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A B S T R A C T   

Microplastics (MPs) have become emerging pollutants of public health concern, due to their impact on aqua- 
terrestrial ecosystems and integration into the food web, with evidence of human exposure and unrevealed 
health implications. There is a paucity of information regarding the effects of MPs exposure on the gut system 
using metagenomic and metabolomic approaches. In this study, Javanese medaka fish was exposed to 5 µm beads 
of polystyrene microplastics (PS-MPs) suspensions, at concentrations of 100 μg/L (MP-LOW), 500 μg/L (MP- 
MED), and 1000 μg/L (MP-HIGH), for a duration of 21 days, and evaluated for gut microbiome and metabolome 
responses. The results revealed a significant reduction (p < 0.05) in richness and diversity of the gut microbiome 
in the MP-HIGH group, and identification of 7 bacterial genera as differential features by the Linear discriminant 
analysis Effect Size (LEfSe). The gut metabolic profile revealed upregulation of 9 metabolites related to energy 
metabolism, via tricarboxylic acid cycle (TCA), creatine pathway, and urea cycle, as determined by the pathway 
analysis. Furthermore, positive correlation was found between the genus Aeromonas and glucose, lactate, and 
creatine metabolites. The study revealed that PS-MPs exposure resulted in altered bacterial microbiome and 
metabolic disorder related to energy metabolism. It further provided additional data on gut bacterial genera and 
metabolites associated with MPs toxicity in aquatic organism, which will inevitably enable its future health risks 
assessment in animals and possibly humans.   

1. Introduction 

Plastics have become emerging pollutants of concern due to their 
adverse effect on the aquatic and terrestrial ecosystems, with global 
production estimated to reach 270 million metric tons by 2045, a 
threefold increase from its current status [33]. Larger plastics break 
down to generate microplastics [17], which are plastics of size ≤ 5 µm 
that are widely distributed on terrestrial and aquatic ecosystems, and 
eventually integral part of the food web [11,53]. 

Studies have found MPs in seafood [2,27,7], fruits and vegetables 
[46], commercial salt [70], and drinking water [52], a probable reason 
for their presence in the human stool [40,51] and colon specimens [20]. 
These have generated a lot of concern by various stakeholders across the 
globe, including the World Health Organisation (WHO) that called for 
the assessment of the impact of MPs in the environment, and on human 
health [67]. Additionally, it has culminated to abarrage of animal 
studies that explores the adverse effects of MPs on living organisms. 

MPs have been shown to adversely affect growth and reproduction 
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[10,36,79], induce oxidative stress and inflammatory changes in the gut 
[23,24,34,73,79]. Recently, it has been observed through histological 
and biochemical investigation to affect multiple organs, including the 
brain [62]. 

The metagenomics approach has recently been recognized as a 
method of understanding the toxicity of environmental pollutants 
through gut microbiome alterations [75,78]. The host’s diverse gastro-
intestinal microbial community is associated with its immune functions, 
metabolism, and supplementation of epithelial barrier function [30]. 
Additionally, the gut microbiota generates a huge amount of compounds 
that play a vital role in the microbial selection and metabolic signaling 
construct, with their activities affected by environmental stressors 
leading to the generation of a large number of compounds that influence 
host metabolome and health [63]. 

Studies that investigated the effects of MPs on organisms using 
metabolomic and metagenomic approaches are scarce [49], as a result, 
it provided a niche that requires exploration, so as to have a deeper 
understanding of how MPs exposure influence the host’s gut micro-
biome and metabolome. This will inevitably provide information on the 
usefulness of the approaches; enable biomarkers identification, reveal 
the relationship between microbiome and metabolome alterations, and 
possible future health implications. This study was aimed to decipher 
the exposure effect of PS-MPs on gut microbiome and metabolome 
changes using Next generation sequencing and proton Nuclear Magnetic 
resonance spectroscopy (1HNMR) methods respectively, to identify 
biomarkers, and the relationship between the identified gut microbiome 
and metabolite biomarkers in Javanese medaka fish (Oryzias javanicus 
Bleeker, 1854), a promising model fish [18,31] with the ability to live in 
fresh and brackish/seawater [59] widely being used as a test organism 
[21] in ecotoxicological studies. 

