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ABSTRACT
Key Words:

Prostate cancer is also a major contributor of cancer morbidity and mortality in men
all over the world, and this issue has necessitated the innovation of effective and novel || Prostate Cancer, Emerging Therapies,
treatment modalities. The review is based on recently developed methods that were || Nanomedicine, Immunotherapy, Gene
tested in preclinical animal models, such as nanomedicine-based targeted delivery || Therapy, Phytochemicals, Animal Models,
systems, immunotherapies, gene-editing interventions, and natural phytochemicals. || Targeted Drug Delivery

The rodent and murine studies have provided evidence that these strategies have the
potential to improve tumor specificity, increase the bioavailability of drugs, overcome || Article History:
the problem of multidrug resistance, and minimize systemic toxicity in comparison to
other conventional treatment methods. The combination and multi-targeted || Received on July 11,2025
interventions especially the ones based on the incorporation of nanocarriers into
chemotherapeutics or natural compounds exhibit a synergistic effect on anti-tumor
activities and enhanced safety profiles. Although with good preclinical results, || Accepted on Sep 24,2025
translational problems such as optimization of animal models, long-term safety and
mechanistic knowledge have to be resolved before being used in clinical practice. || Published on Oct 13, 2025
Altogether, these new treatment methods provide a strong basis of safe, more effective,
and personalized treatment of prostate cancer.
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1. INTRODUCTION

Prostate cancer (PCa) is a widely spread type of cancer among men in the world that poses a
significant burden on cancer-associated morbidity and mortality'. It is associated with
unnatural growth of epithelial cells of the prostate and may develop to other stages such as
castration-resistant prostate cancer (CRPC) that is difficult to cure successfully. Although these
conventional therapeutic modalities, including androgen deprivation therapy (ADT),
chemotherapy and radiotherapy, are effective in the initial phases, they are often constrained
by drug resistance, systemic toxicity and tumor heterogeneity?. These difficulties have led to a
lot of studies on new and specific therapeutic techniques to enhance efficacy and limit negative
effects.
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Figure 1: Overview of Emerging Therapeutic Strategies in Prostate Cancer’

Recent years have seen the attention shift to the preclinical studies, especially animal models
that enable the exploration of new therapies, including nanomedicine, immunotherapy, gene-
based interventions, and natural phytochemicals. These researches offer useful information on
tumor biology, drug delivery processes, and drug response, therefore, establishing a basis of
carrying out research and possible clinical practice.

1.1. Background Information and Context

Novel therapeutic interventions in prostate cancer are meant to eliminate the weaknesses of the
conventional therapies by increasing tumor specificity, augmenting drugs bioavailability, minimizing
systemic toxicity, and managing multi drug resistance*. Nanomedicine uses nanoparticles, liposomes,
dendrimers and other carriers to deliver chemotherapeutic agents and genetic material to the tumor
tissues and enhance therapeutic indices. Immunotherapy takes advantage of the immune system of the
body using cancer vaccines, checkpoint inhibitors, and adoptive cell therapies, to evoke tumor-specific
immune responses. RNAi, CRISPR-Cas9 genetic editing, is a type of genetic intervention that targets
oncogenic pathways and recovers tumor suppressor functions’. Natural products, including curcumin,
resveratrol, and EGCG, exhibit multi-targeted anticancer effects with reduced levels of toxicity.
Together, these measures represent a paradigm shift, which is individualized, personalized, and
combinatorial treatment strategies in the preclinical treatment of prostate cancer.

1.2. Objectives of the Review

o To summarize and critically evaluate recent preclinical studies on emerging therapeutic
strategies for prostate cancer.

o To analyze the mechanisms, efficacy, and limitations of nanomedicine, immunotherapy,
gene-based therapies, and natural compounds in animal models.

o To highlight the translational potential of these therapies and identify promising
avenues for future clinical application.

