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Background: Microcystin-leucine-arginine (MC-LR) is the most abundant and most toxic variant of microcystin isomers. Various 
experiments have clearly shown that MC-LR has hepatotoxicity and carcinogenicity, but there are relatively few studies on its immune 
damage effect. In addition, numerous studies have shown that microRNAs (miRNAs) are involved in a wide range of biological 
processes. Do miRNAs also play a role in inflammatory response caused by microcystin exposure? This is the question to be answered 
in this study. Moreover, this study can also provides experimental evidence for the significance of miRNA applications.
Objective: To investigate the effect of MC-LR on the expressions of miR-146a and pro/anti-inflammatory cytokines in human peripheral 
blood mononuclear cells (PBMCs) and to further explore the role of miR-146a in the inflammatory responses caused by MC-LR.
Methods: Serum samples from 1789 medical examiners were collected and detect the concentrations of MCs, and 30 serum samples 
with concentrations of MCs around P25, P50, and p75 were randomly selected for the detection of inflammatory factors. PBMCs from 
fresh peripheral blood extracted from these 90 medical examiners were subsequently tested for relative miR-146a expression. In vitro, 
the MC-LR were exposed to the PBMCs to detect the levels of inflammatory factors as well as the relative expression of miR-146a-5p. 
Then, a miRNA transfection assay was performed to verify the regulation of inflammatory factors by miR-146a-5p.
Results: In population samples, the expression of inflammatory factors and miR-146a-5p increased with increasing MCs concentration. 
In vitro experiments showed that the expression of inflammatory factors and miR-146a-5p in PBMCs increased with MC-LR exposure 
time or exposure dose too. In addition, inhibiting the expression of miR-146a-5p in PBMCs reduced inflammatory factor levels.
Conclusion: miR-146a-5p exerts a promoting effect on the MC-LR-induced inflammatory response by positively regulating 
inflammatory factor levels.
Keywords: microcystin-leucine-arginine, MC-LR, human peripheral blood, mononuclear cells, PBMCs, miR-146a, inflammatory cytokines

Introduction
In recent decades, cyanobacterial blooms have become a serious threat to water quality and human health and have been 
listed as an emerging health problem by the World Health Organization (WHO) and the European Food Safety Authority

(EFSA).1,2 Eutrophication of water caused by human activities can cause cyanobacterial blooms to produce micro-
cystins (MCs).3,4 MCs is a class of cyclic heptathiopeptidine compounds with biological activity. It is the most widely 
distributed hepatotoxin and has considerable stability. It strongly inhibits protein phosphatase activity and is a strong 
promoter of liver tumors. At present, more than 100 MC subtypes have been detected, among which microcystin-leucine- 
arginine (MC-LR) is the most abundant and most toxic variety of MCs.5 In vitro and in vivo experiments and 
epidemiological investigations have shown that MC-LR has strong hepatotoxicity and carcinogenicity, therefore, we 
must try to reduce the harm caused by MCs as much as possible. However, the conventional disinfection process of 
drinking water in daily life makes it difficult to effectively remove MCs, which can enter the human body through 
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drinking water, consumption of food, aquatic organisms and other ways, resulting in the exposure of human cells, skin, 
and genes to toxicity.

The hepatotoxicity and tumor-promoting potential of MCs have been widely studied and reported in many studies.3,6–8 

In recent decades, there has been a gradual increases of studies on the effects of MCs on the immune system, and the effects 
of MCs on the immune system have been demonstrated.9 However, in general, there is still relatively little research on the 
immunotoxicity of MCs. It is known that the immune response is often accompanied by the occurrence of inflammation,10 

