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Abstract
Background: Ambient particulate matter (PM), a principal component of air pollutant, is harmful to
human health in many ways. Toll-like receptors (TLRs) are non-catalytic transmembrane protein that can
identify conservative molecules from microorganisms. However, the regulatory mechanism of TLR4 and
its effects on lung and liver in�ammation induced by PM are unknown presently.

Method: Wild type mice and TLR4-/- mice (C57BL/10JNju, mixed gender, 8-10 weeks old,), both were
randomly divided into two groups. The mice were intratracheally instilled with saline or PM2.5 (4 mg/kg)
every other day and continued for 10 days.

Result: PM2.5 increased the BCA and Lactate Dehydrogenase (LDH) level and TLR4 KO mice showed
lower BCA compared to wild type mice(P=0.08). PM2.5 treatment increased the expression of
in�ammatory cytokines (HMGB1, TNFα, MCP-1/CCL2, CCR2) signi�cantly compared to the saline
treatment (P<0.05) and there is a trend that this could be attenuated in TLR4 knock out mice. HE staining
showed that PM2.5 induced severe in�ammatory damage, and TLR4 KO could alleviate the process of
in�ammation. As to the liver, LDH and Alkaline Phosphatase (AKP) signi�cantly increased in PM2.5
treatment only in wild type mice. Similar to the lung tissue, PM2.5 stimulation resulted in robust induction
of proin�ammatory genes expression levels, and TLR4 KO could alleviate the progression of liver
in�ammation.

Conclusion: Our �ndings suggest that, TLR4 plays an important role in regulating lung and liver
inflammatory response caused by PM2.5.

Introduction
Atmospheric pollutants are harmful to human health in many ways, mainly manifested by respiratory
diseases and physiological dysfunction, as well as irritation of mucosal tissues such as eyes and nose 1–

3. Recent studies have also shown that air pollutants can cause skin damage and skin aging through
several pathways that induce oxidative stress, in�ammation, apoptosis, and skin barrier dysfunction 4–7.

The innate immune system serves as the �rst line of the host to defend against anonymous pathogenic
invasion, relying on molecular determinant sensing of pathogen associated molecular patterns (PAMPs)
8,9. The receptors that sense infections localized at various membrane compartments, including the
plasma membrane, endosomes, and the endoplasmic reticulum 10,11. TLRs are a class of pattern
recognition receptors (PRRs) that include both intracellular and extracellular receptor families, and sense
PAMPs or DAMPs (damage-associated molecular patterns). TLR signaling is complex and depends on
other adapter protein and co-receptor pathway activation. Upon activation, TLRs then bind to speci�c
adaptors to initiate the downstream signaling pathways leading to the production of in�ammatory
cytokines and chemokines. Past studies mostly focused on the intracellular TLRs (TLR3, TLR7, TLR9),
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but recent studies reveal that cell surface TLRs, especially TLR2 and TLR4, also play an essential role in
the development of autoimmune diseases and afford multiple therapeutic targets 12–15.

PM, a principal component of air pollutant, has been considered as the main contributor to haze weather
16,17. Particles less than 1µm in particulate matter deposit slowly and remain in the atmosphere for a long
time. PM2.5 (particulate matter ≤ 2.5µm) can be inhaled and deposited in human bronchi and alveoli,
causing or aggravating respiratory diseases. Nevertheless, its mechanism has not been well explained,
PM2.5 is recognized to exacerbate respiratory in�ammation and cardiovascular diseases. It was reported
recently that short- and long-term PM2.5 exposure increased plaque vulnerability via TLR4/MyD88/NF-κB
pathway 18. Numerous studies have focused on the harm of particulate matter to the respiratory system,
however, more and more studies have found that PM2.5 can cause liver damage and liver �brosis 19–21.
In the present study, the role of Toll-like receptor (TLR) 4 in exacerbation of lung and liver in�ammation
caused by urban PM2.5 was investigated. Our data together suggested that, TLR4 plays an important role
in regulating lung and liver in�ammatory response caused by PM2.5.

