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Abstract: Combined effects of reduced pH, as predicted under climate change scenarios, and the most
popular and widely used stimulant caffeine were assessed in hemocyte parameters of the mussel
Mytilus galloprovincialis, being hemocytes involved in immune defense. Bivalves were exposed for
one week to natural pH (8.1) and two reduced pH values (pH −0.4 units and pH −0.7 units). Exposure
continued for additional two weeks, both in the absence and in the presence of environmentally
relevant concentrations of caffeine (0.05 and 0.5 µg/L). Hemocyte parameters (total hemocyte count,
hemocyte volume and diameter, neutral red uptake and hemocyte proliferation) were measured
after 7 days of exposure to pH only, and after 14 (T1) and 21 (T2) days of exposure to the various
pH*caffeine combinations. At all sampling times, pH significantly affected all the biological variables
considered, whereas caffeine exhibited a significant influence at T2 only. Among the various hemocyte
parameters, caffeine caused a significant increase in total hemocyte count at T2, and in hemocyte
volume and diameter at both T1 and T2, when a significant interaction between pH and caffeine
was also found. Overall, results demonstrated that hemocyte functionality was strongly influenced
by the experimental conditions tested. Further studies are needed to assess combined effects of
climate changes and emerging contaminants on bivalve immune system when challenged with
environmental pathogens.
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1. Introduction

Organic wastewater contaminants, such as pharmaceuticals, occurring in fluvial, estuarine
and coastal environments have produced increasing concern on their potential ecotoxicological
effects to aquatic species [1–3]. In particular, the presence of caffeine (3,7-dihydro-1,3,7-trimethyl-1h-
purine-2,6-dione) in surface and ground waters has been detected worldwide [4–8]. Caffeine is
considered as the most common stimulant consumed by humans [9,10]. It is used in medicine
as a cardiac, cerebral, and respiratory stimulant, and as a diuretic [11]. Furthermore, it is a key
ingredient of coffee, chocolate, tea and soft and energy drinks. Globally, annual coffee consumption
increased from about 4.5 Tg in 1990 to about 10 Tg in 2013, with Europe having the highest general
mean value per capita [12]. Since coffee consumption is a valuable proxy for caffeine consumption,
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an increasing amount of caffeine is expected to enter aquatic environments. Indeed, caffeine was found
in U.S. streams at maximal levels of 6.0 µg/L (median 0.1 µg/L) [13]. Ferguson et al. [14] reported
concentrations of caffeine ranging from 0.018 to 1.25 µg/L in near-shore habitats of southern Lake
Michigan, while Siegener and Chen [15] found concentrations ranging from 0.14 to 1.6 µg/L in Boston
Harbor seawater. As recently reviewed by Rodriguez-Gil et al. [16], the highest caffeine concentrations
measured in estuarine water and seawater were 5.86 µg/L in United States [17] and 11.0 µg/L in
Australia [18], respectively. However, when considering the whole worldwide data set, the 50th
percentile concentration was 0.101 µg/L in estuary water and 0.019 µg/L in seawater. Despite that
the high consumption and environmental occurrence of caffeine are well documented, the effects of
caffeine to aquatic organisms need to be more fully investigated, especially in marine species living in
estuarine and coastal environments, which are mostly affected by human activities.

In addition to emerging contaminants, marine organisms have to face global climate changes
(GCCs). Climate change is a threat to marine biota because increased atmospheric CO2 due to human
activity is causing ocean warming, acidification, hypercapnia and decreased carbonate saturation [19].
The capability of the oceans to take up CO2 may influence seawater carbonate chemistry, with a
consequent decrease in pH values, concentration of carbonate ions and the related calcium carbonate
(CaCO3) saturation state of seawater [20]. Several reports have implied that the regular and constant
release of CO2 into the atmosphere has already caused a reduction in ocean pH values of approximately
0.1 pH units with respect to the preindustrial levels [21]. pH reductions of 0.06–0.32 and 0.7 units are
predicted to occur by the year 2100 and by the year 2300, respectively [22,23]. It is known that changes
in environmental parameters, such as temperature, salinity and pH can affect marine organisms by
altering many biological pathways. Generally, when an organism is subject to stressful conditions
it can cope with stress modifying its physiological, biochemical and behavioral responses. At the
immunological level, responses comprise a complex network of specific and non-specific humoral
and cell-mediated components. In bivalves, hemocytes are involved in many crucial physiological
functions, including nutrient transport and digestion, tissue and shell formation, maintenance of
homeostasis, and immune response [24–26].

