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Abstract
Plant polyphenols are ubiquitous secondary metabolites in plants whose antioxidant, anti-inϐlammatory, antimicrobial, and cardioprotective activities 

have been systematically elucidated. They exert their physiological functions by scavenging intracellular reactive oxygen species, precisely regulating 
inϐlammatory mediators, and inhibiting pathogenic proliferation, exhibiting tremendous application potential in functional foods, biomedicine, and 
natural cosmetics. However, the inherent chemical instability of polyphenols leads to severe structural degradation and bioactivity loss during extraction, 
processing, and storage. This manifests not only as detectable content reduction but also as signiϐicant "hidden bioactivity loss" without apparent content 
changes, which has emerged as the core bottleneck restricting their industrial translation. Most existing reviews are limited to single-stage optimizations, 
and a systematic regulatory framework spanning the entire process of biosynthesis, extraction, and processing has not yet been established. In this 
narrative critical review, we construct an integrated system for polyphenol content enhancement and stability regulation across the entire value chain 
from biosynthesis to extraction and processing. We critically elaborate on stress-mediated biosynthetic mechanisms, extraction loss control strategies, and 
processing stabilization technologies, with the ultimate goal of improving their resource utilization efϐiciency and advancing the industrial innovation and 
application of plant polyphenols.
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Introduction

Natural plant polyphenols are a class of secondary 
metabolites that are ubiquitously distributed and abundant in 
the plant kingdom, exerting pivotal roles in plant physiological 
processes, including growth, development, stress resistance, 
and defense responses. A large number of studies have 
conϐirmed that plant polyphenols possess diversiϐied biological 
activities spanning anti-oxidation [1], anti-inϐlammation 
[2], anti-bacteria [3], anti-virus [4], anti-tumor [5], and 
cardiovascular protection [6]. These bioactivities are primarily 
mediated by speciϐic molecular mechanisms: scavenging 
intracellular reactive oxygen radicals [7], precisely regulating 
inϐlammatory factor expression [8], inhibiting pathogenic 
microbial proliferation [9], interfering with tumor cell 
signaling pathways [10], and improving vascular endothelial 
cell function [11]. Endowed with these unique physiochemical 
and biological characteristics, plant polyphenols have become 
a core research hotspot across food science, pharmacology, 
and functional materials, and their enormous industrial 
application potential has garnered extensive global attention. 

The biosynthesis of plant polyphenols is a sophisticated 
multi-enzyme synergistic catalytic process dependent on the 
highly conserved secondary metabolic network in plants, 
with the shikimic acid and phenylpropanoid pathways as 
the core [12]. The phenylpropanoid pathway acts as the key 
hub governing synthetic efϐiciency and structural diversity 
[13], which takes L-phenylalanine as the initial precursor and 
generates p-coumaroyl-CoA via sequential catalysis by rate-
limiting enzymes, including phenylalanine ammonia lyase 
(PAL), cinnamic acid 4-hydroxylase (C4H), and 4-coumarate-
CoA ligase (4CL) [13]. As the common precursor of ϐlavonoid 
and non-ϐlavonoid polyphenols, p-coumaroyl-CoA branches 
into distinct synthetic pathways: ϐlavonoids are formed 
by enzymatic modiϐication with malonyl-CoA via chalcone 
synthase (CHS), chalcone isomerase (CHI) and ϐlavanone 
3-hydroxylase (F3H), ultimately yielding compounds with 
the characteristic C6-C3-C6 skeleton [14]; non-ϐlavonoids are 
synthesized through divergent shunts, where p-coumaroyl-
CoA undergoes hydroxylation and methylation to form 
phenolic acids [15], polymerization by lignin synthase to 
produce lignans [13], catalysis by stilbene synthase to generate 
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resveratrol and other stilbenes [16], and oligomerization of 
catechin and epicatechin monomers to form tannins [17]. 
Notably, polyphenol synthesis and accumulation are precisely 
regulated by both biotic and abiotic stresses: moderate 
abiotic stresses (light, temperature ϐluctuation, low salt, 
heavy metal exposure) modulate the gene transcription and 
enzyme activity of PAL, CHS and other key synthetases, while 
biotic stresses (insect herbivory, pathogen infection, weed 
competition) trigger the jasmonic acid (JA) and salicylic acid 
(SA) signaling pathways—with ethylene (ET) mediating 
their crosstalk—to drive defensive polyphenol synthesis. 
The abscisic acid (ABA) pathway dominates abiotic stress 
responses, and synergizes with the mitogen-activated protein 
kinase (MAPK) cascade and reactive oxygen species (ROS) 
signaling to exert bidirectional regulation on polyphenol 
biosynthesis and degradation, forming a complex stress 
regulatory network for polyphenol accumulation. 

From a chemical structural perspective, plant polyphenols 
are deϐined by at least one aromatic ring with one or more 
hydroxyl substituents, and are classiϐied into ϐlavonoids and 
non-ϐlavonoids based on carbon skeleton differences [18]. 
Flavonoids feature a typical C6-C3-C6 skeleton composed 
of two benzene rings (A and B) linked by a three-carbon 
bridge, which usually forms a heterocyclic pyran ring; non-
ϐlavonoids lack this characteristic skeleton and exhibit 
greater structural diversity, including phenolic acids (gallic 
acid, caffeic acid, chlorogenic acid), lignans, stilbenes 
(resveratrol), and hydrolyzable/condensed tannins (ellagic 
tannins, proanthocyanidins). Polyphenol chemical stability 
is predominantly determined by structural characteristics: 
the number, arrangement, and conjugation degree of 
phenolic hydroxyl groups. For instance, polyphenols with 
an o-dihydroxy (catechol) structure (epigallocatechin gallate 
(EGCG), caffeic acid) are prone to oxidation to form reactive 
quinones [19,20]. whereas those with a single phenolic 
hydroxyl group or sterically hindered hydroxyls exhibit 
superior stability [21]. This intrinsic structure-stability 
relationship creates a core technical paradox for practical 
application: the same structural features conferring high 
antioxidant activity render polyphenols highly susceptible 
to degradation. Throughout their life cycle—biosynthesis, 
extraction and puriϐication, processing and storage—these 
degradation pathways cause signiϐicant losses in polyphenol 
content and a sharp decline in bioactivity. More importantly, 
instability manifests not only as detectable content loss but 
also as "hidden loss": structural alterations without complete 
degradation that abrogate bioactivity, further limiting their 
application value. 

