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Abstract

Background—Exposure to ambient fine particulate matter (PM> 5) is associated with increased
cardiometabolic morbidity and mortality. This is widely believed to be attributable to PM> 5
exposure-induced pulmonary and subsequent systemic inflammation. Tumor necrosis factor alpha
(TNFa), lymphotoxin a (LTa), and lymphotoxin B (LTp) are three homologous pro-
inflammatory cytokines, each with both unique and redundant activities in inflammation. Their
role in PM, 5 exposure-induced inflammation and adverse cardiometabolic effects has to be
determined.

Methods and results—LTa/TNFa/LTp triple-knockout (TNF/LT KO) and wildtype (WT)
mice were exposed to concentrated ambient PM, 5 (CAP) for 5 months. Lung pathological
analysis revealed that TNF/LT deficiency reduced CAP exposure-induced pulmonary
inflammation. However, glucose homeostasis assessments showed that TNF/LT deficiency
significantly aggravated CAP exposure-induced glucose intolerance and insulin resistance.
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Consistent with glucose homeostasis assessments, CAP exposure significantly increased the body
weight and adiposity of TNF/LT KO but not WT mice. In contrast to its body weight effects, CAP
exposure reduced food intake of WT but not TNF/LT KO mice. On the other hand, CAP exposure
induced marked fat droplet accumulation in brown adipose tissues of WT mice and significantly
decreased their uncoupling protein 1 (UCP1) expression, and these effects were markedly
exacerbated in TNF/LT KO mice.

Conclusion—The present study suggests that TNF/LT deficiency influences PM, 5 exposure-
induced response of energy metabolism through alterations in both food intake and energy
expenditure.

Ambient PM5 5; Tumor necrosis factor; Lymphotoxin; Obesity; Inflammation

1. Introduction

Exposure to ambient particulate matter with a diameter <2.5 pm (PM 5) is associated with
increased premature mortality (Lepeule et al., 2012), which is attributed primarily to PM; 5
exposure-induced cardiometabolic abnormalities such as endothelial dysfunction, insulin
resistance, and hypertension. The majority of inhaled PM, 5 deposit in the airway and do not
enter the systemic circulation (www.epa.gov/ncea/isa/pm.htm). As such, how PM 5 in the
airway cause those cardiometabolic abnormalities comes out to be a primary scientific
question in the toxicology of PM, 5 pollution. By far, numerous studies have demonstrated
that ambient PM 5 inhalation induces both pulmonary and systemic inflammations (Brook
et al., 2010). And increasing evidences indicate these pulmonary and systemic
inflammations may play a crucial role in the development of cardiometabolic abnormalities
due to exposure to PM, 5. Furthermore, a time course study has revealed the precedence of
pulmonary inflammation over extra-pulmonary inflammation (Brook et al., 2010),
suggesting that PM, 5 exposure-related extra-pulmonary inflammation may be consequent to
pulmonary inflammation.

Inflammation is a complicated biological process involving diverse immune cells, blood
vessels, and molecular mediators. Tumor necrosis factor alpha (TNFa) is one of the best
known pro-inflammatory cytokine that has been shown to link inflammation to
cardiometabolic abnormalities (Esser et al., 2015). Many studies have demonstrated that
exposure to PMs 5 significantly increases pulmonary and circulating TNFa. levels (Kennedy
et al., 1998; Quay et al., 1998; van Eeden et al., 2001; Vogel et al., 2005), making it one of
the most likely mediators for PM, 5 exposure-induced extra-pulmonary inflammation and
cardiometabolic abnormalities. Lymphotoxin a (LTa) and lymphotoxin § (LTP) are two
pro-inflammatory cytokines closely homologous to TNFa. Their genes are in close
proximity to the 7nfa gene in the major histocompatibility complex (MHC, the specific
region is thus known as TNF/LT locus). Due to the proximity of these three genes on DNA,
genetically modulating one of them will alter the expression of others (Kuprash et al., 2005).
In addition, these homologous cytokines are functionally redundant in both developmental
and inflammatory animal models. For example, both LTa and TNFa have been found to
play a role in the control of Mycobacterium tuberculosis infection (Roach et al., 2001).
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Compared to single LTa, LTP or TNFa knockout mice, the LTa/TNFa/LTp triple-knockout
(TNF/LT KO) mice demonstrated server conditions in the microarchitecture of spleen with
disorder of lymphoid cell positioning and functional T- and B-cell compartmentalization
(Kuprash et al., 2002). More importantly, deficiency of LTa or TNF/LT has been shown to
markedly reduce ozone inhalation-induced increase in macrophages of bronchoalveolar
lavage fluid (Bauer et al., 2010), suggesting that TNF/LT may play a critical role in the
pulmonary response to inhalation of ambient pollutants. Therefore, in the present study, to
delineate their role in mediating the health effects of PM; 5 exposure we exposed TNF/LT
KO and control mice to concentrated ambient PM> 5 (CAP) and assessed their inflammatory
and metabolic responses.