2. Methodology 

2.1. Microplastics used in the study 

Polystyrene microplastics beads 5 µm size obtained from Sigma 
Aldrich (Industriestrasse, Buchs (SG), Switzerland) were used in this 
study. Polystyrene is a commonly used plastic in our society, and has 
been used by several studies [12,49,62]. In addition, MPs of size 5 µm, 
are of public health concern. Their size made them readily accessible 
and ingestible by all aquatic organisms [15], and became transferred 
across the food web [11,53]. More so, humans are exposed to MPs fibres, 
particles, and debris of size 1 µm–5 mm with unrevealed health impli-
cations [55]. The above reasons influence the choice of the specified 
PS-MPs in this study, as it will enable the exploration of its exposure 
effect in Javanese medaka fish. 

The PS-MPs was validated in terms of size, morphology, and chem-
ical composition as described in our previous study using scanning 
electron microscopy (SEM), (JOEL JSM 6400 SEM Japan), and Fourier 
transform infrared spectroscopy (FTIR) (Thermo Fisher Scientific, 
Nicolet 6700) [62]. UV-sterilized tap water was used to prepare PS-MPs 
suspensions, which were sonicated to ensure even dispersion of particles 
before use. 

2.2. Medaka fish maintenance and exposure 

Wild Javanese medaka fish of adult age (0.5–0.7 g in weight; 3–4 cm 
in length; both sexes), collected from Sepang estuary (2◦37′15.38′ N, 
101◦42′38.33′ E) Malaysia were maintained in a semi-static circulating 
system at a temperature of 26 ± 1 ◦C, pH; 7.8–8.0, DO; 5.5–6.0 mg L− 1 

and photoperiod of 14:10 h light/dark cycle [3,62]. Fish were accli-
matized for two weeks, the same period of which the salinity was 
gradually reduced by 2ppt daily from Sepang value of 14.45 ± 0.5, till it 
reaches a zero value, using UV-sterilised well-aerated dechlorinated tap 
that was used throughout the experiment to enable total adaptability 
[43]. This is due to the Javanese medaka fish’s inherent adaptability to 

live and procreate in brackish/Sea and freshwater [42,54]. Fish were fed 
commercial feed (Aquadene) twice daily at 1.0% body weight. 

Following acclimatization, fish were randomly assigned into the 
control group (PS-MPs free), and 3 PS-MPs exposed groups (4 fish in 1 L 
glass tank), for a duration of 21 days. The water and test suspensions 
were refreshed every 48 h. The concentrations of the PS-MPs exposed 
groups of 100 µg/L (1.46 × 103, MP-LOW), 500 µg/L (7.3 × 103, MP- 
MED), and 1000 µg/L (1.46 × 104, MP-HIGH), were formed by sus-
pending the particles in UV-sterilised dechlorinated tap water, with the 
chosen concentrations guided by previous literature [34,49,62], and 
concentrations relevant to the environment (0.2–4137.3 item/L), as 
detected in surface water [76]. Tanks were continuously aerated to 
ensure optimal dissolved oxygen, and even dispersion of PS-MPs parti-
cles. Other parameters were maintained as they were during the accli-
matization period. The research was strictly performed as per the 
Institutional Animal Care and Use Committee of Universiti Putra 
Malaysia guidelines, following their due approval 
(UPM/IACUC/AUP-R021/2020). 

At the end of the exposure, fish were sampled and washed thor-
oughly with purified water (MilliQ), followed by euthanization in ice 
water at 4 ◦C. Subsequently, the guts were dissected for metabolomic 
analysis, and the faecal samples were collected for microbiome analysis. 
Samples were stored at − 80 ◦C until further investigation. 

