

[image: Autophagy, apoptosis, and inflammation response of Sebastiscus marmoratus to different concentrations of hydroxychloroquine]
Autophagy, apoptosis, and inflammation response of Sebastiscus marmoratus to different concentrations of hydroxychloroquine





ORIGINAL RESEARCH

published: 01 July 2024

doi: 10.3389/fmars.2024.1404295

[image: image2]


Autophagy, apoptosis, and inflammation response of Sebastiscus marmoratus to different concentrations of hydroxychloroquine


Yifan Liu 1, Jun Luo 2, Chuanchen Ren 1, Long Chen 2, Yifeng Zhao 1, Xiaolong Yin 3* and Bingjian Liu 1,2*


1 National Engineering Research Center for Marine Aquaculture, Zhejiang Ocean University, Zhoushan, Zhejiang, China, 2 Marine Science and Technical College, Zhejiang Ocean University, Zhoushan, Zhejiang, China, 3 Zhoushan Fisheries Research Institute, Zhoushan, Zhejiang, China




Edited by: 

Ana Varela Coelho, Universidade Nova de Lisboa, Portugal

Reviewed by: 

Yan Fang, Ludong University, China

Dongdong Xu, Zhejiang Marine Fisheries Research Institute, China

*Correspondence: 

Bingjian Liu
 liubingjian@zjou.edu.cn 

Xiaolong Yin
 xlyhndx@163.com


Received: 20 March 2024

Accepted: 17 June 2024

Published: 01 July 2024

Citation:
Liu Y, Luo J, Ren C, Chen L, Zhao Y, Yin X and Liu B (2024) Autophagy, apoptosis, and inflammation response of Sebastiscus marmoratus to different concentrations of hydroxychloroquine. Front. Mar. Sci. 11:1404295. doi: 10.3389/fmars.2024.1404295



Hydroxychloroquine (HCQ) is an important public health therapeutic agent widely used in the prevention and treatment of malaria and autoimmune diseases, with some antiviral effects, as well as a common autophagy inhibitor. Its autophagy-inhibiting effect attracts great research interest in mammals but is still little studied in fish. We even have no idea about the effects of HCQ on different tissues of fish and what concentrations should be used for safety studies. This study investigated the effect of different concentration of HCQ treatments on the survival, tissue structure, and expressions of genes related to autophagy, apoptosis, and inflammation in the gill, spleen, testis, and ovary of Sebastiscus marmoratus. The results showed that the higher HCQ concentration (77.40 and 154.80 mg/mL) led to mass mortality within an hour. The half-lethal concentration (LC50, 24 h) of HCQ for S. marmoratus was approximately 48.95 mg/mL. When exposed to 30.96 mg/mL HCQ for 24 hours, autophagy was blocked as revealed by electron microscopy from gill, spleen and testis of fish. The expressions of autophagy-related genes (LC3/Cx43), apoptosis-related genes (Cas3/p53), and inflammation-related genes (TNF-α/IL8) exhibited tissue-specific and dose-dependent responses. The gonads showed preferential expression of all these genes and were found to be sensitive and regular after HCQ treatment. For example, at a concentration of 30.96 mg/mL, the testis demonstrated a regularity that suggests it is an ideal candidate tissue for studying the role of HCQ or autophagy. This study systematically revealed the response of S. marmoratus to different concentrations of HCQ and provided optional assay concentrations for key tissues, serving as an important reference for the future studies on HCQ and autophagy in S. marmoratus. Furthermore, the potential crosstalk between autophagy, apoptosis, and inflammatory pathways initially identified in this study could be helpful for the future research on autophagy regulation in marine fish.
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1 Introduction

Chloroquine (CQ), for the first time synthesized in 1939, is a kind of anti-malarial drug (Tanenbaum and Tuffanelli, 1980). It interferes with the acid vesicle functions in the parasite by affecting endocytosis and proteolysis of hemoglobin and intracellular targeting of lysosomal enzymes (Krogstad and Schlesinger, 1987). However, due to its biological toxicity, CQ was soon replaced by its derivative, hydroxychloroquine (HCQ) for the treatment and prevention of malaria, which was first synthesized in 1944 (Patil et al., 2020; Purwati et al., 2021). HCQ is an antimalarial drug derived from 4-aminoquinoline. It has a hydroxyl group at the end of its side chain and a β-hydroxylated N-ethyl substituent. As a result, CQ is fat soluble, while HCQ is water soluble. Meanwhile, the effect and mechanism of HCQ remain similar to that of CQ, its toxicity is reduced by half (McChesney and Fitch, 1984). This makes HCQ easier to absorb in the gastrointestinal tract, and reduces its toxicity in the liver, eye, and gastrointestinal tissue (Ren et al., 2020), which also makes it an essential drug in the basic public health system in the standard list of Essential Medicines of the World Health Organization. However, data on the fate and behavior of HCQ in the environment are scarce. A monitoring study detected of HCQ in the surface sediment from tidal sections of a river in southeast China (Chen et al., 2013). Due to its good solubility and low biodegradation, derivatives of quinoline have become one of the common contaminants in groundwater and soil (Gosu et al., 2016; Mendonça-Gomes et al., 2021). Similar to other medicine consumed by humans, HCQ eventually reaches marine coastal environments through the sewage system and is subject to sudden increases (Dabić et al., 2019). This sudden increase raises serious questions, inquiries or concerns related to short- and long-term ecotoxicological effects on aquatic organisms and the environment.

