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a b s t r a c t 

The exposure of fine particulate matter (PM 2.5 ) can lead to developmental toxicity in organs. However, the 

underlying specific mechanisms are still unclear. Especially, the toxic effects of PM 2.5 on adult zebrafish are 

still obscure. In this study, for the first time, the toxic effects of PM 2.5 on zebrafish ( Danio rerio ) as well as the 

changes in cellular and subcellular traits of multi-organs were investigated. The treatment groups were exposed 

to 100 mg/L PM 2.5 for 5 days. The pathological and ultrastructural changes in multi-organs of the treatment 

and control (without PM 2.5 ) groups were subsequently examined. As a result, histopathological alterations were 

obviously noted the exposed multi-organs (gill, liver, intestine, heart and gonads) of adult zebrafish. Especially, 

marked changes were observed after the exposure of PM 2.5 in intestine images of X-ray micro CT. In addition, 

when typical ultrastructural arrangements of multi-organs (gill, liver and intestine) were examined, their contours 

were unclear, and organelles were dissolved, necrotized and almost degenerated in the treated zebrafish group. 

These adverse effects of PM 2.5 on multi-organs might raise a potential concern for zebrafish development and 

reproduction. Furthermore, these multi-organ alterations could be used as a sensitive biomarker in the toxicity 

assessment of PM 2.5 . In addition, the present results would be useful for better understanding of PM 2.5 -induced 

toxicity to organisms, and the cellular and subcellular impairments in multi-organs may affect aquatic organisms. 
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Global air pollution becomes a major public health concern, partic-

larly in developing countries. The World Health Organization (WHO)

eported that about 91% of the world’s population live in areas that

ail to meet its air quality guidelines ( WHO, 2018 a). Air pollution has

een considered as the greatest environmental risk to human health

y the WHO, responsible for more than 7 million annual premature

eaths worldwide ( WHO, 2019 ). Particulate matter (PM) might be the

ost important pollutant to human, compared to any other pollutants

 WHO, 2018 b). 

Air pollutants adversely affects human health. Recently, particulate

atter (PM), ozone (O 3 ) and nitrogen dioxide (NO 2 ) are the leading

ollutants in urban environment. Harmful ambient toxins in the atmo-

phere is the main reason of concern ( Lelieveld et al., 2015 ). As vali-

ated in a previous work, the polluted air is highly responsible for var-

ous ailments associated with lungs, heart and gonads ( Darrow et al.,

014 ; Hu et al., 2014 ; Zhou et al., 2014 ). Such ailments include the im-

airment of biological functions and may trigger tumor formation in re-

pective organs ( Darrow et al., 2014 ; Hu et al., 2014 ; Zhou et al., 2014 ).
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revious epidemiological studies established a correlation between the

ncrease in respiratory and cardiovascular diseases and PM concentra-

ion of the surrounding air ( Lee et al., 2014 ; Du et al., 2016 ). Simi-

arly, PM exposure induces reactive oxidative stress (ROS) ( Park et al.,

018 ), inflammation ( Wang et al., 2017 ), mitochondrial dysfunction

 Chew et al., 2020 ), and autophagy ( Fu et al., 2017 ). Due to increased

ir pollution, the health of population in Chinese big cities has taken

igh risk ( Li et al., 2018 ; Hu and Guo, 2021 ). On average, 1.3 billion

hinese are exposed to PM, far beyond the WHO air quality guidelines

 Song et al., 2017 ). The air pollution caused by PM enhances pulmonary

nd systemic oxidative stress, hypoxemia, induces immunological mod-

fications, atherosclerosis, and chronic obstructive pulmonary disease

 Carey et al., 2013 ; Lu et al., 2015 ). In some cases, the PM exposure was

eported to the responsible for diabetes mellitus ( Zanobetti et al., 2014 ).

A previous study established a strong association between long-term

xposure to PM and hypertension ( Yang et al., 2018 ). Similarly, sev-

ral other studies focused to establish a relationship between the PM 2.5 

xposure and myocardial infarction, arrhythmia, fibrillation and hyper-

ension ( Burgan et al., 2010 ). The exposure of PM 2.5 adversely affects

he cardiovascular system through systemic inflammation and hyperco-
22 
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gulability ( Lippi et al., 2008 ; Chuang et al., 2007 ; Delfino et al., 2009 ).

owever, the evidence for the corresponding time course is limited. 

