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[T I N

Abstract: Nanotechnology holds great promise for the development of treatments for deadly hu-
man diseases, such as hepatocellular carcinoma (HCC). In the current study, we compared the
hepatoprotective effects of naringin—dextrin nanoparticles (NDNPs) against HCC in male Wistar rats
with those of pure naringin and investigated the underlying cellular and molecular mechanisms.
HCC was induced by intraperitoneal injection of diethylnitrosamine (DEN, 150 mg/kg body weight
(b.w.) per week) for two weeks, followed by oral administration of 2-acetylaminofluorene (2AAF,
20 mg/kg b.w.) four times per week for three weeks. DEN/2A AF-administered rats were divided
into three groups that respectively received 1% carboxymethyl cellulose (as vehicle), 10 mg/kg b.w.
naringin, or 10 mg/kg b.w. NDNP every other day by oral gavage for 24 weeks. Both naringin and
NDNP significantly attenuated the harmful effects of DEN on liver function. Both compounds also
suppressed tumorigenesis as indicated by the reduced serum concentrations of liver tumor markers,
and this antitumor effect was confirmed by histopathological evaluation. Additionally, naringin and
NDNP prevented DEN-induced changes in hepatic oxidative stress and antioxidant activities. In
addition, naringin and NDNP suppressed inflammation induced by DEN. Moreover, naringin and
NDNP significantly reduced the hepatic expression of Bcl-2 and increased Bax, p53, and PDCD5
expressions. Naringin and NDNP also reduced expression of IQGAP1, IQGAP3, Ras signaling, and
Ki-67 while increasing expression of IQGAP2. Notably, NDNP more effectively mitigated oxidative
stress and inflammatory signaling than free naringin and demonstrated improved antitumor efficacy,
suggesting that this nanoformulation improves bioavailability within nascent tumor sites.

Keywords: diethylnitrosamine; acetylaminofluorene; naringin; naringin—-dextrin nanoparticles; anti-
inflammatory effects; antiapoptotic effects

1. Introduction

Hepatocellular carcinoma (HCC) is the most common form of liver cancer and among
the most frequent causes of cancer-related death worldwide [1]. The development of
HCC involves both hyperproliferation of hepatocytes and concomitant angiogenesis [2,3].
These changes in cellular behavior can be induced by alcoholic cirrhosis; nonalcoholic fatty
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liver disease; intake of mycotoxin-contaminated grains; exposure to various air, food, and
water-borne nitrosamines; and infection by hepatitis virus A, B, and C [4,5].

Diethylnitrosamine (DEN) is a chemical compound found in cigarette smoke, cheese,
water, cured and fried foods, chemicals used in the farming industry, pharmaceutical
products, and cosmetics that is known to cause cancers of the lung, esophagus, and liver
in experimental animals [6,7]. In addition, DEN damages liver tissue [8] by inducing the
generation of reactive oxygen species (ROS), thereby causing oxidative stress and triggering
inflammation [9]. It is well-known that malignant cells can maintain higher intracellular
ROS levels than normal cells [10,11]. Overproduction of ROS in mitochondria can damage
organelles, including mitochondria, which in turn activates cell death and inflammatory
pathways [12]. Moreover, ROS-induced damage of DNA results in the accumulation of
genetic and epigenetic changes and shifts the balance between signaling pathways that
suppress and those that promote carcinogenesis [13]. There are also strong links between
oncogenic and proinflammatory signaling pathways, and many oncogenic chemicals are
known to activate genes controlling inflammatory cell signaling pathways, as well as
processes involved in carcinogenesis [14,15]. Thus, the various infectious agents, metabolic
disorders, and chemical compounds believed to cause HCC may initiate tumorigenesis via
induction of oxidative damage and inflammation.

Apoptosis is mediated by intrinsic and extrinsic signaling pathways that can be acti-
vated by numerous factors, including cellular stress and DNA damage [16]. The biological
processes of differentiation, pathogen defense, and tissue homeostasis all involve apoptosis.
Dysregulation of apoptosis causes many diseases, including cancer [17]. Apoptosis is con-
trolled by the equilibrium of prosurvival and proapoptotic proteins. Cancer is characterized
by uncontrolled growth of the cell in an abnormal manner. In addition to uncontrolled
cell proliferation, evasion of apoptosis is one of the hallmarks of cancers that promote
tumor formation and progression. One form of anticancer therapeutic, BH3-mimetic drugs,
has been developed to directly activate the apoptosis machinery in malignant cells [18].
Moreover, selection of cancer cells resistant to apoptosis induced by current chemotherapies
can lead to recurrence, treatment failure, metastasis, and, ultimately, cancer-related death.

There is no broadly effective chemotherapy or surgical intervention for HCC [19], so
there is an increasing emphasis on potential preventative strategies, including the use of
natural products and herbal medicines [20]. Naringin is a flavanone glycoside isolated from
citrus fruit with numerous beneficial bioactivities, including antioxidant, antiinflammatory,
anticancer, antimicrobial, and antiviral effects [21]. A major limitation of most traditional
oral and injectable chemotherapeutic drugs is that they are non-selective in both tumor
and nontumor tissues when exposed to similar concentrations, which reduces the tolerable
dose. The use of nano-biotechnology for the design of formulations with enhanced tumor
targeting, termed nano-oncology [22,23], may help circumvent this limitation. Natural
product-based nanoformulations, in particular, may have even better efficacy and fewer
side effects than synthetic nanoformulations [24].

Indeed, the therapeutic effects of chemotherapeutic drugs can be improved and non-
target toxicity reduced using nanocarriers [25,26]. A new naringin-dextrin nanoparticle
(NDNP) formulation was recently described with improved antiinflammatory and anti-
cancer effects against human HCC cell lines compared to free naringin [27]. The current
study was designed to develop and test a new naringin-dextrin nanoparticle (NDNP) for-
mulation with improved anticancer efficacy against DEN/2AAF (2-acetylaminofluorene)-
induced hepatocarcinogenesis in male Wistar rats. We demonstrate superior efficacy
compared to free naringin due to enhanced antioxidant, antiinflammatory, antiproliferative,
and proapoptotic activities.

2. Results
2.1. Characterization, Entrapment Efficiency (EE), and Release Profile

The data concerning the X-ray diffraction (XRD), Fourier-transformation infrared
(FTIR) spectra analysis, surface morphology by transmission electron microscopy (TEM),



Pharmaceuticals 2022, 15, 1558

3 0f24

Zetasizer and zeta potential measurements, EE, and release profile were described in detail
in our previous publication [27]. The figures representing these data are included in the
Supplementary Materials.