In fact, the functions of CQ and its derivatives go beyond the treatment of malaria. They also have anti-inflammatory, immunity-regulating, anti-infective, light-filtering, and anti-coagulation properties. In 1989, researchers found a decreased incidence of Burkitt lymphoma in patients treated with CQ prophylactically for malaria (Geser et al., 1989; Belhassan et al., 2020). CQ and HCQ have also been proven to be effective in treating other inflammatory diseases such as rheumatoid arthritis (Montalvo-Casimiro et al., 2020; Nirk et al., 2020). In the past few decades, CQ and HCQ have been commonly used as autophagy inhibitors both in the lab and clinical settings. They block lysosomal acidification, autophagosome degradation, and inactivate autophagy, which further reduces the survival of tumor cells (Rubinsztein et al., 2007; Zhou and Wang, 2013; Li et al., 2020a; Martinez et al., 2020). In breast cancer cells, HCQ regulates the expression of apoptosis suppressor genes (Xlap, Livin, and Survivin), pro-apoptosis genes (Pten, Tceal17, Rassf2a, Arhi, Bax, and Caspase-3) and autophagy marker genes (Beclin1, LC3-II, Atg2b, Atg4d, and Atg9b), leading to apoptosis and autophagy (Dong et al., 2021). In human bladder cancer cells, it was found that both CQ and HCQ inhibit the proliferation of several bladder cell lines, increase caspase 3/7 activity, and cause apoptosis of the bladder cancer cells (Lin et al., 2017). In addition, researchers also found that CQ induced apoptosis in pancreatic neuroendocrine neoplasms via endoplasmic reticulum stress (Nakano et al., 2020). Not surprisingly, these CQ- or HCQ-induced changes in autophagy levels can cause a certain response in the apoptotic pathway (Kapuy and Korcsmáros, 2022).

As a lysosomal-dependent degradation pathway widely present in eukaryotic cells, autophagy is a highly conserved intracellular mechanism that plays a crucial role in self-protection, cell survival, regeneration, substance reuse, and homeostasis (Yorimitsu and Klionsky, 2005; Levine and Kroemer, 2008; Chiarelli et al., 2014). Autophagy was first discovered in the early 1960s (Klionsky, 2008), and since then, extensive research has been conducted on this process in various organisms, ranging from yeast to higher animals and plants (Moore et al., 2006; Ohsumi, 2014). The identification of autophagy genes in yeast and homologs in other organisms has revealed the conservation of the eukaryotic autophagy machinery, enabling researchers to use molecular genetics and biology to study the process in different model systems (Yorimitsu and Klionsky, 2005).

Up to now, most of the autophagy study were carried out in mammals. Studies inprove that autophagy plays an essential role in embryonic development (Mizushima and Komatsu, 2011), tissue renewal, and cell differentiation (Wu et al., 2020; Wada et al., 2014). Studies on mice have demonstrated that autophagy helps to remove inefficient organelles in cells during heart and liver development, thereby promoting cell differentiation (Gan et al., 2006; Dai et al., 2022). During times of stress or damage to the nervous system, autophagy activity is often boosted to help nerve cells cope with these unfavorable factors (Fimia et al., 2007). Under conditions of external stimuli threaten life, the level of autophagy also changes correspondingly (Ge et al., 2019; Yao et al., 2019). Starvation will cause autophagy and then cause body damage in mice (Komatsu et al., 2005). Moreover, under low oxygen, low energy, or other stress, autophagy is automatically activated to help the cell survive (Klionsky, 2005). Autophagy is crucial for the formation of the heart structure during zebrafish development, and inactivation of autophagy, specifically ATG5 and ATG7, can lead to increased cell death, structural heart defects, and decreased embryonic survival (Lee et al., 2014). In a study of zebrafish liver found that, hepatic glycogen was first mobilizing to supply energy, and then autophagy, especially mitophagy, played vital roles during nutrient deprivation (Chen et al., 2022; Dai et al., 2022). It is evident that autophagy plays an integral role throughout the process from embryonic development to the maintenance of homeostasis in the organism until the death of the individual (Tettamanti et al., 2019).