Hemocyte-mediated immune parameters are suggested to be particularly sensitive to variations
in environmental factors [26]. For example, in clams (Ruditapes philippinarum) kept for seven days
at various temperature/salinity combinations (5, 15, 30 ◦C and 18, 38 and 38 salinity) the number
of circulating hemocytes (total hemocyte count, THC) significantly decreased in animals exposed
to 5 and 30 ◦C at both the lowest (18) and the highest (38) salinities tested [27]. Matozzo et al. [28]
showed that the exposure to various combinations of temperature, salinity and reduced pH can
significantly modify hemocyte functionality in Mytilus galloprovincialis and Chamelea gallina. In another
study, high temperatures affected some important functional responses of hemocytes in the clam
C. gallina [29]. In that study, clams were exposed for 7 days to 20, 25 and 30 ◦C before THC, phagocytosis,
lysozyme activity (in both hemocyte lysate and cell-free hemolymph), activity and expression of the
antioxidant enzyme superoxide dismutase (SOD) (in both hemocyte lysate and cell-free hemolymph)
were measured. Results showed that the highest temperature increased significantly THC in C. gallina,
while total SOD activity significantly decreased in hemocytes with increasing temperature.

However, GCCs will not only affect aquatic organisms, but they will also influence the behavior and
fate of chemical toxicants, by modifying their environmental distribution and bioavailability [30]. As an
instance, ocean acidification is predicted to affect the speciation of metals [31]. Nevertheless, variations
in environmental parameters could alter marine organisms’ susceptibility to pollutants. In mussels
(M. galloprovincialis) and clams (R. philippinarum) exposed for 14 days to seawater acidification in
combination with diclofenac, a non-steroidal anti-inflammatory drug, the overall hemocyte response
was significantly affected by both the stressors applied, even though a significant interaction between
pH and diclofenac was mainly evident in mussels [32].

With the aim of elucidating better the possible impact of emerging contaminants and acidification
to marine organisms, in this study the combined effects of lowered pH (as predicted by climate
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change scenarios) and caffeine (a widely used substance in many formulations) on some hemocyte
parameters, such as THC, hemocyte diameter and volume, neutral red (NR) uptake and hemocyte
proliferation were investigated for the first time in the Mediterranean mussel M. galloprovincialis.
This species is widespread in marine coastal areas and is extensively used as model organism in
ecotoxicological studies [33]. We choose to evaluate the combined effects of lowered pH and caffeine on
mussel hemocytes, as such cells are involved in immune responses in bivalves [24–26] and hemocyte
parameters (or immunomarkers) are widely used to evaluate the effects of environmental contaminants
in molluscs [34].

2. Materials and Methods

2.1. Animals

Specimens of M. galloprovincialis (5.0 ± 0.5 cm shell length) were collected along the west coast
of the Northern Adriatic Sea (near Cavallino Treporti, Italy, temperature 25 ◦C, salinity 35.2, pH 8.2),
and transported immediately to the laboratory. Only bivalves with undamaged shells were chosen
for the exposure, and epibionts (such as algae and barnacles) were gently removed from the mussels.
In the laboratory, the organisms were maintained for 7 days in aerated seawater at salinity, temperature
and pH values similar to those measured during the field collection.

2.2. Experimental Set-Up for Mussel Exposure

Before starting exposure, bivalves were acclimated to the experimental conditions by means
of a gradual decrease in seawater temperature (1 ◦C per day) to 22 ◦C and a gradual decrease
in pH values of approximately −0.4 or −0.7 units (U). Mussels were fed daily with microalgae
(Isochrysis galbana). The experiments were carried out during the resting phase of mussels, when
animals were not ripe (June/July), to avoid stress possibly arising from gamete emissions during the
experiments. The experimental flow-through system (Figure 1) used for mussel exposure was set-up at
the Hydrobiological Station ‘Umberto D’Ancona’ in Chioggia. A main outside reservoir containing
natural seawater (1000 L of capacity) was used to supply two tanks (about 300 L each) inside the
laboratory. The seawater (salinity of 34.4 ± 0.3), equilibrated to the controlled laboratory temperature
(22 ◦C), moved on to three tanks of about 120 L capacity, where the pH was adjusted to experimental
values by bubbling CO2. To this end, an automatic control system (ACQ110 Aquarium Controller
Evolution by Aquatronica) connected with pH electrodes (ACQ310N-PH by Aquatronica) was used.
Lastly, the seawater was pumped (25 mL/min, using ACQ450 Dosing pumps by Aquatronica) into the
experimental tanks (A, B and C, approximately 50 L each) containing the mussels.

