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ABSTRACT 

Background: Styrene (ST) has been used for plastic and resin 

production. It was reported to induce injury of pulmonary tissues. 

Thymosin β4 (Tβ4), a naturally expressed protein, was reported to have 

antioxidant, anti-inflammatory, antiapoptotic, and regenerative 

properties. Aim of study: This study was designed to examine the role of 

Tβ4 in ameliorating Styrene Oxide (SO)-induced complication on the 

lung tissues and its potential mechanisms. Material and methods: Forty 

adult male Wistar albino rats were allocated randomly into 4 groups, 10 

rats each. Control group: rats were injected intraperitoneally (i.p.) with 

0.5cm physiological saline. Tβ4 group: rats were injected i.p. with 

1mg/kg of Tβ4. SO group: rats were injected i.p. with 300 mg/kg of SO. 

SO+ Tβ4 group: rats were concomitantly injected i.p. with 300 mg/kg of 

SO and 1mg/kg of Tβ4. All chemicals were given once daily for 28 days. 

Results: There was  a high significant decrease in the body weight, TAO 

and  GSH levels and  a significant increase in lung indices, inflammatory 

markers (TNF-α, IL-1β, and IL-13) and lipid peroxidation marker (MDA) 

levels in SO group. Also, there was a high significant increase in TGF-β1 

and decrease in PGE2 in the SO group. SO also induced marked 

histopathological changes in lung tissues involving thickened 

interalveolar septa, collapsed alveoli, and infiltration by 

inflammatory cells. Also, there were excess collagen fiber 

depositions, increased number of macrophage cells, and 

positive α-SMA, CD68 and VEGF immunoreactivity. These 

results were significantly ameliorated via Tβ4 administration. 

Conclusion: Tβ4 was effective in preserving the structure and function of 

the lung after the injury induced by SO. 

Keywords: Styrene oxide, Tβ4, BALF, PGE2, TGF-β1 

INTRODUCTION 

tyrene (ST) is an organic substance that has 

been used for plastic and resin production 

since 1940. ST vapor is detected as a contaminant 

in the air and in the drinking water around 

manufacturing areas. It is also found in petroleum 

products produced by the organic molecule-

cracking process, polystyrene micro-plastic 

products, coal tar, gas, and cigarette smoke. 

International Agency for Research on Cancer 

(IARC) has considered its metabolite, styrene 

oxide (SO), as a probably mutagenic substance. 

SO has a variety of health hazards; being 

pneumotoxic, hepatotoxic, and neurotoxic [1,2]. 

Various previous studies have examined these 

harmful effects using the systemic route of 

administration [3-6], while others used the route 

of inhalation [7-9].  

Although the mechanism of SO-induced 

pulmonary injury is not fully known, however, 

collected data suggests that it may be  contributed 

to oxidative stress and the decrease levels of the 

non-enzymatic antioxidant as GSH [10,11], 

caused by this highly reactive metabolite of ST 

[12]. 

SO–induced pulmonary injury is proposed to 

be attributed to the in situ biotransformation of ST 

or transportation of SO itself   to the general 

circulation from the liver to lung [13]. 

Thymosin β4 (Tβ4), a G-actin-sequestering 

protein, is engaged in tissue formation and 

regeneration [14]. It is expressed in a variety of 

normal tissues of rat, mouse, and human [15,16]. 

S 
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Additionally, Tβ4 is regarded as a safe compound 

and a well-tolerated preclinical trial agent in 

experimental pharmacological and toxicological 

studies on rats, dogs, monkeys [17], and humans 

[18].  

It was reported that Tβ4 has a systemic 

antioxidant, anti-inflammatory [19, 20], 

antiapoptotic and regenerative properties [15]. 

Also, it was proved to be specifically effective in 

preventing inflammation and fibrosis of liver [21], 

and in stimulating healing of eye, skin, and heart 

[22-24].  

In referral to the rising prevalence of 

mankind use of ST and the potential toxic effects 

of its metabolite SO on the pulmonary system and 

the above-mentioned biological efficacy of Tβ4, 

we have conducted this study to elaborate the 

probability of Tβ4 to guard against SO-pneumo-

toxicity. To the best of our knowledge; this might 

be a novel experimental research studying 

possible protective role of Tβ4 against SO-

induced pneumotoxicity.  

MATERIAL AND METHODS 

 Chemicals 

Styrene oxide (SO) (Sigma-Aldrich, 

Steinheim, Germany) was dissolved in sterile 

water with a purity of 97% injected 

intraperitoneally (i.p.) at a daily dose of 300 

mg/kg for 28 days [25]. Thymosin β4 (Tβ4) in a 

form of Thymosin Beta 500 (TB-500) 10 mg vial 

(Peptides, SKU: 0013-2) was injected i.p. at a 

daily dose of 1mg/kg [20] for 28 days.  

Animals 

Forty adult male Wistar albino rats (12-week-

old) weighing 210±15 g were attained from the 

Scientific and Medical Research Centre's animal 

house of Faculty of Medicine, Zagazig University 

(ZSMRC). They were permitted for 1week 

acclimation preceding the start of research. They 

were kept in separate cages, fed standard rat pellet 

chow, and housed in standardized laboratory and 

ambient conditions. All animal testing was 

conducted in accordence with the applicable rules 

and regulations set forth the arrive guidelines 

[26], followed the international standards for the 

handling and use of experimental animals [27] 

and approved by the Institutional Animal Care 

and Use Committee of Zagazig University (ZU-

IACUC committee), approval number ZU-

IACUC/3/F/303/2022. 