However, studies on autophagy in aquatic organisms are much fewer, which was still in its infancy (Seiliez et al., 2010; Xia et al., 2019). In a study of ovarian follicle atresia in Prochilodus argenteus and Leporinus taeniatus, researchers found that the intense heterophagy to engulf the yolk, and autophagy were detected in the follicular cells during advanced and late atresia (Santos et al., 2008). Autophagy and phagocytosis of European hake (Merluccius merluccius) follicular cells were similarly found to contribute to the digestion of oocyte yolk material during atresia (Nzioka et al., 2023). In Oncorhynchus mykiss, in vivo and in vitro studies showed that fasting fish for 14 days or serum depletion of trout myocytes strongly induces the expression of autophagy-related genes (LC3B, gabarapl1, atg12l, and atg4b) in the muscle (Seiliez et al., 2010). In vitro study on trout myocytes indicated that IGF1 induces FoxO3 phosphorylation but has a low or no effect on autophagy-related gene expression, suggesting a moderate role for this transcription factor on the autophagic/lysosomal pathway (Seiliez et al., 2010). In Seriola quinqueradiata cells, HSC70 and HSP70 were found to localize in lysosomes after high-temperature treatment, suggesting that molecular chaperon-mediated autophagy occurred in cells under heat shock conditions, and both heat shock proteins contribute to autophagy (Yabu et al., 2011). In Micropterus salmoides epithelioma papulosum cyprini cells, autophagy induced by the largemouth bass virus was found to inhibit virus replication and apoptosis (Deng et al., 2022). A study of Pelteobagrus fulvidraco found that autophagy could enable adaptive catabolism of cells under waterborne Zn exposure to reduce the stress response of organelles (such as endoplasmic reticulum) and maintain cell homeostasis (Wei et al., 2017). Another study of P. fulvidraco sperm found that CQ could improve sperm motility and fertilization efficiency by activating many signaling pathways including PI3K-AKT (Zhang et al., 2017). In the Epithelioma Papulosum Cyprinid cells, the researchers found that autophagy delayed apoptotic cell death caused by Siniperca chuatsi Rhabdo virus ( (Zhou et al., 2021). In Penaeus vannamei, TBC domain family 7-like has been found to enhance the tolerance to ammonia nitrogen by the up-regulation of autophagy (Wang et al., 2022). A study of Larimichthys crocea also found that the activation of autophagy relieved linoleic acid-Induced inflammation (Shi et al., 2007; Dai et al., 2022). In vitro and in vivo of Paralichthys olivaceus studies showed that PoPTEN affected autophagy activation via the AKT/mTOR pathway and also modulated the process of apoptosis (Johnstone and Chaves-Pozo, 2022). These studies have provided important insights into the role of autophagy in fish. However, there is still a lack of systematic knowledge of the potential effects and regulatory mechanisms of autophagy and its inhibitors in fish. Therefore, it is essential to investigate the scope of the autophagy inhibitor HCQ, its possible effects on different fish tissues, and its subsequent effects on other regulatory pathways (Xia et al., 2019).

Sebastiscus marmoratus is a bottom-carnivorous oviparous fish belonging to Scorpaeniformes, Scorpaenoidei, Scorpaenidae, and Sebastiscus. Its body is long elliptic, with big eyes on the upper side and a high eyeball positioned towards the back of the head (He et al., 2023). This species is indigenous to the nearshore seawaters of the West Pacific Ocean, including the Bohai Sea, Yellow Sea, East China Sea, and South China Sea, as well as the waters from southern Japan to eastern Korea (Shi et al., 2007; Bo et al., 2017), which is a typical reef sea fish. Owning to its small body size (approximately 25 g body weight for an adult), wide geographical distribution, restricted home range, high disease resistance, and uniform growth, S. marmoratus became a potential marker marine species for environmental studies (Bo et al., 2017). Recent studies have assessed the effects of various oceanic pollutants such as Lead (Pb), Petroleum hydrocarbon (PHC), Nonylphenol (NP), Cadmium (Cd), and their mixture on the reproductive endocrinology of male S. marmoratus (Zheng et al., 2016; Bo et al., 2017; Zheng et al., 2019). However, the effect of CQ and HCQ on S. marmoratus remains unclear.

The purpose of this study is to investigate the effect of different concentrations of HCQ on various tissues of S. marmoratus. We chose the gill, spleen, testis, and ovary to represent the respiratory, immune, and reproductive system. We determined the survival rate, LC50 (24 h), sub-microstructural changes, and the expression patterns of autophagy-related genes LC3 and Connexin 43 (Cx43), apoptosis-related genes Caspase 3 (Cas3) and Tumor protein 53 (p53), and inflammation-related genes Tumor necrosis factor-α (TNF-α) and Interlukin 8 (IL8) in the gill, spleen, testis, and ovary. By comparing their expression changes, peaking time, and elevation multiplier, the responses of autophagy, apoptosis, and inflammation pathways could be initially elucidated. The results would provide information on the optimal target tissues and the corresponding optimal detection windows for HCQ treatment in S. marmoratus. Furthermore, it would give evidence for the potential environmental impact of autophagy inhibitor HCQ, and serve as a basis for further research on autophagy in marine fish.




2 Materials and methods



2.1 Ethics committee permit and experimental procedure compliance

All procedures in this study were approved by the Animal Ethics Committee of Zhejiang Ocean University (Zhoushan, China), and carried out following the Regulations for the Administration of Laboratory Animals (Decree No. 2 of the State Science and Technology Commission of the People’s Republic of China, 14 November 1988). All the experimental operations and procedures are legal and compliant. All experiments were carried out following the reference experimental guidelines and regulations and the US National Research Council’s guidelines for the Use and Care of Laboratory. Animals were followed, from animal transportation to the experiment itself and its completion, and there were no incidents of abuse or other infractions. Ethics Committee approval was obtained from the Institutional Ethics Committee of Zhejiang Ocean University to the commencement of the study. Approval Code: 2022095 and Approval Date: 16 June 2022. Thus, the experiment met ethical requirements.