2. Materials and methods

2.1. CAP exposure

The University of Maryland, Baltimore (UMB) is an AAALAC accredited institution. All
procedures of this study were approved by the Institutional Animal Care and Use Committee
at UMB, and all the animals were treated humanely and with regard for alleviation of
suffering. TNF/LT KO mice were obtained from the Jackson Laboratories (Stock # 005108,
Bar Harbor, ME) and bred in-house. Age-matched wildtype (C57BL/6J) mice were
purchased from the Jackson Laboratories (Stock #000664) and were allowed to acclimate for
two weeks in animal facilities at UMB before beginning inhalation exposure protocols.
Animal exposure and the monitoring of exposure atmosphere and ambient aerosol were
performed as previously described using a versatile aerosol concentration enrichment system
that was modified for long-term exposures (Ying et al., 2014). Briefly, 10-week-old WT and
KO mice were randomly grouped (N = 7-8/group, male only) and subjected to filtered air
(FA) or CAP exposure from October 2015 to March 2016. The exposure protocol comprised
exposures for 6 h/day, 5 days/week (no exposure took place during weekends). The
measured PM> 5 concentrations during the exposure period were 7.6 + 1.4 and 52.1 + 25.1
pg/m3 in FA and CAP chambers, respectively. Thus the corresponding average PMj 5
concentrations (calculated using the measured values times 5/28 representing for 6 h/day and
5 days/week according to the exposure protocol) were 1.4 + 0.25 and 9.3 + 4.5 ug/m3 in FA
and CAP chambers, respectively. This PM, 5 value is much lower than those in densely
populated cities such as Beijing or Mexico City.

2.2. Lung histopathology

After 5-month exposure to FA/CAP, mice (around 7-month-old) were euthanized by
overdose of isoflurane, the lung was harvested and either fixed with neutral-buffered
formalin or snap-frozen in liquid nitrogen and then kept at —80 °C. To assess the
inflammation in the lung, tissue blocks were embedded in paraffin and 5-pm thick sections
were cut from the anterior surface, and the sections were subjected to hematoxylin and eosin
(H & E) staining. Three consecutive sections per sample were used for histopathology.
Images covering the entire tissue area were taken by one laboratory technician who was
blind to the grouping, and all images were then sent to and quantified by the pathologist
(blind to the grouping too). The pulmonary inflammation levels were scored according to the
scoring system in Table 2, which was previously reported and used with some minor
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modifications (Curtis et al., 1991). A sum of all the indexes in Table 2 was calculated and
demonstrated as the inflammatory score.

2.3. Intraperitoneal glucose tolerance test (IPGTT)

IPGTT was performed after 4-month exposure to FA/CAP (5 weeks before the necropsy).
Before testing, mice were fasted for 16 h. On the day of experiments, basal glucose level of
tail vein blood was determined using an automatic glucometer (Contour, Bayer), and then
mice were intraperitoneally injected with glucose (2 g/kg body weight). Blood glucose
levels at 15, 30, 60, and 120 min after injection were measured as described above. Extra
blood samples at every time point were collected from the tail veins, and plasma was
isolated and immediately kept at —80 °C for insulin assessment.

2.4. Intraperitoneal insulin tolerance test (ITT)

ITT was performed 4 weeks before the necropsy. After 4-h fasting, baseline blood glucose of
tail vein and body weights were measured. After intraperitoneal injection of 0.5 unit/kg body
weight Novalin insulin (Novo Norkisk, Denmark), blood was collected by tail vein puncture
and glucose was measured at 15, 30, 60, 90, 120 min by an automatic glucometer (Contour,
Bayer).

2.5. Plasma insulin measurement and homeostasis model assessment-insulin resistance
(HOMA-IR) calculation

Plasma insulin levels were determined using Ultra Sensitive Mouse Insulin ELISA Kit
(Crystal Chemical) per manufacturer’s instruction. The HOMA-IR index of each mouse was
calculated using the values of fasting plasma glucose (FPG) and plasma insulin (PI) as
follows: HOMA-IR = FPG x PI x 172.1/22.5, with FPG expressed as mmol/L and PI as
ng/ml.

