
Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// 
creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco mmons. org/ publi 
cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

RESEARCH

Salim et al. Cancer Nanotechnology           (2023) 14:77  
https://doi.org/10.1186/s12645-023-00229-z

Cancer Nanotechnology

Based polymer nanoparticles from bee 
pollen attenuate non-small lung cancer 
through enhancement of apoptosis and cell 
cycle arrest in vivo
Elsayed I. Salim1, Magdy E. Mahfouz2, Eman A. Eltonouby1*, Nemany A. N. Hanafy3* and Ezar H. Hafez1 

Abstract 

Bee pollen extract (BPE)-based polymer nanoparticles (BPENP) were fabricated using 
bovine serum albumin (BSA) and targeted with folic acid and were further character-
ized. Mice groups are: Group 1 received saline, whereas Groups 2, 3, 4, 5, and 6 received 
a single dose of urethane, followed by weekly injections of butylated hydroxy-toluene 
(BHT). After the BHT injection, the mice in Groups 3, 4, 5, and 6 received BPE, Avas-
tin, BPENP, and BPENP + Avastin, respectively. The number and size of tumors were 
decreased in Group 6 compared to those in the other groups. The ratios of early 
and late apoptotic cells in Groups 3, 4, 5, and 6 (42.8%, 41.4%, 26.2%, and 45.4%, 
respectively) were higher than that in the untreated group. The PCNA-labeling indexes 
(LI)% in tissues and lesions from Group 6 were lower than those in the other groups; 
on the other hand, the Caspase-3 LI (%) was higher than those in the other groups. 
No significant differences in HRAS and MAPK levels were observed between Group 6 
and the other groups. However, the level of Bax was significantly increased, whereas 
those of Bcl2 and P21 were decreased in Group 6 compared to those in Groups 4 
and 5. According to the results of the current study’s in vivo lung cancer mouse model, 
adjuvant chemotherapy given in conjunction with a polyphenolic substance derived 
from bee pollen significantly activates the apoptotic pathways as measured by flow 
cytometry, immunohistochemistry, and apoptotic genes. It also significantly reduces 
tumor volume and growth as measured by histopathology.
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Graphical Abstract

Introduction
Lung cancer account for the majority (11.4%) of malignant tumors in the world after 
breast cancer (11.7%) (Sung et  al. 2020). The heterogeneity of the disease may be 
attributed to the pathologically and clinically significant subtypes. Small-cell lung car-
cinoma (SCLC; 12.9% of cases) and non-small-cell lung carcinoma (NSCLC; 83.9% of 
cases) are the two main subtypes of lung malignancies, which can be distinguished 
based on their primary histotypes, prognoses, and therapeutic effects (Fujimoto and 
Wistuba 2014). Smoking is a known primary risk factor for SCLC, the most aggressive 
and rapidly developing type of lung cancer (Govindan et al. 2006). The three primary 
subtypes of NSCLC include squamous cell lung carcinoma (SqCC), non-SqCC (often 
known as adenocarcinoma), and large-cell (undifferentiated) lung carcinoma (LCLC). 
Sarcoma-like tumors and tumors of the salivary glands account for a relatively minor 
portion of all cases of NSCLC (Padanad et al. 2016).

Adenocarcinoma (ADC), the most common form of NSCLC, accounts for 47.9% 
of all instances of lung cancer (Howlader et al. 2019). SqCC normally develops in the 
center and arises from the main or lobar bronchus (Travis et  al. 2015). LCLCs, the 
least common NSCLC, account for 1.5% of all lung cancers; they are squamous cell, 
glandular, or small-cell non-differentiated NSCLCs that lack histological or immuno-
histochemical (IHC) evidence of any differentiation (Berk et al. 2022).

Bee pollen (BP) is rounded, seed-like particles ranging from 2.5 to 5 mm in size. It 
is encased in a protective shell and loaded with nutrients, such as proteins, lecithin, 
active enzymes, folic acid, vitamins (particularly vitamin B), and other minerals. The 
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physical forms of BP vary depending on the plant species. Numerous studies have 
shown that BP can cure obesity, allergies, and infertility (Medeiros et  al. 2008). It 
is a potential source of flavonoids, such as hesperidin, rutin, kaempferol, apigenin, 
luteolin, quercetin, and isorhamnetin, and natural antioxidants, such as vanillic, pro-
tocatechuic, gallic, and p-coumaric acid (Karimi Jashni et  al. 2016). These naturally 
occurring polyphenols have a range of actions, including anti-inflammatory, anti-
carcinogenic, anti-fungal, and antibacterial activities (Ferguson 2001). In addition, 
the cytotoxic effects of these polyphenols on several tumor cell lines via interruption 
of the cell cycle or induction of apoptosis after co-encapsulation with the anticancer 
drugs have been previously demonstrated (Renault-Mahieux et al. 2022).

A submicron colloidal dispersion system called drug nanocrystal boosts the satura-
tion solubility of the drug and increases its bioavailability by adding active ingredients, 
which are stabilized by polymers or surfactants. Polymeric nanoparticles are created 
when amphiphilic copolymers self-assemble into nanoparticles in water. They often have 
better stability, tighter size distribution, and more regulated drug release characteristics 
(Hu et al. 2010).

Recently, several nano-systems were to enhance the biological activity and stabil-
ity of drugs when stored and consumed (Zheng et al. 2022). The purpose of this study 
was to demonstrate the effects of BP extract (BPE) and BPE-based polymer nanoparti-
cles (BPENP) on lung cancer in mice chemically induced with urethane and butylated 
hydroxy-toluene (BHT).