Throughout the first week of exposure, animals were exposed to three pH values: natural pH
(pH N; mean value of 8.07) and decreased pHs as projected for the year 2100 (−0.4 pH units; pH
−0.4) and 2300 (−0.7 pH units; pH −0.7) [22,23]. Throughout the second and the third week, they
were exposed to three concentrations of caffeine (0, 0.05 and 0.5 µg/L) for each pH value. For each
concentration, two replicate tanks (with 70 bivalves each) were prepared (control without contaminant:
C-A, C-B; caffeine 0.05 µg/L: D1-A, D1-B; caffeine 0.5 µg/L: D2-A, D2-B).

The experimental concentrations of caffeine were kept constant during the experiments by
distributing continuously the stock solutions of the chemical (prepared in distilled water) using
peristaltic pumps (1 mL/min, by means of a MCP Process Pump, mod. ISM915A, provided with a
MS/CA pumphead, mod. ISM724A, ISMATEC) from two 15 L glass jars. Based on the two combined
flows (25 mL/min for seawater and 1 mL/min for the caffeine solution, respectively), the concentrations
of caffeine in the two glass jars were calculated to be 25 times higher than those required in the
respective tanks with mussels.
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Figure 1. The experimental flow-through system.

Of the experimental combinations, the control without caffeine at pH N was considered as a
reference. During the experiments, mussels were fed twice a day by supplying 250 mL of microalgae
(3.5 − 106 cells/mL) (Isochrysis galbana) in each 120 L tank, thus maintaining an algal concentration
of approximately 2000 cells/mL in the experimental tanks with bivalves. Parameters of seawater
carbonate chemistry (i.e., pHT, total alkalinity, dissolved inorganic carbon, pCO2, calcite and aragonite
saturation state) were monitored two to three times a week; methods in detail are reported in Munari
et al. [35] and data are shown in Table 1. Mussel mortality was checked daily. At the end of the first
(T0), the second (T1) and the third (T2) week of exposure, hemolymph was collected from mussels.
For each experimental condition, 6 pools of hemolymph (3 pools per tank from 7 animals each) were
used to assess hemocyte parameters.

Table 1. Seawater carbonate chemistry parameters (mean values ± SE) throughout the experiment.
TA = total alkalinity; DIC = total dissolved inorganic carbon; pCO2 = CO2 partial pressure;
Ωcal = calcite saturation state; Ωarg = aragonite saturation state.

Sampling Time Conditions
(pH and Diclofenac) pHT TA DIC pCO2 Ωcal Ωarg

T0
N pH 8.07 ± 0.01 2884.42 ± 32.08 2665.50 ± 30.58 631.47 ± 14.39 5.72 ± 0.09 3.76 ± 0.06

pH −0.4 7.76 ± 0.01 2800.33 ± 21.06 2681.52 ± 17.34 1080.65 ± 31.21 3.62 ± 0.10 2.38 ± 0.06
pH −0.7 7.34 ± 0.03 2894.53 ± 30.64 2923.77 ± 25.36 3248.09 ± 214.45 1.56 ± 0.11 1.02 ± 0.07

T1–T2

N pH
0.00 µg/L 8.14 ± 0.03 2848.91 ± 10.38 2539.97 ± 12.27 399.19 ± 39.00 7.71 ± 0.34 5.07 ± 0.22
0.05 µg/L 8.14 ± 0.04 2840.80 ± 6.34 2529.65 ± 13.70 391.60 ± 37.96 7.76 ± 0.38 5.10 ± 0.25
0.50 µg/L 8.14 ± 0.04 2841.81 ± 8.03 2531.97 ± 15.17 395.75 ± 31.85 7.73 ± 0.31 5.09 ± 0.20

pH −0.4
0.00 µg/L 7.71 ± 0.04 2837.30 ± 10.42 2734.99 ± 19.68 1262.87 ± 122.78 3.34 ± 0.25 2.20 ± 0.17
0.05 µg/L 7.73 ± 0.03 2825.60 ± 10.79 2713.87 ± 13.89 1167.10 ± 87.11 3.49 ± 0.18 2.30 ± 0.12
0.50 µg/L 7.74 ± 0.04 2820.23 ± 9.65 2708.33 ± 19.47 1143.96 ± 152.52 3.49 ± 0.19 2.29 ± 0.13

