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• There is scarce information concerning 
lithium toxicity in marine organisms. 

• LC50 for mussels was established at 
153.78 mg/L Li after 9 days of exposure. 

• Li was bioaccumulated in mussel tissue 
after 21 days of exposure. 

• Environmentally relevant Li concentra
tions caused histopathological effects. 

• The prevalence and intensity of the 
histopathological alterations increased 
over time.  
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A B S T R A C T   

The rising use of lithium (Li) in industrial processes, modern technology and medicine has generated concerns in 
the scientific community, in particular its potential impact on the environment. Unfortunately, there is only 
scarce information concerning the toxicity of lithium in marine organisms. The objective of this study is to 
determine the toxicity of Li using Mytilus galloprovincialis as model organism, based on acute and sublethal 
toxicity tests. In the first experiment, mussels were exposed for 9 days to a range of acute concentrations of Li (0, 
2, 5, 13, 34, 89, 233 and 610 mg/L Li) in order to find the median lethal concentration. In the sublethal 
experiment, mussels were exposed to environmentally relevant concentrations of Li (0, 0.1, 1, 10 mg/L Li) for 21 
days. Digestive gland and gonad samples were taken at day 0, 1, 7 and 21 for histopathological analysis. Samples 
of the whole mussels were taken for chemical analysis at day 0 and after 21 days. Results showed that M. gal
loprovincialis had a LC50 value of 153 mg/L Li after 9 days of exposure. Lower concentrations (environmentally 
relevant), led to Li bioaccumulation in a dose-dependent manner and histopathological effects in a time- 
dependent manner. Atrophy of the digestive alveoli epithelium and degeneration of the digestive gland were 
observed after 21 days of exposure. These findings open new perspectives for the understanding of the toxic 
effects of Li on marine organisms and evidence the need for further long-term research at different levels of 
biological organizations.   
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1. Introduction 

New ways of transport (electric vehicles, e-bikes, drones), commu
nicative technologies (smartphones, tablets, laptops, small home appli
ances) and energy storage systems have caused an increased usage of 
batteries (Comission, 2006/66/EC), in particular Li-ion batteries. 
Lithium converts chemical energy into electric energy very efficiently; 
reducing costs and increasing manufacturing capacities (IEA, 2017). In 
addition, Li is commonly used in medicine for therapeutic treatment of 
psychiatric diseases such as manic depression (bipolarity) and other 
affective disorders (Moore, 1995). 

Although the use of Li has clearly increased (Comission, 
2006/66/EC), Li waste collection rate is still very low (Bolan et al., 
2021; Comission, 2006/66/EC; Swarnakar and Choubey, 2014; Zeng 
et al., 2014). In the case of Li-ion batteries for instance, the European 
Parliament do not set strong collection targets or reporting obligations 
to promote the recovery of their chemicals; instead, Li-ion batteries are 
classified as “other batteries’’ and tend to be placed in landfills with 
municipal solid waste (Bolan et al., 2021; Thibon et al., 2021a). Pro
tocols of wastewater depuration appear to be inefficient at removing Li 
due to its high mobility (Choi et al., 2019). Consequently, Li can be 
transported long distances from its source, increasing its presence in the 
environment. 

The increasing use of Li, associated with mining and extracting ac
tivities, as well as inefficient depuration protocol have led to an increase 
in Li concentrations in the environment (Thibon et al., 2021a). In the 
aquatic environment, Li has been found at concentrations exceeding 
0.18 mg/L (Aral and Vecchio-Sadus, 2011; Reiman and Caritat, 1998). 
High levels of the metal have been documented in water sources from 
places with major Li extraction showing concentrations between 1 and 5 
mg/L Li in Chile (Zaldívar, 1980), Austria (Kapusta et al., 2011) and 
Argentina (Concha et al., 2010). Extremely high concentrations of Li (14 
mg/L) have also been measured in lakes such as the Dead Sea (Aral and 
Vecchio-Sadus, 2008, 2011). The increasing use of Li and its resulting 
presence in the environment have brought up new concerns in the sci
entific community and its potential impact on the environment and 
human health (Aral and Vecchio-Sadus, 2008, 2011; Bolan et al., 2021; 
Bradley et al., 2017). However, studies assessing the potential toxicity of 
Li in the aquatic environment are still very scarce (Thibon et al., 2021a, 
2021b). In seawater environment, embryogenic disruption has been 
reported in different organisms such as striped bass, squid and sea ur
chin (Crawford, 2003; Dwyer et al., 1992; Ruocco et al., 2016). In squid 
embryos, LiCl inhibited development along the animal-vegetal axis and 
anterior midline (Crawford, 2003), whereas it induced malformations in 
sea urchin embryos in a dose-dependent manner when added to the eggs 
before fertilization (Ruocco et al., 2016). The lethal concentration was 
reported for freshwater organisms such as Dreissena polymorpha (US 
EPA, 2008), and was established in a range of 185–232 mg/L. Never
theless, lethal concentrations for marine organisms remain unknown, 
which are essential for toxicological assessment. Mytilus sp. is the most 
used sentinel species in the world (Goldberg, 1975; ICES, 2012). In the 
same way, mussels may be useful as biomonitoring organisms to assess 
Li pollution in coastal waters as recently described by Thibon et al. 
(2021b) who reported that mussel tissues showed the highest concen
trations of Li across the trophic web. 

