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Abstract

Objective: Air pollution is associated with increased cardiovascular morbidity and mortality as 

well as dyslipidemia and metabolic syndrome. Our goal was to dissect the mechanisms involved.

Approach and Results: We assessed the effects of exposure to air pollution on lipid 

metabolism in mice through assessment of plasma lipids and lipoproteins, oxidized fatty acids 9-

HODE and 13-HODE, lipid and carbohydrate metabolism. Findings were corroborated and 

mechanisms were further assessed in HepG2 hepatocytes in culture. ApoE KO mice exposed to 

inhaled diesel exhaust (DE, 6 hours/day, 5 days/week for 16 weeks) exhibited elevated plasma 

cholesterol and triglyceride levels, increased hepatic triglyceride content and higher hepatic levels 

of 9-HODE and 13-HODE, as compared with control mice exposed to filtered air (FA). A direct 

effect of DE exposure on hepatocytes was demonstrated by treatment of HepG2 cells with a 

Corresponding author: Jesus A. Araujo, MD, PhD. Division of Cardiology, Department of Medicine, David Geffen School of 
Medicine, University of California-Los Angeles, 10833 Le Conte Avenue, CHS 43-264, Los Angeles, CA 90095. P.O. Box 951679. 
Phone number (310) 825-3222, Fax number (310) 206-9133. JAraujo@mednet.ucla.edu. 

Disclosures:
Dr. Araujo, Dr. Rosenfeld and Dr. Lusis report grants from the National Institutes of Health, during the conduct of the study; no other 
conflict of interest is present.

HHS Public Access
Author manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 September 01.

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2019 September ; 39(9): 1776–1786. doi:10.1161/ATVBAHA.
119.312736.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



methanol extract of DE particles followed by loading with oleic acid. As observed in vivo, this led 

to increased triglyceride content and significant downregulation of ACAD9 mRNA expression. 

Treatment of HepG2 cells with DE particles and oleic acid did not alter de-novo lipogenesis, but 

inhibited total, mitochondrial and ATP-linked oxygen consumption rate, indicative of 

mitochondrial dysfunction. Treatment of isolated mitochondria, prepared from mouse liver, with 

DE particles and oleic acid also inhibited mitochondrial complex activity and β-oxidation.

Conclusions: Diesel exhaust exposure leads to dyslipidemia and liver steatosis in ApoE KO 

mice, likely due to mitochondrial dysfunction and decreased lipid catabolism.
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Introduction

Exposure to air pollutants is associated with increased morbidity and mortality worldwide 
1, 2. Deaths are largely due to increased cardiovascular and cerebrovascular diseases of an 

ischemic nature 3, including acute coronary events, stroke and arrhythmias. These appear to 

occur in the setting of a common atherothrombotic substrate. While both particulate and 
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gaseous components have been associated with cardiovascular pathology, epidemiological 

studies show stronger associations with fine particulate matter (PM) with an aerodynamic 

diameter < 2.5 μm (PM2.5) 1. A large body of evidence, employing hyperlipidemic animal 

models, supports the causal link between PM exposure and atherosclerosis (reviewed by 

Araujo) 4.

We have reported that diesel exhaust (DE) emissions and ultrafine particles result in a pro-

atherogenic lipid profile, consisting of LDL particles that are more oxidized (or prone to 

oxidation) and dysfunctional HDL, with decreased ability to protect against oxidation and 

inflammation 5-7. Other studies have shown that PM exposure results in the induction of 

hyperlipidemia, alteration of lipid and carbohydrate metabolism resulting in insulin 

resistance, and non-alcoholic fatty liver disease (NAFLD) 8, 9. NAFLD encompasses a wide 

spectrum of fatty degenerative disorders of the liver in the absence of alcohol intake, ranging 

from simple liver steatosis to steatohepatitis and cirrhosis 10. NAFLD associates with 

metabolic syndrome and cardiovascular disease and its development could help to explain a 

portion of PM-induced cardiovascular morbidity and mortality 10. Zheng et al reported that 

PM2.5 exposures for 10 weeks lead to increased plasma levels of triglycerides and LDL/

VLDL cholesterol, accompanied by triglyceride accumulation in the liver and the 

development of a non-alcoholic steatohepatitis (NASH)-like phenotype with fibrosis 8. 

