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A B S T R A C T   

Microplastics are ubiquitous in the aquatic and terrestrial ecosystem, increasingly becoming a serious concern for 
aquatic organism health. However, information regarding the effects of microplastics on cephalopods is remain 
limited to date. Amphioctopus fangsiao, an important economic species in cephalopods, can serve as a potential 
indicator of environmental pollution due to its short life expectancy and high metabolic rates. Here, to explore 
the toxic effects during the microplastic stress response, we analyzed the growth performance, histopathological 
damage, oxidative stress biomarkers, metabolomic and transcriptomic response in digestive gland of A. fangsiao 
under different concentrations (0, 100 and 1000 μg/L) of commercial polystyrene microplastics (MPS) exposure 
(5 μm, sphere) for 21 days. The results showed that MPS exerted a huge influence on the growth performance of 
A. fangsiao. The oxidative stress and inflammation in digestive gland of A. fangsiao were also detected after 
exposure to MPS. In addition, most of the altered metabolites observed in the metabolic analysis were related to 
inflammation, oxidative stress and glucolipid metabolism. Transcriptome analysis detected the differentially 
expressed genes (DEGs) and the significantly enriched KEGG pathways associated with glycolipid metabolism, 
inflammation and DNA damage. Collectively, our results indicate that excessive environmental microplastic 
exposure will cause toxicity damage and then initiate the detoxification mechanism in A. fangsiao digestive gland 
to maintain homeostasis. This study revealed that microplastic can cause adverse consequences on cephalopods, 
providing novel insights into the toxicological effect of microplastic exposure.   

1. Introduction 

Global plastic production has risen sharply because of the wide-
spread use of plastic materials in recent years (Janajreh et al., 2015). 
According to statistics, plastic production has rapidly increased to 367 
million tons in 2021 (Plastics Europe, 2022). Microplastics are produced 
by the degradation of plastic products, which are 1–5000 μm in size. The 
sources of microplastics can be divided into the following two pathways. 
The microplastic additives produced directly and used in daily neces-
sities (like face wash and cosmetics) are called primary microplastics. 
Whereas the tiny particles decomposed through biological, chemical and 
physical processes, such as acrylic clothing and nylon, are considered as 
secondary microplastics (Peters and Bratton, 2016). 

Microplastics are found in various systems, including inland rivers, 
seawater, and even in polar regions (Kuhn and van Franeker, 2020; Xu 
et al., 2020; Mishra et al., 2021). Polystyrene (PS) is mainly derived from 
personal care products, which can accumulate in large quantities in the 
livers and intestines of marine organisms (Browne et al., 2008; Ding 
et al., 2018). Increasing evidence has shown that gene expression (Zhao 
et al., 2020; Xiang et al., 2022), energy and lipid metabolism (Wan et al., 
2019), oxidative stress (Wan et al., 2019), inflammatory response (Lu 
et al., 2016; Wan et al., 2019), physiological behavior (Lu et al., 2016), 
reproduction (Sussarellu et al., 2016) and morphology (Xiang et al., 
2022) of aquatic life have been affected by PS exposure. 

Cephalopoda is the third-largest class in Mollusca (Lindgren et al., 
2004; Xu, 2008). It has over 800 identified species, of which some 
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species are promising species for mariculture due to their long history of 
utilization of food and medicine (Lu, 2000). Recently, microplastics 
have been found in the tissues of many cephalopods. Microplastics with 
different shapes, colors and polymer types have been found in many 
cephalopods, such as Vampyroteuthis infernalis (Ferreira et al., 2022), 
Abralia veranyi (Ferreira et al., 2022), Octopus vulgaris (Pedà et al., 
2022), Dosidicus gigas (Gong et al., 2021) and Sepia officinalis (Oliveira 
et al., 2020) and. However, the toxicological effect of microplastic on 
cephalopods is still unexplored. 