Given the scientiϐic and industrial signiϐicance of 
plant polyphenols, a wealth of comprehensive reviews 
have been published in recent years, each contributing 
profoundly to advancing our understanding of this complex 

class of compounds. Numerous authoritative reviews 
have systematically illustrated the biological activities of 
polyphenols and their underlying molecular mechanisms, 
laying a solid foundation for the development of polyphenols as 
functional food ingredients and pharmaceutical formulations 
[22–24]. Other publications have speciϐically focused on the 
biosynthetic pathways and metabolic engineering strategies 
of polyphenols, delivering theoretical guidance for improving 
polyphenol yields in planta [25–27]. A further body of 
research has explored extraction technologies and processing 
stability, and summarized multiple approaches to alleviate 
polyphenol degradation during industrial production 
[28–30]. Nevertheless, despite these substantial advances, 
existing reviews are constrained by three major limitations, 
which create critical knowledge gaps across the ϐield. First, 
biosynthesis, extraction, processing, and application are 
commonly regarded as discrete and isolated processes, while 
the inherent correlations of polyphenol stability challenges 
throughout the entire value chain are largely unrecognized. 
Second, most reviews solely address the quantitative losses 
of polyphenols and largely overlook the aforementioned 
"latent loss" phenomenon — a more prominent and vastly 
underappreciated bottleneck in practical applications. 
Third, the lack of systematic cross-comparison among 
stability enhancement strategies for different stages hinders 
researchers and industrial practitioners from screening 
optimal stage-speciϐic solutions for targeted scenarios.

To resolve the above limitations, this review constructs a 
full-chain analytical framework for the stability regulation of 
plant polyphenols, integrating the complete research system 
covering the full spectrum from biosynthesis to industrial 
application. Breaking the conventional fragmented research 
paradigm in this ϐield, the present work elaborates the loss 
mechanisms and regulatory rules of polyphenols from a full-
lifecycle perspective in a uniϐied manner. Unlike previous 
studies that merely focus on quantitative degradation of 
polyphenols in a one-sided way, this work takes both apparent 
losses and latent activity attenuation into consideration, 
and distills the core mechanisms driving dynamic changes 
in polyphenol stability. By systematically sorting out the 
technical deϐiciencies and industrialization dilemmas in 
current research, we establish a universal theoretical system 
for polyphenol stability regulation on the basis of structure-
activity relationships.

Regulation Mechanisms of Content in Plant 
Polyphenol Biosynthesis

Core Biosynthetic Pathways and Key Regulatory Nodes

Dependent on the coordinated action of the shikimate 
and phenylpropanoid pathways, the biosynthesis of 
plant polyphenols begins with the shikimate pathway, 
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which transfers carbon ϐlux from primary metabolism to 
generate aromatic amino acids, including L-phenylalanine 
and L-tyrosine, through multiple rigorously regulated 
enzymatic reactions and supplies fundamental precursors 
for secondary metabolism [31,32]. Within this pathway, 
3-deoxy-D-arabino-heptulosonate-7-phosphate synthase 
(DAHPS), 3-dehydroquinate synthase (DHQS), and shikimate 
kinase (SK) function as major regulatory nodes to maintain 
the homeostasis of precursor supply; as central metabolic 
switches, these enzymes further control carbon ϐlux allocation 
to the downstream phenylpropanoid pathway, facilitating 
polyphenol skeleton assembly, substance conversion and 
metabolic branching, and ultimately underpinning the entire 
biosynthetic process of plant polyphenols.

Entry into the phenylpropanoid route is strictly gated 
by PAL, which commits carbon from L-phenylalanine to 
the formation of cinnamic acid derivatives; subsequent 
hydroxylation by C4H and CoA ligation by 4CL converge to 
generate p-coumaroyl-CoA, the single metabolic hub from 
which all major polyphenol classes originate [33]. PAL, C4H, 
and 4CL are recognized as the core rate-limiting enzymes of 
this pathway, and their catalytic efϐiciency and expression 
levels directly determine the yield of p-coumaroyl-CoA, thus 
regulating the overall biosynthetic efϐiciency of polyphenols. 

At the central metabolic node of p-coumaroyl-CoA, 
pathway partitioning is governed by the competitive activities 
of distinct branch-entry enzymes, which further diverge 
into ϐlavonoid and non-ϐlavonoid polyphenol biosynthesis. 
In the ϐlavonoid direction, CHS catalyzes the iterative 
condensation of p-coumaroyl-CoA with malonyl-CoA to 
construct the chalcone backbone, while CHI subsequently 
directs the cyclization toward ϐlavanone intermediates, 
establishing the C6-C3-C6 scaffold that deϐines this class 
[14]. Non-ϐlavonoid branches diverge through alternative 
enzymatic routes: hydroxycinnamoyl-CoA derivatives 
are channeled into phenolic acid conjugates and lignan 
biosynthesis via dirigent protein-mediated coupling [34], 
stilbene synthase competitively utilizes the same CoA esters 
to generate resveratrol and its analogs [35], and speciϐic 
glycosyltransferases or oxidative enzymes orchestrate the 
assembly of hydrolyzable and condensed tannins  [17] (Figure 1).
Throughout this metabolic network, the magnitude of carbon 
ϐlux into each terminal polyphenol product is predominantly 
determined by the expression levels and catalytic activity 
of branch-speciϐic rate-limiting enzymes. These enzymatic 
nodes function as both metabolic bottlenecks and regulatory 
hubs, allowing the system to dynamically adjust polyphenol 
composition and abundance in response to upstream precursor 
availability and downstream metabolic demand, thereby 
establishing the mechanistic framework for understanding 
how pathway activity governs the quantitative and qualitative 
output of polyphenol diversity.

