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Abstract 

Plant-derived compounds exhibit well-documented osteogenic and anti-resorptive activities; 
however, their translation into consistent skeletal benefits remains limited. This review proposes a 
transformation-state–dependent framework in which the efficacy of plant-based interventions is 
interpreted through the exposure architectures they generate rather than solely through intrinsic 
molecular activity. By integrating plant matrix organization, gastrointestinal processing, microbial 
biotransformation, and formulation-driven pharmacokinetics with the temporal dynamics of bone 
remodeling, the review addresses a critical gap in current literature, which largely evaluates 
phytochemicals independent of their delivery context. Across a continuum ranging from intact plant 
matrices to isolated compounds and advanced delivery systems, distinct pharmacokinetic regimes 
emerge, characterized by differences in release kinetics, metabolic transformation, systemic 
persistence, and target-site exposure. Representative interventions showing promising 
pharmacokinetic and skeletal findings include curcumin phytosome systems, resveratrol 
nanoformulations, icariin-loaded delivery platforms, and matrix-associated polyphenol systems 
capable of promoting sustained or metabolite-mediated exposure. Evidence indicates that sustained, 
metabolite-mediated exposure profiles are more compatible with the prolonged, cumulative nature 
of bone remodeling, whereas transient exposure often limits efficacy despite mechanistic activity. 
Formulation strategies, including phospholipid complexes, bioenhancers, and nano- or vesicle-based 
systems, can partially overcome these limitations by modulating exposure behavior. By reframing 
plant-based interventions as dynamic exposure systems, this framework provides a unifying basis 
for interpreting variability across studies and offers a rational foundation for designing strategies that 
align pharmacokinetic behavior with skeletal biology, thereby improving translational potential. 

Keywords: bone remodeling; exposure architecture; plant-derived compounds; pharmacokinetics; 
bioavailability; plant matrix; microbiota; nanodelivery systems 
 

1. Introduction 

Bone disorders, including osteopenia, osteoporosis, and inflammation-associated bone loss, 
remain difficult to treat despite extensive advances in understanding the molecular regulation of 
skeletal homeostasis [1,2]. 

Conventional pharmacological management of bone loss relies mainly on antiresorptive agents, 
including bisphosphonates and denosumab, and anabolic or bone-forming agents such as 
teriparatide, abaloparatide, and romosozumab [3,4]. Although these therapies are clinically effective, 
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their long-term use remains associated with several treatment-specific limitations. Bisphosphonates, 
for example, may cause gastrointestinal intolerance and exhibit prolonged skeletal retention 
following long-term administration. In addition, extended antiresorptive therapy has been associated 
with rare but clinically important adverse events, including atypical femoral fractures and 
osteonecrosis of the jaw [4]. Denosumab therapy presents a different pharmacological challenge 
because treatment discontinuation may lead to rebound increases in bone turnover and elevated 
vertebral fracture risk [5]. Similarly, parathyroid hormone analogues are constrained by restricted 
treatment duration, limiting their long-term applicability in chronic skeletal disorders. 

Furthermore, although romosozumab demonstrates strong anabolic and antiresorptive efficacy, 
its use requires cardiovascular caution in selected patient populations [4]. Collectively, these 
limitations support continued exploration of complementary skeletal strategies, including plant-
derived interventions capable of providing sustained and biologically compatible exposure profiles. 

Numerous plant-derived compounds and extracts exhibit anti-resorptive, osteogenic, and anti-
inflammatory activities in experimental systems through modulation of key signaling pathways, 
including Wnt/β-catenin, phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), nuclear factor 
kappa B (NF-κB), and receptor activator of nuclear factor kappa B ligand (RANKL)-mediated 
osteoclastogenesis; however, their clinical translation remains inconsistent and often limited [6]. This 
discrepancy suggests that the principal limitation in plant-based bone therapeutics lies not in 
insufficient molecular activity—well established through their regulation of osteoblastogenesis and 
osteoclastogenesis—but in pharmacokinetic and translational constraints. These include limited 
bioavailability, poor solubility, rapid metabolism and elimination, dose-dependent responses, and 
inter-individual variability in absorption and metabolic processing, which collectively generate 
heterogeneous systemic exposure profiles and hinder reproducible clinical efficacy [7]. 

Bone can therefore be viewed as a pharmacokinetically constrained biological system, in which 
therapeutic efficacy depends primarily on exposure persistence across remodeling-relevant 
timescales rather than on peak concentration or intrinsic molecular potency alone. 

In this review, “exposure architecture” refers to the integrated pharmacokinetic paĴern 
generated by a plant-derived intervention, including the timing of release, site and rate of absorption, 
systemic exposure magnitude, circulating half-life, metabolic transformation, microbiota-derived 
metabolite formation, and persistence of biologically relevant parent compounds or metabolites. This 
term is therefore broader than bioavailability alone: whereas bioavailability describes the extent of 
systemic entry, exposure architecture describes how exposure is temporally and metabolically 
organized in relation to the prolonged biological requirements of bone remodeling. 

Bone remodeling occurs within basic multicellular units (BMUs), where tightly coordinated and 
overlapping phases of activation, osteoclastic resorption, reversal, osteoblastic formation, and 
termination proceed over a cycle lasting approximately 120–200 days in humans [8]. As illustrated in 
Figure 1, these processes represent temporally integrated biological programs rather than rapid 
signaling events. 
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Figure 1. Schematic representation of the bone remodeling unit (left), illustrating coordinated osteoclastic 
resorption and osteoblastic formation within a temporally extended cycle. The central panel depicts how 
differing exposure profiles—transient versus sustained, with or without skeletal retention—interact with 
remodeling timescales to determine biologic persistence. The right panel highlights the resulting structural 
consequences, including progressive gain with continuous exposure, rapid loss following withdrawal of 
reversible agents, and rebound-associated fracture risk. Collectively, the figure emphasizes that durable skeletal 
efficacy requires alignment of pharmacokinetic exposure with remodeling-relevant temporal scales. Generated 
using Nanobanana Pro. 

Consequently, meaningful modification of bone mass or microarchitecture requires sustained 
modulation of remodeling pathways across successive cycles operating over weeks to months within 
basic multicellular units. Bone remodeling is a continuous, tightly coupled process in which 
osteoclastic resorption and osteoblastic formation are coordinated through local and systemic 
signaling [9]. This temporal constraint is particularly evident in osteoclastogenesis, which requires 
sustained RANKL signaling to maintain prolonged intracellular signaling and drive the sequential 
activation of key transcription factors such as c-Fos and nuclear factor of activated T cells 1 (NFATc1), 
thereby enabling progressive transcriptional and epigenetic reprogramming necessary for osteoclast 
differentiation [10]. For the purpose of the present review, these molecular and epigenetic events are 
considered primarily as time-dependent biological processes that require sustained signaling input, 
rather than as isolated pathway targets [11,12]. This distinction is important because it links bone 
biology directly to pharmacokinetic persistence and helps explain why short-lived phytochemical 
exposure may fail to produce durable skeletal effects despite strong in vitro activity. 

Transient inhibition of osteoclastogenic signaling suppresses differentiation but does not 
eliminate precursor or recycled osteoclast populations, which remain poised for rapid reactivation. 
Consequently, such short-term interventions fail to durably alter the remodeling equilibrium, 
particularly under chronic inflammatory conditions that continuously drive osteoclastogenesis. As 
illustrated in Figure 1, Interventions producing reversible pharmacologic effects without skeletal 
retention, such as RANKL inhibition with denosumab, are associated with rapid loss of treatment-
induced gains following withdrawal, reflecting the transient nature of their activity on bone 
remodeling compartments and the rebound increase in bone turnover. In contrast, agents with 
prolonged skeletal retention, such as bisphosphonates, may sustain antiresorptive effects beyond 
treatment cessation and thereby contribute to more durable preservation of bone mass [5]. 