2.2 Fish stocks

S. marmoratus were obtained from Zhoushan Fisheries Research Institute of Zhejiang Province, China. The weight and length of the fish were 25.13 ± 5.26 g and 10.44 ± 3.06 cm, respectively. The rearing conditions were as follows: salinity 31 ± 0.5, dissolved oxygen > 7.0 mg/L, pH 7.6 - 8.1, and photoperiod 12 h light: 12 h dark. The seawater was renewed every other day. The fish were fed twice a day (8:00 and 18:00) at about 5% of body weight (Ahmed et al., 2004). Residual bait was sucked out in time to prevent negative impact on water quality.




2.3 Experimental design and HCQ treatments

Used glass tanks (40 cm × 20 cm × 28 cm) to keep the fish in the aquarium at 20°C. Each tank contained 16 L of sand-filtrated seawater. The treatments were set according to the pretest and reference documents 1991-GB/T 13267–1991. There were total 72 individuals in 8 treatments, including Blank (blank control: nothing is injected), Ctrl (solvent control: an equal volume of 1×PBS was injected), 3.10 mg/mL, 7.74 mg/mL, 15.48 mg/mL, 30.96 mg/mL, 77.40 mg/mL, and 154.80 mg/mL HCQ groups. For each treatment, there set 3 tanks. Every timepoints, 3 individuals were collected randomly from each tank.

After intraperitoneally injection, deaths were recorded every 0.5 h until 24 h sampling. All of the fish were anesthetized using MS-222 (tricaine methanesulfonate; Sigma, USA), and then measured for total weight, body weight, length, liver weight, and gonad weight to make sure the growth situation and gonad stages were close to each other. The gill, spleen, testis, and ovary were quickly collected at the time point of 24 h or the time of death (<24 h), and frozen in liquid nitrogen rapidly to prevent RNA from degradation. All the samples underwent the same analysis.




2.4 Transmission electron microscope (TEM) assay

According to the mortality results, 30.96 mg/mL was the highest concentration that all S. marmoratus alive throughout the experiment. This concentration was also most closed to the LC50 (48.95 mg/mL). Therefore, samples in 30.96 mg/mL HCQ group were also chose for TEM assay to check the histological effects of HCQ to S. marmoratus. Total 9 individuals were collected for the gill, spleen, testis, and ovary. Then, 3 samples of each tissue we randomly sent for TEM analysis. The geometric center of gill, spleen, testis, and ovary were dissected and minced into fragments (< 1 mm) to represent for the developmental situation, and thereafter immersed by 2.5% glutaraldehyde in 1 × phosphate buffered saline (1×PBS) (pH 7.3). After fixation over 4 h at 4°C, the tissues were washed with 1×PBS for 3 times (10 min each) and post-fixed by 2% osmium tetroxide (OsO4) in 1×PBS over 4 h at 4°C. Then the tissues were washed repeatedly in distilled water and dehydrated by using a graded ethanol series (30%, 50%, 75%, 95%, 100% and 100%) for 10–20 min each.

For transmission electron microscopy (TEM), the samples were embedded in Epon-Araldite and kept in dark at 4°C. Resin and the sample sections of the testis were processed as previously described. Semi-thin sections (1.5 μm) were obtained by using a Reichert Ultracut E ultramicrotome and stained with methylene blue before the visualization and examination by a Nikon Ni-E light microscope with a Nikon DS-Ri2 imaging system. Ultrathin sections (75–80 nm) were obtained by using the the Ultracut E ultramicrotome and stained with urany-less EM stain, followed by counterstaining with lead citrate. The sections were then photographed by using a transmission electron microscope Hitachi H-7000 5 (Hitachi, Tokyo, Japan). Only histologic changes with a probability of greater than 75% are considered as typical changes.




2.5 Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted from the gill, spleen, testis and ovary by using the Fastagene RNAfast 200 kit (Fastagen, China) and checked for both quantity and quality thereafter. Then, the cDNA was synthesized by using the PrimeScripe RT reagent kit (Takara, China) following the manufacturer’s instructions. Fluorescent real-time PCR was analyzed by using SYBR Premix real-time PCR kit (Takara, China) with an Bio-RAD@CFX connect system (Biorad, USA). The PCR reactions were performed in triplicate with a 20 μL reaction volume containing 10 μL Top Green qPCR Super Mix, 0.4 μL Passive Reference Dye I, 1 μL forward and reverse primer mix, 1 μL template cDNA, and 7.6 μL H2O.The reaction conditions were 94°C for 5 min, followed by 45 cycles at 94°C for 15 s, 55°C for 15 s, and 72°C for 20 s. The primers were designed using the Primer 5.0 program (Table 1). The reference genes β-actin and 18sRNA were used as the internal control (Yin and Qian, 2017; Zhang et al., 2009).


Table 1 | Primer sequences used for qRT-PCR.






2.6 Statistical analysis

All data from this experiment are expressed as Mean ± SD (n = 9). Data from qRT-PCR were analyzed using the ΔΔCt method, and the 2 -ΔΔCt value was used as the relative expression of the target gene (Livak and Schmittgen, 2001). Statistical analysis was completed using SPSS 21.0 software (SPSS Inc., USA) using one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test for significance (p < 0.05) when comparing data between groups. Gene expression data in heat maps were analyzed after natural logarithmic transformation.