Regulatory Mechanisms of Biotic Stress on Polyphenol 
Biosynthesis

As core defensive secondary metabolites of plants, 
polyphenol biosynthesis will be dynamically reprogrammed 
by interconnected hormone signaling and transcriptional 
regulatory networks once plants encounter biotic stress such 
as herbivore attack, fungal pathogen infection, and weed 
competition (Figure 1 and Table 1). The co-evolutionary 
interplay between plants and biotic stressors further 
modulates the speciϐicity and response intensity of polyphenol 
metabolism based on different stress types.

Under herbivore pressure, exempliϐied by phloem-feeding 
insects such as aphids and tea green leaϐhoppers, plants 
perceive mechanical damage and herbivore-associated 
molecular patterns (HAMPs), rapidly triggering the JA 
and SA signaling cascades [36,37]. Typically, chewing and 
piercing-sucking insects predominantly activate the JA 
pathway, which upregulates the expression of WRKY and 
MYB family transcription factors that speciϐically bind to the 
promoter regions of polyphenol biosynthetic genes [38,39]. 
Consequently, the activities of core rate-limiting enzymes—
particularly PAL and CHS—increase markedly within 
hours to days post-infestation, driving the accumulation of 
defensive polyphenols including ϐlavonoids, chlorogenic acid, 
and condensed tannins [38,40,41]. This induced resistance 
not only deters further insect feeding but also reduces pest 
fecundity, representing a classic example of herbivore-
triggered metabolic reinforcement in the phenylpropanoid 
pathway [42].

Fungal pathogens, including soil-borne Rhizoctonia solani 
and Fusarium oxysporum, elicit distinct yet overlapping 
defense responses compared with herbivore stress [43,44]. 
Upon fungal pathogen-associated molecular patterns 
(PAMPs) recognition, plants initiate a biphasic SA-JA signaling 
dynamic: an early SA burst that promotes ligniϐication and 
the accumulation of hydroxycinnamic acids at infection 
sites to block pathogen invasion, followed by a JA-mediated 
response that reinforces systemic acquired resistance (SAR) 
[45]. In this process, polyphenol biosynthesis is redirected 
toward the production of lignin monomers, phenolic acids, 
and condensed tannins, which not only strengthen plant cell 
walls as a physical barrier but also exert direct antifungal 
activity [46]. The sustained upregulation of PAL, C4H, and 
4CL during the entire infection period ensures a continuous 
supply of phenylpropanoid precursors for both structural 
reinforcement and chemical inhibition of pathogens [47]. 
Notably, the ET signaling pathway mediates the crosstalk 
between SA and JA pathways here, ϐine-tuning the dynamic 
balance between local and systemic defense responses to 
avoid excessive metabolic consumption [39].

Weed competition imposes a more complex stress 
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Figure 1: Comprehensive biosynthetic pathway network of plant polyphenols. The diagram illustrates three interconnected modules: (a) the shikimate 
pathway (upper, black dashed box) generating aromatic amino acid precursors; (b) the core phenylpropanoid pathway (middle, green dashed box) 
producing p-coumaroyl-CoA; (c) the amino acid pathway (middle, red dashed box); and (d) downstream branch pathways (lower, blue/red boxes) 
generating diverse polyphenol classes.

phenolic acids, ϐlavonoids, and proanthocyanidins [50,51]. 
The metabolic reprogramming under weed competition 
highlights the dual role of polyphenols: on the one hand, they 
scavenge excess ROS to mitigate oxidative damage, and on the 
other hand, they mediate plant-plant allelopathic interactions 
to adapt to the competitive environment [52,53].

The regulatory speciϐicity of biotic stress on polyphenol 
biosynthesis lies in the non-linear relationship between stress 

regime involving both resource deprivation and allelopathic 
interference. In crops such as peach and buckwheat, 
competition for light, nutrients, and water induces 
endogenous oxidative stress, while allelochemicals released 
by neighboring weeds further amplify ROS production in plant 
tissues [48,49]. This sustained redox imbalance activates 
the phenylpropanoid metabolic pathway as an antioxidant 
countermeasure, resulting in the upregulation of CHS and 
downstream branch enzymes, as well as elevated levels of 
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type, signaling pathway, and polyphenol metabolic output. 
Different biotic attackers trigger unique transcriptional 
signatures in plants, leading to the accumulation of distinct 
polyphenol proϐiles: JA-dominant herbivore responses favor 
the synthesis of ϐlavonoids and condensed tannins, whereas 
SA-dominant fungal infection responses prioritize the 
production of lignin monomers and simple phenolic acids. 
Moreover, the same stressor can elicit divergent biosynthetic 
responses across different plant species and genotypes, 
reϐlecting evolutionary adaptations in receptor speciϐicity and 
metabolic pathway wiring. 

Collectively, this section systematically elucidates the 
mechanisms underlying the dynamic reprogramming of 
polyphenol biosynthesis in plants exposed to three typical 
biotic stresses. It reveals the speciϐic crosstalk patterns of 
jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) 
signaling pathways, along with their core roles in shaping 
stress-speciϐic polyphenol metabolic characteristics. The stress 
type–signaling pathway–polyphenol response regulatory axis 
constructed in this study clariϐies the core mechanisms of plant 
adaptive chemical defenses against various biotic stresses. 
These ϐindings not only advance the understanding of plant 
metabolic adaptation and the co-evolutionary mechanisms 
between plants and biotic stressors, but also provide precise 
and practically applicable molecular targets for artiϐicial 
regulation of the phenylpropanoid pathway and improvement 
of stress tolerance in crops.

Regulatory Mechanisms of Abiotic Stress on Polyphe-
nol Biosynthesis

Abiotic stresses, including drought, salinity, ultraviolet 
(UV) radiation, heavy metal toxicity, and thermal stress, are 
major environmental drivers that reshape plant secondary 
metabolic ϐlux. Unlike biotic stresses, which trigger pathogen-
speciϐic defense responses primarily mediated by JA and 
SA signaling (detailed in Section 1.2), abiotic stresses elicit 
global adaptive metabolic adjustments centered on ABA 
signaling, making it a well-established, controllable strategy 
for artiϐicially enhancing the endogenous polyphenol pool 
in plant raw materials via targeted pre-harvest elicitation 
(Figure 2 and Table 1).