Experimental Procedures

PM2.5 Collection and Preparation
PM2.5 samples were collected onto quartz micro�ber �lters (20.3×25.4 cm, PALL, USA) from Nov 2016 to
Feb 2017, using a volumetric �ow controlled system (TE-6070C, Tisch Environmental, USA) on the roof of
the Research Building of Xinxiang Medical University. Each �lter was weighted at least twice, and the
difference of the values was less than or equal to 0.03mg. The particles were eluted by ultrasonic
processing for 15 min, 3 times. Then freeze the eluent in a low-temperature refrigerator at – 80℃. The
samples were taken out 24 hours later and placed in a freeze dryer for freeze-drying treatment. When the
water evaporates completely, grey dry �ocs appeared at the bottom of the container. Store the collected
PM2.5 dry samples in the refrigerator at − 20℃. PM2.5 suspension (2 mg/ml) was prepared with sterile
saline solution and stored at 4℃. Shake before use to make the particles evenly distributed.

Animal Experiments
Both male and female mice (Wild type or Tlr4lps − del, C57BL/10JNju) were purchased from Nanjing Model
Animal Research Center. After rearing and reproducing to a certain number, then the formal experiments
were set up.

Mice were housed in individual plastic cages under a 12/12 h light-dark cycle with free access to water
and food at room temperature. All the animal experiments were conducted following the protocols
approved by the University Committee on the Use and Care of Animals (UCUCA).

Study Protocol
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Mice for the formal experiment (mixed gender, 8–10 weeks old), both wild type and TLR4−/−, were
randomly divided into two groups (4–5 mice per group). Inhalation tracheal drip method is used for dust-
contamination. The mice were intratracheally instilled with saline or PM2.5 (4 mg/kg) every other day and
continued for 10 days (5 times in total).

All the mice were sacri�ced 48h after the �nal intratracheal instillation. After anesthesia, eyeball blood
was taken from mice, followed by BALF collection. Liver and lung portions were then removed and �xed
with 4% paraformaldehyde solution. Some liver tissue and lung tissue were placed in liquid nitrogen and
stored in − 80°C. The weight of mice was also recorded before and after the experiment.

Bronchoalveolar Lavage Fluid (BALF)
A previously reported method was used to collect BALF. Brie�y, after the blood collection, tracheas were
cannulated. The left lung was lavaged by syringe with two injections of ice old sterile saline (0.8 ml). The
mean volume retrieved was 90% of the amount instilled (1.6 ml). Fluids from the two lavages were then
centrifuged at 1500 rpm for 10 min.

Quantitative Real Time PCR (qPCR)
Total RNAs were extracted using RNAiso Plus reagent (TaKaRa, 9770A). The �rst-strand cDNAs were
synthesized using PrimeScript™ RT Master Mix (TaKaRa, RR036A). Relative mRNA abundance of
different genes was measured using TB Green™ Premix Ex Taq™ II (TaKaRa, RR820A) and ABI7500 real
time PCR system (Applied Biosystems). qPCR Primers were designed as follows: HMGB1 forward, 5’-
GAAGTTGGACCCCAATGC-3’, reverse, 5’-TCATCTGCTGCAGTGTTGTTCC-3’; MCP-1 forward, 5’-
ACTGAAGCCAGCTCTCTCTTCCTC-3’, reverse, 5’-TTCCTTCTTGGGGTCAGCACAGAC-3’; TNFα forward, 5’-
CATCTTCTCAAAATTCGAGTGACAA-3’, reverse, 5’-TGGGAGTAGACAAGGTACAACCC-3’; CCR2 forward, 5’-
CTC AGT TCA TCC ACG GCA TA-3’, reverse, 5’-- CAA GGC TCA CCA TCA TCG TA-3’, 36B4 forward, 5’-
AAGCGCGTCCTGGCATTGTCT-3’, reverse, 5’-CCGCAGGGGCAGCAGTGGT-3’. The expression levels of the
target genes were quanti�ed relative to the level of 36B4 gene expression using the 2−∆∆CT method. Real-
time PCR experiments for each gene were performed on three separate occasions.

HE staining
Liver and lung tissues were �xed with 4% paraformaldehyde solution for at least 24 h, and processed for
routine para�n histology. Para�n sections were stained with hematoxylin and eosin using routine
procedures. Finally, observe and take photos under a microscope.

Statistical Analysis
Data were presented as mean ± S.E.M. Differences between groups were analyzed by Prism GraphPad 6
using Student’s t-test (two-sided). * p < 0.05, # p < 0.01.

Results
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Bodyweight
The process of PM2.5 infusion is a stress for mice, and improper operation is often accompanied by
tongue damage. Therefore, we monitored the weight changes of mice during the whole experiment. We
observed that there was downward trend from the third day, and most groups remained stable even
though with slightly �uctuates (Fig. 1). However, mice challenged with PM2.5, wild type mice showed
signi�cantly declined compared to the TLR4 knock out mice (Fig. 1), and few mice developed severe
morbidity or even death closely at the end of the experiment. This result revealed that PM2.5 decreased
the bodyweight in WT mice, and this change was attenuated in TLR4−/− mice.