2.6. Histological analysis of adipose tissues

Epididymal adipose tissue and brown adipose tissues (BAT) were fixed in 4%
paraformaldehyde, embedded in paraffin, cut into 5-um sections, and stained with
hematoxylin and eosin. The histology sections were viewed at 20x magnification, and
images were obtained with a SPOT digital camera (Diagnostic Instruments, Sterling

Heights, MI) by one person who was blind to the grouping. The total number and cross-
sectional areas of adipocytes in epididymal adipose tissues were calculated as previously
described (Chen and Farese, 2002). The fat droplet areas of BAT were obtained using Imagej
software, and the results were expressed as the percentage of total area.

2.7. Real-time guantitative PCR (gPCR)

Total RNA was isolated from tissues with TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
2 g total RNA was reverse transcribed using random hexamers and the ThermoScript RT-
PCR System (Invitrogen). qPCR was performed with the Lightcycler 480 using SYBER
Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA). The sequences of
primers were presented in Table 1. The relative expression level was obtained as described
previously (Ying et al., 2009). Briefly, Ct values were acquired through analysis with
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software provided by the manufacturer, and differences of Ct value between target gene and
GAPDH (ACt) and then 22Ct were calculated.

2.8. Western blotting

Animals were fasted overnight and i.p. injected with 10 U/kg insulin. After 20 min, mice
were euthanized with overdose of isoflurane. Blood was collected from heart and
centrifuged at 3000 rpm for 5 min. Plasma was immediately stored in dry ice and then

—80 °C. All tissues were stored at —80 °C until further processing. Tissue lysates were
prepared using RIPA buffer (Sigma, St. Louis, MO) supplemented with protease and
phosphatase inhibitors (Sigma, St. Louis, MO). Protein samples were then separated by 10%
SDS-polyacrylamide gel electrophoresis and electroblotted onto polyvinylidene fluoride
membranes. Target proteins were detected by primary antibodies as follows: mouse anti-p-
actin (Sigma, St. Louis, MO), rabbit anti-phospho-Akt (Thr308) (Cell Signaling, Boston,
MA), rabbit anti-AKT (Santa Cruz, CA) and rabbit anti-UCP1 (Boster, CA). Secondary
antibodies conjugated with horseradish peroxidase and chemiluminescence reagent
(Amersham, Marlborough, MA) were used to visualize the target proteins. Densities of
target protein bands were determined based on a previously published work with minor
modifications (Gassmann et al., 2009). In brief, volume of the band (average OD of the band
times its area, INT x mm?) of the expected molecular weight was collected using the
Quantity One 4.4.1 (Bio-Rad, Hercules, CA) after the background correction process. The
internal control, p-actin, was used to normalize loading variations.

2.9. Statistics

3. Results

All data are expressed as means + SEMSs and all the data points were included unless noted
otherwise. Statistical tests were performed using one-way or two-way analysis of variance
(ANOVA) followed by Bonferroni correction or unpaired student’s #test using GraphPad
Prism (version 5; GraphPad Software, La Jolla, CA, USA). The significance level was set at
p <0.05.

3.1. TNF/LT deficiency reduces CAP exposure-induced pulmonary inflammation

Lung is the primary target organ of PM> 5 exposure, and the resultant pulmonary
inflammation is believed to be essential for the development of various adverse
cardiometabolic effects. We therefore performed pathological analysis on the lungs of those
FA- or CAP-exposed mice. Fig. 1A reveals that CAP exposure markedly induced pulmonary
macrophage infiltration and interalveolar thickness (indexes of pulmonary inflammation in
Table 2) in WT mice (FA/WT versus CAP/WT). TNF/LT deficiency alone increased
interalveolar thickness (FA/WT versus FA/KO, Fig. 1A). However, TNF/LT deficiency
markedly reduced CAP exposure-induced macrophage infiltration in the lung (CAP/WT
versus CAP/KO, Fig. 1A). To quantitate the effects of TNF/LT deficiency on CAP exposure-
induced pulmonary inflammation, we also performed semi-quantitative pathological
analysis. Fig. 1B and Table 2 show that compared to WT controls, TNF/LT KO mice had a
significantly higher pulmonary inflammation score in FA-exposed mice, but had a markedly
lower pulmonary inflammation score in CAP-exposed groups. This reduction in pulmonary
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inflammation score in CAP-exposed mice appeared to be due to less macrophage infiltration
in TNF/LT KO mice (Fig. 1A and Table 2). Pro-inflammatory cytokine expression
assessments by RT-PCR demonstrated that CAP exposure significantly increased TNFa but
decreased LTa and LTP (Fig. 1C-E) in WT mice. Except for CCL2 in FA-exposed
knockout mice, the expression levels of other tested pro-inflammatory genes were
comparable between WT and KO mice (Fig. 1F-1).