PM2.5 in urban settings is enriched in particles from automobile engine emissions, which 

makes it likely that these particles could also be capable of inducing lipid dysregulatory 

actions. Therefore, it is critical to understand the mechanistic pathways by which PM 

induces dyslipidemia and lipid metabolic effects.

We have previously shown that a two week exposure to DE leads to increased lipid 

peroxidation in the lungs, blood and liver of ApoE KO mice, a mouse model which is prone 

to develop atherosclerotic lesions even when fed a normal laboratory diet 11. However, we 

did not notice any effects on the quantitative levels of circulating plasma lipoproteins. We 

hypothesized that longer exposures were required to unveil effects on lipid metabolism that 

could influence levels of lipids in the blood. In the current study, we exposed ApoE KO mice 

to whole DE for 16 weeks to determine whether diesel emissions are capable of inducing 

effects on plasma and hepatic lipids.

Materials and Methods

The authors declare that all supporting data are available within the article [and its online 

supplementary files].

Exposure system

Characteristics of the exposure system have been previously described in details 12, 13. 

Briefly, diesel exhaust (DE) was derived from a 5.5-kW, single-cylinder generator (Yanmar 

model YDG5500EV-6EI). We selected the engine load by setting a load bank (Simplex, 

Model Swift-E FT, Springfield, IL) to 4.0 kW ~ 72 % generator output. Ultra-low sulfur 

diesel fuel was used with a maximum sulfur content of 15 ppm, the present highway grade 

diesel fuel obtained from local fuel distributors. The generator lubricating oil was Chevron 
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DELO 400LE, SAE 15 W-40. All diluted air for the system was passed through HEPA and 

carbon filters, permitting a filtered air control exposure option with very low particulate and 

gaseous organic pollutant levels. The air entering the exposure room was conditioned to 

18°C, and 60% relative humidity. During exposures, the concentrations of particulate were 

continuously measured and maintained at steady levels using a feedback controller 

monitoring fine particulate levels. Multi-stage samples that were collected on a micro-orifice 

uniform deposition impactor (MOUDI; MSP, Shoreview, MN) indicated a mass median 

diameter of 0.104 μm.

Lipoproteins and Carbohydrate metabolism

Plasma glucose concentrations were determined colorimetrically with the Glucose Trinder 

reagent (Sigma Diagnostics, St. Louis, MO) and insulin levels were determined with a 

sensitive insulin radioimmunoassay (RIA) kit (Linco Research, St. Charles, MO). HOMA-

IR was calculated using the formula: HOMA-IR = [glucose (mg/dl) * insulin (m IU/mL)/

22.5], using fasting values 14. Plasma lipoprotein size fractions were determined by gel 

filtration chromatography as previously described 5. For additional details, please refer to the 

supplemental material (avaiblable online at http://atvb.ahajournals.org).

Oxidized fatty acids

Mouse liver tissues were extracted and analyzed by LC-MS/MS as previously described 5, 

with minor modifications. Please refer to the online supplemental material for more details.

Tissue culture

Human hepatocellular carcinoma cell line HepG2 from American Type Culture Collection 

(ATCC, Manassas, VA, USA) was maintained as subconfluent monolayers in DMEM 

supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) and 1% penicillin-

streptomycin (Invitrogen, Carlsbad, CA). HepG2 cells were cultured at 37°C in a humidified 

atmosphere of 5% CO2 and 95% air. The culture medium was changed every two days. In 

some experiments, HepG2 cells were treated with an organic extract of diesel exhaust 

particles (DEP), 50-100 μg/ml for 24-48 hours. DEP was obtained as a generous gift from 

Dr. Andrew Saxon at UCLA, originally generated at the National Institute of Environmental 

Studies (Tsukuba, Ibaraki, Japan). These particles were collected, characterized and 

underwent a methanol extraction as previously described 15.

Mitochondrial Bioenergetics

Oxygen consumption rate (OCR) was measured using a XF24 Analyzer (Agilent). For 

cellular OCR, HepG2 cells were incubated in unbuffered DMEM containing 25 mM 

glucose, 1 mM pyruvate and 2 mM glutamine. OCR was measured before (total respiration) 

and after the sequential injection of 0.75 μM oligomycin (complex V inhibitor), 0.2 μM 

carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, uncoupler), and 0.75 μM of 

rotenone and myxothiazol (complex I and III inhibitors, respectively), as described 

previously 16. Mitochondrial respiration was calculated by subtracting the non-

mitochondrial respiration left after rotenone and myxothiazol injection. Oligomycin-
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sensitive respiration represents ATP-linked respiration (coupled respiration). To measure 

electron transport chain complex activity from cells, HepG2 cells were incubated in 

