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1. Introduction 
 

The effectiveness of targeted and controlled drug delivery is determined to a decisive 

extent by how well the carrier system can adapt to the local biochemical and 

physicochemical environment in which release and therapeutic action must occur. In 

contemporary drug carrier development, the emphasis has therefore shifted away from 

the mere generation of new carriers and increasingly toward understanding their 

microenvironment-specific behavior. In this context, disease-associated 

microenvironmental alterations are not secondary circumstances, but one of the defining 

organizing principles of formulation design, particularly in the more personalized 

therapeutic strategies of the future. For a long time, research in targeted drug delivery 

focused primarily on describing new carrier systems, stimulus-responsive mechanisms, 

and individual formulation solutions, while much less attention was paid to whether 

recurrent patterns could be identified behind successful systems that directly link polymer 

selection to the pathological microenvironment of the disease. As a result, polymer 

selection in practice is often empirical, although growing evidence suggests that the 

behavior of carrier systems is fundamentally determined by the local environment in 

which they must be activated, remain stable, and subsequently release the active agent. 

[1-7] 

In this context, the pathological microenvironment is not merely a passive background of 

disease but one of the primary organizing principles of the formulation landscape. pH, 

redox status, enzymatic activity, microbial enzymatic effects, ionic conditions, and, in 

certain indications, even mechanical stress or local flow characteristics are factors that, 

depending on polymer structure, may decisively influence swelling, degradation, changes 

in particle size, retention, targeting, and ultimately the kinetics of drug release. 

Consequently, the same polymer function may confer therapeutic benefit in one disease, 

while becoming irrelevant or even distinctly unfavorable in another pathological 

environment. The real question, therefore, is not whether pH-, ROS-, or enzyme-sensitive 

carrier systems exist, but which material-structural and functional solutions are favored 

by the dominant local driving forces of a given disease. [8-12] Recent preclinical 

literature has made it increasingly clear that the distribution of successful systems is not 

random. In inflammatory bowel diseases, methacrylate- and polysaccharide-based 
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systems repeatedly tuned to pH, ionic, and microbial stimuli emerge; in joint and cartilage 

disorders, enzyme-sensitive matrices, predominantly based on hyaluronic acid or 

collagen, predominate; in atherosclerosis and other oxidative inflammatory models, ROS- 

and shear stress-responsive platforms recur; while in tumor settings, composite systems 

responding to multiple stimuli and adapted to a heterogeneous microenvironment come 

to the fore. Thus, a structural relationship emerges among the polymer backbone, the 

activation mechanism, and the disease-specific microenvironment that extends beyond 

the level of individual formulation examples. This recognition shifts polymer selection 

away from technological routine toward decision-making organized on a 

pathophysiological basis. [13-20] The importance of the relationship between the 

microenvironment and polymer performance is also supported by earlier observations of 

our own. The behavior of the experimentally investigated matrix systems changed 

substantially even in response to relatively small variations in pH and ionic composition, 

indicating that polymer response is not solely a function of material composition itself 

but must be interpreted together with the physicochemical parameters of the surrounding 

medium. In parallel, human samples also showed that a pathological state may be 

associated with measurable alterations in the internal chemical environment. In porphyria 

cutanea tarda, the concentrations of several macro- and microelements in whole blood, as 

well as the pattern of correlations between these elements, differed from those of the 

control group, suggesting that the disease is associated not only with organ-level or 

molecular abnormalities but also with a broader microenvironmental reorganization. Also 

relevant was the animal experimental observation reflecting the role of the oxidative 

vascular environment, in which modification of myeloperoxidase activity was associated 

with structural alteration of the aortic wall. Taken separately, these results did not yield a 

general formulation model; taken together, however, they pointed in the direction that the 

characteristics of the pathological environment and the behavior of carrier systems are 

related in a non-random and interpretable manner. [21, 22] The present work undertakes 

a systems-level interpretation of this set of relationships. Its starting point is that our 

earlier experimental, human, and animal observations, from different perspectives, 

pointed to the same problem: the behavior of a carrier system cannot be separated from 

the pathological environment in which it must function. This recognition is extended 

through a systematic analysis of contemporary preclinical literature by examining, within 
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a single interpretative framework, the polymer classes, trigger mechanisms, and 

formulation logics that repeatedly associate with different disease groups. The central 

hypothesis is that the performance of biodegradable polymers is not a universal property 

but depends on their fit to the dominant pathological microenvironmental triggers. 

Consequently, mapping the recurrent polymer-trigger associations observed across 

different indications is not merely a descriptive exercise but a means of grounding a 

rational approach to disease-calibrated, microenvironment-based polymer selection. [23] 
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2. Objectives 

 

The fundamental objective of the dissertation was to examine whether the selection and 

interpretation of biodegradable polymer carrier systems can be placed on a new basis if 

the central organizing principle of formulation is defined not by general technological 

considerations but by the characteristics of the pathological microenvironment of the 

target disease. The starting assumption was that the therapeutic performance of polymer-

based carrier systems cannot be regarded as a general, indication-independent property, 

because it depends decisively on the extent to which the structural and functional 

characteristics of the carrier fit the local pathobiochemical environment in which drug 

release, retention, and therapeutic effect must be achieved. 

Accordingly, the aim of the dissertation was to explore whether recurrent, system-level 

interpretable relationships can be identified among disease-specific microenvironmental 

conditions, polymer functions, and therapeutically effective carrier systems, relationships 

that shift polymer selection toward pathophysiological rationality. The central ambition 

of the work was to establish an interpretative framework in which the pathological 

microenvironment appears not as a passive background of disease but as a primary 

organizing principle of polymer selection. 

The specific aim of the work was to determine how the dominant microenvironmental 

driving forces associated with different disease types can be linked to recurrently 

successful polymer classes, trigger mechanisms, and carrier-system types, and whether 

these relationships allow the formulation of generalizable conclusions that go beyond 

the level of individual reports. 

The specific objectives of the dissertation were as follows: 

1. Reinterpretation of the earlier in-house antecedents of the microenvironment-

polymer relationship. 

The first objective was to demonstrate that the relationship between the 

microenvironment and polymer function had already been recognized at an early stage on 

the basis of our previous experimental observations. The aim was not to provide a mere 

summary of earlier results, but to show that the pH- and ion-sensitive behavior of polymer 
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matrices, as well as their environment-dependent responsiveness, can be interpreted as 

direct antecedents of the central concept of the present dissertation. 

2. Demonstration of the biological reality of the pathological microenvironment 

through human and animal experimental examples. 

The second objective was to substantiate that the significance of the microenvironment is 

not confined to model systems or theoretical formulation considerations, but can also be 

captured at the human and animal experimental level. This required demonstrating that 

disease states may be accompanied by measurable rearrangements of the internal 

chemical environment, and that oxidative and inflammatory conditions may be associated 

with structural consequences at the tissue level. 

3. Pattern-seeking processing of preclinical in vivo data. 

The third objective was to process the available preclinical in vivo data on biodegradable, 

stimulus-responsive polymer carrier systems in a way that does not stop at describing 

individual reports but seeks to identify the structural relationships among them. The aim 

was to determine which polymer classes and which stimulus-responsive mechanisms 

recurrently associate with therapeutically effective systems across different disease 

models. 

4. Identification of polymer-trigger patterns associated with the major disease 

groups. 

The fourth objective was to explore which local microenvironmental factors favor 

specific polymer functions and carrier-system types in the major disease groups, 

particularly inflammatory bowel diseases, joint and cartilage disorders, cardiovascular 

inflammatory-oxidative conditions, and solid tumors. The aim was to delineate recurrent 

associations showing that certain polymer families and response mechanisms appear not 

randomly but consistently in specific indications. 

5. System-level interpretation of recurrent associations among polymer composition, 

response mechanism, and disease category. 

The fifth objective was to examine whether generalizable associations extending beyond 

the level of individual reports can be identified among polymer composition, stimulus-
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responsive behavior, and disease category. The aim was not to establish a direct ranking 

of efficacy, but to demonstrate that the occurrence of polymer functions fitted to the 

pathological microenvironment displays a structured pattern, and that this structure 

reflects a pathophysiologically interpretable organizing principle. 

6. Establishment of the concept of disease-calibrated, microenvironment-based 

polymer selection. 

The final objective of the dissertation was to formulate a new interpretative framework in 

which polymer selection is not a technological routine but a rational decision adapted to 

the dominant microenvironmental characteristics of the disease. At the center of this view 

is the premise that the fit between the carrier system and the target disease is determined 

by local pathobiochemical conditions, dominant trigger mechanisms, and the structure of 

the therapeutic environment. The actual novelty of the dissertation can be condensed into 

this final objective: the disease microenvironment emerges as a system-level, disease-

calibrated organizing principle of polymer selection. 
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3. Methods 
 

The methodological structure of the dissertation is dual. On the one hand, it builds on a 

brief, focused summary of our previous experimental, human, and animal observations; 

on the other, it relies on the structured processing of contemporary preclinical literature. 

The purpose of this chapter is therefore not to re-present each earlier investigation in full 

detail, but to summarize those methodological elements that are required for interpreting 

the microenvironment-polymer relationship and the selection of polymers fitted to 

pathological environments. The structured literature review was reported in accordance 

with PRISMA 2020 [24], and the animal-study risk-of-bias framework was informed by 

SYRCLE [25]. Quantitative heterogeneity and alternative synthesis approaches were 

considered where applicable [26-28], while the detailed analytical workflow and dataset 

are reported in our polymer study [23]. 

 

3.1. Summary methodological framework of in-house experimental investigations 
 

The early investigation of the relationship between the microenvironment and polymer 

function focused on matrices prepared from medium-viscosity Eudragit L 100-55 (Sigma-

Aldrich) and sodium alginate. For the experiments illustrated in Figures 1, 2, 5a, 5b, and 

7, the polymers were mixed in a 2:1 mass ratio. The matrices were examined in 

hydrochloric medium at pH 1.2 and in phosphate buffer media at pH 4.50 ± 0.05 and pH 

6.80 ± 0.05. The dissolution procedure followed the rotating-basket method of the 

Pharmacopoeia Hungarica VII, using a Pharmatest PTW-II apparatus at 37 ± 0.5 °C and 

100 rpm. The pH 4.5 medium contained 68.05 g KH₂PO₄ in 3750 mL distilled water; the 

pH 6.8 medium contained 34.0 g KH₂PO₄ and 4.6 g NaOH in 3750 mL distilled water, 

with final adjustment by 1 M NaOH. Matrix volume was calculated as V = πr²h. 

Swelling/volume ratio was expressed as Vₜ/V₀, where V₀ is the initial dry-matrix volume 

and Vₜ is the volume measured at time t; thus, a value of 1 denotes the initial volume. The 

reported values represent mean ± SD or mean ± SEM, as indicated; p < 0.05 was 

considered statistically significant. Calculations were performed using Microsoft Excel 

2003 and Microcal Origin 6.0 [29, 30]. 
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Within the human investigation line, whole-blood analysis was performed in samples 

from patients with porphyria cutanea tarda and from controls in order to characterize the 

chemical features of the pathological internal environment. In addition to routine 

laboratory parameters, 19 macro- and microelements were determined by inductively 

coupled plasma optical emission spectrometry. Samples were prepared by acid digestion, 

and the elemental analysis was complemented by group-level comparisons and 

correlation analysis. In the present work, the methodology of this investigation is used to 

support the notion that disease states may be accompanied by measurable alterations of 

the internal chemical milieu. [21] 

Within the animal experimental line, the role of the vascular oxidative environment was 

investigated in a cholesterol-fed rabbit model. In this model, myeloperoxidase inhibitors 

were applied, and the morphological and histochemical characteristics of the aorta were 

analyzed. The examinations included determination of intimal plaque area, measurement 

of media thickness, estimation of smooth muscle cell density, and evaluation of 

peroxidase activity. In the dissertation, this methodological framework serves to 

demonstrate, through our own earlier findings, the functional significance of the oxidative 

and inflammatory microenvironment. [22] 

 

3.2. Structured processing of contemporary preclinical literature 
 

The central, system-level analytical part of the dissertation is based on the structured 

processing of contemporary preclinical literature on biodegradable, stimulus-responsive 

polymer carrier systems [23]. The literature search was conducted in the PubMed and 

Scopus databases using a predefined search strategy and was reported in accordance with 

PRISMA 2020 [24]. Search terms were organized around polymer-based drug carriers, 

stimulus-responsive mechanisms, and relevant inflammatory or tumor animal models. 

The study covered original articles published between 1 January 2020 and 31 August 

2025. During study selection, only in vivo preclinical investigations were analyzed in 

which a biodegradable polymer carrier system was used and drug release or carrier 

activation was linked to a pathological microenvironmental trigger. 
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Excluded from the analysis were review articles, studies reporting exclusively in vitro 

results, works presenting non-biodegradable or non-polymeric systems, and 

developments in indications that did not match the research question of the present 

dissertation. The final analysis included 65 articles. Structured data extraction was 

performed from these studies, covering the disease model, polymer family, carrier type, 

primary stimulus mechanism, route of administration, and the nature of the reported 

therapeutic outcomes. The aim was not to establish a direct ranking of efficacy across 

different models, but to determine which polymer-trigger associations recur across 

different disease types. [23] 

 

3.3. Classification of stimulus-responsive systems 
 

The investigated systems were categorized according to the dominant activation 

mechanism reported in the respective articles. Accordingly, pH-responsive, ROS-/redox-

responsive, enzyme-sensitive, ion-sensitive, and dual- or multi-stimulus-responsive 

systems were placed into separate groups. Classification was based not on the general 

chemical properties of the polymers but on the principal trigger mechanism emphasized 

in each article as relevant to in vivo function. This made it possible to compare carrier 

systems across different indications not only by material class but also by functional 

response mode. [23] 

Disease categories were also established with reference to the dominant pathological 

environment. The major analytical groups comprised inflammatory bowel diseases, joint 

and cartilage disorders, cardiovascular inflammatory-oxidative conditions, and solid 

tumors. This categorization made it possible to examine which polymer solutions are 

associated with the same trigger mechanism in different indications and in which 

pathological environments certain polymer families appear consistently. [1-7, 13, 15, 18] 

 

3.4. Processing and interpretative approach 

 

Because of the heterogeneity of preclinical models, the primary approach was descriptive, 

systematic, and relationship-seeking [23]. Associations among polymer families, 
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polymer-chemical categories, dominant trigger mechanisms, and disease groups were 

examined by cross-tabulation, chi-square testing, Cramér’s V, and standardized residual 

analysis. Direction-of-effect synthesis and vote-counting were used when pooled effect 

estimates were not appropriate [27]. Statistical heterogeneity was considered according 

to established principles [26], and potential small-study effects were considered where 

the available data permitted [28]. Because many studies did not report complete, directly 

comparable quantitative data, the focus was not on calculating pooled effect sizes, but on 

identifying recurrent disease-specific formulation patterns. 
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4. Results 
 

4.1. Experimental and conceptual antecedents of the relationship between the 

microenvironment and polymer function 

 

The experimental findings made it clear that the behavior of polymer matrix systems 

cannot be interpreted solely on the basis of material composition. Systems with identical 

or nearly identical compositions exhibited different swelling, volume-change, and release 

behavior in media of different pH and ionic composition, indicating that the functional 

performance of the carrier depends to a substantial extent on the characteristics of the 

surrounding medium. From the perspective of the present dissertation, the most important 

lesson of these observations is that polymer response cannot be regarded as a stable, 

environment-independent material property, but rather as the outcome of interactions with 

the medium. 

The importance of pH- and ion-dependent behavior lies particularly in the fact that it 

already made visible, even in relatively simple model systems, that carrier function cannot 

be separated from the environment in which activation must occur. This recognition later 

became directly transferable to pathological microenvironments. If the composition of 

the medium is already decisive under model conditions, it may reasonably be assumed 

that local biochemical alterations associated with different diseases also selectively 

influence the performance of carrier systems in vivo. One of the starting points of the 

present dissertation is precisely this idea: the relationship between the polymer and the 

medium must be regarded not as a technological background issue, but as a fundamental 

component of formulation rationality. 

The significance of polymer response to environmental stimuli can be captured in the fact 

that changes in pH, ionic composition, enzymatic effects, and other physicochemical 

factors may substantially modify swelling, structural rearrangement, and, through these 

changes, the characteristics of controlled drug release. [29, 30] This insight is particularly 

important for the present dissertation because it indicates that the behavior of carrier 

systems cannot be reduced solely to the intrinsic composition of the carrier material, but 

can only be interpreted together with its interactions with the surrounding medium. 
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This was also supported by earlier in-house experimental observations showing that 

relatively minor modifications in polymer composition may induce substantial changes 

in matrix response and drug-release kinetics even when the set of components remains 

unchanged and only their proportions are altered. All this suggests that the relationship 

between polymer behavior and environmental parameters cannot be described as a 

simplified binary interaction, but rather as a sensitive and finely tunable system of 

interactions whose true significance becomes particularly evident in the pathological 

microenvironment. Within the interpretative framework of the present work, this is of 

special importance because it illustrates that evaluating the performance of carrier 

systems requires not only a material description of the polymer, but also consideration of 

the local chemical and physicochemical conditions under which the given system exerts 

its effect. 

 

Figure 1. Absolute matrix volumes measured in media of different pH for the Eudragit L 

100-55-sodium alginate mixture (2:1, w/w). The media were hydrochloric medium at pH 

1.2 and phosphate buffers at pH 4.5 and 6.8, prepared as described in Section 3.1. Source: 

author’s own unpublished experimental data. 
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Figure 2. Swelling/volume ratio (Vₜ/V₀) of the Eudragit L 100-55-sodium alginate system (2:1, 

w/w) in media of different pH. V₀ is the initial dry-matrix volume and Vₜ is the volume at time t. 

The greater apparent volume at pH 4.5 than near pH 6.8 is attributable to the combined pH- and 

ionic-composition-dependent hydration and structural rearrangement of the mixed 

polyelectrolyte matrix, rather than to pH alone. Source: author’s own unpublished experimental 

data. 

Taken together, the two figures illustrate that, even at identical polymer composition, the 

pH and ionic composition of the medium can substantially modify system volume and 

swelling behavior; in other words, environment-dependent function is experimentally 

well captured. 

 

4.2. Human observations on alterations of the pathological internal environment 
 

One important lesson of the human results was that pathological conditions may be 

associated with measurable alterations in the internal chemical environment. In the 

elemental analysis of whole blood in porphyria cutanea tarda, the concentrations of 

several macro- and microelements differed from those of the control group. The most 

important differences were a significant decrease in magnesium, phosphorus, and sulfur 

levels and an increase in barium level, but no less important was the rearrangement of the 

correlation relationships among the elements. This suggested that the disease is associated 

not merely with isolated laboratory abnormalities, but with an organized modification of 

the internal chemical milieu. [21] 
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Within the interpretative framework of the dissertation, the significance of these human 

data lies not in rewriting the detailed pathomechanism of the disease in question, but in 

supporting the view that pathological states may be associated with measurable 

alterations of the internal chemical environment that can be integrated into the broader 

concept of the microenvironment. The modification of whole-blood elemental 

composition and correlation patterns indicates that the chemical environment associated 

with disease cannot be regarded as a static background. In this way, the human line of 

evidence creates a conceptual bridge between model systems and the disease-specific 

carrier systems discussed later. 