3.2. TNF/LT deficiency aggravates CAP exposure-induced glucose intolerance

As increasing evidence demonstrates that exposure to ambient PM, s is associated with
abnormalities in glucose metabolism, we examined the effects of TNF/LT deficiency on
CAP exposure-induced glucose intolerance. Fig. 2A—C shows that TNF/LT deficiency
significantly increased fasting plasma glucose, fasting plasma insulin, and HOMA-IR in
both FA- and CAP-exposed animals. CAP exposure did not significantly impact these
parameters in both WT and KO mice. To further document the effects of TNF/LT deficiency
on CAP exposure-induced abnormalities in glucose metabolism, we performed IPGTT and
ITT. Consistent with previous studies (Liu et al., 2014b), CAP exposure significantly
induced glucose intolerance in WT mice (Fig. 2D and E). Notably, in contrast to its effects
on pulmonary inflammation, TNF/LT deficiency did not impact glucose tolerance in FA-
exposed animals, but significantly aggravated CAP exposure-induced glucose intolerance
(Fig. 2D and E). Consistent with IPGTT results, Fig. 2F and G shows that CAP exposure
significantly induced insulin resistance in WT mice, and TNF/LT deficiency aggravated
CAP exposure-induced insulin resistance.

3.3. CAP exposure increases adiposity in TNF/LT KO but not control mice

Obesity is one of the major risk factors for diabetes (Eckel et al., 2011), and body weight is a
reflection of adiposity. Fig. 3A demonstrates that while CAP exposure did not significantly
alter body weight in WT mice, it caused a significant weight gain in TNF/LT KO mice. To
further document the effects of CAP exposure on energy metabolism, the main organs/
tissues of mice were harvested and weighed. Fig. 3B—K shows that CAP exposure did not
significantly change the weight of any organ/tissue in WT mice. TNF/LT deficiency alone
(FA/WT versus FA/KO) significantly increased the weight of spleen (Fig. 3G) and kidney
(Fig. 3C). CAP exposure did not have any significant effect on the weight of these organs in
KO mice (FA/KO versus CAP/KO). In contrast, TNF/LT deficiency alone did not impact the
weight of subcutaneous, peri-renal, epididymal, and brown adipose tissues, but CAP
exposure significantly increased their weights in KO mice, strongly suggesting that TNF/LT
locus may determine mouse metabolic response to CAP exposure. Morphological analysis
revealed that CAP exposure markedly increased the adipocyte size of epididymal adipose
tissues in TNF/LT KO but not WT mice (Fig. 4A and B), suggesting that the increased
adiposity in CAP-exposed KO mice is subsequent to an adipose hypertrophy.

3.4. TNF/LT deficiency reduces CAP exposure-induced adipose inflammation but
exacerbates its glucose intolerance and insulin resistance

CAP exposure has been shown to increase adipose inflammation, which may play a role in
CAP exposure-induced insulin resistance (Xu et al., 2010). We therefore assessed the
expression of pro-inflammatory cytokines in epididymal adipose tissues. Consistent with
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previous studies (Xu et al., 2011a), CAP exposure significantly increased adipose IL-1p and
IL-6 mRNA expressions (Fig. 4C and E), and markedly reduced Akt phosphorylation levels
(Fig. 4F and G) in WT mice. As expected, TNF/LT deficiency abolished the effect of CAP
exposure on the expression of pro-inflammatory cytokines (Fig. 4C and E). However,
compared to WT controls, it unexpectedly reduced adipose Akt phosphorylation level in
both FA- and CAP-exposed animals (Fig. 4F and G). The Akt pathway is a well-known
signal transduction pathway involved in the progression of inflammation response and the
Akt phosphorylation level indicates the activation of Akt (Tang et al., 2016). These results
suggested that TNF/LT may regulate adipose insulin sensitivity through inflammation-
independent mechanisms.