Our previous studies demonstrated the acute toxicity effects of PM 2.5 

n early embryonic development of zebrafish. However, little informa-

ion is available on studies on adult zebrafish. Zebrafish have been com-

only used as a model organism for studies of functional diseases and

oxicity, as they are reported to have numerous advantages over other

nimal models ( Dooley and Zon, 2000 ). For example, the upkeep of ze-

rafish is easier and cheaper than that of other animal models because

f their small size, rapid development, and remarkable fertilization rate

 Ali et al., 2011 ). Zebrafish are also a remarkable genetic model because

f their genetic similarity to mammals, including humans; moreover, the

enetic modification of zebrafish is relatively easy. As vertebrates, the

ajor organs and tissues of zebrafish such as muscles, blood, intestines,

idneys, liver, and eyes are similar to those in humans ( Chhetri et al.,

014 ; Wang et al., 2010 ). Therefore, zebrafish are useful for drug screen-

ng ( Cassar et al., 2020 ). 

The main objective of this study is to determine the potential toxicity

f PM 2.5 in multi-organs of adult zebrafish. For this, the damages related

o pathological and ultrastructural changes in multi-organs (gill, liver,

ntestine, heart and gonads) were assessed. Knowledge of pathological

ndings associated with PM 2.5 could help with a better understanding of

athogenic mechanisms, and more precise knowledge on the reversibil-

ty of multi-organs dysfunctions. 

aterials and methods 

aintenance of zebrafish 

Wild type zebrafish embryos were provided from the Zebrafish Cen-

er for Disease Modeling (ZCDM, Korea). We maintained zebrafish em-

ryos in our laboratory for more than one year under the defined

nvironmental conditions as described by Westerfield (1995) . Adult

ale and female zebrafish with a mean total body length of 3.5 cm

 ± 0.5 SD) were obtained and stocked in de-chlorinated water (20 L).

he obtained fish were acclimated for 5 days under constant aeration,

8 °C water temperature, 14 h:10 h (light: dark) cycle ( Manjunatha and

hilip, 2016 ). The system water was purified using 10- and 5-μm mi-

ro depth and activated-carbon filters. The pH of the system water was

aintained between 6.8 and 7.5. If pH is lower than 6.8, it is adjusted

y adding coral sand. They were fed twice daily with alternating diet of

reshly hatched brine shrimp and commercial feed. All experiments us-

ng zebrafish samples were carried out according to the approved guide-

ines by the Animal Care and Ethics Committee of Pohang University

f Science and Technology (POSTECH), South Korea (POSTECH-2019–

059). 

reparation of PM 2.5 particles 

In this study, diesel particulate matter (DPM) NIST 1650b was pro-

ured from Sigma-Aldrich, Inc. (St. Louis, MO, USA) as PM 2.5 parti-

les. DPM is chemical mixture of more than 100 PAHs. A stock solu-

ion (100 mg/4 mL) was prepared in dimethyl sulfoxide (DMSO) and

onicated for 30 min to avoid agglomeration of the suspended PM 2.5 

articles. 

xperimental animal 

One year old zebrafish were divided into 4 groups: two control

roups of male and females ( n = 20) and 2 PM treatment groups of

ale and females ( n = 20). Zebrafish ( n = 10 per group) were exposed

o 100 mg/L of PM 2.5 concentration in system water with a total volume

f 1.5 L for one to 5 days without feeding. The PM concentration was

etermined according to the survival rate with respect to the environ-

ental PM concentrations and incubation time was analysed, whereas
2 
ontrol group ( n = 10 per group). The final concentrations were var-

ed depending on experimental settings. For control counterparts, 0.1%

MSO without PM 2.5 component. Fish treatments were conducted in

hree parallel replicates. However, survival rate and male organs (except

estis) data was not shown in this study due to there being no difference

etween male and female organs. 