while the inflammatory response is often mediated by cytokines. Cell factor is produced by lymphocytes and other kinds of 
small molecular peptides or glycoproteins, has a variety of functions and participates in a variety of biological processes, 
such as inflammation. In various cell types previously studied,11–13 changes in inflammation-related cytokines can be 
detected by exposure to MC-LR. Among inflammatory cytokines, IL-1β is the fastest and strongest inflammatory cytokine 
in the biological body’s response to foreign bodies,14 TNF-α is a multifunctional cytokine with a variety of biological 
activities that can induce pro-inflammatory responses to exogenous substances,15 while IL-6 has long been shown to be 
a typical cytokine with pleiotropic effects on inflammatory immune responses and hematopoiesis.16 The production of IL-4 
involves the type 2 immune response,17 and it has also been studied as a classical anti-inflammatory cytokine.18 Likewise, 
IL-10 is also an anti-inflammatory cytokine that plays an important role in the prevention of inflammation and autoimmune 
pathology.19 Therefore, in this study, human peripheral blood mononuclear cells (PBMCs) were exposed to different doses 
of MC-LR to observe whether the expression of inflammation-related cytokines can also be changed.

Since the discovery of the founding members of the microRNAs (miRNAs) family, lin4 and let-7,20–22 researchers 
have discovered hundreds of miRNAs in plants, animals, and viruses through molecular cloning and bioinformatics 
approaches.23,24 miRNAs downregulate gene expression by base-pairing with the 3′ -untranslated regions (3′ UTRs) of 
the target messenger RNA (mRNAs).20–22 These findings suggest that this class of noncoding RNA molecules form 
a new layer of regulation for gene expression programs in many organisms. A single miRNA can target hundreds of 
mRNAs and affect the expression of multiple genes, while multiple miRNAs can also regulate a specific target gene.25 

Studies have found that under microcystin exposure, the expression changes of a variety of miRNAs can also be detected 
in a variety of cell models.26–29 miRNAs are small single-stranded noncoding RNAs averaging twenty-two nucleotides, 
and as novel molecular modulators of various genes and pathways, they are involved in the normal immune response, 
autoimmune diseases and the expression of inflammatory factors.26,30,31 In addition, by regulating the expression of 
protein-coding genes, miRNAs are involved with almost every biological process in eukaryotes.32

Among many miRNAs, miR-146a has been shown to regulate the innate immune inflammatory response and other 
pathways,33 miR-146a can inhibit the secretion of proinflammatory cytokines in dendritic cells and regulate the expression 
of the Interleukin-1 receptor-associated kinase 1 (IRAK1) gene in THP-1 (human leukemia monocytic cell line) cells to 
inhibit the activation of NF-kB and the production of proinflammatory cytokines.34,35 At the same time, it can also improve 
the hemoglobin-induced microglial inflammatory response through the TLR4/ IRAK1/ TRAF6-related pathway.36 In 
general, miR-146a is associated with the expression of various inflammatory factors, and it can promote or inhibit the 
occurrence of inflammation by regulating the expression of inflammatory factors. Therefore, this study explored the role of 
miR-146a in MC-LR-induced inflammatory response in PBMCs through a population and in vitro experiments.

Materials and Methods
Population Sample Collection and MC Concentration Detection
A total of 1789 serum samples from medical examiners (healthy subjects, including 880 males and 909 females, ranging in 
age from 23 to 70 years) were collected from Ikang Zhuoyue Physical Examination Center with informed consent. These 
samples were numbered, packaged, and stored at −20 °C, and all of them were used for the Enzyme-linked immunosorbent 
assay (ELISA) kit to measure MC concentration, while three group of samples with different MC concentration gradients 
were selected for the determination of inflammatory factor concentrations after the determination of MC concentrations.
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Cells Culture, Main Reagents, and Equipment
PBMCs were extracted from the peripheral blood of 15 healthy volunteers (7 males and 8 females, mean 25 years. And 
these healthy volunteers belong to a group other than 90 subjects selected from MCs quantification), and cultured in 
RPMI1640 cell culture medium (Beijing Solarbio) containing 10% Fetal bovine serum (Hangzhou Tianhang), 100 U/mL 
Penicillin- streptomycin solution (Shanghai Beyotime) in a 5% CO2 incubator at 37 °C (Thermo Scientific Company). 
The MC-LR standard (95% purity, Beijing Puhuashi) was diluted (0.1, 1.0, 10.0 µg/mL) and exposed to PBMCs for 6 or 
24 h. Cell Counting Kit-8 (CCK-8, Shanghai Beyotime) was used to detect cell viability. TRIzol reagent (Invitrogen, 
Cat#15596026) was used to extract cellular total RNA. Reagents required for quantitative Real Time-Polymerase Chain 
Reaction (qRT-PCR) of miR-146a and inflammation-related cytokine mRNA were purchased from GeneCopoeia, USA 
(All-in-OneTM miRNA qRT-PCR Detection Kit, Cat. No. QP015) and Takara, Japan (PrimeScriptTM RT reagent Kit with 
gDNA Eraser (Perfect Real Time), Code No. RR047A and TB Green® Premix Ex TaqTM II (Tli RNaseH Plus), Code No. 
RR820A). Human TNF-α, IL-1β, IL-6, IL-10, and IL-4 ELISA kits (Katalog names are CK-E10110H, CK-E10120H, 
CK-E10130H, CK-E10140H, and CK-E10150H) were purchased from Suzhou Calvin Biotechnology Company. Inverted 
microscope (Olympus Company); SW-CJ-2F purification workbench (Suzhou).