Single-factor abiotic stress treatments exert consistent 
biphasic, dose-dependent effects on polyphenol accumulation 
across a wide range of edible and medicinal plant species. 
Under drought conditions, mild to moderate water deϐicit 
typically upregulates polyphenol biosynthesis: it activates 
ABA-dependent signaling cascades, induces the transcriptional 
expression of core rate-limiting enzymes (PAL and CHS), and 
enhances the ϐlux of the shikimate and phenylpropanoid 
pathways, leading to signiϐicant accumulation of ϐlavonoids, 
phenolic acids, and condensed tannins in tea plant and 
sesametea [54,55]. In contrast, severe and prolonged 
drought suppresses photosynthetic carbon assimilation and 
primary metabolic activity, limiting the precursor supply 

Table 1: Types and main changes of biotic stress and abiotic stress
Type of coercion Plant Stress factor Related genes/Hormones/Pathways Reference

Pest stress
Broad bean Acyrthasiphon pisum SA, A [64]

Tobacco Aphid PR gene/SA hormone [36]
Tea plant Tea green leaϐhopper, tea geometrid CsAFS, CsBGL/JA, SA [37]

Fungus stress

Cotton Verticillium dahliae GhWRKY55/SA, JA [65]
Alternanthera philoxeroides Rhizoctonia solani PAL, PR3, JAR1, PR6, EIN3/JA, SA, ET [43]

Mung bean Fusarium oxysporum CAT, POD, PR4, DEF
PAL, WRKY70/SA/PAL [44]

Weed stress

Peach, pear Weed Phenylpropanoid pathway [48]

Gumbo Lantana camara and Parthenium 
argenteum Oxidative stress activates the phenylpropanoid pathway [66]

Buckwheat Weed Alleviate oxidative damage and phenylpropanoid 
pathway activation [49]

Drought stress
Tea plant Drought ABA [54]

Arabidopsis thaliana Drought CYP707A3, PUB22, PUB23/ABA [67]
Sesame Drought ABA [55]

Salt stress
Ginkgo NaCl MAPK/ABA/Flavonoid pathway [56]

Tobacco NaCl NtMYB4 [68]
Purple sweet potato NaCl Phenylpropanoid pathway [69]

Heavy metal stress
Lupinus luteus L. Pb ROS [60]

P. glandulosa and P. juliϐlora Copper, Cadmium PAL, PPO, CHI/JA, SA/MYB, WRKY, NAC [61]
Zea mays L. Cu, Pb, Cd APX, CAT, POD, SOD [70]

UV stress
Parsley UV-B PAL, Phenylpropanoid pathway [57]

Sweet Roller UV-B ABA, Ethylene and carotenoid cycle [58]
Birch UV-B MAPK, CDPK/Phenylpropane pathway [59]

Temperature stress
Camellia sinensis L. 42℃ PAL, C4H, 4CL, CHS, CHI, F3H [62]

Banana 6℃ and 35℃ miR528/ PPO [63]
Arabidopsis thaliana 4℃ FUM2, TP, PGA [71]
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Figure 2: Signaling regulatory network of polyphenol biosynthesis under biotic and abiotic stresses. Left panel: biotic stress perception (herbivory, 
pathogens, weeds) triggers JA/SA/ET signaling cascades that activate transcription factors (WRKY, MYB) binding to biosynthetic gene promoters. Right 
panel: abiotic stresses (drought, salinity, UV, heavy metals) converge on ABA-mediated signaling, integrating MAPK cascades and ROS signaling to 
modulate polyphenol accumulation.

Table 2: Advanced extraction technology and the yield of polyphenols from different sources
Extraction technology Substrate Solvent Polyphenols content (mg/g) Reference

MAE
Olea europaea L. 50% ethanol

92.18
[73]

UAE 92.49
UANPE Rapeseed meal 50% ethanol 12.64 [74]
UHPE Phoenix dactylifera L. 60.54% ethanol 2.58a [75]

PEF-US Litchi chinensis peel 50% ethanol 109.21 [76]
EAE Ulmus pumila L. barks 50% ethanol 16.04a [77]
SFE Capsicum chinense 20% ethanol 18.70a [78]

NADES Elaeagnus angustifolia L. NADES3 41.49 [79]
Note:a stands for mg GAE/g DW,Gallic Acid Equivalent

hormonal hub that integrates multiple stress signals and 
coordinates the transcriptional activation of core polyphenol 
biosynthetic genes [60–63].

A deϐining feature of abiotic stress regulation is its 
bidirectional, intensity-dependent effect on polyphenol 
metabolism, which is universally described by the "eustress-
distress" framework in plant stress physiology. Mild to 
moderate stress (eustress) induces adaptive, non-damaging 
responses: transient ROS elevation acts as a secondary 
messenger to activate antioxidant polyphenol synthesis, and 
moderate ABA accumulation upregulates phenylpropanoid 
pathway genes without compromising primary metabolism 
and plant growth. Conversely, severe or prolonged stress 
(distress) causes metabolic collapse, characterized by 
irreversible oxidative damage, reduced photosynthetic 

for polyphenol synthesis and ultimately reducing total 
polyphenol yield. Salinity stress follows an identical biphasic 
pattern: low to moderate salt concentrations stimulate the 
accumulation of ϐlavonoids and proanthocyanidins, which act 
as compatible osmoprotectants and ROS scavengers, while 
high salinity causes irreversible cellular damage and inhibits 
secondary metabolism [56]. UV-B radiation is the most potent 
abiotic elicitor for ϐlavonoid biosynthesis, particularly for 
anthocyanins and ϐlavonols, which function as UV-absorbing 
sunscreens and antioxidants to mitigate photodamage; this 
effect has been widely validated in leafy vegetables and 
timber trees  [57–59]. Heavy metal stress (e.g., cadmium, 
excess copper) and thermal stress also trigger polyphenol 
accumulation, primarily through the activation of MAPK 
cascades and ROS burst, with ABA serving as the central 
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capacity, and downregulation of biosynthetic genes, leading to 
simultaneous losses in plant biomass and polyphenol content. 
This duality establishes a clear operational window for pre-
harvest elicitation: only stress intensities within the eustress 
range can achieve the dual goal of maintaining plant yield and 
enhancing polyphenol accumulation. The temporal dimension 
of stress regulation is equally critical: short-term stress 
exposure often elicits rapid and reversible transcriptional 
activation of biosynthetic genes, while chronic stress leads to 
negative feedback inhibition and metabolic exhaustion, which 
is often overlooked in current laboratory studies. 