3 Results



3.1 Cumulative survival and mortality rates

The cumulative survival rate of S. marmoratus is shown in Figure 1. There were no deaths in the blank group, control group, 3.10 mg/mL group, 7.74 mg/mL group, 15.48 mg/mL group, and 30.96 mg/mL group within 24 h. When the HCQ concentration increased to 77.40 mg/mL, deaths occurred at 0.5 h (mortality 22.22 ± 11.11%), with the cumulative survival rate decreasing to 77.78%, then all the fish died at 1.0 h. In the 154.80 mg/mL group, a large number of deaths occurred at 0.5 h (88.89 ± 7.40%), and the cumulative survival rate decreased to 11.11%. Using the Karber method (Hamilton et al., 1977), the half-lethal concentration (LC50) of HCQ to S. marmoratus for 24 h was approximately 48.95 mg/mL, which was consistent with the probit method (56.76 mg/mL) and linear regression method (44.86 mg/mL) (Matsubara, 1962; Nath et al., 1996).




Figure 1 | Cumulative survival rate (CSR) and instantaneous mortality of S. marmoratus under different concentration HCQ treatments. (A) Blank, no injection. (B) Control, injected 100  μL of 1  × PBS solution into the abdominal cavity per fish. (C) The 3.10 μg/mL HCQ group, injected 100 μL of 3.10 μg/mL HCQ solution prepared with 1 ×PBS solution into the abdominal cavity per fish. (D) The 7.74 μg/mL HCQ group. (E) The 15.48 μg/mL HCQ group. (F) The 30.96 μg/mL HCQ group. (G) The 77.40 μg/mL HCQ group. (H) The 150.80 μg/mL HCQ group. The values are means ± SD (n = 9). “**” denote significant differences (p < 0.05).






3.2 Electron microscope analysis

To examine the effects of HCQ on tissue structure, we checked the structural changes of gill, spleen, testis and ovary at 24 h in the 30.96 mg/mL group by transmission electron microscopy (TEM). The concentration of this group was the highest at which all the fish survived for 24 h. As shown in Figure 2, in the control group, the gill filament structure was intact. However, in the 30.96 mg/mL group, a mass of vacuolation, autophagy and apoptotic bodies could be found. In the spleen, the control group showed no special changes. In the 30.96 mg/mL group, mitochondrial autophagy occurred, with partial vacuolation and deeply stained autophagolysosomes appeared. In addition, the number of apoptotic bodies increased. For the testis in the control group, the normal state of spermatocytes and spermatocytes were concentrated, with the Sertoli cells and other somatic cells located mainly at the margins of the spermatogenic lobule, not far from the germ cells. However, in the 30.96 mg/mL group, vesicles in spermatocytes increased significantly, and the number of autophagosomes and apoptotic bodies also increased in Sertoli cells. The number of autophagosomes and apoptotic bodies around follicular cells and granulosa cells was increased in ovaries treated with 30.96 mg/mL HCQ compared to the control group.




Figure 2 | Transmission electron microscope (TEM) results of gill, spleen, testis and ovary of S. marmoratus after 30.96 mg/mL HCQ treatments, (SP, Sperm cell; SC, Sertoli cell; MC, Macrophage cel, CC, Central capillary, FC, Follicle cell; GC, Granulosa cells; PB, Plasmablast; Arrows, Accumulation of autophagosomes or autophagolysosomes).






3.3 Real-time fluorescence quantitative results

To determine whether HCQ treatment induces the autophagic response in S. marmoratus tissues, we analyzed the expression changes of autophagy-related genes LC3/Cx43, as shown in Figure 3. The expressions of LC3 and Cx43 showed similar trends in the gill, testis, and ovary. In the gills, the LC3 levels significantly increased in the 15.48 mg/mL and 77.40 mg/mL groups, but decreased in the 30.96 mg/mL group (p < 0.05). Cx43 also showed relatively high levels in the 15.48 mg/mL and 77.40 mg/mL groups, and low levels in the 30.96 mg/mL group, with the highest expression in the 3.10 mg/mL group. In the spleen, however, LC3 was most highly expressed in the group with the highest HCQ concentration (154.80 mg/mL), whereas Cx43 was more highly expressed in the low concentration group (3.10 mg/mL), and in the medium concentration group (15.48 mg/mL) than in the high concentration group (77.40 mg/mL) (p < 0.05). In testis, LC3 increased with increasing HCQ concentration, reaching maximum expression in the 30.96 mg/mL group and then declining in the higher concentration groups (p < 0.05). The 30.96 mg/mL group showed the greatest increase in LC3 gene expression compared to the control group, with an 8-fold increase. Cx43 likewise rose significantly in the 30.96 mg/mL group, while no significant change in expression was seen in the other groups. In the ovary, the expression of LC3 and Cx43 were much higher in the 3.10 mg/mL and 15.48 mg/mL groups, with Cx43 showing the highest expression in the 77.40 mg/mL group, about 14 times that of the control group (p < 0.05).