1.3. Importance of the Topic
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o Increasing Prevalence of Prostate Cancer: There is an urgent need to find better and
safer therapeutic alternatives as incidences of the disease grow worldwide®.

o Shortcomings of Traditional Therapies: Conventional treatments are commonly
associated with such problems as drug resistance, systemic toxicity, and poor efficacy
at advanced stages, that is why new interventions are required.

e Rodent and other animal models: Preclinical Animal Studies on these models can be
used to provide crucial information on pharmacokinetics, biodistribution, therapeutic
effects, and safety that is used to inform human trials.

e Potential Multimodal and Targeted Therapies: New strategies provide the
opportunities of integrative approaches which incorporate nanotechnology,
immunotherapy, gene modulation and natural compounds which have a potential to
enhance outcomes and quality of life of the patient’.

This review attempts to summarize the findings based on animal research to have a thorough
insight into the emerging therapy approaches in prostate cancer, its success in preclinical trials,
their limitations, and translational potential.

2. NANOMEDICINE AND TARGETED DELIVERY SYSTEMS

Nanomedicine has transformed the treatment scene of prostate cancer (PCa) especially in
preclinical animal models, where it has proved to be able to rise against the drawbacks
presented by the traditional drug delivery systems®. The main benefit of nanomedicine is that
it enhances bioavailability, specificity to tumors and lowers systemic toxicity. In the case of
prostate cancer and in particular the advance stages and castration resistant type, resistance to
standard chemotherapy is common. The drugs like docetaxel and paclitaxel are regarded as the
gold standard treatment but are associated with multidrug resistance (MDR), lack of solubility,
and dose-limiting toxicity. Nanocarriers These are engineered structures with potential to
entrap or conjugate therapeutic agents to provide a way out of all these barriers.

The animal-based studies have been able to give good support that nanomedicine platforms
(such as liposomes, polymeric nanoparticles, dendrimers, gold nanoparticles, magnetic
nanocarriers, and stimuli-responsive systems) could closely enhance therapeutic outcomes in
prostate cancer models. These researches not only show increased tumor suppression but also
show decreases in off-target injuries to normal tissues.

» Liposomes and Polymeric Nanocarriers

Liposomes are lipid vesicles (mimicking the natural cell membranes) that are made of lipid
bilayers. They are very versatile since they are biocompatible and have the capacity to entrap
both hydrophilic and hydrophobic drugs’. The liposomal preparations of docetaxel
demonstrated 2-3-fold higher tumor tissue accumulation than the free form of docetaxel in
mouse xenograft models of prostate cancer. This selective loading is facilitated by the enhanced
permeability and retention (EPR) effect that permits the passive accumulation of nanoparticles
in tumor tissue as a result of leaky vasculature. In addition, liposomal carriers also decreased
hepatotoxicity and nephrotoxicity, side effects that are associated with free chemotherapy.

Polymeric nanoparticles (PNPs) especially the ones prepared using poly (lactic-co-glycolic
acid) (PLGA) or polycaprolactone (PCL), provide regulated and sustained discharge of drugs.
PLGA-based docetaxel nanoparticles in animal experiments showed therapeutic concentrations
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over 48 hours, whereas the administration of free drugs showed a rapid decrease in therapeutic
concentration.

This prolonged delivery led to the reduction of the regular dosing and the limited systemic
exposures. In addition, targeting ligands (e.g., antibodies against prostate-specific membrane
antigen (PSMA) can be incorporated into the polymeric carriers, which enhances the uptake by
prostate tumor cells.

Table 1: Comparative outcomes of liposomal and polymeric nanocarriers in animal models of
prostate cancer'’

Nanocarrier | Drug Animal Key Findings Advantages
Type Encapsulated | Model
Liposomes Docetaxel Mouse 2-3x higher tumor | Biocompatible, EPR
xenograft accumulation, effect utilization
reduced
liver/kidney toxicity
Polymeric NP | Paclitaxel Rodent Sustained  release | Controlled release,
(PLGA) orthotopic | >48h, reduced | functionalization
model systemic toxicity possible

> Dendrimers and Multifunctional Carriers

Dendrimers are highly branched synthetic macromolecules in the shape of a tree. They are the
best in targeted therapy since they permit accurate conjugation of drugs and surface
modification of their terminals. In prostate cancer models on animals, dendrimers conjugated
with anti-androgenic drugs demonstrated much better tumor regression than their equivalent
counterparts of free drugs. Notably, multifunctionality- dendrimers have the benefit of being
able to co-deliver therapeutic agents, imaging probes or nucleic acid'!.

