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• Heavy metal pollution in wetland eco-
system is a serious ecotoxicological is-
sue of global dimension

• Immune cells and cytokine profile alter-
nations were detected in heavy metal
exposed Euphylictis hexadactylus under
field and laboratory conditions

• Th1 immune response showed signifi-
cant positive correlation with neutro-
phil counts explaining the role of
neutrophil function under heavy metal
burden.

• Heavy metal mediated inflammatory
response in the liver elevated TNFα,
IL6 and IL10 production, positively cor-
related with melanomacrophage aggre-
gates

• Th1 skewed immune response may be
attributed to oxidative stress mediated
NFκB activation
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Immune cell and cytokine profiles in relation to metal exposure though much studied inmammals has not been
adequately investigated in amphibians, due mainly to lack of suitable reagents for cytokine profiling in non-
model species. However, interspecies cross reactivity of cytokines permitted us to assay levels of IFNγ, TNFα,
IL6 and IL10in a common anuran, the Indian green frog (Euphlyctis hexadactylus), exposed to heavy metals (Cd,
Cr, Cu, Zn and Pb, at ~5 ppm each) under field and laboratory settings in Sri Lanka. Enumeration of immune
cells in blood and melanomacrophages in the liver, assay of serum and hepatic cytokines, and Th1/Th2 cytokine
polarisation were investigated.
Immune cell counts indicated overall immunosuppression with decreasing total WBC and splenocyte counts
while neutrophil/lymphocyte ratio increased with metal exposure, indicating metal mediated stress. Serum IL6
levels of metal exposed frogs reported the highest (~9360 pg/mL) of all cytokines tested. Significantly elevated
IFNγ production (P b 0.05) was evident in heavy metal exposed frogs. Th1/Th2 cytokine ratio in both serum
and liver tissue homogenates was Th1 skewed due to significantly higher production of pro-inflammatory cyto-
kines, IFNγ in serum and TNFα in the liver (P b 0.01).Metal mediated aggregations ofmelanomacrophages in the
liver were positively and significantly (P b 0.05) correlated with the hepatic expression of TNFα, IL6 and IL10
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activity. Overall, Th1 skewed response may well be due to oxidative stress mediated nuclear factor κ-light chain
enhancer of activated B cells (NFκB)which enhances the transcription of pro-inflammatory cytokines. Xenobiotic
stress has recently imposed an unprecedented level of threat to wildlife, particularly to sensitive species such as
amphibians. Therefore, understanding the interactions between physiological stress and related immune re-
sponses is fundamental to conserve these environmental sentinels in the face of emerging eco-challenges.

© 2015 Published by Elsevier B.V.
1. Introduction

Eco-immunotoxicology that investigates effects of environmental
toxicants on wildlife immunity is an emerging area of research globally.
Functional and non-functional biomarkers of immunotoxicity were
researched extensively in this quest. Most immunologic markers how-
ever, are capable of detecting only a segment of the immune response,
rather than perceiving the overall response. Cytokines as messengers
which trigger awide variety of immune responses, provide comprehen-
sive countenance of the health status including stress, disease resistance
and the cost of inflammatory response (Zimmerman et al., 2014). De-
spite its wide immunotoxicological relevance, only a fraction of the cy-
tokine responses to xenobiotic stress in non-model systems, such as
amphibians were studied. This is due mainly to knowledge gaps that
exist in the understanding of immune functions in non-mammalian
vertebrates and more so due to unavailability of pertinent reagents for
non-model systems.

The adaptive immune response is believed to have first evolved in
the jawed vertebrates and their activity is well established in mamma-
lian systems (Kaiser et al., 2004). However, T and B cell subpopulations
do exist in lower vertebrates, fishes, amphibians and birds. However,
among vertebrate immune systems amphibian granulocytes remain
relatively obscure. Based on Wright (2001) amphibians possess
eosinophilic granulocytes, basophilic granulocytes, and neutrophilic
granulocytes described as eosinophils, basophils, and neutrophils, re-
spectively (Wright, 2001). Neutrophils and monocytes are phagocytic
and associated basically with the innate immune responses while lym-
phocytes are associatedwith the adaptive immunity. Eosinophils are cy-
totoxic in function and stimulate other WBCs to release histamine
during parasitic invasions (Edwards, 1994). In amphibians neutrophil/
lymphocyte ratio is considered a predictor of inflammation manifesting
as a general response towards stressors (ForbesMR and Shutler, 2006;
DavisAK and Maerz, 2008).

Cytokines, particularly, pro-inflammatory ones may be common to
all vertebrates or at least have functional alternatives in lower animals
(Kaiser et al., 2004). Interferons (IFNs) and interleukins (ILs) are
major groups of cytokines present in the vertebrate immune system.
IFNs induce antiviral function in cells to defend against viral infections
of vertebrates (Samuel, 2001). Unlike type I IFN, IFNγ is produced exclu-
sively by cells of the immune system, particularly by CD4

+ T helper 1cells
(Th1) and CD8

+ cytotoxic T cells in response to major histocompatibility
complex (MHC) presented antigens (Biron and Sen, 2001). IFNγ plays a
major role in the adaptive, cell mediated immune response. Being the
hallmark of Th1 response, IFNγ has been studied extensively in mam-
mals and other vertebrate species including amphibians (Savan et al.,
2009). Since the IFNγmolecule has awide range of immunomodulatory
properties due to its ability to up regulate the expression of several tran-
scription factors and cytokines, studying IFNγ activity is imperative in
eco-immunological investigations. Tumour necrosis factors (TNFs) are
cytokines involved in inflammation, apoptosis, and cell proliferation of
the immune system (Goetz et al., 2004). TNFα is produced by macro-
phages, lymphocytes and NK cells in response to antigens or chemical
stimuli, including toxins, parasites or pathogens, and other cytokines
(Kushibiki, 2011). Interleukins are crucial components in both adaptive
and innate immune responses in the mammalian immune system. Re-
cords of the activity of ILs in lower vertebrates such as fishes and am-
phibians are scarce, and anti-inflammatory cytokine, IL10 (Th2 type)
has not been reported from fishes and lower vertebrates (Kaiser et al.,
2004). IL6 induces the development of Th17 cells from naïve T cells to-
gether with TGFβ while it inhibits TGFβ induced Treg differentiation
(Kimura and Kishimoto, 2010). The balance between pro-
inflammatory/anti-inflammatory cytokines correspond to that of Th1/
Th2activity. Th1 responses are dominated by innate and cell mediated
responses whereas Th2 cytokines drive the antibodymediated humoral
response. Cytokines produced by Th1 cells down regulate Th2 responses
and vice versa, resulting in the polarisation of the immune response
(Elenkov et al., 2005).