Experiment protocol  

The rats were allocated randomly into 4 

groups (10 rats each) as follows: 

Control group: rats were injected i.p with 

0.5cm physiological saline, once daily for 28 

days. 

Tβ4 group: rats were injected i.p with 1mg/kg of 

Tβ4 [20], once daily for 28 days. 

SO group: rats were injected i.p with 300 mg/kg 

of SO, once daily for 28 days [25].  

SO+ Tβ4 group: rats were concomitantly injected 

i.p with 300 mg/kg of SO and 1mg/kg of Tβ4, 

once daily for 28 days.  

Preparation of lung tissue samples  

24 hours after the last injection, body weight was 

recorded. Then the rats were anesthetized by i.p. 

injection of sodium thiopental (100 mg/kg). Half 

of the rats in each group (5 rats) were utilized for 

extraction of bronchoalveolar lavage fluid 

(BALF). The remaining 5 rats were subjected to 

cervical dislocation, then a midline incision of 

their chest cavities was done and finally the lungs 

were dissected and cleaned by ice cold saline. 

Thereafter, 10% homogenate (W/V) of the left 

lung was prepared and the supernatant was kept in 

-80 °C for subsequent biochemical assessment. 

Then, the right lung tissue was fixed and 

processed for histological examination as was 

adopted by Suvarna et al.  [28].  

Assessment of body weight, lung weight and 

lung index: 

Animals were weighed before being 

euthanized and each of the removed lungs was 

weighed. For computing the lung index, the lung 

weight (g) was divided by body weight (g) then 

multiplied by 100 [29]. 

Biochemical measures in the lung tissue 

homogenate: 

Homogenization of lung tissues was done 

using 1g lung tissue per 10 ml of cold buffer (100 

mM potassium phosphate, pH 7.0, containing 2 

mM EDTA), then the homogenate was 

centrifuged for 15 min. at 50,000 rpm. The clear 

supernatant was collected and kept at –80°C for 

assessment of the following biochemical 

parameters: 

Assessment of the oxidative stress markers in 

lung tissue: 

Lipid peroxidation was evaluated by 

assessment of malondialdehyde (MDA) using rat 

sandwich ELISA kit (MyBioSource, CA, catalog 

# MBS727531). According to Ellman [30], 

reduced glutathione (GSH) was measured 

according to manufacturer's protocol. Total 

antioxidant capacity (TAO) was evaluated via the 

manufacturer's colorimetric method (Sigma Co., 

Cat. NO. MAK187). 

Measurement of inflammatory cytokines in 

lung tissue: 

Levels of tumor necrosis factor alpha (TNF-

α) and interleukin (IL)-1β were assessed by 

https://doi.org/10.21608/zumj.2023.190394.2737
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ELISA Kits (MyBioSource) and standard curves 

were plotted.  

Measurement of prostaglandin E2 (PGE2) level 

in lung tissue: 

A competitive enzyme immunoassay kit 

(Abcam, ab133021, Cambridge, UK) was used to 

assess the level of PGE in the lung tissue 

homogenate in accordance with the 

manufacturer's instructions.  

Collection of the broncho-alveolar lavage fluid 

(BALF): 

According to Alsemeh and Abdullah [31], the 

thoracic cavity was exposed and a 24G cannula 

was inserted in the trachea. Lavage was done 3 

times through this tracheal cannula, where each 

lung was perfused with 3ml physiologic saline for 

30 seconds per lavage.  The saline was then 

aspirated to obtain approximately 9 mL of the 

BALF (recovery rates of the BALF must be more 

than 80%).The centrifugation of the collected 

BALF was done at 2000  rpm for 10 min. at 4 °C, 

and  the supernatant was utilized to measure the 

level of IL-13 and transforming growth factor β 

(TGF-β1) in BALF. 

Analysis of IL-13 and TGF-β1 in BALF: 

IL-13 and TGF-β1 were assessed in BALF by 

ELISA technique using ELISA kit (R&D System, 

MN), in accordance with the manufacturer's 

protocols. 

Analysis of lung damage index by measuring 

total protein levels, lactate dehydrogenase 

(LDH), and alkaline phosphatase (ALP) 

activities in BALF: 

LDH and ALP were evaluated using LDH 

activity assay kit (MAK066: Sigma-Aldrich, St 

Louis, MO, USA) and ALP activity assay kit 

(291-58601: Wako Chemicals Co., Ltd., Tokyo, 

Japan), according to the manufacturer's protocols. 

A protein assay kit was utilized to quantify the 

total protein content (Bio-Rad, CA) according to 

the manufacturer's protocols. 

