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Abstract
In vitro cytotoxicity was assessed using mammalian (Vero) and fish 
(RTgill-W1) cell lines in a water compartment impacted by acid mine 
effluent from a coalmine. Physico-chemical characterisation of the 
stream showed that Al, Mn, Fe and sulphates were much higher than the 
maximum recommended values established by South African legislation 
regarding effluent in receiving streams. Water collection points selected 
was immediately following a wetland (U) and another downstream (T) of 
the mixing zone where alkali is used to increase water pH to reduce 
acidity and precipitate metals. Another unaffected site served as the 
reference site (Ref). Cell viability assays were employed to detect effects 
of water samples on cells following exposure for 24h, 48h and 72h, 
namely the neutral red (NR), tetrazolium-based (MTT) colorimetric 
assays and the lactate dehydrogenase assay (LDH) which assess 
lysosomal, mitochondrial functions and cellular necrosis respectively. 
Toxicity was detected in U and T water samples against both cell lines 
using the NR and MTT techniques, being maximal at 72h with IC values 50 

of 23.9% and 20.5% (MTT), and 32.2% and 49.4% (NR) for Vero cell lines 
(U vs. T). IC values for the RTgill-W1 cell lines were 8.4% and 7.19% 50 

(MTT), and 10.5% and 35.3% (NR) for U and T respectively, but no 
cytotoxicity was recorded for Ref. The loss of cell viability resulting in 
damage to cellular functions gives rise to concerns regarding the potential 
risks for aquatic animals and downstream end users.
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L'évaluation du potentiel des lignées cellulaires comme des outils 
pour les tests de cytotoxicité des effluents de drainage minier acide 
sur une ressource en eau naturelle

Résumé
La cytotoxicité in vitro a été évaluée à l'aide de lignées cellulaires de 
mammifères (Vero) et de poissons (RTgill-W1) dans un compartiment 
d'eau touché par l'effluent d'une mine de charbon acide. La caractérisation 
physico-chimique du courant a montré que l'Al, le Mn, le Fe et les 
sulfates étaient beaucoup plus élevés que les valeurs maximales 
recommandées établies par la législation sud-africaine concernant les 
effluents dans les cours d'eau récepteurs. Les points de collecte d'eau 
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Introduction

Mining activity has been identified as one 
contributing to severe water pollution because of 
the generation of acidic waters (acid mine drainage 
or AMD) resulting from mining activities and, 
most importantly, the presence of heavy metals in 
such waters along with acidic pH negatively 
affect aquatic ecosystems (Chen et al., 2004). 
Usually in the aquatic environment, toxicity of 
pollutants does not occur due to individual 
compounds but from mixtures (e.g. AMD 
complex), whose combined effects result in 
mixture toxicity (Faust et al., 2001).

Coal mining is a huge industry in South 
Africa (Mangena and Brent, 2006). There are 
reports of water contamination from AMD 
resulting in fish and crocodile die-offs (Paton, 
2008), and potential threats to the aquatic 
environment (de Villiers and Mkwelo, 2009).

Treatment process for AMD abound with 
the most common being neutralization, which 
corrects pH and precipitates metal, giving the 
appearance that the effluents are non-toxic 
(Madeira et al., 2005). One way to evaluate the 
efficacy of such systems is by physical and 
chemical monitoring of the quality of the effluent, 
alongside the use of biological indicators because 
they respond to environmental changes on a 

short-term, as well as on a long-term basis (Ji et 
al., 2004). 

In vitro techniques as alternative systems in 
toxicity assessment are not new concepts in 
research, mammalian cell lines are used to 
monitor water quality (Schirmer et al., 2001). 
Cell cultures, derived from fish, have been 
effectively used as a biological substitute to the 
use of whole animals (Chasiotis et al., 2012; 
Kolosov and Kelly, 2013). The functional and 
structural changes caused by pollutants occur at 
cellular levels within the organism and 
consequently, pollutants will exert their effects 
by interacting/ interfering with basic cellular 
functions(Larsson et al.,1985). 