istopathological studies 

Histopathological analysis was performed after 5 days exposure to

M 2.5 on gills, liver, intestine, heart and gonads. Initially, the zebrafish

amples including control and treatment groups ( n = 5 per each group)

ere anesthetized by immersion in either an ice-water (4 °C or less)

ath or 0.14 mg/mL tricaine and followed by dissection in order to vi-

ualize different above mentioned organs. All organs were fixed in 4%

araformaldehyde solution for 24 h at room temperature. The fixed tis-

ues were dehydrated and embedded in paraffin, sectioned, and stained

ith hematoxylin and eosin (H&E). The sample slides were examined

y using a CCD camera (QIMAGINGQ42286, Canada). Protocol was fol-

owed as mention in our previous report ( Manjunatha et al., 2021 ). 

-ray micro CT image analysis 

The glutaraldehyde and paraformaldehyde each 2% final volume

as used to fix the both control and treatment groups of zebrafish sam-

les ( n = 5/each experiment group in three biological replicates in par-

llel). The fixation was carried for the period of 24 h at 4 °C followed by

ost fixing in osmium tetroxide buffer (1%). Incubation conditions are

s same as that of the primary fixation. For sample dehydration different

oncentrations of ethanol were used. The dehydration was begun with

5% then, 50%, and 75%, and finally followed with 100%, in each con-

entration samples were incubated for at least 30 min to ensure proper

ehydration. Sample immersed in 100% ethanol was transferred to one

nd sealed pipette tip and the other end was closed with a with a lid

Dow Corning, USA). As both the ends are sealed the chances of ethanol

vaporation during analysis was minimized. All the procedures of sam-

le preparation to image capturing and analysis were performed as men-

ioned by Lee et al. (2019) and Seo et al. (2020) with necessary modi-

cations. The 3D morphological structures of zebrafish samples in the

orm of 3 Dimensional images were using synchrotron X ‐ray micro ‐CT

t the 6C Biomedical imaging beamline of Pohang Accelerator Labora-

ory (PAL, Pohang, Korea). The images generated upon passing samples

hrough X-ray beam (22 keV) were captured by the high-speed camera

PCO AG, Germany). The camera was placed exactly 100 mm behind

he sample. For tomographic slice images the samples were immobi-

ized on a rotary stage (ABRS-150 MP-M-AS, Aerotech, Inc., Pittsburgh,

A, USA). To obtain 3 dimensional CT images a rotary stage was rotated

rom 0 – 180° with an intervals of 0.2° Overall 901 projection images

ere captured in this study. Further, the Octopus software (inCT, Gent,

elgium) and Amira image analysis software (FEI, Hillsboro, OR, USA)

ere used for image reconstruction. 

ltrastructural studies 

Transmission electron microscope (TEM) imaging for the control and

reatment zebrafish samples ( n = 5/each experiment group in three bi-

logical replicates in parallel) was performed using TEM (JEOL JEM-

200FS) of the National Institute for Nanomaterials and Technology,

ohang. Initially, the propylene oxide and Spurr’s resin were used to

ehydrate the samples. The sample slices of roughly about 90 to 120 nm

hickness were stained with 2% uranyl acetate and Reynolds’ lead cit-

ate (MT-X, RMC, Tucson, AZ, USA). Finally, the stained sections were

bserved under TEM at 80 kV. 



B. Manjunatha, E. Seo, D. Bangyappagari et al. Journal of Hazardous Materials Advances 7 (2022) 100135 

Fig. 1. Histopathological sections of the gills and liver female zebrafish stained with H&E. (A) The control gills show normal primary lamellae (PL), secondary 

lamellae (SL), chloride cells (CC), mucous cells (MC), epithelial cells (EC), erythrocytes (ER), pillar cells (PC) and cartilage supporting the venous sinusoids (CVS) 

(top side images). The PM 2.5 (100 mg/L) treated gills exhibit aneurysm (A), epithelial cell hyperplasia (ECH), edema (E), displacement of epithelial cells (DEC), 

chloride cell hyperplasia (CCH), necrosis (N), telangiectasis (T) and fusion of lamellae (FSL) (bottom side images). (B) The control liver shows hepatocytes (H), 

blood vessels (BVs), bile ducts (BDs) and glycogen (G) (top side images). The PM 2.5 treated liver exhibit hepatic plate gap (HPG), nucleus atrophy and necrosis of 

hepatocytes (NA&N), hyperemia (HY), vacuolization (V), nucleus vacuolization (NV), nucleus hypertrophy (NH) and cellular degeneration (CD) (bottom side images). 