Since cytokine genes are conserved across vertebrate evolution,
these show fairly high interspecies cross reactivity (Zimmerman
et al., 2014) allowing eco-immunologists to study cytokine activity
even in non-model species such as amphibians. Savan and colleagues
(Savan et al., 2009) revealed structural and functional conservation
of the IFNγ gene in lower vertebrates suggesting the presence of an
innate, NK cell activity and Th1 response in lower vertebrates. Recent
data strongly suggest that teleost fishes and lower vertebrates pos-
sess one IFNγ gene that has the same exon/intron structure as the
IFNγ of higher vertebrates (Robertsen, 2006). Fish and mammalian
TNFα shows high structural and genomic conservation, where “TNF
family signature” in TNFα gene shares 70 amino acids in the amino
terminus (Goetz et al., 2004).Therefore, cross reactivity has been ob-
served in fish and mammalian TNFα where human recombinant
TNFα was reported to enhance neutrophil and lymphocyte activity
in the rainbow trout (Hardie et al., 1994). IL6 is reported to share a
high percentage of similarity in its structure across vertebrate
evolution (Zimmerman et al., 2014) where human recombinant IL6
reportedly induced acute phase proteins in fish liver tissue
(Jørgensen et al., 2000). Moreover, a cDNA sequence study reported
that chicken IL6 shared 35% amino acid identity with mammalian IL6
(Van Snick, 1990).

Among ubiquitous environmental pollutants, heavy metals known
for their toxicity are of prime concern. Although, immunotoxicology of
heavy metals has been widely studied, scant information is available
on the immunomodulation of heavy metals with respect to cytokine
profiles, particularly in amphibians. Mammalian systems, mostly rat
models, have been studied widely in association with occupational ex-
posure of humans, showing inconsistent results depending upon the
concentration and the type of metal, differences in the path of cell acti-
vation, age and sex of the target individual. In vitro exposure of CdCl2
(5–100 μM) to blood leukocytes elevated TNFα at low concentrations
but had an insignificant effect at higher concentrations. IFNγ decreased
significantly at higher concentrationswhereas IL6 increased at low con-
centrations (Funkhouser et al., 1994). IFNγ activity was unaffected in
mice injected with CdCl2 (6.25 mg/kg, (Daniels et al., 1987)). Occupa-
tional exposure to chromium (Cr) down regulated IL6 production
(64% of the control, (Snyder et al., 1991)) and human macrophages
treated with Cr showed increased production of TNFα (Wang et al.,
1996). Available data concerning the effects of metals on cytokine re-
sponses are thus fragmentary and contradictory. In this respect, not
only the systemic cytokine profile, but also that of hepatic cytokines
may help predict the overall response of heavymetalmediated toxicity,
as the liver is the major organ of heavy metal accumulation and
detoxification.

The liver is associatedwith the production and the elimination of cy-
tokines. Further, all cell types present in the liver produce cytokines
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(Simpson et al., 1997) and hepatic cytokines are associated with dis-
eases such as cirrhosis and fibrosis (Hsieh et al., 2011). During tissue in-
jury, the activated Kupffer cells (macrophages) and T cells in the liver
secrete cytokines, particularly TNFαwhich is the central in the augmen-
tation of liver injury mainly by inducing hepatocyte apoptosis to acti-
vate hepatic stellate cells through membrane protein synthesis
(Knittel et al., 1997).As a counter-regulatory effect, hepatic macro-
phages also secrete IL4, IL6, and IL10whichmay diminish hepatic injury
by either direct or indirectmechanisms and are associatedwith hepato-
cellular damage described in cirrhosis and other inflammatory liver tis-
sue injuries (Nagano et al., 1999). IL6 is an efficient stimulator for the
production of acute phase proteins in the liver (Demas, 2004). There-
fore, hepatic cytokine profiling is a diagnostic tool for a wide range of
disorders (Aggarwal and Puri, 1995). Aggregates ofKupffer cells (macro-
phages) in some animals form melanomacrophage centres and are re-
ported to increase in size or percentage under environmental or
physiological stress and therefore were suggested as a biomarkers for
xenobiotic mediated toxicity studies (Agius and Roberts, 2003).

Amphibians represent a key evolutionary landmark as a turning
point of aquatic life forms to terrestrial ones, and are frequently pro-
posed as sentinels of environmental degradation (Burlibaşa and
Gavrilă, 2011; Mann et al., 2009; Roy, 2002; Van der Schalie et al.,
1999). Amphibian immune system, particularly in Xenopus is remark-
ably conserved with respect to the mammalian system, especially T-
cell development of the thymus and peripheral T-cell function (Robert
and Ohta, 2009). Accordingly, Xenopus is a versatile model to study on-
togeny and phylogeny of humoral and cell-mediated immunity against
tumours and pathogens. However, amphibian cytokine profiles and cy-
tokine genes have not been studied adequately. Cytokine activity, par-
ticularly leukocyte derived IL1, IL12 and transforming growth factor
(TGF),macrophagemigration inhibitory factor (MIF) activitywere eval-
uated (Watkins et al., 1987; Haynes and Cohen, 1993).Savan et al.
(Savan et al., 2009) identified the IFNγ gene in Xenopus tropicalis; with
X-ray crystallography analysis; They reported strict conservation of
the poly-cationic C-terminus tail of the IFNγ structure compared with
the mammalian IFNγ structure, suggesting its function as an IFNγ spe-
cific binding site. However, analysis of immune responses in wildlife in-
cluding amphibians has been hindered due to lack of specific reagents
for these non-model species (Zimmerman et al., 2014).Therefore, the
current study assayed selected cytokine levels in frogs using reagents
available to assess rat cytokines.