Plant-derived bioactives frequently illustrate this kinetic limitation. Although many 
phytochemicals interact with pathways relevant to osteoclast and osteoblast regulation, isolated 
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compounds often exhibit poor solubility, extensive metabolic conjugation, and short systemic half-
lives [13]. 

Representative pharmacokinetic examples illustrate this limitation. Curcumin, despite extensive 
experimental evidence for anti-inflammatory and osteomodulatory activity, shows very low systemic 
availability in humans, with circulating unconjugated curcumin frequently remaining extremely low 
unless formulation strategies are used to improve absorption [14]. Resveratrol is efficiently absorbed 
but undergoes rapid phase II metabolism, so circulating exposure is dominated by sulfate and 
glucuronide conjugates rather than the parent compound [15]. Icariin, a flavonoid widely 
investigated for bone-related activity, also shows poor oral bioavailability, reported at approximately 
12% in preclinical literature, which has motivated formulation strategies to improve its solubility, 
absorption, and systemic persistence [16]. Conversely, human apple-flavanol studies show that the 
whole apple matrix can reduce epicatechin bioavailability compared with an epicatechin-rich apple 
extract beverage, demonstrating that the transformation state can directly modify Tmax, Cmax, and 
systemic exposure [17]. These examples support the central premise that plant-derived skeletal 
efficacy depends not only on whether a molecule can regulate osteogenic or antiresorptive pathways, 
but also on whether its transformation state generates a pharmacokinetic profile compatible with the 
slow temporal dynamics of bone remodeling. 

Plant-based interventions are not limited to isolated compounds but span a continuum of 
transformation systems, from intact plant matrices to processed extracts, purified phytochemicals, 
and engineered delivery platforms. Across this continuum, the composition, structure, and 
physicochemical form of phytochemicals are progressively modified, leading to differences in their 
liberation from matrices, solubilization, stability, and absorption, and thereby generating distinct 
systemic exposure profiles [18]. 

Within this context, the biological effects of plant-derived interventions should be understood 
not solely in terms of molecular activity, but in terms of how transformation-dependent exposure 
profiles align with the temporal requirements of skeletal remodeling. Different transformation states 
modify the timing, magnitude, and persistence of systemic exposure through distinct mechanisms, 
including matrix-constrained release, gastrointestinal processing, microbial biotransformation, and 
formulation-driven absorption enhancement. Accordingly, this review aims to adopt a 
transformation-state–dependent exposure framework to evaluate plant-based strategies for bone 
health. By integrating plant-matrix architecture, metabolic fate, and exposure persistence with the 
temporal dynamics of bone remodeling, we aim to clarify the sources of translational variability and 
establish a mechanistic basis for designing plant-derived interventions capable of achieving durable 
skeletal efficacy. 

However, this exposure-centered interpretation should be viewed as a conceptual and 
mechanistic framework rather than as a validated predictive rule. Sustained exposure is likely 
important for skeletal relevance, but it is not sufficient by itself to guarantee therapeutic benefit. 
Human responses to plant-derived compounds are influenced by interindividual variability in 
absorption, distribution, metabolism, excretion, gut microbiota composition, gut-derived 
metabotypes, baseline diet, age, sex, comorbidities, medication use, and intervention standardization 
[19–21]. Clinical evidence for polyphenols and bone health remains heterogeneous, with stronger 
consistency often observed for mechanistic or biochemical endpoints than for long-term structural 
outcomes such as bone mineral density or fracture reduction [22]. Therefore, the proposed framework 
is intended to improve interpretation and study design, while recognizing that clinical validation, 
standardized preparations, dose–exposure relationships, and remodeling-relevant longitudinal 
endpoints remain necessary. 

Importantly, the present review does not treat plant-derived compounds as a pharmacologically 
uniform category. Rather, it examines plant-based interventions as a continuum of transformation 
systems, ranging from intact matrices and extracts to isolated phytochemicals and engineered 
delivery platforms, each of which imposes distinct constraints on release, metabolism, systemic 
persistence, and ultimately skeletal relevance. Framing plant-derived interventions in this way 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 May 2026 doi:10.20944/preprints202605.0997.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0997.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 29 

 

allows bone efficacy to be interpreted not simply as a function of molecular activity, but as the 
outcome of alignment—or misalignment—between transformation-dependent exposure architecture 
and the temporal demands of skeletal remodeling, while recognizing that this framework remains 
hypothesis-generating and requires compound-specific, formulation-specific, and clinically 
validated confirmation. 

2. Literature Search Strategy and Review Methodology 

This article presents a narrative review that develops a transformation-state–dependent 
pharmacokinetic framework for interpreting the skeletal effects of plant-derived compounds in bone 
remodeling. Rather than evaluating phytochemicals solely according to intrinsic molecular activity, 
the review integrates current evidence regarding plant matrix architecture, gastrointestinal 
processing, microbial biotransformation, exposure persistence, and formulation-driven 
pharmacokinetic modulation within the temporal context of bone remodeling dynamics. 

To identify relevant literature, a structured search of major scientific databases was conducted, 
including PubMed, Scopus, Web of Science, and Google Scholar. These databases were selected to 
capture multidisciplinary literature spanning bone biology, pharmacokinetics, phytochemistry, 
gastrointestinal metabolism, microbiota-related research, biomaterials, and nanodelivery systems 
relevant to plant-derived interventions and skeletal remodeling. 

Search queries combined terminology related to bone remodeling, plant-derived compounds, 
pharmacokinetics, microbiota-mediated metabolism, and advanced delivery systems. Representative 
keywords and combinations included: 
“bone remodeling”, “osteoblastogenesis”, “osteoclastogenesis”, “plant-derived compounds”, 
“phytochemicals”, “polyphenols”, “bioavailability”, “pharmacokinetics”, “exposure architecture”, 
“plant matrix”, “gut–bone axis”, “microbiota-mediated metabolism”, “short-chain faĴy acids”, 
“phytosomes”, “nanodelivery systems”, “plant-derived nanoparticles”, “extracellular vesicles”, 
“osteoporosis”, and “skeletal remodeling”. 

The literature exploration primarily focused on studies published between 2010 and 2026, 
reflecting the recent expansion of research concerning gut microbiota–bone interactions, 
phytochemical pharmacokinetics, engineered delivery systems, and exposure-oriented 
interpretations of plant-based therapeutics. Earlier foundational studies were also included when 
directly relevant to fundamental concepts such as bone remodeling biology, plant matrix 
organization, polyphenol–macromolecule interactions, gastrointestinal digestion models, and 
exposure-dependent pharmacokinetic principles. 

Publications were considered relevant when they: 
Investigated the effects of plant-derived compounds, extracts, matrices, or engineered delivery 

systems on bone remodeling, osteoblast activity, osteoclastogenesis, or skeletal homeostasis. 
Examined pharmacokinetic behavior, bioavailability, gastrointestinal transformation, 

microbiota-mediated metabolism, or systemic exposure profiles of phytochemicals. 
Reported mechanistic, translational, or formulation-related findings relevant to exposure 

persistence and skeletal efficacy. 
Included experimental, preclinical, clinical, or mechanistic studies published in peer-reviewed 

journals. 
Publications were not considered when they: 
Focused on unrelated pathological systems without mechanistic relevance to skeletal biology or 

exposure-dependent phytochemical behavior. 
Lacked sufficient methodological or mechanistic description regarding pharmacokinetic, 

microbiota-related, or bone-associated outcomes. 
Provided limited relevance to transformation-state–dependent exposure concepts or skeletal 

remodeling processes. 
Relevant studies were identified through database searches and by manual screening of 

reference lists from key review articles and primary studies. Extracted information included 
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phytochemical class, plant transformation state, formulation strategy, pharmacokinetic 
characteristics, microbiota-related metabolism, exposure persistence, skeletal outcomes, and 
implicated signaling pathways. 

Because the aim of this article is to establish a conceptual and mechanistic exposure-centered 
framework rather than perform quantitative meta-analysis, the literature was synthesized 
qualitatively through thematic and mechanistic integration. Particular emphasis was placed on how 
transformation-dependent exposure architectures influence the temporal compatibility of plant-
derived interventions with the prolonged dynamics of bone remodeling, thereby shaping 
translational skeletal efficacy. 

