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Abstract 10 

Paraquat (PQ), a globally widely used and highly residual herbicide, is one of the potential 11 

environmental risk factors for neurodegenerative diseases (NDs). Before exerting neurotoxicity, 12 

however, PQ needs to break through the blood-brain barrier (BBB), how it penetrates the BBB and 13 

reaches the brain parenchyma remains a mystery. Recently, peripheral T cells and cytokine infiltrates 14 

into the brain have been involved in the development of NDs. But, the main reason for the infiltrating 15 

is not yet unrevealed. BBB plays a crucial role in the communication of T cells between the central 16 

nervous system (CNS) and the peripheral. Hence, whether T cells and their cytokines serve as core 17 

assistants to assist PQ infiltrating the BBB exerting neurotoxicity, in this article, C57BL/6J mice 18 

treated with PQ experienced down emotion and learning and memory abilities decreased. 19 

Pathologically, neurons and microglia respectively exhibit selective spatial damage and 20 

hyperresponsiveness. Simultaneously there were capture the traces of CD3 and its subsets of CD4/8, as 21 

well as IL-17A. Surprisingly, the response of T cells from peripheral blood and spleen to PQ gradually 22 

leans towards Th17 cells and secretes IL-17A. Therefore, it is highly suspected that IL-17A plays a role 23 

in disrupting the BBB. In vitro, bEnd.3 cells were specifically constructed with IL-17A, and PQ or 24 

mixture revealed IL-17A takes part in PQ-induced BBB disruption. Altogether, PQ responds to 25 

peripheral T cells to react and secrete IL-17A, which destroys BBB and assists PQ and T cells or other 26 

factors in infiltrating brain parenchyma. 27 



 

 

Graphical Abstract 28 

 29 

Highlights 30 

⚫ The increased secretion of IL-17A highly responds to PQ exposed continuously. 31 

⚫ IL-17A is a helper for paraquat by through blood-brain barrier.  32 

⚫ CD4/8 and IL-17A all reach the brain parenchyma after blood-brain barrier damage. 33 

Abbreviations 34 

AD: Alzheimer's disease; BBB: Blood-Brain-Barrier; CNS: Central nervous system; DEGs: 35 

Differential expression genes; DI: Discrimination index; EPA: United States Environmental Protection 36 

Agency; EB: Evans blue; FC: Flow Cytometry; GO: Gene Ontology; GWASs: Genome-wide 37 

association analyses; Hi: Hippocampus; IF: Immunofluorescent staining; IHC: Immunohistochemistry; 38 

IL-17A: Interleukin 17A; MOF: Multiple organ failure; MW: Molecular weight; MWM: Morris Water 39 
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1. Introduction 44 

Pesticides can be absorbed in daily life through contact with aerosols (skin, respiratory tract) or 45 

ingested through a person’s digestive tract with food. Paraquat (PQ) is one of the most widely used 46 

herbicides in the world, and it is well-known in the pesticide fields. However, acute exposure causes of 47 

multiple organ failure (MOF) eventually the strong lethality [1]. As a result, there is controversy over 48 

whether PQ is allowed to be used in the agricultural sector [2]. Although China has banned PQ from 49 

agricultural land, is still a manufacturer and exporter of PQ around the world (approximately 70 50 

countries) [3]. Reported that PQ belongs to quick-to-kill weeds and can be quickly inactivity in soil. 51 

With the development of the detection sensor upgrading, its sensitivity has gradually increased. 52 

Nowadays, the prototype of PQ can be detected in both soil and water, indicating that PQ is not 53 

degraded and exists in water or soil in its original form [4]. PQ indirectly through the air, water, soil, and 54 



 

 

food become diffuse and permanent pollution and then enter the organism to harm the health of 55 

humanity. At the same time, long-term exposure to PQ, especially at low doses, can also cause 56 

cumulative effects, and the current study has clarified the correlation between long-term exposure to 57 

paraquat and Parkinson's disease [5] [6]. It can be seen that PQ exposure has become one of the potential 58 

environmental risk factors for PD, but the toxic mechanism of PQ is still unclear. In vivo, PQ has been 59 

constructed to simulate Parkinson-like symptoms models in rodents, revealing a vicious cycle of 60 

progressive neuronal damage, and neuroinflammation induced by microglial activation[7, 8]. Which 61 

provided a foundation to research the neurotoxicity of PQ. 62 

Blood-brain barrier (BBB), a highly selective filtering "layer", which allows beneficial substances to 63 

pass through while keeping harmful remaining the blood vessels. The integrity of the cerebrovascular 64 

system is also regulated by the BBB, which serves as the interface between nerve tissue and blood. 65 

Endothelial cells, along with the basal membrane, astrocyte terminal feet, and pericytes consist main 66 

components of the BBB, among which the barrier function is mainly achieved by endothelial cells [9]. 67 

However, BBB disruption is associated with a variety of central nervous system (CNS) diseases, 68 

including stroke, Alzheimer's disease (AD), and PD [10]. Additionally, the destruction also makes 69 

exogenous compounds and peripheral blood cytokines take the opportunity to invade, aggravating the 70 

deterioration of these diseases. Studies have shown that depending on the physiological structure of 71 

BBB, it effectively hurdles 98% of small-molecule drugs and almost 100% of large-molecule drugs. 72 

PQ reportedly is essentially a hydrophilic compound [11], if fully penetrates the BBB, which does not 73 

meet the conditions. Current researches are still stuck in the hypothesizes of transporter, or amino acid 74 

transport [12] [13]. However, the latest clues strongly hint that cytokines in the peripheral immune 75 

response may be the culprit in disrupting the blood-brain barrier [14] [15]. 76 

Interleukin 17A (IL-17A) is the signature cytokine of a subset of CD4+ helper T cells known as Th17 77 

cells. In the pathogenesis of AD, it has been confirmed that CD4 penetrates the brain parenchyma by 78 

differentiating into (Th17) cells and secreting IL-17A, resulting in increased levels of IL-17 and other 79 

cytokines in the cerebrospinal fluid (CSF), serum and hippocampus of AD models [16]. Interestingly, 80 

infiltrated-Th17 cells and IL-17A also penetrate leading to activation of microglia and neuronal 81 

apoptosis which exacerbates neuroinflammation and neurodegeneration [17]. Previous studies have 82 

confirmed that PQ exposure can cause an increase in IL-17A expression in the lung tissue of target 83 

organs in mice. However, there is currently no research on the relationship between the changes in IL-84 

17A after PQ exposure and BBB damage, leading to secondary neurotoxicity and CNS diseases. 85 

Furthermore, does PQ rely on the help of peripheral IL-17A to penetrate the brain parenchyma？ 86 

The purpose of this article is to investigate the relationship between PQ and blood-brain barrier 87 

disruption and IL-17A. 88 

2. Materials and methods 89 

2.1 Animals  90 



 

 

Male mice C57BL/6J (22 ± 2 g) were purchased from the Experimental Animal Centre of Ningxia 91 

Medical University, in accordance with experimental animal ethics rules (IACUC-NYLAC-2022-183), 92 

all were regularly bred in specific pathogen-free conditions under the temperature of 221°C and 93 

maintained on a 12-hour light cycle, and were randomly divided into 10 groups (Control, PQ-model 94 

timeline). Paraquat dichloride (analytical standard, Sigma-Aldrich, USA) for administration.  95 

