
1 
 

Adverse pulmonary effects after oral exposure to copper, manganese and 

mercury, alone and in mixtures, in a Spraque-Dawley rat model 

 

1Draper M, 1Bester MJ, 2Van Rooy M, 1Oberholzer HM 

 

1Department of Anatomy, Faculty of Health Sciences, University of Pretoria, Private Bag 

x323, Arcadia, 0007, South Africa 

 

2Department of Physiology, Faculty of Health Sciences, University of Pretoria, Private Bag 

x323, Arcadia, 0007, South Africa 

 

 

* Address correspondence to H.M. Oberholzer, Department of Anatomy, Faculty of Health 

Sciences, University of Pretoria Private Bag x323, Arcadia 0007, South Africa.  

Phone: 012 319 2533, E-mail: nanette.oberholzer@up.ac.za. 

 

  



2 
 

Abstract 

The rise in respiratory disease has been attributed to an increase in environmental pollution. 

Heavy metals contribute to environmental contamination via air, water, soil and food. The 

effects of atmospheric exposure to heavy metals on pulmonary structure and function have 

been researched, but the effects through drinking water have been neglected. The aim of this 

study was to investigate the potential in vivo alterations in the pulmonary tissue of male 

Sprague-Dawley rats after a 28-day oral exposure to copper (Cu), manganese (Mn) and 

mercury (Hg), alone and in mixtures, at 100 times the World Health Organisation’s (WHO) 

safety limit for each heavy metal in drinking water. Forty-eight male Sprague-Dawley rats were 

randomly divided into eight groups (n=6): control, Cu, Mn, Hg, Cu + Mn, Cu + Hg, Mn + Hg 

and Cu, Mn + Hg. The morphology of lung tissue and the bronchioles were evaluated using 

light- and transmission electron microscopy. For all exposed groups, morphological changes 

included thickened inter- and intra-alveolar spaces, stratified epithelium, disrupted smooth 

muscle and early fibrosis and desquamation of the epithelia of the bronchioles to varying 

degrees. In all exposed groups, ultrastructurally, an increase in disarranged collagen and elastin 

fibres, nuclear membrane detachment, chromatin condensation, indistinct nucleoli and an 

increase in collagen fibre disarrangement was observed. This study has identified that oral 

exposure to Cu, Mn and Hg and as part of mixtures caused pathogenesis due to inflammation, 

cellular damage and fibrosis with Mn + Hg being the most potent heavy metal group.  

 

Keywords: Heavy metals, copper, manganese, mercury, metal mixture, bronchiole, toxicity 

 

 



3 
 

Introduction 

The pulmonary system, due to its function, is constantly exposed to airborne agents.1 However, 

the respiratory system is vulnerable to both inhaled and ingested environmental pollutants.2 For 

decades, Africa has been impacted by respiratory communicable diseases, such as tuberculosis. 

More recently the incidence of non-communicable respiratory diseases is on the rise due to 

smoking and the inhalation of environmental pollutants.3,4 These diseases include both acute 

and chronic respiratory diseases, such as acute respiratory distress syndrome (ARDS), chronic 

obstructive pulmonary disease (COPD), asthma, idiopathic pulmonary fibrosis (IPF) and 

cancer.1  

Acute respiratory distress syndrome is an alveolar pathology, caused by an increase in 

hydrostatic pressure in the alveolar capillaries or damage to the epithelial lining of alveoli or 

damage to the endothelial lining of the alveolar capillaries. The damage or increase in pressure 

causes fluid leakage from the alveolar capillaries into the interstitium and alveolar spaces.5 

Asthma is the most common chronic childhood disease characterized by airway hyper-

responsiveness, cytokine-induced inflammation, and airway obstruction and remodelling 

resulting in an increase in sub-epithelial and epithelial thickness and an increase in the number 

of macrophages, eosinophils, basophils, goblet and mast cells. 6,7 Histological pathologies of 

asthmatic individuals include epithelial detachment, hypertrophy of smooth muscle, sub-

epithelial thickening, collagen deposition and infiltration of inflammatory cells. 8 

Chronic obstructive pulmonary disease is a major global health burden with no cure and is 

considered a combination of chronic bronchitis and emphysema. 9 It is characterised by airflow 

restriction, leading to increased resistance to airflow, due to an abnormal inflammatory 

response to stimuli, such as noxious gases. 9 Pathological changes of COPD include hyper-

production and secretion of mucus associated with chronic bronchitis, obstructive bronchiolitis 
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due to remodelling of small airways, pulmonary vessel wall thickening, emphysematous 

destruction, and hyperinflation. 9 As resistance to airflow increases this results in decreased 

expiratory volumes where individuals suffering from COPD struggle to exhale air. 9 A greater 

degree of inflation is consequently required to increase the pressure gradient between the 

alveolar- and atmospheric pressure allowing air to be expired. 9 Emphysema is the dilation of 

terminal bronchioles and alveoli due to oxidative damage, tissue remodelling and fibrosis of 