Cell Counting Kit-8 (CCK-8) Assay
The cells were inoculated in a 96-well plate with 8×103 cells per well and exposed to MC-LR at 0, 0.1, 1.0, 10.0 µg/mL 
for 6 or 24 h. At the appointed time points, the absorbance value at 450 nm (450 nm filter has the highest detection 
sensitivity) of each sample was recorded using the CCK-8 kit for plotting the viability curves. Cell viability % = (OD 
value of intervention group - OD value of blank group) / (OD value of control group - OD value of blank group) * 100.

ELISA Detects the Concentration of Inflammatory Factors in Human Serum and the 
Supernatant of Cell Culture Medium
In the population experiments, ELISA was performed on randomly selected ninety serum samples exposed to different 
concentrations of MCs to detect the expression of pro/anti-inflammatory cytokines according to the kit instructions. In the 
in vitro experiments, the supernatant of the cell culture medium of the PBMCs was collected after 6 and 24 h of MC-LR 
treatment. The OD (450) values of inflammatory factors in the cell supernatants were determined by the conventional 
double-antibody sandwich ELISA method as required by the corresponding kit. The concentration of inflammatory 
cytokines was calculated according to the linear regression curve of the standard. The inter and intra-assay CV for the 
kits were less than 15%, and the sensitivity was the lowest detection concentration less than 1.0 pg/mL.

Extraction of Total RNA
Total RNA was extracted from PBMCs according to TRIzol reagent instructions. The concentration as well as the purity 
of RNA (OD260/ OD280 between 1.8 and 2.0 represents better purity), were determined by NanoDrop One, and the 
integrity of RNA was detected by agarose gel electrophoresis to evaluate the quality of RNA extraction. (Electrophoresis 
can show whether there is genomic DNA contamination and RNA degradation (28S, 18S bands). The quality of total 
RNA can be preliminarily evaluated by visual measurement of the ratio of 28S to 18S bands and it is generally believed 
that 28S:18S > =2 can be judged to have good total RNA integrity).

qRT-PCR Detecting the Expression of miR-146a
Based on literature references18,36,37 as well as the input of NF-kB/ IRAK1/ TRAF6, the key protein of signaling pathways 
involved in regulating the expression of inflammatory factors, in databases such as miRMap, miRWalk, and miRDB, we found 
that miR-146a indeed had a close association with the expression of inflammatory factors according to target rank and target 
score. Therefore, we subjected miR-146a to real-time PCR in the population as well as in vitro assays to check for differential 
expression. Using U6snRNA as an internal reference, reverse transcription of miRNA was performed by tailing according to 
the miRNA reverse transcription kit to generate single-stranded cDNA. miR-146a and one internal reference primer design, 
synthesis, and validation work were commissioned by the American GeneCopoeia corporation. Due to the company’s 
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confidentiality treaty restrictions, only partial primer-related information can be provided to the investigator, no specific 
primer design parameters can be provided, and related information is shown in Table 1.