Such as in the case of prostate cancer bearing mice in which a theragnostic system based on
dendrimers is used to target delivery of a chemotherapeutic agent as well as a fluorescent dye.
This facilitated the treatment as well as real-time monitoring of drug biodistribution. Moreover,
the dendrimers are able to enter the tumors better because of their small size in nanoscale and
surface chemistry.

Advantages of dendrimers include:

o High drug loading capacity.

o Capability of providing several agents at the same time (therapy + imaging).
o Less side effects of the systemic case by targeted delivery.

» Nanoparticles and Radio sensitization in Gold.

Gold nanoparticles (AuNPs) are of special interest because they possess distinctive optical, electronic
and radio sensitizing characteristics. AuNPs functionalized with PSMA antibodies showed specific
tumor targeting in the murine prostate cancer models. AuNPs used in conjunction with radiotherapy
increased damage on local areas as a result of radiations through a mechanism known as the
photoelectric effect, and this resulted in increased regression in the tumors'?.
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This is because this radio sensitizing ability can be applied particularly in situations where high levels
of radiation are necessary but are likely to cause harm to other healthy tissues such as the bladder and
the rectum. AuNPs, by implication, can be used as a dual-purpose agent:

1. Drug carriers (siRNA or chemotherapy).
2. Enhanced radiotherapy radiosensitizers.

Table 2: Applications of gold nanoparticles in prostate cancer animal models!?

Functionalization Co- Animal Model Outcome
Treatment
PSMA-antibody Radiotherapy | Murine prostate | Increased local tumor regression,
functionalized AuNPs xenograft minimal systemic toxicity
PEGylated AuNPs Docetaxel Mouse model Improved drug solubility, reduced
systemic clearance

» Magnetic and Stimuli-Responsive Nanocarriers

The use of magnetic nanoparticles and stimuli-responsive systems is one of the most innovative in
nanomedicine. The use of an external magnetic field allows directing magnetic nanoparticles to the
areas of tumors and comes with the benefit of localized drug delivery. Magnetic docetaxel- loaded
nanoparticles showed 4 folds more tumor concentrations in rodent models than their non-magnetic
counterparts, and were found to notably increase the survival rates.

Nano-particles that are stimuli responsive provide an extra level of accuracy. For instance:

e PH-reactive carriers can be used to deliver their cargo in the acidic tumor
microenvironment and avoid normal tissues.
e The thermoresponsive nanoparticles: the drugs are released when the localized
hyperthermia of the tumor area occurs (e.g., mild heating of the tumor area).
The laboratory experiments conducted on animals have validated that these smart delivery
systems lead to a higher tumor response and reduced systemic related side effects as compared
to conventional carriers',

» Overcoming Multidrug Resistance (MDR)

One of the biggest problems in the treatment of prostate cancer is multidrug resistance (MDR). Eflux
transporters (P-glycoprotein, P-gp) often become over expressed and pump drugs out of tumors, making
them less effective in the cell.
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Figure 2: Overcoming Multidrug Resistance (MDR)"’

The solution lies in nanomedicine. P-gp inhibitor nanocarrier Research in vivo has demonstrated that
nanocarrier of co-loading of docetaxel and P-gp inhibitors could overcome resistance mechanisms. The
apoptosis rate and tumor regression in resistant tumor xenografts in mice were found to be much higher
with the administration of docetaxel alone than it was with docetaxel combined with inhibitor. Also,
nanoparticles will shield drugs against early degradation in blood, thus leading to increased intracellular
levels of drugs.

3. IMMUNOTHERAPY AND GENETIC APPROACHES

Immunotherapy and genetic interventions are the new revolution in cancer research and
prostate cancer is not an exception. Even though the majority of developments remain in the
preclinical phase, animal research has given important insights into utilizing the immune
system and the use of gene-editing instruments to reduce tumor development'®. Collectively,
these strategies will help to eliminate the problems of immune evasion, tumor heterogeneity
and resistance to traditional treatment, which are critical obstacles in treating prostate cancer.

