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A B S T R A C T   

Lyme neuroborreliosis (LNB) is an infectious disease of the nervous system caused by Borrelia burgdorferi (Bb) 
infection. However, its pathogenesis is not fully understood. We used recombinant BmpA (rBmpA) to stimulate 
human microglia cell HMC3, then collected the culture supernatant and extracted total RNA from cells, and used 
the supernatant for cytokine chip, then ELISA and qPCR technology were used to validate the results from 
cytokine chip. After rBmpA stimulation of microglia, 24 inflammation-related cytokines showed elevated 
expression. Among them, six cytokines (IL-6, IL-8, CCL2, CCL5, CXCL1, and CXCL10) increased significantly in 
mRNA transcription, three cytokines (IL-6, IL-8, and CXCL10) concentrations in the cell supernatant increased 
significantly after the rBmpA stimulation, and CuIIa could inhibit expression of these cytokines. The BmpA can 
stimulate human microglia to produce large amounts of cytokines, leading to the occurrence of inflammation, 
which may be closely related to the development of LNB. CuIIa can inhibit BmpA-induced cytokine production in 
microglia, which may have potential therapeutic effects on LNB.   

1. Introduction 

Lyme neuroborreliosis (LNB) is an infectious disease of the nervous 
system caused by Borrelia burgdorferi (Bb) infection (Koedel et al., 2015). 
Bb is highly neurophilic and can remain latent in the central or pe-
ripheral nervous system for long periods of time, inducing different 
neuropathies at different stages, with neurological involvement in up to 
20% of Lyme disease patients (Koedel and Pfister, 2017). LNB of the 
central nervous system (CNS) mostly manifests as meningitis, and LNB 
of the peripheral nervous system (PNS) mostly manifests as sensory 
abnormalities, hemiparesis, and spasticity (Halperin, 2014). Common 
effects of LNB include lymphocytic meningitis, cranial neuritis, and 
painful radiculitis, others such as myelitis, peripheral neuritis, and 
cerebellar ataxia can also occur (Marques, 2015). LNB is characterized 
by recurrent and progressive exacerbations, and some patients may 
develop memory loss, dementia, and personality disorders (Pachner and 

Steiner, 2007). Therefore, it is important to further investigate the 
pathogenesis of LNB. 

Borrelia burgdorferi basic membrane protein A (BmpA) is a major 
virulence factor that is closely associated with Lyme arthritis (Pal et al., 
2008). Expression of the gene encoding BmpA, bmpA, is clearly elevated 
in mouse joints relative to skin, heart, and bladder tissues. A bmpA 
knock-out B. burgdorferi-strain failed to induce arthritis, while knock-in 
of the bmpA gene recovered the ability of spirochetes to induce this 
condition (Pal et al., 2008). Our previous studies have reported that 
recombinant BmpA (rBmpA) can cause pro-inflammatory responses in 
human synovial cells, THP-1 macrophages, THP-1 dendritic cells, and 
RAW264.7 cells, and that, by inducing the expression of TNF-α, IL-1β, 
and IL-6, intra-joint injection of rBmpA leads to Lyme arthritis in a 
mouse model (Yang et al., 2008, Zhao et al., 2017b; 2017a). Moreover, 
murine microglia stimulated with rBmpA produce specific chemokines, 
which may influence the development of LNB (Zhao et al., 2017b; 
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2017a). Based on these studies, we intended to further consolidate the 
correlation between rBmpA and the pathogenesis of LNB. 

Microglia, a type of glial cell, account for one-tenth of the total 
number of cells in the adult nervous system and are the resident 
phagocytic cells of the CNS, constituting the brain’s first line of immune 
defense and are known as "macrophages" of the CNS (Dello Russo et al., 
2018). It has been shown that in animal models of Lyme disease, CNS 
invasion leads to local tissue damage as a result of potent induction of 
pro-inflammatory mediators by microglia (Pachner et al., 2002, Isogai 
et al., 1996). Microglia are resident immune cells within the CNS and 
derive from circulating monocytes with a slow conversion rate (Colonna 
and Butovsky, 2017). When activated, microglia are able to mount a 
strong and rapid immune response to invading pathogens and coordi-
nate infiltration of peripheral blood leukocytes (Aloisi, 2001). Our 
previous study found that the concentrations of CXCL2, CCL22, and 
CCL5 chemokines in mouse microglia BV2 cells increased with 
increasing concentrations of BmpA, and the mRNA expression levels of 
these chemokines in the cells also significantly increased (Zhao et al., 
2017b; 2017a). Therefore, we reasoned that the chemokines in LNB may 
be mainly produced by microglia. 

There are 31 species of the Hemsleya plant. With the exception of two 
species, which grow in India and Vietnam, 29 species are distributed 
across the Yunnan, Guizhou, and Sichuan provinces of China (Peng 
et al., 2020). In recent years, with the development and maturity of 
phytochemistry and natural product chemistry, researchers have 
extracted and isolated two major natural products from the tuber of 
Hemsleya macrosperma, Cucurbitacin IIa (CuIIa) and Cucurbitacin IIb 
(CuIIb) (Recio et al., 2004, Wang et al., 2017). CuIIa, a tetracyclic tri-
terpenoid compound, is the major bioactive component of 
H. macrosperma and has been attracting much attention for its antiviral 
and anti-inflammatory properties (Zeng et al., 2021). Although many 
studies have described the pharmacological activities of CuIIa, the ef-
fects of CuIIa on inflammation of LNB have not been investigated (Zeng 
et al., 2021; 2017, Boykin et al., 2011). Therefore, in the present study, 
we examined the anti-inflammatory effect of CuIIa against 
BmpA-induced inflammation. 