3. Bone Remodeling as a Temporal and Exposure Filter 

For plant-derived interventions, the relevance of bone remodeling lies not only in the pathways 
it regulates, but in the temporal constraints it imposes on exposure. Because skeletal adaptation 
emerges through coordinated BMU activity over extended intervals, compounds delivered in 
different plant-associated forms cannot be evaluated solely by target engagement or peak 
concentration. They must be considered in relation to whether the exposure profiles they generate 
can be integrated across remodeling-relevant timescales. 

Bone remodeling is a tightly regulated process in which coordinated osteoclast-mediated 
resorption and osteoblast-driven formation renew skeletal tissue while maintaining structural 
integrity and mineral homeostasis [23]. 

Bone remodeling is carried out within transient, spatially and temporally coordinated BMUs, 
where osteoclast-mediated resorption is followed by reversal and osteoblast-driven formation phases 
through tightly coupled cellular interactions among osteoclasts, osteoblast-lineage cells, osteocytes, 
and associated stromal and vascular components [9]. As illustrated schematically in Figure 2, BMUs 
migrate across bone surfaces or through cortical bone while executing the sequential stages of 
resorption, reversal, and formation. 

 

Figure 2. Multiscale organization and regulation of bone remodeling within the BMU. (A) Spatial progression 
of a basic multicellular unit (BMU) showing sequential phases of osteoclast-mediated resorption (cuĴing cone), 
reversal, and osteoblast-driven formation (closing cone) during its migration through bone. (B) Molecular 
regulation of remodeling, highlighting osteocyte-mediated control (RANKL/OPG, sclerostin), osteoclastogenic 
signaling pathways, epigenetic regulation, and intercellular coupling between bone cells. (C) Temporal 
dynamics of remodeling, illustrating how sustained signaling and circadian regulation govern osteoclast 
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differentiation, BMU activation, and cumulative structural adaptation over time. Generated using Nanobanana 
Pro. 

During the initial cuĴing cone phase, osteoclasts resorb old or micro-damaged bone matrix, 
forming resorption pits (Howship’s lacunae) and releasing mineral components and matrix-
embedded growth factors, which contribute to the coupling of subsequent bone formation [24]. These 
resorptive events are followed by a reversal phase, during which mononuclear cells prepare the 
resorbed surface for subsequent bone formation. This is followed by the closing cone phase, in which 
osteoblasts deposit osteoid that later mineralizes to form new bone matrix. Through this coordinated 
progression of BMUs along the bone surface, aged or damaged tissue is continuously replaced while 
preserving skeletal architecture and biomechanical integrity [9]. 

Osteocytes regulate both osteoclast-mediated resorption and osteoblast-mediated formation 
through signaling molecules such as receptor activator of nuclear factor-κB ligand (RANKL), 
osteoprotegerin (OPG), and sclerostin [25]. Within this regulatory network, binding of RANKL to its 
receptor RANK activates intracellular signaling pathways involving TNF receptor-associated factor 
6 (TRAF6), NF-κB, mitogen-activated protein kinase (MAPK), and Akt, which converge on activation 
of the transcription factor NFATc1, the principal regulator of osteoclast differentiation [26,27]. 

Osteoclast differentiation is also influenced by epigenetic mechanisms that regulate chromatin 
accessibility and transcriptional responsiveness, thereby contributing to sustained osteoclastogenic 
signaling and remodeling activity [28,29]. In parallel, intercellular communication pathways—
including EphrinB2–EphB4 signaling and extracellular vesicle-mediated signaling—further 
coordinate osteoblast–osteoclast interactions within the BMU microenvironment [30,31]. For the 
purposes of the present review, these molecular and epigenetic mechanisms are considered primarily 
as time-dependent biological processes that require sustained signaling input rather than as isolated 
pathway targets. 

Bone remodeling is additionally influenced by circadian regulatory systems involving core clock 
components such as CLOCK, BMAL1, PER, and CRY, which contribute to rhythmic regulation of 
skeletal turnover [32]. As depicted conceptually in Figure 2, these oscillatory systems integrate short-
term signaling events with the slower temporal kinetics of BMU progression. 

Taken together, these regulatory layers reveal bone remodeling as a multi-scale spatiotemporal 
system in which molecular signaling, epigenetic control, intercellular communication, and systemic 
timing mechanisms converge to regulate skeletal renewal. Because osteoclast differentiation and 
BMU activity require sustained activation of multiple signaling pathways and occur over extended 
timeframes, the remodeling process effectively functions as a temporal and exposure-dependent 
biological filter. As illustrated in Figure 2, transient signaling events lasting minutes or hours are 
often insufficient to initiate osteoclast differentiation, whereas sustained signals persisting across 
days to weeks enable chromatin remodeling, stabilization of NFATc1 transcriptional programs, and 
activation of BMUs. Repeated remodeling cycles occurring over months ultimately lead to 
cumulative structural changes in bone architecture [8]. Consequently, the skeletal system integrates 
molecular signals over extended time windows, allowing it to filter transient perturbations while 
responding robustly to persistent biological or pharmacological stimuli. 

This temporal filtering property has direct implications for plant-derived interventions. Because 
plant matrices, extracts, isolated phytochemicals, and engineered delivery systems generate 
markedly different paĴerns of release, absorption, metabolism, and persistence, their skeletal 
relevance cannot be assumed to be equivalent even when they contain overlapping bioactive 
constituents. The critical question is therefore not only whether a plant-derived compound is 
osteomodulatory, but whether its transformation-dependent exposure profile is compatible with the 
slow kinetics of bone remodeling. 
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4. Plant Transformation States and Their Impact on Exposure Architecture 

The temporal filtering properties of bone remodeling described above imply that 
pharmacological interventions must maintain biologically effective exposure across extended time 
windows to meaningfully influence skeletal turnover. This requirement is particularly relevant for 
plant-derived bioactives, whose pharmacokinetic behavior is strongly influenced by the structural 
context in which they are delivered. Plant-based interventions therefore exist along a continuum of 
transformation states, ranging from intact plant matrices to processed foods, crude or standardized 
extracts, purified phytochemicals, and engineered delivery systems. Each transformation state 
modifies the exposure architecture of phytochemicals by influencing their liberation from plant 
tissues, intestinal absorption, metabolic processing, and systemic persistence. 

These transformation-dependent exposure dynamics are conceptually summarized in Figure 3, 
which illustrates how structural processing of plant material progressively reshapes phytochemical 
availability and systemic exposure paĴerns across four transformation states. 

 

Figure 3. Conceptual framework of transformation-dependent phytochemical exposure and skeletal relevance. 
(A) Plant transformation states—from intact matrices to engineered delivery systems—shape phytochemical 
release, absorption, and metabolic fate. (B) These differences give rise to distinct systemic exposure profiles, 
ranging from sustained to transient. (C) The functional relevance of these profiles depends on their alignment 
with slow physiological processes such as bone remodeling. Generated using Nanobanana Pro. The 
representation of isolated phytochemicals as rapidly absorbed and rapidly cleared reflects a common 
pharmacokinetic paĴern reported for many poorly soluble or extensively metabolized phytochemicals, but 
should not be interpreted as universal for all isolated plant compounds. Similarly, although engineered delivery 
systems may improve exposure behavior, their translational applicability remains dependent on compound-
specific validation of efficacy, safety, scalability, and clinically meaningful skeletal outcomes. 