Polymerase chain reaction (PCR) was performed using a fluorometric quantitation Kit with a total of 20 µL. The 
volume of the 2×All-in-One™ qPCR Mix is 10 µL; the volume of the All-in-One™ miRNA qPCR Primer (2µM) is 2 
µL; The universal Adaptor PCR Primer (2µM) volume is 2 µL; First-strand cDNA (diluted 1:5) volume is 2 µL; without 
adding the ROX Reference Dye and adding double-distilled of 4 µL to the final volume of 20 µL. In addition, the relative 
expression of target genes is usually calculated by F=2−ΔΔCt method. ΔCT (test) = CT (target, test) - CT (ref, test), ΔCT 
(calibrator) = CT (target, calibrator) - CT (ref, calibrator); ΔΔCT = ΔCT (test) – ΔCT (calibrator).

The Expression of Inflammation Factors mRNA Was Measured by qRT-PCR
The first-strand cDNA was synthesized according to the PrimerScriptTM RT reagent Kit with gDNA Eraser operating 
manual. Quantitative PCR reactions were completed on a LightCycler System. The primer sequences of the inflamma-
tion- related cytokines and the reference gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), are shown in 
Table 2. The reaction system is 20 µL. The PCR reaction solution included 10 µL of TB Green Premix Ex Taq II, 2 µL of 
cDNA template, 0.8 µL of forward and reverse primers, and 6.4 µL of sterilized water.

Hsa-miR-146a-5p Inhibitor Was Transfected into PBMCs
Cells were inoculated in 24-well plates, cultured to a resting state, and transfected with the corresponding miRNA 
Inhibitor and negative control (General Biol, Shanghai, China) using Lipofectamine 3000 (Invitrogen, USA). Then, the 
transfected cells were harvested for qRT-PCR experiments after 48 h.

Statistical Analysis
Statistical Product and Service Solutions (SPSS) 23.0 and GraphPad Prism 8.0 software were used for data analyses. The 
results of each group are expressed as the mean ± standard deviation. In population samples, a one-way analysis of 
variance (ANOVA) was conducted for multiple group comparisons. In vitro, unpaired t-test was used for comparison 

Table 1 The Related Information of miRNA Primer

Mature_ID Catalog Primer ID Mature_Accession PCR Size/bp

hsa-miR-146a-5p HmiRQP0196 hsmq-0611 MIMAT0000449 73
RNU6-2 HmiRQP9001 hsnRNAU6-2 NR_125730 75

Table 2 The Related Information of mRNA Primer

Primer Primer Sequence (5’->3’) Amplified Fragments/bp

TNF-αF CACCACTTCGAAACCTGGGA 105

TNF-αR TGTAGGCCCCAGTGAGTTCT

IL-1βF TTCGAGGCACAAGGCACAAC 114
IL-1βR CCATCATTTCACTGGCGAGC

IL-6F CTCCTTCTCCACAAGCGCC 187

IL-6R GATGCCGTCGAGGATGTACC
IL-10F TCTGGTGAAGGAGGATCGCTA 187

IL-10R GTTCTCAGCTTGGGGCATCA

IL-4F CCTCACAGAGCAGAAGAACAC 167
IL-4R TGTCGAGCCGTTTCAGGAAT

GAPDH-F TCGGAGTCAACGGATTTGGT 96

GAPDH-R TGAAGGGGTCATTGATGGCA
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between the two groups, and multiple group comparisons were analyzed by ANOVA. A Pearson correlation test was 
performed to determine the

correlation between inflammatory cytokines and miR-146a-5p. P < 0.05 was considered statistically significant.

Results
Measuring Concentration of MC and Sample Grouping
The procedure was performed according to the instructions of the ELISA kit. By measuring the concentration of MCs, it 
was found that the lowest exposure concentration of MCs in the collected human serum samples was 2.762 ng/mL, and 
the highest was 223.521 ng/mL (P25 = 5.267, P50 = 25.449, P75 = 125.021 ng/mL. P25, P50 and P75 are the quartiles. 
Arranging a set of data from the smallest (left) to the largest (right), P25 represents the concentration from 25% of the 
sample, P50 is the median, and P75 is the concentration from 75% of the sample). Therefore, 30 serum samples of each 
group with exposure concentrations ranging from 4~6, 20~30, and 100~150 ng/mL were randomly selected for 
subsequent detection of inflammatory factors, and the concentration of MCs was subsequently set as the mean value 
of 5, 25, and 125 ng/mL in each group. The basic characteristics of each group are shown in Table S1.

