistance protein
MDRI. Nonetheless, from the results, CK and Rgl dis-
played similar chemosensitization effects on resistant
cells, implying that they are both potential agents for the
treatment of TMZ resistance.

The drug resistance of GBM cells requires cholesterol, and
GBM cells adjust their cholesterol homeostasis according to
the concentration of environmental cholesterol. Studies have
discovered that in the absence of external cholesterol, the
intracellular cholesterol content of resistant U251 cells was
higher than wild type [45], reflecting the activated cholesterol
de novo synthesis. However, we found that the expression of
the cholesterol synthesis gene SREBF2 in TMZ-resistant GBM
cells declined, and the cholesterol efflux was diminished after
obtaining external cholesterol. The transcription level of
SREBF?2 raised along with LXRa« after treated with ginse-
noside, indicating that GBM cells may ensure the intracellular
supply of cholesterol by modifying the ability of cholesterol
synthesis. Even so, the feedback upregulation of SREBF2 is
still less obvious than the upregulation of ginsenosides on
LXRa, which ultimately performed as the inhibition of TMZ
resistance. In view of the self-regulation of cholesterol
metabolism in GBM cells, the development of cholesterol
efflux stimulators such as ginsenosides Rgl and CK, com-
bined with the strategy of cholesterol synthesis inhibition,
could block the TMZ resistance of GBM cells far more ef-
fectively than simply blocking cholesterol intake.

Although we demonstrated that ginsenosides Rgl and CK
controlled the resistance to TMZ in GBM cells by stimulating
LXRa-mediated cholesterol efflux, some limitations remain in
this study. The mechanism of resistance inhibition was initially
confirmed by LXR inhibitors, which require further validation
in LXRa knockout and overexpressing cells. What is more, to
increase the feasibility of these ginsenosides in clinical studies,
animal studies are required for data on in vivo efficacy against
TMZ resistance and the concentration of each subtype in the
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cerebrospinal fluid after peripheral administration. These will be
augmented in subsequent work.

5. Conclusions

Ginsenosides Rgl and CK can induce cholesterol efflux by
upregulating LXRe«, decreasing intracellular cholesterol
content, and redistributing lipid rafts in TMZ-resistant
GBM cells. These modulations of cholesterol metabolism
controlled the resistance of GBM cells to TMZ (Figure 7).
Our findings uncovered a potential adjuvant drug for
standard TMZ treatment, promising a novel approach for
improving prognosis in GBM patients resistant to
chemotherapy.
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Supplementary Materials

The methods and results of STR identification of TMZ-
resistant U251 cells, the amplification efficiency of primers,
the analysis results of the transcriptome sequencing da-
tabase, the validation of drug resistance, and the raw images
of the immunoblot bands are presented in the supple-
mentary materials. Figure S1. Genotyping map of short
tandem repeat (STR) and Amelogenin locus in temozo-
lomide-resistant U251 (U251TMZ) cells. About 1x10°
constructed temozolomide-resistant U251 cells were col-
lected, and genomic DNA was extracted by PureLink
Genomic DNA Mini Kit (Life Technologies, *K182001).
DNA was amplified by PowerPlex 18D System (Promega,
*DC1802), and the alleles were detected on STR and
Amelogenin locus by an ABI 3500 Genetic Analyzer (Life
Technologies, USA). The genetic test results of resistant
cells were compared with cell line data in several databases
to identify the genetic stability. The strain matching the
resistant cells was named U251 MG (No. CVCL 0021 Best)
in the EXPASY database (https://www.expasy.org/). No
multiple alleles were detected in resistant cells. Figure S2.
Integral images of the immunoblot bands used for analysis
in the main text. 3 biological replicates were executed in
each group. (a) The protein expression of MGMT, MDRI,
and GAPDH during treatment of temozolomide (TMZ)
and cholesterol (Chol). Immunoblot bands for MDR1 and
GAPDH were cut from the same PVDF membrane, while
MGMT was cut from the other. (b) The protein expression
of LXRa, ABCA1, and GAPDH during treatment of gin-
senosides in the presence of cholesterol. The immunoblot
bands were cut from the same PVDF membrane. (c) The
protein expression of LXRa, MDR1, and GAPDH during
treatment of Rgl and CK in the presence or absence of
GSK2033 in cholesterol-containing medium. The immu-
noblot bands were cut from the same PVDF membrane.
U251-WT, wild-type U251 cells, U251-R, and TMZ-resis-
tant U251 cells. Figure S3. Amplification efficiency of
primers for QRT-PCR, including SREBF2, NR1H3, ABCAI,
and GAPDH. The X-axis represents the gene copies of the
c¢DNA standards for 5 concentration gradients, and the Y-
axis exhibits the amplification cycles (CT value) for each
concentration. Figure S4. Correlation between temozolo-
mide resistance and cholesterol metabolism genes in-
cluding LDLR, SREBF, HMGCR, NR1H3, ABCAI, and
ABCG]I in adult patients with high-grade glioma through
Chinese Glioma Genome Atlas (CGGA) database. (a) The
difference in the expression of cholesterol metabolism
mRNAs in tumor tissues between patients who received
temozolomide treatment with OS<0.5 years and OS>5
years. (b) The influence of the methylation status of MGMT
on the expression of cholesterol metabolism mRNAs in
tumor tissues. (c) The Pearson correlation test of the ex-
pression of resistance gene MDRI and cholesterol meta-
bolism genes in tumor tissues. The mean lines are presented
in the graph, and the error bars on both sides of the mean
line indicate SD. P**** <0.0001; ns, no significant. Figure
S5. Dose-viability curves of wild-type U251 (U251-WT)
and temozolomide (TMZ)-resistant U251 (U251-R) cells
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treated with TMZ. The dots indicate the mean value of cell
viability at each dose, and the error bars indicate SD.
(Supplementary Materials)
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This study assessed the preventive properties of naringin and naringenin on paclitaxel-induced nephrotoxicity and cardiotoxicity
in adult male Wistar rats. Intraperitoneal injection of paclitaxel 2 mg/kg body weight, two days/week on the 2nd and 5th days of
each week, with or without oral administration of naringin and/or naringenin 10 mg/kg body weight every other day, was
continued for six weeks. Treatment of rats with naringin and/or naringenin significantly reversed elevated serum creatinine, urea,
and uric acid levels caused by paclitaxel, reflecting improved kidney function. Similarly, heart dysfunction induced by paclitaxel
was alleviated after treatment with naringin and/or naringenin, as evidenced by significant decreases in elevated CK-MB and LDH
activities. After drug administration, histopathological findings and lesion scores in the kidneys and heart were markedly
decreased by naringin and/or naringenin. Moreover, the treatments reversed renal and cardiac lipid peroxidation and the negative
impacts on antioxidant defenses via raising GSH, SOD, and GPx. The preventive effects of naringin and naringenin were as-
sociated with suppressing oxidative stress and reestablishing antioxidant defenses. A combination of naringin and naringenin was
the most efficacious in rescuing organ function and structure.

1. Introduction

Paclitaxel is a natural tricyclic diterpenoid isolated from the
bark of Taxus brevifolia (Pacific yew). The chemical is
a taxane, an intermediary metabolite that displays potent
anticancer activity [1-3]. Taxanes are used for treating
different forms of cancer and are initial therapy for earlier
stages of these diseases [4-7]. Moreover, paclitaxel is rec-
ognized worldwide as the number one chemotherapeutic
agent [8]. Paclitaxel is used in the treatment of aggressive

and metastatic breast cancer, ovarian cancer, lung cancer,
pancreatic cancer, and many other malignancies [9]. Un-
fortunately, paclitaxel is poorly soluble in water and other
solvents for the formulation of injectables and causes serious
side effects, such as hypersensitivity, neutropenia, myelosis,
neutropenia, and neurotoxicity [10].

A paclitaxel formulation using Cremophor EL (CrEL) as
a solvent (Taxol) induced cumulative sensory-dominant
peripheral nephrotoxicity in humans, clinically character-
ized by numbness and paresthesia of the extremities. This


https://orcid.org/0000-0003-3817-0366
https://orcid.org/0000-0001-6573-2411
https://orcid.org/0000-0002-5080-0933
https://orcid.org/0000-0003-1854-2679
https://orcid.org/0000-0002-3915-036X
https://orcid.org/0000-0003-2072-6290
https://orcid.org/0000-0003-3781-9709
mailto:drnohascience@science.bsu.edu.eg
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/8739815

toxicity was a result of CrEL exposure. Serum creatinine
levels increased in association with increased damage
[11-15]. Additionally, paclitaxel caused cardiac complica-
tions, especially conduction blocks, sinus bradycardia,
bradycardia, ventricular tachycardia, and ischemic mani-
festations [16, 17].

Paclitaxel produces cytotoxicity by enhancing the for-
mation of reactive oxygen species (ROS), thus inducing
oxidative stress [18, 19]. Hence, a search for natural
chemicals that augment the antitumor activity of paclitaxel
or moderate its toxicity, such as flavonoids and polyphenols,
are attractive alternatives [20-23].

Natural therapeutics have been investigated to prevent
the side effects of anticancer drugs [24-28], highlighting the
relevance of medicinal herbs and their bioactive constituents
[29-32]. Moreover, phytochemicals may prove clinically
useful for improving treatment efficacy for cancer patients
and reducing the incidence of adverse reactions [33]. Fla-
vonoids are phytochemicals that inhibit the growth of tumor
cells in vitro and in vivo [34]. Flavonoids exhibit several
biological properties, including antioxidant, antimutagen,
anticancer, antibacterial, and anti-inflammatory [35]. Nar-
ingin and naringenin are citrus flavonoids with pharmaco-
logical properties, especially antioxidant, antifree radical,
anti-inflammatory, and blood lipid reduction [36]. Addi-
tionally, naringin and naringenin are potent anticancer agents
and play a role in the management of various tumors [37].

Concerning previous studies, using plant constituents
with antioxidant and anti-inflammatory properties will be
our strategy to counteract and treat the side effects of an-
ticancer drugs. As a result, this investigation was carried out
to assess the renal and cardiac toxicity prevention by nar-
ingin and naringenin coincident with paclitaxel-treated
Wistar rats. We assessed toxicity by examining kidney
and heart function, oxidative stress, and antioxidant defense
systems, as well as histopathology.

2. Materials and Methods

2.1. Experimental Animals. Fifty adult male Wistar rats with
weights of ~130-150g were collected from the VACSERA
Vaccination Centers’ Animal House in Dokki, Giza, Egypt.
In order to rule out any concurrent infections, animals were
watched for 15 days before the experiment began. Rats were
housed in polypropylene cages with ventilated stainless steel
lids at a standard air temperature of (25 + 5°C) and with a 12-
hour light cycle. Animals had free access to water and re-
ceived a sufficiently balanced standard diet on a daily basis
ad libitum. All animal-related procedures were performed,
complying with the recommendations and instructions of
the Experimental Animal Ethics Committee, Faculty of
Science, Beni-Suef University, Egypt (Ethical Approval
Number: BSU/FS/2017/7.) We did everything we could to
lessen animals’ pain and suffering.

2.2. Chemicals. Paclitaxel (Taxol®) was obtained from the
Bristol-Myers Squibb global biopharmaceutical company
(batch code: 7E05628). Naringin (batch code: BCBM4171 V)
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and naringenin (batch code: BCBJ2179 V) were obtained
from Sigma (MO, USA). The creatinine reagent kit (catalog
numbers: M11502¢-18) and the urea reagent kit (catalog
numbers: M11536¢-16) were purchased from Biosystem S.A.
(Spain). Uric acid, CK-MB, and LDH reagent kits were
purchased from Spin React (Spain), with catalog numbers
MD41001, MD41254, and MX41214, respectively. Chemicals
of oxidative stress including trichloroacetic acid were ob-
tained from PanReac AppliChem ITW Companies (Spain)
(batch code: 50011689), thiobarbituric acid was obtained
from Sd Fine Chem Limited(SDFCL) Company (India)
(batch code: L 16 A/1916/1212/13), 1,1,3,3 tetra-methoxy
propane was obtained from Sigma-Aldrich (MO, USA)
(catalog no: T9889), metaphosphoric acid was obtained from
ALPHA CHEMIKA Company (India) (batch code: M 21519),
5,5- dithiobis nitrobenzoic acid was obtained from Sigma-
Aldrich (MO, USA) (batch code: 40K3652), GSH was ob-
tained from PanReac AppliChem ITW Companies (Spain)
(batch code: 3W010085), and pyrogallol was obtained from
Research Lab Company (India) (batch code: 1280B251114).

2.3. Experimental Design. In this study, adult male Wistar
rats were divided into five groups, each with ten rats.

(1) Normal group: rats were administered 5mL 1%
carboxymethyl cellulose (CMC) kg body weight
(b.wt) orally every other day and 2 mL saline twice
per week intraperitoneally for six weeks.

(2) Paclitaxel-administered control group: rats were
administered paclitaxel intraperitoneally at a dose
level of 2 mg/kg b.wt [38] twice weekly on the 2nd
and 5th days of each week. This group was also given
the corresponding amount of 1% CMC (5mL/kg
b.wt) orally every other day for six weeks.

(3) Paclitaxel-administered group treated with naringin:
rats were administered paclitaxel intraperitoneally as
in group 2 and received oral naringin 10 mg/kg b.wt
treatment [39] every other day for six weeks (dis-
mantled in 5mL 1% CMCQC).

(4) Paclitaxel-administered group treated with nar-
ingenin: rats were treated as above but were ad-
ministered naringenin at a dose level 10 mg/kg b.wt
[40] (dismantled in 5mL 1% CMC) instead of
naringin every other day for six weeks.

(5) Paclitaxel-administered group treated with a com-
bination of naringin and naringenin: rats were
treated as above but received both naringin and
naringenin at dose levels of 10 mg/kg (dismantled in
5mL 1% CMC) b.wt every other day for six weeks.

2.4. Collection of Blood and Tissue Samples. Using diethyl
ether inhalation anesthesia before decapitation and dissec-
tion and at the end of the experiment, blood samples were
taken from each animal’s jugular vein into gel and clot
activator tubes, allowed to coagulate at room temperature,
and then centrifuged at 3,000rpm for 15min. Clearly,
nonhemolyzed sera were aspirated quickly, divided into four
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aliquots, and kept at 30°C until they were needed for bio-
chemical testing. Each animal’s kidney and heart tissues
were rapidly removed and weighed after decapitation and
dissection. A portion of tissue of each organ was preserved in
phosphate-buffered formalin (10%) for 24h before being
transferred to 70% alcohol for histological analysis. About
0.5g of each tissue was homogenized in 5mL saline (0.9%
NaCl) with a Teflon homogenizer (Glas-Col, Terre Haute,
USA). After the homogenates had been centrifuged for
15 minutes at 3,000 rpm, the supernatants were aspirated
from the homogenates and kept in a deep freezer at —20°C
for determination of oxidative/antioxidant status.

2.5. Examination of Serum Biomarkers for Kidney Function.
Creatinine and urea levels in serum were measured as
previously described by Fabiny and Ertingshausen [41] and
Tabacco et al. [42]. Uric acid was assessed using the method
of Fossati et al. [43].

2.6. Examination of Serum Biomarkers for Heart
Function. CK-MB and LDH activities in serum were assayed
as described by Young [44] and Young [45].

2.7. Assessment of Kidney and Heart Oxidative Stress and
Antioxidant Levels. Kidney and heart lipid peroxidation
(LPO) was estimated as previously described by Preuss et al.
[46]. Briefly, protein was precipitated by adding 75 uL of 76%
trichloroacetic acid (TCA) to 0.5 mL of the kidney or heart
homogenate. Then, 175uL of 1.07% thiobarbituric acid
(TBA) was added. After 30 minutes in a water bath at 80°C,
the formed faint pink color was detected at 532 nm. The
standard was MDA (malondialdehyde or 1,1,3,3-
tetramethoxypropane).

Kidney and heart GSH content was estimated by fol-
lowing the findings reported by Beutler et al. [47] with
modifications by the addition of 0.5mL 5,5'-dithiobis (2-
nitrobenzoic acid) or Ellman’s reagent for color develop-
ment and phosphate buffer solution (pH 7) to homogenate
supernatants after protein precipitation. The generated
yellow color in samples and GSH standards were quantified
at 412 nm against blank.

Kidney and heart glutathione peroxidase (GPx) activity
was measured as previously described by Matkovics et al.
[48]. This method is based on detecting GSH that has been
transformed into oxidized glutathione (GSSG) through the
detection of residual GSH and deducting it from the total.
Briefly, 50 uL of the homogeneous supernatant was placed in
a Wasserman tube containing 350 yL Tris buffer (pH 7.6),
50 uL GSH solution (2mM), and 50 uLH202 (3.38 mM).
The residual GSH content was determined after a 10-minute
incubation period, as indicated previously. A standard was
made by substituting 50 yL distilled water for 50 uL of the
sample, and a blank was made by substituting 100 L dis-
tilled water for 50 uL of the sample and 50 4L GSH solution.
The amount of GSH transformed to GSSG was then de-
termined using the residual GSH content, and the enzyme
activity was calculated.

The activity of superoxide dismutase (SOD) in the
kidney and the heart was measured as previously described
by Marklund and Marklund [49]. The procedure is focused
on the suppression of auto-oxidation of pyrogallol by SOD.
The presence of superoxide ions is required for the process to
work. One unit of enzyme activity is the amount of an
enzyme that reduces extinction by 50% in one minute rel-
ative to the control.

2.8. Histopathological Examination. Parts of the kidneys and
hearts of rats were collected and fixed in 10% neutral
buffered formalin for 24 h. Tissues were then washed with
water and dehydrated in a series of ethyl alcohol dilutions
(50%, 70%, 90%, 95%, 100%). Specimens were cleaned with
xylene before being embedded in paraffin wax for 24 hours at
56°C in a furnace. Four ym sections were cut from paraffin
wax tissue blocks with a sliding microtome. For regular
examination under an electric light microscope, the tissue
sections were fixed on glass slides, dewaxed, and hema-
toxylin and eosin stained (H&E) [50]. Histopathological
lesion scores were identified as previously described by El-
Far et al. [51]. Score scale: O=normal; + < 25%;
++=26-50%; +++ = 51-75%; ++++=76-100%. The lesions
were graded in a blinded manner.

2.9. Statistical Analysis. All data were presented as the
mean * standard error of the mean (SEM). For statistical
analysis, Statistical Package for the Social Sciences (SPSS)
programme (version 22) (IBM software, USA) was utilized.
Tukey’s post hoc test was used to compare mean values
pairwise. Differences were deemed significant at p <0.05.

3. Results

3.1. Effect of Treatments on Kidney Function Parameters in
Serum. Administration of paclitaxel to rats for 6 weeks
produced a significant increase (p <0.05) in serum urea,
creatinine, and uric acid levels. Percentage changes were
+52.43, +106.98, and +352.46%, respectively, compared to
normal controls.

The increased urea, creatinine, and uric acid levels in
paclitaxel-administered rats were significantly reduced after
treatment with naringin and the combination. However,
treatment with naringenin produced significant decreases only
in elevated creatinine and urea levels; uric acid levels decreased
but not significantly (p > 0.05). The naringin and naringenin
combination seemed to be the most efficacious for normalizing
elevated serum levels. Percentage decreases in urea, creatinine,
and uric acid were —28.75, —47.19, and —40.22%, respectively,
compared with paclitaxel alone (Table 1).

Final value-Initial value

%ch =
ochange ( Initial value

) x 100[52]. (1)

3.2. Effect of Treatments on Heart Function Biomarkers in
Serum. Administration of paclitaxel to rats for 6 weeks
stimulated a significant rise in serum CK-MB and LDH
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TasLE 1: Effect of naringin and/or naringenin on serum parameters related to kidney function.

g:éﬁgl:ters and Creatinine (mg/dl) % change  Urea (mg/dl) % change Uf:l;;idclld % change
Normal 0.43+0.04 26.70 +1.17 — 0.61 +0.09 —
Paclitaxel 0.89 +0.04° 106.98 40.70 +1.98 52.43 2.67+0.29° 352.46
Paclitaxel + naringin 0.65+0.05" -26.97 29.20+1.66" -28.26 1.72+0.13% -37.68
Paclitaxel + naringenin 0.53+0.04" —-40.45 30.80 + 1.08" -24.32 2.22+0.79* -19.57
Paclitaxel + naringin + naringenin 0.47 +0.02° -47.19 29.00 +1.37° -28.75 1.65 +0.08" -40.22

Data are expressed as mean+SEM (n=6). *p<0.05: significant compared with the normal group. °p<0.05: significant compared with the
paclitaxel-administered group. Percentage changes were calculated by comparing the paclitaxel-administered group with the normal and the
paclitaxel-administered groups treated with naringin and/or naringenin with the paclitaxel-administered group.

activities with percentage changes of +359.26 and + 293.55%,
respectively, in comparison to the normal control group. The
treatment of paclitaxel-administered rats with naringin and
naringenin and their combination produced significant
decreases in the elevated CK-MB activity with percentage
changes of —46.13, -55.52, and -47.76%, respectively.
Similarly, LDH activity also significantly decreased after
treatment with naringin and naringenin and their combi-
nation recording percentage decreases of —46.41, —48.86,
and —50.81%, respectively (Table 2).

Final value- Initial value

%change = x 100[52]. (2)

Initial value

3.3. Effect of Treatments on the Parameters of Antioxidant
Defence and Oxidative Stress in the Kidneys and the Heart.
As outlined in Table 3, administration of paclitaxel to rats
significantly raised kidney LPO (+54.93%) and significantly
decreased GSH levels (=53.09%) and SOD (-8.19%) and GPx
(-23.23%) activities in comparison to the normal control
group. The oral dose of naringin and naringenin and their
combination improved kidney LPO significantly. Addi-
tionally, treatment with naringin and naringenin or their
combination resulted in a significant increase in kidney GSH
content. Also, these treatments reversed the decline in ac-
tivities of kidney SOD and GPx.

Final value -Initial value

%change = x 100[52]. (3)

Initial value

In a similar way as in the kidney, paclitaxel adminis-
tration resulted in a significant increase in LPO in heart
tissue, whereas heart GSH content, SOD activity, and GPx
activity decreased significantly. Naringin and naringenin
and their combination significantly increased cardiac LPO.
Additionally, heart GSH content was significantly increased
as a result of the treatment with naringin and the combi-
nation. However, the treatment with naringenin resulted in
a nonsignificant rise in heart GSH content. Moreover, all
three treatments significantly enhanced heart SOD and GPx
activities (Table 4).

Final value- Initial value

%change = x 100[52]. (4)

Initial value

3.4. Kidney Histopathology. Renal lesions are illustrated in
Table 5 and Figure 1. Histological examination of kidney
sections of normal control rats exhibited normal histological
construction (Figure 1(a)). Conversely, paclitaxel adminis-
tration resulted in deleterious histological changes and
a variety of lesions, including severe lesions, mostly in the
form of severe mononuclear leukocyte inflammatory cell
infiltration, degenerative changes combined with nuclear
pyknosis of the renal lining epithelium, and apoptosis
(Figures 1(b) and 1(c)). The apoptotic morphological
changes include cell shrinkage, nuclear shrinkage, hyper-
eosinophilic cytoplasm due to cytoplasmic condensation,
nuclear condensation, nuclear fragmentation (karyorrhexis),
nuclear pyknosis, apoptotic blebs, and rounded hyper-
chromatic apoptotic bodies. Severe glomerulonephritis was
also observed. Additionally, there was focal interstitial ne-
phritis that was escorted by glomerular tuft and interstitial
blood capillary congestion (Figure 1(b)). When rats re-
ceiving paclitaxel were given naringin, some histological
changes and a number of lesions were observed, such as the
degeneration and necrosis of the renal lining epithelium and
focal mononuclear leukocyte inflammatory cells in in-
terstitial tissues, which were accompanied by mild glo-
merulonephritis and mild apoptosis (Figure 1(d)).
Paclitaxel/naringenin-treated rats exhibited milder lesions
than paclitaxel/naringin- treated rats (Figure 1(e)). The
administration of paclitaxel/naringin/naringenin showed
a quite improvement in renal lesions compared to other
treated rats (Figure 1(f)).

3.5. Heart Histopathology. Cardiac pathological lesions are
described in Table 6 and Figure 2. Intact histological
structures in cardiac muscles were observed in tissues from
normal controls (Figure 2(a)). The paclitaxel administration
produced many heart histological deleterious changes, in-
cluding severe degenerative changes and necrosis of cardiac
muscles, as well as mild apoptotic changes (AP) represented
by apoptotic cells characterized by condensed eosinophilic
cytoplasm and condensed pyknotic nuclei (Figure 2(b)).
Also, minimal apoptotic changes are shown in Figure 2(c).
Treatment with naringin (Figure 2(d)), naringenin
(Figure 2(e)), and their combination (Figure 2(f)) produced
notable reversal of paclitaxel-induced histological changes.
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TasLE 2: Effect of naringin and/or naringenin on serum parameters related to heart function.

Parameters and groups CK-MB(U/L) % change LDH (U/L) % change
Normal 8.42+0.71 — 586.75 + 36.85 —
Paclitaxel 38.67 +4.41° 359.26 2309.17 +105.09° 293.55
Paclitaxel + naringin 20.83 +1.72%° -46.13 1237.50 +152.19%° —46.41
Paclitaxel + naringenin 17.20 +1.05" -55.52 1180.83 + 105.25™ -48.86
Paclitaxel + naringin + naringenin 20.20 +1.54*° —-47.76 1135.83 + 48.25% -50.81

Data are expressed as mean + SEM (n=6). a p < 0.05: significant compared with normal group. b p < 0.05: significant compared with paclitaxel-administered
group. Percentage changes were calculated by comparing paclitaxel-administered group with normal, and paclitaxel-administered groups treated with

naringin and/or naringenin with paclitaxel-administered group.

TaBLE 3: Effect of naringin and/or naringenin on kidney LPO, GSH content, and SOD and GPx activities.

LPO (nmol N o o o
Parameters and groups MDA/100 mg v GSH (nmol/ o SOD (U/g) o GPx (rr}U/ &

tissue/hour) change 100 mg tissue) change change 100 mg tissue) change
Normal 14.20+£0.83 — 108.12 +3.32 — 18.93+£0 .19 — 104.16 +£1.12 —
Paclitaxel 22.00+0.93* 54.93 50.7+3.95*  -53.09 17.38+0.20° -8.19 79.962.18% -23.23
Paclitaxel + naringin 14.80+0.81° -32.73 96.22+3.77° 89.74 18.48+0.11° 6.33 91.96 +1.43 15,01
Paclitaxel + naringenin 17.40+0.51°  -2091 89.95+4.20"> 77.38 1859+014° 696  8845+0.93"  10.62
Paclitaxel + naringin + naringenin ~ 16.20 + 1.3° -26.36 92.42+3.37%° 8225 18.62+0.23" 713 86.72 +2.69% 8.45

Data are expressed as mean + SEM (n=6). a p < 0.05: significant compared with normal group. b p < 0.05: significant compared with paclitaxel-administered
group. Percentage changes were calculated by comparing paclitaxel-administered group with normal, and paclitaxel-administered groups treated with

naringin and/or naringenin with paclitaxel-administered group.

TaBLE 4: Effect of naringin and/or naringenin on heart LPO, GSH content, and SOD and GPx activities.

LPO (nmol o o N 0
Parameters and groups MDA/100 mg & GSH (anl/ v SOD (U/g) v GPx (@U/ o

tissue/hour) change 100 mg tissue) change change 100mg tissue) change
Normal 11.90 +0.67 — 89.30 + 3.30 — 18.82+0.04  — 100.90 + 1.60 —
Paclitaxel 2240+0.63* 8824 53.60+290° —40 17.05+0.19° -9.40 86.40+1.70° —14.37
Paclitaxel + naringin 1250 +0.98° 4420 71.40+1.40° 3321 18.47+0.08® 832  9820+0.70° 13.66
Paclitaxel + naringenin 1290+ 0.79° -42.41 63.50+4.20° 1847 18.38+0.06° 7.80 92204030  6.71
Paclitaxel + naringin + naringenin ~ 16.80 £0.15®®  -25.00  86.20+0.80°  60.82 18.36+0.04> 7.68 9550+ 1.40°> 10.53

Data are expressed as mean + SEM (n=6). a p < 0.05: significant compared with normal group. b p < 0.05: significant compared with paclitaxel-administered
group. Percentage changes were calculated by comparing paclitaxel-administered group with normal, and paclitaxel-administered groups treated with

naringin and/or naringenin with paclitaxel-administered group.