Figure 3 | Expression of autophagy genes (LC3/Cx43) in different tissues of S. marmoratus under different concentration HCQ treatments. (A) LC3. (B) Cx43. Tissues are the gill (purple), spleen (green), testis (blue), and ovary (pink). The values are means ± SD (n = 9). Different letters denote significant differences between different groups (p < 0.05).



Next, we assessed the apoptosis response of S. marmoratus after HCQ treatment by measuring the expression changes of apoptosis-related genes Cas3 and p53, as shown in Figure 4. Both genes showed similar patterns. In the gills, as the concentration of HCQ increased, Cas3 and p53 first increased and the then decreased, with the highest levels in the 7.74 mg/mL group. In the spleen tissue, Cas3 and p53 showed higher expressions in the high concentration groups, with Cas3 peaking in the 77.40 mg/mL group, and p53 peaking in the 154.80 mg/mL group (p < 0.05). In the testis, both Cas3 and p53 first increased and then decreased, with their top expressions appearing in the 30.96 mg/mL group, and the maximum increase in Cas3 gene was about 40 times that of the control. In the ovary, the highest expression levels of Cas3 and p53 were found in the 77.40 mg/mL group, with p53 increasing about 7 times compared to the control group (p < 0.05).




Figure 4 | Expression of apoptosis genes (Cas3/p53) in different tissues of S. marmoratus under different concentration HCQ treatments. (A) Cas3. (B) p53. Tissues are the gill (purple), spleen (green), testis (blue), and ovary (pink). The values are means ± SD (n = 9). Different letters denote significant differences between different groups (p < 0.05).



The HCQ treatment also caused inflammatory reactions in S. marmoratus. As shown in Figure 5, the expressions of inflammatory-related genes TNFa and IL8 were measured. The trends of variation of these genes were similar in the spleen, testis, and ovary, respectively. In the spleen, TNFa and IL8 had higher expressions in the low HCQ concentration groups, with the highest expression of TNFa found in the 3.10 mg/mL group, and the top IL8 level appearing in the 7.74 mg/mL group (p < 0.05). In the ovary, both TNFa and IL8 were highly expressed in the 3.10 mg/mL group. In the testis, both TNFa and IL8 increased first and then decreased, with the peak expression in the mid-concentration group, the 30.96 mg/mL group (p < 0.05). However, in the gill, the changes in the two genes showed less significant changes between the different concentration groups, with no statistical difference in IL8, and only a slight decrease in TNFa in the 3.10 mg/mL group and a slight increase in the 154.80 mg/mL group (p < 0.05). Moreover, compared to the control group, the expression levels of TNFa and IL8 genes in ovary tissues elevated most dramatically in the 3.10 mg/mL group, which increased about 80 times and 8 times, respectively (p < 0.05).




Figure 5 | Expression of inflammatory genes (TNFα/IL8) in different tissues of S. marmoratus under different concentration HCQ treatments. (A) TNFα. (B) IL8. Tissues are the gill (purple), spleen (green), testis (blue), and ovary (pink). The values are means ± SD (n = 9). Different letters denote significant differences between different groups (p < 0.05).






3.4 Heat map of folds changes

To visualize the strength of gene response after different HCQ concentration treatments, we created heat maps of the change folds of gene expressions compared to their respective controls (Figure 6). The gonad showed the most significant elevations of gene expression. In the testis, the most significant elevation of gene expressions all appeared in the 30.96 mg/mL group. The maximum gene expressions were 9.39, 8.33, 36.62, 3.24, 3.77, and 4.22 times higher than their respective control. In the ovary, relatively higher elevations of the genes mainly appeared in the lower (3.10, 7.74, and 15.48 mg/mL) and higher (77.40 mg/mL) HCQ concentrations. In the spleen, the genes increased more significantly in the 7.74 and 77.40 mg/mL HCQ groups. However, the genes tested in the gill did not show a clear preference for a particular HCQ concentration.




Figure 6 | Heatmap of the expression elevated folds of LC3, Cx43, p53, Cas3, TNFα, and IL8 in different tissues of S. marmoratus under different concentration HCQ treatments. Brown color indicates that the expression of the gene is elevated at approximately higher multiplicity, while purple color indicates the opposite.







4 Discussion

Current research methods for HCQ administration in aquatic organisms include water baths, intraperitoneal injections, and altered rations. The intraperitoneal route of exposure increases the ability of the organisms tested to absorb toxic substances, affecting the gonads and other organs (Turner et al., 2011). Substances enter the organism directly and environmental and physiological variables have less influence on the results (Karami et al., 2011). Studies have used intraperitoneal injections of Pelteobagrus fulvidraco with different concentrations of CQ to study autophagy inhibition of its survival and physiological functions (Li et al., 2024). In a previous study, it was shown that intraperitoneal injection of different concentrations of CQ inhibited the mRNA levels of IL-8, NTF-α and apoptosis-related genes in Larimichthys crocea (Zhao et al., 2023). In the present study, we chose the intraperitoneal injections method to reduce the huge consumption of HCQ and environmental pressure caused by water baths. The changes in the cumulative survival rate of S. marmoratus were analyzed in response to increasing concentrations of HCQ. The results showed that the cumulative survival rate remained unchanged until the concentration reached 77.40 and 154.80 mg/mL. Obviously, high concentration of HCQ caused mass death within the first 1 hour. Similar phenomena have been observed in zebrafish (Huang, 2020) and Larimichthys crocea (Zhao et al., 2023), where higher concentration of HCQ (2.50 mg/mL) also caused mass death of zebrafish in the first 1 hour (Huang, 2020). In Larimichthys crocea, mass death occurred in the first 1–2 hours in higher HCQ concentration groups (50.32 and 251.60 μg/mL). It could be seen that in fish, the effect of HCQ was dose-dependent and the negative effect response caused by the high concentration acted rapidly, usually within 1–2 hours (Zhao et al., 2023). In fact, in mammals, HCQ also acted quickly, as observed in a Cynomolgus Macaques population pharmacokinetics model for HCQ, where physiological and biochemical indicators such as plasma concentration respond rapidly within 1 hour after treatment (Liu et al., 2021). Furthermore, HCQ itself has certain biological toxicity (Warhurst et al., 2003; Motarjemizadeh et al., 2015; Li et al., 2020b), which might contribute to the high mortality rate in the high concentration groups.

