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Simple Summary: Despite advancements in the field, lung malignancies are the primary cause of
cancer-attributable morbidity and mortality on a global scale. Recently, therapeutic agents have
demonstrated improved efficacy when combined with nanocarriers to improve their delivery, bioavail-
ability, and efficacy. Accordingly, the aim of this study is to evaluate the effects and mechanisms
of action of naringin—dextrin nanocomposites (Nar-Dx-NCs) against diethylnitrosamine (DEN)/2-
acetylaminofluorene (2AAF)-induced lung carcinogenesis in male Wistar rats. Naringin’s preventive
action against DEN/2AAF-induced lung cancer was amplified using Nar-Dx-NCs, which exerted
heightened anti-carcinogenic effects by suppressing oxidative stress, inflammation, and cell prolifera-
tion and activating apoptosis.

Abstract: Nanotechnology has proven advantageous in numerous scientific applications, one being
to enhance the delivery of chemotherapeutic agents. This present study aims to evaluate the mecha-
nisms underlying the chemopreventive action of naringin—dextrin nanocomposites (Nar-Dx-NCs)
against diethylnitrosamine (DEN)/2-acetylaminofluorene (2AAF)-induced lung carcinogenesis in
male Wistar rats. DEN was administered intraperitoneally (i.p.) (150 mg/kg/week) for two weeks,
followed by the oral administration of 2AAF (20 mg/kg) four times a week for three weeks. Rats
receiving DEN/2AAF were concurrently treated with naringin or Nar-Dx-NCs orally at a dose
of 10 mg/kg every other day for 24 weeks. Naringin and Nar-Dx-NCs treatments prevented the
formation of tumorigenic cells within the alveoli of rats exposed to DEN/2AAF. These findings
were associated with a significant decrease in lipid peroxidation, upregulation of antioxidant en-
zyme (glutathione peroxidase and superoxide dismutase) activity, and enhanced glutathione and
nuclear factor erythroid 2-related factor 2 expression in the lungs. Naringin and Nar-Dx-NCs exerted
anti-inflammatory actions manifested by a decrease in lung protein expression of tumor necrosis
factor-oc and interleukin-1f3 and mRNA expression of interleukin-6, interferon-y, nuclear factor-xB,
and inducible nitric oxide synthase, with a concurrent increase in interleukin-10 expression. The
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anti-inflammatory effect of Nar-Dx-NCs was more potent than naringin. Regarding the effect on
apoptosis, both naringin and Nar-Dx-NCs significantly reduced Bcl-2 and increased Bax and P53
expressions. Moreover, naringin or Nar-Dx-NCs induced a significant decrease in the expression
of the proliferator marker, Ki-67, and the effect of Nar-Dx-NCs was more marked. In conclusion,
Nar-Dx-NCs improved naringin’s preventive action against DEN/2AAF-induced lung cancer and
exerted anticarcinogenic effects by suppressing oxidative stress and inflammation and improving
apoptotic signal induction and propagation.

Keywords: diethylnitrosamine; acetylaminofluorene; lung cancer; naringin; naringin—-dextrin
nanocomposite; anticancer; anti-inflammatory; antioxidant; apoptosis

1. Introduction

Malignancies of the lung are among the most frequently diagnosed types of cancer
in both sexes, affecting 11.6% of the population. Due to its aggressive nature, lung cancer
has a high mortality rate worldwide, with over 18% of patients ultimately succumbing
to cancer-related complications [1,2]. Risk factors include tobacco use, radiation to the
thorax, and exposure to secondhand smoke, radon gas, asbestos, and other carcinogens.
Diethylnitrosamine (DEN), for example, is frequently used as a carcinogenic agent in
in vivo analyses; it has been reported that rodents exposed to DEN develop lung, liver, skin,
and gastrointestinal cancers [3,4]. The metabolism of DEN via the metabolic activation of
cytochrome P450 (CYP450)-dependent monooxygenase system results in oxidative stress,
leading to cytotoxicity, mutagenicity, and carcinogenesis [5,6]. The lungs are perhaps
most sensitive to these effects, as DEN has been established to most frequently cause lung
cancer compared to other primary tumors [7]. Reactive oxygen species (ROS) produced
during the metabolism of DEN may be a major factor in the emergence of cancer. An
imbalance between ROS production and antioxidant capacities leads to DNA damage and
oxidative stress, ultimately triggering carcinogenesis [8,9]. Another genotoxic carcinogen,
2-acetylaminofluorene (2AAF), forms covalent interactions between metabolic derivatives
of 2AAF and DNA to initiate tumorigenesis in many species [10].

Inflammation plays a significant role as an innate broad defense mechanism against
injury and generalized infection [11]. During this process, macrophages produce pro-
inflammatory cytokines, including interferon-y (IFN-y), tumor necrosis factor-alpha (TNF-
o), interleukin-6 (IL-6), as well as other inflammatory proteins, including inducible nitric
oxide synthase (iNOS) [12]. Cytokines are essential regulators of the immune and inflam-
matory responses via intricate networks and, therefore, serve as biomarkers for disease [13].
Key pro-inflammatory cytokines implicated in tumorigenesis include TNF-¢, interleukin-
1 (IL-1B), and IL-6 [14,15]. Tumorigenesis and inflammation are closely related, and much
effort pertaining to cancer research is focused on this topic [16]. For example, the crucial im-
portance of nuclear factor erythroid 2-related factor 2 (Nrf2) was recently shown to control
the antioxidant response element (ARE), which protects against oxidative stress [17].