 

 

Table 1. Elemental determination values in healthy subjects and in the group with 

porphyria cutanea tarda. [21] 

 

By summarizing the principal elemental differences, the table illustrates that pathological 

conditions may be accompanied by an organized chemical rearrangement affecting 

multiple parameters. 
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4.3. Animal experimental observations in an oxidative vascular microenvironment 
 

The animal experimental results made the functional significance of the vascular 

oxidative microenvironment visible. In the cholesterol-fed rabbit model, structural 

changes in the aortic wall and modification of peroxidase activity were observed 

following treatment with myeloperoxidase inhibitors. The increase in medial thickness in 

both plaque-free and plaque-containing areas suggested that modification of the oxidative 

and inflammatory environment may influence tissue structure as well. Together with the 

decrease in peroxidase activity, this indicated an interpretable relationship between redox 

status and the structural response of the vessel wall. [22] 

Within the interpretative framework of the dissertation, these observations are significant 

because the oxidative microenvironment appears here not merely as a general 

pathological background, but as part of a biological process associated with structural 

consequences. This directly bridges to the logic of modern ROS-responsive 

cardiovascular platforms. If redox status is an organizing element of pathology, then the 

development of redox-sensitive carrier systems may be interpreted not as a technological 

idea, but as a solution fitted to the dominant local trigger. [8, 9, 15-17, 31-34] 
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Figure 4. Peroxidase activity in the aortic wall of control animals (fed a cholesterol-rich diet 

alone) and in ABAH- and indomethacin-treated animals. The bars indicate the mean optical 

density (MOD ± SEM) of the aortic media, reflecting the accumulation of peroxidase reaction 

products. p < 0.05. [22] 

 

Taken together, these two figures illustrate that modification of redox status may have 

detectable structural and enzymatic consequences in the vascular wall. 

Figures 5a-8 present a qualitative morphological comparison between the environment-

dependent rearrangement of the polymer matrix and the spatial distribution of 

atherosclerotic deposits: 
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Figure 5a. Polymer matrix tablet (Eudragit L 100-55-sodium alginate, 2:1, w/w) in the 

dry state before immersion in distilled water. The alphanumeric labels identify positions 

in the superimposed measurement grid. Solid arrows indicate measured distances 

between selected reference points. The red regions are Sudan Red-stained lipophilic 

marker particles distributed within the matrix. Source: author’s own unpublished 

experimental image. 

 

 

Figure 5b. The same polymer matrix tablet after 15 minutes of swelling in distilled 

water. The alphanumeric labels identify the corresponding positions in the measurement 

grid. Solid arrows indicate measured distances, whereas dashed arrows indicate the 

direction and approximate extent of marker displacement. The red regions are Sudan 

Red-stained lipophilic marker particles. Their displacement results from water 

penetration, polymer hydration and swelling, and the consequent reorganization of the 

matrix. Source: author’s own unpublished experimental image. 
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Figure 6. Atherosclerotic aorta. Sudan Red staining clearly visualizes the plaques. [22] 

 

Figure 7. Swelling front of the polymer matrix tablet (stained with methylene blue). 

Source: author’s own unpublished experimental image. 

 

Figure 8. Aorta of a rabbit fed a cholesterol-rich diet, with intimal deposits. L = lumen; 

M = media; A = adventitia. Arrows indicate atherosclerotic plaques/intimal deposits. 

[22] 
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The figure series provides a qualitative, hypothesis-generating morphological comparison 

rather than a quantitative equivalence between the two systems. Figures 5a and 5b show 

that matrix rearrangement after contact with water is zonal: movement of Sudan Red-

stained lipophilic marker particles and structural change are greatest in the hydrated 

peripheral region, while the center remains relatively stable. Figure 7 likewise shows a 

distinct swelling front in the polymer matrix. By comparison, Figures 6 and 8 show the 

spatially heterogeneous distribution of atherosclerotic deposits in the vessel wall. No 

statistical image-matching analysis was performed, and the images are not presented as 

proof of a shared mechanism. Their value is conceptual: both demonstrate that surface 

contact and a local microenvironment can generate spatially organized rather than 

uniform structural responses. This observation may guide future formulation studies, in 

which the proposed parallel should be tested by quantitative image analysis, predefined 

spatial descriptors, and correlation with release or retention parameters. 

4.4. Disease-specific polymer-trigger patterns identifiable from preclinical in vivo 

data 

 

The central results block of the dissertation was provided by the structured processing of 

preclinical in vivo data. The organization of the 65 studies showed that the distribution of 

biodegradable, stimulus-responsive polymer carrier systems across different disease 

groups is not random. Recurrent associations emerged among trigger mechanisms, 

polymer families, polymer-chemical background, and disease categories that went 

beyond the level of individual formulation examples. The real outcome of this analysis, 

therefore, was not simply the summary of studies, but the demonstration that an implicit, 

disease-specific formulation logic is discernible in the preclinical in vivo data. [23] 
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Figure 9. Polymer backbone chemistry versus dominant trigger mechanism across the 

included studies (n=65). [23] 

One of the most important findings of the polymer study was that the pattern of stimulus 

responsiveness followed primarily polymer backbone chemistry rather than carrier 

format. Cross-tabulation of the 65 preclinical in vivo studies showed that polyanionic 

methacrylate copolymers, particularly Eudragit-type systems, appeared predominantly in 

pH-responsive settings; polycationic polysaccharides, mainly chitosan-based carriers, 

were likewise associated predominantly with pH-driven release; by contrast, anionic 

polysaccharides occurred more frequently in multi-trigger systems. Aliphatic polyesters, 

chiefly PLGA- and PLA-based platforms, were present across several trigger categories 

but showed recurrent occurrence particularly in ROS-based and combined mechanisms. 

Polyethers, including PEG derivatives and PEG-PPS systems, clustered strongly with 

ROS-activated platforms, whereas MOF- and nanozyme-containing hybrid systems 

appeared mainly in ROS-linked or combined trigger environments. Cross-linked polymer 

networks were found primarily in pH- and enzyme-sensitive systems. On this basis, one 

central scientific novelty of the polymer study was that trigger sensitivity followed the 

chemical structure of the polymer; that is, the response mechanism became interpretable 

not merely as a functional design choice, but as a formulation property linked to chemical 

structure. [23] 
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Overall, the aggregated results showed that inflammatory bowel diseases were dominated 

by systems associated with pH, ionic, and microbial trigger mechanisms [1-4]; joint and 

cartilage disorders by enzyme-sensitive, matrix-fitted platforms [13, 35]; cardiovascular 

and other oxidative-inflammatory models by ROS-/redox-responsive systems [15, 16]; 

and tumor settings by dual- and multi-trigger systems, often composite or hybrid in nature 

[12, 18, 19]. This four-part pattern may be regarded as the principal result of the 

dissertation because it directly shows a structured relationship between polymer selection 

and the dominant local trigger environment [23]. 

A key result of the polymer study was that the distribution of dominant trigger 

mechanisms did not follow polymer families randomly, but showed recurrent associations 

linked to polymer backbone chemistry [23]. Eudragit-, chitosan-, alginate-, and other 

polysaccharide-based systems were overrepresented in intestinal indications [5-7]; 

hyaluronic acid-, collagen-, and related matrix systems in joint models [36-38]; redox-

sensitive polyethers and related platforms in oxidative environments [9]; and multi-

component hybrid systems in tumor models [20, 39, 40]. Structured data extraction 

therefore revealed correspondences between polymer chemistry and the pathological 

environment. 

 

Figure 10. Distribution of trigger types across disease groups in the 65 included 

studies. [23] 
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Figure 11. Polymer chemistry distribution across disease groups in the 65 included 

studies. [23] 

 

Taken together, the two figures illustrate disease-specific differences in trigger 

distribution and polymer-chemical background, thereby visualizing one of the most 

important system-level claims of the entire dissertation. 

4.4.1. Inflammatory bowel diseases 

 

In intestinal inflammatory models, the carrier must remain sufficiently stable in the upper 

gastrointestinal tract and then release its payload in the colon under altered local pH and 

inflammatory conditions [1-4]. The recurrent success of these systems indicates that pH-

responsive design is selected because it fits the intestinal disease environment, rather than 

merely because it is technically convenient. 

Three recurrent intestinal formulation strategies were identifiable. Classical pH-

dependent activation uses the gastrointestinal pH gradient to limit premature release [7, 

42, 43, 46, 47]. Local retention is enhanced by mucoadhesive or bioadhesive components 

[41, 45]. Microbial or enzymatic activation exploits colon-specific biological activity [5, 

6, 14]. Several platforms combined these mechanisms, showing that adaptation to the 

intestinal microenvironment often requires simultaneous optimization of more than one 

parameter [5, 6, 42]. 
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Eudragit-based systems exploit ionization-dependent solubility for colon-targeted release 

[42, 47], while chitosan- and other polysaccharide-based carriers provide pH-sensitive, 

mucoadhesive, or microbially responsive behavior [5, 6, 43, 45]. These primary reports 

support the close relationship between polymer backbone chemistry and the dominant 

intestinal trigger mechanism. 

Inflamed intestinal tissue simultaneously presents altered pH, oxidative stress, mucus 

changes, microbial dysbiosis, and local enzymatic activity. Accordingly, dual- and multi-

trigger platforms and systems containing bioadhesive, antioxidant, or nanozyme 

components were prominent in the primary literature [5, 6, 12, 41-45]. The intestinal 

studies therefore provide strong evidence that carrier design is an adaptation to the local 

microenvironmental architecture of disease. 

4.4.2. Joint and cartilage disorders 
 

In joint and cartilage disorders, the dominant formulation challenges are local retention, 

adaptation to the damaged extracellular matrix, and release in a protease-rich 

inflammatory environment. Accordingly, enzyme-sensitive and matrix-associated 

systems, rather than enteric pH-responsive designs, were prominent [13, 35-38, 48, 49]. 

Hyaluronic acid-, collagen-, and related composite matrices play a special role because 

their chemical and biological properties support integration with damaged cartilage and 

the synovial environment [13, 36, 38, 49]. Biomimetic matrix design is therefore a 

formulation response to the structure of the target tissue. 

Matrix metalloproteinase-responsive collagen-hyaluronic acid hydrogels directly couple 

degradation and release to protease activity in diseased tissue [13]. Other injectable or 

matrix-associated systems likewise exploit local inflammatory or oxidative features [35, 

48]. Thus, carrier function is regulated by an active component of the pathological 

environment rather than by a nonspecific external trigger. 

Local retention is an independent formulation priority in joint disease: performance 

depends on residence time in the intra-articular space, interaction with extracellular-

matrix components, and behavior under synovial and mechanical conditions [35-38, 49]. 

Polymer selection is therefore a combined problem of trigger sensitivity and adaptation 

to biological architecture. 
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4.4.3. Cardiovascular and other oxidative-inflammatory conditions 
 

ROS-/redox-responsive systems formed a distinct cluster in cardiovascular and other 

oxidative-inflammatory models [8, 31-34, 50]. In atherosclerosis, ROS-responsive and 

combined shear-stress/ROS-responsive platforms directly exploited plaque-associated 

oxidative and hemodynamic conditions [15-17]. 

In these models, ROS may act simultaneously as a damaging disease mediator, a marker 

of the local environment, and an activation signal for the carrier [8, 15-17, 31-34]. This 

convergence makes redox-sensitive polymers particularly suitable for cardiovascular 

applications. 

The primary reports illustrate several redox-responsive design logics: cleavage or 

transformation of ROS-sensitive structures [8, 31, 33, 34], size-reducing nanoassemblies 

that improve plaque penetration [17], and biomimetic or RBC-hitchhiking systems that 

incorporate circulatory and shear conditions [15, 16]. Adaptation to the cardiovascular 

microenvironment is therefore multidimensional. 

The earlier animal findings showed that pharmacological modification of 

myeloperoxidase activity was accompanied by structural changes in the aortic wall [22]. 

Together with contemporary ROS-responsive cardiovascular studies [8, 15-17, 31-34], 

this supports the interpretation that the oxidative and inflammatory microenvironment is 

an active factor shaping tissue structure, not merely a biochemical background 

phenomenon. 

4.4.4. Tumor microenvironment 
 

Tumor models showed overrepresentation of multi-stimulus, composite, and hybrid 

systems. pH-, ROS-, and enzyme-sensitive mechanisms were all represented, but many 

platforms combined several microenvironmental features [12, 18-20, 39, 40, 51-55]. This 

pattern distinguishes tumor formulations from the more dominant single-axis logic of 

several intestinal or joint systems. 

Tumor microenvironments combine acidity, oxidative stress, heterogeneous perfusion, 

hypoxia, proteolytic activity, and immune alterations. Multi-trigger systems are therefore 



27 

 

an adaptation to biological heterogeneity rather than technological overdesign [12, 18-20, 

40, 51-55]. 

Primary reports included redox/enzyme-responsive systems [12], metal-ion or MOF-

containing hybrid platforms [18-20], and other composite carrier strategies [40, 51-55]. 

These examples show that tumor formulation often requires hybrid materials-science 

approaches beyond the logic of a single polymer family. 

In several tumor platforms, the trigger mechanism supported not only release but also 

active remodeling of the microenvironment through chemodynamic, immunomodulatory, 

or combined antitumor effects [18-20, 51-55]. Thus, a microenvironment-based approach 

can regulate both the site and timing of release and the therapeutic mechanism itself. 

The practical significance of pharmaceutical compounding adapted to individual 

therapeutic needs has long been recognized in pharmacy, which also points to the fact that 

the value of formulation cannot be judged exclusively on the basis of general 

technological parameters, but must also take into account the application environment 

and patient-specific needs. [56] 

 

Figure 12. Normalized trigger-type distribution across inflammatory and tumor disease 

subtypes [23] 
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Figure 12 clearly illustrates that the trigger profiles of disease subcategories are not 

uniform: in inflammatory models, pH- and ROS-based mechanisms are prominent; in 

cardiovascular inflammatory conditions, ROS dominance is more pronounced; while in 

tumor subgroups, dual- and multi-trigger logic is more strongly emphasized. 

 

 

Figure 13. Polymer-trigger-disease interaction network. [23] 

 

4.5. Summary of results 
 

Earlier experimental, human, and animal observations, together with the structured 

processing of preclinical in vivo data, point in mutually compatible and mutually 

reinforcing directions. The performance of polymer carrier systems cannot be separated 

from the pathological environment in which they must function, and successful 

formulations observed in different indications are not distributed randomly among 

polymer families and trigger mechanisms. The most important result of Chapter 4 as a 

whole is therefore not a descriptive summary of individual carrier systems, but the 

demonstration that an implicit formulation structure underlies the preclinical in vivo data. 
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In inflammatory bowel diseases, systems fitted to pH, ionic, and microbial trigger 

mechanisms, mostly polysaccharide- and methacrylate-based, appeared recurrently. In 

joint and cartilage models, by contrast, enzyme-sensitive, biomimetic, and matrix-

associated systems dominated, especially those based on hyaluronic acid and collagen. In 

cardiovascular and other oxidative-inflammatory indications, redox-responsive 

platforms, often combined with shear stress, came to the fore. In tumor settings, systems 

responding to multiple stimuli and fitted to a heterogeneous microenvironment, often 

composite or hybrid, became prominent. These differences are not merely thematic 

variations, but formulation patterns organized along dominant pathobiochemical driving 

forces. [1, 12, 13, 15, 18] 

At the same time, the essence of the formulation guide emerging from the polymer study 

was not merely that certain triggers are associated with particular diseases, but that these 

triggers were recurrently linked to polymers of defined chemical structure. In 

inflammatory intestinal models, the dominance of ionizable methacrylates and 

polysaccharides indicated that protonation capacity, ionic interactions, and 

polyelectrolytic character confer a direct formulation advantage in pH- and ion-driven 

environments. In joint and cartilage indications, the recurrent role of hyaluronic acid- and 

collagen-based matrices, as well as enzyme-sensitive hydrogels, suggested that the logic 

of degradation and retention is here tied to the structural properties of matrix-like natural 

polymers. In oxidative disorders and atherosclerosis, the clustering of polyether-based, 

redox-sensitive, or hybrid systems indicated that oxidation-sensitive bond chemistry and 

ROS-induced structural transformation constitute the relevant chemical response motif. 

In the tumor environment, the overrepresentation of multicomponent composite 

architectures and MOF- or nanozyme-based hybrids suggested that the heterogeneous 

microenvironment requires more robust, multi-point formulation strategies than single-

material systems. The genuine scientific result of the guide, therefore, was that it rendered 

polymer selection interpretable within the three-way relationship among chemical 

structure, dominant trigger, and disease-specific microenvironment. [23] 

One of the most important results of Chapter 4 is the demonstration that earlier 

experimental, human, and animal observations, together with the disease-specific 

polymer-trigger patterns emerging from preclinical in vivo data, can be integrated into a 

unified scientific interpretative framework. The pH- and ion-dependent matrix behavior 
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observed in model systems, the human findings indicating alterations of the chemical 

environment, the animal evidence for the oxidative vascular microenvironment, and the 

disease-specific polymer-trigger clusters identifiable on the basis of 65 preclinical studies 

all converged into one coherent logic. 

From this synthesis arises the most important scientific proposition of the dissertation: 

the performance of biodegradable polymers is not a universal property, but depends on 

their fit to the dominant pathological microenvironmental triggers. Polymer selection is 

therefore not merely a matter of materials science or technological routine, but a disease-

calibrated decision in which the structural and functional characteristics of the carrier 

material must be judged in accordance with the local pathophysiological conditions of the 

target disease. 

The most important outcome of the chapter is therefore not the ranking of individual 

systems, but the demonstration that sound polymer selection is underpinned by a 

reconstructable, disease-specific formulation logic. In this interpretation, the 

microenvironment is not the passive background of disease, but one of the most important 

organizing principles of formulation decisions. This recognition establishes the 

conceptual basis of disease-calibrated, microenvironment-based polymer selection. 
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5. Discussion 
 

Based on the results presented in the dissertation, the relationship between the 

pathological microenvironment and the function of biodegradable polymer carrier 

systems cannot be regarded as incidental. Earlier experimental observations, our own 

human and animal findings, and the structured processing of contemporary preclinical 

literature all point in the same direction: the performance of a carrier system cannot be 

separated from the local biochemical and physicochemical environment in which release, 

retention, and therapeutic action must occur. The central claim of the dissertation is 

therefore that polymer selection is not merely a matter of materials science or 

pharmaceutical technology routine, but a disease-calibrated decision whose interpretation 

requires consideration of the dominant microenvironmental characteristics of the target 

disease. [23] 

The scientific contribution of the dissertation lies in demonstrating that a reproducible, 

system-level relationship exists between the dominant microenvironmental 

characteristics associated with different disease types and the recurrently successful 

polymer systems. The central result of the work is therefore not a restatement of the 

existence of stimulus-responsive carrier systems, but the demonstration that a structured, 

disease-specific formulation logic can be discerned behind polymer selection in 

preclinical in vivo data. The work is therefore not a simple descriptive overview, but a 

synthesizing, relationship-seeking analysis that makes the implicit formulation logic of 

the preclinical literature visible. [24, 27] 

One of the most important lessons of the earlier model-type experimental findings was 

that polymer matrices respond sensitively to the pH and ionic composition of the medium. 

