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THE ASSESSMENT OF THE PROTECTIVE EFFECT OF THEOBROMINE, CAFFEINE 

AND THEOPHYLLINE ON INDUCED-OXIDATIVE STRESS IN ZEBRAFISH INTES-

TINE (Abstract): Oxidative stress, through the disbalance between oxidant and antioxidant 

mechanisms, plays an important role in intestinal disorders and dysfunctions. Evidence r e-

ported that methylxanthines possess antioxidant and anti-inflammatory properties, but their 

role in reducing oxidative stress-induced intestinal damage remains poorly understood. Aim: 

In this study, adult zebrafish (Danio rerio) were exposed to zinc oxide nanoparticles (ZnO-

NPs) to induce oxidative intestinal injury and to evaluate the potential protective effects of 

methylxanthines (caffeine, theophylline, and theobromine). Materials and methods: Adult 

zebrafish were randomly divided into eight groups: control, oxidative stress-induced (treated 

with ZnO nanoparticles), oxidative stress and theobromine, oxidative stress and caffeine, o x-

idative stress and theophylline, theobromine treated group, caffeine treated group, theophyl-

line treated group. After 15 days of exposure, intestinal samples were processed for histo-

pathological evaluation; microscopic images were analyzed for villus, epithelial integrity 

and goblet cells density. Representative biochemical markers of antioxidant defense-

superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx1), and reduced 

glutathione (GSH) were quantified to assess redox status. Results: Histological examination 

revealed that ZnO-NPs induced intestinal damage, including epithelial disruption, blunt vi l-

lus shortening and a discrete increase in the number of goblet cells, which were attenuated in 

oxidative stress methylxanthine-treated groups. The biochemical data supported these find-

ings, showing enhanced antioxidant enzyme activities and restored GSH levels in protected 

groups. Correlation analysis demonstrated associations between enzymatic antioxidant ca-

pacity and histopathological integrity. Conclusions: Methylxanthines can differentially 

modulate the intestinal oxidative stress, providing a basis for future studies on their potenti al 

therapeutic or dietary application. Theobromine appears to confer greater preservation of in-

testinal structure and mucosal balance. Keywords: OXIDATIVE STRESS, INTESTINE, 

THEOBROMINE, CAFFEINE, THEOPHYLLINE, ZEBRAFISH.  

INTRODUCTION 

Evidence shows that due to their high 

prevalence and impact, gastrointestinal 

diseases represent a consistent problem for 

modern medicine. The oxidative stress, 

generating a high level of reactive oxygen 

species (ROS), which cannot be countered 

by antioxidant mechanisms, is deeply in-
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volved in the pathogenesis of a large num-

ber of intestinal diseases, including colo-

rectal cancers, inflammatory bowel disease, 

diverse metabolic disorders and enteric 

infections (1, 2). To date, current therapies 

to these conditions remain ineffective in 

restoring normal intestinal integrity and 

physiological functions. Understanding the 

correlation between oxidative stress and 

antioxidant defense mechanisms requires a 

complex process, based on the selection of 

an appropriate biological model, a distinct 

target tissue, and specific bioactive com-

pounds (3). Based on this reasoning, our 

study was designed to explore how and if 

methylxanthines influence oxidative bal-

ance in zebrafish intestinal tissue, reflected 

in the histopathological analysis of intesti-

nal morphology (4). The motivation for our 

investigation started from the limited exist-

ing research about the potential of 

methylxanthines to modulate intestinal 

oxidative stress. Our previous biochemical 

investigation demonstrated that ZnO-NP 

exposure in adult zebrafish disrupts antiox-

idant defenses and elevates oxidative stress 

markers, while methylxanthines such as 

theobromine, caffeine, and theophylline 

exhibit notable antioxidant activity. Build-

ing on these findings, the present study 

evaluates the histopathological changes in 

zebrafish intestine following ZnO-NP ex-

posure and assesses the protective effects 

of these methylxanthines. In this context, 

we intended to find an answer for three 

main questions related to oxidative stress: 

why focus on intestine, why use zebrafish 

and why investigate methylxanthines (5). 

