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Abstract
Due to increased obesity, non-alcoholic fatty liver disease (NAFLD) is now the most prevalent
liver disease in the United States. NAFLD is considered a component of metabolic syndrome, a
cluster of disorders that also includes diabetes mellitus, dyslipidemia, arteriosclerosis, and
hypertension. Exposure to ambient air particulate matter with aerodynamic diameters < 2.5 µm
(PM2.5) is a risk factor for arteriosclerosis as well as lung disease, but its effect on NAFLD is
unknown. PM2.5 induces pulmonary dysfunction via toll-like receptor activation on alveolar
macrophages. Toll-like receptor activation of Kupffer cells, resident hepatic macrophages, and
subsequent pro-inflammatory cytokine production have been shown to play a key role in NAFLD
progression. We hypothesized that PM2.5 exposure is a significant risk factor for progression of
NAFLD. Thus, following exposure of male C57BL/6 mice fed high fat chow to concentrated air
particulate matter (CAPs) or filtered air for 6 wk, progression of NAFLD was evaluated by
standardized histological assessment of hepatic inflammation and fibrosis. In mice fed high fat
chow, the hepatic inflammatory grade (3.00 ± 0.00 vs. 1.50 ± 0.71, p < 0.001) and fibrosis stage
(1.00 ± 0.00 vs. 0.60 ± 0.52, p = 0.023) were both significantly higher in mice exposed to CAPs
versus filtered air, respectively. Increased numbers of Kupffer cells contained PM in CAPs-
exposed mice (2.00 ± 0.94 vs. 0.20 ± 0.42, respectively, p < 0.001). PM exposure increased IL-6
secretion up to seven fold in a dose-dependent manner by isolated wild-type but not TLR4−/−

Kupffer cells (p < 0.050). Conclusion: Ambient PM2.5 exposure may be a significant risk factor
for NAFLD progression.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in the
United States (McCullough, 2004), but its pathogenesis is poorly understood. Indeed, the
condition was not recognized as a cause of cirrhosis (end-stage liver disease) until fairly
recently. NAFLD ranges from simple fatty liver (hepatic steatosis) to cirrhosis with
intervening steatohepatitis characterized by progressive amounts of inflammation and
fibrosis. It is unclear why steatohepatitis develops in only 10% of those with hepatic
steatosis, but increased release of pro-inflammatory cytokines is likely essential
(McCullough, 2006). Increased hepatic cytokine release appears to be related to Toll-like
receptor (TLR) activation on Kupffer cells (Isogawa et al., 2005; Yohe et al., 2006).
Identification of factors that induce hepatic pro-inflammatory cytokine production is an
important area of research, since prevention of progression from simple steatosis to
steatohepatitis may be sufficient to prevent development of cirrhosis in NAFLD.

Epidemiological studies have demonstrated that exposure to airborne fine particulate matter
(PM2.5) is positively associated with increases in the morbidity and mortality caused by
cardiovascular disease (Mar et al., 2000; Schwartz et al., 2001; Sun et al., 2005) and
pulmonary disease (Pope and Kanner, 1993; Sunyer et al., 2000). The main constituents of
PM2.5 are organic carbon, elemental carbon, sulfates and nitrates (Fuentes et al., 2006).
Little data exists on the relationship between air particulate matter exposure and liver
disease. Air pollution exposure related to toxic waste sites has been associated with an
increased prevalence of autoimmune liver disease (Ala et al., 2006; Stanca et al., 2008). Two
recent animal studies suggest airborne pollutants may also play a role in the pathogenesis of
NAFLD (Folkmann et al., 2007; Tomaru et al., 2007).

The mechanisms by which PM2.5 might affect liver disease are unclear. PM2.5 induces
pulmonary damage at least partly through induction of cytokine release (Kumagai et al.,
1997). that is dependent on Toll-like receptor (TLR) activation (Becker et al., 2005). A
similar effect of PM2.5 in the liver is possible since activation of TLR4 on Kupffer cells
results in the release of pro-inflammatory cytokines (Su et al., 2000; Uesugi et al., 2001).
TLR4 signaling also enhances TGF-β responsiveness in hepatic stellate cells leading to their
increased synthesis of collagen and fibrosis (Seki et al., 2007). Studies were done in vivo
and in vitro to determine whether air particulate matter exposure enhances hepatic
inflammation in NAFLD and induces Kupffer cell activation.