pH −0.7
0.00 µg/L 7.39 ± 0.01 2879.65 ± 18.05 2886.92 ± 19.91 2734.47 ± 156.34 1.72 ± 0.12 1.13 ± 0.08
0.05 µg/L 7.42 ± 0.02 2883.54 ± 19.37 2882.98 ± 26.64 2566.18 ± 162.27 1.81 ± 0.12 1.19 ± 0.08
0.50 µg/L 7.43 ± 0.02 2878.18 ± 16.18 2872.24 ± 24.44 2504.41 ± 181.90 1.87 ± 0.12 1.23 ± 0.08
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2.3. Hemolymph Parameters

Hemolymph (about 300 µL per mussel) was collected from the adductor muscles with a 1 mL
plastic syringe and stored in ice. To prevent clotting, an equal volume of 0.38% sodium citrate (Sigma)
in 0.45 µm-filtered sea water (FSW), pH of 7.5, was added to hemolymph samples. One hundred µL of
pooled hemolymph were used to measure the THC, whereas 500 and 400 µL of hemolymph were used
to assess NR uptake and hemocyte proliferation, respectively.

To determine THC and hemocyte volume and diameter, a ScepterTM Handheld Automated Cell
Counter (Millipore) was used for each measurement, 20 µl of pooled hemolymph were added to 2 mL
of isotonic solution (COULTER ISOTON II Diluent). THC results were expressed as the number of
hemocytes (−106)/mL hemolymph, whereas hemocyte diameter and volume were expressed in µm
and picoliters (pL), respectively.

NR uptake assay was performed following the method reported in previous studies [36,37]. Pooled
hemolymph was centrifuged at 780 g for 10 min. Hemocytes (at a final concentration of 106 cells/mL)
were resuspended in an equal volume of 8 mg/L NR dye (Merck) solution in FSW. They were incubated
at room temperature for 30 min and then centrifuged at 780 g for 10 min; subsequently, they were
resuspended in distilled water, sonicated at 4 ◦C for 30 s with a Braun Labsonic U sonifier at 50%
duty cycles, and centrifuged at 12,000 g for 15 min at 4 ◦C. After that, the supernatant, i.e., hemocyte
lysate (HL), was collected for the NR uptake assay. Absorbance at 550 nm was measured with a
Beckman 730 spectrophotometer. The results were expressed as optical density per ml hemolymph
(OD/mL hemolymph).

Hemocyte proliferation was assessed using a colorimetric method of a commercial kit
(Cell proliferation Kit II, Roche). The assay is based on the cleavage of the yellow tetrazolium
salt XTT to produce an orange formazan dye in viable cells. In brief, the XTT labelling reagent and
electron-coupling reagent were thawed at 37 ◦C and mixed immediately before use to obtain the XTT
labelling mixture. Two hundred µL of the mixture were added to 400 µL of pooled hemolymph and then
incubated for 4 h in a dark humidified chamber. The absorbance at 450 nm was then determined using
a Beckman 730 spectrophotometer. The data were expressed as optical density (OD)/mL hemolymph.

2.4. Statistical Analysis

Data were checked for normal distribution (Shapiro–Wilk test) and homogeneity of variances
(Bartlett’s test). As ANOVA assumptions were not fulfilled, a non-parametric approach was used for
comparison of the results. The whole data set obtained at each sampling time was statistically analyzed
using permutational multivariate analyses of variance (PERMANOVA, with 9999 permutations),
in order to detect significant effects of pH, caffeine and interactions between pH and caffeine. Data from
each biomarker were then analyzed with PERMANOVA to determine significant effects on the single
hemocyte parameters. Furthermore, PERMANOVA was used to run relevant pair-wise comparisons
among and within pH and caffeine levels. For each biomarker, the null hypotheses tested were: at T0,
no significant difference exists among pH levels (N, −0.4 and −0.7); at T1 and T2, (i) for each pH tested,
no significant difference exists among caffeine concentrations (0.00, 0.05 and 0.50 µg/L) and (ii) for
each caffeine concentration tested, no significant difference exists among pH levels (N, −0.4 and −0.7).
Statistical significance was set at p ≤ 0.05. Since low number of unique values from permutations
sometimes impeded to make inference at the desired level of significance, the Monte-Carlo procedure
was used to calculate p-values. The software package PRIMER 6 PERMANOVA Plus (PRIMER-E Ltd.,
Plymouth, UK) was used for the statistical analyses.