This approach integrates three key perspec-

tives already mentioned: the intestine as a 

primary site of absorption for most bioac-

tive compounds and presenting oxidative 

vulnerability, the zebrafish as an extremely 

relevant model for redox biology, and 

methylxanthines as widely consumed bio-

active molecules with both beneficial and 

adverse gastrointestinal effects (6). Togeth-

er, these elements provide complex infor-

mation to assess the potential protective 

role of methylxanthines against intestinal 

oxidative stress. 

 

MATERIAL AND METHODS 

Study design. The experimental design 

and exposure protocol were identical to 

those used in a companion study focusing 

on biochemical antioxidant parameters, 

submitted separately for publication. In 

brief, adult zebrafish (Danio rerio) (6 

months old, both sexes) were acclimated 

for two weeks before being randomly dis-

tributed into eight groups (n = 15 per 

group, in triplicate): Experimental groups 

were exposed for 15 days to zinc oxide 

nanoparticles (ZnO-NPs; 0.69 mg/L) alone 

or in combination with methylxanthines 

(caffeine, theophylline, or theobromine; 50 

mg/L each). Additional groups received 

methylxanthines only under the same con-

ditions. 

Histological processing. At the end of 

the exposure period, zebrafish were eu-

thanized by gradual cooling in ice-chilled 

water, following AVMA guidelines (2020). 

Intestinal samples were fixed in 10% neu-

tral buffered formalin for 24 h, dehydrated, 

cleared in xylene and embedded in paraf-

fin. Sections (5 μm) were stained with 

hematoxylin and eosin (H&E) for morpho-

logical examination. The slides were exam-

ined using a light microscope (Zeiss Axi-

olab 5), and representative images were 

captured with a digital camera system (Ax-

iocam 208 color camera). Histopathological 

evaluation included qualitative assessment 

of structural alterations including epithelial 

degeneration, adipocyte distribution, and 

villus disorganization, and quantitative, 
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based on goblet cells count. 

Biochemical Data. The activities of 

SOD, CAT, and GPx1, along with reduced 

GSH levels, were performed as part of the 

companion biochemical study submitted 

separately. The resulting data were used 

here to establish correlations with intestinal 

histopathological changes. 

Statistical Analysis. Data were collect-

ed and subjected to analysis using statisti-

cal analysis as Spearman’s rank correla-

tion, Principal Component Analysis (PCA) 

and multiple linear regressions. The nor-

mality of distributions within the groups 

was verified for each variable across 

groups using the Shapiro-Wilk test (p > 

0.05 for all parameters). 

Ethics. The study design and protocol were 

approved by the Ethics Committee of Grigore 

T. Popa University of Medicine and Pharmacy 

Iasi, Romania (No. 325/15.06.2023). 

 

RESULTS 

The intestinal morphology of zebrafish 

from the control (fig. 1A), theobromine (fig. 

1F), caffeine (fig. 1G), and theophylline 

groups (fig. 1H) presented a normal mor-

phology, with a mucosal lining presenting 

well-organized villi and intact epithelial 

linings, in which goblet cells are normally 

distributed, indicating that the tested 

methylxanthine doses did not exert any 

structural alterations. In contrast, the histo-

logical evaluation of zebrafish intestines 

revealed that oxidative stress induced 

marked structural alterations, including 

epithelial degeneration, villi appeared blunt, 

fused or eroded, without the normal regular 

disposal, lamina propria is enlarged, with 

inflammatory cell infiltration, and there is a 

relatively moderate increase number of gob-

let cells, consistent with their hyperplasia 

and hypertrophy (fig. 1B).  

These lesions are characteristic of oxida-

tive damage in intestinal tissues, where ex- 

cessive production of ROS compromises 

mucosal defense, fact that will affect muco-

sal morphology, disrupting the intestinal 

barrier. 

