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Highlights

e Glyphosate (GLP) is the herbicide with the largest dosage and yield in production.
e |tis unprecedented to take sensitive weaned piglets as the research object of GLP test.

e The intake of GLP has no effect on the performance of weaned piglets



e GLP intake can cause changes in antioxidant enzymes activity.

e The toxicity can be alleviated by activating the nuclear receptor CAR/PXR signaling pathway.

Abstract: Glyphosate (GLP), the most widely used and productive pesticide worldwide, which safety and

reliability gradually become a social concern. It is important to explore the toxic of GLP on the limitation

level by governments on piglets and the potential role of hepatic CAR/PXR and Keapl-Nrf2 pathways in

low levels of glyphosate detoxification. Compared with the control group, the production performance and

organ index of GLP group showed no significant change. However, the liver GLP residue of 40 mg/kg

group was significantly higher than the control group. We also found that the activity of ALP increased

linearly and DBIL content increased quadratically. Furthermore, GLP could significantly increase SOD

and GSH-Px and decrease T-AOC and CAT activities and significantly increase MDA and H,O, contents

(P<0.05); however, the genes expression of Keapl/Nrf2 pathway was not affected. Gene expression of

CAR/PXR pathway showed that GLP could significantly stimulate the expression of CAR, but it could not

affect the expression of phase I (CYP1Al, CYP1A2, CYP2E1, CYP2A19, CYP3A29), phase II

(UGT1A6, GSTAL, GSTA?2) detoxification enzymes and transporters (MDR1, MRP2, P-gp). Our study

showed that although 10-40 mg/kg GLP would inevitably cause some liver damage and dysfunction, it

can self-alleviating the toxic effect of GLP.
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1. Introduction

Glyphosate (GLP) is the active ingredient of the commercial, nonselective, broad-spectrum herbicide

Roundup, which is the herbicide with the largest dosage and vyield in production[1, 2]. Monsanto has



successfully developed the first commercialized GLP-resistant crop (Roundup-Ready Soybean)[3].

However, there has been more reckless use of GLP herbicides by farmers, leading to GLP pollution[4].

The consumption of GLP-containing crops that have undergone fog spraying and the consumption of

water from the excessive irrigation runoff into rivers has triggered toxicity in animal tissues, which also

depends on the level of GLP intake[5-7]. In vitro, exposure to GLP in porcine granulosa cells can

significantly reduce cell proliferation, decrease cell viability and reduce steroid production[8]. Acute GLP

supplementation at a certain dose or chronic exposure to GLP-containing environments for a long time

alone leads to toxicity in the nervous system[9, 10].

In most cases, the metabolism of GLP is excreted directly with urine and feces[11]. The GLP excreted

in vitro can be degraded by microorganisms as a nutrient and is an effective way to alleviate the

environmental and health pressures of GLP[12, 13]. As the main antidotal organ, the liver can thoroughly

decompose drugs or discharge them through low metabolism. This function is called "detoxification

function”. After long-term exposure to GLP, the liver is induced to produce a series of oxidative

metabolites (ROS), such as superoxide anions, hydrogen peroxide, and oxygen free radicals[14]. As the

main peroxidase, CAT can catalyze the rapid decomposition of H,O>[15], while GPx not only catalyzes

the decomposition of hydrogen peroxide but also catalyzes reduced GSH to produce GSSG[16].

Nuclear receptors are transcription-related factors that regulate intracellular cascade reactions[17].

They can regulate the gene expression of phase I detoxification enzymes and phase I detoxification

enzymes[18]. Studies have shown that PXR induces the upregulation of downstream CYP3A, MDR1 and

MRP2 gene expression under the stimulation of exogenous drugs or endogenous products[19]. The

upregulation of MDR1 and MRP2 expression can stimulate cells to transport harmful external toxins into

cells and form decomposition products or drug complexes through the action of phase I metabolic

detoxification enzymes (CYPs) and phase I metabolic detoxification enzymes (UGTs), which are



discharged with the circulation of urine or bile[20].

In this experience, GLP has important research significance, since it is an exogenous toxicant and
may cause a toxic effect on the liver. The CAR/PXR and Keapl1-Nrf2 signaling pathways may be involved
in GLP detoxification, but it remains unclear which pathway plays a role. Therefore, we chose weanling
piglets with high sensitivity to study whether different concentrations of GLP in the government limit level
can cause toxic effects, and to explore the self-protection mechanism of piglets to GLP stimulation by
detecting the expression of related genes and proteins in CAR/PXR and Keapl1-Nrf2 signaling pathway,
and achieve self-protection against foreign drugs. Additionally, previous studies have shown that GLP
has toxic effects on animals, but they neither used sensitive weaned piglets as research models nor used
the GLP of different concentrations on the basis of the Codex Alimentarius Commission (CODEX) for

dietary supplementation (20 mg/kg), which is also the innovation point of this experimental study.



2. Materials and methods
2.1 Experimental design and animal feeding management

The GLP level in experimental diets was based on the Codex Alimentarius Commission (CODEX),
which stipulates that the residue limit of GLP in dry soybean seeds is 20 mg/kg. In 2013, the United States
relaxed the residue limit of GLP in soybean to 40 mg/kg. Therefore, the control group was fed a basic
diet without GLP, while the treatment group was fed with 10, 20, or 40 mg/kg GLP supplemented with a
basic diet. The basic diet is formulated according to National Research Council (NRC, 2012) standards,
and all nutrient components meet NCR requirements. The ingredients and nutritional levels of the basic
diet are shown in Table 1.

The twenty 28-day-old healthy weaned female crossbred piglets (Dorec x Landrace x Large white)
were selected for the study. The piglets were subjected to seven days of pre-experimentation during the
prefeeding period, in which the diets were supplemented with the basal diet without the addition of GLP,
and the test diets were fed after the formal test over 35 days. Thereafter, all the piglets were divided into
four groups according to their weight, with each group consisting of 5 replicates and one piglet per
replicate. The weight range of all piglets after pre-experimentation was controlled at 12.20 + 1.00 kg.

The experiment was carried out at Acheng Experimental Base of Northeast Agricultural University.
All the piglets were fed separately from a single metabolic cage containing a water dispenser and feeding
tank for free drinking and feeding. During the experiment, the pigsty temperature was kept between 23
and 25 °C, meanwhile, the relative humidity was kept between 65 and 75%.