2. Materials and methods 

2.1. HMC3 cell culture 

The human microglial clone 3-cell line, HMC3, was established in 
1995, through SV40-dependent immortalization of human embryonic 
microglial cells (Dello Russo et al., 2018). Since the HMC3 cell line re-
tains most of the morphological, phenotypical, and functional properties 
described for freshly isolated microglial cells, it has been used exten-
sively as one of the most common microglial cells in neurodegenerative 
disorders research (Angel-Ambrocio et al., 2020, Hankittichai et al., 
2020). HMC3 cells (Shanghai ZhongQiao XinZhou Biotechnology Co, 
Shanghai, China) were cultured in Minimum Essential Medium (MEM; 
Gibco) with 10% fetal bovine serum (FBS; Gibco) and 1% pen-
icillin/streptomycin (Thermo Fisher) at 37 ◦C and 5% CO2. The cells 
were seeded in a 6-well plate (Corning, USA) at 2.5 × 105 cells/mL and 
cultivated for 12 h until they were fully adherent to the plate. 

2.2. Cytotoxicity assay of CuIIa 

The pure CuIIa (98.00%) was kindly provided by Yunnan Yizhihao 
Co., Ltd. (China), and the purity of CuIIa was assayed by high perfor-
mance liquid chromatography (HPLC; Chengdu Must Bio-Technology 
Co., Ltd). The chemical structure of CuIIa is 23, 24-dihydrocucurbitacin 
F-25-acetate, so it is called Cucurbitacin IIa (CuIIa), and its molecular 
formula is C32H50O8. First, we prepared 0.2 mol/L of CuIIa. The pure 
solid CuIIa, a tetracyclic triterpenoid compound with a molecular 
weight of 562.7 g/mol, was dissolved in dimethyl sulfoxide (DMSO). 
Weigh 0.9 g CuIIa and dissolve in 8 mL DMSO, that is, prepare 0.2 mol/L 

CuIIa. Then dilute it according to the concentration required by the 
experiment. Cell Counting Kit (CCK-8) (Dalian Meilun Biotechnology 
Co., Ltd., Dalian, China) was used to detect cytotoxic concentrations of 
CuIIa. The HMC3 cells were plated at a density of 1.3 × 104 cells per well 
in a 96-well plate (Eppendorf, Germany) and incubated overnight. Cells 
were then treated with different concentrations of CuIIa (1, 12.5, 25, 50, 
100, and 200 μM). After incubation at 37 ◦C for 24, 48, and 72 h time 
points, medium containing 10% CCK-8 solution was added to each well 
and incubated for 2.5 h. A BioRad microplate reader (Model 680, BioRad 
Laboratories, Inc., Hercules, CA, USA) was used to measure the absor-
bance at 450 nm. The cell viability in chemically treated groups was 
defined as the percentage of control cells. 

2.3. Recombinant BmpA preparation 

Recombinant BmpA (rBmpA) was produced in Escherichia coli (E.coli) 
using the bacterial expression vector pGEX-6P1 (GE, USA) and the 
following primers (5′− 3′ containing EcoRI and XhoI restriction sites): 
ACG AAT TCA TGA ATA AAA TAT TGT TGT TGA, AGC TCG TAA ATA 
AAT TCT TTA AGA AA (Pal et al., 2008). Expression, purification, and 
enzymatic cleavage of the glutathione S-transferase (GST) fusion protein 
was carried out as previously described (Yang et al., 2008, Zhao et al., 
2017b; 2017a). In order to eliminate the possibility that rBmpA were 
contaminated with E.coli-derived LPS, the purified rBmpA samples were 
tested by the limulus test. If rBmpA contaminated, polymyxin B was 
added to the sample to neutralize LPS contamination (Cooper et al., 
1972, Cardoso et al., 2007, Tsuzuki et al., 2001). 

2.4. Stimulation and sample collection 

Many studies have shown that Cucurbitacin has significant anti- 
inflammatory activity (Zeng et al., 2021, Cai et al., 2015, 
Delgado-Tiburcio et al., 2022). Studies have found that Cucurbitacin can 
pass through cell membranes, and then it can up-regulate or 
down-regulate certain protein signaling molecules, activating signaling 
pathways, such as TLR-like signaling pathways, to play an 
anti-inflammatory role (Park et al., 2015, Varela et al., 2022). There 
have also been studies on the immune response of Cucurbitacin, which 
have been found to play a role in both innate and adaptive immunity. 
The most cited mechanisms are inhibition of COX-2 and NOS, reduction 
of oxidative stress, inhibition of pro-inflammatory cytokines, and 
regulation of acquired immune proteins (Silvestre et al., 2022). There-
fore, Cucurbitacin mainly achieves anti-inflammatory effect by regu-
lating inflammatory response, rather than directly interacting with 
rBmpA to play its function. Cells were cultured in an incubator (37 ℃, 
5% CO2) until they fully adhered to the 6-well plate, which took about 
12–14 h, and then the supernatant were discarded. Cells were divided 
into four groups (negative control group, LPS-positive control group, 
and two experimental groups) and were stimulated, respectively, with 
normal medium, 1.2 ng/μL LPS, 40 μg/mL rBmpA, and 40 μg/mL rBmpA 
with 50 μM CuIIa. Culture supernatants were collected at 6, 12, 24, and 
48 h after stimulation and were stored at − 80 ℃ for later use. After 
collecting the supernatants, 700 μL RNAiso plus (Takara, Japan) was 
added into every well to prepare cell lysates. Cells lysates were collected 
into RNAase-free tubes at different time points and stored at − 80 ℃ 
until RNA extraction. 