Natural sources of antioxidants are an increasingly attractive option for chemopre-
vention due to their relatively nontoxic side effect profiles [18]. Naringin, a polyphenolic
phytochemical belonging to the flavonoid subclass, has already been reported to possess an-
tioxidant, anti-inflammatory, and antitumor effects [19,20]. Targeted drug delivery systems
have been substantially advanced in recent years, allowing drugs to be delivered to specific
locations to treat a variety of diseases with greater efficacy and, in theory, reduced toxic-
ity [21]. Compared to native formulations, the solubility, release profiles, and bioavailability
of nanoscale drugs, in conjunction with their nano-based delivery systems, have proven
beneficial for cancer treatment. The use of targeted nano-based drug delivery systems
permits a more appropriate route of administration, fewer adverse effects, diminished
toxicity, greater diffusivity, and a longer half-life of anticancer drugs [22]. Previous research
has demonstrated that nanomaterials can selectively enter organs, tissues, and cells to re-
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lease treatments at precise locations previously considered to be inaccessible without great
difficulty [23,24]. Combining nanodrug formulations with natural products may further
reduce drug toxicity and augment the therapeutic properties of both conventional agents
and natural compounds [25-29]. Newly published in vitro and in vivo data are already in
support of naringin-dextrin nanocomposites (Nar-Dx-NCs) exhibiting anti-inflammatory
and anticancer effects against hepatocellular carcinoma, but information regarding the
effects of Nar-Dx-NCs in the context of lung cancer is lacking [30,31]. Therefore, the pur-
pose of our study is to report the anticarcinogenic effects and mechanisms of action of
Nar-Dx-NCs in DEN/2AAF-induced lung carcinogenesis in male Wistar rats.

2. Materials and Methods
2.1. Chemicals

DEN (Cat. #049K1613V), 2AAF (Cat. #A7015), naringin (Cat. #BCBT3477), and dextrin
(Cat. # D2006) were obtained from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals
and solvents utilized were of analytical grade.

2.2. Synthesis of Nar-Dx-NCs

Nar-Dx-NCs were prepared according to the method described by Manchu et al. [32].
Briefly, a 5% (w/w or 0.2 mg/mL) aqueous nanoemulsion of dextrin and naringin was
produced by continuous ultrasonication for 1 min. Formaldehyde was then added in
exact molar ratios to dextrin, homogenized via ultrasonication at high pressure for 30 min,
and stirred at room temperature for 12 h. After precipitating with ethanol 99% (v/v), the
crosslinked dextrin—naringin nanocomposite was centrifuged at 14,000 rpm for 45 min
at 4 °C before being frozen for 48 h. The nanoemulsion was stored as a powder at 4 °C.
In our earlier publication [30], we outlined the techniques utilized to characterize the
Nar-Dx-NCs, including X-ray diffraction (XRD), Fourier transformation infrared (FTIR)
spectroscopy, transmission electron microscopy (TEM), zetasizer and zeta potential studies,
and ultraviolet-visible (UV-Vis) spectrometry. Additionally, Nar-Dx-NCs were evaluated
according to entrapment effectiveness (EE) and the release of naringin from dextrin.

2.3. Animal Experimentation

Wistar male adult rats weighing 100-120 g and aged 7-8 weeks were utilized in
this study. The animals were purchased from the Animal House Facility of the Egyptian
Organization for Biological Products and Vaccines (VACSERA, Cairo, Egypt). Rats were
observed for 7 days prior to the start of experimental procedures to allow acclimation
to their new environment and monitor for infection. The rats were kept in a controlled
environment with a 12/12 h light/dark cycle, a standard diet, and unrestricted access to
water. The temperature was kept between 20 and 25 °C. All procedures involving animals
conducted in this present study were approved by the Animal Ethics Committee of the
Faculty of Science at Beni-Suef University in Egypt (Approval Number: BNS:020-91).

2.4. Experimental Design

Adult male Wistar rats were divided into four groups, each comprising 12 rats. Group
1 served as an untreated normal group, while groups 2, 3, and 4 received 150 mg/kg of DEN
intraperitoneally (i.p.) twice a week for two weeks plus 20 mg/kg 2AAF via oral gavage
four times a week for three weeks [33,34]. Group 2 served as the positive control group
and received no further interventions. Groups 3 and 4 received naringin or Nar-Dx-NCs,
respectively, at a dose of 10 mg/kg every other day from the start of carcinogenesis for
the duration of this study (24 weeks), according to a previously established protocol [35].
Groups 1 and 2 received the same volume of the vehicle (5 mL 1% carboxymethyl cellulose),
in which naringin and Nar-Dx-NCs were dissolved. After 24 weeks, the animals were
anesthetized with diethyl ether before being sacrificed (Figure 1).
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Figure 1. Schematic of the experimental design. Abbreviations: 2AAF, 2-acetylaminofluorene; CMC,
carboxymethyl cellulose; DEN, diethylnitrosamine; Nar-Dx-NCs, naringin—dextrin nanocomposites.

2.5. Lung Sampling and Analysis

The lung parenchyma of euthanized rats was resected and washed with cold sterile
saline. Each lung was cut into four pieces (3 mm?). After one day of fixation in 10% neutral
buffered formalin, one lung piece was cut into sections for histological analysis. Another
lung sample was mixed with phosphate buffer at 25% w/v and centrifuged at 3000 rpm for
15 min at 4 °C. The supernatants were stored at —30 °C until they were used to investigate
antioxidant activities, oxidative stress, and biomarker levels, including TNF-«, IL-1f3, and
Nrf2. The third portion of the lung tissue was kept at —70 °C in sterilized tubes and used
for RNA isolation and real-time polymerase chain reaction (PCR) assays. A fourth lung
tissue sample was kept at —30 °C and was used for Western blot analysis of proliferator
marker, Kiel-67 (Ki-67). Various experimental endpoints are illustrated in Figure 2.