This study was performed in strict accordance with the recommendations of the National Research
Council Guide (1996), and all of the animal experimental procedures were approved by the Ethical and
Animal Welfare Committee of Heilongjiang Province, China. The experimental proposals and procedures

for the care and treatment of animals were approved by the Institutional Animal Care and Use Committee



of Northeast Agricultural University (NEAU-[2011]-9).
2.2 GLP and Chemicals

GLP was provided by the Roundup herbicide produced from Monsanto Company (St. Louis, Missouri,
USA), in which the active ingredient is GLP with a purity of 30%. All the basic dietary raw materials came
from Harbin Datang Minsheng Feed Co., Ltd. in Heilongjiang Province.

2.3 Preparation of GLP-treated diets

Before mixing the feed each time, 1.4 ml, 2.8 ml and 5.6 ml of Roundup were dissolved in water and
sprayed evenly on the 2 kg basic diet. After a night in a cool and ventilated place, the mixture was evenly
mixed with the 40 kg basic diet to form a treatment diet and was stored in a dry and ventilated room. The
values of GLP in the treatment groups were 10, 20, and 40 mg/kg, while the control group contained no
GLP.

2.4 Sample collection

After 35 days of feeding, pigs were fasted for 12 h before slaughtering, meanwhile, all the piglets
were weighed on slaughter day. During this process, the organs of heart, liver, spleen, lung and kidney
were quickly collected and weighed.

Blood samples (10 mL) were collected using heparin tubes from 20 piglets (each treatment group
contained 5 pigs with similar BW) by venous puncture. The samples were then centrifuged at 3,000 g for
15 min at 4 °C. The plasma was separated and immediately stored at =80 °C until analysis. After blood
sampling, the pigs were sacrificed using electricity (250 V, 0.5 A, for 5 to 6 s), with subsequent jugular
exsanguination. The liver were obtained immediately, rinsed with physiological saline.

Next, 2 g of liver sample was placed in a liquid nitrogen tank and stored at -80 °C for RT-PCR analysis.
Thereafter, ~1 cm? of liver tissue was cut and preserved in 10% formaldehyde solution for tissue section

observation. Next, another 1 mm? of liver tissue was stored in electron microscopic solution at 4 °C for



later ultrastructural observation, and the remainder was stored at -20 °C for routine index analysis.

2.5 GLP residue in the liver

The pretreatment and determination methods for the liver were carried out in accordance with the

“determination of GLP residues in food for import and export-HPLC-MA/MS method” (SN/T1923-2007).

2.6 Determination of the blood biochemical level

The hematological indexes were determined using an automatic biochemical analyzer (Roche,

Cobus-Mira-Plus, Roche Diagnostic System Inc., Basel, Switzerland). The indicators of measurement

included the levels of Total protein (TP), Albumin (ALB), Globulin (GLB), ALB/GLB (A/G), Alanine

aminotransferase (ALT), Aspartate aminotransferase (ALT), AST/ALT, Gamma-glutamyl transferase

(GGT), Alkaline phosphatase (ALP), Total bilirubin (TBIL), Direct bilirubin (DBIL), Triglyceride (TG),

Cholesterol (CHOL), High-density lipoprotein (HDL), Low density lipoprotein (LDL), Lactic

dehydrogenase (LDH), Creatine kinase (CK), Blood urea nitrogen (BUN), Creatinine (CREA), Uric acid

(URIC), and Glucose (GLU).

Indicators for all measurements were assessed using commercial kits (Nanjing Jiancheng

Bioengineering Institute, Nanjing, China), following the method of Bradford according to the

manufacturer’s guidelines.

2.7 Antioxidant levels in the Liver

To determine the antioxidant indexes, a 10% liver/PBS (0.01 mol/L, pH=7.2-7.4) homogenate was

first prepared. The liver SOD, GSH-Px, GST, CAT, GSH and MDA levels were determined using ELISA

kits, and T-AOC and H»0O; levels were determined by colorimetry. All the kits were purchased from

Shanghai Jinma Laboratory Equipment Co., Ltd. (Jinma, Shanghai, China), and each indicator was

detected strictly according to the kit's specifications.

2.8 Expression of Keap1-Nrf2 and CAR/PXR pathway-related genes by RT-PCR
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Total RNA was extracted with TRIZOL Reagent (Thermo Fisher Scientific Co., Ltd.). Next, 1000 ng
of extracted RNA was reverse transcribed into cDNA using a gene amplification instrument (East Win
Life Science, Inc., Beijing, China) and then was used for real-time polymerase chain reaction (RT-PCR).
The concentration of RNA was determined using a hanophotometer (Implen GmbH, Munich, Germany),
and an Azeo/Azgo ratio between 1.8 and 2.0 indicated a high purity of RNA. The reverse transcription kit
was provided by Dalian Bao Biological Co., Ltd. (TaKaRa, Dalian, China). The total reaction volume was
20 pL and was divided into two steps. The first step is a volume of 10 uL, including 1uL of gDNA Eraser
(1), 2 L of 5x gDNA Eraser Buffer (2), 2 yL of RNase Free dH>0 (6) and 5 pL of total RNA reacting 42 °C
for 2 min. Then 1 pL of PrimeScript RT Enzyme Mix 1 (3), 4 pyL of 5x PrimeScript Buffer 2 (for Real
Time) (4), 1 yL of RT Primer Mix (5) and 4 uL of RNase Free dH>0 (6) were added on the basis of the
first step reaction volume, following the reaction at 37 °C for 15 min, 85 °C for 5 s, and 4 °C for 30 min,
so that the two steps totaled 20 uL. The specific steps of the reaction were strictly implemented according
to the kit’s instructions.

RT-PCR was determined using the ABI PRISM 7500 SDS thermal cycler apparatus (Applied
Biosystems, Foster City, CA, USA), following the reaction procedure of one cycle at 95 °C for 30 s, 40
cycles at 95 °C for 5 s, and 61 °C for 34 s. The overall reaction system was 10 L, including 1 yL of cDNA,
3.4 uL of 0.1% DEPC water, 5 yuL of fluorescent dye TB-Green, 0.2 L of correction solution ROX, and
0.2 pL each of upstream and downstream primers. The sequences of the primers used in the experiment
are shown in Table 2 and Table 3. All the primers were designed and synthesized by Sangon Biotech
(Shanghai) Co., Ltd. (Sangon Biotech, Shanghai, China), and TB-Green and ROX in the system were
provided by Dalian Bao Biological Co., Ltd. (TaKaRa, Dalian, China). The Ct value was used as the output
form of statistical analysis, and the gene expression was calculated as 222t calculated value[21].