Mitochondrial Assay Solution (MAS) buffer with 10 mM pyruvate (complex I substrate), 2 

mM malate, 4 μM FCCP, and 1 nM of XF Plasma Membrane Permeabilizer (PMP) reagent 

as previously described 17. OCR was measured before and after the sequential injection of 2 

μM rotenone, 10 mM succinate (complex II substrate), 4 μM antimycin A (complex III 

inhibitor), and a mix of 10 mM ascorbate and 100 μM TMPD (complex IV substrates), as 

described 17. Antimycin A-sensitive respiration represents the complex III respiration. To 

measure OCR directly from mitochondria, mitochondria were isolated from fresh liver by 

dual centrifugation at 800g and 8000g 17. Twelve μg of mitochondria were seeded per well 

by centrifugation. To assess β-oxidation, mitochondria were treated with 80 μM palmitoyl-

carnitine/1 mM malate (fatty acid oxidation-driven complex I) in MAS buffer (without 

glucose) and vehicle, 1 mM OA and/or 100 μg/ml DEP for 1h at 37ºC. OCR was then 

measured before and after the sequential injections as described above. All data were 

normalized per μg of protein.

Gene expression

Total mRNA was harvested and gene expression levels were determined by quantitative PCR 

(qPCR) as previously described 6. For additional details, please refer to the online 

supplemental material.

Statistical analyses

Data were reported as means ± SEM. Normality of data was assessed using the Shapiro-

Wilk test (α=0.05), and homogeneity of variance was determined using either an F-test (for 

comparison of two groups) or Levene test (for comparison of three or more groups). Data 

were analyzed by parametric tests, unpaired Student’s t test for comparison of two groups or 

One-way ANOVA followed by Tukey’s post hoc test for comparison of three or more 

groups. If either normality or equal variance test failed, data were analyzed with non-

parametric tests, Mann Whitney U test for comparison of two groups, or Kruskal Wallis test 

followed by Dunn’s post hoc test for comparison of three or more groups. Associations 

between variables were determined by parametric linear regression analyses using Pearson 

correlation values, calculated with GraphPad Prism 6 software or RStudio 1.2.1335 for 

Windows. Statistical tests for each experiment were specified in the figure legends. p values 

< 0.05 were considered statistically significant.

Results

Exposure to diesel exhaust results in increased plasma and hepatic lipids

We exposed male ApoE KO mice, fed a normal laboratory diet, to DE vs. filtered air (FA) as 

controls for 16 weeks (Figure 1A). We noticed that DE-exposed mice exhibited higher 

plasma total cholesterol and triglyceride levels than FA-exposed controls (Table 1). Higher 

plasma cholesterol levels were due to cholesterol increases in the HDL and non-HDL 

fractions. FPLC profiles indicated increased cholesterol in particles from all fractions 

(VLDL, LDL+IDL and HDL) as evidenced by larger areas under the curve in each fraction 
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(Figure 1B). In addition, DE-exposed mice exhibited a VLDL fraction with a rightward shift 

as compared with FA controls, suggesting that VLDL particles could be smaller in DE-

exposed mice (Figure 1B). Increases in triglyceride levels (Table 1) were due to increased 

triglyceride content of VLDL particles, but not in the other fractions, as judged by analyses 

of the FPLC profiles (Figure 1B). In contrast, hepatic cholesterol content was similar but 

DE-exposed mice showed a significant increase in hepatic triglyceride content as compared 

with FA controls (p=0.03) (Table 1), which suggested that either hepatic de novo lipogenesis 

(DNL), fatty acid uptake or lipid catabolism could be affected. Furthermore, DE also led to 

increased levels of 9-hydroxyoctadecadienoic (HODE) and 13-HODE acid in the liver 

(Figure 2A), derived from the oxidation of linoleic acid. Interestingly, there were 

associations between both 9-HODE and 13-HODE with triglyceride content (r= 0.5, Figure 

2B), and although the correlations were not significant (p=0.08 and 0.09, respectively), they 

highly suggest that DE-induced oxidative stress could play a role in triglyceride 

accumulation in the liver.

Diesel exhaust dysregulates hepatic lipid catabolism.