2.6. Histopathological Examination

Additional samples of lung tissue fixed for 24 h in 10% neutral buffered formalin were
dehydrated with ethyl alcohol and embedded in paraffin. The lung sections (5 mm?) were
then stained with hematoxylin and eosin (H&E) according to the method described by
Bancroft and Gamble [36] and examined under a light microscope. The histopathological
lesions of lung sections stained with H&E were evaluated via histomorphometric analysis
using Image] 1.46r software (Leica Qwin 500 image system, Cambridge, UK) [37]. The
mean area of alveoli space and mean area percentages of inflammation and hemorrhage
were measured.

2.7. Biochemical Assays

Lung lipid peroxide (LPO), reduced glutathione (GSH), glutathione peroxidase (GPx),
and superoxide dismutase (SOD) were analyzed using kits from Bio-Diagnostic (Dokki,
Giza, Egypt) according to the manufacturer’s instructions. Antibodies against TNF-c,
IL-13, and Nrf2 were used on the lung tissue obtained from rats using Enzyme-Linked
Immunosorbent Assay (ELISA) kits following the guidelines of the manufacturer (R&D
Systems, Minneapolis, MN, USA).
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Figure 2. Schematic diagram of analyses performed on lung samples and endpoints recorded. Abbre-
viations: Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2; ELISA, enzyme-linked immunosor-
bent assay; GSH, glutathione; GPx, glutathione peroxidase; Ki-67, Kiel-67; IFN-y, interferon-y; IL-1j3,
interleukin-1p; IL-6, interleukin-6; IL-10, interleukin-10; iNOS, inducible nitric oxide synthase; LPO,
lipid peroxidation; NF-kB, nuclear factor-«B; Nrf2, nuclear factor erythroid 2-related factor 2; RT-qPCR,
reverse transcription-quantitative polymerase chain reaction; SOD, superoxide dismutase.

2.8. Isolation of Total RNA and Reverse Transcription—Quantitative PCR (RT-qPCR)

Total RNA was extracted from homogenates of lung tissue using the TRIzol reagent
(Cat. # 15596018, Invitrogen; Eugene, OR, USA) according to the manufacturer’s instruc-
tions. RNA absorbance was measured at 260 nm using the method described by Sthoeger
et al. [38]. The RNA quality was ascertained by measuring the ratio of the absorbance
at 260 and 280 nm (260/280 ratio). The first strand of cDNA was synthesized using the
high-capacity cDNA reverse transcription kit (Cat. # 4368814) from Applied Biosystems®
(Foster City, CA, USA). Quantitative analyses of the target genes’ mRNA expression were
performed via quantitative PCR using the ABI Prism 7500 System (Biosystems, Foster City,
CA, USA) and 96-well optical reaction plates. In brief, the cDNA was amplified via PCR
(Applied Biosystems, Foster City, CA, USA) using a 25-uL reaction mixture, including
0.1 pL of 10 uM forward primer and 0.1 pL of 10 uM reverse primer each (final concen-
tration of each primer: 40 nM), 11.05 pL of nuclease-free water, 12.5 uL of SYBR Green
Universal Master mix, and 1.25 uL of cDNA sample. Table 1 contains a list of the primers
used in this present study. The primers were obtained from Santa Cruz Biotechnology,
Inc., Heidelberg, Germany. Results are displayed as a fold change in the gene expression
normalized to that of the reference gene B-actin using the 2~#4¢T method.

Table 1. Primer sequences for RT-qPCR assays.

Genes GenBank Accession Number Sequence (5'-3')

F: TTCAACATGGCAGACGACGA
R: TGCTCTAGTATTTGAAGGTATGGG

F: TAAGCTGTCACAGAGGGGCT

NF-«B NM_001276711.1

b2 NM_016993.1 R: TGAAGAGTTCCTCCACCACC
F: CTGGATCCAAGACCAGGGTG

o NM_007527.3 R: CCTTTCCCCTTCCCCCATTC

P53 NM_030989.3 F: GTTTTTGTTCCTGAGCCCCG

R: GAGCAAGGGGTGACTTTGGG
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Table 1. Cont.

Genes GenBank Accession Number Sequence (5'-3')
B-actin NM._031144.3 F: TCACTATCGGCAATGTGCGG

R: GCTCAGGAGGAGCAATGATG

Abbreviations: Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2; IEN-y, interferon-y; IL-6, interleukin-6;
IL-10, interleukin-10; iNOS, inducible nitric oxide synthase; P53 tumor suppressor protein 53; NF-«kB, nuclear
factor-«B.

2.9. Western Blot Analysis

Lung tissues were homogenized in radioimmunoprecipitation assay (RIPA) buffer
and centrifuged to obtain clear supernatants. The total protein content was measured
using the Bradford reagent (SK3041) (Bio Basic Inc., Markham, ON, Canada). Afterward,
30 ug of proteins were separated using sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Cat. # 161-0181; Bio-Rad Laboratories, Inc., Hercules, CA, USA)
and then transferred to nitrocellulose membranes. After blocking in tris-buffered saline
with Tween 20 (TBST) containing 5% non-fat milk powder, the membranes were incu-
bated with primary antibodies against Ki-67 (Cat. # AB9260; EMD Millipore Corporation,
Temecula, CA, USA) and (-actin (Sc-8432). The membranes were developed with the help
of the chemiluminescent substrate (Cat. # 170-5060) (ClarityTM Western ECL substrate,
Bio-Rad Laboratories, Inc., Hercules, CA, USA) and then examined with the corresponding
horseradish peroxidase (HRP)-conjugated secondary antibodies (goat anti-rabbit IgG-HRP-
1 mg goat monoclonal antibody) (Novus Biologicals, Littleton, CO, USA). Finally, the
intensity ratio in the control sample was compared with the band intensities of the target
proteins using image analysis (ChemiDoc MP Imaging system, Bio-Rad, Hercules, CA,
USA) normalized to that of the housekeeping protein 3-actin.