Heavy metals, Cd, Cr, Cu, Zn and Pb (~5 ppm of each) present in the
waters of a polluted urban wetland, Bellanwila-Attidiya Sanctuary
(BAS), in Sri Lanka were reported to impair the immune system of a
common anuran amphibian species, the Indian green frog, Euphlyctis
hexadactylus, by reducing WBC, platelet, splenocyte, bone marrow
counts and phagocytic activity of macrophages (Priyadarshani et al.,
2015). Twenty eight days of laboratory exposure to the same heavy
metal mixture (5 ppm) of each metal validated the field study suggest-
ing heavy metal mediated immunosuppression in E. hexadactylus (un-
published data). The present study entailed immune cell profiling and
liver melanomacrophage enumeration conjointly with assay of serum
and hepatic levels of IFNγ and TNFα (Th1 type cytokines), IL10 (Th2
type cytokine), and IL6 (regulator of Treg/Th17 balance), and also inves-
tigated the Th1/Th2 cytokine polarisation in both field and laboratory
exposed adult frogs to selected heavy metals using commercially avail-
able rat cytokine sandwich ELISA kits.
2. Materials and methods

Approval for the collection of adult E. hexadactylus from the study
sites was obtained from the Department of Wildlife Conservation
(WL/3/2/10/13), Sri Lanka. Ethical approval for conducting animal re-
search was granted by the Ethics Review Committee, Faculty of Medi-
cine, University of Colombo (ERC/12/176). Therefore, all experiments
conducted were in compliance with the ethical guidelines provided by
these two authorities.

2.1. Study sites and sample collection

Bellanwila-Attidiya sanctuary (BAS), (6° 48′-52′ N and 79° 52′-56′
E) was selected as the polluted site, while Labugama reservoir and the
catchment area (7° 1′-60′ N and 79° 52′-0′ E) served as the reference
site, with both sites situated in the western province of Sri Lanka. This
sanctuary is heavily degraded due to uncontrolled anthropogenic activ-
ity such as, garbage dumping and input of untreated industrial sewage.
A pilot study revealed contamination in waterways of the sanctuary
with metals, Zn (2.71 ppm), Pb (0.95 ppm), Cu (0.04 ppm)and Cd
(0.019 ppm) (Priyadarshani et al., 2015).Water quality parameters(pH,
temperature, DO[Dissolved Oxygen] and BOD[Biological Oxygen De-
mand]) were measured at each site during sampling carried out bi-
monthly from Feb. 2013–Aug. 2014. Water samples were collected
bimonthly during March 2013 to May 2015 into acid washed plastic
bottles and were preserved with 3% (v/v) conc. HNO3 acid for heavy
metal analysis (ASTM, 2003).

The test animals, adult Indian green frogs, E. hexadactylus, (n = 15
per site) were randomly captured using bait from waterways of the
two study sites. Frogs with average 100 g body weight and ~100 mm
body length were selected for the study. The collected frogs were
transported to the laboratory in aerated plastic bags half filled with
water and transferred in to aerated glass tanks, containing metal free
dechlorinated tap water in order to acclimatise frogs for two days
prior to further analysis, providing them with chopped meat (~10% of
their body weight) once daily (ASTM, 2003).

2.2. Laboratory exposure

Another set of adult E. hexadactylus, (n=15)was collected from the
reference site to conduct laboratory exposure. They were acclimatized
in the same conditions as above for two days prior to metal exposure.
Frogs were exposed to a mixture of heavy metals (Cu, Cd, Cr, Zn and
Pb [5 ppm each]) prepared in dechlorinated tap water, for a period of
28 days. The exposure medium was renewed every second day and
the frogs were fed with chopped meat (10% of bodyweight; (OECD,
2008)) once daily, throughout the exposure period.

2.3. Tissue sampling and processing

Field collected and laboratory exposed frogs were sacrificed using
MS222 (0.2% solution). Body weight was recorded using a digital
weighing balance up to 0.01 g accuracy (LP 202A, Ningbo Hinotek
Tech, Zhejiang, China) and standard external morphometric parame-
ters, such as snout-vent length (SVL) and body width (W) were mea-
sured using an electronic digital calliper (Grade 03, Control Company,
Friendswood, USA). Blood was drawn by heart puncture to obtain
total and differential WBC counts, and to prepare serum according to
standard procedure (Hudson et al., 1989). Spleen and bone marrow
were excised and the cellularity of both organs was enumerated
(Hudson et al., 1989).Frog gastrocnemius muscle from the left leg and
the liver were preserved at −20 °C for heavy metal analysis. Parts of
liver were also preserved in 10% buffered formalin for histological enu-
meration of melanomacrophages. The frozen liver tissues were also
used for the preparation of liver tissue homogenates.

2.4. Measuring heavy metal concentrations

Water samples were filtered to remove any solid particles and
analysed using a graphite furnace atomic absorption spectrophotome-
ter (AAS, AA-6650, Shimadzu, Japan). Frog liver and gastrocnemius
muscle tissues were burnt to ash (450 °C) in a muffle furnace (JSMF-
45 J, research Inc., Korea) and acid digested (1HNO3: 1H2SO4, (ASTM,
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2003)). The digested sampleswere filtered to remove any solid particles
and analysed under Graphite AAS.