2.2 In vivo PQ-treated mouse models 96 

Mice were treated with PQ (CAS:75365-73-0, Sigma USA) in 1.25 mg/kg via intraperitoneal injection 97 

(i.p), which according to previous research about the dosage and method of PQ [18]. Based on our 98 

previous optimal dosage triggered the classical complement cascade response in the brain of mice [19]. 99 

An equal volume of 0.9% saline for the control group. 100 

The timeline model treatment to mice 101 

 102 

2.2 Behavioral testing 103 

2.2.1 Pole test  104 

The equipment consists of lengths of 50 cm upper with a ball (a diameter of 1cm). Mouse were faced 105 

upwards on the top of the pole. Which usually naturally orient downwards and descend along the 106 

length of the pole to return to their cage. In three experiments, record the time it takes for the mouse to 107 

face from upwards to downwards (T1) and descend to the bottom of the pole (T2). 108 

2.2.2 New object recognition (NOR) 109 

The equipment consists of a grey box (45 cm × 25cm × 25cm) and object 1, object 2 (objects 1 and 2 110 

have to be the same), and object 3. 111 

Adaptive phase: Mice severally were acclimatized in the box for five minutes. 112 

On the first day: Mice in the box with two objects 1 and 2. Recording within ten minutes that the 113 

mouse is familiar with two objects 1 and the exploration trajectory. 114 

The next day: Mice in the box with object 1 and object 3. Recording the exploration trajectory and 115 

duration of mice on objects 1 (F) and 3 (N) within ten minutes. The discrimination index (DI) of the 116 

mouse against object 3 is calculated. DI = (N-F) / (N + F) ×100% 117 

2.2.3 Morris Water Maze (MWM) 118 



 

 

The equipment consists of a circular pool (1.2 m in diameter) with a platform and positioning 119 

indicators around the pool, and a camera at the top of the pool to collect information and connect to the 120 

analysis system.  121 

Training period: In the water maze experiment, each mouse was tested four times a day. The mice were 122 

put into the water facing the wall from the four quadrilateral entry points in a clockwise sequence, and 123 

the transparent platform was placed in the SE quadrant, with the water surface about 1 cm above the 124 

platform. During the whole process, make sure the mice can't see the platform with the naked eye, and 125 

the same mouse is tested 10 minutes apart. 126 

Testing period: The mice entered the water from the NW quadrant, observed and recorded the number 127 

of times the mice crossed the platform and the SE time within the 60s. (Note: The platform should be 128 

removed during this experiment). 129 

2.3 Immunity cells sorting in brain 130 

Post PQ injection, mice were deeply anesthetized with isoflurane and then transcardially perfused with 131 

pre-freezing PBS for 5 min. Brain tissue was minced into small pieces and mechanically ground 132 

subsequently collecting the grinding solution. 30% Percoll (Cytiva; 1708910) was carried to gradient 133 

centrifugation (acceleration of 3 and deceleration of 2) for 40 min to remove myelin. The bottom 134 

contains monocyte suspension collected for subsequent experimental processes. 135 

2.4 Flow cytometry 136 

Samples were constantly handled on ice or at 4 °C avoiding direct light exposure during the whole 137 

process. First, samples were incubated with TruStain fcX™ anti-mouse CD16/32 to block FcγRIII/II 138 

and reduce unspecific antibody binding for 20 min. Next, samples were incubated with Zombie 139 

AquaTM Live/Dead Fixable (Biolegend) in PBS for 20 min to exclude nonviable cells. Then, incubated 140 

for 30 min with an antibody cocktail in Stain Buffer. For cell surface antigens the following table. For 141 

intracellular Foxp3/Transcription Factor staining, True-NuclearTM Transcription Factor Buffer Set 142 

(#424401, Biolegend) was used for fixation and membrane rupture, following the manufacturer’s 143 

instructions. For intracellular antigens, PE anti-mouse Foxp3 was used. For intracellular IL-17A 144 

staining, samples were incubated with Cell Activation Cocktail (with Brefeldin A) for 5 h in the 145 

constant-temperature incubator (37℃, 50% CO2). Next incubated with Fixation Buffer (#420801, 146 

Biolegend) for 20 min and used for Intracellular Staining Perm Wash Buffer after the same surface 147 

antibody treatment step. For intracellular antigens, Brilliant Violet 421m anti-mouse IL-17A was used. 148 

Suspensions were acquired using a BD FACSCelesta. Data were analyzed with FlowJo software. Gates 149 

were set based on FMO (fluorescence minus one) controls and back-gating analysis. Percentages on 150 

cytograms were given as the percentage of a parental gate. For reagent specifications, catalog numbers, 151 

and dilutions see Table 1. 152 

2.5 Bulk RNA-seq library preparation  153 



 

 

 154 

2.6 Bulk RNA-seq analysis 155 

The transcriptome sequencing and analysis were conducted by OE Biotech Co., Ltd. (Shanghai, 156 

China). The libraries were sequenced on a llumina Novaseq 6000 platform and 150 bp paired-end reads 157 

were generated. Raw reads of fastq [20] format was firstly processed using fastp and the low-quality 158 

reads were removed to obtain the clean reads. Differential expression (DE) analysis was performed 159 

using the DESeq2 [21]. Q value < 0.05 and foldchange > 2 or foldchange < 0.5 were set as the threshold 160 

for significantly differential expression genes (DEGs). Hierarchical cluster analysis of DEGs was 161 

performed using R (v 3.2.0) to demonstrate the expression pattern of genes in different groups and 162 

samples. The radar map of the top 30 genes was drawn to show the expression of up-regulated or 163 

down-regulated DEGs using R packet ggradar. Based on the hypergeometric distribution, GO [22] 164 

pathway, and enrichment analysis of DEGs were performed to screen the significantly enriched term 165 

using R (v 3.2.0), respectively. R (v 3.2.0) was used to draw the column diagram, the chord diagram, 166 

and the Volcano map of the significant enrichment term.  167 

2.7 Immunohistochemistry (IHC)   168 

Post PQ injection, all mice were deeply anesthetized with isoflurane and then transcardially perfused 169 

with saline (3 min) and 4% paraformaldehyde solution (5 min). Briefly, after the collected brain tissue 170 

was sliced by paraffin embedding. Sections were dewaxed to water in a series of processes and, 171 

subsequently, carried on microwave thermal repair with sodium citrate (PH 6.0) and endogenous 172 

blocking with 0.3% peroxidase for 15 min. And were blocked with goat serum for 1 h. Then were 173 

incubated with the corresponding primary antibodies at 4 °C overnight. And incubated with secondary 174 

antibodies at room temperature for 1h. DAB chromogen solutions were added to cover the entire 175 

section. Identification of cell nucleus in Mayer's Hematoxylin Stain (G1080, Solarbio, China). Washed 176 

in deionized water and drain the slides. Visualize staining under microscopy with a bright-field 177 

illumination (Leica Instruments, Heidelberg, Germany).  178 

2.8 Evans assay 179 



 

 