Effects of MCs on the Expression of Pro/Anti-Inflammatory Cytokines and miR-146a- 
5p in Human Samples and the results of Correlation Analysis Between Them
As shown in Figure 1, the expression of TNF-α, IL-1β, IL-6, IL-10 and IL-4 was increased in a concentration-dependent 
manner, and the difference was statistically significant (P < 0.05). In addition, an additional 2 mL of fresh peripheral blood 
from the ninety individuals was extracted, and PBMCs were extracted within two hours for miR-146a detection. By 
examining the expression of miR-146a, we found that it also increased with the concentration of MCs, but there was no 
significant difference between the 25 ng/mL group and the 5 ng/mL group (P > 0.05). The results are presented in Figure 2.

Figure 1 Contents of pro/anti-inflammatory factors in serum samples exposed to different concentrations of MCs. (a) Contents of TNF-α. (b) Contents of IL-1β. (c) 
Contents of IL-6. (d) Contents of IL-4. (e) Contents of IL-10. Data were analyzed by one-way ANOVA. ****p < 0.0001.
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As shown in Figure 3, the correlation of miR-146a expression with inflammatory cytokines expression in the 
population samples was analyzed by Pearson correlation analysis in SPSS 23.0, and the results showed that miR-146a 
was moderately and highly correlated with the expression of multiple inflammatory factors (P < 0.001).

Effects of MC-LR on miR-146a-5p Expression in vitro
PBMCs were induced with 0, 0.1, 1.0, or 10 µg/mL MC-LR for 6 or 24 h. The results showed that the expression of miR- 
146a-5p was increased at 24 h compare with 6 h (on the left picture) regardless of the dose group. When the exposure 
time was 6 h, the expression of miR-146a-5p was compared between the different dose groups (on the right picture), and 
it was found that miR-146a-5p only increased significantly at a dose of 10.0 µg/mL compared with the 0 µg/mL. While at 
24 h, the expression of miR-146a-5p was increased in a concentration-dependent way and peaked at 10.0 µg/mL (P < 
0.05). The results are shown in Figure 4.

Effects of MC-LR on the Concentration and mRNA Level of Inflammatory Factors 
in vitro and the Results of Correlation Analysis Between Expressions of Inflammatory 
Factors and Expressions of miR-146a-5p
After treatment with 0, 0.1, 1.0, or 10 µg/mL MC-LR for 6 h or 24 h, the contents of TNF-α, IL-1β, IL-6, IL-10 and IL-4 
were detected by ELISA kits, as shown in Figure 5. The results showed that the expression of TNF-α in the 10 µg/mL 

Figure 2 Expression of miR-146a in population samples. Data were analyzed in one-way ANOVA. **p < 0.01 vs 5ng/mL.
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dose group was significantly higher than that in the control group at either 6 h or 24 h (P < 0.05); However, the 
expressions of IL-1β, IL-6, IL-10 and IL-4 were not different at any dose at 6 h (P > 0.05), but at 24 h, the expressions of 
IL-1β, IL-6, and IL-4 were increased at 1.0 and 10 µg/mL, and IL-10 increased at 0.1 and 1.0 µg/mL compared with the 
control (P < 0.05). The expression of IL-10 was decreased at 10 µg/mL compared with the control, but the difference was 
not significant (P > 0.05). In addition, the expression of TNF-α, IL-1β, IL-6 and IL-4 increased with increasing exposure 
time (P < 0.05). The expression of IL-10 increased with time at 0.1 and 1.0 µg/mL and decreased with time at 10 µg/mL. 
All these differences were statistically significant (P < 0.05).