Despite these limitations, this network provides a core 
theoretical blueprint for rational source-based polyphenol 
enhancement, laying a high-quality feedstock foundation for 
downstream processing. Notably, substantial polyphenol 
loss during extraction remains the next core bottleneck for 
industrial translation, with underlying mechanisms and 
mitigation strategies systematically addressed in Section 2.

Loss Mechanisms During Polyphenol Ex-
traction and Strategies for Quality Impro-
vement and Loss Reduction

Extraction serves as the pivotal hub linking in planta 
polyphenol biosynthesis to their end-point high-value 
valorization. The selection of extraction technical route 
directly determines the yield, purity, structural integrity, 
and bioactivity retention of polyphenols released from 
plant matrices, and further dominates their subsequent 
processing stability, oral bioavailability, and industrial 
translation potential. Currently, extraction techniques 
for plant polyphenols are broadly categorized into two 
major groups: conventional extraction methods and novel 
intensiϐied extraction methods  [72] (Table 2). However, 
all existing extraction techniques are accompanied by 
inevitable degradation and activity loss of polyphenols, whose 
underlying mechanisms and targeted mitigation strategies 
are systematically dissected in this chapter.

Influencing Factors of Polyphenol Extraction

As the critical bridge between in planta polyphenol 
biosynthesis and downstream high-value utilization, 
extraction directly determines the ϐinal yield and functional 
quality of polyphenol products. Polyphenol loss during 
this process arises from irreversible structural disruption 
and concomitant bioactivity attenuation, which are mainly 
mediated by three core chemical pathways: oxidative 
degradation, hydrolysis, and isomerization. 

Oxidative degradation represents the predominant cause 
of polyphenol loss during extraction, and the degree of such 
degradation varies markedly among different extraction 
methods. For plant materials including grapes, vanilla, cabbages 

and cereals, conventional solvent extraction performed under 
atmospheric pressure, open systems, prolonged extraction 
duration, continuous exposure to oxygen and light, and 
without deoxygenation or light shielding leads to 41%–59% 
thermal oxidation loss of ϐlavonoids and anthocyanins within 
polyphenol fractions [80]. When ϐlesh tissues of Fuji apple 
are used as raw materials, high-shear homogenization with 
a traditional high-speed blender severely disrupts cellular 
structures and triggers massive release of polyphenol oxidase. 
The subsequent aerobic environment induces intense 
enzymatic oxidation, resulting in a total polyphenol loss of 
60.0% and total ϐlavonoid degradation of 66.9% [81]. For 
mixed plant matrices composed of chamomile, artichoke and 
coffee beans, oxidation readily occurs during conventional 
microwave-assisted and ultrasound-assisted extraction. In 
these cases, the maximum loss of monocaffeoylquinic acid 
reaches approximately 30%, while the degradation rate 
of dicaffeoylquinic acid can be as high as 60% [82]. The 
molecular mechanism involves three sequential steps: (1) 
chelation of Fe3+/Cu2+ with the ortho-dihydroxy group forming 
a ϐive-membered ring complex; (2) electron transfer from 
polyphenol to metal ion generating semiquinone radicals; 
(3) radical chain propagation leading to quinone formation 
and subsequent polymerization. Conventional methods, 
such as heating reϐlux and Soxhlet extraction, synergistically 
accelerate this process through prolonged heating, oxygen 
exposure, and transition metal catalysis [83]. Meanwhile, 
these methods also trigger lipid oxidation via the Fenton 
reaction, resulting in nutrient loss and deterioration of food 
quality [84]. While novel extraction technologies signiϐicantly 
improve extraction efϐiciency, they introduce new oxidative 
degradation risks: ultrasound-assisted extraction (UAE) 
generates highly reactive hydroxyl radicals via cavitation-
induced water sonolysis [85]; microwave-assisted extraction 
(MAE) promotes overheating-driven free radical reactions; 
enzyme-assisted extraction (EAE) carries polyphenol oxidase 
(PPO)-catalyzed enzymatic oxidation and browning risk 
[86,87].

Hydrolysis is a ubiquitous core reaction during polyphenol 
extraction, directly governing the structural composition and 
bioactivity of polyphenol products. Over 80% of polyphenols in 
most edible and medicinal plant matrices exist in glycosylated 
forms [88]. Phenolic aglycones, covalently linked to sugar 
moieties via O-glycosidic bonds, exhibit high intracellular 
bioactivity but poor water solubility and chemical stability, 
making them highly susceptible to secondary degradation 
[88]. In conventional thermal reϐlux and Soxhlet extraction, 
high temperature cleaves O-glycosidic bonds due to their 
thermodynamic instability and modulates hydrolysis by 
altering solvent physicochemical properties [88–90]; strong 
acidic or alkaline conditions mediate O-glycosidic bond 
cleavage and ester hydrolysis respectively via nucleophilic 
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attack [88,91]. UAE and MAE promote glycosidic bond 
cleavage via localized high-temperature effects [92,93]; 
EAE precisely hydrolyzes O-glycosidic bonds to release free 
aglycones through glycosidase-speciϐic catalysis [94,95].

Elevated temperature and light induce polyphenol 
conformational changes and isomerization, exempliϐied by 
the conversion of bioactive trans-resveratrol to low-activity 
cis-isomer, which impairs biological functionality. Extreme pH 
alters polyphenol ionization, electron cloud distribution and 
bond stability, accelerating isomerization and degradation 
[96]; for instance, anthocyanins are stable under acidic 
conditions but undergo structural rearrangement and 
discoloration in neutral/alkaline environments [97,98]. 
Additionally, metal ions catalyze polyphenol oxidation and 
isomerization, and form chelates with phenolic hydroxyl 
groups to promote conformational alterations [99]. Common 
extraction technologies also induce structural alterations: 
UAE generates reactive oxygen species for isomerization 
[100], while EAE’s glycoside hydrolases may indirectly cause 
free polyphenol isomerization/degradation [101].