Evans blue dye was purchased from Solarbio (CAS:314-13-6, Beijing, China) and applied to BBB 180 

integrity evaluated after PQ exposure respectively at 1, 3, 7, 14, and 28 days. According to the 181 

manufacturer's instructions, the mice were injected into the tail vein in proportion (20 μl/10g). The 182 

observation that the eyes of the mice turned blue within a short time indicated that the injection was 183 

successful. The mice were euthanized one hour later. The whole brain was collected, and the color 184 

changes of the brain tissue were observed. Subsequently, the brain tissue was quickly homogenized 185 

with 50% trichloroacetic acid within 1× PBS and centrifuged (10000 g × 20 min). The standard curve 186 

was drawn, and the Evans content was determined.  187 

2.9 Culturing and administration cells 188 

Resuscitated and cultured b End.3 cells to the logarithmic phase for intervention with PQ and IL-17A 189 

(Recombinant Mouse, 576004, Biolegend) which were diluted to gradient concentration for screening 190 

optimum with CCK-8 assay (HY-K0301, MCE, Shanghai China) detect the absorbance values at 191 

450nm. Cell suspension was divided into the medium, PQ, IL-17A, and PQ+IL-17A mixture group 192 

then inoculated on a Transwell chamber with 0.4 μm aperture. The chamber was inserted into a 12-well 193 

cell culture plate in the lower chamber within 1 ml DMEM medium. After periods, discarding medium 194 

of Transwell upper and lower chamber, respectively add 1 ml DMEM medium to each lower chamber, 195 

and add 200 μl (PQ (200 μmol/l), and IL-17A (100ng/ml) and the mixture of PQ+IL-17A) to the lower 196 

chamber (200 μmol/l) cultured for 24 hours. Removing the intervention subsequently adding 200 μl 197 

EB-BSA (0.67 mg/ml) to the upper chamber which is used to ensure that the liquid level in the upper 198 

and lower chambers is consistent. Continue to cultivate for 1 hour in the incubator at 37 ℃ and 5% 199 

CO2. Collect the EB leakage solution in the lower chamber for concentration detection after 1 hour. 200 

2.10 Western blotting assay 201 

Brain tissues were lysed by a cell lysator for 10 minutes then centrifuged at 12000g for 5 min at 4°C to 202 

collect cell suspension. Protein quantification was performed using the BCA kit (KGPBCA, Jiangsu, 203 

China) according to the supplier’s instructions. In order, the protein was transferred to the PVDF 204 

membrane after SDS-PAGE electrophoresis, followed by sealing with 5% skim milk, and incubation of 205 

primary antibody overnight. The next day, membranes were washed with PBST for 30 min, then 206 

incubated with HRP conjugated secondary antibody and subsequently imaged using ECL (Invitrogen, 207 

USA) under the Thermofisher iBright Imaging System. Finally, the quantification of the band density 208 

was determined by densitometric analysis.  209 



 

 

Table 1 The table of antibodies used in the experiments. 210 

Anti-body Cat # 
Dilution ratio  

Company 
WB IHC IF 

FCS 

Foxp3 #320007 - - - 1:100 BioLegend 

IL-17A   #506925 - - - 1:100 BioLegend 

CD3 #100327 - - - 1:100 BioLegend 

CD4 #100509 - - - 1:100 BioLegend 

CD8 #100713 - - - 1:100 BioLegend 

CD45 #103127 - - - 1:100 BioLegend 

CD25 #102011 - - - 1:100 BioLegend 

IL-4 #504105 - - - 1:100 BioLegend 

IFN-γ #505839 - - - 1:100 BioLegend 

anti-CD4 SC-19641 - - 1:200 - Santa Cruz, USA 

anti-NEUN ab279296 - 1:200 - - Abcam, USA 

anti-IL-17A ab81283 1:1000 - - - Abcam, USA 

anti-IL-17RA ab179463 1:1000 - - - Abcam, USA 

anti-Occludin sc-17844 1:1000 - - - Santa Cruz, USA 

anti-Claudin-5 ab129068 1:1000 - - - Abcam, USA 

anti-β-actin 20536-1-AP 1:1000 - - - Proteintech, China 

anti-rabbit HRP SA00001-2 1:10000 - - - Proteintech, China 

anti-mouse HRP   SA00001-1 1:10000 - - - Proteintech, China 

anti-rabbit IgG 

DyLight 549 
A23320 - - 1:500 - Abbkine, China 

goat anti-mouse  

IgG DyLight 488 
A23210 - - 1:500 - Abbkine, China 

goat anti-rat  

IgG DyLight 649  
A23640 - - 1:500 - Abbkine, China 

2.11 Statistical Analysis 211 

All data was analyzed using GraphPad Prism software (Prism 9.0, GP9-2594058-RLTV-FFFDO). For 212 

each independent experiment, include at least three to six replicates in each group. We performed 213 

simple statistical comparisons using Student’s t-test, and ANOVA (one-way and two-way) was used to 214 

statistically analyze the experimental groups’ data with multiple comparisons. Unpaired or paired 215 

Student’s t-tests were used to compare the two groups. The significance level was set at *P < 0.05. Data 216 

is presented with means ± standard error of the mean (SEM) shown as line and whiskers. 217 

3. Result 218 

3.1 Peripheral immune fluctuating responses to experiencing PQ continuous intervention 219 

The immune system, as the "military and police" of the body, prevents external chemical invasion by 220 

adopting various forms of struggle to carry out immune responses. Toxicokinetics has revealed that 221 

when short time and acute exposure to PQ which could quickly distribute and absorb into the 222 

bloodstream in a transient time, further finally attacking target organs until whole exhaustion [23]. In this 223 

study, PQ was continuously treated (1.25mg/kg) for 28 days without having any effect on the general 224 

vital signs of mice (showing a uniform increase in mouse weight) (Fig S1 A). Spleen, as a peripheral 225 

immune organ, the organ coefficient without effect on continuous treatment PQ for 14 days. 226 



 

 

Miraculously, the index was significantly decreased post-continuous administration with PQ for 28 227 

days, compared with the saline group (Fig S1 B). Likewise, HE-staining demonstrated a clear boundary 228 

between the red and white pulp when PQ treatment for 3 days and 7 days, which was consistent with 229 

the control group. The boundary was somewhat unclear even diffuse after being consecutively treated 230 

for 14 days and 28 days, and the latter group was more pronounced (as shown in the white concentric 231 

circle) (Figure 1 A). It suggests PQ can cause slight damage to the spleen. Combined with flow 232 

cytometry (FC), the percentage of CD45+CD3+ labeled cells in splenic T lymphocytes did little 233 

fluctuate between PQ and saline groups (Figure 1 B). For peripheral blood T lymphocytes, however, 234 

continuous exposure to PQ for 28 days showed a significant increase in overall T cell levels, compared 235 

with the control group (P=0.0131) (Fig S1C and D). It so happened to confirm the toxicokinetics of PQ 236 

conform to blood distribution and prefer to cause an impact on peripheral blood. Further analysis of the 237 

ratio of T-cell subsets CD4+ and CD8+ showed a decreased level in the spleen and an increase in 238 

peripheral blood, compared to the control group (Figure 1 D and F). Altogether, the fluctuation of 239 

peripheral immune responses means immune dysfunction in mice after PQ exposure. 240 



 

 

 241 

Figure 1. PQ triggered peripheral immune responses. (A) H&E staining of spleens, images representative. 242 