Histological examination 

Hematoxylin and eosin (H&E) and Masson's 

trichrome staining:  

After fixation of lung tissues in neutral 

buffered formalin, they were subjected to alcohol 

dehydration, xylene clearance and then 

impregnation in paraffin wax forming paraffin 

blocks. Using a microtome, lung samples were cut 

into 4–5-micron sections, mounted on glass slides, 

deparaffinized, and stained with H&E to study the 

histological changes in the lung architecture and 

Masson's trichrome staining of collagen fibers for 

detection of lung fibrosis. 

Immunohistochemical examination of alpha 

smooth muscle actin (α-SMA), cluster of 

differentiation 68 (CD68) and vascular 

endothelial growth factor (VEGF) in the lung 

tissue: 

The avidin-biotin-peroxidase technique was 

utilized.  

1. The endogenous peroxidase was blocked by 

dewaxing paraffin slices of 4-5 μm thickness in 

xylene, rehydrating in ethanol in decreasing 

grades, and then embedding them in 0.3% of 

hydrogen peroxide for 30 minutes.  

2. For 15 min, samples were microwaved in citrate 

buffer (pH: 6) then the antigens were observed.  

3. 10 percent goat serum was applied for 30 minutes 

for inhibiting binding that is not specific.  

4. Following a gentle cleaning with PBS, tissue 

slices were incubated at 4°C overnight with α-

SMA antibody from (rabbit monoclonal antibody, 

1:500 dilution, Santa Cruz Company, California, 

USA), with CD68 antibody from (mouse 

monoclonal antibody, 1:200 dilution, Leica 

Biosystems, Benton La, Newcastle Ltd, UK) and 

with VEGF (rabbit monoclonal antibody, 1:500 

dilution, Pharminagen, Mississauga, Canada).  

5. Finally, counterstaining of slides by Mayer’s 

hematoxylin, dehydration, and fixation by DPX 

were done. For negative controls, the step of 

primary antibody addition was replaced by adding 

PBS. Microscopically, the presence of the 

immunoreactive cells with a brown color was 

indicative of positive immunoreactivity for the 

markers α-SMA, CD68, and VEGF staining. 

Morphometric analysis  

Image analysis software (ImageJ 1.36b, 

http://rsbweb.nih.gov/ij) was used for quantitative 

assessment of the pulmonary tissue by measuring 

the following parameters in each group: The mean 

thickness of the lung septum (μm) (in H&E 

sections), the mean area percent of collagen fibers 

in Masson’s trichrome, and the mean area % of 

CD68, α-SMA, and VEGF immunoreactivity. All 

these parameters were assessed in 5 non-

overlapped fields for each slide of all studied 

groups at a magnification of X100. Also, the 

mean number of lung macrophages situated at the 

interalveolar septa was counted in 

immunoreactive CD68 stained sections (at a 

magnification of X400). 

Statistical analysis 

A statistical analysis of the biochemical and 

morphometric results was achieved by GraphPad 

Prism v. 5 (GraphPad Software, Inc., La Jolla, 

CA, USA). One-way ANOVA was used for 

comparing the mean values of the studied groups. 

Multiple comparisons were assessed by Tukey's 

post-hoc test. P-value less than 0.05 displayed 
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statistical significance, while P-value less than 

0.001 displayed high statistical significance. 

RESULTS 

Effect of styrene oxide (SO) and Tβ4 on the 

body weight and lung index: 

Regarding body weight and lung index, there 

were high significant decrease in body weight and 

increase in lung index in the SO group vs control 

groups (p <0.001), and between SO group vs 

SO+Tβ4 group. In comparison between controls 

vs SO+Tβ4 group, there was a highly significant 

increase in body weight and decrease in lung 

index (p <0.001) (Fig. 1a, b). 

Effect of styrene (SO) and Tβ4 on the oxidative 

stress markers in the lung tissue: 

Regarding the assessed oxidative markers, 

there were a high significant increase in MDA 

activities and decrease in TAO and GSH levels in 

SO group vs control groups (p <0.001), and 

between SO group vs SO+Tβ4 group. In 

comparison between control groups vs SO+Tβ4 

group, the difference was non-significant in TAO 

levels with significant decrease in MDA and 

increase in GSH levels (p < 0.05) (table 1). 

Effect of SO and Tβ4 on the inflammatory 

markers in lung tissue: 

Regarding the assessed inflammatory markers, 

there was a highly significant increase in TNF-α 

and IL-1β levels in lung tissue and IL-13 in BALF 

(p<0.001) in the SO group vs control groups and 

also in SO group vs SO+Tβ4 group. On the other 

hand, there was a non-significant change in the 

levels of TNF-α and IL-1β between control group 

vs SO+Tβ4 group. While there was a significant 

increase in IL-13 level (p < 0.05) in SO+Tβ4 

group vs control groups (table 1) 

Effect of SO and Tβ4 on levels of TGF-β1 in 

BALF and PGE2 in lung tissue: 

Regarding markers measured for fibrosis, there 

were high significant increase in TGF-β1 and 

decrease in PGE2 in the SO group vs control 

groups (p<0.001) and also in SO group vs 

SO+Tβ4 group. In comparison between controls 

vs SO+Tβ4 group, there were a high significant 

decrease in TGF-β1 and increase in PGE2 levels 

(p<0.001) (Fig. 1c, d). 