alveolar walls by environmental irritants and pollutants. 10-13 An increase in inflammatory cells, 

erythrocytes within the alveolar capillaries and re-arranged collagen fibres are 

histopathological features.11 Idiopathic pulmonary fibrosis is a chronic interstitial pulmonary 

disease that occurs due to alveolar inflammation that results in epithelial damage, repair, and 

remodelling of the pulmonary tissue with progression to fibrosis. 14-16 Histopathological 

examination of pulmonary fibrosis has shown an increase in inflammatory cells and subsequent 

increase in extra-cellular matrix (ECM) – such as collagen, alveolar thickening, increase in 

type II pneumocytes and desquamation/cuboidalisation of epithelium. 14, 17,18 Fibrosis will 

decrease lung compliance making it more difficult for the lungs to expand and decreasing the 

volume of air that can be inspired and that can be used for gas exchange.19 

These pathologies are all associated with oxidative stress and an increase resistance of 

pulmonary flow that will adversely affect gas exchange and ultimately blood oxygen levels. 

1,20 Aetiological risk factors include the exposure to environmental pollutants such as heavy 

metals from smoking and cooking with solid fuels.4 Usually, heavy metals are generally found 

as mixtures of two or more metals, and are often associated with other compounds at varying 

concentrations and cannot be destroyed or degraded and over time can bio-accumulate.21 The 

adverse health effects due to the exposure to toxicants is increasing globally, and the effects of 

heavy metals are long lasting.22 Inhalation of heavy metals, copper (Cu), manganese (Mn) and 
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mercury (Hg) are all associated with pulmonary inflammation, which can result in airway 

obstruction and pulmonary embolism that is often fatal. 23-25  

Ultrastructural changes to organelles, associated with heavy metals, can also compromise 

cellular functioning in tissues and organs. Cell injury occurs when homeostasis is disrupted at 

the molecular level. Many factors can cause cell injury, but the basic mechanisms include: 

adenosine triphosphate (ATP) depletion, cell membrane damage, disturbance to any 

biochemical pathway and deoxyribonucleic acid (DNA) damage, in isolation or in 

combination.26 Specifically mitochondrial and membrane damage, that is associated with 

cellular necrosis and the ageing process, is mediated by reactive oxygen species (ROS). 26 

The aim of this study was to investigate the effects of Cu, Mn and Hg exposure via oral gavage, 

alone and in mixtures, on the morphology and ultrastructure of the pulmonary tissue of 

Sprague-Dawley (SD) rats following gavage-dosing for 28 days. 

Materials and methods 

Metal preparation 

This study used male SD rats exposed to either saline only (control) or to Cu, Mn and Hg, alone 

and in mixtures. Administration of the aqueous solutions of copper (II) sulphate (CuSO4.5H2O, 

purity: 98%), manganese (II) chloride (MnCl2.4H2O, purity: 99%), mercuric chloride powder 

(HgCl2, purity: 99%) and 0.9% sodium chloride (NaCl, purity: 99%), which were dissolved in 

distilled, deionised water (ddH20), administered via oral gavage. All metal salts were purchased 

from Sigma-Aldrich, Johannesburg, South Africa. All other reagents were obtained from 

Sigma Aldrich, Johannesburg, South Africa unless otherwise specified. 
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Dosage calculations  

The final concentration of the daily dosage solutions for each metal and the mixtures are 

presented in Table 1. The selected concentrations were based on and were X100 greater than 

the 2011 World Health Organisation’s (WHO) drinking water guideline values, for each 

respective metal.27 The dosage concentration was chosen based on previous studies that 

demonstrated moderate adverse effects at the X100 and X1000 WHO concentrations on various 

systems, including the cardiovascular system (heart and aorta), respiratory system and blood 

components, exposed to different heavy metal combinations 3, 28-30.  

Table 1: Daily dosage calculations for the oral gavage solutions of the experimental groups. 

Cu Mn Hg 

WHO limit (mg/L) 2.0  0.4  0.006 

WHO limit X 100 (mg/L) 200.0 40.0 0.6 

Molecular weight: metal (g/mol) 63.5 54.9 200.6 

Metal ion concentration (mM) 3.147 0.728 0.003 

Molecular weight: metal-salt (g/mol) 249.7 197.9 271.5 

Metal salt concentration (g/L) 0.786 0.144 0,0008 

Daily intake (g/2L) 1.572 0.288 0.0016 

Human (60 kg) daily intake (mg/kg) 26.2 4.8 0.027 

Rat (150 g) intake (mg/kg) 161.5 29.6 0.17 

Dosage solutions (mg/mL) 48.5 8.9 0.05 

*Note: Mixtures contain the same (mg) of each respective metal. 

The calculated concentrations were based on a 60 kg adult drinking 2 L of water a day. A 150 

g rat equivalent dosage was then calculated, using the following equation:  
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Rat equivalent dose (mg/kg) = Human equivalent dose (mg/kg) / dosage factor* 

*Dosage factor being rat Km/human Km, with the human Km = 37 and the rat Km = 6. 