Scale bar denotes 240 μm. 
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esults and discussion 

istopathology 

Histopathological lesions have been used as important tools in

iomonitoring and ecotoxicological studies due to ease interpretation,

oth in acute and chronic exposure situations ( Santos et al., 2015 ). In

his study, to evaluate the acute toxicity of PM 2.5 in zebrafish samples

y waterborne exposure, the toxicological potential in multi-organs was

lucidated at the histopathological and ultrastructural levels. 

istopathological changes in zebrafish gills 

The morphology of zebrafish gills is similar to that of other freshwa-

er Teleost, as reported by ( Karlsson, 1983 ). The gills is highly sensitive

o toxic compounds, and when exposed to them, it has typical tissue

hanges. One of the first alterations observed is the displacement of

he lamella epithelial cells, which, according to Carvalho et al. (2018) ,

an indicate an adaptation attempt in the aquatic animal to the on-

oing new environmental conditions. The space between the lamellae

nd the displaced epithelial tissue is filled with water, forming edema,

hich can hamper the function of this organ, suffocating the animal

 Campagna et al., 2008 ). The change in the function of the gills can

ead to an increase in size in the epithelial cells (hyperplasia). As a

onsequence of hyperplasia, the fusion of secondary lamellae can occur

 Meletti, 2016 ). This feature blocks the passage of water and blood to

ecrease the work overload of lamellae cells. However, it causes a deficit

f oxygenation and can induce the death of the animal ( Mazon et al.,

002 ). Chloride cells are located on the basis of secondary lamellae and

re accountable to pump sodium and chloride ions into the fish to main-

ain its osmotic balance ( Holden et al., 2012 ). Hence, hyperplasia in

hese cells may indicate an osmotic imbalance in the fish, as the organ-

sm tries to adapt through the increase of sodium and chloride transport

nto the blood to re-establish the homeostasis ( Rezende et al., 2014 ). 

Another essential cell in the maintenance of blood circulation is the

illar cell. Changes in its regular function can induce lamellae degener-
3 
tion and blood flow dysregulation ( Van Den Heuvel et al., 2000 ). Pro-

ressive distension of the pillar cells can cause aneurysms, hemorrhages,

nd gill tissue collapse through all lamellae ( Carvalho et al., 2018 ). The

istological examination of specific target organs is a valuable means

or environmental monitoring, based on the established correlation be-

ween the test animal, and treatments. The histological results observed

n multi-organs indicate that the PM 2.5 exposure causes major morpho-

ogical changes in gills which perform respiration, detoxification, and

smoregulation, etc. 

The gill sections observed by an optical microscope show normal

orphology in the control group ( Fig. 1 A). However, several alterations

uch as aneurysm, epithelial cell hyperplasia, edema, displacement of

pithelial cells, chloride cell hyperplasia, complete fusion of lamellae,

elangiectasia and necrosis are observed in the PM treatment group

 Fig. 1 B). These results are in good agreement with a previous study

f Borges and Pereira (2019) . A recent study reported that goblet cells,

ucin layer, and cell density confirmed that Korean diesel particulate

atter (KDP20) exposure caused damage to the tissue and mucosal layer

f zebrafish olfactory organs. In addition, recovery was confirmed to be

ossible in a clean environment without KDP20 ( Song et al., 2022 ). 

ltrastructural changes in zebrafish gills 

In the control group, multilayered epithelia covered gill filaments

ith pavement cells (PVCs) and undifferentiated basal cells (BCs) orig-

nated from the innermost layer in contact with the basal lamina are

learly visible. Cytoplasm filled with numerous electron-clear granules

ontaining rounded mucous cells (MCs) is largely distributed along the

argin of the filaments. Large-scale rounded or ovoid chloride cells

CCs) which are referred as mitochondria-rich cells are distributed on

he inter lamellar region in a cluster fashion. These cells are associated

ith numerous mitochondria having a complicated tubular system. The

odified endothelial cells, known as pillar cells (PCs) and macrophage-

ike cells (PMo) are clearly differentiated ( Fig. 5 A). 

