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The exposure of ecologically critical invertebrates to pharmaceutically active compounds in aquatic

environments has been one of the major concerns over the past decade, which also adds serious risk to

the aquatic ecosystem. However, the metabolic level perturbations in invertebrates in response to sub-

lethal doses of pharmaceuticals are still rarely studied, especially in the marine coastal environment. In

this study, the diclofenac regulation of southern hard clam Mercenaria campechiensis metabolites at

different time points and concentrations was investigated using NMR-based metabolomics. As a result,

clam metabolic profile perturbations were observed under both low and high concentrations of

diclofenac exposure in one week according to principal component analysis (PCA) and partial least

squares-discriminant analysis (PLS-DA); however, the potential influenced metabolic pathways were

distinctly different. The low-concentration group showed significant taurine upregulation, which

indicated self-protection from osmotic stress. However, the metabolites succinate, alanine, and

glutamate were significantly upregulated at the relatively high concentration of diclofenac, which was

a sign of anaerobic activities. The metabolic profile perturbations in week 2 showed high similarity in

both low- and high-concentration groups, and the osmotic protectants betaine and taurine were

significantly downregulated. The study indicated the early markers of diclofenac exposure in M.

campechiensis, which provided pioneering results for monitoring the toxicity of pharmaceuticals to

marine coastal water.

Environmental signicance

Pharmaceutically active compounds in the aquatic environment have drawn serious concerns to the aquatic ecosystem. However, the metabolic level pertur-

bations in marine coastal invertebrates in response to pharmaceuticals are rarely studied. In this study, NMR-based metabolomics was applied to the southern

hard clamM. campechiensis exposed to different sublethal doses of diclofenac for the targeted metabolic pathway analysis and early marker discovery. The clam

metabolic prole perturbations observed under early-stage low concentrations of diclofenac exposure were distinctly different from the higher concentrations or

relatively long-term groups. The low-concentration group showed signicant taurine upregulation, which indicated self-protection from osmotic stress.

However, the metabolites succinate, alanine, and glutamate were signicantly upregulated at the relatively high concentration of diclofenac, which was a sign of

anaerobic activities. The potential metabolic marker discovery is expected to provide powerful tools for the future prediction and control of diclofenac

contamination of the marine environment.

1. Introduction

Pharmaceuticals and personal care products (PPCPs) have drawn

increasing concern over the last decade due to their persistence

in the environment and potential effects on non-target

organisms.1–4 Nonsteroidal anti-inammatory drugs (NSAIDs)

are one of the major classes of PPCPs that have been used

globally5 and have been constantly released to the aquatic envi-

ronment due to universal consumption, low human metabolic

capability, improper disposal, and incomplete removal from

wastewater treatment plants.6,7 Diclofenac is one prescribed

NSAID that has been widely detected in various aquatic ecosys-

tems ranging from the ng L−1 to mg L−1 range in surface

seawater8,9 and from ng g−1 to mg g−1 in aquatic organisms.10,11

Diclofenac has been added to the rst European Union Water

Framework Directive Watch List in 2015 (ref. 12) and for

continuous monitoring.13 Diclofenac is biologically active at low

doses to the targeted organism such as humans with a specic

mechanism of action; therefore, its nontarget organisms in the

aquatic environment are concerned by various studies. The

adverse effect of diclofenac has been studied in several nontarget
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organisms such as marine mussels (Mytilus galloprovincialis),14–16