Regarding sublethal effects in the seawater environment, Rodríguez 
et al. (2021) studied the effects of Li contamination together with tem
perature changes on gastropods’ feeding behavior. Viana et al. (2020) 
provided information on toxic effects of Li at biochemical level in Mytilus 
galloprovincialis, characterized by a decrease in metabolic activity and 
induction of oxidative stress and neurotoxicity. Those works showed the 
importance of analyzing the biological sublethal effects of Li in mussels. 
To complete the knowledge of the toxicopathological effects of Li in 
mussels, different biological organization levels such as histopatholog
ical alterations must be analyzed in different tissues at different con
centrations and time exposure. 

The increasing use of Li is evident and concerns about this metal are 
increasing. This use may have significant effects on the environment and 
thus, on the health and well-being of the aquatic living organisms. 
Therefore, the importance of researching the toxicity of this metal as an 
emerging contaminant in marine ecosystems is crucial (Aral and 
Vecchio-Sadus, 2008, 2011; Bolan et al., 2021; Comission, 2006/66/EC; 
Thibon et al., 2021b). The aim of this work is to assess the acute and 
sublethal effects of Li in mussels Mytilus galloprovincialis by histopatho
logical analysis. 

2. Material and methods 

2.1. Sampling and acclimatization 

Intertidal mussels (Mytilus galloprovincialis) of 2.5–3.5 cm shell 
length were collected from the low tide-mark level in Plentzia (Basque 
Coast; 43◦24′N, 2◦55′W) in October 2019 for the acute toxicity test and 
in November 2020 for the sublethal toxicity test. 

Upon arrival, mussels were transported to the laboratory and 
maintained in 20 L polyethylene containers with running seawater to 
acclimatize for 7 days. They were kept under the following laboratory 
conditions: water temperature – 18-19 ◦C; pH – 7.8; conductivity – 
48.000–51.000 Ω; salinity – 33 PSU; ammonium/ammonia concentra
tion – <0.5 mg/L; photoperiod – 12/12 h. Mussels were not fed during 
the first 5 days of the acclimatization period, so that depuration may 
occur. From day 6, they were fed daily with a commercial marine 
microalgae mixture (1:10; 3.5 mL; Acuinuga, A Coruña, Spain). After 
acclimatization, the animals were used for the exposure experiments 
(acute toxicity test and sublethal toxicity test). 

2.2. Experimental design 

2.2.1. Acute toxicity test 
Lithium was applied as LiCl (>99%, ACROS, USA). A mother solution 

(5 g Li/L) was prepared diluting 31.25 g LiCl in 1 L seawater. Fibbonacci 
scale numbers were used to select the eight exposure concentrations for 
the acute experiment: 0 (control), 2, 5, 13, 34, 89, 233, 610 mg/L Li. 

In total, 8 experimental groups were set with 3 replicas. Each con
centration was tested in a total of 15 mussels (5 per replica) which were 
kept in 0.5 L polyethylene bottles under continuous aeration for 9 days. 
The contaminant was provided daily after water changes. Mussels were 
fed a commercial marine microalgae mixture every day, after water 
changes. Mortality was checked daily and dead specimens were 
removed. Mortality data was used to calculate the LC50 and the LT50. 

2.2.2. Sublethal toxicity test 
A range of environmentally relevant concentrations of Li was 

selected for the sublethal test (Aral and Vecchio-Sadus, 2008, 2011; 
Reiman and Caritat, 1998): 0 (Control), 0.1 mg/L Li (L; low concen
tration), 1 mg/L (M; medium concentration) and 10 mg/L Li (H; high 
concentration). 

Mussels were distributed in 4 experimental groups (n = 57) with 3 
replicas per exposure concentration. They were set in 4 L polyethylene 
tanks under continuous aeration. A set of mussels (n = 15) was sacrificed 
at the starting point of the experiment (T0). Mussels were fed a com
mercial marine microalgae mixture every day. The contaminant was 
provided every two days, after water changes. 