2.5. Bio-Plex Pro™ human inflammation array assays 

We collected 200 μL cell culture supernatant of each group at four 
time points (6, 12, 24, and 48 h). Those supernatant samples were 
detected by The Bio-Plex Pro™ human inflammation panel I (Bio-Rad, 
USA). The Bio-Plex Pro™ human inflammation panel I consists of a wide 
range of assays to facilitate the study of pro- and anti-inflammatory 
cytokines in various pathophysiological conditions. The assays are 
compatible with a wide variety of sample matrices, including serum, 
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plasma, and culture supernatant. For researchers working with limited 
sample volume, the capacity to multiplex will provide an effective op-
tion over the traditional ELISA method. The Bio-Plex Pro™ human 
inflammation panel I implements quantitative measurement of 48 
human inflammatory cytokines, following the manufacturer’s 
instructions. 

2.6. Preparation of RNA and real-time quantitative polymerase chain 
reaction 

After 6, 12, 24, and 48 h culture, the cell lysates were collected from 
each group for the extraction of total RNA. RNAiso Plus (Takara, Japan) 
was used to collect total RNA of cells. Then, RNA was extracted with 
chloroform-isopropanol. After incubation for 30 min, samples were 
centrifuged to isolate RNA and then washed with 75% ethanol. RNA 
concentration and purity were determined with a Nanodrop-2000 
spectrophotometer (Thermo Fisher Scientific), and the approved sam-
ples [absorbance at 260 nm (OD260) < 1.7 and OD280 < 2.0] were 
stored at − 80 ◦C. The PrimeScript™ RT reagent kit with gDNA Eraser 
(Takara, Japan) was used to obtain cDNA. The reaction mixture con-
tained the following: 1 μg RNA, 4 μL 5 ×PrimeScript Buffer 2 [for real- 
time quantitative polymerase chain reaction (qPCR)], 1 μL PrimeScript 
RT Enzyme Mix I, 1 μL RT Primer Mix, and RNase free dH2O in a final 
volume of 20 μL. The reaction was performed on a C1000 Touch thermal 
cycler (Bio-Rad, Hercules, CA, USA) under the following conditions: 
37 ◦C for 15 min, 85 ◦C for 5 s, and 4 ◦C for an unlimited duration. The 
cDNA samples were stored at − 20 ◦C. 

The qPCR was performed using SYBR Green Premix Ex Taq II 
(TliRNaseH Plus, 2 ×) (Takara, Japan) on a CFX96 Real-Time PCR sys-
tem (Bio-Rad) according to the manufacturer’s protocol. Four biological 
replicates were set for each group of samples, and two technical repli-
cates were set for each biological replicate. The reaction volume was 25 
μL, containing 12.5 μL of Takara SYBR Premix Ex Taq II (Tli RNaseH 
Plus, 2 ×), 1 μL of each primer, 2 μL of the cDNA template, and 8.5 μL 
RNase free dH2O. Amplification conditions were as follows: 95 ◦C for 30 
s, followed by 40 cycles of 95 ◦C for 5 s, 60 ◦C (58.5 ◦C for β-actin) for 30 
s. Relative gene expression levels were calculated with the comparative 
cycle threshold method with normalization to the housekeeping gene 
β-actin. The reliability of the experimental results was determined by the 
cycle threshold obtained from CFX96 Real-Time PCR system. When the 
cycle threshold of the target gene was 15–35 cycles and the cycle 
threshold of the reference gene was 15–25 cycles, the detection result of 
qPCR was credible. The sequences of specific primers used to amplify 
reference gene (β-actin), IL-6, IL-8, CCL2, CCL5, CXCL1, and CXCL10 are 
shown in Table 1. All primers were obtained from Tsingke Biotech 
(Beijing, China). 

2.7. Enzyme-linked immunosorbent assay measurement 

Based on the results of cytokine chip, several increased cytokines 
were estimated by Enzyme-linked immunosorbent assay (ELISA) to 
confirm the results from the chip. Culture supernatants were analyzed 
by ELISA for IL-6, IL-8 and CXCL10. ELISA was performed using Human 
IL-6 ELISA kit, Human IL-8 ELISA kit, and Human CXCL10 ELISA kit 
(Dakewe Bio-engineering Co., Ltd, Shenzhen, China) following the 

manufacturer’s instructions. Three biological replicates were set for 
each group of samples. A Bio‑Rad microplate reader (Model 680; 
Bio‑Rad Laboratories, Inc., Hercules, CA, USA) was used to measure the 
absorbance at 450 nm. 

2.8. Statistical analysis 

Data were expressed as mean ± SEM and analyzed by two-way 
ANOVA using GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA). 
Statistical significance was set at a P value of < 0.05. 