3. Results

Results of the PERMANOVA analysis are reported in Table 2. Significant effects of pH on the
overall cellular responses of mussels were detected during the whole experiment, whereas a significant
effect of caffeine was observed only at T2. The interaction between pH and caffeine did not cause
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significant alterations (Table 2). For each hemocyte-related biomarker measured, significant effects
of the experimental factors, namely pH at T0, pH, caffeine and pH*caffeine at T1 and T2, were also
observed (Table 2).

Table 2. PERMANOVA results. Pseudo-F values (indicated as F) and Monte Carlo p-values for all the
parameters and for each single parameter measured in hemocytes of Mytilus galloprovincialis throughout
the experiment performed at three pH levels (pH N, pH −0.4 and pH −0.7), in the absence (T0: 7-days
exposure) or in the presence of 0.05 and 0.50 µg/L caffeine (T1: from day 7 to 14; T2: from day 14 to 21)
are listed. Significant results are in bold. Abbreviations: THC = total hemocyte count; NRU = neutral
red uptake.

Sampling Time Factors All Variables in THC Haemocytes
Volume (pl)

Haemocytes
Diameter (µm) NRU Cell

Proliferation

T0 pH F(2,89) = 3.181
p(MC) = 0.047

F(2,89) = 2.281
p(MC) = 0.106

F(2,89) = 5.301
p(MC) = 0.006

F(2,89) = 4.562
p(MC) = 0.013

F(2,89) = 13.403
p(MC) < 0.001

F(2,89) = 6.320
p(MC) < 0.001

T1

pH F(2,53) = 8.968
p(MC) < 0.001

F(2,53) = 8.285
p(MC) < 0.005

F(2,53) = 1.825
p(MC) = 0.175

F(2,53) = 3.363
p(MC) = 0.046

F(2,53) = 19.306
p(MC) < 0.001

F(2,53) = 14.833
p(MC) < 0.001

caffeine F(2,53) = 0.416
p(MC) = 0.6624

F(2,53) = 0.275
p(MC) = 0.758

F(2,53) = 19.994
p(MC) < 0.001

F(2,53) = 20.295
p(MC) < 0.005

F(2,53) = 0.643
p(MC) = 0.522

F(2,53) = 2.125
p(MC) = 0.132

pH*caffeine F(4,53) = 1.268
p(MC) = 0.291

F(4,53) = 1.108
p(MC) = 0.360

F(4,53) = 1.209
p(MC) = 0.283

F(4,53) = 2.051
p(MC) = 0.102

F(4,53) = 3.497
p(MC) = 0.014

F(4,53) = 0.914
p(MC) = 0.459

T2

pH F(2,53) = 3.712
p(MC) = 0.032

F(2,53) = 3.621
p(MC) = 0.033

F(2,53) = 1.997
p(MC) = 0.150

F(2,53) = 2.019
p(MC) = 0.142

F(2,53) = 17.974
p(MC) < 0.001

F(2,53) = 20.194
p(MC) < 0.001

caffeine F(2,53) = 5.684
p(MC) = 0.007

F(2,53) = 5.489
p(MC) = 0.008

F(2,53) = 25.008
p(MC) < 0.001

F(2,53) = 41.010
p(MC) < 0.001

F(2,53) = 1.970
p(MC) = 0.158

F(2,53) = 0.144
p(MC) = 0.869

pH*caffeine F(4,53) = 1.079
p(MC) = 0.375

F(4,53) = 1.138
p(MC) = 0.355

F(4,53) = 0.772
p(MC) = 0.553

F(4,53) = 0.802
p(MC) = 0.529

F(4,53) = 2.960
p(MC) = 0.028

F(4,53) = 0.0548
p(MC) = 0.992

Significant differences between treatments are shown in Figures 2 and 3, at T1 and T2, only when
a significant effect of the pH*caffeine interaction was found. Furthermore, statistically significant
differences between groups of animals exposed to different experimental pHs or different caffeine
concentrations are reported in Table 3.

Table 3. Statistical comparisons between experimental groups. Significant results are in bold.