2.2.2.1. Sampling and sample processing. Biological samples (digestive 
glands and gonads) were collected at day 0 (n = 10) and at days 1, 7 and 
21 (n = 12; 4 per replica) for histopathological analysis. Besides, 5 
mussels of each experimental group were dissected out at days 0 and 21 
and stored at − 80 ◦C for chemical analysis in order to determine the 
bioaccumulation. 
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2.2.2.2. Chemical analysis in mussels. Samples from 5 individuals at day 
0 and day 21 per experimental group were pooled to obtain a minimum 
of 1 g dry weight (d.w.). After lyophilization, tissue samples were 
digested in acid (HNO3) at 180 ◦C for 15 min, using a microwave system 
(MARS 5 Xpress CEM Corporation Instrument). Lithium content was 
determined by inductively coupled plasma with mass detector (ICP-MS) 
(7700x, Agilent Technologies, Palo Alto, USA) using a MicroMist micro- 
uptake glass concentric nebulizer (Glass Expansion, West Melbourne, 
Victoria, Australia). Detection limit for Li (in μg metal/g flesh d.w.) was 
0.001 for Li. ICP-MS analysis was carried out for Li content in mussel soft 
tissue by the Analytical Chemistry Service of the University of the Bas
que Country (SGiKER). 

2.2.2.3. Mantle and digestive gland histopathological analysis. Digestive 
gland and gonad samples collected for histopathological analysis were 
fixed in 4% neutral buffered formaldehyde (24 h, 4 ◦C), dehydrated in 
graded solutions of ethanol and cleared in xylene, prior to paraffin 
embedding. Paraffin blocks were cut using a rotary microtome to obtain 
5 μm thick sections. Histological sections were stained with haematox
ylin-eosin. 

Sex and gamete developmental stages were identified in gonad his
tological samples as described by Ortiz-Zarragoitia et al. (2011) adapted 
from Kim et al. (2006): undifferentiated stage (inactive), early game
togenesis (gamete development has begun but no mature gametes are 
visible), advanced gametogenesis (equal proportion of developing and 
ripe gametes are observed in follicles), mature (follicles are full of 
mature gametes), spawning (active emission of gametes, follicles may 
appear empty depending on degree of spawning) and post-spawning 
(empty follicles with occasional residual gametes remaining). 

Histopathological analysis in mussel digestive gland was carried out 
following guidelines from Bignell et al., (2008). Amongst the histo
pathological lesions analyzed, the following alterations were identified: 
epithelial thinning of the digestive alveoli, integrity of the digestive 
gland and digestive tissue degeneration. The prevalence (percentage of 
occurrence of an alteration within an experimental group) was calcu
lated for the most common observed parasites (Nematopsis spp. and 
Mytilicola spp.) and histopathological alterations (granulocytoma, 
brown cell and haemocytic infiltration) identified in the digestive gland 
of mussels. 

Epithelial thinning of the digestive alveoli of mussels measured as 
atrophy index has been reported to be indicative of general stress in 
several studies (Benito et al., 2019; Garmendia et al., 2011; Kim et al., 
2006). This parameter was rated using a numerical grading from 0 to 4 
as described by Kim et al. (2006) and has been commonly used for 
mussels (Benito et al., 2019; Cuevas et al., 2015). 

Loss of digestive gland histological integrity occurs in response to 
pollutant exposure (Benito et al., 2017; Garmendia et al., 2011; Mar
igómez et al., 2006). The integrity of the digestive gland was determined 
semi-quantitatively assessing the density of the digestive alveoli in 
relation to the interstitial connective tissue using scores from 1 to 4 as 
follows: (1) the majority of the digestive gland tissue presents a high 
density of digestive alveoli almost without visible interstitial connective 
tissue; (2) the majority of the digestive gland tissue presents a high 
density of digestive alveoli, the interstitial connective tissue is visible, 
but the distance between digestive alveoli remains shorter than the 
mean alveolar radius; (3) parts of the digestive gland tissue present 
lower digestive alveoli density and the distance between alveoli is 
similar or superior to the mean alveolar radius; (4) the majority of the 
digestive gland tissue present low digestive alveoli density and the dis
tance between alveoli is similar or superior to mean alveolar radius. 