4, Discussion

Paclitaxel is largely effective for ancillary treatment of tu-
mors in ovarian [53] and breast cancer [54, 55]. Un-
fortunately, paclitaxel therapy can increase acquired
resistance, resulting in chemotherapy failure [56]. Further,
paclitaxel has limited clinical application due to its low water
solubility and low compatibility with excipients in formu-
lations [5]. Paclitaxel raised levels of oxidative and nitro-
sative stress markers in mice [57] and may have caused
kidney damage due to ROS generation, which induces ox-
idative stress [58]. Moreover, paclitaxel induces oxidative
stress and cardiotoxicity in adult male Wistar rats [59].
The current study showed the impact of serial in-
traperitoneal injections of paclitaxel over a period of six
weeks at the dose level of 2mg/kg b.wt 2 days/week. These
injections induced nephrotoxicity evidenced biochemically
by a significant elevation of serum urea, creatinine, and uric
acid levels. Thus, the drug impairs renal function and may

compromise urinary excretion of toxic metabolites. Our data
are consistent with those reported by Adikwu et al. [58].
Ahmed et al. [60] also found that paclitaxel affected renal
function, reflected in significant elevation of serum urea and
creatinine levels in adult male albino rats. In the current
investigation, histopathological analysis of renal sections of
paclitaxel-administered rats supported the previous bio-
chemical results. The kidney exhibited several adverse his-
tological changes and lesions, including severe degenerative
changes in renal epithelium associated with focal lympho-
cytic infiltration and severe glomerulonephritis. Moreover,
focal interstitial nephritis and moderate apoptotic lesions
were observed, accompanied by congestion in interstitial
blood capillaries and the glomerular tuft. Previous studies
indicated that paclitaxel treatment causes congested glo-
merular capillaries, cellular infiltration, extravasation, and
vacuolated tubular cells [60]. Similarly, Choudhury et al. [61]
observed atrophic changes in glomeruli and kidney tubules
in experimental animals treated with paclitaxel, which may
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TaBLE 5: Pathological renal lesion scores in different groups.

Parameters and Degenerative of ~ Necrosis of Congestion Leukocyte Glomerulonephriti Apoptosi
groups renal tubules renal tubules ongestio infiltration OMEruionephriis poptosis
Normal - - - - - -
Paclitaxel +++ ++ +++ +++ +++ ++++
Paclitaxel + naringin ++ ++ ++ ++ ++ ++
Paclitaxel + naringenin ++ + ++ - + +
Paclitaxel + naringin + naringenin + - + - - +

Lesion types are (—) absence, (+) minimal, (++) mild, (+++) moderate, and (++++) severe.

F1GURE 1: Photomicrographs of kidney sections of different experimental groups. (a) A photomicrograph of a kidney segment of healthy rats
revealed glomeruli (G), proximal tubules (PTs), and distal tubules (DTs) and all had typical histologic structures. (b) A photomicrograph of
the kidney section of paclitaxel-administered rats passing through the blood vessel (BV) underwent significant degenerative changes (DCs)
that were linked with localized mononuclear leukocyte infiltration (IC). (c) Another kidney section of paclitaxel-administered rats revealed
the presence of severe apoptotic changes (AP). (d) A photomicrograph of the kidney section of rats given paclitaxel and treated with
naringin revealed mild apoptotic changes (AP) and mild degenerative changes (DCs) linked with lymphocytic infiltration (IC). (e) A
photomicrograph of the kidney section of rats given paclitaxel and treated with naringenin showing congested glomerulus (CG), mild
degenerative changes (DCs), minor apoptotic changes (AP), focal pyknotic nuclei (PN), and significant inflammatory cell infiltration were
all visible (IC). (f) A kidney section of rats given paclitaxel and treated with a combination of naringin and naringenin showing infiltration of
inflammatory cells (ICs), minor apoptotic changes (AP), and minor degenerative changes (DCs) (H&E; 400X).
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TaBLE 6: Pathological cardiac lesion scores in different groups.
Parameters and groups Coagulative Leukocyte infiltration Apoptosis
group necrosis (hyalinosis) cyt pop
Normal - - -
Paclitaxel ++ +++ ++
Paclitaxel + naringin + - +
Paclitaxel + naringenin ++ + -
Paclitaxel + naringin + naringenin + + -

Lesion types are (—) absence, (+) minimal, (++) mild, (+++) moderate, and (++++) severe.
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FIGURE 2: Photomicrographs of heart sections of different experimental groups. (a) A section of the rat’s normal heart was photographed,
revealing the typical histologic anatomy of its cardiac muscles (CM). (b, c¢) The heart of a paclitaxel-treated rat is shown in a photomi-
crograph, with marked degenerative changes (DCs), inflammatory cell infiltration (IC), hyalinosis (H), and apoptotic changes (AP). (d) The
cardiac tissue of rats given paclitaxel and naringin revealed moderate degenerative changes (DCs) and minor apoptotic changes (AP).
(e) Mild hyalinosis (H) was visible in the cardiac section of paclitaxel-administered rats treated with naringenin. (f) A section of the heart of
paclitaxel-administered rats treated with a combination of naringin and naringenin revealed moderate degenerative changes (DCs) linked

with minimal inflammatory cell infiltration (IC) (H&E; 400X).



be due to high CrEL content. Paclitaxel also adversely af-
fected renal morphology by inducing hypercellular glo-
meruli and tubular necrosis combined with apoptotic
changes [58,62]. Apoptosis is mediated by caspases, a family
of cysteine proteases whose stimulation is triggered by
specific apoptotic stimuli and whose substrates include
numerous proteins [63], and the restricted cleavage of which
results in apoptosis-like morphological features [62].

Citrus flavonoids naringin and naringenin have anti-
inflammatory and antioxidant effects both in vivo and
in vitro [64]. In comparison to many previous studies,
natural products offer the best hope for improving tumor-
targeting drugs [65-69]. In our study, treatment of
paclitaxel-administered rats with naringin and naringenin or
their combination reduced elevated urea, creatinine, and
uric acid levels and substantially restored histological in-
tegrity in agreement with previous studies by Ahmed et al.
[70] who reported that naringin and naringenin enhanced
kidney function and structural integrity in male rats. Also,
naringin countered nephrotoxicity induced by methotrexate
in male rats [71], and naringenin was nephroprotective
against carbon tetrachloride-induced nephrotoxicity in mice
[72]. Quercetin, a similar flavonoid, has been shown to
alleviate renal and pancreatic tissue alterations caused by D-
galactose in rats [51].

In the present study, paclitaxel administration also in-
duced cardiotoxicity, evidenced biochemically by a signifi-
cant increase in serum activity of CK-MB and LDH.
Histopathological findings supported these changes in se-
rum enzyme activities. The hearts of the paclitaxel-
administered group exhibited several adverse histological
changes and lesions, including severe degenerative changes
and necrosis of cardiac muscles accompanied by the pres-
ence of inflammatory and apoptotic cells. These findings
concur with those of Saad et al. [73] who indicated that
paclitaxel treatment resulted in a marked increase in serum
activities of (LDH and CK-MB) and also produced cyto-
plasmic vacuolation of heart myocytes. Additionally, Mal-
ekinejad et al. [59] found that paclitaxel increased CK-BM
activity and produced pathological lesions, such as diffuse
edema, hemorrhage, hyaline exudates, congestion, and ne-
crosis. Moreover, increased LDH activities in patients
treated with paclitaxel are associated with oxidative pre-
hemolytic injury, as observed previously in vitro [74]. Be-
sides, paclitaxel treatment affects adult cardiomyocytes,
mainly noticeable in changes in myofibrillar structure and
function [75]. Paclitaxel was also reported to induce apo-
ptosis in cardiac tissue [76].

In the current study, treatment of paclitaxel-
administered rats with naringin and/or naringenin resul-
ted in improvement in cardiac biomarkers and histological
integrity. These outcomes are in line with those of Raja-
durai and Prince [77] who showed that naringin improved
cardiac biochemical and histopathological alterations in-
duced by isoproterenol in Wistar rats. The agent also
protects against cardiac toxicity induced by doxorubicin in
vivo and in vitro [78-80]. Moreover, Zhao et al. [81]
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reported that naringenin protects the cardiovascular sys-
tem from palmitate-induced apoptosis in endothelial cells
of human umbilical veins.

Renal and cardiac toxicity in paclitaxel-administered rats
was correlated with a noticeable rise in kidney and heart
LPO and a reduction in nonenzymatic antioxidant GSH
content and enzymatic antioxidant (SOD and GPx) activi-
ties. These findings corroborate the findings of several other
researchers [82-84] who reported that paclitaxel treatment
weakens antioxidant defense systems. Paclitaxel adminis-
tration caused renal damage via ROS generation, resulting in
oxidative stress [58, 85]. Also, strong evidence exists that
oxidative stress is closely associated with cardiotoxicity
induced by antitumor drugs [86]. Moreover, administration
of paclitaxel caused a notable increase in LPO as well as an
increase in NO levels in the heart [59].

The current study’s findings showed that administering
naringin and/or naringenin decreases LPO, increases GSH
content, and augments SOD and GPx activities in kidney
and heart tissue after six weeks of treatment. This im-
provement may be attributed to scavenging ROS and free
radicals induced by paclitaxel intoxication. These findings
are consistent with those of the research by Fukui et al. [87]
who proved that flavonoids inhibit paclitaxel-induced ROS
generation. Moreover, Cavia-Saiz et al. [88] showed that
naringin and naringenin are potent free radical scavengers
and can prevent LPO. Harisa [89] proposed that naringin
reversed paclitaxel-induced erythrocyte aging by reducing
oxidative stress. Also, Sahu et al. [90] suggested that nar-
ingenin restored antioxidant enzymes by scavenging free
radicals via its OH group and that this scavenging was
responsible for reduced hepatic and renal damage.

5. Conclusion

Naringin and naringenin and their combination prevent
many adverse impacts on renal and cardiac function and
histological integrity induced by paclitaxel in Wistar rats.
This action is due to suppressing oxidative stress and en-
hancing antioxidant defense systems in both organs. The
combination of naringin and naringenin was the most ef-
ficacious for protecting kidney and heart function and
structural integrity. An important limitation of the study is
the shortage of kidney and heart samples to perform
Western blot analysis for determination of various media-
tors of apoptosis and inflammations due to their exhaustion
in detection of oxidative stress/antioxidants biomarkers and
histological investigations. Furthermore, clinical studies are
required to assess the safety and efficacy of naringin and
naringenin and their combination against paclitaxel-
deteriorated effects on the heart and kidneys in human
beings.
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Breast cancer is the most common cancer and the leading cause of cancer-related mortality among females worldwide. Triple-
negative breast cancer (TNBC) accounts for about 10-15% of all breast cancers and is usually more aggressive and has a poorer
prognosis. Sericite has been known to have antitumor and immune-stimulatory effects. Although the chemopreventive potential
of sericite has been demonstrated in other cancers, its molecular pathways in TNBC still require investigation. Thus, in the present
study, the antitumor mechanism of sericite against MDA-MB231 breast cancer cells was examined in vitro and in an in vivo
xenograft mouse model. Sericite treatment reduced cell proliferation and cell proliferation marker proliferating cell nuclear
antigen (PCNA) in MDA-MB231 cells. It also decreased the total cell number and arrested cells in the GO/G1 phase of the cell cycle
with an increase in the phosphorylation of P53 and upregulation of cell cycle regulatory proteins P21 and P16. In addition, sericite
treatment also induced apoptosis signaling, which was evident by the upregulation of apoptotic protein markers cleaved caspases 3
and 9. A reduction in reactive oxygen species (ROS), NADPH oxidase 4 (NOX4), p22phox, and heat shock proteins (HSPs) was
also observed. Similar results were obtained in vivo with significantly reduced tumor volume in sericite-administered mice.
Collectively, these findings suggest that sericite has antitumor potential based on its property to induce cell cycle arrest and
apoptotic cell death and therefore could serve as a potential therapeutic agent and crucial candidate in anticancer drug de-
velopment for TNBC.

1. Introduction

Cancer is a severe life-threatening disease that ranks as a
leading cause of death worldwide. Breast cancer is the most
common type of cancer and also the leading cause of
cancer-related mortality in women [1, 2]. Breast cancer
incidence and mortality rates greatly depend on the so-
cioeconomic backgrounds of countries, with incidence
rates estimated at 54.4% and 31.3% in developed and de-
veloping countries, respectively. Breast cancer is catego-
rized into four primary molecular subtypes: luminal A and
B, human epidermal growth factor receptor 2 (HER2)

overexpressed, and basal-like subtypes [3]. Triple-negative
breast cancer (TNBC) is similar to the basal-like subtype of
breast cancer, as there is a lack of expression of hormone
receptors (estrogen receptor (ER) and progesterone re-
ceptor (PR)) and HER-2 gene amplification in TNBC.
For the management and treatment of breast cancer,
radiation, surgical resection, and systemic therapy, including
hormonal or endocrine therapy, targeted therapy, chemo-
therapy, or a combination of these therapies, have been used
in breast cancer patients [4]. Unfortunately, for TNBC,
conventional targeted treatment options and endocrine
therapies are limited, and outcomes are substantially worse
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[5]. Therefore, chemotherapy remains the only systemic
modality available for TNBC because these cells do not
express ER or PR and lack HER-2 overexpression. However,
there are several side effects associated with chemotherapy,
which include weakness, nausea, reduced resistance to in-
fections, vomiting, and hair loss. Therefore, developing a
suitable strategy for TNBC treatment to increase patient
survival and reduce side effects is essential.

Inorganic nanomaterials show great potential for
clinical applications as they possess many unique charac-
teristics. The intrinsic physicochemical characteristics of
inorganic nanoparticles make them outstanding thera-
peutic agents for cancer treatment. Sericite is the name
given to very fine, ragged grains and aggregates of white or
colorless micas, typically made of muscovite. Sericite is
highly refractive and is found in hydrothermally altered
rocks [6]. Traditionally, sericite has been used to alleviate
pain in the reproductive organs and to treat bleeding,
dysentery, gastric diseases, and inflammation [7]. It has
been shown previously that mica demonstrates chemo-
preventive potential against colorectal cancers by blocking
the cell cycle and proliferation [8]. In addition, mica has the
ability to stimulate immune responses against viral in-
fection. Therefore, mica has been used as feed supplements
for enhancing immune responses [9]. Heat shock proteins
(HSPs) are present or induced in all living cells to protect
them from high-temperature stress and have been exten-
sively associated with various cancers and their behaviors
[10]. They have various tumorigenic properties, including
inhibition of apoptosis and senescence and promotion of
angiogenesis, invasion, and metastasis [11]. Due to its vital
role in tumorigenesis, inhibition of HSP activity has been
accepted as a significant biological strategy for designing
chemotherapeutics against cancer.

The need for more efficacious and innovative therapies
for the treatment of TNBC prompted us to investigate the
antitumor effect of sericite in MDA-MB231 cells, a triple-
negative human breast carcinoma cell line, and in a xeno-
graft mouse model. Thus, this study aimed to investigate if
sericite may be utilized as an adjuvant to mainline cancer
treatment and if it can be developed as a therapeutic anti-
cancer agent in TNBC therapy.

2. Materials and Methods

2.1. Cell Culture and Cell Growth. Human breast epithelial
cells (MCF10A, CRL-10317), triple positive breast cancer
cells (BT474, HTB-20), ER+/PR+/HER2-breast cancer cells
(MCF7, HTB-22), ER-/PR-/HER2+ breast cancer cells
(SKBR3, HTB-30), and triple-negative breast cancer cells
(BT549, HTB-122 and MDA-MB231, and HTB-26) were
obtained from American Type Culture Collection (ATCC,
VA, USA). These cells were cultured at 37°C with 5% CO,
according to the manufacturer’s instructions. Sericite
(Gumcheon Corp., Okcheon-gun, Chungcheongbuk-do,
South Korea) was dissolved in complete media first at
concentrations of 10 mg/ml and 3 mg/ml. These were serially
diluted further to 1 mg/ml and 0.3 mg/ml, respectively; and
all the concentrations were then directly treated in the cells
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for 24h. Cell counting was performed using ADAM-MC
Automatic Cell Counter (Digital Bio. Seoul, South Korea)
that functions using the Propidium Iodide (PI) staining
method of dead cell staining. After treatment with sericite,
cell counting was performed according to the manufac-
turer’s instructions. The initial doses of sericite for the first
screening were selected based on previous publications [8, 9]
and the final dose range was chosen after preliminary ex-
periments were performed to decide the best suitable dose
for all further experiments.

2.2. Mouse Xenograft Models. All animal studies were per-
formed in the animal facility following the guidelines of the
Institutional Animal Use and Care Committee at Chungnam
National University (CNUH-018-A0024-1). The animal
experiments complied with the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines for the use of
experimental animals with the approval of the Chungnam
National University. Female Balb/c nude mice (4 weeks)
were purchased from OrientBio Inc (Gyeonggi-do,
KOREA). Mice were maintained in a controlled environ-
ment (ambient temperature 22-24°C; humidity 50-60%; 12-
h light/dark cycle). In order to generate subcutaneous tu-
mors, mice were anesthetized using Avertin (250 mg/kg),
and MDA-MB231 cells (1x10” cells/mouse) mixed with
Matrigel (Corning, 356230) were injected subcutaneously
into the flanks of the mice. For cancer assessment, cancer
length and width were measured daily with digital calipers,
and the volumes were calculated using the following for-
mula: (length = width?/2). Sericite was dissolved in saline in
the same manner as for the in vitro studies, and based on
pilot studies, the same doses as the in vitro experiments were
administered. Following the establishment of subcutaneous
MDA-MB231 xenograft in mice 24 days after tumor cell
injection, mice with the same cancer volume (mm?) were
divided into three groups (saline, 1 mg/kg sericite, or 3 mg/
kg sericite) and fed 100 ul of sericite solution (1 mg/kg or
3 mg/kg) or 100 ul of saline daily for 12 days by oral gavage,
after which the mice were sacrificed by an overdose of
Avertin and the tumors were dissected for further
experiments.

2.3. Immunoblotting. The following antibodies were used:
anti-pl6 (sc-377412), anti-p21 (sc-6246), anti-p53 (sc-
393031), and anti-GAPDH (sc-47724) (Santa Cruz Bio-
technology, Santa Cruz, CA, USA); anti-P-p53 (S15)
(92848S), anti-cleaved Cas9 (9509S), and anti-cleaved Cas3
(9664S) (Cell Signaling Technology, Danvers, MA, USA);
anti-Shc (610878, BD Biosciences, Franklin Lakes, NJ,
USA); anti-P-p66Shc (S36) (ALX-804-358) (Enzo Life
Sciences, Inc., NY, USA), anti-MMP9 (MA5-15886,
ThermoFisher), and anti-PCNA (PC 10, Sigma-Aldrich,
USA). Immunoblotting of 30 ug of whole-cell lysate or
tissue homogenate was performed as described previously
[12]. Briefly, MDA-MB231 cells and cancer tissues were
harvested and lysed in RIPA buffer containing protease and
phosphatase inhibitors for 30 min on ice. After centrifu-
gation at 13,000 rpm for 10 min, the protein concentration
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of cell and tissue lysates were measured using a bicin-
choninic acid (BCA) protein assay kit (iNtRON, cat.
21071). Equal amounts of protein per well were resolved in
10-15% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto a nitrocel-
lulose membrane. The membranes were then washed with
Tris-buffered saline (10 mM Tris, 150 mM NaCl) containing
0.1% Tween 20 (TBST) and blocked in TBST containing 5%
bovine serum albumin Fraction V (Roche, Basel, Swit-
zerland) followed by incubation in appropriate primary
and secondary antibodies. The chemiluminescent signal
was developed using Super Signal West Pico or Femto
Substrate (Pierce Biotechnology, Rockford, IL, USA). Band
densities were quantified on a Gel Doc 2000 Chemi Doc
system using Quantity One software (Bio-Rad, Hercules,
CA, USA). Values were normalized to f-actin (loading
control).

2.4. Real-Time PCR. Total RNA was isolated from cells using
TRIzol reagent (Thermo Fisher Scientific). Complementary
DNA (cDNA) was generated from total RNA using the
MAXIME RT Premix Kit (iNtRON Biotechnology,
Gyeonggi, South Korea). Relative RNA expression levels
were determined by PCR using a SYBR qPCR premix
(Enzynomics, Daejeon, Republic of Korea). The primer
sequences are provided in Table S1. A preincubation for
10min at 95°C was followed by 40 amplification cycles:
10 sec at 95°C, 20 sec at 60°C, and 30 sec at 72°C. The melting
curve for PCR product analysis was determined by rapid
cooling down from 95°C to 65°C and incubation at 65°C for
15 sec before heating to 95°C. To normalize for equal mRNA/
c¢DNA amounts, PCR reactions with target-specific and with
GAPDH-specific primer sets were always run in parallel for
each sample, and relative expression levels were determined
by the 27*4°" method.

2.5. Histological Analysis. After washing with phosphate-
buffered saline, tumor tissues were fixed with 4% (w/v)
paraformaldehyde and then embedded in paraffin. Paraffin
sections were deparaffinized and rehydrated according to
standard protocols and stained with hematoxylin-eosin
(H&E). For immunohistochemistry staining, tumor tissues
were stained with primary antibodies anti-MMP9 (diluted in
1:100; Cat. MA5-15886, ThermoFisher), anti-CD31 (diluted
in 1:100; Cat.550274, BD science), and anti-PCNA (diluted
in 1:100; PC 10; Sigma-Aldrich) overnight at 4°C. HRP-
conjugated anti-rabbit and anti-mouse IgG was treated for
60 min at room temperature. The color was developed for
30secs by incubation with 3,3'-diaminobenzidine (DAB).
Sections were counterstained with hematoxylin and exam-
ined using a microscope (Motic, Richmond, BC, Canada) at
100x magnification.

2.6. CCK-8 Cell Proliferation Assay. Cells were treated with
sericite for 24 h. Cell proliferation was measured using a
CCK-8 kit (Dojindo, Japan) according to the manufacturer’s
instructions. Briefly, cells were washed with PBS and

suspended in a growth medium, including CCK-8 reagent
added at 1/50 the media volume. Cells were then incubated
at 37°C for 1 h in the dark. Cell proliferation was measured at
a wavelength of 450 nm.

2.7. TUNEL Assay. TUNEL assay was used to detect DNA
fragmentation, such as apoptosis. Cells were treated with
sericite for 24 h. After 24 h incubation, cells were washed
twice with PBS, detached from the plate using trypsin, and
collected in a 15ml tube. These cells were fixed in 100%
ethanol overnight at 4°C. TUNEL assay was performed
according to the manufacturer’s instructions (FITC Abcam,
cat. ab66108). Stained cells were analyzed by flow cytometry
for FITC using a NovoCyte flow cytometer as per the
manufacturer’s instructions (ACEA Biosciences, San Diego,
CA, USA). Flow cytometry data were analyzed using
NovoExpress software. Fluorescence images were captured
using a fluorescence microscope (Zeiss Axio imager M1).

2.8. Flow Cytometry. Cells were treated with sericite for 24 h.
The next day, cells were analyzed by flow cytometry for cell
cycle using a NovoCyte flow cytometer as per the manu-
facturer’s instructions. Cells were washed twice with PBS
and fixed in 70% ethanol overnight at 4°C followed by
staining with PI (5 yg/ml) (Thermo Fisher, 00-6990-50) and
RNase A (1 mg/ml) (Sigma-Aldrich, R875-100 mg) in 500 ul
PBS for 30 min at 37°C. Flow cytometry data were analyzed
using NovoExpress software.

2.9. ROS Detection. Amplex Red (A22188, Invitrogen, USA)
was used to detect intracellular ROS production. MDA-
MB231 cells, MCF10A cells, and tumor tissues were treated
with saline or sericite. The reaction mixture contained 50 uM
Amplex Red and 0.1 U/ml HRP in Krebs-Ringer phosphate
(KRPG) buffer (145 mM NaCl, 5.7 mM sodium phosphate,
4.86 mM KCl, 0.54mM CaCl2, 1.22mM MgSO4, 5.5mM
glucose, pH 7.35). Each reaction had a volume of 100 yl.
Moreover, 20 ul of 1.5 x 10* cells suspended in KRPG buffer
was added to the 100 ul reaction mixture. Absorbance was
measured at an excitation of 500-530 nm and emission at
590 nm. In the case of cancer tissue, it was finely chopped in
the reaction mixture, centrifuged, and then progressed in the
same way as cells.

2.10. Mice Blood Analysis. Blood parameters (aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
gamma-glutamyl transferase (GGT), and creatinine
(CREA)) were analyzed using a Samsung LABGEOPT
Biochemistry Test 9 Kit (PR-PT05) with a Samsung LAB-
GEO PTI0 Analyzer according to the manufacturer’s
instructions.

2.11. Statistical Analysis. All statistical analyses were per-
formed using GraphPad Prism 8 software (GraphPad
Software, La Jolla, CA, USA), and differences between
groups were evaluated using t-tests. For multiple
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F1GURE 1: Sericite inhibits cell proliferation by inducing cell cycle arrest and apoptosis in MDA-MB231 cells. MDA-MB231 cells were treated
with different concentrations of sericite for 24 h. (a) Cell proliferation assay was performed using a CCK-8 kit. (b) Cell number was
measured using an ADAM-MC cell counting machine during 7 days of sericite treatment. (c) Cell number was detected using fluorescence-
activated cell sorting (FACS) analysis. (d) Cell cycle arrest-related proteins were detected by immunoblotting. (e) The apoptotic rare in
MDA-MB231 cells was measured by TUNEL staining after sericite treatment. (f) Apoptotic proteins were detected by immunoblotting.
GAPDH was used as an internal control. The protein levels were qualified by densitometric analysis (right panel). All data are representative
of three independent experiments. Data are presented as mean + SEM of three independent experiments. *P < 0.05 vs. 0 mg/mL sericite-

treated MDA-MB231 cells. *P<0.05 vs. 1 mg/mL sericite-treated MDA-MB231 cells.
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independent experiments. *P < 0.05 vs. 0 mg/mL sericite-treated MDA-MB231 cells. *P< 0.05 vs. 1 mg/mL sericite-treated MDA-MB231

cells.

comparisons, a one-way analysis of variance was performed,
and Tukey’s tests were carried out for post hoc analyses. Data
are presented as the mean + standard error of the mean.
P <0.05 was considered statistically significant. All data are
representative of at least three independent experiments.

3. Results

3.1. Sericite Inhibits Cell Proliferation by Inducing Cell Cycle
Arrest and Apoptosis in MDA-MB231 Cells. We first inves-
tigated whether sericite could suppress the proliferation of
human breast cancer cell lines BT474 (triple positive), MCF7
(ER and PR positive and HER2 negative), SKBR3 (ER and
PR negative and HER2 positive), BT549 and MDA-MB231
(triple-negative), and MCF10A (normal breast epithelial
cells). After treatment with sericite at different concentra-
tions for 24h, a CCK-8 cell proliferation assay was per-
formed. The sericite-induced decrease in cell proliferation
was more effective in MDA-MB231 cells than other breast
cancer cells (Figure 1(a) and Supplementary Figure 1). We
chose MDA-MB231 cells and sericite concentrations of
I mg/mL and 3mg/mL for further investigation of anti-
cancer mechanisms. Figure 1(b) and Supplementary
Figure 2A show that sericite treatment decreased cell growth;
therefore, the number of cells after sericite treatment was
significantly lower than those untreated cells and the cells
treated with sericite slowly started showing features of ap-
optosis. Sericite arrested cells in the G0/G1 phase of the cell
cycle (Figure 1(c)), increased the levels of the cell cycle
regulatory proteins: p21, p16, and phosphorylation of p53 at
its serine 15 site (S15), which is the primary target of DNA

damage response on the p53 protein, while decreasing the
level of PCNA (Figure 1(d)). Furthermore, to determine the
mechanism by which sericite treatment induces apoptosis in
MDA-MB231 cells, we examined DNA damage using a
terminal deoxynucleotidyl transferase (TdT) dUTP Nick end
labeling (TUNEL) assay and fluorescence microscopy
(Figure 1(e) and Supplementary Figure 2B). Data shows that
sericite treatment induced DNA fragmentation in MDA-
MB231 cells, a hallmark of apoptosis. We also looked for
changes in apoptotic protein markers and found a significant
induction of cleaved caspase-9 and increased activation of
caspase-3 cleavage, which activated apoptosis in sericite-
treated cells (Figure 1(f)).