Inflammatory factor mRNA levels are shown in Figure 6. The results (Figure 6a) showed that after 24 h of exposure 
to MC-LR, TNF-α and IL-1β mRNA expression increased significantly at 10 µg/mL compared with the control (P < 
0.05); IL-6 and IL-4 mRNA expression increased at 1.0 and 10 µg/mL compared with the control, while IL-10 mRNA 
expression increased at 0.1 and 1.0 µg/mL compared with the control (P < 0.05). As shown in Figure 6b, 10 µg/mL MC- 
LR treatment increased the mRNA expression of TNF-α, IL-1β, IL-6 and IL-4 in a time-dependent manner (P < 0.05), 

Figure 4 Relative expression of miR-146a-5p in vitro experiment. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs 6 h or 0 µg/mL.

Figure 3 Association analysis between miR-146a expression and inflammatory cytokines expression in population samples.
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Figure 5 Concentrations of pro/anti-inflammatory factors in vitro after different concentrations of MC-LR exposure for different times. (a) TNF-α concentration. (b) IL-1β 
concentration. (c) IL-6 concentration. (d) IL-10 concentration. (e) IL-4 concentration. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs 6 h or 0 µg/mL.
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but the expression of IL-10 mRNA decreased with increasing exposure time (P < 0.05). The qRT-PCR results were 
consistent with the ELISA results.

As shown in Figure 7, results showed that miR-146a-5p was highly correlated with the expression of various 
inflammatory factors (P < 0.001).

Hsa-miR-146a-5p Inhibitor Transfection Results
As shown in Figure 8, the miRNA transfection reagent, as well as the hsa-miR- 146a-5p inhibitor, and hsa-miR-146a-5p 
inhibitor negative control, were added to the cell culture medium, 48 h after transfection, cells were harvested, RNA was 

Figure 6 mRNA levels of pro/anti-inflammatory factors in vitro after different concentrations of MC-LR exposure for different times. (a) The changes of inflammatory 
factors with dose at 24 h of exposure. (b) The changes of inflammatory factors with time at 10 µg/mL of exposure. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs 
6 h or 0 µg/mL.

Figure 7 Correlation analysis between expression of miR-146a and expression of inflammatory factors in vitro.
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extracted, and the expression of hsa-miR-146a-5p was detected. The results showed that hsa-miR-146a-5p was sig-
nificantly inhibited (P < 0.05), which demonstrated successful transfection.

Relative Expression of Each Inflammatory Factor After Transfection with Hsa-miR- 
146a-5p Inhibitor versus Transfection with Hsa-miR-146a-5p Inhibitor Negative 
Control
As shown in Figure 9, when the exposure time of MC-LR was 24 h and the exposure dose was 0.1 µg/mL, the expression 
of IL-10 and IL-4 were decreased compared with the no inhibitor group, but the expression of TNF-α, IL-1β and IL-6 
were increased compared with the no inhibitor group (P < 0.05). When the dose was 1.0 µg/mL, the expression of IL-10, 
IL-4 and TNF-α were decreased compared with the noninhibitor group, while the expression of IL-1β and IL-6 were still 
increased compared with the noninhibitor group (P < 0.05). When the dose was 10 µg/mL, the expression of IL-10, IL-4, 
TNF-α, and IL-6 were significantly decreased, and the expression of IL-1β was slightly increased compared with the 
group without inhibitor (P < 0.05).

When the exposure dose of MC-LR was 10 µg/mL and the exposure time was 6 h, the expression of TNF-α and IL-10 
were decreased compared with the group with the negative control (P < 0.05), while the expression of IL-1β was 
significantly higher than that of the negative control group (P < 0.05). When the time was 24 h, the expression of TNF-α, 
IL-6, IL-10, and IL-4 were reduced compared with that in the group without the inhibitor (P < 0.05), IL-1β expression 
was still elevated compared with the noninhibitor group (P < 0.05). These results demonstrated that miR-146a could 
promote the inflammatory response induced by MC-LR in PBMCs.