Materials and methods
Chemicals for BPE encapsulation

Folic acid was purchased from Fluka-Sigma-Aldrich, St. Louis, MO, USA; 7; and ethanol 
was obtained from Baker Analyzed, Fisher Scientific, the Netherlands. BSA, protamine 
(PRM), formaldehyde, and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich, St. Louis, MO, USA.

BPE for the encapsulation process

The bee pollen of Trifolium alexandrinum (Egyptian clover; also known as Berseem), 
was used for extraction. In brief, 3g of dried BP powder and a flask containing 5 ml of 
DMSO and 45 ml of 96% ethanol were used. The mixture was stirred using a magnetic 
stirrer at 200 rpm for 1 h at 55 °C. The supernatant was spun for 10 min at a speed of 
6000 rpm, collected, and stored as a crude extract at 4 °C until use for the creation of the 
nanoparticles.

BPENP preparation

The BPE (20 mL) and BSA (50 mg/50 mL) dissolved in distilled water were combined 
and mixed with a magnetic stirrer for 5 min at room temperature. PRM-conjugated folic 
acid (50 mg/100 ml) dissolved in distilled water was added to the liquid and stirred with 
the magnetic stirrer for 5 min. The BPENPs were dialyzed against distilled water and 
stored at − 20 °C for lyophilization (Hanafy et al. 2023). After lyophilization, 2 g of the 
BPENP were dissolved in 21.5 ml of 0.09% saline resulting in 93 mg/ml saline. The mice 



Page 4 of 21Salim et al. Cancer Nanotechnology           (2023) 14:77 

were given daily doses of 0.5 ml of the solution (each mouse received 46.5 mg/day in 0.5 
ml solution).

Characterization of BPE and BPENP

A scanning electron microscope (SEM; JEOL JSMIT100) was used at 15 kV to char-
acterize the BPE and BPENP. Images from a transmission electron microscope (TEM) 
were captured using an EOL 2100 at an accelerating voltage of 200 kV. X-ray diffrac-
tion (XRD) tests were carried out using a Shimadzu 6000-XRD X-ray diffractome-
ter at a copper K (Cu K) radiation wavelength of ʎ = 1.54 Å. The potassium bromide 
(KBr) pellet technique and a JASCO Fourier transform infrared (FTIR)-6800 Spec-
trometer were used to detect the active functional groups of the produced nanoparti-
cles in the 500–4000 cm-1 range.

Chemicals for the animal model

Urethane (97%) and BHT were obtained from Acros-Organics (New Jersey, USA), 
Avastin (Bevacizumab; 100 mg/4 ml) was purchased from Hoffmann-La Roche Ltd., 
and BP was obtained from a bee product Co. placed in Egypt.

Animals protocol

Five-week-old, male Swiss albino mice were obtained from the Holding Company for 
Biological Products and Vaccines (VACSERA), Giza, Egypt. The weights of the mice 
ranged from 18 to 20 g at arrival. The animals were housed for 2 week acclimation 
period before the experiment starts in plastic cages (5 per cage) in a conventional 
animal facility, with wood chips for bedding and a natural day/night cycle at a room 
temperature of 24 ± 2  °C and relative humidity of 55% ± 10% before start. Diet and 
water were available ad libitium. Approval for the study design was obtained from the 
Institutional Animal Care and Use Committee (IACUC) of the Faculty of Science at 
Tanta University (IACUC:SCI:TU: 0129).

Experimental design

At the age of 7 weeks, a total of 152 male mice were randomly separated into six 
groups: Group 1 intraperitoneally (i.p) received 0.9% saline, whereas Groups 2, 3, 4, 
5, and 6 received a single dose of urethane (1 mg/g, i.p), followed by 6 weekly injec-
tions of BHT (the first dose was 150 mg/kg b.wt., and the remaining five doses were 
200 mg/kg b.wt.) (Salim et al. 2022). After the last BHT injection, the mice in Group 
3 received 0.5 ml/mouse of crude BPE by intragastroluminal gavage (i.g.) (Abdella 
et al. 2009). Avastin (5 mg/kg) was i.p administered to the mice of Group 4 (Bear et al. 
2015). In addition, BPENP (46.5  mg/mouse/day) in 0.5 ml saline was i.g. provided 
to those in Group 5 (Ragelle et  al. 2012). Avastin (5  mg/kg, i.p.) along with BPENP 
(46.5 mg/mouse) was i.g administered to the mice in Group 6. All the treatments were 
given twice per week. The animals were sacrificed after 14 weeks (Scheme 1).
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Preparation of biological samples

Diethyl ether was used to anesthetize each animal at sacrifice. After being excised 
from the thoracic cavity, the lungs were thoroughly cleaned with 0.09% saline, then 
injected with the saline solution from the tracheal opening to inflate it. After infla-
tion, half of all lungs from each group were processed for histological and immuno-
histochemical analyses after fixing in 10% phosphate-buffered formalin for at least 48 
h, and the diagnosis was made by two animal pathologists using the standards out-
lined by the mouse tumor pathology (Turosov et al. 1990). While other lung portions 
from at least 6 mice were immediately saved fresh for flow cytometry, other portions 
(from at least six different lungs) were kept at – 80 °C for the molecular and biochem-
ical techniques.