3.2. Sericite Downregulates HSPs and ROS in MDA-MB231
Cells. HSPs act as stress proteins, rapidly created after ex-
posure to unfavorable extrinsic factors such as high tem-
perature, hypoxia, or cytokine release. Increased levels of
HSP are required by the oncoproteins of cancer for their
folding, aggregation, stabilization, function, activation, and
proteolytic degradation. The expressions and activities of
Hsp27, Hsp70, and Hsp90 chaperones are markedly higher
in cancer [13]. We quantified the levels of HSP mRNA in
MDA-MB231 cells and a normal breast epithelial cell line,
MCF10A. HSP90, HSP70, HSP60, and HSP27 were over-
expressed in MDA-MB231 compared to MCF10A cells;
however, this overexpression was reduced by sericite
treatment (Figures 2(a)-2(d)). These data demonstrate that
overexpression of HSPs strengthens cancer cell proliferation
and that sericite attenuates this proliferation via a reduction
in HSP expression.
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Generally, the expression of ROS in cancer cells is higher
than in normal cells. ROS can promote protumorigenic
signaling and facilitate cancer cell proliferation, survival, and
adaptation to hypoxia [14]. Therefore, reducing the ROS
levels to impede their role in the cellular transformation of
cancer cells could be a possible ROS-related anticancer
therapeutic strategy. We first confirmed that ROS were
significantly upregulated in MDA-MB231 cells compared to
MCFI10A and found that sericite treatment suppressed the
total ROS level in MDA-MB231 cells as measured by the
Amplex Red assay (Figure 2(e)). Phosphorylation of p66shc
is known as a key regulator of ROS metabolism involved in
aging and several diseases [15]. We found that sericite
treatment reduced p66shc phosphorylation in both MDA-
MB231 and MCF10A cells (Figure 2(f)). As an oxygen
sensor, the NADPH oxidase 4 (NOX4)/p22phox enzymatic
complex plays a diverse role in cell proliferation, migration,
and cell death. Increased expression of the NOX4/p22phox
complex in cancer has been previously reported, which
activates angiogenesis and metastasis [16]. Sericite treatment
effectively attenuated p22phox and NOX4 mRNA expres-
sion in MDA-MB231 cells (Figures 2(g) and 2(h)).

3.3. Sericite Suppresses Cancer Growth in an MDA-MB231
Xenograft Mouse Model. Over a period of 36 days, the cancer
volume (length * width?/2) of the control group grew from
400 mm® to 900 mm®>. However, the sericite-treated groups
demonstrated reduced cancer growth, with mean cancer
volumes only reaching 600 mm’ in the same period
(Figures 3(a) and 3(b)). Furthermore, there was no signif-
icant change in the weight of the mice until the end of the
experiment (Supplementary Figure 3A). To investigate any
side effects of sericite treatment in the mice, we performed
blood analysis of control and sericite-treated mice to analyze
the kidney and liver functions based on the measurement of
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and gamma-glutamyl transpeptidase (GGT) for the
liver function, and creatinine (CREA) for the kidney
function. No significant difference was found between the
two groups, and the values were in the normal range
(Supplementary Figure 3B). We chose a 1mg/kg sericite
concentration to investigate possible anticancer mechanisms
in vivo. Tumor paraffin sections from saline-fed mice and
1 mg/kg sericite-fed mice were subjected to hematoxylin and
eosin (H&E) staining, which revealed compact and loose
epithelial cells in the saline and sericite-fed groups, re-
spectively (Figure 3(c)). Proliferating cell nuclear antigen
(PCNA) is a marker of cell proliferation in various cancers.
We stained tumor sections using anti-PCNA antibodies and
found that the sericite group showed lower proliferation
(brown) compared to tumor sections from the saline group
(Figure 3(c)). Neovascularization is the formation of new
blood vessels originating from the endothelium of existing
vasculature. Tumor sections from sericite-fed mice exhibited
less neovascularization (CD31, brown) and a lower meta-
static index (MMP-9, brown) than those from the saline
group (Figure 3(c)). We also examined the protein ex-
pressions of PCNA, CD31, and MMP9 and found similar

results (Figure 3(d)). Taken together, our results suggest that
sericite treatment inhibits MDA-MB231 cell proliferation,
neovascularization, and metastasis.

3.4. Sericite Downregulates HSP and ROS Levels in an MDA-
MB231 Xenograft Mouse Model. Since we found that sericite
treatment suppressed the proliferation of MDA-MB231
cells, we investigated the effects of sericite on cell protection
in vivo. After sericite treatment, the mRNA levels of HSP90,
HSP70, and HSP27 were attenuated in the MDA-MB231
xenograft model (Figures 4(a)-4(d)). We also observed that
intracellular ROS was significantly decreased in sericite-
treated mouse neoplasms (Figure 4(e)), along with reduced
phosphorylation of p66shc (Figure 4(f)) and reduced mRNA
expression of p22phox (Figure 4(g)) and NOX4
(Figure 4(h)), which are upstream regulators of p66shc.
These findings suggest that sericite reduces the growth of
MDA-MB231 cells in vivo by suppressing HSPs and ROS.

4. Discussion

TNBC demonstrates higher malignancy, lower survival
rates, frequent relapses, and higher mortality rates among all
breast cancer subtypes. Moreover, TNBC incidence is more
frequent and prevalent in younger patients than in elderly
patients [17, 18]. Therefore, young women are in need of
novel TNBC treatments, and a better understanding of the
molecular mechanisms responsible for cancer metastasis
may provide a vision to improve TNBC patient survival. In
the present study, we investigated antitumor effects of
sericite against MDA-MB231 breast cancer cells. Sericite
administration effectively suppressed tumor growth of
MDA-MB231 cells in a xenograft mouse model. Previous
studies have provided evidence that minerals have an an-
titumor effect in breast cancer cells [19, 20]. Most of these
studies found that treating cancer cells with minerals like
mica inhibits cell growth or induces apoptosis by the reg-
ulation of crucial receptors or signaling pathways. Our re-
sults are consistent with these studies and support the notion
that sericite inhibits cell growth and proliferation and in-
duces apoptosis in MDA-MB231 cells.

Evidence suggests that minerals have antitumor activity
in several types of cancer. For instance, selenium, arsenic
trioxide, zinc, and cadmium have been reported to have
antitumor effects in various cancers, including breast cancer
[8]. Similarly, mica particles have been studied to discern
their function and to find the most effective formulation for
oral supplements. The immune-enhancing effects of mica in
animals have been evaluated as a dietary aluminosilicate
supplement (DAS) in mice. A DAS showed clearance effects
on pig circovirus type 2 in experimentally infected pigs, and
mild side effects in mice and pigs were observed during the
daily administration of the DAS [21].

In the present study, we first investigated the in vitro
effects of sericite in MDA-MB231 cells. Sericite treatment
decreased cell proliferation and cell number in a concen-
tration-dependent manner. A reduction in cell proliferation
has been proven to be an effective tumor-suppressing
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FIGURE 4: Sericite attenuates HSP- and ROS-related pathways in an MDA-MB231 xenograft mouse model. (a-d) mRNA expressions of
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mechanism. Previous studies have shown that celecoxib
(CBX), which is a nonsteroidal anti-inflammatory drug
(NSAIDs), and a potent COX-2 selective inhibitor sup-
presses cell proliferation in vitro and in vivo by mechanisms
that include inhibition of cell cycle [22]. Similarly, sericite
may inhibit proliferation by inducing a growth arrest in
tumor cells. We demonstrated that sericite treatment in-
creased the GO/G1 cell population in a concentration-de-
pendent manner and enhanced the expression of the cell
cycle arrest markers P53, P21, and P16. Some bioactive
ingredients such as thymoquinone (TQ) and costunolide
(COS) have been reported to promote apoptosis in human
colon and breast cancer cell lines via a p53 dependence.
Similarly, doxorubicin (DOX), a chemotherapy drug, in-
duces upregulation of phosphorylation of p53 at S15,
consequently upregulating p21 and inducing cell cycle arrest
[23]. Furthermore, the present study investigated the
mechanism responsible for sericite-mediated cytotoxicity.
Promoting tumor cell apoptosis is one of the most important
methods of tumor treatment. Induction of apoptosis in
cancer cells by treatment with CBX has been documented
earlier in gastric cancer cell lines [22]. The results of our
TUNEL assay revealed that sericite-treated cancer cells
underwent apoptosis. This fact was supported by a western
blot analysis of the apoptosis markers caspase-9 and caspase-
3, which were found to be upregulated in sericite-treated
cells confirming the apoptotic effect.

HSPs are ubiquitously found in all living organisms and
their expression is induced/regulated by stress. Previously, it
was thought that HSPs are induced by heat alone; however, it
is now known that various types of physiological or path-
ological stresses may regulate their expression [24]. The
HSPs expression is increased during oncogenesis, resulting
in malignant transformation and promoting rapid somatic
evolution. Recently, HSPs are evolving as molecular targets
in cancer therapy by the interference of their diverse
functions in cancer cells following different approaches.
There are clinical trials for various cancers, including breast
cancer, using HSP-inhibitor compounds, and other HSP-
based strategies [25, 26].

Similarly, high levels of ROS have been detected in
cancer cells due to various changes like increased receptor
signaling, increased metabolic and peroxisomal activities,
mitochondrial dysfunction, and oncogenic activity [27].
Previous studies have revealed that various prospective
compounds, namely quercetin, metformin, vitamin C, and
curcumin, have been found to downregulate ROS in the
cellular apoptotic process. Furthermore, some have been
shown to promote apoptosis in cancer cells [28]. Shc gene
regulates the level of ROS, apoptosis induction, and lifespan
in mammals. Shc is a Src homology 2 domain-containing
protein and is a member of an adaptor family of proteins.
Shc has 3 isoforms based on the molecular weight of 46, 52,
and 66 kDa (p46shc, p52shc, and p66shc) [29]. p66shc is the
longest isoform with an additional CH2 domain containing
a S36 residue which is phosphorylated in response to oxi-
dative stress along with a role in apoptosis [30]. p46shc and
p52shc are universally expressed; however, p66shc is
expressed at different levels in different tissues [31]. p66shc is
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part of a signal transduction pathway activated in response
to increased ROS. It is phosphorylated on ser36 after ex-
posure to oxidative stress from H,O, or ultraviolet light, and
this phosphorylation is critical for the cell death response
evoked by oxidative damage [32]. In this study, sericite
treatment reduced the levels of HSPs, ROS, and p66shc both
in vitro and in vivo. Furthermore, sericite treatment at-
tenuated the expression of the survival gene PCNA, reduced
the typical angiogenesis marker CD31, and reduced the
expression of the metastasis marker MMP9 in tumor tissues,
indicating the antiproliferative, antiangiogenic, and anti-
metastatic activity of sericite in a xenograft model along with
a reduction in tumor volume. One of the limitations of this
study is the poor solubility of sericite powder in the cell
culture media and in saline for the in vitro and in vivo
experiments, respectively. Consequently, the concentration
range used in this study was limited, and future work will be
required to solve this problem by finding new dilution
methods or ways to improve sericite solubility.

5. Conclusion

In conclusion, these findings suggest that sericite has che-
mopreventive potential in TNBC, which could be a basis for
developing alternative therapies to treat tumor cells using
natural compounds.
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Supplementary Materials

Supplementary Fig.1. Effect of sericite treatment on cell
proliferation of different breast cancer cell lines. (A)
MCF10A, (B) BT474, (C) MCF7, (D) SKBR3, and (E)
BT549 cells were treated with different concentrations of
sericite for 24 h, followed by detection of cell proliferation
using CCK-8 assay. Data are presented as the mean + SEM of
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three independent experiments. *P<0.05 vs. 0mg/mL
sericite-treated cells. Supplementary Fig.2. Effect of sericite
treatment on cell morphology and apoptosis in MDA-
MB231 cells. (A) Effect of sericite treatment on cell mor-
phology up to 7 days of incubation. (B) Images show merged
staining with Propidium Iodide/RNase A (red) and FITC-
dUTP (green) (TUNEL) after sericite treatment in MDA-
MB231 cells. Scale bar =20 ym. Data are presented as the
mean+ SEM of three independent experiments. Supple-
mentary Fig.3. Effect of sericite treatment on the health of
mice. (A) Changes in animal body weight. (B) Blood analysis
of mice was performed to analyze the kidney and liver
function. Aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), and gamma-glutamyl transpeptidase
(GGT) are a measure of liver function. Creatinine (CREA) is
the measure of kidney function. The values of all the
components were in the normal range (AST: 0-40 U/L, ALT:
0-45U/L, GGT: 0-66 U/L, and CREA: 0.5-1.3 mg/dl). Data
are presented as the mean+ SEM of five independent ex-
periments. Table SI. Information on qPCR primers. Sup-
plementary Fig.5-Supplementary Fig.9. Full-length western
blot gel images. (Supplementary Materials)
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Chemotherapy-related fatigue (CRF), one of the most severe adverse effects observed in cancer patients, has been theoretically
related to oxidative stress, and antioxidant treatment might be one of the most valuable therapeutic approaches. However, there
are still few effective pharmacological therapies. Yifei Sanjie pills (YFS]), a classical formula used to treat lung cancer as
complementary and alternative medicine, have been proved to alleviate CRF of lung cancer patients in clinical practices. However,
the underlying mechanisms have not been clarified. In this study, our data showed that YFS] alleviated CRF presented as reversing
the decline of swimming time and locomotor activity induced by cisplatin (DDP). Moreover, YFS]J significantly reduces the
accidence of mitophagy and mitochondrial damage and reduces apoptosis in skeletal muscle tissues caused by DDP. It probably
works by decreasing the oxidative stress, inhibiting the activation of the AMPK/mTOR pathway, decreasing protein expression
levels of Beclin1 and other autophagy-related proteins, and attenuating the activation of Cytochrome c (cyto. C), Cleaved Caspase-
9 (c-Casp 9), and other apoptosis-related proteins. Furthermore, YFS] enhanced DDP sensitivity by specifically promoting
oxidative stress and activating apoptosis and autophagy in the tumor tissues of mice. It was also found that YFS] reduced the loss
of body weight caused by DDP, reversed the ascent of serum concentrations of alanine aminotransferase (ALT), aminotransferase
(AST), and creatinine (CREA), increased the spleen index, and prolonged the survival time of mice. Taken together, these results
revealed that YFS] could alleviate CRF by reducing mitophagy and apoptosis induced by oxidative stress in skeletal muscle; these
results also displayed the effects of YFSJ on enhancing chemotherapy sensitivity, improving quality of life, and prolonging survival
time in lung cancer mice received DDP chemotherapy.

1. Introduction

Although advances have been made in targeted therapy and
immunotherapy, platinum-based chemotherapy is still the
standard treatment for advanced lung cancer, with a large
proportion [1-3]. Chemotherapy-related fatigue (CRF), one
of the most severe adverse effects caused by chemothera-
peutic treatments, has been observed in 27-82% of patients
with advanced lung cancer [4], presenting as a persistent

distressing, subjective sense of tiredness or exhaustion [5],
which affects the long-term quality of life or even result in
the deaths of patients [6].

Despite the prevalence of this condition, the etiology of
CRF has not been fully elucidated. Some studies found that the
possible mechanisms were associated with energy unbalance,
inflammation, changes in circadian rhythm, depression, and
immune system disorders [7]. However, increasing evidence
indicates that the occurrence of CRF is related to the


mailto:lizhulin26@yahoo.com
mailto:mingzioy@jnu.edu.cn
https://orcid.org/0000-0002-4810-0399
https://orcid.org/0000-0001-8283-6554
https://orcid.org/0000-0002-3418-3613
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/2357616

dysfunction of skeletal muscle, which has an essential pro-
portion in maintaining the energy homeostasis of the human
body [8]. A study on chemotherapy-treated patients reported
that chemotherapy always indistinguishably targets the mi-
tochondria of both cancerous and noncancerous cells, in-
ducing fatigue due to high oxidative stress [9-12]. Its potential
mechanism is that the damage pathways of noncancerous
cells, especially in highly metabolic organs such as skeletal
muscle, will be stimulated by adaptive responses to oxidative
stress and induce reactive oxygen species (ROS) over-
generation [13-18]. Accumulation of ROS-caused mito-
chondrial damage can be removed by an autophagic process
called “mitophagy” to maintain cell homeostasis [19]. How-
ever, when more devastating damage is beyond the capability
of mitophagy, the dysfunctional mitochondria will induce
apoptotic cell death, which can lead to the onset of CRF
[20, 21]. While CRF has been theoretically related to oxidative
stress, and antioxidant treatment might be one of the most
valuable therapeutic approaches for CRF, there are still few
effective pharmacological therapies that can successfully
eliminate CRF [22]. At the same time, tumor size is also closely
related to CRF [23]. Therefore, further research is urgently
needed to raise new interventions to prevent, postpone or
eliminate fatigue in cancer patients.

The use of Traditional Chinese Medicine (TCM) might be
one such possible strategy, which is wildly used in CRF
treatment to reduce fatigue or improve the quality of life in
cancer patients [24]. Yifei Sanjie pills (YFS]), also known as
“Yiqi Chutan Tang,” is a TCM formula used to treat lung
cancer as complementary and alternative medicine, which
consists of Panax quinquefolius Radix (Xi yang shen),
Ranunculi Ternati Radix (Mao zhao cao), Sarcandrae Herba
(Zhong jie feng), Pinelliae Rhizoma Praeparatum (Fa ban
xia), Ganoderma (Ling zhi), Bombyx batryticatus (Chao jiang
can), Cremastrae Pseudobulbus Pleiones Pseudobulbus (Shan
ci gu), and Fritillariae Thunbergii Bulbus (Zhe bei mu).
Previous studies reported that the major herbs of YFSJ, such
as Panax quinquefolius Radix and Ganoderma, have been
approved for anti-CRF effects in the clinic and preclinic
studies due to the inhibition of oxidative stress and the im-
provement of mitochondrial function in skeletal muscles
[25-32]. Phytochemicals absorbed from Thunbergii Bulbus,
Bombyx batryticatus, and Pinelliae Rhizoma Praeparatum
could also reduce oxidative stress by decreasing free radical
formation and scavenging free radicals [33-35], which were
commonly associated with fatigue. Furthermore, our previ-
ous clinical practices have shown the effects of YES] to
prolong the median survival time [36, 37] and alleviate CRF in
non-small-cell lung cancer (NSCLC) patients [38, 39].
However, the underlying mechanisms have not been clarified.
In this study, in addition to its usual antitumor effects, we have
focused on the oxidative stress, mitochondria autophagy, and
apoptosis in skeletal muscle of CRF mice model to demon-
strate the underlying mechanisms of YFS] against CRF.

2. Materials and Methods

2.1. YFS] Preparation. YFS] was composed of eight herbs
formed by pill preparation and was purchased from the First
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Affiliated Hospital of Guangzhou University of Chinese
Medicine (Guangdong, China). YFS]J (8 g/packet) was dis-
solved in 24 mL normal saline, and the solution was pro-
moted by eddy vibration to the final concentration of 0.33 g/
mL before use. Details of the herbal materials are listed in
Supplementary Figure 1 and Supplementary Table 1.
Chemical constituents of YFS] were identified based on the
Q-Orbitrap high-resolution liquid/mass spectrometry (Q-
Orbitrap-LC/MS). The data collected by high-resolution
liquid mass were processed by CD2.1 (Thermo Fisher) and
then searched and compared in the database (MZCloud,
MZVault, ChemSpider). The peak intensity chromatograms
of chemical constituents in YFS] were displayed in Sup-
plementary Figure 2. The obtained compounds were cross-
linked with the known traditional Chinese medicine com-
ponents in YFS] to screen out the possible compounds listed
in Supplementary Table 2.

2.2. Chemicals and Reagents. Cisplatin (DDP, Cat.
*H20010743) injection was purchased from Jiangsu Hausen
Pharmaceutical Co., Ltd (Jiangsu, China). Dulbecco’s
modified Eagle’s medium (DMEM, Cat.*11965092), fetal
bovine serum (FBS, Cat.”10270106), penicillin/streptomycin
(Cat.*10378016), and phosphate-buffered saline (PBS,
Cat.*10010023) were supplied by Gibco (NY, USA). Primary
antibodies against Beclinl (Cat.*11306-1-AP), p62
(Cat.*66184-1-Ig), Cytochrome ¢ (cyto. C, Cat.”66264-1-Ig),
and DAPKI (Cat.*25136-1-AP) were purchased from Pro-
teintech (Wuhan, China). Primary antibodies against
Phospho-AMPKa (p-AMPKa, Cat.*50081S), Phospho-
mTOR (p-mTOR, Cat.”5536T), Atg7 (Cat.”8558T), LC3A/B
(Cat.*127418S), Cleaved Caspase-9 (c-Casp 9, Cat.”20750S),
Cleaved Caspase-3 (c-Casp 3, Cat."9661T), Cleaved PARP
(c-PARP, Cat."5625T), Phospho-SAPK/JNK (p-JNK,
Cat.*9255S), Phospho-p53 (p-p53, Cat.”9284T), Bax
(Cat.*2772T), and GAPDH (Cat.’5174T) and rabbit
(Cat.*7074P2) or mouse (Cat.”7076P2) secondary antibodies
were purchased from Cell Signaling Technology (Danvers,
MA, USA).

2.3. Cell Culture. Lewis lung cancer (LLC) cells were acquired
from the Guangzhou University of Chinese Medicine
(Guangzhou, China). The cells were cultured in the DMEM
medium containing 10% FBS, 1% streptomycin, and 1%
penicillin and maintained in a 5% CO, incubator at 37°C. Cells
were subcultured when the density reached 90% to proliferate
enough and were used for subsequent experiments.

2.4. Lung Cancer Xenogeneic Mouse Model. A total of 100
five-week-old C57/BL mice (15+ 1g) were purchased from
Beijing HFK Bioscience Co., Ltd., [Approval No. SCXK
(Jing) 2019-0008, Beijing, China]. All experiments were
conducted according to the relevant laws and institutional
guidelines and with the approval of the Animal Ethics
Committee of Jinan University (Approval No. IACUC-
20200923-06). After acclimatizing for 10 days, 20 mice were
randomly selected as the NC group (normal control). The
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remaining mice were given subcutaneous injections with
1x10° LLC cells in the right flank to establish the lung
cancer xenogeneic mice model. When the tumor size
reached 80-100 mm>, the xenografts mice were randomly
divided into four groups (n=20): (1) TC group (mice with
tumor but without any treatment); (2) DDP group (mice
with tumor and treated with DDP, intraperitoneal, 5 mg/kg,
0.1 ml, once weekly); (3) DDP +YES] group (mice with
tumor and cotreated with DDP and YFSJ; DDP, intraper-
itoneal, 5mg/kg, 0.1 ml, once weekly; YFS], intragastrical,
3 g/kg, 0.2 ml, once daily); (4) YESJ group (mice with tumor
and treated with YFS], intragastrical, 3 g/kg, 0.2 ml, once
daily). The NC and TC groups have received administration
of normal saline (with the same route and volume of DDP
and YFS]). Each group of mice was randomly divided into
two subgroups, one for survival analysis and the other for
other experiments.

2.5. Behavioral Tests

2.5.1. Weight-Loaded Swimming Test (WST). Mice were
subjected to WST before administration and on the 7th,
14th, and 21st days after administration, respectively, as the
previous study described [29]. The mouse was placed sep-
arately in the swimming pool with 20 cm in diameter, 35 cm
high, and at stationary temperature (25°C + 1°C), where the
mouse could just touch the bottom with its feet to support
itself. A 7% of the body weight tin wire was fixed on the root
of the tail to weight load the mouse. When it failed to rise to
the water surface to breathe within a 10sec period, the
mouse would be determined to be exhausted and salvaged
from the water, dried with a towel, and placed back in the
original cage. The time spent by the mouse floating in the
water with necessary movements until exhausting its
strength was recorded, which was considered a negative
correlation with fatigue.

2.5.2. Open-Field Test (OFT). Twenty-four hours after the
WST, the OFT was conducted in an arena made of plexiglass
(100 x 100 x 50 cm>). The arena was divided into the center
area with a 50 x 50 cm” square and the peripheral area with
twelve 25 x 25 cm? squares. The mouse was placed separatelyin
the arena for 5 minutes. Locomotor activity was monitored
using an infrared camera. The total movement distance, dis-
tance, and time spent in each mouse’s central and peripheral
areas in the specified observation time were calculated and
analyzed using the EthoVision XT 14 software (Noldus In-
formation Technology Co., Ltd, Beijing, China). Each mouse
was returned to itshome cage after the behavioral test. The OFT
apparatus was thoroughly cleaned with 70% ethyl alcohol to
eliminate any olfactory cues between tests.

2.6. Determination of the Survival Time of Mice, Body Weight,
and Tumor Volume of YFS]. Ten mice from each group were
randomly selected for survival analysis, and the survival time
was recorded up to 90 days after the beginning of treatment.
At the end of the survival analysis, the still-alive mice were

terminated individually by deeply anesthetized with pen-
tobarbital sodium by intraperitoneal injection (150 mg/kg).
Another ten mice from each group were selected for other
experiments, and the body weight and tumor volume of the
mice were measured every three days. The computational
formula of tumor volume =long diameter (L) x short di-
ameter (W)?x0.5.

2.7. Mouse Sacrifice, Sample Collection, and Detection of Se-
rum Biochemical Indices. After all behavioral tests, the other
10 mice of each group were anesthetized with isoflurane
inhalation (RWD Life Science Pharmaceutical Co., Ltd.,
Shenzhen, China). The tumors and bilateral gastrocnemius
muscles of mice were immediately removed on ice for the
following examination when the mice were unconscious.
The spleen was removed and weighed to measure the spleen
index (weight of spleen/body weight x10x100%). The
whole blood samples were collected, placed at room tem-
perature for 2 hours, and centrifuged at 3000 r/min at 4°C for
15min, and the supernatants were taken for biochemical
measurement. The levels of serous alanine aminotransferase
(ALT), aminotransferase (AST), and creatinine (CREA)
were detected according to the procedures provided in the
kits (Rayto Life Sciences Inc., Shenzhen, China) and ana-
lyzed by the automatic biochemical analyzer Chemray 800
(Redu Life Technology Inc., Shengzhen, Chian).

2.8. Determination of the Concentrations of Oxidative Stress
Markers. The tissue ROS assay kit (Cat.*BB-470532, Best-
Bio, Shanghai, China) was used to measure gastrocnemius
muscle and xenograft tumor tissues ROS concentrations.
The Cu/Zn-SOD and Mn-SOD assay kit with WST-8
(Cat.*S0103, Beyotime, Shanghai, China) was used to
measure gastrocnemius muscle and xenograft tumor tissues
SOD concentrations. The Lipid Peroxidation MDA assay kit
(Cat.*S0131S, Beyotime, Shanghai, China) was used to
measure MDA concentrations in gastrocnemius muscle and
xenograft tumor tissues. In short, we completed the deter-
mination of ROS, SOD, and MDA concentrations according
to the kit’s instructions. These experiments were performed
in triplicate. ROS data are expressed as the percentage of the
fluorescence intensity relative to that of the control group.
The data of SOD are expressed in U/mg protein. The data of
MDA are expressed in ymol/mg protein.

2.9. Examination of the Gastrocnemius Muscle Tissues

2.9.1. Electron Microscopy (EM). 'The fresh muscle tissue was
dissected further into 2 x 2 mm> samples immediately, fixed
with 2.5% glutaraldehyde for 4h at 4°C, and triple rinsed
with PBS. Then, the samples were fixed with 1% osmic acid
for 2h, triple rinsed with PBS again, and dehydrated with
alcohol of gradient concentration (50%, 70%, 80%, 90%, and
95%) acetone for 20 min. After that, muscle tissue was
immersed in Epon812 overnight and polymerized in a 45°C
drying oven for 12 h. At last, samples were cut into 70 nm
slices, stained with uranyl acetate and lead citrate, and



captured under an electron microscope (HITACHI HT7700,
Japan). The condition of mitochondria and autophagosomes
was assessed using Image-pro plus 6.0 system (Media Cy-
bernetics, Inc., Rockville, USA).