At the time, this recognition appeared primarily as a physicochemical issue: proof that 

matrix response is not an autonomous property of the polymer, but the resultant of 

interactions between the polymer and the surrounding medium. In retrospect, however, 

this observation can already be regarded as an antecedent of a broader interpretative 

framework. If polymer responsiveness depends sensitively on environmental parameters 

even in model media, then it is reasonable to assume that the distinct pathological 

environments associated with different diseases also influence the in vivo behavior of 

carrier systems in different ways. From this perspective, the relationship between polymer 
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and medium is not a preliminary, neutral technological issue, but one of the foundations 

of later disease-specific applications. 

The human findings reinforced this idea from another perspective. In porphyria cutanea 

tarda, deviations in whole-blood elemental composition and in the correlations among the 

elements suggested that the disease state is associated with a rearrangement in the 

organization of the internal chemical milieu. From the perspective of the present 

dissertation, the significance of this does not lie in the notion that a specific elemental 

change would directly designate a particular carrier system, but rather in the fact that it 

supports, through a human example, that the chemical characteristics of the pathological 

environment are not static and do not necessarily approximate the physiological state. 

This insight places the concept of the microenvironment into a broader, system-level 

context and reinforces that consideration of environmental conditions is not merely a 

matter of in vitro modeling, but part of biological reality. [21] 

The animal experimental findings on the oxidative vascular environment can be 

interpreted in a similar way. Structural changes of the vascular wall associated with 

modification of myeloperoxidase activity indicated that oxidative and inflammatory 

states are not merely biochemical background phenomena, but also factors shaping tissue 

structure. From this perspective, the logic of later ROS-responsive cardiovascular carrier 

systems is readily understandable: these are not simply platforms that function in an 

oxidative environment, but carriers specifically tuned to a pathological state, transforming 

a defining biochemical characteristic of the disease into a therapeutic advantage. The 

relationship between our own animal experimental findings and contemporary redox-

responsive platforms is therefore not a retrospective association, but a substantively 

consistent developmental line. [8, 9, 15-17, 22] 

The structural interpretation of the vascular findings is further strengthened by the marked 

morphological parallel between the environment-dependent rearrangement observed in 

polymer matrices and the vessel wall distribution of atherosclerotic plaques. In the 

polymer system, water uptake, swelling, and particle movements do not occur 

homogeneously, but proceed in a front-like, spatially differentiated manner originating 

from surface-adjacent zones, while the inner regions show relative stability. In parallel, 

in the atherosclerotic aorta, plaques do not appear as a uniform coating, but as local, 
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spatially organized deposits. The comparison of these two phenomena suggests that in 

both cases the structural response is organized in relation to local microenvironmental 

conditions. From this perspective, pathological vascular wall remodeling may be 

interpreted not only as a disease process, but also as a natural organizational pattern that 

may offer relevant insights for the design of microenvironment-adapted polymer systems. 

In the future, this concept may contribute to the development of polymer-based platforms 

optimized specifically for vascular applications through local adhesion, structural 

adaptation, and controlled drug release. 

The most important result of processing the preclinical in vivo data was that formulation 

solutions that had previously appeared as scattered examples became interpretable as 

structured patterns. On the basis of the preclinical reports examined, inflammatory bowel 

diseases were characterized primarily by polysaccharide- and methacrylate-based 

systems fitted to pH, ionic, and microbial activation; joint and cartilage disorders by 

enzyme-sensitive matrices, especially hyaluronic acid-based and collagen-associated 

ones; atherosclerosis and other oxidative-inflammatory indications by ROS- and shear 

stress-responsive platforms; and tumor settings by composite and hybrid systems 

responding to multiple stimuli and adapted to a heterogeneous microenvironment. This 

pattern suggests that successful carrier systems are not distributed randomly across 

diseases, but cluster along dominant pathobiochemical trigger mechanisms. [1-7, 12, 13, 

18-20, 35, 36] 

The example of inflammatory bowel diseases illustrates this relationship particularly 

well. In this indication, the goal is not simply to deliver the active agent to the 

gastrointestinal tract, but to ensure release in the appropriate segment, fitted to the 

inflamed environment, often by exploiting colon-specific pH conditions, mucosal 

binding, or microbial activity. The combination of mucoadhesion, pH-dependent 

activation, colon-specific microbial cleavage, and local retention indicates that successful 

intestinal platforms are based on multidimensional environmental fit. The recurrent 

appearance of such systems strongly suggests that, here, it is indeed the characteristics of 

the local environment that govern the formulation logic. [14, 41-46] 

In joint and cartilage disorders, the pattern is different in nature, but equally consistent. 

Here, the protease-rich and structurally damaged extracellular environment renders the 
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use of enzyme-sensitive, matrix-associated, and biomimetic systems intelligible. The 

recurrent dominance of hyaluronic acid and collagen derives not simply from their being 

favorable biomaterials, but from their fit to the biological architecture of the target 

environment. The combination of local retention, intra-articular stability, and protease-

dependent degradation shows that, in this disease group, polymer selection is not merely 

a matter of trigger sensitivity, but also of compatibility with tissue structure. [37, 38, 48, 

49] 

In cardiovascular indications, the situation is again different, yet interpretable according 

to the same principle. Here, the expansion of redox-sensitive platforms corresponds to the 

fact that local ROS excess is not only a damaging factor, but also a potential release 

trigger. In this setting, ROS is both a component of pathology and a key to therapeutic 

activation. Shear stress/ROS-dual systems, biomimetic micelles, RBC-hitchhiking 

platforms, and size-reducible nanoassemblies all indicate that, in cardiovascular carrier 

systems, the environmental trigger and the therapeutic strategy are often connected to the 

same pathobiochemical axis. [31, 33, 34, 50] 

The predominance of multi-trigger and hybrid systems in the tumor microenvironment 

can be understood from the fact that the tumor milieu itself is heterogeneous. Because 

lower pH, oxidative stress, hypoxia, proteolytic activity, perfusion irregularities, and 

immunological components occur in spatially and temporally varying combinations, a 

single trigger is often insufficient to ensure adequately robust activation. Dual- and multi-

trigger systems, as well as platforms containing composite, metal-ion, or MOF 

components, therefore reflect not a disorderly technological diversity, but appropriate 

adaptation to the heterogeneous tumor microenvironment. The tumor block provides 

particularly strong evidence that the more complex the pathological environment, the 

more complex the formulation solutions that recurrently prove successful. [40, 51-55] 

A key proposition of the dissertation is therefore that the performance of biodegradable 

polymers is not a universal property. The same system may have different value in 

different biological environments, and formulation success depends to a great extent on 

how well the structural and functional characteristics of the carrier correspond to the 

dominant microenvironmental characteristics of the target disease. From this perspective, 

polymer selection may be reinterpreted as a disease-calibrated decision. This approach 
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does not negate the importance of materials-related, technological, or manufacturability 

considerations, but complements them with the criterion of pathophysiological fit. [23] 

Beyond the major disease groups, additional examples from contemporary preclinical 

literature also reinforce that formulation rationality in other indications likewise rests on 

adaptation to the microenvironment created by disease. This is clearly seen in 

maxillofacial infection, diabetic wound healing, luminal diagnostic approaches in 

inflammatory bowel disease, oral 5-FU delivery, pneumonia, lupus nephritis, 

intervertebral disc degeneration, tuberculous granuloma, periodontitis, and local, timed, 

or sequential drug-delivery systems, in which local oxidative, inflammatory, infectious, 

or regenerative environmental parameters directly determine the logic of carrier-system 

design. [57-72] 

Similarly, a further range of cardiovascular, neurovascular, and regenerative examples 

shows that pathological microenvironments of atherosclerotic, ischemic, endothelial, or 

valvular origin are not merely background conditions, but primary determinants of 

activation, targeting, tissue retention, and functional effect. Stroke models, myocardial 

ischemia-reperfusion injury, endothelial damage, bioprosthetic and tissue-replacement 

cardiovascular systems, and different forms of atherosclerosis all suggest that the fit 

between microenvironmental trigger and polymer selection may be interpreted as a 

generalizable formulation principle. [73-84] 

This interpretative approach nevertheless has clear limitations. The heterogeneity of 

preclinical models, differing endpoints, different routes of administration, and the 

variable numerical detail of the reports did not allow direct quantitative comparison 

across all systems. The strength of the work therefore lies not in establishing pooled effect 

sizes, but in recognizing structural relationships. The central question was not which 

individual system is the best, but which types of polymer functions prove recurrently 

adequate for which kinds of microenvironmental challenges. In this sense, the present 

dissertation provides a formulation map rather than a classical efficacy ranking. [25, 26, 

28] 

Based on the above findings, it appears justified to conclude that, in the future 

development of biodegradable polymer carrier systems, more detailed consideration of 

the pathological microenvironment of diseases may become not merely a theoretical 
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advantage, but a foundation for more rational formulation decision-making. Interpreting 

the fit between polymer and disease in this way points toward more personalized drug-

carrier development. The basis of this view is that the focus of formulation shifts not to 

the general physiological environment of the affected organ, but to the characteristic 

pathological microenvironment created by the disease. Within this framework, the 

microenvironment is not a passive background, but one of the primary organizing 

principles of polymer selection. 
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6. Conclusions 
 

Based on the findings of the dissertation, it can be concluded that the interpretation and 

selection of biodegradable polymer-based carrier systems cannot be confined to 

conventional material and technological considerations alone. The performance of these 

delivery systems is substantially determined by the pathological microenvironment in 

which drug release, local retention, target-site delivery, and therapeutic action must occur. 

Accordingly, pH, redox status, enzymatic activity, ionic conditions, microbial influences, 

and, in certain indications, mechanical and flow-related factors emerge as functionally 

relevant parameters that directly shape carrier performance. 

The central conclusion of the work is that the focus of formulation shifts away from the 

general physiological environment of the affected organ toward the characteristic 

pathological microenvironment created or modified by the disease. Within this 

interpretive framework, the microenvironment is not a passive background, but one of the 

primary organizing principles of polymer selection. Consequently, the fit between a 

carrier system and a target disease should not be judged on the basis of generic 

technological advantages, but rather on its correspondence to the dominant local 

pathobiochemical features. 

One of the most important system-level conclusions of the dissertation is that distinct 

disease groups are associated with different, yet consistently recurring polymer-trigger 

patterns. This makes it possible to interpret polymer selection not as a collection of 

isolated formulation examples, but as a reconstructable decision logic. 

Earlier experimental results showed that the behavior of polymer matrices responds 

sensitively to the pH and ionic properties of the surrounding medium, and that even minor 

compositional modifications may lead to substantial differences in swelling, volume 

change, and release characteristics. In the context of the present dissertation, the 

significance of these observations lies in the fact that they demonstrated that the behavior 

of a carrier system cannot be described solely on the basis of material composition, but 

must always be interpreted as part of its interaction with the surrounding medium. This 

recognition constituted the experimental precursor of the later system-level perspective 
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in which the microenvironment is treated not merely as a technological background, but 

as an organizing principle of formulation. 

The human findings enabled a further important conclusion. The differences in elemental 

composition and the altered correlation patterns observed in porphyria cutanea tarda 

indicated that the pathological state may be associated with an organized rearrangement 

of the internal chemical milieu. From this perspective, the concept of the 

microenvironment cannot be restricted exclusively to the local cellular environment or 

the anatomical milieu of a given organ, but may also be interpreted in a broader biological 

context. The human line of evidence therefore supports the conclusion that the chemical 

milieu associated with disease is not static, and that its deviation from the physiological 

reference state may also be relevant to the behavior of drug carrier systems. 

The animal experimental findings likewise suggest that the oxidative and inflammatory 

microenvironment is not merely a biochemical background phenomenon, but an active 

factor shaping tissue structure. The vascular structural changes associated with altered 

myeloperoxidase activity indicate that redox status may function as a key organizing 

element of pathology [22]. This conclusion is of particular importance for the 

interpretation of later ROS-responsive carrier systems, as it confirms that platforms 

adapted to oxidative conditions are not artificially imposed technological constructs, but 

rational formulation solutions built upon dominant local features of the disease.  

The central system-level conclusion of the dissertation emerged from the systematic 

analysis of the contemporary preclinical literature. Based on the evaluation of 65 in vivo 

studies, it was demonstrated that successful stimulus-responsive biodegradable carrier 

systems are not distributed randomly across disease groups. Specific trigger mechanisms 

and polymer families recur in association with particular indications, suggesting that an 

implicit formulation structure underlies the preclinical literature. One of the most 

important scientific findings of the dissertation is the elucidation of this hidden structure. 

In inflammatory bowel diseases, the main conclusion is that successful delivery systems 

are predominantly platforms adapted to the specific features of the inflamed intestinal 

environment. The pH gradient, ionic conditions, alterations of the mucus layer, microbial 

activity, and local inflammation together create a milieu in which pH-responsive, 

ionizable, mucoadhesive, or microbially activated systems prove consistently 
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advantageous. The principal conclusion in this disease group is therefore that formulation 

success is closely linked to multidimensional adaptation to the colon-specific inflamed 

microenvironment. 

In joint and cartilage disorders, a different but equally consistent formulation logic 

emerged. In this disease group, the dominant factor is not the classical pH or ionic trigger, 

but adaptation to a protease-rich environment characterized by structural damage and 

altered extracellular matrix organization. The recurrent presence of hyaluronic acid-, 

collagen-, and other biomimetic matrices, as well as enzyme-sensitive hydrogels, 

suggests that polymer selection in this context is not merely a question of release-trigger 

sensitivity, but also of compatibility with biological architecture. It follows that in 

cartilage and joint-related indications, successful formulation is fundamentally based on 

adaptation to the structural and degradative properties of the tissue environment. 

In cardiovascular and other oxidative-inflammatory conditions, the most important 

conclusion is that redox status is not merely a marker of disease, but also an active 

organizing factor in carrier system performance. The recurring presence of ROS-

responsive, shear stress-associated, biomimetic, or structurally transforming platforms 

indicates that polymer selection in this disease group is aligned with the dominant 

oxidative and hemodynamic features of the pathology. The success of redox-sensitive 

systems is thus a direct consequence of the fact that the release trigger coincides with one 

of the fundamental pathobiochemical characteristics of the disease. 

The findings related to the tumor microenvironment indicate that the more complex and 

heterogeneous the pathological milieu is, the more important dual- and multi-trigger 

systems, as well as composite and hybrid platforms, become. In the tumor 

microenvironment, the simultaneous presence of acidic pH, oxidative stress, hypoxia, 

proteolytic activity, perfusion heterogeneity, and immunological factors often renders 

single-trigger systems insufficient. Accordingly, those platforms came to the forefront in 

tumor models that are capable of adapting to the heterogeneous environment through 

multiple points of interaction. The main conclusion here is that the complexity of the 

tumor microenvironment is mirrored in the complexity of the formulation solutions. 

Recurrent polymer-chemical motifs underlie these disease-specific trigger preferences. In 

pH- and ion-dependent intestinal systems, ionizable carboxylate and amino groups 
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became decisive; in redox-driven vascular and tumor systems, oxidation-sensitive bonds 

and polyether structural motifs were prominent; whereas in joint and cartilage disorders, 

enzymatically cleavable, matrix-compatible natural polymer networks became 

characteristic. Polymer selection should therefore be interpreted not only according to 

material family or carrier form, but also according to the fit between the chemical 

responsiveness of the polymer and the dominant pathological microenvironmental 

driving force. 

One of the most important system-level conclusions of the dissertation, therefore, is that 

distinct disease groups are associated with different, yet consistently recurring polymer-

trigger patterns. The morphological parallel between the spatial rearrangement of polymer 

matrices and pathological tissue organization suggests that pathological structural 

patterns observed in nature may serve not only as interpretive models, but also as starting 

points for the development of microenvironment-calibrated polymer systems with local 

protective, adhesive, or controlled drug-release properties. This recognition makes it 

possible to interpret polymer selection not merely as a collection of isolated formulation 

examples, but as a reconstructable decision logic. The true novelty of the work lies 

precisely here: it does not merely demonstrate that stimulus-responsive systems exist, but 

shows that a system-level relationship can be identified between the disease-transformed 

microenvironment and the polymer solutions that repeatedly prove successful. 

A further important conclusion of the dissertation is that earlier experimental, human, and 

animal observations, together with the disease-specific polymer-trigger patterns emerging 

from preclinical in vivo data, can be integrated into a coherent and unified interpretive 

scheme. The starting point of this scheme is the experimental recognition of the polymer-

medium relationship; its biological foundation is provided by the human and animal 

findings; and its system-level extension is represented by the identification of polymer-

trigger patterns associated with disease types. Accordingly, the principal conceptual 

outcome of the dissertation is the formulation of disease-calibrated, microenvironment-

based polymer selection as both an interpretive and a decision-making framework. 

At the same time, an important conclusion is that this perspective does not replace 

classical pharmaceutical technological considerations. Biocompatibility, 

biodegradability, manufacturability, stability, dosage feasibility, and therapeutic safety 
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remain fundamentally important. Rather, the conclusion of the present work is that 

alongside these considerations, an additional, higher-level organizing principle is 

required: the assessment of the extent to which a given carrier system corresponds to the 

dominant pathological microenvironmental features of the target disease. 

Pathophysiological fit thus emerges as a new dimension of formulation rationality. 

The presented results also imply that, in future drug carrier development, more detailed 

characterization of the local microenvironmental profile of diseases may be of particular 

importance. The more precisely it can be determined in which local parameters a given 

disease differs from the physiological state, the more rationally it can be judged which 

polymer families, response mechanisms, and carrier-system types are suitable for 

achieving the therapeutic goal. From this perspective, the present dissertation offers not 

a closed system, but a conceptual framework that can be further developed. 

Overall, it may therefore be concluded that the concept of polymer selection adapted to 

the pathological microenvironment created or modified by disease is suitable for placing 

the interpretation of biodegradable drug carrier systems on new foundations. Accordingly, 

the most important final conclusion of the work is that the microenvironment is not a 

passive background of formulation, but one of its primary organizing principles. This 

perspective may also provide a relevant starting point for future drug carrier systems that 

are more personalized, more precisely targeted in pathophysiological terms, and more 

rationally designed. 
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7. Summary 
 

The central proposition of the dissertation is that, in the design and selection of 

biodegradable polymer carrier systems, the primary organizing principle should be sought 

not in the general environment of the target organ, but in the disease-specific pathological 

microenvironment. 

• Based on earlier experimental, human, and animal findings, together with the analysis 

of 65 preclinical in vivo studies, it was demonstrated that the performance of polymer 

systems is not determined by any universal material property, but by the extent to 

which they fit the dominant local pathobiochemical drivers of disease. 

 

• Successful carrier systems were associated not with isolated formulation solutions, but 

with recurring, disease-specific polymer-trigger patterns.  