zebrash (Danio rerio),17 rainbow trout (Oncorhynchus mykiss),18,19

freshwater invertebrates (Hyalella azteca),10 common carp (Cyp-

rinus carpio),20 brown trout (Salmo trutta f. fario),21,22 and three-

spined stickleback (Gasterosteus aculeatus).23

The increase of pharmaceutical pollutants in marine coastal

water is mainly due to the increased population growth rates in

coastal areas, increased human activities, and the low removal

rates of pharmaceutics from wastewater treatment plants.24

However, current research is highly focused on freshwater

species and acute toxicity with limited studies on pharmaceu-

tical pollutant inuences in the marine environment.25 Only

a few studies have investigated diclofenac metabolism in

marine aquatic organisms;14,26 however, early marker studies

are rare. Marine invertebrates, especially bivalves, have special

lter feeding and respiration capabilities and serve as the key

elements of the marine aquatic food chain. They are one of the

most threatened marine organisms by pharmaceutical

contaminants in marine surface water systems.27 Southern hard

clam Mercenaria campechiensis is distributed primarily along

the Atlantic coast fromNorth Carolina to Florida and in the Gulf

of Mexico.28 Hard clams are commercially harvested and the

most valuable commercially harvested clams in the United

States.29 Therefore, the M. campechiensis selected in this study

also plays a critical role in human health.

Metabolomics has been employed in environmental stressor

studies; however, only limited metabolomics applications have

been reported in marine biology studies.30–34 Recently, metab-

olomics has been applied to the organ-specic of giant clams

Tridacna maxima affected by marine plastic ingestion in the Red

Sea.35 The metabolomics approaches in analyzing the environ-

mental stressors and ecotoxicology can measure the simulta-

neous and combinational metabolite changes and provide the

biological functioning of the target organisms at the molecular

level.36,37 Nuclear magnetic resonance (NMR) based metab-

olomics has advantages in the limited sample pre-treatment,

non-destructive measurement, and high reproducibility,38–40

which is an excellent tool for early marker studies.41 In addition,

recent developments in NMR have shown increased sensitivity42

and improved spectra resolution,43 which provide abilities for

more comprehensive approaches in NMR-based metabolomics

studies. Though metabolomic proling of the diclofenac effects

on freshwater invertebrate Hyalella Azteca,10 and marine

mussels Mytilus galloprovincialis15 has been reported, the early

marker and dose study is still in the very early stage. In this

study, the potential effects of diclofenac exposure under sub-

lethal doses at different time points were evaluated using the

southern hard clam M. campechiensis, which will provide pio-

neering results for ecotoxicological studies of marine inverte-

brates under pharmaceutical exposures.

2. Materials and methods
2.1 Experimental design and sample collection

Live adult southern hard clams M. campechiensis were

purchased from Bay Shellsh Co., Florida. All the clams were

cleaned and cultured in fresh seawater under 12 h light/dark

photoperiods in aerated glass aquaria for two months before

the experiment. All the experiments were carried out under 26.5

± 0.5 °C with the dissolved oxygen (DO) ranges from 6.24 to

6.34 mg L−1 and 33.62 to 33.85 ppt salinity. The chemicals

applied in the experiment including diclofenac, methanol, and

chloroform were purchased from Fisher Scientic.

Three groups were designed including one control group

with no diclofenac and two experiment groups with 1 mg L−1

and 5 mg per L diclofenac. Fresh seawater and the ones with the

corresponding concentrations of diclofenac in seawater were

changed daily. Adult clams with lengths ranging from 4.8 to

5.4 cm were spread out in 6 aquariums with 6–7 clams in each

aquarium. The clams were fed with phytoplankton daily. Two

experiment time points were designed, and the clam samples

were collected on day 7 (1 week) and day 14 (2 weeks). All

samples were immediately frozen in liquid nitrogen to stop any

enzymatic or chemical reactions for further usage. The frozen

samples were stored in a −80 °C freezer before further analysis.

2.2 Sample preparation and 1H NMR acquisition

All the frozen clam samples were pre-thawed on ice before the

sample preparation. The digestive gland samples (0.5 ± 0.05 g)

from the dissection of the clams were collected and transferred

into homogenization tubes. The sample was extracted using

a previously reported method44 using water, methanol, and

chloroform with slight changes. The polar metabolites in the

methanol/water phase were freeze-dried by using a Savant

SpeedVac SPD 120 vacuum concentrator. The dried samples were

resuspended using phosphate buffer with deuterium water

(D2O), and the nal samples contained 10% of D2O with 0.1 M

phosphate buffer (pH= 7.4) and 0.5 mM trimethylsilylpropanoic

acid (TSP). All the NMR data were acquired using presaturation

experiments using a Joel 400 MHz high-resolution NMR.