2.9.2. Hematoxylin and Eosin (HE) Staining. A portion of
the left fresh muscle tissue was fixed with 4% paraformal-
dehyde, dehydrated, embedded in paraffin, cut into 5um
slices, then stained with hematoxylin for 30 min and eosin
for 5 min, vitrified with xylene, and sealed with neutral resin.
The stained slices were observed and photographed under a
light microscope at 200x magnification (NIKON Eclipse ci,
Japan). Semiquantitative scoring of tissue lesions was cal-
culated according to El-Far et al. [40]. Briefly, lesions in 3
fields were chosen randomly from each slide for each mouse
and averaged. The lesions were scored in a blinded way
(score scale: 0=normal; 1<25%; 2=26-50%; 3=51-75%;
and 4=76-100%).

2.9.3. Terminal-Deoxynucleoitidyl Transferase Mediated Nick
End Labeling (TUNEL) Staining. The rest paraffin-embed-
ded muscle tissue section detected the apoptosis level using
the TUNEL apoptosis detection kit (AtaGenix, Hubei,
China). After dewaxing, the section was added 20 ug/mL
protease K for 30 min at 37°C and triple rinsed in PBS. Then,
the samples were stained with 4', 6-diamidino-2-phenyl-
indole (DAPI, 0.05ug/mL, Servicebio, Wuhan, China) in
PBS for 10 min and sealed after rinsing three times with PBS.
Fluorescent images were captured at 400x magnification
under a fluorescence microscope (NIKON Eclipse ci, Japan).
These experiments were performed in triplicate. The inte-
grated densities of TUNEL-positive areas were measured
using Image] (v1.46r; NIH, Bethesda, MD, USA) [41].

2.10. Western Blotting. An appropriate amount of mouse’s
tumor and right gastrocnemius muscle were dissected and
immediately separated on ice. Tissues were homogenized
with the Scientz-48 High-throughput tissue grinder (Xinzhi
Biological Co., Ltd, Ningbo, China) and RIPA Lysis Buffer
(Cell Signaling Technology, Inc. Massachusetts, USA),
centrifuged at 4°C, 12000g for 10 min. The supernatant was
collected for detecting protein concentration and western
blot analysis. The protein concentration in the obtained
supernatant was determined using an Enhanced BCA
Protein Assay Kit (Beyotime Biotechnology, Shanghai,
China). The target protein was separated with 8-10% SDS-
PAGE (Beyotime, Shanghai), transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, Marlborough, USA),
sealed with 5% skimmed milk powder at room temperature
for 60 min, and incubated with the primary antibodies at 4°C
overnight: anti-p-AMPKa (1:1000), anti-p-mTOR (1:
1000), anti-Beclinl (1:1000), anti-Atg7 (1:1000), anti-
LC3A/B (1:1000), anti-p62 (1:1000), anti-cyto. C (1:1000),
anti-c-Casp 9 (1:1000), anti-c-Casp 3 (1:1000), anti-c-PARP
(1:1000), anti-p-JNK (1:1000), anti-p-p53 (1:1000), anti-
Bax (1:1000), anti-DAPKI1 (1:1000), and anti-GAPDH (1:
2500). Subsequently, the target protein was washed with
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Tris-buffered Saline Tween-20 (TBST) solution three times,
incubated with the corresponding secondary anti-rabbit or
anti-mouse antibody (1:5000) at room temperature for
60 min, washed with TBST solution three times again, and
visualized by hypersensitive ECL kit (Beyotime, Shanghai).
These experiments were performed in triplicate. Density
values of the bands were captured and documented through
a gel image analysis system (ChemiDox™, Bio-Rad, USA)
and normalized to GAPDH.

2.11. Statistical Analysis. All data were expressed as the
mean + standard deviation (SD) and analyzed by SPSS 13.0
(SPSS1Inc.,IL, USA) or GraphPad Prism 9 software (GraphPad
Software, LLC, California, USA). The experimental data of
repeated observations were analyzed with repeated measures
ANOVA. The survival times of animals were analyzed with
Kaplan-Meier analysis. The other data were analyzed by one-
way ANOVA and Student’s -test. The significance of statis-
tical differences was considered at P less than 0.05.

3. Result

3.1. The Effects of YFS] on CRF in Mice. To evaluate the effect
of YFS] on CRF in mice, we assessed the swimming time of
the WST, total movement distance, and the ratio of the
central region to the total movement distance of the OFT. As
is shown in Figure 1(a), the tumor-bearing group mice with/
without treatment showed a significant decrease in swim-
ming time compared to the mice in the tumor-free group
(NC group). Meanwhile, the DDP treatment induced a
pronounced decrease in the swimming time of tumor-
bearing mice. However, the decline in swimming time in-
duced by DDP was significantly reversed after 21 days of
treatment with YFS]. Additionally, the swimming time of
tumor-bearing mice in the YFSJ group is longer than in the
TC group, indicating the dual role of YFS] in treating both
cancer- and chemotherapy-related fatigues. It is further
validated by the results of movement distance and residence
time in the central area that YFS] treatment not only sig-
nificantly extended the total movement distance of mice but
also increased the ratio of the central region to total
movement distance in comparison with mice treated with
DDP alone (Figure 1(b)). However, there was no significant
change in the ratio of the central region to total movement
distance among mice in the YFS] and TC groups (Figure 1(b)
iii). These data collectively demonstrated that YFS] treat-
ment might play a key role in alleviating CRF.

3.2. The Effects of YFS] on Oxidative Stress-Induced Mitophagy
in Mouse Skeletal Muscle. Since CRF is characterized by
increased oxidative stress and dysfunctional mitochondria,
which are involved in regulating mitochondria autophagy,
we proposed that the restrained oxidative stress by YES]
treatment contributes to the inhibition of autophagy in
skeletal muscle cells; thus, the effect of YFS] on oxidative
stress is assessed. We first examined the ROS, SOD, and
MDA concentrations in mice to evaluate the effect of YFS]
on oxidative stresses. These data revealed that the aberrant
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production of ROS and MDA by DDP treatment could be
significantly rescued by YES] (Figures 2(a)-2(c)). Consis-
tently, the reduced levels of SOD were markedly elevated in
DDP + YFS] and YFS] groups (Figure 2(b)). As shown in the
electron microscopy of skeletal muscle mitochondria
(Figure 2(d)), the DDP group manifested increasing swollen,
vacuolar damaged mitochondria, which were surrounded by
the double membrane phagophore structure forming
autophagosomes compared to the TC group. However, YFS]
significantly inhibited the formation of autophagosomes.
Moreover, Western blot data showed that YFS] treatment
inhibited the activation of the AMPK/mTOR pathway,
counteracting the accumulated turnover of LC3-A to LC3-B
by DDP, which was further evidenced by the changed
protein expression levels of Beclinl, Atg7, and p62 in skeletal
muscle cells of mice from the DDP+YFS] group
(Figures 2(e) and 2(f)). Taken together, these results revealed
that oxidative stress-mediated mitophagy is responsible for
the inhibitory effect of YFS] on CRF.

3.3. The Effects of YFS] on Chemotherapy-Induced Apoptosisin
Mouse Skeletal Muscle. HE staining results showed that the
tissue structures of skeletal muscles were clear and complete
in the DDP + YFSJ group while destroyed in the DDP group
with an amount of muscle fiber breakage, such as swelling
between muscle cells or broken connections between muscle
cells (Figure 3(a)). TUNEL assay was performed to detect
apoptosis levels. As shown in Figure 3(b), mice treated with
DDP + YFS] attenuated the elevated skeletal muscle cell
apoptosis by DDP. To substantiate the above findings, a
series of proapoptotic proteins (e.g., cyto. C, c-Casp 9,
c-Casp 3, and c-PARP) were detected. Western blot data
revealed that YFS] treatment attenuated the promoting effect
of DDP on skeletal muscle cell apoptosis (Figure 3(c)), which
is consistent with the results of the TUNEL assay. Thus,
reduced apoptosis in skeletal muscle cells by alleviating
oxidative-mediated mitophagy may be the potential
mechanism of YFS]J in the treatment of CRF.

3.4. The Effects of YFS] on Xenograft Tumors in Mice. The
antitumor effects of YFS] were investigated in vivo. As is shown
in Figure 4(a), xenografts-bearing mice treated with
DDP + YFS] exhibited the lowest growth rate compared to
other groups. Tumor size and tumor weight were significantly
reduced in DDP + YFS]-treated mice. Although xenografts
treated with DDP or YFS] alone showed a decrease compared
to xenografts in the TC group, the combined treatment of DDP
and YFS] exhibited a more significant antitumor effect. Ad-
ditionally, we assessed the ROS, SOD, and MDA concentra-
tions in tumor tissues. The results demonstrated that either
single or combined treatment could significantly promote ROS
and MDA production (Figures 4(b) and 4(d)), while SOD, as
an antioxidant index, showed an opposite trend (Figure 4(c)).
Subsequently, Western blots were performed to detect apo-
ptosis and autophagy in xenografts. Consistently, xenografts
treated with DDP or YFS] alone both displayed activated cell
apoptosis and autophagy, while the combined treatment of
DDP + YFS] showed the most potent effects (Figures 4(e)-

Evidence-Based Complementary and Alternative Medicine

4(h)), as evidenced by activation of the JNK/p53 pathway,
increasing Bax, c-Casp 3, c-PARP, Beclinl, Atg7, and LC3B and
reducing p62 in protein expression levels. In conclusion, YES]
has an inhibitory effect on tumor growth and is synergistic with
the antitumor effect of DDP.

3.5. The Effects of YFS] on the Quality of Life and Survival Time
in Mice. Accumulating evidence has highlighted the impor-
tance of CRF in patients with cancers’ quality of life and survival
time [42]. To investigate whether reduced fatigue of mice by
YES] treatment could contribute to a better prognosis and
desirable quality of life, we evaluated the survival time, body
weight, and serum concentrations of ALT, AST, and CREA of
the mice. As is shown in Figure 5(a), the survival time of mice in
the NC group is the longest compared to tumor-bearing mice in
other groups. Further analysis revealed that DDP treatment did
not substantially prolong the survival time. In contrast, the
combined therapies of DDP and YFS] or YFS] treatment alone
could significantly extend the survival time of tumor-bearing
mice. Afterward, body weight, ALT, AST, and CREA concen-
trations were detected. The results demonstrated that compared
with the TC group, mice’s body weights were slightly reduced
after DDP treatments. Nevertheless, YFS] treatments signifi-
cantly restore the body weight loss of mice induced by DDP
(Figure 5(b)). Analysis of serum markers exhibited ascending
concentrations of ALT, AST, and CREA in mice of the DDP
group while descending levels in the DDP+YFS] group
(Figure 5(d)). Pathologically, the spleen was compensatively
enlarged due to the retention of immunocytes in the spleen [43].
As a result, the spleen index of mice in the TC group was the
highest. By contrast, the spleen index of the DDP-treated group
was reduced significantly; the DDP + YFS]J group increased the
spleen index compared to mice treated with DDP alone, which
indicated the immunosuppression resulting from the DDP
treatment could be activated by YES] (Figure 5(c)). The above
results revealed that YFS] could overcome the toxicity and
improve the quality of life of mice by DDP.

4. Discussion

YES] is a proprietary medicine developed from traditional
Chinese medicine prescriptions, Yigi Chutan Tang, with
lung cancer treatment. Interestingly, in clinical observation,
we found that it had a significant effect on the improvement
of CRF [38, 39]. In order to clarify the underlying mecha-
nisms, in the current research, the xenogeneic model was
established in C57/BL mice using LLC cells and treated with
DDP to simulate a CRF situation that occurs in humans; the
WST and OFT were used for the evaluation of fatigue related
to chemotherapy. Moreover, we used the model to evaluate
the effect of YFS] on the fatigue caused by DDP.

The WST assessed the endurance and fatigue status [44].
The indices of locomotor activities were tested in the OFT
[45-47] to evaluate the physical and psychical fatigue, re-
spectively. In this study, the TC and DDP group showed
more obvious physical and psychical fatigue than the NC
group by significantly decreasing swimming time, less lo-
comotor distance, and residence time in the central area.
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Between the two groups, the DDP group presented more
severe fatigue than the TC group, reflecting that the fatigue of
tumor-bearing mice was aggravated by DDP chemotherapy,
which was accordant with previous research that some cancer
patients presented severer fatigue after receiving chemo-
therapy [48, 49]. At the same time, the decline in swimming

experiments, n=3. ™*p>0.05, *p>0.05, **p<0.01, ***p<0.001 compared with the NC group. "*p>0.05, *p<0.05, **p<0.01,
p<0.001 compared with the TC group. p <0.05, ¥¥p<0.01, ***p <0.001 compared with the DDP group.

time and locomotor activities induced by DDP were sig-
nificantly reversed after 21 days of treatment with YFS],
indicating that YFS] could alleviate the CRF, which was
consistent with previous clinical studies [13-15, 38, 39, 50].

Numerous studies proved that increased oxidative stress
would aggravate muscle fatigue [51-53]. Oxidative stress can
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F1GURE 3: The effects of YFS] on chemotherapy-induced apoptosis in mouse skeletal muscle. (a) (i) HE staining of skeletal muscle tissues.
Scale bars = 200 ym; local magnification = 15x. (ii) HE semiquantitative scoring of lesions (n = 10). (b) (i) TUNEL staining of skeletal muscle

tissues. Magnification = 100x. (ii) Integrated densities of TUNEL (n =

3). Apoptosis-related proteins in skeletal muscle tissues: (c) western

blotting bands of apoptosis-related proteins; (d) relative expression levels of apoptosis-related proteins. The data are presented as the
means + SD of triplicate experiments, n=3. "*p>0.05, *p<0.05, **p<0.01 compared with the NC group. ™ p>0.05, *p<0.05,
#p<0.01, **p<0.001 compared with the TC group. ¥p <0.05, ¥¥p <0.01, ¥¥%p <0.001 compared with the DDP group.

be produced by tumors themselves [54] and directly or
indirectly given rise by numerous chemotherapeutic agents
[55, 56]. In the oxidative stress state, overproduced free
radicals like ROS will ultimately produce MDA, directly
reflecting the degree of lipid peroxidation [57]. An anti-
oxidant such as SOD plays an essential role in removing
these productions of oxidative stress [58]. Therefore, ROS,
SOD, and MDA were chosen as biomarkers to evaluate the
degree of oxidative stress in skeletal muscle. This study
showed that the DDP elevated the ROS and MDA con-
centrations and weakened the SOD activity significantly in
the muscle tissue; however, the oxidative stress phenomena
were alleviated significantly in the DDP + YFS] group. That
may be related to some components of YESJ (Supplementary
Table 2), such as ginsenoside Rg2 and ginsenoside Rg3 [59],
which have been shown to have antioxidant effects on
normal tissues. At the same time, oxidative stress-induced
damage to mitochondrial DNA, membrane lipids, and
proteins can be degraded by mitophagy [60]. That is because
oxidative stress leads to phosphorylation of AMPK« in the
mitochondria, which activates AMPK [61]. Activation of
AMPK inhibited the phosphorylation of mTOR [62] and
weakened the inhibition of p-mTOR on the autophagy key
factor Beclinl [63]. Mechanistically, Beclinl is a crucial
protein for autophagy initiation, which, together with
PIK3C3 and PIK3R4, forms a protein complex Class III
PI3K, and ultimately regulates the formation and matura-
tion of autophagosomes [64-66]. Atg7 and LC3B are
markers of autophagosome formation [67, 68]. LC3B is

involved in the recruitment of p62 to autophagosomes [69],
which is eventually degraded, and the protein level of p62
decreases [70]. The electron microscopy results of skeletal
muscle mitochondria in the present study provide direct
evidence of mitophagy in the DDP group manifesting in-
creasing swollen, vacuolar damaged mitochondria, which
were surrounded by the double membrane phagophore
structure forming the autophagosomes. YFS] treatment
reduced the accidence of mitophagy and damage caused by
DDP. In order to strengthen the evidence, mitophagy-re-
lated proteins were detected in this study. The results showed
that YFSJ could reverse the expression level of DDP-induced
mitochondrial autophagy-related proteins. Proper regula-
tion of mitophagy is essential for normal cellular and
physiological function [71]. However, excessive mitophagy
can trigger cell death [72]. Skeletal muscle cells were also
observed under the microscope. DDP induced severe
damage such as twisted, broken, and irregular arrangements
of muscle fibers and even apoptosis in the muscle tissue.
Because in the process of mitochondrial autophagy, apo-
ptotic factors (such as cyto. C) are released, which further
activate Caspase-9 and Caspase-3 [73-77], ultimately
transmitting the death signal to the downstream molecules,
such as PARP [78], reducing the stability of DNA, to pro-
mote apoptosis. At the same time, ROS can also promote the
release of cyto. C from mitochondria, leading to the oc-
currence of apoptosis [79]. In the present study, the results
obtained from western blot revealed that the DDP group
exhibited increased protein expression levels of cyto. C,
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FIGURE 4: The effects of YFS] on xenografts in mice. (a) The condition of the tumor: (i). The volume of the tumor, #n = 10; (ii) representative
image pictures of the tumor; (iii) weight of tumor in mice, n=10. Indicators of oxidative stress in tumor tissues: (b) the relative con-
centrations of ROS in tumor tissues; (c) the SOD concentrations in tumor tissues; (d) the MDA concentrations in tumor tissues. Apoptosis-
related proteins in tumor tissues: (e) western blotting bands of apoptosis-related proteins; (f) relative expression levels of apoptosis-related
proteins. Autophagy-related proteins in tumor tissues: (g) western blotting bands of autophagy-related proteins; (h) relative expression
levels of autophagy-related proteins. The data are presented as the means + SD of triplicate experiments, n = 3, unless otherwise specified.
*p<0.05, ¥p<0.01, **p <0.001 compared with the TC group. **p < 0.01, ¥**p <0.001 compared with the DDP group.

c-Casp 9, c-Casp 3, and c-PARP in skeletal muscle tissues of
mice, which were consistent with the results of the TUNEL
staining assay. However, YFS] can obviously reverse this
phenomenon caused by DDP. To sum up, YFS] treatment
decreased oxidative stress, inhibited the activation of the
AMPK/mTOR pathway, decreased protein expression levels
of Beclinl and other autophagy-related proteins, and at-
tenuated the activation of cyto. C, c-Casp 9, and other
apoptosis-related proteins in skeletal muscle tissues by DDP.
These results revealed that YFS] might reduce skeletal
muscle apoptosis by alleviating oxidative stress-mediated
mitophagy for the inhibitory effect on CRF.

Previous studies proved that promoting ROS produc-
tion is the most critical pathway chemotherapy follows in
cancer elimination [80, 81]. By increasing ROS concen-
trations (which may be associated with some components
of YFSJ, such as Quercetin and Oleanolic acid [82, 83]),
patients have high overall survival and a good prognosis as
ROS overgeneration enhances DDP sensitivity and apo-
ptosis induction [84]. In tumor cells, increased ROS con-
tent activates the JNK/p53 pathway, increasing Bax
expression. Bax is a proapoptotic protein, and the increase
of Bax will activate Casp3, and C-Casp3 will further pro-
mote PARP cleavage, which will reduce the stability of
double-stranded DNA and eventually lead to apoptosis
[85]. Meanwhile, the activation of p53 promotes the ex-
pression of DAPK1 [86], which further promotes the ex-
pression of Beclinl [87], a key autophagy factor, and
ultimately leads to autophagy in tumor cells. Similar results
were observed in our study; YFS] enhanced DDP sensitivity
by promoting ROS and MDA production, decreasing the
SOD concentrations, and activating the cell apoptosis and
autophagy in the tumor tissues of mice. It was also found
that YFS] reduced the loss of body weight caused by DDP,
ascended the serum levels of ALT, AST, and CREA, in-
creased the spleen index, and prolonged the survival time of
mice. In conclusion, YJS] can specifically increase the ROS

content of tumor cells and increase chemotherapy sensi-
tivity. So, YFES] can alleviate the hepatorenal toxicity and
immunosuppression caused by DDP. Our results showed
that YFS] can inhibit tumor growth and improve the quality
of life of patients.

In this study, we found an interesting phenomenon:
YFES] administration decreased the ROS concentrations in
the muscle tissue but increased them in the tumor tissue.
However, they were enhanced in whatever tissues after
DDP treatment. In the tumor microenvironment of cancer
cells, low to moderate levels of cellular ROS are produced to
regulate cell signaling and promote cell proliferation [88],
as one of the unique characteristics of cancer [89]. The
persistent mild elevated level of ROS can provide metabolic
reprogramming to deal with the stress induced by cancer
therapies and even enhance tumor resistance [90]. How-
ever, unlike tumor tissue, skeletal muscle tissue typically
has good blood oxygen content and is prone to produce
excessive ROS under the cancer therapy’s stress [91]. In
addition to some of the components mentioned, as a
traditional Chinese medicinal formula based on the con-
cept of holism, YFS] is often used to adjust the macroscopic
state of the human body not only to resolve the masses to
reduce the solid tumor but also tonify qi (vital energy) and
improve the blood circulation. These effects of YFSJ can
improve the nutritional status of the human body under
DDP chemotherapy. Studies have confirmed that poor
nutritional status can lead to excessive ROS production in
mitochondria and activate autophagy [92, 93]. On the other
hand, improving nutritional status may improve the body’s
ability to recognize tumors and break the relatively stable
tumor microenvironment. Based on these functions, we
assume that YFS] might break the relatively stable hypoxic
microenvironment of tumor tissue and promote ROS
overgeneration to enhance DDP sensitivity. At the same
time, improved blood circulation could accelerate the
elimination of the excessive ROS produced by skeletal
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muscle cells due to stress. Further experiments will be
carried out on this hypothesis in the future. This study was
conducted only in vivo experiments but not in vitro ver-
ification. We will carry out in vitro verification experiments
based on the results of this experiment in the future.

The hypothetical mechanism by which YFS] alleviates
CRF by reducing oxidative stress levels in skeletal muscle
cells is shown in Figure 6. The hypothetical mechanism of
YFS] inhibiting tumor growth by increasing the ROS content
of tumor cells to enhance chemotherapy sensitivity is shown
in Figure 7. In conclusion, YFS] specifically regulates ROS
concentration in different tissues to reduce skeletal muscle
injury and inhibit tumor growth and is directly and closely
related to CRF treatment.

5. Conclusions

In this study, all results demonstrated that YFSJ could al-
leviate CRF by reducing mitophagy and apoptosis due to
reducing oxidative stress of skeletal muscle. These results
also displayed the effects of YFS] on enhancing chemo-
therapy sensitivity, improving quality of life, and prolonging
survival time in lung cancer mice who received DDP
chemotherapy.
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Objective. The side effects of chemotherapy as a treatment of liver cancer cannot be ignored. Grain-sized moxibustion, a
characteristic external therapy, has been shown to reduce the toxic and side effects of chemotherapy and regulate the immune
function. The purpose of this study was to explore the synergistic antitumor activity of grain-sized moxibustion combined with
cyclophosphamide (CTX). Methods. A hepatoma 1-6 (Hepal-6)-bearing mouse model was established by injecting mice with
Hepal-6 cancer cells. CTX and grain-sized moxibustion on Dazhui (DU14), Zusanli (ST36), and Sanyinjiao (SP6) were used for
treatment, and mouse survival status, body weight, and tumor growth, weight, and volume were measured. White blood cells
(WBCs) and bone marrow nucleated cells (BMNCs) were quantified. The spleens and livers of Hepal-6-bearing mice were
pathologically examined and scored. Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels were
measured with enzyme-linked immunosorbent assay (ELISA) kits, and protein and mRNA expression levels of Ki67 and
proliferating cell nuclear antigen (PCNA) in tumor tissues were measured with immunohistochemistry and real-time quantitative
polymerase chain reaction (RT-qPCR) techniques. Results. Both grain-sized moxibustion and CTX could restrain the growth of
Hepal-6 tumors, reducing both tumor volume and weight; the combined treatment had a greater effect. Grain-sized moxibustion
down-regulated the expression of proliferation genes Ki67 and PCNA, weakened the proliferation ability of Hepal-6 tumor cells,
inhibited tumor growth, and enhanced the antitumor effect of CTX. In addition, grain-sized moxibustion significantly improved
the signs of CTX-induced toxicity (including weight loss, leukopenia, bone marrow suppression, and hepatotoxicity), down-
regulated serum AST and ALT levels, reduced spleen and liver inflammation, and improved liver and spleen indices. Conclusion.
Grain-sized moxibustion can synergize with CTX to enhance the antitumor effect of CTX and alleviate its toxic and side effects. It

may be a promising adjuvant therapy to chemotherapy.

1. Introduction

Hepatocellular carcinoma is one of the most common
malignant tumors worldwide, with rapid progression and
high mortality [1, 2]. In the clinic, chemotherapy is still an
important treatment for inoperable liver cancer or post-
operative recurrence of liver cancer [3, 4]. Cyclophospha-
mide (CTX), as an alkylating agent that selectively targets
tumor cells, is significant in the treatment of malignant
tumors through releasing nitrogen from phosphoramidase
to inhibit liver cancer [5].

Although CTX inhibits tumor cells, it also causes certain
damage to normal cells. One example of this damage is the
inhibition of myeloid cell differentiation, resulting in de-
creased blood cells, damage to immune cells, and a decrease in
body immune resistance [6-8]. Therefore, chemotherapy is of
vital importance to treat malignant tumors, but its side effects
are still a medical problem. It is necessary to find new che-
motherapy adjuvant therapies or drugs that reduce toxicity
and enhance antitumor activity to achieve better efficacy.

Grain-sized moxibustion, a characteristic external
therapy, can directly stimulate specific acupoints to treat
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diseases through the photothermal stimulation of specific
acupoints in a short period of time. It plays the roles of
dredging the meridians, regulating qi and blood, strength-
ening the body, and eliminating the pathogens [9, 10]. In
terms of adjuvant chemotherapy in the treatment of ma-
lignant tumors, reports on moxibustion can be traced back
to the 1970s. For example, many clinical studies have shown
that moxibustion can treat leukopenia [11]. Subsequently,
we carried out the screening of moxibustion and acupoint
prescriptions and conducted relevant basic experimental
research [12]. Based on the above, this study aimed to de-
termine whether grain-sized moxibustion can reduce the
toxic and side effects of CTX and explored whether it can
synergistically inhibit the liver cancer.

Thus, this study investigated the effect of grain-sized
moxibustion alone or in combination with CTX on the
hepatoma 1-6 (Hepal-6)-bearing mouse model to evaluate
the antitumor activity of grain-sized moxibustion in vivo in
an effort to identify potential clinical treatment options.

2. Materials and Methods

2.1. Animals. Forty healthy and clean C57BL/6] male mice
(4-6 weeks old, body weight 16-18 g, n = 40) were purchased
from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China) (Animal laboratory license number:
SCXK Beijing 2016-0006).

All the mice were raised in the Key Laboratory of the
First Affiliated Hospital of Zhengzhou University, with a
light-dark cycle of 12/12 hours, an ambient temperature of
22-25°C, a humidity of 45+10%, and free feeding and
drinking. In addition, all operations on mice were autho-
rized according to ethical regulations and the Animal Care
Ethics Committee of Shanxi University of Chinese Medicine
(License number: 2019DW233).

2.2. Cell Culture. Hepal-6 cells were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China)
and cultured in Dulbecco’s modified Eagle medium
(DMEM; Gibco, USA) containing 10% fetal bovine serum
(FBS; Gibco, USA) and 1% penicillin/streptomycin (Gibco,
USA) at 37 °C in a 5% CO, humid environment.

After the frozen Hepal-6 cells were removed from liquid
nitrogen, they were continuously shaken in a 37°C water
bath to promote their thawing. They were next moved into a
15mL centrifuge tube and 10mL preheated complete
DMEM medium was added. The cells were gently blown into
a suspension and centrifuged at 2000 rpm for 2 minutes and
the supernatant was discarded. Ten milliliters DMEM were
added to wash the pellet and the supernatant was discarded.
Ten milliliters complete DMEM were added to the cells,
which were gently blown into a suspension and cultured in a
5% CO, cell incubator. When the cell density of Hepal-6
cells reached 80-90%, the medium was removed and the
cells were washed twice with 10mL phosphate-buffered
saline (PBS). Three milliliters trypsin containing 0.25%
ethylenediaminetetraacetic acid (EDTA) was added to the
cell culture flask for 3 minutes. One milliliter complete
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DMEM was added to stop trypsin digestion and the cells
were transferred to a 15 mL centrifuge tube. Ten milliliters
complete DMEM were added to a clean cell culture plate.
The cells transferred to the 15mL centrifuge tube were
centrifuged at 2000 rpm for 2 minutes and the supernatant
was discarded. Ten milliliters PBS were added to create the
cell suspension and 10 pl of the suspension was removed for
counting cells using the cell counting plate. The cells were
plated according to 3 x 10° cells/mL inoculation.