Materials and methods
Mice

Six-wk-old C57BL/6 male mice (Taconic Europe, Denmark) were enrolled and housed two
to a cage in an Association for Assessment and Accreditation of Laboratory Animal Care–
accredited animal housing facility. They were fed either high fat chow (HFC) (n = 10;
Adjusted Calories Diet, TD 88137, Harlan, Indianapolis, IND) or normal chow (NC) (n =
10; Ralston Purina Co., Chicago, IL) during exposure to PM2.5 or filtered air. Assignments
to high-fat chow vs. normal chow and PM2.5 vs. filtered air were random. The Committees
on Use and Care of Animals from New York University and Mount Sinai School of
Medicine approved all experimental procedures.

For studies in vitro, cells were isolated from male wild-type (WT) and TLR4−/− C57BL/6
mice fed NC obtained from Dr. Maria T. Abreau (Adachi et al., 1998; Hoshino et al., 1999).
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PM2.5 Inhalation
Mice were exposed from October 2006 through December 2006 to concentrated PM2.5
(CAPs) composed of the northeastern regional background at the AJ Lanza Laboratory of
the Department of Environmental Medicine of New York University (NYU), which is
located within Sterling Forest State Park in Tuxedo, NY, 40 miles northwest of Manhattan,
where the PM2.5 is largely attributable to long-range transport. Sterling Forest is a largely
undeveloped woodland park. The NYU laboratory is located near the center of the park, on a
relatively lightly traveled two-lane road that bisects the park. There are no large power
generators or industrial operations within 20 miles of the site. The ambient fine PM in
Sterling Forest is, therefore, representative of regional background PM2.5 aerosol of the
megalopolis that extends from Virginia to Maine. The PM in Sterling Forest has been
characterized previously (Maciejczyk et al., 2005).

The CAPs were collected and concentrated by a versatile aerosol concentration enrichment
system (Sioutas et al., 2005), which was modified for longer-term exposures (Chen and
Nadziejko, 2005). The mice were exposed to PM2.5 (n = 10) at an average concentration of
85 µg/m3 for 6 hr/d, 5 d/wk, for 6 wk. The filtered air (FA, n = 10) control mice in the
experiment were exposed to an identical protocol with the exception that a high efficiency
particulate air filter (HEPA, Pall Life Sciences, East Hills, NY) was positioned in the inlet
valve to the exposure system to remove all of the PM2.5 from the air stream. For the
measurement of concentrated PM2.5 in the exposure chambers, PM2.5 samples were
collected on Teflon filters (Gelman “Teflon” 37 mm, 0.2 µm pore) and the filters were
weighed before and after sampling in a temperature and humidity controlled weighing room.
The long-term average exposure that the mice received over this period (15 µg/m3)
corresponds to the current EPA ambient air quality standard and the level of exposure for
many U.S. residents. At the completion of the exposure period, mice were euthanized
following anesthesia with ketamine/xylacine (100 mg/kg, intraperitoneally [IP]). Livers were
then removed and fixed in 10% formalin.

Injection with PM
SRM 1469a, atmospheric particulate matter collected in the Washington, DC area in 1976–
1977, was obtained from the National Institute of Standards and Technology (NIST;
Gaithersburg, MD). SRM 1469a (500 µg) in PBS (n = 3) or PBS alone (n = 3) was injected
into the retinal vein of WT C57BL/6 male mice. After 24 hr, the mice were euthanized
following anesthetization with ketamine/xylacine (100 mg/kg, IP). Livers were removed and
fixed in 10% formalin. Blinded, semi-quantitative scoring of the number of cells containing
PM in ten high power fields was conducted as follows: no cells = 0; one to two cells = 1;
three to five cells = 2; over five cells = 3.