The dosage factor for conversion from rat to human is 6/37. Km is a correction factor used 

based off the surface area of a species. 31 Therefore, the rat equivalent dose was 161.5, 29.6 

and 0.17 mg/kg/day for Cu, Mn and Hg, respectively. 

Sprague-Dawley rat model  

Six-week-old male SD rats (150 g) were obtained from the Onderstepoort Veterinary Animal 

Research Unit (OVARU). Standard irradiated “Epol” rat pellets and municipal water were 

provided ad libitum. The animals were housed in conventional cages complying with the sizes 

described in the South African National Standards (SANS) 10386:2008 recommendations. A 

room temperature of 22°C (±2°C); relative humidity of 50% (±20%) and a 12-hour light/dark 

cycle was maintained during the entire study. The rats were housed in pairs in cages with 

autoclaved pinewood shavings as bedding material. White facial tissue paper was added for 

enrichment according to standard procedures at the University of Pretoria Biomedical Research 

Centre (UPBRC). The rats were acclimatized for 7 days prior to the start of the 28-day 

experimentation period. Ethical approval was obtained from the University of Pretoria’s 

Animal Ethics Committee (AEC) with approval number 6/2019.  

Forty-eight male rats were included and were randomly divided into eight groups (six rats per 

group), as follows: control, Cu, Mn, Hg, Cu + Mn, Cu + Hg, Mn + Hg and Cu, Mn + Hg (The 

control group received a saline solution, 0.9% NaCl, only). The seven experimental groups 

received the metal mixtures assigned, at a X100 the WHO safety limit for drinking water 

(2mg/L for Cu, 0.4mg/L for Mn and 0.06 mg/L for Hg). 27 A rat equivalent dosage was then 

calculated.31 All rats were administered 0.5 mL of the respective solutions daily through oral 
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gavage, for 28 days. The rats were weighed bi-weekly to identify any sudden change in weight 

and the behaviour of the rats was monitored daily. The rats were terminated on day 28 via 

isoflurane (general anaesthesia) overdose and cardiac puncture, according to the standard 

methods employed by the UPBRC. Organs were harvested on the day of termination after blood 

collection via dissection. Pulmonary tissue was harvested for morphological and ultrastructural 

analyses. 

Light microscopy sample preparation 

Following termination, the pulmonary tissue was dissected from each animal and processed for 

light microscopy as described by Naidoo et al., 2019. The tissue samples were fixed in 4% 

formaldehyde (FA) in 0.1 M phosphate buffer solution (PBS) [0.2 M disodium phosphate 

(Na2HPO4), 0.2 M sodium dihydrogen phosphate monohydrate (NaH2PO4ꞏH2O), 0.15 M 

sodium chloride (NaCl), pH: 7.4]. The samples were then washed three times for 30 minutes 

with 0.1 M PBS, before dehydration using increasing serial concentrations of 50% ethanol 

(EtOH) (Merck, Johannesburg, South Africa) for 30 minutes, 70% EtOH for one hour, 90% 

EtOH for one hour, twice in 100% EtOH for one hour and left overnight in 100% EtOH. The 

samples were infiltrated with paraffin wax by first placing the samples in a 1:1 xylene and 

EtOH mixture for 30 minutes, then 100% xylene for 2 hours, followed by 3:7 wax in xylene 

mixture for one hour, 7:3 wax in xylene mixture for one hour and finally in 100% wax for two 

hours, all steps at 60°C. The samples were embedded in paraffin wax, cooled to 4°C and then 

sections of 5 μm were prepared with a Leica RM 2255 wax microtome (Leica Microsystems, 

Wetzlar, Germany) and placed on glass slides. The sections were de-waxed by placing the 

slides twice in 100% xylene for five minutes, and then twice in 100% EtOH for two minutes 

followed by rehydration in 90% and 70% EtOH for one minute each and finally in ddH2O for 
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1 minute.3 The slides were then stained with Haematoxylin and Eosin (H&E) and Picrosirius 

red (PR) to evaluate general morphology and collagen distribution (fibrosis), respectively 

Haematoxylin and eosin staining 

To evaluate alveolar and bronchiole morphology H&E staining was performed as previously 

described by Naidoo et al., 2019.3 A 0.1% haematoxylin stain solution was prepared by 

dissolving 1 g of haematoxylin in 1 L of ddH2O. To this 0.2 g of sodium iodate and 50 g of 

potassium aluminium sulphate were then added and dissolved before adding 1 g citric acid and 

50 g chloral hydrate. To prepare the eosin stain, 2 g of yellowish eosin powder was dissolved 

in 200 mL of ddH2O. Scott‘s buffer solution was made by dissolving 2 g of potassium 

bicarbonate and 20 g of magnesium sulphate in 1 L ddH2O. The sectioned slides were cleared 

with xylene for 10 min and were rehydrated in a series of decreasing concentrations of EtOH; 

two changes of 100% EtOH, 90% and 70% each for 1 min. The slides were then placed in 

ddH2O for 1 min, haematoxylin for 15 min and Scott’s buffer for 8 min. The slides were then 

rinsed with ddH2O and then dipped in eosin to counterstain, ascending series of EtOH for 

rehydration (70% EtOH, 90% EtOH, 100% EtOH) and xylene before the coverslips were 

mounted with Entellan® mounting medium.3 The slides were viewed with a Zeiss AXIO 

Imager.M2 (Zeiss, Oberkochen, Germany) light microscope. Representative images of each 

group were used to evaluate the changes in tissue general morphology. 