2.3. Model Establishment and Treatment. After a week of
adaptation, all mice were randomly divided into four groups
(n=10 each), which included the control group (C), grain-
sized moxibustion group (G), CTX group (T), and grain-
sized moxibustion plus CTX group (GT). The density of the
Hepal-6 tumor cells was adjusted to 3 x 10° cells/mL [13],
and 0.2mL was extracted and inoculated subcutaneously
into right armpit of C57BL/6 mice to establish the Hepal-6-
bearing mouse model [14]. As seen in in Figure 1(a), five
days after injection tumors were palpable (approximately
50 mm® in size). Hepal-6-bearing mice in the T and the GT
groups were administered CTX (Baxter Oncology GmbH,
Germany, Approval number: 9L353 A) at 30 mg/kg by in-
traperitoneal injection on the 6™, 7™ and 8th day [15],
whereas mice in the C group were administered an equiv-
alent volume (0.2mL) 0.9% sodium chloride by intraperi-
toneal injection [16]. From day 6 to day 15, mice in the G and
GT groups were treated with grain-sized moxibustion upon
three chosen acupoints (Figure 1(a)): Dazhui (DU14, uni-
lateral), Zusanli (ST36, bilateral), and Sanyinjiao (SP6, bi-
lateral). Five moxa cones were placed at each acupoint once a
day (the G and the GT groups were treated with grain-sized
moxibustion at the same time every day). The size and
operation methods of the grain-sized moxibustion were as
follows [17-19]: after the mice were immobilized, the
moxibustion acupoints were depilated. The moxa velvet
(Nanyang Kangaiduo Wormwood Products Co., Ltd.
Nanyang, Henan, China) was made into a moxa cone the
size of a grain of wheat (about 0.5 g/grain), which was placed
to burn on the acupoint where the petroleum jelly (Vaseline,
Unilever, London, United Kingdom) was applied. When the
moxa cone burned to 3/4, the remaining moxa cone was
quickly removed with tweezers. The next one was then lit.

On day 16, mice in each group were weighed and
anesthetized with ether, and blood samples were drawn from
the medial canthus of each mouse. After mice were sacrificed
with cervical dislocation, the tumor, spleen, and liver tissues
were collected under sterile conditions. The residual blood
was then removed with filter paper and accurately weighed.
The visceral index, tumor volume, and tumor inhibition rate
were calculated. The formulas were as follows: visceral
index=organ weight/body weight, tumor volume
(mm?) = (length x width?)/2 [20], and tumor inhibition rate
(%) = (average tumor mass in the control group—average
tumor mass in the treatment group)/average tumor mass of
the control group x 100% [21].

The body weights of mice in each group were measured
at 9:00 a.m. on days 3, 6, 9, 12, and 15 of the experiment. The
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FIGURE 1: Schematic diagram of the experimental procedure and mouse acupoints. (a) Flowchart of experimental interventions. a. Cy-
clophosphamide (CTX), (b) Grain-sized moxibustion, c. Body weight, state score of survival, tumor volume, white blood cell (WBC). The
Hepal-6-bearing mice in the T and GT groups were treated with CTX on days 6, 7, and 8. The tumor-bearing mice in the G and the GT
groups were treated with moxibustion on days 6-15 (once a day). The tumor volume, state of survival, and WBCs were measured on days 3,
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Sanyinjiao SP6, red arrow) in Hepal-6-bearing mice. c. Control group; g. grain-sized moxibustion group; T: CTX group, GT: grain-sized

moxibustion plus CTX group.

survival status of each mouse was observed and scored.
Survival status scores are shown in Table S1 [22].

2.4. Biochemical and Hematological Analysis. On the 3rd,
6th, 9th, 12th, and 15th days of the experiment, the tail
vein blood of each tumor-bearing mouse was drawn to
observe the changes in the number of white blood cells
(WBCs). After treatment, blood was collected from the
intraocular canthus of the Hepal-6-bearing mice and put
into an EDTA anticoagulation tube. Serum alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) levels of Hepal-6-bearing mice in each group were
determined by enzyme-linked immunosorbent assay
(ELISA) kits (AST 13320-1-AP, ALT 16757-1-AP; Pro-
teintech, USA). In addition, the right femurs of Hepal-6-
bearing mice in each group were taken, and the bone
marrow cavity of each femur was repeatedly washed with
PBS buffer until it turned white. The bone marrow cell
suspension was resuspended, and the number of bone
marrow nucleated cells (BMNCs) was counted using a
light microscope (CX33; Olympus, Tokyo, Japan) after
lysis of the red blood cells.

2.5. Histological Analysis. Formalin-fixed spleen and liver
tissues were dehydrated in graded ethanol solutions,
transparent in xylene, immersed in paraffin, and then em-
bedded in conventional paraffin to make wax blocks. The
tissue wax blocks were cut into tissue slices 3-5 ym thick and
then adhered to the tissue sections. They were dewaxed in
xylene, rehydrated in gradient alcohol, immersed in he-
matoxylin (H) for 3 minutes, differentiated, returned to blue,
and washed with pure water. Eosin (E) was added dropwise
for 20s; the tissue was washed with pure water, dehydrated
with graded ethanol solutions, cleared in xylene for
10 minutes, and sealed with neutral gum. Pathological
changes were observed using a light microscope (CX33;
Olympus, Tokyo, Japan). The pathology scores are as shown
in Tables S2 and S3 [23, 24].

2.6. Immunohistochemistry to Detect Ki67 and PCNA Protein
Expression. The tumor tissues were fixed with 4% para-
formaldehyde and then made into paraffin blocks. Subse-
quently, the tissue wax block was cut into tissue sections with
a thickness of about 5um, dewaxed, and rehydrated with
pure water for washing. Sodium citrate (pH 6.0) was used for



microwave antigen retrieval at 98°C. The sections were then
cooled down to room temperature, incubated in 3% hy-
drogen peroxide solution for 10 minutes, and blocked with
3% bovine serum albumin (BSA) for 50 minutes. The tumor
tissue sections were individually incubated with 50 uL pri-
mary antibodies (1 :500 anti-Ki67 antibodies, 1:1,000 anti-
PCNA antibodies; Wuhan Servicebio Biotechnology Co.,
Ltd. Wuhan, China) overnight at 4°C. The next day the
tumor tissue sections were incubated with 50 uL. HRP-la-
beled secondary antibody (goat anti-rabbit IgG, 1:200;
Wuhan Servicebio Biotechnology Co., Ltd. Wuhan, China)
for 50 minutes at room temperature, washed with PBS three
times for 10 min each, and subsequently incubated with
diaminobenzidine for color development. After the nuclei
were stained with hematoxylin, the sections were dehy-
drated, cleared, and mounted with neutral gum. Immuno-
histochemistry of the tumor tissues was observed using a
light microscope (CX33; Olympus, Tokyo, Japan). Images
were captured using a microscope, and PCNA and Ki67
expression were evaluated by counting the number of
positive cells from three randomly selected fields in the
residual viable tumor tissue among the necrotic areas using a
light microscope at magnifications of 200x and 400x. Digital
images were then analyzed with Image ] to evaluate the
percentage of positive area for all antibodies used in the
immunohistochemistry analyses [25, 26].

2.7. Real-Time Quantitative Polymerase Chain Reaction (RT-
qPCR) to Detect Ki67 and PCNA mRNA Expression. After the
tumor tissues were fully crushed, the total RNA of tumor
tissue was extracted with a Trizol kit (Wuhan Servicebio
Biotechnology Co., Ltd. Wuhan, China), and its concen-
tration and purity were detected with a UV-Vis spectro-
photometer (ES-2, Malcom, Tokyo, Japan). The reverse
transcription kit synthesized cDNA from the RNA. Primer
design and synthesis were completed by Shanghai Bioen-
gineering Co., Ltd. Total mRNA was used as a template for
reverse transcription into cDNA for real-time fluorescence
quantitative PCR amplification in a 20 yL system. The re-
action system was as follows: 1 yL qPCR primer, 1 4L cDNA
product, and 10 yL SYBR Green qPCR Master Mix (2x).
Amplification conditions: pre-denaturation 95°C for 10 min
followed by 40 cycles of 95°C for 15 and 60°C for 60s. The
melting curve is completed at 60°C for 95°C, and the tem-
perature was increased by 0.3°C every 15 s. Glyceraldehyde-
3-phosphate dehydrogenase was used as an endogenous
reference, and the 27**“" method was used to analyze and
calculate the relative expression of the target gene. The
primer sequences are shown in Table S4.

2.8. Statistical Analysis. All data were entered into SPSS 25.0
software (IBM SPSS Inc., Chicago, IL, USA) for analytical
processing and testing for homogeneity of variance and
normality. All data were expressed as mean + SD. P <0.05
was considered statistically significant. One-way analysis of
variance was used for eligible groups of three or more. If the
variances were unequal, Dunnett’s T3 method was used. If
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the data did not conform to a non-normal distribution, the
nonparametric Kruskal-Wallis test was used.

3. Results

3.1. The Effect of Grain-Sized Moxibustion Combined with
CTX on Tumor Growth in Hepal-6-Bearing Mice. To observe
whether grain-sized moxibustion can heighten the antitu-
mor effect of CTX, we evaluated changes in body weight,
survival status, and tumor growth curves in Hepal-6 bearing
mice treated with grain-sized moxibustion, CTX, and grain-
sized moxibustion combined with CTX. As shown in
Figure 2(a) and 2(b), the survival status of Hepal-6-bearing
mice in each group was higher before the intervention; the
difference was not statistically significant. However, survival
status of the Hepal-6-bearing mice in the T and GT groups
deteriorated significantly on the 9th day compared with that
of the C group (P < 0.01 and P < 0.05, respectively). The body
weight of the Hepal-6-bearing mice in the T group was also
greatly reduced (P < 0.01), which may be due to the toxicity
of CTX. On day 12, the Hepal-6-bearing mice in group C
had a slow weight gain and poor survival status, which may
be due to cachexia. Compared with the C group, the body
weight of Hepal-6-bearing mice in the G group was sig-
nificantly higher (P <0.01) and the survival status was
improved, whereas the weight of Hepal-6-bearing mice in
the T and GT groups was significantly lower (P <0.001 and
P <0.01, respectively). Compared with the T group, survival
status of the Hepal-6-bearing mice in the GT group was
significantly higher (P < 0.05). On the 15th day, the weight of
Hepal-6-bearing mice in the G group was significantly
higher compared with the C group (P < 0.001). The survival
status was significantly improved (P <0.05), whereas the
weight of Hepal-6-bearing mice in the Tand GT groups was
significantly lower (P <0.001 and P <0.05, respectively),
especially in the T group. The survival status of the Hepal-6-
bearing mice was significantly lower compared to C group
(P <0.001). Compared with the T group, the weight of the
Hepal-6-bearing mice in the GT group was significantly
higher (P <0.01) and the survival status also significantly
improved (P <0.001). In addition, the difference in tumor
volume of the Hepal-6-bearing mice in each group (5 days
after tumor cell transplantation) was not statistically sig-
nificant. As shown in Figure 2(c), on day 12 (1 week after
intervention, 2 weeks after tumor cell transplantation),
compared with group C, the tumor volume of Hepal-6
tumor-bearing mice in group T and GT decreased signifi-
cantly (P<0.01 and P <0.001, respectively). On the 15th
day, the tumor volume of the Hepal-6-bearing mice in the G
group was lower than that in the C group, but the difference
was not statistically significant. The tumor volume of the
Hepal-6-bearing mice in the T group and the GT group was
significantly lower than that in the C group (both P <0.001).
It is worth noting that Hepal-6-bearing mice in the GT
group experienced a stronger inhibitory effect on the tumor
growth than did the T group, and the tumor volume was
significantly lower than that in the C group (P <0.05).
Similar results were observed in images of tumors and tumor
weights of mice on day 16 (Figures 2(d) and 2(e)). In
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FIGURE 2: The effect of grain-sized moxibustion combined with CTX on tumor growth in Hepal-6-bearing mice. (a) Body weight (days 6, 9,
12, and 15). (b) State score of survival (days 6, 9, 12, and 15). (c) Tumor volume (days 6, 9, 12, and 15). (d) Tumor weight. (e) Tumor
photograph. All values are presented as means + SD (n =10). Notes: *P < 0.05, **P < 0.01, ***P < 0.001 vs. C group; P<0.05"P<0.01vs. T
group. C: control group; G: grain-sized moxibustion group; T: CTX group; GT: grain-sized moxibustion plus CTX group.

addition, the tumor inhibition rate in group G was 23.9%, in
group T was 45.9%, and in group GT was 67.1%, indicating
that grain-sized moxibustion could heighten the antitumor
effect of CTX.

3.2. The Effect of Grain-Sized Moxibustion in Combination
with CTX on Spleen and Liver Tissue of Hepal-6-Bearing Mice.
To determine whether grain-sized moxibustion combined
with CTX affects the spleen and liver weights in Hepal-6-
bearing mice, spleen and liver indices were calculated. As
shown in Figure 3(c), the spleen index of the mice in the G
group was higher than that of the C group, but there was no
statistical significance. The spleen index of the mice in the T
group and the GT group was significantly lower than that of
the C group (P <0.001 and P <0.01, respectively). Com-
pared with the T group, the spleen index of the GT group was
significantly higher (P <0.05). It is worth noting that the
differences in the liver indices among the four groups were
not significant, suggesting that the grain-sized moxibustion
combined with CTX may have little influence on liver
weight.

Next, to further explore whether the grain-sized mox-
ibustion can improve the organ damage caused by CTX in
Hepal-6-bearing mice, H&E staining was performed on the
spleens and livers of Hepal-6-bearing mice in each group.
Pathomorphological changes were observed (100x, 400x), and
inflammation scores were recorded.

See Figure 3(a) shows a histological micrograph of the
spleen. In group C, a clear boundary between the red and
white pulp was observed and the cells were neat and dense. A
clear boundary between the red and white pulp was also
observed in the G group. The density of periarteriolar
lymphoid sheath (PALS) and lymphoid nodule (LN) cells
was not significantly different than that of group C. In the T
group, the boundary between red and white pulp was un-
clear and the density of PALS and LN cells increased
(P <0.01 and P <0.05, respectively). However, cells in the
GT group were denser than those in the T group and the
boundary of the red pulp and the white pulp was clearer. This
indicated that grain-sized moxibustion could reduce the
density of cells in the PALS and the proliferation of LN cells,
suggesting that grain-sized moxibustion could reduce CTX-
induced spleen damage in Hepal-6-bearing mice.

See Figure 3(f) shows microscopic pictures of liver
histology. In the C group, the structures of hepatocyte nuclei
were clear and the cell infiltration was low. The nuclei of
hepatocytes in the G group were clearly displayed. There was
no obvious abnormal change in the cell structure. In
comparison to group C, hepatocytes in group T were se-
verely degenerated and swollen, cell boundaries were blurred
or even absent, inflammatory cells infiltrated around the
central vein, and the cellular inflammation was distinct
(P <0.05). Compared with the T group, the hepatocyte
structures of the GT group were different and the degree of
cell necrosis and inflammation was milder, but the difference
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FIGURE 3: The effect of grain-sized moxibustion combined with CTX on spleen and liver tissue of Hepal-6-bearing mice. (a) H and E
staining of the spleen (x100, x400). (b) Spleen photograph. (c) Spleen index. (d) Inflammatory score of periarteriolar lymphoid sheath
(PALS). (e) Inflammatory score of lymphoid nodule (LN). (f) H&E staining of the liver (x100, x400). (g) Liver photograph. (h) Liver index.
(i) Inflammatory score of liver. All values are presented as means + SD (n =10). PALS as yellow arrow), LN as green arrow, and Hepatocyte
as black arrow. Notes: *P <0.05, **P <0.01, ***P < 0.001 vs. C group; P<0.05 *P<0.01vs. T group. C: control group; G: grain-sized
moxibustion group; T: CTX group; GT: grain-sized moxibustion plus CTX group.

was not statistically significant. The results suggest that
grain-sized moxibustion could alleviate the pathological
changes of liver tissues caused by CTX. Changes in liver
structures may be caused by the toxicity of CTX rather than
moxibustion. Notably, the infiltration of inflammatory cells
in the C group may be induced by Hepal-6 cancer cells.

3.3. The Effect of Grain-Sized Moxibustion in Combination
with CTX on Blood and Biochemical/Hematological (or Cel-
lular) Indexes in Hepal-6-Bearing Mice. Biochemical indi-
cators are important biological indicators to characterize the
experimental animals [27]. In comparison to those in group
C, serum ALT and AST levels in group G were significantly
lower (P <0.05 and P < 0.01, respectively) (Figures 4(a) and
4(b)). Serum ALT and AST levels in the T group were
significantly higher than those of group C (both P <0.001).
In the GT group, serum ALT levels were significantly higher
than those of group C (P <0.01), whereas serum AST levels
were higher but not statistically significant. Compared with
those in the T group, serum AST levels in the GT group were
significantly lower (P < 0.01). Serum ALT levels were lower
but not statistically significant. These results indicate that
grain-sized moxibustion could significantly improve the
liver injury caused by CTX, which was consistent with the
results of liver inflammation scoring.

As shown in Figure 4(d), the numbers of WBCs in
groups T and GT were significantly lower than those in
group C on the 9th day (both P <0.001). Compared with
those in the T group, the numbers of WBCs in the GT group
were significantly higher (P <0.01). On the 12th day, the
numbers of WBCs in groups T and GT were significantly
lower than those in group C (both P <0.001). In comparison
to those in group T, the numbers of WBCs in group GT were
significantly higher (P <0.05). On day 15, the numbers of
WBCs in group T were significantly lower in comparison to
group C (P <0.001). Compared with those in the T group,
the numbers of WBCs in the GT group were significantly
higher (P <0.05). Notably, the number of WBCs in the T

group increased slowly after day 9, indicating that the in-
hibitory effect of CTX on WBCs may be short-lived. In
addition, we measured the number of BMNCs in Hepal-6-
bearing mice. The results showed that the number of
BMNC:s in the G group was higher than that of the C group,
but not statistically significant, whereas the numbers of
BMNCs in the T and GT groups were significantly lower
(P<0.01 and P <0.001, respectively). Compared with those
of the T group, the number of BMNCs in GT group was
significantly higher (P <0.05). These findings indicate that
grain-sized moxibustion could improve bone marrow
suppression induced by CTX.

3.4. The Effect of Grain-Sized Moxibustion in Combination
with CTX on Tumor Cell Proliferation in Hepal-6-Bearing
Mice. To assess the proliferative activity of tumor cells and
observe whether the inhibitory effect of grain-sized mox-
ibustion combined with CTX on tumor growth in mice is
related to the proliferation genes Ki67 and PCNA, we
performed immunohistochemical analysis of tumor prolif-
eration activity. Compared with those in the C group, the
numbers of Ki67-and PCNA-positive cells in tumor tissues
of the G, T, and GT groups were lower (Figures 5(a) and
5(b)) and the Ki67 and PCNA protein expression levels were
significantly lower (all P <0.001). Compared with those in
group T, the number of Ki67-and PCNA-positive cells in
tumor tissues of group GT was lower and the Ki67 and
PCNA protein expression levels were significantly lower
(both P <0.001).

Based on the above results, we carried out RT-qPCR
analysis to further clarify the mechanism of grain-sized
moxibustion combined with CTX in vivo. As shown in
Figures 5(c) and 5(d), the relative mRNA expression levels of
Ki67 and PCNA in group G were significantly lower after
treatment with grain-sized moxibustion in comparison to
those in group C (P <0.01 and P <0.05, respectively). The
relative mRNA expression levels of Ki67 and PCNA in the T
and GT groups were significantly lower than those of group
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FIGURE 4: The effect of grain-sized moxibustion combined with CTX on hematological and biochemical indexes of Hepal-6-bearing mice.
(a) ALT: alanine aminotransferase. (b) AST: aspartate transaminase. (c) BMNCs: bone marrow nucleated cells. (d) WBCs: white blood cells
(days 6, 9, 12, and 15). All values are presented as means + SD (n=10). Notes: *P <0.05, **P <0.01, ***P < 0.001 vs. C group; *P<0.05,
*P<0.01 vs. T group. C: control group; G: grain-sized moxibustion group; T: CTX group, GT: grain-sized moxibustion plus CTX group.

C (all P<0.001). However, the relative mRNA expression
levels of Ki67 in the GT group were significantly lower
compared with those of the T group (P <0.01); the relative
mRNA expression levels of PCNA were lower, but it had no
statistical significance. These results suggest that grain-sized
moxibustion inhibited tumor growth by down-regulating
the expression of proliferation genes Ki67 and PCNA,
consistent with the results of immunohistochemical analysis.
Likewise, the combined application of grain-sized mox-
ibustion and CTX could enhance the antitumor effects,
inhibit the proliferation of tumor cells, and exert a syner-
gistic effect.

4. Discussion

This study evaluated the effect of grain-sized moxibustion
and CTX on tumor growth, weight, volume, and inhibition
rate. The body weight and survival status of Hepal-6-bearing
mice were significantly decreased after CTX treatment.
However, after treatment with grain-sized moxibustion, the
weight and survival status of Hepal-6-bearing mice in the
GT group were significantly higher than those in the T group.
Furthermore, the results showed that both grain-sized
moxibustion and CTX could effectively inhibit tumor
growth.

The combined use of grain-sized moxibustion and CTX
had a synergistic effect, which could significantly increase

the tumor inhibition rate. CTX is one of the most effective
and widely used drugs in the synthesis of many chemo-
therapeutic drugs. It works mainly through the replacement
of nitrogen mustard methyl groups with CTX rings to form
intra- and inter-strand DNA cross-links, thereby interfering
with DNA replication and inhibiting tumor growth [28, 29].
Compared with other therapies, grain moxibustion has
unique advantages in treating cancer [30, 31]. In recent
years, relevant basic research and clinical trials have shown
that moxibustion can increase the number of lymphocytes
and their subsets, activate natural killer cells, and stimulate
the activity of cytokines (e. g., interleukin (IL)-1 and IL-2) to
improve the body’s immune response [32] and the survival
status of patients with cancer [33]. These findings are
consistent with our experimental results. At present, there is
no research on whether grain-sized moxibustion combined
with CTX has a synergistic effect on the treatment of tumors.
This study observed synergistic effects of grain-sized mox-
ibustion on Hepal-6-bearing mice and the effect of reducing
toxicity of chemotherapy drugs (e. g., CTX).

It is well known that the most common clinical adverse
reactions caused by CTX are leukopenia [34], bone marrow
suppression [35], and hepatotoxicity [36]. It also has a
certain impact on the hematopoietic system [37]. The he-
matopoietic system is one of the most sensitive targets of
toxic compounds and is often regarded as an important
parameter of physiological and pathological states in
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FiGure 5: The effect of grain-sized moxibustion combined with CTX on the proliferation of tumor cells in Hepal-6-bearing mice. (a)
Expression of Ki67 protein in tumor tissue. (b) Expression of PCNA protein in tumor tissue. (c) The relative expression of Ki67 mRNA in
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**P<0.01, ***P <0.001 vs. C group; “P <0.05, P < 0.01 vs. T group. C: control group; G: grain-sized moxibustion group; T: CTX group,

GT: grain-sized moxibustion plus CTX group.

humans and animals [38]. To study the relevant mechanism,
we observed the effect of grain-sized moxibustion and CTX
on WBCs and BMNCs and conducted related research. The
results showed that grain-sized moxibustion combined with
CTX could significantly increase the numbers of WBCs and
BMNCs compared with those of CTX alone and had a
certain protective effect on the hematopoietic system. Serum
ALT and AST are sensitive markers to detect whether liver
function is reduced, which can reflect different degrees of
liver damage [39]. Grain-sized moxibustion can significantly
reduce serum ALT and AST levels and alleviate CTX-in-
duced hepatotoxicity. Organ weight is one of the most
sensitive indicators of drug toxicity, and changes in organ

weights often precede morphological changes [10]. This
study found that grain-sized moxibustion could significantly
reduce the damage to the liver and spleen caused by CTX
and increase the liver and spleen indices. It has been re-
ported that the cancer usually occurs at sites of chronic
inflammation [40]. Moreover, inflammatory cells are also
involved in the formation of tumors and impair immunity.
Remarkably, the density of PALS cells in the spleen was
lower, the proliferation of LN was inhibited, and the de-
generation and swelling of hepatocytes were lower in the GT
group than in the C group. Grain-sized moxibustion could
significantly improve CTX-induced splenic lymphocyte
reduction and reduce liver inflammation, thereby improving
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the pathological changes of spleen and liver and exerting an
immunoregulatory effect. Overall, grain-sized moxibustion
combined with CTX could significantly improve the survival
status of Hepal-6-bearing mice, increase body weight, im-
prove symptoms such as leukopenia, myelosuppression, and
hepatotoxicity, reduce the organ inflammatory response,
and improve liver and spleen indices. These findings are
consistent with the research of some domestic scholars,
specifically that moxibustion could reduce the adverse re-
actions and damage to the body induced by chemotherapy
[41].

Ki67 is a nuclear protein associated with cellular pro-
liferation [42], and the quantity of nuclear staining cells is
associated with tumor stage and disease development [43].
PCNA is a protein involved in the replication and repair of
DNA and the adjustment of the cell cycle [44] and plays an
important role in DNA replication and maintaining gene
stability [45]. Ki67 and PCNA were shown to be strongly
expressed in stained cells in previous investigations, im-
plying that tumor cells were active and proliferated rapidly
[46]. Consequently, Ki67 and PCNA could reflect the
proliferative activity of tumor cells, suggesting their po-
tential status as prognostic indicators. In this study, Ki67 and
PCNA were greatly overexpressed in group C as shown by
many brown-yellow particles in the nucleus, indicating that
the tumor cells were in an active stage and a bad prognosis.
The expression levels of Ki67 and PCNA in the G and T
groups were significantly lower than those in the C group,
whereas the expression levels of Ki67 and PCNA in the GT
group were lower than those in the T group. The results of
immunohistochemistry and RT-qPCR confirmed those of
the other, indicating that the combination therapy could
enhance the antitumor activity accompanied by an im-
proved prognosis. Furthermore, our results showed that
grain-sized moxibustion could assist CTX in the inhibition
of tumor cell proliferation. The inhibitory effect is more
obvious with time and its survival time is predicted to be
prolonged, which may be the significance of grain-sized
moxibustion as adjuvant chemotherapy.

This study preliminarily investigated the effect of grain-
sized moxibustion on the antitumor effects of CTX in
Hepal-6-bearing mice and provided new insights into the
antitumor effects of grain-sized moxibustion and the re-
duction of the toxic and side effects of CTX. Nonetheless,
this study has limitations such as a short observation time
and small sample size. To further study the therapeutic
mechanism of grain-sized moxibustion, the effect of grain-
sized moxibustion on tumor cell apoptosis can be further
observed and studied by extending the course of treatment
and increasing the sample size. Hence, we anticipate that
relevant basic research and clinical follow-up studies will
improve our experimental conclusions.

5. Conclusion

The antitumor effect of grain-sized moxibustion combined
with CTX on Hepal-6-bearing mice is greater than that of
CTX alone. The mechanism by which grain-sized mox-
ibustion enhances the antitumor activity of CTX may
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include restraining tumor cell proliferation and reducing the
toxicity of CTX. Thus, grain-sized moxibustion may be a
promising external therapy for adjuvant chemotherapy.
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In consideration of the emergence of novel drug-resistant microbial strains and the increase in the incidences of various cancers
throughout the world, honey could be utilized as a great alternative source of potent bioactive compounds. In this context, this study
pioneers in reporting the phytochemical profiling and the antimicrobial, antioxidant, and anticancer properties of Acacia honey (AH)
from the Hail region of Saudi Arabia, assessed using in vitro and molecular docking approaches. The phytochemical profiling based on
high-resolution liquid chromatography-mass spectrometry (HR-LCMS) revealed eight compounds and three small peptide-like proteins
as the constituents. The honey samples exhibited promising antioxidant activities (DPPH-ICs = 0.670 mg/mL; ABTS-IC5, =1.056 mg/
mL; B-carotene-ICsy>5mg/mL). In the well-diffusion assay, a high mean growth inhibition zone (mGIZ) was observed against
Staphylococcus aureus (48.33 + 1.53 mm), Escherichia coli ATCC 10536 (38.33 + 1.53 mm), and Staphylococcus epidermidis ATCC 12228
(39.33 + 1.15 mm). The microdilution assay revealed that low concentrations of AH could inhibit the growth of almost all the evaluated
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bacterial and fungal strains, with the minimal bactericidal concentration values (MBCs) ranging from 75 mg/mL to 300 mg/mL. On the
contrary, high AH concentrations were required to kill the tested microorganisms, with the minimal bactericidal concentration values
(MBCs) ranging from approximately 300 mg/mL to over 600 mg/mL and the minimal fungicidal concentration values (MFCs) of
approximately 600 mg/mL. The AH exhibited effective anticancer activity in a dose-dependent manner against breast (MCF-7), colon
(HCT-116), and lung (A549) cancer cell lines, with the corresponding ICs, values of 5.053 ug/mL, 5.382 ug/mL, and 6.728 ug/mL,
respectively. The in silico investigation revealed that the observed antimicrobial, antioxidant, and anticancer activities of the constituent
compounds of AH are thermodynamically feasible, particularly those of the tripeptides (Asp-Trp-His and Trp-Arg-Ala) and ami-
nocyclitol glycoside. The overall results highlighted the potential of AH as a source of bioactive compounds with significant anti-
microbial, antioxidant, and anticancer activities, which could imply further pharmacological applications of AH.