Histological Staining
Formalin-fixed liver specimens were paraffin-embedded. Five mm sections were prepared
and stained either with hematoxylin and eosin (H&E) or with 0.1% Sirius red F3B (Sigma,
St Louis, MO) in saturated picric acid. The H&E sections were scored for inflammation and
fibrosis using the modified Brunt classification system for fatty liver disease (Brunt et al.,
1999) and for the presence of particulate matter by a liver histopathologist blinded as to
sample source. Relative fibrosis area (expressed as % of total liver area) was assessed by
analyzing 40 Sirius red-stained liver sections per animal. Each field was acquired at 10×
magnification and then analyzed with a computerized Bioquant morphometry system
(Bioquant, Nashville, TN). Subtraction of the vascular luminal area from the total field area
yielded the net field area (Horani et al., 2007). To evaluate the relative fibrosis area, the
measured collagen area (red) was divided by the net field area and then multiplied by 100.
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Immunohistochemistry and Electron Microscopy
Formalin-fixed liver sections underwent sequential dehydration in ethanol, peroxide
blocking with 0.03% hydrogen peroxide, and antigen retrieval with citrate buffer (pH 7.6) in
a microwave for 20 min. Sections were stained with horseradish peroxidase-conjugated
primary antibody or isotype control antibody for 1 hr. DAB substrate (3,3’-
diaminobenzidine; Vector, Burlingame, CA) was used for detection. Anti-mouse F4/80
(Abcam, Cambridge, MA) and isotype control antibody (Jackson Immunoresearch, West
Grove, PA) were purchased for macrophage detection. Blinded, semi-quantitative scoring of
the number of cells in 20 high-power fields with positive staining was conducted as follows:
< 10 positive cells = 0; 10–49 cells = 1; 50–99 = 2; 100 or more cells = 3. Glutaraldehyde-
fixed sections from PM-exposed (n = 3) and FA-exposed (n = 3) mice for electron
microscopy were prepared, imaged, and scanned as described previously (Phelps et al.,
1989; Sicari et al., 1999).

Cells
The RAW 264.7 murine macrophage cell line was a kind gift of Dr. J. Unkeless (Mount
Sinai School of Medicine, New York, NY). Cell viability was measured using the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] cell viability kit and following
the manufacturer’s instructions (Biotum Inc., Hayward, CA). Kupffer cells were isolated
from 2-moold WT (n = 5) and TLR4−/− (n = 5) C57BL/6 mice. Following anesthetization
with keta-mine/xylacine, a medial laparotomy was performed and the portal vein was
catheterized. Livers were perfused through the portal vein in situ with 10 ml of Hanks’
Balanced Salt Solution (SAFC Biosciences, Lenexa, KA) followed by 10 ml of 0.02%
collagenase IV (Sigma). The liver was removed and digested for another 30 min in 0.02%
collagenase IV. The digested liver was minced and strained through a steel mesh (70 µm).
The dispersed liver cells were collected by centrifugation at 50 × g for 10 min. at 4 °C. Cells
were washed twice in PBS. Kupffer cells were then isolated by Percoll (GE Healthcare,
Pittsburg, PA) gradient centrifugation at RT. The cells were washed again in PBS twice.
Cells were counted and viability was checked by Trypan blue exclusion (Smedsrod et al.,
1985). Only isolations with >95% cell viability were used. Cells were seeded in 24-well
plates at 2 × 105 in RPMI with 10% heat-inactivated FBS for 72 hr before exposure to
particulate matter. Stellate cells from WT and TLR4−/− C57BL/6 mice were immortalized
as previously described (Guo et al., 2008).