3.5. CAP exposure reduces food intake in WT but not TNF/LT KO mice

Energy balance is determined by energy intake and expenditure. To address why CAP
exposure causes a positive energy balance in TNF/LT KO but not WT mice, we assessed
mouse food intake. Fig. 5A reveals that CAP exposure significantly reduced food intake in
WT mice and TNF/LT deficiency alone increased food intake in FA-exposed animals. In
addition, comparisons of CAP-exposure effect on WT and TNF/LT KO mice indicated that
TNF/LT deficiency also abolished the hypophagic effect of CAP exposure. The latter at least
partly explained the difference between WT and TNF/LT KO mice in energy metabolic
responses to CAP exposure. Leptin is one critical hormone regulating food intake, and its
defective production (i.e., introduced by the leptin gene or leptin receptor gene defectivity)
is associated with obesity (Chung et al., 1998). Fig. 5B shows that CAP exposure
significantly increases plasma leptin level in TNF/LT KO but not WT mice, ruling out the
possibility that defective leptin production mediates CAP exposure-induced obesity in
TNF/LT KO mice. Leptin regulates food intake primarily through up-regulation of POMC
and/or down-regulation of AgRp and NPY in the hypothalamus. In addition to defective
leptin production, a lack of response of neuropeptides to leptin, known as central leptin
resistance, also correlates to obesity. We therefore assessed the expression of those
hypothalamic neuropeptides. Fig. 5D reveals that CAP exposure did not impact the
expression of these neuropeptides in WT controls, but significantly decreased hypothalamic
POMC expression in TNF/LT KO mice, suggesting a pronounced central leptin resistance in
CAP-exposed KO mice that may account for their different food intake response to CAP
exposure. SOCS3 is part of a negative feedback loop of leptin signaling pathway and plays a
critical role in central leptin resistance (Lubis et al., 2008). Fig. 5J shows that CAP exposure
did not impact the expression of SOCS3 in WT controls, but significantly increased its
expression in KO mice, further supporting the central leptin resistance in CAP-exposed
TNF/LT KO mice. CAP exposure has been shown to cause hypothalamic inflammation that
may play a role in the pathogenesis of central leptin resistance (Ying et al., 2014). Fig. 5G
shows that CAP exposure significantly increased hypothalamic IL-18 mRNA expression in
both WT and KO mice, suggesting that TNF/LT are not involved in CAP exposure-induced
hypothalamic inflammation and also that the central leptin resistance in CAP-exposed KO
mice may not be subsequent to hypothalamic inflammation.
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3.6. TNF/LT deficiency exacerbates CAP exposure-induced whitening of brown adipose
tissue (BAT)

BAT is the key thermogenic tissue that regulates energy expenditure, and its whitening,
characterized by the accumulation of large lipid droplets and mitochondrial dysfunction, is a
reflective of decreased energy expenditure. Fig. 6A and B reveals that CAP exposure
markedly induced accumulation of large lipid droplets in BAT in WT mice, strongly
suggesting that CAP exposure may decrease their energy expenditure. Along with the above
hypophagic effect, these counteracting energy metabolic effects of CAP exposure explained
its failure to change energy balance in WT mice. Compared to FA-exposed WT mice, FA-
exposed TNF/LT KO mice had slightly but significantly decreased lipid accumulation in
BAT (Fig. 6A and B). This is in line with their increased food intake but normal body
weight. Notably, TNF/LT deficiency markedly aggravated CAP exposure-induced
accumulation of lipid droplets in BAT. Together with the lack of change in food intake, this
provided an explanation for the positive energy balance of CAP-exposed KO mice. UCP1 is
a mitochondrial protein that correlates to the heat-generating capacity of BAT. Fig. 6C and D
shows that consistent with the results of morphological analysis, TNF/LT deficiency slightly
increased UCP1 expression in FA-exposed animals, and compared to its effect in WT mice,
CAP exposure induced much more reduction in UCP1 protein expression in KO mice.

4. Discussion

Exposure to ambient PM5 5 induces pronounced pulmonary and extra-pulmonary
inflammation, which is widely believed to play a critical role in the development of various
adverse cardiometabolic effects due to exposure to PMy 5. TNFa, LTa, and LTp are three
homologous pro-inflammatory cytokines within TNF/LT locus that have both distinctive and
overlapping biological functions. In the present study, to delineate their collective role in
PM, 5 exposure-induced inflammation and metabolic abnormalities, we systemically
investigated the effects of TNF/LT locus inactivation on the inflammatory and metabolic
responses to CAP exposure by exposing WT and TNF/LT KO mice in FA/CAP environment
for 5 months. When comparing WT and TNF/LT KO mice under FA exposure, a higher
pulmonary inflammation score due to more infiltration of macrophages were observed in
TNF/LT KO mice, which is consistent with the well-known pro-inflammation mediating
effect of TNFa, LTa and LTP. In addition, an increase food intake in line with a significant
decrease of lipid accumulation in BAT in TNF/LT KO mice indicate that TNF/LT deficiency
alone may contribute to alternations in energy metabolism.