2.3. Statistics 

Statistical analyses were performed using IBM SPSS 25.0 for Micro
soft. Each data set was tested for normal distribution (Kolmogorov- 

Smirnov test) and homogeneity of variances (Levene’s test). LC10 and 
LC50 were determined using Probit analysis at the corresponding time 
intervals. Differences between survival curves were estimated using the 
non-parametric Kaplan-Meier test. The non-parametric U test was 
applied on chemical data to determine the effect of exposure time in 
different experimental groups. For the semiquantitative histopatholog
ical results, the non-parametric Kruskal-Wallis test was carried out to 
identify differences between concentrations and between exposure 
times (p < 0.05). For post hoc comparisons, Dunn’s test was applied. To 
compare prevalence of histopathological alterations a Z-score test was 
performed (p < 0.05). A 95% significance level (p < 0.05) was estab
lished for all statistical analyses carried out. 

3. Results 

3.1. Acute toxicity test 

No significant changes in mortality rate were observed in control and 
lower exposure concentrations (from 0 to 89 mg/L Li) throughout the 
testing period (<10%; Fig. 1). Survival rate decreased significantly in 
the two highest concentrations (233 mg/L Li and 610 mg/L Li), with a 
0% survival rate detected upon exposure to 610 mg/L Li at day 8. LT50 
for mussels exposed to the highest Li concentration (610 mg/L) was 
earlier (4 days) than in mussels exposed to 233 mg/L (6 days). 

The LC50 and LC10 for M. galloprovincialis were 153.78 and 15.13 
mg/L Li, respectively, after 9 days of exposure (Table 1). 

3.2. Sublethal toxicity test 

No significant mortality was recorded throughout the experiment. 

3.2.1. Chemical analysis in mussels 
Li concentration in soft tissues was similar in mussels at day 0 and in 

control mussels after 21 days, ranging from 1.03 to 1.17 μg Li/g d.w. 
with no significant differences among times. After 21 days of exposure, 
Li exposed mussels showed significantly higher Li levels than the control 
group, with the highest Li concentration (61.86 μg Li/g d.w.; Fig. 2) 
detected in soft tissues of mussels exposed to 10 mg/L Li. 

3.2.2. Mantle and digestive gland histopathological analysis 
The highest level of atrophy index was measured in mussels exposed 

to 10 mg/L Li for 21 days and was significantly different to levels 
detected in T0 mussels and 10 mg/L Li exposed mussels for 1 day 

Fig. 1. Cumulative survival curves of Mytilus galloprovincialis (n = 15) when 
exposed to different Li concentrations (0–610 mg/L). Asterisks indicate signif
icant differences among mussel populations exposed to different contaminant 
concentrations. Numbers indicate median lethal time (LT50). Survival curves 
which cannot be seen mean 100% of survival. 
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(Fig. 3). The level of affection and the reduction in the height of the 
digestive epithelium of the alveoli was evident as observed in Fig. 4. 

Overall, the connective tissue index increased in all Li exposed 
groups throughout time (Fig. 5). Mussels exposed to 1 mg/L Li, showed 
significantly higher connective tissue index at day 21 than day 1. In 10 
mg/L Li exposed mussels, index levels were significantly higher at days 7 
and 21 in contrast to day 1. Significant differences were also detected in 
experimental groups at the same sampling time. Mussels exposed to 10 
mg/L Li had higher connective tissue index than control mussels at day 7 
and 21 (see Fig. 6). Moreover, connective tissue index of mussels 
exposed to 10 mg/L Li was significantly higher than the one observed in 
0.1 mg/L Li exposed mussels at day 21. 

Parasites found by histopathological analysis were Mytilicola intesti
nalis copepod and the gregarine Nematopsis sp. The prevalence of Myti
licola intestinalis ranged from 25 to 83% in the experimental groups, 
while the gregarine parasite showed a prevalence of 100% in all the 
groups. 

Within inflammatory responses, granulocytomas, haemocytic and 
brown cell infiltrations were found (see Fig. 7) (Fig. 8). Granulocytomas 
were observed in the majority of the groups at different exposure time, 
with a slightly higher prevalence detected in the control (17%) than in 
the rest of the experimental groups at day 7. 

The highest prevalence of haemocytic infiltration in mussels exposed 
to 0.1 and 1 mg/L Li concentrations was found at days 1 and 7 respec
tively. In the group exposed to 10 mg/L Li, the infiltration prevalence 

remained high (92–100%) until the end of the experiment (Table 2).The 
highest prevalence was found at days 7 and 21. In addition to the 
infiltration of the vesicular interstitial connective tissue, a characteristic 
haemocytic infiltration in the lower part of the epithelium of the 
digestive tract upwards to the lumen could be easily distinguished 
(Fig. 7). 

