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The characteristics of polyphenols in modulating redox homeostasis have been widely applied in cancer prevention
and treatment, which lays the basis for the discovery and development of natural anticancer drugs. Indeed, many
polyphenols have been explored in preclinical or clinical trials, but the drawbacks of polyphenols generally disturb

their versatile properties in clinical settings
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| 1. Introduction

Specific structures, such as phenolic hydroxyl groups and the catechol ring of polyphenols, make them easy to
oxidize I, which greatly deteriorates their stability and increases the probability of degradation . In addition, their
poor water solubility, their inadequate bioavailability, and more importantly, the nonspecific selectivity of
polyphenols limit their pharmacological applications B4, Moreover, the single use of polyphenols always
compromises their limited cytocidal effect 2. Robust strategies have been developed to surmount these limitations

to accelerate the efficient implementation of CHM-derived polyphenols for cancer treatment (Figure 1).
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Figure 1. Novel strategies promote the application of polyphenols in cancer therapy. Structural modifications, such
as esterification, methylation, and glycosylation, protect polyphenols from rapid degradation and promote their
bioactivities. Nanotechnologies can make up the inherent limitations of polyphenols and support targeting delivery
of them to specific tumor lesions with minor side effects. Combination therapies achieve efficient tumor eliminate
via enhanced ROS-mediated mechanisms.

| 2. Modification

Structural modifications, such as esterification, methylation, and glycosylation, can avoid degradation and enhance
the bioactivities of polyphenols. For example, the esterification of EGCG through the substitution of hydroxyl
groups with the chain of fatty acids not only increased lipophilicity, but also promoted its antioxidant capacity via
enhanced hydrogen atom donation €. Similarly, a lipophilized EGCG derivative (LEGCG) synthesized by a partial
esterification reaction (an enzymatic esterification model) of EGCG with lauric acid improved its bioactivity,
including anti-proliferation and pro-apoptosis effects [, In addition, the methylation of EGCG, which alters the
phenolic hydroxyl groups of the EGCG benzene ring into methyl ether, could amend its oral absorption rate and
blood stability. For instance, the in vivo bioavailability and stability of EGCG was greatly enhanced when the
hydroxyl groups were replaced by more stable methoxy groups . Similarly, the bioavailability of methylated EGCG

was higher than that of free or unmethylated EGCG [&. The glycosylation of polyphenols can improve their
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solubility and stability and protect these compounds from oxidants, light degradation, and hostile gastrointestinal
conditions 1YL |ntriguingly, the glycosylated EGCG could act as a prodrug and first be deglycosylated at the
intestinal surface before diffusing into enterocytes, thereby increasing the stability of EGCG during processing,
storage, and gut transit after ingestion 12, Moreover, the modifications for polyphenols could enhance the
purification efficiency, prolong the preservation time, and avoid degradation in elevated large-scale production and
commercialization [1314I15] Taken together, the modification of polyphenols evades rapid degradation and
enhances their accessibility, thus providing rational strategies to accelerate the application of polyphenols in cancer

treatment.

| 3. Nano Strategies

Recent evidence has shown that nano strategies can aid in overcoming polyphenols’ inherent drawbacks, including
their low water solubility, poor stability, and nontargeting ability 287 A myriad of nano strategies has been well
established for improving pharmacokinetic properties under polyphenol administration 1819 Some nanocarriers,
such as nanoparticles, liposomes, hydrogels, and extracellular vehicles, are widely applied to deliver polyphenols
for cancer treatment 2921221 The nanostructured lipid carrier can encapsulate kaempferol to optimize its low
aqueous solubility and poor bioavailability (23], After being modified with hyaluronic acid (HA), the HA-KA-NLC
nanoplatform could target NSCLC cells by recognizing highly expressed CD44, thus exhibiting more efficient
inhibition of their proliferation and EMT than free kaempferol administration. Indeed, these nano strategies
strengthened redox regulation, which synergizes with the enhanced bioavailability to greatly improve therapeutic
efficiency. One recent study reported a solid self-nanoemulsifying drug delivery system (s-SNEDDS) loaded with
resveratrol and tamoxifen to treat breast cancer 24, The s-SNEDDS team not only improved the bioavailability of
resveratrol, but also sensitized tamoxifen-mediated chemotherapy and exhibited satisfactory suppression of MCF-7
breast cancer cells by triggering resveratrol-induced ROS elimination and SOD activation. In addition, a tannic
acid-loaded dual antioxidant-photosensitizing hydrogel system was established to protect against human
melanoma. In this nanosystem, chitosan-based hydrogels were designed using tannic acid as an antioxidant cross-
linker and loaded with photosensitizer PDI-Ala, in which the tannic acid controlled the ROS generation and
minimized the side effects of singlet oxygen synergistically with PDI-Ala boosted photodynamic therapy [23l.
Recently, natural exosome-like nanovesicles (ENs) have endured much investigation as novel carriers and
therapeutic agents. In Zu’'s study, ENs extracted from green tea leaves were rich in polyphenols such as EGCG,
guercetin, and myricetin and exhibited distinct efficiency in preventing AOM- and DSS-induced colorectal
carcinogenesis in a mouse model by maintaining intracellular redox homeostasis [28. Similarly, tea flower-derived
ENSs could inhibit breast cancer metastasis by stimulating ROS amplification [£Z. Taken together, nano strategies

ideally tackle the limitations of polyphenols, making them promising agents for cancer treatment.

| 4. Combination with Other Agents

Strategies to combine polyphenols with other agents play important roles in preclinical evaluation and clinical

implementation, including amplifying ROS-mediated therapeutic efficiency and avoiding chemotherapy-induced
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side effects 28], The combinational use of EGCG with metformin, a classical antidiabetic drug, stimulated
intracellular ROS accumulation induced by EGCG (100 uM) through the modulation of Sirtuin 1-dependent
deacetylation on NRF2, thus augmenting the anticancer effect of EGCG in NSCLC treatment 22 Indeed, the
combination of polyphenols with first-line chemotherapies such as paclitaxel, 5-fluorouracil, and oxaliplatin could
not only augment the cytocidal function but also reduce the side effects of these chemotherapies BJEL. |n addition,
combined treatment with quercetin and paclitaxel could significantly inhibit proliferation and migration and evoke
apoptosis via increased ROS generation, as well as attenuate the side effects of paclitaxel in PC-3 prostate cancer
cells 82, Similarly, the combination of curcumin also sensitizes cancer cells to oxaliplatin and alleviates oxaliplatin-
induced peripheral neuropathic pain by inhibiting the oxidative stress-mediated activation of NF-kB [231134185]
Interestingly, a recent phase | trial showed the safety, tolerability, and feasibility of administering curcumin as an
adjunct to FOLFOX (5-fluorouracil, folinic acid, and oxaliplatin) chemotherapy in patient-derived colorectal or liver
metastases cancer [NCT01490996]. Alternatively, resveratrol exhibited a synergetic effect with 5-fluorouracil to
induce an imbalance in cellular antioxidant activities and subsequent intracellular ROS accumulation and lipid
peroxides, thus leading to a significant decrease in long-term colon cell survival B8, In summary, these novel
strategies ingeniously alleviate the predicament of polyphenols and enhance the feasibility of developing new

agents with redox regulation’s ability to overcome cancer progression.
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