Incubation of Cells In Vitro with PM
DMEM media supplemented with 10% heat-inactivated FBS, 1% L-glutamine, and 1%
penicillin-streptomycin was used for all in vitro studies. All cells were cultured at 37°C and
in a 5% CO2 atmosphere. Macrophages (RAW 264.7) were seeded at 8 × 105 cells/well;
mouse stellate cells (WT and TLR−/−) were seeded at 4 × 105 cells/well; and primary
Kupffer cells isolated from mice were seeded at 1 × 106 cells/well. All wells were at least
70% confluent after 24 hr. Media was completely replaced at 24 hr with media containing
PM (SRM 1649a at 0–200 µg/ml). The doses of PM are based on prior studies of alveolar
cells (Hetland et al., 2005; Imrich et al., 2007). TLR-blocking antibody (Ebioscience, San
Diego, CA) or isotype control antibody (Jackson Immunoresearch, West Grove , PA) were
added to specified wells at 20 µg/mL. The amount of bacterial lipopolysaccharide (LPS)
contamination in SRM 1469a preparations was measured using the Chromogenic Limulus
Amebocyte Lysate Test Kit (Cambrex, Walkersville, MD), according to manufacturer’s
instructions. LPS concentrations in SRM 1469a were less than 125 pg/ml, well below the
level known to stimulate macrophage cytokine secretion. In some experiments, conditioned
media from macrophages exposed to particulate matter (0, 100, or 200 µg/ml) for 24 hr was
employed. Stellate cells were then incubated in a 1:4 mixture of conditioned macrophage
media and fresh media (final concentration of PM was 0, 20 or 40 µg/ml). Control stellate
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cells were likewise exposed to 0, 20, or 40 µg/ml of PM in fresh media. Cell culture
supernatants and cells were retrieved at various timepoints, and mRNA and protein
expression levels were assayed by qRT-PCR and enzyme-linked immunosorbent assay
according to the manufacturer’s directions (R&D Systems, Minneapolis, MN), respectively.
Measurements were performed in triplicate.

Statistical analysis
An unpaired Mann-Whitney U-test was used for non-parametric comparisons of histological
staining. Fisher exact two-tailed test was used to compare the presence of hepatic PM in
CAPs- vs. FA-exposed mice. A one-way ANOVA test was used for parametric comparisons.
A p-value δ 0.050 was considered statistically significant for each test.

Results
Inhalation of PM2.5 increased hepatic inflammation and fibrosis

The livers of wild-type (WT) C57BL/6 mice exposed to either filtered air (FA) or
concentrated air particles (CAPs) were examined histologically at the end of 6 wk. The
average CAPs exposure that experimental mice received over this period (15 µg/m3)
corresponds to the current EPA ambient air quality standard and the level of exposure for
many U.S. residents. During exposure periods the average CAPs concentration was 85 µg/
m3 for the CAPs-exposed mice and 0 µg/m3 for the FA-exposed mice. In mice fed normal
chow (NC), no histological abnormalities were noted regardless of exposure to FA or CAPs
(Figures 1A and 1B). In contrast, increased hepatic steatosis was evident in both groups of
mice fed high fat chow (HFC) (Figures 1C and 1D). Lobular inflammation characterized by
leukocyte infiltration appeared significantly increased along with hepatocyte ballooning and
Mallory bodies in mice exposed to CAPs and fed HFC. Macrophage staining (Figures 1E
and 1F) was significantly increased in the CAPs-exposed mice compared to in the FA-
exposed mice fed HFC (2.4 ± 1.1 vs. 1.1 ± 1.2 cells/hpf, p = 0.045). Bioquant analysis of
Sirius red staining suggested a trend toward increased collagen staining (Figures 1G and 1H)
in CAPs-exposed versus FA-exposed mice (5.9 ± 2.7% vs. 4.5 ± 2.1%, respectively, p =
0.334). The collagen staining had the typical “chicken wire” pattern seen in human NAFLD.