Within the intact plant matrix, phytochemicals are embedded within a complex three-
dimensional structural network composed primarily of cellulose, hemicellulose, pectin, lignin, and 
associated proteins [33,34] (Figure 3-A, state 1). These macromolecular structures restrict immediate 
access to intracellular metabolites and frequently bind polyphenols and other secondary metabolites 
through hydrogen bonding, hydrophobic interactions, or ester linkages [35]. As a result, a substantial 
proportion of dietary polyphenols exists as matrix-bound or non-extractable forms that remain 
associated with plant cell-wall polymers and resist release during early stages of gastrointestinal 
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digestion [36]. Many of these compounds reach the colon largely intact, where microbial enzymes 
such as esterases and glycosidases hydrolyze conjugated structures to generate smaller phenolic 
metabolites capable of entering systemic circulation [37,38]. Consequently, the intact plant matrix 
functions as a biologically buffered release system in which mechanical disruption, enzymatic 
digestion, and microbial fermentation progressively liberate phytochemicals along the 
gastrointestinal tract. Simulated digestion studies demonstrate progressive liberation of 
phytochemicals across oral, gastric, and intestinal phases, illustrating how the gastrointestinal tract 
effectively acts as an extraction environment for matrix-embedded metabolites [39]. In 
pharmacokinetic terms, this matrix-dependent liberation often produces delayed and relatively 
lower systemic peaks while extending exposure through microbiota-derived metabolites. 

Processing and extraction partially dismantle this structural framework, generating processed 
foods and crude extracts that contain mixtures of soluble secondary metabolites with reduced matrix 
constraints [40–42] (Figure 3-A, state 2). 

Mechanical disruption, enzymatic treatments, thermal processing, and solvent extraction 
increase phytochemical accessibility and solubility, thereby accelerating intestinal uptake [43–45]. 
However, structural disruption may also expose phytochemicals to oxidation, enzymatic 
degradation, or chemical modification during processing [46]. Empirical comparisons illustrate how 
removal of the natural food matrix alters systemic exposure. In a controlled human intervention 
study, epicatechin delivered as an apple polyphenol beverage produced higher and earlier plasma 
concentrations than the same compound delivered within an apple puree matrix, demonstrating that 
the intact food matrix aĴenuates and delays systemic absorption [47]. Similarly, comparisons 
between raw apple, apple puree, and phenolic extracts showed that food matrices significantly 
reduced postprandial flavanol peaks while simultaneously altering gene-expression responses in 
circulating immune cells [48]. These findings demonstrate that matrix disruption not only modifies 
pharmacokinetic profiles but can also influence downstream biological responses. 

Further along the transformation continuum, isolated phytochemicals provide chemically 
defined molecules that enable precise mechanistic investigation but frequently exhibit intrinsic 
pharmacokinetic limitations (Figure 3-A, state 3). Many polyphenols and flavonoids display poor 
aqueous solubility, limited membrane permeability, and rapid metabolic conjugation following 
intestinal absorption. Phase II metabolic enzymes—including UDP-glucuronosyltransferases (UGT), 
sulfotransferases (SULT), and catechol-O-methyltransferase (COMT)—rapidly convert many 
polyphenols into glucuronidated, sulfated, or methylated metabolites, often reducing circulating 
concentrations of the parent compounds shortly after absorption [49]. These processes frequently 
generate relatively rapid systemic appearance followed by extensive metabolic conversion and 
limited persistence of the parent compounds in circulation, producing transient exposure peaks that 
may not persist long enough to influence biological systems that integrate signals over extended 
periods. Such pharmacokinetic limitations have repeatedly been identified as a major barrier to 
translating promising phytochemical activities observed in experimental models into consistent 
clinical efficacy [50]. 

This does not imply that isolated phytochemicals are intrinsically unsuitable for skeletal 
applications. Their major advantages include chemical definition, mechanistic specificity, dose 
standardization, and suitability for targeted pharmacokinetic optimization. The limitation is that 
isolation often removes matrix-dependent buffering, microbial substrate delivery, and compositional 
complexity that may contribute to delayed or metabolite-mediated exposure [18,51]. Therefore, the 
therapeutic potential of isolated phytochemicals should be assessed through exposure validation, 
formulation optimization, and remodeling-relevant in vivo outcomes rather than inferred from in 
vitro potency alone. 

To address these kinetic constraints, contemporary phytopharmaceutical research increasingly 
employs engineered delivery systems designed to stabilize phytochemicals and extend systemic 
exposure (Figure 3-A, state 4). Nanotechnology-based carriers—including liposomes, polymeric 
nanoparticles, nanoemulsions, and solid lipid nanoparticles—can encapsulate poorly soluble 
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compounds, improving dispersion in gastrointestinal fluids, protecting them from premature 
degradation, and prolonging systemic circulation [52,53]. Among these approaches, phytosomes—
phospholipid–phytochemical complexes—enhance membrane interaction and intestinal 
permeability by forming amphiphilic molecular assemblies capable of integrating into biological 
membranes [54,55]. Experimental studies demonstrate that phytosome formulations can markedly 
increase systemic exposure; for example, a silymarin phytosome increased oral bioavailability 
approximately sixfold relative to the free compound in preclinical models [56]. Similar nanoparticle-
based strategies have been applied to phytochemicals such as curcumin, resveratrol, quercetin, and 
epigallocatechin gallate to improve solubility, stability, and cellular uptake [57]. 

The pharmacokinetic implications of these transformation states are illustrated in Figure 3-B, 
which depicts representative systemic exposure profiles. Intact plant matrices typically produce 
delayed and relatively sustained exposure due to gradual release and microbial metabolism, whereas 
crude extracts generate moderate concentration peaks through enhanced accessibility. In contrast, 
isolated phytochemicals often produce sharp concentration spikes followed by rapid metabolic 
clearance, while engineered delivery systems aim to prolong systemic residence and smooth 
concentration fluctuations [58–60]. 

The biological relevance of these exposure paĴerns becomes particularly evident in 
physiological systems operating over long temporal scales. As illustrated in Figure 3-C, transient 
exposure pulses lasting minutes or hours may be insufficient to influence slow biological programs, 
whereas repeated or sustained exposure events occurring over days or weeks can be integrated by 
long-term physiological processes such as bone remodeling [9,61]. Because BMU activity and 
osteoclast differentiation unfold over extended timescales, the effectiveness of plant-derived 
interventions ultimately depends not only on molecular activity but also on whether transformation-
dependent exposure profiles align with the temporal dynamics of skeletal remodeling. 

This transformation-state perspective provides a mechanistic framework for interpreting the 
heterogeneous outcomes reported in plant-based bone studies and offers a basis for rationally 
selecting phytochemical interventions whose exposure profiles are compatible with the slow kinetics 
of skeletal remodeling. Viewed in this way, the transformation continuum is not merely a sequence 
of preparative states, but a progression of exposure systems with distinct implications for skeletal 
efficacy. This perspective provides the basis for distinguishing natural exposure modulation by plant 
matrices and extracts from the kinetic fragility that often emerges after molecular isolation, and from 
the exposure-restoring role of engineered delivery strategies. 

5. Natural Exposure Modulation by Plant Matrices and Extracts 

Within the transformation continuum, intact plant matrices and extracts represent exposure 
systems in which phytochemical behavior remains strongly shaped by native structural organization 
or by partial structural disruption. Unlike isolated compounds or engineered delivery platforms, 
these forms retain varying degrees of compositional complexity and biological buffering. Their 
skeletal relevance, therefore, depends on how naturally modulated release, microbial transformation, 
and metabolic persistence influence the duration and form of systemic exposure. 

Within this context, plant matrices and extracts should be understood as distinct exposure 
systems that shape the timing, extent, and metabolic form in which phytochemicals interact with 
bone biology, as illustrated in Figure 4. 
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Figure 4. Conceptual model of matrix- and extract-driven exposure modulation in the gut–bone axis. Schematic 
representation of how plant delivery forms (intact matrix versus extract) generate distinct metabolic and 
pharmacokinetic pathways through gastrointestinal processing, liver metabolism, and microbiota-mediated 
transformation. Matrix-associated delivery promotes delayed and prolonged exposure via colonic metabolism, 
whereas extracts favor rapid absorption and transient systemic exposure. These exposure profiles differentially 
regulate signaling pathways in bone, influencing osteoblast and osteoclast activity and thereby shaping skeletal 
remodeling over extended timescales. Generated using Nanobanana Pro. 

