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Abstract

Malignant mesothelioma (MM), linked to asbestos exposure, is a highly lethal form of thoracic cancer with a long latency 
period, high mortality and poor treatment options. Chronic inflammation and oxidative tissue damage caused by asbestos 
fibers are linked to MM development. Flaxseed lignans, enriched in secoisolariciresinol diglucoside (SDG), have antioxidant, 
anti-inflammatory and cancer chemopreventive properties. As a prelude to chronic chemoprevention studies for MM 
development, we tested the ability of flaxseed lignan component (FLC) to prevent acute asbestos-induced inflammation 
in MM-prone Nf2+/mu mice. Mice (n = 16–17 per group) were placed on control (CTL) or FLC-supplemented diets initiated 
7 days prior to a single intraperitoneal bolus of 400 µg of crocidolite asbestos. Three days post asbestos exposure, mice were 
evaluated for abdominal inflammation, proinflammatory/profibrogenic cytokine release, WBC gene expression changes 
and oxidative and nitrosative stress in peritoneal lavage fluid (PLF). Asbestos-exposed mice fed CTL diet developed acute 
inflammation, with significant (P < 0.0001) elevations in WBCs and proinflammatory/profibrogenic cytokines (IL-1ß, IL-
6, TNFα, HMGB1 and active TGFß1) relative to baseline (BL) levels. Alternatively, asbestos-exposed FLC-fed mice had a 
significant (P < 0.0001) decrease in PLF WBCs and proinflammatory/profibrogenic cytokine levels relative to CTL-fed mice. 
Importantly, PLF WBC gene expression of cytokines (IL-1ß, IL-6, TNFα, HMGB1 and TGFß1) and cytokine receptors (TNFαR1 
and TGFßR1) were also downregulated by FLC. FLC also significantly (P < 0.0001) blunted asbestos-induced nitrosative and 
oxidative stress. FLC reduces acute asbestos-induced peritoneal inflammation, nitrosative and oxidative stress and may 
thus prove to be a promising agent in the chemoprevention of MM.

Introduction
Asbestos refers to six naturally occurring kinds of fibrous 
minerals, including crocidolite, amosite, tremolite, actinolite, 
anthophyllite and chrysotile and is mainly used in construc-
tion and the shipbuilding industries. In addition to those 
individuals contacting asbestos in their occupational envi-
ronment, other population groups working or living close to 

asbestos-producing or -using areas that are poorly controlled 
(1) have also been exposed. Exposed individuals can develop 
non-malignant manifestations (such as pleural plaques and 
benign asbestos pleural effusion) or malignancies, including 
mesothelioma, lung cancer, ovarian cancer and laryngeal can-
cer (2).
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Pleural malignant mesothelioma (MM) is currently thought 
to develop when inhaled asbestos fibers work their way into 
the lung and ultimately to the pleural surface (3). Peritoneal 
MM, on the other hand, is caused when inhaled asbestos fib-
ers reach the peritoneum through the lymphatic system (4). 
Once in the pleural space or peritoneum, asbestos fibers are 
taken up by tissue phagocytes, primarily macrophages. This 
stimulates production of intracellular reactive oxygen species 
(ROS) and activates NF-κB, inducing the release of numerous 
cytokines and mutagenic ROS (5). Recent work suggests that 
asbestos also activates the NALP3 inflammasome thus pro-
moting the release of cytokines such as IL-1β and IL-18 (6). 
Mice exposed to asbestos exhibit recruitment of activated 
macrophages to mesothelium interacting with asbestos fibers 
(7). Macrophages are also thought to directly interact with and 
phagocytize asbestos (8). It is hypothesized that macrophages 
and mesothelial cells exposed to asbestos undergo frustrated 
phagocytosis of elongated fibers; this process is thought to 
cause chronic production of ROS and cytokines, which con-
tribute to DNA damage and ultimately in transformation of 
mesothelial cells (9,10).