2.9 Western blot analysis



Total proteins in liver were extracted with the RIPA Lysis Buffer and PMSF (Beyotime Biotechnology,

Shanghai, China), and then the concentration of total proteins were determined by the Enhanced BCA

Protein Assay kit (Beyotime Biotechnology, Shanghai, China). Under the action of 10% polyacrylamide

gel electrophoresis (KeyGEN Biotech, Nanjing, China), according to the different moving rates of different

molecular weight target proteins, the corresponding bands of gels were cut off and transferred to the

Polyvinylidene Fluoride membranes (PVDF) (Beyotime Biotechnology, Shanghai, China) membrane, and

incubated with B-actin, CAR, PXR, CYP1A2 and GSTAL primary antibodies at 4 °C. After incubation

overnight (12-15 h), the PVDF membrane was removed, washed three times with 1xTBST. Then the

PVDF membrane was incubated in horseradish peroxidase labeled antibody at 35°C for 1 h, and then

washed three times again with 1xTBST. Each protein emits fluorescence under the action of the

fluorescence detection kit BeyoECL Star (Beyotime Biotechnology, Shanghai, China), and is exposed in

the gel imaging and analysis system (UVItec, Cambridge, Britain). B-actin served as an internal control.

The relative expressions of proteins were expressed as the ratio of band intensities of proteins to B-actin.

2.10 Statistical analyses

The data analysis software SPSS 16.0 (SPSS Inc., Chicago, IL, USA) was used to process and

analyze the experimental data by one-way ANOVA, and orthogonal polynomials were used to analyze

the linear and quadratic effects of GLP. Differences among groups were evaluated by Tukey test. P <

0.05 was considered to indicate statistical significance. All figures were made using Adobe Photoshop

(Adobe Photoshop CS5, Inc., San Jose, California, USA) and GraphPad Prism (version 5.0, Graph Pad

Software Inc., San Diego, CA, USA).



3 Results

3.1 Growth performance

The effects of different levels of GLP on the performance of weaned piglets are shown in Table 4.

The IW, FW, ADG, ADFI and F/G levels were not affected by the GLP content in the diet.

3.2 Organ weight and organ index

In this study, organ index = organ weight/body weight.

As shown in Table 5, the weight of the heart, liver, spleen, lung, kidney and organ index of weaned

piglets were not significantly affected by the GLP diets with different concentrations.

3.3 GLP residues in the liver

Table 6 shows that the residues were detected in the liver of the GLP groups, but no GLP residue

was detected in the liver of the control group. Compared with the control group, the GLP content in the

liver of the 40 mg/kg group was increased significantly (P<0.05).

3.4 Evaluation of pathological sections of the liver

The effect of supplementation with different GLP levels on liver slices in weaned piglets is shown in

Fig. 1. There was no obvious damage in the control 0 mg/kg GLP group. The GLP group showed acute

toxicity, which increased with the increase in the GLP content. Compared with the control group, the 10

mg/kg GLP treatment group of hepatocytes showed mild granular degeneration, hepatocyte swelling and

evidence of fibrosis in the central vein; additionally, enlargement of the hepatic sinus was not obvious yet.

In the 20 mg/kg GLP treatment group, blood cells appeared between the hepatic sinuses. The structure

of the hepatic cord was not clear, but slight blood stasis could be observed. The wall of the hepatic central

vein showed a high degree of fibrosis in the 40 mg/kg GLP treatment group. Additionally, more blood

cells were detected in the hepatic sinusoids, as well as widening of the hepatic sinusoids and obvious

necrosis of local hepatocytes, with the obvious phenomenon of blood stasis.



3.5 Ultrastructural assessment of the liver

The effects of different levels of GLP in the diet on the ultrastructure of hepatocytes in weaned piglets

are shown in Fig. 2. Nonalcoholic fatty liver appeared in each treatment group, and the degree of disease

increased gradually. In the 0 mg/kg GLP group, the mitochondrial ridges of hepatocytes were clearly

visible, and the nuclear membrane was smooth and intact without damage. In the 10 mg/kg GLP

treatment group, the hepatocyte nucleus decreased with abnormal chromatin aggregation, and the

mitochondrial ridge was more obvious. An ambiguous chromatin structure in hepatocytes and fat granules

began to appear in the 20 mg/kg GLP treatment group. Fibrosis began to appear in hepatocytes. In the

40 mg/kg GLP treatment group, the morphology of the hepatocyte nucleus was abnormal and the

mitochondrial membrane was unclear. Endoplasmic reticulum ribosome exfoliation occurred, liver fibrosis

was serious, and fat granules became larger.

3.6 Blood biochemical level

The serum collected after centrifugation was used to determine the hematological parameters, as

shown in Table 7. With the increase in the GLP dose, the ALP level in the 10 mg/kg, 20 mg/kg and 40

mg/kg groups was linearly increased (P=0.018) and was significantly higher than that in the control group

(P<0.05). The concentration of DBIL in the 10 mg/kg, 20 mg/kg and 40 mg/kg GLP treatment groups was

guadratically increased (P=0.033) and the 20 mg/kg and 40 mg/kg GLP treatment groups were

significantly higher than that in the control group (P<0.05), while adding GLP showed no linear and

guadratic effects on other indexes.

3.7 Antioxidant capacity of the liver

The antioxidant index of the liver homogenate at 10% concentration is shown in Table 8. The table

revealed that T-AOC in the liver was decreased linearly (P=0.023), and SOD activity increased linearly

(P=0.002) and quadratically (P=0.003) in the 0 to 40 mg/kg GLP treated groups. The activity of GSH-Px



in the 40 mg/kg GLP treatment group was significantly higher than that in the control group (P<0.05).

With the increase in the GLP concentration from 0 to 40 mg/kg, the CAT activity decreased linearly

(P=0.002) and quadratically (P=0.001). As shown, the CAT activity in the 20 mg/kg and 40 mg/kg GLP

treatment groups was significantly lower than that of the control group and 10 mg/kg treatment group

(P<0.05) with no significant difference between the control group and 10 mg/kg treatment group. The

MDA content increased quadratically (P=0.028) with the increase in the GLP concentration. The MDA

content in the 40 mg/kg treatment group was significantly higher than that in the 20 mg/kg treatment

group (P<0.05). In the 10 to 40 mg/kg GLP groups, the H>O, concentration was increased linearly

(P=0.006) and was significantly higher than that in the control group (P<0.05). The concentration of H>O>

in the 20 mg/kg and 40 mg/kg GLP treatment groups was also significantly higher than that in the 10

mg/kg treatment group (P<0.05). However, adding different levels of GLP showed no linear and

guadratically effects on the GST activity and GSH concentration.