2.3 Data analysis

All the NMR data were preprocessed using Delta 5.3.3 including

calibration, phasing, and baseline correction. The NMR data

were exported to text les for further analysis. All the text les

were imported to Matlab (MathWorks) for peak bucketing

calculations. The peak patterns were determined using a previ-

ously reported approach45 with slight changes. The NMR peak

identication was carried out using Chenomx 8.6 (Chenomx

Inc.), and a representative spectrum with the assignment is

listed in Fig. S1.† PCA and PLS-DA with cross-validation were

carried out using PLS-Toolbox (Eigenvector Research), and the

boxplots were carried out using MetaboAnalyst 5.0. The

Matthews correlation coefficient was used to evaluate the cross-

validation of the PLS-DA model and a high score indicates good

results in combined confusion matrix factors including true

positives, false negatives, true negatives, and false positives.46

3. Results
3.1 Clam physical observation

No clam sample was dead during the week 1 experiment in all

six groups. On day 14, only one dead clam was noticed in the
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high-concentration diclofenac tank. All the other clams were

alive during the harvesting time.

3.2 Metabolic proling changes in week 1

The metabolomic level perturbation was observed at week 1 in

both 1 mg L−1 and 5 mg L−1 groups of diclofenac treatment

according to the PCA study; however, the PCA score plot showed

that the major metabolite changes were different (Fig. 1). PLS-DA

studies have been applied between control and 1 mg L−1, and

control and 5 mg per L diclofenac to show the changes. Both

models showed relatively reliable results aer cross-validation

(Fig. 3), which also indicated the metabolite level changes.

The low concentration diclofenac group (1 mg L−1) showed

signicant upregulation of amino acids isoleucine, leucine,

valine, taurine, lysine, and tyrosine; however, these amino acids

except leucine were not signicantly changed in the higher

concentration diclofenac group (5 mg L−1). In a contrast, the

high-concentration diclofenac group showed signicant upre-

gulation of succinate, leucine, glutamate, and alanine and

signicantly low regulation of betaine (Table 1 and Fig. 3).

3.3 Metabolite changes in week 2

The week 2 data showed that both diclofenac concentrations

have high perturbations in the metabolomic level according to

the PCA study; however, different from week 1, the low

concentration diclofenac group showed very similarly changing

patterns with the high concentration diclofenac group. Both

diclofenac treatment groups showed metabolite level

Fig. 1 PCA score plot of the metabolites for control and two treatment groups in (A) week 1 and (B) week 2. The markers in one group were

connected to the center of the group data.

© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2023, 2, 107–114 | 109
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perturbation according to the PLS-DA study and the cross-

validation (Fig. 2 and 3). The PLS-DA loadings showed very

similar important features including taurine, betaine, succi-

nate, and glycine. Similarly, the t-test showed signicant upre-

gulation of glycine (p < 0.06) and downregulation of betaine and

taurine (p < 0.05). The succinate was highly upregulated in both

groups but was only signicant in the high-concentration

group. In addition, alanine, leucine, and glutamate showed

upregulation only in the high-concentration group (Table 1).

4. Discussion
4.1 Diclofenac concentration effect on clam metabolites

Succinate is one critical tricarboxylic acid (TCA) cycle interme-

diate, which was signicantly and dramatically upregulated

only in the high concentration diclofenac treatment (FC = 4.70

and p = 0.003 for week 1 and FC = 0.87 and p = 0.0005 for week

2). The phenomenon was only observed in the high

concentration diclofenac treatment and the low concentration

diclofenac treatment has no signicant succinate changes in

both week 1 (FC = 0.95 and p = 0.619) and week 2 (FC = 1.41

and p = 0.332) groups. The accumulation of succinate in clams

were reported as an anaerobic activity,47 which indicated that

the high concentration of succinate in the tissue was potentially

due to the anaerobic activity. Similarly, alanine and glutamate

where both are close metabolites to the TCA pathway also

showed a similar result to succinate. Both metabolites were

signicantly upregulated in the high-concentration diclofenac

group, which further illustrated the potential anaerobic

activity.48 The results indicated that the higher concentration of

diclofenac is critical in contributing to the potential anaerobic

activities.