Picrosirius red staining 

The PR staining and polarisation method was used to evaluate the orientation of collagen fibres 

in different tissues under different pathological and physiological states (Latouff et al., 2014). 

32Collagen appears red, green or yellow under polarized light. A strong yellow-red 

birefringence indicates collagen type I and a weak greenish birefringence indicates collagen 
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type III.32 The dye solution was prepared by dissolving 0.5 g of Sirius Red dye in 500 mL of a 

saturated aqueous solution of picric acid. Acidified water was used for washing, prepared by 

adding 5 mL of glacial acetic acid to 1 L of ddH2O. The tissue was first stained in haematoxylin 

for eight minutes and then rinsed under running tap water for ten minutes. The PR solution was 

applied for 1 hr and the slides were washed twice with acidified water before dehydration three 

times in 100% EtOH and cleared with xylene before the coverslip was mounted using 

Entellan.33 The slides were viewed with a Zeiss AXIO Imager.M2 (Zeiss, Oberkochen, 

Germany) light microscope, under brightfield and polarizing light. Representative images of 

each group were used to evaluate the changes in tissue collagen distribution (fibrosis). 

Transmission electron microscopy sample preparation 

For ultrastructural studies of pulmonary tissue, transmission electron microscopy (TEM) was 

performed. Samples were obtained from the same area as for light microscopy. The tissue was 

cut into small pieces of approximately 1 mm3 in size and then was fixed in a 2.5% 

glutaraldehyde/formaldehyde (GA/FA) (Sigma-Aldrich, Johannesburg, South Africa) (5 mL 

0.075 M PBS – pH 7.4), 1 mL GA, 1 mL FA and 3 mL ddH2O solution for one hr before being 

washed three times for 15 minutes in PBS. This was followed by secondary fixation in 1% 

osmium tetroxide (Sigma-Aldrich, Johannesburg, South Africa) for one hr and washed as 

described above. The samples were dehydrated by using an increasing serial dehydration step 

with 30%, 50%, 70% and 90%, followed by three changes of 100% EtOH, 15 minutes for each 

step. The samples were then left overnight in 100% EtOH and then were finally embedded in 

resin (Arbi et al., 2021). The resin blocks were trimmed and ultra-thin sections (100 nm) were 

prepared with an ultramicrotome. Samples were contrasted with uranyl acetate for three 

minutes followed by three minutes of contrasting with lead citrate, after which samples were 

allowed to air dry before being examined with the JEOL JEM 2100F transmission electron 
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microscope (JEOL Ltd., Tokyo, Japan). Representative images of each group were used to 

evaluate the changes in tissue ultrastructure. 

Tissue evaluation  

This observational qualitative study of eight animal groups, consisting of the control and seven 

heavy metal exposed groups, aimed to describe the general structure (H&E staining) and 

fibrosis (PR staining) in the pulmonary tissue using light microscopy (LM) and the 

ultrastructure using TEM. The changes in tissue structure in the exposed groups were compared 

with the control group. Six rats were included in each group and for each staining method two 

slides from each rat were analysed with LM and for each of the tissues two grids for each 

animal were analysed with TEM.  

For comparative purposes a scoring system was used, where the degree of change was 

evaluated. The parameters that were evaluated using LM in the pulmonary tissue were the 

extent of inter- and intra-alveolar thickening, changes in the area of the intra-alveolar space, 

presence of stratified epithelium, smooth muscle disruption and desquamation of the 

epithelium. The parameters that were evaluated using TEM in the pulmonary tissue were the 

extent of collagen and elastin fibre increase, heterochromatin condensation, indistinction of 

nucleolus and nuclear membrane detachment. For all the parameters the scoring was –: no or 

minimal alterations; +: slight alteration; ++: moderate alteration and +++: severe alteration 

based on the degree of change of the tissues. 