3.8 Expression of Keapl1-Nrf2 antioxidant signaling pathway-related genes

Gene expression related to the Keapl1-Nrf2 antioxidant signaling pathway in the liver is shown in Fig.

3. The graph shows that GLP addition had no significant effect on the mRNA levels of nuclear

transcription-related factor (NFE2L2), enzymatic antioxidant system (SOD1, SOD2, CAT, GPX1, GST),

nonenzymatic antioxidant system (GSH) and phase I detoxifying enzyme (NQO1, HO-1, GCLC, GCLM)

genes in the Keapl-Nrf2 antioxidant signaling pathway, indicating that GLP addition did not induce

excessive oxidative damage to the liver.

3.9 Expression of nuclear receptor CAR/PXR signaling pathway-related genes

The expression of nuclear receptor CAR/PXR signaling pathway-related genes in the liver is shown

in Fig. 4. The mRNA expression of constitutive androstane receptor (CAR) in piglets increased with the

increase in the GLP concentration. In the detection of nuclear receptor gene (CAR, PXR) expression, we



compared the control group and found that the mRNA level of the CAR gene in the 40 mg/kg GLP group

was increased significantly (P<0.05), but there was no significant difference between the 0, 10 and 20

mg/kg GLP groups. Regarding the determination of phase metabolic enzymes and the transporter protein

gene expression, no significant difference was found in the levels of phase 1 metabolic enzymes

(CYP1Al, CYP1A2, CP2E1, CYP2A19, CYP4A29), phase II metabolic enzymes (UGT1A6, GSTAL,

GSTAZ2) and the transporter protein (MDR1 MRP2, P-gp) gene in each group, indicating that GLP did not

increase the expression of phase [ metabolic enzymes, phase II metabolic enzymes and transporter

protein genes.

3.10 Analysis of the protein expression levels of nuclear receptor pathway-related genes

Analysis of the protein expression levels of nuclear receptor CAR/PXR signaling pathway-related

genes in the liver is shown in Fig. 5. Compared with the control group, the protein level of nuclear receptor

CAR in the 40 mg/kg GLP group was increased significantly (P<0.05), while the protein level of nuclear

receptor CAR in 10 and 20 mg/kg GLP groups were not significantly different from that in the control

group. It was found that different concentrations of GLP had no significant increase on the protein levels

of nuclear receptor PXR, phase I metabolic enzymes (CYP1A2) and phase II metabolic enzymes

(GSTAL).



4 Discussion

We established an oral exposure model combining food type with feeding pattern in weaned piglets

for the experiments. In this study, we evaluated the hepatotoxicity of GLP supplementation in weaned

piglets. The effects of low-dose GLP intake group on the growth performance, organ index and

hematological parameters of piglets were also analyzed.

Numerous studies have shown that GLP intake has little effect on production performance. Studies

have shown that drinking water containing 1% (w/v) GLP during pregnancy has no effect on the ADG of

lactating offspring[14]. Furthermore, in the study of feed GLP granules for pregnant rats at 2 mg/kg

BW/day and 200 mg/kg BW/day, no significant effect was noted on the average daily intake and body

weight of postpregnant and weaning rats[22]. Feeding a GLP rat diet with 5 mg/kg body weight did not

affect ADG, ADFI and organ index in rats[23]. In the study of piglets, it was also found that neither

intravenous injection of 360 mg/mL glyphosate solution nor 40 wt% glyphosate isopropylamine solution

could affect the performance of weaned piglets in a short time[24]. Obviously, these findings are basically

in line with ours, glyphosate has no effect on production performance, which can be explained by GLP

not reducing palatability.

Roundup is a commercial form of GLP. After adding 269.9 mg/kg of Roundup and 134.95 mg/kg of

GLP to the diet of rats for one week and two weeks, the weights of the liver, spleen and kidney of rats

were not affected[25]. Similarly, pigs were fed with non-GM (without glyphosate herbicide) and GM (with

glyphosate herbicide) soybeans and maize respectively, which had no effect on their heart, liver, spleen,

lung and kidney indices[26]. Because our trial dose is only exploring the toxic effects on weaned piglets

at the level of the Ministry of agriculture, it is lower than previous studies, and our results are consistent

with previous studies. Therefore, we consider that glyphosate at these dose are not enough to affect the

organ weight and organ index of animals.



As the largest detoxification organ in the body, the liver must detoxify poisons and wastes produced

in the body, as well as ingested poisons and drugs that are harmful to the liver[27]. Therefore, it is crucial

to detect the deposition of GLP in the liver. In this study, the GLP residues in the liver of weaning piglets

existed after the interruption of GLP intake, suggesting that GLP is also metabolized by the liver. Thus,

as an exogenous poison, excessive deposition of GLP may lead to damage to liver tissue. We assessed

the severity of liver injury by observing the histopathology and ultrastructure of the liver using Wister rats

treated with GLP diets of 56 mg/kg and 560 mg/kg. The phagocytosis of rat phagocytes was accelerated

after acute and long-term exposure to GLP, manifested as focal necrosis of the liver, leaching of

monocytes and increased apoptotic cells[28]. This finding was similar to that observed with the

pathological sections of the liver in our study. Other studies have shown that when tadpoles are raised in

GLP (300 mg/L) aqueous solution, the number of liver melanomachrophagic cells (MMc) is increased,

monocyte infiltration and blood stasis appear, and fat particles are deposited[29]. Moreover, long-term

drinking of water containing glyphosate at low doses can also increase plasma triglyceride level and the

content of most fatty acids (especially acylcarnitines) in liver[30]. There is a “multiple hits” hypothesis in

the formation of nonalcoholic fatty liver. The “primary hits” is a metabolic disorder characterized by the

accumulation of fatty acids in the liver, which makes the liver more sensitive to injury stimuli. This makes

the liver more responsive to the “secondary hits”, such as oxidative stress, mitochondrial dysfunction and

adipocytokines, resulting in lipid peroxidation, mitochondrial damage and hepatocyte damage, leading to

non-alcoholic fatty liver disease and ultimately liver fibrosis[31]. Meanwhile, we observed the

ultrastructure of the liver and showed fat particles in the liver cells, and also found that malondialdehyde

increased significantly in the GLP group when the lipid peroxidation products of liver were measured.

Thus, we believe that GLP can lead to lipid metabolism disorder and fat deposition in the liver, which may

be a potential cause of non-alcoholic fatty liver disease.