Amphioctopus fangsiao, is also known as the synonym name of Octopus 
ocellatus, which is one of the most representative cephalopods (Jiang 
et al., 2020). For the following reasons, it has the potential to indicate 
the level of local environmental pollution. Firstly, it has territorial na-
ture and small-scale activity areas, which allows them to reflect their 
local habitat environmental quality (Mangold, 1983; Bu et al., 2021). 
Secondly, it has a relatively short life expectancy (about one year), 
which can be mainly divided into embryonic phase (about one month), 
juvenile phase (about three months), sub-adult phase (about four 
months) and adult phase (about four months) (Vidal et al., 2014; Wang 
et al., 2015; Jiang et al., 2020; Ibáñez et al., 2021). This characteristic 
causes the high metabolic rates and growth rates of A. fangsiao. There-
fore, pollutants may be accumulated rapidly in their bodies (Wang et al., 
2015; Bu et al., 2021). Finally, A. fangsiao is widely distributed across 
the Pacific Northwest, where high concentrations of microplastics have 
been detected. For example, the abundance of microplastics along 
Qingdao coast in the Yellow Sea was 567.50 ± 101.06 items/m3 (Gao 
et al., 2021); Eo et al. (2018) reported that there was also a high 
abundance of microplastics along the Korean coast (1400–65,000 items 
m2). As a generalist predator, A. fangsiao is more likely to accumulate 
pollutants from the prey (García et al., 2002). Here, a total of 54 
A. fangsiao were used to perform this experiment of polystyrene 
microplastic (MPS) exposure. The aims of this study are thus to test if the 
ingestion of MPS affects the growth performance and digestive gland 
function of A. fangsiao. The results of this study, including histopatho-
logical damage, oxidative stress, metabolic disorders and transcriptional 
responses, offer a novel insight into the response mechanism of the 
octopus under microplastic exposure. 

2. Materials and methods 

2.1. Experimental animals, polystyrene microplastics, and exposure 
treatment 

Fifty-four sub-adult A. fangsiao (about 200 days of age, mantle 
length: 65.15 ± 13.35 mm, weight: 57.145 ± 21.839 g) (supplemental 
Table. S1), were sampled from Jiaxin Aquaculture Farm, China. All in-
dividuals were reared at laboratory for 7 days to acclimatize with >6.5 
mg/L of dissolved oxygen, 7.9–8.2 of PH, 17–18 C of temperature and 
32‰ of salinity. A. fangsiao individuals were farmed in eighteen 
experimental tanks (60-L, 3 octopuses per tank). Then, they were pro-
vided with enough Ruditapes philippinarum for food every morning (5 
individuals per octopus). A third of the seawater was replaced every day 
in all tanks. 

Polystyrene sphere (PS) with a diameter of 5 μm used in this 
experiment was purchased from Tianjin BaseLine ChromTech Research 
Centre (Tianjin, China). This size of PS has been observed extensively in 
aquatic environments (Eerkes-Medrano et al., 2015; Zhao et al., 2020). 
In addition, previous studies have found that 5 μm of PS was more likely 
to accumulate in aquatic organisms compared with it in 70 nm and 20 
μm (Lu et al., 2016; Qiao et al., 2019). Therefore, 5 μm PS was used in 
this study. The emission scanning electron microscope was used to 
observe the shape and size (ZEISS merlin compact 61–78, Germany) 
(supplemental Fig. S1A). The chemical component of PS was charac-
terized by Fourier transform infrared (FTIR) spectroscopy (Thermo 
Fisher IS50, USA) (supplemental Fig. S1B). The absorption peaks were 
basically consistent with previous studies, confirming the microplastic 

used in this study is polystyrene (Lu et al., 2016; Qiao et al., 2019). 
The stock suspension of MPS was prepared as described by Teng et al. 

(2021a) and the different concentrations of microplastic solutions were 
prepared by weighing the remaining particles after evaporating the 
water as described by Xiang et al. (2022). The concentrations of MPS in 
this study were 0 μg/L, 100 μg/L and 1000 μg/L. The lower concen-
tration would presumably represent the realistic conditions of the 
seabed where the A. fangsiao lives. While the higher concentration has a 
stronger effect on A. fangsiao, and the adaptive mechanism from phys-
iological to molecular responses is easier to analyze. The larger toxico-
logical effect can arouse more attention to the protection of marine 
environment. In addition, many studies have shown that these concen-
trations of microplastic have a huge adverse effect on aquatic life (Wan 
et al., 2019; Zhao et al., 2020; Teng et al., 2021a; Teng et al., 2021b; 
Xiang et al., 2022). 

Control group (Control, 0 μg/L), low-concentration of MPS group 
(PS-L, 100 μg/L) and high-concentration of MPS group (PS–H, 1000 μg/ 
L) were set up. To keep the water clean, a third of the seawater of all 
tanks was replaced every day and the corresponding MPS solution was 
added. All other culturing conditions were consistent with those during 
acclimatizer. 