2.10. Statistical Analysis

The data are shown as means =+ standard errors (SE). A one-way analysis of variance
was performed using SPSS version 20 software (Chicago, IL, USA) to identify statistical
differences between groups. Duncan’s test was then used to compare various groups, with
significance set at p < 0.05.

3. Results
3.1. Naringin and Nar-Dx-NCs Abrogated Histopathological Changes in Lung Parenchyma of Rats
Administered DEN/2AAF

The histopathological examination of lung sections from the normal group revealed
normal histology with thin and delicate walls in the alveolar area. The alveoli were well-
aerated and contained only occasional pulmonary macrophages (Figure 3A). In contrast,
rats receiving DEN/2AAF presented histological abnormalities consistent with carcino-
genesis, including aggregation of tumor cells and diffuse thickening in interstitial tissues,
with hemorrhage and congested blood vessels (Figure 3B). Tumor cells grew within the
alveoli following lepidic and papillary growth patterns. Additionally, macrophages and
other myeloid cells invaded adjacent alveolar air spaces. Tumor cells also displayed an
acinar pattern of invasive adenocarcinoma. The invasion of a vessel via tumor cells was
also observed (Figure 3C,D).
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Figure 3. (A) Photomicrographs of sections of the lungs from control rats showing normal histology
of the alveolar area, including thin and delicate walls (red arrow). The alveoli were well aerated and
contained only an occasional pulmonary macrophage (red arrowhead) (hematoxylin and eosin [H&E]
staining, scale bar: 50 um). (B) Photomicrograph of lung section from DEN/2A AF-administered
rat showing lung cancerous injuries including aggregation of tumor cells (red arrowhead) diffuse
thickening in interstitial tissues (red arrow), hemorrhage (yellow arrow), and congested blood
vessel (green arrow) (H&E staining, scale bar: 20 pm). (C) Photomicrograph of lung section from
DEN/2AAF-administered rat displays invasive adenocarcinoma with an acinar pattern. Tumor is
seen invading into a vessel (red arrow). Typical lepidic (blue arrow) and papillary (yellow arrow)
growth patterns of tumor cells within alveoli. Macrophages and other myeloid cells infiltrated
adjacent alveolar air spaces (red arrowhead) (H&E staining, scale bar: 50 pm). (D) Photomicrograph
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of lung section from DEN/2A AF-administered rat showing lepidic (red arrow) and papillary (red
arrowhead) growth patterns of tumor cells within alveoli. Macrophages and other myeloid cells
infiltrated adjacent alveolar air spaces (red arrow) (H&E staining, scale bar: 50 um). (EF) Pho-
tomicrographs of lung sections of DEN/2A AF-administered rats treated with naringin showing a
relatively normal structure of the alveolar walls. A hemorrhage was found in the lumen of some
alveoli (red arrow) (H&E staining, scale bar: 50 pm). (G,H) Photomicrographs of lung sections of
DEN/2AAF-administered rats treated with Nar-Dx-NCs showing a near-normal structure of the
alveolar walls. Occasional pulmonary macrophages (arrow) were observed (H&E staining, scale bar:
50 pm). (I-K) Graphs displaying the mean area of alveoli to determine tumor cells within alveoli and
mean area percentages of inflammation and hemorrhage, respectively, in each group studied. Means
for each group are represented at the top of each bar. Different symbols (a—d) within the same graph
are significantly different at p < 0.05. Abbreviations: 2AAF, 2-acetylaminofluorene; CG, control group;
DEN, diethylnitrosamine; Nar-Dx-NCs, naringin—dextrin nanocomposites.

The structure of the alveolar walls of the lungs of DEN/2AAF-administered rats
treated with naringin was relatively similar to that of healthy controls (Figure 3E). A hem-
orrhage was found in the lumen of some alveoli (Figure 3F). The structure of the alveolar
walls of the lungs of DEN/2AAF-administered rats treated with Nar-Dx-NCs also appeared
nearly normal. Occasional pulmonary macrophages were observed (Figure 3G,H). The
statistical analysis of the mean area of alveoli space to determine tumor cells within alveoli,
mean area percentages of inflammation, and hemorrhage confirmed an improvement in
DEN/2AAF-administered groups treated with native or nanocomposite naringin com-
pared to those not receiving concurrent chemoprophylaxis. These findings were more
pronounced in Group IV, which received Nar-Dx-NCs, compared to native naringin (Group
III) (Figure 31-K).

3.2. Effect of Naringin and Nar-Dx-NCs on Oxidative Stress and Antioxidant Defense System in
Lung Tissues

DEN/2AAF administration significantly (p < 0.05) elevated lung LPO and reduced
the lung GSH content as well as GPx and SOD activities compared with those of normal
rats. Free naringin or Nar-Dx-NCs treatment significantly (p < 0.05) reduced lung LPO
and could increase GSH content and GPx and SOD activities compared with the values
obtained in rats receiving DEN/2AAF alone (Table 2).

Table 2. Effect of naringin and Nar-Dx-NCs on lung LPO, GSH content, and GPx and SOD activities
in lungs of DEN/2AAF-administered rats.

Groups (nmole 1\1;111))?4/100 m GSH GPx SOD
P . 8 (nmole /100 mg Tissue) (mU/100 mg Tissue) (U/g Tissue)
Tissue/h)
Normal group 65.06 + 0.084 2 85.86 4+ 1.03 d 21440 +1.40°¢ 16.76 £ 0.51 ¢
DEN/2AAF 134.45 4+ 0.83 ¢ 44.00 + 0.752 85.61 + 0.77 2 3.11 +0.022
DEN/2AAF + Naringin 7528+ 1.06 P 67.30 + 0.98 P 205.51 £ 0.97b 9.26 +£0.12b
DEN/2AAF + Nar-Dx-NCs 62.73 + 0.552 75.73 + 091 ¢ 21253 +2.52°¢ 11.03 £ 0.37b

Data are expressed as mean =+ SE (1 = 6). Means with different superscript symbols (a—d) within the same column
are significantly different at p < 0.05. Abbreviations: GSH, glutathione; GPx, glutathione peroxidase; LPO, lipid
peroxidation; SOD, superoxide dismutase.