However, in the PM treatment group, the distorted outermost ep-

thelial layer with detached external layer from the basal layer below
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Fig. 2. Histopathological sections of the intestine and heart of female zebrafish stained with H&E. (A) The control intestine shows villi (V), lamina propria (LP), 

goblet cells (GC), enterocytes (EC) and muscle layer (ML) (top side images). The PM 2.5 (100 mg/L) treated intestine exhibits villi degeneration (VDG), detachment 

of the epithelium (DEL), hyperplasia of goblet cells (HGC), hypertrophy of enterocytes (HEC), muscle layer degeneration (MLD), necrosis (N), blood cell infiltrate 

(red arrow), fusion of the villi (thick black arrow) and eosinophils in the intestinal villi (asterisks) (bottom side images). (B) The control heart shows epicardium (1), 

coronary capillary (2), endocardium (3), intramyocardial capillary (4), fibroblastic tissue (5), coronary blood vessel (6), cardiomyocytes (7) and myocardium (8) (top 

side images). The PM 2.5 treated heart exhibits epicardial infiltration with lymphocytes, plasma cells and macrophages (asterisks), degeneration of coronary blood 

vessel (black arrows), unaltered blood vessels and epicardium (star) and intracellular vacuolization of myocardium-oedematous (red arrows) (bottom side images). 

Scale bar denotes 240 μm. 
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he wide lacunae is evident. In addition, PVCs show a sign of degenera-

ion. Moreover, the ultrastructural arrangement demonstrates the dis-

ppearance of PMo cells and concomitant, degeneration of CCs. The

Cs, PCs, CCs and erythrocytes still maintain their typical ultrastruc-

ural arrangement in the control group, while they are almost degen-

rated in the treatment group ( Fig. 5 B). After the exposure to mercury

hloride, similar ultrastructural changes in zebrafish gills were reported

y Macirella & Brunelli (2017) . The exposure to fungicide tebuconazole

lso exerted an along effect on zebrafish gills ( Macirella et al., 2018 ).

he morphological changes appeared by PM 2.5 exposure include epithe-

ial proliferation, ectopia of chloride cells, lamellar shortening, necro-

is, and apoptosis. Interestingly, the apical and basal regions of lamel-

ae in Nile tilapia showed different responses to the exposed copper

 Monteiro et al., 2012 ). The apical region exhibited higher resistance

o the toxic material compared to its counterpart. 

istopathological changes observed in zebrafish liver 

Even though its structure is quite different with respect to physio-

ogical processes the zebrafish liver matches with mammalian system.

n addition, it is the only dedicated site in the body for bile synthesis and

t also performs the synthesis of lipids and vitellogenin ( Goksøyr, 1995 ).

fter the exposure to toxic substances, the histopathology of zebrafish

iver was compared to that of mammals ( Vliegenthart et al., 2014 ). 

Moreover, liver is a vital organ for detoxification in animals and it

s involved in many physiological processes. In this study, the expo-

ure of PM 2.5 to female zebrafish liver induced several alterations, such

s hepatic plate gap (HPG), nucleus atrophy and necrosis of hepato-

ytes (NA&N), hyperemia (HY), vacuolization (V), nucleus vacuoliza-

ion (NV), nucleus hypertrophy (NH) and cellular degeneration (CD)

 Fig. 1 B). The liver of control zebrafish group shows normal morphol-

gy ( Fig. 1 B). A previous study indicated that long-term accumulation

f PM 2.5 drastically affected in attaining normal fish body weight. Sim-
4 
larly, the lipid droplets in the liver of the treatment groups were much

maller in size and less in number as compared to the control group

 Zhao et al., 2021 ). PM 2.5 accumulation induces inflammation and ox-

dative stress in the liver by over expression of inflammation related

enes and increased release of antioxidant enzymes ( Morishita et al.,

004 ; Pu et al., 2018 ). 