Our group has extensively studied the effects and mecha-
nisms of flaxseed (FS) (11–14) and its lignan component (15,16) 
in mitigating inflammation and oxidative/nitrosative stress in 
tissues. Flaxseed lignans have antioxidant properties and act by 
inhibiting lipid peroxidation in tissues (17). Secoisolariciresinol 
diglucoside (SDG), the main FS lignan, has strong direct anti-
oxidant properties in vitro without the need for metabolic acti-
vation (14). Since oxidative stress is implicated in the etiology 
of cancer, the chemopreventive use of FS-derived lignans has 
been considered in some tumors. Lignans were shown to reduce 
chemically-induced mammary and colon tumorigenesis in rats 
(18,19) and experimental metastasis of melanoma cells in mice 
(20). The FS lignan SDG is now emerging as a potential anticarci-
nogenic agent (21) and found to modulate growth factor-medi-
ated cell signaling, cell cycle gene expression and apoptosis.

Given the proposed importance of chronic inflammation 
and production of ROS/reactive nitrogen species in the patho-
genesis of asbestos-induced MM and the criteria needed for 
effective chemoprevention (22,23), the anti-inflammatory 
properties of FLC coupled with its direct antioxidant activity 

suggested the hypothesis that it could function as a safe, non-
toxic chemopreventive agent in asbestos-induced MM. To begin 
to test this hypothesis, we first evaluated its effects on acute 
asbestos-induced peritoneal inflammation in a mouse model 
(with genetic alterations in the NF2 genes) of accelerated MM 
development that recapitulates many of the molecular, genetic 
and cell signaling features of human MM after asbestos injec-
tion (24).

Materials and methods

Asbestos exposure
Nf2+/mut mice (24) were exposed via intraperitoneal (IP) injection to UICC 
crocidolite (SPI Supplies) asbestos fibers that were baked overnight, resus-
pended in phosphate-buffered saline at a stock concentration of 800 µg/
ml and sonicated for 30 min prior to injection. Male mice 7 or 13 weeks of 
age were injected IP with 400 μg of crocidolite fibers in 500 µl of phosphate-
buffered saline and euthanized at days 3 and 9 post injection. A  group 
of mice (n = 8) was studied without IP injection with crocidolite fibers to 
determine baseline values.

Study design and dietary treatments
Mice were placed on control (CTL; n = 16) or flaxseed lignan complex (FLC; 
n  =  17) supplemented diets 7  days prior to asbestos exposure. FLC diet 
consists of 3.37 g/kg of FS lignans (providing 1.18 g of SDG/kg diet) and has 
been described previously (15,16). All mice were evaluated 3 days (unless 
otherwise described in text) after injection of asbestos for abdominal 
inflammation and proinflammatory cytokine release (see Figure 2A). The 
Nf2+/mut model was selected because it develops an accelerated form of MM 
when exposed to asbestos. Mice were used at 7 or 13 weeks of age under 
animal protocols approved by the Institutional Animal Care and Use 
Committee (IACUC) of the Fox Chase Cancer Center and the University 
of Pennsylvania. Animals were housed in conventional cages under 
standardized conditions with controlled temperature and humidity and 
a 12 h–12 h day–night light cycle. Animals had free access to water and 
experimental diets.

Analytical evaluation of lignan content in 
murine plasma
Circulating plasma levels of the FS enterolignans, enterodiol (ED) and 
enterolactone (EL), were determined at the time of tissue harvest by liq-
uid chromatography/tandem mass spectrometry (LC/MS/MS) as described 
earlier (25) using commercially available standards in 95% purity 
(Chromadex, Inc., Santa Ana, CA). Plasma FS lignan metabolite levels were 
evaluated in three randomly selected mice per cohort.