Scale bar, 200 μm (upper) and 50 μm (below). WP: white pulp; RP: red pulp; LN: lymph node; PLS: periarterial lymphatic 243 

sheath; MZ: marginal zone. (B) Flow cytometry analysis of the distribution of the T cell in the spleen marked with CD45+CD3+ 244 

cells, (C) Chart demonstrates the percentage of CD45+CD3+ cells belonging to the defined populations. Flow cytometry analysis 245 

of the distribution of the T cell subsets in the spleen(D) and blood (F) marked with CD8+CD4+ cells. Gram demonstrates the ratio 246 

of CD4+ T to CD8+ T cells in the spleen(E) and blood (G), * indicates the statistical difference in the 28-PQ group compared with 247 

control (P=0.0063; 0.0234). Data are presented as means ± SEM, between two groups both the PQ model group and the control 248 

group were analyzed by single-factor unpaired T-test. *: P<0.05. 249 

3.2 PQ caused the peripheral T cells to be inclined to Th17 differentiate and secrete IL-17A  250 

Considering CD4+T cells differentiate into subtypes when accepting the signal from antigenic 251 

stimulation, which is mainly divided into four characterized by markerable secretion of cytokines and 252 

expression of transcription factors: Th1 cell (IFN-γ), Th2 cell (IL-4), Th17 cell (IL-17), and Treg cell 253 

(Foxp3). Where in the spleen, there were varying degrees of changes in the four cytokines, differently 254 

the expression level of IL-4 in the spleen showed a time-dependent increase (Fig S2 A, B, and G, H). It 255 



 

 

indicates that the immune system has activated transfer into a defense state when receiving an unsafe 256 

sign. IL-17A also shows a significant time-dependent increase which reaches peak value within 7 days 257 

followed by a gradual decrease but still higher than the control group level (Fig 2 A, C). Conversely, 258 

the corresponding immunosuppressive factor Foxp3, showed a gradually decreased trend. There was a 259 

similar to IL-17A upping the peak value within 7 days which may also exert the role of check and 260 

balance (Fig S2 C, I). Equally, cytokine changes in the blood are also like those observed in the spleen 261 

(Fig S2 D-F, J-L). Of note, there is a slight deviation in the performance trend of blood and spleen, 262 

which may be related to individual differences in mice. Unexpectedly, the expression level of IL-17A 263 

in the blood reaches its peak in 7 days, and there is a decrease in the level with continuous PQ 264 

administrated, but it is still at a high level compared to the control group (Fig 2 B, D). Consistent with 265 

the results of FC, immune cytokine markers in peripheral serum detected with ELISA were performed 266 

TNF- γ (Th1) and IL-4 (Th2) were not significantly affected by PQ (Fig 2 E, F). For IL-17A (Th7) and 267 

TGF- β (Treg) both showed strongly opposite performances especially at 7 day which consistent with 268 

FC presentation (Fig 2 G, H). Altogether, the alteration of IL-17A levels is strong feedback on PQ 269 

exposure. 270 

 271 

Figure 2. The inclining of T cells to Th17 differentiation after PQ exposure.  272 

(A) Flow cytometry analysis of the distribution of IL-17A (Th17) in the subtypes of T cells in the spleen and blood (B). 273 

Histogram demonstrates the proportion of IL-17A in the spleen (C) and blood (D). (E-H) Trend line chart with ELSA detects 274 

blood serum for TNF-γ, IL-4, IL-17A, and TGF-β after PQ exposure. Data are presented as means ± SEM and were analyzed by 275 

single-factor unpaired T-test and one-way ANOVA analysis of variance. *&**&***&****represents P < 0.05&0.01&0.001&0. 276 

0001, compared with each group analyzed by Tukey's test for post-hoc analysis.  277 

3.3 Microglial hyper-response and T-cell trace seized in mice brain after PQ exposure  278 

Neuroimmunity response and neuroinflammation are regarded as the body's initial defense response, 279 

and long-term or excessive inflammation is the main cause of the development of various neurological 280 

diseases, especially NDs[24]. Microglia, the innate immune cells in the brain, are highly dynamic cells 281 

with multiple steady-state functions. Mainly participates in innate immune responses to the primary 282 



 

 

defense system for various stresses and injuries in the central nervous system. For NDs, microglia 283 

predominantly protect the brain through rapid immune activation to maintain the homeostasis of the 284 

brain microenvironment [25]. Under emergency conditions, the morphology of microglia (resting 285 

branching type) rapidly transitions from morphological branching to, activated-type, amoebae 286 

(debranching phenotype with shorter protrusions) (Figure 3 A). After sholling analysis, intersection 287 

points of microglial branches with distance from the soma. In every brain region of PQ group, all 288 

intersection points were decreased compared to control groups (Figure 3 B). In addition, the heat map 289 

of cell transcriptome differential analysis showed that CD36 the phagocytic recognition receptor in 290 

microglia was downregulated (Figure 3 D). Which indicates microglia have initiated the defense phase. 291 

Innate immunity and adaptive immunity form a harmonious immune balance system, under 292 

physiologically balanced conditions, the adaptive immune system also participates in maintaining 293 

homeostasis [26]. However, studies have shown that adaptive immune cell infiltration dominated by T 294 

lymphocytes promotes NDs and aging [27]. During the experimental process, we were curious about 295 

whether T cells were involved in adaptive immune responses after exposure to PQ. Firstly, flow 296 

cytometry results showed T cells with CD45+/CD3+ co-labeled were increased compared to the control 297 

group (Figure 3 C and D). At the same time, CD4 and CD8 of the T cell subsets, as well as chemokine 298 

CCL2 expression were upregulated showed in the transcriptome heatmap (Figure 3 E). In order to 299 

further observe how PQ affects T cells to infiltrate the brain parenchyma, IHC demonstrated that the 300 

positive expression of CD4+ and CD8+ in the olfactory bulb (OB) and substantia nigra (SN) of the brain 301 

was significantly higher than the baseline level of the control group (Figure 3 E-G). To further explore 302 

when T cells entered the brain parenchyma, the timeline of immunofluorescence showed CD8+ 303 

infiltration mount up starting at 7 days. With the extension of exposure time, the amount of expression 304 

increased, reaching a peak at 28 days (the difference was statistically significant) (Figure 3 H and I). 305 

Based on the above, except microglial response to PQ exposure, there are also captured traces of T cell 306 

infiltration which may be the culprit in accelerating neurotoxicity worthing paying more attention to. 307 



 

 

 308 

Figure 3. Abnormal microglia and T-cell infiltration were in response to PQ. 309 

(A) Representative IF images of microglia marked with Iba-1 (red) and nucleus (DAPI) in the sagittal section of the brain. Scale 310 

bars, 50 μm. (B) Shollig analysis to intersection points of microglial branches with distance from the soma. (C) Flow cytometry 311 

analysis of the distribution of the T cell in the brain marked with CD45+CD3+ cells, (D) dot plots demonstrate the percentage of 312 