3. Results 

3.1. Toxicity of the CuIIa to HMC3 

We measured the cytotoxicity of CuIIa in HMC3 cells. HMC3 cells 
were treated with different doses of CuIIa (1, 12.5, 25, 50, 100, and 200 
μM) for 24, 48, and 72 h, and cell viability was evaluated by CCK-8 
assay. The cell relative growth rate was set as 100% in the negative 
control group (CuIIa, 0 μM). Four biological replicates were performed 
at each concentration. When CuIIa was 1 μM, the mean cell viability at 
24, 48 and 72 h was 93.46%, 124.46% and 149.51%, respectively. When 
CuIIa was 12.5 μM, the mean cell viability at 24, 48 and 72 h was 
69.91%, 68.85% and 64.95%, respectively. When CuIIa was 25 μM, the 
mean cell viability at 24, 48 and 72 h was 76.92%, 75.34% and 72.14%, 
respectively. When CuIIa was 50 μM, the mean cell viability at 24, 48 
and 72 h was 74.79%, 73.17% and 80.24%, respectively. When CuIIa 
was 100 μM, the mean cell viability at 24, 48 and 72 h was 71.39%, 
51.97% and 38.29%, respectively. When CuIIa was 200 μM, the mean 
cell viability at 24, 48 and 72 h was 44.38%, 40.39% and 15.62%, 
respectively. The result is shown in Fig. 1. From the result, we can see 
that different concentration of CuIIa have different toxicity in HMC3. 
We found that CuIIa at 1 μM promoted cell growth with increasing time 
compared to the negative control. However, when CuIIa concentrations 
reached 100 μM and 200 μM, cell viability was low and further 
decreased with time. The cell viability was higher when CuIIa concen-
trations were 12.5, 25, and 50 μM, and there was no statistical cell 
viability difference under these CuIIa concentrations at different time 
points, which met the experimental requirements. In addition, the 
highest mean cell viability was observed at 50 μM CuIIa, so we chose 50 
μM CuIIa for the later experiments. 

3.2. Cytokine chip results of HMC3 cell supernatant 

Our cytokine liquid array detected a total of 48 cytokines associated 
with human inflammation, and the data is shown in Table 2. Twenty- 
four of these cytokines varied in different groups at different time 
points, and another 24 factors were not detected or their levels were 

Table 1 
Gene primers in this study.  

Gene Forward primer (5’ - 3’) Reverse primer (5’ - 3’) 

il-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG 
il-8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC 
ccl2 GCAGCAAGTGTCCCAAAGAA TCGGAGTTTGGGTTTGCTTG 
ccl5 GAAAGAACCGCCAAGTGTGT AAGAGCAAGCAGAAACAGGC 
cxcl1 ACCGAAGTCATAGCCACACT TCACTGTTCAGCATCTTTTCGA 
cxcl10 GCCATTCTGATTTGCTGCCT GCAGGTACAGCGTACAGTTC 
β-actin TGGCATCCACGAAACTACCT CAATGCCAGGGTACATGGTG  

Fig. 1. Cell viability of HMC3 cells was detected by CCK-8 assay. Com-
parison of cell viability at different doses of CuIIa (1, 12.5, 25, 50, 100, and 
200 μM). The two-way ANOVA and Tukey’s multiple comparison test were used 
to evaluate the statistical significance between mean ± SEM of quadruplicate 
data sets. * P < 0.05, * * P < 0.01, * ** P < 0.001. 
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Table 2 
Concentrations of 48 cytokines detected by cytokine liquid array (pg/mL).  

Chemokine 6 h 12 h 24 h 48 h 

PBS LPS rBmpA rBmpA+CuIIa PBS LPS rBmpA rBmpA+CuIIa PBS LPS rBmpA rBmpA+CuIIa PBS LPS rBmpA rBmpA+CuIIa 

CTACK/CCL27 3.82 15.64 14.62 8.11 5.05 21.32 16.96 8.32 7.5 29.74 23.55 9.95 12.19 36.75 29.23 11.98 
Eotaxin/CCL11 1.74 13.64 7.41 1.78 2.91 29.53 14.94 1.39 7.28 38.37 21.99 2.23 13.48 46.14 22.48 1.32 
basic FGF 2.25 9.12 8.25 4.57 3.14 11.11 8.25 3.9 6.31 17.88 12.56 9.54 10.73 24.11 17.88 21.89 
G-CSF 21.26 210 86.89 61.68 33.78 297.19 147.43 110.84 94.19 829.53 318.82 279.31 209.38 1553.23 586.77 602.23 
GM-CSF 0 5.08 3.15 0.35 0.18 8.63 4.23 0.18 0.93 25.6 5.25 1.54 3.19 74.92 12.76 2.44 
Gro-α/CXCL1 0 1526.35 1251.75 331.76 5.33 2177.89 1480.62 362.57 177.79 2714.62 1817.51 402.81 359.75 3479.68 2327.52 541.38 
HGF 0 11.96 6.19 4.23 0.19 17.66 13.87 2.24 6.19 43.68 21.42 15.77 15.77 63.81 38.15 27.03 
IFN-α2 0 0 0 0 0 0.86 0 0 0 3.18 1.83 0 0.47 4.86 2.39 1.52 
IFN-γ 0 5.97 2.75 0.69 0 8.78 5.05 0.17 2.24 13.66 7.22 2.49 3.5 19.06 10.21 4.22 
IL-1α 0 0.42 0 0 0 1.62 0.92 0 0.26 6.84 3.06 1.62 1.97 10.74 5.31 4.93 
IL-1β 0 0.05 0.05 0 0 0.4 0.19 0 0.05 0.9 0.42 0.19 0.29 1.44 0.77 0.58 
IL-1Ra 0 0 0 0 0 0 0 0 0 0 0 0 0 27.12 0 0 
IL-2 0 0 0 0 0 0 0 0 0 0 0 0 0 0.14 0 0 
IL-2Ra 0 4.13 2.35 0.9 0.14 5.88 4.48 1.63 1.99 12.07 7.61 4.66 4.83 18.16 11.73 8.99 
IL-3 0 0 0 0 0 0 0 0 0 0 0 0 0 0.19 0 0 
IL-4 0 0.17 0.06 0 0 0.31 0.12 0.06 0.06 0.61 0.28 0.13 0.17 0.82 0.49 0.33 
IL-5 4.99 59.64 59 42.85 15.91 78.13 70.19 26.39 40.24 96.43 88.88 48.69 59 108.98 108.36 62.21 
IL-6 746.31 3769.04 3572.22 1707.22 973.52 5589.91 4287.84 1448.38 1604.3 6966.42 6096.62 2521.63 3324.39 7405.62 7292.33 3003.71 
IL-7 0 0 0 0 0 0 0 0 0 0 0 0 0 0.62 0 0 
IL-8 403.83 4497.72 2501.13 1142.34 481.75 6356.2 3295.22 1104.18 573.39 11332.84 4000.53 1023.22 673.68 14104.83 3756.13 1135.05 
IL-9 20.26 60.02 45.63 34.8 43.74 104.69 91.52 47.26 85.87 138.9 123.32 84.9 111.39 150.2 132.51 87.79 
IL-10 0 0 0 0 0 0 0 0 0 0 0 0 0 0.08 0 0 
Continued 
Chemokine 6 h 12 h 24 h 48 h 