Effect of SO and Tβ4 on total protein levels, 

(LDH), and (ALP) activities in BALF: 

Regarding the indices of lung damage, there 

were high significant increase in total protein 

levels, LDH, and ALP activities in the SO group 

vs control groups (p<0.001) and also in SO group 

vs SO+Tβ4 group. In comparison between control 

groups vs SO+Tβ4 group, there were significant 

decrease in total protein levels (p < 0.05) and high 

significant decrease in LDH and ALP activities 

(p<0.001) (table 1). 

Effect of SO and Tβ4 on Histological structure 

of the lung: 

1-Histological results of H&E staining:  

The lung tissue sections of both control and 

Tβ4 groups displayed the normal spongy 

histologic structure. There were thin interalveolar 

septa separating normal sized alveoli, alveolar 

sacs, and alveolar ducts. The epithelium of the 

respiratory bronchioles was intact, and there were 

healthy blood vessels nearby (Fig.2 a, b). 

SO group exhibited disrupting of the 

histological structure as substantial thickening of 

the bronchial walls and interalveolar septa, 

together with multiple collapsed alveoli, which 

indicated extensive alveolar damage. Also, the 

lung tissue displayed significant infiltration by 

inflammatory cells. Additionally, dilated 

congested thickened blood vessels, and 

perivascular and peri bronchial infiltrations were 

seen. There were also areas of interstitial 

hemorrhage and interstitial exudate (Fig. 2c-e). 

In SO+Tβ4 group, restoration of the normal 

histologic structure was observed except for the 

presence of thick interalveolar septa and slightly 

dilated bronchioles and blood vessels (Fig. 2f). 

       According to morphometric analysis of 

thickness of interalveolar septa, there was a high 

significant increase (p<0.001) in SO group vs 

control group and also between SO group vs 

SO+Tβ4 group. In comparison between control vs 

SO+Tβ4 group, the difference was non-significant 

(Fig. 2g). 

2-Histological results of Masson’s trichrome 

staining: 

The lung tissues in both control and Tβ4 

groups showed normal few collagen fibers 

deposition (Fig. 3a, b), but collagen fibers 

deposition was noticeably elevated especially in 

the surrounding areas of the bronchi and blood 

vessels and also in the interalveolar gaps in the 

SO group (Fig. 3c). A little rise in the amount of 

collagen fibers deposits was seen in SO+Tβ4 

group (Fig. 3d). 

      According to morphometric analysis of the 

mean area % of collagen fibers, slides from SO 

group showed high significant elevation 

(p<0.001) vs control groups. Also, SO+Tβ4 

group, there was a highly significant difference 

(p<0.001) vs both control and SO groups (Fig. 

3e). 

3-Results of α-SMA immunohistochemical 

staining: 

Both control and Tβ4 groups’ lung tissues 

had few cells with a positive brown cytoplasmic 
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reaction (Fig. 4a, b). However, the SO group lung 

tissues appeared to be abnormal with excess 

positive cytoplasmic response in different types of 

cells especially around the bronchi and around the 

dilated blood vessels (Fig. 4c, d). On the other 

hand, the lung tissues of the SO+Tβ4 group had 

few cells with brown positive cytoplasmic 

reactions (Fig. 4e). 

      According to morphometric analysis of mean 

area % of positive α-SMA immuno-stained cells, 

there was a highly significant increase (p<0.001) 

in SO group vs control groups. Also, there was a 

high significant difference (p<0.001) between 

SO+Tβ4 group vs both control and SO groups 

(Fig. 4f). 

4-Results of CD68 immunohistochemical 

staining:   

Both control and Tβ4 groups’ lung tissues 

exhibited very few cells with positive cytoplasmic 

reactions of CD68 (Fig. 5a, b). However, the 

lungs of the SO group displayed an excess 

number of macrophage cells with an apparent 

positive cytoplasmic reaction (Fig. 5c). On the 

other hand, the lungs of the SO+Tβ4 group had 

few cells with positive brown cytoplasmic 

reaction (Fig. 5d). 

       As regard morphometric analysis of the mean 

area % of positive CD-68  and the mean 

macrophage cell count, there was a high 

significant increase (p<0.001) in SO group when 

compared to control group. Also, there was a high 

significant difference (p<0.001) between SO+Tβ4 

group vs both control and SO groups (Fig. 5e, f). 

5-Results of VEGF immunohistochemical 

staining: 

A very little positive brown cytoplasmic 

reaction was noticed in the lung tissue of both 

control and Tβ4 groups (Fig. 6a, b). However, SO 

group showed various cells with abundant 

positive cytoplasmic reactions (Fig. 6c). 

Conversely, SO+Tβ4 group displayed only a 

small number of cells with brown cytoplasmic 

reaction (Fig. 6d).  

       As regard morphometric analysis of the mean 

area % of positive VEGF stained brown cells, 

there was a highly significant increase (p<0.001) 

in SO group when compared to control groups. 

Also, there was a highly significant difference 

(p<0.001) between SO+Tβ4 group vs SO group 

while the difference was significant (p<0.05) 

between SO+Tβ4 group vs control group (Fig. 

6e). 
 