The serum bilirubin level is an important indicator of hepatocyte function[32]. Pathological sections

showed that 20 mg/kg and 40 mg/kg of GLP could cause blood stasis in the liver. After many red blood

cells were destroyed, a large amount of hemoglobin was transformed into indirect bilirubin (IBIL) under

the action of heme oxygenase and bilirubin reductase[33]. When IBIL enters the liver, it combines with

glucuronic acid to produce excessive direct bilirubin (DBIL) by microsomal uridine diphosphate

glucuronosyltransferase 1A1 (UGT1A1)[32, 34]. Normally, DBIL enters the intestine from the liver and is

converted by intestinal microorganisms to urinary bilirubin, which is excreted in vitro or reabsorbed via

the portal vein[35]. Like DBIL, serum alkaline phosphatase (ALP) is another important index to evaluate

the degree of liver injury[36] that needs to be excreted from the liver through the bile duct. However, in

our study, the ultrastructure of the liver was changed, and the excretion inside and outside the liver was

blocked, causing DBIL to not enter the biliary tract smoothly but only enter the blood circulation, and

elevating the blood DBIL.

Animal infancy is the key period of vigorous growth and metabolism. It is very easy to produce

reactive oxygen species (ROS) following external toxic stimulation[37]. The main source of ROS is ATP

production by electron transfer through the mitochondrial respiratory chain complex. Because the liver is

rich in mitochondria, oxidative stress induced by ROS is the common physiological basis of liver diseases

and liver injury[38]. To resist oxidative stress induced by ROS, organisms have a complete network of

antioxidant systems that interact to maintain the ROS level[39]. The antioxidant system consists of the

nonenzymatic system and enzymatic system. Reduced glutathione (GSH) is a typical nonenzymatic

antioxidant. It is not only a cofactor of many antioxidant enzymes but also participates in the redox

process in vivo. It can combine with peroxides and free radicals and convert to oxidative glutathione

(GSSG) under the action of glutathione reductase (GR) to resist the destruction of thiol by oxidants and

protect cell membranes. Proteins containing sulfhydryl groups and enzymes containing sulfhydryl groups
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are not destroyed, and they can resist the damage of free radicals to important organs[40]. No significant

effect of the GSH content was observed in this study, suggesting that GLP may not destroy the balance

of the transformation of nonenzymatic substances in weaned piglets. However, GLP can also promote

ROS production and lipid peroxidation in the liver. The increase in malondialdehyde (MDA), a lipid

peroxidation product, was observed in Albino rats treated with a sublethal dose of GLP or Roundup[25].

Another study showed that the content of MDA in human hepatocytes cultured with Roundup was

increased significantly in vitro[41]. Under conditions of external stress, the dynamic balance of the

production and removal of H,O; is changed[42]. Like other ROS, H20; also participates in the mechanism

of oxidative stress[43]. This is consistent with our results. Weaned piglets are stimulated by GLP to

produce excessive MDA and H2O.. This oxidative damage alters membrane permeability and oxidative

metabolism, leading to cell death[44]. To maintain the stability of ROS and oxidation levels, the body

activates the antioxidant enzyme system.

The key antioxidant enzyme system comprises superoxide dismutase (SOD), glutathione peroxidase

(GSH-Px/GPx), glutathione S-transferase (GST), and catalase (CAT), among others[39, 45-47].

Increased ROS levels stimulate the activity of these enzymes and affect the metabolism of nutrients such

as protein and fat[48, 49]. SOD can catalyze not only the disproportionation of superoxide anions but also

the decomposition of hydrogen peroxide. It has been proven that both GSH-Px and CAT can also catalyze

the decomposition of hydrogen peroxide, which is the toxic intermediate in the metabolic reaction[50]

[51]. As an exogenous oxidative stress inducer, GLP can produce a series of resistance responses.

Studies have shown that oxidative stress occurs in multiple tissues exposed to GLP. Drinking water

supplemented with 0.7 mg/L and 7 mg/L GLP significantly increased GSH-Px activity in the liver, kidney

and small intestines of rats[52]. Another study showed that drinking water containing 1% GLP in pregnant

rats induced lipid peroxidation in the liver of rats and their offspring but increased GPx activity in the



liver[14]. The oral concentration of 0.65 g/L and 1.3 g/L GLP water increased the activity of GPx in the

brain of lactating rats but decreased the activity of CAT[53]. GLP not only affects the activity of antioxidant

enzymes by feeding but also reduced the CAT activity in tortoises living in the GLP environment for a

long time[39]. In our experiments, it can be understood that GPx is sufficient to maintain the stability of

H.0O,. Moreover, the total antioxidant capacity (T-AOC) of the liver of weaned piglets was also measured

in our experiment, indicating that GLP showed oxidative damage to the liver. Consistent with previous

studies, this damage can stimulate the activity of antioxidant enzymes to maintain the oxidative balance,

which is an important mechanism of the body against oxidative damage.

The Keapl-Nrf2 signaling pathway is an effective way for the body to alleviate oxidative stress. Nrf2

(NF-E2-related factor 2) is a key factor in oxidative stress that is regulated by Kelch-like ECH-associated

protein (Keapl) and regulates the expression of antioxidant protein and phase II detoxifying enzyme by

interacting with antioxidant response element (ARE), which plays an important role in resisting oxidative

stress[54]. Normally, Nrf2 binds to its binding protein Keapl (Kelch-like ECH-associated protein). Once

Nrf2 is stimulated by oxidative stress from exogenous compounds or nucleophilic reagents, the cysteine

residues in the structure of Keapl protein will be modified. Next, Nrf2 and Keapl protein will be separated

and enters the nucleus to bind to ARE, triggering downstream gene expression[55, 56]. GLP is

considered an exogenous compound. In our study, GLP enters the liver and affects the antioxidant

system of the liver. Therefore, we also explored whether GLP could enhance the antioxidant protection

ability by stimulating the gene expression of downstream antioxidant enzymes through the Keapl-Nrf2

signaling pathway. However, we found no significant differences in the gene expression levels of nuclear

factor erythroid 2-related factor 2 (NFE2L2), the enzymatic antioxidant system (SOD1, SOD2, CAT, GPX1,

GST), the nonenzymatic antioxidant system (GSH) and phase I detoxification enzymes (NQO1, HO-1,

GCLC, GCLM) in the Keapl-Nrf2 pathway between the groups. These results suggest that the GLP



dosage designed in this study does not activate the overexpression of genes related to the Keapl1-Nrf2

signaling pathway in the liver but maintains the antioxidant homeostasis of the liver under GLP stress by

stimulating enzyme activity. Because we set the experimental concentration gradient according to the

maximum limit of soybean products set rely on Ministry of Agriculture Limits on the basis of the Codex

Alimentarius Commission (CODEX) for dietary supplementation (20 mg/kg), we infer that this

phenomenon is the result of low dosage, and it can be proven that diets containing 10 mg/kg, 20 mg/kg

and 40 mg/kg GLP have no effect on weaned piglets at the molecular level.