Liver sections were quantitatively scored in a blinded fashion using the modified Brunt
scoring system to assess steatohepatitis (Brunt et al., 1999). CAPs exposure did not
significantly alter the amount of hepatic fat compared to FA exposure for mice receiving
HFC. However, the overall mean steatohepatitis grade (inflammation) was significantly (p <
0 001) higher in the CAPs- vs. FA-exposed mice (Table 1). Increases in lobular
inflammation, hepatocyte ballooning, and Mallory bodies were primarily responsible for the
higher inflammatory grade in the CAPs-exposed mice. The mean fibrosis stage was also
statistically significantly higher in the CAPs-versus FA-exposed mice (p = 0.023) after just 6
wk of exposure. Increased fibrosis typically follows increased inflammation in NAFLD (Jou
et al., 2008). Similarly the NAFLD activity score (Kleiner et al., 2005) based on steatosis,
lobular inflammation, and hepatocyte ballooning was also significantly higher in the CAPs
versus the FA group (7.10 ± 0.88 vs. 4.50 ± 1.90, respectively, p = 0.002).

PM localizes predominantly to Kupffer cells in the liver
It is controversial whether PM reaches the liver following exposure to ambient CAPs. Prior
to analyzing the liver PM content in the ambient CAPs- and FA-exposed mice, standard PM
(SRM 1649a) suspended in PBS or PBS alone was injected intravenously into mice to
determine if circulating PM is taken up by the liver. Twenty-four hours post-injection, H&E
stained liver sections were prepared for review. Dark intra-cytoplasmic PM of less than 2
µm was detected only in the livers of PM injected mice (n=3), mainly within Kupffer cells
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(Fig. 2A&B), and not in PBS-injected mice (n = 3) (data not shown). Larger particles were
not observed in the livers of PM- or PBS-injected mice. Similar dark, intra-cytoplasmic PM
(< 2 µm) was present in the livers of 10 of 10 mice following ambient CAPs exposure
(Figures 2C and 2D) and only 2 of 10 mice exposed to FA (data not shown) after a blinded
analysis of H&E-stained liver sections (p < 0.001). PM was again observed predominantly
in Kupffer cells. Semi-quantitative scoring (0–3) of the percentage of liver cells containing
PM indicated significantly more cells contained PM in CAPs- vs. FA-exposed mice (2.00 ±
0.94 vs. 0.2 ± 0.42, respectively, p < 0.001). Prussian blue did not stain these particles,
indicating little iron was in the PM (data not shown).

Electron microscope imaging of liver sections from the CAPs-exposed mice revealed dense,
intra-cytoplasmic PM in both the liver and lungs (Figures 2E and 2F). The PM in the lung
cells appeared more heterogeneous in size and morphology than in the liver cells.
Spectroscopic analysis of PM in liver cells identified sulfur, a major constituent of PM2.5
known to affect cytokine production (Figure 2G) (Fuentes et al., 2006; Lipfert et al., 2006;
Duvall et al., 2008). Bromine and chlorine, common PM2.5 constituents, were present in the
liver particles as well. The spectroscopic analysis of PM in aorta plaques identified similar
elements as found in liver cell PM (data not shown). Lead, which is known to partition
poorly from the lungs into the circulation (Wallenborn et al., 2007), was present only in the
lung particles (Figure 2H).

PM exposure increased macrophage and Kupffer cell pro-inflammatory cytokine
production in a TLR4-dependent manner

Studies were performed using cultured cells to determine the potential mechanism of any
direct effect of PM exposure on inflammatory cytokine and collagen production by liver
cells. Standard ambient PM (SRM 1469a) was diluted in media for these studies. The LPS
contamination in the PM preparation was minimal, less than 125 pg/ml. Since PM
accumulated mostly in Kupffer cells, resident hepatic macrophages, following exposure to
ambient CAPs, a macrophage cell line was exposed to PM (SRM 1469a) in vitro to assess
changes in pro-inflammatory cytokine production (interleukin [IL]-6, IL-12, and tumor
necrosis factor [TNF]-α). IL-6 mRNA levels were significantly increased in macrophages in
a dose and time dependent manner. As early as 8 hr after addition of PM, macrophage IL-6
mRNA levels were increased 2–5-fold relative to unexposed control cells (both p < 0.050)
for the 100 µg/ml dose and the 200 µg/ml dose, respectively (Figure 3A, black columns).
After 24 hr of exposure to PM (Figure 3 B, black columns), the fold increases in IL-6
mRNA levels were 17.65 ± 5.05 and 65.87 ± 4.93, respectively (both p < 0.010). Pre-
incubation with inhibitory anti-TLR4 antibodies (white columns), as opposed to isotype
control antibodies (black columns), completely blocked the increase in macrophage IL-6
mRNA levels due to PM exposure at both timepoints (Figures 3A and 3B). To a lesser
extent, IL-12 and TNFα mRNA levels were increased 24 hr following PM exposure relative
to control macrophages, but the increases were not statistically significant (p > 0.050) except
the increase in TNFα mRNA concentration was significant after exposure to 200 µg/ml PM
(Figure 3C).