Table (1):  Showing the   SD of oxidative stress markers, inflammatory markers and indices of lung 

damage in the different studied groups. Significant difference is considered when P<0.05.  a: SO group vs 

Control groups, b: SO group vs SO+Tβ4, and c: Control groups vs SO+Tβ4. Duplication of the symbols (aa, 

bb, cc) means that the difference is highly significant (P<0.001). 

 

    Groups 

Parameters 

Control Tβ4 SO SO+ Tβ4 

MDA (nmol/mg 

protein) 
  SD 8.4 3.13 9.02 2.02 40.65 4.63  aa  14.11 3.13 bb c 

TAO (mg/gm 

protein) 
  SD 30.76 3.25 33.11 2.95 21.68 4.95  aa  29.71 2.45  bb 

GSH (nmol/mg 

protein) 
  SD 35.96 1.39 36.42 1.28 19.11 1.17  aa  34.02 1.83 bb  c 

TNF-α (pg/mg 

protein) 
  SD 30.18 ±1.49 28.76 ±1.14 94.09 ±4.56  aa  33.26 ±2.51  bb 

IL-1 β (pg/ mg 

protein) 
  SD 9.98±1.49 8.56±1.14 75.32±4.90  aa  13.19±2.40  bb 

IL-13 (pg/ml) 

BALF 
 SD 0.51 ±0.03 0.536 ±0.03 13.62 ±1.92 aa  6.75 ±1.03 bb  c 

Total protein 

(µg/ml) BALF 
 SD 132.5 ± 12.28 131.33 ± 

13.87 

207.9 ± 8.25 aa  118.6  ± 5.03  bb 

c 

LDH  activity 

(mU/ml)  BALF 
  SD 0.71 ± 0.06 0.7 ± 0.06 4.95 ± 0.5  aa  3.22 ± 0.39  bb 

cc 

ALP  activity (U/L) 

BALF 
  SD 990.7 ± 157.11 1057.5±152.2

6 

4226.2±510.1aa  2552.1 ± 

156.96  bb cc 
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Figure (1): (a,b) bar charts showing  morphometrical analysis for body weight and lung index in the different studied 

groups. (c,d) bar charts showing  morphometrical analysis for levels of TGF-β in BALF and PGE2 in lung tissue in 

different studied groups. Significant difference is considered when P<0.05.  a: SO group vs Control group, b: SO group 

vs SO+Tβ4, and c: Control group vs SO+Tβ4. Duplication of the symbols (aa, bb, cc) means that the difference is 

highly significant (P<0.001). 
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Fig. (2):  

 
Figure (2): photomicrographs of H&E-stained sections of the lung tissue from all groups. In both control (a) and Tβ4 

groups (b), lung tissue appears normal with normal alveolar ducts (ad), alveolar sacs (as), and alveoli (a) separated by 

thin interalveolar septa (empty arrowhead) along with normal respiratory bronchiole (br) and normal blood vessel (bv). 

In SO group (c, d, e), lung tissue demonstrates areas with thick interalveolar septa (arrow head), peri bronchial (inf) and 

perivascular (wavy arrow) inflammatory cellular infiltration. Interstitial exudate (short arrow), perivascular exudate 

(curved arrow), interstitial hemorrhage (thin arrow), and dilated congested fbrosed blood vessel (*bv) appear also. 

Notice also dilated distorted bronchiole (*br) and collapsed consolidated alveoli (Star). In SO+Tβ4 group (f), slight 

restoration of the normal histology of the lung tissue appears. Alveolar sacs (as), alveolar ducts (ad) and alveoli (a) are 

slightly normal. There are areas of thin (empty arrowhead) and thick (arrow head) interalveolar septa. The bronchiole 

(*br) and the blood vessel (*bv) are slightly dilated. (g) Bar chart showing morphometrical analysis for the thickness of 

interalveolar septa in the different studied groups. The difference is significant when (P<0.05) as follows, a: SO group 

vs Control group, b: SO group vs SO+Tβ4, and c: Control group vs SO+Tβ4. Duplication of the symbols (aa, bb, cc) 

means that the difference is highly significant (P<0.001). 
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Fig. (3):  

 
Figure (3): photomicrographs of Masson’s trichrome stained sections of the lung tissue from all groups demonstrating 

collagen fibers in blue color (thin arrow). In both control (a) and Tβ4 groups (b), there are few collagen fibers but in SO 

group (c), there are excess amounts of collagen fibers. In SO+Tβ4 group, the fibers amount is moderate. (e) Bar chart 

showing morphometrical analysis for the area percentage of collagen fibers in the different studied groups. The 

difference is significant when (P<0.05) as follows, a: SO group vs Control group, b: SO group vs SO+Tβ4, and c: 

Control group vs SO+Tβ4. Duplication of the symbols (aa, bb, cc) means that the difference is highly significant 

(P<0.001). 
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Fig. (4):  
Figure (4): photomicrographs of alpha smooth muscle actin (α-SMA) immuno-stained lung tissue sections from all 

groups showing the degree of immunoexpression. Positive cells with a brown reaction are referred to as (Thick crossed 

arrow). Control group (a), Tβ4 group (b), SO group (c, d), and SO+Tβ4 group (e). (f) Bar chart showing 

morphometrical analysis for the area percentage of (α-SMA) immunoreactivity in the different studied groups. The 

difference is significant when (P<0.05) as follows, a: SO group vs Control group, b: SO group vs SO+Tβ4, and c: 