PBS LPS rBmpA rBmpA+CuIIa PBS LPS rBmpA rBmpA+CuIIa PBS LPS rBmpA rBmpA+CuIIa PBS LPS rBmpA rBmpA+CuIIa 
IL-12(P70) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
IL-12(P40) 0 0 0 0 0 0 0 0 0 10.89 0 0 0 15.03 6.56 1.85 
IL-13 0 0 0 0 0 0.08 0.04 0 0 0.15 0.08 0 0 0.15 0.08 0 
IL-15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
IL-16 0 1.6 1.03 0.74 0.14 4.02 2.96 0.74 0.45 8.67 4.81 2.69 2.15 13.17 7.9 6.37 
IL-17 0 0.04 0 0 0 0.98 0.19 0 0 3.53 1.11 0.33 0.6 4.93 2.82 2.09 
IL-18 0 0 0 0 0 0 0 0 0 0 0 0 0 0.12 0 0 
IP-10/CXCL10 8.96 323.67 207.32 46.74 44.89 927.1 680.19 53.14 82.83 1260.76 726.63 79.9 126.35 1467.13 835.63 69.42 
LIF 29.44 64.7 57.1 38.79 40.74 89.96 73.18 34.87 64.7 144.24 102.88 84.39 270.48 473.24 374.39 119.34 
MCP-1/CCL2 30.15 248.12 160.24 29.33 40.8 357.58 212.28 22.98 65.78 484.29 257.54 26.18 110.3 602.73 320.2 25.98 
MCP-3/CCL7 0 0 0 0 0 0 0 0 0 0.02 0 0 0 0.34 0.02 0 
M-CSF 0 1.29 1.25 1.87 0.64 4.05 2.76 1.41 3.35 9.03 6.02 7.44 11.94 24.64 17.04 12.7 
MIF 367.41 551.5 522.18 460.48 455.91 550.86 665.36 405.06 704.24 817.13 887.39 881.46 881.46 1118.13 1105.27 1263.34 
MIG/CXCL9 0 0 0 0 0 0 0 0 0 1.44 0 0 0 2.84 0 0 
MIP-1α/CCL3 0.55 7.75 2.73 2.27 1.05 14.71 4.68 3.69 3.68 62.79 17.21 16.67 10.74 161.64 43.32 38.53 
MIP-1β 12.63 84.91 36.13 30.55 24.87 131.16 63.84 37.52 51.9 240.76 97.1 70.02 63.57 307.81 116.63 77.59 
β-NGF 0 0 0 0 0 2.43 1.42 0 2.43 8.73 7.35 1.35 6.89 14.22 11.32 6.74 
PDGF-BB 0 0 0 0 0 0 0 0 0 0 0.46 0 0 9.3 10.26 13.99 
RANTES/CCL5 32.05 96.68 80.97 65.97 109.62 396.18 282.99 92 450.35 1726.82 1131.34 365.36 1649.8 9075.17 6087.52 330.2 
SCF 0 1.74 1.09 0.43 0.2 3.87 1.95 0.65 0.87 7.02 3.45 2.6 2.6 10.56 5.97 5.76 
SCGF-β 728.58 655.03 488.57 691.84 525.69 902.37 673.44 911.48 947.92 1310.18 1328.2 838.47 1346.22 1776.66 1436.2 966.12 
SDF-1α 0 16.18 8.13 2.59 4.71 31.45 23.46 8.13 19.1 42.75 37.46 23.98 39.69 58.18 49.92 25.53 
TNF-α 0.13 5.91 2.43 2.07 1.71 9.74 7.21 2.61 5.36 13.71 10.21 4.99 7.12 18.96 13.52 6.93 
Continued 
Chemokine 6 h 12 h 24 h 48 h 

PBS LPS rBmpA rBmpA+CuIIa PBS LPS rBmpA rBmpA+CuIIa PBS LPS rBmpA rBmpA+CuIIa PBS LPS rBmpA rBmpA+CuIIa 
TNF-β 20.44 62.83 49.21 36.94 46.39 115.85 94.09 46.19 88.8 143.19 130.63 90.06 113.67 167.53 147.73 90.28 
TRAIL 0 9.01 7.78 3.55 2.45 15.82 11.44 3.77 7.36 24.37 16.22 9.21 11.55 33.66 22.45 9.42 
VEGF 0 0 0 0 0 0 0 0 73.95 118.11 84.56 199.38 1013.06 863.76 758.81 239.68  
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below the lower limit of detection. We used TBtools (Chen et al., 2020) 
to make a circular heatmap of the data of the 48 cytokines and the 24 
cytokines with changes in expression, normalized the data by estab-
lishing logarithms, and performed a cluster analysis of the expressions, 
and the results are shown in Fig. 2. Through analysis, we found that the 
concentrations of the six cytokines (IL-6, IL-8, CCL2, CCL5, CXCL1, and 
CXCL10) increased significantly after LPS and rBmpA stimulation and 
decreased significantly after CuIIa treatment. These six factors are 
indicated in bold in Table 2. Furthermore, concentration of the six cy-
tokines in the rBmpA group was at least two times greater than that in 
the negative control group and rBmpA plus CuIIa group. Therefore, we 
selected these six cytokines for further study. 