3.3. Effects of Naringin and Nar-Dx-NCs on TNF-«, IL-18, and Nrf2 Levels in Lung Tissues

TNF-« and IL-1§3 levels in lung tissues were higher in DEN/2A AF-administered
rats, whereas Nrf2 levels were lower (p < 0.05) compared to normal rats. In DEN/2AAF-
administered rats, treatment with naringin or Nar-Dx-NCs reversed this effect (Figure 4).
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Figure 4. Effect of naringin or Nar-Dx-NCs on (A) TNF-«, (B) IL-13, and (C) Nrf2 levels in the
lungs of DEN/2AAF-administered rats. Data are expressed as means £ SE (1 = 6). Means for each
group are represented at the top of each bar. Different symbols (a—d) within the same graph are
significantly different at p < 0.05. Abbreviations: 2AAF, 2-acetylaminofluorene; CG, control group;
DEN, diethylnitrosamine; IL-1§3, interleukin-13; Nar-Dx-NCs, naringin—dextrin nanocomposites;
Nrf2, nuclear factor erythroid 2-related factor 2; TNF-«, tumor necrosis factor-«.

3.4. Effects of Naringin and Nar-Dx-NCs on IL-6, IL-10, NF-xB, IFN-, and iNOS mRNA
Expression in Lung Tissues

DEN/2AAF-administered rats exhibited greater IL-6, NF-«B, IFN-y, and iNOS levels
in lung tissues and a significant decrease in IL-10 expression compared with normal rats.
The treatment of DEN/2A AF-administered rats with free naringin or Nar-Dx-NCs had a
significant effect on the increase in IL-6, NF-«B, IFN-y, and iNOS mRNA expressions and
decreased IL-10 mRNA levels compared with those in DEN/2AAF rats (Figure 5).

Fold change

IL-6 IL-10

O Normal group B ONormal group
®mDEN/2AAF-CG mDEN/2AAF-CG
B DEN/2AAF-Naringin mDEN/2AAF-Naringin

B DEN/2AAF-Nar-Dx-NCs

mDEN/2AAF-Nar-Dx-NCs

Fold change

IFN-y NF-xB iNOS

Figure 5. Effect of naringin and Nar-Dx-NCs on (A) IL-6, IL-10, and IFN-y mRNA expressions as well
as (B) NF-«B and iNOS mRNA levels in the lung of DEN2AAF-administered rats. Data are expressed
as means £ SE (n = 6). Means for each group are represented at the top of each bar. Different
symbols (a—d) within the same graph are significantly different at p < 0.05. Abbreviations: IFN-y,
interferon-y; IL-10, interleukin-10; IL-6, interleukin-6; iNOS, inducible nitric oxide synthase; NF-kB,

nuclear factor-«B.
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3.5. Effects of Naringin and Nar-Dx-NCs on mRNA Expression of Antiapoptotic and Proapoptotic
Biomarkers

DEN/2AAF-administered rats produced a significant elevation in the lung expression
of antiapoptotic protein B-cell lymphoma-2 (Bcl-2) and significantly reduced levels of the
proapoptotic factors Bcl-2-associated X protein (Bax) and P53 compared with those in nor-
mal rats. The cotreatment of DENA /2AAF plus free naringin or Nar-Dx-NCs significantly
suppressed Bcl-2 expression and elevated Bax and P53 levels (Figure 6).

ONormal group
35 c mDEN/2AAF-CG

. mDEN/2AAF-Naringin
BDEN/2AAF-Nar-Dx-NCs

3
& 25
g c
2 c
% b
= 4
= 1.5 . . ) b b
&9 [
1 b c
0.5 a a
a
0
Bel-2 Bax Bax/Bcl-2 P53

ratio

Figure 6. Effect of naringin and Nar-Dx-NCs on Bcl-2 and Bax mRNA levels, Bax/Bcl-2 ratio, and
P53 mRNA levels in the lungs of DEN/2A AF-administered rats. Data are expressed as means =+ SE
(n = 6). Means for each group are represented at the top of each bar. Different symbols (a—c) within the
same graph are significantly different at p < 0.05. Abbreviations: 2AAF, 2-acetylaminofluorene; Bax,
Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2; CG, control group; DEN, diethylnitrosamine;
Nar-Dx-NCs, naringin—dextrin nanocomposites.

3.6. Effects of Naringin and Nar-Dx-NCs on Ki-67 Protein Expression

Ki-67 protein expression was significantly (p < 0.05) upregulated in the lung parenchyma
of DEN/2AAF-administered rats. Naringin or Nar-Dx-NCs significantly downregulated
lung Ki-67 expression levels compared with those measured after DEN/2AAF administra-
tion alone, suggesting an inhibition of cell proliferation (Figure 7).

Ki-67 s SR s s kDa 360
B-actin W sw———

3.5 d ONormal group
BDEN/2AAF-CG
3 BDEN/2AAF-Naringin

& BDEN/2AAF-Nar-Dx-NCs

2

15

Ki-67
(Fold change)

1

0.5

Groups

Figure 7. Effect of naringin and Nar-Dx-NCs on Ki-67 levels in the lungs of DEN/2A AF-administrated
rats. Data are expressed as means + SE (1 = 3). Means, which are represented as different symbols
(a—d) at the top of each bar, were considered significantly different for p < 0.05. Abbreviations:
2AAEF, 2-acetylaminofluorene; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2; CG, control
group; DEN, diethylnitrosamine; Ki-67, Kiel-67; Nar-Dx-NCs, naringin—-dextrin nanocomposites. The
uncropped blots are shown in Figure S1 and S2.
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4. Discussion

Lung cancer is a common neoplasm with high incidence and mortality worldwide [2].
DEN is a chemical compound widely utilized to cause lung, liver, and esophageal cancers in
experimental animals [39] and may be used alone or in conjunction with a cancer promoter,
such as 2AAF [34]. Naringin is the primary bioactive polyphenol found in citrus fruits,
and its consumption has been beneficial to human health since ancient times. Numerous
preclinical and clinical findings have documented its antioxidant activity and capacity to
protect against inflammation and various organ- or system-specific cancers [40]. In this
work, we have prepared naringin-dextrin nanocomposites (Nar-Dx-NCs) and investigated
the chemopreventive role of this nanoformulation against DEN/2A AF-induced lung cancer
and related mechanisms of action compared to free naringin in a Wistar rat model.