 

• In inflammatory intestinal models, ionizable polysaccharide- and methacrylate-based 

systems predominated, whereas in joint and cartilage disorders enzyme-sensitive, 

hyaluronic acid-based matrices proved most characteristic. 

 

• In oxidative-inflammatory vascular and tumor microenvironments, redox-sensitive 

polyethers and hybrid platforms recurred, while in the heterogeneous tumor 

microenvironment multi-responsive composite systems were particularly prominent. 

 

• A morphological parallel was identified between the spatial rearrangement of polymer 

matrices and the structural organization of atherosclerotic plaques, suggesting that 

pathological tissue patterns may, in the future, serve as models for the development of 

locally protective, adhesive, or controlled-release polymer systems. 

 

• Taken together, these findings indicate that polymer selection should be interpreted not 

as a routine technological choice, but as a disease-calibrated decision grounded in both 

pathophysiological and chemical considerations, thereby enabling more rational and 

more targeted formulation strategies. 
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Highlights

What are the main findings?

• Analysis of 65 in vivo studies reveal disease-specific polymer–trigger patterns
• Pathological microenvironments guide rational polymer carrier design.

What are the implications of the main findings?

• Ionizable polysaccharide and methacrylate systems dominate intestinal inflammation.
• Enzyme- and redox-responsive polymers align with joint and tumor diseases.
• Multi-responsive carriers improve robustness in heterogeneous environments.

Abstract

Background/Objectives: Selection of polymer carriers for targeted drug delivery is typi-
cally guided by material availability or trigger responsiveness rather than disease-specific
evidence. However, successful preclinical formulations may already encode implicit design
rules linking polymer composition to particular pathological environments. This study
aimed to identify reproducible material-disease associations across biodegradable poly-
mer systems and to derive formulation-oriented guidance for disease-calibrated carrier
selection. Methods: A structured synthesis of 65 preclinical in vivo studies (2020–2025)
covering inflammatory bowel disease, arthritis, cardiovascular inflammation, and solid
tumors was performed. Extracted variables included polymer family, backbone chem-
istry, stimulus responsiveness, disease model, and reported therapeutic benefit relative to
controls. Associations between polymer composition, trigger mechanisms, and disease
categories were analyzed using cross-tabulation, chi-square statistics, Cramér’s V, and
direction-of-effect synthesis. Results: Distinct material-disease clustering patterns emerged.
Ionizable polysaccharide and methacrylate systems (e.g., alginate, chitosan, Eudragit) were
strongly associated with intestinal inflammatory models, reflecting reliance on pH- and ion-
mediated mechanisms. Enzyme-degradable hyaluronic acid matrices were concentrated in
joint and cartilage disorders characterized by protease overexpression. Oxidation-sensitive
polyether systems (e.g., PEG-PPS) and redox-active hybrid platforms predominated in
atherosclerosis and tumor models, where oxidative stress is a defining pathological fea-
ture. Composite and multi-responsive systems were disproportionately represented in
tumors, consistent with microenvironmental heterogeneity. Across studies, therapeutic
improvement was consistently reported when polymer functional motifs aligned with dom-
inant biochemical drivers of the disease. Conclusions: Successful biodegradable polymer
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carriers exhibit disease-specific compatibility patterns rather than universal applicability.
These recurring associations suggest that polymer selection can be guided by pathological
context even in the absence of direct outcome comparisons. The resulting formulation-
oriented framework supports rational carrier choice for personalized drug delivery based
on disease-specific microenvironment signatures.

Keywords: biodegradable polymers; pathological microenvironment; disease-driven design

1. Introduction
Modern pharmaceutical manufacturing, particularly in generic drug development,

relies on a relatively small repertoire of well-characterized polymer excipients selected
primarily for safety, scalability, regulatory acceptance, and manufacturing feasibility. Al-
though these materials enable robust and reproducible formulations, they are frequently
applied across diverse therapeutic areas without explicit consideration of disease-specific
microenvironmental conditions [1–13]. Consequently, material selection for targeted ther-
apies often remains largely empirical, despite evidence that pathological tissues exhibit
markedly altered biochemical environments, including changes in pH, redox balance, en-
zymatic activity, and ionic composition. Targeted drug-delivery systems aim to enhance
therapeutic efficacy while minimizing systemic toxicity by concentrating pharmacological
activity at diseased sites. Biodegradable polymer carriers have become central to this
strategy because they allow controlled drug release through diffusion, matrix degradation,
and stimulus-responsive mechanisms. In particular, stimuli-responsive systems exploit
endogenous pathological cues such as extracellular acidity, oxidative stress, protease ac-
tivity, or inflammation-associated biochemical changes to achieve site-specific activation.
pH-responsive methacrylate polymers and polysaccharide matrices have enabled localized
intestinal drug delivery, while redox-responsive platforms target oxidative stress across
inflammatory, ischemic, and neoplastic tissues [14–19]. Enzyme-responsive matrices fur-
ther extend this concept by coupling drug release to disease-associated protease activity.
Matrix metalloproteinase-responsive hydrogels, for example, have been developed for both
osteoarthritis and inflammatory bowel disease, where elevated protease levels correlate
with tissue destruction and inflammation [20,21]. Such systems demonstrate that patho-
logical microenvironments can serve as functional triggers for drug delivery rather than
passive barriers.

Different diseases present distinct microenvironmental signatures, motivating the
development of tailored carrier systems. Inflammatory bowel disease has driven extensive
research into pH-sensitive, microbiota-responsive, and mucoadhesive platforms capable of
distal intestinal targeting [3–7,12]. Cardiovascular inflammation and atherosclerosis have
been addressed using reactive oxygen species (ROS)-responsive nanoplatforms, including
shear-sensitive designs that respond to oxidative stress and altered hemodynamics within
plaques [18,22,23]. Protease-rich joint environments have been targeted using enzyme-
degradable hydrogels and hyaluronic-acid-based matrices designed for sustained intra-
articular release [20,21,24]. In oncology, multifunctional carriers combining pH, redox, or
metal-ion sensitivity seek to address tumor heterogeneity and dynamic microenvironmen-
tal conditions [25–27]. Despite rapid progress, most formulation strategies are developed
within individual disease models and interpreted in isolation. As a result, knowledge em-
bedded in successful systems, such as recurring material choices for specific pathological
environments, remains fragmented across the literature. Polymer classes exhibit characteris-
tic physicochemical behaviors that may confer advantages in particular microenvironments,
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yet whether these theoretical compatibilities translate into reproducible patterns of material
selection across studies has not been systematically examined.

Direct comparison of therapeutic efficacy across preclinical models is complicated
by heterogeneity in animal species, disease induction methods, outcome measures, and
dosing regimens. Nevertheless, the consistent observation of therapeutic benefit relative to
controls suggests that the literature collectively represents a repository of experimentally
validated design solutions. Analyzing this landscape may reveal implicit formulation
principles guiding the development of disease-targeted carriers.

The present study synthesizes evidence from 65 preclinical in vivo investigations
published between 2020 and 2025 across inflammatory bowel disease, arthritis and cartilage
disorders, cardiovascular inflammation, and solid tumors. Rather than comparing efficacy
across heterogeneous models, we examined associations between polymer composition,
stimulus-responsive mechanisms, and disease context to identify recurring material-disease
pairings. Our objectives were to determine which classes of biodegradable polymers
are most frequently associated with specific pathological conditions, to assess whether
single- or multi-responsive systems predominate in different environments, and to derive
formulation-oriented guidance that may support rational carrier selection for context-
dependent and potentially personalized therapeutic strategies.

2. Materials and Methods
2.1. Search Strategy, Data Sources, and Eligibility Criteria

A systematic literature search was conducted in the PubMed and Scopus databases to
identify preclinical in vivo studies published between 1 January 2020 and 31 August 2025.

PubMed and Scopus were selected because together they provide comprehensive
coverage of biomedical, pharmacological, and materials science literature relevant to
stimulus-responsive polymer drug-delivery systems, with substantial overlap with other
major indexing databases.

The search strategy combined controlled vocabulary and free-text terms addressing
three main domains: biodegradable polymeric drug delivery systems, stimulus responsive-
ness (including ion-, pH-, ROS-, enzyme-, or dual-responsive mechanisms), and animal
models of inflammatory or neoplastic diseases. The full Boolean search strings for each
database are provided below to ensure reproducibility.

The search was performed independently by two reviewers (M.D. and G.M.M.) using
the same predefined strategy in duplicate rounds across both databases to maximize
retrieval completeness and minimize selection bias. Inter-reviewer agreement during
screening was assessed using Cohen’s kappa coefficient, and disagreements were resolved
by discussion or consultation with a third reviewer (E.D.).

The database search yielded 104 records (PubMed n = 62; Scopus n = 42). After
removal of four duplicate entries, 100 records remained for title and abstract screening, of
which 35 were excluded as clearly irrelevant. Sixty-five full-text articles met the predefined
eligibility criteria and were included in the final analysis (Figure 1). This systematic review
followed the PRISMA 2020 guidelines [28].

PUBMED search query:
(“polymer matrix”[tiab] OR “polymeric matrix”[tiab] OR hydrogel[tiab] OR micro-

sphere*[tiab] OR nanoparticle*[tiab])
AND (“drug delivery”[tiab] OR “controlled release”[tiab] OR “sustained release”[tiab]

OR “modified release”[tiab] OR “drug release”[tiab])
AND ((blood[tiab] OR serum[tiab] OR plasma[tiab])
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AND (“ion environment”[tiab] OR “ionic environment”[tiab] OR “ionic microen-
vironment”[tiab] OR “electrolyte”[tiab] OR “ionic strength”[tiab] OR sodium[tiab] OR
potassium[tiab] OR calcium[tiab] OR magnesium[tiab] OR phosphate[tiab])

AND (inflammation[tiab] OR colitis[tiab] OR arthritis[tiab] OR atherosclerosis[tiab]
OR sepsis[tiab] OR hepatitis[tiab] OR pancreatitis[tiab])

AND (in vivo[tiab] OR animal*[tiab] OR mouse[tiab] OR rat[tiab] OR rabbit[tiab] OR
murine[tiab]) NOT (review[pt] OR “systematic review”[tiab] OR “meta-analysis”[tiab] OR
case reports[pt] OR ocular[tiab] OR ophthalmic[tiab] OR wound[tiab] OR transdermal[tiab])
AND (“1 January 2020”[Date—Publication] : “31 August 2025”[Date—Publication])

Figure 1. PRISMA flow diagram of study selection. Database searches were conducted in PubMed
and Scopus databases. Identification yielded 104 records (PubMed: 8 + 54; Scopus: 27 + 15). After
removing 4 duplicates, 100 records were screened at the title/abstract level, and 35 were excluded. In
total, 65 studies were included in the qualitative synthesis. Reasons for exclusion are summarized in
the Methods section.

SCOPUS search query:
TITLE(“polymer matrix” OR “polymeric matrix” OR hydrogel OR microsphere OR

nanoparticle) AND TITLE-ABS-KEY(“drug delivery” OR “controlled release” OR “sus-
tained release” OR “modified release” OR “drug release”) AND TITLE-ABS-KEY((blood
OR serum OR plasma) AND (human OR patient* OR clinical OR volunteer* OR cohort
OR mouse OR mice OR murine OR rat OR rats OR rabbit*)) AND TITLE-ABS-KEY((“ionic
strength” OR electrolyte* OR sodium OR potassium OR calcium OR magnesium OR
phosphate OR “ion environment” OR “ionic environment” OR “ionic microenvironment”
OR “electrolyte environment” OR “ionic milieu” OR “electrolyte milieu”) W/5 (release
OR “drug release” OR “controlled release”)) AND TITLE-ABS-KEY(inflammation OR
inflammatory OR colitis OR arthritis OR “inflammatory bowel disease” OR atheroscle-
rosis OR sepsis OR hepatitis OR pancreatitis OR cancer OR tumor OR carcinoma OR
neoplasm*)AND PUBYEAR > 2019 AND PUBYEAR < 2026AND LIMIT-TO(DOCTYPE,
“ar”)AND LIMIT-TO(LANGUAGE, “English”)

Eligibility criteria were defined according to the Population-Intervention-Comparator-
Outcome (PICO) framework (Table 1). Studies were included if they investigated biodegrad-
able polymer-based carriers with stimulus-responsive drug release in preclinical in vivo
models of inflammatory or neoplastic disease, regardless of delivery route, and were
reported as original research articles. Studies were excluded if they were reviews, meta-
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analyses, or conference abstracts; used non-biodegradable or non-polymeric carriers; fo-
cused exclusively on wound healing, ocular, or transdermal applications; or reported only
in vitro data without in vivo validation. Articles not meeting the inclusion criteria for the
primary analysis could nevertheless be cited elsewhere for contextual purposes.

Table 1. PICO framework applied in the present systematic review.

PICO Element Description

Population (P) Preclinical in vivo animal models and supplementary ex vivo/human serum studies in cancer
and inflammatory conditions (e.g., colitis, hepatitis, atherosclerosis, sepsis, tumor models)

Intervention (I) Ion- or pH-sensitive biodegradable polymer carriers (e.g., Eudragit, alginate, PLA/PLGA,
pH-sensitive hydrogels, ROS-responsive polymers)

Comparator (C) Non-sensitive polymer carriers/free drug/placebo control

Outcome (O) Therapeutic efficacy (tumor size, inflammatory markers, survival), and the relationship
between efficacy and host electrolyte milieu

The search strategy was intentionally designed to capture studies investigating
microenvironment-responsive polymer systems across inflammatory and neoplastic con-
ditions, including those influenced by ionic, pH, redox, or enzymatic factors, without
restricting the search to specific polymer classes or delivery platforms.

2.2. Data Extraction

Data were independently extracted from all eligible studies by the same two reviewers
described above using a standardized spreadsheet developed specifically for this anal-
ysis. Extracted variables included bibliographic information (first author, publication
year, journal), disease model characteristics (species, induction method, pathological sub-
type), polymer type and formulation features, primary stimulus responsiveness (pH, ion,
ROS/redox, enzyme, dual/multi-responsive, or other), route of administration, therapeutic
endpoints (e.g., tumor volume, histological score, inflammatory markers, oxidative stress
indicators, survival), and quantitative outcome measures where available (means, standard
deviations, standard errors, p-values, or confidence intervals).

Discrepancies were resolved by discussion and, when necessary, adjudication within
the author team. All numerical data were extracted directly from the text or tables of the
original publications; graphical digitization was not performed. Because of substantial
heterogeneity across disease models, polymer chemistries, stimulus mechanisms, and
reported endpoints, quantitative synthesis was feasible only for subsets of studies with
sufficient comparability.

To capture broader structure-function relationships across heterogeneous experimental
designs, a complementary descriptive framework was applied. This included vote counting
and direction-of-effect assessment to summarize outcome patterns across polymer families,
trigger types, and disease categories. Given that most included studies represented proof-
of-concept investigations reporting therapeutic improvement relative to controls, outcomes
were classified primarily according to the presence or absence of reported benefit. For
mapping analyses, formulations demonstrating biologically or statistically meaningful
improvement over control conditions were categorized as positive outcomes, whereas
neutral or negative findings were recorded only when explicitly reported. This approach
enabled consistent evaluation of associations between material design parameters and
therapeutic performance rather than direct comparison of efficacy across fundamentally
different models.
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Classification of Stimulus Responsiveness

Stimulus responsiveness was classified according to the primary release-driving mech-
anism explicitly described in each full-text article. Each formulation was assigned to one
predefined category based on the dominant mechanism governing in vivo drug activa-
tion: pH-responsive, ROS/redox-responsive, enzyme-responsive, ion-responsive, dual or
multi-responsive, or other mechanisms.

pH-responsive systems included formulations activated by protonation-deprotonation
processes, pH-dependent solubility transitions, acid-labile linkages, or enteric dissolution
behavior. ROS-responsive systems comprised carriers destabilized by oxidative stress
through redox-labile bonds or oxidation-induced structural changes. Enzyme-responsive
systems required enzymatic cleavage or degradation mediated by disease-associated en-
zymes such as matrix metalloproteinases, hyaluronidase, or microbial enzymes. Ion-
responsive systems were classified as such only when ion exchange or ion-dependent
crosslink dissociation was explicitly identified as the primary trigger of drug release.

Formulations exhibiting multiple responsiveness (e.g., pH+ROS, pH+ion, ROS+enzyme)
were categorized as dual or multi-responsive when at least two stimuli contributed to acti-
vation. Constituent stimulus components were additionally recorded to enable secondary
mapping analyses of trigger combinations. Intrinsic ionic effects inherent to polymer struc-
ture (e.g., polyelectrolyte swelling or charge screening) were not considered independent
triggers unless explicitly identified by the original authors as the principal release mecha-
nism. Systems driven primarily by targeting ligands, biomimetic coatings, physical cues,
or other non-canonical mechanisms were assigned to the “other” category.

Classification decisions were based on the descriptions provided in the original studies
and were applied consistently across all included formulations.

Detailed characteristics of the included studies and extracted parameters are pre-
sented in Supplementary Table S1. All included studies are listed and referenced in
Supplementary Table S1 [14–27,29–79].

2.3. Risk of Bias Assessment

Risk of bias in individual studies was evaluated using a modified version of the
SYRCLE tool for animal experiments [3]. The assessment covered key methodological
domains including randomization procedures, allocation concealment, blinding of investi-
gators and outcome assessors, sample size reporting, completeness of outcome data, and
selective reporting.

Given the exploratory nature and substantial heterogeneity of the included preclinical
studies, the bias assessment was used primarily to identify methodological limitations and
potential sources of uncertainty rather than to exclude studies from the analysis.

2.4. Statistical Analysis

Where quantitative outcome data were sufficiently comparable, effect sizes were
calculated as standardized mean differences (Hedges’ g) with 95% confidence intervals
using a random-effects model (DerSimonian–Laird method).

Between-study heterogeneity was assessed using Cochran’s Q statistic, degrees of
freedom (df), the H statistic (H =

√
(Q/df)), I2 (I2 = max{0,(Q − df)/Q} × 100%), and τ2.

Approximate thresholds of 25%, 50%, and 75% were interpreted as low, moderate, and high
heterogeneity, respectively [4].
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2.4.1. Effect Sizes, Subgroups, and Sensitivity

Data extraction included polymer type, stimulus-responsiveness category, disease
model, route of administration, and primary therapeutic outcomes as reported by the
original authors.

Pre-specified subgroup analyses examined formulation type (nanoparticle, hydrogel,
microsphere), stimulus-responsiveness category, disease group (inflammatory vs. tumor),
and route of administration (oral vs. parenteral). Sensitivity analyses included leave-one-
out procedures and Baujat influence plots. Publication bias and small-study effects were
evaluated using contour-enhanced funnel plots and Egger’s regression. Where asymmetry
was suggested (p < 0.10), trim-and-fill analyses were performed.

2.4.2. Sparse Data and Association Analyses

This hybrid analytical approach was adopted to accommodate the heterogeneity of
preclinical models and the frequent absence of extractable quantitative parameters required
for conventional meta-analysis.

