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Abstract

:

Tetracycline (TC) contamination has become hot research topic, but little attention has been paid to its ecotoxicological monitoring. The primary objective of this study is to investigate the impact of TC on human normal liver cells (HL-7702) and find indicators for monitoring their ecotoxicity. The cytotoxicity of TC, at concentrations ranging from 0 to 1000 μg L−1, was assessed on HL-7702 cells. The results showed that TC significantly inhibited the cell viability at a high concentration (1000 μg L−1). The TC at exposure levels ≥ 50–100 μg L−1 significantly increased the levels of extracellular catalase (CAT), malondialdehyde (MDA), alanine transaminase (ALT), and aspartate transaminase (AST), and a significantly positive correlation between the TC concentrations and the values of the above parameters was observed. Swelling of the mitochondrial cristae (MC) and rough endoplasmic reticulum (RER) and the loss of ribosomes in HL-7702 cells, were observed at high TC levels. There was a positive correlation between soil TC concentration and ALT activities. The above results suggest that TC is cytotoxic to HL-7702 cells and that extracellular ALT activities can be used as a sensitive bioindicator for monitoring soil TC contamination. We, therefore, propose that the HL-7702 cell line can be a novel tool for early antibiotics toxicity monitoring.
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1. Introduction


Tetracycline (TC) is the most widely used antibiotic in many countries, for human or animal preventive treatment and livestock growth promoters [1,2,3,4]. However, it is normally excreted either unchanged (30–90%) or as other active metabolites after application, due to their incomplete metabolism in humans and livestock [5,6]. The TC disseminates into soils and surface waters [6,7,8], although TC concentrations are below the threshold values (100 μg kg−1) that cause ecotoxic effects in some environments [9], as set by the Steering Committee of the Veterinary International Committee on Harmonization [10]. The chronic exposure to low levels of antibiotics may exert pressure on the development of TC-resistant bacteria and have adverse effects on ecological and human health [8,11,12], which poses a potential threat to human health via the food chain [13,14,15] and is difficult to manage [16]. It is, therefore, imperative to assess the risks of TC on environmental safety and human health, to provide information for developing better mitigation strategies.



In recent years, the adsorption, migration and transformation of antibiotics in soil–water–plant systems have become a research hotspot, and there were many studies reported on the ecotoxicology of TC [8,17,18] and its resistance genes [4,12,19] on the environment. However, still there is a lack of information about an efficient method for diagnosing the toxicity of TC in soil. It has been reported that various indicators were used to identify the toxicants, such as heavy metals or drugs for health risk assessment [20,21,22,23,24]. Many in vitro toxicity indicators can be used as potential indicators to diagnose food, water and air [15,25,26] contamination. As a valuable tool, the determination of cell toxicity in vitro assays can play an important role in the ecological risk assessment of antibiotics [27,28], as these are simple, rapid, sensitive and cost efficient [28,29]. Therefore, the indicators of liver toxicity testing could serve as important biological indicators to assess the ecological safety and health risks of TC.



As a target organ, the liver has an important function, detoxifying toxins taken in from food, as well as exposures to other sources. However, excessive amounts of TC can cause liver injury, which is indicated by the traditional biomarkers, such as alanine transaminase (ALT), aspartate transaminase (AST) and alkaline phosphatase (ALP); at the same time, the generation of excessive amounts of reactive oxygen species (ROS), following the emergence of some oxidative stress biomarkers, including malondialdehyde (MDA) and hydrogen peroxide (H2O2), which is an underlying cause of liver injury [15], could serve as potential indicators for evaluating the health risks of TC. In addition, the human normal liver cell line HL-7702 is used to establish models of liver injury in vitro and evaluate liver toxicity [15,30]; however, the indicators by which TC affects liver injury and oxidative stress are still unknown. Thus, the objective of this study was to identify sensitive indicators in human liver cells in vitro to diagnose TC contamination in farm soil.