2.3. Microbiome analysis 

The microbiome analysis included four biological replicates in each 
group, with each replicate composing of pooled faecal samples from 4 
fish. Fast soil DNA soil kit (MP Biomedicals, USA) was used for total 
genomic DNA extraction following provided protocol. The V3-V4 region 
of 16rRNA of the DNA samples as the target was amplified, with loci- 
specific primers as described by previous study [57], with some modi-
fications. Libraries were normalized and pooled per Illumina protocol, 
and sequenced on Illumina MiSeq platform 300PE (Illumina, USA). 
Adapters and low-quality reads were removed using The BBDuk of the 
BBTools package (https://sourceforge.net/projects/bbmap/), followed 
by subsequent merging of the paired-end reads using USEARCH 
v11.0.667 (https://www.drive5.com/usearch/). The bacterial 16S 
rRNA region was aligned using the SILVA release 132 database, with the 
chimeric error inspected using VSEARCH v2.6.2. The UPARSE 
v11.0.667 was used to process the reads through quality assessment 
steps, and thereafter clustered de novo at a similarity of 97% into the 
operational taxonomic unit (OTUs) [6,9]. Finally, OTUs were assigned 
against the SILVA 16rRNA database (release 132) using QIIME V1.9.1 
[9,50]. The microbiomeanalyst, web-based software was used to 
conduct the gut microbiota analyses at the genus level in this study, this 
is to get higher confidence in the taxonomic assignment based on the 
16SrRNA reads, a significant change in the gut microbiota at the genus 
level will signify a change in multiple gut bacteria at the species level 
[39]. Concomitantly, Alpha diversity (Simpson and Shannon), and 
LEfSe, were performed to determine the richness and diversity of the 
bacterial microbiome and potential biomarkers responsible for class 
separation at the genus level, respectively. Sequencing data were lodged 
at the Sequence Read Archive of the National Centre for Biotechnology 
Information (NCBI, Accession number PRJNA733698, and submission 
ID: SUB9745861). 

2.4. Metabolomic analysis 

The metabolomic analysis included 4 replicates in each group, with 
each replicate containing pooled intestinal tissues of 6 fish for metabo-
lite extraction. The extraction process was as described previously [65], 
with some modifications. It entails the homogenization of freeze-dried 
gut samples of medaka fish in a mixture of 800 mL and 200 mL of 
cold water, and methanol, in a 1.5 mL centrifuge tube respectively. 
Subsequently, it was sonicated for 5 min, followed by removal of protein 
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and tissue debris, after which it was kept on ice for 20 min. After that, it 
was centrifuged at 10,000 rpm for 10 min at 4 ◦C, and a clean centrifuge 
tube was used to collect the supernatant, with the same procedure 
repeated one more time. The obtained supernatant was dried, and 
reconstituted in 550 mL of 100 mM sodium phosphate buffer (pH 7.4), 
composing D2O (a lock signal), and 1.08 mM TSP-d4 as chemical shift 
reference. Thereafter, it was subjected to another centrifugation at 10, 
000 rpm at 4 ◦C for 10 min, and the supernatants was transferred into 5 
mm NMR tubes. 

The 500 MHz Varian INOVA NMR spectroscopy (Varian Inc., Cali-
fornia, USA) was used to conduct 1 H NMR measurements, with the 
temperature maintained at 26 ◦C. Before NMR data acquisition, gradient 
shimming was performed using D2O as an internal lock. PRESAT pulse 
sequence, utilizing low power selective radiation at 4.85 ppm 
throughout the recycle delay; with chemical shift referenced to the in-
ternal standard of TSP= 0.0PPM, was further conducted on the 1NMR 
data acquisition to suppress large water resonance. Subsequently, the 
Carr-Purcell-Meiboom-Gill (CPMG) experiments, were used to acquire 
the relaxation measurements of T2 using the σ of 0.0004, and big σ of 
0.8, as parameters, with 128 transient scans obtained for each sample 
[32]. 