3.1. Immunotherapy Approaches in Animal Models

The concept of immunotherapy is a new trend in the study of prostate cancer, which focuses
on using the immune system of the body and improving it to fight malignancy. The preclinical
animal models have given useful insights into how vaccines, checkpoint inhibitors and adoptive
cell therapies can activate targeted immune responses, overcome tumor-induced immunity and
provide prolonged effects in tumor control.

o Cancer Vaccines: PSMA and PSAs Cancer vaccines that neutralize prostate-specific
antigens (PSAs) and prostate-specific membrane antigen (PSMA) have been shown to
be promising in prostate cancer in mice. These vaccines are effective in that they
activate the adaptive immune system by causing the activation of cytotoxic T
lymphocytes (CTLs) which identify and kill tumor cells. Indicatively, PSA DNA
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vaccines have been tested on mice resulting into a delay in tumor development,
amplified CTLs infiltration, and extended survival. Immunological memory has also
been developed and reported in some studies which indicate that vaccines can give long
term protection against the recurrence of tumor!’. Nevertheless, it is noted that the
immune response of animals is highly susceptible to different types of vaccine
platforms (e.g., DNA, viral vector, peptide based) and adjuvants, making it one of the
most challenging in the animal trials.

o Checkpoint Inhibition: Immune checkpoints like checkpoints PD-1/PD-L1 and
CTLA-4 are often utilized by prostate tumors to inhibit the activation of T-cells. The
inhibition of these checkpoints with monoclonal antibodies has been tested in rodent
models in preclinical studies. An example is that anti-PD-1 treatment in mice restored
T-cell functions, enhanced the infiltration of CD8+ effecter cells into the tumor
microenvironment, and in some instances, it resulted in tumor regression. Similar
effects were induced by anti-CTLA-4 therapy, but the responses of the tumors were
inconsistent and usually affected by the presence of microenvironmental
immunosuppressive cells like myeloid-derived suppressor cells (MDSCs). These
results indicate that although checkpoint inhibitors still have their potential, they could
prove to be effective in combination with vaccines, RNA-based therapies, or epigenetic
modulators to increase their effects.

o Adoptive Cell Therapy (ACT): Adoptive cell therapy has also been tested in animals
whereby the tumor specific T cells are introduced by infusion to directly target cancer
cells. One of the breakthroughs has been the application of PSMA-recognizing chimeric
antigen receptor (CAR)-T cells. PSMA-targeted CAR-T cells demonstrated meaningful
tumor regression in xenograft mouse models and frequently resulted in almost complete
responses. Nevertheless, other studies also reported about serious safety issues
including cytokine release syndrome and possible off-target effect. In mouse studies,
there is still research to streamline CAR constructs or enhance T-cell survival, as well
as make them safer by modifying or adding suicide genes and regulated activation
systems'?.

3.2. Genetic and RNA-Based Therapeutic Approaches

RNA-based and genetic approaches provide accurate means by which the molecular pathogens of
prostate cancer can be addressed. RNA interference, CRISPR-Cas9 gene editing and epigenetic
modulation approaches have demonstrated great potential in animal models through silencer oncogenes,
restoring tumor suppressor functions and promoting treatment responses.

o RNA Interference (RNAi): Oncogenes silencing on the basis of RNA Interference
(RNALI) in vivo has presented promising outcomes. Oncogenes that are of relevance to
prostate cancer progression have been targeted by the use of small interfering RNAs
(siRNAs) and short hairpin RNAs (shRNAs) to selectively downregulate these genes.
To illustrate, siRNA against ERG fusion gene - which is found in almost half of prostate
cancers - had a significant effect of decreasing tumor burden among mouse xenograft
models. Equally, knockdown of MY C oncogene in rodents resulted in diminished tumor
growth, angiogenesis and metastatic spread. Although these findings are encouraging,
the challenge of effective delivery of RNAI to tumor cells is one of the greatest threats
to the success of RNAi-based therapy, which is being overcome through the use of
nanocarriers and liposomal delivery systems in animal models®.
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o CRISPR-Cas9 Gene Editing: The CRISPR-Cas9 system has become one of the most
potent genetic systems that are being used in cancer therapy. Kockout of PTEN with
CRISPR in mouse models of prostate cancer reverted the effects of resistance to
androgen deprivation therapy. On the same note, anti-androgen therapy like
enzalutamide, which works best with AR-V7 splice variant, was reinstated back to its
responsiveness by editing the AR-V7 splice variant, resulting in a lower tumor burden.
CRISPR has been used on immune cells besides targeting tumor-intrinsic genes: Wallia
et al. (2020) have used it to enhance the persistence, cytotoxicity, and tumor-induced
exhaustion resistance of T cells. These studies bring out the dual nature of CRISPR in
direct tumor cell attack and augmentation of the immune system to combat cancer.