T1

pH N−0.7pH −0.4 pH N−0.7pH −0.7 pH −0.4−0.7pH −0.7

THC 0.013 0.003 0.035
Haemocytes Diameter (µm) 0.200 0.009 0.225

NRU <0.001 <0.001 0.052
Cell proliferation <0.001 <0.001 0.348

0.00 µg/L−0.70.05 µg/L 0.00 µg/L−0.70.50 µg/L 0.05 µg/L−0.70.50 µg/L

Haemocytes Volume (pl) 0.042 <0.001 <0.001
Haemocytes Diameter (µm) 0.052 <0.001 <0.001

T2

pH N−0.7pH −0.4 pH N−0.7pH −0.7 pH −0.4−0.7pH −0.7

THC 0.566 0.015 0.021
NRU <0.001 <0.001 0.052

Cell Proliferation <0.001 <0.001 0.938

0.00 µg/L−0.70.05 µg/L 0.00 µg/L−0.70.50 µg/L 0.05 µg/L−0.70.50 µg/L

THC 0.005 0.262 0.005
Haemocytes Volume (pl) 0.796 <0.001 <0.001

Haemocytes Diameter (µm) 0.790 <0.001 <0.001

THC was significantly affected by reduced pH at both T1 and T2, with an opposite trend between
the two sampling times (Table 2). While at T1 a significant increase in THC was observed at pH
−0.7 compared to organisms kept at pH N at all caffeine concentrations (Figure 2A, Table 3), at T2 a
significant reduction of THC values was observed in mussels kept at pH −0.7, compared to pH N.
Caffeine had significant effects at T2 only, while a significant interaction between pH and caffeine was
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never observed (Table 2). In particular, a reduction in THC was observed in mussels exposed to 0.05
and 0.5 µg/L of caffeine compared to controls at both pH N and pH −0.4 (Figure 2A, Table 3).J. Mar. Sci. Eng. 2020, 8, 238 9 of 16 
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Figure 2. THC (number of hemocytes*106/mL hemolymph) (A), hemocyte volume (pL) (B) and
hemocyte diameter (µm) (C) in M. galloprovincialis. Values are the means ± SE (n = 6). Columns are
white for 0.00 µg/L caffeine concentration, light grey for 0.05 µg/L caffeine concentration and dark
grey for 0.50 µg/L caffeine concentration. At T0, differences among pH N, pH −0.4 and pH −0.7 are
presented with lower-case letters (a–c).

In details, hemocyte volume was significantly influenced by reduced pH only at T0 (Table 2,
Figure 2B), with significantly bigger hemocytes in mussels reared at pH −0.7 compared to those at
pH N and pH −0.4. Volume was significantly increased by caffeine at both T1 and T2 especially at
the highest concentration tested (Table 3). Hemocytes diameter was significantly influenced by pH
at both T0 and T1.While at T0 there was no clear pattern of variation, at T1 a significant increase in
hemocyte size was observed in mussels reared at pH −0.7 compared to those at pH N and pH −0.4
(Tables 2 and 3, Figure 2C). In addition, diameter was significantly influenced by caffeine at both T1
and T2 at all pH levels, especially in mussels kept at 0.5 µg/L that showed to have significantly bigger
hemocytes when compared to control mussels and those exposed to 0.05 µg/L.

NR uptake was significantly affected by pH at all sampling times (Tables 2 and 3, Figure 3A).
However, a clear trend was observed at T1 only, with an increased uptake capability of the hemocytes
of mussels maintained at pH −0.4 and −0.7 compared to the pH N. A significant combined effect of pH
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and caffeine was also observed at both T1 and T2. After the first week of exposure to caffeine, at both
pH N and pH −0.4 in presence of caffeine the NR uptake capability was reduced, while at pH −0.7 an
opposite trend was revealed, even if the differences among caffeine concentrations within the different
pH levels were not significant. At T2, a significant difference between 0.05 and 0.5 µg/L condition was
found at pH −0.4, with reduced values of NR uptake at the highest dose.
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Figure 3. Hemocyte NR uptake (A) and hemocyte proliferation (B) in M. galloprovincialis. Values are
the means ± SE (n = 6). Columns are white for 0.00 µg/L caffeine concentration, light grey for 0.05 µg/L
caffeine concentration and dark grey for 0.50 µg/L caffeine concentration. Significant differences
(p < 0.05) among treatments are shown at T1 and T2 only when a significant effect of the pH*diclofenac
interaction was found. Differences among pH N, pH−0.4 and pH−0.7 at the same caffeine concentration
are presented with lower-case letters (a–c) at the caffeine concentration of 0.00 µg/L, with capital letters
(A–C) at the caffeine concentration 0.05 µg/L and with Greek letters (α–β) at the caffeine concentration
of 0.50 µg/L. At each pH value, asterisks represent significant biomarker variations between different
caffeine concentrations.