2.2. Effects of MPS on the growth of A. fangsiao 

After 21-days exposure, a total of 18 (6 per group) A. fangsiao was 
euthanized with an overdose of anesthetic, and measured for the weight 
of the body and digestive gland (precision 0.001 g). The following 
equations were used to measure the growth performance of A. fangsiao: 

SGR=

[
ln Wf − ln Wi

]

T
;  

HIS=Wd
/

Wf × 100.

where SGR is the specific growth rate, Wf is the weight of the final body 
after MPS exposure, Wi is the weight of the initial body, HIS is the 
hepatosomatic index, and Wd is the weight of the final digestive gland 
after MPS exposure. 

2.3. Biochemical indicator analysis 

For the determination of biomarkers, 1 g of the digestive gland tis-
sues from three freshly killed A. fangsiao per group was collected. And 
then these tissues were homogenized in PBS (5 ml, pH7.5) which 
included the protease inhibitors by a sonicator. The homogenates were 
centrifuged for 15 min (5000 g, 4 ◦C). Subsequently, the supernatants 
were collected. The protein concentrations were detected by BCA Pro-
tein Assay Kit (CoWin Biosciences, China, article number: CW00145). 
Based on the methods described by Okutan et al. (2005), the protein 
level was measured by commercial kits (Beyotime, China), including 
reactive oxygen species content (ROS, article number: S0033S), lipid 
peroxidation’s level (malondialdehyde, MDA content) (article number: 
S0131S), superoxide dismutase (SOD, article number: S0086) and 
catalase (CAT, article number: S0082) activities. In addition, the com-
mercial kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China) were used to analyze the glycolipid metabolism responses, 
glucose, (Glu, article number: F006-1-1); pyruvic acid (Pyr, article 
number: A081); total cholesterol (T-CHO, article number: A111-1-1); 
triglyceride (TG, article number: A110-1-1)) in digestive glands. The 
details can be found in the kit manufacturers’ instructions. 

2.4. Integrated biomarker response (IBR) analysis 

IBR analysis is a method to assess the effects of external pressure on 
living organisms. IBR version 2 described by Sanchez et al. (2013) was 
used to assess the comprehensive effects of MPS on A. fangsiao. Firstly, 
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the data of biochemical indicators in treatment groups (Xi) were 
compared to these data in the control group (X0). To reduce variance, log 
transformation was carried out. The equation is as follows: Yi = log-
Xi/X0. The next step was to calculate the standard deviation (s) and the 
general mean (m) of Yi and then Yi was standardized according to the 
equation (Zi = Yi-m)/s. Subsequently, the biomarker deviation index (A) 
was calculated based on equation A = Zi-Z0, where Z0 is the standardized 
biomarker in the control group. Finally, the equation IBR value = Σ|A| 
was used to calculate IBR values. Besides, the biomarker deviation index 
(A) of single biomarker was also used to draw the star plot. The 
biomarker induction was reflected by the area above 0, and the 
biomarker inhibition was indicated by the area below 0. 

2.5. Histological analysis 

A total of 18 A. fangsiao (6 individuals in each group) were used to 
measure the damage of digestive gland. Bouin’s fixative was used to fix 
the digestive gland tissues for 24 h. And then these tissues were 
sectioned at 5 μm-thickness after embedding in paraffin wax. After 
deparaffinizing and rehydrating, the slides were stained by 
hematoxylin-eosin (HE) (Beyotime, China, article number: C0105S). 
Finally, the slides were observed using an Olympus BX53 fluorescent 
microscope (Olympus, Japan). 

2.6. Effect of MPS exposure on the digestive gland transcriptome 

After the 21-day exposure experiment, six A. fangsiao individuals 
(three from the control group and PS-H group, respectively) were 
sampled after the anesthesia with the overdose of anesthetic (MgCl2, 
7%). The 50 mg digestive glands were then dissected out of the octo-
puses and frozen ground in 800 ml RNAiso plus (TaKaRa) at − 80 ◦C till 
use. Total RNA was extracted by commercial kits TRIzol reagent (Takara 
Biochemicals). The samples satisfying the requirement (OD260/230 ≥
2.1, OD260/280: 1.9–2.0, 28/18 S ≥ 1.0, >50 μg) were sent to the 
Biomarker Technologies Co. Ltd., Beijing, China to construct the library. 
The process is as follows. The mRNA was isolated by the magnetic beads 
with Oligo (dT) and randomly fragmented by Fragmentation Buffer. The 
cDNA was then purified using fragmented mRNA as the template and 
amplified by PCR to obtain cDNA library. Qubit 2.0 and Agilent 2100 
were used to examine the library and the qualified library was 
sequenced on the Illumina sequencing platform. 