Nuclease —————p

genomic DNA
¢ matching sequence

Figure 3: CRISPR-Cas9 Gene Editing®!

o Epigenetic Modulation: Other than direct gene silencing and editing, epigenetic
therapies are also in focus. Histone deacetylase (HDACi) and DNA methyltransferase
(DNA MTXi) inhibitors have been performed in animal models as a regulator of gene
expression. HDAC in conjunction with RNAi stimulated chromatin accessibility and,
therefore, up-regulated oncogenic pathways suppression. This has been shown to
produce a more robust and lasting anti-tumor effect in murine models of prostate cancer
utilizing this combinatorial approach. This kind of strategy indicates the possibility of
enhancing the effectiveness of genomic therapies by epigenetic priming.

3.3. Synergistic Potential of Combined Approaches

Combination of immunotherapy and genetic interventions have shown to be the most
promising results in animal studies. As an example, RNAI silencing of immunosuppressive
cytokines augmented the actions of checkpoint suppressors in murine studies. Equally,
CRISPR-Cas9 T cell modification enhanced their survival and the cytotoxic ability upon
reintroduction into tumor-bearing mice. These results report the significance of multimodal
methods in attaining sustained tumor control*.

The table 3 presents the preclinical studies of immunotherapy and genetic methods in prostate
cancer on animals. It reveals that vaccines against cancer, checkpoint inhibitors, CAR-T
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therapy, RNAi, CRISPR-Cas9, and the process of epigenetic modification have all exhibited

considerable antitumor effects in rodents or mice.

Table 3: Summary of Emerging Therapeutic Strategies in Prostate Cancer Based on Preclinical
Animal Studies

Reference Therapeutic Animal Target /| Key Findings
Strategy Model Mechanism
Used
Licitra et al., | Cancer Vaccines | Murine Induction of | Delayed tumor  onset,
202223 (PSA/PSMA) xenograft | cytotoxic T-cell | increased CTL infiltration,
models response against | prolonged survival,
prostate  tumor | development of
cells immunological memory
Antonarakis& | Checkpoint Rodent Blockade of | Reduced tumor growth;
Armstrong, Inhibitors (anti-PD- | xenograft immune variable success depending
2011 1 / anti-CTLA-4) models checkpoints  to | on tumor
restore T-cell | microenvironment
activity
Posdzich et al., | CAR-T Cell | Mouse Redirected T-cell | Significant tumor
2023% Therapy (PSMA- | xenografts | cytotoxicity  to | regression; safety concerns
targeted) prostate tumors (cytokine release
syndrome, off-target
effects)
Atiq et al., | RNAI Mouse & | Silencing of | Reduced tumor
202326 (siRNA/shRNA) rat models | oncogenes (ERG, | progression, decreased
MYC) angiogenesis, suppressed
metastasis
Fang et al, | CRISPR-Cas9 Mouse Knockout of | Restored drug sensitivity,
2024%7 Gene Editing models PTEN, AR-V7 decreased tumor growth,

enhanced immune response

4. NATURAL COMPOUNDS AND COMBINATION THERAPIES

Phytochemicals that have been identified in natural products and plants have become promising
adjuncts in the treatment of prostate cancer because of multi-targeted anti-cancer activity and
relatively low toxicity. It has been shown that these bioactive molecules can regulate several
important oncogenic pathways, induce apoptosis, inhibit angiogenesis, and prevent metastasis,
and thus, the bioactive molecules are useful chemo preventive and therapeutic agents, based
on animal-based research. This has been countered with poor solubility and poor
bioavailability, but through creative delivery methods including the nanoparticles formulations,
their stability, targeting to tumors, and their overall therapeutic potential in preclinical prostate
cancer models have been improved?®.