 

 

 



12 
 

Results 

Haemotoxylin and eosin 

The general histology of pulmonary tissue was evaluated with H&E and representative images, 

at X40 magnification, are shown in Figures 1 and 2. In Figure 1 A, the alveolar tissue of the 

control (saline) group has a well-defined alveolar space (A), thin epithelial walls, fine 

interstitium, type I (P1) and II (P2) pneumocytes and capillaries (c) containing erythrocytes 

(Er). The alveolar tissues of the experimental groups are presented in Figures 1 B - H. The 

histological architecture of the pulmonary tissue shows thickened inter-alveolar septa (red 

arrows) and altered intra-alveolar (green arrows) spaces in all the experimental groups (B to 

H). In Figure 2 A, the bronchiole structure of the control (saline) group is depicted and has an 

intact epithelial lining (E) and smooth muscle (SM) surrounding the bronchiole. The bronchiole 

tissue of the experimental groups are presented in Figures 2 B - H. Histological architecture of 

the bronchioles shows stratification of epithelium (SE), disrupted smooth muscle (black ring) 

and desquamation of the epithelia (asterisk) to varying degrees in all the experimental groups 

(B to H). Stratification of epithelia occurs due to the metaplasia of normal pseudostratified 

pulmonary epithelia to an abnormal stratified form.34,35 The desquamation is evident by the 

presence of cellular debris within the bronchioles. 
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Figure 1: Photomicrographs of SD rat pulmonary tissue stained with H&E; Scale bar = 20 µm. A: Control, B: 

Cu, C: Mn, D: Hg, E: Cu + Mn, F: Cu + Hg, G: Mn + Hg, and H: Cu, Mn + Hg. P1: Type I pneumocyte; P2: 

Type II pneumocyte; A: Alveolar space; Er: Erythrocyte; M: Macrophage; c: Capillaries; Red arrow: Thickening 

of inter-alveolar septa and Green arrow: Intra-alveolar space area change 

 

 

Figure 2: Photomicrographs of SD rat pulmonary bronchioles stained with H&E; Scale bar = 20 µm. A: Control, 

B: Cu, C: Mn, D: Hg, E: Cu + Mn, F: Cu + Hg, G: Mn + Hg, and H: Cu, Mn + Hg. E: Epithelium; SE: Stratified 

epithelium; Asterisk: Desquamated epithelium; SM: smooth muscle and Black ring: Disruption in smooth 

muscle. 
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A summary of the morphological findings of the pulmonary tissue is presented in Table 2.  

Table 2: Summary of the histological changes to the H&E stained pulmonary following metal exposure. 

 Thickened 

inter-alveolar 

septa 

Area change of 

intra-alveolar 

space 

Stratified 

epithelium 

Smooth muscle 

disruption 

Desquamation of 

epithelia 

Cu + + + + + 

Mn ++ ++ ++ + +++ 

Hg ++ ++ + + + 

Cu + Mn ++ ++ ++ + ++ 

Cu + Hg ++ ++ +++ + +++ 

Mn + Hg ++ ++ + + + 

Cu, Mn + Hg ++ ++ ++ + ++ 

–: no or minimal alterations; +: slight alteration; ++: moderate alteration; +++: severe alteration 

Picrosirius Red  

Collagen differentiation and distribution in the bronchioles were evaluated using PR staining. 

Representative images, at X40 magnification, acquired from stained pulmonary tissue are 

shown in Figures 3 and 4. In Figure 3 A2, a representative bronchiole of the control (saline) 

group is depicted and demonstrates a dim yellow-green birefringence under polarized light. 

The bronchioles of the experimental groups are demonstrated in Figures 3 B – D and 4 E – H. 

An increase in yellow-red birefringence is evident in Cu, Cu + Mn, Mn + Hg and the triple 

mixture group (Figure 3 B2 and Figure 4 E2, G2 and H2). The Cu (Figure 3 B2) and Cu, Mn 

+ Hg (Figure 4 H2) groups has a slight increase, with Mn + Hg (Figure 4 G2) having a moderate 

increase and Cu + Hg (Figure 4 F2) having a severe increase in yellow-red birefringence. An 

increase in yellow-green birefringence was evident in all experimental groups with Mn, Hg, 

Cu + Mn, Cu + Hg and Mn + Hg (Figure 3 C2, D2 and Figure 4 E2, F2 and G2) with a slight 
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increase, Cu (Figure 3 B2) a moderate increase and the triple mixture group (Figure 4 H2) a 

severe increase. 

 

Figure 3: Photomicrographs of SD rat bronchioles stained with PR for the control and single heavy metal groups; 

Scale bar = 20 µm. A: Control, B: Cu, C: Mn, D: Hg, E: Cu + Mn, F: Cu + Hg, G: Mn + Hg, and H: Cu, Mn + 

Hg. 1: Brightfield and 2: Polarized light. 

 

Figure 4: Photomicrographs of SD rat bronchioles stained with PR for the double and triple heavy metal mixture 

groups; Scale bar = 20 µm. E: Cu + Mn, F: Cu + Hg, G: Mn + Hg, and H: Cu, Mn + Hg. 1: Brightfield and 2: 

Polarized light. 
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Figure 5: TEM micrographs of pulmonary tissue of SD rats exposed to Cu, Mn and Hg metal mixtures showing 

the ultrastructure of the tissue and demonstrating the nuclear membrane, nucleolus and arrangement of collagen 

and elastin fibres at a lower magnification; Scale bar = 2 µm. A: Control, B: Cu, C: Mn, D: Hg, E: Cu + Mn, F: 

Cu + Hg, G: Mn + Hg, and H: Cu, Mn + Hg. Black arrows: Nuclear membrane; White arrows: Nuclear 

membrane detachment; c: Collagen; e: Elastin; n: Nucleolus and White asterisk: Chromatin condensation. 