1. Introduction

The emergence of novel drug-resistant microbial strains and
the high prevalence of various cancers have heavily burdened
the existing healthcare system. The main challenge is to dis-
cover novel therapeutic strategies. Complementary medicine
using natural products or their derivative phytochemicals could
serve as a great alternative for overcoming these healthcare-
related concerns, and honey could be an interesting choice in
this regard [1]. Honey and its products have been valorized for
their high nutritional value and medicinal properties for a long
time. Owing to its therapeutic value, honey is used as an es-
sential ingredient in several formulations of folk medicine. The
diversity of the specific phytochemical compositions of honey
could provide valuable bioactive molecules to be used in the
treatment of various cancers and infections with drug-resistant
bacterial strains. Certain highly antioxidant and bioactive
constituent molecules in honey have been reported to exhibit
prominent therapeutic results against several forms of cancers.
So far, over 200 constituent compounds have been reported in
honey. This complexity of honey could explain its antimicrobial
and anticancer activities and its capacity to modulate oxidative
stress. The most common bioactive compounds reported in
honey, which are considered responsible for its anticancer
activity, are flavonoids and phenolic acids [2]. These com-
pounds exhibit several mechanisms for anticancer activity,
including apoptosis, inhibition of the tumor necrosis factor,
and antiproliferative, immunomodulatory, and anti-inflam-
matory effects [2]. Honey samples derived from several regions
have been investigated for their antioxidant, antimicrobial, and
anticancer activities, with different results reported for different
subtypes and various floral and geographical origins of honey
[3]. The various kinds of honey derived from Saudi Arabia have
been particularly highlighted for their interesting displays of
biological activity [4-7]. In the Kingdom of Saudi Arabia,
beekeeping constitutes an important economic activity, with
several varieties of honey produced as this region has abundant
natural flora most suitable for beekeeping. Talh or Acacia is the
dominant bee plant in this region. This plant belongs to the
subfamily Mimosoideae under the family Fabaceae, which
comprises several species, including Acacia albida, Acacia asak,
Acacia ehrenbergiana, Acacia etbaica, Acacia johnwoodii,
Acacia oerfota, and Acacia tortilis [8].

Acacia honey (AH) is quite popular in Saudi Arabia owing
to its nutritional value and medicinal properties. The com-
position and properties of AH mainly depend on the geo-
graphical and floral origin of the honey and also on the

environmental factors, including seasons. Several studies have
highlighted that the chemical composition of honey may even
vary with climatic conditions and soil composition [9]. Recent
studies revealed that honey samples obtained from different
altitudes in the same region exhibited different phytochemical
compositions, particularly the levels of total phenols and fla-
vonoids, which could lead to different biological activities. The
antioxidant, antimicrobial, and anticancer potentials of AH
have been revealed in several studies. The reported results
varied according to the bioactive phytochemical composition
of AH, which mainly depends on the geographical origin of the
honey sample [7]. Therefore, this study aimed at investigating,
for the first time, the phytochemical composition of AH from
the Hail region using the HR-LCMS technique to evaluate the
antioxidant potential of the selected honey and estimate its
anticancer activity against human lung, breast, and colon
cancer cell lines. In addition, the antimicrobial potential of the
selected AH against several bacterial strains, yeast, and molds
was investigated using the well-diffusion and microdilution
assays. The targeted biological activities were also assessed by
studying the molecular interactions with the selected receptors
using the molecular docking approach.

2. Materials and Methods

2.1. Honey Sampling. Talh (Acacia sp.) honey samples were
collected directly from the beekeeper in the melliferous areas
of the Hail region. The collected honey samples were stored
at 4°C in glass jars in the dark until to be used for subsequent
analyses.

2.2. Phytochemical Profiling of Acacia Honey

2.2.1. Identification of Bioactive Compounds Using the HR-
LCMS Technique. In order to determine the phytochemistry
of AH, chromatographic analysis was performed using the
UHPLC-PDA-detector mass spectrophotometer (HR-
LCMS 1290 INFINITY UHPLC System, Agilent Technol-
ogies, Santa Clara (CA, USA), as described previously by
Adnan et al. [10]. A 10-uL aliquot from the honey sample
was injected into the SBCI18 column (2.1 mm x50 mm;
particle size 1.8 yum). The elution was performed using 1%
formic acid in deionized water (solvent A) and acetonitrile
(solvent B) at a flow rate of 0.350 mL/min. The MS detection
was performed using MS Q-TOF in positive and negative
atmospheric pressure chemical ionization modes. PubChem
was employed as the main tool for the identification of the
phytochemical constituents in the honey samples.
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2.2.2. Determination of Total Phenols, Flavonoids, and
Tannins. Total phenols, flavonoids, and tannins were
quantified using the standard protocols described in pre-
vious reports [11, 12].

2.3. Antioxidant Activities. The antioxidant activities were
evaluated using three tests DPPH, ABTS, and f3-carotene
bleaching tests. The test protocols used were obtained from
previous reports [13, 14].

2.3.1. DPPH Radical-Scavenging Activity. The DPPH (2,2-
diphenyl-1-picryl-hydrazyl-hydrate) (Sigma-Aldrich Milano,
Italy) free radical-scavenging activities of the honey samples
were determined using an antioxidant assay based on elec-
tron-transfer reaction. In this assay, DPPH is reduced in the
presence of an antioxidant molecule. Several dilutions of the
honey were incubated with DPPH for 30 min at room
temperature. Ascorbic acid was used as the standard control.
The variation in the color of DPPH was assessed based on
spectrophotometric analysis at 515nm. The antioxidant ac-
tivity was expressed as ICsy (mg/mL) and calculated using the
following formula:

A, — A
DPPH - scavenging activity (%) = % x 100, (1)
0

where A, denotes the absorbance of the control and A,
denotes the absorbance of the sample.

2.3.2. ABTS Radical-Scavenging Activity. The ABTS (2,2-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid); Sigma-
Aldrich Milano, Italy) radical-scavenging activity of the
honey samples was assessed. In order to generate ABTS",
7 mM ABTS was allowed to react with 2.45 mM K,S,0Oj4 for
12 hin the dark at room temperature. Several concentrations
of the honey were mixed with 900 4L of the solution-con-
taining ABTS", and the mixture was incubated for 30 min.
The antioxidant activity was expressed as ICs, (mg/mL),
representing the AH concertation scavenging 50% of ABTS".
The ABTS-scavenging activity was calculated using the
following formula:

Ag—A
ABTS - scavenging activity (%) = % x 100,  (2)
0

where A, denotes the absorbance of the control and A,
denotes the absorbance of the sample.

2.3.3. pB-Carotene/Linoleic Acid Method. The f-carotene
method was performed as described by Ikram et al. [15], and
the inhibition of the volatile organic compounds and the
conjugated diene hydroperoxides arising from linoleic acid
oxidation was measured. In the reaction, the free radical
linoleic acid attacked the highly unsaturated S-carotene in the
presence of antioxidants (Acacia honey in this case). The
prepared emulsion mixture was incubated at 50°C in the dark,
followed by measuring the absorbance at 470 nm immediately
(t=0min) and after 2 h of incubation (¢ = 120 min). Ascorbic

acid was used as the standard for comparison. The antioxi-
dant activity of honey was estimated using the following
equation:

PI(%) = A — 3 — carotene T',,, 100 (3)
A — B — carotenet, '

2.4. Antimicrobial Activity of the Obtained Crude Extract

2.4.1. Well-Diffusion Assay. One mL of the honey sample to
be evaluated (1 mL=1.0653 g) was diluted in 5% dimethyl
sulfoxide (DMSO) to prepare solutions with the final con-
centration ranging from 532.65 mg/mL to 26 mg/mL. Sub-
sequently, the well-diffusion assay was performed to
determine the diameter of the growth inhibition zone on
agar medium (Mueller-Hinton for bacteria, Sabouraud
Chloramphenicol agar for yeasts, and potato dextrose agar
for molds) using the protocols described by Noumi et al.
[12, 16]. The evaluated strains were obtained from a huge
microbial collection available in the microbiology laboratory
of our college and included the following twelve bacteria:
Pseudomonas aeruginosa (clinical strain, SP-40), Staphylo-
coccus aureus ATCC 29213, S. epidermidis ATCC 12228,
Escherichia coli ATCC 10536, Klebsiella pneumoniae (clin-
ical strain, 140), E. coli (clinical strain, 217), S. aureus
(clinical strain), S. sciuri (environmental strain), Serratia
marcescens, Acinetobacter baumannii (clinical strain, 146),
methicillin-resistant S. aureus (MRSA clinical strain, 136),
and Enterobacter cloacae (clinical strain 155). The antifungal
activity of the AH to be evaluated was investigated against
the following five yeasts and two molds: Candida albicans
ATCC 20402, Saccharomyces cerevisiae (instant yeast),
C. vaginalis (clinical strain, 136), C. guilliermondii ATCC
6260, C. tropicalis ATCC 1362, Aspergillus fumigatus ATCC
204305, and A. Niger. The antibacterial activity was evaluated
using the agar well-diffusion assay. Using a sterile borer
(diameter 7 mm), four wells were created in the agar plate
and filled with 100 uL of AH at different concentrations
(100%, 75%, 50%, and 25%). The pure colonies of micro-
organisms that appeared on the appropriate agar media were
selected to prepare homogenous (bacterial/fungal) suspen-
sions. A cotton swab was used for inoculating fresh Petri
dishes.

The treated Petri dishes were maintained at 4°C for 1h
and then incubated at 37°C for the next 24 h. The antimi-
crobial activity was evaluated by measuring the diameter of
the growth inhibition zone around the wells. All tests were
performed in triplicate, and the mean diameter of the in-
hibition zone was used as the final diameter value. The
results obtained were interpreted using the scheme proposed
by Parveen et al., which was as follows: no activity growth
inhibition zone 0 (GIZ 0), low activity (GIZ: 1-6 mm),
moderate activity (GIZ: 7-10mm), high activity (GIZ:
11-15mm), and extremely high activity (GIZ: 16-20 mm).
Ampicillin (10mg/mL; 10uL/disc) and amphotericin B
(10 mg/mL; 10 yL/disc) treatments were performed in the
control experiments.



2.4.2. Microdilution Assay. The microdilution method was
adopted to determine the MICs and MBCs (minimum
bactericidal concentrations)/MFC values of the honey
samples, as described previously [17]. First, a stock solution
was prepared in 5% DMSO. Next, twofold serial dilutions of
the honey samples were prepared in the wells of 96-well
plates, beginning from 532.65 mg/mL to 26 mg/mL, using
Mueller-Hinton broth for bacteria and Sabouraud Chlor-
amphenicol broth for yeasts and molds. The microbial in-
oculum (5 uL) was then added to each well of the microtiter
plate containing 0.1 mL of the serially diluted honey. This
was followed by incubation at 37°C for 24 h. The minimum
inhibitory concentration (MIC) was defined as the lowest
concentration of the compound that could inhibit microbial
growth. In order to determine the MBC/MFC values, 3 yL of
the medium was removed from the wells with no visible
growth and inoculated on Mueller-Hinton/Sabouraud
Chloramphenicol agar plates. After 24h of incubation at
37°C, microbial growth was observed. The concentration at
which the microorganisms were killed (no growth) was
recorded as the minimum bactericidal/fungicidal concen-
tration. The MBC/MIC and MFC/MIC ratios were used to
determine the activity of the honey samples as described in
previous reports [18, 19].

2.5. Anticancer Assay Using MTT Assay. The anticancer
potential of AH was evaluated against three human cancer
cell lines using the MTT (3-(4,5-dimethylthiazolyl-2)-2,5
diphenyl tetrazolium bromide) assay. The three cell lines
used in this study, namely, the lung cancer (A549), breast
cancer (MCF-7), and colon cancer (HCT-116) cell lines,
were provided by the National Centre for Cell Science
(NCCS), Pune, India. Doxorubicin (Sigma, India) was
used as the reference drug in the MTT assay. The cells were
maintained at 37°C, 5% CO,, and 80% humidity in 25-cm?
flasks containing Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 10,000 U/mL penicillin, and 5 mg/mL streptomycin
(Hi-Media, India). When 80% confluence was reached,
the cells were seeded in the wells of a 96-well plate at a
density of 1 x 10° cells per well, followed by incubation at
the conditions stated above. The cells were stained with
approximately 0.4% trypan blue stain (Hi-Media, India)
to estimate the number of viable cells using a hemocy-
tometer. All treatments were performed in triplicate, each
for 24 h and with different concentrations of AH (2%, 4%,
6%, 8%, and 10%) prepared by diluting AH in complete
media and sterilized using filtration (0.22 ym filter). After
incubation, the plate was removed from the incubator,
and the medium containing AH was aspirated and then
washed with phosphate-buffered saline (PBS). Afterward,
the cells were incubated with 100 L of the MTT (Hi-
Media, India) solution (5mg/mL) for 4h. Subsequently,
100 uL of DMSO was added for crystal solubilization, and
the absorbance was recorded at the wavelengths of 570 nm
and 630nm using an ELISA reader. The percentage
growth inhibition was calculated after subtracting the
background and the blank, and the concentration of the
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evaluated drug required to inhibit cell growth by 50%
(ICs¢) was calculated from the dose-response curve for the
respective cell line as described in a previous report [20].

2.6. The In Silico Analysis. 'The targeted biological activities
were confirmed using the in silico molecular docking and
interaction approach. The macromolecules identified in the
composition of honey samples were obtained from RCSB.
The macromolecules with the PDB IDs 1]JIJ, 2XCT, 2QZW,
and 1HD2 were subjected to the assessment of antibacterial,
antifungal, and antioxidant activities. Similarly, 4UYA,
1JNX, and 4BBG were evaluated for their potential anti-
cancer effect on colon, breast, and lung cancers, respectively.
The chemical structures of all macromolecules were drawn
using ChemDraw and saved in the. sdf format. The docking
approach was based on the CHARMm force field after
processing the receptors by adding polar hydrogens and
Kollman charges and removing the crystal water molecules
[21, 22] in AutoDock Vina and DS visualizer. The binding
affinity and hydrogen bond assessment calculations were
performed as described previously [21-24].

2.7. Statistical Analysis. All experiments and measurements
were conducted in triplicate, and the results were presented
as mean values+SD (standard deviations). ANOVA,
Duncan’s, and Bonferroni tests were performed using SPSS
16.0 and GraphPad Prism 5.0. The means of the result values
obtained in the tests were also evaluated with the least
significant differences test at p <0.05.

3. Results

3.1. Phytochemical Profiling of Acacia Honey. High-res-
olution liquid chromatography-mass spectrometry (HR-
LCMS) was performed to determine the chemical compo-
sition of AH. This technique enabled the separation and
identification of the phytoconstituents based on their re-
tention time, database difference (library), experimental m/z,
MS/MS fragments, metabolite class, and the proposed
compounds. The MS data were generated in both negative
and positive ionization modes. The complete list is provided
in Table 1. The technique identified small peptide-like
proteins in AH (one dipeptide and two tripeptides), with the
respective molecular weights ranging from 271.1674 g/mol to
456.1732 g/mol.

The negative and positive runs identified 9 compounds
belonging to different chemical classes, including 6-(alpha-D-
glucosaminyl)-1D-myo-inositol, L-gulonate, anabasamine,
bakankoside, palmitic amide, stearamide, acetylenic acids,
10,16-heptadecadien-8-ynoic acid, 7-hydroxy, (E), and 14-
fluoro-myristic acid. The chemical structures of the identified
molecules are depicted in Figure 1.

3.2. Antimicrobial Activities of Acacia Honey. The mean
diameters of the growth inhibition zones observed for the
evaluated AH samples against 12 bacteria, 5 yeasts, and 2
molds are listed in Table 2. The highest mGIZ value for all the
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TaBLE 1: Phytochemical compounds identified by the HR-LCMS technique in AH from Hail region.

. Chemical

No Compound name Chemical class RT MW [m/z]-  [m/z]+
formula
. o Aminocyclitol

1 6-(alpha-D-Glucosaminyl)-1D-myo-inositol alycosides 0.929 341.1312 C;; Hy3 N Oy — 342.1385
2 L-Gulonate Sugar acid 1.062 196.0579 Cs Hi» Oy 195.0507 —
3 Pro-Arg Dipeptide 1.223 271.1647 C;; Hy; N5 O3 — 294.1539
4 Anabasamine Alkaloid 1.666 253.1543 Ci6 Hio N3 — 276.1435
5 Bakankoside Glycoside 3.038 357.144 C;4 Hy3N Og — 380.133
6 Asp-Trp-His Tripeptide 3,922 456.1732 C,; H,4 Ng Og — 457.1808
7 Trp-Arg-Ala Tripeptide 12.066 431.230 Cy Hy9 Ny Oy 432.237
8 Palmitic amide Fatty acid amide 17.145 255.2559  C;4 H33N O — 256.263
9 Stearamide Fatty acid amide 18.765 283.287 Cis H;; N O — 284.2942
10 10’16'Heptadecadlen'gé)yn°‘c acid, 7-hydroxy, Fatty acid 20188 2781935  Cy; Hye Os  277.1865  —
11 14-Fluoro-myristic acid Fatty acid 27.191 246.2011 Cy;4 HyyF O,  291.1997 —

Note. RT: retention time (mn); MW: molecular weight (g/mol); [m/z]—: mass-to-charge ratio in negative ionization mode; [m/z]+: mass-to-charge ratio in

positive ionization mode.

”N\n/\/\/\/\/\/\/\/\/ .

FIGURE 1: Chemical structure of eleven phytochemical compounds and small peptides identified in Acacia honey by using HR-LCMS

technique.

evaluated bacteria was obtained when honey was used at  40.67 £ 0.57 mm, 50.33 £ 0.57 mm, and 40.33 £ 0.57 mm, re-
100% concentration. At this concentration, S. aureus (clinical ~ spectively (Figure 2).
The most resistant bacterial strains were A. baumannii
ATCC 12228 were revealed as the most sensitive strains, (clinical strain, 146), which exhibited an mGIZ value of ap-
with the corresponding mGIZ values of approximately  proximately 6.00 + 0 mm. The evaluated AH could not better

strain), E. coli (clinical strain 217), and S. epidermidis



TaBLE 2: Growth inhibition zone values expressed in mm of Acacia honey tested against bacteria, yeast, and molds strains using well-

diffusion assay.

Evidence-Based Complementary and Alternative Medicine

Dilution tested

Ampicillin (10 mg/ml)

Bacteria tested 25% 50% 75% 100%
GIZ +SD* GIZ+SD GIZ+SD GIZ+SD GIZ+SD

P. aeruginosa (clinical strain, SP-40) 9.67+0.58f  11.00+£1.00h  12.67+0.58f  14.00 + 100f 6.00 +0.00h
S. aureus ATCC 29213 20.67£0.58d  24.33+1.53d  26.00+2.65d 31.33+1.15¢ 31.00 £+ 1.00c
S. epidermidis ATCC 12228 23.33+1.15c 27.00 = 1.00c 30.00 +2.00c 39.33+1.15b 27.33+1.15e
E. coli ATCC 10536 9.33+ 1.15f 12.00 + 1.00h 14.33 +£0.58f 14.33 +1.15f 28.67 +1.15d
K. pneumoniae (clinical strain, 140) 9.33+0.58f 13.33+1.15g  14.00+£1.00f  15.33+1.15¢ 6.00 +0.00h
E. coli (clinical strain, 217) 29.00 + 1.00b 32.67 +£2.08b 37.33+1.15b 38.33+1.53b 31.67 £ 0.58¢c
S. aureus (clinical strain) 31.33+1.15a  35.00+1.00a  43.00+1.00a  48.33+1.53a 39.33 +£1.154b
S. sciuri (environmental strain) 15.00 £+ 1.00e 18.33+1.53f 2533+1.15d  31.00+1.00c 50.67 + 1.154a

S. marcescens (clinical strain) 7.67 £0.58g 9.33+1.151 14.00£1.00f  13.00 + 1.00f 6.67 £ 0.58h
A. baumannii (clinical strain, 146) 6.00 +0.00h 6.00 £ 0.00j 6.00 £ 0.00g 6.00 £ 0.00g 21.00 + 1.00f

E. cloacae (clinical strain, 155) 6.00 +0.00h 13.00+1.00g  14.67+1.15f 17.00+1.00d 12.67 +£0.58g
S. aureus MR (clinical strain, 136) 14.00+£1.00e  20.67+0.58¢  23.00+1.00e  29.67 +1.53¢ 26.00 + 1.00e

Dilution tested ..
Yeasts and molds tested 25% 50% 75% 100% Amphotericin B (10 mg/ml)
GIZ+SD GIZ+SD GIZ+SD GIZ+SD GIZ+SD

C. albicans ATCC 20402 6.00 £ 0.00a 6.00 £ 0.00a 6.00 +0.00b 6.00 +0.00b 14.00 £ 0.00a
S. cerevisiae (instant yeast) 6.00 £ 0.00a 6.00 £ 0.00a 14.00 + 1.00a 18.67 +1.15a 7.67 +1.54d
C. guilliermondii ATCC 6260 6.00 +£0.00a 6.00 +£0.00a 6.00 +0.00b 6.00 = 0.00b 13.00 £ 1.00a
C. tropicalis ATCC 1362 6.00 £ 0.00a 6.00 £ 0.00a 6.00 + 0.00b 6.00 + 0.00b 12.00 +1.00b
C. vaginalis (clinical strain, 136) 6.00 +£0.00a 6.00 +0.00a 6.00 + 0.00b 6.00 + 0.00b 7.33+0.57d
A. fumigatus ATCC 204305 6.00 +£0.00a 6.00 +£0.00a 6.00 +0.00b 6.00 +0.00b 11.00 + 0.00c
A. niger 6.00 +0.00a 6.00 +0.00a 6.00 + 0.00b 6.00 +0.00b 6.00 +0.00e

*: growth inhibition zone + standard deviation (expressed in mm); the letters (a-h) indicate a significant difference according to the Duncan test (p <0.05).

(a) (®) (©

FIGURE 2: Antimicrobial activity of Acacia honey. (a) P. aeruginosa (clinical strain, SP-40), (b) S. epidermidis ATCC 12228 as compared to

ampicillin (10 mg/ml), and (c) S. cerevisiae as compared to amphotericin B (10 mg/ml).

inhibit the growth of any of the selected yeasts and molds
compared to the reference antifungal drug (amphotericin B),
except for the growth of the S. cerevisiae strain, for which the
mGIZ values ranged from 15.00+0mm at 75% of AH to
20.00 + 0 mm when pure AH (100%) was used (Figure 2).
The findings of the microdilution method revealed that
the lowest MIC values of 75 mg/mL were obtained against the
staphylococcal species (S. aureus, S. epidermidis, and S. scuri)
and S. marscescens. On the other hand, 300 mg/mL of AH
was required to inhibit the growth of methicillin-resistant

S. aureus strain. The MIC values of the fungal strains ranged
from 150 mg/mL to 300 mg/mL. Higher concentrations of
AH were required to completely kill the bacteria in all
evaluated strains (the MBC values ranged from 300 mg/mL
to 600 mg/mL). In addition, AH concentrations higher than
600 mg/mL were required to reproduce a fungicidal action
against Candida and Saccharomyces strains. The results
obtained using the scheme proposed by Gatsing et al. [19]
revealed that AH exhibited bactericidal activity against most
Gram-positive and Gram-negative bacteria, with the
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TaBLE 3: MICs, MBCs/MFCs expressed in mg/ml, and MBCs/MIC, MEC/MIC ratio of Acacia honey tested against bacteria, yeast, and molds

using microdilution assay.

Test systems Acacia honey (BHT) (AA)
. . Acacia hone .

Tested microorganisms MIC Y MBC MBC/MIC ratio
P. aeruginosa (clinical strain SP-40) 150 300 2

S. aureus ATCC 29213 75 600 8

S. epidermidis ATCC 12228 75 600 8

E. coli ATCC 10536 150 300 2

K. pneumoniae (clinical strain 140) 75 300 4

E. coli (clinical strain 217) 150 300 2

S. aureus (clinical strain) 150 300 2

S. sciuri (environmental strain) 75 600 8

Se. marcescens (clinical strain) 75 300 4

A. baumannii (clinical strain 146) 300 600 2
Enterobacter cloacae (clinical strain 155) 150 >600 >4

S. aureus MR (clinical strain 136) 300 600 2
Tested microorganisms MIC Acacia honey MEC MEFC/MIC ratio
C. albicans ATCC 20402 150 600 4

S. cerevisiae (instant yeast) 150 >600 >4

C. vaginalis (clinical strain 136) 300 >600 >2

C. guilliermondii ATCC 6260 150 >600 >4

C. tropicalis ATCC 1362 150 >600 >4

corresponding MBC/MIC ratios of <4. Similarly, the eval-
uated honey samples exhibited fungistatic activity against the
selected yeast, with an MFC/MIC ratio of <4. All the above
data are provided in Table 3.

3.3. Antioxidant Potential of Acacia Honey. The total phe-
nolics, flavonoid, and tannin contents in the AH samples are
listed in Table 4. Among the three different approaches used
to assess the antioxidant activity of AH, the highest scav-
enging activity was observed using the DPPH assay, which
revealed an ICs, value of 0.670 mg/mL, followed by the
ABTS and f-carotene assays, which revealed the IC5, values
of 1.065 mg/mL and >5mg/mL, respectively.

3.4. Anticancer Activity of Acacia Honey. The results of the
cytotoxicity evaluation of AH against breast cancer (MCEF-7),
lung cancer (A549), and colon cancer (HCT-116) cell lines are
summarized in Figure 3. AH exhibited promising anticancer
activity against the selected cancer cell lines, with the corre-
sponding ICs, values of 5.053ug/mL, 5.382ug/mL, and
6.728 ug/mL against the breast, colon, and lung cancer cell
lines.

3.5. The in silico Analysis. In order to better understand the
mechanistic effects underlying the biological effects of the
compounds identified in AH, the binding affinities and
molecular interactions of several receptors involved in these
biological activities were assessed. The selection of the re-
ported positions was based on the best binding score and
RMSD equal to zero, as is commonly reported in the existing
literature [22-24]. As presented in Table 5, while all the
constituent compounds of AH exhibited negative binding
energies (ranging from -3.8 to —11kcal/mol) with the

different targeted receptors, the best scores were obtained for
the complex compound no. 1 and the JIJ receptor. The
number of conventional hydrogen bonds, the number of the
closest interacting residues, and the closest distance during
the ligand-receptor complex formation are presented in
Table 6. It was predicted that compound no. 5 established 12
conventional hydrogen bonds with the TyrRS for S. aureus
tyro-syl-tRNA synthetase (1JIJ). This was the highest
number of H-bonds revealed in this study. Interestingly, 12
closest interacting residues were also observed in the same
complex (Figures 4and5), among which Asp195 was the
closest (2.037 A). Moreover, it was predicted that compound
no. 6 established 11 conventional H-bonds with 1JNX and
evolved 8 closest interacting residues. The distance to
Argl1753 was just 2.020 A, which confirmed that the com-
pound was deeply embedded. Overall, the tripeptides
(compound nos. 5 and 6) and aminocyclitol glycoside
(compound no. 1) appeared to exhibit better activities to-
ward the different targeted receptors compared to the other
classes of compounds. This was particularly true for the
tripeptides (Asp-Trp-His and Trp-Arg-Ala) (Figures 4 and 5)
(see Figure 6).