4.2 Metabolic perturbations under different exposure times

Betaine showed a signicant downregulation aer one week in

both low concentration (FC = 0.91 and p = 0.008) and high

Table 1 Metabolite fold change (FC) and p values based on the Student's t-test. FC was calculated using the experimental group with respect to

the control group. The metabolites are listed in the alphabetical order

ppm Metabolites

Week 1 Week 2

Case 1 mg L−1 vs.

control

Case 5 mg L−1 vs.

control

Case 1 mg L−1 vs.

control

Case 5 mg L−1 vs.

control

P values FC P values FC P values FC P values FC

2.27 Acetoacetate 1.12 × 10−1 0.88 2.55 × 10−1 0.92 7.59 × 10−1 0.98 6.09 × 10−1 0.98

1.5 Alanine 2.95 × 10−1 0.93 3.15 × 10−2 1.33 2.77 × 10−1 1.19 3.93 × 10−3 1.52

8.6 AMP 6.02 × 10−2 1.05 4.92 × 10−1 0.98 2.88 × 10−1 0.96 8.61 × 10−1 1.01
2.78 Aspartate 2.12 × 10−1 1.06 7.23 × 10−2 0.92 6.34 × 10−2 0.86 5.75 × 10−1 0.96

8.53 ATP 8.27 × 10−1 1.01 1.15 × 10−2 0.93 5.90 × 10−2 0.92 1.28 × 10−1 0.95

6.15 ATP/AMP 2.72 × 10−1 1.02 1.36 × 10−1 0.97 2.55 × 10−1 0.97 6.80 × 10−1 0.99
3.91 Betaine 2.48 × 10−1 1.02 2.94 × 10−2 0.95 8.02 × 10−3 0.91 5.98 × 10−3 0.87

3.2 Choline 5.39 × 10−3 0.88 1.01 × 10−1 0.92 1.37 × 10−1 0.92 1.85 × 10−1 0.95

1.94 D-Arginine 1.66 × 10−1 1.04 7.41 × 10−1 1.01 9.92 × 10−1 1.00 4.79 × 10−1 1.03

2.74 Dimethylamine 1.35 × 10−2 1.15 8.75 × 10−2 0.94 1.35 × 10−1 0.92 4.51 × 10−1 0.96
4.64 Glucose 5.72 × 10−2 1.06 4.54 × 10−1 0.98 2.96 × 10−1 0.96 7.78 × 10−1 1.01

2.35 Glutamate 1.20 × 10−1 0.95 1.40 × 10−2 1.11 5.98 × 10−1 0.96 2.80 × 10−2 1.11

3.57 Glycine 1.10 × 10−1 1.20 4.59 × 10−1 1.06 5.29 × 10−4 2.36 6.22 × 10−2 1.52

5.42 Glycogen 1.89 × 10−2 1.17 2.36 × 10−1 0.92 6.72 × 10−1 1.04 4.19 × 10−1 1.11
7.05 Histidine 4.67 × 10−1 0.60 8.90 × 10−1 1.03 2.34 × 10−1 2.09 5.53 × 10−1 1.38

2.63 Hypotaurine 2.92 × 10−2 0.85 9.01 × 10−1 0.99 2.93 × 10−1 1.11 1.39 × 10−1 1.14

0.94 Isoleucine 3.37 × 10−3 1.09 4.26 × 10−1 1.02 9.15 × 10−1 1.00 1.92 × 10−1 1.08

1.35 Lactate 3.93 × 10−2 1.06 7.95 × 10−1 0.98 5.48 × 10−1 0.97 2.96 × 10−1 1.06
0.97 Leucine 5.67 × 10−3 1.09 5.15 × 10−3 1.09 4.46 × 10−1 1.03 2.14 × 10−2 1.16