In addition, some compounds were reported to affect lipid

etabolism inside the liver by changing lipid droplet percentage

 Lai et al., 2018 ; Xiong et al., 2019 ; Zhou et al., 2019 ). According to

hang et al. (2018) PM 2.5 decreases cell to cell contacts within the ze-

rafish liver tissue. Likewise, our previous findings also in support of the

ll effects of PM 2.5 accumulations in zebrafish larvae ( Manjunatha et al.,

021 ). As liver is an excellent bio-indicator of toxic substances specially

f aquatic nature this should be considered as one of the sensitive and

t the same time accurate parameter to evaluate the effects of toxic pol-

utants in aquatic bodies ( Figueiredo-Fernandes et al., 2007 ). 

ltrastructural changes observed in zebrafish liver 

Transmission electron microscopy (TEM) images of adult zebrafish

iver revealed that hepatocytes were mostly polygonal in shape and

hey were assembled in a rather compact way with relatively rare si-

usoids (Sn) in between. In addition, normal mitochondria (M), en-

othelial cell (En), cell nuclei (N), cell membrane and organelle struc-

ures in the control group were remained intact ( Fig. 6 A). Except the

ristal swelling in individual mitochondria, no other lesions were ob-

erved in the PM 2.5 exposed group. Zebrafish liver was mainly composed

f hepatocytes in oval or polygonal shape, which form a rather com-

act structure interspersed with irregular sinusoids. Some hepatocytic

rganelles were dissolved and their contours were unclear. In addi-

ion, the endoplasmic reticulum was expanded, swollen, and fractured,

nd autophagosomes were existence. Glycogen profiles were occupied

nd fragments of digested erythrocytes were observed, as illustrated in
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Fig. 3. X-ray micro CT images showing the intestines of female zebrafishes in the control (A) and 100 mg/L PM 2.5 treatment groups (B) . The control group shows 

normal intestine structures. The PM 2.5 treated group exhibits the presence of villi degeneration (VDG), detachment of epithelium (DEL), adipose tissue degeneration 

(ATDG), collagenous tissue degeneration (CTDG) and necrosis (N). Scale bar denotes 100 μm. Note: The image captured in different angle (a) XY- angle (b) YZ- angle, 

(c) XZ- angle and (d) 3D - image. 

Fig. 4. Histopathological sections of the zebrafish gonads stained with H&E. (A) The control ovaries show nucleus (N), nucleus ooplasm (No), ooplasm (O), primary 

oocytes (Po), cortical alveoli (Ca), vitellogenic oocytes (Vo), connective tissue (Ct), mature oocytes (Mo) and erythrocyte (E) (top side images). The PM 2.5 (100 mg/L) 

treated ovaries exhibits atretic oocyte (Ao), nucleus membrane damage (N), interstitial tissue (It), cortical alveolus oocytes (Cao) and mature oocytes deformation 

(Mod) (bottom side images). (B) The control testis shows spermatogonium cells (Sg), primer spermatocytes (Ps), secondary spermatocyte cells (Ssc), sperm cells (S), 

basement membrane (Bm), luminal area (Lu), interstitial tissue (It) and leydig cells (Le) (top side images). The PM 2.5 (100 mg/L) treated testis exhibits degenerated 

spermatogenic cell clusters (encircled), separations between the sperms and other developing spermatogenic cell clusters (asterisks), hemorrhage in the intertubular 

area (arrowheads), vacuolization (V), decreased sperm cells (Squares), fibrosis (F) and fusion of some seminiferous tubules (ellipse) (bottom side images). Scale bar 

denotes 240 μm. 
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ig. 6 B. Similarly, Zhang et al. (2018) reported that the zebrafish treated

ith PM 2.5 showed significant structural abnormalities in hepatocytes.

or example, the liver cell organelles were dissolved, and the vacuoles

nd many autophagosomes were found in the cytoplasm. In addition,

epatocytic organelles in the zebrafish larvae were also damaged by ex-

osing to other pollutant of drug isoniazid ( Zhang et al., 2019 ). 