2. Materials and Methods


2.1. Cell Culture and Treatments


Human normal liver cell line HL-7702 was purchased from the Institute of Biochemistry and Cell Biology (Shanghai, China). Normally, HL-7702 cells were cultured in 25 cm2 flasks (Corning Inc., Corning, NY, USA) that contained Dulbecco’s modified Eagle medium (Gibco, Grand Island, NY, USA) and approximately 15% (v/v) fetal bovine serum (Gibco, Grand Island, NY, USA). Then, the cells were cultured in an incubator (Heraeus, BB15, Hanau, Germany) maintaining 5% CO2, 95% relative humidity and 37 °C air temperature. Phosphate-buffered saline was used to remove the unattached cells, and the cells were subcultured using the 0.25% trypsin–EDTA (Gibco, Grand Island, NY, USA). The culture medium was changed 3–4 times every week. After being 80% confluent, the cells were used for further studies. For cytotoxicity assays, cells at a density of 2 × 105 cells per mL were uniformly seeded in 96-, 24- or 6-well plates (Corning Inc., Corning, NY, USA) in the logarithmic growth phase. After plating for 24 h, HL-7702 cells were exposed to known gradient concentrations of TC (Sigma-Aldrich, St. Louis, MO, USA) (0 (control), 25, 50, 100, 250, 500 and 1000 μg L−1) in the culture medium and incubated for 4 h. Relevant experiments were conducted for markers of cell toxicity determination. The generations of extracellular lactate dehydrogenase (LDH), ALT, AST, ALP, catalase (CAT), H2O2 and MDA were determined by using commercially available assay kits according to the manufacturer protocol (Jiancheng Biochemical Co., Ltd., Nanjing, China). TC reagents were prepared with phosphate-buffered saline solution. All laboratory appliances were sterilized in the experiments.




2.2. Cell Toxicity


2.2.1. Cell Viability


MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was performed according to the method of Liu et al. (2019) to evaluate the viability of HL-7702 cells that were exposed to various concentrations of TC.



After HL-7702 cells were exposed to gradient concentrations of TC for 4 h in the 24-well plates, the supernatant of the cell culture medium was collected for the following experiments.



LDH release: LDH activity was determined with a commercially available kit according to the method of Liu et al. (2019). The relative LDH release was calculated by the following equation:


  LDH   ( %   of   control ) =     LDH   Treatment       LDH   Control     × 100 .  










  LDH   activity   ( U / L ) =     Abs   Treatment   −    Abs    Control       Abs   Standard   −    Abs    Blank     × S × N × 1000 .  








where ‘S’ refers to the reference standard concentration (2 mmol L−1) and ‘N’ refers to the dilute times of samples.




2.2.2. Liver Enzyme Assay


The ALT and AST activities were determined by the method of Liu et al. (2019). ALT and AST values (% of control) were calculated by the ratio of ALT/AST activities of treatment to those of the control group.



The principle of the ALP assay is that the color change is tested when the para-nitrophenol phosphate (colorless) is converted to para-nitrophenol and phosphate (yellow). ALP absorbance at 520 nm was determined with a spectrophotometer (Lambda 35UV-vis, PerkiElmer, Singapore city, Singapore). The ALP value (% of control) was calculated as the ratio of the ALP activity of treatment to that of control.




2.2.3. Oxidative Stress Assays


The CAT assay is based on the hydrolysis of H2O2 by CAT. To calculate the activity of CAT in the supernatant, the OD1 and OD2 values were measured at once and the following 1 min after adding the last reagent, respectively, at a wavelength of 240 nm using a spectrophotometer (Lambda 35UV-vis, PerkiElmer, Singapore city, Singapore). The CAT value was calculated using the following equation:


  CAT   ( %   of   control ) =    log       (  OD 1 / OD 2  )    Treatment      log       (  OD 1 / OD 2  )    Control     × 100 .  











The H2O2 and MDA contents were determined by the method of Liu et al. (2019), and their contents (% of control) were calculated by the ratio of H2O2/MDA contents in the treatment to those in the control.





2.3. Transmission Electron Microscopy (TEM)


To investigate the morphological changes in HL-7702 cells exposed to TC, the cells were seeded in a 6-well plate following TC treatment (0 (control) and 1000 μg L−1); after 4 h, the samples were harvested, an ultrastructural observation was performed according to the method of Liu et al. (2019). According to the above method, the cells were seeded in a 6-well plate following TC treatment (0 (control) and 1000 μg L−1); after 4 h, the samples were harvested, simultaneously fixed in 2.5% (v/v) glutaraldehyde overnight at 4 °C, and then rinsed 3 times with 0.1 M phosphate-buffered saline (pH = 7.0) and post-fixed for 1 h in 1% (v/v) osmium tetroxide. Sample dehydration was performed by treating with a graded ethanol series (50–100%) and finally with the absolute acetone. Then, the samples were rinsed and impregnated with a 1:3 (v/v) mixture of acetone and Spurr epoxy resin overnight. For ultrastructural observations, the ultrathin sections were prepared and placed on copper grids, and the TEM (JEM-1230, JEOL, Tokyo, Japan) was used to view the cell ultrastructure.