2.2. Effect of Free Naringin and NDNP on DEN/2AAF-Induced Liver Damage

Rats treated with DEN/2AAF alone exhibited significantly (p < 0.05) elevated serum
alanine transaminase (ALT), aspartate transaminase (AST), and alkaline phosphatase (ALP)
activities and total bilirubin concentrations, as well as significantly reduced serum albumin,
compared to untreated normal rats, changes indicative of liver tissue damage. However,
treatment with naringin or NDNP following DEN/2AAF significantly reduced serum
ALT, AST, ALP, and total bilirubin and significantly increased serum albumin compared to
DEN/2AAF treatment alone (Table 1), suggesting marked protection against hepatotoxicity.

Table 1. Effect of naringin and NDNP on serum parameters related to liver function.

Groups ALT AST ALP Total Bilirubin Albumin
(U/L) (U/L) (U/L) (mg/dL) (g/dL)
Normal group 40.40 + 3.05 97.00 + 1.52 206.08 + 6.45 0.27 £ 0.02 3.75+0.11
DEN/2AAF-CG 70.18 +2.68 * 161.66 +2.96*  506.28 4+ 11.46 * 0.90 & 0.07 * 2.88 4+ 0.05*
DEN/2AAF + naringin 50.31 +1.31+*  111.16 +4.24 **  398.66 + 10.59 **  0.48 £ 0.03 ** 3.32 4+ 0.07 **
DEN/2AAF + NDNP 41.36 4+ 1.73 *# 100.50 & 2.51 *  338.6 + 10.69 *** 0.40 4 0.04 * 3.55 + 0.04 *#

Data are expressed as means =+ standard error. Number of detected samples in each group was six. * Significant
compared to normal group; * significant compared to DEN/2AAF-CG; and # significant compared to DEN/2AAF
+ naringin group at p < 0.05. CG: control group; NDNP: naringin-dextrin nanoparticle; ALT: alanine transaminase;
AST: aspartate transaminase; ALP: alkaline phosphatase.

Serum concentrations of the tumor markers alpha fetoprotein (AFP), carcinoembryonic
antigen (CEA), and carbohydrate antigen 19.9 (CA19.9) were also significantly elevated in
DEN/2AAF-treated rats compared to untreated normal rats, and these responses were also
significantly reversed by naringin or NDNP (Figure 1).

2.3. Effect of Free Naringin and NDNP on DEN/2AAF-Induced Changes in Hepatic Oxidative
Stress and Antioxidant Activities

Administration of DEN/2AAF significantly elevated lipid peroxidation (LPO) and
reduced glutathione (GSH) content in liver tissue compared to normal rats, while the
treatment with naringin and NDNP produced a significant decrease in LPO and a significant
increase in GSH content compared to the DEN control group. Moreover, NDNP was
more effective than naringin in reducing elevated liver LPO and increasing GSH content
(Figure 2A,B).

Administration of DEN/2AAF also significantly reduced superoxide dismutase (SOD)
and glutathione peroxidase (GPx) activities compared to normal rats. Further, treatment
with naringin and NDNP restored SOD and GPx activities (Figure 2C,D). Collectively,
these results indicate that NDNP and naringin can mitigate DEN/2A AF-induced oxidative
stress by maintaining cellular antioxidant capacity and that NDNP is more efficacious than
free naringin.
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Figure 1. Naringin and naringin—dextrin nanoparticles (NDNPs) reduced serum tumor biomarker
concentrations in DENA /2AAF-treated rats. (A) Serum AFP. (B) Serum CEA. (C) Serum CA19.9.
Data are expressed as means + standard error. Number of detected samples in each group was six.
* Significant compared to normal group; * significant compared to DEN/2AAF-CG; and * significant
compared to DEN/2AAF + naringin group at p < 0.05. AFP: alpha fetoprotein; CEA: carcinoembryonic
antigen; CA19.9: carbohydrate antigen 19.9.

2.4. Effect of Free Naringin and NDNP on DEN/2AAF-Induced Changes in Hepatic Tumor
Necrosis Factor Alpha (ITNF-a), Interleukin 1 Beta (IL-18), and Nuclear Factor E2-Related Factor
2 (NRF2) Levels

Rats treated with DEN/2AAF also exhibited a significant increase in liver tissue con-
centrations of proinflammatory cytokines TNF-« and IL-1f3, as well as a reduction in NRF2
level, a transcription factor essential for orchestrating cellular stress responses, compared to
normal rats. Subsequent naringin or NDNP treatment reversed both the increases in TNF-
o and IL-1f3, as well as the reduction in NRF2, compared to DEN/2AAF-administration
alone. Treatment with NDNP was more effective than treatment with free naringin (Table 2),
suggesting greater efficacy in reducing DEN/2AAF-induced inflammation.
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Figure 2. Naringin and NDNP suppressed hepatic oxidative stress in HCC model rats. (A) LPO.
(B) GSH concentration. (C) SOD activity. (D) GPx activity. Data are expressed as means + standard
error. Number of detected samples in each group was six. * Significant compared to normal group;
* significant compared to DEN/2AAF-CG; and * significant compared to DEN/2AAF + naringin
group at p < 0.05. LPO: lipid peroxidation; GSH: reduced glutathione; SOD: superoxide dismutase;
GPx: glutathione peroxidase.

Table 2. Effect of naringin and NDNP on liver TNF-«, IL-13, and NRF2 levels in DEN/2AAF-
administered rats.

Groups TNF-« IL-1B NRF2
(Pg/mg Tissue) (Pg/mg Tissue) (Pg/mg Tissue)
Normal group 22.53 £1.04 35.64 £ 1.07 259.41 £2.81
DEN/2AAF- CG 126.66 + 0.93 * 165.78 £ 0.80 * 93.80 £ 0.77 *
DEN/2AAF + naringin 55.23 £ 0.78 ** 74.13 £ 0.74 ** 21941 +£12**
DEN/2AAF + NDNP 34.00 4+ 0.77 **# 55.41 4 0.59 **# 236.51 + 3.12 **#

Data are expressed as means =+ standard error. Number of detected samples in each group was six. * Significant
compared to normal group; * significant compared to DEN/2AAF-CG; and # significant compared to DEN/2AAF
+ naringin group at p < 0.05. CG: control group. NDNP: naringin-dextrin nanoparticle; TNF-«: tumor necrosis
factor alpha; IL-1f: interleukin 1 beta: NRF2: nuclear factor E2-related factor 2.
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2.5. Effect of Free Naringin and NDNP on DEN/2AAF-Induced Changes in Hepatic Nuclear
Factor-Kappa B (NF-xB) and Interleukin-8 (IL-8) Expressions

Administration of DEN/2AAF alone also induced a significant elevation in hepatic
NF-kB and IL-8 expressions compared to normal rats, and both responses were reversed by
subsequent naringin or NDNP treatment (Figure 3A).