5.1. Matrix-Constrained Delivery and Microbiota-Mediated Bone-Relevant Exposure 

In intact plant tissues, phytochemicals are embedded within structural matrices composed of 
cellulose, hemicellulose, pectin, and associated macromolecules. These structures limit immediate 
release during digestion and frequently retain substantial fractions of polyphenols in matrix-
associated forms. As a result, not all ingested phytochemicals become available for absorption in the 
small intestine; instead, a significant portion is delivered to the colon in association with dietary fiber 
[36,50,62]. 

From a skeletal perspective, the importance of this process lies in its connection to microbiota-
mediated metabolism and the gut–bone axis [63]. Polyphenols reaching the colon undergo extensive 
microbial transformation into smaller metabolites that are more readily absorbed and may contribute 
to systemic biological effects. Reviews focusing on polyphenol bioavailability emphasize that 
circulating metabolites often reflect microbiota-derived products rather than intact parent 
compounds, and that these transformations are central to understanding in vivo activity [64]. 

Bone-oriented literature increasingly integrates this concept. Wang and Hu highlight that gut 
microbial metabolism can enhance polyphenol absorption and may play an important role in 
osteoporosis prevention and treatment [65]. More broadly, research on the gut–bone axis identifies 
microbial metabolites—particularly short-chain faĴy acids (SCFAs)—as regulators of bone 
homeostasis through effects on immune signaling, osteoclast activity, and osteoblast function [66,67]. 

Experimental evidence supports the relevance of matrix-dependent, microbiota-linked exposure 
for skeletal outcomes. In a recent animal study, dietary tart cherry provided as a complex plant matrix 
improved bone structure while simultaneously altering gut microbiota composition and increasing 
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SCFAs production; suppression of the microbiota aĴenuated the cortical bone response, indicating 
that the skeletal effects were at least partly microbiota-dependent [68]. 

Taken together, these findings support a model in which intact plant matrices do not simply 
reduce or delay phytochemical absorption but instead shift exposure toward microbiota-dependent 
metabolic pathways. This shift may extend the functional relevance of plant-derived compounds by 
generating secondary metabolites and signaling interactions that persist beyond the initial absorption 
phase. In the context of bone remodeling—which integrates signals over extended periods—such 
distributed exposure paĴerns may be more compatible with skeletal biology than transient peaks of 
parent compounds. 

5.2. Extraction-Driven Reconfiguration of Exposure and Its Skeletal Implications 

Extraction and processing alter plant-derived interventions by disrupting structural constraints 
and increasing the accessibility of phytochemicals. As a result, extracts often contain higher 
concentrations of solvent-recoverable compounds and may produce greater early systemic exposure 
compared with intact plant matrices. However, bone-focused literature indicates that increased 
accessibility alone does not resolve the central limitation of phytochemical interventions—namely, 
insufficient exposure persistence [69]. 

Multiple reviews emphasize that poor bioavailability, rapid metabolism, and short systemic 
residence times are major barriers to the clinical translation of phytochemicals for bone health [7,70]. 
Specific compound-focused analyses reinforce this point. For example, icariin—a flavonoid widely 
studied for its osteogenic and anti-resorptive effects—exhibits low oral bioavailability and a short 
half-life, limiting its ability to maintain effective concentrations in vivo despite strong experimental 
activity [71]. Similar pharmacokinetic limitations have been described for other bone-relevant 
phytochemicals such as curcumin and polydatin, which undergo rapid metabolism and exhibit 
limited systemic persistence [72,73]. 

These observations highlight a critical limitation of extract-based approaches: while they may 
increase the amount of compound entering systemic circulation, they do not necessarily resolve the 
mismatch between short-lived exposure and the prolonged signaling required for bone remodeling. 

In some cases, extraction may improve early bioavailability and produce measurable biological 
effects; in others, it may generate transient systemic peaks that remain insufficient for long-term 
skeletal modulation. Therefore, extracts should be interpreted as exposure-reconfigured systems 
whose translational value depends on phytochemical composition, dose, metabolic fate, host 
variability, and study duration [74]. 

Moreover, extraction alters not only the quantity but also the composition of phytochemical 
systems, typically enriching freely soluble fractions while reducing delivery of matrix-associated 
compounds that would otherwise reach the colon and participate in microbiota-dependent pathways 
[40,75]. 

Human evidence further underscores the importance of exposure variability. Reviews of clinical 
studies on polyphenols and bone consistently report heterogeneity in outcomes, which is aĴributed 
in part to differences in bioavailability, metabolism, and study design [76]. Even when bioactive 
compounds demonstrate clear molecular effects, their inability to maintain sustained exposure at 
target tissues limits their capacity to influence long-term skeletal endpoints. 

These observations collectively indicate that transformation-dependent exposure behavior 
contributes substantially to variability across plant-based skeletal interventions. Systems promoting 
delayed, sustained, or metabolite-mediated exposure may be beĴer suited to the prolonged temporal 
dynamics of bone remodeling than systems that produce rapid, transient systemic availability. 
Representative examples across transformation states are summarized in Table 1. 
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Table 1. Representative plant-derived systems illustrating how transformation state and formulation strategy shape exposure architecture and skeletal outcomes. The table integrates evidence 
across intact plant matrices, extracts, isolated phytochemicals, and engineered delivery platforms, emphasizing how differences in release kinetics, microbial transformation, systemic persistence, 
and target-site exposure govern the ability of plant-derived compounds to modulate osteoblast and osteoclast activity within the temporal constraints of bone remodeling. 

Plant/System Form Model PK Insight 
(Remodeling-

Relevant Exposure) 

Skeletal Outcome Mechanistic Basis Ref 

Whole Plant Matrices and Matrix-Dependent Systems 

Tart cherry (Prunus cerasus) Whole plant matrix Female C57BL/6 mice Microbiota-
dependent, SCFA-

mediated secondary 
exposure 

↑ Bone mineral density 
(BMD); improved 

trabecular and cortical 
bone; ↑ osteoblast 

activity 

Gut–bone axis modulation via SCFAs [68] 

Dried plum (Prunus 
domestica) 

Whole fruit, extract, 
fractions 

Ovariectomized (OVX) 
mice 

Matrix-dependent, 
microbiota-mediated 
exposure with SCFA 

contribution 

↑ BMD; restored bone 
structure; ↓ bone loss 

SCFA-mediated signaling; anti-resorptive and anabolic 
effects 

[77] 

Blueberry (Vaccinium spp.) Whole-fruit powder OVX rats; 
postmenopausal women 

Dose-dependent 
microbiota-derived 
metabolite exposure 
with hormetic profile 

↑ calcium retention; ↓ 
bone turnover markers 

Phenolic metabolites regulate osteoclastogenesis and 
redox pathways 

[78] 

Dietary fiber Whole plant matrix Human cohort Microbiota-
dependent SCFA 

exposure with host 
variability 

↑ BMD; ↓ fracture risk SCFA-mediated inhibition of osteoclastogenesis; 
enhanced calcium metabolism 

[79] 

Soybean (Glycine max) Isoflavone-enriched 
matrix 

OVX mice Matrix-retained 
exposure with 
composition-

↑ BMD; improved bone 
turnover markers 

Estrogen receptor activation; modulation of 
osteoblast/osteoclast balance 

[80] 
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dependent 
bioavailability 

Extracts and Partially Processed Plant Systems 

Tea polyphenols (Camellia 
sinensis) 

Extract Osteoporosis mouse 
model 

Microbiota-mediated 
exposure with 

barrier-dependent 
metabolite absorption 

↑ BMD; improved 
trabecular structure; ↓ 

osteoclast activity 

Microbiota remodeling; intestinal barrier restoration; 
metabolite signaling 

[81] 

Mulberry polyphenols Extract In vitro + in vivo models Direct exposure with 
sufficient 

bioavailability for 
sustained activity 

↑ BMD; ↑ osteoblast 
activity; ↓ 

osteoclastogenesis 

Activation of Wnt/β-catenin; PPARG inhibition; ↓ 
sclerostin 

[82] 

Cistanche deserticola Glycoside/polysaccharide 
extracts 

Osteoporosis mouse 
model 

Composition-
dependent exposure 
determining efficacy 

↑ BMD; improved 
trabecular architecture 

Activation of Wnt/β-catenin; ↑ BMP-2, OPG; ↓ RANKL [83] 

Ginger (Zingiber officinale) – 
10-gingerol 

Extract-derived isolated 
phytochemical 

In vitro + zebrafish Rapid, formulation-
assisted exposure 

with limited 
persistence 

↓ Osteoclastogenesis; 
restored mineralization 

Inhibition of NFATc1 and NF-κB signaling; suppression 
of CTSK 

[84] 

Isolated Phytochemicals and Purified Fractions 

Isoliquiritigenin 
(Glycyrrhiza spp.) 