2.4. Soil TC Diagnosis Experiment


Soil antibiotic extraction (water extraction): Two typical soil types, paddy soil (Hangzhou, Zhejiang) and black soil (Harbin, Heilongjiang), were selected to perform the assay. The external tetracycline 0, 0.5 mg and 5 mg were added to 1 kg soil, 5 g of soil samples, were weighed, then distilled water:soil sample = 5:1, extracted overnight, centrifuged at 6000 r/min for 15–20 min. After passing through 0.22 μm filter membrane, the soil TC extraction was obtained and then DMEM culture medium was diluted for cytotoxicity assay.



The soil TC extraction was used for the cytotoxicity assay as performed above. Human cells HL-7702 were inoculated in 24-well cell culture plates at a density of 2 × 105 cells/mL during the logarithmic growth phase. 24 h after incubation, HL-7702 cells were added to 1000 μL of soil tetracycline extract diluted 100-fold in serum-free DMEM culture medium, and the plates were incubated in a constant temperature incubator at 37 °C and 5% CO2. Three biological replicates were set for each treatment, and the cell cultures were taken for experiments after 4 h of treatment, centrifuged at 1000 r/min for 5 min, and then the ALT activity was detected by the kit.




2.5. Statistical Analysis


All results are presented as the mean ± standard error (SE) using the SPSS 16.0 (SPSS Inc., Chicago, IL, USA). Significant differences between control and exposed treated cells (n = 3) were analyzed by using Student’s t-test and one-way analysis of variance after the data were confirmed to be normal distribution. Kruskal–Wallis tests followed by Mann–Whitney U tests were operated for non-normal distributed data. Statistically significant differences between control cells and those exposed to TC were determined using analysis of variance (ANOVA) with Duncan’s post hoc test.





3. Results


3.1. Effects of TC on Cell Viability (MTT) and Stability (LDH Release) in HL-7702 Cells


The viability of HL-7702 cells, with increasing TC concentrations, was measured by MTT and LDH release assays, after a 4-h incubation. The dose-dependent toxicity of TC was observed in HL-7702 cells (Figure 1). Generally, a decrease in cell viability was observed, at all varying concentrations of TC, as compared with the respective control. However, a significant (p < 0.05) decrease was observed at 250 μg L−1 of TC (Figure 1). At high concentrations (1000 μg L−1) of TC, the cell viability was found to decrease by 26.94%, compared with the control cells (Figure 1).



The HL-7702 cell membrane stability, with increasing concentrations of TC, was determined by LDH release into the culture medium (Figure 2). At low TC levels, there was no significant (p > 0.05) LDH release of HL-7702 cells to the culture medium observed. However, TC at the 1000 μg L−1 level significantly (p < 0.05) increased LDH leakage by 96.58%, compared with the control cells (Figure 2). It was found that TC could induce injury to liver cell membranes.



The regression relationship among cell viability, LDH activity and the concentration of TC is shown in Table 1. Although no significant regression coefficient was found between the values of cell viability and the concentrations of TC at 0–1000 μg L−1, high significant positive linear correlations (p < 0.01) were observed between the LDH activities and the TC concentrations.




3.2. Effects of TC on Liver Function (AST, ALP, ALP)


Alanine transaminase, AST and ALP are three liver enzymes damaged by antibiotics and can represent liver function in humans. The toxicity of HL-7702 cells exposed to TC was observed by the activities of ALT and AST, which increased in a dose-dependent manner, and the average increases were 1.05-fold and 0.29-fold over the control values, respectively (Figure 3A,B). However, no significant variation was observed in ALP activity induced by TC (Figure 3C). The activities of ALT and AST were varied at the low dose (100 μg L−1) of TC, while the AST activities were similar for 500 μg L−1 and 1000 μg L−1 of TC. The maximum increase in the activities of ALT (3.78 folds) and AST (1.71 folds) due to TC was observed at 1000 μg L−1 as compared to control.