Histopathological investigations

After embedding in paraffin and sectioned, the fixed tissues were rehydrated using 
a graduated series of ethanol. The slides were routinely stained with Hematoxylin and 
Eosin. The incidence and multiplicity (total number of nodules and cancer nodules) of 
the tumor and the average square areas of the nodules within an area of 1  cm2 in the sec-
tion were measured using the stage and ocular micrometer method (Salim et al. 2022), 
wherein the ocular micrometer was calibrated with the standard stage micrometer. The 
high-power objective of the ocular micrometer in a light microscope was calibrated 
using a stage micrometer, and the readings were consistent as long as the specific eye-
piece and objective were used (Salim et al. 2022).

IHC analysis for PCNA and Caspase‑3

The avidin–biotin complex method was used to visualize PCNA and Caspase-3 in 
4-µm-thick sections of the lung tissues. The sections were incubated with anti-PCNA 
rabbit polyclonal antibody IgG (Catalog No. NBP1-89434, Novus Biologicals, USA; 

Scheme 1 The experimental design and frequency of administration
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dilution, 1:500) and anti-Caspase-3 rabbit polyclonal antibody IgG (Product. No. 
NB100-56113, Novus Biologicals, USA; dilution, 1:5000) overnight at 4°C. Subsequently, 
the sections were counterstained with Mayer’s hematoxylin and visualized under 
a light microscope (Hsu et  al. 1981). Briefly, sections were deparaffinized with xylene 
and hydrated through a graded ethanol series, rinsed in sodium citrate buffer (pH 6.0), 
and then were heated till boiling in an autoclave and then cooled for antigen retrieval 
(repeated more than once). The sections were then treated with 0.3% hydrogen perox-
ide and normal horse serum, The sections were then progressively treated with 0.3% 
hydrogen peroxide after being rinsed with TBS-T and submitted to ABC-peroxidase 
operations (using an ABC kit from Vector Laboratories). Normal serum was utilized as 
a negative control in place of the main antibodies. All IHC procedures used chromogen 
3,3-diaminobenzidine tetrahydrochloride (DAB) to visualize immune complexes.

IHC evaluation and generation of labeling index (LI)

The positively stained cells for the two IHC antibodies displayed reddish-brown nuclear 
staining, whereas the negative cells were stained blue. Sections with no discernible 
brownish stain were deemed as immune-negative. The numbers of positively stained 
nuclei or cells from 15 to 20 high-power fields in each section were counted and divided 
by the total number of nuclei in each crypt X100 to generate the labeling indices (LI) for 
the specific antibodies (PCNA and Caspase-3). Two animal pathologists evaluated the 
sections in a blinded manner without being aware of the experimental groups.

Flow cytometry analysis

Aliquots of homogenate cells (about one gram in weight) from the lungs of mice from 
different groups were freshly suspended in phosphate-buffered saline, stored on ice, and 
transported to the flow cytometer equipment (fluorescence-activated cell sorting caliber 
flow cytometer; Becton Dickinson, Sunnyvale, CA, USA); the cytometer was equipped 
with a compact air-cooled low power 15 mW argon ion laser beam (488 nm) (Zaritskaya 
et al. 2009).

Determination of apoptosis using flow cytometry

Apoptotic and necroptotic cell death were identified by dual labeling with FITC-labeled 
annexin V and propidium iodide (PI). The cells in the lungs treated with BPE, Avastin, 
BPENP, and BPENP + Avastin were digested, washed, and resuspended in a binding 
solution. Then, the cells were stained with PI and annexin V-FITC and subjected to flow 
cytometry following a 15-min dark incubation period. The BD FACSDiva software was 
used to examine each sample (Becton Dickinson, USA).

Cell cycle analysis by flow cytometry

The labeling of mammalian DNA for flow cytometry was performed to synchronize the 
cell cycle as described previously (Vindeløv 1977). Cells from the lung tissues of mice 
from different groups were collected, fixed in ice-cold 70% ethanol, and left at 4 °C over-
night. The next day, the cells were stained with PI (eBioscience), according to the manu-
facturer’s recommendations, to examine the cell cycle.
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RNA isolation and quantitative real‑time PCR

The total RNA was isolated from the specimens using (QIAGEN, Analytik Jena Biometra 
AG, Berlin, Germany) and quantified using a Nanodrop 2000 (Thermo Scientific, San 
Jose, CA, USA). The RNA was then reverse transcribed into cDNA using the Sensiscript 
Reverse Transcriptase kit (QIAGEN, Germany). The following primers were used for RT-
PCR: HRAS: forward, 5-CTC GCA GCT ATG GCA TCC -3; and reverse, 5-CAA CGT GTG 
CCC TCA CAG -3 MAPK: forward, 5-TCA AGC CTT CCA ACCTC-3 and reverse, 5-GCA 
GCC CAC AGA CCAAA-3; Bcl2: forward, 5-TTG GCC CCC GTT GCTT-3 Reverse, 
5-CGG TTA TCG TAC CCC GTT CTC-3, Bax: forward, 5-TCC CCC CGA GAG GTC TTT 
T-3 Reverse, 5-CGG CCC CAG TTG AAG TTG -3; P21: forward, 5-AGG TGG ACC TGG 
AGA CTC TCAG-3, Reverse, 5-TCC TCT TGG AGA AGA TCA GCCG-3 B-actin: forward, 
5-CTG TCC CTG TAT GCC TCT G-3; and reverse 5-ATG TCA CGC ACG ATT TCC -3. 
qRT-PCR was carried out in two-step using the SYBR GREEN PCR master mix (Quanti-
Tect® SYBR® Green PCR for quantitative, real-time PCR and two-step RT-PCR using 
SYBR Green I kit) and the Applied Biosystems Steps One™ instrument. The amount of 
mRNA was calculated using the comparative CT method, which depends on the ratio of 
the amount of RNA from the target genes to that of the reference gene (B-actin).