3.3. Validation of cytokine mRNA expression in HMC3 cells by 
quantitative polymerase chain reaction 

By analyzing the results of the cytokine array, we selected six factors 
for further study. We performed qPCR to verify if these six factors have 
the same changes in mRNA levels as in protein levels. The results of 
qPCR showed that, compared to the negative control group at the same 
time point, the relative expression of IL-6, IL-8, CCL2, CCL5, CXCL1, and 
CXCL10 mRNA increased significantly in both the LPS group and rBmpA 
group, and the difference was statistically significant. In contrast, the 
mRNA expression of these factors was significantly lower in the com-
bination of rBmpA and CuIIa group compared with the rBmpA alone 
group, and the difference was statistically significant. In addition, with 
the prolongation of rBmpA action time, the mRNA expression of six 
factors showed a decreasing trend in rBmpA group (Fig. 3). 

3.4. Validation of cytokine protein expression in HMC3 cells by ELISA 

ELISA was used to confirm several chemokines that increased in the 
results of cytokine chip. Compared to the negative control group at the 
same time point, the concentration of IL-6, IL-8 and CXCL10 (pg/mL) 
increased significantly in the supernatants of both the LPS group and 
rBmpA experimental group, and the difference was statistically signifi-
cant. In contrast, the concentration of these factors was significantly 
lower in the rBmpA plus CuIIa group compared with the rBmpA alone 
group, and the difference was statistically significant. Furthermore, with 
the prolongation of rBmpA action time, expression levels of IL-6, IL-8 
and CXCL10 showed an increasing trend (Fig. 4). 

4. Discussion 

LNB is a neurological disease caused by Bb infection. Patients with 
LNB present with a variety of clinical manifestations in the central and 
peripheral nervous system, such as lymphocytic meningitis, cranial 
neuritis, and painful radiculitis (Koedel et al., 2015, Garcia-Monco and 
Benach, 2019). The presence of a large number of lipoproteins on the 
surface of Bb is associated with spirochete pathogenicity, and our pre-
vious study found that BmpA plays a key role in Lyme arthritis (Pal et al., 
2008). In addition, BmpA can induce microglia in mice to produce a 
large number of cytokines associated with inflammation (Zhao et al., 
2017b; 2017a). Therefore, we speculate that BmpA may be related to the 
pathogenesis of LNB, and microglia are closely related to LNB. Microglia 
are in fact vital participants in CNS homeostasis, and dysregulation of 
these sentinels can give rise to neurological disease (Nayak et al., 2014). 
Microglia detect extracellular changes in the brain and are rapidly 
activated in response to various noxious stimuli (Dello Russo et al., 
2018, Morris et al., 2013). Microglia are resident macrophage-like im-
mune cells in the CNS and play a vital role in both physiological and 
pathological conditions, including restoring the integrity of the CNS and 
promoting the progression of neurodegenerative disorders (Du et al., 
2017). Inappropriate microglia activation has been implicated in several 
neurologic diseases (Colonna and Butovsky, 2017). Therefore, we 
speculated that microglia are involved in the pathogenesis of LNB and 

we chose HMC3 for the experiment. 
In addition, it was found that some patients with LNB develop post- 

treatment Lyme disease syndrome after treatment with commonly used 
antibiotics, such as doxycycline and ceftriaxone (Kullberg et al., 2020), 
so it is important to explore new drugs for the treatment of LNB. Our 
previous study found that CuIIa has an inhibitory effect on 
BmpA-induced inflammation in human macrophages (Peng et al., 2020); 
therefore, in this study we investigate the effect of CuIIa on human 
microglia stimulated by the spirochete- dominant protein BmpA and 
what role it plays in microglia inflammation. We set up four groups, a 
normal cell group as a negative control group, LPS-stimulated group as a 
positive control group, and experimental groups including 
rBmpA-stimulated group and rBmpA plus CuIIa group. Cell seeding 
concentrations and rBmpA stimulation concentrations were determined 
by pre-experiments (Zhao et al., 2017b; 2017a, Li et al., 2021). The 
optimal concentration of CuIIa was determined by the CCK8 cell pro-
liferation toxicity assay. We can see from Fig. 1 that when CuIIa con-
centration was 1 μM, CuIIa had a promoting effect on cell proliferation. 
This is an interesting phenomenon. We speculate that the low concen-
tration of CuIIa may activate the pathway related to HMC3 cell prolif-
eration, but this phenomenon and explanation need more experimental 
evidence, and we will carry out experiments to explore it in the future. In 
addition, the cell viability varied greatly at the three time points, so the 
concentration of 1 μM will not be used. At 100 and 200 μM concentra-
tions of CuIIa, cell viability was low and decreased further with time, so 
these two concentrations are too toxic to use. Cell viability was relatively 
higher at 12.5 μM, 25 μM, and 50 μM of CuIIa and was stable between 
time points. Cell viability was highest at 50 μM, so we chose 50 μM as 
the experimental concentration. Since microglia are mainly found in the 
central nervous system, although we conducted an in vitro experiment, 
we simulated that CuIIa can directly act on microglia. At present, there 
are no studies to show whether CuIIa can cross the blood-brain barrier 
(BBB), and this question has a very high value and deserves our relevant 
research. In addition, if CuIIa cannot easily pass the BBB, we can take 
certain measures to enable it to pass the BBB, such as modifying the drug 
structure, of course, how to modify, still need to carry out a lot of ex-
periments. What we want to say is that if we really need to do in vivo 
experiments, the question of whether or not CuIIa can cross the BBB 
must be considered. 