Highly significant positive linear correlations (p < 0.01) between the activities of liver function enzymes (ALT and AST) and the TC concentrations, at 0–1000 μg L−1, was observed, and the correlation coefficients descended as ALT > AST > ALP (Table 1).




3.3. TC-Induced Oxidative Stress in HL-7702 Cells


The activities of antioxidant (CAT), oxidant (H2O2 and MDA) enzymes in the culture medium were measured to determine the oxidative stress in HL-7702 cells due to TC contamination (Figure 4). A significant (p < 0.05) increase was observed in CAT activity (2.14-fold) at 50 μg L−1 of TC, as compared to control in HL-7702 cells. H2O2 and MDA contents were significantly (p < 0.05) increased, by 1.19- and 14.45-fold, respectively, at 1000 μg L−1 and 100 μg L−1 of TC, as compared to control in the HL-7702 cell. Extracellular CAT activity, which can maintain the TC tolerance of the cells, significantly increased at 50 μg L−1 of TC (Figure 4A), whereas MDA increased significantly (p < 0.05) at 100 μg L−1 of TC in HL-7702 cells (Figure 4C). The maximum increase by TC was up to 2.86-fold (for CAT) and 25.38-fold (for MDA) over the control at 1000 μg L−1, respectively. However, only high concentrations (1000 μg L−1) of TC induced a significant (p < 0.05) increase in H2O2 content in HL-7702 cells (Figure 4B).



Significant positive linear correlations (p < 0.05) were observed between the activities of the antioxidant (CAT) and oxidant (H2O2 and MDA) enzyme, at the TC exposure of 0–1000 μg L−1 (Table 1). The order of correlation coefficients, according to the regression equations, was MDA > H2O2 > CAT for TC, at concentrations from 0 to 1000 μg L−1.



The TEM microscopic photographs of HL-7702 cells under a control (0 μg L−1) and 1000 μg L−1 stress are shown in Figure 5. After 4 h of culture, TC-induced ultrastructural damage of HL-7702 cells was indicated by changes on the rough endoplasmic reticulum (RER) and mitochondrial cristae (MC) (Figure 5B). HL-7702 cells showed swelling in MC and RER and a loss in the ribosomes in RER at 1000 μg L−1 of TC (Figure 5B).



Farm paddy soil and black soil were selected and exogenously added, with different concentrations of TC, for aqueous solution extraction, and human cells HL-7702 were treated by TC solution extraction for 4 h. The activity of ALT, a cytotoxicity index obtained by screening, was detected, as shown in Figure 6. With the increase in exogenous tetracycline concentration, the soil solution treated with human cells HL-7702 can lead to a gradual increase in ALT activity, indicating that human cells HL-7702 can achieve a preliminary diagnosis of antibiotic contamination in the soil solution.





4. Discussion


Antibiotics, particularly TC, threatened the environmental safety of soils, crops and water [6,7,8,17], and have posed potential risks to human health, such as hepatotoxicity [31,32]. The liver is a vital organ that not only performs functions, such as plasma protein synthesis, but also works as a target organ for the metabolism and detoxification of drugs [33]. However, it is complex to study antibiotic hepatotoxicity mechanisms in vivo [27]. Hence, a cell line model can be a useful tool for conducting cell toxicity pre-research, because there is a relationship between in vitro and in vivo cell toxicity [27,34], which provides a theoretical basis for understanding the human hepatotoxicity. Moreover, it can also be a valuable tool for the ecological risk assessment of antibiotics [28]. Thus, establishing an appropriate in vitro cell line model is necessary to predict the relative risk posed by antibiotics in humans and understand their ecotoxicity in the environment.