Key extraction process parameters directly modulate 
the occurrence and intensity of the above degradation 
pathways. Prolonged high-temperature treatment, a core 
limitation of conventional extraction methods, synergistically 
accelerates all three degradation reactions, reducing both 
polyphenol recovery yield and antioxidant activity retention. 
Oxygen exposure drives oxidative polymerization, while 
inappropriate pH promotes hydrolysis and isomerization 
. High-concentration organic solvents, despite improving 
mass transfer, may induce solvent-mediated structural 
destabilization of sensitive phenolics. These cumulative losses 
ultimately attenuate the health-promoting bioactivities of 
polyphenol products, limiting their downstream application. 
Elucidating these loss mechanisms provides a critical 
theoretical basis for developing targeted mitigation strategies 
to maximize polyphenol extraction efϐiciency and bioactivity 
retention.

Loss Reduction Strategies for Polyphenol Extraction 
Processes

At the process parameter level, a low-temperature 
and short-time extraction strategy effectively inhibits the 
degradation of heat-sensitive polyphenols by reducing 
thermal isomerization and hydrolysis, while maintaining 
acceptable extraction efϐiciency [102]. For the solvent 
system, ethanol remains the most widely used solvent for 
plant polyphenols, providing satisfactory performance with 
balanced polarity and safety [103,104]. Meanwhile, controlling 
the system pH within a weakly acidic range (pH 4–6) helps 
preserve the structural stability of polyphenol glycosides 
and alleviate base-catalyzed hydrolysis and isomerization 

[105,106]. To mitigate oxidation—the primary pathway for 
polyphenol loss during extraction—inert gas (e.g., nitrogen) 
protection signiϐicantly reduces dissolved oxygen and inhibits 
oxidative polymerization [107,108]. The addition of suitable 
antioxidants (e.g., vitamin C, citric acid) further scavenges 
free radicals, blocks oxidative chain reactions, and protects 
the phenolic hydroxyl groups from damage [109,110]. These 
strategies are easy to implement without major equipment 
modiϐication and show excellent industrial compatibility. 

Application and Effects on Quality Improvement 
and Loss Reduction of Novel Intensified Extraction 
Technologies

Novel intensiϐied extraction technologies enhance 
polyphenol recovery through physical ϐield intensiϐication 
or biocatalysis, while effectively suppressing activity 
loss. Representative techniques include UAE, MAE, 
high-pressure-assisted extraction (HPAE), pulsed electric ϐield 
extraction (PEF), EAE, supercritical ϐluid extraction (SFE), and 
natural deep eutectic solvent (NADES)-based extraction.

Physical ϐield-enhanced methods (UAE, MAE, HPAE, PEF) 
disrupt plant tissue structures via external energy input, 
strengthening mass transfer under mild conditions. UAE 
relies on cavitation-induced mechanical rupture to release 
polyphenols rapidly at low temperatures, thus markedly 
reducing thermal degradation. MAE achieves rapid volumetric 
heating through dielectric effects, drastically shortening 
extraction duration and limiting oxidation of heat-sensitive 
polyphenols. HPAE and PEF permeabilize cell membranes 
using high pressure or short electric pulses, promoting solvent 
diffusion and boosting efϐiciency at 

room or mildly elevated temperatures. Biocatalytic 
strategies, especially EAE, speciϐically degrade cell wall 
polysaccharides and disrupt polyphenol-macromolecule 
bindings under gentle conditions. This allows efϐicient release 
of bound polyphenols while maximally preserving their native 
structure and bioactivity. Fermentation-assisted extraction 
further integrates matrix decomposition, polyphenol 
liberation, and biotransformation, leading to improved 
bioaccessibility and functionality. Green solvent systems 
represented by SFE and NADES offer sustainable and safe 
alternatives. SFE using supercritical CO2 realizes solvent-free 
extraction, although polar modiϐiers are often needed for 
hydrophilic polyphenols [111,112]. NADES provide a low-
toxicity, biodegradable medium with tunable polarity, making 
them suitable for various classes of polyphenols [113].

Comparative studies have conϐirmed the signiϐicant 
advantages of these technologies over conventional methods. 
The UAE extraction yield of olive polyphenols reached 92.49 
mg/g, with good retention of antioxidant activity [73]. 
The PEF-ultrasound coupled extraction of litchi pericarp 
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polyphenols achieved an extraction yield of 109.21 mg/g, 
which was 2.30 times higher than that of conventional hot 
water extraction [76]. In one study, high-pressure-assisted 
extraction of phenolic compounds from dates yielded a 
total phenolic content of 257.93 ± 2.77 mg GAE/100g [51]. 
In another study, SFE of polyphenols from chili peppers 
achieved an extraction yield of 1870 mg GAE/100 g extract 
under conditions of 63.1℃, 1161.82 psi, and 132 min [53]. 
These extraction technologies effectively inhibit the thermal 
decomposition, oxidation, and isomerization of polyphenols 
while maintaining high extraction yields. Importantly, the 
structural integrity of polyphenols preserved during the 
extraction stage directly determines their stability during 
subsequent processing, which clearly demonstrates the 
critical carry-over effect of extraction process quality on the 
stability of the ϐinal product.

Overall, these modern approaches fulϐill the dual goals 
of high extraction yield and high bioactivity retention via 
mild, rapid, and targeted isolation. They clearly outperform 
conventional methods in efϐiciency, sustainability, and ϐinal 
product quality, providing a solid foundation for industrial 
translation.

Current Bottlenecks of Novel Extraction Technologies 
and Industrial Optimization Directions

Despite the promising potential of novel extraction 
techniques for phenolic compounds, every single technology 
still suffers from inherent limitations that hinder its industrial 
application. The UAE often faces uneven ultrasonic ϐield 
distribution, leading to inconsistent extraction efϐiciency 
across large-scale reactors. MAE tends to generate localized 
hot spots, which may degrade thermolabile phenolics. SFE 
involves high equipment and operational costs, limiting 
its economic viability. NADES, though green, exhibit high 
viscosity and pose solvent residue challenges that complicate 
downstream processing. EAE remains constrained by the high 
cost of commercial enzyme preparations and their limited 
reusability.