LNB consists of neural inflammation, so we bring the supernatant of 
the cells stimulated by BmpA for cytokine array detection, and we 
choose Bio-Plex Pro Human Inflammation Assays (Bio-Rad, USA) that 
are related to human inflammation as the cytokine detection tool. 
Table 2 shows the array detection results. After analyzing the data, we 
found that 24 factors with significant changes were detected and the 
other 24 factors were not detected, probably because HMC3 was not 
secreted by them or their levels were below the lower limit of detection. 
We made two circular heat maps based on the expression of the 48 
factors and the 24 factors detected with changes, and we normalized the 
data by constructing the logarithm and performing a cluster analysis 
based on the expression level, and the results are shown in Fig. 2. 
Finally, after analysis and screening, we found that six cytokines (CCL2, 
CCL5, CXCL1, CXCL10, IL-6, and IL-8) were significantly increased after 
LPS and rBmpA stimulation, while their levels were significantly 
decreased in the rBmpA plus CuIIa group. Therefore, we selected these 
six cytokines for further study. 

Chemotaxis of leukocytes by chemotactic cytokines is an important 
initiating step in the inflammatory process and an important aspect of 
the innate immune function of the body to defend against and clear 
foreign bodies, such as invading pathogens (Zlotnik and Yoshie, 2000). 
Monocyte chemoattractant protein-1 (MCP-1/CCL2) is one of the key 
chemokines that regulate migration and infiltration of mono-
cytes/macrophages (Deshmane et al., 2009). Both CCL2 and its receptor 
CCR2 have been demonstrated to be induced and involved in various 
diseases (Deshmane et al., 2009). RANTES, also known as CCL5, is a 
member of the CC subfamily of chemotactic cytokines and is released by 

X. Xu et al.                                                                                                                                                                                                                                       



IBRO Neuroscience Reports 15 (2023) 376–385

381

Fig. 2. The circular heatmap of expression. (A) Circular heatmap of 48 cytokines showing the hierarchical clustering of expression. High and low abundance of 
protein expression is shown in red and blue, respectively. (B) Circular heatmap of 24 increased cytokines. High and low abundance of protein expression is shown in 
yellow and blue, respectively. 
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Fig. 3. Comparison of IL-6, IL-8, CCL2, CCL5, CXCL1, and CXCL10 mRNA relative expression in different groups at the same time. (A) IL-6. (B) IL-8. (C) 
CCL2. (D) CCL5. (E) CXCL1. (F) CXCL10. (G) Drawing statement. Compared to the negative control group at the same time point, the relative expression of IL-6, IL-8, 
CCL2, CCL5, CXCL1, and CXCL10 mRNA increased significantly in both the LPS group and rBmpA group, while the mRNA expression of these factors was signif-
icantly lower in the combination of rBmpA and CuIIa group compared with the rBmpA alone group. Two-way ANOVA and Tukey’s multiple comparison test were 
used to evaluate the statistical significance between means and SEM of quadruplicate data sets, * P < 0.05, * * P < 0.01, * ** P < 0.001. 

X. Xu et al.                                                                                                                                                                                                                                       



IBRO Neuroscience Reports 15 (2023) 376–385

383

most tissues in response to stimulation by the inflammatory factors IL-1β 
or TNF-α. CCL5 is normally secreted mainly by CD8 + T cells, epithelial 
cells, fibroblasts, and platelets. CCL5 is chemotactic for a variety of 
leukocytes, such as monocytes, activated CD4 + T cells, and eosinophils. 
These properties give CCL5 an important role in immunomodulatory 
functions and in autoimmune disorders and inflammatory processes 
(Zlotnik and Yoshie, 2000). CXCL1 is a C-X-C chemokine family member 
containing a Glu-LeuArg (ELR) motif at its amino terminus. It is one of 
the major chemoattractants for neutrophils (De Filippo et al., 2008; 
2013). CXCL1 expression is regulated mainly by nuclear factor-kappa B 
(NF-κB) and CCAAT-enhancer-binding proteins-β (C/EBPβ) (Acosta 
et al., 2008, Xu et al., 2014), which are transcription factors involved in 
expression of genes related to the inflammatory process (Pyle et al., 
2017). Therefore, CXCL1 is a chemotactic cytokine produced during 
inflammation and is important for attracting polymorphonuclear cells 
toward the inflammatory site (Silva et al., 2017). CXCL10 also belongs to 
the ELR (-) CXC subfamily chemokine. CXCL10 exerts its function 
through binding to chemokine (C-X-C motif) receptor 3 (CXCR3), a 
seven trans-membrane receptor coupled to G proteins. CXCL10 and its 
receptor, CXCR3, appear to contribute to the pathogenesis of many 
autoimmune diseases, organ specific (such as type 1 diabetes, autoim-
mune thyroiditis and Graves’ disease), or systemic (such as rheumatoid 