The present study revealed that the HL-7702 cells were sensitive to TC toxicity, as indicated by the MTT assay, LDH release, liver function test (ALT, AST, ALP), and oxidative stress (CAT, MDA, H2O2) assay, when the cells were exposed to the different concentrations of TC treatments (Figure 1, Figure 2, Figure 3 and Figure 4). The cytotoxicity assays showed that after 4 h of exposure to increasing concentrations of TC in the culture medium, there was a significant decrease in cell viability (250 μg L−1) and an increase in LDH release at 1000 μg L−1, which were noted (Figure 1 and Figure 2). This evidence suggests that TC destroys membrane integrity, which is consistent with the report by Asha (2007) [35]. Clinically, abnormal liver function is usually tested by assessing serum liver enzyme (ALT, AST and ALP) activities, which are specifically used for liver function indicators. Elevated serum ALT and ALP activities have been attributed to hepatocellular damage and cholestasis, respectively [36,37]. In the present study, the increased activities of ALT and AST were observed in the HL-7702 cells upon exposure to TC (Figure 3A,B), compared with the control, as reported by Asha (2007) [35]. TC concentrations above 100 μg L−1, significantly induced liver cell toxicity. No changes in ALP activities indicated that the liver toxicity was not cholestatic (Figure 3C). These results supported that the category of liver injury might be merely hepatocellular, rather than cholestatic.



Tetracycline can cause oxidative stress in the normal human liver, usually by elevating the levels of lipid peroxide or reducing the levels of antioxidant enzymes [35]. As main products of oxidative stress, ROS can cause lipid oxidation and protein damage [38]. In the present study, the activities of CAT and the contents of H2O2 and MDA significantly increased under high TC exposure (Figure 4). This finding implies that the TC can cause oxidative stress in liver cells. Interestingly, the levels of MDA were elevated after TC exposure, while the high antioxidant enzyme CAT was induced. It is possible that the generation of ROS exceeded the capability of free radical scavengers (such as superoxide dismutase and CAT) during the administration of oxidative damage in cells. Then, the ultrastructural changes of HL-7702 cells were observed by TEM, after treatments with TC (Figure 5), to deeply study the mechanism of the cytotoxicity. HL-7702 cells after 4 h of incubation with TC exhibited both MC and RER swelling and ribosome loss (Figure 5B). These results were in agreement with Shen’s research [27]. ROS increase could result in the MC, RER and ribosome damage, because the mitochondria are implicated as an important source of ROS in most mammalian cells [39,40]; RER and ribosomes are involved in protein synthesis, which can also be attacked by ROS [41]. In the present study, TC cytotoxicity might be induced by the imbalance between the production of mitochondrial ROS and a mitochondrial radical detoxification system, or an inhibition of protein synthesis in HL-7702 cells, and Mitochondria and RER might be the target organelles of TC toxicity in liver cells. These results partially reflect the cellular toxic mechanism of TC in liver cells in vitro. Thus, the risk assessment of TC to human liver cells in vitro is necessary, to further study the mechanisms involved in the toxicity of TC to humans and animals.



Our objective was to find accurate, faster and more sensitive bioindicators of TC toxicity from the liver cytotoxicity bioassay. As shown in Figure 1, Figure 2, Figure 3 and Figure 4 and Table 1, there was no relationship between cell viability and ALP activity and the TC concentrations, and in addition, no significant increase in cell viability, LDH activity and H2O2 content at low TC concentrations was found. Considering the average increase, correlation coefficients, p value and the threshold levels that cause ecotoxic effects (≤100 μg kg−1), the cell viability, LDH release, ALP and H2O2 are not highly sensitive to TC exposure, while there was a significant positive linear relationship between the values of ALT, AST, CAT and MDA and the TC’s exposure levels. Additionally, ALT activity was most increased at low TC concentrations (≤100 μg L−1). This evidence implies that ALT was the most sensitive to TC toxicity in HL-7702 cells. Therefore, we chose ALT as an indicator to diagnose TC toxicity in the soil, and found that, with the tetracycline concentration increase, the soil solution treated with human cells HL-7702 can lead to a gradual increase in ALT activity (Figure 6), and according to our previous study, there was higher correlation between soil TC concentration and ALT activities [42], so human cells HL-7702 can achieve a preliminary diagnosis of TC contamination in the soil solution. Different from previous studies, the indicators in the liver cells for testing threshold concentrations of TC to induce human liver cytotoxicity were studied. Although we found another antibiotic, such as penicillin, has similar cytotoxicity as TC, the most sensitive indicator was not ALT activity in liver cells (data not shown), and further studies are required to explore the TC-specific indicator. Therefore, valuable information can be provided by the data from these indicators, for diagnosing the early effects of exposure to low concentrations of TC in the environment.