To understand the mechanism responsible for DE-induced triglyceride accumulation in the 

liver, we assessed the mRNA expression levels of several genes known to be critical for 

hepatic DNL, including sterol regulatory element binding transcription factor (protein) 1c 

(Srebp-1c), fatty acid synthase (Fasn), stearoyl-CoA desaturase 1 (Scd1), fatty acid 

desaturase 6 (Fads6), diacylglyerol O-Acyltransferase 1 (Dgat1), and diacylglycerol O-

Acyltransferase 2 (Dgat2). DE exposure did not lead to activation of lipogenic pathways or 

genes involved in translocation of fatty acids across the plasma membrane and fatty acid 

uptake such as solute carrier family 27 (fatty acid transporter) member 1 (Slc27a1). Instead, 

DE significantly downregulated ATP citrate lyase (Acly) (Figure 3A), suggesting that 

changes in hepatic de novo lipogenesis were not likely the primary cause of increased 

hepatic triglyceride accumulation.

We then explored whether DE affected lipid catabolism (Figure 3B). There was a decrease in 

the mRNA levels of peroxisome proliferator-activated receptor alpha (Pparα), a master 

regulator of fatty acid oxidation and homeostasis 18, 19 which did not reach statistical 

significance (p= 0.10). In addition, there was no difference in the protein levels of PPARα 
(Figure 3C) or PPARα target genes such as carnitine palmitoyltransferase 1 (Cpt1) and 2 
(Cpt2) (Figure 3B), vanin-1 (Vnn1), cytochrome P450 family 4 subfamily a polypeptide 14 

(Cyp4A14) (Figure 3D), and instead, there was an increase in the mRNA levels of perilipin 

5 (Plin5) (Figure 3D), also a PPARα target 20, indicating that the DE-induced elevation of 

hepatic triglycerides could not be ascribed to regulatory effects on PPARα. Importantly, 

there was a suggestive downregulation in the mRNA levels of acyl-coenzyme A 

dehydrogenase family member 9 (Acad9) (p= 0.08, Figure 3B), accompanied by an 

association between Acad9 mRNA levels and liver triglycerides (Figure 3E) that was 

suggestive as well (p= 0.08). Acad9 catalyzes the rate-limiting step in the β-oxidation of 

fatty acyl-CoA, and is specifically active toward palmitoyl-CoA and long-chain unsaturated 

substrates 21, suggesting that DE-induced steatosis could likely be due to decreased fatty 

acid catabolism.
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HEPG2 cells also accumulate triglycerides after treatment with DEP

We explored whether the particulate component of DE had the ability to induce triglyceride 

accumulation in hepatocytes in culture, which would enable us to further dissect mediating 

pathways involved. HepG2 cells, treated with an organic extract of DE particles (DEP), 

25-100 μg/ml for 24-48 hours, did not exhibit triglyceride accumulation (data not shown). 

We then treated HepG2 cells with 100 μg/ml DEP for 4 hours, followed by 2 mM oleic acid 

(OA) for 44 hours. Under these conditions, we noticed that DEP+OA resulted in 

significantly higher triglyceride accumulation than cells treated with only OA (p<0.05), DEP 

or media (p<0.01) (Figure 4A&B). We then asked whether an increase in triglyceride 

accumulation could be due to enhanced de-novo lipogenesis (DNL) in cells treated with 

DEP+OA. Thus, we assessed DNL using 14[C] acetate in cells treated with DEP, OA, DEP

+OA or media using the same conditions. Cells treated with DEP, OA or DEP+OA did not 

show higher DNL (Figure 4C), ruling out DNL as a key determinant of the triglyceride 

accumulation exhibited by cells treated with DEP+OA. Furthermore, there were no 

significant differences in mRNA levels of lipogenic genes ACLY and ELOVL6 in DEP+OA 

treated cells as compared with OA-treated cells (Figure 4D), indicating that these enzymes 

were not involved in DEP-induced triglyceride accumulation in HepG2 cells. Although DEP

+OA co-treatment led to a significant reduction in PPARα mRNA levels, expression of 

target genes CPT1 and VNN1 was unaffected or increased, indicating that DEP-induced 

triglyceride accumulation was not likely mediated by changes in PPARα expression (Figure 

4E). Interestingly, however, DEP+OA co-treatment led to a significant decreased in the 

mRNA levels of ACAD9 as compared with cells treated with OA only (p= 0.01, Figure 4E), 

consistent with similar effects in vivo.