Among the oxidative stress-treated 

groups, co-treatment with theobromine 

resulted in substantially milder histopatho-

logical alterations; (fig. 1C). Although, the 

villi remain irregularly distributed, the 

intestinal epithelium in the OS + theobro-

mine group exhibited improved structural 

preservation and a more balanced goblet 

cell morphology, compared with the OS + 

caffeine (fig. 1D) and OS + theophylline 

groups (fig. 1E). 

ZnO-NP exposure induced oxidative 

stress, reflected by increased GPX1, SOD 

and CAT levels with concurrent GSH de-

pletion, this biochemical imbalance being 

followed by a moderate rise in goblet cell 

number, suggesting an acute mucosal de-

fense reaction (tab. I). 

However, Spearman correlation analysis 

(fig. 2) revealed no significant associations 

between the number of intestinal goblet 

cells and the biochemical oxidative stress 

markers (GPX1, CAT, SOD, and GSH).  

Although weak positive trends were ob-

served with and CAT (rₛ = 0.57), these did 

not reach statistical significance (p > 0.05), 

indicating that the epithelial response was 

not directly coupled with the magnitude of 

enzymatic antioxidant modulation. 

Principal Component Analysis (PCA) 

was applied to the normalized group 

means to explore covariation patterns 

among oxidative stress biomarkers and the 

histological parameter (number of goblet 

cells). The first two components (F1 and 

F2) explained 72.18% of the total variance 

(42.84% and 29.33%, respectively), indi-

cating a good model fit for biological 

interpretation (fig. 3). 
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A    B   

C     D   

E     F  

G   H   

Fig. 1. Zebrafish intestine. A. Control; B. Oxidative stress; C. Oxidative stress and  

theobromine; D. Oxidative stress and caffeine; E. Oxidative stress and theophylline; 

F. Theobromine; G. Caffeine; H. Theophylline (Col. H&E, scale bar=20 μm)  
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TABLE I. 

Mean ± SD or median [IQR] values of oxidative stress biomarkers 

and intestinal goblet cell counts in zebrafish 

Group GPX1 pg/g CAT pg/g SOD ng/g GSH µg/g 

No. of 

goblet 

cells 

L1 control 
84.270  

(79.45-86.19) 
38.255±10.43 

0.122  

(0.10-0.13) 

2.900  

(2.80-2.98) 
8.63±1.91 

L2 (ZnO-NPs) 
142.24  

(112.64-163.67) 
100.756±19.43 

1.090  

(0.93-1.24) 

1.200  

(0.96-1.43) 
11.08±1.69 

L3 (ZnO-NPs+ caffeine) 
65.240  

(59.28-73.54) 
71.173±19.06 

0.490 

 (0.38-0.61) 

1.670 

(1.11-1.80) 
8.38±1.95 

L4 (ZnO-NPs+ theophylline) 
79.420  

(69.01-88.57) 
82.082±21.46 

0.650  

(0.47-0.76) 

2.000  

(1.70-2.43) 
8.29±2.05 

L5 (ZnO-NPs+ theobromine) 
25.030  

(23.14-37.96) 
76.012±20.37 

0.568  

(0.31-0.95) 

3.040  

(2.47-4.70) 
8.33±2.01 

L6 (caffeine) 
67.435  

(54.20-80.72) 
90.760±19.27 

0.820  

(0.41-1.07) 

2.118  

(1.99-2.98) 
9.00±2.00 

L7 (theophylline) 
51.070  

(41.40-59.52) 
78.551±20.52 

0.570 

(0.17-0.61) 

3.070  

(2.39-3.95) 
9.33±1.79 

L8 (theobromine) 
52.340 

(47.89-65.05) 
76.455±14.55 

0.470  

(0.27-0.54) 

3.170  

(2.57-4.08) 
9.50±1.69 

 

 

 
Fig. 2. Correlation matrix. 
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Fig. 3. PCA analysis for biochemical parameters and number of goblet cells 

 

Axis F1 primarily opposed GPX1 (nega-

tive projection) to GSH (positive projec-

tion), describing a redox gradient between 

intense oxidative stress characterized by 

peroxidase hyperactivity and depleted gluta-

thione, and a restored redox state defined by 

elevated GSH and reduced GPX1 activity. 