The nuclear receptor superfamily (NRs) comprises ligand-activated transcription factors that regulate

cell growth and differentiation by establishing connections between signaling molecules and

transcriptional responses. Nuclear receptor CAR/PXR is thought to play an important role in regulating

the transcription of phase I metabolizing enzyme, phase I metabolizing enzyme and transporters. The

metabolism of drugs in vivo mainly undergoes two stages. The first step is a phase I reaction, during

which drugs are oxidized, reduced or hydrolyzed, catalyzing the key metabolic enzymes in the one-phase

reaction, namely, P450 enzyme; the second step is a phase I reaction, including glucuronidase,

glutathione-S-transferase and N-acetyltransferase, which are all important enzymes in drug-binding

reactions[57]. Its function is to catalyze the binding of drugs or metabolites with endogenous small

molecules of glucuronic acid, glutathione and acetyl to form polar compounds that are excreted from urine

and bile. The expression of CYP3A, CYP2B and CYP1A is regulated by nuclear receptor CAR or PXR[18].

In untreated animals, the expression of these genes is at a low level and increased when stimulated by

exogenous chemicals[58]. At the same time, by increasing the gene expression of drug transporter

(MDR1, MRP2, P-gp), the drug can be fully transported into cells for complete metabolism. The chemical

structures of various drugs are different, while their binding relationships with CAR or PXR receptors

show abundant overlapping relationships[59]. Our aim was to investigate whether GLP can metabolize



exogenous toxic GLP by activating nuclear receptors CAR and PXR, phase [ metabolizing enzymes
and phase II metabolizing enzymes to alleviate oxidative damage. Additionally, we observed that the
gene expression and protein expression levels of constitutive androstane receptor (CAR) is dose
dependent with the addition of GLP. Therefore, we speculate that GLP, similar to other drugs, can induce
the gene expression of the nuclear receptor CAR to realize the detoxification of GLP by the liver itself.
However, the gene expression of detoxifying enzyme and transporters remained unchanged, likely
because the concentration of GLP in our experiment did not reach the range to activate its overexpression
of downstream gene. Thus, the nuclear receptor CAR/PXR signaling pathway plays an important role in
resisting GLP toxicity.

In conclusion, dietary GLP supplementation had no effect on the performance and organ index of
weaned piglets, but it can lead to liver dysfunction and tissue damage. We showed that the liver alleviates
the oxidative imbalance caused by GLP by enhancing its antioxidant capacity rather than by activating
the expression of detoxifying enzymes downstream of the Keap1/Nrf2 signaling pathway. Furthermore,
our results showed that moderate GLP supplementation could antagonize GLP-induced toxicity by
activating the gene expression and protein expression levels of nuclear receptor CAR, which was the
self-detoxifying function of liver (Fig. 6). However, the 10 mg/kg to 40 mg/kg concentration did not reach
the range needed to activate the overexpression of other genes. This further confirms that the
concentration of GLP added according to the Ministry of Agriculture limit was not sufficient to cause

serious toxicity to weaned piglets, providing a strong guarantee for production safety.
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protein; NFE2L2, Nuclear factor erythroid 2-related factor 2; SOD1, Superoxide dismutase, soluble;
SOD2, Superoxide dismutase, mitochondrial; GPX1, Glutathione peroxidase cytoplasm; NQO1,
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Tablel Basic diet ingredients and nutrient levels

Basic diet ingredients Content (%)
Corn 62.00
Peeling soybean meal (46.2% CP) 16.20
Corn gluten meal (62.7% CP) 2.00
Full-fat soybean (35.5% CP) 9.00
Whey Powder 3.00
Fish meal (64% CP) 3.00
Soybean oil 1.50
Lysine (98%) 0.17
Calcium hydrogen phosphate 0.84
Stone powder 0.89
NaCl 0.40
Premix? 1.00
Total 100.00

Nutrient levelsP

Digestible energy (Mcal/kg) 3.19
Crude protein 19.01
Crude fat 5.97
Lysine 1.15
Methionine 0.34
Threonine 0.75
Tryptophan 0.22
Calcium 0.73
Total phosphorus 0.56
Available phosphorus 0.36
Sodium 0.25
Chlorine 0.25

@ Provided the following per kilogram of diet: Fe, 190 mg; Cu, 190 mg; Mn, 45 mg; Zn, 140 mg; Se, 0.4 mg; |, 0.5 mg;
vitamin A, 45,000,000 IU; vitamin Ds, 8,500,000 IU; vitamin E, 80,000 mg; vitamin Kz, 5,000 mg; vitamin Bz, 8,000 mg;
vitamin B2, 20,000 mg; vitamin Be, 8,000 mg; vitamin B12, 100 mg; niacin, 100,000 mg; D-pantothenic acid, 45,000 mg; D-
biotin, 500 mg; and folate, 4,000 mg.

b Treatments consisted of a basal diet supplemented with glyphosate at 0, 10, 20, or 40 mg kg™.
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Table 2 Primer design and synthesis used for RT-PCR of the Keap1-Nrf2 Pathway in piglets

Gene (Gene Bank) Sequences (5'—>3') Fragments sizes Gen Bank No.
F: CCAATTCAGCCAGCACAACACATC 149 bp
NFE2L2 XM_013984303.2
R: GACTGAGCCTGGTTAGGAGCAATG 149 bp
F: CCAGTGCAGGTCCTCACTTCAATC 172 bp
SOD1 NM_001190422.1
R: CGGCCAATGATGGAATGGTCTCC 172 bp
F: TGTATCCGTCGGCGTCCAAGG 93 bp
SOD2 NM_214127.2
R: TCCTGGTTAGAACAAGCGGCAATC 93 bp -
F: AGCCTACGTCCTGAGTCTCTGC 90 bp
CAT NM_214301.2
R: TCCATATCCGTTCATGTGCCTGTG 90 bp -
F: GGACTCTCCTGGTCCTGAATGCC 115 bp
GST NM_214050.2
R: AGAACTGGCACCAGACCTGAGG 115 bp
F: GCGTCGCTCTGAGGCACAAC 167 bp
GPX1 NM_214201.1
R: GGTCGGACGTACTTGAGGCAATTC 167 bp -
F: TGCACGAATTCTCAGCCAAGGAC 80 bp
GSH L12743.1
R: GGTGACGATGCACACGTAGCC 80 bp
F: AGTATCCTGCCGAGACTGCTCTG 95 bp
NQO1 NM_001159613.1
R: CACAAGGTCTGCGGCTTCCAC 95 bp -
F: GTTTGAGGAGGTGCAGGAGC 184 bp
HO-1 NM_001004027.1
R: GAGTGTCAGGACCCATCGGA 184 bp
GoLC F: GCATGTGGCTCACCTCTTCATCAG 135 bp
XM_021098556.1
R: GGAGGCTTGAATCTCATCGTCTGC 135 bp -
F: CACAGCGAGGAGCTTCGAGAC 119 bp
GCLM