2.5. Preparation of Liver tissue homogenates

Ice cold liver tissuewas placed in a glass homogenizer filled with ice
cold STKM (250mM sucrose, 50mMTrisHCl, 25 mMKCl, 5 mMMgCl2)
buffer (16–20 mg/mL).Tissue was homogenized and the extract was
cold centrifuged at 2000 g for 20min. During all preparative procedures
tissue samples were maintained near 0 °C. Supernatant was separated
immediately and stored at −80 °C for cytokine analysis, the following
day.

2.6. Enumeration of liver melanomacrophages

Liver tissue, fixed in 10% buffered formalin were processed after
48 h. At the outset, tissue samples were dehydrated through an ascend-
ing series of ethanol; thereafter were cleared in Histoclear, clearing
agent (H-2779, Sigma Aldrich, Taufkirchen, Germany) and embedded
in paraffin wax. Tissue sections of 5–8 μm thickness were prepared by
using a rotarymicrotome (Yamato, Kohki, Japan) and stainedwith stan-
dard double staining procedure using Hematoxylin and Eosin. Cytolog-
ical scoring of melanomacrophage aggregates/ hepatocytes ratio and
other morphometrics were obtained by the Infinity analyze software
(version 6.3, Lumenera Corporation, Canada).

2.7. Sandwich-ELISA for cytokine analysis

Concentrations of cytokines in frog serum and liver tissue homoge-
nates were measured by sandwich enzyme linked immunosorbent
assay (ELISA) following the manufacturer's instructions using kits de-
signed for IFNγ, TNFα, IL6 and IL10 (BD Opt EIA™, BD Bioscience,
USA).Briefly, ELISA plates were coated with the relevant capture anti-
body (anti-rat IFNγ, TNFα, IL6 and IL10). Subsequent to blocking the
plates with assay diluent (10% foetal bovine serum in phosphate buff-
ered saline), serum or liver homogenate was added and incubated.
After washing, plates were interacted with the detection antibody
(e.g. Biotinylated anti rat IFNγ for IFNγ analysis) followed by addition
of enzyme conjugate (Avidin-Horseradish peroxidase; HRPO) and the
chromogen, O-phenylaminedichloride (OPD). Optical density wasmea-
sured at 490 nm, using an ELISA plate reader (Bio-Rad,Model 680, USA).
The concentration of each cytokine was calculated from a standard
curve constructed with cytokine standards provided in the kit.

2.8. Statistical analyses

Statistically unbiased sample was obtainedwith the equation,ME=
t× S/√n,whereME=marginal error, t= t score, s= standard deviation
and n=sample size. Thus, N= 15 in each test group represented a sta-
tistically unswaying sample for the analyses conducted. Data were
expressed asmeans± standard error of mean (SEM) and consequently,
bars drawn in the graphs represent SEM. Body morphometrics of the
adult frogs between study sites were analysed with simple t test.
Mean comparisons of physicochemical parameters, heavy metal accu-
mulation and immunotoxicity data among treatment groups were con-
ducted with one way ANOVA, followed by Tukey's HSD. The analyses
were conducted with SPSS 20.0 (IBM, USA).

3. Results

As the metabolic activity varies with the morphometrics and affects
their physiology and the fitness (Hudson et al., 1989), use of specimens
with similar morphometric parameters was essential for comparison
purposes. There was no significant difference (P N 0.05) in the morpho-
metrics such as bodyweight and the snout vent length of the adult frogs
used in the three experimental groups, viz a viz. field exposed,
laboratory exposed and reference groups. Since, the body weight was
considered as the selection criterion during capture of animals, their
age was assumed to be comparable. The body weight and the snout
vent length on average were 120.7 ± 26.8 g and 107.3 ± 8.4 mm, re-
spectively with no significant differences between test groups
(P N 0.05, t-test).Health status of the frogs, revealed by their external ap-
pearance, general activity such as escaping behaviour, alertness, compe-
tition for feeding and the type of external and internal parasite
association was common to all. Therefore, immune status of the test
populations was considered congruent at the onset of the study.

Water quality parameters of the two study sites such as tempera-
ture, pH, BOD and DO did not vary significantly in the two study sites
(P N 0.05, ANOVA).Water samples collected from the polluted site at
BAS were contaminated with, Cu (18.39 ppm), Cr (9.51 ppm), Pb
(7.24 ppm), Zn (4.68 ppm), Cd (3.75 ppm) in significantly higher con-
centrations (P b 0.05, ANOVA) compared with the reference site[Cu
(0.06 ppm), Cr (0.72 ppm), Pb(0.93 ppm), Zn (0.36 ppm), Cd
(0.06 ppm)]. Accumulation of Cu, Cr and Pb in liver and gastrocnemius
muscle tissue (n=15 each) of E. hexadactylus, collected from thepollut-
ed site and the laboratory study were significantly higher
(~1500 mg/kg, P b 0.05; Fig. 1), than those of the reference site.

3.1. Immune cell profiling

White blood cells (WBCs) of E. hexadactylus comprise of
granulocytes (neutrophils, eosinophils and basophils) and agranulo-
cytes (lymphocytes and monocytes) (Fig. 2). Total WBC and splenocyte
countswere significantly lower inmetal exposed frogs than those of the
reference site (P b 0.05, ANOVA). Bone marrow cell counts did not sig-
nificantly differ among the study groups (P N 0.05, Fig. 3a). Neutro-
phil/lymphocyte ratio of the metal exposed frogs showed significant
elevation (P b 0.05) than those of the reference site (Fig. 3b). Similarly,
the number of neutrophils per 1000 RBCswas also elevated significantly
with metal exposure (P b 0.05; Fig. 3b). Conversely, the number of eo-
sinophils per 1000 RBCs decreased with metal exposure.