Cell proliferation was affected only by pH during the whole experiment (Table 2, Figure 3B).
A significant increase with decreasing pH was observed at T0, while cell proliferation recorded in
mussels kept at pH −0.4 and −0.7 was significantly lower than pH N at both T1 and T2 (Table 3).

4. Discussion

Alterations in hemocyte morpho-functional parameters have been reported for bivalves
after exposure, both in vitro and in vivo, to organic and inorganic contaminants, such as heavy
metals [38–40], organotins [37] and polycyclic aromatic hydrocarbons (PAHs) [41,42]. More recently,
increasing attention has been addressed to the evaluation of potential immunotoxic effects of
emerging contaminants, such as pharmaceuticals and personal care products (PPCPs) [43–47] and
nanoparticles [48–50].

In this study, the effects of caffeine, commonly used as a stimulant in a variety of products, were
investigated under different seawater pH values for the first time in various hemocyte parameters of
M. galloprovincialis. Literature about caffeine toxicity in non-target aquatic organisms is limited. As for
bivalves, the sub-lethal cellular toxicity of environmentally relevant concentrations of caffeine was
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investigated in the mussel Mytilus californianus [51]. In that study, Hsp70 concentrations in the gill and
mantle tissues of mussels exposed to 0.05, 0.2, and 0.5 µg/L of caffeine for 10, 20, and 30 days were
compared to basal levels of the control mussels. Exposure to caffeine at a dose of 0.05 µg/L induced
a moderate up-regulation of Hsp70 in the gill lamellae of M. californianus after 20 days of exposure,
while in the highest caffeine concentration (0.5 µg/L), no increase in Hsp70 expression was observed
throughout the experiment. In M. galloprovincialis, exposure to 0.005, 0.05 and 0.5 µg/L of caffeine for
7 days triggered a significant decrease of lysosomal membrane stability in both hemocytes and digestive
glands (at 0.05 and 0.5 µg/L) and a significant increase of lysosomal content of neutral lipids (at 0.5 µg/L).
A significant increase in the activity of the biotrasformation enzyme glutathione-S-transferase was also
observed in digestive glands (at 0.005 and 0.5 µg/L) [52].

After 14 days of exposure to caffeine in the range of 0.1–50 µg/L, significant detrimental effects
were observed in the clam Ruditapes philippinarum, with a dose-dependent reduction in hemocyte
lysosomal membrane stability [51]. Values of biomarkers of oxidative stress and biotrasformation
phase I and II were significantly higher in digestive glands, mostly at the highest caffeine concentrations
tested. Acetylcholinesterase (AChE) activity, as a biomarker of neurotoxicity, increased significantly at
0.1 µg/L, but was significantly inhibited at all the other concentrations [53]. Although AChE activity
was not assessed, very similar responses were obtained in the freshwater clam Corbicula fluminea
exposed for 21 days to the same caffeine concentrations tested in R. philippinarum [54]. Impairment in
lysosomal membrane stability of hemocytes after exposure to caffeine at doses as low as 0.05–0.1 µg/L
suggest that immune cells can be a target for this substance in invertebrates [52–55], showing immune
modulatory effects like those observed in rodents and humans [56].

Not only the exposure to contaminants can modify hemocyte parameters in bivalves. It is well
documented that changes in environmental parameters can influence hemocyte functionality as shown
in various studies concerning the effects of temperature [29,57,58] and salinity [59,60], as well as
their combination [27]. Similarly, effects of pH alone [61–63] under various temperature and salinity
values [28] were demonstrated in several bivalve species.