Isolated phytochemical OA mouse model Direct exposure with 
narrow therapeutic 
window and dose 

dependence 

↓ Osteoclastogenesis; 
improved subchondral 

remodeling 

Inhibition of RANKL–TRAF6 signaling; anti-angiogenic 
effects 

[85] 
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Curcumin (Curcuma longa) + 
Bone marrow stromal cells 

(BMSCs) 

Isolated phytochemical 
(co-system) 

In vitro + OA model Context-dependent 
exposure requiring 
cellular interaction 

Improved cartilage 
repair; reduced OA 

progression 

Amplification of BMSC signaling; NF-κB inhibition [86] 

Polygonatum sibiricum 
polysaccharides 

Purified fraction In vitro osteoblasts Direct, concentration-
dependent exposure 
with narrow effective 

range 

↑ osteoblast 
differentiation; ↑ 
mineralization 

Promotion of osteoblast maturation pathways [87] 

Licorice constituents Isolated phytochemicals OVX rats Direct exposure with 
limited persistence 

Modest improvement 
in bone structure 

Phytoestrogenic signaling via ERα/ERβ [88] 

Barley leaf polysaccharide Purified polysaccharide OVX mice + in vitro Direct exposure with 
sufficient systemic 

activity 

↑ BMD; ↓ osteoclast 
formation 

Inhibition of ERK/p38/NF-κB; suppression of NFATc1 [89] 

Engineered Delivery and Exposure-Enhancing Systems 

Plant-derived phyto-
nanoparticles 

Engineered nano-
delivery 

In vitro + in vivo Controlled and 
sustained release 
with enhanced 
bioavailability 

↑ osteogenesis; 
improved bone 

regeneration 

Activation of Wnt/BMP; modulation of RANKL/OPG [90] 

Plant-derived exosome-like 
nanoparticles (PDENs) 

Natural nanovesicles In vitro + in vivo Vesicle-mediated 
delivery enabling 

protected and 
sustained signaling 

↑ osteoblast 
differentiation; ↓ 
osteoclast activity 

miRNA-mediated gene regulation; activation of 
BMP/Wnt/PI3K pathways 

[91] 

Plant-derived nanovesicles 
(PELNs) 

Natural vesicles In vitro + in vivo Encapsulated 
delivery enabling 

sustained 
intracellular signaling 

↑ osteogenesis; ↓ 
inflammation and 
osteoclast activity 

Suppression of RANKL signaling; activation of 
osteogenic pathways 

[92] 
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Plant-mediated 
phytonanoparticles 

Engineered nanoparticles In vitro + in vivo Enhanced stability 
and localized 
retention with 

controlled release 

↑ osteoblast activity; 
improved bone 

regeneration 

Activation of Runt-related transcription factor 2 
(RUNX2)/BMP/Wnt; angiogenesis promotion 

[93] 

Phyto-nanoparticle delivery 
systems 

Engineered nanosystems In vitro + in vivo Sustained release and 
improved retention 
overcoming rapid 

clearance 

↑ osteogenesis; ↓ 
osteoclast activity 

Enhanced intracellular delivery; modulation of 
RANKL/NF-κB 

[94] 

Curcumin phytosome 
(Meriva®) 

Phytosome formulation Human + in vivo Enhanced absorption 
and sustained 

exposure overcoming 
PK limitations 

↑ bone density; 
improved bone 

parameters 

Suppression of NF-κB/RANKL; promotion of osteoblast 
activity 

[95] 

Formononetin–piperine 
complex 

Bioenhanced 
phytochemical system 

OVX rats Metabolism-inhibited 
exposure with 

increased half-life 
and bone targeting 

↑ trabecular bone; 
improved strength 

Activation of RUNX2/BMP; suppression of 
osteoclastogenesis 

[96] 

Phytosome complexes 
(general) 

Phospholipid complexes Human + preclinical Improved membrane 
permeability and 

systemic exposure 

↑ bone density Enhanced cellular uptake; modulation of osteogenic 
pathways 

[97] 
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The studies summarized in Table 1 collectively demonstrate that plant-derived interventions 
must be interpreted within the context of the exposure architecture they generate, rather than solely 
by their intrinsic molecular activity. This distinction becomes particularly evident when comparing 
systems that differ in transformation state but target similar skeletal pathways. For example, fiber-
rich plant matrices and polyphenol-containing foods exert their effects predominantly through 
microbiota-mediated biotransformation, generating metabolites such as SCFAs and secondary 
polyphenolic derivatives that sustain systemic signaling and are more temporally compatible with 
bone remodeling processes. In contrast, several isolated phytochemicals with well-established 
osteogenic or anti-resorptive mechanisms display limited in vivo efficacy due to rapid absorption 
and clearance, resulting in transient exposure profiles that fail to maintain remodeling-relevant 
signaling. This discrepancy is further highlighted by comparative cases in which pharmacokinetic 
enhancement alone markedly alters biological outcomes, as demonstrated by phospholipid-
complexed systems such as curcumin phytosomes and bioenhanced formulations combining 
metabolic inhibitors (e.g., piperine), which increase systemic and even bone marrow exposure 
without fundamentally altering molecular targets. 

Beyond these formulation-driven improvements, more advanced delivery systems, including 
plant-mediated nanoparticles and exosome-like vesicles, illustrate a further shift toward controlled 
and sustained exposure through enhanced cellular uptake, protection from degradation, and, in the 
case of vesicular systems, the delivery of regulatory cargo such as miRNAs. However, the outcomes 
across these systems also reveal that increasing exposure magnitude alone is insufficient; rather, 
efficacy depends on achieving an exposure profile that is both temporally sustained and biologically 
coordinated with the dynamics of osteoblast and osteoclast activity. Notably, certain direct-acting 
systems, including isolated phytoestrogenic compounds, demonstrate only modest skeletal effects 
despite clear receptor-level activity, underscoring that insufficient exposure persistence can limit 
translation even in the presence of mechanistic plausibility. 

Taken together, these observations support a unifying interpretation in which plant 
transformation states define distinct pharmacokinetic regimes, each associated with characteristic 
paĴerns of release, metabolism, and systemic persistence. The variability observed across 
experimental and clinical outcomes can therefore be understood not as inconsistency in molecular 
efficacy, but as a reflection of how effectively each system aligns its exposure profile with the 
prolonged and cumulative nature of bone remodeling. This synthesis reinforces the central premise 
of the present framework, namely that the successful translation of plant-based interventions into 
meaningful skeletal outcomes depends on their ability to generate sustained, context-appropriate 
exposure architectures rather than transient or peak-driven systemic availability. 

6. Exposure–Transformation Alignment and Implications for Skeletal Efficacy 

The translational significance of plant-derived interventions becomes most apparent when the 
transformation continuum is interpreted as an exposure continuum with direct consequences for 
skeletal efficacy. 