CD45+CD3+ cells belonging to the defined populations (two-sided t-test, mean ± SEM, *P < 0.05, P=0.014). (E) Heatmap 313 

depicting the most significant differentially expressed immune response genes of PQ treatment compared with the control 314 

including upregulation genes of T cells subset CD4+ and CD8+ (red rectangle) and chemokine ccl2 (green rectangle). And 315 

downregulation of microglial phagocytosis receptor CD36 (yellow rectangle) (adjusted P value < 0.05). (F) Representative 316 

immunohistochemical staining images respectively T-cell subsets from both OB and SN labeled with anti-CD4 and CD8 317 

antibodies are showing; Scale bars, 100 μm in OB and 200 μm in SN. (G, H) Quantitative grams respectively showed the positive 318 

expression of CD4+ and CD8+ (%). (I) Representative images of the timeline expression of CD8+ in SN post-PQ treatment and 319 

quantification of increasing tendency (J), Scale bars, 200 μm. Data are represented as means ± SEM.*&**&***&****represents 320 

P < 0.05&0.01&0.001&0. 0001, compared with each group analyzed by Tukey's test for post-hoc analysis. 321 



 

 

3.4 Increasing permeability of BBB is the starting factor for PQ to exert neurotoxicity 322 

Exogenous chemicals are often rapidly distributed to various target organs for a person through the 323 

ADME process. PQ has been confirmed which be highly correlated with the onset of PD, currently, PQ 324 

as well as used to simulate Parkinson’s models [18]. Distinctively, we conducted continuous exposure to 325 

mice by scaling down the dose of PQ in this experiment which was further optimized based on the 326 

previous foundation [19] to be closer to the required dose of EPA[28]. The neurotoxicity of PQ was 327 

evaluated through the following behavioral tests. Primarily, the poling test was used to assess motor 328 

disorders by the total time crawling to the top and then descending to the below (Figure 4A). Of note, 329 

the PQ group spent more time arriving at the bottom than the control (Figure 4B). Morris water maze 330 

(MWM) is applied to assess spatial learning and memory, which were conducted to investigate whether 331 

continuous exposure to PQ would affect the spatial memory ability of mice. Results show starting from 332 

the third day of the positioning cruise, the escape latency of each group of mice was significantly 333 

shortened, interestingly, which gradually was significantly shorter in the PQ group than the saline on 334 

the last days (P = 0.0468) (Figure 4C). However, the swimming speed of PQ-exposed mice was much 335 

lower than that of the control in the periods of training (Figure 4D). On the sixth day, a trial period 336 

when the platform withdrawal test experiment, the changes in learning and memory abilities of mice in 337 

each group were observed. Results demonstrated the PQ group significantly decreased the number of 338 

times mice crossed the target platform (Figure 4E) and the proportion of time spent staying on the 339 

target platform (SE), compared with the control group (P = 0.0373) (Figure 4F). Moreover, during the 340 

experiment of NOR, after habituation training for object1 on the first day. Mice treated with PQ 341 

explored on object 2 spending time were significantly shorter than the control (Figure 4G). In addition, 342 

the recognition index of the control group was significantly reduced than PQ (P = 0.0012) (Figure 4H). 343 

Together indicates a slight decrease in autonomous activity and significant cognitive impairment under 344 

continuous exposure to PQ.  345 

Due to the structural composition of BBB, makes it a complex passive and active structure to protect 346 

the brain from exposure to immune cells and neurotoxic exogenous. Interestingly, after staining with 347 

Evans Blue, we can visually observe that the blue color on the surface of brain tissue gradually 348 

aggravates (Fig 4I). In addition, the concentration of EB in brain tissue started to significantly increase 349 

at 7 days and showed a time-dependent increase (Fig 4J). This also indicates mice in succession 350 

exposed to PQ leading to blood-brain barrier (BBB) damage. Western blot results showed Occlaudin 351 

and Claudin-5 which were the key marker proteins of BBB were in time-dependent decline (Fig 4K-352 

M). 353 



 

 

 354 

Figure 4. Low-dose paraquat exposure affected the BBB and neurological behavior of mice. 355 

(A) Representative image of Pole climbing in which mice climbed from the bottom of the ball to the top and then descended to 356 

the bottom of the rod after PQ exposure for 28 days. (B) Quantitative histogram of time spent crawling in mice. Escape latency 357 

(C) and swimming speed (D) over the 5-day acquisition phase in the MWM test after PQ exposure (repeated-measures ANOVA). 358 

(E) Representative trajectory diagram of the MWM probe test in control and PQ-mice. (F) Histogram showed the times of mice 359 

crossed the platform. The platform is located in the SE quadrant. (G) Representative heatmaps of the NOR test in control and 360 

PQ-mice. Red zones display the areas mostly explored by the mice. (H) The quantitative evaluation of the recognition index. N = 361 

6 to 10 mice per group.  Indicator chart of EB content (I) in brain tissue and direct view of brain tissue (J) stained with EB by 362 

injecting the tail-vein of mice for 1 hour. (K-M) Immunoblotting for the expression and quantification of the tight junctional 363 

protein of BBB markers (Occlaudin and Claudin-5). β-actin was used as the internal control for normalization. Data are 364 

represented as means ± SEM.* &**represents P < 0.05&0.01, compared with the control group analyzed by two-sided t-test. 365 

3.5 The neuronal abnormalities and the loss of neural synapses caused by paraquat 366 

Golgi staining showed, compared with the control group, PQ-induced dendritic spine density in the 367 

CA1 and DG regions of the hippocampus (Hi) was significantly sparse; At the same time, there were 368 

also decreased dendritic spine in the regions of the substantia nigra (SN) (Figure 5A). Based on this, 369 

neuron further was conducted through NEUN-specific labeling. Intuitively, there was no significant 370 

difference in the positive expression of NEUN wherever was in CA1, CA3, or DG of Hi (Figure 5B 371 

and D-F). Given no changes for neurons, it is possible that neuronal activities and their responses to 372 

PQ. To assess this possibility, we investigated the expression of c-Fos, a marker of neuronal activity, in 373 

the different regions of Hi after PQ exposure [29]. In the comparison between the saline-treatment 374 

groups, immunofluorescent staining (IF) demonstrated the fluorescence intensity of c-fos-expressing 375 

co-located with NEUN was evidently weakened by PQ. It hints the neurotoxicity of PQ has already 376 

affected neuronal activity, but there has been no degree of neuronal damage (Figure 5H-J). Midbrain 377 

dopamine systems not only regulate motor but also cognitive function, and their malfunctions are 378 



 

 

associated with increased impulsivity, and attention deficits [29]. Surprisingly, the expression level of 379 

NeuN in the SN decreased significantly (Figure 5C and G). There are spatial differences in damage for 380 

neurons that responded to PQ. We considered a Fold Change cutoff of |2| to screen for biological trends 381 

in the data which yielded 6848 genes that were differentially expressed in PQ mice compared to saline 382 

control. Pathway analysis based on Gene Ontology (GO) PopHits ≥5 includes pre/post-synaptic 383 

membrane in which 14 related genes were statistically changed, out of 13 upregulated genes (Slc 384 

family, Gabs family e.tal) and one downregulated gene Musk (Figure 5K and L). Taken together, 385 

exhibit spatial differences in neuronal activity and the expression of synaptic genes induced by PQ. 386 

 387 

Figure 5 Paraquat affects neuronal activity and synapses in brain parenchymal neurons. 388 