istopathological changes in zebrafish intestine 

PM 2.5 has remarkable histological impacts on the intestine of fe-

ale zebrafish, such as villi degeneration (VDG), detachment of epithe-
5 
ia (DEL), hyperplasia of goblet cells (HGC), hypertrophy of enterocytes

HEC), muscle layer degeneration (MLD), necrosis (N), blood cell in-

ltrate (red arrow), fusion of villi (thick black arrow) and eosinophils

n the intestinal villi (asterisks) ( Fig. 2 B). However, no change was ob-

erved in the control group ( Fig. 2 A). Similarly, X-ray micro CT images

f intestine of the treated female zebrafish group show the presence of

DG, DEL, N, adipose tissue degeneration (ATDG), and collagenous tis-

ue degeneration (CTDG), compared to the control group ( Fig. 3 ). 

PM 2.5 accumulations inside the marine medaka seriously affected gut

icrobiome, responsible for impaired lipid metabolism and suppressed

rowth ( Zhao et al., 2021 ). In another study PM 2.5 -treated zebrafish lar-
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Fig. 5. Ultrastructures of the gills of female zebrafish in the control (A) and 100 mg/L PM 2.5 treatment groups (B) . The control gills show normal pavement cells 

(PVCs), basal cells (BCs), mucous cells (MCs), chloride cells (CCs), pillar cells (PCs), and precursors of macrophage-like cells (PMo). The PM 2.5 treated gills exhibit 

the enlargement of the tubular–vesicular system (asterisks), degeneration of pillar cells (DPC) and chloride cells (CCD), degeneration of pavement cells (DPVC) and 

basal cells (DBC), and detachment of erythrocytes (DE). 
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ae displyed frayed gut villi with weak intestinal walls ( Zhang et al.,

018 ). In addition, perfluorooctane sulfonate (PFAS) and sodium p-

erfluorous nonenoxybenzene sulfonate (OBS) both can affect intestinal

old height and also induces striated muscle cell necrosis ( Huang et al.,

021 ). 

ltrastructural changes in zebrafish intestine 

The present ultrastructural study revealed the presence of VDG,

EL, ATDG, CTDG and N in the intestine of the PM 2.5 -treated zebrafish

 Fig. 7 A). However, the intestine of the control zebrafish shows nor-

al structure ( Fig. 7 B). Most of the previous studies were based on

he histological observations which were considered as direct infer-

nces ( Roberts and Ellis, 2012 ). But recent studies trying to establish
6 
 correlation between histology and physiology of the respective organ.

 Borges et al., 2018 ; Carvalho et al., 2017 ; Takashima and Hibiya, 1984 ).

istopathological changes in zebrafish heart 

The histological studies on the heart of female zebrafish show

ormal epicardium (1), coronary capillary (2), endocardium (3), in-

ramyocardial capillary (4), fibroblastic tissue (5), coronary blood ves-

el (6), cardiomyocyte (7) and myocardium (8) in the control group

 Fig. 2 B). Although the PM 2.5 treated zebrafish heart shows abnor-

al changes in epicardial infiltration with lymphocytes, plasma cells

nd macrophages (asterisks), degeneration of the coronary blood vessel

black arrows), unaltered blood vessels and epicardium (star) and in-

racellular vacuolization of the myocardium-oedematous (red arrows)
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Fig. 6. Ultrastructures of the liver of female zebrafish in the control (A) and 100 mg/L PM 2.5 treatment groups (B) . The control liver shows normal mitochondria 

(M), endothelial cell (En), sinusoids (Sn) and cell nuclei (N). The PM 2.5 treated liver exhibits swollen mitochondria (M), rough endoplasmic reticulum (L), irregular 

sinusoids (Sn), cell nuclei (N), autophagosomes (S), glycogen (G) and erythrocyte (E). 
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 Fig. 2 B). Zhang et al. (2018) reported that the exposure of PM 2.5 could

mpact on the heart tissues, for example, the myocardial layers and cells

ere decreased when zebrafish was exposed to 300 and 400 μg/mL

M 2.5 . Our previous study also revealed the similar effect in the PM 2.5 -

xposed zebrafish model ( Manjunatha et al., 2021 ). 