In vitro cytotoxicity assays, was used to 
detect cytotoxicity of AMD water to both Vero 
and RTgill-W1 cell lines subjected to both 
passive (wetland) and active treatment 
(neutralization) methods. Lysosomal function 
was determined using the Neutral Red (NR) 
assay, while mitochondrial function was assessed 
with the use of the MTT (3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium 
bromides) reduction assay, and likewise necrosis 
through the LDH assay. A parallel physical and 
chemical characterisation of the stream was done 
in conjunction with the cytotoxicity assay to 
assist in interpreting observed cytotoxicity.

sélectionnés suivaient immédiatement une zone humide (U) et une 
autre zone aval (T) de la zone de mélange où l'alcali est utilisé pour 
augmenter le pH de l'eau afin de réduire l'acidité et précipiter les 
métaux. Un autre site non affecté a servi de site de référence  (Ref).
Des tests de viabilité cellulaire ont été utilisés pour détecter les effets 
des échantillons d'eau sur les cellules après 24h, 48h et 72h, à savoir les 
dosages colorimétriques au rouge neutre (NR), au tétrazolium (MTT) 
et au lactate déshydrogénase (LDH) qui évaluent les lysosomes, 
fonctions mitochondriales et la nécrose cellulaire respectivement. La 
toxicité a été détectée dans les échantillons d'eau U et T contre les deux 
lignées en utilisant les techniques NR et MTT, étant maximale à 72h 
avec des valeurs IC50 de 23,9% et 20,5% (MTT), et 32,2% et 49,4% (NR) 
pour les lignées Vero (U contre T). Les valeurs de CI50 pour les lignées 
cellulaires RTgill-W1 étaient de 8,4% et 7,19% (MTT), et de 10,5% et 
35,3% (NR) pour U et T respectivement, mais aucune cytotoxicité n'a été 
enregistrée pour Réf. La perte de viabilité cellulaire entraînant des 
dommages aux fonctions cellulaires soulève des préoccupations 
concernant les risques potentiels pour les animaux aquatiques.



Materials and Methods

Location and description of the study area

The study site chosen was a receiving stream 
established downstream of a colliery, Kromdraai 
(25°46' 05.5” S; 29° 07' 15.5” E) in the Highveld 
region, close to eMalahleni (previously known as 
Witbank) in Mpumalanga Province. The water 
sample collected immediately flowing from the 
wetland, was termed the untreated (U), whilst the 
one collected downstream, beyond the point of an 
in-stream, neutralizing agent (caustic soda)which 
is connected to a dosing tank and monitored 
telemetrically, was termed treated (T). 

A reference site outside the influence or 
impact of a mine, located at 25°47'6”S; 28° 28' 
52”E, served as the control site and water samples 
collected here were referred to as reference (Ref).

Water chemistry

Water samples were analyzed by the Analytical 
Services Chemistry Department, CSIR, Pretoria, 
for their physicochemical parameters. All 
parameters were determined according to 
standard methods (APHA, 1995).

Collection and preparation of samples

Water samples collected as subsurface grab 
samples, over a period of two years between 
July and September. Water samples for 
bioassays were filtered through a 0.22-ìm in-
line filter within 2h of collection and were 
stored at 4°C in the dark (maximum storage 
time: 3 weeks) at the Faculty of Veterinary 
Science, University of Pretoria.

Powdered media was reconstituted with 
whole water samples before being exposed to 
cell cultures. Powdered Minimum Essential 

® TM
Medium (MEM) (Gibco  Life Technologies , 
UK) was used for Vero cells and Leibovitz 
medium (L-15M Sigma-Aldrich, St. Louis, 
MO, USA) was employed for RTgill-W1 cell 
lines. Essential nutrients were provided by 
adding 5% fetal calf serum (FCS, Highveld 
Biological, South Africa). Water samples were 
pH-adjusted using a pH meter (Thermo Fisher 

Scientific Inc.).
Cell cultures from the Vero cell line and the 

RTgill-W1 cell lines were exposed to a range of 
concentrations (3.75%, 7.5%, 15%, 30%, 45%, 
60%, 75%, 90% and 100%) using control 
medium as diluent. Doxorubicin hydrochloride 
(Pfizer Laboratories Pty Ltd, SA) served as the 
positive control.

Cell viability assay

Cells of a sub-confluent culture were plated in a 
96-well microtitre plate at a density of 100 µl of 

51 x 10  cells /ml / well for Vero cell and 100 µl of 
5

2 x 10  cells /ml / well for the RTgill-W1 cell 
lines were incubated for 24h at 37ºC in a 5% 
CO  humidified environment and 20ºC in an air 2

incubator respectively before exposure to water 
samples. The duration of exposure for the cells 
were 24h, 48h, and 72h after which cell viability 
was determined.

The MTT assay was performed as described 
by Mosmann (1983) while the neutral red assay 
was performed as described by Repetto et al. 
(2008). Lactate dehydrogenase activity was 
determined using lactate dehydrogenase (LDH) 
kit purchased from Roche®. Experiments were 
conducted in quadruplicate and were repeated at 
least four times.