Plant-derived interventions span a continuum from intact plant matrices through crude or 
standardized extracts to isolated phytochemicals and engineered plant-derived delivery systems, 
reflecting progressive extraction and formulation processes. These forms differ not only in chemical 
composition but also in pharmacokinetic properties, including absorption, metabolism, and 
bioavailability, which determine the timing, magnitude, and persistence of systemic exposure [98,99]. 
Current pharmacokinetic evidence suggests that, for many dietary polyphenols, systemic biological 
activity is unlikely to be driven predominantly by the native parent compounds, because absorption 
in the small intestine is often limited or structurally constrained, whereas substantial amounts reach 
the colon and undergo extensive microbial catabolism to low-molecular-weight metabolites that, 
together with host conjugates, frequently account for a large share of circulating polyphenol-derived 
species [100]. Consequently, the physiological relevance of plant-derived systems is intrinsically 
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determined by how transformation-dependent exposure profiles are generated and sustained in vivo. 
This integrated exposure–transformation framework, linking plant-derived inputs to microbiota-
mediated metabolism, systemic pharmacokinetics, and skeletal remodeling, is illustrated in Figure 5. 

 
Figure 5. Conceptual framework of the exposure–transformation continuum and gut–bone axis. Schematic 
representation of how plant-derived compounds, across different transformation states, generate distinct 
exposure profiles through microbiota-mediated metabolism. Generated using Nanobanana Pro. 

Within this context, intact plant cell-wall matrices regulate the bioaccessibility of bone-active 
nutrients and phytochemicals by encapsulating them within a semi-permeable polysaccharide 
network that restricts enzymatic access and delays their release during gastrointestinal digestion. 
This controlled liberation modulates intestinal absorption kinetics and systemic availability, thereby 
influencing key molecular pathways involved in bone remodeling, including RANKL/OPG-
mediated osteoclastogenesis, Wnt/β-catenin signaling in osteoblast differentiation, and oxidative 
stress–sensitive regulators such as NF-κB [101,102]. 

Gut microbiota-derived metabolites—including SCFAs, bile acids, and tryptophan derivatives—
extend the pharmacokinetic profile of plant-derived substrates by enabling delayed colonic 
absorption and sustained systemic exposure beyond the initial intestinal phase [103]. These 
metabolites, which often exhibit greater bioavailability than their parent compounds, regulate bone 
remodeling through defined molecular pathways, including inhibition of osteoclastogenesis via 
GPR41/43 signaling, activation of osteoblast function, modulation of RANKL/OPG balance, and 
immune-mediated effects such as Treg induction and STAT6-dependent macrophage polarization. 
Together, these mechanisms link diet-driven microbial metabolism to prolonged systemic signaling 
within the gut–bone axis [104]. By comparison, isolated plant-derived compounds frequently exhibit 
limited aqueous solubility and undergo rapid conjugative metabolism, resulting in transient systemic 
exposure profiles that are dominated by short-lived metabolites rather than sustained parent 
compound activity [49,105]. 

These exposure-dependent differences are particularly relevant in bone, where plant-derived 
polyphenols and their metabolites regulate remodeling through coordinated effects on 
osteoblastogenesis, osteoclastogenesis, oxidative stress, and inflammatory signaling. Importantly, 
these effects are not solely determined by intrinsic molecular activity, but by the persistence and form 
of circulating metabolites generated through digestion and microbial transformation. Microbiota-
derived metabolites can prolong systemic exposure and contribute to sustained skeletal effects, 
linking plant-derived inputs to bone remodeling through exposure-dependent mechanisms [7]. 
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Specific flavonoid subclasses, particularly citrus-derived flavanones such as neohesperidin, 
hesperidin, and hesperetin, as well as berry-derived anthocyanins, illustrate how plant-derived 
compounds can exert coordinated effects on bone remodeling while remaining strongly dependent 
on their exposure profiles [106,107]. These compounds promote osteoblast differentiation by 
upregulating transcription factors such as Runx2 and Osterix, enhancing the expression of 
mineralization markers, including alkaline phosphatase, osteocalcin, and collagen type I, and 
activating signaling pathways such as Wnt/β-catenin and Small mothers against decapentaplegic 
(Smad)1/5/8. They also suppress osteoclastogenesis by inhibiting RANKL-mediated NF-κB, MAPK, 
and NFATc1 signaling. However, their in vivo skeletal efficacy is highly dependent on 
transformation-dependent pharmacokinetics, as these compounds are rapidly metabolized and 
circulate predominantly as conjugated or microbiota-derived metabolites, which determine their 
persistence and biological impact. 

Concurrently, they suppress osteoclastogenesis by inhibiting RANKL-mediated pathways (NF-
κB, MAPK, NFATc1) and shifting the RANKL/OPG balance toward reduced bone resorption. These 
effects are further reinforced by their antioxidant and anti-inflammatory actions, which lower 
reactive oxygen species (ROS) levels and pro-inflammatory cytokines (e.g., tumor necrosis factor 
alpha (TNF-α), interleukin (IL)-1β, IL-6), key drivers of osteoclast activation [106,107]. However, the 
magnitude of these osteoprotective effects is strongly modulated by pharmacokinetic factors, 
including low oral bioavailability, intestinal metabolism into more absorbable aglycone and 
conjugated metabolites, and systemic circulation levels. Notably, hesperidin exhibits low solubility 
and limited direct bioavailability, whereas its microbial and phase-II–derived metabolites (e.g., 
hesperetin conjugates) constitute the predominant circulating forms and reach higher systemic 
concentrations. These metabolites are considered the principal mediators of biological effects, 
indicating that biotransformation critically determines bioavailability and functional activity [108]. 
Collectively, these mechanisms contribute to increased bone formation, reduced trabecular bone loss, 
and improved bone mineral density in preclinical models, while highlighting pharmacokinetics as a 
key translational limitation and optimization target. 

However, despite consistent mechanistic activity, translational outcomes remain variable, with 
major limitations including poor bioavailability, metabolic instability, and heterogeneity in plant 
preparations and study design. Clinical analyses further indicate that plant-based interventions more 
reliably influence biochemical markers of bone turnover than structural endpoints such as bone 
mineral density, suggesting that transient or insufficiently sustained exposure may limit their 
capacity to modulate long-term skeletal remodeling [49,109–111]. 

An additional layer of complexity arises from the gut microbiota–bone axis, whereby 
microbiota-mediated biotransformation of plant-derived compounds generates metabolites with 
distinct pharmacokinetic profiles and sustained systemic exposure. These metabolites regulate bone 
remodeling through integrated immune (RANKL signaling, pro- and anti-inflammatory cytokines, 
Treg activity), metabolic (SCFAs acting via GPR41/43 and Wnt10b), and endocrine (estrogen 
metabolism and parathyroid hormone (PTH) responsiveness) pathways, thereby establishing a 
microbiota-driven pharmacokinetic–pharmacodynamic (PK–PD) axis linking dietary inputs to 
skeletal homeostasis [112]. 

Given that plant polyphenols undergo extensive gut microbiota–mediated metabolism, their 
skeletal effects are mediated not only by parent compounds but also by microbiota-derived 
metabolites, which exhibit enhanced bioavailability and modulate bone remodeling through effects 
on inflammatory signaling, oxidative stress, and osteoblast–osteoclast activity [65]. This further 
reinforces the importance of transformation-dependent exposure architecture in determining 
functional outcomes. To address limitations associated with rapid metabolism and low persistence, 
engineered plant-derived delivery systems have been developed to modify exposure behavior by 
enhancing solubility, protecting against degradation, and prolonging systemic residence of 
phytochemical cargo [113]. However, while such systems can improve pharmacokinetic parameters, 
current evidence indicates that enhanced absorption alone does not guarantee improved skeletal 
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outcomes, particularly when exposure duration remains insufficient relative to the temporal scale of 
bone remodeling [76,114]. 

Although engineered delivery systems may improve solubility, stability, systemic persistence, 
and exposure behavior of plant-derived compounds, their translational applicability remains 
dependent on compound-specific validation of efficacy, safety, scalability, regulatory feasibility, 
manufacturing complexity, and cost-effectiveness [115]. 