3.2. Serum cytokine concentrations

The serum levels of selected cytokines of adult E. hexadactylus re-
corded in different test groups are presented in Fig. 4a. IFNγ level was
significantly increased in both field and laboratory metal exposure
(F2,44 = 5.78, P= 0.01, ANOVA). Unlike IFNγ, serum TNFαwas slightly
down regulated with metal exposure (F2,44 = 1.43, P = 0.184) com-
pared to the reference levels. However, serum IL10 levels reported
marked decline infield (F2,44=1.58, P=0.146) and laboratory exposed
frogs (P=0.006) than in their reference counterpart. Among all the cy-
tokines tested, IL6 reported the highest level in frog serum,with a refer-
ence of 11,540 ± 156 pgmL−1.Serum IL6 of metal exposed frogs was
slightly down regulated in field (F2,44= 0.89, P=0.413) and laboratory
exposed frogs (P = 0.194).

Estimating the ratio of IFNγ/IL10 and TNFα/IL10 presented the Th1/
Th2 cytokine balance (Fig. 4b). The ratio of IFNγ/IL10 showed significant
elevation withmetal exposure in the field (F2,44 = 2.79, P=0.031) and
laboratory exposed frogs (P= 0.011). Similarly, TNFα/IL10 was signifi-
cantly increased in thefield exposed frogs (F2,44=2.55, P=0.029)with
further elevation in laboratory exposed frogs (P = 0.032).

3.3. Correlation between neutrophil counts and serum cytokine levels

Correlation of neutrophil counts per 1000 RBCs with serum cytokine
levels was plotted by pooling the data of all the adult E. hexadactylus
used in the study (Fig. 5). The neutrophil counts showed significant
positive correlation with IFNγ level (r = 0.549, P = 0.045, Fig. 5a) and
significant negative correlation with the IL10 (r = −0.685, P = 0.014,
Fig. 5d) level in serum. Correlation of neutrophil counts with serum



Fig. 1. Bioaccumulation, calculated as the amount of metal ions per tissue wet weight (μg/g or ppm), of the heavy metals in (a) frog liver and (b) gastrocnemius tissue of E. hexadactylus.
*Significant accumulation (P b 0.05) compared to the reference value.
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TNFα was near positive but with no significance (P N 0.05, Fig. 5b). IL6
levels and neutrophil counts showed no correlation (Fig. 5c).
3.4. Hepatic expression of cytokines

Hepatic expression of cytokines deviated fromgeneral body circulat-
ing levels, specified by the serum cytokine levels (Fig. 6a). Therewas no
significant change of hepatic IFNγ levels in metal exposed frogs, com-
pared to reference frogs where slight elevations only were reported in
the former (F2,44 = 1.24, P = 0.271). However, hepatic TNFα levels
showedmarked elevation in the field (F2,44 = 2.90, P=0.063) and lab-
oratory exposed (P=0.027) frogs comparedwith the reference level. In
contrast, hepatic IL10 production was significantly down regulated in
metal exposed frogs under field (F2,44 = 5.0, P=0.004) and laboratory
exposure (P = 0.003). IL6 production in the liver showed exponential
elevation in laboratory exposed frogs (11,299 ± 767 pg mL−1;
F2,44 = 4.08, P = 0.01) compared with reference and field exposed
frogs (P = 0.472).
Fig. 2. Euphlyctis hexadactylus blood smears stained with Wright's stain, showing white blood
nucleus, (M) monocytes with orbicular body and dumbbell shaped nuclei, (N) neutrophil with
orange eosinophilic granules, (B) basophils with orbicular body, violet red nucleus and bluis
oval nuclei stained in dark purple. Scale bar represents 20 μm.
Results similar to serum levels were obtained for hepatic cytokines
when ratios of IFNγ/IL10 and TNFα/IL10 were compared, which reiter-
ated a Th1 polarised immune response (Fig. 6b). The IFNγ/IL10 was el-
evated significantly in the metal exposed E. hexadactylus in field
(F2,44 = 1.34, P = 0.252) and laboratory exposure (P = 0.05). Accord-
ingly, hepatic TNFα/IL10 was significantly increased in field exposed
frogs(F2,44 = 2.95, P = 0.048) with further elevation under laboratory
exposure (P = 0.025).

E. hexadactylus liver possessed distinct aggregations of Kupffer cells
into melanomacrophage centres (MMCs) which increased significantly
(P b 0.05) in number with metal exposure (Fig. 7a & b). % MMCs re-
vealed significant positive correlation with TNF, IL6 and IL10 levels
(P b 0.05) (Fig. 7c–f).

3.5. Correlation between serum levels and hepatic expression of cytokines

Hepatic and serum levels of cytokines were correlated by pooling
data of all the adult E. hexadactylus used in the study (Fig. 8). Serum
IFNγ levels positively and significantly correlated with hepatic IFNγ
cells and platelets. Agranulocytes; (L) lymphocytes with orbicular body and bluish violet
bilobed nucleus stained in violet red, (E) eosinophils with dark purple nucleus and deep

h violet granules in the cytoplasm, (P) platelets/thrombocytes spindle-shaped body and



Fig. 3. Immune cell profiles of adult E. hexadactylus in different exposure groups. (a)WBC, splenocyte and bonemarrow cell counts. (b) Neutrophil/ lymphocyte ratio, and neutrophil and
eosinophil counts derived by differential WBC counts. *Significant alteration compared with reference value (Mann Whitney U test, CI at 95%).
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levels(r=0.427, P=0.048). However, serum TNFα and IL6 showed no
correlation with the corresponding hepatic cytokine levels (P N 0.05),
while serum IL10 was negatively and significantly correlated with the
hepatic IL10 level (r = −0.588, P = 0.044).