4. Discussion

The present study reports eight dominant phytochemicals
and three small peptide-like proteins identified in AH using
the LC-MS technique. Several phytochemicals have been
reported previously in AH [25-28]. The techniques such as
liquid chromatography together with UV detection and
liquid chromatography-electrochemical detection (LC-
ECD) are often employed to determine the contents of
phenolic acids in honey samples [26, 29-31]. In 2014, Wang
and colleagues demonstrated that the AH collected from
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TaBLE 4: Antioxidant activities of Acacia honey sample as compared to butylated hydroxytoluene (BHT) and ascorbic acid (AA).

Test systems

Acacia honey

(BHT) (AA)

Total flavonoids content (mg QE/g) extract) 0.400 + 0.053¢ — —
Total tannins content (mg TAE/g) extract) 5.352+0.964 b — —
Total phenols content (mg GAE/g) extract) 6.546 + 0.876a — —
DPPH ICs, (mg/ml) 0.670 £ 0.015¢ 0.023+3x107* 0.022+5x107*

ABTS-ICsy (mg/ml)
B-carotene ICsy (mg/ml)

1.065 £ 0.116¢

0.018 +4x107*
0.042+3.5%x1073

0.021 £0.001
0.017 £0.001

The letters (a—c) indicate a significant difference between the different antioxidant methods according to the Duncan test (p <0.05). Data are presented as

mean + SD.
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FiGure 3: Effect of the Acacia honey cytotoxicity on breast (MCF-7), lung (A549), and colon (HCT-116) cancer cell lines according to
concentration variation. Error bars indicate SEM (standard error of the mean) of three independent experiments. Significance; ns > 0.05,

*p<0.05, ** p<0.005, ***p <0.0005.

TasLE 5: Binding affinity of the identified compounds in honey (1-11) with the different targeted receptors (1JIJ, 2XCT, 2QZW, 1HD2,

4UYA, 1JNX, and 4BBG).

Binding affinity (kcal x mol ™)

No Compounds

1JIJ 2XCT 2QZW 1HD2 4UYA 1JNX 4BBG
1 6-(alpha-D-Glucosaminyl)-1D-myo-inositol -11.0 -7.7 -8.0 -7.7 -7.9 -7.1 -7.8
2 L-Gulonate -7.8 -5.6 -6.5 -5.6 -6.3 -5.8 -7.3
3 Pro-Arg -8.1 -6.7 -7.3 -6.0 -6.8 -6.1 —6.4
4 Anabasamine -94 -6.6 -7.9 -6.4 -6.9 -6.2 -6.3
5 Bakankoside -9.0 -7.0 -8.7 -6.6 -6.8 -6.5 -7.6
6 Asp-Trp-His -8.9 -6.8 -8.2 —6.4 -7.4 -6.1 -7.7
7 Trp-Arg-Ala =57 -4.4 =52 -4.0 -4.4 -4.5 -4.1
8 Palmitic amide -6.7 -5.3 -6.0 -5.3 -5.0 -4.4 -4.9
9 Stearamide -6.5 -4.3 -5.1 -4.9 —4.7 —4.5 -6.0
10 10,16-Heptadecadien-8-ynoic acid, 7-hydroxy, (E) -6.8 -5.3 -5.9 -5.1 -5.6 —-4.0 -4.4
11 14-Fluoro-myristic acid -59 -4.7 -4.8 -4.5 —4.5 -3.8 -4.2

beekeepers in the region of Shaanxi (China) was rich in
chlorogenic acid, p-hydroxybenzoic acid, ellagic acid, gallic
acid, syringic acid, rosmarinic acid, and protocatechuic acid
[26]. Kaempferol rhamnosides and rhamnosyl glucosides
have been reported as the markers for AH [32, 33]. In the
present study, a pyridine alkaloid compound named ana-
basamine was isolated, which has also been reported pre-
viously in the chemical composition analysis of Anabasis
aphylla L. [34, 35]. Anabasamine is reported to possess weak

anti-acetylcholinesterase and anti-inflammatory properties
[36, 37]. Three small peptide-like proteins (two tripeptides
and one dipeptide) were also identified in the present study.
Previously, Al Aerjani and colleagues have also used the
same technique (LC-MS) and reported identifying short and
cyclic peptides in the A. hamulosa honey with high me-
dicinal effects, including antioxidant, antimicrobial, and
antitumor effects. These peptides were also reported as
potential weight loss-inducing peptides [31]. The small
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TaBLE 6: Conventional hydrogen-bonding, the number of closest interacting residues and distance to closest interacting residue (A) of the
compound with best scores (1, 5, and 6) with the different targeted receptors (1JIJ, 2XCT, 2QZW, 1HD2, 4UYA, 1JNX, and 4BBG).

Closest interacting residue

No. Chemical structure Receptor Conventional H-bonds No. closest interacting residues . . .
Residue Distance (A)
1 4 6 Thr75 1.864
2XCT 4 6 Metl113 2.617
2QZW 5 6 Argl92 2.088
1 1HD2 7 4 Arg86 2.139
4UYA 7 7 Gly346 1.987
1JNX 6 6 Glul836 2.028
4BBG 5 6 Arg221 2.154
1JIJ 12 12 Aspl95 2.037
2XCT 6 9 Ser1098 2.334
2QZW 9 7 Thr222 2.179
5 1HD2 9 7 Asn76 1.818
4UYA 4 5 Asp289 1.877
1JNX 7 5 Gly1710 2.079
4BBG 8 8 Ser235 2.180
1 9 11 Aspl77 1.891
2XCT 11 5 Glyllll 1.912
2QZW 10 12 Thr222 1.840
6 1HD2 9 5 Leul40 2.072
4UYA 7 6 Phe290 2.422
1JNX 11 8 Argl753 2.020
4BBG 10 11 Ala218 1.956
(a) (b) (c)
1J1J
@W,
2XCT ¥
2QXW
1HD2

F1GURE 4: 3D illustrations of the selected honey compounds (5 and 6), which possessed the highest binding scores and the targeted receptors
(a); the corresponding closest 3D interactions for compounds nos. 5 (b) and 6 (c).

peptide-like proteins identified in the honey samples in the = tryptophan, methionine, lysine, cysteine, and histidine
present study were two tripeptides (Asp-Trp-His and Trp-  residues exhibit higher antioxidant activities [38]. Recently,
Arg-Ala) and a dipeptide (Pro-Arg). Previous studies have it was demonstrated that tripeptides (Asn-Asn-Asn, His-
demonstrated that peptides containing tyrosine, arginine, = Phe-Gln, GIn-His-Phe, Thr-Leu-Trp, and Gln-Phe-Tyr)
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FIGUre 5: 2D diagrams of the closest interactions exhibited by the complexes compound 5-1JIJ (a) and compound 6-1JNX (b), which

showed the most significant molecular interactions.

identified in the aqueous and methanolic extracts of Allium
subhirsutum L. (bulbs) interacted with the structural and
nonstructural proteins of SARS-CoV-2 with high binding
energy [39].

Several studies have highlighted that honey exhibits
antimicrobial potential, particularly against a wide spectrum
of pathogenic bacteria, including both Gram-positive and
Gram-negative bacteria [40-43]. The emergence of novel
drug-resistance bacterial strains has instigated the search for
novel phytochemicals with antimicrobial potential. The
complexity of the chemical composition of honey and its
intrinsic characteristics contribute to the valuable antimi-
crobial properties that honey exhibits [40]. Several mech-
anisms and target bacterial sites could be responsible for this
antimicrobial property of honey, rendering honey resistance
a rare event [41]. The honey that has been most commonly
investigated for its antimicrobial potential is Manuka honey.
The antimicrobial potential of this honey has mainly been
associated with the high value of methylglyoxal (MGO) [42].
A comparative analysis of the antibacterial effects of Manuka
honey and AH revealed a valuable result in favor of AH [43].
In addition, AH from various geographical regions has been

4UYA

1JNX

4BBG

FiGure 6: 3D illustrations of the selected honey compounds (5 and
6), which possessed the highest binding scores and the targeted
receptors (a); the corresponding closest 3D interactions for
compounds nos. 5 (b) and 6 (c).
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demonstrated to exhibit interesting antimicrobial potentials
in several studies [5]. The studies exploring the proprieties of
honey samples from Saudi Arabia have revealed significant
variation in their physicochemical characteristics, total
phenolic contents, pigments, hydrogen peroxide levels, and
dicarbonyl compounds with the botanical origin, climate,
and altitudes, particularly for the AH samples from this
region [7, 44, 45].

In the present study, the antibacterial activity of AH
was observed to vary in a dose-dependent manner, with
higher antibacterial activities achieved at 100% AH con-
centration. At this concentration, the efficiency of AH was
higher, with the highest mGIZ value obtained against
S. aureus (clinical strain), E. coli (clinical strain 217), and
S. epidermidis ATCC 12228 (mGIZ values: 40.67 + 0.57 mm,
50.33 +0.57 mm, and 40.33 +0.57 mm, respectively). These
results were interesting when compared to the mGIZ values
observed for ampicillin, which was used as a reference. A
recent study on different kinds of honey from Saudi Arabia
revealed that AH exhibited a more potent antibacterial effect
against several microbial strains, with higher mGIZ values
obtained against Gram-positive bacteria compared to when
using other kinds of honey [46]. Moreover, B. cereus,
S. aureus, E. coli, and Salmonella enteritidis were reported as
the most sensitive bacterial species [5, 46]. These findings
were consistent with the results of the present study, par-
ticularly those obtained for S. aureus and E. coli. The present
study also revealed that the antimicrobial potential of AH
was dose-dependent, with the highest activity observed
when pure honey was used. In another study, the authors
concluded that the antimicrobial activity increased when
water-diluted honey (33% w/v) was used rather than non-
diluted honey [46]. This could be due to the difference in the
honey moisture rate. The most resistant bacteria were
A. baumannii (clinical strain 146), with the mGIZ value of
approximately 6.00 + 0 mm. A recent study investigating the
novel nano-composite hydrogels comprising silver nano-
particles (AgNPs) and AH revealed that these hydrogels
exhibited strong bactericidal activity against standard nos-
ocomial strains, while A. baumannii exhibited a notable
resistance [47]. Therefore, it was inferred that A. baumannii
could exhibit resistance against AH, although this must be
confirmed through further investigation.

Furthermore, the activity of AH against the yeast and
molds was almost negligible, except for a moderate activity
exhibited against S. cerevisiae with an mGIZ value of
20 + 0 mm, which was higher than the corresponding mGIZ
value obtained for amphotericin (7.33 + 0.57 mm). Mracevic
et al. [48] evaluated 20 kinds of honey collected from different
regions of Serbia, including AH, against C. albicans and re-
ported that none exhibited any potency. Another study
evaluated several honey samples, including AH, and reported
resistance in 9 fungal strains (F. oxysporum, A. brasiliensis,
A. alternate, D. stemonitis, T. longibrachiatum, T. harzianum,
P. canescens, P. cyclopium, and C. albicans) [49]. These
findings are consistent with the results obtained in the
present study, indicating that most fungal strains could be
resistant to honey. The mechanism of this resistance should,
however, be deciphered through further investigation.
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The microdilution assay performed for twelve bacteria
revealed a significant bactericidal activity of AH against
P. aeruginosa (clinical strain SP-40), E. coli ATCC 10536,
E. coli (clinical strain 217), S. aureus (clinical strain),
A. baumannii (clinical strain 146), and S. aureus MR (clinical
strain 136) strains, with the obtained MBC/MIC ratio of 2. In
the case of the yeast and fungi, fungistatic effects were
observed mainly, with the MFC/MIC ratio of >4, which
could be the reason for the fungal resistance to AH. Previous
studies on the antimicrobial effects of the AH obtained from
different regions against a wide variety of bacteria, yeast, and
mold strains have reported that the corresponding MIC and
MBC/MEFC values vary with the chemical composition of the
honey sample evaluated. Stojkovska and colleagues [47]
reported that AH collected from Serbia in 2018 exhibited
antimicrobial activity against a huge collection of Gram-
positive and Gram-negative bacteria, and also against certain
fungal strains. These authors reported MIC values ranging
from 25mg/mL for B. cereus ATCC 10876 strain to
>100 mg/mL for E. coli ATCC 25922, P. aeruginosa ATCC
10145, S. typhimrium ATCC 14028, S. epidermidis ATCC
12228, K. pneumoniae ATCC 70063, B. subtilis ATCC 6633,
E. faecalis ATCC 29212, and Micrococcus lysodeikticus
ATCC 4698. The AH from Serbia also exhibited anti-
C. albicans activity with an MFC value of >100 mg/mL [49].
Moreover, Yousaf and colleagues [50] reported that the AH
collected from Malaysia exhibited activity against S. aureus,
E. coli, S. typhimirium, P. aeruginosa, Listeria mono-
cytogenes, Clostridium jejuni ATCC 29428, and B. cereus,
with the MIC values ranging from 25% to 50%, while the
MBC values ranged from 50% to >50%. A comparison of the
results obtained in the present study with the findings of
previous studies revealed that AH exhibits an efficient an-
timicrobial activity against most bacterial strains, particu-
larly the Gram-positive bacteria [51, 52]. The variation in the
antimicrobial effect of AH observed in several studies
could be attributed mainly to the variations in the com-
position and constituent phytochemical compounds of
AH, which are, in turn, influenced by the botanical origin
and the physicochemical properties (osmotic effect, pH,
and the presence of undefined molecules with antimi-
crobial effect) of the honey sample [52-54]. Therefore, AH
could be a valuable alternative treatment option for the
pathologies associated with drug-resistant bacterial
strains. However, the incomplete knowledge regarding the
constituent bioactive phytochemicals and their mecha-
nisms of action creates another level of complexity in the
use of AH for the treatment of infections. Such reasons
have limited the application of honey in conventional
medicine in the absence of standardization of antibacterial
activity [55, 56].

Since honey is derived from plants, it contains several
phytochemicals that confer antioxidant properties to honey.
The antioxidant potential of honey is due to the presence of
bioactive compounds, such as phenols, flavonoids, and tannins,
which are capable of inactivating the free radicals generated
during diverse cellular processes. Accumulation of free radicals
could have a cytotoxic effect or maybe potentially carcinogenic.
In the present study, the free radical-scavenging activity of AH
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was investigated using three approaches: DPPH radical-scav-
enging activity, ABTS radical-scavenging activity, and S-car-
otene/linoleic acid method. These three methods revealed ICs,
values of 0.670mg/mL, 1.065mg/mL, and >5mg/mL, re-
spectively, with the highest scavenging activity observed in the
DPPH assay. These results were comparable to those obtained
for butylated hydroxytoluene (BHT) and ascorbic acid (AA),
which were used as references. Therefore, it was inferred that
AH derived from the Hail region exhibited significant anti-
oxidant potency. In addition, the total phenolics content (TPC,
6.546 mg GAE/g), total flavonoid contents (TFC, 0.400 mg QE/
g), and tannin contents (5.352mg TAE/g) obtained were in-
teresting. According to a previous report, the AH from Ordu in
Turkey exhibited an ICsy value of 24.53 + 1.26 mg/mL when
using the DPPH approach, with the estimated total phenol
content of 51.91+1.32mg/100 g GAE [57]. In another study,
the AH from central Serbia exhibited an antioxidant potential
with ICso=8.36+0.42 mg Trolox/kg honey, total phenolics
content=68.48+5.53mg GAE/kg honey, and flavonoid
content = 18.59 + 1.71 mg QUE/kg honey [49]. The AH from
the Hail region used in the present study, comparatively,
exhibited a higher antioxidant activity. On the contrary, the
total phenolics content (TPC) and total flavonoid content
(TFC) observed for Malaysian AH were relatively higher
(79.08 mg GAE/1mg and 20.98mg CE/lmg, respectively)
compared to the AH used in the present study, indicating that
the antioxidant properties of the former would enable inhib-
iting the growth of breast cancer cells through apoptosis [58].
However, even though the AH from the Hail region contained
lower levels of TPC and TFC compared to Malaysian AH,
higher anticancer activity was observed for this AH in the MTT
assay. The TPC and TFC contents may vary with the geo-
graphical and botanical origins of the honey samples. A strong
antioxidant capacity of AH may, therefore, not be related to the
phenolics, flavonoid, or tannin contents only. The phyto-
chemical profiling in the present study revealed the presence of
various chemical compounds, such as polypeptides, in the AH,
and the synergies among these compounds could also be in-
volved in the mechanism underlying the antioxidant activity of
this honey.

Several in vitro and in vivo studies have demonstrated the
anticancer activity of various kinds of honey against different
types of cancers. Raw honey contains high levels of polyphenols
and flavonoids, which are considered the main factors con-
tributing to antioxidant and anticancer effects. Studies have
also demonstrated the efficiency of honey as a chemo-pro-
tectant or an adjuvant in cancer treatment [59]. In addition,
certain phytochemicals derived from honey exert a therapeutic
effect for the treatment of various types of cancer and are,
therefore, to be considered prominent chemo-preventive
agents [60]. There could be several mechanisms underlying the
anticancer effect of honey, including cell cycle arrest, induction
of apoptosis, modulation of the mitochondrial pathway,
membrane permeabilization, and anti-inflammatory and im-
munomodulatory effects [2]. AH is considered a potential
therapeutic candidate for both the prevention and treatment of
cancer. This potential of AH, however, varies in the degree of
effectiveness with the floral source of AH and/or the geo-
graphical regions from which the AH samples are derived [61].

Evidence-Based Complementary and Alternative Medicine

In the present study, the anticancer potential of the AH
from the Hail region of Saudi Arabia was evaluated based on
the MTT assay using 3 cancer cell lines: breast cancer (MCF-7),
lung cancer (A549), and colon cancer (HCT-116) cell lines. All
three cell lines were treated with different concentrations of
AH, and it was observed that the proliferation of cancer cell
lines was inhibited in a dose-dependent manner. The ICs,
values obtained for AH against the breast, colon, and lung
cancer cell lines were 5.053 pg/mL, 5.382 yg/mL, and 6.728 ug/
mlL, respectively. These results demonstrated a cytotoxic effect
of the AH from the Hail region against cancer cells. In a
previous investigation, doxorubicin was reported to exhibit an
ICs value of 1.2 +0.036 ug/mL for the HCT-116 cell line and
1.09 +0.044 pg/mL for the MCF-7 cell line [7]. Another study
investigating the AH from the Asir region (southwest of Saudi
Arabia) reported a notable cytotoxic effect against HCT-116,
MCEF-7, and HepG2 cell lines. The authors also reported that
the AH from different altitudes of this region exerted different
degrees of in vitro effects on the cancer cell lines [7]. The high-
altitude AH exhibited higher activity against human cancer cell
lines compared to that exhibited by the low-altitude AH, and
there was a noticeable difference in the total phenolics and
flavonoid contents as well. In the present study, AH exhibited a
higher anticancer activity against HCT-116 and MCF-7 cancer
cell lines, which could be attributed to the differences in the
composition of AH from the Hail region and that from the Asir
region.

Previous studies have also highlighted that AH from
Malaysia inhibits the growth of breast cancer cell line MCF-7
via apoptosis. The induction of apoptosis occurred after 2 h,
while the formation of the apoptotic bodies could be de-
tected within 6 h of the AH treatment [58]. The ICs, value of
AH from Malaysia was 5.49 ug/mL after 72 h, while that of
the AH used in the present study was 5.053 yg/mL after just
24h of treatment, indicating the higher cytotoxic activity of
the latter.

Another study targeting the lung cell cancer line NCI-
H460 revealed that AH could inhibit cancer cell proliferation
and cause cell cycle arrest at GO/G1 phase. In addition, it was
demonstrated that AH might induce the downregulation of
bcl-2 and p53 genes [62]. This cytotoxic effect was also
observed in the present study against the lung cancer cell line
A549.

Recently, studies have revealed that generating silver
(Ag) nanoparticles in the presence of AH (Abha, Saudi
Arabia) and the plant extract of Calotropis procera produces
exhibit a synergic effect with prominent anticancer poten-
tials through the inhibition of the liver cancer cell line
HepG2 growth with good immunostimulatory effect [63].
Earlier studies have reported that the anticancer potential of
honey may vary with the subtype of honey, even when the
same honey from different geographical regions is used. This
variation is attributed to the variations in the constituents of
the honey samples [64]. The anticancer properties of honey
have been attributed mainly to the phytochemicals present
in the honey, particularly the flavonoids and phenolic acids.
These phytochemicals confer cancer prevention and treat-
ment abilities by interfering in several cellular pathways [65].
In the present study, interesting anticancer activities were
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demonstrated by AH against three cancer cell lines. In
addition to attributing this anticancer activity to the
quantitative evaluation of flavonoids and phenolic acids, we
should also consider other bioactive compounds that might
be contributing to the qualitative constitution of honey. In
the present study, tripeptides and aminocyclitol glycoside
present in the AH from the Hail region were observed to
contribute to enhancing the biological potency of honey.
Furthermore, the binding affinities and molecular in-
teractions of the constituents of honey were assessed against
several receptors involved in the studied biological activities
(Figure S1). One of these receptors is 1JIJ, which is a S.
aureus tyrosyl-tRNA synthetase and is commonly recog-
nized to provide a structural basis for designing novel an-
timicrobial agents [66, 67]. Another one is 2 x ct, which is a
type IIA topoisomerase that cleaves and then ligates DNA
strands to regulate the DNA topology. Type IIA top-
oisomerases represent a major class of antibacterial and
anticancer drug targets [68]. The receptor 2QZW is an
aspartic proteinase Sap 1 secreted from Candida albicans,
which reportedly plays a key role in superficial Candida
infections [69]. The human peroxiredoxin 5, 1 hd2, reduces
hydrogen-and alkyl hydroperoxides and is implicated in the
antioxidant protective mechanisms and cellular signal
transduction [70]. The MLK4 kinase domain 4uya regulates
the JNK, p38, and ERK kinase signaling pathways. Muta-
tions in MLK4 have been detected in several cancers [71].
The receptor 1JNX is the C-terminal BRCT region of BRCA1
and is essential for DNA repair, tumor suppressor functions,
and transcriptional regulation [72]. The receptor 4bbg is the
mitotic kinesin Eg5 and is critical for the assembly of the
mitotic spindle and a promising chemotherapy target [73].
All the compounds present in honey exhibited negative
binding energies (ranging from —3.8 to —11 kcal/mol) with
the different targeted receptors. As reported in several
studies, the variation in the binding affinity could mainly be
attributed to the chemical structure of the compound
[22, 74, 75]. Usually, there is a strong relationship between
the structure and the activity of a compound, which explains
the importance of SAR and QSAR analyses. In the present
study, the best binding score was obtained for the 1JIJ-
aminocyclitol glycoside complex. The tripeptide Asp-Trp-H
is formed 12 conventional H bonds with the TyrRS in the
S. aureus tyrosyl-tRNA synthetase (1JIJ). The closest mo-
lecular interactions included 12 residues in the active site.
Aminocyclitol glycoside was deeply embedded in the active
site of the different targeted receptors (1.864-2.617 A) and
was at a distance of only 2.037 A from the Asp195 residue in
1]1], for which the highest binding affinity was reported. The
closely related ligand-amino acids/protein complexes could
explain the biological activity [21-24]. The compound 6
(Asp-Trp-His) was predicted to form 11 conventional
H-bonds with 1JNX and evolve 8 closest interacting resi-
dues. It was at a distance of only 2.020 A from Argl753,
which satisfactorily explained the potential biological ac-
tivity. Furthermore, the molecular interactions of the dif-
ferent complexes usually included certain key residues
associated with the pharmacological effects [67, 74, 75].
Overall, the biological effects of the phytochemical
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compounds in honey appeared to be thermodynamically
feasible, particularly those of the tripeptides and amino-
cyclitol glycoside. These computational results in parallel
with the findings of in vitro analysis could explain the
promising effects of AH and its ethnopharmaceutical use
worldwide, particularly in the Middle East region. Owing to
the complexity of the composition of AH, there is incom-
plete knowledge regarding its constituent phytochemicals
and their mechanisms of action, which is the main reason for
the limited application of honey in conventional medicine in
the absence of standardization of biological activities.
Therefore, further studies are required to isolate and char-
acterize each compound for a better understanding of the
involved mechanism of action.

5. Conclusions

The present study reports the potential biological activities of
the AH from the Hail region of Saudi Arabia. A broad-range
bactericidal effect of AH against a wide spectrum of clinically
relevant bacterial strains was observed. On the other hand,
only fungistatic activity was observed for the yeast and the
molds. A notable cytotoxic effect of AH was observed on the
three cancer cell lines evaluated. Among the identified
phytochemicals, the tripeptides and aminocyclitol glycoside
exhibited considerable biological effects of enhancing the
antimicrobial, anticancer, and antioxidant potentials of AH.
In addition, huge amounts of polyphenols and flavonoids
were detected in the evaluated honey samples. Nonetheless,
further studies on the isolation, characterization, and as-
sessment of these biological activities of the compounds in
AH in the present study should be conducted to support the
above-stated findings. The findings of the present study
demonstrate the potential of AH as a source of natural
bioactive compounds that could be used for therapeutic
purposes.
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In the present study, we investigated the cytotoxic effects of Athyrium hohenackerianum ethanolic extract (AHEE) on the proliferation of
breast, lung, and colon cancer cells. The AHEE was tested for its effect on the progression of the cell cycle, followed by induction of
apoptosis determination by flow cytometry. Real-time qRT-PCR was also utilized to observe the initiation of apoptosis. In addition, GC-
MS was performed in order to identify the active phytochemicals present in the AHEE. A cytotoxic activity with an ICs, value of 123.90 ug/
mL against HCT-116 colon cancer cells was exhibited by AHEE. Following propidium iodide staining, annexin-V/PI, and clonogenic
assays, AHEE treatment results in cell arrest in the S phase, causing an increase in the early and late phases of apoptosis and displaying
antiproliferative potential, respectively. The morphological alterations were further monitored using acridine orange/ethidium bromide
(AO/EB) staining. When compared with the control cells, features of apoptotic cell death, including nuclear fragmentation, in the AHEE-
treated cells were noticed. The apoptosis was also confirmed by detecting the increased expression of p53 and caspase-3 along with the
downregulation of Bcl-2. GC-MS analysis revealed that trans-linalool oxide, loliolide, phytol, 4,8,12,16-tetramethylheptadecan-4-olide, and
gamma-sitosterol were the major phytochemical constituents. Based on these findings, it can be suggested that AHEE causes cellular death
via apoptosis, which should be further explored for the identification of active compounds responsible for these observed effects.
Therefore, AHEE can be used in the pharmaceutical development of anticancer agents for cancer therapeutics.

1. Introduction

Around the globe, cancer-related deaths are increasing as the
incidence of cancer continues to rise [1]. As per the World
Health Organization (WHO), colorectal cancer, lung cancer,
and breast cancer are the three most frequently diagnosed
cancers globally and remain the foremost reason of cancer-

related deaths throughout the world [2]. Conventional
cancer treatments are still the most common form of
treatment, despite being mainly unsuccessful and causing
many deaths due to side effects. In contrast, developing new
cancer treatments derived from natural sources with fewer
side effects has become an exciting field of research [3].
Plants are regarded as a potential repository of novel
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chemical compounds for cancer research [4]. Many well-
known anticancer compounds such as paclitaxel and
camptothecin have been reported from plants [5]. India, a
biogeographically different region, provides a remarkably
rich source of different medicinal plants with anticancer
properties [6].

Athyrium Roth, commonly known as the lady fern, is one
of the cosmopolitan genera in the Athyriaceae family, con-
taining about 300 species distributed around the world. The
plants are terrestrial or epilithic, with erect or ascending
rhizomes. In diverse areas of the globe, different species of
Athyrium are used as traditional medicine. There is a tradition
that A. filix-femina (L.) Roth is utilized with honey for cough
treatment in Italy, Province of Salerno, Campania region [7],
and its decoction has been used for antiparasitic and anti-
helminthic purposes [8, 9]. Rhizomes are also used as anti-
parasitic and antihelminthic agents in Iran as well [10].
A. pectinatum (Wall. ex Mett.) T. Moore was used by the
Rajasthan Bhils (Indian tribe) as an antihelminthic [11, 12].
Fresh leaf juice of A. asperum (Blume) Milde was used as an
antihelminthic as well as a carminative in the Mymensingh
district of Bangladesh [13]. In Madhya Pradesh (India),
A. falcatum Bedd. has been used as an antihelminthic [14]. In
South India, its roots and fronds were utilized in traditional
medicine by the people of the Palani Hills (Western Ghats).
As an example, young fronds were consumed as a treatment
for cancer and roots were consumed as an antihelminthic
[15]. During childbirth, the roots of A. lanceum T. Moore are
used to relieve pain, particularly breast pain. Besides en-
hancing milk flow, it is also effective on sores when applied
topically [15]. Furthermore, it is used in Malaysia to treat
ascariasis, burns, and intestinal fever [16], as well as burns and
scalds. The Athyrium plant is used to treat sores in New
Guinea [17]. In traditional Chinese medicine, A. multid-
entatum has been used as a tranquilizer, antihypertensive, and
diuretic [18-20].