Control group vs SO+Tβ4. Duplication of the symbols (aa, bb, cc) means that the difference is highly significant 

(P<0.001). 
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Fig. (5):  

 
Figure (5): photomicrographs of (CD-68) immuno-stained lung tissue sections from all groups showing the degree of 

immunoexpression. Positive cells with a brown reaction are referred to as (empty arrow head). Control group (a), Tβ4 

group (b), SO group (c), and SO+Tβ4 group (d). (e, f) Bar chart showing morphometrical analysis for the area 

percentage of (CD-68) immunoreactivity and macrophage cell count respectively in the different studied groups. The 

difference is significant when (P<0.05) as follows, a: SO group vs Control group, b: SO group vs SO+Tβ4, and c: 

Control group vs SO+Tβ4. Duplication of the symbols (aa, bb, cc) means that the difference is highly significant 

(P<0.001).  
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Fig. (6):  
 

Figure (6): photomicrographs of vascular endothelial growth factor (VEGF) immuno-stained lung tissue sections from 

all groups showing the degree of immunoexpression. Positive cells with a brown reaction are referred to as (arrow 

head). Control group (a), Tβ4 group (b), SO group (c), and SO+Tβ4 group (d). (e) Bar chart showing morphometrical 

analysis for the area percentage of (VEGF) immunoreactivity in the different studied groups. The difference is 

significant when (P<0.05) as follows, a: SO group vs Control group, b: SO group vs SO+Tβ4, and c: Control group vs 

SO+Tβ4. Duplication of the symbols (aa, bb, cc) means that the difference is highly significant (P<0.001). 

 
DISCUSSION 

In this study, the pneumotoxic effects of SO were 

studied using the ip route rather than the 

inhalation route to assure the dose of exposure to 

the metabolite and control its level. This systemic 

route of administration was performed also by 

various studies that examined these harmful 

effects [3-6]. Moreover, the pneumotoxicity of 

systemic styrene tended to be more severe than 

those reported in the animals exposed to styrene 

via inhalation for longer periods of time [3]. 

According to the collected data, the rats' final 

body weights significantly decreased in the SO 

group while their lung indices significantly 

increased, mainly due to SO-induced pulmonary 

fibrosis, increased deposition of inflammatory 

https://doi.org/10.21608/zumj.2023.190394.2737


https://doi.org/10.21608/zumj.2023.190394.2737                                    Volume 29, Issue 2, March 2023, Page (728-745)  

Abdelwahab, O. et al                                                                                                                                  739 | P a g e  
 

cells specially macrophages, and increased 

thickness within the interalveolar septa. In 

contrary, Arab et al. [7] revealed no significant 

changes in the body and lung weights after ST 

exposure. This may be attributed to the shorter 

period of exposure (18 days) and the different 

route of administration (inhalation). In the current 

study, Tβ4 administration with SO improved 

statistically the rats' body weight and their lung 

indices which reflected the histological alteration 

toward normalization in the SO+Tβ4 group.  

In the current study, a considerable increase 

in the levels of TNF-α, IL-1β, and IL-13 in lung 

tissues was noticed in SO group. These 

proinflammatory cytokines noted throughout the 

inflammatory reaction according to Chitra et al. 

[32], were directly related to the excessive 

deposition of alveolar macrophages, proved by 

CD68, as the macrophages represent a 

predominant producer of these cytokines in 

referral to Zhang and An [33]. According to 

Padgett et al. [34], the proinflammatory cytokines 

are induced by reactive oxygen species (ROS), 

furthermore, Forrester et al. [35] reported that 

these cytokines use ROS as part of their signaling 

cascades, which means increased activity of ROS 

in concordance to increased levels of the 

proinflammatory cytokines. These findings were 

consistent with Kik et al. [36] who referred to the 

increased activity of ROS in relation to ST 

exposure.  

While, in SO+Tβ4 group, there was a 

significant decrease in TNF-α, IL-1β, and IL-13 

levels due to the decreased deposition of alveolar 

macrophages observed by CD68. This confirms 

the anti-inflammatory impact of Tβ4. Such results 

were recorded also in previous researches, where 

systemic Tβ4 injection lowered the TNF-α level 

in mice with sepsis, intestinal I/R injury, and 

experimental colitis [37-39] 

Oxidative stress is a major factor in lung 

fibrosis [40]. The etiology of fibrosis involves the 

production of ROS [41,42]. Additionally, 

pulmonary fibrosis in patients as well as animal 

models was shown to contain signs of oxidative 

stress [32]. 

There was serious affection of the oxidant-

antioxidant balance in the SO group. In this study 

SO group exhibited markedly increased MDA 

level along with decreased GSH and TAO 

activities in lung tissues. This was in concordance 

with Haghighat et al. [43] who exposed the rat's 

lung to 750 ppm of ST for 4 weeks and recorded 

an elevation of MDA level and reduction of 

catalase, superoxide dismutase, and GSH 

activities. 

Dramatically, Tβ4 therapy in SO+Tβ4 group 

decreased MDA and elevated TAO and GSH 

levels in the lung tissue, proving its effectiveness 

as an antioxidant and ROS scavenger in the lung. 