R: ACTGCGTGAGACACAGTACATTCC

119 bp

XM_001926378.4




Table 3 Primer design and synthesis used for RT-PCR of the CAR/PXR Pathway in piglets

Gene (Gene Bank) Sequences (5'—3") Fragments sizes Gen Bank No.
, F:ATGCTTCTAGGCGGACTGT 211 bp

B-actin AY550069
R:CCATCCAACCGACTGCT 211 bp
F:TCTTCAGGCGAACAGTCAAC 133 bp

CAR AB214979.1
R: GCATCTAGGCACTTCTGCAA 133 bp
F:CCTTTGACACCACCTTCACA 121 bp

PXR NM_001038005.1
R:CTCCACTTGGCAGCTTCTTC 121 bp
F:CCTTCACCATCCCTCACAGT 122 bp

CYP1Al NM_214412.1
R:GTCATCCCACAGCTTCTGGT 122 bp
F:CAAAGGCCTGAAGAGTCCAC 124 bp

CYP1A2 NM_001159614.1
R:TTGCAGCACATCTCCATAGC 124 bp
FT TGGTACATGAGATT 118 bp

CYP2E1 GCCGTGGTACATGAGATTC NM_214421.1
R:AATTACCACTGTGCCCTTGG 118 bp
F:GGATGAGAACGGGCAGTTTA 126 bp

CYP2A19 NM_214417.1
R:TTCTGCAGGATGTTGGTGAG 126 bp
F:TTGCTGGCTACGAGACCACTAG 78 bp

CYP3A29 NM_214423.1
R:CTGCTGGACATCAGGGTGAGT 78 bp
F:ATCTGCTTGGTCACCCAAAG 122 bp

UGT1A6 NM_001278750.1
R:ATCCATCTGATCCCCAAACA 122 bp
F:TCAACTACATCGCCACCAAG 120 bp

GSTA1 NM_214389.2
R:CACAGTGGCAACAGCAAGAT 120 bp
F:TCAATTACATCGCCACCAAG 121 bp

GSTA2 NM_213850.1
R:CACAGTGGCAACAGCAAGAT 121 bp
F:CAATAGCTCGTGCCCTTGTCAGA 146 bp

MDR1 NM_001308246.1
R:CGGTGAGCGATCACGATGCAG 146 bp
F:CCAACAACAGCAGCAAGA 120 bp

MRP2 CCAACAACAGCAGEATRACC XM_003481109.4
R:GAGCGGTGCAATAAGCTGTG 120 bp
F:CCAACAACAGCAGCAAGACC 120 bp

PGP XM_003481109.4
R:GAGCGGTGCAATAAGCTGTG 120 bp



https://www.ncbi.nlm.nih.gov/nuccore/NM_214412.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_001159614.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_001278750.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_214389.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_213850.1

Table 4 Performance of piglets fed different levels of glyphosate

Control GLP (mg/kg diet) P-value
Items/GLP SEM? - -

0 10 20 40 Liner Quadratic
IW (kg) 12.32 12.16 12.22 12.06 0.138 0.946 0.744
FW (kg) 35.49 34.98 34.14 35.84 0.480 0.457 0.532
ADG (kg/d) 0.66 0.65 0.63 0.69 0.012 0.343 0.437
ADFI (kg/d) 1.32 1.36 1.29 1.37 0.023 0.453 0.240
FIG 1.99 2.09 2.06 2.02 0.024 0.333 0.550

The values are the means from 5 individual pigs.
a8 SEM: pooled standard error of the means.



Table 5 Organ weight and organ index of piglets fed different levels of glyphosate

Control GLP (mg/kg diet) P-value
Items/GLP SEM?

0 10 20 40 Liner Quadratic
Heart (g) 161.20 183.00 162.60 166.20 4.513 0.216 0.128
Relative heart (%) 0.45 0.53 0.48 0.46 0.134 0.151 0.186
Liver (g) 773.20 792.80 750.25 791.80 9.700 0.269 0.123
Relative liver (%) 2.18 2.27 2.19 2.21 0.027 0.462 0.325
Spleen (g) 73.40 69.60 73.80 74.80 2.396 0.798 0.632
Relative spleen (%) 0.21 0.20 0.22 0.21 0.006 0.720 0.426
Lung (9) 374.20 385.60 370.00 399.60 6.242 0.445 0.247
Relative lung (%) 1.06 111 1.05 1.11 0.023 0.673 0.382
Kidney (g) 161.40 165.20 144.40 151.80 4427 | 0414 0.196
Relative kidney (%) 0.45 0.47 0.42 0.42 0.012 0.498 0.271

The values are the means from 5 individual pigs. Relative organ=organ weight / FW.

a SEM: pooled standard error of the means.



Table 6 Glyphosate residues in the liver of piglets fed different levels of glyphosate

Control GLP (mg/kg diet) P-value
Items/GLP SEM® - -
0 10 20 40 Liner Quadratic
Liver residues (ng/g) o° 6.2920 4.51° 15.972 2.222 | 0.121 0.071

The values are the means from 5 individual pigs.

ab In the same row, the values with different small superscript letters indicate a significant difference (P < 0.05).

¢ SEM: pooled standard error of the means.