Statistical analysis

Group data expressed as means ± S.D. were analyzed using the two-tailed t test or 
ANOVA analyses, while the data expressed as percentages were analyzed using the Chi-
squared  (X2) analysis using the GraphPad Prism version 8.2.0 USA. P ≤ 0.05 was consid-
ered significant.

Results and discussion
Characterization of nanoparticles

The BSA nanoparticles typically exhibited favorable properties, such as biocompatibility, 
biodegradability, longer plasma residence, and improved tumor dispersion (Kim et  al. 
2019). BSA functions as a protective colloid and remains in the bloodstream for a long 
time (Park et al. 2020). Protamine, protamine-based RNA delivery systems in vaccines 
against infectious disease and their use in cancer treatment (Ruseska et al. 2021). Folic 
acid was used to maintain the stability of nanoparticles and boost their adherence to 
cells, particularly cancer cells (Akbal et  al. 2020). TEM images of BPENP in the form 
of a 3D assembled structure are shown in Fig. 1A–C. The average size of the nanopar-
ticle was 25–35 nm. BP nanoparticles in the SEM image demonstrated a smooth sur-
face and a nearly spherical form (Fig. 1D). This outcome is consistent with that reported 
by Keskin (2022), wherein the particle sizes of the BP-based silver nanoparticles ranged 
between 40 and 60 nm.

FTIR was used to detect the modifications in the chemical bands. As seen in the FTIR 
spectrum of BSA alone (Fig.  2A), the 3421  cm−1 band was assigned to the stretching 
vibration of the hydroxyl group, whereas the 1650  cm−1 band was related to amide I 
(mainly the C–O stretching vibrations) with a high proportion of α-helix. The band at 
1512  cm−1 was assigned to amide II (Liu et al. 2017). The FTIR of BPE showed a broad 
band at 3283  cm−1, corresponding to the stretching vibration of O–H-polyphenolic 
compounds, and two strong peaks at 2913 and 2851  cm−1 that were assigned to the 
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Fig. 1 A TEM images of BPENP. Scale bar, 100 nm. B Magnified TEM image of BPENP. Scale bar, 100 nm. 
C Histogram of the TEM images of BPENP. D SEM image of BPENP showing the spherical shape of the 
nanoparticles

Fig. 2 A FTIR spectrum showing all the component nanoparticle fabrications. BSA bovine serum albumin, 
BPE bee pollen extract, PRM protamine, FA folic acid and BPENP bee pollen extract nanoparticles. B X-ray 
diffraction pattern of BPENP and folic acid
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stretching vibration of C–H. Furthermore, the peak at 1589  cm−1 was associated with 
the C = O groups, wherein a 1034  cm−1 band corresponding to the stretching vibra-
tion of C–O, C–N, and C–C was detected (Swiatly-Blaszkiewicz and Pietkiewicz 2021). 
The FTIR of the PRM spectrum showed bands located at 1660 and 1540  cm−1 that were 
attributed to the stretching vibrations of C = O and NH–, respectively. An intense band 
located at 1096  cm−1 was assigned to the arginine of protamine (Xie et al. 2018).

The folic acid spectrum showed a strong peak at 3360  cm−1 associated with O–H and 
N–H (Fig. 2A). In addition, strong peaks at 1650  cm−1 were observed for the carboxylic 
acid groups. Likewise, a strong peak at 1096  cm−1 was seen due to the aromatic ring 
structure (Abdel-Raouf et al. 2018). The FTIR of BPENP showed a broad band at 3283 
 cm−1 corresponding to the O–H stretching vibration, and two strong peaks at 2913 and 
2851  cm−1, the peaks of which were assigned to the C–H stretching vibrations. Further-
more, a peak at 1650  cm−1 due to the presence of amide 1 in BSA and one at 1512  cm−1 
due to folic acid, which is expressed on the phenyl and pterin ring, was observed. The 
1200–500  cm−1 range is the so-called fingerprint region, which consists of a strong peak 
at 1034  cm−1, corresponding to the C–O, C–N, and C–C stretching vibrations of sugar 
and proteins during adding PRM shifted from 1096  cm−1 to 1034  cm−1 (Singh et  al. 
2019).

The crystallinity of a formulation is a critical parameter that can be used to assess its 
physical characteristics. XRD was performed to evaluate the crystallinity of BPENP and 
FA by measuring the intensity in units of degree 2θ and a range of 5°–80°, as shown in 
Fig. 2B. The loaded folic acid nanoparticles presented with peaks at 38°, 45°, 65°, and 80° 
established the folic acid’s crystalline form and demonstrated its effective fusion with the 
other components of the BPENP. In our previous work, the diffraction of pure folic acid 
was detected at angle 2θ = 13°, 16°, 25°, 30°, 37°, 43°, 64°, 77° (Hanafy et al. 2022).

In‑life parameters

During the course of the experiment, the changes in the final body weights increased 
significantly in all groups compared with the initial body weights. Group 2 adminis-
tered the carcinogen only showed the least growth rate among the groups, with gen-
eral symptoms, such as slight hair loss, weakness, dyspnea, and hoarseness; however, 
this was mostly re-modulated after treatment with BPE, BPENP, or BPENP + Avastin. 
The growth curves of mice in all groups, mean data for initial or final body weights, and 
relative and absolute organ weights are represented in Additional file 1: Table S1, Fig. S1. 
Throughout the path of the study, on the other hand, the intervention used here did not 
show signs of toxicity, such as irritability (score = 0) Tremor (0), Laboured breathing (0) 
Staggering (0) Convulsion (0). In general, the health conditions of mice during the inter-
vention were good, while the groups treated with crude BPE, BPENP, and Avastin were 
active as controls. However, some deaths occurred in both normal control and treatment 
groups (see Additional file 1: Table S1) due to aggressive fighting or unknown reasons.