Baseline and phase correction with a line broadening factor of 1.0 Hz 
of the spectra was conducted using Chenomx software (v. 8.1, Alberta, 
Canada). The region corresponding to the water peak residual of 
4.7–5.0 ppm was removed, and all the spectra were subsequently bin-
ned, and exported as an Excel file. Multivariate data analysis (MVDA), 
using the Excel file binned integrals of the 1NMR was performed using 
SIMCA-P + version 13.0 (Umetrics AB, Umea, Sweden) Software. The 
principal component analysis (PCA), as an unsupervised pattern recog-
nition method was conducted in order to obtain an overview of inherent 
clustering among different groups [65]. This is followed by Orthogonal 
partial least squares-discriminant analysis (OPLS-DA), used to 
strengthen the class separation, flatten the dataset, and ultimately 
determine potential biomarkers [35]. The quality of the model was 
validated using R2Ycum (goodness of fit), and cumulated Q2 (Q2cum, 
goodness of prediction), with a widely accepted threshold of 0.5 used in 
the model classification, with Q2cum of ≥ 0.5, and ≤ 0.5, been 
considered as having good and poor predictive capacity respectively 
[44,60,72]. A permutation test (200 times), was conducted to minimize 
the risk of over-fitting, with a valid model having Q2 values of the 
permutated data set to the left lower than the Q2 value of the actual data 
set to the right, and a regression line with a negative value of intercept of 
the y-axis [41]. The supervised investigations were used to determine 
the variable importance in projection (VIP), as the output of contribu-
tion of each variable on the x-axis to the model, which is summed over 
all components, and weighted to the Y accounted for by every single 
component [5]. Metabolites with VIP> 1, were selected as major con-
tributors and discriminants of the model, this is as described by previous 
studies [49,64,65,72]. Web-based software for metabolomics, the 
Metaboanalyst, was used for Heatmap and impact pathway analysis 
[69], with a cut-off value of > 0.1, considered significant for the 
pathway analysis [37]. The MestReNova software (v.6.0.2, Mestrelab 
Research, Santiago, Spain), was used for data evaluation [1]. Metabo-
lites were identified through their corresponding chemical shifts from 
the online database, Human Metabolome Database (HMDB), Chenomx 
database (v. 8.1, Alberta, Canada), by routine peak fitting, and simili-
tude with previous literature [1,32,49,65]. 

2.5. Statistical analysis 

The effect of PS-MPs exposure on gut metabolite was tested for sig-
nificance using One-way ANOVA with a p-value < 0.05 considered 
significant. Pearson’s correlation between gut metabolites and bacterial 
composition was assessed using GRAPHPAD PRISM version 5.00 
(GRAPHPAD Software, San Diego, CA, USA)[58]. 

3. Results 

3.1. Gut microbiome alterations induced by PS-MPs exposure 

The relative abundance at the genera level provided visual infor-
mation on the percentage of microbiome that is made up of specific 
organism, and the corresponding change in relation to different expo-
sure concentrations of PS-MPs, as depicted in Fig. 1A. The top 10 genera 
in both the control and the PS-MPs exposed groups were dominated by 
the g_Aeromonas, g__Ralstonia, g_Mycobacterium, g_Gemmobacter, g_ 
Gordonia, g_Reyranella, and g_ Bosea. The g_Aeromonas showed in-
crease abundance in the PS-MPs exposed groups compared to the con-
trol, with a much higher increase seen in the MP-HIGH group. LEfSe, as 
shown in Fig. 1B, revealed 7 bacterial genera to be responsible for 
variation between control and PS-MPs exposed groups, thus regarded as 
our biomarkers. The g_Aeromonas was the unique feature in the MP- 
HIGH group, whereas the g_Ralstonia, g_ Paraburkholderia, g_Pelmo-
nas, g_Staphylococcus, g_Bradyrhizobium, and g_Pararhizobium were 
found as the unique features in the MP-LOW group. Simpson and 
Shannon indexes, as shown in Fig. 1C and D revealed the dynamics of 
α-diversity of gut bacterial microbiota at the genera level in Javanese 
medaka fish. The two indexes showed the PS-MPs exposed groups to 
have much lower values than the control group, with significant dif-
ference (p < 0.05) found between the control and MP-HIGH group of 
both the two indexes. This thus implies that, PS-MPs exposure altered 
gut microbial composition, differentially enriched microbiome, and 
decreases the richness and diversity of gut bacterial genera in Javanese 
medaka fish. 