DEP impairs mitochondrial function and lipid catabolism

ACAD9 deficiency has been reported to lead to defects in fatty acid β-oxidation and 

mitochondrial complex I deficiency 22, 23. Therefore, we evaluated whether DEP exposure 

could induce mitochondrial dysfunction. HepG2 cells were treated with DEP, OA or DEP

+OA as above. Oxygen consumption rate (OCR) was assessed by a Seahorse metabolic flux 

analyzer. Treatments with DEP and OA alone inhibited total OCR, which was due to a 

decrease in mitochondrial, and more precisely, ATP-linked respiration. Interestingly, co-

treatment with DEP and OA inhibited mitochondrial respiration to a greater extent than DEP 

or OA treatments alone (Figure 5A&B). Using a plasma membrane permeabilizer reagent on 

HepG2 cells, we found that DEP significantly impaired mitochondrial complex I and IV 

activity when followed by OA treatment (DEP+OA, Figure 5C). Next, we asked whether 

DEP could directly affect the activity of isolated mitochondria. We prepared fresh 

mitochondria from mouse liver and treated them with 10 mM pyruvate/2 mM malate and 

100 μg/ml DEP for 2 h in the absence or presence of 1 mM OA. Strikingly, DEP was able to 

impair mitochondrial respiration either by itself and/or together with OA, suggesting that the 

defect could be due in part to a direct effect of DEP on mitochondria (Figure 6A). We then 

evaluated if DEP-induced mitochondrial dysfunction could result in impaired β-oxidation. 

We treated fresh mitochondria with 100 μg/ml DEP +/− 1 mM OA for 1 hour, in the 

presence of 80 μM palmitoyl-carnitine/1 mM malate. Importantly, DEP+OA co-treatment 

markedly suppressed mitochondrial respiration driven by all complexes as compared with 

OA and/or media alone (Figure 6B), indicating an impairment in fatty acid oxidation and 
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supporting the notion that DEP-induced triglyceride accumulation was due to reduced lipid 

catabolism (Figure 7).

Discussion

This is the first report demonstrating effects of DE on lipid metabolism, liver steatosis, and 

mitochondrial functions. We found that ApoE KO mice fed a normal laboratory diet and 

exposed to whole DE for 16 weeks exhibited dyslipidemia and hepatic triglyceride 

accumulation (i.e. hepatic steatosis), likely due to mitochondrial dysfunction.

We have shown that exposure to ambient PM and DEP leads to enhanced atherosclerosis in 

ApoE KO mice 6, 24. It has also been reported that C57BL/6 mice exposed to PM2.5 for 10 

weeks exhibited triglyceride accumulation and the development of a NASH-like phenotype 
8, but pathogenic mechanisms remain unknown, as air pollution-induced liver steatosis is 

complex and likely to involve multiple pathways. We noted that 16-week exposure to DE led 

to increased hepatic triglyceride accumulation (Table 1), and that this was likely due to 

diminished lipid catabolism, rather than increased DNL. In addition, we noted that (human) 

HepG2 cells treated with DEP and exposed to fatty acids (OA) exhibited accumulated lipid 

and a significant downregulation of ACAD9 (p= 0.01) (Figure 4E), which mediates β-

oxidation of fatty acids in the mitochondria 21. DEP, especially in the presence of OA, led to 

deficient cellular and mitochondrial respiration, indicative of mitochondrial dysfunction 

(Figure 5B). Furthermore, DEP+OA markedly suppressed β-oxidation as indicated by 

decreased respiration when fatty acids were the only source of energy but did not alter DNL. 

Consistent with our results, ACAD9 mutations have been shown to induce mitochondrial 

dysfunction resulting in complex I deficiency, a mitochondrial respiratory chain disorder, 

with subsequent perturbation in transfer of electrons to coenzyme Q and downstream 

respiratory chain complexes 23. However, DEP+OA suppressed other mitochondrial 

complexes besides complex I, which suggests the participation of additional mediating 

pathways.