Histopathology, incidence (%), multiplicity, and average area of the tumor

Treatment with urethane + BHT resulted in the development of several lesions (nod-
ules) on the outer surface of the lungs, which were later identified as bronchioloalveo-
lar adenocarcinomas, alveolar epithelial adenomas, or alveolar epithelial hyperplasia 
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(Figs.  3, 4). After the lungs were removed, the number of lung nodules on the sur-
face of the lungs was counted with the naked eye. Table  1 displays the tumor inci-
dence, number of nodules, number of tumors (multiplicity), and mean square areas of 
lesions within a 1  cm2 area in the lung sections in the urethane + BHT-treated groups. 
The lungs in Group 1 did not present with any morphological or histological nodules. 
The number of nodules was marginally reduced in Group 3 after treatment with BPE 
and dramatically reduced in Groups 4, 5, and 6 after treatment with Avastin, BPENP, 
and BPENP + Avastin, respectively. On the other hand, 6.8 nodules in Group 2, which 
received only urethane + BHT, were identified as adenomas or adenocarcinomas. Fur-
thermore, the average area of the lung lesions within 1  cm2 area was 12.9  mm2 in 
Group 2. The average nodule counts after treatment with urethane + BHT were 4.2 in 
Group 3 and 2.2 in Group 4 (diagnosed as adenoma or adenocarcinoma). The relative 
tumor areas were marginally lower in Group 3 and dramatically decreased in Group 4 
when compared to Group 2 (Table 1).

In addition, the incidence and number of tumors in Groups 5 and 6 were consid-
erably reduced compared to those in Group 2. Likewise, the average tumor areas in 
Groups 5 and 6 (6.7  mm2 and 3.2  mm2, respectively) were significantly lower than 
that in Group 2. Group 6 demonstrated a markedly reduced inhibitory response to 

Fig. 3 Urethane + BHT-induced mouse lung nodules on the outer surface of the lung. A Normal lung. B 
Urethane + BHT-treated lungs with multiple focal nodules (arrows). C Bar graph showing the incidence 
of lung nodules in the six groups (no. of mouse-bearing nodules per group). D Bar graph showing the 
multiplicities of the lung nodule in all the groups (mean no. of nodules per lung). ****: significance 
vs. Group 2 at P ≤ 0.00001. G1: negative control; G2: Urethane + BHT; G3: Urethane + BHT + BPE; G4: 
Urethane + BHT + Avastin; G5: Urethane + BHT + BPENP; G6: Urethane + BHT + BPENP + Avastin
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combination therapy compared to the other treatment groups (Table 1). To the best 
of our knowledge, this is the first study to demonstrate the effect of BPE, BPENP, and 
BPENP + Avastin in lung cancer in vivo. However, other research combining NP and 
flavonoids (Parashar et al. 2018) was consistent with the present findings, which sug-
gested that co-therapy is superior to individual therapy for improving therapeutic 
efficacy. Flavonoid also supports the development of a safe, effective, and targeted 

Fig. 4 Photomicrographs showing the histology of the lung epithelium and tumors in the six groups of 
mice. A Normal mouse lung epithelium from Group 1 (G1). B Alveolar epithelial hyperplasia from Group 2, 
which was administered with the carcinogen only. Increased thickness of the alveolar epithelial cells is seen 
in the lesion when compared to the normal lung epithelium. C, D Lung epithelium from Groups 3 and 4, 
which were treated with BPE and Avastin, respectively. E Lung epithelium from Group 5, which was treated 
with BPENP. F Lung epithelium from Group 6, which was treated with BPENP + Avastin. The thickness of 
the hyperplastic alveolar epithelium was reduced after all the treatments, particularly in Group 6, when 
compared to that in the normal control (Group 1). G Bronchioloalveolar adenoma from Group 2. H Magnified 
view of an area from G. The sizes of the adenomas were reduced after the treatment with BPE (I), Avastin (J), 
BPENP (K), or BPENP + Avastin (L). M Bronchioloalveolar adenocarcinomas from Group 2. N magnified view 
of an area from M. Treatment with BPE (O), Avastin (P), BPENP (Q), or BPENP + Avastin (R) reduced the sizes of 
the adenocarcinomas compared to that in Group 2

Table 1 Histological incidence (%), multiplicity, and average tumor area per 1  cm2 of the lung tissue

n, number of animals used in histopathological analysis; Ure, urethane; G1: normal control; G2: Ure + BHT; G3: 
Ure + BHT + BPE; G4: Ure + BHT + Avastin; G5: Ure + BHT + BPENP; G6: Ure + BHT + BPENP + Avastin. a lesions: total 
microscopical (histological) lesions in lung tissues in tumor-bearing mice regardless of histological type; b Number of 
lesions histologically diagnosed as adenomas and adenocarcinomas in 1cm2 of lung tissue; c Areas  (mm2) (tumor size) in 
 1cm2 of lung tissues; Values are means ± standard deviation (S.D.). *: Significant vs. G2 at P < 0.05; **: significant vs. G4, ***: 
significant vs. G5 at P < 0.05

Groups Treatment Mice (n) No. of lung 
tumors a

Tumor 
incidence (%)