Furthermore, Tβ4 anti-inflammatory properties 

may be also responsible for its anti-oxidative 

action in lung tissue. Consistent with earlier 

research, Tβ4 therapy was shown to lower ROS 

levels by boosting Superoxide dismutase (SOD) 

activity in corneal and cardiac damage [44]. It 

also promotes autophagy, epithelial barrier 

defense, and repair owing to its antioxidant and 

antiapoptotic properties [44,45].  

Interestingly, our results showed a dramatic 

rise of TGF-β1 in BALF of SO group. TGF-β1 is 

the most potent cytokine known to promote 

fibrosis according to Wei et al. [44] and Renga et 

al. [45]. This rise of TGF-β1 is in harmony with 

the histological findings of pulmonary fibrosis 

and the data interpreted from Masson’s trichrome 

and α-SMA and that proved to be statistically 

significant.  

According to Horowitz et al. [46] and Tseng 

et al. [47], TGF-β1 can promote pulmonary 

fibroblasts' production of collagen and/or cause 

fibroblasts to change into myofibroblasts that 

produce α-SMA, both of which are essential for 

development of lung fibrosis.  

Independently of TGF- β1, another 

profibrotic cytokine, IL-13, a T-helper type 2 

cytokine, can promote fibroblast collagen 

synthesis [48]. TGF-β1 levels together with the 

levels of the above measured pro-inflammatory 

cytokines were critically responsible for fibroblast 

development.  

However, a considerable decline in the BALF 

level of TGF-β1 and the pro-inflammatory 

cytokines was observed in SO+Tβ4 group, 

suggesting that Tβ4 has antifibrotic properties.  

Even, in malignant gliomas, Tβ4 modifies 

key molecular networks such as p53 and TGF-β1 

signaling. [49]. However, Smart et al. [50] 

showed no appreciable alterations in the 

expression of a variety of TGF-β1 by Tβ4 in the 

adult epicardium. We suggest that the modulation 

of TGF-β1 levels induced by Tβ4 varies according 

to the cells' behaviors during different diseases. 

Interesting evidence suggests that PGE2 may 

restrict fibrotic responses in the lung. Earlier 

studies on patients with idiopathic pulmonary 

fibrosis showed significantly reduced 

cyclooxygenase-2 (COX-2) expression, which in 

turn resulted in decreased PGE2 generation in 

broncho-alveolar fluid and fibroblasts [51,52]. 

Maher et al. [53] proposed that in the fibrotic 

lung, the decreased COX-2 and PGE2 levels 
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encourage fibroblast longevity and inhibit its 

death. And even more, PGE2 can reduce the 

ability of lung fibroblasts to proliferate, activate, 

and produce collagen [54].This was in harmony 

with the findings of the present study, as PGE2 

was found to be considerably lower in the SO 

group, which showed the marked fibrotic changes 

in the lung, while it proved to be significantly 

higher in the lung tissue of the SO+Tβ4 group 

with the minimal fibrotic changes. On the 

contrary, Hwang et al. [55] reported that β-

thymosin suppressed Nitric oxide and 

PGE2 production and inflammatory cytokines 

expression in macrophage cells. 

The histopathological findings of the current 

study mirrored the biochemical results of the 

different groups. H&E stained sections of SO 

group showed; multiple collapsed alveoli, 

infiltration by inflammatory cells, dilated 

congested blood vessels, interstitial hemorrhage, 

and edema, this was consistent with the study of 

Arab et al. [7]. The lung tissue injuries may be 

due to low lung levels of the main antioxidant 

GSH [4] that also increased the risk of tumor 

development in experimental animals [56], and 

caused cell damage and lysis in different organs 

[25]. 

The thicknesses of the interalveolar septa 

showed significant increase in SO group in 

comparison with control groups, this was 

supported by the results of Coccini et al. [3], Arab 

et al. [7] and Haghighat et al. [57]. The increased 

thickness of the interalveolar septa may be 

explained by the histological findings of increased 

cellular proliferation in lung alveoli, in agreement 

with Kaufman et al. [58], capillary dilation, and 

interalveolar infiltration, in concordance with 

Yaman et al. [59].  

On the other hand, in SO+Tβ4 group, Tβ4 

established a histological improvement in 

response to SO-induced pneumotoxicity. This 

may be attributed to the measured antioxidant 

impact of Tβ4, which raises the expression of 

antioxidant enzymes and enhances mitochondrial 

membrane potential against oxidative stress [19]. 

In support of our findings, Yaman et al. [59] 

proved the ability of Tβ4 to protect against acute 

lung injury brought on by ischemia-reperfusion 

(IR). Prior to ischemia or after reperfusion, Tβ4 

treatment resulted in a considerable improvement 

in the histology of the lung tissue, interalveolar 

septa's thickness had lessened noticeably, and the 

recovery of the morphologic changes and damage 

brought on by IR.  

This was parallel with the findings of Gilbane 

et al. [60] and Kendall and Feghali-Bostwick [61] 

who also added that myofibroblasts embrace a 

characteristic population of mesenchymal cells 

over expressing 𝛼-SMA and excessively 

accumulate fibrillar collagens.  