Changes due to PM exposure were also detectable at the protein level. Twenty-four hours
post-PM addition to the macrophage cell line, IL-6 secretion increased 17-fold for the 100
µg/ml dose and 27-fold for the 200 µg/ml dose (both p < 0.010) compared to control
macrophages (Figure 4A). The effect of PM on IL-6 cytokine secretion was also examined
in Kupffer cells isolated from both WT and TLR4−/− mouse livers. There was a significant
increase in IL-6 secretion in PM-exposed, WT Kupffer cells (25–100 µg/ml PM) compared
to unexposed WT Kupffer cells (all < 0.050) (Figure 4B, black columns). The increase in
IL-6 secretion plateaued at a lower dose of PM in Kupffer cells than in the RAW
macrophage cell line. At each dose of PM, IL-6 secretion was significantly less in TLR4−/−
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Kupffer cells (Figure 4B, white columns) compared to WT Kupffer cells (black columns)
(all p < 0.050).

Hepatic stellate cell collagen expression was increased by conditioned media from PM-
exposed macrophages, but not by direct PM exposure

Pro-inflammatory cytokines released by Kupffer cells may enhance fibrosis by increasing
collagen 1A production by hepatic stellate cells, which are in close proximity to Kupffer
cells in the hepatic sinusoids. Therefore, mouse hepatic stellate cells were incubated with 4-
fold diluted, conditioned media from macrophages exposed to 0, 100, and 200 µg/ml PM for
24 hr. In the presence of conditioned media from PM exposed macrophages, collagen 1A
mRNA expression increased significantly in WT (black columns) stellate cells (both p <
0.050) compared to WT stellate cells cultured in conditioned media from unexposed
macrophages (Figure 5A). In TLR4−/− stellate cells (white columns), a significant increase
in collagen 1A mRNA expression was observed in the presence of conditioned media from
macrophages exposed to 200 µg/ml PM (p = 0.005). Exposure of stellate cells to PM in the
absence of macrophage-conditioned media did not increase collagen 1A mRNA expression
(Figure 5B).

Discussion
Since NAFLD is the most common chronic liver disease, identification of risk factors
responsible for NAFLD progression will significantly help reduce morbidity and mortality
from chronic liver disease. The need for liver transplantation would be reduced as well.
Limited data is available concerning environmental risk factors associated with NAFLD
progression. Our results suggest that chronic inhalation of low levels of ambient air PM is an
important risk factor for progression of NAFLD. The minimal hepatic inflammation and
fibrosis in mice exposed only to filtered air indicates that reductions in ambient air PM
levels or specific PM components would reduce morbidity and mortality due to NAFLD.

To what extent reducing PM exposure will decrease progression of benign fatty liver to
steatohepatitis is uncertain. Even if only a small percentage of those with NAFLD are
affected by PM exposure, millions might benefit from reduced PM exposure since a large
epidemiologic study suggested NAFLD affects up to 30% of the U.S. population as assessed
by hepatic triglyceride content (Browning et al., 2004). Hispanics (45%) were most likely to
have NAFLD and the prevalence of insulin resistance (58%) and metabolic syndrome (30%)
was increased three fold in those with NAFLD. Of all factors analyzed, body mass index
(i.e. obesity) had the closest positive correlation with hepatic triglyceride content. For now
the prevalence of NAFLD is less in the pediatric population; however, a 4 fold increase in
pediatric cases of NAFLD has been noted in the past two decades (Koebnick et al., 2009).
This data suggests NAFLD will be even more prevalent amongst adults in the near future.
Epidemiologic studies utilizing U.S. Environmental Protection Agency data on local PM
levels may be helpful in assessing the importance of PM exposure in progression of
NAFLD.