Filtered sequencing clean data was stored in FASTQ format file using 
FASTP software (Chen et al., 2018). HISAT2 software was used to map 
this data to the genome sequence of A. fangsiao (unpublished data) (Kim 
et al., 2015). 

The gene functions were annotated based on Gene Ontology (Go), 
NCBI non-redundant protein sequences (Nr) and Kyoto Encyclopaedia of 
Genes and Genomes database (KEGG) by HMMER3, BLAST2GO (https: 
//www.blast2go.com/) and KOBAS (Conesa et al., 2005; Kanehisa 
et al., 2007; Bu et al., 2021). Besides, the principal component analysis 
(PCA) was performed by GCTA software (Yang et al., 2011). To reflect 
sample variation, the first three significant components were detected 
and the significance of the principal components was examined by the 
Tracy–Widom test (Zheng et al., 2022). The accession number of the 
sequencing data in the NCBI Sequence Read Archive database was 
SRR21871815-SRR21871820. 

DEseq2 software was used to determine the differential expression 
genes (DEGs) (Love et al., 2014), and q-value was set up as filtering 
thresholds. KEGG pathways were enriched based on these DEGs, and 
these pathways with q-value ≤ 0.05 were used as significant enrichment. 

2.7. Validation of significant genes 

To validate significant genes detected in transcriptome analysis, 
eight DEGs were chosen for qRT-PCR analysis. GAPDH and β-actin genes 
were used as reference genes. Supplemental Table S2 shows primer 

sequences amplified DEGs and reference genes. The total RNA identical 
to the transcriptome analysis was used in the qRT-PCR analysis. The 
recombinant DNase I (TaKaRa, Japan) and the reverse transcription kit 
(TaKaRa, Japan) were used to synthesize the first-strand cDNAs. The 
reaction system was performed as described by Li et al. (2022). Tripli-
cates were performed to reduce technical errors. The comparative Ct 
(2− ΔΔCt) method was used to calculate the relative expression of all 
DEGs (Zhao et al., 2021). 

2.8. /MS nontargeted metabolomic analysis 

The metabonomic analysis is a method to identify metabolites with 
significant differences and important biological significance. The 
digestive gland tissue of 12 A. fangsiao (6 from the control group, 6 from 
the PS-H group, and duplicate individuals with growth performance 
measurement) was used to perform metabolomic analysis following 
standard procedures described by Teng et al. (2021a). 

The identified compounds were searched for classification and 
pathway information in KEGG, human metabolome database (HMDB) 
and lipid maps proteome database (LMPD). T-test was used to analyze 
the different significance p-value of each compound based on the 
different multiples. The R language package “ropls” was used to perform 
Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA), and 
200 times permutation tests were performed to verify the reliability of 
the model. The method of combining the difference multiple, the p-value 
and the VIP value of the OPLS-DA model were adopted to screen the 
differential metabolites. The screening criteria were Fold change > p- 
value < 0.05 and VIP >1. KEGG pathways were enriched based on these 
differential metabolites, and these pathways with q-value ≤ 0.05 were 
used as significant enrichment. 

3. Result and discussion 

3.1. Effects of MPS exposure on the growth performance of A. fangsiao 

Fig. 1 Showed the growth performance of A. fangsiao after 3-week of 
rearing. No remarkable differences in specific growth rate were found 
for both the PS-L and control groups after 21 days of exposure, while a 
significant reduction (p < 0.01) was seen in the PS-H group. Besides, the 
hepatosomatic index declined significantly (p < 0.05, p < 0.001) in the 
PS-L and PS-H groups. 

These results suggested that MPS exposure has restrained growth and 
energy conversion. Previous researches have reported the microplastic 
accumulation of aquatic organism in the gut, digestive glands, gill and 
skin (Feng et al., 2019; Liu et al., 2019; Zhao et al., 2020), showing that 
these particles can be ingested and absorbed through the digestive sys-
tem. And the smaller size of microplastics could have a greater toxico-
logical effect on aquatic organisms (Browne et al., 2008). Microplastic 
ingestion caused the malabsorption of A. fangsiao, which reduced food 

Fig. 1. Specific growth rate (SGR) (A) and hepatosomatic index (HIS) (B) in 
different treatments. Data indicate mean ± S. D. (n = 6). ***p < 0.001, **p <
0.01, *p < 0.05. 
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intake and conversion. The data were supported by the biochemical 
indicator activity of lipid metabolism (see below). Similar results in 
other aquatic life were also confirmed (Lucia et al., 2010; Liu et al., 
2019; Chen et al., 2020). However, some studies have shown that 
microplastic exposure has no obvious adverse effects on the growth 
performance of several invertebrates, such as Crassostrea gigas and 
Gammarus pulex (Cole and Galloway, 2015; Weber et al., 2018). One 
possible reason is the differences in adaptation of species, microplastic 
characteristics (additives, shape, size and type), and exposure patterns 
(microplastic concentration, duration). Overall, these results revealed 
that 5 μm MPS exposure inhibited the growth of A. fangsiao. 