 

Figure 6: TEM micrographs of pulmonary tissue of SD rats exposed to Cu, Mn and Hg metal mixtures showing 

the ultrastructure of the tissue and demonstrating the nuclear membrane, nucleolus and arrangement of collagen 
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and elastin fibres at a higher magnification; Scale bar = 2 µm. A: Control, B: Cu, C: Mn, D: Hg, E: Cu + Mn, F: 

Cu + Hg, G: Mn + Hg, and H: Cu, Mn + Hg. Black arrows: Nuclear membrane; White arrows: Nuclear 

membrane detachment; c: Collagen; e: Elastin; n: Nucleolus and White asterisk: Chromatin condensation 

Transmission electron microscopy 

Representative pulmonary micrographs, acquired from control and exposed SD rat pulmonary 

tissue, with transmission electron microscopy, are shown in Figures 5 (low magnification) and 

6 (high magnification). In Figures 5 A and 6 A, the ultrastructure of the control (saline) 

pulmonary tissue is shown and it demonstrates a typical type II pneumocyte with a central 

nucleolus (n) and a normal mixture of heterochromatin (electron dense areas) and euchromatin 

(electron-lucent areas) encased in the nuclear envelope (black arrows). The control group also 

demonstrated a few fine collagen (c) fibres. The pulmonary ultrastructure of the experimental 

groups are demonstrated in Figures 5 and 6 B - H. Overall, varying degrees of nuclear 

membrane detachment (white arrows), chromatin condensation (white asterisk), indistinct 

nucleoli and an increase in collagen fibre (c) bundles with disarrangement were demonstrated 

in all the experimental groups. It was also observed that the electron-lucent areas appeared less 

and the electron dense areas appeared greater in the experimental groups vs. the control. This 

is attributed to fewer elastin (e) fibres present in the control group.  

A summary of the ultrastructural findings of the pulmonary tissues is presented in Table 3.  
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Table 3: Summary of the ultrastructural changes to pulmonary tissue following metal exposure. 

 Indistinct 

nucleolus 

Nuclear 

membrane 

detachment  

Chromatin 

condensation 

Increase in 

collagen fibres 

Increase in 

elastin fibres 

Cu ++ + ++ ++ ++ 

Mn + +++ ++ + ++ 

Hg ++ ++ ++ + + 

Cu + Mn ++ + + + ++ 

Cu + Hg ++ + ++ ++ ++ 

Mn + Hg + ++ + ++ ++ 

Cu, Mn + Hg + + ++ +++ +++ 

–: no or minimal alterations; +: slight alteration; ++: moderate alteration; +++: severe alteration 

Discussion 

Air pollutants can cause severe lung injury and pathology, such as asthma and COPD. 

Bronchiole epithelium is the first line of defence against air particulate and pollutants. In the 

lungs the alveolar wall separates adjacent alveoli, which arise from the respiratory bronchioles 

36, 37. The alveolar wall consists of the lining alveolar epithelium, interstitium and the capillary 

of the endothelium forming the air-blood barrier for gaseous exchange.37 The alveoli are 

stabilised and protected from over-distension and collapse by connective tissue and a surfactant 

layer, secreted by the type II pneumocytes. The inter-alveolar wall must provide stability, 

flexibility, and a large thin surface area for the effective diffusion of oxygen and carbon 

dioxide. 38Although the effects of air pollution and associated heavy metals on the respiratory 

system are known, there is a lack of studies on the effect of orally exposed heavy metals on the 

respiratory system.  
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All the experimental groups demonstrated thickening of the inter-alveolar septa, a change to 

the intra-alveolar space area, desquamation of epithelia and a disruption of smooth muscle by 

connective tissue deposition and stratification/metaplasia of epithelium. Overall, Cu + Hg had 

the greatest toxic impact. In this group an extensive increase in yellow-red birefringence of 

collagen surrounding the bronchioles was observed, demonstrating an increase in collagen type 

I. Early fibrosis results in a high collagen type III to I ratio, whereas with late fibrosis this is in 

reverse.39 Thus, early fibrosis was demonstrated in all experimental groups, while late fibrosis 

was observed for the Cu, Mn + Hg, Cu + Hg and the triple mixture groups (Figures 3.2 and 

4.2). Similar changes were observed in rat lung tissue of SD rats exposed to Cd, Hg and the 

combined group at X1000 the WHO water limit. 3  

Proliferation and desquamation of alveolar epithelia can result in pulmonary fibrosis.40 