Discussion
This study is to investigate the effect of MC-LR on the expressions of miR-146a and pro/anti-inflammatory cytokines 
(TNF-α, IL-1β, IL-6, IL-10, IL-4) in PBMCs and to further explore the role of miR-146a in the inflammatory responses 
caused by MC-LR. The results showed that exposure to MCs increased miR-146a expression both in vivo and in vitro. In 
addition, through detected the serum samples containing MCs showed that the expressions of both pro-inflammatory and 

Figure 8 Hsa-miR-146a-5p inhibitor transfection results. Con+nc: control+miR-146a inhibitor negative control; MCs+nc: MCs+miR-146a inhibitor negative control. ****p < 0.0001.
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anti-inflammatory cytokines increased with the increase of MCs concentration. The results of in vitro detection of 
inflammatory cytokines showed that the expression of IL-4 decreased with high MC-LR exposure, and other inflammatory 
cytokines increased with the increase of MC-LR exposure concentration. Moreover, correlation analysis showed that miR- 
146a was highly positively correlated with the expression of various inflammatory cytokines, and this correlation was 
preliminarily proved by transfection of miR-146a inhibitors. In this study, MC-LR induced a rapid elevation of proinflam- 
matory cytokines, which was similar to the results of LPS stimulation and was consistent with previous in vivo and in vitro 
studies.38–40 At the same time, miR-146a expression was also similar to the results after LPS stimulation. LPS resulted in 
a rapid elevation of the expression of miR-146a in human monocytic THP-1 cells and BV2 cells.41,42

Algal bloom incidence has brought the topic of cyanobacteria into the spotlight. Cyanobacteria are gram-negative 
bacteria found in fresh and eutrophic waters globally.43 Microcystins are cyanotoxins produced by cyanobacteria genera 
such as Microcystis, Nostoc, Dolichospermum (formerly Anabaena), Oscillatoria and Planktothrix.44 There is already 
evidence45 that microcystins have negative effects on human health. The toxic effects of microcystins include chronic 
hepatocellular carcinoma genicity and oxidative stress, as well as immunosuppressive effects by inhibiting IFN production 
and cytokine synthesis.9 This suggests that the immune system is easily exposed and sensitive to toxic agents. Although 
several phycotoxin studies have addressed the immune-related endpoint question46–48 using various cellular models, there is 
a general lack of studies on the effects of MC-LR on immune cells and on the underlying molecular mechanisms or 
responsible signaling pathways in immune cells. It was previously mentioned that the expression changes of miRNAs can be 
detected by microcystin exposure in multiple types of cell models,27–29 at the same time, miR-146a has also been found to be 
involved in regulating inflammatory response in several studies.49–51 Therefore, this study explored the role of miR-146a in 
MC-LR-induced changes of inflammatory cytokines in PBMCs through population and in vitro experiments.

miRNA is involved in a wide range of biological processes and has multiple biological functions. One study 
summarized the evidence regarding the 27 miRNAs regulating inflammatory cytokine signaling pathways.52 However, 
abnormal expression of some miRNAs can also lead to an impaired immune response and immunopathological 
consequences.25 miR-146a has been shown to regulate the expression of several pro/anti-inflammatory cytokines in 
several studies,18,53,54 and in this study, miR-146a was also shown to be involved in regulating the expression of 
inflammation-related cytokines in PBMCs. In the population experiments, it was found that the expression of pro/anti- 
inflammatory cytokines was positively correlated with the expression of miR-146a. To investigate whether in vitro 

Figure 9 Relative expression of inflammatory factors after transfection experiment. (a) For 24 h, the relative expression of each inflammatory factor between the inhibitor 
and the negative control groups at different exposure doses. (b) At 10 µg/mL, the relative expression of each inflammatory factor between the inhibitor and the negative 
control group at different exposure times. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs MCs+miR-146a inhibitor negative control.
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exposure of MC-LR alone to human PBMCs can also cause similar changes, PBMCs were extracted from fresh human 
peripheral blood for in vitro culture and MC-LR stimulation. In addition, to determine the noncytotoxic concentrations of 
MC-LR, we used the CCK-8 kit to assess the effect of increased MC-LR concentrations (0.1 to 10.0 µg/mL) exposure for 
6 and 24 h on peripheral blood mononuclear cell viability. The results showed that 0.1 to 10.0 µg/mL were all at 
noncytotoxic concentrations, so in the following experiments, PBMCs were exposed to nontoxic concentrations of MC- 
LR to detect changes in miR-146a and inflammation-related cytokines.