The histopathological analysis revealed various lung cancerous injuries, including
aggregation of tumor cells, diffuse thickening in interstitial tissues, and tumor cell growth
in lepidic and papillary patterns within the alveoli in the lungs of rats given DEN/2AAF.
Moreover, there was an invasion of macrophages and other myeloid cells in adjacent
alveolar air spaces and a display of invasive adenocarcinoma with an acinar pattern. Based
on these observations, it has been demonstrated that lung adenocarcinoma is predominantly
caused by DEN, as described by Sivalingam et al. [39] and Abdel-Moneim et al. [34]. This
present study revealed an improvement in tissue dysplasia and several biomarkers resulting
from cotreatment with naringin or Nar-Dx-NCs, which can minimize the production
of ROS induced via DEN injection, thus mitigating tissue damage and cancer-related
tissue injury. Compared to free naringin, Nar-Dx-NCs were more effective in exerting
anticarcinogenic effects.

DEN treatment increased ROS and LPO levels and decreased SOD, GPx, and GSH
activities. These effects were similar to those of Sivalingam et al. [39] and Abdel-Moneim
et al. [34], who indicated that DEN increased LPO levels and decreased GPx and SOD
activities as well as GSH content in the lungs of rats exposed to DEN. Enzymatic and non-
enzymatic antioxidants, like GPx, SOD, and GSH, scavenge ROS and decrease LPO levels.
Many studies [31,34,41] found a significant decrease in SOD, GPx, and GSH activities in rat
lung and liver cancers, along with increased free radicals and specific humoral factors. LPO
levels increase during the development of cancer and are regarded as a strong carcinogen
and mutagen [42]. Naringin or Nar-Dx-NCs treatment reduced high LPO levels and
increased SOD and GPx activities and GSH content in the lungs. Our data are parallel with
the findings of Kim et al. [43]. Naringin, a naturally occurring flavonoid, displays protective
effects and increases the activity of antioxidant enzymes in the lungs [44]. The antioxidant
defense system in the rat was improved using Nar-Dx-NCs [30]. Dietary antioxidants may
help to reduce oxidative stress and cellular damage in addition to supporting the body’s
natural antioxidant defense system. There is proof that naringin scavenges free radicals
and prevents oxidative DNA damage [45]. Nar-Dx-NCs improved the antioxidant defense
system in the rat lungs compared with the effects of crude naringin at the same dose, mainly
by increasing naringin concentration and enhancing naringin protective activity.

Inflammation is the primary response to infections and injuries, but tissue damage
may result from an uncontrolled prolongation of the inflammatory repertoire [46]. Recent
studies have focused on the cytokines involved in the induction and maintenance of inflam-
mation. TNF-«, IL-1$3, IL-6, and INF-vy, as well as the anti-inflammatory IL-10, are the chief
mediators of inflammation [47,48]. Our results showed an elevation in TNF-«, IL-13, NF-
kB, and IL-6 expressions, in addition to decreased Nrf2 and IL-10 levels, in lung tissues of
DEN/AAF2-administered rats compared to unexposed controls. These results corroborate
the findings of previous studies by Man et al. [49], Wu et al. [50], and Cicek et al. [51]. In
this current study, the amounts of TNF-«, IL-13, and IL-6 increased after treating rats with
DEN/2AAF but were abrogated using both free naringin and Nar-Dx-NCs [52-54]. The
DEN/2AAF-induced production of ROS, which activates oxidative stress, may be a con-
tributing factor to the chronic inflammation developing in lung tissues. Lung cancer is also
caused by chronic inflammation, and many pro-inflammatory genes, including TNF-oc and
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IL-6, are crucial for apoptosis, proliferation, angiogenesis, and metastasis inhibition [55].
Importantly, the present data indicated that the Nar-Dx-NC formula was significantly more
potent than free naringin in mediating this inflammatory response.

Nrf2 is essential for lung cancer cell protection because it is responsible for compen-
satory mechanisms responsible for attenuating oxidative stress (Figure 6). Additionally, it
also controls the inflammatory response within the tumor microenvironment by reducing
the expression levels of TNF-«, IL-1f3, and IL-6 [56]. Nrf2 is inhibited in malignant lung
tumors [57]. IL-10 facilitates immunosuppressive actions and is produced in a variety of
solid tumors and hematopoietic tumors. Moreover, it inhibits the synthesis of a number of
cytokines, including different inflammatory and growth factors, and promotes the release
of anti-inflammatory factors in the body [58]. The levels of IL-10 were effectively restored
to near-normal levels via treatment with free naringin or Nar-Dx-NC. In this present study,
rats treated with DEN/2AAF also showed a significant elevation in IFN-y expression
compared to rats receiving no interventions. IFN-y plays a significant role in the contribu-
tion of inflammation to carcinogenesis [59], and there is a long history of IFN-y use as a
pro-tumor factor [60]. Chronic uncontrolled inflammation continuously generates harmful
ROS, which can change the genome and cause DNA damage, consequently initiating the
growth of tumors. Inflammatory mediators such as TNF-«, IL-1§3, IL-6, and IFN-y promote
an increase in blood supply to the tumor [61,62].