This highlights that the central challenge is not merely increasing systemic concentration, but 
achieving sustained exposure profiles compatible with slow biological processes. 

Several translational limitations should nevertheless be considered when applying this 
exposure-centered framework to plant-derived interventions for bone health. Preclinical skeletal 
outcomes cannot be directly extrapolated to humans because experimental models often differ in 
dose, intervention duration, dietary control, and microbiota composition. In addition, plant-derived 
preparations vary substantially in botanical source, extraction strategy, phytochemical 
standardization, and formulation, while human phytochemical metabolism is highly heterogeneous 
due to interindividual differences in absorption, phase II metabolism, enterohepatic recycling, and 
microbiota-mediated biotransformation [19–21]. Clinical studies also evaluate different skeletal 
endpoints across variable timescales, ranging from biochemical markers of bone turnover to bone 
mineral density and fracture-related outcomes [116]. Consequently, improved pharmacokinetic 
exposure should be interpreted as a facilitating factor for translation rather than definitive evidence 
of clinical skeletal efficacy. 

From this perspective, the central translational question is not which plant-derived system is 
intrinsically most active, but which exposure architecture is most compatible with the temporal and 
mechanistic requirements of bone remodeling. When considered collectively, plant transformation 
states define a continuum of pharmacokinetic trade-offs rather than a linear progression toward 
improved efficacy. Structural complexity in plant matrices and extracts can buffer and prolong 
exposure through delayed release and microbial metabolism, but reduces compositional precision. 
Isolation enhances molecular definition but introduces kinetic fragility through rapid clearance. 
Engineered systems can partially restore exposure persistence, yet do not fully overcome the 
requirement for sustained biological engagement. Thus, each transformation state represents a 
distinct balance between compositional complexity, metabolic stability, systemic persistence, and 
functional compatibility. 

The value of this framework lies in its ability to reconcile part of the variability across plant-
based interventions in bone-related contexts. Apparent inconsistencies in experimental and clinical 
findings may reflect differences in exposure architecture alongside differences in molecular potency, 
dose, formulation quality, host metabolism, microbiota composition, intervention duration, and 
study design, rather than differences in intrinsic molecular activity alone. Accordingly, the 
framework should be used as a research-guiding model for designing and interpreting plant-derived 
interventions, not as definitive evidence that any single transformation state is universally superior. 

In this context, the ability of a plant-derived system to sustain biologically effective exposure 
over extended timeframes becomes a critical determinant of skeletal relevance. Taken together, these 
findings support a shift from a molecule-centered to a plant-system– and exposure-centered 
framework for evaluating plant-derived strategies in bone health. The key determinant of efficacy is 
not only which phytochemical is present, but in which transformation state it is delivered and 
whether that state produces an exposure profile compatible with the temporal dynamics of skeletal 
remodeling. This perspective provides a mechanistic basis for interpreting heterogeneous findings 
across literature and establishes a more rigorous foundation for the development of plant-based 
interventions with improved translational potential. 

7. Conclusions 

This review proposes a transformation-state–dependent framework in which the skeletal effects 
of plant-derived interventions are interpreted through the exposure architectures they generate, 
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rather than intrinsic molecular activity alone. By integrating plant matrix structure, gastrointestinal 
processing, microbial biotransformation, and formulation-driven pharmacokinetics with the 
temporal dynamics of bone remodeling, this perspective provides a coherent explanation for part of 
the variability observed across experimental and clinical findings. 

Across the transformation continuum, plant-derived systems produce distinct pharmacokinetic 
regimes. Intact matrices and microbiota-dependent pathways often favor delayed and more 
sustained exposure, whereas isolated phytochemicals often exhibit rapid absorption and clearance, 
limiting persistence. Formulation strategies, including phospholipid complexes, bioenhancers, and 
nano- or vesicle-based systems, can partially restore exposure by improving stability, absorption, and 
retention. 

Representative interventions showing promising pharmacokinetic and skeletal findings include 
curcumin phytosome systems, resveratrol nanoformulations, icariin-loaded delivery platforms, and 
matrix-associated polyphenol systems that promote sustained or metabolite-mediated exposure. 
However, these approaches do not uniformly translate into improved skeletal outcomes, indicating 
that efficacy depends primarily on achieving exposure profiles compatible with the prolonged 
temporal requirements of bone remodeling. 

The central implication of this framework is that skeletal relevance is determined by the 
alignment between transformation-dependent exposure profiles and the integrative nature of bone 
remodeling, rather than by peak concentration or compound identity alone. This perspective shifts 
evaluation from a molecule-centered to a system-level approach, emphasizing how plant-derived 
compounds are delivered, transformed, and sustained in vivo. 

Nevertheless, the framework should be interpreted as a proposed conceptual and hypothesis-
generating model rather than a clinically validated predictive system. Several limitations remain, 
including interindividual variability in metabolism and microbiota composition, heterogeneity in 
phytochemical preparations and formulation strategies, inconsistencies across preclinical and clinical 
studies, and variability in skeletal endpoints and intervention durations. In addition, enhanced 
pharmacokinetic exposure does not necessarily guarantee clinically meaningful skeletal benefit. 

Although conceptual, this framework offers a structured basis for interpreting existing evidence 
and guiding future research toward exposure-informed design of plant-based interventions with 
improved translational potential. 

Future studies should prioritize standardized phytochemical characterization, dose–exposure 
assessment, metabolite profiling, microbiota-associated variability, long-term remodeling-relevant 
endpoints, and clinically validated longitudinal studies to determine which transformation-
dependent exposure strategies are most compatible with sustained skeletal modulation. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Abbreviation Full term 
Akt Protein kinase B 
ALP Alkaline phosphatase 
AUC Area under the curve 
BMD Bone mineral density 

BMAL1 Brain and muscle ARNT-like 1 
BMP Bone morphogenetic protein 
BMU Basic multicellular unit 
BMSC Bone marrow stromal cell 

CCAR1 Cell cycle and apoptosis regulator 1 
CLOCK Circadian locomotor output cycles kaput 
COMT Catechol-O-methyltransferase 
COX-2 Cyclooxygenase-2 
CRY Cryptochrome 

CTSK Cathepsin K 
CYP Cytochrome P450 
DNA Deoxyribonucleic acid 

EphB4 EPH receptor B4 
ER Estrogen receptor 
EVs Extracellular vesicles 

GPR41/43 G protein-coupled receptors 41 and 43 
IL Interleukin 

Jmjd3 Jumonji domain-containing protein 3 
KDM4B Lysine demethylase 4B 
MAPK Mitogen-activated protein kinase 
MED1 Mediator complex subunit 1 

NFATc1 Nuclear factor of activated T cells 1 
NF-κB Nuclear factor kappa B 

OA Osteoarthritis 
OPG Osteoprotegerin 
OVX Ovariectomized 

PANoptosis Pyroptosis, apoptosis, and necroptosis 
PDENs Plant-derived exosome-like nanoparticles 
PELNs Plant exosome-like nanovesicles 

PER Period circadian regulator 
PI3K Phosphoinositide 3-kinase 
PK Pharmacokinetic 

PK–PD Pharmacokinetic–pharmacodynamic 
PPARγ Peroxisome proliferator-activated receptor gamma 
RANK Receptor activator of nuclear factor kappa B 

RANKL Receptor activator of nuclear factor kappa B ligand 
RNA Ribonucleic acid 
ROS Reactive oxygen species 

SCFAs Short-chain fatty acids 
SEM Standard error of the mean 
Smad Small mothers against decapentaplegic 
SMI Structure model index 

SOST Sclerostin 
STAT6 Signal transducer and activator of transcription 6 
SULT Sulfotransferase 
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TGF-β Transforming growth factor beta 
TNF-α Tumor necrosis factor alpha 
TRAF6 TNF receptor-associated factor 6 
TRAP Tartrate-resistant acid phosphatase 
UGT UDP-glucuronosyltransferase 
VEGF Vascular endothelial growth factor 
Wnt Wingless/integrated 
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