Transmission electron microscopy

Cells incubated in media control, Ref, U and T 
were fixed at 4°C according to Iger et al. (1995) 
for electron microscopy. The samples were 
examined in a Philips transmission electron 
microscope at an accelerated voltage of 80 kV. 

Statistical analysis

Percent cytotoxicity was calculated using the 
mean percentage inhibition relative to the 
unexposed control ± standard deviation (SD) 
using the formula [100 ((Mean Experimental 
data/Mean Control data) * 100)]. Control values 
were set at 0% cytotoxicity and 100% viability. 
Statistical analyses were carried out using one-
way analysis of variance (ANOVA) followed 
by Hartley's f-test for equal variance using 
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OpenEpi. Cytotoxicity data was fitted with an 
appropriate model and IC values were calculated 50 

using linear regression. Significance was set at p=
0.05. 

Results

Water quality parameters of the studied sites 
and TWQR values are presented in Tables 1 and 
2.The electrical conductivity values observed 
for U and T were much higher (around 320 
mS/M)) than those recorded in Ref (5 mS/m), 
and the pH of U was acidic (pH = 3.65). No 
cytotoxicity (% loss in cell viability) was found 
for Ref site water samples against both cell lines 
(Vero and RTgill-W1) at all concentrations 
tested (100% to 3.75%) within the different 
exposure periods; 24h, 48h and 72h employing 
both the neutral red (NR) and tetrazolium-based 
(MTT) colorimetric assays (Figure 1).

Metal analyses from U and T showed 
values that, in some cases, were much higher 
than the Ref and TWQR for aquatic ecosystems 
(DWAF, 1996) (Table 2). 

Following in-stream neutralization, a decrease 
in metal concentration was observed for metals such 
as Al ~(127X), Mn (1.66X), Fe (36X), Si (4.5X) and 

Zn (72X), in effluent T compared to U. 
Dose dependent loss in cellular viability 

was observed in both cell lines exposed to U and 
T water samples (p< 0.05) at the 48 and 72h 
exposure periods respectively. Effluent water 
was acutely toxic to both Vero and RTgill-W1 
cell lines as evidenced by decreased cell 
viability, which varied with duration of 
exposure and was maximal at 72h (Fig II-III). 
For Vero cells exposed to U, obtained IC  50

values were 48h IC , = (43.7%; 52.9%), and 50

72h IC , = (23,9%; 32,2%) for MTT and NR 50

assays respectively. The IC values obtained for 50 

RTgill-W1 cells exposed to U were 48h IC , = 50

(25.2%; 51.4%), and 72h IC , = (8.4%;10.5%) 50

for the MTT and the NR assays respectively 
(Table 3). IC  values for Vero cells exposed to T 50

using MTT and NR assays respectively were 
48h Vero IC , = (28.8%; 64%) and 72h EC , = 50 50

(20.5%; 49.4%), while results for RTgill-W1 
were 48h EC , = (19,8%; 43,1%), 72h EC , = 50 50

(7.2%; 35.3%). 
Duration of exposure likewise influenced 

cell viability, IC  values were significantly lower 50

(P<0.05) after 72h exposure compared to 48h. 
IC  values revealed a difference in sensitivity of 50

Table 1: Mean values showing physical and chemical water quality data (mg/l, n = 2 
              determinations) TWQR

 
Reference site Untreated  Treated TWQR

pH 6.5 3.65 8 6-9 
Alkalinity 6 2.75 6.4 N/A

DO (%) 7.9 7.1  5.05 N/A 
COD <10 10 33 N/A

Conductivity 
(mS/M)

5.21 320 326 70-250 

 
 

Ammonia as N
 

<0.1 6.7 6.45
 

0.5-2.5
 

Orthophospate 0.23 0.15
 

0.15
 

N/A
 

Nitrate+
 Nitrite

 

<0.2 2.3 3.6
 

N/A
 

TP <0.2 <0.25
 

<0.25
 

<5
 Magnesium

 
<0.5 160 162

 
N/A

 Potassium
 

<1 9 11
 

N/A
 Sodium

 
<1 43 120

 
N/A

 Calcium
 

<0.1 475
 

561
 

N/A
 Chloride <5

 

3.5 3.5 N/A 
Sulphate <5 2215 2336 200



Table 2: Mean values of metal concentration (mg/l, n = 2 determinations) and TWQR