NF-«B is a transcription factor that regulates the cell cycle, inflammation, and cell
survival. NF-kB expression was found to be significantly increased in DEN/2AAF-induced
animals relative to that of the control group. These results agree with those of Hamza
etal. [63], who suggested that, under oxidative stress, NF-«B becomes activated and translo-
cates to the nucleus to activate inflammatory genes, ultimately facilitating an oncogenic
environment. Inflammation has been shown to be stimulated via the upregulation of
inflammatory-related genes, such as NF-«B [64]. The pro-inflammatory mediators are
primarily controlled via NF-kB, which is induced via chemical carcinogens and is con-
stitutively active in most tumors [65]. When NF-kB is activated, the expression of many
genes, including those involved in the production of pro-inflammatory cytokines TNF-«,
IFN-vy, IL-1B, and IL-6, is upregulated [66,67]. DEN/2AAF significantly increased these pro-
inflammatory cytokines, whereas naringin and Nar-Dx-NCs suppressed this phenomenon.
The NF-«kB pathway is essential for the survival of cancer cells and their resistance to
apoptosis. Naringin inhibits the growth, promotion, and spread of cancer via a variety
of mechanisms, including the modulation of numerous uncontrolled signaling pathways
related to inflammation, apoptosis, proliferation, angiogenesis, autophagy, invasion, and
metastasis [68].

In this present study, iNOS gene expression significantly increased in lung tissue
samples of rats administered DEN/2AAF compared to unexposed controls. This finding is
supported by the conclusions of Unsal and Kurutas [69], who found that DEN cytotoxicity
and carcinogenicity were attributed to their ability to cause oxidative stress and toxicity.
During the inflammatory response, macrophages produce a large amount of nitric oxide
(NO), an inflammatory medjiator, thanks to the catalytic activity of iNOS. Moreover, exces-
sive NO can cause severe oxidative stress and exacerbate tissue injury [70]. When iNOS is
activated via DEN, endogenous NO is produced and causes damage and inflammation.
Superoxide anion (O2) and NO interact non-enzymatically to form the reactive nitrogen
species peroxynitrite (ONOO™). ONOO™ causes protein oxidation when it interacts with
amino acids. Additionally, ONOO™ oxidizes nuclear tyrosine, DNA, and other aromatic
amino acids. The nitration of tyrosine produces 3-nitrotyrosine (3-NT), which is a biomarker
of oxidative damage and inflammation [71]. The expression of iNOS is affected by endoge-
nous pro-inflammatory mediators like IFN-y, TNF-«, IL-1$3, and IL-6, and iNOS induced
via inflammatory stimuli contributes to a large amount of NO production [72].

Treatment with naringin and Nar-Dx-NCs might protect rats from DEN/2AAF-
induced inflammation via the downregulation of pro-inflammatory cytokines, such as
TNF-o, IL-13, IL-6, and INF-y, and by increasing IL-10 and Nrf2 levels compared to those
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of rats treated with DEN/2AAF alone. Naringin treatment may minimize tissue damage by
lowering pro-inflammatory biomarkers levels and stimulating anti-inflammatory mediator
production in lung tissue [73]. Naringin reduces inflammation in the rat lungs by decreas-
ing iNOS and TNF-« levels via NF-«B signaling inhibition [74]. Additionally, evidence
suggests that naringin is effective at reducing the expression of a number of signaling
molecules involved in the inflammatory response other than NF-«B, iNOS, and TNF-«,
including IL-6 and Nrf2 [75]. The levels of pro-inflammatory mediators were decreased
after treatment with naringin and Nar-Dx-NCs. Thus, naringin and Nar-Dx-NCs treatments
inhibit the release of cytokines and are extremely effective against DEN/2AAF-induced
lung cancer. The mechanisms triggered by naringin for its anti-inflammatory action might
include the inhibition of iNOS and NF-«B signaling pathways [76,77].

Apoptosis results from the activation of the intrinsic and/or extrinsic pathways. The
tumor suppressor p53 is a powerful apoptosis regulator that controls the expression of
apoptosis-related genes, such as Bax and Bcl-2 [78,79]. Our data showed that exposure to
DEN/2AAF elevated Bcl-2 expression while reducing Bax and P53 expression in the lung
tissues of Wistar rats. The upregulation of lung Bcl-2 and the reduction in Bax expression
in DEN/2AAF-administered animals agrees with the observations of Sivalingam et al. [39].
Campbell and Tait [80] previously demonstrated that the Bcl-2 family, when unbalanced,
can act as a barrier to apoptosis and facilitate tumor development and resistance to cancer
therapy. The antiapoptotic Bcl-2 negatively regulates apoptosis by inhibiting the activity
of the proapoptotic Bax [81]. Bax, Bcl-2, and cytochrome c control the apoptotic pathway,
which culminates in the activation of caspases [82]. The Bax/Bcl-2 ratio regulates the
activation of caspase [83] and thus controls the cell’s decision toward survival or apoptosis.