Expressed genes/ p-actin

Expressed genes/ p-actin

35 4

2.5 4

1.5 1

0.5 4

NF-xkB

+ #

IQGAP1

+# 1t

B
3 ONormal group
mDEN/2AAF-CG
EgEer/glAg‘;%l}%G 7 @EDEN/2AAF+ Naringin
S B DEN/2AAF+NDNP
DODEN/2AAF+ Naringin
mDEN/2AAF+NDNP £
; 2
-]
+ )
oo
=
2
S
- 51
+ =
0
IL-8 Bel-2 Bax P53 PDCD5
D
ON 1
B DErliTI}gAgfr\oFlf}éG ONormal group
mDEN/2 AAF-Naringin BDEN/2AAF-CG
®DEN/2AAF-NDNP 4 2 Bgﬁg AAF iﬁsr&rf’gm
=
# § 5 z +
: &
ik =z
o
=
* o
+ 50 2
E
* 3
* -
. + 3 & 1 : 4 : "
= * £
3 (I
IQGAP2 IQGAP3 HRAS KRAS

Figure 3. Effects of naringin and NDNP on (A) NF-«B and IL-8 mRNA expression; (B) antiapoptotic
Bcl-2 expression and proapoptotic Bax, p53, and PDCD5 expression; (C) IQGAP1, IQGAP2, and
IQGAP3 mRNA expression; and (D) HRAS and KRAS mRNA expression in DENA /2AAF-treated
rats. Data are expressed as means =+ standard error. Number of detected samples in each group
was six. * Significant compared to normal group; * significant compared to DEN/2AAF-CG; and
# significant compared to DEN/2AAF + naringin group at p < 0.05. NF-kB: nuclear factor-kappa B;
IL-8: interleukin-8; Bcl-2: B-cell lymphoma-2; Bax: Bcl-2-associated X protein; p53: tumor suppressor
protein 53; PDCD5: programmed cell death 5; IQGAP1: isoleucine—-glutamine motif-containing
GTPase-activating protein 1; IQGAP2: isoleucine-glutamine motif-containing GTPase-activating
protein 2; IQGAP3: Isoleucine—glutamine motif-containing GTPase-activating protein 3; HRAS:
Harvey rat sarcoma viral oncogene homolog; KRAS: Kirsten rat sarcoma viral oncogene homolog.

2.6. Effects of Free Naringin and NDNP on mRNA Expression of Antiapoptotic and
Proapoptotic Biomarkers

Administration of DEN/2AAF alone significantly upregulated expression of the an-
tiapoptotic gene Bcl-2 compared to untreated normal rats, a response reversed by free
naringin and NDNP. Conversely, DEN/2AAF downregulated the expressions of proapop-
totic Bcl-2-associated X protein (Bax), tumor suppressor protein 53 (p53), and programmed
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cell death 5 (PDCD?5) expressions compared to normal rats, and again these changes were
significantly reversed by free naringin or NDNP (Figure 3B).

2.7. Effects of Free Naringin and NDNP on DEN/2AAF-Induced Changes in Hepatic
Isoleucine-Glutamine Motif-Containing GTPase-Activating Protein 1, 2 and 3 (IQGAP1,
IQGAP2, and IQGAP3) Expressions

Rats treated with DEN/2AAF alone showed elevated expression of IQGAP1 and
IQGAP3 and reduced expression of IQGAP2. Again, these changes were reversed by
naringin and NDNP, with NDNP demonstrating greater efficacy (Figure 3C).

2.8. Effects of Free Naringin and NDNP on DEN/2AAF-Induced Changes in Hepatic Harvey Rat
Sarcoma Viral Oncogene Homolog (HRAS) and Kirsten Rat Sarcoma Viral Oncogene Homolog
(KRAS) Expressions

Both HRAS and KRAS mRNA expressions were significantly upregulated by DEN/2AAF,
and both responses were significantly reversed by subsequent free naringin or NDNP treat-
ment (Figure 3D).

2.9. Effects of Free Naringin and NDNP on DEN/2AAF-Induced Changes in Hepatic Proliferator
Protein (Ki-67) Expression

The DEN/2AAF treatment group also exhibited hepatic overexpression of Ki-67
(p < 0.05), suggesting cellular hyperproliferation and being consistent with induction of
tumor markers, while both free naringin and NDNP treatments reversed this increase
(p < 0.05) (Figure 4).
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Figure 4. Effect of naringin and NDNP on liver Ki-67 expression in DENA /2AAF-treated rats.
Data are expressed as means =+ standard error. Number of detected samples in each group was 3.
* Significant compared to normal group; * significant compared to DEN/2AAF-CG; and # significant
compared to DEN/2AAF + naringin group at p < 0.05. Ki-67: Proliferator protein.
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2.10. Improvements in DEN/2AAF-Induced Liver Histopathology by Free Naringin and NDNP

Examination of H&E-stained liver sections from control rats revealed normal histologi-
cal features, including typical lobules with portal triads among them. Each lobule consisted
of cords formed of regularly arranged hepatocytes enclosing the sinusoids and surrounded
by Kupffer cells, with a central vein located in the center of the lobule (Figure 5A,B). In
contrast, liver sections of DEN/2A AF-adminstered rats showed a disrupted hepatic lobular
structure. Further, well-differentiated tumor cells resembling hepatocytes were observed
forming trabeculae, cords, and nests. There were also growing septa between the hepatic
lobules (Figure 6A). In regions with disruption of the normal hepatic lobular structure,
the tumor cells formed glandular or lamellar structures (Figure 6B). Clear hepatocyte foci,
vacuolated hepatocytes, deeply eosinophilic hepatocyte foci, and dysplastic hepatocytes
with mitotic figures were also found (Figure 6C), as well as dilated central veins (some with
a signet ring appearance), binucleated hepatocytes, and hepatocytic steatosis (Figure 6D).
There were also increases in fibrous tissue foci containing inflammatory cells, hepatocytes
with dark shrunken nuclei, activated Kupffer cells, binucleated hepatocytes, and hepato-
cytes with large hyperchromatic nuclei and a prominent enlarged nucleolus (Figure 6E) or
multiple nucleoli (Figure 6F).