Axis F2 was defined mainly by positive 

loadings of CAT, SOD, and the number of 

goblet cells, indicating an adaptive enzymat-

ic response associated with epithelial protec-

tion. Among experimental groups, the ZnO-

NPs group was positioned in the negative 

region of F1, close to GPX1, confirming a 

strong oxidative stress profile with limited 

epithelial adaptation. The co-exposure 

groups occupied an intermediate position, 

due to a partial restoration of redox balance 

under the influence of methylxanthines. 

Notably, ZnO-NPs + theobromine group 

was projected near GSH and goblet cells, 

consistent with improved antioxidant status 

and epithelial recovery.  

The methylxanthine-only groups were 

located in the upper-right quadrant, close to 

CAT, SOD, and goblet cells, reflecting a 

moderate enzymatic activation and mainte-

nance of GSH levels, typical of adaptive, 

non-stressful antioxidant stimulation.  

PCA revealed that the number of intes-

tinal goblet cells clustered with the antioxi-

dant enzymes CAT and SOD, indicating a 

coordinated adaptive response involving 

both enzymatic defense and epithelial pro-

tection. Conversely, the number of goblet 

cells were positioned opposite to GPX1, 

reflecting the harmful impact of severe 

oxidative stress on mucosal integrity. Their 

proximity to GSH show that restoration of 

intracellular thiol balance parallels epithe-

lial regeneration. Thus, methylxanthine 

exposure, particularly with theobromine, 

shifted the epithelial profile toward a pro-

tective and secretory phenotype, mitigating 
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the histopathological effects of ZnO-NPs. 

A multiple linear regression model was 

constructed using the number of intestinal 

goblet cells as the dependent variable and 

GPX1, CAT, SOD, and GSH as explanato-

ry variables. The model showed a high 

coefficient of determination (R² = 0.872; 

adjusted R² = 0.701), indicating that ap-

proximately 70% of the variability in gob-

let cell number could be explained by the 

biochemical parameters. The residuals 

followed a normal distribution (Shapiro-

Wilk p = 0.783), confirming the validity of 

the model assumptions (fig. 4). 

 

 
Fig. 4. Multiple linear regression model showing standardized coefficients (β ± 95% CI) 

for oxidative stress biomarkers (GPX1, CAT, SOD, GSH) as predictors of intestinal goblet 

cell number in zebrafish. 

 

The standardized coefficients revealed 

differentiated contributions of oxidative 

markers to epithelial alterations. GPX1 

(β=1.299, p=0.007) and GSH (β=0.854, 

p=0.051) showed positive associations with 

goblet cell number, whereas CAT and SOD 

displayed weaker, non-significant effects 

(p>0.05). Among the oxidative biomarkers 

included in the model, GPX1 emerged as 

the strongest predictor of goblet cell num-

ber, followed by GSH. These findings are 

consistent with PCA, which positioned 

goblet cells near CAT/SOD and apart from 

GPX1, indicating that mucosal hypersecre-

tion occurs both as an irritative response 

under strong oxidative load and as an adap-

tive response when redox balance is re-

stored. 
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are often reflected by a reduction in villus 

height and loss of epithelial integrity (1).  

Zebrafish models are increasingly used 

to decipher the implications of oxidative 

stress in intestine, providing an advantage 

over other experimental models, by facili-

tating an efficient translation of results in 

humans (7). Because zebrafish oxidative 

qualitative mechanisms - such as ROS 

production, lipid peroxidation or apoptotic 

signaling - are largely comparable with 

those in humans, zebrafish models repre-

sent a potential translational system, gener-

ating reproducible data that enhance our 

understanding of oxidative stress mecha-

nisms, with potential implications for hu-

man health and therapeutic development. 

Exposure to ZnO Nps triggers a se-

quence of mechanisms that interact and 

influence the morphology of the intestine. 