To investigate the effects of HCQ on tissue structure, we selected the highest concentration group (30.96mg/mL) from the survival groups and examined the gill, spleen, testis, and ovary after 24 h of treatment. Gills, as metabolically active tissues involved in gas exchange, are a major target of aquatic pollutants and are widely used to study the effects of environmental factors on fish. Numerous studies have shown that influencing the level of autophagy in gill tissues can have profound effects on their structure and function (Luzio et al., 2021). The spleen is physiologically important not only as the main site of specific immunity in the organism, but also for the synthesis and secretion of some important active substances, such as complement components and cytokines. Studies have shown that HCQ reduces the number and size of splenic white pulp follicles, the amount of apoptotic activity, and the number of T cell-rich cells (Liu et al., 2021; Alruwaili et al., 2023). HCQ-treated mice showed degeneration of spermatogonia, shedding of spermatogenic cells, testicular interstitial edema, and occasional spermatogenic arrest in testicular tissues (Alruwaili et al., 2023). And it has been noted that HCQ also inhibits autophagy in mouse ovaries (Furlong et al., 2016). Zhao et al. found that different concentrations of CQ had important effects on tissues such as the gonads of the large yellow croaker (Larimichthys crocea) (Zhao et al., 2023).

Our results showed a significant increase in the number of autophagosomes in the test tissues. Similar results have been reported in melanoma cell lines, Ara-C-resistant cell lines and cervical cancer SiHa cells (Mehnert et al., 2013). Specifically, in melanoma cell lines and animal models, HCQ administration inhibited the autophagy pathway as the increasing numbers of autophagic vesicles (AVs) and processing of the autophagosome marker LC3 from LC3-I to LC3-II (Mehnert et al., 2013). In Ara-C-resistant cell lines, HCQ triggers the activation of autophagy by increasing the number of autophagosomes (Kim et al., 2014). In cervical cancer SiHa cells, HCQ inhibited the autophagy by lysosomal acidification and subsequently blocking of the autophagosomes fusion, leading to the tumor cell death (Liu et al., 2014). Moreover, in studies of CQ and HCQ as antitumor agents, they have also been found to cause the accumulation of acidic vesicular organelles and interrupt autophagosome-lysosome fusion (Ferreira et al., 2021). In the present study, the amount of autophagosomes (or autophagolysosomes) and apoptotic bodies was significantly increased after 30.96 mg/mL HCQ treatment, indicating that HCQ strongly interfered with autophagy system in typical organizations of S. marmoratus, and might triggered subsequent apoptotic response. This destruction of organizations also led to impaired normal function. This is the first time that HCQ-induced autophagy blockade has been captured by TEM in fish, providing an intuitive sense of the effect of this autophagy inhibitor.

To further investigate the effects of HCQ on the tissues, we analyzed the gene expressions related to autophagy (LC3, Cx43), apoptosis (Cas3, p53), and inflammatory response (TNFa, IL8). Previous studies have shown that CQ can effectively inhibit protein degradation in autophagic lysozyme and induce the accumulation of LC3II, leading to the inhibition of autophagy in ovarian cancer cells A2780 and SKOV3 (Chen et al., 2022). Similarly, in breast cancer cells, CQ upregulated the expression of Caspase-3, Beclin1, and LC3-II significantly, thereby inducing autophagy (Dong et al., 2021). In bladder cancer cells treated with CQ and HCQ, autophagy was effectively interrupted by blocking the autophagic lysosomal fusion, leading to the inhibition of P62 and LC3-II degradation (Lin et al., 2017). In the present study, the expression patterns of LC3 and Cx43 genes were found to be synchronized in the gill, ovary, and testis of S. marmoratus. We found that HCQ treatment enhanced the expressions of autophagy marker genes (15.48 and 77.40 mg/mL in gills, 30.96 mg/mL in testis, and 3.10 and 15.45 mg/mL in ovary) and induced autophagy, which was also consistent with previous researches. Additionally, Cx43 was found to be directly involved in the initial stage of autophagosome formation in mouse liver cell lines (Bejarano et al., 2014). Our findings provided the first confirmation of a relatively synchronized expression pattern of Cx43 and LC3 in fish. However, further detailed work is required to elucidate the exact relationship between Cx43 and the autophagy and apoptosis pathways.