A. hohenackerianum T. Moore is native to India and Sri
Lanka (Figure 1). In India, it is found in different states such
as Goa, Gujarat, Jharkhand, Himachal Pradesh Karnataka,
Kerala, Maharashtra, Madhya Pradesh, Odisha, Rajasthan,
and Tamil Nadu. In India, the rhizome and fronds of
A. hohenackerianum are used as a decoction for rheumatic
pain and as an antihelminthic. The rhizome paste is also used
against scorpion stings [21]. To our knowledge, there are no
reports regarding any biological activity or phytochemistry of
A. hohenackerianum. Thus, this study is the initial and first
report documenting the anticancer potential and phyto-
constituents analysis of A. hohenackerianum grown in India.

2. Materials and Methods

2.1. Collection of Plant Material and Extraction. The col-
lection of A. hohenackerianum whole plants was carried out
in the South Gujarat region of Gujarat state, India, in
September 2020. The voucher specimen (BVBRC042) was
deposited at Bapalal Vaidya Botanical Garden, Department
of Biosciences, Veer Narmad South Gujarat University,
Surat, Gujarat, India. The collected plant material was
washed with tap water, and then, deionized water was used
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to rinse. Thereafter, it was dried under shade at room
temperature for 7days. Upon drying, the samples were
ground into powder and were then passed through a sieve
that had a mesh size of 20 (sieve size 0.85 mm). 25 g powder
of the whole plant of A. hohenackerianum was macerated in
85% ethanol in an electric shaker at the room temperature
for 6 h. After filtering through Whatman filter paper No. 1,
the extract solution was evaporated in a water bath at 60°C
for 2h. A total of 3.40 g of the extract was recovered, which
was brown in color, solid in appearance, and bristle in
texture.

2.2. Cytotoxicity by MTT Assay. The AHEE was tested
against human lung (A549), breast (MCF-7), and colon
(HCT-116) cancer cells. The National Centre for Cell Science
(NCCS), Pune, India, provided cell lines for use in this study.
Cancer cell lines were cultured in flasks (25 cm?) with 10%
fetal bovine serum (FBS) (MP Biomedicals, Germany) in
Dulbecco’s Modified Eagle’s Medium (DMEM) (MP Bio-
medicals, Germany) and 10,000 U/mL penicillin and 5 mg/
mL streptomycin antibiotic solution (Hi-Media, India) at
37°C in a humidified atmosphere with 5% CO,. Upon
reaching 80% confluence, the cells were seeded at a density of
greater than 1x 10> cells per well in 96-well plates and in-
cubated in the same conditions as above. Trypan Blue (Hi-
Media, India) (0.4%) was used to stain the cells, and a he-
mocytometer was used to determine the viability. Afterward,
cells were treated with AHEE at different concentrations
(1.56-200 ug/mL) for 48 h. The plate was removed from the
incubator, and the media containing AHEE was aspirated.
Then, 200 4L of medium containing 10% MTT reagent (MP
Biomedicals, Germany) was added to each well to get a final
concentration of 0.5 mg/mL, and the plates were incubated
for a further 3 h at 37°C in a humidified atmosphere with 5%
CO,. This was then followed by the removal of the medium
and the addition of 100 4L DMSO (Merck, Germany) to
dissolve the formazan crystals. Using the ELISA reader
(EL10 A, Biobase, China), the absorbance of the amount of
formazan crystal was measured at 570 nm and 630 nm. The
percentage growth inhibition was calculated after subtracting
the background and the blank, and the concentration of the
test drug needed to inhibit cell growth by 50% (ICsy) was
calculated from the dose-response curve for the respective
cell line. As a positive control, cisplatin was used [22].

2.3. Cell Cycle Analysis. The flow cytometer was used to
evaluate the cell cycle using propidium iodide (PI) staining.
In a six-well culture plate, HCT-116 cells were plated at
5x10* cells per 2mL and incubated in a CO, incubator for
24h at 37°C. After incubation, the spent medium was as-
pirated and washed with 1 mL of 1X PBS. Cells were treated
with AHEE (ICs,) concentration in 2mL of the culture
medium and further incubated for 24h. One well was left
blank as untreated, which was considered as a negative
control. The floating and attached cells were collected and
washed with chilled PBS. Following permeabilization, the
cells were fixed for 1h at 4°C in ice cold 70% ethanol. A
staining solution (50 ug/mL PI and 20 ug/mL RNase A in
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FIGURE 1: A. hohenackerianum. (a) Habit, (b) abaxial side of pinnae showing the distribution of sori, (c) close view of sori, (d) and
(e) structure of spores under the scanning electron microscope (SEM).

PBS) was then added to the cells for 15 min at 37°C. Samples
were mixed well and analyzed with the Cytomics FC500
Flow cytometer, Beckman Coulter, USA [23].

2.4. Fluorescent Double Staining with Acridine Orange/
Ethidium Bromide (AO/EB). The cells were plated at a density
of 3 x10° cells/2 mL in 6-well plates and incubated at 37°C for
24h in a CO, incubator. After aspirating the spent medium,
I mL of PBS was added. The cells were treated with AHEE
(ICsp) and further incubated for 24 h. For the second time, the
medium was removed after incubation and washed in cold

PBS. After that, the cells were suspended in 500 uL of AO/EB
staining solution (10uL of acridine orange (2mg/mL) and
10 uL of ethidium bromide (2 mg/mL) in 1 mL of PBS), mixed
thoroughly, and then incubated for 5 min. In the end, cells were
washed with PBS bovine serum albumin three times, and
images were taken immediately under a fluorescent micro-
scope (XDFL series, Sunny Instruments, China) [24].

2.5. Colony Formation Assay. In order to determine the
antineoplastic effects on in vitro cell proliferation, the clo-
nogenic assay was performed as described previously with



minor modifications [25]. In brief, the cells were cultured for
24h in T-25 tissue culture flasks and exposed to AHEE
(ICs) for 24 h. Afterward, trypsinization was performed on
the cells; the cells were counted and seeded into a 6-well plate
(200 cells/2mL medium per well) and cultured for 8 days.
Methanol was used to fix the colonies. Crystal violet (0.4 g/L)
was used to stain the colonies, which were photographed,
analyzed, and counted using Image] (v1.48) software. The
formula for calculating the surviving cell fraction was

no. of cells plated

lating effici PE) = 100,
plating efficiency (PE) no. of colonies counted X100
PE of treated 1
surviving fraction (SF) = O° reatec samp e.
PE of control sample
(1)

2.6. Annexin-V Apoptosis Assay. A 6-well plate was seeded
with HCT-116 cells at a density of 3x10° cells/2mL and
incubated in a CO, incubator at 37°C for 24 h. After removal
of the spent medium, 1 mL of PBS was added. The cells were
treated with AHEE (ICs;) in 2 mL of the culture medium and
incubated for 12-16 h. An untreated well served as a negative
control. At the end of incubation, the medium was removed
from all the wells and transferred into 5 mL centrifuge tubes,
which were then washed with 500 4L PBS. PBS was removed
from the sample, and 200 yL of trypsin-EDTA solution was
added and incubated for 3-4 min at 37°C. Afterward, the
culture medium was transferred into the respective wells
again and cells were harvested into the centrifuge tubes. The
tubes were then centrifuged for 5min at 300 x g at 25°C. The
supernatant was then removed and washed twice with PBS.
The PBS was completely removed, and cells were resus-
pended in 1X binding buffer at a concentration of 1 x 10°
cells/ml. Following this, 100 uL of the solution (1 x 10° cells)
was transferred to a 5mL culture tube and 5 uL of AbFlour
488 Annexin V was added. The cells were gently vortexed
and incubated for 15 min at 25°C in the dark. At the end, 2 yL
of PI and 400 uL of 1X binding buffer were added to each
tube and vortexed gently. Analyses of the samples were
carried out by flow cytometry immediately after the addition
of PI [26].

2.7. Gene Expression Analysis. Tri-Pure Isolation Reagent
(Sigma-Aldrich®, India, 11667157001) was used to isolate
the cellular RNA according to the manufacturer’s instruc-
tions, and it was quantified with a nanodrop UV spectro-
photometric analyzer (P 300, IMPLEN, USA). The RT-first
strand synthesis kit (Qiagen, CA, USA, 330401) was used to
reverse transcribe 1 ug of isolated RNA. SYBR green qRT-
PCR (Applied Biosystems® 7500 Fast Real-Time PCR ma-
chine, CA, USA) was used to measure the gene expression
levels relative to control. The 2" method was used for the
analysis, with values expressed as fold changes over the
control value. Each primer pair (Table 1) was used sepa-
rately. The following conditions were used to determine the
relative gene expression: reverse transcription was
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TaBLE 1: List of forward and reverse primers for apoptosis regu-
latory genes.

Primer Sequence Reference

Forward-
5'AGAGTCTATAGGCCCACCCC3'
Reverse-
5'GCTCGCACGCTAGGATCTGAC3'

Forward-
! !
Bel-2 5"TTCGATCAGGAAGGCTAGAGTT3 [27]
Reverse-

5'TCGGTCTCCTAAAAGCAGGC3'

Forward-
5'TGCGCTGCTCTGCCTTCT3’
Reverse-
5'CCATGGGTAGCAGCTCCTTC3’
Forward-
5'CATGGGGAAGGTGAAGGTCGA3'

Reverse-
5'TTGGCTCCCCCCTGCAAATGAG3'

ps53' [27]

Caspase-3 [27]

GAPDH' [27]

performed at 45°C for 45 minutes as a starting point, initial
denaturation at 95°C with 10 min hold, followed by 40 cycles
of 95°C for 15 sec, and 60°C for 60 sec [28].

2.8. GC-MS Analysis of A. hohenackerianum Crude Extract.
Shimadzu Nexis GC-2030 equipped with a QP2020 NX
mass spectrometer was used for the GC-MS analysis of
AHEE. The helium was used as a carrier gas, which flowed
at a rate of 1mL/min. The GC-MS spectral detection
method was based on electron ionization energy ionized at
70 eV, a scanning time of 0.2's, and fragment masses in the
range of 40 to 600 m/z. A volume of 1yl and a temperature
of 250°C were used for injection. Initially, a temperature of
50°C was set for 3 min in the column oven, then increased
by 10°C per min to 280°C, and finally was set to 300°C for
10 min. A comparison of the phytochemicals present in the
test samples with a library of authentic compounds
maintained by the National Institute of Standards and
Technology (NIST) revealed the presence of these com-
pounds based on their mass spectral patterns, retention
time (min), peak, area, and height [29].

2.9. Statistical Analysis. All experiments were carried out in
triplicate. Results are presented as the mean+SD of the
number of experiments performed. The significance of the
results was determined among the treatments using one-way
ANOVA followed by Tukey’s post hoc test and Student’s ¢-
test at p<0.05. The analyses were carried out using
GraphPad Prism 5.0 software.

3. Results

3.1. Cytotoxic Activity of A. hohenackerianum Crude Extract.
To determine the cytotoxic activity, various concentrations
of AHEE (1.56-200 yg/mL) were applied to A549, MCEF-7,
and HCT-116 cancer cells and then the ICs, values were
determined. A dose-response inhibition curve was used to
determine the values after 48 hours. Figure 2 illustrates the
dose-response curve of exposure of cancer cell lines to the
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FIGURE 2: Cytotoxic activity of AHEE and standard cisplatin drug against various human cancer cell lines (A549, MCF-7, and HCT-116).
(a) Untreated HCT-116 cells. (b) Treated HCT-116 cells with AHEE. (c) Cytotoxicity of cisplatin against A549, MCF-7, and HCT-116.
(d) Cytotoxicity of AHEE against A549, MCF-7, and HCT-116. Error bars indicate the SD (standard deviation) of three independent
experiments. Significance: ns>0.05, * p <0.05, ** p<0.01, and ***p <0.001.

crude extract. All tested cell lines were sensitive to the crude
extract, among which the most sensitive cells were HCT-116
colon cancer cells (ICs;=123.90 ug/mL), more sensitive
than MCF-7 breast cancer cells (ICsq=149.92 yg/mL) and
lung cancer cells (IC50=179.74 ug/mL). Therefore, the
remaining assays were conducted on the HCT-116 cells.
Cisplatin also showed dose-dependent inhibition of HCT-
116 colon cancer cells (ICsq=25.95ug/mL), MCF-7 breast
cancer cells (ICsy=36.33 yg/mL), and lung cancer cells
(ICs0=43.54 yug/mL).

3.2. S Phase Cell Accumulation. A flow cytometry assay was
conducted to determine how AHEE affected the cell cycle of
HCT-116 cells. An increase was observed in the percentage
of cells that are in the S phase (40.30 + 1.35) of the cell cycle
in the cells treated with IC5, of AHEE with a decline in the
percentage of cells in GO/G1 (33.50+1.19) and G2/M
(19.80+1.50) phases in comparison with the untreated

control cells. This suggests that the treated cells are arrested
in the S phase of the cell cycle (Figure 3).

3.3. Morphological Changesin HCT-116 Cells. To explore the
morphological alterations caused by AHEE, HCT-116 cells
were monitored using AO/EB staining. As compared with
the control cells, the features of apoptotic cell death, in-
cluding nuclear fragmentation, in the AHEE-treated cells
were noticed (Figure 4). These results elucidated that the
inhibition of AHEE on HCT-116 cell growth is linked with
its induction of apoptosis.

3.4. Antiproliferative Potential of AHEE. The AHEE was
examined for its effect on colony-forming ability in HCT-
116 cells. Using AHEE, clonogenic assays were conducted to
test the differences between untreated and treated cells in
terms of reproductive viability. The colonies formed after 8
days were compared between cancer cells seeded with and
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F1GURE 3: Cell cycle phase distribution in control and treated HCT-116 cells. (a) HCT-116 cell cycle phase distribution of control and after
being treated with an IC5, concentration of AHEE when analyzed using flow cytometry. (b) Bar graph of the average percentage of cells in
different phases of the cell cycle in each treatment and control group. Error bars indicate the SD (standard deviation) of three independent

experiments. Significance: * p <0.05, ** p <0.01, and *** p <0.001.

without AHEE. A significant reduction in the number of
colonies was observed in AHEE (Figure 5).

3.5. Quantification of Apoptotic Cell Death of AHEE-Treated
Cells. 'The apoptosis induction by AHEE on HCT-116 cells
was further confirmed using the Annexin-V and propidium
iodide staining methods. The results of this experiment are
shown in Figure 6. After treatment with ICs, there was a
significant increase from 0.51 +£0.30% to 9.52+0.92% and
2.80+0.38% to 22.3+1.23% of early and late apoptotic/
necrotic cells, respectively.

3.6. Expression of Genes Related to Apoptosis. Real-time PCR
was used to detect the expression level of the apoptotic genes

p53, Bcl-2, and caspase-3 in HCT-116 cells treated with
AHEE. Compared to untreated cells, expression levels of
caspase-3 and p53 were significantly increased, whereas the

expression levels of Bcl-2 were significantly decreased in
AHEE-treated cells (Figure 7).

3.7. Identification of A. hohenackerianum Compounds by GC-
MS. The AHEE was analyzed by GC-MS, and different classes
of compounds were identified (Table 2). Among the main
constituents are butanoic acid, 2,4,6-trimethyloctane, trans-
linalool oxide, hexadecane, 1,10-decanediol, loliolide, n-hex-
adecanoic acid, n-nonadecanol-1, heneicosanoic acid-methyl
ester, 10-nonadecanone, phytol, octacosanol, propanoic
acid, 2-(benzoylamino)-3-phenyl-m, methyl (Z)-5,11,14,17-
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FIGURE 4: Dual acridine orange/ethidium bromide staining of HCT-116 cells. (a) Control: untreated cells. (b) Cells treated with an ICs,
concentration of AHEE. The solid arrow indicates early apoptotic cells, and the dashed arrow indicates late apoptotic cells. The images were
taken with a fluorescence microscope at 40x. Live cells are exclusively green, whereas apoptotic cells appear with orange or yellowish-orange

nuclei.
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FiGgure 5: Clonogenic assay (crystal violet staining) in HCT-116 cells exposed to the ICs, concentration of AHEE. (a) Treatment well
represents a decrease in the number and size of colonies in comparison to the untreated well and was observed at 10x. (b) A bar graph
representing the surviving fraction of HCT-116 cells in the absence and presence of AHEE. Error bars indicate the SD (standard deviation)

of three independent experiments. Significance: *** p <0.001.

eicosatetraenoate, 4,8,12,16-tetramethylheptadecan-4-olide,
gamma-sitosterol, hexadecanoic acid-2-hydroxy-1-(hydrox-
ymethyl), octadecanoic acid, 2,3-dihydroxypropyl ester, and
androsta-1,4-diene-3,17-dione (Figure 8).

4. Discussion

Medicinal plants have been the known source of medicines
for the treatment of various ailments since ancient times.
People around the globe have implemented the usage of
botanicals for millennia. Although angiosperms and other
higher plants have been extensively studied for their me-
dicinal and economic value, ferns and fern-allies have been
completely overlooked. There is a strong emphasis on its use
in Ayurvedic (Sushruta, Charka, and Samhita), Unani,
Homeopathic, and other systems of medicine. People use
them in the treatment of different kinds of illnesses like
burns, colds, ascarid diseases, bleeding due to trauma, and
diarrhea [30]. Preliminary screening on different sorts of
bioactivities of traditional medicinal ferns has been reported

[31-36]. However, no in-depth studies on any biological
activities of these plants exist.

A. hohenackerianum contains a wide array of phyto-
chemical constituents, making it one of the most valuable
medicinal plants [37]. In this study, A. hohenackerianum was
extracted using ethanol to obtain the largest amount of
bioactive phytochemicals. Based on the results of this study,
we found that the ethanolic extract of A. hohenackerianum
conferred high cytotoxic activity on a variety of cancer cells,
with good efficacy against human colon cancer cells HCT-
116. In addition, we showed that the ethanolic extract of
A. hohenackerianum arrests the cell cycle at the S phase and
specifically induces apoptosis. This fact has been supported
by numerous experiments, including labeling with Annexin
V-/PI and activation of apoptosis signaling molecules. This
study’s findings are consistent with a prior study that found
other species of Athyrium extracts have antiproliferative
agents against several cancer cells. It has been reported that
A. multidentatum shows cytotoxic activity against hepato-
cellular carcinoma (HepG2 cells) with ICs, values of 220 ug/
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FIGURE 6: Annexin-V/PI apoptosis assay of treated HCT-116 cells. (a) Distribution of HCT-116 cells without treatment and treatment with
ICs concentration of AHEE. (b) A bar graph of cell distribution in control and treated HCT-116 cells, analyzed using flow cytometry. Error
bars indicate the SD (standard deviation) of three independent experiments. Significance: *** p < 0.001.

mL and 114 ug/mL after 24 h and 48 h, respectively [38]. It
was also reported that A. multidentatum crude extract causes
cytotoxicity in HL-7702 liver cells with ICs, values of 332 ug/
mL and 304 ug/mL after 24 h and 48 h, respectively [39]. The
butenolide derivative Striatisporolide A of A. multidentatum
exhibits potent cytotoxic activity against human lung cancer
cells (A549) with an ICsy of 7.75 ug/mL [39].

To investigate the mechanisms involved in the growth
inhibition of HCT-116 cells treated with A. hohen-
ackerianum, the cell cycle distribution was analyzed. In the
present study, it was found that cells treated with
A. hohenackerianum accumulated at the S phase of cells, and
therefore, this suggests that HCT-116 cells undergo apoptosis
since accumulation of cells at this phase is considered a
biomarker for DNA damage as well as an indicator of cell
death by apoptosis [40]. As part of the confirmation of
apoptosis induction, the Annexin-V/PI apoptosis detection
assay was used, which is widely used to distinguish both early
and late stages of apoptosis [41]. The apoptotic cell death

mode of A. hohenackerianum was confirmed by a shift to-
ward early and late apoptotic cell populations, suggesting the
extract exerted an apoptotic effect. The dual staining of
Annexin-V/PI and the cells accumulated in the S phase, as
well as the morphological changes that occurred during the
cell death evident with AO/EB after treatment with
A. hohenackerianum crude extract, strongly indicate that the
cells are undergoing apoptosis. It is well known that intact
plasma membrane integrity can be used as a major indicator
of apoptotic cells morphologically [42, 43]. In contrast to
apoptosis, necrosis is characterized by a loss of integrity in the
cell membrane [42]. The dual AO/EB fluorescent staining
method is convenient for detecting changes in cell mem-
branes caused by apoptosis. The AO binds to DNA in intact
cells and emits green fluorescence. In damaged cells, EB
penetrates the membrane and binds to the DNA and fluo-
rescence of orange-red is emitted [44]. Therefore, AO allows
the staining of apoptotic cells as well as live cells, and EB
permits the staining of both necrotic and late apoptotic cells.
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FIGURE 7: Gene expression levels in HCT-116 cells treated with the IC5, concentration of AHEE. The expression level of apoptosis-related
genes was determined via quantitative real-time PCR. GAPDH was used as an internal control. Error bars indicate the SD (standard
deviation) of three independent experiments. Significance: **p <0.01 and *** p <0.001.

TaBLE 2: Identified phytocompounds from the AHEE via GC-MS.

Chemical Molecular weight RT

Compound name Class formula (g/mol) (min) Area (%)
Butanoic acid Fatty ester C4HgO, 88.11 2.848 0.22
2,4,6-Trimethyloctane Fatty acyl C1Hyy 156.31 5.781 0.27
trans-Linalool oxide Terpene alcohol CoH150, 170.25 8.870 0.17
Hexadecane Fatty acyl Ci6Hss 226.41 8.935 0.24
1,10-Decanediol Fatty alcohol C,0H»,0, 174.28 9.949 0.26
Loliolide M‘;?E;fgfjne C11H;405 196.24 11127 0.95
n-Hexadecanoic acid Fatty acid C16H3,0, 256.42 12143  3.26
n-Nonadecanol-1 Fatty alcohol C19H400 284.5 12.329  0.35
Heneicosanoic acid, methyl ester Fatty acid Cy,H 440, 340.6 12476  0.07
10-Nonadecanone Fatty acyl CoH;330 282.5 12.732 017
Phytol Diterpene alcohol CyoH400 296.5 12900  2.04
QOctacosanol Fatty alcohol Cy5H550 410.76 13.269 013
Propanoic acid, 2-(benzoylamino)-3-phenyl-, m Fatty acid Cy3H,NO; 359.4 13.727  1.03
Methyl (Z)-5,11,14,17-eicosatetraenoate Fatty acid C,H340, 318.5 13.877  0.10
4,8,12,16-Tetramethylheptadecan-4-olide Terpenoid C51Hy00, 324.5 14.021 0.88
Gamma-sitosterol Phytosterol Cy9H5,0, 432.7 14.247 417
E;’i‘ii?;:iﬁ;;ld 2-hydroxy-1- Glycerolipid CioH3504 330.5 14.845 243
Octadecanoic acid, 2,3-dihydroxypropyl ester Fatty acid Cy1H40, 358.55 16.293  1.25
Androsta-1,4-diene-3,17-dione Steroid C19H,,0, 284.39 16.432  0.20

Furthermore, we also performed a more prolonged
clonogenic survival test and found that A. hohenackerianum
inhibited the survival of HCT-116 cells for a longer period of
time. As a result, it should be noted that the crude extract of
A. hohenackerianum has the potential to be used as a
treatment or management for colon cancer, since targeting a
cell population that is clonogenic/tumor-initiating/stemlike
is believed to be essential for success with cancer therapy.

The apoptotic process is regulated by genes such as p53,
caspase-3, and Bcl-2 [45]. A qRT-PCR technique was used to
analyze the expression of these apoptotic genes to support the

results from the flow cytometry. Compared to the control,
treatment with the extracts significantly lowered the anti-
apoptotic Bcl-2 gene and significantly increased the apoptotic
Bax and caspase-3 genes, indicating that A. hohenackerianum
acts through caspase-dependent apoptotic pathways. It has
been reported that a similar event occurred in many studies
in which natural product extracts increased the expression of
these genes in different human cancer cells, thus causing
them to undergo apoptosis [46-49]. Overall, our study
confirms that A. hohenackerianum induces apoptosis in
HCT-116 cancer cells.
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FiGure 8: Chemical structures of the identified compounds in AHEE via GC-MS analysis. (a) Butanoic acid, (b) 2,4,6-trimethyloctane,
(c) trans-linalool oxide, (d) hexadecane, (e) 1,10-decanediol, (f) loliolide, (g) n-hexadecanoic acid, (h) n-nonadecanol-1, (i) heneicosanoic
acid-methyl ester, (j) 10-nonadecanone, (k) phytol, (1) octacosanol, (m) propanoic acid, 2-(benzoylamino)-3-phenyl-m, (n) methyl (Z)-
5,11,14,17-eicosatetraenoate, (0) 4,8,12,16-tetramethylheptadecan-4-olide, (p) gamma-sitosterol, (q) hexadecanoic acid-2-hydroxy-1-
(hydroxymethyl), (r) octadecanoic acid, 2,3-dihydroxypropyl ester, and (s) androsta-1,4-diene-3,17-dione.
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The medicinal properties of plant extracts are largely
due to the secondary products that act in synergism rather
than as a single compound [50-52]. GC/MS is a useful and
dependable method for identifying complex plant extracts
in an efficient and timely manner [53]. This study iden-
tified different classes of phytochemical constituents of
A. hohenackerianum as having an inhibitory effect on
colorectal cancer cells’ growth [54], suggesting that these
compounds may play a role in the observed activity
against HCT-116 colon cancer cells. The natural com-
pound butyric acid is found in food. The anticancer ac-
tivity of butyric acid has been reported against acute
myeloid leukemia, Lewis lung carcinoma cells, and co-
lorectal carcinoma cells [55]. Linalool showed the
strongest activity against a broad range of cancers, such as
carcinoma of the cervix, stomach, skin, lung, and bone
with ICs ranging from 82.3 to 113.6 ug/mL [56]. Phytol is
a substance found in chlorophyll and has been shown to be
cytoprotective against oxidative stress. The anticancer and
immune-enhancing properties of phytol are well-docu-
mented. By regulating macrophage function, phytol not
only enhances natural killer cells that remove cancer cells
but also strengthens immunity. There is evidence that
phytol has an anticancer effect against breast, prostate,
cervical, colorectal, lung, and skin cancers, with ICs,
values ranging from 15.51 to 69.67 uM [57]. Gamma-si-
tosterol is a compound that belongs to the stigmastanes
and derivatives family of organic compounds. It has also
anticancer effects against several types of cancer includ-
ing, breast, lung, hepatocellular, and colorectal cancer
[58]. Therefore, it can be concluded that the anticancer
effects seen in the extract could be due to the presence of
these compounds.

5. Conclusion

The ethanolic extract of A. hohenackerianum inhibited the
proliferation of various cancer cells. In particular, we
demonstrated that the A. hohenackerianum extract in-
hibits the growth of HCT-116 colon cancer cells by ap-
optosis by inducing cell arrest in the S phase and causing
dose-dependent rises in early and late apoptotic cell
populations. Moreover, upregulation of apoptosis gene
markers in HCT-116 cells confirmed the initiation of
apoptosis by A. hohenackerianum. Based on preliminary
findings, A. hohenackerianum has the potential to be a
new natural source of anticolon cancer compound(s) that
can trigger apoptotic cell death. However, despite the
numerous advantages, toxicity concerns are always
present with the variety of plants and can be unsafe for the
sensitive populations. Therefore, in vivo toxicological
assessment is a mandatory requirement and must be done
prior to the drug development, which is a limitation in this
study. Furthermore, certain assays such as migration
assay, angiogenesis assay, and protein expression by
Western blotting can also be performed to confirm the
efficacy of A. hohenackerianum and identify the possible
cellular and molecular mechanisms involved in the an-
ticancer activity.
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