Because many studies did not report extractable quantitative parameters, additional
analyses were performed to identify structural relationships within the dataset. Vote
counting and direction-of-effect plots were used to summarize outcome trends across
studies. Associations between polymer families, trigger mechanisms, and disease categories
were analyzed using chi-square tests, Cramér’s V, and standardized residuals.

2.4.3. Overall Associations and Analytical Considerations

Across the 65 included studies, global associations between trigger type, polymer
family, and disease category were evaluated using chi-square statistics and Cramér’s V.
Standardized residual analyses were performed to identify localized over-representations
within contingency tables. Vote counting was used to estimate the proportion of studies
reporting positive, neutral, or negative outcomes across disease groups and trigger cate-
gories. Because most studies were proof-of-concept investigations reporting therapeutic
improvement relative to controls, this approach enabled consistent comparison of outcome
patterns across heterogeneous models.

Although a random-effects meta-analysis was prespecified, calculation of pooled effect
sizes was not feasible for the majority of studies due to insufficient numerical reporting,
with many outcomes presented only graphically. Therefore, association analyses and
descriptive synthesis were prioritized, while the meta-analytic framework was retained for
potential future updates if extractable data become available.

3. Results
3.1. Study Selection and Characteristics

To analyze the most recent advances in microenvironment-responsive drug delivery,
our systematic search across PubMed and Scopus focused on studies published between
2020 and 2025. The query identified 104 records. After the removal of four duplicates,
100 articles were screened by title and abstract. Full texts of potentially eligible articles were
retrieved and assessed for compliance with the inclusion criteria. Thirty-five studies were
excluded due to ocular delivery, wound-healing indications, non-biodegradable materials,
or absence of in vivo validation. Ultimately, 65 studies met the inclusion criteria and were
included in the final synthesis (Figure 1).

The selected studies covered a wide spectrum of inflammatory and tumor-related
disease models, including IBD, arthritis and cartilage disorders, atherosclerosis, hepatitis,
pancreatitis, and solid tumors. Both murine and larger animal models (mouse, rat, rabbit)
were employed, using standard induction methods such as DSS-induced colitis, collagen-
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induced arthritis, high-fat diet-induced atherosclerosis, and xenograft implantation. Across
these models, formulations were based on biodegradable polymer systems with diverse
backbone chemistries, including methacrylate copolymers (e.g., Eudragit), polysaccha-
rides (chitosan, alginate, and hyaluronic acid), aliphatic polyesters (PLGA), gelatin-based
matrices, PEG-derived block copolymers, and hybrid biomimetic constructs.

Many platforms combined natural and synthetic components, membrane coatings,
or inorganic modules to achieve disease-specific responsiveness. Stimulus sensitivity
encompassed pH, ion, ROS, and enzyme triggers, as well as dual- or multi-responsive
systems, reflecting attempts to match carrier behavior to pathological microenviron-
ments. Administration routes were predominantly oral and parenteral (intravenous,
intraperitoneal, intratumoral).

In cardiovascular diseases, particularly in atherosclerosis, multiple studies focused
on ROS-responsive platforms. ROS-responsive nanoassemblies enhanced macrophage
targeting and attenuated atherosclerotic plaque progression [18,19,27,37,62], while cell-
membrane-based and shear-stress-responsive systems promoted endothelial repair and
plaque stabilization in ApoE−/− models [22,60,62]. In acute myocardial infarction,
inflammation-modulating nanoparticle systems reduced infarct size and myocardial
fibrosis by suppressing inflammatory pathways and macrophage activation [53,79].
Microenvironment-responsive hydrogels have also been engineered for cardiovascular
implants and tissue substitutes, where glycocalyx-mimetic or polymer-layered coatings
improved antithrombosis, immunoregulation, and resistance to calcification [61,70].

In joint and cartilage disorders, including rheumatoid arthritis, osteoarthritis, and
intervertebral disk degeneration disease, polymeric hydrogels responsive to matrix met-
alloproteinases (MMPs) and hyaluronic-acid-based composites were frequently applied.
These systems enabled enzyme-triggered degradation and targeted intra-articular drug
release, supporting localized therapy with reduced systemic exposure across multiple
in vivo arthritis and cartilage repair models [7,20,24,34,49,54,55,58].

Tumor models, such as hepatocellular carcinoma, colorectal cancer, and breast cancer,
highlighted the versatility of dual-responsive carriers. In colorectal cancer, ROS- and
enzyme-sensitive nanoparticles improved drug penetration and tumor inhibition [35]. For
hepatocellular carcinoma, polymer-based targeted nanocarriers provided selective release
in the tumor microenvironment while reducing systemic toxicity [36,71].

Some excluded studies still provided contextual insights, such as applications in
wound healing, ocular delivery, or non-biodegradable polymer systems [8–11].

3.2. Quantitative Synthesis and Mapping

The analyses in Section 3.2 describe patterns of application across studies (frequencies
and associations) rather than comparative therapeutic efficacy.

3.2.1. Trigger Type Distribution

First, we quantified the distribution of stimulus-responsive mechanisms across the
65 included studies using the harmonized trigger classification described in Section 2.2.
ROS-responsive systems were reported in 23 studies (35.4%), pH-responsive platforms
in 20 studies (30.8%), and dual- or multi-responsive formulations in 12 studies (18.5%).
Approaches categorized as “other”, including ligand-mediated or mechanically responsive
strategies, were reported in 6 studies (9.2%), while enzyme-responsive carriers appeared in
4 studies (6.2%) (Figure 2).
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Figure 2. Trigger distribution across the 65 analyzed studies. ROS, reactive oxygen species.

3.2.2. Polymer Family Trigger Type Mapping

Cross-tabulation of polymer families and stimulus types (Figure 3) revealed non-
uniform responsiveness patterns across the included studies. Eudragit-based systems were
pH-responsive (8 studies, 12.3%). Chitosan- and alginate-based carriers appeared primarily
in pH-responsive categories and were also represented in ROS-responsive and multi-trigger
formulations. PEG-PPS copolymers clustered within ROS-activated systems (4 studies,
6.2%). Hyaluronic acid (HA) platforms were represented mainly in ROS-related and dual-
responsive designs (3 studies, 4.6%). PLGA-based carriers showed distribution across pH-,
ROS-, and multi-responsive strategies (6 studies, 9.2%). MOF- and nanozyme-containing
systems were linked mainly to ROS-dependent or combined triggers (3 studies, 4.6%).

Figure 3. Polymer type-trigger type mapping across the 65 analyzed studies based on harmo-
nized classifications. The heatmap shows the frequency of polymer classes (rows) associated with
different stimuli-responsiveness (columns). Darker shading indicates higher study counts. PEG-
based, poly(ethylene glycol)-derived copolymers; PLGA, poly(lactic-co-glycolic acid); ROS, reactive
oxygen species.

Taken together, Figure 3 shows that polymer families were not evenly distributed
across trigger categories, with some materials appearing predominantly in single-trigger
designs and others recurring across multiple trigger types.
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3.2.3. Cross-Tabulation Analysis of Polymer Chemistry and Trigger Type

To further resolve the patterns observed at the polymer family level, stimulus dis-
tribution was analyzed according to polymer backbone chemistry (Figure 4). Composite
or biomimetic hybrid systems were represented across ROS-responsive and multi-trigger
designs. Polyanionic methacrylate copolymers (e.g., Eudragit) appeared predominantly in
pH-responsive studies, while polycationic polysaccharides (mainly chitosan-based systems)
were likewise dominated by pH-driven release. Anionic polysaccharides were more fre-
quently represented in multi-responsive designs. Aliphatic polyesters (PLGA/PLA) were
distributed across ROS-responsive and combined-trigger categories. Polyethers, including
PEG-derived copolymers such as PEG-PPS, clustered within ROS-activated systems.

Figure 4. Cross-tabulation of polymer backbone chemistry and trigger type across the 65 included
studies. The heatmap shows the frequency of associations between polymer chemistry classes
(rows) and stimulus-responsive mechanisms (columns). Numbers indicate the number of studies for
each combination, and darker shading corresponds to higher study counts. Dual/multi categories
represent formulations responsive to more than one stimulus (e.g., pH+ROS, pH+ion, ROS+enzyme).
MOF, metal–organic framework; ROS, reactive oxygen species.

Inorganic or catalytic materials, including MOF- and nanozyme-containing systems,
were concentrated in ROS-related and combined categories. Crosslinked polymer networks
appeared mainly in pH- and enzyme-responsive systems, consistent with cleavage- or
degradation-controlled release. Protein-based matrices were rare and showed no dominant
trigger profile.

Overall, Figure 4 shows that stimulus responsiveness follows polymer backbone
chemistry rather than carrier form. Polyelectrolytes align with pH-dependent mechanisms,
oxidation-sensitive polyethers with ROS triggers, degradable polyesters support broader
strategies, and hybrid systems enable multi-trigger designs.

3.2.4. Trigger Distribution Across Disease Groups

We analyzed the distribution of trigger types across disease groups to identify
disease-specific design patterns (Figure 5). Inflammatory models, including colitis, arthri-
tis, atherosclerosis, hepatitis, and pancreatitis, were predominantly associated with pH-
responsive systems. ROS-responsive platforms were also frequently applied in inflamma-
tory diseases, particularly in atherosclerosis models. Ion-responsive systems and enzyme-
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sensitive carriers were less frequent but were primarily confined to inflammatory contexts,
especially gastrointestinal and joint disorders.

Figure 5. Distribution of trigger types across disease groups in the 65 included studies. Bars represent
the number of studies employing each trigger mechanism in inflammatory versus tumor models.
ROS, reactive oxygen species.

In contrast, tumor models were dominated by ROS-responsive and dual-responsive
designs. Enzyme-responsive systems appeared only sporadically in tumor settings, whereas
ion-associated mechanisms were rare outside inflammatory conditions.

Overall, trigger profiles differed between inflammatory and tumor models, with
pH-associated mechanisms recurring more frequently in inflammatory conditions and
ROS-based or multi-responsive systems recurring more frequently in tumor-targeted for-
mulations (Figure 5).

3.2.5. Polymer Chemistry Distribution Across Disease Groups

Polymer backbone chemistry showed a clear disease-dependent distribution across
the included studies (Figure 6). Composite and biomimetic hybrid systems constituted the
largest category overall and were strongly enriched in inflammatory models. Polyanionic
methacrylate copolymers (e.g., Eudragit) and protein-based matrices were likewise almost
exclusively associated with inflammatory diseases.

In contrast, inorganic and MOF/nanozyme hybrid systems displayed a comparatively
higher representation in tumor models, distinguishing them from most organic polymer
classes. Aliphatic polyesters, polyethers, polysaccharide-based carriers, and lipid systems
were present in both disease groups.

Other or unspecified systems were rare and showed no consistent disease preference.
Overall, these data indicate that polymer selection is not uniform across indications but
shows distinct distributions between inflammatory versus tumor-targeted applications
(Figure 6).

To clarify how stimulus selection relates to specific pathological environments, trigger
distributions were analyzed across disease subtypes (Figure 7). Distinct patterns emerged
across disease subtypes. Across inflammatory conditions, pH- and ROS-responsive systems
predominated, but their relative contributions differed substantially between subtypes.
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Figure 6. Polymer chemistry distribution across disease groups across 65 included studies. The
stacked bar chart illustrates the number of studies focusing on inflammatory diseases (blue) or solid
tumors (red) in relation with polymer chemistry. MOF, metal–organic frameworks.

 
Figure 7. Normalized trigger-type distribution across inflammatory and tumor disease subtypes
(n = 65). Stacked bars represent the percentage contribution of pH-, ROS-, enzyme-, dual/multi-,
and other stimulus-responsive systems within each subtype. Normalization enables comparison of
trigger selection patterns across disease contexts with unequal sample sizes.

Cardiovascular inflammatory models were dominated by ROS-responsive systems.
These studies [19,27,37,41,42,60,62,64,75,79] primarily employed redox-responsive poly-
mers or hybrid carrier systems.

Colitis and inflammatory bowel disease models showed a strong bias toward pH-
responsive platforms. Protonation-dependent behavior of ionizable polymers enabled

https://doi.org/10.3390/pharmaceutics18030330

https://doi.org/10.3390/pharmaceutics18030330


Pharmaceutics 2026, 18, 330 13 of 23

localized drug release within the inflamed colon. Arthritis and joint disorders displayed a
broader trigger profile. pH-responsive systems were represented by studies [24,34], ROS-
responsive systems by [7,61], enzyme-responsive platforms by [20], and alternative trigger
strategies by [58], indicating heterogeneous trigger usage across joint disease models. Other
inflammatory conditions exhibited mixed trigger usage across studies.

Tumor models showed fewer studies overall but demonstrated clear subtype-specific
tendencies. Breast cancer models (n = 3) were restricted to oxidative and dual-responsive
designs, with ROS-responsive systems represented by [25,32] and dual/multi-responsive
platforms by [23]. Melanoma models were associated primarily with non-classical or com-
posite triggers; for example, study [52] utilized a pathogen-mimicking platform categorized
as “Other”.

Colorectal cancer models relied on both ROS-responsive and dual-responsive carriers,
represented by studies [26,35], respectively. Oral cancer models included pH-responsive
systems such as [38].

Across inflammatory and tumor subtypes, trigger categories showed subtype-
dependent distributions, with pH-, ROS-, enzyme-, and dual/multi-responsive systems
recurring at different frequencies (Figure 7).

3.2.6. Polymer Type-Trigger-Disease Interaction Network

Finally, we integrated the relationships between polymer families, dominant stimulus-
responsiveness categories, and associated disease models into a tripartite network (Figure 8).
The resulting network revealed distinct clusters among the analyzed groups.

Figure 8. Polymer-trigger-disease interaction network. The tripartite network illustrates the re-
lationships between biodegradable polymer families (blue nodes), dominant trigger mechanisms
(green nodes), and associated disease model groups (red nodes) across 65 included preclinical studies
(n = 65). Edge thickness corresponds to the number of studies supporting each association. The
map highlights dominant formulation strategies linking polymer chemistry, microenvironmental
responsiveness, and disease context.

Polyanionic methacrylate copolymers (Eudragit), together with chitosan- and alginate-
based systems, were predominantly associated with pH- and ion-responsive triggers and
were mainly linked to inflammatory bowel disease models. PEG-PPS and MOF/nanozyme-
based systems formed a separate cluster around ROS-responsive triggers and were strongly
associated with tumor and atherosclerosis models. HA-based hydrogels were mapped
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primarily to enzyme-responsive triggers and were most frequently applied in arthritis and
intervertebral disk degeneration models.

Connections between multiple triggers and disease groups were observed for dual-
or multi-responsive systems, indicating cross-category associations across heterogeneous
pathological conditions.

Overall, the network representation demonstrates non-random associations between
polymer families, trigger mechanisms, and disease models across the included studies.

4. Discussion
4.1. Integration of Outcomes

Rather than testing whether microenvironment-responsive polymers can function, the
present analysis addresses a more practice-oriented question: Which material strategies
have been repeatedly applied with reported benefit across diverse pathological settings?
Because the majority of included studies reported improvement relative to untreated or
baseline controls, a pattern that may partly reflect publication tendencies toward positive
findings in preclinical research, the dataset represents a “solution landscape” of experi-
mentally validated formulations rather than a balanced comparison between success and
failure. This perspective enables identification of recurring design patterns linking polymer
chemistry, trigger mechanism, and disease microenvironment.

Across disease models, therapeutic alignment appears structured rather than random.
Outcome patterns stratified by polymer family correspond to characteristic functional
groups and degradation pathways: ionizable carboxylates and amines in methacrylates,
alginate, and chitosan support protonation–deprotonation equilibria and ionic swelling;
ester hydrolysis governs PLGA behavior in vascular and tumor contexts; redox-active
thioethers in PEG-PPS and labile coordination bonds in metal–organic frameworks enable
ROS-sensitive destabilization; and glycosidic hyaluronic acid backbones are susceptible
to enzyme-mediated cleavage in protease-rich tissues. These recurring motifs suggest
physicochemical compatibility between polymer backbones and disease-associated mi-
croenvironmental features.

Importantly, trigger categories did not perform uniformly across contexts. Protonation
equilibria and ion-exchange mechanisms showed the most consistent representation in
colitis models, whereas ROS-responsive platforms predominated in tumor and atheroscle-
rosis settings. Enzyme-responsive systems were concentrated in joint and degenerative
models. Dual- or multi-responsive designs appeared across heterogeneous conditions and
were frequently associated with robust therapeutic readouts, suggesting that combined
activation mechanisms may buffer spatial and temporal variability within diseased tissues.

Viewed through a network framework, polymer–trigger–disease relationships form co-
herent clusters rather than diffuse associations. Polysaccharide- and methacrylate-based car-
riers converge on pH- and ion-sensitive strategies in inflammatory bowel disease; PEG–PPS
systems and metal–organic frameworks cluster within oxidative tumor and vascular en-
vironments; hyaluronic-acid hydrogels map predominantly to enzyme-responsive joint
disorders. Multi-node connections highlight the recurring use of composite materials in
complex microenvironments.

Based on these patterns, Table 2 consolidates empirically recurrent polymer–trigger
combinations by disease subtype together with their mechanistic rationale. Rather than pre-
scribing a universally optimal material, this synthesis delineates a structured design space
within which polymer selection can be aligned with dominant pathological conditions.
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Table 2. Recommended polymer-trigger systems by disease subtype, associated positive outcome
rates, and mechanistic rationale.

Disease Subtype Recommended Polymer
Family/System

Dominant Trigger
Mechanism Evidence Strength * Mechanistic Rationale

IBD/colitis

Eudragit (methacrylate
copolymers) pH-responsive Strong

Enteric dissolution and
protonation-deprotonation equilibria
enable site-specific release in acidic

inflamed intestinal regions

Chitosan-based systems pH/ionic Moderate

Cationic swelling, mucoadhesion,
and electrostatic interaction with

negatively charged mucosa enhance
retention and release

PLGA formulations pH-associated
degradation Supportive

Ester hydrolysis and
autocatalytic acidification
promote sustained release

under inflammatory conditions

Arthritis/cartilage
disorders

Hyaluronic acid hydrogels Enzyme- responsive
(MMPs, hyaluronidase) Strong

Selective degradation in
protease-rich synovial environment

enables localized drug liberation

Alginate or HA
composites ROS/enzyme Moderate

Oxidative stress and enzymatic
activity jointly promote matrix
breakdown in inflamed joints

Atherosclerosis/car-
diovascular disease

ROS-responsive polymers
(e.g., PEG-PPS) ROS Strong

High oxidative burden in plaques
activates redox- sensitive linkages,

triggering payload release

PEGylated nanoparticle
systems ROS/dual Moderate

Prolonged circulation combined with
oxidative activation enhances

vascular targeting

Solid tumours

ROS-responsive systems ROS Strong
Elevated ROS flux in tumour

microenvironment ensures efficient
activation of redox- labile carriers

Dual pH + ROS platforms Combined stimuli Moderate-strong
Concurrent acidity and oxidative
stress provide robust activation

despite spatial heterogeneity

* Evidence strength reflects the frequency of successful application across included studies rather than comparative
therapeutic efficacy. “Positive outcome” denotes any statistically or biologically meaningful improvement in
disease-related endpoints reported by the original authors relative to control conditions in the respective preclinical
model. Across the included studies, authors reported improvement relative to control conditions; negative or null
findings may be underrepresented due to publication and reporting biases.