In our study SO-induced pulmonary fibrosis 

was indicated histologically by presence of 

fibrotic areas in Masson’s trichrome stained 

sections and also by increased expression of α-

SMA immunostaining. These results were in 

agreement with Li et al. [9] who revealed that 

inhalation of the polystyrene microplastics in 

mice for three weeks induced pulmonary fibrosis 

in a dose-depending manner and stated that the 

damaged epithelial cells encouraged α-SMA and 

collagen expression in fibroblasts of lung.  

On the contrary, the study done by Lim et al. 

[8] to identify the effect of inhalation of 

polystyrene microplastics on lung fibrosis in rats, 

detected no significant histopathological changes 

for the Masson’s trichrome staining. This was  

justified to be as a result of the different exposure 

routes, as systemic exposure has a higher 

absorption rate than inhalation exposure [62]. 

Moreover, only some microplastics can enter the 

lower airways because they are mostly removed 

from the lungs by the mucociliary clearance 

[62,63]. While, in agreement with our study Lim 

et al. [8] evaluated the expression of the markers 

related to lung fibrosis, and detected a propensity 

for elevated expression of TGF-β1and TNF- α in a 

dose-depending manner. 

Tβ4 also proved statistically to reduce the 

area percent of α-SMA-immunoreactivty in the 

SO+Tβ4 group, along with the decrease in fibrotic 

areas in Masson stain in the lung tissue. This is in 

concordance with the decrease in TGF-β1 levels 

detected in broncho-alveolar fluid in these rats. In 

the same line, Shah et al. [20] detected Tβ4 

suppression of the protein expression of α-SMA 

and platelet-derived growth factor-β receptor, 

thereby preventing the differentiation of the 

myofibroblasts and thus preventing liver fibrosis 

encouraged by chronic ethanol and acute 

lipopolysaccharide exposure . 

CD68 is an essential membrane glycoprotein 

expressed by tissue macrophages [64]. The 

expression of the pan-macrophage marker CD68 

is correlated with macrophages' phagocytic 

activity [65]. In the current study, CD68 

immunoreactivity showed significant rise in the 

percent of positive area stained with CD68 and 

also the alveolar macrophage cell count in SO 

group in comparison to control groups. This may 

be enlightened by lung injury and fibrosis 

triggered by SO, which sequentially activates lung 

macrophages and other inflammatory cells. 
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According to Daghigh et al. [66], the 

macrophages can produce a chemotactic material 

that attracts neutrophils and causes them to release 

proteases and destructive oxygen free radicals that 

induce tissue damage. However, CD68 

immunoreactivity showed significant decrease in 

the percent of positive area stained with CD68 

and also the alveolar macrophage cell count in 

SO+Tβ4 group, this is in line with the decrease of 

inflammatory and oxidative markers in lung 

tissues caused by Tβ4. 

VEGF is a cytokine that promotes 

angiogenesis both during the formation of tumors 

and in developing embryos [67]. Fibrosis, fibrin 

turnover, fluid loculation, and inflammation are 

all regulated by VEGF [68]. This explained the 

collected data of elevated VEGF 

immunoreactivity in the SO group, proving the 

contribution in ST inducd lung tissue injury and 

fibrosis. 

Interestingly, VEGF immunoreactivity 

showed significant decrease in SO+Tβ4 group, 

this is in line with the biochemical and 

histological improvements in this group.  

Additionally, in the fibrotic areas of 

Bleomycin-induced pulmonary fibrosis, 

Fehrenbach et al. [67] showed a significant 

increase in VEGF-A positive stained cells in the 

absence of enhanced vascularization, suggesting 

that VEGF may affect more than only the 

vasculature; it may also contribute to the onset of 

pulmonary fibrosis. 

Previously Tβ4 has demonstrated therapeutic 

effectiveness in inhibiting fibrosis. This was 

related to a reduction in the inflammatory 

response, which included a reduction in 

macrophage infiltration, levels of TGF-β1 and IL-

10, and a reduction in the activation of connective 

tissue growth factors. This prevented fibroblasts 

from converting into myofibroblasts and also the 

production of collagen fibers with a normal 

alignment [70].  

CONCLUSION 

Both the biochemical and histopathological 

findings in addition to the morphometric analysis 

confirm the harmful effect of styrene oxide (SO) 

on lung tissue and spotlight the probable 

protecting role of Tβ4 against styrene-promoted 

lung damage through its anti-inflammatory and 

regenerative properties. Also, Tβ4 caused 

improvement in CD68 which reflect the 

macrophage activity and in turn contributes to its 

anti-inflammatory and antioxidant, and 

antiapoptotic effects  

In addition, Tβ4 restored TGF-β1 and PGE2 

to the normal levels, also α-SMA and VEGF 

immunoreactivity which could be new antifibrotic 

and protective mechanisms for Tβ4 in this model. 

To the greatest of our knowledge, it is the first 

research to observe the possible relation between 

Tβ4 and PGE2 and also VEGF in fibrosis 

prevention. Whether these roles are due to 

interaction between these pathways or just a 

coincidence necessitates further proofs. These 

results imply that Tβ4 has the potential to be fully 

effective against a variety of fibrosis-related 

human illnesses. Unresolved issues call for 

additional research. 
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