Lung in�ammation
To explore the pulmonary in�ammation caused by PM2.5 in mice, alveolar lavage was performed in
anesthetized mice. Bronchoalveolar lavage �uid (BALF) was collected and stored at − 20℃. Total protein
concentration and LDH were tested in a short time according to the instructions provided by the
manufacturer. Total protein concentration was determined by BCA Protein Assy Kit (Tiangen Biotech,
Beijing). LDH was determined by the LDH kit (Jiancheng Bioengineering Institute, Nanjing). Our data
showed that PM2.5 increased the BCA level compared to saline treatment both in WT and TLR4−/− mice
(Fig. 2A). As expected, TLR4 KO mice showed decreased BCA level compared to wild type mice (P = 0.08,
Fig. 2A). Similarly, LDH showed exactly the same trend but more moderate level (Fig. 2B). These results
indicated that, PM2.5 stimulation may initiate the immune response of the respiratory system in mice,
especially in the lungs.

To determine whether PM2.5 treatment affects the expression of in�ammatory cytokines in lung tissue,
we collected lung tissue from the other side (the other part of the lung without lavage) and stored at
-80℃. RNA was extracted before qRT-PCR was implemented. As shown in Fig. 2C, among mice with the
same background (either wild type mice or TLR4-/- mice), PM2.5 treatment increased the expression of
in�ammatory cytokines (HMGB1, TNFα, MCP-1/CCL2, CCR2) signi�cantly compared to the saline
treatment (P < 0.05). However, even though there is a trend that the expression of in�ammatory cytokines
could be attenuated in TLR4 knock out mice, only HMGB1 expression shows a statistical difference (P < 
0.05). Therefore, our results revealed that, to some extent, TLR4 knock down can alleviate the
in�ammatory reaction of lung induced by PM2.5.

To determine whether PM2.5 could cause injury and in�ammation of lung tissue, we also implemented
approach of HE staining. After sacri�ce the mice, the other part of the lung without lavage were collected
and routinely �xed, embedded in para�n, sectioned into 5 µm in thickness and �nally stained with
haematoxylin and eosin (H-E). As shown in Fig. 2D, the lung tissues instilled with PM2.5 induced severe
in�ammatory damage, represented as in�ltration of in�ammatory cells (macrophages and lymphocytes)
into airways and surrounding tissues. Although pulmonary in�ammation in TLR4 knockout mice is also
serious, it has been signi�cantly improved. In summary, these results indicate that exposure to PM2.5
induces pronounced lung in�ammation and TLR4 KO could alleviate the process of in�ammation.
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Liver in�ammation
To explore the liver in�ammation caused by PM2.5 in mice, eyeball blood collection was committed after
sacri�ce the mice. Serum was separated by centrifugation at 2000 rpm at 4℃ after 15 minutes at room
temperature. Serum was then stored at -20℃ and avoided from repeated freezing and thawing. BCA and
some enzymes related to liver in�ammation and liver injury (LDH, ALT, AKP) were measured in a short
time according to the instructions provided by the manufacturer. LDH, Alanine Aminotransferase Kit (ALT)
and Alkaline Phosphatase (AKP) were determined by the indicated kit (Jiancheng Bioengineering Institute,
Nanjing). As shown in Fig. 3A, LDH, one of the markers for hepatocyte injury, signi�cantly increased in
PM2.5 treatment only in wild type mice, but not in TLR4 KO mice. AKP and ALT are the commonly used
indicators for detecting liver in�ammation. Our results showed that, PM2.5 exposure signi�cantly
increased AKP level still in wild type group (Fig. 3B). As to ALT level, there is a trend that it could be
elevated by PM2.5 exposure in both groups, with no statistical signi�cance due to high standard errors
(Fig. 3C). Total protein concentration represented by BCA, showed similar trend with ALT (Fig. 3D). These
results indicated that, PM2.5 exposure could induce liver injury and liver in�ammation, and the TLR4, to
some extent, could shorten the adverse effects on liver caused by PM2.5.

To determine whether PM2.5 exposure affects the expression of in�ammatory cytokines in the liver, we
collected liver tissue and stored at -80℃. RNA was extracted before qRT-PCR was implemented. Liver
mRNA abundance was measured by qPCR and normalized to 36B4 levels. Similar to the lung tissue,
PM2.5 stimulation resulted in robust induction of proin�ammatory genes expression levels, and TLR4 KO
could alleviate the progression of liver in�ammation (Fig. 4A). No obvious pathologic alterations were
found in the livers of all mice (Fig. 4B).