4. Discussion

The effects of xenobiotics on various aspects of the immune system
of amphibians for e.g. leukocyte profiles remain essentially obscure
and are limited to a few studies (Rosenberg et al., 2002). Among the re-
ported investigations, a decrease in total WBC and splenocyte counts
was not commonly encountered as we observed in the metal exposed
E. hexadactylus in the current and in a previous study (Priyadarshani
et al., 2015). Nevertheless, laboratory exposure to high concentrations
of atrazine and nitrate resulted in lowering WBC counts in Ambystoma
tigrinum (Forson, 2006). Conversely, adult Bufo maculatus, exposed to
cadmium (0.25–2 ppm concentration) resulted in an elevation of total
WBC counts which was interpreted as immunostimulation in response
to the tissue damage caused by cadmium toxicity (Ezemonye and
Enuneku, 2011). Similarly, Pb exposed Bufo arenarum showed increased
total WBCwhichwas claimed as metal mediated induction of prolifera-
tion of pluripotent haematopoietic cells (Chiesa et al., 2006).Discrepan-
cy of the present study may be attributed to the combined effect of the
metal ions which may pose additive or synergistic effects as immuno-
suppressants. Other than the total WBC count, changes in proportions
of WBCs were reported as a common measure of xenobiotic toxicity in
amphibians. Rana spp. that lived in polluted water reported increased
eosinophil counts and decreased neutrophil counts (Romanova and
Fig. 4. Serum cytokine concentrations (a) and Th1/Th2 cytokine ratio (b) of adult E. hexadact
*significant alteration compared to reference animals, t-test, P b 0.05).
Romanova, 2003). B. arenarum exposed to pesticides showed increased
neutrophil counts (Cabagna et al., 2005)while in another study the bull-
frog showed no effect of atrazine on its differential WBC populations
(Marcogliese et al., 2009).However, higher neutrophil/lymphocytes
ratio (NLR) is considered as a general physiological stress response in
animals (ForbesMR and Shutler, 2006; DavisAK and Maerz, 2008). Sig-
nificantly higher NLR suggestive of general inflammation in the metal
exposed E. hexadactylus under field and laboratory settings in the cur-
rent study may be indicative of hazardous metal induced stress. In-
creased neutrophil counts in metal exposed frogs may be yet another
indicator/ marker of this phenomenon.

Being one of themost potential tools in immunotoxicology cytokine
profiling in relation to immune cell profiling provides a plausible mea-
sure of immunity, inflammation, apoptosis, haematopoiesis, and hyper-
sensitivity (Boughton et al., 2011). This study investigated immune cell
profiling with comprehensive cytokine profiling inclusive of cytokines
associated with all effector Th cell populations including Th1 (IFNγ,
TNFα), Th2 (IL10) and regulator of Treg/Th17(IL6) in response to
heavy metal mediated immunotoxicity of amphibians.

Basal expression of IFNγ, TNFα, IL10 and IL6 of E. hexadactylus re-
ported herein are first time reports for an amphibian species in Sri
Lanka or for that matter for any amphibian species globally. Most of
the amphibian cytokine studies conducted to date dealt with cytokine
gene expression and evolutionary conservation of cytokine genes in
comparison to mammalian genes (Zimmerman et al., 2014).
E. hexadactylus IL6 had a higher level of basal expression reaching
11,540 ± 776pg mL−1in reference frogs while their IFNγ and TNFα
were expressed atmuch lower levels (b1300 pgmL−1). This expression
ylus (n = 15) in different test groups (error bars represent standard error of the mean;



Fig. 5. Correlation between neutrophil counts and the serum cytokine concentrations of IFNγ, TNFα, IL6 and IL10 in adult E. hexadactylus (n= 15, Pearson correlation) used in the study.
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pattern in the amphibian fits the expected levels, based on results from
other animal species, under similar environmental perturbations. Con-
sidering the large variability of cytokine production, repeated measure-
ments are mandatory (Zimmerman et al., 2014).

Both field and laboratory heavy metal exposed frogs showed signif-
icantly elevated serum and hepatic levels of Th1 (pro-inflammatory cy-
tokines; IFNγ and TNFα) than the corresponding Th2 (anti-
inflammatorycytokine;IL10), suggesting heavy metal mediated inflam-
matory responses. This observation was reiterated by the correlation
data, which revealed significant positive correlation of serum IFNγ and
negative correlation of serum IL10 with the corresponding neutrophil
counts. Even though, serum IFNγ increased significantly in heavy
metal exposed frogs, this was not reflected in hepatic expression levels
Fig. 6. Liver cytokine concentrations (a) and Th1/Th2 cytokine ratio in liver (b) of E. hexadac
*significant alteration compared to the reference animals, t-test, P b 0.05).
of the cytokines. Conversely, hepatic TNFα levels were significantly ele-
vated in heavy metal exposed frogs though not significantly correlated
with the serum levels. This tremendous elevation of TNFα is undoubt-
edly a sign of hepatic necrosis which may be attributed to heavy metal
accumulation. Heavy metal mediated necrosis in the liver tissue of
E. hexadactyluswas observed where mild to moderate damage to hepa-
tocytes, bile secretion and haemorrhages were reported compared to
reference frogs (unpublished data).Therefore, our data showed that
heavy metal accumulation significantly boosted TNFα production in
the liver, which was probably not detected systemically due to changes
in frog cytokine circulation, metabolism.