The liver sections of DEN/2AAF-administered rats treated with naringin showed
marked amelioration of liver degeneration—with fewer vacuolated hepatocytes, reduced
dysplasia, dilatation of hepatic sinusoids, pyknosis of hepatic cells, and proliferation of
Kupffer cells—and preserved lobular architecture. Tumor cells were sporadic and rarely in
a glandular form (Figure 7A,B). Similarly, the liver sections of DEN/2A AF-administered
rats treated with NDNP also showed reduced degeneration, hepatocyte vacuolization,
dysplasia, and congestion of hepatic sinusoids, as well as preserved lobular architecture. In
addition, however, there was an absence of tumor cells (Figure 7C,D). Histopathological
scores of liver lesions in the normal rats, the DEN control group, and the rats treated with
naringin and NDNP are shown in Table 3.

Table 3. Histopathological scores of liver lesions in normal control group, DEN/2A AF-administered
group, and DEN/2AAF-administered groups supplemented with naringin and NDNP.

. . DEN/2AAF+ DEN/2AAF+

Histopathological Changes Score Normal DEN/2AAF Naringin NDNP

0 6(100%) - 5(83.3%) 6(100%)
Karyomegalic hepatocytic nuclei with I - - 1(16.7%) -
more than one prominent nucleoli I - 1(16.7%) - -
I - 5(83.3%) - -

0 6(100%) - 2(33.3%) 4(66.6%)

Steatosis and cytoplasmic I - - 3 (50%) 1(16.7%)

vacuolization of hepatocyte I - 2(33.3%) 1(16.7%) 1(16.7%)
I - 4 (66.6%) - -

0 6(100%) - 4(66.6%) 6(100%)
Dysplastic hepatocytes with I - - 2(33.3%) -
mitotic figures I - 3(50%) - -
III - 3(50%) - -

0 6(100%) - 1(16.7%) 6(100%)
I - - 4(66.6%) -
Clear hepatocellular focus I ] ] 1(16.7%) ]
I - 6 (100%) - -

0 6(100%) - 2(100%) 5(83.8%)

Deeply eosinophilic foci of I - 1(16.7%) 3(50%) 1(16.6%)
hepatocytes 1T - 2(33.3%) 1(16.7) -

I - 3(50%) - -
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Table 3. Cont.

DEN/2AAF+ DEN/2AAF+

Histopathological Changes Score Normal DEN/2AAF Naringin NDNP
0 6(100%) - 3(50%) 4(66.6%)
PR I - - 3(50%) 2(33.3%)
Inflammatory cell infiltration I ) 1(16.7%) i )
I - 5(83.3%) - -

0: Null; I: mild; II: moderate; III: severe lesions. The number of animals in each group was 6. The percentages in
parentheses are the percentages of animals for each grade of lesion.

Figure 5. Histological features of liver sections from untreated control rats. (A,B) Sections stained
with H&E showing intact lobules with portal triads among them. Each lobule consisted of cords
formed from regularly arranged hepatocytes (black arrow) enclosing sinusoids (red arrow) lined with
Kupffer cells (green arrow) and a central vein (CV) located in the center (H&E stain, scale bar: 50 um).
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Figure 6. Liver sections from DEN/2AAF-adminstered rats showing extensive histopathology,
including disruption of the lobular structure, degeneration, and tumorigenesis. (A) Disruption of
hepatic lobule structure. Tumor cells appeared well-differentiated or resembled hepatocytes and
formed trabeculae (arrow), cords (green arrow), and nests (blue arrow). Note the growing septa
between hepatic lobules (red arrow) (H&E stain, scale bar: 50 um). (B) Disruption of the normal
structure of the hepatic lobule (arrowhead) and tumor cells arranged in glandular or lamellar form
(arrow) (H&E stain, scale bar: 50 um). (C) Clear hepatocyte foci, deeply eosinophilic hepatocyte foci,
vacuolated hepatocytes, and dysplastic hepatocytes with mitotic figures (H&E stain, scale bar: 50
um). (D) Dilated central veins (arrow), some with signet ring appearance (green arrow), binucleated
hepatocytes (yellow arrow), and hepatocytic steatosis (blue arrow) (H&E stain, scale bar: 50 pm).
(E) Fibrotic tissue with inflammatory cells (yellow arrow), hepatocytes with dark shrunken nuclei
(blue arrow), activated Kupffer cells, binucleated hepatocytes (green arrow), and hepatocytes with
large hyperchromatic nuclei and prominent enlarged nucleoli (arrowhead) (H&E stain, scale bar:
50 um). (F) Large hyperchromatic nuclei with prominent multiple nucleoli (arrow) (H&E stain, scale
bar: 100 pm).

Figure 7. Cont.
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Figure 7. (A,B) Liver sections from DEN/2A AF-administered rats treated with naringin showing
marked amelioration of histopathology and fewer degenerated and vacuolated hepatocytes, to-
gether with less extensive dysplasia, milder hepatic sinusoid dilation, fewer proliferating Kupffer
cells, and maintenance of normal lobular architecture. Some sporadic tumor cells were found but
rarely in a glandular form (H&E stain, scale bar: 50 um). (C,D) NDNP treatment showing similar
hepatoprotection as free naringin but with an absence of tumor cells (H&E stain, scale bar: 50 um).

3. Materials and Methods
3.1. Chemicals

Naringin, DEN, 2AAF, and dextrin were obtained from Sigma Chemicals (St. Louis,
MO, USA) and stored at 2—4 °C. All other reagents used were of analytical grade.