Taken together, the findings support the concept of mechanochemical compatibility
as a central organizing principle in biodegradable polymer drug delivery. By integrating
evidence across models, this work provides a formulation-oriented framework that moves
beyond descriptive cataloging toward context-aware material selection.

4.2. Translational Relevance of Recommended Polymer-Trigger Systems

Table 2 synthesizes the most consistently reported polymer-trigger pairings across
65 preclinical studies, providing a formulation-oriented framework for disease-specific
carrier selection. Rather than identifying universally superior materials, the data indicate
that therapeutic performance is strongly influenced by the degree of mechanochemical
compatibility between the carrier and the dominant pathological microenvironment.

In colitis and inflammatory bowel disease, polyanionic methacrylate copolymers
(Eudragit) and polysaccharide matrices such as alginate and chitosan were frequently
associated with reproducible outcomes. These systems exploit robust physicochemical
constants of the intestinal milieu: protonation–deprotonation equilibria along the colonic
pH gradient and dynamic ion-exchange processes. Carboxylate-bearing methacrylates
undergo predictable dissolution transitions, while Ca2+-crosslinked alginate networks
respond to Na+/Ca2+ exchange through formation and rearrangement of egg-box junc-
tion zones. Combined with chitosan-mediated mucoadhesion and ionic swelling, these
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mechanisms provide stable, scalable colon-targeted delivery platforms compatible with
oral administration.

In arthritis and degenerative joint disorders, hyaluronic-acid-based hydrogels and
HA-PEG composites were consistently associated with positive performance by leveraging
matrix metalloproteinase (MMP) overexpression in inflamed synovial tissues. PEGylation
improves retention and reduces nonspecific protein adsorption, whereas enzymatic cleav-
age of the HA backbone enables localized payload release. This trigger mechanism closely
mirrors disease pathophysiology and supports the development of intra-articular depot
formulations capable of sustained therapeutic exposure.

Atherosclerosis and vascular inflammation were dominated by ROS-responsive carri-
ers, including PEG-PPS micelles and MOF- or nanozyme-based composites. Oxidation of
thioether groups and destabilization of labile coordination bonds under oxidative stress
can induce structural collapse and drug release. However, variability in local ROS concen-
trations suggests that adaptive or multi-responsive systems may be required for reliable
human translation.

Solid tumors frequently employ dual pH+ROS-responsive or biomimetic composite
systems. Their orthogonal activation pathways enable drug release even when one stimulus
is heterogeneous or subthreshold, while nanoscale size and surface properties facilitate
accumulation via the enhanced permeability and retention (EPR) effect. This redundancy
may be particularly advantageous in spatially heterogeneous tumor microenvironments.

Collectively, these findings emphasize that polymeric drug-delivery systems tend
to perform most consistently when chemical functionality, material physics, and disease-
specific triggers are co-optimized. Translation is therefore unlikely to benefit from universal
carrier platforms; instead, rational selection should prioritize alignment between ionizable
groups, redox-sensitive motifs, or enzyme-labile structures and the dominant biochemical
cues of the target pathology. Proteomics-derived epithelial biomarkers (e.g., TGM2, ICAM1,
CEACAM1, ANXA1 [9]) further support the integration of disease-specific diagnostic
profiling with targeted or trigger-matched formulation strategies in IBD.

4.3. Mechanistic Interpretation

Across stimuli-responsive platforms, efficacy patterns appear to closely track the
intrinsic chemical reactivity of the materials within physiological ranges of pH, ionic
strength, and redox potential. Polyanionic methacrylates exhibit predictable solubility shifts
driven by protonation of pendant carboxyl groups, whereas polycationic polysaccharides
such as chitosan rely on reversible amine protonation to induce swelling and mucoadhesion.
Polyester carriers including PLGA and PLA undergo hydrolysis that is accelerated under
acidic and inflammatory conditions, explaining enhanced release kinetics in tumors and
damaged tissues.

Redox-responsive block copolymers such as PEG-PPS convert thioether oxidation into
polarity changes that destabilize micellar cores, directly coupling drug release to oxidative
stress gradients characteristic of atherosclerotic plaques and tumors. Hyaluronic-acid
matrices exploit enzyme overexpression for site-specific degradation, while MOF- and
nanozyme-based systems combine labile coordination bonds with catalytic modulation of
reactive oxygen species, producing both therapeutic and environment-responsive effects.

From a translational perspective, these observations support the concept of mechano-
chemical matching, defined as the alignment between molecular reactivity and pathological
milieu as a major determinant of in vivo performance. Systems activated by fundamental
physicochemical properties of disease states, such as acidity, oxidative stress, or protease
activity, tend to exhibit more reproducible outcomes. In contrast, platforms dependent on
less stable or spatially variable stimuli may produce inconsistent results across models.
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Importantly, each polymer family offers a defined activation pathway that can be
tuned through composition, architecture, or crosslinking density. This design flexibility
may enable the prediction of behavior under patient-specific biochemical conditions and
provide a foundation for personalized formulation strategies. At a molecular level, re-
sponsiveness is governed by a limited set of recurring chemical motifs, including ionizable
carboxylate and amine groups enabling pH- and ion-dependent behavior; hydrolysable
ester backbones driving acid-accelerated degradation; redox-active thioethers mediating
oxidative destabilization; enzyme-cleavable glycosidic networks; and labile coordination
bonds in metal–organic frameworks. These motifs collectively define the physicochemical
design space of biodegradable polymer carriers.

4.4. Regulatory and Translational Challenges

Considerable heterogeneity among the included studies, encompassing animal models,
polymer architectures, dosing strategies, and outcome metrics, limits direct quantitative
comparability. Incomplete reporting of sample sizes, variance measures, and release
kinetics further constrains formal effect-size synthesis and necessitates a hybrid qualitative–
quantitative approach.

Translational extrapolation is additionally complicated by differences between animal
models and human pathological microenvironments. Although rodent models reproduce
major disease hallmarks, electrolyte composition, pH distribution, oxidative status, and
protease activity often differ from human tissues, potentially altering trigger responsiveness.

Future progress will require integration of mechanistic polymer design with experi-
mental models that better capture patient-level biochemical variability. Biomarker-guided
selection of responsive motifs, including protonatable groups, ion-sensitive crosslinks,
redox-labile bonds, and enzyme-cleavable backbones, represents a promising strategy to
align carrier behavior with disease-specific environments.

In summary, this analysis maps a coherent landscape of disease-linked polymer respon-
siveness but also highlights the need for standardized reporting, improved quantitative charac-
terization, and translational models that reflect clinically relevant biochemical conditions.

4.5. Limitations of the Study

Despite providing a comprehensive synthesis of microenvironment-responsive poly-
mer systems, this analysis has several limitations. Considerable heterogeneity among the
included studies, in terms of animal models, polymer architectures, dosing regimens, ad-
ministration routes, and outcome measures, limits direct quantitative comparability across
experiments. In addition, incomplete reporting of sample sizes, variance measures, pharma-
cokinetic parameters, and release kinetics in some studies constrained formal meta-analytic
effect size calculations and necessitated a hybrid qualitative–quantitative approach.

Translational extrapolation from animal models to human disease remains uncertain.
Although rodent models reproduce key pathological features, differences in electrolyte com-
position, pH distribution, oxidative status, immune responses, and protease activity may al-
ter trigger responsiveness in clinical settings. Furthermore, publication bias toward positive
findings in preclinical research may lead to overrepresentation of successful formulations.

Finally, the analysis focused exclusively on biodegradable polymer systems published
between 2020 and 2025 and indexed in major databases, which may exclude earlier foun-
dational work or studies reported in other sources. Therefore, the framework proposed
here should be interpreted as a contemporary evidence-based landscape rather than an
exhaustive representation of all possible responsive materials.

https://doi.org/10.3390/pharmaceutics18030330

https://doi.org/10.3390/pharmaceutics18030330


Pharmaceutics 2026, 18, 330 18 of 23

5. Conclusions
Analysis of 65 preclinical in vivo studies identified non-random, disease-specific

clustering of biodegradable polymer systems according to dominant activation mechanisms.
Rather than being broadly interchangeable, polymer platforms tended to converge within
distinct pathological contexts, indicating that disease microenvironments impose strong
constraints on viable material designs.

Gastrointestinal inflammatory models were overwhelmingly associated with ionizable
polysaccharide-based and methacrylate carriers operating through pH- and ion-dependent
mechanisms, whereas enzyme-responsive hyaluronic acid systems were concentrated
in joint and cartilage pathologies characterized by protease overexpression. In contrast,
oxidative vascular disorders and solid tumors preferentially employed redox-responsive
polyether systems and coordination-chemistry-driven platforms, reflecting the central role
of reactive oxygen species in these conditions. Notably, composite and multi-responsive
carriers were disproportionately represented in disease settings known for spatial and
temporal heterogeneity, suggesting that robustness across fluctuating microenvironments
may require orthogonal activation pathways.

These findings indicate that therapeutic performance is associated not simply with
trigger compatibility but with the stability and dominance of specific biochemical cues
within each disease. Pathologies with relatively uniform activation signals tend to favor
single-mechanism systems, whereas complex or evolving microenvironments are more
frequently addressed by hybrid architectures capable of maintaining functionality despite
local variability.

By consolidating these recurrent associations into a polymer–trigger–disease frame-
work, this study provides a practical basis for disease-calibrated formulation selection.
Polymer choice may therefore be guided by the dominant microenvironmental drivers of
the target pathology rather than by empirical material preference. Such an approach has
direct implications for translational development, as alignment between carrier responsive-
ness and disease biology is likely to influence reproducibility and clinical viability.

Collectively, these findings suggest that, unlike platform-based pharmaceutical formu-
lation, effective experimental drug-delivery systems exhibit disease-dependent material
selection patterns. Incorporating pathological context into carrier choice may therefore
support more rational and potentially personalized formulation strategies.

This framework may serve as a preliminary decision-support tool for selecting polymer
carriers in personalized formulation development.
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Abstract
Porphyria cutanea tarda (PCT) is a disorder of hem biosynthesis resulting from a decreased activity of the
uroporphyrinogen decarboxylase enzyme. Hem precursors are accumulated in the blood, liver and skin. Inherited and
acquired factors also contribute to the pathogenesis of PCT. Hem precursors and porphyrins are excreted with urine
and faeces.
Whole blood of 8 PCT patients and 6 volunteers of Caucasian origin were analysed. In addition to routine

laboratory measurements, 19 elements (Al, B, Ba, Ca, Cd, Co, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, S, V, Zn) were
determined by means of inductively coupled plasma optical emission spectrometry (ICP-OES).
Mg, P and S concentrations in whole blood were decreased significantly (po0:05), whereas Ba was increased in PCT

patients compared to controls. Metabolic alterations are reflected in the correlation of parameters. Positive
correlations were found between the element pairs of Zn–Al, Zn–Mg, Zn–Mn, B–S, Fe–Mg, K–P, Mg–Mn for PCT
patients, whereas in the control group Al–Mn, Ca–Cu, Ca–Na, Cu–Mg, Fe–K, Mg–Na, Zn–P showed positive
correlations.
r 2005 Elsevier GmbH. All rights reserved.

Keywords: Porphyria cutanea tarda (PCT); Major and trace elements; ICP-OES
Introduction

Porphyria cutanea tarda (PCT) is a common form of
porphyria. PCT is differentiated from porphyrias by
clinical (skin lesion) and biochemical (high uroporphyr-
in (URO) level in blood, urine and faeces) parameters.
PCT is a human metabolic disorder, determined by
acquired or genetic factors. This disease is characterized
by the strongly decreased activity of the enzyme
uroporphyrinogen decarboxylase (UROD), and the
ee front matter r 2005 Elsevier GmbH. All rights reserved.
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accumulation of UROs and heptacarboxylporphyrin
mainly in the liver and skin [1]. Erythrocyte UROD
activity is normal in the sporadic form of PCT. UROD
activity was found to be reduced in tissues (skin,
erythrocytes, liver) in familial PCT. The enzyme defect
is inherited as autosomal dominant. Alcohol consump-
tion, virus infections, hepatotoxic chemicals, hepatic
siderosis, estrogens and drug abuse determine clinical
manifestations of PCT [2,3].
Excess URO production in the liver associated

with consumption of alcohol and moderate iron over-
load causes skin lesions in the PCT patients. The lesions

www.elsevier.de/jtemb
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are more pronounced in summer and in sunny
climates [4].
Excessive porphyrinuria with dominance of URO is

one of the indicators in PCT. [6]. Therapeutic phlebot-
omy reduces the iron load and the UROs [5]. In most
cases, PCT is associated with high iron levels in the liver;
and the excess iron may cause decreased activity of
UROD. Transferrin receptor polymorphism may influ-
ence the affinity of this receptor to its ligand with a
subsequent increase of cellular ion absorption and
storage [6]. The resolution of the cutaneous manifesta-
tions and porphyrin overproduction with venesection is
associated with the normalization of hepatic UROD
activity in sporadic PCT [7].
Element concentrations in the blood of phleboto-

mized PCT patients have not been determined so far.
Therefore, the concentrations of 19 major and trace
elements were determined in whole blood samples of
PCT patients.
Materials and methods

Materials

Alcohol and acetic acid were purchased from Merck
(Darmstadt, Germany). The ‘‘Porphyrin Acids Marker
Kit’’ was from Porphyrin Products Inc. All other
chemicals were of the highest purity grade available
and were obtained from Reanal, Budapest.

Subjects and samples

Eight male PCT patients of Caucasian origin (average
age: 62713 years) were examined. The diagnosis of PCT
was based on the results of blood and urine analyses.
The control group consisted of 6 male Caucasian
volunteers (average age: 43713 years).
Routine clinical parameters were determined in serum

directly after the sampling of blood. Determinations in
urine were carried out in urine collected within 24 h.
Whole blood samples were kept in a freezer (�20 1C)
until sample preparation for inductively coupled plasma
optical emission spectrometry (ICP-OES) measure-
ments.
All procedures were in accordance with the ethical

standards formulated in the Helsinki Declaration of
1975 (revised 1983), permission number: IKEB 5/2003.

Clinical parameters

Routine clinical parameters were measured by using
an Olympus AU-600 and a Roche/Hitachi MODULAR
instrument (nr ¼ normal range): aspartate aminotrans-
ferase (AST) (nr: 0–35U/L), alanine aminotransferase
(ALT) (nr: 0–43U/L), gamma-glutamyltransferase
(GGT) (nr: 7–47U/L), and alkaline phosphatase
(ALP) (nr: 98–279U/L) enzyme activities, serum trigly-
cerides (TG) (nr: 0.6–1.7mmol/L), high-density lipopro-
tein (HDL-CHOL) (nr: 41.45mmol/L), low-density
lipoprotein (LDL-CHOL) (nr: o4.0mmol/L), choles-
terol (CHOL) (nr: 3.2–5.2mmol/L), iron (nr:
6.0–27.0 mmol/L), transferrin (nr: 2.1–3.8 g/L), ferritin
(nr: 30–400 ng/m). Hemoglobin (HGB) (nr: 13.5–17.5 g/
dL) was determined with a Cell-dyn Haematological
Automate. The Laboratory parameters were measured
with Randox (Ardmore, UK) and Roche (Mannheim,
Germany) kits.

Urinary porphyrin

Urine was collected and kept in dark bottles for 24 h
at 4 1C. The concentration of uro- and coproporphyrins
was measured by the method of Westerlund [8].

Sample preparation

For element determinations, the whole blood samples
(weight ranges: 1.5–2.0 g) were digested with a mixture
of HNO3 (7mL) and H2O2 (2mL) in Parr bombs. After
digestion, the samples were diluted to 25mL with
deionized water [9].

Element determinations

Since most elements are intracellular, serum samples
do not show the relevant element status. Therefore
element concentrations were determined in whole blood
by ICP-OES with an Atom Scan25 (Thermo Jarrell Ash)
instrument, a sequential spectrometer. The following 19
elements were determined: aluminium (Al), boron (B),
barium (Ba), calcium (Ca), cadmium (Cd), cobalt (Co),
copper (Cu), iron (Fe), potassium (K), lithium (Li),
magnesium (Mg), manganese (Mn), molybdenum (Mo),
sodium (Na), nickel (Ni), phosphorous (P), sulfur (S),
vanadium (V), zinc (Zn).
Three times 3 s integration time, blank subtraction

and background correction were applied during the
measurements. The working solutions for calibration
were made by diluting ICP standards from Merck
(Darmstadt, Germany).
The method was optimized for all elements and the

recovery was between 90.6% (phosphorus) and 116.2%
(boron) [10,11].

Statistical analysis

Summary statistics (n, mean, standard deviation,
correlation coefficient) were calculated. The changes
between control and patient groups were analysed using
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Table 2. Lipid parameters (mean7SD) of porphyria cutanea
tarda (PCT) patients compared to the control group

M. Dinya et al. / Journal of Trace Elements in Medicine and Biology 19 (2005) 217–220 219
t-test. A probability value of 0.05 or less was considered
significant. Statistical analysis was performed with
STATISTICA 6.0 software.
PCT (n ¼ 8) Controls (n ¼ 6)

CHOL (mmol/L) 4.4871.04 4.4270.30
TG (mmol/L) 1.0370.44 1.0270.43
LDL-CHOL (mmol/L) 2.6970.82 2.3970.35
HDL-CHOL (mmol/L) 1.3170.54 1.3970.35

CHOL, cholesterol; TG, triglycerides; LDL-CHOL, low density

lipoprotein; HDL-CHOL, high density lipoprotein.

Table 3. Iron metabolism parameters (mean7SD) of por-
phyria cutanea tarda (PCT) patients compared to the control

group

PCT (n ¼ 8) Controls (n ¼ 6)

HGB (g/dL) 15.2271.77 14.37726.05
Iron (mmol/L) 27.8378.06 20.0578.99
Transferrin (g/L) 2.4370.31 2.7870.15
Ferritin (ng/mL) 150.057123.99 76.41713.03

HGB, hemoglobin.