(A) Representative Golgi images of neuronal dendrites in the CA1 and DG of the hippocampus (Hi) and substantia nigra (SN). 389 

(B-C) Immunohistochemistry staining of NeuN in the CA1 and CA3 and DG of the hippocampus (left) and substantia nigra 390 

(right). Scale bars, 100 μm. Quantitative grams about the positive expression of NeuN in the CA1 (D) and CA3 (E) and DG (F) 391 

and SN (G). (H) Representative IF co-located images of c-fos (red) and NeuN (green) with nucleus (DAPI) in the CA3 of Hi. 392 

Scale bars, 50 μm. (I, J) Representative image of IF co-located coefficient among c-fos (red) and NeuN (green) with nucleus 393 

(DAPI) in the CA3 of Hi. (K) Bar plot showing GO pathways which include pre/postsynaptic membrane of the cellular 394 

component (red rectangle). (L) Volcano plot of differentially expressed (DE) genes between pre/postsynaptic membrane which 395 

were red circles the notable upregulated genes of particular interest from PQ vs control. DE was determined using an adjusted p-396 

value (false discovery rate) <0.05. Data are represented as means ± SEM. ns represents non-statistical difference and 397 

**represents P <0.01, compared with the control group analyzed by a two-sided t-test. 398 

3.6 IL-17A may be a helper for PQ to break through the BBB and exert neurotoxicity 399 

Why PQ with hydrophilic structure penetrates the BBB is still a mystery. We have confirmed PQ 400 

caused the peripheral T cells inclined secrete IL-17A and T cell infiltrate into brain parenchyma. 401 

Additionally, western blot demonstrated the expression of IL-17A in brain were increasing along with 402 



 

 

the time of PQ exposure (Figure 6A, B). Unexpectedly, the expression of IL-17A protein in the brain 403 

parenchyma showed enhanced in accordance with peripheral blood (Figure 2G). We cannot help 404 

wondering what the link of IL-17A between peripheral and brain parenchyma is. As a specific receptor 405 

for IL-17A, immunofluorescence demonstrated overlap highly between endothelial cells CD31 (red) 406 

and IL-17RA (green) in the BBB on the 7th day of PQ exposure (Fig 6C). We speculate that PQ 407 

penetrated brain parenchyma may have earlier set off the infiltration of peripheral immune cytokine IL-408 

17A to damage BBB and seized an opportunity to enter. 409 

To confirm the speculation, bEnd.3 cells which represent endothelial cells of BBB were conducted to 410 

treat with respectively PQ and exogenous IL-17A and both mixtures. Firstly, screened for each dose 411 

that PQ did not affect cells (0.2 μmol/l), and IL-17A had no statistically significant effect on cells (100 412 

ng/ml) for subsequent treatment (Fig 6D and E). Evaluating the permeability of BBB in detecting the 413 

EB staining in Transwell lower chamber after administrated either separately IL-17A or PQ and 414 

combination. In the control and PQ group, it was visually observed that there was no significant EB 415 

blue staining in the lower compartment of Transwell, while treated with IL-17A and PQ+IL-17A 416 

combination were significantly blue stained (Fig 6F). Which suggests the tight structure between cells 417 

is disrupted, and EB infiltrates into the lower compartment. After quantifying the EB solution in the 418 

compartment, the EB content in the both IL-17A group and PQ+IL-17A combined group was 419 

approximately four times higher than that in the PQ-treated group and the culture medium group (Fig 6 420 

G). Similarly, immunoblotting results showed that both IL-17A alone and in combination with PQ 421 

reduced the expression of BBB proteins (Fig 6 H-J). Immunofluorescent images of F-actin were used 422 

to label the cytoskeleton, and it was observed that the cytoskeleton structure was clear between the 423 

culture medium and PQ group, while the cytoskeleton between IL-17 and the combined PQ+IL-17A 424 

group showed blur and loose (Fig 6K). Altogether means that IL-17A acts as a risk factor triggering 425 

BBB disruption, leading to PQ taking advantage of the situation. 426 



 

 

 427 

Figure 6. IL-17A is a risk factor accelerating BBB damage induced by exposure to PQ.  428 

(A-B) Immunoblotting for the expression and quantification of the tight junctional protein of IL-17A. β-tubulin were used as the 429 

internal control for normalization. (C) Representative co-located images of CD31(vascular endothelial cells) (red) with the 430 

receptor IL-17RA (green) and nucleus (DAPI) in the sagittal section of the brain. Scale bars, 20 μm. Data are presented as means 431 

± SEM and were analyzed by single-factor unpaired T-test and one-way ANOVA analysis of variance. *: P<0.05. aP <0.05 vs. the 432 

control group, bP <0.05 vs. the 1-Day PQ group, cP <0.05 vs. the 3-Day PQ group. Schematic showing for CCK-8 assay of the 433 

effect separately PQ (D) and IL-17A (E) in the dose-dependent on bEnd3 cell proliferation activity for 24 h, *P<0.05. Pictorial 434 

diagram of EB (F) and component (G) in the lower chamber of transwell after bEnd3 cells treated to PQ and IL-17A alone or 435 

combined estimating the permeability of monolayer endothelial cells. (H-I) Quantification of the protein expressions. (J) 436 

Immunoblotting assay was used for evaluating Occlaudin and Claudin-5 after bEnd3 cells were treated with PQ and IL-17A 437 

alone or combined. β-actin was used as the internal control for normalization.  Data are presented as means ± SEM and was 438 

analyzed by single-factor unpaired T test and one-way ANOVA analysis of variance. *: P<0.05, **: P<0.001. (K) Representative 439 

IF images of F-actin (green) with nucleus (DAPI). The PQ group was similar to the control which was clear boundaries between 440 

the cytoskeleton of cells. Oppositively, in the IL-17A, the boundaries were unclear between cells and the PQ+IL-17A group 441 

demonstrated worse. Bars=20μm in the main images. 442 

4． Discussion 443 

Apart from reporting research exposing chronic PQ leading to PD, PQ is currently often preferred by 444 

the scientific community as a means of studying PD models (10mg/kg or 15 mg/kg to intermittent 445 

treatment) [30]. However, in addition to acute intentional or accidental high-dose exposure to PQ 446 

causing acute toxic effects. Actually, PQ in daily life often exists in biological media and usually poses 447 

a threat to persons with chronic exposure. The onset of PD is often a gradual and long-term process. In 448 

the early stage, we have found that the occurrence of complement cascade reactions in the mouse brain 449 

is due to continuous exposure to PQ (5mg/kg) for two weeks, which finally triggers cognitive 450 

dysfunction caused by synaptic loss in mice[19]. Therefore, in combination with EPA regulations and 451 

human surface area conversion, this experiment further lowered the dose and adopted continuous 452 



 