Tumor 
Multiplicity 
(Number of 
tumors/1  cm2) b

Average tumor
areas/1  mm2 c

G1 Control -ve 9 0 0 0 0

G2 Ure + BHT 10 8.40 ± 0.12 9/10 (90%) 6.88 ± 4.2 12.99 ± 13.8

G3 Ure + BHT + BPE 8 6.25 ± 0.17* 6/8 (75%) 4.28 ± 2.2* 7.6 ± 3.1 *

G4 Ure + BHT + Avastin 12 4.58 ± 0.17* 7/12 (58.3%) 2.25 ± 2.22* 4.98 ± 6.4 *

G5 Ure + BHT + BPENP 10 5.20 ± 0.12* 6/10 (60%) 3.85 ± 3.7* 6.78 ± 5.8 *

G6 Ure + BHT + BPENP + Avas-
tin

8 3.75 ± 0.08* 4/8 (50%) 1.80 ± 1.0*, **,*** 3.25 ± 4.3 *, **,***
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delivery system for the treatment of lung cancer using gefitinib (Gnb) and naringenin 
(Nar), both of which have been studied for their potential therapeutic and synergistic 
effects against lung cancer; co-administration of Gnb and Nar nanoparticles showed a 
substantial decrease in tumor volume (Saisavoey et al. 2021).

Flow cytometry analysis data for Annexin

As shown in the dot plots of the log data from the flow cytometry analysis, the 
percentages of annexin V-FITC-positive early and late apoptotic cells in the 

Fig. 5 Flowcytometric analysis data for annexin V staining (n = 6). A Dot plot flow cytometry analysis 
data showing the expression of annexin V in Groups 1–6. Values are shown as percentage means ± S.D. 
****: significant vs. the next column of each other and the treated groups vs. G2 at P ≤ 0.00001. B Control 
-ve (G1); C G2 (urethane + BHT); D G3 (urethane + BHT + BPE); E G4 (urethane + BHT + Avastin); F G5 
(urethane + BHT + BPE-NP); G G6 (urethane + BHT + BPE-NP + Avastin). FL1-H: Annexin, FL2-H: Propidium 
iodide; LL: (lower left) negative for both annexin V and propidium iodide; LR: (lower right) positive annexin 
(early apoptosis); UL: (upper left) positive for propidium iodide (necrosis); UR: (upper right) positive for both 
(late apoptosis). FL2-H = Propidium Iodide fluorescence)
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urethane + BHT-treated Group 2 were considerably higher than those in the negative 
control group (Fig. 5). Treatment with BPE, Avastin, BPENP or Avastin + BPENP in 
Groups 3, 4, 5, and 6 showed a significant increase in the early and late apoptotic cell 
numbers when compared to the urethane + BHT (Group 2) (Fig. 5).

According to Saisavoey et al. (2021), the observed underlying mechanisms, such as the 
stimulation of apoptosis, inhibition of cell proliferation in several cell lines, and reduc-
tion in tumor growth, account for the anticancer effects of BP.

Fig. 6 Cell cycle analysis and percentage of apoptotic cells by flow cytometry (n = 6). A Graph showing 
the ratios of the various phases of the cell cycle in the six groups. Values are represented as percentage 
means ± S.D. ****: significant vs. G2 at P ≤ 0.00001. Sub-G1, apoptosis; G0/1, first gap phase; S phase, 
G2/M; M, Mitosis. B Control − ve (G1); C G2 (urethane + BHT); D G3 (urethane + BHT + BPE); E G4 
(urethane + BHT + Avastin); F G5 (urethane + BHT + BPENP); G G6 (urethane + BHT + BPENP + Avastin). 
FL2-H = Propidium Iodide fluorescence
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Cell cycle analysis data by flow cytometry

The mean numbers of subG1 apoptotic cells in Groups 3, 4, 5, and 6 were obvi-
ously greater than those in Group 2 (Fig.  6). The combination treatment with 
BPENP + Avastin in Group 6 showed the highest induction levels of subG1 cells 
(66.9% increase vs. Group 2) as compared with the other treatments in G3–G5). On 
the other hand, the initial gap phase (G0/1) in Group 2 was significantly lower than 
that in the control group (Group 1); however, this phase was substantially longer in 
Groups 3, 4, and 5 but less in Group 6 when compared to that in Group 2. The G0/1 
phase in Group 6 was significantly less than that in Groups 3–5 probably due to the 
increase in the subG1 phase cells in Group 6. Furthermore, the S phase cell numbers 
in Group 2 were significantly lower than that in Group 1; this phase was significantly 
lower in Groups 3, 4, 5, and 6 than in Group 2 indicating less cellular prolifera-
tion. Group 6 showed significantly fewer S phase cell numbers than the other treat-
ment groups. The mitotic phase (G2/M) cell numbers in Group 2 were significantly 
higher than that in the control (Group 1). Treatment in groups 3, 4, 5, and 6; slightly 
increased the numbers of cells in the G2/M phase, albeit without statistical signifi-
cance. According to Khan et  al. (2021) ROS can cause apoptosis by controlling the 
transcription of a number of redox-sensitive signal proteins. However, some flavones 
may also cause apoptosis by stopping the cell cycle in an ROS-independent manner at 
the G2/M phase.