3.2. Effects of MPS exposure on oxidative stress, lipid peroxidation and 
glucolipid metabolism 

3.2.1. Oxidative stress markers 
Several biochemical indicators were analyzed to measure the level of 

oxidative stress and lipid peroxidation. ROS levels were shown in 
Fig. 2A. ROS level is one of the most commonly used biomarkers of 
environmental pollution exposure (Avio et al., 2015a). In the PS-H 
group, the mean value of ROS content has a distinct increase (p <
0.005), indicating that MPS exposure elicited a rise in ROS levels in the 
digestive gland. The MDA content has also markedly increased in the 
PS-H group (p < 0.05). The level of lipid peroxidation showed an 
obvious rising remarkably in response to increasing MPS concentration 
(Fig. 2B). Likewise, in the PS-L and PS-H treated octopuses, the enzyme 
activity of SOD and CAT in the digestive gland was significantly higher 

than those in the control group (p < 0.05, p < 0.01; Fig. 2C and D). These 
results uncovered that the negative effects were found in terms of 
oxidative stress parameters including ROS and MDA for treatment with 
MPS, thereby evoking the imbalance of homeostasis. And SOD and CAT, 
as the antioxidant enzymes, were both produced to protect the cells from 
the oxidative damage caused by MPS stress in digestive glands. 

The above findings exhibited that MPS exposure affected oxidative 
stress response of digestive gland cells in a concentration-dependent 
manner. ROS are the by-products of oxidative phosphorylation, and 
the essence of oxidative stress is the imbalance in the generation and 
detoxification of ROS (Li et al., 2022). ROS can damage cellular func-
tionality and integrity by reacting with cell components (such as lipid 
and protein) (Li et al., 2022). We found a considerable increase in 
intracellular ROS levels for all concentrations tested, suggesting the 
strong oxidative damage of digestive gland cells caused by excessive 
ROS under MPS stress (Paul-Pont et al., 2016). Due to the overload of 
ROS, MDA content represented the level of lipid peroxidation showed an 
obvious response to the high level of MPS exposure with a significant 
rising in the digestive gland. With the chronic damage caused by 
oxidative stress, the enzyme activity of SOD was enhanced to assist with 
tolerating elevated MPS levels in digestive gland. Similar results were 
found in the C. gigas exposed to polyethylene terephthalate (Teng et al., 
2021b) and in Mytilus edulis exposed to MPS (Paul-Pont et al., 2016). 
Besides, as past work suggests CAT plays a critical role in coping with 
exogenous hydrogen peroxide (Avio et al., 2015b). Similarly, the ac-
tivity of CAT was stimulated in the digestive glands following exposure 
to MPS, further indicating the apparent antioxidant defense mechanism 

Fig. 2. The ROS level (A), MDA content (B), SOD activity (C) and CAT activity (D), and the changes in glucolipid metabolism responses (E-H) in the digestive glands 
of A. fangsiao under MPS stress. Biomarker star plots in the digestive glands of A. fangsiao following 21 days of exposure to MPS (I). Calculated IBR index utilizing the 
biochemical parameters following 21 days of exposure to MPS (J). Data indicate mean ± S. D. (n = 3). ***p < 0.001, **p < 0.01, *p < 0.05. 
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of A. fangsiao to defend against microplastic toxicity. To conclude, our 
data showed that MPS stress caused an increase in ROS level, and 
translated into an elevation in lipid peroxidation and the activation of 
CAT and SOD, involved in response to oxidative stress. 

3.2.2. Glucolipid metabolism markers 
In this study, the levels of Glu and Pyr, T-CHO and TG were analyzed 

to assess the glucolipid metabolism alteration in the digestive gland. Glu 
and Pyr, both of which were key components in glycolysis, have 
significantly declined following the exposure to MPS (Fig. 2E and F). 
Likewise, the T-CHO and TG contents associated with lipid metabolism 
were observed a similar decrease trend (Fig. 2G and H). 