Peritoneal lavage fluid analysis
Mice were euthanized using an overdose of ketamine (160 mg/kg) 
and xylazine (25 mg/kg) at 3 and 9  days following asbestos exposure. 
Peritoneal lavage was then performed through a 20-gauge angiocath-
eter (BD Pharmingen, San Diego, CA), with IP instillation of 5 ml of phos-
phate-buffered saline using a 5 ml syringe. The peritoneal cavity of the 
mouse was gently massaged and lavage fluid was removed through the 
20-gauge angiocatheter by moving the catheter around the peritoneal cav-
ity to avoid clogging of the catheter by adipose or other organ tissues. 
Approximately 4.5–5 ml of lavage fluid was retrieved and immediately 
placed on ice. An aliquot of peritoneal lavage fluid (PLF) was immedi-
ately separated to measure total white blood cell (WBC) counts (cells/ml 
PLF) using a Coulter Cell and Particle Counter (Beckman Coulter, Miami, 
FL). The PLF was spun on a Shandon Cytospin-3 cell preparation system 
(Thermo Electron, Waltham, MA) at 1500 revolutions per minute (rpm) for 
10 min and stained with a standard Diff-Quick (Hemacolor) protocol from 
EM Diagnostic Systems (Gibbstown, NJ) as described previously (25). The 
concentration of PLF neutrophils, macrophages, eosinophils and lympho-
cytes was also determined. The remaining lavage fluid was centrifuged 
at 1200 rpm for 10 min, and the cell-free supernatant was frozen at –80°C 
for cytokine and protein analysis. Pelleted WBCs were frozen and kept at 
−80°C for evaluation of mRNA gene expression.

Abbreviations 

BL  baseline 
CTL control 
ED enterodiol 
EL  enterolactone 
ELISA  enzyme-linked immunosorbent assay 
FS  flaxseed 
FLC  flaxseed lignan component 
Gstm1 glutathione s-transferase mu 1 
HO-1 heme oxygenase-1 
IL-6  interleukin-6 
IL-1ß  interleukin-1ß 
IP  intraperitoneal 
MDA  malondialdehyde 
MM  malignant mesothelioma 
Nqo1  NADPH:quinone oxidoreductase-1 
PLF  peritoneal lavage fluid 
ROS  reactive oxygen species 
SDG  secoisolariciresinol diglucoside 
TGFß transforming growth factor beta 
TNFα  tumor necrosis factor alpha
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Determination of proinflammatory and profibrotic 
cytokines in PLF
Levels of proinflammatory and profibrotic cytokines, interleukin-1ß (IL-
1ß), IL-6, tumor necrosis factor alpha (TNFα), high-mobility group box 
1 (HMGB1) and active transforming growth factor beta 1 (TGFß1) were 
determined in PLF 3  days post asbestos exposure using enzyme-linked 
immunosorbent assays (ELISA). ELISA kits were purchased from BD bio-
sciences (BD OptEIA Mouse TNFα and IL-1ß ELISA Kit), R&D systems 
(mouse IL-6 Quantikine ELISA Kit), Chondrex, Inc. (HMGB1 Detection Kit) 
and BioLegend (Free Active TGFβ1 ELISA Kit). PLF samples were run undi-
luted in duplicate and assays were performed according to manufacturer’s 
instructions. Baseline (BL) values for PLF cytokine levels were obtained 
from untreated, naïve Nf2+/mu mice. Levels of IL-1ß, IL-6, TNFα and active 
TGFß1 are reported as pg/ml of PLF, and levels of PLF HMGB1 are reported 
as ng/ml.

Evaluation of oxidative and nitrosative stress in PLF
Malondialdehyde (MDA), an indicator of oxidative stress (26) was meas-
ured in PLF using a commercially available kit (TBARS Assay Kit, Cayman 
Chemical, Ann Arbor, MI) according to the manufacturer’s protocol. 
Specifically, levels of thiobarbituric acid reactive substances (TBARS) were 
quantified by measuring the fluorescence of MDA-thiobarbituric acid 
adducts in PLF samples. According to manufacturer instructions, MDA-
thiobarbituric acid adducts were formed via acid hydrolysis at 100°C and 
measured fluorometrically with an excitation wavelength of 530 nm and 
an emission wavelength of 550 nm. Levels of lipid peroxidation in PLF are 
reported as the concentration (nM) of MDA (16).

Levels of nitrite were determined in PLF using the Greiss Reagent 
System supplied by Promega (Madison, WI). The Greiss Reagent System 
determines nitrite (a stable breakdown product of nitric oxide) concentra-
tion in biologic specimens. PLF samples were run undiluted and the assay 
was performed according to manufacturer’s instructions, with values 
reported as PLF nitrite concentration (µM).