The excess ROS, through a specific oxida-

tive induction, subjects enterocytes to a 

specific apoptotic process, which can be 

able to generate changes in villus length 

and morphology (8). On the one hand, ZnO 

will promote inflammation and the pres-

ence of activated immune cells will in-

crease tissue injury. On the other hand, 

studies reported another major impediment 

in restoring the integrity of intestinal barri-

er, namely a strong inhibition of intestinal 

stem cells proliferation, who will no longer 

be able to replace the nonfunctional epithe-

lial cells (9). Each time it should be noted 

that these effects are strongly dependent on 

dose, exposure route and exposure time. 

Methylxanthines, a class of naturally 

occurring alkaloids that include caffeine, 

theobromine, and theophylline, are widely 

consumed through beverages and foods 

such as coffee, tea, and cocoa (10). These 

compounds exhibit various bioactive prop-

erties, including antioxidant, anti-

inflammatory, and neuroprotective effects 

(11). While numerous studies have ex-

plored the impact of methylxanthines on 

oxidative stress in respiratory or nervous or 

cardiovascular systems (12), limited data 

exist regarding their influence on intestinal 

oxidative damage in zebrafish (Danio re-

rio), a rapidly emerging experimental mod-

el in gastrointestinal research. 

One may question why research on 

methylxanthines has not advanced further 

in the field of gastrointestinal pathology. In 

this context, we have to consider that their 

primary molecular targets are more func-

tionally relevant to the nervous and respira-

tory systems, (where they are already ex-

tensively applied), whereas their gastroin-

testinal effects are broad, nonspecific, and 

difficult to interpret or translate into thera-

peutic applications (13). 

Although methylxanthines have tradi-

tionally been explored for their effects on 

the nervous and respiratory systems, we 

consider that their potential relevance to 

intestinal oxidative stress deserves renewed 

attention. With both direct and indirect 

antioxidant properties, acting as free radi-

cal scavengers while also modulating en-

dogenous defense mechanisms such as 

SOD, CAT, and GPx activity. In addition, 

methylxanthines influence adenosine recep-

tor signaling, a key pathway in the regula-

tion of intestinal inflammation and oxida-

tive injury, particularly under hypoxic or 

ischemic conditions (14). 

Their phosphodiesterase-inhibiting ac-

tivity has a significant role to maintain 

epithelial protection by maintaining intra-

cellular cAMP levels, stimulating barrier 

integrity, and decreasing ROS generation. 

Because they have well-established phar-

macological profiles, accessibility, and 

systemic antioxidant effects, methylxan-
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thines may be regarded as promising but 

insufficiently investigated agents against 

oxidative stress-mediated intestinal injury. 

Further research is needed to define their 

molecular interactions in the intestinal 

microenvironment and to explore their 

possible role as adjuvant therapies, in oxi-

dative or inflammatory gastrointestinal 

disorders. (15) 

The histological evaluation of zebrafish 

intestine in our study revealed that oxidative 

stress induced specific structural alterations, 

including epithelial degeneration, villus 

shortening, and inflammatory cell infiltra-

tion (16, 17). These lesions are characteristic 

of oxidative damage in intestinal tissues, 

where excessive production of reactive oxy-

gen species (ROS) disrupts epithelial integ-

rity and compromises mucosal defense. In 

contrast, the intestinal morphology of 

zebrafish from the control, theobromine, 

caffeine, and theophylline groups remained 

normal, with well-organized villi and intact 

epithelial linings, indicating that the tested 

methylxanthine doses did not exert injuries 

of the intestinal wall, which is very im-

portant in determining their precise role 

under normal conditions (18). 

When ZnO-NPs are added to tank wa-

ter, zebrafish constantly ingest water, so 

the intestinal mucosa receives a direct dose 

of ZnO-NPs, which accumulate in the in-

testine. Although some studies report a 

decrease in goblet cell density following 

ZnO-NP exposure, our findings revealed a 

relatively discrete increase after 15 days of 

treatment. We consider that this fact sug-

gests a compensatory mechanism that ena-

bles the intestinal mucosa to adapt the oxi-

dative stress resulting from NPs accumula-

tion. Goblet cell differentiation, with mu-

cus hypersecretion could be considered as 

transient response to ZnO-Np induced al-

terations, which helps preserve the integrity 

of intestinal barrier, supported by the pro-

tective mucus coating (18, 19). With higher 

doses or prolonged exposures, depletion of 

secretory cells become evident, impairing 

intestinal epithelium integrity and is fol-

lowed by the goblet cell loss, as in severe 

chronic exposure, reported in other studies 

(20, 21). 