Table 4. Results of element determinations (mean7SD) in
whole blood of phlebotomised PCT patients and controls as

well as detection limits

Control (n ¼ 6)

(mg/g)
PCT (n ¼ 8)

(mg/g)
Detection limit

(mg/g)

Al 0.65870.313 2.74871.169 0.1

B 0.65770.493 2.40271.04 0.02

Ba 0.01370.005 0.10870.048� 0.002

Ca 53.64711.89 66.41726.79 0.002

Cu 0.73870.159 0.70670.130 0.01

Fe 530.4751.7 483.82751.18 0.01

K 17907183 1542.747225.06 0.5

Mg 41.3776.15 32.5275.96� 0.0025

Mn 0.10570.071 0.03970.015 0.005

Na 2323.007160.00 2270.017139.09 0.05

P 329.60718.31 297.22724.48� 0.25

S 1501783 1319.707145.49� 0.25

Zn 7.8570.99 6.7971.78 0.001
Results

Tables 1–3 show the clinical parameters for PCT
patients and controls. Most of the parameters did not
differ significantly between the PCT and the control
group. The amount of porphyrins in urine increased, the
main component was URO. Twenty-four hours urinary
porphyrins were between 45 and 500 nmol.
The evaluation of the data showed that serum Fe

concentrations were changed together with ALT
(r ¼ 0:84) in the phlebotomized PCT patients (po0:05)
but not in the control group.
The detection limits and results of element determina-

tion in whole blood of patients with PCT are shown in
Table 4. The detection limits were calculated from the
detection limits of the instrument, the weight of the
blood samples and the final volumes. The concentra-
tions of Cd, Co, Li, Mo, Ni and V were below detection
limit, therefore, they were omitted from the table.
Blood Ba, Al, B and Ca levels in the PCT group were

increased compared to the control group, and the Al
and B levels in the PCT group were also higher
compared to normal values. In the case of Mn, Zn, P,
Mg, K and S, the results were below the concentrations
determined in the control group and normal values.
The blood element concentrations from PCT patients

were compared statistically with those of the controls.
Significant differences (po0:05) between the groups
were observed for the elements Ba, B, Mg, P and S.
Since the metal ion metabolism is changed in the

disease, the correlations between different elements are
also altered. The exception is the correlation between
Al–Mn (r ¼ 0:96; 0.99) in both the control and the
phlebotomized PCT group. Positive correlations were
found in phlebotomized PCT patients for Al–Mg
(r ¼ 0:89), Al–Zn (r ¼ 0:77), B–S (r ¼ 0:84), Fe–Mg
(r ¼ 0:79), K–P (r ¼ 0:88), Mg–Mn (r ¼ 0:87), Mn–Zn
(r ¼ 0:78), Mg–Zn (r ¼ 0:78) and in controls for Ca–Cu
Table 1. Liver parameters (mean7SD) of porphyria cutanea
tarda (PCT) patients compared to the control group

PCT (n ¼ 8) Controls (n ¼ 6)

AST (U/L) 36.25716.73 29.6674.96
ALT (U/L) 36.50726.54 21.0077.32
GGT (U/L) 50.50721.91 24.0079.26
ALP (U/L) 230.007101.60 161.83752.30

AST, aspartate-aminotransferase; ALT, alanine-aminotransferase;

GGT, gamma-glutamyltransferase; ALP, alkaline phosphatase.

�Significant difference vs. controls.
(0.83), Ca–Na (r ¼ 0:86), Cu–Mg (r ¼ 0:90), Fe–K
(r ¼ 0:85), Na–Mg (r ¼ 0:86), Zn–P (r ¼ 0:94).
Discussion and conclusions

Mainly URO accumulation causes the photoderma-
tosis and Fe overload increases the lipid peroxidation in
cutaneous symptoms. The lower concentration of Zn
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and the significantly low concentrations of Mg, S and P
in whole blood may contribute to the cutaneous reaction
– skin fragility, blisters on the area exposed to the sun –
in PCT; therefore further investigations are required to
elucidate the relations between the elements.
The concentrations of Al and B are relatively high in

PCT compared to the control and the normal values
(n.r.o0.2 mg/g). Although the Ba concentration was
significantly higher in PCT patients than in the controls,
this concentration is similar to the normal value.
Correlations were found between the concentrations

of Al and Mn (r ¼ 0:96; 0.99) both in the control and
the phlebotomized PCT group, whereas the other
element correlations in the control group changed.
Similarly, altered correlations were found in other
diseases, e.g. in IBD, in which totally different correla-
tions were observed, e.g. positive correlations for Al–Cu
and Fe–Cu [12]. The similarity of the two diseases is the
positive correlation between the concentrations of Al
and Zn, and of Fe and Mg.
Phlebotomy, although having been proved to be the

proper treatment supported by the clinical data, does
not modify efficiently the metal-ion components in the
whole blood of the patients.
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Abstract

Our earlier studies have shown that some steroids increase myeloperoxidase enzyme (MPO) release from human granulocytes, and that

MPO plasma levels are significantly lower in postclimacteric people. Moreover, we have proven that MPO inhibits production of atherogenic

free radical superoxide anion and MPO-inhibitors increase superoxide release. The aim of the present study was to investigate the effect of

MPO-inhibitors on the early phase of aortic atherosclerosis, namely the extent of intimal plaques and the thickening of the medial layer.

Adult male rabbits were fed with lipid rich food (cholesterol: 1.3%, peanut oil: 8%) for 8 weeks. During this period MPO-inhibitors were also

given (4-aminobenzoicacid-hydrazide/ABAH/-13.3 mg/kg/day or indometacin-5 mg/kg/day). All animals developed intimal lipid plaques

(raised fatty streaks). The relative plaque-covered areas of the aortas were compared and the media thickness of the aorta was measured on

plaque-free as well as plaque-containing areas. The medial smooth muscle density and peroxidase activity of the aortic media were also

determined. The media thickness increased (p!0.05) in the cholesterolCABAH as well as in the cholesterolCindometacin groups up to

375.7 (G60.5) and 442.5 (G123.4) mm, respectively, compared to the control group (cholesterol feeding alone) where it measured only

308.4 (G51.67) mm. The medial peroxidase activity decreased significantly in the indometacin treated group and showed a decreasing

tendency using ABAH. In parallel to this there was a tendency of increase in the relative plaque covered areas. The smooth muscle density

showed no significant modifications, while inhibitors of the MPO seemed to enhance aortic medial thickness, i.e. the grade of a pre-

atherosclerotic lesion, in our animal model. Collectively, the anti-atherogenic effect of certain steroid hormones might be realized through

the impact on MPO activity.

q 2005 Elsevier Inc. All rights reserved.

Keywords: Myeloperoxidase; Myeloperoxidase inhibitors; Cholesterol fed rabbits; Media thickness; Atherosclerosis
1. Introduction

The degradation of toxic byproducts of aerobic respir-

ation produces excess hydrogen peroxide (H2O2), which is,

in turn, destroyed by heme proteins known as peroxidases.
0531-5565/$ - see front matter q 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.exger.2004.12.004
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E-mail address: bekesig@invitel.hu (G. Békési).
Peroxidase reduces H2O2 to water while oxidizing a variety

of substrates. Myeloperoxidase is the best caracterized

enzyme in animal and human tissues, it is abundantly

secreted from activated phagocytes. MPO catalyzes the

oxidation of halide ions to hypohalous acids at the expense

of hydrogen peroxide. Other MPO—like enzymes, posses-

ing a peroxidase activity are widely distributed in different

tissues. The biological consequences of these reactions

in vivo are still unclear.
Experimental Gerontology 40 (2005) 199–208
www.elsevier.com/locate/expgero
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In most of the previous publications the higher level of

MPO was connected to enhanced free radical production

and greater exposure to atherosclerosis, thus, it has been

known to possess a prooxidant, i.e. atherogenic ability

(Mohácsi et al., 1996; Dougherty et al., 1994). The presence

of the enzyme in atherosclerotic lesions also backs up this

view (Dougherthy et al., 1994; Heinecke, 2002).

However, other authors argue that increased MPO

activity also contributes to the termination of the free

radical production through inactivation of NADPH-oxidase

enzyme, generating superoxide anion (Jandl et al., 1978;

cited by Feher et al., 1987).

Some in vitro and in vivo data ascribing a significant role

for certain steroids in the regulation of granulocyte MPO

enzyme activity and release are already known. Estrogen

had been demonstrated to enhance the myeloperoxidase

activity in human polymorphonuclear leukocytes (Jansson,

1990). Estrogen replacement therapy in postmenopausal

women also increased MPO activity and release from

neutrophils (Bekesi et al., 1997). Testosterone and pre-

dnisolone treatment seemed to have such an effect, too

(Bekesi et al., 2001a). We also proved a physiologically

decreasing-with-age plasma concentration of MPO in both

genders (Bekesi et al., 2001a).

Certain steroids show superoxide inhibiting capacity

(Bekesi et al., 2000). However, other steroid compounds do

not have such a property (Bekesi et al., 2004). MPO

inhibitors abolished even the steroidal antioxidant effect

(Bekesi, 2001a).

Oxygen derived free radicals such as superoxide anion

are responsible for LDL-oxidation, the highly important key

factor in atherogenesis (Babior, 2000). Although the free

radical superoxide anion is reactive only to a limited degree,

it also induces peroxidatic changes in lecithin-cholesterol

membranes (Seligman et al., 1979) and can be transformed

into other more reactive oxygen intermediates, so it is of

great importance. By cooperating with hydrogen peroxide,

superoxide anion can produce hydroxyl radical and singlet

oxygen, which are the proximate causes of lipid peroxi-

dation (Kellogg and Fridovich, 1977). Beyond the oxidative

role of superoxide anion it is also a vasoconstrictor (Das,

1992) and significantly stimulates vascular smooth muscle

cell proliferation in aortic explant of rats (Cathapermal

et al., 1998). By neutralizing the vasodilator nitric oxide

(NO) superoxide anion produces peroxynitrite, which also

oxidizes the lipoproteins, decomposes to highly reactive

species (Van Der Vliet et al., 1994) and contributes to the

loss of cardiac efficiency in animal heart (Ferdinandy et al.,

1999).

A plasma membrane-associated NADPH oxidase is

present not only in neutrophils but also in endothelial

cells, vascular smooth muscle cells and fibroblasts and

seems to be the most important source of superoxide anion

in the vessel wall (San José et al., 2004).

In a recent study we demonstrated that adding MPO to

separated neutrophils results in decreased release of free
radical superoxide anion from these cells (Bekesi et al.,

2001b). MPO inhibitors, on the other hand, have been

proven to enhance the superoxide anion production of

neutrophil granulocytes (Bekesi et al., 2001a). MPO-

deficient mice are known to develop severe atherosclerosis

(Brennan et al., 2001a).

Returning to the previously mentioned harmful features

of superoxide anion and to the superoxide inhibiting ability

of certain steroids, the explanation is clear that estrogen, and

perhaps other steroid compounds, are able to inhibit smooth

muscle cell proliferation and thereby, among other things,

temper with the extent of damage to the vascular wall.

Hormone deficiency related to menopause, by means of the

deficient steroidal effect—in our opinion also because of a

reduction in the enhancing effect towards the MPO

enzyme—may therefore justifiably lead to an increase in

intima-media thickness providing a degree of pre-clinical

atherosclerosis. Several statements published in this subject

area conform to the contents of this chapter: early

menopause is associated with increased sub-clinical athero-

sclerosis [intima-media thickness] (Mack et al, 2004).

Several outstanding publications also deal with estrogen’s

anti-proliferating nature for smooth muscle cells (Dai-Do

et al, 1996; Joswig et al, 1999; Espinosa et al, 1996). In the

knowledge of inhibition by estrogen on production of

superoxide anion, with its proliferating effect, this seems to

have a biochemical basis.

4-Aminobenzoic acid hydrazide (ABAH) is a specific

MPO inhibitor (Mytar et al., 1999). MPO oxidizes ABAH to

a radical that reduces the enzyme to its ferrous intermediate.

Ferrous MPO reacts either with oxygen to allow enzyme

turnover, or with hydrogen peroxide to give irreversible

inactivation (Kettle et al., 1997). Indomethacin has also been

known to be a strong MPO inhibitor. It directly inhibits the

chlorinating activity of the enzyme (Shacter et al., 1991).

Feeding rabbits with cholesterol-rich food for several

weeks has been considered an appropriate method for

developing atherosclerotic plaques in the vessel walls of the

animals and for investigating the pathogenetic impact of

free radicals on atherogenesis (Heinle, 2002). Ultrasono-

graphy has been applied recently to detect the early stage of

atherosclerosis. The thickened intima-media is associated

with an increased cardiovascular risk (Bots et al., 1999;

Salonen et al., 1991; Kadar et al. 1999).

Accordingly, in the present study we planned to test the

effect of MPO-inhibitors ABAH and indomethacin on aortic

atherosclerosis and medial thickness. We used an exper-

imentally induced atherosclerosis model in rabbits, which

disclosed alterations corresponding to an early phase

atherosclerosis in humans.
2. Methods

New-Zealand white male adult rabbits were fed with lipid

rich food (cholesterol: 1.3%, peanut oil: 8%) for 8 weeks.



G. Békési et al. / Experimental Gerontology 40 (2005) 199–208 201
During this period the animals were also given orally

administered MPO-inhibitors (4-aminobenzoicacid-hydra-

zide/ABAH/ 13.33 mg/kg/day, or indometacin 5 mg/kg/day)

in parallel with the only cholesterol-fed control group (nZ
5/group). No data are available in the literature on the in vivo

administration of ABAH. Effective concentrations used in

our previous in vitro experiments were extrapolated to the

extra-cellular volume of the animals. In vivo dosage of

indomethacin, on the other hand, is well known and

established in animal experiments. In terms of size, the

quantity of all daily indomethacin given to our experimental

animals is close to the maximum dose allowable therapeuti-

cally under human conditions (mg/kg/day).

2.1. Histochemical staining

Rabbits were killed by intravenously administered

sodium pentobarbital overdose. The aorta was dissected

and opened longitudinally from the end of the aortic roots to

the iliac bifurcation, then pinned on boards and fixed in 4%

buffered formalin.

The intimal plaques were stained red with Sudan stain for

lipids, then the aortas were photographed using a digital

camera (Nicon Coolpix 4500).

After this aortic segments were rolled up and embedded

in OCT(Optimal Cutting Temperature Compound; 10.24%

polyvinyl alcohol, 4.26% polyethylene glycol, 85.5% non-

reactive ingredient; Miles Inc. Elkhart, IN, USA) then

frozen at K22 8C. These specimens were sectioned 10 mm

thick, proceeding deep enough so the entire length of the

aorta segment could be viewed in a spiral configuration.

This technique allows perpendicular cuts on longitudinally

oriented aortas. For medial thickness and cell density

measurements sections were stained with hematoxylin.

To measure the peroxidase activity, adjacent frozen

tissue sections were further processed. Under a dissecting

microscope aortic wall segments were dissected from these

slides using sharp blades. All collected aortas were placed

on a single, wet silane coated microscope slide (previously

treated with a 2% solution of 3-aminopropyltriethoxy-silane

in acetone; SIGMA A-3648) and dried. This allowed us to

measure the peroxidase activity of all the collected aorta

segments in a single assay (microarray technique). The

peroxidase reaction was performed by immersing the slide

in a diaminobenzidine tetrahydrochloride (DAB, VIEW

Ventana, Tucson, AZ 85737) solution containing hydrogen

peroxide for 20 min (10 ml TRIS buffer, pH 8.2; 6 mg DAB;

and 20 ml of 6% hydrogen peroxide). The slide was then

covered by an aqueous mounting medium (DAKO Ultra-

mount S1964).

2.2. Morphometry and image analysis

The pictures of the Sudan stained intimal aspects of the

aortas were analysed by measuring their total surface and

the red stained plaque covered areas (Scion Image for
Windows version Beta 4.0.2 free software). The percentage

of plaque area was calculated (Fig. 1(a)).

On hematoxylin stained slides, proceeding from the

proximal toward the distal end of each aorta, measurements

were made at the first lipid plaque encountered and at the

segment with intact intima immediately next to it

(Fig. 1(b)). Measurements were performed by capturing

images of media below the lipid plaques and below the

normal intima. The final magnification used was 200. For

medial thickness three measurements for each site were

averaged (Scion Image software). In rabbits, the normal

intima viewed by a light microscope consists only of a thin

endothelial layer. Because of the highly variable thickness

of plaques, we did not investigate the intimal plaque

thickness.

The same software was used to count the number of

medial smooth muscle cells. Images were density-sliced,

and the nuclei were identified as dots greater than 8 pixels.

Areas of medial segments were measured directly by

manual highlighting. The medial smooth muscle cell

density was calculated by dividing the number of nuclei

by corresponding medial areas.

The peroxidase activity of the aortic media was measured

on the tissue microarray slide. The technical setup included

an Olympus BX-50 microscope equipped with an Olympus

DP70 digital camera and corresponding software which

allowed the capture of images of identical intensities. The

brownish DAB reaction was quantified after white and black

conversion (Adobe Photoshop 5.0 LE software) by optical

densitometry, using the same threshold values throughout

(Scion Image software). The mean optical densities of the

groups were compared.
2.3. Statistical analysis

During evaluation of the media thickness and plaque

proportion data Fisher-exact test was used (comparing

control and ABAH or indometacin data and creating

contingency tables). In the case of media-site results and

peroxidase activity data the median-test was also applied.

Smooth muscle density outcomes were also assessed by the

Fisher-test. The Kruskal–Wallis ANOVA test and Mann–

Whitney U post-hoc test with a-correction were applied for

comparison of all media thicknesses (plaque-free and

plaque-containing), controls, ABAH and indometacin data

used. The level of significance was set to p!0.05. All

results were expressed as meansGSD.
3. Results

The percent proportions of plaque sites to the whole

surface area of aortas showed a tendency to increase after

treatment with MPO inhibitors, however, the differences

from controls were not significant. Control: 39.8G25.7%;



Fig. 1. (a) Intimal aspects of the thoracic and abdominal aorta stained with Sudan to highlight the lipid content of plaques. Images were converted to black and

white (upper picture) The aorta was analyzed by measuring the total surface and the red stained plaque covered area, then the percentage of plaque area was

calculated. (b) Aortic intimal plaque above an eosinophilic media from a cholesterol-fed (control) rabbit (LZlumen). The lower, fibrotic layer is the adventitia

(A). MZmedia. Arrows indicate the intimal plaque. Hematoxylin–eosin 200!.
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ABAH: 40.4G28.6% (pZ0.64); indometacin: 52.5G
18.1% (pZ0.24).

Aortic media thickness of animals treated with MPO

inhibitor ABAH or indometacin showed a significant

increase in comparison with data of control animals in

both plaque-free and plaque-containing sites of vessels.

Plaque-free area: control group (cholesterol feeding alone):

308.4G51.67 mm; cholesterolCABAH: 375.7G60.5 mm,

p!0.05; cholesterolCindometacin: 442.5G123.4 mm, p!
0.05. Plaque-containing area: control group (cholesterol

feeding alone): 349.9G108.4 mm; cholesterolCABAH:

438.5G56.7 mm, p!0.05; cholesterolCindometacin:

469.9G122.3 mm, p!0.05 (values are averagesGSD and

represented in Figs. 2 and 3). Comparing all (plaque-free

and plaque-containing areas) of control, ABAH and

indometacin data, a marked difference was also found

between control and treated groups, p!0.05. No significant

differences were established between the two MPO

inhibitors’ effect (pZ0.328). Although mean media thick-

ness data from plaque-containing areas were higher in all

three groups, the differences from plaque-free areas in the

same study group were not significant (pZ0.1).

In case of smooth muscle density no significant

changes were detected after treatment with MPO inhibitors.

Plaque-free area: control group (cholesterol feeding alone):
15.3G3.8; cholesterolCABAH: 16.8G3.8, pZ0.24; cho-

lesterolCindometacin: 13.9G1.6, pZ1. Plaque-containing

area: control group (cholesterol feeding alone): 19.4G7.1;

cholesterolCABAH: 17.9G3.2, pZ1; cholesterolCindo-

metacin: 14.6G4.5, pZ0.49 (values are mean nuclear

numbers/100 mm2GSD as shown in Fig. 4).