RNA isolation and gene expression analysis
Total RNA was isolated from PLF WBCs using a commercially available kit, 
RNeasy Plus Mini Kit, supplied by Qiagen (Valencia, CA). Total RNA was 
quantified using a NanoDrop 2000 apparatus (ThermoFisher Scientific, 
Waltham, MA). Reverse transcription of RNA to cDNA was then per-
formed on a Veriti® Thermal Cycler using the high capacity RNA to cDNA 
kit supplied by Applied Biosystems Quantitative polymerase chain reac-
tion (qPCR) and performed using TaqMan® probe-based gene expression 
assays supplied by Applied Biosystems, Life Technologies (Carlsbad, CA). 
Individual TaqMan gene expression assays were selected for proinflam-
matory and profibrotic cytokines and cytokine receptors (IL-1ß, IL-6, TNFα, 
HMGB1, TGFß1, TNFαR1 and TGFßR1), for inducible nitric oxide synthase 
and for relevant cytoprotective and antioxidant enzymes [heme oxyge-
nase-1 (HO-1), NADPH:quinone oxidoreductase-1 (Nqo1) and glutathione 
s-transferase mu 1 (Gstm1)]. Quantitative real-time PCR was performed 
using 25 ng of cDNA per reaction well on a StepOnePlus™ Real-Time PCR 
System (Applied Biosystems). Gene expression data were normalized to 
18S ribosomal RNA housekeeping gene and calibrated to the control sam-
ples according to the ΔΔCT method as described previously (15).

Statistical analysis
Results for total WBC counts, WBC differentials and PLF cytokines are 
reported as mean ± the standard error of the mean (SEM). Levels of tar-
get gene mRNA are reported as the mean fold change from CTL-fed 
mice ± SEM. Statistically significant differences between BL, CTL and FLC 
cohorts were determined by one-way analysis of variance, followed by 
Tukey’s multiple comparisons tests using GraphPad Prism version 6.00 
for Windows, GraphPad Software, La Jolla, CA, USA, www.graphpad.com. 
Statistically significant differences in WBC mRNA levels between CTL and 
FLC cohorts were determined using unpaired t-tests. Statistically signifi-
cant differences were determined at P value of 0.05. Asterisks shown in 
figures indicate significant differences between groups (*P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001). # shown in figures indicate significant dif-
ferences between unexposed (BL) and asbestos-exposed groups (#P < 0.05, 
##P < 0.01, ###P < 0.005 and ####P < 0.001).

Results
To determine the chemopreventive role of FS lignan complex 
(which is enriched in the plant lignan SDG) in the develop-
ment of MM, we used a well-established mouse model of MM by 
injecting asbestos fibers in solution into the peritoneum of Nf2+/

mu mice and determined acute levels of inflammation, cytokine 
release, WBC mRNA changes and parameters of oxidative and 
nitrosative stress in the PLF.

Differences in asbestos-induced peritoneal 
inflammation are associated with time post-exposure 
and mouse age

The chemopreventive properties of FS lignans were ultimately 
evaluated in a mouse model of asbestos-induced peritoneal 
inflammation using 13-week-old mice and harvesting PLF 
3 days post asbestos exposure (Figure 2A). We performed sev-
eral preliminary experiments to determine the appropriate time 
of tissue harvest post asbestos exposure and the appropriate 
mouse age to elicit a significant and meaningful inflammatory 
response. We observed a significant increase (P < 0.01) in WBC 
(Figure 1A) and neutrophil (Figure 1B) concentrations in PLF col-
lected 3  days post asbestos exposure (121 250 ± 8750 cells/ml 
compared to a baseline WBC concentration of 40 563 ± 5120 cells/
ml at day 0) that was significantly reduced by day 9 (49 625 ± 10 
375 cells/ml) consistent with a previous report (7). In addition, we 
observed a significant difference in the inflammatory response 
according to the age of the mouse used in the model (7 weeks 
old compared to 13 weeks old). Importantly, we observed a sig-
nificant (P  <  0.001) 7.8-fold increase in total PLF WBCs among 
older mice relative to mice 6 weeks younger (2 882 500 ± 579 028 
cells/ml versus 368 143 ± 68 211 cells/ml, respectively). When 
evaluated 3 days postasbestos exposure, total WBCs (Figure 1C), 
neutrophils (Figure 1D) and macrophages (Figure 1E) were sig-
nificantly elevated in 13-week-old mice compared to 7-week-
old mice. We thus chose to study 13-week-old mice at the 3-day 
time point.