3.2. Metabolomic alterations induced by PS-MPs exposure 

Multivariate Data Analysis (MVDA), using the unsupervised prin-
cipal component analysis (PCA) revealed distinct clustering of the gut 
metabolites of Javanese medaka fish, as shown in Fig. 2A. The closeness 
of the biological replicates observed in the PCA score plot, signifies 
reproducibility of the biological replicates. The MP-MED exposed groups 
were seen on the right quadrant separated thorough PC1 from the 
control group, with the MP-LOW group on the left. The control group 
has its tightly clustered biological replicates near the MP-LOW group 
separated through PC2. The Orthogonal Partial Least Square Discrimi-
nant Analysis (OPLS-DA), as supervised method has further strength-
ened the MVDA, revealing a clear separation between the control, MP- 
MED and MP-HIGH groups by PC1 axis. The MP-LOW is separated by 
PC2 from the control, as depicted in Fig. 2B. The model parameters R2Y 
(cum) = 0.85, Q2 (cum) = 0.64, and the sum of predictive and 
orthogonal components R2X= 0.51, qualifies the model as statistically 
adequate. The permutation test further demonstrated a good validity 
level of the built model, as shown in Fig. 2C. The heat map of hierar-
chical clustering of metabolites changes within each group, except the 
MP-MED, showed clustering of the biological replicates. The control 
group is clustered in close proximity to the MP-LOW, and MP-LOW to 
the MP-HIGH. MP-MED medium has two distinct clustering close to the 
control and the MP-HIGH groups (Fig. 2D). Thus, it can summarily be 
deduced that PS-MPs exposure induces metabolic changes in Javanese 
medaka fish. 

A total of 9 metabolites (anserine, glucose, creatine, glucuronate, 
glutamate, alanine, lactate, valine, and 2-hydroxyvalerate) were 
responsible for contributing to metabolomic alteration due to PS-MPs 
exposure as determined by VIP of OPLS-DA. The metabolites serving 
as major contributors from the VIP, and responsible for separation of the 
control and PS-MPs exposed groups were relatively quantified through 
normalization with the internal standard (TSP). The relative quantifi-
cation of VIP metabolites changes were shown in Fig. 3. The box plots 
showed significant increase (p< 0.05) in glucose and lactate metabolites 
in all the PS-MPs exposed groups compared to the control. Furthermore, 
significant increase (p < 0.05) was found in alanine, glutamate, 
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Fig. 1. Bacterial Gut Microbiome Perturbation following PS-MPs Exposure. (A) Top 10 compositional profiles at genera level (B) Differential bacterial composition at 
genera level using LEfSe (C) Shannon diversity index (D) Simpson diversity index. Asterisk (*) signify significant difference (p < 0.05) between the control and PS- 
MPs exposed groups. 
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glucoronate and valine in MP-MED group, anserine in MP-HIGH group, 
and 2-hydoxyvalerate in MP-MED and MP-HIGH groups compared to 
the control. 

The Log 2-fold change, as depicted in Table 1, showed an initial 
decrease in the level of the metabolites except glucose and valine in the 
MP-LOW group, followed by an increase in the level of all the metabo-
lites with the exception of anserine in the MP-MED and MP-HIGH groups 
compared to the control. Among the metabolites, glucose and lactate 
showed a statistically significant increase (p< 0.05), with glucose 
having more than a fourfold increase (Log 2 fold change >2) in all the 
PS-MPs exposed groups, and lactate having more than 2-fold increase 
(Log 2 fold change >1) in MP-MED, and MP-HIGH exposed groups. 

The enriched metabolites (VIP>1) were subjected to impact pathway 
analysis. The result is presented in the metabolome analysis view 
(Fig. 4A). Most of the significantly perturbed pathways (pathway 
impact>0.1), were related to amino acid metabolism. This includes 
alanine, aspartate, and glutamate metabolism; arginine and proline 
metabolism; D-glutamine and D-glutamate metabolism; ascorbate and 
aldarate metabolism; arginine biosynthesis; and pentose and glucuro-
nate interconversions. The impacted pathways were found to be asso-
ciated with energy metabolism, through their intermediary metabolites, 
specifically by the tricarboxylic acid cycle (TCA), creatine pathway, and 
urea cycle, with the generation of lactate, possibly through aerobic and 
anaerobic glycolysis. This is schematically represented in Fig. 4B. 

The Pearson’s correlation coefficient, showed significant (p< 0.05) 

positive correlation between the enriched g_ Aeromonas in the PS-MPs 
exposed groups and the glucose, creatine, and lactate metabolites. In 
contrast, the enriched genera in the control group (g_Leucobacter and 
g_Obscurbacteraceae) revealed a significant (p< 0.05) negative corre-
lation with the glucose metabolite. This is illustrated in Fig. 5. 