Table 7 Effects of different glyphosate supplementation levels on the blood biochemical level in piglets

Control GLP (mg/kg diet) P-value
ltems/GLP SEM¢
0 10 20 40 Liner Quadratic

TP (g/L) 67.94 66.70 67.26 65.04 0.787 0.787 0.538
ALB (g/L) 40.20 39.96 42.43 40.18 0.555 0.352 0.195
GLB (g/L) 27.74 26.74 23.54 24.86 0.835 0520 0.369
A/G 1.48 1.53 1.90 1.64 0.072 0.167 0.132
ALT (IU/L) 49.67 49.40 59.00 54.00 2.305 0.517 0.283
AST (IU/L) 70.33 89.00 88.67 76.00 3.388 0.061 0.795
AST/ALT 1.49 1.71 1.46 1.28 0.083 0.382 0.472
GGT (IU/L) 37.60 39.00 42.00 37.50 1.546 0.594 0.547
ALP (IU/L) 125.00° 168.67° 207.332 198.332P 10.211 0.018 0.243
TBIL (IU/L) 9.37 8.30 10.63 11.30 0.620 0.523 0.373
DBIL (IU/L) 1.46° 2.530 6.082 5.582 0.639 0.054 0.033
TG (mmol/L) 0.57 0.60 0.54 0.67 0.039 0.595 0.439
CHOL (mmol/L) 2.74 2.60 2.61 2.85 0.051 0.174 0.868
HDL (mmol/L) 0.99 0.98 0.99 1.06 0.023 0.715 0.866
LDL (mmol/L) 1.53 1.38 1.35 1.53 0.040 0.126 0.819
LDH (IU/L) 886.00 933.00 925.33 860.00 17.271 0.318 0.985
CK (IU/L) 3010.80 3250.20 3700.60 2824.00 170.100 | 0.176 0.316
BUN (mmol/L) 5.33 4.38 3.80 5.10 0.263 0.084 0.493
CREA (umol/L) 92.77 96.50 100.20 98.60 1.267 0.460 0.611
URIC (umol/L) 4.84 5.16 4.96 4.82 0.120 0.589 0.615
GLU (mmol/L) 5.50 5.38 5.80 4.98 0.311 0.730 0556

The values are the means from 5 individual pigs.
abc |n the same row, the values with different small superscript letters indicate a significant difference (P < 0.05).

4 SEM: pooled standard error of the means.



Table 8 Antioxidant indexes in the liver of piglets fed different levels of glyphosate.

Control GLP (mg/kg diet) P-value
ltems/GLP SEM¢

0 10 20 40 Liner Quadratic
T-AOC (U/mL) 8.722 7.77° 7.22b 7.42b 0.187 0.023 0.651
SOD (U/L) 1302.40° 1568.202 1468.602 1580.202 31.989 | 0.002 0.003
GSH-Px (IU/L) 139.20° 146.3720 149.552b 154.652 1.965 0.782 0.590
GST (mIU/L) 17.04 16.59 16.32 16.99 0.182 0.363 0.675
CAT (U/L) 1281.30 1229.702 934.98° 939.65° 43.440 | 0.002 0.001
GSH (ng/L) 887.71 843.85 808.83 885.03 13.440 | 0.086 0.383
MDA (nmol/L) 7.67% 7.923b 7.61° 8.132 0.077 0.058 0.028
H202 (pg/mL) 27.08°¢ 32.43° 34.882 36.052 0.833 0.006 0.531

The values are the means from 5 individual pigs.
ab.c |In the same row, values with different small superscript letters mean significant difference (P < 0.05).
4 SEM: pooled standard error of the means.



Journal Pre-proof

Fig. 1 Effects of different GLP diet levels on liver slices of piglets. A: No obvious damage was noted in the control group.
B: The 10 mg/kg GLP treatment group showed slight granular degeneration of hepatocytes and hepatocyte swelling.
Enlargement of the hepatic sinus was not obvious. C: In the 20 mg/kg GLP treatment group, blood cells appeared between
the hepatic sinuses. The structure of the hepatic cord is unclear, slight blood stasis is observed. D: The 40 mg/kg GLP
treatment group showed a thicker wall in the central vein. More blood cells were observed in the hepatic sinusoids, as well
as widening of the hepatic sinusoids and obvious necrosis of local hepatocytes. The phenomenon of blood stasis was

obvious.



Fig. 2 Effects of different GLP diet levels on the ultrastructure of liver in piglets. A: In the control group, the nuclear
membrane of hepatocytes was smooth and the mitochondrial ridge was obvious. B: In the 10 mg/kg GLP treatment group,
the nucleus of liver cells was smaller and the nuclear membrane was blurred, while the mitochondrial ridge was more
obvious. C: In the 20 mg/kg GLP treatment group, the chromatin of hepatocytes was dispersed and fat granules began to
appear. Fibrosis began to appear in hepatocytes. D: In the 40 mg/kg GLP treatment group, the morphology of the
hepatocyte nucleus was abnormal and the mitochondrial membrane was unclear. Endoplasmic reticulum ribosome

exfoliation and liver fibrosis were serious, and fat granules became larger.
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Fig. 3 Gene expression related to the Keap1-Nrf2 antioxidant signaling pathway. Four images were used to determine the
gene expression levels of nuclear transcription factor (NFE2L2), the enzymatic antioxidant system (SOD1, SOD2, CAT,
GPX1, GST), the nonenzymatic antioxidant system (GSH) and phase Il detoxification enzymes (NQO1, HO-1, GCLC,
GCLM) in the Keap1-Nrf2 pathway. Bars not sharing the same letters are significantly different (P < 0.05) from each other.

The data are expressed as the mean £ SD (n =5).
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Fig. 4 Gene expression related to the nuclear receptor CAR/PXR signaling pathway. Four pictures were taken to determine

the gene expression of liver nuclear receptor (CAR, PAR), phase 1 metabolizing enzyme (CYP1Al, CYP1A2, CYP2EL,
CYP2A19, CYP3A29), phase II metabolizing enzyme (UGT1A6, GSTAL, GSTA2) and transporter (MDR1, MRP2, P-gp)

respectively. Bars not sharing the same letters are significantly different (P < 0.05) from each other. The data are expressed

as the mean + SD (n = 5).
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Fig. 5 Analysis of the protein expression levels of nuclear receptor pathway-related genes under different levels of GLP.
The relative expression levels of enzymes were expressed as the ratio of band intensities of the enzymes to -actin. A:
The control group; B: The 10 mg/kg GLP treatment group; C: The 20 mg/kg GLP treatment group; D: The 40 mg/kg GLP
treatment group. ° Mean values with different superscripts for each enzyme among all four groups differ significantly (P <
0.05).
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Fig. 6 The picture shows the self-detoxification mechanism of GLP through the CAR/PXR signaling pathway to regulate
the expression of downstream phase [ metabolizing enzymes (CYP1A1, CYP1A2, CYP2E1, CYP2A19, CYP3A29),
phase II metabolizing enzymes (UGT1A6, GSTA1, GSTA2) and transporters (MDR1, MRP2, P-gp), as well as the
antioxidant damage mechanism of downstream antioxidant enzymes in the Keap1/Nrf2 pathway.