Numerous studies have confirmed the involvement of Cas3 in various cellular processes such as cell differentiation (Larsen et al., 2010), chemotactic substances production (Hou et al., 2019), wound healing and tissue regeneration (Moeller et al., 2004), neural regeneration and modulation (Contag et al., 2000; Ahn and Brown, 2008). The Cas3/p53 genes are closely linked to apoptosis (Yu et al., 2021). In a study on ventilator-related lung injury, ulinastatin was found to inhibit the Cas-1/3 and p53 pathway and ameliorate the injury caused by apoptosis (Wang and Ye, 2015). In Chinese perch brain (CPB) cells, p53 was shown to play a critical role in regulating autophagy (Zhang et al., 2022). Moreover, in studies on breast cancer cells, CQ was found to regulate the expression levels of apoptosis suppressor genes and pro-apoptotic genes, and induce apoptosis (Dong et al., 2021). Our study found that the expression of Cas3/p53 genes displayed good regularity. With the increase of HCQ concentration, the expression of Cas3/p53 genes first increased and then showed a downward trend. The top expression of Cas3/p53 genes occurred in the 7.74 mg/mL (lower) HCQ group for the gill, 30.96 mg/mL (medium) HCQ group for the testis, and 77.40 mg/mL (medium to high) HCQ group for the ovary. In the spleen, Cas3 peaked in the 77.40 mg/mL (medium to high) HCQ group and p53 peaked in the 154.80 mg/mL (highest) group. Thus, the apoptosis caused by HCQ also showed a strong concentration dependence. Our study supported previous findings in mammalian cell lines, indicating that the crosstalk between autophagy and apoptosis pathways is involved in the effect of HCQ (Toton et al., 2016; Ge et al., 2019; Saciloto et al., 2021). However, further work is needed to clarify the precise relationship between HCQ and apoptosis pathways.

It is well accepted that TNFa and IL8 are crucial pro-inflammatory cytokines that exert inflammatory and immunomodulatory activities essential in host defense (Cheong et al., 2006; Cormier et al., 2009). The defect of autophagy is a critical factor in the induction of inflammatory response and inflammatory disease (He et al., 2013). Therefore, the changes in the expression of TNFa and IL8 can reflect the intensity of the inflammatory response induced by HCQ. Our study found that the levels of TNFa/IL8 genes in the testis and ovary showed good regularities, with the highest expression observed in the 30.96 mg/mL group in the testis and 3.10 mg/mL in the ovary. Similar results were observed in chondrocytes and microglia, where curcumin was found to ameliorate the H2O2-induced chondrocyte inflammatory response by inducing autophagy activation (Chen et al., 2022), and the level of inflammation in microglia was regulated by autophagy (Su et al., 2016). Although the precise relationship between the inflammatory response and the autophagic system in mammals remains unclear, similar results in mammals support the validity of our novel findings in fish.

In fact, previous studies conducted in mammals have also reported that gonads were optimal organs for studying autophagy due to their inherent autophagic activity (Ghosh et al., 2018; Pang et al., 2018; Pajokh et al., 2019). Due to the close relationships between autophagy, apoptosis, and inflammation, it is natural for the gonads to have higher expression levels of marker genes associated with the latter two processes. Additionally, the gonad also showed higher fold-change multiples (refer to Figure 6), with all the tested genes in the testes displaying the highest expressions in the 30.96 mg/mL (medium) HCQ group. This suggestes that the testes are a sensitive and reliable candidate for HCQ detection. Moreover, our study has also provided novel basic data on the ideal HCQ concentration for testing in different tissues of S. marmoratus.




5 Conclusion

In the present study, we examined the effects of HCQ treatment on S. marmoratus by administering varying concentrations of the drug. Our findings revealed significant responses of different levels, including mortality, submicrostructure, and gene expressions. Higher concentrations of HCQ resulted in systemic changes in S. marmoratus, such as high mortality rates (all dead within 1 hour in the 77.40 and 154.80 mg/mL groups), accumulation of autophagosomes (or autophagolysosomes) in typical tissues (represented the blocked autophagy), and significant elevated levels of autophagy, apoptosis, and inflammation marker genes. These responses were rapid and remarkable, and the changes observed at different levels were consistent with each other, e.g. higher mortality corresponded to significant changes in histology and gene expression. Notably, the gonads, especially the testis, showed good sensitivity and consistency in both histology and gene expressions, making it a reliable candidate for HCQ detection. Meanwhile, we also found differences in the sensitivity of various tissues to different HCQ concentrations, which could be a valuable reference for future assays in both S. marmoratus and other marine fish. Additionally, our study identified the crosstalk between autophagy, apoptosis, and inflammatory pathways, with opens up avenues for future in-depth studies on the function of autophagy in marine fish.
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LC3-F CGTTCCGCCTCTCAATGT

LC3-R CTGGTCAACCGCTTCACTT
Cx43-F AAAACGACGGAGGCGATG
Cx43-R TGGGACGGGACAGGAAAC
Cas3-F ATGTAGACGCAGCAAACG
Cas3-R V CTCAACAGAACGCAGACG
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TNFa-F CGCCACACACCTCTCAGC
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