Desquamation of type II pneumocytes will affect the functionality and thus secretary properties 

of these cells.41 Epithelial desquamation is a feature of acute severe asthma exacerbations and 

is associated with a decrease in the production of surfactant 41, 42. Surfactant is essential in the 

prevention of alveolar collapse by decreasing the surface tension of the fluid that lines the 

alveoli. 42 A decrease in surfactant would therefore decrease the compliance of the lungs and 

increase inspiratory muscle effort to expand the lungs. 42 Other features demonstrated in asthma 

patients include qualitatively abnormal mucus, an increase in types I, III and V collagen, 

smooth muscle that undergoes hypertrophy and hyperplasia with an increase in the number and 

size of bronchiole blood vessels.41 The collagen is deposited beneath the epithelium in asthma 

patients and this increases stiffness of the sub-epithelial matrix. 41 Epithelial disruptions can 

result in protein leakage from between the cells, which results in neutrophil recruitment and 

thus inflammation.43 Inflammation will increase the volume of fluid in the lungs leading to a 

decreased rate of diffusion of gas according to Fick’s law.44 
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Copper is used in industrial activities and the inhalation of it is associated with lung injury and 

pathology including fibrosis and epithelial apoptosis due to reactive oxygen species (ROS) 

production.45 A dose of 200 mg/kg Cu ions causes a significant decrease in lung weight, in 

male SD rats.46 A number of in vivo studies have demonstrated that copper oxide (CuO) 

nanoparticles are toxic to pulmonary tissue causing inflammation, which can lead to pulmonary 

fibrosis. 47-50 There are few studies on the toxic effects of Cu ions on pulmonary tissue, 

especially following oral exposure. Boyadzheiv et al., (2021) 51 investigated the toxic effects 

in murine pulmonary epithelium cells of Cu nanoparticle, microparticles and ions. At a 

concentration of 7 µg/mL copper chloride (CuCl2) at 48-hrs incubation, multiple cellular 

pathways were affected and included oxidative stress, DNA damage and detoxification 

responses as well as cell cycle processes. Death-related transcripts, including five associated 

with autophagy and three associated with necrosis were also activated.51 In a study by Camner 

et al., (1985) 52 the effect of inhaled Cu, among other metals, on rabbit lung tissue was 

investigated. Only slight inflammation was seen in the lung tissues exposed to aerosal Cu at 

concentrations of 1.1 and 3.9 mg/m3 for 4-6 weeks and was associated with a significant 

increase in size of lung macrophages. No other weight or morphological changes were 

identified. 52  

In BALB/c mice exposed, via intraperitoneal injection, to 120 mg/kg Mn as 

methylcyclopentadienyl manganese tricarbonyl (MMT) the respiratory system was adversely 

affected.53 These were features suggestive of diffuse interstitial pulmonary inflammation and 

degenerative changes to the bronchioles and alveolar ducts associated with interstitial 

thickening, hypercellularity and fibrosis. When subsequently exposed to an additional 80% 

oxygen, collagen accumulation and fibrosis were evident in the mice pulmonary tissues. After 

cessation of the exposure, lung tissue alterations were resolved after 3 weeks.53  
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Mercuric chloride (HgCl2), at 5 mg/kg, increases alveolar wall thickness, induces alveolar 

collapse and haemorrhage and causes inflammatory cellular infiltration in male Kunming 

mice.54 Wistar rats exposed to oral HgCl2 1.0 mg/kg per day had a significant increase in 

malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), glutathione 

peroxidase (GPx) and glutathione S-transferase (GST) compared with the control and other 

experimental groups treated with vitamin E and sodium selenite. Septal thickening, increase in 

inflammatory cells, fibrosis, oedema and haemorrhage were all evident in histopathological 

findings in the pulmonary tissue of the same group of rats.55 Oral tissue directly exposed to 

HgCl2 through dental amalgams, in rats (mothers and offspring), demonstrated vasodilation, 

infiltration of inflammatory cells, oedema, increase or degeneration of connective tissue and 

vacuolation dependant on time. 56 Occupational inhalation of Hg vapour can result in 

respiratory failure, emphysema of the mediastinum and muscle weakness.57 A study by Lu et 

al., (2010) 58 showed various effects in the human lung invasive carcinoma cell line (Cl1-0) 

and mouse lung tissue after exposure to methylmercury chloride at 2.5–10 µM for 24–72 hrs 

and 0.2 mg/kg per day for 28 days, respectively. These effects included a decrease in cellular 

viability, an increase in MDA levels, an increase in ROS production, a decrease in surfactant 

protein messenger ribonucleic acid (mRNA) levels, and an increase in apoptotic markers and 

fibrosis. All the findings are indicative of mitochondrial cell death induced by oxidative stress 

in alveolar epithelial cells.58 

Autophagy has become an important mechanism associated with pulmonary disease as it plays 

a role in pathogenesis but can also be a potential therapeutic target. The purpose of autophagy 

is to protect pulmonary cells by clearing molecules that can exacerbate inflammation, such as 

168 oxidized proteins and phospholipids. However, the clearance of mitochondria may 

aggravate COPD by activating cellular death 59. Infiltration and activation of inflammatory 

cells, such as neutrophils, can cause damage to pulmonary tissue due to prolonged granule 
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release and ROS production.60 Trace heavy metals can be biomarkers of inflammatory lung 

disease. Elevated Mn levels have been found in asthma and bronchiectasis patients, while 

elevated Cu levels have been found in cystic fibrosis patients. 61 

In the current study, all the heavy metals caused nuclear detachment, condensation of 

chromatin and indistinct nucleoli of varying degrees were identified. These features are 

associated with pathological states and cell death signalling. The Mn group had the most 

nuclear detachment and thus the highest nuclear toxicity.  