Our results demonstrated that MPS stress would induce glucolipid 
metabolism alteration. In the glycolytic pathway, Glu and Pyr are the 
precursor and product, respectively (Zhao et al., 2020). The decline in 
glucose and pyruvic acid suggested that MPS exposure could induce the 
alteration of glucose metabolism in the digestive glands, which was 
consistent with other aquatic life previously observed, such as zebrafish 
(Lu et al., 2016) and oysters (Teng et al., 2021a). MPS can cause physical 
injury to aquatic organisms by blocking the digestive tract and pre-
venting enzyme production, which may be the cause of metabolic 
alteration in digestive glands of A. fangsiao (Xiang et al., 2022). More-
over, glucose metabolism alteration also could affect the subsequent 
stages of the ATP obtention (TCA cycle and oxidative phosphorylation) 
because of a lower input of fuel, causing the alteration of free radicals 
from the cell metabolism (Pan et al., 2018), which is also confirmed by 
the findings of oxidative stress. The decrease of the ATP can also result in 
energy shortage of A. fangsiao, thereby reducing their growth 
performance. 

As the primary components of lipids, triglyceride (TG) and total 
cholesterol (T-CHO) can produce energy by hydrolysis or oxidation re-
action, both of which are crucial energy reserves and sources (Prato 
et al., 2010; Martínez-Pita et al., 2012; Filimonova et al., 2016). Here, 
TG and T-CHO levels were decreased with the increasing MPS concen-
tration, indicating that MPS exposure was significantly detrimental to 
lipid metabolism in digestive glands tissues. The TG decrease may reflect 
the activation of the lipid oxidation to obtain acetyl-CoA and continue 
the ATP obtention, implying the problems of nutrition and energy of 
A. fangsiao (Zhao et al., 2020). The TG and T-CHO levels are closely 
related to the membrane structure of cells (Brandts et al., 2021). The 
decline in TG and T-CHO reflected a change related to membrane 
integrity to increase phospholipid production, suggesting possible 
membrane damage results from MPS exposure (Zhao et al., 2020; 
Brandts et al., 2021). The increase in MDA in the high concentration of 
MPS exposure also supported this result. Besides, the DEGs (such as 
Pyruvate dehydrogenase kinase and Peroxisome proliferators activated 
receptors-α) and differential metabolites (such as Glucosyl passifloate) 
associated with glucolipid metabolism were also found and varied by 
transcriptome and metabolome analysis, which further supported the 
above results. 

3.2.3. IBR analysis 
To assess comprehensively the toxicological effect of environmental 

stress on A. fangsiao, IBR index was analyzed in our paper. The above 
biomarkers responses for all concentrations tested are shown in star 
plots (Fig. 2I). In addition, the IBR index exhibited concentration- 
dependent following the exposure to MPS (Fig. 2J). 

IBR analysis is an effective ecological method based on the response 
of biomarkers to environmental pollutants. It can be used to assess the 
toxical sensitivity in tested aquatic life (Lin et al., 2014). The varying 
area of star plots showed that there was a huge effect of MPS exposure on 
A. fangsiao. High IBR values increasing with MPS concentration tend to 
reveal increased toxic effects in the digestive gland of A. fangsiao. 

3.3. Effects of MPS exposure on histology 

Representative histological maps from three groups were shown in 
Fig. 3. Significant histopathological damages were found in the treat-
ment groups. Necrosis, vacuolation and infiltration were observed in 
digestive gland tissue in groups treated with PS. This result revealed 
early inflammatory responses of A. fangsiao on PS exposure. 

Previous works have investigated that the digestive gland is one of 
the most critical target organs for microplastics, but similar results in 
octopuses have not been detected previously (Lu et al., 2016; Zhao et al., 
2020). To cope with the effects of microplastics, the first defense strat-
egy of the digestive gland, including vacuolation and infiltration, was 
stimulated (Rochman et al., 2014). Consecutively, necrosis of digestive 
gland cells appeared in large numbers. The severity of damage within 
the digestive gland cells increases with the MPS concentration. The main 
reasons for this result may be the mechanical abrasion of microplastics 
to the digestive gland and the toxicological effect of chemical additives 
released by microplastics (Jabeen et al., 2018; Zhao et al., 2020). 