We noted that DE exposure also resulted in markedly increased levels of 9- and 13-HODE 

indicating increased oxidative stress in the liver. 13-S-HODE has been reported to induce 

mitochondrial dysfunction as judged by alterations in calcium homeostasis and 

mitochondrial structural alterations in bronchial epithelial cells 25. Although we did not 

assess the chiral distribution of increased 13-HODE, it is likely that the S steroisomer (13-S-

HODE) was increased in DE-exposed livers as well by non-enzymatic and/or enzymatically 

mediated pathways, both of which lead to substantial oxidative conversion of linoleic acid 

into 13-S-HODE. Our results are consistent with the reported ability of DEP to induce O2
∙− 

generation, decrease of membrane potential, and loss of mitochondrial membrane mass in 

RAW 264.7 cells 26 as well as mitochondrial dysfunction in alveolar macrophages from 

mice exposed to DEP via pharyngeal aspiration 27. Altogether, our in-vitro data strongly 

suggests that the DEP-induced triglyceride accumulation exhibited by live mice exposed to 

DE was likely due to mitochondrial dysfunction and suppressed fatty acid oxidation, either 

indirectly by increasing HODEs formation, and/or downregulating Acad9, or via direct 

interaction with the mitochondria (see proposed model in Figure 7). Future studies are being 
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directed at the 13-HODE/Acad9-mitochondrial dysfunction axis for understanding the 

effects of DE on hepatic physiology.

DE exposures also led to a suggestive downregulation of PPARα which could potentially 

mediate decreased β-oxidation of fatty acids and triglyceride accumulation in the liver in the 

same manner that PPARα KO mice exhibit decreased basal levels of β-oxidation of C16:0 28 

resulting in hepatic steatosis 29, 30. However, not only decreased mRNA levels in DE-

exposed mice did not reach statistical significance (p= 0.10) but also, there were neither 

differences in PPARα protein levels nor a consistent pattern of downregulation of PPARα 
target genes in livers from the DE group. Therefore, effects on PPARα are unlikely to 

explain the changes observed after 16 weeks of exposure to DE but we cannot rule out a 

potential role at earlier times of exposure. Thus, PPARα mRNA and protein levels have been 

reported to decrease in C57BL/6 mice exposed to PM2.5 for 10 weeks 8. In addition, we have 

noted that DEP-induced triglyceride synthesis in HepG2 cells was accompanied by 

decreased PPARα mRNA levels as well (Figure 4E), and it was completely abrogated by co-

treatment with a PPARα activator (supplementary figure I), suggesting its potential value to 

mitigate PM-induced liver toxicity. Future studies with liver-specific PPARα KO mice will 

be needed to address whether regulation of PPARα plays any role in DE-induced liver 

steatotic effects.

The current study evaluates the effects of DE on ApoE KO mice fed a normal laboratory 

diet. This is a genetic model that shows a more modest degree of hepatic steatosis than either 

wild-type (WT) or ApoE KO mice challenged with a high fat diet 31-33. ApoE KO mice 

exhibited marked hypercholesterolemia with either no 31 or modest increase 34 in the plasma 

levels of triglycerides, so it is important to note that DE exposure increased both plasma and 

hepatic levels of triglycerides together with increased hepatic levels of HODEs. 9-HODE 35 

and 13-HODE 35, 36 have been found significantly elevated in patients with NASH (grade II 

steatosis) compared with patients with simple steatosis (grade I steatosis) or normal liver 

biopsies 36. 9-HODE, in particular, plays an important role in the inflammatory process by 

regulating monocyte and macrophage functions 37. However, in spite of a significant 

increase in 9-HODE, DE led to a modest development of hepatic steatosis without obvious 

histological evidence of inflammation or fibrosis (supplementary figure II). These effects 

were more modest than those induced by 10-week exposures to PM2.5 on C57BL/6 mice fed 

a normal laboratory or a high fat diet 8, 38. One possibility is that longer exposures would 

have been required to develop steatohepatitis. Another possibility is that lack of 

inflammation could have been due to the concurrent increased levels of 13-HODE which 

may have inhibited the proinflammatory activity of 9-HODE, in a similar manner how 13-

HODE inhibits the exacerbation of an inflammatory response induced by 9-HODE in 

RAW264.7 macrophages stimulated with LPS 39. Alternatively, this could have been due to 

differences between DE and PM2.5 toxicity, the different mouse models employed or other 

experimental factors.