Overall, serum and hepatic cytokine responses of E. hexadactylus in
the study were skewed towards a Th1response that deals with
tylus (n = 15) in different test groups (error bars represent standard error of the mean;



Fig. 7.Correlation of liver cytokine expression andpercentagemelanomacrophage aggregation (%MMC). (a) Reference liver cross sectionwith low%MMC (~9.5%), (b)metal exposed liver
showinghigh %MMC (~25%), (c) liver TNFα and %MMC, (d) liver IL6 and %MMC, (e) liver IFNγ and %mmc, (f) liver IL10 and %MMC. Significant positive correlations in TNFα, IL6 and IL10
(Pearson correlation, CI 95%).
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intracellular pathogens and pro-inflammatory responses. Further, a
shift towards Th1 cytokine response uponmetal exposuremay have re-
sulted due to higher numbers of phagocytic cells in the circulation, in
particular neutrophils as affirmed by the elevation of neutrophils/lym-
phocyte ratio and the correlation data. The balance between Th1: Th2
or pro- and anti-inflammatory cytokines are generally maintained to
maximize parasite elimination and to minimize host cell damage
(Brunet, 2001). Moreover, these Th1 and Th2 cytokines are directly re-
sponsible, respectively, for the up- and down-regulation of anti-
oxidant enzymes such as NO synthase, whichmaintain reactive oxygen
(ROS) and nitrogen species (RNS) in the body. Reactive oxygen species
lead to oxidative stress resulting in cellular damage unless these are
neutralized by antioxidant enzymes. Conversely, increased phagocyto-
sis of the innate immune response further generates ROS and RNS
which can damage host cells. Oxidative stress causedby heavymetal ex-
posure depletes anti-oxidant provisions and challenge the body's ability
to endure stress. Consequently, heavy metal mediated oxidative burst
triggers a battery of pro-inflammatory cytokines, enhancing overall
body inflammatory responses and local tissue damage, particularly in
tissues associated with heavy metal accumulation or metabolism.
Serum and liver tissue homogenate levels of NO (nitric oxide) in
heavy metal exposed E. hexadactylus showed marked elevation com-
pared to their corresponding reference values (unpublished data).
Therefore, oxidative burst triggered by heavy metal exposure may
posit to be the mechanism by which the Th1-Th2 balance in
E. hexadactylus is achieved.

The current study revealed a comprehensive profile of hepatic and
serum cytokine changes due to heavy metal mediated oxidative stress
and to liver damage. Involvement of different cytokines in oxidative
stress management in the liver is complicated. For instance, TNFα and
IL6 are known for the activation of stellate cells (macrophages) which
engage in fundamental steps involved in hepatic inflammation
(Knittel et al., 1997). Because the hepatic TNFα and IL6 levels were
elevated and were significantly higher in heavy metal exposed frogs
than in their reference site counterparts, it may be suggested that
these play a role in hepatic inflammatory processes. Expansion of



Fig. 8. Correlation between serum and hepatic cytokine concentrations of IFNγ, TNFα, IL6 and IL10 in adult E. hexadactylus (n = 15, Pearson correlation) used in the study.
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melanomacrophage centres as we experienced in metal exposed
E. hexadactylus was a common phenomenon in acute and chronic liver
injuries, where this aggregationwas attributed to the influx of peripher-
al monocytes rather than augmentation of tissue-residentmacrophages
(Zimmermann et al., 2010). Stimulation of melanomacrophages
through xenobiotic or any other cue enhanced the binding of toll-like
receptor complexes which are engaged in several downstream tran-
scriptional factors such as NF-kB and STAT-1 which eventually upregu-
late the synthesis of proinflammatory mediators (Abu-Amara et al.,
2010). Counter balancing cytokines such as IL6 and IL10 have shown
to play a compensatory role in liver injury by abrogating deleterious sig-
nals of TNFα (Abu-Amara et al., 2010). This explains the positive corre-
lation of TNFα, IL6 and IL10 with the increasing MMCs in the liver.
However, since the net effect of cytokines was Th1 biased the protective
role of counteracting cytokines seem elusive. Moreover, this study re-
ports antagonismof cytokine expression between liver and serum levels
of cytokine suggesting a cytokine elimination role in the liver. In our
study serum IFNγ level of the laboratory exposed frogs correlated
with corresponding hepatic levels. A similar observation was reported
where serum IFNγ showed positive correlation with the hepatic IFNγ
m-RNA as the severity of hepatic inflammation increases (McGuiness
et al., 2000).We previously observed that heavy metal exposed frogs
showed significantly elevated levels of liver enzymes alanine transami-
nase [ALT], aspartate aminotransferase [AST]), total bilirubin and lipid
peroxidation indices (thiobarbituric acid reactive substances [TBARS]),
which was consistent with hepatic inflammation and injury, elicited
even by histopathological investigation(unpublished data). As liver
products, albumin and total protein levels also decreased, suggestive
of hepatocellular damage, which in turn, presumably, impaired
hepato-productivity. Several studies reported that, during the acute
phase reaction IL6 stimulates hepatocytes to produce acute phase pro-
teins such as C-reactive protein (CRP), fibrinogen and simultaneously
suppresses albumin production (Castell et al., 1988; Naka et al., 2002).
The present study reiterated this as the albumin production decreased
significantly (data not presented) with the significantly increasing IL6
levels under heavy metal exposure.
Hepatic expression of IL10 was relatively consistent in all three ex-
posure groups, though the serum levels of IL10 in reference frogs were
comparatively higher. Moreover, circulating IL10 levels were negatively
correlated with the corresponding hepatic expression. Excessive pro-
duction of pro-inflammatory cytokines in the liver, particularly TNFα
may have suppressed IL10 expression. However, IL10 reported potent
anti-inflammatory and anti-fibrotic properties on hepatocytes (Nelson
et al., 2000) which produce negative regulating effects on the produc-
tion of collagen, promoting collagenase activity. Therefore, patients
with alcoholic cirrhosis and fibrosis in the liver have decreased serum
IL10 expression compared to healthy individuals (Daniluk et al.,
2001). Since the patterns of serum cytokine changes and hepatic ex-
pressions were inconsistent, cytokine kinetics in the liver may have dy-
namic and specific roles for hepatocytes. In most of the studies serum
IFNγ levels did not correlate with their hepatic expression levels
(Hsieh et al., 2011). However, the present study demonstrates that for
serum IFNγ, there was a significant positive correlation with the corre-
sponding hepatic levels. This condition is comparablewith patientswith
chronic liver diseases where IFNγ levels are reported to increase both
locally and systemically (Hsieh et al., 2011).