 Reference
site 

Untreated Treated
 

TWQR
 

Aluminium <0.03 28 0.22  0.005  

Arsenic <0.001 <0.01 <0.01  0.01  

Chromium <0.01 <0.01 <0.01  0.007-0.012  

Copper <0.01 <0.03 <0.03  0.0003-0.0012

Iron <0.02 0.36 <0.01  N/A  
Mercury <001 <0.005 <0.005  0.004  
Manganese <0.01

 
65
   

39
 

0.18
 

Silicon 2.6
 

9
 

2
 

N/A
 Zinc <0.02

 
3.4

 
0.044

 
0.002
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Figure 1: Cell viability effects of different concentrations of water samples from reference site on Vero 
and RTgill-W1 cell lines. Data is expressed as a percentage of unexposed controls ± SD of four 
replicates for each exposure concentration (P<0.05) at different concentrations tested exposed for 24, 
48 and 72h respectively. 

cells when comparing both assay techniques 
within the same exposure period. The RTgill-W1 
cell line exhibited greater sensitivity (reduced cell 
viability and enhanced cytotoxicity) to effluent U 

and T detected using the MTT assay technique 
when compared to the Vero cell lines. MTT IC50 

values in Vero and RTgill-W1cells were 
significantly lower than those obtained for the NR 
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Figure 2: Cell viability effects of different concentrations of water samples from impacted AMD stream 
U exposed to Vero and RTgill-W1 cell lines. Data is expressed as a percentage of unexposed controls 
± SD of four replicates for each exposure concentration. P<0.05 at different concentrations tested 
exposed for 24, 48 and 72h respectively. 
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Figure 3: The cell viability effects of different concentrations of water samples from impacted AMD 
stream T exposed to Vero and RTgill-W1 cell lines. Data is expressed as a percentage of unexposed 
controls ± SD of four replicates for each exposure concentration. P<0.05 at different concentrations 
tested at exposure periods of 24, 48 and 72h respectively.



 
N 

N

 

M
 

Ref Untreated 

M

 

N
 

M

 

Treated 

assays comparing the similar duration of 
exposure (P<0.05). 

LDH leakage assay technique (data not 
shown), in contrast to the MTT or NR did not 
result in apparent cytotoxicity; no significant 
differences in LDH activity were detected 
among any of the treatments compared to the 
control. 

Ultra-structurally, mitochondria of cells 
exposed to U and T (Figure 4) displayed 
morphological alterations, as they became 
progressively more swollen and in some cases, 
rupture of outer mitochondrial membranes was 
observed. The photomicrograph of RTgill-W1 
(not shown) likewise presented with fewer 
fluorescing mitochondria in cells exposed to U 

®and T compared to controls using Mitotracker  
®and Rhodamine .

Figure 4: TEM findings of RTgill-W1cells exposed to media Ref site, untreated and treated AMD water 
samples (N= nucleus, M= mitochondria). Intact mitochondria observed in Ref but swollen and loss of 
inner and outer membrane seen in cells exposed to U and T.

Discussion

In this study, chemical and cytotoxicity tests were 
used to obtain information from polluted AMD 
sites compared with a cleaner site. 
Physicochemical water analyses showed that a 
wide range of contaminants usually present in 
polluted AMD waters were absent in Ref samples 
(Tables 1 and 2). Test sites had differences in water 
column (Tables 1 and 2) in terms of pH, metal load, 
sulphates and presence of salt.  

The cell lines showed differences in cytotoxic 
responses based on potential contaminants present 
in the water samples. Using the water sample, Ref, 
from the cleaner site indicated there were no losses 
in cell viability in both cell lines at all concentrations 
tested (Figure 1). However, an indication that toxic 
contaminants may have a localized effect within 

the AMD sites was reinforced by the results 
obtained in the bioassays. For the Vero and 
RTgill-W1 cells, cytotoxicity assays showed 
substantial deleterious effects of the water 
column on cell viability, reducing cell viability by 
at least 50% within a 48h exposure period (MTT, 
NR). 

Cytotoxicity to cell lines resulting from 
exposure to industrial effluents has been reported 
in RTgill-W1 cell line, (Dayeh et al., 2002). 
Dayeh et al. (2004) reported a dose-dependent 
decline in cell viability in both RTgill-W1 and 
RTL-W1 cells exposed to metals common in 
mining effluent, measured with alamar blue and 
5-carboxyfluorescein diacetateacetoxymethyl 
ester indicator dyes. Heavy metals presence 
may be a possible explanation for the loss in cell 
viability. Ercal et al. (2001) reported that metals 
such as Fe, Cu, Cr and As could generate ROS 
by redox recycling, RTgill-W1 cells exposed to 
Cu produced a dose-dependent elevation in 
cytotoxicity and enhanced ROS formation 
(Bopp et al., 2008). A previous experiment 
confirmed increased ROS generation in cell 
lines exposed to water samples from our study 
site (Iji et al., 2017).