Elastin monomers are cross-linked through lysyl oxidase enzymes, which are Cu dependant. 

Abnormalities in pulmonary elastic fibre synthesis, deposition or degradation effects the 

normal functioning of the lung as elasticity is lost and there is a subsequent increase in alveolar 

space. This can result in COPD such as emphysema.62 The volume fraction of the elastic fibres 

is reduced from 25.5% to 14.6% in the alveoli and the small airways of individuals with COPD 

as compared with normal individuals. 63 

Collagen is an important reinforcing fibre and alterations to it affect the mechanical properties 

of the tissues it reinforces.64 Abnormal collagen orientation can result in pathological states. 64 

Proper collagen orientation and density is important in preventing pulmonary changes such as 

thickening, which leads to narrowing and pulmonary dysfunction. These changes can occur 

through inflammation or injury. 64 Changes to collagen density, structure and quantity is seen 

in fibrotic pulmonary subepithelia.64  

A field study on coppersmith’s found 57% of the workers demonstrated abnormal pulmonary 

scans with lung disease patterns. Serum Cu levels were also significantly higher compared with 

the controls at 0.93 ± 0.14 mg/L.65 Jiao et al., (2021) 66 reported that autophagy deficiency 

exacerbates acute lung injury caused by Cu oxide nanoparticles. The reduction in mitophagy 
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results in the accumulation of abnormal, non-functioning mitochondria that are overloaded 

with Cu ions. 66  

Pulmonary dysfunction occurs because of prolonged exposure to high concentrations of 

airborne Mn.23 A cohort study done on the effect of Mn dust on exposed refinery workers found 

no effect in female workers, but a significant reduction in lung function in male workers 

exposed to high concentrations and in smokers vs. low concentrations and non-smokers, 

respectively.67  

Tessier and Pascal (2006) 68, exposed human lung epithelial cells to 0.2 – 200 µM Mn, which 

caused a significant two to fourfold increase in intracellular phosphoproteins and subsequent 

release of inflammatory cytokines. An increase in intracellular phosphoproteins is an indicator 

of stress response, which includes the mediation of inflammation and the initiation of apoptosis. 

68  

Acute Hg exposure can induce lung injury due to ROS overproduction and the depletion of 

antioxidants. Increased ROS plays a role in the regulation of cellular death and inflammation 

through inducing nuclear factor-κβ. 54 Acute exposure to high levels of elemental Hg vapour 

causes pulmonary distress and failure, bronchitis, pneumonia and pulmonary fibrosis 

(Smiechowics et al., 2017).69 

Besides the impact of oral exposure, few studies have been undertaken to investigate the effects 

of metal combinations. In a study, by Naidoo et al., 2019 3, adverse pulmonary effects were 

demonstrated in SD rats adminsitered the heavy metals Cadmium (Cd) and Hg at X1000 the 

WHO guidelines for drinking water. These effects included collapsed alveolar spaces, presence 

of inflammatory cells and thickening of the alveolar walls, increase in smooth muscle mass 

with luminal epithelium degeneration, detachment and aggregation within the bronchioles, 
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presence of prominent bronchiole-associated lymphoid tissue, fibrosis and dense collagen and 

prominent elastin arrangements.3  

In general it appears that exposure to metal mixtures show increased pathogenesis due to 

inflammation, cellular damage and fibrosis and future research should focus on whether these 

effects are reversible and whether dietary antioxidant intervention can be beneficial.  

Conclusion 

In conclusion, all the heavy metal groups demonstrated toxic effects on pulmonary morphology 

and ultrastructure that will most likely alter physiological functioning. In all experimental 

groups, the metals had a negative impact on the pulmonary tissue with Cu + Hg and Mn causing 

the most severe and second most severe effects on pulmonary morphology, respectively. The 

Cu + Hg group demonstrated great yellow-red birefringence in the pulmonary tissue, indicating 

the development of late fibrosis. Fibrosis directly affects the physiological functioning of tissue 

and organs, while indirectly affecting organ systems and the functioning of the body leading to 

associated disease. Ultrastructurally, the pulmonary tissue had the highest sensitivity to the 

triple mixture group that caused the most alterations to elastin and collagen fibre bundles. 

Overall, Mn in any mixture caused deleterious effects with the Mn + Hg group showing the 

highest toxicity, which is probably mediated by increased ROS production that causes damage 

to membranes and the mitochondria. 
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