3.01 Lysine 3.92 × 10−2 1.07 4.42 × 10−1 0.97 4.65 × 10−1 0.95 4.64 × 10−1 1.05

3.12 Malonate 1.26 × 10−2 0.85 4.02 × 10−1 0.94 1.70 × 10−1 0.91 3.14 × 10−1 1.07
2.14 Methionine 2.34 × 10−1 1.02 1.74 × 10−1 1.02 2.05 × 10−1 0.96 3.07 × 10−1 1.04

4.07 Myo-inositol 8.33 × 10−1 0.99 4.35 × 10−1 1.05 6.67 × 10−1 0.98 6.97 × 10−2 1.15

2.93 N,N-Dimethylglycine 8.85 × 10−3 1.10 2.17 × 10−1 0.95 2.08 × 10−1 0.91 7.57 × 10−1 0.98

3.21 O-Phosphocholine 6.21 × 10−1 0.98 1.02 × 10−1 0.91 1.75 × 10−1 0.90 5.29 × 10−1 0.97
7.32 Phenylalanine 6.00 × 10−2 1.05 5.93 × 10−1 0.99 2.09 × 10−1 0.96 8.03 × 10−1 1.01

8.86 Pyrimidine 8.43 × 10−2 1.04 5.80 × 10−1 0.99 2.04 × 10−1 0.95 7.78 × 10−1 1.01

3.23 sn-Glycero-3-phosphocholine 9.07 × 10−1 0.99 8.35 × 10−2 0.88 8.56 × 10−1 0.98 4.12 × 10−1 0.93

2.4 Succinate 6.19 × 10−1 0.95 2.49 × 10−3 4.70 3.32 × 10−1 1.41 4.63 × 10−4 3.00
4.37 Tartrate 7.23 × 10−1 1.02 7.25 × 10−1 1.04 8.08 × 10−2 0.82 2.61 × 10−1 0.87

3.45 Taurine 3.77 × 10−2 1.07 5.60 × 10−1 0.99 4.10 × 10−2 0.93 1.26 × 10−2 0.93

4.45 Trigonelline 2.20 × 10−1 1.03 3.79 × 10−1 1.01 4.93 × 10−1 0.98 2.81 × 10−1 1.04
6.9 Tyrosine 4.65 × 10−2 1.05 9.55 × 10−1 1.00 2.69 × 10−1 0.96 4.19 × 10−1 1.03

1.04 Valine 3.74 × 10−2 1.06 2.50 × 10−1 1.03 4.68 × 10−1 0.97 1.86 × 10−1 1.07

110 | Environ. Sci.: Adv., 2023, 2, 107–114 © 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration (FC = 0.87 and p = 0.006) diclofenac groups.

Betaine was considered to serve as one of the key organic

osmolytes in marine animal tissues and extracellular uid to

balance the high osmolality of seawater.49 The depletion of

betaine indicated that a high concentration of diclofenac or

longer exposure to a low concentration of diclofenac inhibited

the potential cytoprotective effect of betaine and reduced

cellular impacts of environmental stress.50

Similarly, another important osmolyte taurine showed a very

similar behavior to betaine, which is further evidence that

diclofenac has potential osmolyte stress on clams. Unlike the

anaerobic activity, which was only observed in the 5 mg L−1

groups in week 1, the betaine and taurine downregulation were

observed in week 2 for both concentrations. The low concen-

tration and short-term group (1 week) showed neglectable

changes of betaine (FC = 1.02 and p = 0.248) and a signicantly

higher concentration of taurine (FC = 1.07 and p = 0.038). The

phenomena indicated that taurine is a potential sign of self-

protective response in clam osmotic regulation to diclofenac

exposure in the early-stage and relatively low concentration;

however, the protection cannot last long or under a relatively

high concentration, which could likely break despite the

protection effect.