3.2. Preparation and Characterization of Dextrin—Naringin Nanoparticles

We prepared naringin-loaded dextrin using the technique described by Manchu et al. [28].
Briefly, an aqueous nanoemulsion of dextrin and naringin was produced at a final con-
centration of 5% (w/w or 0.2 mg/mL) through 1 min of continuous ultrasonication. The
crosslinking agent formaldehyde was then added at precise dextrin molar ratios, ultra-
sonically homogenized for 30 min, and stirred for 12 h. The crosslinked dextrin-naringin
nanoemulsion was then precipitated with ethanol 99% (v/v), followed by 45 min of cen-
trifugation at 4 °C and 14,000 rpm. The nanoemulsion was then freeze-dried for 48 h and
stored as a powder at 4 °C. The methods used for characterization of NDNP were described
in our previous publication [27]. These methods include XRD, FTIR spectroscopy, TEM,
Zetasizers and zeta potential measurements, and ultraviolet—visible (UV-Vis) spectrom-
etery. In addition, EE and the release of naringin from dextrin were also investigated in
this study.

3.3. Experimental Animals

Adult male Wistar rats weighing 100-120 g were acquired from the Animal Housing
Facility of the Egyptian Organization for Biological Products and Vaccines (VACSERA,
Helwan, Cairo, Egypt). They were maintained under observation for two weeks before
experiments to ensure that any infections were eradicated and then housed at the Zoology
Department Animal House at the Faculty of Science, Beni-Suef University, Egypt, under
normal room temperature (20-25 °C) and a daily lighting cycle (10-12 h/day) with ad
libitum access to water and food. Animal care and experimental protocols conformed to
the regulations of the Faculty of Science Experimental Animal Ethics Committee (ethical
approval number: 020-91).
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3.4. Experimental Design and Animal Grouping

Rats were divided into four groups of ten (Figure 8A): an untreated normal group
(group I) and three groups administered 150 mg/kg body weight (b.w.) DEN twice weekly
for two weeks, followed by oral gavage administration of 20 mg/kg b.w. 2AAF four
times/week for three weeks [29]. Group II served as a positive control group and received
DEN/2AAF and a vehicle for 24 weeks, while groups IIl and IV received 10 mg/kg b.w.
free naringin or NDNP per day by oral gavage in a 5 mL 1% carboxymethyl cellulose
vehicle for 24 weeks [21]. Groups I and II received equal volumes of the vehicle during the
free naringin or NDNP treatment period.

A 1 2 3 45 678910111213 141516 17 18 1920 2122 23 24 weeks
Group 1(ten rats) “l l l '
9. )
(=~ Normal group
Group 2 (ten rats)
‘-

("=~ DEN/2AAF (Diseased group)
Group 3 (ten rats)
h.

(= = DEN/2AAF+ naringin (10 mg/kg b.wt every other day, oral)

Group 4 (ten rats)
9.

(= = DEN/2AAF + NDNP (10 mg/kg b.wt every other day, oral)

DEN (150 mg/kg b.wt single dose/ week, intraperitoneal)

1 2AAF (20 mg/kg b.wt four day week, oral)
' Time of sacrifice

/)

Spectrophotometric

Histological
analysis examination

©°

NRF2,

IL-1B, NF-kB, IL-8

Bcl-2, Bax,
P53, PDCD5

IQGAP1,

IQGAP2,

IQGAP3,
HRAS, KRAS

AFP, CEA.
CA 19-9

Figure 8. Schematics of the experimental design and animal grouping: Wistar adult male rats were
divided into four groups and the number of animals in each group was ten (A); blood, tissue sampling,
and techniques (B).
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3.5. Blood and Liver Tissue Sampling

After 24 weeks, animals given a light anesthetic with diethyl ether were sacrificed.
Blood samples were taken and, after clotting, centrifuged at 3000 r.p.m. for 15 min. Sera
were collected in sterile tubes and kept at —20 °C to measure liver function and tumor
marker parameters. After decapitation by head dislocation, the liver was excised from each
animal, perfused in sterile saline (0.9% NaCl), and blotted on filter paper to remove the
saline. Four pieces of each liver were taken. One liver sample was washed with ice-cooled
sterile saline solution (0.9% NaCl) and homogenized in 10 mL 0.9% NaCl to yield 1%
homogenate (w/v). Liver homogenates were centrifuged at 3000 rpm for 15 min. The
supernatants were stored at —30 °C until they were used in the investigation of antioxidant
activities, oxidative stress, and the levels of inflammatory biomarkers; i.e., TNF-o, IL-1f3,
NRF2. The second liver portion was kept at —70 °C in a sterilized tube and used for RNA
isolation and real-time (RT) polymerase chain reaction (PCR) assays. A third liver tissue
sample was also kept at —70 °C and used for Western blot analysis of Ki-67. The fourth
liver portion was processed for sectioning and staining with haematoxylin and eosin (H&E)
for histopathological examination after incubation for one day in 10% neutral buffered
formalin for fixation (Figure 8B).

3.6. Detection of Serum Liver Function Parameters

ALT and AST activities were determined according to the method described by
Gella et al. [30]. Activity of ALP was determined according to the methods described
by Schumann et al. [31]. Levels of total bilirubin and albumin were estimated according to
Jendrassik [32] and Doumas et al. [33], respectively. Each of the reagent kits used was pur-
chased from HUMAN Gesellschaft fur Biochemica und Diagnostica mbH, Max-Planck-Ring
21, 65205 Wiesbaden, Germany.

3.7. Detection of Tumor Markers Levels in Serum

The serum levels AFP, CEA, and CA19.9 were measured using ELISA kits from R&D
Systems (Minneapolis, MN, USA) in accordance with the manufacturer’s instructions.

3.8. Detection of Hepatic Oxidative Stress and Antioxidant Status Estimation

Liver LPO, GSH content, and GPx, and SOD activities were analyzed using kits from
Bio-diagnostic (Dokki, Giza, Egypt).

3.9. Detection of Hepatic TNF-a, IL1, and NRF2

Liver TNF-«, IL-13, and NRF2 were assayed according to the manufacturer’s instruc-
tions using ELISA kits purchased from R&D Systems (Minneapolis, MN, USA).

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

Total RNA from the liver was isolated using Trizol (Invitrogen, 1600 Faraday Ave
Carlsbad, CA, 92008-7313, USA) according to the method described by Sthoeger et al. [34].
Following the completion of the isolation procedure in accordance with the manufacturer’s
instructions, the 260:280 ratios were measured to assess the quality of the RNA. The
production of complementary DNA (cDNA) was carried out using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, CA 94404, USA). The primers
employed in these tests are displayed in Table 4. The RT-qPCR data were analyzed utilizing
the relative gene expression approach (i.e., AACT), as detailed in the Applied Biosystems
User Bulletin No. 2. The -actin gene was used to normalize each sample and gene.
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Table 4. Primer sequences for rats.