istopathological changes of zebrafish gonads 

Compared to the control group, remarkably changes in atretic oocyte

Ao), nucleus membrane damage (N), interstitial tissue (It), cortical

lveolus oocytes (Cao) and mature oocytes deformation (Mod) were ob-

erved in the ovary of the PM 2.5 treated female zebrafish ( Fig. 4 A). In

he male testis of treated group, compared to the control group, remark-

bly variations in degenerated spermatogenic cell clusters (encircled),

eparation between the sperms and other developing spermatogenic cell
7 
lusters (asterisks), hemorrhage in the intertubular area (arrowheads),

acuolization (V), decreased sperm cells (Squares), fibrosis (F) and fu-

ion of some seminiferous tubules (ellipse) were observed ( Fig. 4 B). The

ualitative evaluation of this study evidenced some structural modifica-

ions in the treatment zebrafish group, comparing to the control group.

ery limited studies have been performed in this field so far to eval-

ate the effect of PM 2.5 exposure on aquatic organisms. According to

ang et al. (2017) 1 mg/L of bisphenol F (BPF) is sufficient to induce re-

roductive impairments in zebrafish larvae. Furthermore, deltamethrin

f different concentration exposure increases apoptosis in ovary and

estis ( Petrovici et al., 2020 ). 

The concentrations of PM 2.5 exposed to zebrafish used in this study

re rather lower than the realistic exposure scenarios for adult zebrafish.

herefore, the present results must be interpreted with caution. In the
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Fig. 7. Ultrastructures of the intestine of female zebrafish in the control (A) and 100 mg/L PM 2.5 treatment groups (B) . The control intestine shows normal lipid 

droplets (LD), smooth endoplasmic reticulum (SER), rough endoplasmic reticulum (L), lysosomes (Ly), mitochondria (M), nucleus (N) and gastric gland showing the 

tubulo-vesicular system (TVS). The PM 2.5 treated intestine exhibit the presence of vacuoles (V), Lysosomes (Ly) and chylomicrons enclosed by a membrane (black 

arrow), and some chylomicrons are observed between adjacent cells (white arrow). The rough endoplasmic reticulum is distended with desquamation of ribosome 

particles (L), mitochondria (M), nucleus (N) and abundant pynocitotic invaginations (red arrows). 
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istological and ultrastructural points of view, multi-organs (gills, liver,

ntestine, heart and gonads) of zebrafish revealed that the exposure

f PM 2.5 could cause moderate to severe alterations in the treated ze-

rafish. Further, a molecular approach is very much warranted to un-

avel the mechanism behind the underlying physiological inferences of

he study. 

onclusions 

The present study demonstrated the importance of histopathologi-

al analysis as a useful biomarker in the assessment of PM 2.5 toxicity

hich menaces the quality of aquatic environment. In this study, the
8 
istopathology and ultrastructural morphological analysis using X-ray

icro CT were comprehensively examined to evaluate the adverse ef-

ects of PM 2.5 on zebrafish model. The exposure of PM 2.5 was observed

o affect the morphological structures of multi-organs (gill, liver, intes-

ine, heart and gonads) and suppress the growth of zebrafish. Specif-

cally, obvious changes were observed after the exposure of PM 2.5 in

ntestine images of X-ray micro CT. Additionally, when typical ultra-

tructural arrangements of multi-organs (gill, liver and intestine) were

bserved, their contours were indistinct, and organelles were melted,

ecrotized and fragmented in the treated zebrafish group. These results

upport that the air pollution associated with PM particles can elicit the

cological risk to aquatic organisms and humans. Moreover, the present
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esults would be particularly useful for future studies aiming to enhance

asic knowledge on the developmental origins of epidemiological dis-

ases. 

This study clearly demonstrated that the exposure to PM 2.5 can

nduce histological and ultrastructural alterations in zebrafish. The

resent findings can be utilized to supplement the existing information

n PM 2.5 toxicity. In addition, the histological and ultrastructural alter-

tions are found to be used as sensitive biomarkers in the risk assessment

f PM 2.5 . Given the continuous exposure of PM 2.5 to natural aquatic

nvironment in future studies, the potential toxic consequences of the

ong-term PM 2.5 exposure on fishes and humans would be warranted. 
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