4. Discussion 

Studies on the exposure effects of microplastics concerning gut 
microbiome and metabolome responses are generally scanty. This study 
revealed a reduction in the richness and diversity of bacterial gut 
microbiome exposed to PS-MPs at the genera level in Javanese medaka 
fish. Studies on PS-MPs exposure effect on adult zebra fish [25,49], and 
closely related Marine medaka (Oryzias malastigma) exposed to poly-
ethylene microplastics [74] also showed a reduction in richness and 
diversity of the bacterial gut microbiome. The distortion in richness and 
diversity observed in this study are as demonstrated in previous studies 
[49,62], and similar to the reports of distorted gut microbiome in in-
flammatory bowel diseases (IBDs) [28,47]. However, whether inflam-
mation lead to alteration of gut microbiome or reversely, still remains a 
subject of debate that requires further exploration. 

The enriched genera in this study were found to be linked to 
inflammation and metabolic disorders, and this shows the possibility of 
MPs to exert and manifest their toxicity in the short and long-term. 
Zebra fish were shown to have increase in the bacterial genera 

Fig. 2. Principal Component Analysis (PCA), Orthogonal Partial Least Square Analysis (OPLS-DA) and heat Map Analysis. (A) PCA score plot (B) OPLS-DA score plot 
showing clear separation between control and PS-MPs exposed groups (C) OPLS-DA model validation with 200 permutations (D) Heatmap showing the concentration 
of VIP metabolites in the control and PS-MPs exposed groups. C, T1, T2 and T3 represent the replicates in control, MP-LOW, MP-MED and MP-HIGH respectively. 
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Pseudomonas, Aeromonas, Ralstonia and Burkholderia [26], however, 
in addition to aforementioned, this study have discovered more unique 
features in the PS-MPs exposed groups that included, g_Pelmonas, 
g_Staphylococcus, g_Bradyrhizobium, and g_Pararhizobium. The genera 
Streptococcaceae and Burkholderiaceae enriched in PS-MPs exposed 
groups in this study were found to be abundantly increased in Crohn’s 
disease and ulcerative colitis, respectively [28]. The Streptococcus 
species were also found as abundant gut microbiome that drives local 
inflammation in joint disease mediated through their metabolites [8]. 
The genus Aeromonas have been an opportunist pathogen in the elderly 
and a public health problem, due to the pathogenic nature of its species 

having several virulence factors, making them capable to override host 
immunity [4]. Ralstonia pickettii, an organism under the enriched genera 
Ralstonia, was found to be increase in abundance in the faeces of obese, 
pre-diabetics, and type 2 diabetes mellitus (T2DM) patients, and has 
been causally linked to obesity and T2DM. Ralstonia has also been 
demonstrated to reduce glucose tolerance in mice [61], reduce renal 
function in patients with ulcerative colitis [29], and linked to nosoco-
mial infections in immunocompromised individuals [14]. Ironically, the 
enriched genus Leucobacter found in our control group was found to be 
among the most abundant genera in women’s breast milk with a healthy 
body mass index, without subclinical mastitis, and with a more diverse 

Fig. 2. (continued). 
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microbiota, in contrast to their counterparts [38]. 
Similar to our study, glucose creatine and alanine were found to 

significantly increase in the gut of zebra fish exposed to PS-MPs, the 
study further showcases the altered metabolites to be drastically in-
crease in medium exposure group compared to the highest [49], this 
could possibly be due to MPs exhibiting their toxicity through a negative 
feedback effect on gut metabolome, or in a non-dose dependant manner. 
The study further revealed lactate, anserine, valine, glutamate, glucor-
onate and 2-hydroxyvalerate as new set of metabolites that increase. The 
metabolites alteration revealed MPs as possible agents of causing 
metabolic disorder, inflammation and oxidative damage. MPs fibres 
were found to up-regulate glycerophospholipids metabolism, which are 
known to aggravate inflammation and oxidative damage [77]. Further 

in support of this, PS-MPs exposure in Litopenaeus vannamei have been 
found to change the metabolism of amino acids valine, and D-glutamine 
and D-glutamate metabolism, and the depletion of ornithine, a similar 
pattern observed in our study, which might possibly disrupt cellular 
proliferation and lead to metabolic diseases [13]. Glucose enrichment 
has been reported in proinflammatory states [19,71], to meet the re-
quirements and increase uptake by the activated immune cells that 
largely depend on it. The immune cells utilize glucose for glycolysis as a 
major source of energy, and in the process pyruvate is converted to 
lactate for rapid generation of ATP aerobically (Warburg effect) [66], 
and anaerobically, the lactate of which has been shown to have down-
stream effect in inducing inflammatory response [48]. In addition to 
inflammatory factors, microbial products were also found to induce 

Fig. 3. Box plot showing relative quantification of VIP metabolites in the control and PS-MPs exposed Javanese medaka fish. Asterisk (*) signify significant difference 
(p < 0.05) between control and PS-MPs exposed groups. 