Feeding animals with the MPO inhibitor indometacin

resulted in significant decrease of peroxidase activity of

plaque free vessel walls. Control: 39.8G7.5, indometacin:

29.3G3.8; p!0.05. Although after treatment with ABAH

we also found a decreasing tendency in mean values of

peroxidase activity (ABAH: 34.4G2.8; pZ0.41), it did not

reach statistical significance (Figs. 5 and 6).
4. Discussion

The above findings might be considered a direct

continuation of our previous studies published recently,

according to which the important antioxidant effect of

steroid hormones may be at least partly related to their

impact on the MPO metabolism of human neutrophil

leukocytes (Bekesi et al., 1997, 2000, 2001a,b). MPO may

influence endothelial function, and hereby media thickness.

Inhibition of MPO or of peroxidase enzyme activity of



Fig. 2. Light microscopic images of aortic walls from representative animals of the different study groups. (a and b) cholesterolCindometacin, (c and d)

cholesterolCABAH and (e and f) only cholesterol-fed (control) rabbits. In (a, c, e) segments with intact, barely visible intima and in (b, d, f) adjacent segments

with intimal plaques are shown. There is a medial thickening below the intimal plaques compared with the intact intima, and a thickening of the media induced

by MPO inhibitors could also be detected. Hematoxylin 200!. L, lumen; M, media; A, adventitia. Arrows indicate the intimal plaque.
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medial smooth muscle cells could directly induce cell

proliferation. Our findings favor this hypothesis because

after the administration of MPO inhibitors peroxidase

activity decreased in the aortic media even in plaque

free sites, parallel to which a significant thickening of
Fig. 3. Aortic media thickness of control (cholesterol-fed only) and ABAH

or indometacin treated animals in plaque-free or plaque-containing areas.

Data are meansGSEM. *p! 0.05.
the media in both plaque-free and plaque-containing areas

occurred.

As treatment with MPO inhibitors increased aortic media

thickness without changing the smooth muscle density,

smooth muscle cell proliferation with proportional
Fig. 4. Aortic media smooth muscle density of control (cholesterol-

fed only) and ABAH or indometacin treated animals. Data are meansG

SEM.



Fig. 5. Peroxidase activity of aortic vessel walls of control (cholesterol-fed

only) and ABAH or indometacin treated animals. Data are averages of the

mean optical densities (MOD) of the aortic media (GSEM) and reflect

accumulations of peroxidase reaction products. *p! 0.05.

G. Békési et al. / Experimental Gerontology 40 (2005) 199–208204
extracellular matrix accumulation might be the basis of this

finding.

The results of the present work support the hypothesis

that MPO or the peroxidase activity in general could have

certain free radical inhibiting effects. Several contradictory

data have been published in the literature regarding the role

of MPO in the regulation of free radical production and its

consequences in relation to human health. MPO generated

oxidants have been considered to be of great importance in

the pathogenesis of atherosclerosis (Wieland et al., 1993;

Santanam and Parthasarathy, 1995; Podrez et al., 2000).

MPO generates modified-oxidized lipoproteins via inter-

mediate formation of hypochlorous acid (HOCL). In vitro

generation of HOCL transforms lipoproteins into high

uptake forms for macrophages giving rise to cholesterol-

engorged foam cells. The colocalisation of immunoreactive

MPO and HOCL-modified-LDL epitopes in serial sections

of human atherosclerotic lesions provides further evidence

for MPO–H2O2–halide system-mediated oxidation of

lipoproteins under in vivo conditions. MPO could act as

an important link between the development of athero-

sclerotic plaque in the artery wall and chronic inflammatory

events (Dougherthy et al., 1994; Malle at al., 2000).
Fig. 6. Peroxidase activity reflects a difference in intensity of the brownish staining

indometacin-fed animals. Light microscopic image of DAB staining under the sa

Arrows indicate the intimal plaque.
According to Zhang et al. (2001) elevated levels of

leukocyte and blood MPO are associated with coronary

artery disease. Kutter et al. (2000) presented a protective

effect of MPO deficiency against cardiovascular damage.

Brennan et al. (2003) attributed a predictive role of elevated

MPO levels to acute myocardial events. In their in vitro

study McNally (1996) did not find any alterations in

lucigenin chemiluminescence (marker of superoxide pro-

duction) of MPO-deficient human neutrophils. According to

several studies the MPO inhibitor indometacin seems to

have a protective role against atherosclerosis (Dhawan et al.,

1992; Jerlich et al., 2000).

Poliakov and Hazen found that free radical-induced

peroxidation promoted by the MPO/H2O2 system of

leukocytes serves as one mechanism for the generation of

isolevoglandins (oxidative products of arachidonate-con-

taining lipids and markers of oxidant stress in vivo;

Poliakov et al., 2003). Kumar et al. (2004) present

atherosclerosis as an alteration in which MPO is involved.

Shishehbor et al. (2004) display myeloperoxidase in their

work as a promising marker of cardiovascular diseases.

The pseodohalide thiocyanate (high levels of it are found in

plasma of smokers-risk group for cardiovascular disease)

has been shown to be a suitable substrate for MPO, forming

reactive oxidant, which acts as a catalyst of atherogenic

modification of LDL (Exner et al., 2004). Data of Stocker

et al. (2004) indicate that the principal product (hypohalous

acid) of MPO imparts a defect in endothelial nitric

oxide production due to a reduction in nitric oxide synthase

dimer stability.

MPO has a catalyzing role in the production of several

free radicals (hypochlorite anion, nitrogen dioxide, tyrosyl

radicals formed with the involvement of hydrogen peroxide

and made up of tyrosin, and dityrosine–the tyrosyl radical

addition product). Relevant findings suggest that generation

of the tyrosyl radical by means of myeloperoxidase allows

activated phagocytes to damage both proteins and lipids

(Heinecke, 2002). On the other hand, according to other

authors MPO-dependent formation of NO-derived oxidants,

and not tyrosyl radical, appears to serve as a preferred
of aortic walls from a: control (cholesterol-fed only) versus b: cholesterolC

me reaction conditions (barZ100 mm). L, lumen; M, media; A, adventitia.
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pathway for initiating lipid peroxidation and promoting

oxidant stress in-vivo (Zhang et al, 2002). Furthermore,

other results indicate that hypochlorite, and not nitrogen

dioxide, generated via MPO activity, could represent one of

the pathways for generation of advanced oxidation protein

products in plasma proteins exposed to activated phagocytes

(Capeillere-Blandin et al, 2004).

Other authors demonstrated increased oxygen con-

sumption and augmented superoxide anion generation in a

group of patients with MPO-deficiency (Badwey and

Karnowsky, 1980; Klebanoff et al., 1980). The MPO

inhibitor sulphite in micromolar concentrations exerted a

stimulating effect on the superoxide anion production of

human neutrophils in an extracellular manner (Mishara

et al.,1995). Nyberg showed a stimulated lucigenin

response (marker of superoxide production) by another

MPO inhibitor azide (Nyberg and Klockars, 1990).

According to Dima et al. (1996) superoxide is accumu-

lated due to the MPO blockade by inhibitor azide. Further

information seeming to support our working hypothesis is

provided by Podrez and Hazen: modification of high

density lipoprotein (HDL) with an MPO-generated tyrosyl

radical system enhances the ability of this lipoprotein to

support reverse cholesterol transport (Francis et al, 1993;

Podrez et al, 2000; Wang et al, 1998). By enhancing

transport of cholesterol to the liver from the periphery, or

by oxidation of bio-molecules, tyrosyl radical may have a

role both in the reduction or proliferation of vascular wall

cellular elements, and thereby in media thickness.

Beyond these observations the most supportive publi-

cation in respect to our present work is the study of

Brennan and colleagues (2001a), who described increased

atherosclerosis in MPO-deficient mice. Furthermore, in

the central nervous system of wildtype mice MPO is

present in invading macrophages that produce reactive

oxidants which are thought to be cytotoxic to the

oligodendrocytic myelin sheath, yet contrary to expec-

tations, the lack of MPO in MPO-KO mice significantly

increased the incidence of experimental autoimmune

encephalomyelitis, representing another free radical

mediated disorder in which MPO may have a protective

role (Brennan et al., 2001b).

Indomethacin inhibits not only MPO but the cyclo-

oxygenase enzyme (COX), i.e. acts as a brake on synthesis

of prostaglandins, known to be mitogenic in certain tissues

(Nitta et al, 1991; Vane et al., 1998), and this may render its

effect mechanism more complex. Despite the anti-inflam-

matory effect in relation to COX inhibition and the

decreasing effect on production of mitogenic prostaglan-

dins, however, in our study indomethacin also increased

media thickness, similarly to ABAH. This is in conformity

with the results of our earlier work (Békési et al., 2001a),

where both MPO inhibitors used behaved as prooxidants.

Even then we selected two enzyme inhibitors with different

effect mechanisms so that we could link the results with

MPO inhibition.
There are different types and species of peroxidase

enzymes. Although they are similar in terms of general

structure (favouring a common evolutionary origin), it is

still possible to find many discrepancies among them. The

literature refers to animal peroxidases as myeloperoxi-

dase-like peroxidases. Two species belong to this family:

one is myeloperoxidase, found in humans and dogs, the

other is recorded in sheep and mice. Plant, fungal and

bacterial peroxidases belong to the cytochrome C

peroxidase-like family, which includes six further species

(Dawson, 1988; Welinder, 1992). In the course of our

work we used the known inhibitors of the human

myeloperoxidase enzyme in rabbits. We do not have

any data on the exact sub-group in which we may classify

the peroxidase enzyme found in the vascular walls of

these animals.

Summarizing our earlier and present data, the assumption

can be made that the atherosclerotic structural aortic changes

in rabbits treated with MPO inhibitors and cholesterol might

be related to a decrease in peroxidase activity. The MPO and

its product (hypochlorite anion) have been shown to inhibit

the superoxide anion production of leukocytes, furthermore,

MPO inhibitors are able to increase the free radical release

from neutrophils (Békési et al., 2001a,b). Free radicals have

been considered as the proximate cause of lipid peroxidation,

the important initiating factor of atherogenesis. Steroid

compounds which among other things (Lusis, 2000) have an

impact on MPO activity might also have an antioxidant, i.e.

antiatherogenic effect (Békési et al., 2001a, 2004), thus

they could become appropriate for combined administration

with other effective vasoprotective agents such as statins

(Hodis et al., 2003).

We are well aware that animal and human data often

display inconsistent tendencies. In many publications highly

noteworthy of attention, MPO seems to have a prooxidant,

i.e. atherogenic role. On the other hand, there are studies

which are in accordance with our work hypothesis. The

wide variety of methods and models used can also be

responsible for the different conclusions. The picture is

further complicated by the differing preponderance and

frequency of cardiovascular morbidity that can be observed

in respect to myeloperoxidase gene polymorphism in

human studies, and by the role of estrogen in the regulation

of MPO gene expression. Moreover, the MPO gene

structure of individual animal species also shows differ-

ences (Kumar et al, 2004).

With regard to the contradictory viewpoints, we firmly

believe on the basis of our results so far, that there is

nowhere near as much antagonism in this matter as it

might first appear. Pursuant to our earlier and present

working hypothesis, one of the end products of the

reactions catalyzed by MPO, hypochlorite anion, has a

negative feedback-type inhibitive effect on the first

enzyme in a chain reaction, NADPH oxidase, and thereby

reduces the release of superoxide anion, an essential

source of radical production in phagocytes, in similar
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smooth muscle cells in the vascular wall, as well as in the

endothelium (Békési et al, 2001a). We could therefore be

dealing with a self-regulatory process similar to the one

often seen in biological systems. The most typical

example of this is the hypothalamo-hypophyseo-corticoid

(thyroid, etc.) regulatory method known from endocrin-

ology. Thus MPO produces radicals, i.e. it is prooxidant,

but beyond a certain quantitative limit, counters the

process of radical production by means of feedback (in

biological systems we can also find other examples of a

given substance having either a pro-oxidant or anti-

oxidant effect, depending on its quantity; for instance

Vitamin C, Feher, 1987; Cooke et al., 2003). We believe

that the net outcome of these contradictory effects may

depend on the prevailing unstable and sensitive equili-

brium, control over which may be affected by the effect of

certain steroids on MPO.

Further efforts are needed to clarify the real role of MPO

in the pathogenesis of free radical mediated disorders and to

answer the question, in which circumstances and respect

does MPO enzyme have a harmful or a beneficial impact on

living organisms. It seems necessary to elucidate how

relevant animal experimental data can be interpreted under

human conditions.
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Systematic investigation of different steroid precursors with respect to

their effect on superoxide anion production by human neutrophil

granulocytes. Horm. Metab. Res. 36 (3), 155–163.

Bots, M.L., Hoes, A.W., Hofman, A., Witteman, J.C., Grobbee, D.E., 1999.

Cross -sectionally assessed carotid intima-media thickness relates to

long-term risk of stroke, coronary heart disease and death as estimated

by available risk functions. J. Intern. Med. 245 (3), 269–276.

Brennan, M.L., Anderson, M.M., Shih, D.M., Qu, X.D., Wang, X.,

Mehta, A.C., Lim, L.L., Shi, W., Hazen, S.L., Jakob, J.S.,

Crowley, J.R., Heinecke, J.W., Lusis, A.J., 2001a. Increased athero-

sclerosis in myeloperoxidase-deficient mice. J. Clin. Invest. 107, 419–

430.

Brennan, M.L., Gaur, A., Pahuja, A., Lusis, A.J., Reynolds, W.F.,

2001b. Mice, lacking myeloperoxidase are more susceptible to

experimental autoimmune encephalomyelitis. J. Neuroimmunol. 112,

97–105.

Brennan, M.L., Penn, M.S., Lente, F.V., Nambi, V., Shishehbor, M.H.,

Aviles, R.J., Goormastic, M., Pepoy, M.L., Mc Erlean, E.S.,

Topol, E.J., Nissen, S.E., Hazen, S.L., 2003. Prognostic value of

myeloperoxidase in patients with chest pain. N. Engl. J. Med. 349,

1595–1604.

Capeillere-Blandin, C., Gausson, V., Descamps-Latscha, B., Witko-

Sarsat, V., 2004. Biochemical and spectrophotometric significance of

advanced oxidized protein products. Biochim. Biophys. Acta 1689/2,

91–102.

Cathapermal, S., Lavigne, M.C., Leong-Son, M., Alibadi, T.,

Ramwell, P.W., 1998. Stereoisomerspecific inhibition of superoxide

anion-induced rat aortic smooth muscle cell proliferation by 17 beta-

estradiol is estrogen receptor dependent. J. Cardiovasc. Pharmacol. 31

(4), 499–505.

Cooke, M.S., Mistry, N., Ahmad, J., Waller, H., Langford, L., Bevan, R.J.,

Evans, M.D., Jones, G.D.D., Herbert, K.E., Griffiths, H.R., Lunec, J.,

2003. Deoxycytidine glyoxal: lesion induction and evidence of repair

following vitamin C supplementation in vivo. Free Radic. Biol. Med. 34

(2), 218–225.

Dai-Do, D., Espinosa, E., Liu, G., Rabelnik, T.J., Julmy, F., Yang, Z.,

Mahler, F., Luscher, T.F., 1996. 17 beta-estradiol inhibits prolifer-

ation of human vascular smooth muscle cells: similar effects in cells

from postmenopausal females and in males. Cardiovasc. Res. 32/5,

980–985.

Das, U.N., 1992. Can free radicals induce coronary vasospasm and acute

myocardial infarction?. Med. Hypotheses 39 (1), 90–94.

Dawson, J., 1988. Probing structure–function relations in heme-containing

oxygenases and peroxidases. Science 240, 433.

Dhawan, V., Ganguly, N.K., Majumdar, S., Chakravarti, R.N., 1992. Effect

of indomethacin on serum lipids, lipoproteins, prostaglandins and the

extent and severity of atherosclerosis in rhesus monkeys. Can.

J. Cardiol. 8 (3), 306–312.

Dima, V.F., Suzuki, K., Liu, Q., Koie, T., Yamada, M., Suzuki, K.J.,

Nakaji, S., Sugawara, K., 1996. Laser and serum opsonic activity.

Roum. Arch. Microbiol. 55 (4), 277–283.

Dougherty, A., Dunn, J.L., Ratery, D.L., Heinecke, J.W., 1994. Myeloper-

oxidase, a catalyst for lipoprotein oxidation, is expressed in human

atherosclerotic lesions. J. Clin. Invest. 94, 437–444.



G. Békési et al. / Experimental Gerontology 40 (2005) 199–208 207
Espinosa, E., Oemar, B.S., Luscher, T.F., 1996. 17 beta-estradiol and

smooth muscle cell proliferation in aortic cells of male and female rats.

Biochem. Biophys. Res. Commun. 221/1, 8–14.

Exner, M., Hermann, M., Hofbauer, R., Hartmann, B., Kapiotis, S.,

Gmeiner, B., 2004. Thiocyanate catalyzes myeloperoxidase-initiated

lipid oxidation in LDL. Free Radic. Biol. Med. 37/2, 146–155.

Feher, J., Csomos, G., Vereckei, A., 1987. Free Radical Reactions in

Medicine. Springer, Berlin.

Ferdinandy, P., Panas, D., Schulz, R., 1999. Peroxynitrite contributes to

spontaneous loss of cardiac efficiency in isolated working rat hearts.

Am. J. Physiol. 276:H, 1861–1867.

Francis, G.A., Mendez, A.J., Bierman, E.L., Heinecke, J.W., 1993.

Oxidative tyrosylation of high density lipoprotein by peroxidase

enhances cholesterol removal from cultured fibroblasts and macrophage

foam cells. Proc. Natl Acad. Sci. USA 90, 6631–6635.

Heinecke, J.W., 2002. Tyrosyl radical production by myeloperoxidase: a

phagocyte pathway for lipid peroxidation and dityrosine cross-linking

of proteins. Toxicology 177/1, 11–22.

Heinle, H., Brehme, U., Friedemann, G., Frey, J.C., Wolf, A.T., Kelber, O.,

Weiser, D., Schmahl, F.W., Lang, F., Schneider, W., 2002. Intimal

plaque development and oxidative stress in cholesterol-induced

atherosclerosis in New Zealand rabbits. Acta Physiol. Scand. 176,

101–107.

Hodis, H.N., Mack, W.J., Azen, S.P., Lobo, R.A., Shoupe, D.,

Mahrer, P.R., Faxon, D.P., Cashin-Hemphill, L., Sanmarco, M.E.,

French, W.J., Shook, T.L., Gaarder, T.D., Mehra, A.O., Rabbani, R.,

Sevanian, A., Shil, A.B., Torres, M., Heiner Vogelbach, K.,

Selzer, R.H., 2003. Hormone therapy and the progression of

coronary-artery atherosclerosis in postmenopausal women. N. Engl.

J. Med. 349 (6), 535–545.
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