PCNA IHC levels in lung tissues and tumors

Reddish-brown nuclear staining was seen in the lung tissues and tumors after IHC 
labeling for PCNA. The lung parenchyma of mice in Group 2 showed a significant 
increase in the number of positively stained nuclei when compared to those in Group 
1 (Fig.  7). In addition, the PCNA LI (%) in Groups 3, 4, 5, and 6 were considerably 
lower than that in Group 2, with Group 6 showing the lowest levels. Furthermore, 
the PCNA LI (%) in the tissues and lesions of mice belonging to Group 6 were sig-
nificantly lower than those in Groups 3, 4, and 5. These findings are consistent with 
that reported by Granja et  al. (2016), wherein the anti-tumor effects of green tea 
and EGCG nanoparticles were demonstrated in vivo by assessing the levels of Ki-67, 
PCNA, and CDK4 in the tumor tissues. In the recent study by Salim et  al. (2022) 
decreases in the incidence and size of the urethane + BHT-administered lung tumors 
in mice were followed by a dose-dependent decline in cell proliferation and PCNA LI 
(%) after treatment with balanitoside as adjuvant therapy. Previous studies have also 
reported a gradual increase in PCNA LI (%) during lung carcinogenesis.

Caspase‑3 IHC levels in lung tissues and tumors

A significantly higher number of strongly positive Caspase-3-stained nuclei were seen 
in the lung parenchyma of mice in Group 2 when compared to that in Group 1 (Fig. 8). 
In addition, the lung parenchyma and lesions of mice in Groups 4, 5, and 6 showed a 
significant higher Caspase-3 LI (%) than those in Group 2, particularly mice of Group 6 
presented the highest Caspase-3 LI (%) as compared to those from Groups 3, 4, and 5. 
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Lung tissues stained with Caspase-3 showed reddish-brown nuclear staining. Ben Bacha 
et al. (2020) reported that the anti-inflammatory properties of BPE decreased levels of 
IFN-γ, inhibited the apoptotic cascade, lowered the concentration of p53, and ultimately 
reduced the production of Caspase-3, this is consistent with the present findings.

qRT‑PCR data analysis

Gene expression levels of HRAS, MAPK, Bcl2, Bax, and p21 in the lung tissues

The normalized mRNA expression levels of HRAS and MAPK did not differ substan-
tially among the groups (Fig. 9A, B). Compared to the negative non-treated control 

Fig. 7 PCNA staining in lung epithelium and neoplasia. A Bar graph of PCNA LI (%) data from the lung 
parenchyma and tumors (adenoma/carcinoma) in the different groups; ****: significance vs. G2 at 
P ≤ 0.00001; ****: significant vs. G6 at P ≤ 0.00001; B–S: photomicrographs showing PCNA IHC staining 
patterns in the different groups. B Normal mouse lung epithelium from Group 1 showing low PCNA 
IHC staining affinity; C alveolar epithelial hyperplasia from Group 2 with a marked increase of PCNA 
immunostaining D, E lung epithelium from Groups 3 and 4 treated with BPE and Avastin, respectively; F lung 
epithelium from Group 5 treated with BPENP; G lung epithelium from Group 6 treated with BPENP + Avastin. 
Notice the reduced thickness of the alveolar epithelial hyperplasia after all treatments, particularly in Group 
6, compared to the normal control. H Bronchioloalveolar adenoma from Group 2, I magnified portion of G. 
Notice the reduced size of the adenomas after the treatment with BPE J Avastin K BPENP (L), or both (M). 
N bronchioloalveolar adenocarcinomas from Group 2; O a magnified portion of M. Treatment with BPE (P), 
Avastin (Q), BPENP (R), or both (S) reduced the sizes of the adenocarcinomas when compared to that in 
Group 2. PCNA
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group 1 and the positive control group 2, the normalized mRNA expression level of 
the Bax gene was significantly increased (P < 0.05) by 4.8-, 2.3-, 2.2-, and 3.3-fold in 
Groups 3, 4, 5, and 6, respectively (Fig. 10A). Treatment with BPENP (Group 5) con-
siderably reduced the mRNA expression levels relative to that in Group 3 by around 
2.2-fold; however, the level was statistically different from that in the normal con-
trol. Treatment with BPENP + Avastin (Group 6) significantly increased the mRNA 
expression levels of Bax by 3.3-fold when compared to the data of Group 2.

Fig. 8 Caspase-3 staining in lung epithelium and neoplasia. A Bar graph of Caspase-3 LI (%) in the lung 
parenchyma and tumors (adenoma/carcinoma) of mice in the different groups. *: significance vs. G6 at 
P ≤ 0.05; **: significance vs. G2 at P ≤ 0.001; ***: significance vs. G2 at P ≤ 0.0001, ****: significant vs. G2 at 
P < 0.00001. B–S Photomicrographs showing Caspase-3 IHC staining patterns in different groups; B normal 
mouse lung epithelium from Group 1 showing low Caspase-3 IHC staining affinity; C alveolar epithelial 
hyperplasia from Group 2 with a marked increase of Caspase-3 immunostaining; D, E lung epithelium from 
Groups 3 and 4 treated with BPE and Avastin, respectively; F lung epithelium from Group 5 treated with 
BPENP; G lung epithelium from Group 6 treated with both BPENP and Avastin. Notice the reduced thickness 
of the alveolar epithelial hyperplasia after all treatments, particularly in Group 6, compared to the normal 
control. H Bronchioloalveolar adenoma from Group 2, I a magnified portion of G. Notice the reduced size 
of the adenomas after the treatment with BPE (J), Avastin (K), BPENP (L), or both (M). N Bronchioloalveolar 
adenocarcinomas from Group 2; O magnified portion of M. The treatment with BPE (P), Avastin (Q), BPENP 
(R), or both (S) reduced the adenocarcinoma sizes when compared to that in Group 2
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The normalized mRNA expression levels of the Bcl2 gene were significantly down-
regulated (P < 0.05) in Groups 2, 4, and 6 (by 0.73-, 0.71-, and 0.5-fold, respectively) 
compared to the control group (Fig.  10B). Treatment with BPE (Group 3) and the 
combination of BPE and urethane + BHT (Group 6) significantly reduced the mRNA 
expression levels relative to those in Group 2 by around 0.96- and 0.5-fold, respectively; 