Discussion
Epidemiological investigation shows that, the level of PM2.5 in the air is positively related to the
incidence and prevalence of respiratory in�ammatory diseases (such as asthma), and can also lead to
cardiovascular and other systemic diseases 22,23. At present, the mechanism of haze (PM2.5) mainly
includes local and systemic in�ammatory response and oxidative stress. According to the existing
investigation results, haze hazards are mainly manifested as acute effects, and its health effects are
mainly manifested as acute respiratory in�ammation, cardiovascular system disorder, and signi�cant
increase in the incidence and mortality of cardiopulmonary diseases 24. The earliest health effect of the
body after short-term exposure to pollutants (24 hours) is the activation of pulmonary in�ammation and
oxidative stress pathway 25.

In addition to acting as a physical barrier against inhalation of toxic substances, respiratory epithelial
cells can also participate in the occurrence and development of respiratory diseases through the release
of in�ammatory mediators. During the stimulation of harmful factors, airway epithelium and innate
immune cells can release DAMP (damage related molecular model) molecules, and then activate the
innate and acquired immunity of airway, releasing more in�ammatory mediators. They interact with
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airway epithelium, and form a complex cytokine regulatory network, and trigger and promote the
occurrence of asthma 26.

It was found that TLR2 and TLR4 can bind to HMGB1 secreted by macrophages and neutrophils, which
promotes NF-κB activation and induces in�ammation. This indicated that TLR2 and TLR4 are the
receptors of HMGB1. Recent studies have shown that HMGB1-DNA complex is not a single molecule, but
a HMGB1-DNA complex 27. Tian et al. con�rmed that HMGB1-DNA complex can enter cells and activate
intracellular receptors with the assistance of RAGE, thus activating TLR9 signaling pathway, promoting
immune cell maturation and cell molecular secretion through TLR9 28. However, some experiments have
con�rmed that HMGB1-DNA can inhibit immune response or cause autophagy in some types of cells 29.
In addition, the activation pathway of rage mediated by HMGB1 is different from that of TLR4 mediated
by HMGB1. The former only activated IKKβ, while the latter activated IKKα and IKKβ. Therefore, it can be
seen that the signal transduction process of HMGB1 acting on cells is very complex, and it may activate
cells to participate in related pathophysiological reactions in many ways.

Recently, when exploring the role of HMGB1-TLRs signaling pathway in ischemia-reperfusion injury,
researchers found that human interference with the interaction of HMGB1-TLRs and blocking the
activation of downstream signaling pathway can weaken the cascade reaction of in�ammation and
immune response triggered in the process of injury 30–32. The previous work of our group found that
TLR4 was involved in inducing the synthesis of TNFα in human macrophages by silica, and mediated the
development of in�ammation.

Hepatocytes can directly clear LPS from the bloodstream through hepatic uptake via TLR4, indicating
their important role in in�ammatory responses 33. Both epidemiologic and controlled exposure studies in
humans and animals have demonstrated an association between air pollution exposure and metabolic
disorders such as diabetes 34. It was also found that IL-6 levels were elevated in blood, liver, adipose
tissue, and macrophages, which induced activation of the STAT3/SOCS3 pathway in liver 35. Prenatal
exposure to diesel exhaust PM (DEP) programmed the development of Non-alcoholic fatty liver disease
(NAFLD) differently in the adult male offspring of mice fed normal chow and a high-fat diet, showing the
pleotropic effects of exposure to adverse environmental factors in early life 36.

Future studies are anticipated to make broad conceptual contributions, beyond the innate immunity �eld,
to the understanding of essentials of cell biology.

Conclusions
In conclusion, we have identi�ed that PM2.5 exposure could signi�cantly induce both liver and lung
in�ammation and TLR4 knock out can alleviate the in�ammatory reaction. Our �ndings suggest that, the
activation of TLR signaling by PM2.5 plays an important role in lung and liver inflammatory response,
which may result in activation of the innate and adaptive immunity.
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Figure 1

Body weight changes of mice during the whole experiment.
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Figure 2

TLR4-/- decreased lung in�ammation caused by PM2.5.
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Figure 3

TLR4 could decrease the adverse effects on liver caused by PM2.5.

Figure 4

TLR4 KO could alleviate the progression of liver in�ammation.
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