Consistent with their long-known pro-inflammatory action (Etemadi et al., 2013;
Remouchamps et al., 2011), the present data show that TNF/LT deficiency reduces CAP
exposure-induced inflammation, as evidenced by the lower pulmonary inflammation scores
and the reduction in the expression of adipose inflammatory markers in CAP-exposed
TNF/LT KO mice. Notably, the decrease in the pulmonary inflammation score is primarily
due to a decrease in macrophage infiltration in the lung. Furthermore, pro-inflammatory
gene expression assessments in the lung showed that TNF/LT deficiency did not reduce the
pulmonary expression of other pro-inflammatory genes, including IL-1, IL-6, CCL2, and
VCAM-1. These data collectively suggest that TNF/LT may play a limited role in the
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development of CAP exposure-induced pulmonary inflammation. This specific effect of
TNF/LT deficiency on reducing CAP exposure-induced macrophage infiltration is consistent
with previous findings on a critical role of TNF/LT stimulating macrophage activation
(Goetz et al., 2004). These data also strongly suggest that CAP exposure may induce
pulmonary inflammation through multiple independent pathways. This complex
inflammation effect caused by PM, 5 may derive from their various chemical and
morphological characterizations, multiple entrance routines as well as complicated PM-cell
or PM-tissue interactions. Thus serious consideration must been taken when developing
prevention/treatment for PM, 5 pollution-induced diseases in the future.

Increasing evidence has indicated that exposure to air pollutants such as PM5 5 is a risk
factor for type Il diabetes, and inflammation may be central in the development of PM 5
exposure-associated diabetes (Brook et al., 2010). The present study replicates CAP
exposure-induced inflammation and abnormalities in glucose homeostasis in WT mice.
Interestingly, we also observed that despite that TNF/LT deficiency reduced CAP exposure-
induced pulmonary and adipose inflammation, it however aggravated CAP exposure-
induced insulin resistance and glucose intolerance. This disconnection between
inflammation and abnormal glucose metabolism raises a question over the putative role of
inflammation in the development of PM, 5 exposure-induced cardiometabolic abnormalities
such as diabetes. This is consistent with our recent study showing that a 6-week withdrawal
from CAP exposure is sufficient to resolve CAP exposure-induced hypertension and cardiac
hypertrophy but not pulmonary inflammation (Ying et al., 2015). These results together may
indicate potential development mechanisms of PM, 5 exposure-induced cardiometabolic
abnormalities other than pulmonary inflammation. However, it should be noted that the
present data meanwhile demonstrate that TNF/LT deficiency renders CAP exposure an
obesogenic factor. As obesity has been well established to cause insulin resistance and
glucose intolerance, the disconnection between inflammation and abnormal glucose
metabolism in TNF/LT KO mice may be primarily due to their unique body weight response
to CAP exposure.

Obesity is a major risk factor for cardiometabolic diseases (Eckel et al., 2011). Many studies
have indicated that obesity may exaggerate the adverse health effects of PM 5 pollution
(McCormack et al., 2015). But how PM5 5 exposure influences the development of obesity
has not yet been fully understood. In the present study, we demonstrate that CAP exposure
leads to a significant weight gain in TNF/LT KO mice. This is in direct contrast to the non-
significant weight loss in WT controls, which is consistent with previous studies (Xu et al.,
2010). Our data further demonstrate that the increased body weight is expressed as an
increased adiposity. These data are consistent with previous genetic linkage analysis
showing significant and suggestive quantitative trait loci (QTLs) on TNF/LT locus (Ohtsuka
et al., 2000). Together, the present study provides evidence that PM, 5 exposure promotes
the development of obesity in a genetic context-dependent manner. To our knowledge, this is
the first study showing a genetic determinant of energy metabolic response to ambient PM> 5
exposure. The present study thus also reaffirm the importance of gene-environment
interactions in examination of the relationship between ambient exposures to PM, 5 and the
development of adverse health effects.
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Another important finding in the present study is the insight into CAP exposure-induced
alterations in energy metabolism. Energy balance is determined by both energy intake and
expenditure. The present data reveal that CAP exposure significantly decreases food intake
and markedly induces BAT whitening in WT mice. These opposite effects of CAP exposure
on energy balance suggest that CAP exposure may influence energy balance through
multiple independent pathways and hence provide a basis for its modification by genetic
contexts. Notably, the effect of CAP exposure on food intake may be mouse strain-
dependent, as we did not observe this effect in KKAy mice (Liu et al., 2014a). In contrast, its
effect on BAT whitening may be independent on mouse strain, as evidenced by the
observations showing the same effects of exposure to CAP in ApoE~/~ and KK Ay mice (Liu
etal., 2014a; Xu et al., 2011b).