When evaluating potential effects of environmental stressors, variations in hemocyte functionality
represent crucial endpoints as they are expression of altered physiological performance and, most of
all, they may result in a reduced immunosurveillance, which increases susceptibility to diseases and
lowers survival capability. THC is one of the most used bivalve immunomarkers to evaluate negative
effects of stressors (including pollutants) to animals [64]. Generally, increased THC may be due to either
proliferation or movement of cells from tissues into hemolymph, whereas decreased THC are caused
by cell lysis or increased cell movement from hemolymph to tissues [65,66]. In this study, THC was
significantly affected by reduced pH, confirming previous results obtained in both M. galloprovincialis
and R. philippinarum [32]. After the first week of exposure, an increase in THC was observed at reduced
pH. It is important to note that circulating hemocytes from bivalves, as demonstrated in mussels and
clams, can divide in the hemolymph [67,68] and that contaminants, including pharmaceuticals, can
stimulate the mitotic activity of bivalve hemocytes [45,69]. At T1, higher THC levels at low pH may
be a consequence of the increased hemocyte proliferation recorded at T0 as a response to decreased
pH, with a significant difference at pH −0.7 compared to pH N. However, the same increasing trend
in hemocyte proliferation was not maintained at T1, but a significant reduction was revealed under
reduced pH conditions, showing similar values in the absence and in the presence of caffeine. At the
end of the experiment, a reverse pattern of THC variation respect to T1 was observed, higher values
being occurred in the absence of caffeine at pH N and −0.4, and lower ones in all conditions tested at
pH −0.7. At pH −0.7, prevailing effect of reduced pH masked the detrimental effect of caffeine on THC.

Unlike this study, Bibby et al. [61] found that a 32-day exposure to different pH levels (7.8, 7.7, 7.5
and 6.7) did not cause significant effects on total and differential cell counts in Mytilus edulis. Interestingly,
both hemocyte volume and diameter showed to be affected by the experimental conditions tested,
in particular following exposure to caffeine. Indeed, both parameters were significantly increased by
caffeine at T1 and T2, with the highest values at the higher caffeine concentration (0.5 µg/L) at all pH
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tested. Overall, hemocyte size measurement indicated a dose-dependent effect of caffeine and additive
effect of reduced pH and caffeine. Our results are consistent with those reported for hemocyte size in
mussels exposed to reduced pH and diclofenac [32], even though the effects of caffeine were more
evident than that of diclofenac.

The cationic probe NR is commonly used to evaluate the effects of stressors on lysosomal
membrane stability in bivalve hemocytes [38,53,70–72]. The uptake of NR by hemocytes occurs either
by pinocytosis or by passive diffusion across cell membranes [73]. Consequently, alterations in dye
uptake reflect damage to cell membranes (including lysosomal membranes) and/or weakening of
hemocyte pinocytotic capability. In this study, we demonstrated that the maintenance of bivalves at
reduced pH significantly increased NRU by hemocytes after one week of exposure, suggesting an
increase in pinocytotic activity, probably related to the increased THC levels and the greater hemocyte
volume and diameter observed at T0 in animals kept at pH −0.7. In the study of Matozzo et al. [28],
the exposure of C. gallina to reduced pH, high temperature (28 ◦C) and low salinity (28) induced
hemocytes to become more active, increasing NRU. Additionally, Bibby et al. [61] found increased
levels of phagocytosis in M. edulis exposed to reduced pH values. In a recent study [52], a 7-day
exposure of M. galloprovincialis to caffeine caused a significant decrease in lysosomal membrane stability
evaluated by neutral red retention time (NRRT) at the concentration of 0.5 µg/L. Similarly, a significant
NRRT decrease was found in R. philippinarum exposed for 14 days to 0.1 µg/L [54]. Using the same
experimental design adopted in the present study to assess the combined effects of pH and diclofenac,
only exposure to reduced pH was shown to significantly affect NRU in both M. galloprovincialis and
R. philippinarum at all sampling time, even though different patterns of variation were observed in
the two species [32]. Additionally, in our study a significant effect of pH persisted during the whole
experiment. As for caffeine, although a slight dose-dependent reduction in NRU by hemocytes was
observed in animals kept at pH N and −0.4 at T1, the trend was opposite at pH −0.7. At T2, a significant
NRU increase was observed at the lower caffeine concentration under reduced pH, however NRU
values were quite similar at −0.7 pH for all caffeine concentrations tested. These findings highlighted
the significant interaction between the two stressors at both T1 and T2.

Overall, our results suggest that environmental concentrations of caffeine and seawater acidification
may impact the physiological condition and functionality of the hemocytes in mussels, mostly by
altering their size and pinocytotic activity. Further investigations, however, are needed to address
the toxicity of this widespread contaminant on sentinel species. In particular, since effects on cell
membrane functionality were highlighted also in other studies under acidified conditions [61], further
studies should investigate the combined effects of global climate changes and emerging contaminants
on marine bivalves when their immune system is challenged with environmental pathogens.
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