In the in vitro experiments, the results of the correlation analysis were similar to those from the population, and the 
expression of miR-146a was highly correlated with the expression of inflammatory factors. Later, when the exposure 
concentration of MC-LR was 10 µg/mL and the exposure time was 24 h, the regulatory role of miR-146a in the 
expression of inflammatory factors was verified by in vitro transfection experiments. However, the expression of IL-1β 
did not decrease with the inhibition of miR-146a, but increased instead, which may be because IL-1β is regulated by 
multiple essential signals, for example, the priming signal and the triggering signal.55 In addition, assembly of the 
inflammasome complex leads to the activation of caspase-1, which can also promotes the maturation and release of the 
inflammatory cytokines IL-1β.56 As mentioned above, IL-1β regulation is a complex process57–59 that is not only 
regulated by miR-146a.

The immune system is a highly evolved biological system that is susceptible to environmental influences and 
responsible for immunologic surveillance and defense, and immunoregulation. The immune system is a complex network 
of immune organs, immune cells and immune-active substances, in which immune cells communicate with each other 
through direct interaction or soluble cytokines.60 The coordination of the immune system achieved the removal of 
senescent cells and defense against invading pathogens.61 Investigation of the human immune system is a key factor in 
understanding the inflammatory response. Human PBMCs, including lymphocytes (B cells, T cells, and NK cells), 
monocytes, and dendritic cells, are frequently used to assess the immune response.62 In addition, there are many studies 
examining expression in human PBMCs to characterize the response of human health conditions to environmental, 
behavioral, or pathological factors.63 It has been mentioned earlier that studies on the effects of MCs on the immune 
system are not comprehensive enough, therefore, this study explored the effects of MC-LR on the immune system by 
exposing MC-LR to human peripheral blood mononuclear cells.

Cytokines are proteins with specific roles in the human immune response that play an important role in the immune 
response of the immune system, such as cell-mediated and antibody-mediated immune, inflammatory reactions, auto-
immunity and hypersensitivity reactions,15 The cytokines involved in this study, such as IL-6 and TNF-α, were 
previously reported to have increased levels of lipopolysaccharide (LPS)-stimulated PBMCs compared with unstimulated 
PBMCs.64 Another study also observed that the production of the anti-inflammatory cytokines IL-4 and IL-10 in PBMCs 
stimulated by LPS was also significantly increased.65 An imbalance between pro-inflammatory and anti-inflammatory 
cytokines or uncontrolled cytokine production can lead to an inflammatory response.52

In this study, it was found that miR-146a positively regulated the expression of inflammatory cytokines, while 
most previous studies have found that miR-146a negatively regulates various pathways,18,33,35 such as innate 
immunity and the inflammatory response, which can inhibit the secretion of pro-inflammatory cytokines. Although 
the results of this study on miR-146a were inconsistent with previous studies, such positive correlation was 
verified by in vitro miRNA transfection experiments. Therefore, this finding indicates the possibility of a different 
response due to the differences in cell types and stimulation and also provides a experimental evidence that miR- 
146a positively regulates inflammatory response. Overall, this study demonstrates that miRNAs play an important 
role in the regulation of MC-LR induced inflammatory response.

However, this study still has some shortcomings. Firstly, there were only ninety population samples in the population 
experiment in this study, a relatively small number of individuals and larger population data are needed for further 
verification in the future. Secondly, due to limited experimental conditions, this study only extracted PBMCs from peripheral 
blood of 15 healthy volunteers for in vitro experiments, and the representativeness of the results may not be good. More 
PBMCs from healthy volunteers of different ages and genders should be extracted later to prove the conclusion of this study. 
Thirdly, the exact mechanism by which miR-146a regulates the expression of inflammatory factors is still unclear, and both 
the underlying mechanism and the transcriptional signal need to be further investigated in the future.
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Conclusion
In summary, this study demonstrated that exposure of human PBMCs to MC-LR can cause the expression of miR-146a 
and inflammation-related cytokines increased and miR-146a exerts a promoting effect on the MC-LR-induced inflam-
matory response by positively regulating inflammatory factor levels.
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