4.1. Natural Compounds and Phytochemicals
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Phytochemicals in diet and medicine have also been addressed as possible therapeutic dietary
supplements in the management of prostate cancer. The animal-based research has shown great
evidence of their chemo preventive and curative properties because of their ability to regulate
important oncogenic pathways.

Curcumin is a Curcuma longa product (extracted as curcumin) that has proven to be highly
investigated in rodent models of prostate cancer. It acts as an anti-cancer agent by suppressing
NF- 3B and PI3K/AKT signaling, which reduces cell proliferation and induces apoptosis.
Curcumin has also been observed to have anti-angiogenic effect through reducing VEGF
expression and thus inhibiting tumor vascularization. It is however poorly soluble and
metabolized thus limiting bioavailability. In response to this, nano-formulated curcumin in
liposomes and polymeric carriers have been found to have better tumor suppressive activity in

mice than free curcumin®®.

Resveratrol is a grape and peanut polyphenolic compound that is an apoptotic agonist in
prostate cancer-bearing rodents. It acts on androgen receptor signaling, oxidative stress
minimization and on the MAPK and Wnt pathways. Resveratrol supplementation on rat
xenografts was found to reduce tumor size and suppress metastasis.

Use of epigallocatechin gallate (EGCG) which is the predominant catechin in green tea has
been shown to have powerful tumor-inhibitory properties in animals. EGCG alters a number
of pathways, such as AKT/mTOR, and causes G1 cell cycle arrest. EGCG slowed tumor growth
and reduced proliferation indices in transgenic adenocarcinoma of the mouse prostate
(TRAMP) models.

All these phytochemicals point towards the possibility of using natural compounds as treatment
of prostate cancer, particularly when repurposed into nanoparticles to enhance bioavailability
and tumor-targeting.

4.2. Combination and Multi-Targeted Therapies

Although single agent phytochemicals have shown significant anticancer potential in
preclinical studies, their therapeutic performance has been hampered by low bioavailability,
low-potency and the heterogeneity of tumors®®. To overcome these shortcomings, animal
research has given more attention on combination and multi-target control, where
phytochemicals are co-administered with regular drugs, hormonal agents or delivery systems
by nanotechnology. Such combinations do not only increase therapeutic effects but also
minimize the systemic toxicity and slow down development of drug resistance.

a) Phytochemicals with Chemotherapy

Rodent models have led to a good evidence that phytochemicals are capable of immensifying
the effects of the standard chemotherapeutics. As an example, curcumin and low-dose
docetaxel resulted in the greater tumor volume reduction than either of the agents.
Mechanistically, curcumin increased chemosensitivity through the downregulation of pro-
survival pathways (PI3K/AKT, NF-KB) and upregulation of apoptosis. Equally, resveratrol in
synergy with cisplatin not only enhanced cytotoxic efficacy but also was protective on normal
tissues through the reduction of oxidative stress and curbing nephrotoxicity. These data are
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important because they demonstrate the duality of phytochemicals as sensitizers enhancing the
therapeutic effect and as protectors reducing collateral damage.
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Figure 4: Phytochemicals with Chemotherapy?!
b) Phytochemicals with Androgen Receptor (AR) Antagonists

Androgen signaling is the main cause of prostate cancer progression. Although AR antagonists
such as bicalutamide are extensively employed, resistance usually arises. The preclinical
research shows that EGCG plus bicalutamide slowed the progression of the tumor, increased
the survival and lowered the incidence of tumor relapse in rodent xenografts. The synergy
observed was due to the capacity of EGCG to prevent AR transactivation, decrease PSA
expression and inhibit downstream proliferative pathways. These results indicate that natural
compounds have the potential to complement the hormonal treatment and offer a more long-
term inhibition of androgen-driven tumor development.

¢) Combinatorial Approaches to Nanomedicine

The possibility of multi-targeted therapies has also been further developed by nanotechnology,
which allows the use of co-delivery system in which phytochemicals are encapsulated
alongside more traditional drugs. Indicatively, liposomal formulations that deliver curcumin
and doxorubicin were better in tumor regression in mouse prostate cancer models than the free
drugs®?. Markedly, targeted delivery and controlled drug release also minimized cardiotoxicity
which is one of the key limitations of doxorubicin through this approach. Other nanoparticle-
based systems with polymeric micelles or gold nanoparticles as co-encapsulation vehicles of
phytochemicals and chemotherapeutics have demonstrated an increase in tumor penetration
and synergy as well. Such innovations bring out the translational promise of integrative
nanomedicine.