Brown cell infiltration prevalence in the digestive tissue was highest 
(83%, 92%) by days 7 and day 21 in mussels exposed to 1 mg/L Li 
(Table 2). These brown cells were located at the base of the digestive 
tract epithelium and through the epithelial cells. Moreover, some brown 
cells were also located around the digestive alveoli forming aggregates 
(see Fig. 8). The prevalence of brown cell infiltration in the gonad tissue 
was significantly higher in mussels exposed to the lowest concentration 
of Li at day 21 (75%) than at the beginning of the experiment (22%). 

Digestive gland degeneration around the stomach was more 
frequently observed (83%) in individuals exposed to the highest Li 
concentration at day 21 (Table 2) (see Fig. 9). Overall, degeneration 
prevalence was higher at all times in the medium (1 mg/L) and high Li 
concentrations (10 mg/L) than in the lower one (0.1 mg/L) and the 
control. 

Gamete developmental stages exhibited no significant changes in 
relation to the exposure to Li (data not shown). Most of mussels were in 
post spawning stages as expected for the season experiment was 
performed. 

4. Discussion 

The use of Li has increased due to the high demand of batteries for 
modern technology (mobile phones, laptops, tablets, photo cameras, 
cars) and its therapeutic use. However, few information is available in 
relation to the toxicity of this emergent pollutant in the marine envi
ronment (Tkatcheva et al., 2015). In order to increase the knowledge of 
the effects of Li in marine organisms, the present work describes the 
acute and sublethal effects of this pollutant on ecologically relevant 
Mytilus galloprovincialis sentinel species. 

An acute toxicity test has been headed to evaluate Li lethality for 
mussels during 9 days of exposure. Acute toxicity testing has been pre
viously used to establish the impact of Li in aquatic organisms (Khan
garot and Das, 2009; Milam et al., 2005). The lethal concentrations 

Table 1 
Lethal concentration (mg/L) values (LC10 and LC50) for Mytilus galloprovincialis 
(n = 15) exposed to different Li concentrations (2, 5, 13, 34, 89, 233, 610 mg/L).  

Time (Days) LC10 (mg/L) LC50 (mg/L) 

4 9.42 1665.42 
5 11.92 430.91 
6 12.17 310.53 
7 12.17 310.53 
8 15.18 165.21 
9 15.13 153.78  

Fig. 2. Concentrations of Li in μg/g tissue d.w. in mussel soft body of mussels 
(n = 5). The asterisk indicates significant differences between experimental 
groups and the control of the same sampling time (p < 0.05). 

Fig. 3. Atrophy index in digestive gland of Mytilus galloprovincialis (n = 12) 
exposed to different concentrations of Li (0, 0.1, 1, 10 mg/L) at different 
exposure times (0, 1, 7 and 21 days). Intervals indicate standard deviation. The 
asterisk indicates significant differences between experimental groups and the 
control of the same sampling time (p < 0.05). The letters indicate significant 
differences for each treatment throughout time (p < 0.05). 
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reported for freshwater fish such as Pimephales promelas and Tanichthys 
albonubes were in the range of 1.2–62 mg/L Li, which implies a relatively 
low acute toxicity compared to concentrations found in the environment 
with the exception of Li mining areas (Aral and Vecchio-Sadus, 2008). 
However, there is not enough information to evaluate the relative 
importance of Li toxicity in marine ecosystems. The LC50 for 
M. galloprovincialis is 153.78 mg/L Li after 9 days of exposure, which is 
comparable to the LC50 of freshwater mussel Dreissena polymorpha 
established at 185–232 mg/L Li after only 24 h of exposure with LiCl (US 

EPA, 2008). Nevertheless, it seems that the toxicity for freshwater bi
valves is higher than for the marine bivalve, which could indicate a 
different sensibility of organisms to Li or the influence of salinity (Kszos 
et al., 2003). 

The LC50 found for mussels is still far from Li concentrations re
ported in seawater (0.18 mg/L; Reiman and Caritat, 1998) and in mining 
sites (1 mg/L; Concha et al., 2010; Kapusta et al., 2011; Zaldívar, 1980), 
or from the highest concentration found in the environment which is in 
the Dead Lake in Israel (14 mg/L; Aral and Vecchio-Sadus, 2008, 2011). 
At first, it seems that there is no extreme risk for the environment, 
however, Li is not a target component for most of the routine chemical 
analysis in water and more information is required to measure Li levels 
in different environments and assess its evolution in different 
ecosystems. 