5. Conclusions


The in vitro study revealed that the cytotoxicity of TC to the HL-7702 cell line was mainly due to the impairment of liver function, oxidative stress, mitochondrial and rough endoplasmic reticulum lesions, in liver cells that were exposed to the TC, at concentrations ranging from 0 to 1000 μg L−1. In addition, high correlation between soil TC concentration and ALT activities was observed. The results also suggest that the liver cytotoxicity bioassay can serve as an efficient tool for monitoring and forecasting TC contamination. Specifically, extracellular ALT of HL-7702 cells can be used as indicators in ecotoxicological tests of TC pollution. Thus, the preliminary results, obtained in the present study, facilitate the possible development of in vitro models of human cell toxicity, as a rapid, sensitive and practical tool for assessing antibiotic pollutants in real environments.




6. Patents


Patent 1: Yang, X.E.; Liu, D.; Lu, L.L.; Feng, Y.; Li, T.Q. A Diagnostic Method of Soil Antibiotic Pollution. CN201410764095.4, 24 August 2016. (In Chinese).
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Figure 1. Effect of TC on cell viability in HL-7702 cells after 4-h incubation. Data are given as mean ± S.E. (n = 6); “*” indicate significant (p < 0.05) differences between controls (0 μg L−1) and treatments. 
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Figure 2. Effect of TC on LDH release in HL-7702 cells after 4-h incubation. Data are given as mean ± S.E. (n = 3); “*” indicate significant (p < 0.05) differences between controls (0 μg L−1) and treatments. 
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Figure 3. Effects of TC on the activities of ALT (A), AST (B) and ALP (C) in HL-7702 cells after 4-h incubation. Results are expressed as mean ± S.E. (n = 3); “*” and “**” indicate significant (p < 0.05) and highly significant (p < 0.01) differences between controls and treatments, respectively. 
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Figure 4. Effect of TC on the activities of CAT (A), H2O2 (B) and MDA (C) contents in HL-7702 cells after 4-h incubation. Data are given as mean ± S.E. (n = 3); “*” and “**” indicate significant (p < 0.05) and highly significant (p < 0.01) differences between controls and treatments, respectively. 
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Figure 5. The effects of TC on the ultrastructural changes in HL-7707 cells. Note: (A): tetracycline 0 μg L−1; (B): tetracycline 1000 μg L−1; Arrows: N: nucleus; RER: rough endoplasmic reticulum; M: mitochondria; MC: mitochondrial cristae. Six to seven images were taken to get a representative image. 
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Figure 6. The effects of soil TC on the ALT activity in HL-7707 cells. Data are given as mean ± S.E. (n = 3); “*” indicate significant (p < 0.05) differences between controls (0 μg L−1 TC) and treatments. 
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Table 1. Regression equations between cell viability; activities of lactate dehydrogenase (LDH), alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP) and catalase (CAT); contents of hydrogen peroxide (H2O2) and malondialdehyde (MDA); the concentrations of added tetracycline (TC) in the normal human liver cell line HL-7702.
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Equation

	
r

	
Significance

(p Value)

	
Range of x Values (μg L−1)






	
MTT

	
yT a = −0.000181xT + 0.867

	
−0.648

	
0.116

	
0–1000




	
LDH

	
yT = 0.155xT + 149.517

	
0.982 **

	
0.000

	
0–1000




	
CAT

	
yT = 8.084 × 10−6xT + 0.00778

	
0.817 *

	
0.025

	
0–1000




	
H2O2

	
yT = 0.001xT + 5.440

	
0.827 *

	
0.022

	
0–1000




	
MDA

	
yT = 0.000502xT + 0.107

	
0.863 *

	
0.012

	
0–1000




	
ALT

	
yT = 0.00723xT + 2.894

	
0.985 **

	
0.000

	
0–1000




	
AST

	
yT = 0.004xT + 6.881

	
0.957 **

	
0.001

	
0–1000




	
ALP

	
yT = 1.5 × 10−4xT + 0.970

	
0.641

	
0.120

	
0–1000








a yT, xT represent TC treatment. “*” indicates significant relationship at 5% level, “**” indicates significant relationship at 1% level (n = 21).
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