In summary of these results, Table 4 identifies major preclinical studies that examined the
synergistic activity of phytochemicals in conjunction with chemotherapeutics, hormonal or
nanocarrier-based system in the delivery system.
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Table 4: Preclinical Studies on Combination and Multi-Targeted Therapies in Prostate Cancer?”

Combination Phytochemical Partner Therapy | Preclinical Key Outcomes
Strategy Used Model
Curcumin + | Curcumin Docetaxel Mouse Enhanced tumor
Chemotherapy xenograft suppression, apoptosis
induction, reduced
resistance
Resveratrol + | Resveratrol Cisplatin Rat xenograft Increased cytotoxicity,
Chemotherapy reduced nephrotoxicity,
oxidative stress protection
EGCG + | EGCG Bicalutamide (AR | Mouse model Delayed tumor growth,
Hormonal blocker) prolonged survival,
Therapy reduced PSA expression
Curcumin + | Curcumin Doxorubicin Mouse Superior tumor regression,
Chemotherapy (liposomal  co- | xenograft minimized cardiotoxicity,
(nanocarrier) delivery) improved bioavailability
Multi-agent Phytochemicals Chemo/Hormonal | Rodent models | Enhanced synergistic
Nanocarrier (varied) drugs effect, improved stability,
better tumor penetration

As shown in Table 4, phytochemicals such as curcumin, resveratrol, and EGCG have been
shown to be more effective when used together with chemotherapy, hormonal therapy, or
nanocarriers in order to suppress tumors in rodents, minimize drug-related toxicity, and
improve bioavailability and targeted delivery. These multi-targeted therapies are more effective
and have sustained effectiveness in treatment as opposed to single-agent therapy.

S. DISCUSSION

The current review brings together the available evidence on preclinical animal research studies
in the evaluation of the emerging therapeutic approaches in the management of prostate
cancer>*. This discussion will attempt to explain the effectiveness, workings, and constraints of
nanomedicine, immunotherapy, gene-based interventions, and natural compounds by
investigating them. Animal models offer important information on tumor biology and
therapeutic responses and safety profiles to serve as a basis to clinical translation. This part
discusses the relevance of these results, gaps in the existing research, and future directions on
how to enhance the treatment of prostate cancer.

5.1. Interpretation and Analysis of Findings
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In this paper, the preclinical trials outline progress achieved in the treatment of prostate cancer
(PCa) by nanomedicine, immunotherapy, gene therapy, and natural compounds. Delivery
systems based on nanocarriers (such as liposomes, polymeric nanoparticles, dendrimers, gold
nanoparticles and stimuli responsive carriers) were all consistent in exhibiting an increase in
drug bioavailability, targeted accumulation within tumors and a reduction in systemic
toxicity®>. These modalities effectively circumvented the drawbacks of traditional
chemotherapy including multidrug resistance as well as off-target effects especially in
advanced or castration-resistant prostate cancer models.

The immunotherapeutic interventions (PSA/PSMA-targeted vaccines, checkpoint inhibitors
(anti-PD-1/CTLA-4), and CAR-T cell therapies were demonstrated to trigger strong immune
responses and extend tumor survival and survival in murine models. RNAi and CRISPR-Cas9
gene editing have offered specific interventions into oncogenes (e.g., ERG, MYC) and tumor
promoting signaling, re-establishing sensitivity to drugs and promoting anti-tumor immunity.
These effects were additionally enhanced through epigenetic modulation that enhanced
chromatin availability and augmented the efficacy of RNAi®.

Multi-targeted anti-cancer activities of phytochemicals were observed in curcumin, resveratrol
and EGCG in animal models. These compounds when used in combination with chemotherapy,
hormonal therapies or nanocarrier based delivery systems showed synergistic tumor
suppression, decreased systemic toxicity and increased bioavailability, which were indicated
in Table 4. In general, the evidence suggests that integrative, multi-modal therapies are superior
to the monotherapies in preclinical models, which is a solid argument in favor of the
combinatorial ones.