arthritis, psoriatic arthritis and systemic lupus erythematosus). A high 
level of CXCL10 in peripheral fluids is therefore a marker of host im-
mune response, especially T helper (Th) 1 oriented T cells (Antonelli 
et al., 2014, Koper et al., 2018). IL-6 family cytokines have overlapping 
but also distinct biologic activities and are involved, among others, in 
the regulation of the hepatic acute phase reaction, in B-cell stimulation, 
in the regulation of the balance between regulatory and effector T cells, 
and in many neural functions (Rose-John, 2018). Interleukin-6 (IL-6), 
promptly and transiently produced in response to infections and tissue 
injuries, contributes to host defense through the stimulation of acute 
phase responses, hematopoiesis, and immune reactions. Although its 
expression is strictly controlled by transcriptional and post-
transcriptional mechanisms, dysregulated continual synthesis of IL-6 has 
a pathological effect on chronic inflammation and autoimmunity 
(Tanaka et al., 2014). Interleukin-8 (IL-8) belongs to a family of small, 
structurally related cytokines similar to platelet factor 4. It is produced 
by phagocytes and mesenchymal cells exposed to inflammatory stimuli 
(e.g., interleukin-1 or tumor necrosis factor) and activates neutrophils to 
induce its chemotaxis, exocytosis, and the respiratory burst. IL-8 and the 
related cytokines are produced in several tissues upon infection, 
inflammation, ischemia, trauma etc., and are thought to be the main 
cause of local neutrophil accumulation (Baggiolini and Clark-Lewis, 

Fig. 4. Comparison of IL-6, IL-8, CXCL10 concentration of cells in different groups of the same time. (A) IL-6. (B) IL-8. (C) CXCL10. (D) Drawing statement. 
Compared with the negative control group, the expression levels of IL-6, IL-8 and CXCL10 were significantly increased in LPS group and rBmpA group, while 
significantly decreased in rBmpA plus CuIIa group. Two-way ANOVA and Tukey’s multiple comparison test were used to evaluate the statistical significance between 
means and SEM of triplicate data sets, * P < 0.05, * * P < 0.01, * ** P < 0.001. 
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1992). 
Overall, these six cytokines are closely associated with the devel-

opment of inflammation and they may be related to the pathogenesis of 
LNB. We selected these six factors to validate their expression in the 
mRNA level and observe whether the mRNA results were consistent with 
the trend in protein level changes. Fig. 3 represents the comparison 
between different groups at the same time point for the six cytokines. 
The results showed that mRNA expression of the six cytokines increased 
after rBmpA stimulation of HMC3 compared to the negative control 
group, while in the rBmpA plus CuIIa group, the mRNA expression of the 
six chemokines was decreased. Thus, our results demonstrated again at 
the mRNA level that rBmpA can induce the production of cytokines by 
HMC3, while CuIIa can inhibit their expression. In addition, from the 
figure we can see that in the negative control group, the mRNA levels of 
the six cytokines at four time points were not statistically different, in 
accordance with the experimental requirements. However, in the LPS- 
stimulated group, the mRNA expression of the six cytokines was high 
at 6, 12, and 24 h and decreased at 48 h; it is possible that the cell stress 
response decreased with time. Similarly, we observed that the mRNA 
levels of the six cytokines dropped at 48 h in the rBmpA stimulated 
group, probably also for this reason. In addition to qPCR, we selected 3 
cytokines for ELISA to further verify the results of cytokine chip, and the 
ELISA results were consistent with mRNA expression results (Fig. 4). In 
addition, from the Fig. 4, IL-6 and CXCL10 gradually increased in un-
treated cells. Studies have shown that, on the one hand, IL-6 and CXCL10 
are closely related to the inflammatory response of cells (Koper et al., 
2018, Tanaka et al., 2014), and some stress responses of cells may 
gradually increase during cell culture, resulting in increased secretion of 
IL-6 and CXCL10. On the other hand, the cells in the untreated group 
continued to proliferate, which may also explain the gradually increase 
in IL-6 and CXCL10. Studies have shown that LPS activates the TLR2/4 
signaling pathway of microglia, and Cucurbitacins pretreatment signif-
icantly reduces the pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) 
of LPS-stimulated microglia, as well as the expression of iNOS and 
COX-2 (Peng et al., 2020, Zhao et al., 2019). In addition, Cucurbitacins 
inhibited the activation of JNK and p38 MAPKs in TLR 2/4-stimulated 
microglia and attenuated the activation of JAK-STAT and NF-κB (Boy-
kin et al., 2011, Park et al., 2015) As for the activation cascade of rBmpA 
on microglia, we are also looking forward to follow-up studies. 

Our study demonstrated at the protein level and mRNA level that 
rBmpA can induce a high production of cytokines in human microglia 
HMC3, leading to the occurrence of inflammation, which may be one of 
the mechanisms of LNB pathogenesis. In addition, in the present study 
we demonstrated for the first time the inhibitory effect of CuIIa on 
rBmpA-induced inflammation in HMC3 cells. Our results may support 
the potential of CuIIa for the treatment of LNB. Besides, the mechanism 
of rBmpA-induced HMC3 production of cytokines and the anti- 
inflammatory mechanism of CuIIa are still unclear, and we will 
address these questions in depth in future research. We will also 
continue to advance the study of LNB pathogenesis in experiments in 
vivo or organoid models. 

5. Conclusion 

The surface protein BmpA of Bb can stimulate the human microglia 
cell line HMC3 to produce large amounts of cytokines, leading to the 
occurrence of inflammation, so BmpA may be closely related to the 
development of LNB. CuIIa can inhibit BmpA-induced cytokine pro-
duction by HMC3, which may have potential therapeutic effects on LNB. 
These findings may provide insights to prevent and treat LNB. 
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