In order to get a complete toxicopathological characterization for 
this metal, analysis of the effect that Li can exert on biota at sublethal 
levels must be achieved. To determine an accurate realistic and effective 
sublethal exposure concentration, the LC10 value was determined in 
15.13 mg/L Li for mussels of the present study. Moreover, realistic 
concentrations found in different environmental scenarios 0.1 mg/L Li, 
(Reiman and Caritat, 1998), 1 mg/L Li (Concha et al., 2010; Kapusta 
et al., 2011; Zaldívar, 1980) and 10 mg/L Li (Aral and Vecchio-Sadus, 
2008, 2011) were used in a mid-term experiment (21 days). Concen
trations were kept below 15 mg/L Li (LC10) to ensure a sublethal 
exposure. 

In the present study, an evident bioaccumulation of Li was observed 
in a dose-dependent manner with highest bioaccumulation recorded in 
mussels exposed to 10 mg/L Li for 21 days (61.86 μg Li/g d.w.). In 
mussels soft tissue, Li levels were similar to those recorded in a previous 
study by Viana et al. (2020), where mussels exposed to 0.1 and 0.75 
mg/L of Li for 28 days, bioaccumulated the metal at 0.7 and 1.4 μg/g d. 
w., respectively. The accumulation of Li in mussels exposed to 0.1 mg/L 
and 1 mg/L in the present study is slightly higher (2.47 and 7.03 μg Li/g 
d.w., respectively) but comparable with this data, showing a reproduc
ibility and a stable accumulation pattern of Li in mussels. Although these 
levels of Li are not expected to produce acute toxicity, potential suble
thal effects of the metal should be assessed, as suggested by Aral and 

Fig. 4. Sections of the digestive gland stained with haematoxylin-eosin in (A, B) control mussel, (C, D) mussel exposed to 10 mg/L Li for 21 days. Note the high 
atrophy levels (*) in the digestive alveoli. Scale bars: 100 μm, CT: connective tissue, DA: digestive alveoli; arrow head: degenerative alveoli. 

Fig. 5. Connective tissue index in digestive gland of Mytilus galloprovincialis (n 
= 12) exposed to different concentrations of Li (0, 0.1, 1, 10 mg/L) at different 
exposure periods. Intervals indicate standard deviation. The asterisk and the 
bars indicate significant differences between experimental group and the con
trol of the same sampling time (p < 0.05). The letters indicate significant dif
ferences for each treatment throughout time(p < 0.05). 
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Fig. 6. Sections of the digestive gland stained with haematoxylin-eosin in a mussel exposed to 10 mg/L Li at (A) day 1 of exposure and (B) day 21 of exposure. Note 
the high proportion of connective tissue (*) in the digestive gland as a result of Li-exposure. Scale bars: 100 μm, CT: connective tissue. 

Fig. 7. Sections of the digestive gland stained with haematoxylin-eosin in mussels exposed to 10 mg/L Li at day 7 of exposure (A. B). Note the haemocytic infiltration 
(*) under the stomach epithelium as a result of Li-exposure. Scale bars: 100 μm, DA: digestive alveoli, L: lumen of the stomach. 

Fig. 8. Sections of the digestive gland stained with haematoxylin-eosin in a mussel exposed to 1 mg/L Li at day 21 of exposure. Note the brown cell infiltration in the 
stomach epithelium (A, B, C) and around the digestive alveoli (D) as a result of Li-exposure. Scale bars: 100 μm, L: lumen of the stomach, black arrow head: brown 
cells, red arrow head: haemocytes. 
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Vecchio-Sadus (2008). 
In mollusks, the organ which plays the main role in the metabolism, 

detoxification and in biological responses to pollutants is the digestive 
gland (Garmendia et al., 2011; Kim et al., 2006; Marigómez et al., 2006). 
Other researchers such as Garmendia et al. (2010) and Rocha et al. 
(2016) have demonstrated that mollusks exposed to pollutants exhibit a 
significant loss in the digestive gland epithelium, which leads to atrophy 
of the digestive epithelium or less digestive diverticula in relation to 
connective tissue. This may be associated with a degenerative process 
indicating pathological conditions in bivalves (Benito et al., 2017; 
Carella et al., 2015). In the present study, significant differences in at
rophy of the digestive alveoli epithelium were found upon exposure to Li 
and throughout time. This means that Li not only affects in a 
dose-dependent manner but also in a time-dependent manner when 
referring to digestive gland atrophy. Similar results were obtained by 
Pinto et al. (2019), who described a progressive increase in digestive 
system atrophy in a dose-dependent manner in mussels exposed to 0.1, 1 
and 10 mg/L of other emerging pollutants such as lanthanum. 