In the present study, TNF/LT deficiency has been shown to abolish CAP exposure-induced
hypophagia and exacerbate CAP exposure-associated BAT whitening. Both effects lead to a
positive energy balance and thus can account for the unexpected weight gain of TNF/LT KO
mice in response to CAP exposure. Consistent with the compelling evidence that TNFa
signaling induces hypophagia (Romanatto et al., 2007, 2009), the present data support that
CAP exposure-induced hypophagia may be mediated by TNFa. In contrast, the role of
TNFa in BAT activity regulation remains controversial (Cawthorn and Sethi, 2008). It has
been shown that TNFa treatment increases BAT whitening and knockout of its receptor
decrease BAT whitening (Arruda et al., 2011; Romanatto et al., 2009). This is consistent
with our results in FA-exposed animals. However, the present data also reveal that TNF/LT
deficiency exacerbates CAP exposure-induced BAT whitening, together with a more
significant decrease of UCP1 expression demonstrating a subdued heat-generating capacity
of BAT compared to WT mice. These results suggested that either TNFa has an opposite
activity in the presence of CAP exposure or LTs mediate the BAT effects of CAP exposure.
Further studies are needed to test these possibilities.

Hypothalamus is the control center for energy balance, and hypothalamic inflammation has
been shown to play an important role in regulation of energy metabolism. The present study
replicates CAP exposure-induced hypothalamic inflammation in C57BI/6J mice (Ying et al.,
2014), and additionally demonstrates that TNF/LT deficiency does not impact this CAP
exposure-induced hypothalamic inflammation. Hence, these data suggest that TNF/LT may
not be implicated in CAP exposure-induced hypothalamic inflammation. Moreover, as
TNF/LT deficiency reduces CAP exposure-induced pulmonary and adipose inflammations
but exacerbates abnormalities in glucose homeostasis, the demonstration of TNF/LT
deficiency having no effect on hypothalamic inflammation undermines its role in the
mediation of PM, 5 exposure-induced abnormalities in glucose homeostasis.

5. Conclusion

The present study demonstrates an important and complicated role of TNF/LT in the
pathophysiology caused by exposure to ambient PM, 5. Specifically, our results
demonstrated that TNF/LT deficiency has: 1) significantly reduced CAP exposure-induced
pulmonary inflammation and adipose inflammatory markers expression; 2) aggravated CAP
exposure-induced glucose intolerance and insulin resistance; 3) rendered CAP exposure-
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induced weigh gain; 4) abolished CAP exposure-induced food intake decrease; 5)
aggravated CAP exposure-induced BAT whitening. These present data not only extend our
understanding of the genetics underlying the toxicity of exposure to ambient PM, 5 but also
offer knowledge that may merit particular consideration when developing prevention/

treatment for PM> 5 pollution in the future.
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Fig. 1.

TSF/LT deficiency reduces CAP exposure-induced pulmonary macrophage infiltration. A
and B, Lungs from FA- and CAP-exposed mice were fixed and sectioned, and then subjected
to H & E staining. The representative images (A) and the inflammatory score (a sum of all
the inflammation indexes in Table 2) (B) are presented. Scale bar, 300 um. *p < 0.05 versus
FA and #p < 0.05 versus WT, two way ANOVA. C-I, The mRNA expression of indicated
pro-inflammatory genes in the lung were determined by real-time RT-PCR. *p < 0.05 versus
FA and #p < 0.05 versus WT, two way ANOVA.
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Fig. 2.

TSF/LT deficiency aggravates CAP exposure-induced glucose intolerance. A—C, mice were
starved for 16 h and the glucose (A) and insulin (B) levels in plasma were assessed, and
HOMA-IR (C) was calculated using these data. *p < 0.05 versus FA and #p < 0.05 versus
WT, two way ANOVA. D and E, mice were starved for 16 h, and subjected to i.p. injection
with glucose (2 g/kg body weight). The response of plasma glucose (D) and area under the
curve (E) are presented. *p < 0.05 versus FA and #p < 0.05 versus WT, two way ANOVA. F
and G, mice were starved for 4 h, and subjected to i.p. injection with insulin (0.5 unit/kg
body weight). The response of plasma glucose (F) and area under the curve (G) are
presented. *p < 0.05 versus FA and #p < 0.05 versus WT, two way ANOVA.

Toxicology. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hu et al.

>
&

w
o
1

-
o
1

o
T

0.4+

= o
[ w
h 1

Spleen (% of body) @

Body weight (g)
N
o

B0
33
* 3t

FA CAP

O wWT
& KO

i=d
o
1

FA CAP

Fig. 3.

CAP exposure increases adiposity in TNF/LT KO but not control mice. Animals were
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euthanized and the indicated organs/tissues were carefully collected and weighed. *p < 0.05
versus FA and #p < 0.05 versus WT, two way ANOVA.
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Fig. 4.