Detection of the mammalian lignans ED and EL in 
mice-fed FS lignan complex enriched in SDG

A FS lignan formulation, enriched in the lignan SDG (FLC), was 
given in mouse chow. The FLC diet contained 0.118% SDG, com-
parable to SDG levels found in a 10% wholegrain FS diet. Plant 
lignans, such as the lignan SDG, are metabolized by intestinal 
bacteria to the mammalian lignans ED and EL that can be readily 
detected in plasma. Plasma levels of ED and EL were determined 
3 days post asbestos exposure at the time of PLF harvest (having 
been on the diet for 10 days—see Figure 2A). Although plasma 
levels of ED and EL were not detectable in mice-fed CTL diet, 
mice-fed FLC diet had detectable levels of ED (461.8 ± 52.19 ng/
ml) and EL (53.12 ± 17.36 ng/ml). The levels were comparable to 
those reported in earlier studies (15,16).

Peritoneal inflammation associated with exposure to 
asbestos is decreased by FS lignans

Inflammation is routinely evaluated by determining inflamma-
tory cell influx in the PLF. Peritoneal inflammation following 
exposure to a single bolus of 400 µg of crocidolite asbestos was 
evaluated by quantifying PLF total WBCs and neutrophil infiltra-
tion. Mice-fed FLC diet had statistically significantly (P < 0.0001) 
less inflammation, with a 58.3% decrease in mean PLF total WBCs 
(Figure 2B) compared to CTL-fed mice (890 588 ± 76 957 cells/ml 
for FLC-fed mice compared to 2 134 000 ± 220 076 cells/ml for 
CTL-fed mice). Similarly, the average neutrophil (Figure 2C) and 
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macrophage (Figure 2D) concentrations in PLF were significantly 
(P < 0.001) lower (66.5 and 49.0%, respectively) in the mice-fed 
FLC diet.

Importantly, we also tested WT mice which launched a 
robust acute inflammatory response following asbestos expo-
sure. This was significantly (P < 0.01) reduced among mice-fed 
FLC diet (368 000 ± 236 199 cells/ml for FLC-fed mice compared to 
5 140 000 ± 315 087 cells/ml for CTL-fed mice). Additionally, FLC 
diet significantly (P < 0.05) decreased the level of neutrophils and 

macrophages in the PLF by 35.3 and 23.9%, respectively (data not 
shown).

Flaxseed lignans reduce asbestos-induced 
proinflammatory cytokine release and gene 
expression levels in WBCs

The inflammatory response was further characterized by 
determining the levels of proinflammatory cytokines (IL-1ß, 
IL-6, HMGB1 and TNFα) in PLF. To further elucidate possible 

Figure 1. Age- and time-dependent peritoneal inflammatory response following asbestos exposure. The inflammatory response following asbestos exposure was 

evaluated 3 and 9 days post asbestos IP injection. PLF was evaluated in 7-week-old mice following IP asbestos exposure for total WBCs (A) and neutrophil content (B). 

# indicates a statistically significant difference (##P < 0.01 and ####P < 0.0001) from day 0, and asterisks indicate a statistically significant difference (**P < 0.01 and 

***P < 0.001) between days 3 and 9. Additionally, comparisons were made between 7-week-old mice and 13-week-old mice exposed to 400 µg of asbestos. PLF was evalu-

ated 3 days post asbestos exposure for total WBCs (C), neutrophils (D) and macrophages (E). Asterisks indicate a statistically significant difference from 7-week-old 

mice (**P < 0.01 and ***P < 0.001). 
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mechanisms associated with asbestos-induced inflamma-
tion, we also evaluated the mRNA levels of proinflammatory 
cytokines and cytokine receptors in PLF WBCs.