For successful industrial translation, three major aspects 
of adaptation and optimization are critical. First, equipment 
development must focus on designing industrial-scale uniform 
energy ϐield reactors. Second, process standardization is 
urgently needed. Industrial-scale process parameters (power 
density, residence time, solvent-to-feed ratio) cannot be 
directly scaled up from laboratory data; therefore, systematic 
kinetic modeling and validated ampliϐication protocols are 
required to establish reliable manufacturing guidelines. 
Third, cost control remains decisive for economic feasibility. 
Low-cost, recyclable enzyme preparations and efϐicient 
separation-puriϐication technologies for green solvents must 
be developed to reduce overall production expenses.

Stability Enhancement Strategies for 
Polyphenol Processing and Application Stages

Polyphenols, as core natural functional active factors 
in food, face multiple environmental stresses and process 
disturbances throughout the entire chain of food industrial 
processing, circulation, and end applications. They are highly 
prone to oxidative degradation, structural isomerization, 
covalent binding, and chemical transformation, ultimately 
resulting in a sharp reduction in content and signiϐicant 
quenching of biological activity. This has become a key 
scientiϐic bottleneck restricting the high-value utilization of 
polyphenolic functional factors and the precision development 
of functional foods. 

Core Triggers of Polyphenol Degradation During 
Processing and Application

The loss of bioactivity and structural integrity of polyphenols 
during processing, storage, and gastrointestinal transit is 
primarily attributed to three interdependent degradation 
drivers: temperature, pH, and oxidation. Understanding how 
these factors act individually and synergistically is essential 
for designing stabilization strategies.

Temperature is the primary driver of polyphenol 
degradation and instability during food processing, exerting 
destructive effects through two distinct mechanisms. Moderate-
to-high temperatures signiϐicantly activate endogenous plant 
and microbial PPO, catalyzing phenol oxidation to quinones 
that polymerize into inactive condensates. Meanwhile, thermal 
energy directly cleaves polyphenol glycosidic bonds, releasing 
less stable free aglycones. Furthermore, high temperature 
disrupts plant cell substructure integrity, increases polyphenol 
contact with oxygen and water, and signiϐicantly ampliϐies 
degradation [100,114]. pH modulates the chemical stability 
of polyphenols in aqueous systems by reshaping their redox 
states and existing forms. Alkaline conditions signiϐicantly 
promote the oxidative dehydrogenation of polyphenols to 
quinones, triggering subsequent molecular condensation. 
Conversely, acidic conditions inhibit quinone formation, 
reduce a small fraction of preformed quinones back to parent 
polyphenols, and enhance stability by maintaining redox 
equilibrium [115,116]. Oxidation is the core pathway for 
the structural deterioration of polyphenols. Under multiple 
stresses, including oxygen, light irradiation, and catalysis by 
metal ions (Fe3+, Cu2+), polyphenols-rich in polyhydroxy active 
sites-are highly susceptible to oxidation into ortho-quinone 
intermediates, which subsequently form dark-colored 
polymers or undergo covalent interactions with proteins, 
polysaccharides, and other macromolecules, ultimately 
resulting in the loss of their biological activities [117,118]. 

These three drivers do not act independently but form 
a positive feedback loop that exacerbates polyphenol loss. 
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Alkaline conditions not only directly accelerate oxidation 
but also lower auto-oxidation activation energy, rendering 
the system highly sensitive to even trace oxygen exposure. 
Oxidation is exothermic, generating localized temperature 
rises that further activate PPO and accelerate all degradation 
pathways; elevated temperatures, in turn, enhance oxygen 
and metal ion diffusion, intensifying oxidative chain reactions. 
This synergistic temperature-oxidation-pH interaction 
creates a vicious cycle: once initiated, degradation proceeds 
exponentially rather than linearly, with a combined effect 
always exceeding the sum of individual effects.

Additionally, light, particularly ultraviolet (UV) radiation, 
induces photooxidation via excited-state electron transfer to 
generate free radicals. Mechanical shear during high-speed 
mixing, homogenization or pumping disrupts polyphenol-
matrix associations and introduces air bubbles, increasing 
oxygen availability. Non-speciϐic binding of polyphenols to 
food or biological matrix components alters their bioactivity. 
Collectively, polyphenol degradation during processing and 
application is governed by a complex synergistic network 
centered on temperature, pH and oxidation. Effective 
stabilization requires simultaneous control of all three 
primary drivers and mitigation of secondary factors including 
light, shear and matrix interactions. Failure to address this 
synergistic feedback loop will inevitably result in substantial 
phenolic loss, even if individual parameters appear within 
acceptable ranges.

Strategies for Enhancing Polyphenol Stability in Food 
Processing Stages

To preserve polyphenol integrity during food processing, 
a multi-pronged approach targeting degradation pathways 
is required. The following strategies address the key drivers 
identiϐied in Section 3.1.

Process optimization: Replacing conventional high-
temperature processes with low-temperature alternatives is 
the ϐirst line of defense. Techniques such as low-temperature 
drying, low-temperature pasteurization, and cold plasma or 
high-pressure processing minimize thermal activation of PPO 
and thermal cleavage of glycosidic bonds [119]. Additionally, 
exposure to mechanical shear and light should be minimized. 
Shortening overall processing time reduces cumulative 
degradation, as many oxidative pathways follow time-
dependent kinetics.

Microenvironment modulation: Controlling the 
chemical environment around polyphenols is highly effective. 
Adding organic acids such as citric acid, malic acid, or ascorbic 
acid maintains a weakly acidic microenvironment (pH 3–4). 
At this pH range, PPO activity is suppressed, and quinone 
formation is minimized. Furthermore, incorporating metal 
ion chelators—phytic acid, Ethylenediaminetetraacetic acid 

(EDTA), or sodium phytate—sequesters trace Fe2+ and Cu2+, 
which are potent catalysts of oxidative chain reactions [120]. 
This dual approach (low pH + chelation) can signiϐicantly slow 
metal-catalyzed autoxidation.

Antioxidant system formulation: Polyphenols can be 
co-processed with natural antioxidants to create synergistic 
protective effects. Vitamin C (ascorbic acid) not only acts as a 
reducing agent that regenerates oxidized polyphenols but also 
chelates metal ions. Vitamin E (tocopherols) interrupts lipid 
peroxidation chains in multiphase systems. Rosemary extract, 
rich in carnosic acid and rosmarinic acid, provides potent 
radical-scavenging activity [120]. When formulated together, 
these antioxidants delay the consumption of polyphenols, 
effectively “sacriϐicing” themselves to preserve the target 
compounds.