Table1 
Log 2 Fold of altered metabolites due to PS-MPs exposure in relation to control group.    

Log2 Fold Change   

Metabolite  MP-LOW/Control MP-MED/Control MP-HIGH/Control 

Anserine 4.47(s), 7.79(s) -0.08 + 0.16 -0.04 * * 
Glucose 4.63(d) + 2.46 * * + 2.62 * * + 2.24 * * 
Creatine 3.02(s) -4.18 + 0.35 + 0.44 
Glucoronate 5.25(d) -0.08 + 1.01 * * -0.07 
Glutamate 2.35(m) 2.01(m) -0.45 + 0.64 * * + 0.17 
Alanine 1.46(d) -1.23 + 0.73 * * + 0.24 
Lactate 1.31(d) -0.46 * * + 1.66 * * + 1.16 * * 
Valine 1.03(d) + 0.13 + 0.81 * * + 0.28 
2-hydroxyvalerate 0.95(d) -0.28 + 0.91 * * + 0.29 * * 

Note: (s) single; (d) doublet; (m) multiplet; (**) denotes significant (p<0.05) between groups. 
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glycolysis [45]. Similarly, activation of inflammation and hypoxia in 
disease states such as, chronic inflammation, and tissue injury were 
found to cause dramatic increase in aerobic and anaerobic glycolysis, 
respectively, both of which increases the production and release of 

lactate, and acid generation in extracellular sites [22]. Lactate has been 
recognized as metabolic end product that accumulates in tissues with 
on-going inflammation; it increases the production of IL-17 as proin-
flammatory cytokines by T-cells, which are responsible for the features 

Fig. 4. (A) Summary of pathway analysis (B) Altered pathways with differential metabolites following PS-MPs exposure. The altered metabolites were shown in 
italics, with red arrows signifying increase in the metabolite. 

S. Usman et al.                                                                                                                                                                                                                                  



Toxicology Reports 9 (2022) 1369–1379

1377

seen in chronic inflammatory infiltrates [16]. Creatine enrichment in 
this study may be as a result of its role in providing energy and in-
termediaries of energy metabolism in states of increasing demand, this is 
particularly evident in pathological states such as hypoxia, tissue 
ischemia, and increase oxidative stress where it serves a conserved role 
to replenish the depleted intracellular ATP, reverse internal acidifica-
tion, and enhance protein synthesis and free radical scavenging that will 
stabilise cellular membranes after ischemic injury [30]. It also increases 
the generation of sarcosine and glycine in several organisms [68]. The 
activation and enhancement of the urea cycle, alanine, and valine in this 
study were reportedly found to be related to increased oxidative stress in 
perinatal asphyxia [56]. 

In a nutshell, the originality and significance of the current work 
explore the methodology of new generation sequencing (NGS) and NMR 
spectroscopy for the interpretation of gut microbiome and metabolome 
responses, enabling the identification and characterization of bacterial 
genera and metabolites that can be used as biomarkers in relation to 
microplastics exposure with potential implications for diseases risk in 
the future. 

5. Conclusion 

This study has reported the first application of NGS and NMR spec-
troscopy to investigate gut microbiome and metabolome responses, and 
biomarkers identification in Javanese medaka fish exposed to PS-MPs. 
The exposed fish showed gut microbiome perturbations as reduction 
in richness and diversity of the microbiota. Furthermore, discriminant 
analyses have revealed 7 bacterial genera, and 9 metabolites, that 
change significantly in the gut due to PS-MPs exposure. The biomarkers 
of bacterial genera and metabolites identified were related to hypoxia, 
oxidative stress, inflammation, and deranged energy metabolism. This 
thus, highlighted the potential disease risks that microplastics exposure 
may incur in the future, with the need to explore further. 
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