 

exposure to PQ. Considering the toxicokinetic effects of PQ, the final choice was intraperitoneal (i.p.) 453 

injection[31]. Throughout the entire process, the mice all were healthy and followed the entire 454 

experimental process. Neurobehavior is a sensitive and efficient method for evaluating the 455 

neurotoxicity of chemicals. The characteristic manifestation of PD is the occurrence of motor 456 

symptoms [32]. While the exercise time of the pole climbing experiment mice was not significantly 457 

affected. During the water maze training process, however, it was found that the average swimming 458 

speed of the mice slowed down, compared with the control group. it can be concluded that has a slight 459 

impact on mouse exercise continuous exposure to PQ for 28 days, but it can be ignored. Motor 460 

symptoms are often in the late stage of a disease, and during the progression of the disease, there are 461 

often signs of non-motor symptoms such as sleep, anxiety, decreased smell, and decreased memory that 462 

patients may overlook. At the late stage of a disease, motor symptoms often develop and during the 463 

progression of the disease, there are often signs of nonmotor symptoms including sleep, anxiety, 464 

decreased smell, and decreased memory that patients may overlook[33]. Both of the experiments of 465 

MWM and NOR severally exhibited mice anxiety and depression as well as decreased learning and 466 

memory abilities. In addition, pathological validation revealed changes in dendritic spines in mouse 467 

brain parenchyma. Skeleton analysis revealed a decrease in dendritic spines. Although IHC has shown 468 

no significant difference in the reduction of NeuN within the mouse brain parenchyma. However, the 469 

image of IF of neuronal activity labeled with c-fos was slightly reduced, and combined with Go 470 

enrichment of synaptic function, significant changes were found in genes related to pre/postsynaptic 471 

membranes. Lack of Musk activity can cause synaptic structural and functional defects[34]. GABRA1, a 472 

receptor for GABA, which is an inhibitory neurotransmitter widely present in the central nervous 473 

system. Inhibiting neurons in the nervous system has neuroprotective effects and functions such as 474 

hypnosis, sedation, and anti-anxiety. The GABRD subunit will reduce the maximum current of 475 

GABAAR, increase the excitability of neuronal cells, and lead to epileptic seizures[35]. An increasing 476 

number of articles point out that exogenous chemicals can cause synaptic loss or dysfunction in the 477 

mammalian brain parenchyma, leading to cognitive impairment [36, 37]. Consequently, it can't ignore it 478 

anymore the neurotoxicity caused by chronic low-dose exposure to PQ. 479 

Microglia, as inherent immune effector cells in the CNS, play a role in immune surveillance, 480 

nourishing neurons, regulating neural circuits, and maintaining homeostasis of the CNS. Microglia are 481 

generally divided into resting and activated states. Resting state, highly branched makes direct contact 482 

with neuronal synapses to monitor synaptic function. When a danger signal occurs, microglia quickly 483 

from rest transit activated state (amoeba-like). The activation status of microglia is closely related to 484 

the occurrence and development of various NDs and nerve injuries [38]. In this study, microglia 485 

exhibited different morphological phenotypes in different brain regions after treatment with PQ for 28 486 

days. Compared with the control group, Microglia significantly proliferated and showed fragmented 487 

branching in the olfactory bulb area. while visibly enlarged and de-branched in size in the prefrontal 488 

lobe area. Similarly, although in the hippocampus, midbrain, and cerebellum regions, microglia 489 

exhibited similar states, the number of microglia decreased, and the fluorescence intensity weakened. 490 



 

 

All means the response of microglia to PQ exhibits spatial heterogeneity in brain parenchyma. 491 

Neuroimmune response has also been proven to be a key trigger for NDs[39]. Innate immunity and 492 

adaptive immunity belong to the two modes of immune response. Microglia are recognized as having 493 

the main role in participating in the innate immune response.  494 

In recent years, research has shown that in the brains of patients with NDs, in addition to the innate 495 

immunity involved in microglia, the protagonist (T cell) of the adaptive immune response has gradually 496 

been captured. Similarly, in this experiment, Flow cytometry showed a significant increase in total T 497 

cell marker CD3+ in the brain parenchyma compared to the control group. Heat map enrichment of 498 

immune cells by brain parenchymal monocytes, showing T cell subsets CD4+ and CD8+ were also 499 

highly expressed. Research has shown that the neurotoxicity of PQ in the brain parenchyma is mainly a 500 

pathological change of dopamine neurons in the substantia nigra (SN). The distribution of 14C-PQ in 501 

the brain parenchyma is twice higher in the olfactory bulb (OB) than in other brain regions (with 502 

similar average concentrations)[40]. Otherwise, there are two hypotheses about the development and 503 

origin of PD: the theory of intestinal origin and the Braak hypothesis which proposes pathology 504 

primarily involves the olfactory bulb[41]. For example, the development process of pathological protein 505 

aggregation in brain regions α-Syn from the OB transmission to a linear system[42]. In order to capture 506 

which region T cells preferentially reach, we observed strong positive expression of CD4+ and CD8+ in 507 

both regions OB and SN, and there was no significant difference between the two regions. To further 508 

trace back to which stage T cell infiltration occurred, it was found through a timeline that CD8+ traces 509 

had already appeared after PQ exposure for 7 days until a significant infiltration appeared for treatment 510 

consecutive 28 days. Therefore, the immune response induced by PQ exposure is not only innate 511 

immunity involving microglia but also adaptive immunity involving T cells. However, it is necessary to 512 

further explore how T cells exert their toxic effects and which one of the mechanisms takes part for all 513 

special researchers. 514 

The traditional theory suggests that PQ belongs to a water-soluble molecule, which absorbed into the 515 

blood can quickly be distributed to various tissues and organs. The lung is its main target organ and 516 

storage reservoir[43]. Additionally, the brain is known as the immune exemption zone, where T cells are 517 

hardly found. However,  the function of the brain depends on adaptive immunity, and meningeal 518 

immunity maintains the brain's environmental homeostasis[44]. The integrity of the cerebral 519 

microvascular system is regulated by the BBB, which is composed of collaborative cells, connecting 520 

and transporting elements. As the interface between nerve tissue and blood, the BBB protects the brain 521 

from toxins and pathogens, as well as nerve tissue from peripheral immune cells[10]. For BBB, a key 522 

site is capillary endothelial cells which are composed bilayer membrane structure of the brain based on 523 

lipids and play an important role in controlling the entry and exit of substances into and out of cells. In 524 

other words, all elements must strictly meet the conditions allowed by BBB to pass by. Here, a wide 525 

range of lipid-soluble molecules is allowed to diffuse into the brain, mainly depending on their own 526 

lipophilicity, molecular weight (<400-500 Da), and hydrogen bonding ability (<8-10 hydrogen bonds) 527 



 

 

and 2 <log Kow <4[45]. While PQ is extremely hydrophilic (Molecular weight, MW=257, log Kow = 528 

−4.5)[46]. So, the most fundamental factor causing T-cell infiltration due to PQ exposure is still the 529 

destruction and enhanced permeability of BBB. Nevertheless, there seems to be some contradiction 530 

when considering the differences in physical and chemical properties between PQ and BBB. Therefore, 531 

exploring the inducements of PQ on BBB permeability has become the main focus of this study. Is 532 

there a link between brain parenchymal T-cell infiltration and peripheral T-cell response? 533 

The spleen, a hematopoietic organ in the embryonic stage finally evolves into the largest peripheral 534 

immune organ in the human body after bone marrow hematopoiesis. It is the site where mature 535 

lymphocytes settle, with T cells and B cells severally accounting for 40% and 60%. T lymphocytes are 536 

inflowed along the bloodstream and subsequently distributed to the thymus to be recycled through 537 

lymphatic vessels, peripheral blood, and tissue fluid, exerting cellular immunity and immune regulation 538 

functions. CD3+ is a key marker of T cell development and maturation. Which can be divided into 539 