The underlying mechanism for this Th1 biased alteration in frog cy-
tokines remains obscure, but NFκB activation due to oxidative stress
governed by Fentonmechanisms of heavymetals may provide a plausi-
ble explanation for both overall serum and hepatic expression dynam-
ics. Heavy metal mediated depletion of natural antioxidants such as
glutathione (GSH) in hepatocytes may have sensitized the hepatocytes
to TNF induced apoptosis where NFκB is themajor regulator of TNF sus-
ceptibility (Marí et al., 2008). Goetz and colleagues (Goetz et al., 2004)
reported involvement of similar kinetics in NFκB activated TNFα pro-
duction in both fishes and mammals. Therefore, similar transcriptional
changes may be anticipated in the amphibian model as well. Further-
more, signal transduction pathways altered byNFκB are considered crit-
ical for hepatocellular toxicity (Deng and Chai, 2009), suggesting their
role in liver necrosis.

Neuro-endocrine and immune system interaction is fundamental to
understand the efficiency of immune function and energy trade-offs
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between other costly physiological processes. Stress hormones in verte-
brates can enhance or suppress immune functions (McEwen et al.,
1997). Chronic stress, characterized by long-term, high levels of gluco-
corticoids is known to suppress the immune system (McEwen et al.,
1997), while these hormones may serve as immunostimulators in
short-term exposure (Dhabhar, 2009).This suppression or stimulation
vary with varying components of the immune system, where increased
glucocorticoids tend to suppress Th1 (cell-mediated immunity) but
stimulate Th2 (humoral immunity) responses (Dhabhar, 2009). How-
ever, elevated glucocorticoids from acute stressors are known to induce
inflammatory responses and cell mediated immunity with accompa-
nied B-cell and T-cell proliferation (Dhabhar, 2009). Therefore, neuro-
endocrine and immune system co-regulation is dependent upon the na-
ture of stress as acute stress stimulates immune responses but chronic
stress can be suppressive (Dhabhar, 2009). Heavy metal exposure is
often associated with chronic release of glucocorticoids which in turn
suppress the immune system skewing the Th1:Th2 balance towards
Th2. However, the results of the current study revealed Th1 polarisation,
suggestive of acute response behaviour of the neuro-endocrine and im-
mune system co-regulation.

IL6 is produced by Th17 cells, macrophages, and/or target organ
chronic inflammation and is synchronized with TNFα while is sup-
pressed by IFNγ (Asarch et al., 2008). IL6 activates IL6 receptor com-
plexes, such as IL6R and gp130, which phosphorylate associated Janus
Kinases (JAK) and then induce the cytoplasmic transcriptional factors
such as STAT1 and STAT3 (Asarch et al., 2008). However, IFNγ inhibits
this development in a STAT1 dependent manner (Ihle and Kerr, 1995).
Therefore, in the present study continuous production of IFNγ due to
Th1 biased responses may have inhibited IL6 production through
STAT1 inhibition. As a consequence of this suppression, IL6 levels in
the serum of heavy metal exposed frogs under natural and laboratory
exposure reported relatively low levels compared to that of the refer-
ence group. However, this reduction of IL6 level is crucial for the animal
to reactivate TGFβ mediated Treg cell differentiation which modulates
their immune system.

The role of sentinels in ecotoxicology is to be among the first to ex-
perience the xenobiotic mediated challenges and express easily detect-
able biological responses, which can be considered as biomarker/s. As
amphibian development occurs without maternal influences, they
may serve as a valuable model to study adverse effects of xenobiotics
during early development (Rollins-Smith et al., 2004). Xenopus laevis
as a non-mammalian comparative model species has been utilised ex-
tensively for evolutionary, comparative, and developmental studies of
the immune system (Robert and Ohta, 2009; Rollins-Smith et al.,
2004). Cytokines may serve as potential biomarkers that could be de-
tected in non-destructive ways as it requires only a small amount of
serum/tissue fluid, which can be obtained easily without sacrificing
the animal. However, to date there are very few cytokine/chemokine
expression and functional studies on amphibians. Owing to the emerg-
ing issue of xenobiotic pollution on global dimension, more fundamen-
tal and comparative research on sentinels and biomarkers is required.
Therefore, extensive studies on the amphibian immune system may
provide valuable insights to understand the role of xenobiotic stressors
on higher vertebrates including human. In this quest, the full genome
sequence of amphibian species X. tropicalis and its significant genetic
conservationwithmammals in concert with genomemapping andmu-
tagenesis studies provide a better insight for immunological studies
(Robert and Cohen, 2011).

In conclusion, heavy metal mediated inflammatory response and
liver injury of the amphibians is associated with Th1 skewed upregula-
tion of pro-inflammatory cytokines, particularly IFNγ in blood
circulation and TNFα in the liver, suggesting cytokines as a novel
immunotoxicological biomarker for heavy metal mediated toxicity in
amphibians. Elevated levels of pro inflammatory cytokines significantly
correlated with blood neutrophil counts and % MMC in the liver indica-
tive of general inflammation, possibly due to metal mediated toxicity in
adult E. hexadactylus. Thus, neutrophil counts in relation to systemic ex-
pression of cytokines may possibly serve as a biomarker of metal toxic-
ity. Certain cytokines can only be correlated with the systemic
expression, signifying the multifaceted functions of cytokines under
physiological stress. As environmental sentinels in wetland ecosystems
which suffer unprecedented levels of environmental stresses, an in-
depth understanding of amphibian ecoimmunology is fundamental. Po-
tentially important, but poorly understood factors underlying the varia-
tion of amphibian cytokine activity in response to environmental
pollutants may provide better perception on current challenges faced
by these sensitive species.
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