DE exposure for 16 weeks led to hypertriglyceridemia and hypercholesterolemia. PM2.5 

exposures have also been reported to increase plasma levels of triglycerides accompanied by 

increased LDL/VLDL cholesterol ratios and insulin resistance but without altering HDL or 

total plasma cholesterol levels 8. On the contrary, we observed increased cholesterol in all 
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fractions and triglycerides in the VLDL fraction (Figure 1), without evidence for insulin 

resistance (supplementary figure III). Although the current study did not investigate precise 

mechanisms involved in the alteration of cholesterol homeostasis, it is unlikely that these 

effects were due to increased hepatic cholesterol synthesis. DE did not upregulate the mRNA 

expression levels of various enzymes involved in critical steps of cholesterol biosynthesis 

such as 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), mevalonate diphosphate 

decarboxylase (Mvd) or squalene epoxidase (Sqle). Instead, DE led to decreased levels of 

Mvd (supplementary figure IV). It is likely that DE influenced other cholesterol metabolic 

pathways, a possibility that will need to be addressed by future studies. On the other hand, 

there were trends for correlations between plasma triglycerides, and liver 9-HODE (r=0.56), 

13-HODE (r=0.53) and triglycerides (r= 0.324, supplementary figure V), suggesting that DE 

effects on plasma triglycerides could be related to increased hepatic VLDL production. 

However, given the systemic nature of DE exposures, it is also possible that other 

mechanisms involving lipid uptake by the liver, intestinal lipid absorption, or changes in 

peripheral tissues (e.g., adipose tissue, muscle) could have contributed to the DE-induced 

lipid metabolic effects (Figure 7). Future studies will also need to address these various 

possibilities.

How does inhalation of DE induce these metabolic effects in tissues system-wide? One 

possibility is that inhaled DEP are translocated systemically to the liver. It has been reported 

that Kupffer cells might take up particles after inhalation of concentrated PM2.5 40 but 

particles have yet to be identified in hepatocytes. It is also possible that chemical 

constituents leach from lung-inhaled DEP and are subsequently transported to the liver via 

the systemic circulation. A third possibility is that DEP gain access to the gastrointestinal 

(GI) tract, considering that inhaled particles can enter the GI tract as a result of rapid 

bronchial mucocilliary cleansing to the oropharynx, followed by swallowing 41. 

Alternatively, semivolatile organic compounds (SVOC) present in inhaled particles could 

volatilize and access the GI tract in the gaseous phase. Therefore, particulate and/or gaseous 

components could access and exert biological effects in the GI tract, and possibly be 

absorbed into the enterohepatic and systemic circulation. Indeed, we have previously 

reported that Ldlr KO mice exposed to inhaled ambient ultrafine particles for 10 weeks 

developed intestinal inflammation together with increased intestinal and plasma levels of 9-

HODE 42, 43.

In summary, chronic exposure to DE causes increased plasma levels of triglycerides and 

cholesterol as well as hepatic steatosis, which are all hallmark components of the metabolic 

syndrome. Our data strongly suggest that the effects are due to, at least in part, decreased 

lipid catabolism in the liver likely due to mitochondrial dysfunction. Although DE emissions 

have a high content of particles in the ultrafine-size range with a particle size distribution 

similar to our previous studies 5, it is still to be determined which component(s) of DE are 

responsible for the observed effects.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Diesel Exhaust Induces Hypertriglyceridemia and Hypercholesterolemia

• Diesel exhaust alters lipid and carbohydrate metabolism

• Diesel exhaust induces liver steatosis, likely due to decreased lipid catabolism

• Development of hepatic steatosis is likely due to mitochondrial dysfunction in 

the liver.
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Figure 1. Diesel exhaust exposures influence plasma lipoproteins.
(A) Experimental protocol. Two groups of male ApoE KO mice were exposed to filtered air 

(FA) or diesel exhaust (DE) for 16 weeks. *Time at which mice were bled, euthanized and 

tissue harvesting performed. (B&C) FPLC profiles for plasma cholesterol (B) and plasma 

triglycerides (C) using pools of plasma.
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Figure 2. Diesel exhaust induces systemic oxidative stress and liver steatosis.
(A) Mouse liver HODEs in mice exposed to filtered air (FA) vs. diesel exhaust (DE) for 16 

weeks, determined by mass spectrometry. Each bar denotes mean ± SEM (n=8). (B) 

Correlation between liver triglycerides and liver HODEs. Triglycerides were determined 

with an enzymatic colorimetric method. **p<0.01, ***p<0.001 DE vs. FA controls using 

unpaired Student’s t test.
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Figure 3. Diesel exhaust and lipid metabolic genes.
Quantitative PCR analysis of (A) Fatty acid and triglyceride synthesis-related genes, (B) 