The present data showed that when DEN/2AAF was administered, lung P53 expres-
sion was significantly reduced compared to that of unexposed controls. This finding is
supported by the work of Abdel-Moneim et al. [34]. Two functions of P53 are involved
in the regulation of oxidative stress; it has prooxidant activity that causes oxidative dam-
age, but it also acts as an antioxidant factor to prevent oxidative stress. Thus, numerous
variables, including the absence of a functional P53, contribute to the overproduction of
ROS [84]. Human tumors with genetic mutations were found to have inactivated p53,
which contributes to the development of tumors from normal cells [85]. Here, treatment
with naringin or Nar-Dx-NCs enhanced apoptosis in lung cancer. On the other hand,
elevated levels of Bax and P53 and reduced Bcl-2 expression were detected in the lung
tissue of DEN/2AAF-administered animals receiving naringin or Nar-Dx-NCs. Naringin
has previously been shown to inhibit tumor cell growth, promote apoptosis of tumor cells,
and have great potential as a cytotoxic anticancer agent [86,87]. Flavonoids like naringin
affecting oxidative stress and apoptosis were shown to stimulate Bax and P53 expression
and inhibit Bcl-2 expression in past works [40,88]

Ki-67 is a nuclear marker associated with tumor cell proliferation that has been linked
to the progression, metastasis, and prognosis of many cancers [89]. Numerous studies have
suggested that patients harboring lung adenocarcinoma with high tumor Ki-67 expression
have a worse prognosis, and Ki-67 expression may be an important prognostic factor
in advanced lung cancer cases [90,91]. The present findings demonstrate a significant
increase in Ki-67 expression levels in the lungs of rats exposed to DEN/2AAF, a finding
that has also been reported by Abdel-Moneim et al. [34]. DEN/2A AF-administered rats
treated with naringin and Na-Dx-NCs expressed less Ki-67 than DEN/2AAF-administered
rats. Naringin is a prooxidant and may inhibit the growth of cancer cells by blocking
NF-«kB signaling [40]. Thus, the anticancer effects of Nar-Dx-NCs might involve both the
inhibition of cancerous cell proliferation and stimulation of apoptosis [30]. Nar-Dx-NCs
were significantly more potent than free naringin. Additional efforts are required to clarify
the mechanisms involved in the preventive effect of Nar-Dx-NCs on lung cancer and
identify other related factors.

The prolonged-release properties of naringin may be responsible for Nar-Dx-NCs
potent anticancer properties, indicating dextrin’s consistency as an effective nanocarrier
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for long-term naringin delivery [30]. The nanocarriers enable a controlled (sustained)
drug release from the matrix. Enhanced transport to, or uptake by, target cells may be
another reason the nanocomposite impact is superior in addition to sustained release [92].
Nar-Dx-NCs is more potent than free naringin against oxidative stress, inflammation, and
cell proliferation may be due to the same reasons.

This present study has several limitations. In particular, additional apoptosis, cell
signaling, and proliferation biomarkers might be assessed, and other techniques, such
as Western blot and immunohistochemistry, might prove useful in measuring protein
levels and confirming the efficacy of Nar-Dx-NCs against lung cancer. Moreover, further
studies are required to assess the naringin and Nar-Dx-NCs dose-response effects on
DEN/2AAF-induced lung carcinogenesis and other experimental lung cancer models, such
as benzo[a]pyrene-induced lung carcinogenesis in rodents.

5. Conclusions

The present findings demonstrate that dextrin served as an effective nanocarrier for
naringin. This is the first research to document the inhibitory effects of Nar-Dx-NCs on lung
cancer. This new formulation diminished lung carcinogenesis induced via DEN/2AAF
in different pathways, including the suppression of oxidative stress and inflammation,
increasing apoptosis, and decreasing tumor cell proliferation (summarized in Figure 8).
Notably, our data reveal Nar-Dx-NCs significantly enhances the anticarcinogenic effects
of naringin, thus improving its protective effects against lung cancer. The two important
limitations of this study were to assess the effects of Nar-Dx-NCs on normal rats and
to compare the anticancer effects of different doses of Nar-Dx-NCs with other existing
chemotherapeutic agents. Moreover, although the anticarcinogenic effects of Nar-Dx-
NC were confirmed in the lungs of male Wistar rats of this present study, additional
preclinical investigations using other animal species and genders, as well as clinical studies,
are necessary to confirm the effectiveness of nanocomposites of naringin against human
lung cancer.
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Figure 8. Schematic diagram showing the mechanism of actions of Nar-Dx-NCs against DEN/2AAF-
induced lung carcinogenesis, including the suppression of oxidative stress, inflammation, prolif-
eration, and upregulation of apoptosis. Abbreviations: ARE, antioxidant response element; Bax,
Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2; IEN-y, interferon- y; IGs, inflammatory genes;
IL-6, interleukin-6; IL-10, interleukin-10; iNOS, inducible nitric oxide synthase; NF-«B, nuclear
factor-kappa-B; ROS, reactive oxygen species.
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2AAF 2-acetylaminofluorene

3-NT 3-nitrotyrosine

ARE antioxidant response element
Bax Bcl-2-associated X protein
Bcl-2 B-cell lymphoma-2

CMC carboxymethyl cellulose
CYP450 cytochrome P450

DEN diethylnitrosamine

EE entrapment effectiveness
ELISA enzyme-linked immunosorbent assay
FTIR Fourier transformation infrared
GPx glutathione peroxidase

GSH glutathione

H&E hematoxylin and eosin

HRP horseradish peroxidase

ip. Intraperitoneally

IFN-y interferon-y

IGs inflammatory genes

IL-10 interleukin-10

IL-13 interleukin-1§3

IL-6 interleukin-6

iNOS inducible nitric oxide synthase
LPO lipid peroxidation

Nar-Dx-NCs  naringin-dextrin nanocomposite
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NF-«xB nuclear factor-«B

NO nitric oxide

Nrf2 nuclear factor erythroid 2-related factor 2

02 superoxide anion

ONOO— peroxynitrite

P53 tumor suppressor protein 53

PCR polymerase chain reaction

RIPA radioimmunoprecipitation assay

ROS reactive oxygen species

RT-gPCR reverse transcription—-quantitative polymerase chain reaction
SDS-PAGE  sodium dodecyl sulfate—polyacrylamide gel electrophoresis
SE standard error

SOD superoxide dismutase

TBST tris-buffered saline with Tween 20

TEM transmission electron microscopy

TNF-« tumor necrosis factor-o

UV-Vis ultraviolet-visible

XRD X-ray diffraction
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