Our animal exposure study was physiologic in that it utilized ambient air PM at doses
mimicking naturally occurring levels, daily exposure, natural inhalation, and diet-induced
hepatic steatosis. Previous studies using less physiologic models have examined the effect of
air pollutant exposure on the liver (Folkmann et al., 2007; Gong et al., 2007; Tomaru et al.,
2007). Tomaru et al. demonstrated that obese diabetic mice injected intratracheally bi-
weekly for four months with diesel exhaust particles developed increased hepatic steatosis
and lipid peroxidation compared to mice exposed to vehicle only (Tomaru et al., 2007).
Diesel exhaust particles are a major component of ambient PM in urban areas. Araujo et al.
(2008) also observed increased hepatic lipid peroxidation in ApoE knockout mice fed NC
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and exposed three days a week for six weeks to ambient air CAPs collected 300 m from a
Los Angeles freeway. Hepatic lipid peroxidation is indicative of oxidative stress, commonly
associated with the transition from simple fatty liver to a pro-fibrotic inflammatory state
(steatohepatitis) (Wortham et al., 2008). Unlike our study, the effect of air pollutant
exposure on hepatic inflammation and fibrosis was not analyzed in these studies.

Along with oxidative stress, Kupffer cell/macrophage activation and cytokine/chemokine
production play a central role in the progression of NAFLD (McCullough, 2006). PM was
primarily observed in the cytosol of Kupffer cells and to a lesser extent in portal
macrophages. Our studies in vitro indicate that ambient PM that reaches the liver has the
potential to induce Kupffer cell cytokine secretion in vivo. Kupffer cell IL-6 secretion was
greatly increased following PM2.5 exposure. IL-6 levels are significantly elevated in human
NAFLD (Wieckowska et al., 2008) and are significantly higher in those with steatohepatitis
as opposed to simple fatty liver (Wieckowska et al., 2008). Kupffer cell activation by PM
was TLR4-dependent, consistent with recent studies indicating that macrophage TLR4
expression is pivotal for progression of NAFLD (Rivera et al., 2007). Similar to PM,
bacterial LPS activation of hepatic macrophage via TLR4 may also play a role in NAFLD
progression (Becker et al., 2002). Though LPS may be bound to ambient PM, the ambient
PM used in our studies in vitro contained only trace amounts of LPS (< 125 pg/ml)
insufficient for activation of macrophages.

It is uncertain whether the particles noted in the liver represent intact, ambient PM that
translocated from the lungs into the circulation. The particles we observed in liver may be
soluble components of PM that were released from their insoluble carbon backbone. Water
or acid soluble metals have been shown to translocate to the systemic circulation and deposit
in the rat liver following acute or chronic exposure to PM derived from incomplete oil or
coal combustion, respectively (Mani et al., 2007; Wallenborn et al., 2007). In the latter
study, increased hepatic inflammation was noted, but the exposure concentration was a
thousand fold higher than in the current study. Seasonal and geographic variability in
ambient PM concentrations and components alter its effect on pulmonary (Nadadur and
Kodavanti, 2002; Prophete et al., 2006) and cardiovascular disease (Steerenberg et al.,
2006). Further studies are needed to determine the route and extent to which inhaled
particulate matter reaches the liver.