5.2. Implications and Significance
These preclinical results have a couple of implications to the management of prostate cancer:

1. Clinically-Relevant: Therapeutic, Inmunotherapy, and Phytochemical Multi-targeted
Interventions: Multi-targeted interventions based on nanomedicine, immunotherapy,
and phytochemicals are more effective than mono-targeted solutions in tumor
suppression, recurrence delay, and help prevent drug resistance®’.

2. Less Toxicity: Co-delivery systems and phytochemical nano-carriers will reduce the
toxicity related to current chemotherapeutics that cause toxicity to other vital organs
and enhance treatment compliance.

3. Translational Potential: Delivery translational Preclinical advances in targeted
delivery, immune-modulators, and gene editing present viable platforms to be translated
into clinical applications and will be applied to develop strategies to overcome
weaknesses of existing treatments>.

4. Individualized Therapy Prospects: With the possibility to functionalize nanocarriers
and target individual genetic-based systems, it is possible to envision the opportunities
of personalized and precision medicine in relation to patient-specific tumor settings.

5.3. Gaps in Current Research

Though the results of the current preclinical studies are encouraging, a number of limitations
of the research should be mentioned:
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¢ Limitations of Animal Models: The complexity of human prostate cancer including
the microenvironment of the tumor, its heterogeneity and metastatic patterns are not
fully recapitulated in many rodent models®.

¢ Long-term Safety: The persistence effects of nanomaterials, gene-editing instruments,
and recurring administration of phytochemicals have not been studied in detail. The
long-term toxicity, immunogenicity and off-target effects should be critically assessed.

e Bioavailability Problems: Nano-formulations have enhanced stability and delivery but
there remain questions on how to translate this advantage into the stable therapeutic
effects in human beings.

e Preclinical Optimization of Combination Therapy: The optimal dosing, timing and
choice of the combinatorial agents needs additional preclinical development to
maximize the level of synergy and minimize toxicity.

5.4. Future Research Directions

The future research should aim at enhancing the translational potential of these emerging
therapies by:

¢ Advanced Animal Models: This will involve the use of genetically engineered mouse
models and human tumor biology and response to therapies using patient-derived
xenografts to more closely replicate human tumor biology.

e Long Terms Safety and PK: To perform long term research to measure systemic
toxicity, immunogenicity and clearance of nanocarriers, gene therapies and
phytochemical formulations®.

e Mechanistic Studies of Synergy: Mechanisms of observed synergies in combination
therapies the mechanisms of observed synergies in combination therapies: Investigating
the molecular basis to maximize the efficacy of treatment.

¢ C(linical Translation Pathways: Early-phase clinical trials should be designed based
on strong preclinical data that is based on safety, dosing, and efficacy biomarkers.

¢ Individual Multi-Modes Therapies: The interaction between genetic, immunologic
and molecular tumor profiles and combinatorial therapeutics: Clinical exploration of
novel approaches to personalized therapies that are increasingly precise and effective.

To sum up, this paper highlights the paradigm shift capabilities of new treatment modalities in the
management of prostate cancer. Although the preclinical data is overwhelming, closer attention to
translational issues, the long-term safety, and optimization of the mechanistic approach is necessary to
address the difference between animal research and clinical practice.

6. CONCLUSION

In this review, the author has described the considerable advances made in prostate cancer
treatment using preclinical treatments on animals, focusing on nanomedicine-based delivery
methods, immunotherapy, genetic and RNA-based therapies, and phytochemical therapies. All
these interventions have shown a better tumor specificity, bioavailability, systemic toxicity, the
possibility of overcoming the multi-drug resistance, and multimodal and combination therapies
have been shown to lead to better results than single-agent therapies. The significance of the
review is that it has synthesized evidence to highlight the translational nature of these
innovations in terms of safer and more effective and personalized treatment. Nevertheless, the
issues of safety and effectiveness of delivery over long-term, as well as optimization of
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combination regimens, are all critical impediments to clinical translation. Subsequent studies
must focus on more sophisticated animal models, mechanist understanding as well as
optimization of therapeutic scaffolds to close the gap between preclinical effectiveness and
clinical practice, which will eventually establish the base of precision therapy that will lead to
better patient outcomes and quality of life.
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