Together with atrophy, the proportion of connective tissue in the 
digestive gland may increase due to the loss of the digestive alveoli. In 
this way, a reduction of integrity of the digestive gland may happen. 
High proportion of connective tissue compared to the proportion of 
digestive tissue has been reported to indicate a loss of integrity of the 

digestive gland caused by adverse environmental conditions or as a 
response to pollutant exposure (Benito et al., 2017; Garmendia et al., 
2011; Marigómez et al., 2006). In agreement with these studies, high 
values of connective tissue index were also found in the digestive gland 
of mussels exposed to Li. Moreover, connective tissue proportion 
changes significantly after 21 days of exposure both in mussels exposed 
to the medium and the high concentration of Li. As this alteration is 
indicative of potential tissue-level effects that would compromise the 
detoxification and digestive functions of the digestive gland, these re
sults are of critical importance when considering the potential impact of 
sublethal doses of Li in mussels. Moreover, considering the trends 
observed in the present study, potential effects are still to be expected at 
low concentrations in the mussel digestive system if the exposure is 
maintained for longer. 

Brown cell infiltration in the gonad has been directly linked to 
resorption processes during the gametogenesis and can be induced when 
environmental conditions are unfavorable for spawning (Newell, 1989; 
Suárez et al., 2005). These statements appear to be in line with the 
present work, since the energy demand could be higher in Li exposed 
mussels as a consequence of the ongoing detoxification processes (that 
could lead to epithelial thinning, among other effects). Under this 
demanding condition, gonad reabsorption would be intensified, as 
described by Soto et al. (2000). However, this brown cell prevalence 

Fig. 9. Sections of the digestive gland stained with haematoxylin-eosin in a mussel exposed to 10 mg/L Li at day 21 of exposure. Note the increase in degenerative 
digestive alveoli (A, B, C, D) as a result of Li-exposure. Scale bars: 100 μm, *: degeneration area, black arrow head: degenerative digestive alveoli, red arrow head: 
haemocytes, green arrow: brown cells. 

Table 2 
Prevalence (%) of Nematopsis sp., Mytilicola sp., granulocytomas, haemocytic infiltrations, brown cell infiltrations in gonad (GO) and digestive gland (DG) and 
degeneration of the digestive gland which is next to the stomach found after histopathological analysis of Mytilus galloprovincialis samples (n = 12) in sublethal 
experiment. C: control; L: low, 0.1 mg/L Li; M: medium, 1 mg/L Li; H: high, 10 mg/L Li.   

T0 Day 1 Day 7 Day 21 

C L M H C L M H C L M H 

Nematopsis sp. (DG) 100 100 100 100 100 100 100 100 100 100 100 100 100 
Mytilicola sp. (DG) 56 83 50 33 50 42 25 25 42 50 50 25 67 
Granulocytoma (DG) 11 0 8 8 8 17 8 8 0 9 0 8 8 
Haemocytic inf. (DG) 33 25 83 75 75 42 67 83 100 25 58 58 92 
Brown Cells (GO) 22 50 67 58 67 33 50 33 42 42 75 42 50 
Brown Cells (DG) 22 25 50 42 58 42 25 83 50 33 67 92 67 
Degeneration (DG) 11 17 17 25 25 25 33 67 75 33 17 50 83  
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could also be explained by the slow and less intense process of game
togenesis that mussels perform in winter, which ends up in no effective 
spawning (Newell, 1989). Since our mussels were collected in 
November, further research is needed at different seasons, in order to 
demonstrate the effects of Li at different natural condition that is known 
to modulate the responses to pollutants (Blanco-Rayón et al., 2020; 
Benito et al., 2019). 

Several authors stated that brown cells and haemocytes are included 
in response mechanisms of mollusks to metals (Lowe and Moore, 1979; 
Thomson et al., 1985), and that metal accumulation is suggested to 
happen in brown cells (Janssen and Scholz, 1979). These cells play an 
important role in metal detoxification, they might transport metals 
across the epitheliums to the organs (Zaroogian and Yevich, 1993). The 
higher haemocytic infiltration values in mussels exposed to the medium 
concentration (1 mg/L Li) compared to the ones exposed to the highest 
concentration (10 mg/L Li) suggest that the latter group of mussels 
presents a lack of haemocytic response capability, which would indicate 
that these animals are highly affected by the contaminant. Moreover, 
brown cell migration through the epithelial cells of the stomach has been 
reported previously in mussels exposed to metals (Benito et al., 2019; 
Calabrese et al., 1984; Soto et al., 1996), which coincides with present 
observations in mussels exposed to the different concentrations of Li. 