3.4. Effects of MPS exposure on transcriptomic profiles 

To assess the effect of A. fangsiao digestive gland under MPS exposure 
at a molecular level, 6 octopuses (3 from the PS-H group and 3 from the 
control group) were utilized to carry out the comparative transcriptome 
analysis. A total of 38.21 G of clean data were generated. As shown in 
PCA analysis (Fig. 4A), the biological replicates within the group were 
close to each other but far from the other groups, revealing the repro-
ducibility and reliability of RNA-seq data. A total of 542 DEGs were 
obtained between groups (322 up- and 220 down-regulated) (Fig. 4B). 
The heatmap was illustrated to show the expression of DEGs in all 
groups (Fig. 4C). 

The KEGG enrichment analysis of the differentially expressed genes 
suggested that these DEGs may play a role in various pathways. The 
supplemental Fig. S2 showed the top 20 pathways, which mainly 
involved in genetic information processes (mismatch repair, DNA 
replication), nucleotide metabolism (pyrimidine metabolism), replica-
tion and repair (base excision repair), amino acid metabolism (tyrosine, 
tryptophan and phenylalanine biosynthesis) and so on. 

Significant DEGs and KEGG pathways involved in DNA damage, 
transmembrane transport, glucolipid metabolism and oxidative stress 
were detected by transcriptome analysis, and eight of these DEGs were 
examined for qRT-PCR (Fig. 5, supplemental Table S2). The qRT-PCR 
results uncovered consistent expression patterns with transcriptome 
analysis, verifying the accurate and reliable results of comparative 
transcriptome analysis (supplemental Fig. S3). 

The rate-limiting enzyme DEGs associated with glucose metabolism 
were found at the transcript level, such as Pyruvate dehydrogenase ki-
nase (PDK). In the glycolytic pathway, Pyruvate converted from glucose 
is rapidly converted to acetyl-CoA in mitochondria by PDK. The acetyl- 
CoA is then oxidized to obtain energy (Xiang et al., 2022). The lipo-
genesis can be regulated by Peroxisome proliferators-activated receptors 
(PPARs) family (Zhao et al., 2020). The suppression of PPAR-α gene was 
observed, confirming the disturbance of lipid metabolism. 

The adverse effects of peroxide and superoxide overproduction can 
be amplified by iron overload under inflammatory conditions (Tisma 
et al., 2009). In cells, therefore, ferritin can participate in oxidative re-
actions by restricting the availability of iron (Tisma et al., 2009). In this 
study, the downregulation of ferritin gene verified the damaging effect 
of MPS exposure on oxidative stress. The free iron was excessively 
generated in digestive gland cells under MPS exposure conditions by 
proteolysis of ferritin, resulting in oxidative damage of A. fangsiao 
(Tisma et al., 2009). Besides, aquaporin is a membrane channel proteins 
family, which exerts a crucial role in facilitating the transport of certain 
neutral solutes and water (Bienert et al., 2007). In recent years, how-
ever, many studies have reported that aquaporins can transport ROS and 
NO, which played a critical role in antioxidant action and the 
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maintenance of cellular homeostasis of A. fangsiao (Tamma et al., 2018). 
Similarly, the alteration of aquaporin gene supported the result of 
oxidative damage in the digestive gland cells of A. fangsiao caused by 
MPS exposure. 

DEGs associated with DNA damage (Spindle and kinetochore asso-
ciated protein 1, SKA1; Cyclin B) were found in this study. And KEGG 
pathways involved in DNA damage also exhibited significant enrich-
ment, including base excision repair, nucleotide excision repair, DNA 
replication and mismatch repair. This result indicated that MPS expo-
sure has induced DNA damage and triggered the responding mechanism 
of damage repair through transcriptional regulation and post- 
transcriptional regulation. 

In addition, according to DEGs associated with transmembrane 
transport (such as Zinc transporter) and the considerable enrichment of 
the ABC transporters pathway in this study, MPS exposure also shows an 
adverse influence on transmembrane transport of digestive gland cells. 