Compared to BL levels (2.73 ± 0.55 pg/ml), mice exposed 
to asbestos fibers and fed CTL diet had increased levels of 
PLF IL-1ß (15.22 ± 1.09 pg/ml). The asbestos-induced increase 
in PLF IL-1ß was significantly (P < 0.0001) blunted in FLC-fed 
mice (1.41 ± 0.41 pg/ml) (Figure  3A). Levels of IL-1ß mRNA 

from PLF WBCs were decreased 61.4% in mice that were 
fed with the FLC diet (Figure 3B). Similarly, compared to BL 
(0.31 ± 0.14 pg/ml), asbestos-exposed mice fed CTL diet had 
elevated levels of IL-6 (52.80 ± 8.95 pg/ml) (Figure 3C), which 
were significantly (P  <  0.0001) reduced among asbestos-
exposed FLC-fed mice (3.47 ± 0.55 pg/ml). We determined 
a 52.7% decrease in IL-6 mRNA levels from PLF WBCs of 
FLC-fed mice (Figure  3D). PLF levels of HMGB1 (Figure  3E) 

Figure 2. Flaxseed lignan diet reduces peritoneal inflammation post asbestos exposure. Mouse cohorts (13 weeks old) were fed CTL (n = 16) or FLC (n = 17) diets for 

7 days prior to asbestos exposure and remained on test diets throughout the course of the study (A). Mice were exposed to 400 µg of crocidolite asbestos fibers and PLF 

was harvested 3 days post asbestos exposure and evaluated for total WBCs (B), neutrophils (C) and macrophages (D). # indicates a statistically significant difference 

(####P < 0.0001) from BL and asterisks indicate a statistically significant difference from CTL-fed mice (***P < 0.001 and ****P < 0.0001).
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were elevated following asbestos exposure in CTL-fed mice 
(57.33 ± 2.94 ng/ml) compared to BL (7.89 ± 0.93 ng/ml). FLC-
fed mice had significantly (P  <  0.0001) lower PLF HMGB1 
levels (17.01 ± 1.87 ng/ml) compared to CTL-fed mice, along 
with a 47.9% decrease in HMGB1 mRNA levels from PLF 
WBCs (Figure 3F).

Although asbestos exposure increased the levels of the pro-
inflammatory cytokine TNFα above BL (7.68 ± 0.59 compared to 
1.43 ± 0.25 pg/ml at BL), PLF levels of TNFα (2.35 ± 0.26 pg/ml) were 
significantly lower (P < 0.0001) among FLC-fed mice (Figure 4A). 
Compared to mice-fed CTL diet, administration of FS lignans 
led to a 69.3% decrease in PLF TNFα levels. Furthermore, gene 
expression levels of TNFα were significantly 60.2% decreased 
(P  <  0.0001) in PLF WBCs from mice-fed FLC diet (Figure  4B). 
We investigated the observed reduction in TNFα levels by FLC 
further by evaluating the gene expression levels of TNFαR1 
(Figure 4E) in PLF WBCs. Gene expression levels of TNFαR1 were 
significantly 52.6% decreased (P  <  0.0001) in PLF WBCs from 
mice-fed FLC diet.

FS lignans reduce asbestos-induced profibrogenic 
cytokine release and gene expression levels 
in WBCs

Along with evaluating acute changes in proinflammatory 
cytokine levels and PLF WBC gene expression changes, we 
determined acute changes in mRNA levels of profibrogenic 
TGFß1 and cytokine levels of active TGFß1 resulting from asbes-
tos exposure. First, we detected a significant increase in active 
TGFß1 in PLF due to asbestos exposure (25.94 ± 3.74 compared 
to 2.20 ± 0.43 pg/ml at BL). Compared to CTL-fed mice, PLF lev-
els of active TGFß1 were significantly (P  <  0.0001) diminished 
in FLC-fed mice (4.52 ± 0.77 pg/ml) (Figure  4C). We determined 
a significant reduction in the mRNA levels of TGFß1 (Figure 4D) 
from PLF WBCs of mice-fed FLC. Compared to CTL-fed mice, 
administration of FLC led to a significant (P  <  0.0001) 52.0% 
decrease in TGFß1 mRNA levels. Furthermore, we determined 
a significant reduction in the mRNA levels of TGFß receptor 1 
(Figure 4F) from PLF WBCs of mice-fed FLC. Compared to CTL-fed 