Co-treatment with theobromine attenu-

ated these histological changes, resulting in 

improved epithelial preservation and a 

more balanced goblet cell distribution 

compared with the oxidative stress + caf-

feine and oxidative stress + theophylline 

groups. These findings suggest that theo-

bromine provides a stronger protective 

influence against oxidative stress-induced 

mucosal injury, possibly through its antiox-

idant and anti-inflammatory actions, in-

cluding ROS scavenging and effect on cell 

membranes (22). 

The statistical analyses provided addi-

tional insight into the relationship between 

oxidative stress biomarkers and intestinal 

epithelial alterations. Although ZnO-NP 

exposure produced a pronounced biochem-

ical imbalance - characterized by elevated 

GPX1, CAT, and SOD levels with concur-

rent GSH depletion - Spearman’s rank 

correlation revealed no significant linear 

associations between oxidative stress 

markers and goblet cell counts. The weak 

positive trend observed with CAT (rₛ = 

0.57, p > 0.05) indicates that epithelial 

secretory adaptation may not be directly 

proportional to enzymatic modulation but 

rather reflects a complex, nonlinear tissue 

response to oxidative injury.  

Principal Component Analysis (PCA) 

provided additional insight, explaining 

72.18% of the total variance and distin-

guishing clear redox and epithelial patterns. 



C. D. Pavel et al. 

724 

The first component (F1) opposed GPX1 

and GSH, describing a transition from oxi-

dative overload toward restored redox bal-

ance. The second component (F2), defined 

mainly by CAT, SOD, and goblet cells, 

indicated an adaptive enzymatic-epithelial 

response. The ZnO-NP group clustered 

with GPX1, confirming a strong oxidative 

profile, while theobromine co-treatment 

was projected near GSH and goblet cells, 

reflecting partial restoration of thiol bal-

ance and epithelial recovery. Also is con-

sistent with histological observations of 

reduced epithelial damage. The methylxan-

thine-only groups were associated with 

moderate antioxidant activation and pre-

served mucosal integrity. 

The multiple linear regression model 

confirmed these multivariate patterns, 

showing that oxidative biomarkers collec-

tively explained approximately 70% of the 

variability in goblet cell number (R² = 

0.872; adjusted R² = 0.701). GPX1 

emerged as the strongest independent pre-

dictor (β = 1.299, p = 0.007), followed by 

GSH (β = 0.854, p = 0.051), while CAT 

and SOD displayed weaker, non-significant 

effects. These relationships indicate that 

the goblet cell hyperplasia may occur as a 

result of two factors: an irritative reaction 

under intense oxidative condition and as an 

adaptive process, accompanying the resto-

ration of redox homeostasis (23). Together, 

these multivariate analyses support the 

hypothesis that theobromine modulates 

oxidative-epithelial interactions more effi-

ciently than caffeine or theophylline, pro-

moting epithelial recovery through a bal-

anced antioxidant response. 

 

CONCLUSIONS 

Collectively, the histological and statis-

tical data demonstrate that although all 

three methylxanthines share a similar 

chemical structure, their biological effects 

under oxidative stress are different. Theo-

bromine exhibits the most effective modu-

lation of oxidative-epithelial interactions, 

promoting intestinal protection through 

balanced antioxidant responses and 

maintenance of epithelial integrity. When 

interpreted alongside the biochemical data 

(SOD, CAT, and GPx), these histological 

findings support the potential of theobro-

mine as a milder, but biologically active 

methylxanthine, providing a better protec-

tion against oxidative damages, compared 

with caffeine and theophylline, with signif-

icant implications for managing oxidative 

stress-related intestinal injuries.  
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