3.5. Effects of MPS exposure on metabolic profile 

Subsequently, the above results led to an analysis of the possible 
metabolic disorders in the digestive gland based on metabolomic anal-
ysis. OPLS-DA model revealed significant separations between control 
and PS-H groups, indicating that MPS exposure has caused a remarkable 
metabolic difference in A. fangsiao digestive gland (Fig. 6A). The heat-
map was also constructed to illustrate the variations of all metabolites 
between the two groups (Fig. 6B). As shown in Figs. 6C and 209 dif-
ferential metabolites were observed between the control group and 
treated group, of which 104 metabolites were upregulated and 105 
metabolites were downregulated in the high concentration of MPS 
exposure. Differential metabolites related to glycolipid metabolism 
(such as glucosyl passiflorate, phosphorylcholine (PC), O-Phosphoe-
thanolamine (O-PEA) and LysoPC), oxidative stress (such as 1,3-Diami-
nopropane, Ranolazine and 4-Pyridoxic acid) and DNA damage (such as 

Fig. 3. Micrographs of digestive gland in the control group (A), PS-L group (B) and PS-H group (C) following 21 days of exposure to MPS. The histopathological 
damages are shown by black arrows. 

Fig. 4. Characterization of the transcriptome dataset. Principal component analysis (PCA) exhibits clear distinctions between control and PS-H groups (A). Heatmap 
of DEGs between control and PS-H groups (B). Volcano map of DEGs in digestive glands (q-value ≤ 0.05) (C). 

J. Zheng et al.                                                                                                                                                                                                                                   



Environmental Pollution 315 (2022) 120480

7

Fig. 5. Schematic representing biological pathways of cellular events in response to MPS exposure in A. fangsiao. The green box indicates the differential expression 
genes. The gray box indicates the differential metabolites. The blue box indicates DEGs based on transcriptomic analysis. The blue box indicates the KEGG pathway 
based on transcriptomic analysis. The yellow box indicates the KEGG pathway based on metabolomic analysis. The red font indicates biomarkers. The arrows indicate 
the regulation of biomarkers and metabolites. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 6. Characterization of the metabolomic dataset. OPLS-DA analysis showing clear distinctions (A). Heatmap revealing the differential metabolites (B). Volcano 
map indicating the number of differential metabolites in digestive glands (q-value ≤ 0.05) (C). 
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momordicoside) were found, which supported the above results. 
To illustrate the primary influential metabolic pathways under MPS 

exposure, the analysis of KEGG enrichment was carried out (Fig. 7). The 
top 20 pathways were illustrated based on the data of pathway analysis. 
These pathways were mainly involved in glucolipid metabolism (PPAR 
signaling pathway and steroid hormone biosynthesis) and inflammation 
(glycerophospholipid metabolism). 

The results of biochemical indicators and transcriptomic analysis 
have shown that MPS exposure has caused digestive gland glucose and 
lipid metabolism disorder. There, metabolomic analysis has proved 
these results. As described above, the enrichment of the PPAR signaling 
pathway in metabolomic analysis provided evidence to support the 
disorder of lipid metabolism in A. fangsiao digestive glands (Nguyen 
et al., 2008). Besides, steroid hormone biosynthesis and sphingolipid 
metabolism were considerably enriched in the present study, also 
proving the strong affection of MPS stress upon the lipid metabolism of 
A. fangsiao (Zhao et al., 2020). 

The pathways related to inflammation were also enriched in the 
metabolomic analysis. The glycerophospholipid metabolism pathway 
was confirmed in the metabolomic analysis. As the cell membranes 
structural components, glycerophospholipids play an important role. 
Many differential metabolites involved in glycerophospholipid meta-
bolism, including PC, O-PEA and LysoPC were detected in this study. 
Growing evidence has shown that PC can release a pro-inflammatory 
fatty acid called arachidonic acid (Kabarowski, 2009), which is an 
etiological factor in certain chronic inflammatory diseases (Teng et al., 
2021a). The elevated levels of the PC in the PS-H groups revealed the 
inflammatory response of A. fangsiao under MPS exposure, which sup-
ported the results of histopathological analysis. 

4. Conclusion 

In this study, the growth performance, digestive gland histopatho-
logical analysis, oxidative stress biomarkers, metabolomic and tran-
scriptomic profiles of A. fangsiao provide insight into the response of 
toxicity mechanism and detoxification under different MPS concentra-
tions. It was found that the ingestion of MPS triggered several adverse 
effects, including growth restriction, histopathological damage, oxida-
tive stress and metabolic disorders. For the detoxification mechanism 
against oxidative damage, A. fangsiao initiates an antioxidant response 
such as SOD and CAT with increasing levels of ROS and lipid 

peroxidation. Furthermore, the expression quantity of many metabolites 
and genes involved in DNA damage, oxidative stress, glucolipid meta-
bolism, and inflammation have been altered to cope with the toxic ef-
fects of microplastic exposure. These results provide basic data for risk 
assessment of MPS exposure on the octopus and offered a good reference 
for ecotoxicology work. 
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