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

F: GCGGCTTCCAACAAGATGTTT
R: CAGCAGTTCATGGATGGGGT

F: GGAATCTACGGACGCTGGAG

IQGAP1 NM_001108489.1

[QeAr XM_039103456.1 R: CACAGTACTGGGTGTGTCCC
P53 NM_030989.3 E g};lgg liggggggfgﬁ%%%(}

s o LSO

B-actin NM 0311443 F: TCACTATCGGCAATGTGCGG

R: GCTCAGGAGGAGCAATGATG

IQGAP1: isoleucine-glutamine motif-containing GTPase-activating protein 1; IQGAP2: isoleucine-glutamine
motif-containing GTPase-activating protein 2; IQGAP3: isoleucine-glutamine motif-containing GTPase-activating
protein 3; NF-«B: nuclear factor-kappa B; IL-8: interleukin-8. Bcl-2: B-cell lymphoma-2; Bax: Bcl-2-associated X
protein; p53: tumor suppressor protein 53; PDCD5: programmed cell death 5. HRAS: Harvey rat sarcoma viral
oncogene homolog; KRAS: Kirsten rat sarcoma viral oncogene homolog.

3.11. Western Blot Analysis

A clear supernatant was obtained after centrifuging liver samples that had been ho-
mogenized in radioimmuno precipitation assay (RIPA) buffer. The total protein content
was measured using a Bradford assay kit (SK3041; Bio Basic Inc., Markham, ON L3R
8T4 Canada) following He [35]. Then, 30 ug of proteins was transferred to nitrocellulose
membranes after being separated using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Bio-Rad Laboratories Inc, 1000 Alfred Nobel Drive Hercules, CA,
USA). The SDS-PAGE TGX Stain-Free FastCast was prepared according to the manufac-
turer’s instructions. The gel was assembled in a transfer sandwich from below to above
(filter paper, PVDF membrane, gel, and filter paper). The sandwich was placed in the
transfer tank with 1x transfer buffer, which was composed of 25 mM Tris, 190 mM glycine,
and 20% methanol. Then, the blot was run for 7 min at 25 V to allow protein bands to be
transferred from gel to membrane using BioRad Trans-Blot Turbo. The membranes were
incubated overnight at 4 °C with the corresponding primary antibodies against Ki-67 and
(-actin primary antibodies (1:1000 dilution) in 5% nonfat milk in Tris-buffered saline with
Tween 20 (TBST) [36,37]. The membranes were then developed using the chemiluminescent
substrate (Clarity™ Western ECL substrate Bio-Rad) and probed with the corresponding
horseradish peroxidase (HRP)-conjugated secondary antibodies (goat anti-rabbit IgG HRP,
1 mg goat monoclonal antibody, Novus Biologicals, 10730 E Briarwood Ave Ste 100, Engle-
wood, CO, 80112, USA). Finally, image analysis software was used to compare the band
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intensities of the target proteins normalized to that of the housekeeping protein 3-actin
with the intensity ratio in the control sample using the ChemiDoc MP imager.

3.12. Histopathological Investigation

Pieces of the liver were fixed in neutral buffered formalin 10% for 24 h following treat-
ment with the paraffin-embedding method, dehydration with increasing concentrations
of ethyl alcohol, xylene clearing, paraffin submersion, and coating with paraffin wax at
60 °C. Sections were cut to 4 microns thickness using a slide microtome and stained with
haematoxylin and eosin (H&E) according to the method described in [38]. The examination
was carried out using an electric light microscope.

3.13. Statistical Analysis

Results are shown as means + standard error (SE). One-way analysis of variance
(ANOVA) was used to compare the statistical differences between the groups. Duncan’s
method for post hoc analysis (SPSS version 20 software) was used to compare different
groups, with significance set at p < 0.05.

4. Discussion

HCC is the third-leading cause of cancer-related death worldwide [39]. Naringin is a
natural flavonoid found in grapefruit that is included in many Chinese herbal medicines
due to its wide range of potentially beneficial bioactivities [40]. However, these raw com-
pounds may have therapeutic limitations similar to synthetic compounds; in particular,
poor tissue targeting and concomitant side effects. Therefore, much research is currently
devoted to developing nanoformulations based on natural products to treat various hu-
man diseases, including cancer [24], with superior bioavailability and limited effects on
nontarget tissue. Here, we investigated whether the nanoformulation of naringin has
more potent effects than free naringin against DEN-induced HCC via an assessment of the
anticarcinogenic, antioxidant, antiinflammatory, and antiproliferative efficacies.

Administration of DEN/2AAF induced substantial hepatocellular damage, as evi-
denced by increased serum ALT AST, ALP, and total bilirubin, as well as reduced serum
albumin, consistent with previous research [29,41]. In addition to acute impairment of
hepatic functions, this liver injury can activate the neoplastic process [42]. Elevations in
serum ALT and AST are due to leakage from damaged hepatocytes [36]. Similarly, total
bilirubin is released due to nonspecific changes in hepatocyte plasma membrane integrity
and/or permeability, while ALP elevation results from pathological alterations in biliary
flow [42]. All of these increases were reversed by naringin and NDNP, suggesting that
these compounds are able to prevent loss of membrane integrity in addition to their effects
on the preservation of hepatic functions, such as albumin synthesis [43]. Notably, the
nanoformula was more potent in improving liver function and structural integrity than
free naringin, likely due to improved bioavailability in liver. In support of this attribution,
it was stated by Ratheesh et al. that nanodrug delivery helps to increase the bioavailability
of drugs and, thereby, can be used to specifically target cells and tissues [44]. In addition,
in our previous work [27], it was found that the cumulative release of naringin—-dextrin
nanoformula demonstrated higher release and a more sustained release pattern compared
to free naringin.