CD4+T and CD8+T lymphocytes. The former regulates or assists other lymphocytes in exerting immune 540 

functions, while the latter often exhibits cytotoxic activity [47]. The ratio of CD4+T to CD8+T 541 

lymphocytes changes in response to harmful substances, which means the body is in a certain immune 542 

status. When the ratio increases, may be in an "overactive" state. When the ratio decreases, it may be in 543 

an "immunosuppressive" state. Both can cause autoimmune diseases leading to adverse outcomes [48]. 544 

After being treated with 1.0mg/kg PQ for 21 days, the percentage of CD3+T lymphocytes in the spleen 545 

of male Balb/c inbred mice significantly increased, while there was no significant difference in the 546 

percentage of CD4+, CD8+T lymphocytes, and the ratio of both[49]. In our experiment, after PQ 547 

exposure for 28 days, the percentage of CD3+T lymphocytes in the spleen did not show significant 548 

changes, but the ratio of CD4+/CD8+T lymphocytes significantly decreased. While the percentage in 549 

peripheral blood significantly increased as well as the ratio increased after administration with PQ for 550 

14 days and 28 days. It suggests short-term repeated exposure to PQ may lead to an overactive immune 551 

response mediated by peripheral blood T lymphocytes, manifested by CD4+T lymphocyte levels. 552 

During this experiment, it was observed pathological damage occurred in the spleen of mice. Further 553 

flow cytometry revealed the total T cell marker by CD3+ and the ratio of CD4+/CD8+ fluctuations in the 554 

spleen and blood of mice. Strangely, compared with the control group, the ratio of CD4/CD8 in the 555 

spleen increased first and then decreased in the spleen following PQ exposure. However, there was just 556 

a significant increase in the blood when continuing exposure to PQ for 28 days. This may indicate that 557 

the immune activation defense status of mice has been on.  558 

Under different microenvironments, CD4+T cells differentiate into four categories based on their 559 

cytokines and transcription factors: Th1, Th2, Th17, and Treg cells. These play an important role in 560 

resisting pathogen infection and negatively regulating immune responses. Th1/Th17 cells drive an 561 

autoimmune inflammatory process, while Th2 and Treg cells initiate immunosuppression to counteract 562 

the inflammatory response. A pair of Th17 and Treg complement each other to maintain the immune 563 

homeostasis microenvironment. During this experiment, the IL-17A secreted by Th17 cells in the 564 



 

 

spleen with the most significant changes which increased exposure to 3 days and reached a peak when 565 

7 days, showing a mountain-like trend. Clearly, Foxp3 showed an opposite trend with a gradual 566 

decrease. This indicates that the organism has already experienced an imbalanced immune response, 567 

gradually tending towards Th17 cell differentiation and secretion of Il-17A. The composition of BBB 568 

makes it a complex passive and active structure, protecting the brain from exposure to immune cells 569 

and neurotoxic substances. Compounds with a MW higher than 180 Da cannot penetrate the BBB. 570 

Evans Blue (EB) is an inert tracer with a MW of 961 Da, which is one of the largest commonly used 571 

dyes[50]. After injection, EB will leak through BBB and bind with albumin to form a high molecular 572 

weight complex of 68500 Da. And colored the brain areas with damaged barriers to accurately identify 573 

areas with altered permeability which can be quantitatively evaluated EB. We applied this method and 574 

intuitively observed that the color of mouse brain tissue showed a gradient deepening. Quantifying the 575 

EB content in the brain tissue homogenate, which increased when exposure 7 days and sharply 576 

increased with prolonged exposure time. IL-17A is considered a marker cytokine produced by Th17 577 

cells which are involved in the occurrence and development of various CNS diseases[51, 52]. In vitro, 578 

Th17 cells directly promote the loss of dopaminergic neurons[17]. In vivo, can promote depressive-like 579 

behavior in mice [53]. Currently, it is believed that epithelial cells, endothelial cells, and fibroblasts are 580 

the main targets of IL-17A. Which belongs to the interleukin-17 (IL-17) families and plays a crucial 581 

role in host defense against microbial and inflammatory disease development. Pathologically, the 582 

production of IL-17A leads to excessive inflammation and significant tissue damage. The receptor 583 

families of IL-17A consist of five members (IL-17RA, RB, RC, RD, and RE). Among these, IL-17RA 584 

is a common receptor for IL-17A[54]. Reporting that IL-17A can not only promote the increase of BBB 585 

permeability[55], but also promote the migration of CD4+T lymphocytes between BBB endothelial 586 

cells[56]. We found that PQ caused a decreased expression of tight junction proteins in the BBB of mice, 587 

with the most significant effect observed when 28 days, compared with the control group. At the same 588 

time, IL-17A showed an increased level in PQ-exposed mice, reaching a peak at 7 days and then slowly 589 

decreasing, but still higher than the control group. Strangely, which consistent with the expression trend 590 

of IL-17A in the periphery blood. Moreover, the fluorescence intensity of IL-17RA expression on the 591 

surface of CD31-labeled endothelial cells is also enhanced. Therefore, we further explore the 592 

relationship between IL-17A, and BBB was conducted. There were chosen the concentration of PQ and 593 

IL-17A had no significant concentration on bEnd.3 cell activity. Respectively respective and combined 594 

interventions were performed on the cells. Firstly, the permeability of the cells increased mainly due to 595 

EB infiltration from the upper compartment to the lower compartment of Transwell, and its content 596 

also significantly increased, between the IL-17A group and IL-17A+ PQ group have no significance. 597 

Similarly, the tight junction protein of the cells is also reduced. The F-actin-labeled cytoskeleton shows 598 

that the boundaries between cells are blurred. Overall, conjectured the increased permeability of the 599 

BBB may be mainly attributed to the main destruction of IL-17A. 600 

The main purpose of this study is to explore the triggers for the infiltration of T cell traces in the brain 601 

parenchyma after PQ exposure, focusing on whether the disruption of the BBB is attributed to PQ or 602 



 

 

whether it is indirectly caused by the IL-17A induced by PQ. We conclude that IL-17A alone has a 603 

higher destructive effect on the BBB than PQ alone. Of note, we did not fully confirm how IL-17A 604 

infiltration into the entire brain parenchyma after exposure to PQ, as well as the order of IL-17A and 605 

PQ to invade the BBB. In vitro, were not directly validated using IL-17A extracted from peripheral 606 

blood. The above defects still need further investigation by us to confirm that PQ postexposure IL-17A 607 

is the main culprit causing damage to BBB thereby infiltrating brain parenchyma and assisting PQ and 608 

peripheral immune factors enter. 609 

5． Conclusion 610 

PQ continuously exposed can lead to depression and decreased learning ability in mice, Pathologically, 611 

it can damage BBB and infiltrate T cells into the brain parenchyma. The elevation of IL-17A in 612 

peripheral blood is the primary response to PQ, and it is involved in disrupting the BBB, causing PQ 613 

and peripheral T cells to take advantage of it to infiltrate the brain parenchyma. IL-17A may be a risk 614 

factor or helper for exposure to exogenous chemicals triggering blood-brain barrier disruption. 615 
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