Enzyme activity inhibition: Direct inhibition of 
endogenous oxidases, especially PPO and peroxidase (POD), 
is a targeted strategy. Common food-grade inhibitors include 
reducing agents (e.g., ascorbic acid, cysteine, sodium sulϐite), 
acidulants (already discussed), and physical treatments (e.g., 
blanching or high-pressure processing). Alternatively, natural 
inhibitors such as 4-hexylresorcinol can be added at low 
concentrations [121]. By suppressing enzymatic browning at 
its source, this approach complements the other strategies to 
achieve comprehensive polyphenol stabilization.

In summary, a combination of low-temperature processing, 
acidic chelating microenvironments, antioxidant blends, and 
enzyme inhibitors offers the most robust protection against 
polyphenol degradation during food processing.

Targeted Optimization of Polyphenol Stability for 
Different Application Scenarios

A multi-dimensional synergistic stabilization system 
is required to prevent polyphenol degradation during 
food processing, integrating process optimization, 
microenvironment regulation, antioxidant combination, and 
targeted enzyme inhibition to comprehensively preserve 
polyphenol structure and biological activity. Low-temperature 
alternatives to conventional high-temperature processes 
serve as the ϐirst line of defense. Techniques including freeze-
drying, vacuum drying, low-temperature pasteurization, cold 
plasma, and high-pressure processing minimize thermal 
activation of PPO and thermal cleavage of glycosidic bonds. 
Additionally, reducing mechanical shear exposure (via 
optimized homogenization parameters), light exposure 
(using amber glass or opaque pipelines), and total processing 
time mitigates time-dependent cumulative degradation 
[122,123]. Modulating the chemical microenvironment 
effectively inhibits oxidative degradation. Organic acids 
(citric, malic, and ascorbic acid) maintain a weakly acidic 
pH (3–4), suppressing PPO activity and minimizing quinone 
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formation. Combined with metal chelators (phytic acid, 
EDTA, sodium phytate) that sequester trace Fe2+ and Cu2+—
potent catalysts for oxidative chain reactions—the dual 
synergy of low pH and chelation signiϐicantly retards metal-
catalyzed autoxidation [124,125]. Co-processing polyphenols 
with natural antioxidants generates synergistic protection. 
Vitamin C regenerates oxidized polyphenols and chelates 
metals; vitamin E interrupts lipid peroxidation chains in 
heterogeneous systems; rosemary extract (rich in carnosic 
acid and rosmarinic acid) provides potent free radical 
scavenging. These antioxidants delay polyphenol consumption 
via a "sacriϐicial" mechanism [108,126,127]. Furthermore, 
targeted inhibition of endogenous oxidases (particularly PPO 
and peroxidase, POD) is a critical complementary strategy. 
Food-grade reducing agents (ascorbic acid, cysteine, sodium 
sulϐite), physical treatments (blanching, high-pressure 
processing), or low concentrations of natural inhibitors 
(4-hexylresorcinol, kojic acid) block enzymatic browning 
at the source [120,128,129]. Collectively, the synergistic 
application of these four strategies provides the most robust 
technical safeguard against polyphenol degradation during 
food processing.

Integrated Mechanistic Network for Full-Chain Stability 
Regulation

Our preceding analyses have systematically demonstrated 
that polyphenol stability is not governed by any single stage 
but rather arises from the cumulative effects of biosynthetic 
structural characteristics, extraction conditions, and 
processing environments. A comprehensive regulatory 
network has thus emerged:

Biosynthetic level: Genetic background dictates the 
inherent biosynthetic potential of polyphenols, developmental 
stages govern the spatiotemporal expression of this potential, 
and environmental stresses modulate the magnitude of its 
realization. These three factors interact synergistically to 
shape the ϐinal content and structural proϐiles of polyphenols 
in planta.

Extraction level: Polyphenols with higher degrees of 
glycosylation and hydroxylation, formed during biosynthesis, 
exhibit greater stability and lower degradation losses during 
extraction. Extraction methodologies exert a profound 
inϐluence on polyphenol degradation kinetics. Furthermore, 
impurities in the extract (e.g., proteins, polysaccharides, 
and metal ions) directly impact polyphenol stability during 
subsequent downstream processing.

Processing level: Polyphenol preparations with lower 
impurity contents demonstrate superior stability under 
appropriate storage conditions. Active stabilization strategies 
implemented during manufacturing can further enhance 
polyphenol stability throughout the entire processing chain.

Collectively, the synergistic optimization of these three 
interconnected stages enables substantial improvements 
in both polyphenol content and stability, representing a 
transformative approach for industrial-scale production of 
polyphenol-based functional ingredients.

Conclusion

This paper constructs an analytical framework for 
the stability and content regulation of plant polyphenols 
throughout their full life cycle, spanning biosynthesis → 
extraction → processing → application, breaking the limitation 
of existing reviews that only focus on individual stages. The 
shikimate-phenylpropanoid pathway is the core of polyphenol 
biosynthesis. Biotic and abiotic stresses regulate key rate-
limiting enzymes through hormone signaling networks, and 
mild artiϐicial stress is a green strategy for source enrichment 
of polyphenols. Polyphenol losses during extraction are mainly 
caused by oxidation, hydrolysis, and isomerization. Novel 
coupled enhanced extraction technologies can achieve high 
yield and high bioactivity retention under mild conditions. 

Looking forward, three priority research directions are 
identiϐied: (1) Fundamental mechanistic studies: multi-
omics dissection of tissue-speciϐic stress regulatory networks 
and quantitative structure-degradability relationships; 
(2) Technological innovation: development of modular, 
scalable extraction-processing integrated systems with 
real-time stability monitoring; (3) Industrial translation: 
establishment of standardized quality metrics and cost-
beneϐit frameworks for polyphenol fortiϐication in commercial 
products. Collectively, this full-chain approach will unlock 
the full industrial potential of plant polyphenols and support 
evidence-based development of the global functional food and 
health industry.
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