TI%F/LT deficiency decreases CAP exposure-induced adipose inflammation but aggravates
glucose intolerance and insulin resistance. A and B, epididymal adipose tissues were
sectioned and subjected to H & E staining. The representative images (A) and the
quantitation of adipocyte size (B) are presented. Scale bar, 25 pm. *p < 0.05 versus FA and
#5 < 0.05 versus WT, two way ANOVA. C-E, the mRNA expression of indicated pro-
inflammatory genes in the epididymal adipose tissues were determined by real-time RT-
PCR. *p < 0.05 versus FA and #p < 0.05 versus WT, two way ANOVA. F and G, Akt
phosphorylation levels in epididymal adipose tissues were determined by western blot, and
the representative images (F) (the non-specific bands were marked out by *) and the
guantitation of phosphorylation level (the Akt phosphorylation level was given by the p-Akt
data normalized by Akt) (G) are presented. *p < 0.05 versus FA and #p < 0.05 versus WT,
two way ANOVA.
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Fig. 5.

CAP exposure lowers food intake in wildtype but not TNF/LT knockout mice. A, mouse
food intake (data was collected within the last three consecutive days of FA/CAP exposure
period). *p < 0.05 versus FA, two way ANOVA. B and C, leptin (B) and adiponectin (C) in
the fasting plasma were assessed using ELISA Kits. *p < 0.05 versus FA and #p < 0.05
versus WT, two way ANOVA. D-J, the mRNA expression of indicated genes in the mouse
hypothalamus were determined by real-time RT-PCR. *p < 0.05 versus FA and #p < 0.05
versus WT, two way ANOVA.
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Fig. 6.

TSF/LT deficiency enhances CAP exposure-induced BAT whitening. A and B,
morphological analysis of mouse BAT. The representative images (A) and the quantitation of
fat droplet area (B) are presented. Scale bar, 20 um. *p < 0.05 versus FA and #p < 0.05
versus WT, two way ANOVA. C and D, UCP1 protein levels in BAT were determined by
western blot, and the representative images (C) and the quantitation of protein levels (D) are
presented. *p < 0.05 versus FA and #p < 0.05 versus WT, two way ANOVA.

Toxicology. Author manuscript; available in PMC 2018 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hu et al.

Primer sequences.

Table 1

Gene

Sequences

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)  Sense

Antisense
Pro-opiomelanocortin (POMC) Sense
Antisense
Neuropeptide Y (NPY) Sense
Antisense
Agouti-related peptide (AgRP) Sense
Antisense
Interleukin-18 (IL-1pB) Sense
Antisense
Interleukin-6 (IL-6) Sense
Antisense
Tumor necrosis factor alpha (TNFa) Sense
Antisense
Suppressor of cytokine signaling 3 (SOCS3) Sense
Antisense
Vascular cell adhesion molecule 1 (VCAM-1) Sense
Antisense
C-C motif chemokine ligand 2 (CCL-2) Sense
Antisense
Lymphotoxcin alpha (LTa) Sense
Antisense
Lymphotoxcin beta (LTB) Sense
Antisense

5’-TGA ACG GGA AGC TCA CTG G-3'
5’-TCC ACC ACC CTG TTG CTG TA-3’
5-GCC CTC CTG CTT CAG ACC TC-3'
5’-CGT TGC CAG GAA ACA CGG-3’

5’-TAC CCC TCC AAG CCG GAC AA-3’
5-TTT CAT TTC CCA TCA CCA CAT G-3’
5’-CGG AGG TGC TAG ATC CAC AGA-3’
5’-AGG ACT CGT GCA GCC TTA CAC-3’
5'-ACG GAC CCC AAA AGA TGA AG-3’
5’-TTC TCC ACA GCC ACA ATG AG-3’
5’-ATC CAG TTG CCT TCT TGG GAC TGA-3’
5-TAA GCC TCC GAC TTG TGA AGT GGT-3’
5’-TTC CGA ATT CAC TGG AGC CTC GAA-3’
5’-TGC ACC TCA GGG AAG AAT CTG GAA-3’
5-GCG GGC ACC TTT CTT ATC C-3’

5’-TCC CCG ACT GGG TCT TGA C-3’
5’-GGA GAC CTG TCA CTG TCA ACT G-3’
5’-TCC ATT TCA CCA CTG TGT AAC C-3’
5-GCA TTA GCT TCA GAT TTA CGG GT-3’
5’-TTA AAA ACC TGG ATC GGA ACC AA-3’
5-AAC CTG CTG CTC ACC TTG TT-3’
5’-CAG TGC AAA GGC TCC AAA GA-3’
5’-TCG GGT TGA GAA GAT CAT TGG-3’
5’-GCT CGT GTA CCA TAA CGA CC-3’
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