Mitochondrial transport and fatty acid oxidation-related genes in liver. (C) Immunoblotting 

analysis of PPARα protein expression in the liver. (D) Additional PPARα target genes in 

liver. (E) Correlation between levels of liver triglycerides and hepatic Acad 9 mRNA 

expression. Each bar denotes mean ± SEM (n= 8 for mRNA expression; n=4 for 

immunoblot), **p<0.01 DE vs. FA controls using Mann Whitney test.
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Figure 4. Diesel exhaust particles and triglyceride accumulation in HepG2 cells.
HepG2 cells were treated with 100 μg/ml DEP, 2 mM oleic acid (OA), vehicle control for 48 

h, or 100 μg/ml DEP for 4h, followed by 2 mM oleic acid for 44 h (DEP+OA). (A) 

Representative photomicrographs of HepG2 cells stained with Oil Red O, (B) Content of 

triglycerides in the cells, (C) De-novo lipogenesis in cells with 14[C] acetate incorporation 

into total lipids, (D) mRNA expression levels of lipogenic genes, and (E) fatty acid-

oxidation genes, *p<0.05, **p<0.01, ***p<0.001 vs vehicle control, # p<0.05, ## p<0.01, 

### p<0.001 vs DEP treatment, and $ p<0.05, $ $ $ p<0.001 vs OA treatment, using One-

way ANOVA and Tukey’s post-hoc test. DPM=Disintegrations per minute.
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Figure 5. Cellular and mitochondrial respiration.
HepG2 cells were treated with 100 μg/ml DEP, 2 mM oleic acid (OA), vehicle control for 48 

h, or 100 μg/ml DEP for 4h, followed by 2 mM oleic acid for 44 h (DEP+OA). (A) Oxygen 

consumption rate (OCR) was measured before and after the sequential injections of 0.75 μM 

oligomycin (O), 0.2 μM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) and 

0.75 μM of rotenone and myxothiazol (R/M). (B) Total, mitochondrial and ATP-linked 

respiration. (C) Mitochondrial respiration of complexes I to IV. *p<0.05, **p<0.01, 

***p<0.001 vs vehicle control, # p<0.05, ### p<0.001 vs DEP treatment, $ p<0.05, $ $ 

p<0.01, $ $ $ p<0.001 vs OA treatment, analyzed using One-way ANOVA and Tukey’s post-

hoc test except Total respiration in panel B and complex I respiration in panel C, which were 

analyzed by Kruskal-Wallis test followed by Dunn’s post-hoc test with Benjamini-Hochberg 

correction.
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Figure 6. Diesel exhaust induces mitochondrial dysfunction.
Mitochondrial complexes I-IV oxygen consumption rate (OCR) was measured in 

mitochondria isolated from mouse liver with vehicle, 100 μg/ml DEP, 2 mM oleic acid (OA) 

or DEP and OA in combination, using (A) pyruvate after 2h treatment and (B) palmitoyl-

carnitine after 1h treatment as described in the methods. *p<0.05, **p<0.01, ***p<0.001 vs 

vehicle control, # p<0.05, ## p<0.01, ### p<0.001 vs DEP treatment, $ p<0.05, $ $ p<0.01, 

$ $ $ p<0.001 vs OA treatment, analyzed using One-way ANOVA and Tukey’s post-hoc test 

except Complex II respiration in panel A, which was analyzed by Kruskal-Wallis test 

followed by Dunn’s post-hoc test with Benjamini-Hochberg correction.
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Figure 7. Schematic diagram.
Proposed model of DE-induced hyperlipidemia, liver steatosis and mitochondrial 

dysfunction. ROS= Reactive Oxygen Species, TAG= Triglycerides.
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Table 1.

Levels of plasma and hepatic lipids
a

FA DE p

Plasma

Total cholesterol (mg/dl) 
b 453.4±27.9 615.8±15.3 <0.0001

HDL cholesterol (mg/dl) 
c 46.5±2.7 60.9±4.8 <0.05

Non HDL cholesterol (mg/dl) 
c 386.8±15.9 566.51±13.4 <0.0001

Total cholesterol/HDL cholesterol 
c 11.0±1.1 13.4±1.4 0.2

Triglycerides (mg/dl) 
b 71.9±6.9 93.4±5.6 <0.05

Liver

Cholesterol (μg/mg protein) 
b 15.9±1.1 15.2±0.5  0.6

Triglycerides (μg/mg protein) 
b 122.0±10.6 155.1±9.1 <0.05

a
Results are expressed as mean ± SEM.

b
n=8 for each group.

c
n=7 for FA group, n=8 for DE group.
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