Our working model (Figure 6) illustrates how inhaled fine PM may reach the liver by
crossing the alveolar membranes to reach the circulation. Circulating fine PM may then
accumulate in both atherosclerotic plaques (Sun et al., 2005) and hepatic Kupffer cells.
TLR4-dependent activation of cytokine release by Kupffer cells may then trigger
inflammation and hepatic stellate cell collagen synthesis. A better understanding of the
impact of ambient PM exposure on NAFLD progression may require studies utilizing a
variety of ambient PM sources. Lastly, the increased inflammation and fibrosis induced by
ambient PM exposure in this animal model may facilitate evaluation of treatments to slow
fatty liver disease progression.
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Figure 1. Histological analysis of formalin-fixed sections from C57BL/6 mice exposed to FA or
CAPs
H&E staining demonstrated that mice fed NC did not develop fatty livers or hepatic
inflammation regardless of exposure to FA (A) or PM (B). Mice receiving HFC and exposed
to FA had fatty livers with minimal hepatic inflammation (C); whereas CAPs-exposed mice
on HFC developed fatty livers with increased hepatic inflammation (as noted by arrows)
(D). F4/80 macrophage staining was less significant in HFC mice exposed to FA (E) versus
CAPs (F). Sirius red staining of collagen deposition in mice fed HFC was slightly less in
mice exposed to FA (G) versus CAPs (H). For each panel a representative image is shown.
Bars represent 10 µm.

Tan et al. Page 12

J Immunotoxicol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Examination of PM in liver sections
Following injection of PM, fine particles less than 2 µm are observed in the cytosol of
hepatic macrophages, primarily Kupffer cells as seen under high power (40× objective) in
H&E-stained formalin–fixed sections (A and B; arrows mark PM; bar equals 10 µm).
Similar PM was observed in hepatic macrophages following CAPs exposure (C and D;
arrows mark PM; bar equals 10 µm). Imaging of glutaraldehyde-fixed sections by electron
microscopy also identified electron dense fine PM in both livers (E) and lungs (F) of mice
following exposure to ambient CAPs (arrows mark PM; bar = 2 µm). Electron dispersive
spectroscopy of the electron dense intracellular particles revealed sulfur (S), chlorine (Cl),
and bromine (Br) in the liver (G) and lead (Pb) and bromine (Br) in the lung (H). The
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osmium (Os) peaks indicate deposition of osmium tetroxide, which is used to fix
membranes. Copper (Cu) peaks are from the copper grid used to mount the tissue section.
(Counts = electron counts, KeV = kilovolts.). For each panel a representative image is
shown.
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Figure 3. PM effect on cytokine mRNA levels in cultured macrophages
IL-6 mRNA levels were increased in murine RAW macrophages (black bars) both 8 hr (A)
and 24 hr (B) after PM addition. Antibody blockade of TLR4 (white bars) inhibited the
effect of PM on IL-6 mRNA levels. Isotype control antibody was present in other cultures
(black bars). Macrophage IL-12 and TNFα mRNA levels were more modestly increased by
PM exposure after 24 hr (C). The results are based on at least three independent
experiments. *Statistically significant differences (p < 0.050).
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Figure 4. PM effect on cultured macrophage and Kupffer cell IL-6 protein secretion
PM addition significantly increased mouse macrophage cell line IL-6 secretion after 24 hr
(A). PM stimulated IL-6 secretion by isolated WT Kupffer cells (black bars) but not
TLR4 −/− Kupffer cells (white bars) after 24 hr (B). The results are based on at least three
independent experiments. *Statistically significant differences (p < 0.050).
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Figure 5. PM effect on cultured stellate cells
Collagen 1A mRNA levels in both WT (black bars) and TLR4−/− (white bars) hepatic
stellate cells were increased by exposure to conditioned media from macrophages exposed
to PM (A). Direct PM exposure had no significant effect on collagen 1A mRNA expression
(B). The results are based on at least three independent experiments. *Statistically
significant differences (p < 0.050).
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Figure 6. Dissemination of ambient PM2.5 and activation of tissue macrophages
Ambient PM2.5 may stimulate alveolar macrophage activation and IL-6 production. Soluble
PM2.5 may then enter the circulation and enhance tissue macrophage production of pro-
inflammatory cytokines and chemokines. In arteries, this process may enhance progression
of atherosclerosis while in the liver progression of NAFLD may be accelerated.
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