The gold standard diagnostic marker for HCC is serum AFP [45], while the combina-
tion of AFP, CA19-9, and CEA may help with the diagnosis of primary hepatic cancer [46].
In the current investigation, serum AFP, CEA, and CA19-9 were markedly elevated by
DEN/2AAF administration compared to the normal control group, in accordance with
Ahmad et al. [29] and Mansour et al. [47]. Both AFP and CEA are released by tumors, and
increased serum CEA is associated with larger tumors and metastasis [48]. Additionally,
serum CA19-9 is elevated in a small proportion of patients with HCC [49]. At 24 weeks
after the DEN/2AAF treatment period, liver cancers were present in all animals in the
DEN control group as revealed by histological examination. Histopathological analysis
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of these HCC model animals also showed disruption of the normal lobular structure and
tumor cells organized in glandular and lamellar forms, with clear deeply eosinophilic foci.
Both naringin and NDNP reversed the serum elevations in AFP, CEA, and CA19-9, but
NDNP was more potent than free naringin, suggesting greater antitumor efficacy, a notion
confirmed by histopathological analysis of liver tissue sections.

DEN is a strong environmental carcinogen that causes cellular transformation by
producing ROS that damage proteins, lipids, and DNA [50,51]. Numerous studies have
shown that DNA damage and mutations caused by excessive ROS production and ensuing
oxidative stress is the key event in hepatocarcinogenesis [52,53]. Rats treated with DEN
demonstrated an obvious redox imbalance in liver tissue, with significant decreases in GPx,
SOD activity, and GSH content and a significant increase in hepatic LPO, consistent with
previous studies by Ahmed et al. [29] and Mo’men et al. [54]. Further, liver LPO production
in rats is believed to reflect the degree of cell damage [53].

Again, both naringin and NDNP reversed these effects. Naringin has well-documented
efficacy against LPO [55]. Acharya et al. [43] also reported that naringin dose-dependently
reduced oxidative damage markers, including the LPO marker MDA, consistent with
free radical scavenging activity. This suppression of ROS accumulation and enhanced
antioxidant capacity also prevents carcinogens from being metabolically activated [56] and
decreases ROS-induced mtDNA damage (Figure 9) [57,58]. Administration of NDNP
enhanced antioxidant defenses in rat liver more effectively than free naringin at the
same dose, again suggesting that this nanoformulation enhances liver bioavailability and
antioxidant efficacy.

Treatment with DEN/2AAF also elevated total levels of TNF-«, IL-13, NF-«B, and IL-
8, while reducing NRF2 levels, which was in accordance with published studies [36,59,60]
and suggests that chronic inflammation may contribute to DEN-induced hepatic oxidative
stress and tissue damage (Figure 9). The molecular and cellular processes that start with
liver injury and end with fibrosis and HCC are triggered by the release of TNF-c, IL-1f3,
and IL-8, among other proinflammatory factors [61]. The levels of TNF-x and IL-13 are
controlled by NF-«B and, subsequently, enhance vascular permeability, cell proliferation,
and inflammation [62]. According to Ahmed et al. [63], excessive TNF-« production con-
tributes to the pathogenesis of several inflammatory diseases by causing and maintaining
inflammation. NRF2 deficiency increases inflammatory responses by activating NF-«B
(Figure 9) and ensuing proinflammatory process [64]. NF-«B also regulates the transcrip-
tion of more than 150 genes involved in cell proliferation, migration, invasion, survival,
and apoptosis escape [65]; thus, overexpression is strongly linked to cancer development.
Further, NF-«kB expression is activated in response to oxidative stress [66] and is strongly
associated with more aggressive cancer [67].

Thus, naringin and NDNP likely reduced the inflammatory response by suppressing
oxidative stress-induced NF-«B expression (Figure 9). Consistent with these findings, Shi-
rani et al. [68] and Lv et al. [69] reported that naringin treatment dramatically reduced the
expression levels of inflammatory mediators, such as TNF-«, IL-8, NF-kB, and IL-1$3, and
elevated NRF2. Naringin prevented inflammation, apoptosis, autophagy, and oxidative
DNA damage by reducing TNF-« and IL-1f3 levels and NF-kB expression [64]. A recent
study also found that naringin alleviated liver injury by activating NRF2 and decreas-
ing TNF-a and NF-«B expression [69]. Manna et al. [70] and Dong et al. [71] similarly
reported that naringin diminished liver injury by reducing the generation of proinflam-
matory mediators and by increasing NRF2 levels, thereby reducing NF-«kB expression
and the production of downstream inflammatory cytokines [69]. The naringin-derived
NPNP was even more effective, in accordance with several previous reports that natural
product-derived nanomedicines can be effective treatments for cancer and inflammatory
disorders [72,73].
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Figure 9. Schematic diagram showing the hepatoprotective mechanisms of naringin-dextrin nanopar-
ticles against DEN/2AAF: suppression of oxidative stress, inflammation, and proliferation, as well
as induction of transformed cell apoptosis. DEN: diethylnitrosamine; 2A AF: 2-acetylaminofluorene;
ROS: reactive oxygen species; IGs: inflammatory genes; IQGAP1: isoleucine-glutamine motif-
containing GTPase-activating protein 1; IQGAP?2: isoleucine-glutamine motif-containing GTPase-
activating protein 2; IQGAP3: Isoleucine—-glutamine motif-containing GTPase-activating protein 3;
NF-kB: nuclear factor-kappa B; IL-8: interleukin-8; IL-1f3: interleukin-1§3; Bcl-2: B-cell lymphoma-2;
Bax: Bcl-2-associated X protein; p53: tumor suppressor protein 53; PDCD5: programmed cell death 5.
RAS: rat sarcoma viral oncogene homolog; ALT: alanine transaminase; AST: aspartate transaminase;
ALP: alkaline phosphatase; NDNP: naringin-dextrin nanoparticle; TNF-o:: tumor necrosis factor
alpha; TNFR: tumor necrosis factor alpha receptor; NRF2: nuclear factor E2-related factor 2; LPO:
lipid peroxidation; GSH: Glutathione; SOD: Superoxide dismutase; GPx: glutathione peroxidase.