Fig. 9 qRT-PCR analysis data of the mRNA expression in different experimental groups normalized relative 
to B-actin endogenous housekeeping gene. CT Threshold cycle. A HRAS. B MAPK. ns significant vs. Group 1. CT 
Threshold cycle, RQ Real-time quantitative PCR

Fig. 10 qRT-PCR analysis data of the mRNA expression data in different lung mouse experimental groups 
normalized relative to B-actin endogenous housekeeping gene.  CT: threshold cycle. A Bax. B Bcl2. C P21. D 
Bax/Bcl2 ratio. ns: non significant vs. Group 1; *: significant vs. Group 1 at P ≤ 0.05; **: significance vs. G1 at 
P ≤ 0.001; ***: significance vs. G1 at P ≤ 0.0001, ****: significant vs. G1 at P < 0.00001; CT threshold cycle, RQ 
real-time quantitative PCR
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however, the levels remained significantly different from those in Group 1. Treatment 
with BPENP + Avastin (Group 6) resulted in a 0.5-fold drop in the mRNA expression 
levels of Bcl2 when compared to those in Groups 4 and 5 (Fig. 10B).

The normalized mRNA expression levels of the P21 gene were found to be significantly 
(P < 0.05) elevated in Groups 2, 3, and 6 by 2.2-, 1.9-, and 1.4-fold, respectively, when com-
pared to those in the negative non-treated control group 1 (Fig. 10C). The levels of the gene 
in Groups 3, 4, 5, and 6 were significantly lower than those in Group 2 and remained signifi-
cantly different from those in Group 1. BPENP treatment resulted in a significant decrease 
in the level of P21 compared to that in Group 3 (Additional file 1: Figs. S2 and S3). The Bax/
Bcl2 ratio was found elevated significantly in all treatment groups, while it was most signifi-
cant in Group 3 and Group 6 (Fig. 10D).

The pro-apoptotic gene Bax is the primary apoptosis regulator that initiates apoptosis 
in cells. The anti-apoptotic gene Bcl2 can prevent apoptosis by inactivating Bax. Conse-
quently, the Bax/Bcl2 transcription ratio can affect the growth or inhibition of cancer cells 
(Khodapasand et al. 2015). Naseri et al. (2021) investigated the effect of BP on the expres-
sion of the pro-apoptotic (Bax and Caspase-3) and anti-apoptotic (Bcl-2) genes; they dem-
onstrated increased expression levels of Bax, Caspase-3, -8, and -9 and decreased levels 
of Bcl-2, Ki-67, CD31, and VEGF. In another study by Zakhireh et al. (2022), the mRNA 
expression level of Bax was dramatically increased (P ≤ 0.05), whereas that of Bcl2 was sig-
nificantly downregulated (P ≤ 0.05) in cells seeded on PShs/Fe3O4NPs when compared to 
those in bare PShs. Cells cultivated on a substrate containing the highest concentration 
of Fe3O4NPs had the highest Bax/Bcl2 ratio. Increased expression of Caspase-3 and an 
increase in the Bax/BCL2 ratio revealed that the intrinsic mitochondria-dependent path-
way mediates apoptosis by Fe3O4NPs. Similarly, our previous results confirmed the present 
finding that bioactive materials isolated from bee pollen have potential therapeutic effects 
on non-small lung cancer cell lines (Hanafy et al. 2022).

Although the retrospective assessments of preclinical intervention studies in animal 
models of various diseases show that only a tiny proportion of therapies claiming positive 
benefits are clinically effective, the majority of therapeutic drugs currently used in clinical 
practice were initially created and studied in animal models to ascertain drug toxicity and 
safety, dosage responses, and efficacy (Koboziev et al. 2011). Thus, finding the most perti-
nent mice models and pharmacologic approaches to lung cancer that most closely resem-
ble clinical conditions is one possible method to uncover novel therapies that may have a 
decent chance of success in carefully monitored clinical trials (Kumar et al 2022; Kwon and 
Berns 2013).

The current study proved that the lung cancer mouse model used here was suitable and 
indispensable as it validated putative driver lesions and gained insight into their mecha-
nisms of action. This model permits mimicking many of the prominent features of human 
lung tumors and enabled a clear valuation of the contribution of distinct tumor character-
istics such as cellular proliferation, apoptosis, enzymatic activity, or gene expression with 
the response to treatment. In this context, gross observations were recorded concerning 
the behavioral characteristics, general health, and growth rates, besides blood biochem-
istry, and absolute and relative organ weights revealing no toxicity or side effects during 
the intervention. The results ensured that this animal model represents a pharmacological 
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approach with a well-defined critical evaluation that is compatible with the study design 
and final data interpretation of this preclinical study.

Conclusion
The in vivo lung cancer mouse model in the current study revealed that adjuvant treat-
ment with chemotherapy combined with a polyphenolic compound isolated from bee 
pollen significantly activates the apoptotic pathways as evaluated by flow cytometry, 
immunohistochemistry, and apoptotic genes, as well, it decreased the tumor volume 
and growth as determined by histopathology. It can be concluded that the hybrid poly-
meric protein nanoparticles involving natural bioactive materials, can be recommended 
strongly to be adjuvant with chemotherapy to potentiate its effect and minimize its 
required dose to diminish its toxicity on healthy cells.
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