Ultra-structural changes observed in the 
mitochondria of the RTgill-W1 cells (Fig IV) 
revealed a possible link to cell death in cells 
exposed to U and T. Mitochondrial pore opening 
as a consequence of mitochondrial swelling is 
widely documented as promoting apoptosis 
(Halestrap et al., 2002). A reduction in fluorescing 
mitochondria in U and T further substantiates, an 
indication of possible effects of contaminants on 
mitochondria activity. Mitochondrial damage is 
known to be closely associated with the 
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generation of intracellular ROS that leads to 
disruption of respiratory chain and possible 
DNA damage (Pulido, 2003). Koizumi et al., 
1996 reported that inhibition of mitochondrial 
respiration stimulates forceful oxygen related 
cell death. Cadmium was reported to disrupt 
mitochondrial function both in vivo and in vitro 
(Pourahmad and Brien, 2000). 

Difference in sensitivity could be due to 
different uptake mechanisms by the two cell 
lines. Kramer et al. (2009) reported that in most 
cases, mammalian cell assays appear to be less 
sensitive than fish acute toxicity studies when 
assessing the cytotoxicity of chemicals. Target 
site concentration may play a role in the 
observed differences in cell sensitivity, as is 
expected that the response of an organism to a 
toxic compound would be in relation to its 
concentration (Escher and Hermens, 2002). The 
fact that RTgill-W1 cells are derived from gills 
which are a primary target for the uptake of 
waterborne toxicants and an organ prone to 
damage by metals (Castaño, 2003) explains its 
sensitivity and perhaps, it being a better choice for 
elucidating cytotoxicity to waterborne contaminants 
compared to mammalian cell lines.

Different profiles in cytotoxicity assay 
techniques employed showed MTT> NR>LDH 
in sensitivity, suggesting that cell viability 
(mitochondrial activity) measured with MTT 
was more sensitive to contaminants present in 
the effluents compared to lysosomal activity 
and LDH leakage.AMD contaminants 
apparently appeared to target the mitochondria 
rather than plasma membranes as its specific 
mechanism of toxicity. Lund et al., 1993, 
described the mitochondria as a more important 
site in metal induced toxicity because 
respiratory impairment appears to precede 
plasma membrane breakdown. Mitsuyoshi et al. 
(1999) reported that the XTT (2,3-bis[2-
methyloxy-4-nitro-5-sulfophenyl]- 2H-
tetrazolium-5-carboxanilide) assay, which is 
similar to the MTT assay, showed more 
sensitivity than the LDH leakage assay. LDH 
release, which is an indicator of necrosis arising 

from cell membrane damage, did not seem to 
play a big role in loss of cellular viability, a 
possible indication of an energy-dependent cell 
death (apoptosis) at least preceding necrosis.

The increase in the presence of sulfates and 
salts in the following alkali neutralization may 
have contributed to its sustained reduction in 
cell viability (MTT assay).Nobergh-King et al. 
(2005), in a toxicity reduction evaluation case 
study, reported TDS toxicity in the invertebrate 
Cerio daphniadubia even when heavy metals 
present in discharged effluent met chemical- 
specific permit limits. Increased TDS is also 
associated with enhanced ROS generation, 
which could initiate oxidative damage (Liu et 
al., 2007).

The current experiment suggests that site-
specific information on the toxicity of 
contaminants present in the aquatic system to 
cell lines can be obtained to assess the threats 
posed by point source discharges of this nature 
in local freshwater resources. Hence, a 
correlation between cytotoxic alterations in the 
cells can be made with the analytic data of water 
quality, as poor water quality will not sustain life. 
There are benefits to using cell lines; the amount 
of samples needed for testing is reduced, as well 
as the time required to complete testing, this can 
aid decision-making where an effect is observed. 

Further work is required to understand the 
complex relationship between metals and other 
inorganic ions and organic ligands in complex 
mixtures. The lack of dose–response data for 
individual metals made it difficult to rank the 
potential contributions of each metal to overall 
toxicity. 

Conclusion

Additional findings should be considered to 
further show the reliability of the RTgill-W1 
bioassay as a replacement for the rainbow trout 
96-h lethality test and enough data generated to 
establish better correlations between in vivo and 
in vitro toxicity assays. 
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