Apoptosis is regulated primarily by two pathways [74]: the death receptor-dependent
extrinsic pathway and the mitochondria-dependent intrinsic pathway (Figure 9). Rats
treated with DEN/2AAF showed increase expression of antiapoptotic Bcl-2 and reduced
expression of proapoptotic Bax compared to controls, in agreement with previous re-
ports [29,75,76]. The antiapoptotic Bcl-2 regulates apoptosis by antagonizing the function
of proapoptotic Bax (Figure 9) [77]. According to Riickert et al. [78] tumors generally
show elevated Bcl-2 expression, so hepatic Bcl-2 upregulation in the DEN/2AAF group
suggests that malignant cells were resistant to apoptosis, possibly due to increased gene
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copy numbers, transcription, and (or) translation of Bcl-2, as observed for other cancer-
related genes [79,80]. DEN also decreased the expression of Bax in the liver of cancerous
rats [76,81]. Additionally, rats administered DEN exhibited reduced hepatic expressions of
p53 and PDCD5 compared to controls, which may be necessary for resistance to apoptosis
and DEN-induced carcinogenesis. XinYou et al. [74] and Zoheir et al. [60] concluded that
diminished expression of p53 in HCC resulted from downregulation of PDCD5. Further,
p53 downregulation is among the most prevalent genetic changes in HCC [29]. Recently, it
was discovered that PDCD5 translocates to the nucleus in response to DNA damage and
then interacts with p53 to encourage apoptosis [82]. DEN treatment may enhance resistance
to apoptosis by inducing oxidative stress and disrupting signaling pathways that control
the transcription of apoptotic genes [83].

Alternatively, naringin and NDNP treatment may have enhanced sensitivity to apopto-
sis by lowering Bcl-2 expression and increasing Bax, p53, and PDCD5 expressions. Consis-
tent with this notion, Xie et al. [84] reported that naringin downregulated Bcl-2 expression
and upregulated Bax expression to trigger apoptosis, as p53 is a proapoptotic mediator
and a regulator of the cell cycle and apoptosis. While PDCD5 can accelerate apoptosis in
various cell types [85,86], elevated Bax, p53, and PDCD5 expression and reduced Bcl-2
expression may mediate the antiproliferative and proapoptotic actions of naringin and
NDNP, thereby diminishing the survival of HCC cells (Figure 9). Indeed, naringin was
shown to enhance apoptosis and reduce cell proliferation in the Wistar rat DEN-induced
model of liver carcinogenesis [87]. Most clinical chemotherapy drugs suppress tumor
growth by inducing cancer cell apoptosis, and HCC may be vulnerable to these effects [88].
Mohamed et al. [27] further reported that naringin and NDNP induced apoptosis of HCC
cells and confirmed the stronger effect of NDNP.

The IQGAPs are a family of highly conserved multidomain proteins that regulate
cell migration and adhesion, and various cytokine signaling pathways, among other func-
tions [89]. Wistar rats that received DEN treatment showed increased expression of IQGAP1
and IQGAP3 but reduced expression of IQGAP2 compared to normal rats. Similarly, Zo-
heir et al. [90] reported that IQGAP1 was upregulated while IQGAP2 was downregulated
by DEN. Cancer development may be influenced by IQGAP1, as this factor controls nu-
merous cellular processes relevant to cancer development. Further, although there are no
mutations, several cancer types exhibit an unusually high expression of IQGAP1 [91]. Both
IQGAP1 and IQGAPS3 are considered oncogenes in HCC and, thus, can serve as highly
sensitive and specific biomarkers for this type of tumor, while IQGAP2 may act as a tumor
suppressor [92,93]. Several studies have reported higher expression of IQGAP3 in patients
with HCC [94-96], and Shi et al. [97] concluded that IQGAP3 promotes tumor metastasis
and the epithelial-mesenchymal transition in patients with HCC. Wu et al. [98] found that
IQGAP3 promotes the malignant progression of tumors by increasing the ability of HCC
cells to invade and spread. Thus, IQGAP3 is considered a potential therapeutic target to
combat metastasis and tumor progression [97]. DEN acts as a carcinogen by inducing un-
controlled cell proliferation and hepatocellular necrosis [99], as well as ROS production and
ensuing DNA damage [100]. Naringin and NDNP reduced hepatic IQGAP1 and IQGAP3
expression and elevated IQGAP2 expressions compared to rats receiving DEN/2AAF alone.
These findings are consistent with Mohamed et al. [27], who reported that naringin and
NDNP have anticancer and antiproliferation effects in human liver cancer cells and that
the nanostructure was more effective than free naringin.

RAS proteins serve as molecular switches that participate in a number of intracellular
signal transduction pathways, such as the MAPK and PI3K signaling pathways, which
are essential for cell growth, differentiation, apoptosis, cellular adhesion, cell migration,
and microtubule integrity [101,102]. The expressions of HRAS and KRAS were higher in
DEN /2AAF-treated rats compared to normal rats, in accordance with Zoheir et al. [103],
who reported significantly upregulated HRAS and KRAS mRNA expressions in an animal
model of DEN-induced hepatic cancer. Both HRAS and KRAS are frequently overexpressed
in other cancer types as well [102]. Treatment with naringin or NDNP reversed these
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increases, consistent with clinical findings by Mohamed et al. [27], and again, NDNP was
more effective than free naringin.

Excessive cell proliferation is the core feature of cancer and proliferation rate is a
major predictor of prognosis and treatment efficacy [104]. Administration of DEN dramati-
cally increased the expression of the proliferation marker Ki-67, consistent with previous
studies [29,53], which found elevated Ki-67 expression in HCC (Figure 9). Naringin and
NDNP treatment have been reported to reduce Ki-67 expression [105,106]. In addition,
naringin increased apoptosis and decreased proliferation in rat liver cancer cells [107]. We
conclude that NDNP enhanced antioxidant defenses, thereby preventing oxidative stress,
and suppressed inflammation, apoptosis resistance, and hyperproliferation of liver cells in
response to DEN/2AAF treatment more effectively than naringin in a rat model of HCC.
Thus, NDNP may provide a more efficacious treatment for HCC. However, the current
research has several limitations, including the absence of techniques such as Western blot
and direct immunohistochemical analysis of apoptosis, cell signaling, and proliferation
biomarkers. In addition, it is essential to compare the efficacy of NDNP to current drugs
used against HCC.

5. Conclusions

Dextrin possesses many functional attributes suitable for producing nanocarriers. In
an animal model of hepatocellular carcinoma, naringin-dextrin nanoparticles suppressed
DEN/2AAF-induced HCC with greater efficacy than free naringin by reducing oxidative
stress, inflammation, and tumor cell proliferation while enhancing apoptosis. We suggest
that NDNP could be a prototype for a new family of targeted drugs with greater clinical
efficacy than the free parent compound. Further, the use of natural compounds in these
nanoformulae may enhance pharmacological responses, resulting in better patient out-
comes. However, further studies are required to assess and compare the effects of naringin
and NDNP on human HCC xenografts and clinical studies are also required to assess the
safety and efficacy of these agents in human beings.
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