Glucose levels were signicantly upregulated (FC= 1.06 and p

= 0.057) only in the low concentration diclofenac (1 mg L−1)

group at week 1, which indicated the potential energy uptake

under the initial low concentration of diclofenac stressor. This

can be further evidenced in the amino acids including isoleucine

(FC= 1.09 and p= 0.003), valine (FC= 1.06 and p= 0.0037), and

tyrosine (FC= 1.05 and p= 0.047), which only showed signicant

upregulation in the low concentration diclofenac group at week

1. The upregulation at an early-stage low concentration of

diclofenac was also observed in lactate (FC= 1.06 and p= 0.039),

which is potentially due to the initial stage of anaerobic activity

aer taking an increased amount of glucose.

In the PLS-DA study, models were successfully built for the

classication of the experimental groups and control groups,

which indicated the potential classication using the metabolic

proling data. However, the model accuracy was different

according to the Matthews correlation coefficient (MCC) values.

The secondweekMCC values are higher than 0.85, which indicates

high accuracy in cross-validation. The PLS-DA model can be

potentially used to classify the diclofenac exposure using the whole

metabolic prole instead of a single metabolite in the two week

treatment. The rst-week model is solid but less accurate (MCC >

0.50), which also indicates that the metabolic level changes were

mainly in the targeted pathways rather than the whole prole. The

PLS-DA important loadings (metabolites) have high similarity to

the t-test results,51 and can be found in the t-test study sections.

In summary, the early stage upregulations of taurine,

glucose, lactate and amino acids indicated that the potential

self-protecting adjustment over low concentrations of

Fig. 2 The box plots of the selected metabolites showed high separation in all the study groups. Student's t-tests were carried out at each time

point and were performed using the experiment samples vs. their control group, repetitively. #p < 0.1, *p < 0.05, **p < 0.01, and ***p < 0.001.

© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2023, 2, 107–114 | 111
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diclofenac stress is likely from the anaerobic and osmotic

regulations, and the self-protection is only effective at a rela-

tively low concentration and short term diclofenac exposure.

5. Conclusion

Diclofenac is one of the most commonly used NSAID and has

been constantly monitored in aquatic environments and crea-

tures. Though diclofenac has shown adverse effects on various

freshwater creatures, studies about its toxic effects on metabo-

lite perturbations in marine organisms are rare. Both the

concentration and exposure time study can reveal the marine

animal potential biomarkers under the stress of diclofenac. In

our study, 1H NMR-based metabolomics was performed to

investigate the response of clams under sublethal dose expo-

sure of diclofenac and study the regulation of clam metabolites

in a short term (1 week) and relatively long term (2 weeks). As

a result, though the metabolic proles were both perturbated in

the low-concentration week 1 and week 2 groups, the low

concentration groups metabolic proles were changed differ-

ently compared to the high-concentration group according to

both PCA and PLS-DA studies, which indicated the potential

early-stage self-protective response to low concentrations and

short term exposure of diclofenac. While the short-term and low

concentration of diclofenac groups indicated signicantly

upregulated taurine, tyrosine, isoleucine, and lactate, the other

groups showed signicant upregulation of succinate, alanine,

and glutamate. Moreover, the key organic osmolytes betaine

and taurine showed signicant downregulation in the long-

term low concentration of the diclofenac group and the two

high-concentration groups. In summary, the study showed that

M. campechiensis was able to show short-term resistance to

relatively low concentrations of diclofenac exposure by self-

protection in clam osmotic regulation and anaerobic activi-

ties; however, long-term or relatively high concentrations of

diclofenac could signicantly perturb the osmotic mechanism.

The study indicated that the metabolomics of the digestive

gland of M. campechiensis is a feasible method for monitoring

the toxicity of pharmaceuticals in the marine environment.
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