Figure 3. Flaxseed lignan diet ameliorates asbestos-induced WBC proinflammatory cytokine release and gene expression levels. PLF levels (pg/ml for IL-1ß and IL-6 

and ng/ml for HMGB1) of proinflammatory cytokines IL-1ß (A), IL-6 (C) and HMGB1 (E) were evaluated 3 days post asbestos exposure. PLF WBC mRNA expression of 

IL-1ß (B), IL-6 (D) and HMGB1 (F) was determined using qPCR. Levels of target gene mRNA were normalized to 18S ribosomal RNA and values are expressed as fold 

change from CTL. # indicates a statistically significant difference (####P < 0.0001) from BL and asterisks indicate a statistically significant difference from CTL-fed mice 

(****P < 0.0001).



R.A.Pietrofesa et al. | 183

mice, administration of FLC led to a significant (P < 0.0001) 50.1% 
decrease in TGFßR1 mRNA levels.

FS lignans reduce asbestos-induced acute elevations 
in nitrosative stress

We next evaluated levels of nitrite in the PLF as a marker of 
nitrosative stress following asbestos exposure. Acute exposure 
to asbestos led to a significant increase in PLF nitrite concentra-
tions (1.09 ± 0.10 compared to 0.15 ± 0.07 µM at BL) among CTL-
fed mice, which was significantly blunted by the administration 
of FS lignans (0.19 ± 0.04 µM) (Figure 5A). Along with the observed 
82.3% decrease in PLF nitrite concentration associated with FLC 
administration, levels of inducible nitric oxide synthase mRNA 
in PLF WBCs were significantly (P < 0.0001) decreased by 83.9% 
among FLC-fed mice (Figure 5B).

Asbestos-induced oxidative stress is decreased by 
FLC diet

In addition to determining significant asbestos-induced nitrosa-
tive stress that is blunted by FLC, we evaluated PLF and PLF WBCs 
for indicators of oxidative stress. Specifically, lipid peroxidation 

plays a major role in mediating oxidative damage in tissues, is a 
qualitative indicator of oxidative stress within tissues and cells, 
and can be measured by determining the amount of MDA, a prod-
uct of lipid peroxidation (27). Specifically, in CTL-fed mice, we 
detected an acute induction of PLF MDA levels (11.26 ± 1.11 com-
pared to 2.08 ± 0.47 nM MDA at BL), indicative of lipid peroxidation 
and oxidative stress following asbestos exposure (Figure 5C). We 
observed a significant 74.6% reduction in PLF MDA levels asso-
ciated with FLC administration (2.87 ± 0.60 nM MDA). To further 
investigate the underlying mechanisms behind the decrease in 
oxidative stress by FLC, we evaluated mRNA expression changes 
in cytoprotective and antioxidant enzymes (HO-1, Nqo1 and 
Gstm1), which are important in the detoxification of free radi-
cals and ROS. Compared to CTL-fed mice, mice fed a FLC diet 
had a statistically significant 2.31-, 2.00- and 2.30-fold increase in 
PLF WBC mRNA levels of HO-1 (Figure 5D), Nqo1 (Figure 5E) and 
Gstm1 (Figure 5F), respectively, relative to CTL-fed mice.

Discussion
Acute exposure to asbestos in the peritoneal cavity induced 
inflammation which was characterized by WBC accumulation 

Figure 4. Flaxseed lignan diet blunts proinflammatory and profibrogenic cytokine levels induced by asbestos exposure and alters cytokine and cytokine receptor gene 

expression. PLF levels (pg/ml) of proinflammatory TNFα (A) and profibrogenic free, active TGFß1 (C) were evaluated 3 days post asbestos exposure from mouse cohorts 

fed CTL or FLC diets. PLF WBC mRNA expression of cytokines, TNFα (B) and TGFß1 (D) and cytokine receptors, TNFαR1 (E) and TGFßR1 (F) was determined using qPCR. 