The prevalence of the degeneration of the digestive alveoli near the 
stomach also confirms a stress situation in mussels exposed to the 
highest concentration of Li. Degenerative alterations such as alveoli 
dilation or breakdown, have been reported in mussels exposed to metals 
such as copper and mercury (Krishnakumar et al., 1990) and complex 
mixture of contaminants (Bignell et al., 2011). Almost all the mussels 
exposed to higher concentrations of Li presented degenerative alveoli in 
regions near the stomach epithelium together with the previous 
described histopathological alterations. This suggests that the digestive 
gland was degenerating from the first part of the duct-system of the 
digestive gland and then would probably extent to the secondary ducts 
and alveoli. Several authors explained that this degenerative process 
may be due to the destabilization of the lysosomes, which may lead to 
autolytic processes and finally to atrophy and degeneration of the 
digestive alveoli as has been reported in different mollusks (Benito et al., 
2017 Brooks et al., 2011; Calabrese et al., 1984; Lowe, 1988; Múgica 
et al., 2015). Thus, in future experiments, it would be interesting to 
assess the responses to Li at different biological organization levels, 
specially focusing in lysosomal alterations. 

Haemocytic infiltration is considered an important biomarker of 
inflammatory response in bivalves and it is often linked to neoplasia or 
xenobiotics (Sheir and Handy, 2010; Villalba et al., 2001). In the present 
work, the haemocytic infiltration prevalence increased until day 7 but 
decreased at day 21 in mussels exposed to the medium concentration, 
which may indicate that mussels were not able to sustain their response 
and detoxification of Li. The inhibition of this immune response was also 
described in other studies with mussels exposed to diverse contaminants 
(Grundy et al., 1996; Pipe et al., 1999). In the present study, the high 
prevalence of haemocytic infiltration in mussels exposed to the highest 
concentration of Li remain high during the whole experiment related to 
the degeneration of the digestive alveoli. Higher haemocytic activity 
could reflect tissue damage along the degeneration of the digestive 
alveoli (Gosling, 2015). 

It has been described that Li has adverse effects at reproduction level 
in freshwater organisms, such as Daphnia magna, decreasing brood 
number after 21 days to Li exposure (Martins et al., 2022). In the present 
study, mussels exposed to Li did no exhibit significant changes in gamete 
development. Mussels of this experiment were mainly in post spawning 
phase, which is characterized by empty follicles only presenting a few 
residual reabsorbing gametes, thus, the detection of histopathological 
alterations in gonad was not expected. Those stages are the common 
ones for the season the experiment was performed (Ortiz-Zarragoitia 
et al., 2011). Nevertheless, Li effects in reproduction of mussels cannot 
be discarded and should be checked in further studies that should be 

performed in different seasons. 
The present study revealed that LC50 value for Mytilus gallopro

vincialis is low to provoke extreme effects within the environmental 
concentrations observed nowadays. However, the results obtained 
clearly demonstrated that Li is accumulated in soft tissues, implying that 
long-term exposure could still generate toxicopathic effects. Further
more, exposure to environmentally relevant concentrations caused his
topathological effects such as increased atrophy of the digestive 
epithelium, haemocytic and brown cell infiltration and loss of digestive 
gland integrity. 

Based on the present acute toxicity results, Li concentrations 
currently found in the environment do not represent a threat for the 
ecosystem. However, the possible sublethal effects of Li should not be 
underestimated as demonstrated by histopathological alterations 
observed; instead, Li biological effects should be assessed based on a 
complete battery of biomarkers. Overall, the present findings open new 
perspectives for the understanding of the toxic effects of Li on marine 
organisms and evidence the need for further long-term research at 
different biological organization levels. 
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Cajaraville, M.P., 2011. Effects of the fuel oil spilled by the Prestige tanker on 
reproduction-related parameters in wild mussel populations. J. Environ. Monit. 13, 
84–94. https://doi.org/10.1039/C0EM00102C. 

Pinto, J., Costa, M., Leite, C., Borges, C., Coppola, F., Henriques, B., Monteiro, R., 
Russo, T., Di Cosmo, A., Soares, A.M.V.M., Polese, G., Pereira, E., Freitas, R., 2019. 
Ecotoxicological effects of lanthanum in Mytilus galloprovincialis: biochemical and 
histopathological impacts. Aquat. Toxicol. 211, 181–192. https://doi.org/10.1016/j. 
aquatox.2019.03.017. 

Pipe, R.K., Coles, J.A., Carissan, F.M.M., Ramanathan, K., 1999. Copper induced 
immunomodulation in the marine mussel. Mytilus edulis. Aquat. Toxicol. 46 (1), 
43–54. 

Reiman, C., Caritat, P., 1998. Chemical Elements in the Environment: Factsheets for the 
Geochemist and Environmental Scientist. Springer Science & Business Media, Berlin, 
p. 398. 
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