Levels of target gene mRNA were normalized to 18S ribosomal RNA and values are expressed as fold change from CTL. # indicates a statistically significant difference 

(####P < 0.0001) from BL and asterisks indicate a statistically significant difference from CTL-fed mice (****P < 0.0001).
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and proinflammatory and profibrogenic cytokine release, as 
well as being associated with gene expression changes in genes 
of relevance to inflammation and fibrosis. In addition, oxidative 
and nitrosative stress was detected in the PLF.

The inflammatory and fibrogenic responses induced by 
asbestos exposure are associated with the location of asbestos 
fiber deposition and are linked with growth factor release, such 
as TGFβ and platelet-derived growth factor, HMGB1, a key ini-
tiator molecule of inflammation as well as cytokines, such as 
TNFα and IL-1β, agents that ultimately lead to cell growth and 
collagen deposition (5,28–31). The chronic production of the 
above mentioned mediators of inflammation, caused by asbes-
tos exposure, may be critical for malignant transformation and 
the formation of MM (23,29,32,33) through the induction of DNA 
damage, defective cell cycle control mechanisms, prolonged 
angiogenesis, uncontrollable growth signaling and tissue inva-
sion/metastasis (10,34,35). Thus, blocking the release of these 
mediators might be helpful in preventing the development of 
mesothelioma.

Our group has reported the protective effect of FS in lung tis-
sue, after repeated radiation and hyperoxia exposure, resulting 
in significantly decreased bronchoalveolar lavage fluid neutro-
phils and protein levels, oxidative tissue damage and nitrosative 
stress as determined by nitrite levels. In addition, lung fibrosis 
and proinflammatory, profibrogenic cytokine (TGFβ1) gene 
expression levels were significantly reduced in FS-fed mice 
(27). We subsequently identified the lignan component in FS 
(FLC) as the key mediator of these protective effects (15,16). As 
radiation and hyperoxia exposure are conditions linked to the 
generation of an inflammatory environment, as in the case of 
asbestos exposure, we hypothesized that FLC could success-
fully alter the acute effects of exposure to asbestos. As hypoth-
esized, dietary lignan administration (FLC) prior to asbestos 
exposure blunted acute inflammation by decreasing the num-
ber of WBCs and the release of IL-1ß, IL-6, HMGB1 and TNFα 
proinflammatory cytokines and profibrogenic, active TGFß1. 
FLC also decreased cytokine mRNA levels, along with mRNA 
levels of TNFα and TGFß1 receptor. Additionally, FLC intake 

Figure 5. Flaxseed lignan diet abrogates increased nitrosative and oxidative stress from exposure to asbestos fibers. Mouse cohorts (13 weeks old) were fed CTL (n = 16) 

or FLC (n = 17) diets for 7 days prior to exposure to 400 µg of crocidolite asbestos fibers. PLF was evaluated 3 days following asbestos exposure for nitrite (A) and MDA 

concentrations (C). PLF WBC mRNA expression of iNOS (B), HO-1 (D), Nqo1 (E) and Gstm1 (F) was determined using qPCR. Levels of target gene mRNA were normalized 

to 18S ribosomal RNA and values are expressed as fold change from CTL. # indicates a statistically significant difference (####P < 0.0001) from BL and asterisks indicate 

a statistically significant difference from CTL-fed mice (****P < 0.0001).
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reduced asbestos-induced increases in nitrite and MDA, indica-
tors of nitrosative and oxidative stress, respectively, along with 
decreasing mRNA levels of inducible nitric oxide synthase and 
increasing gene expression of cytoprotective and antioxidant 
enzymes, HO-1, Nqo1 and Gstm1.

SDG-rich FLC likely acted through multiple mechanisms (see 
Figure 6). The SDG in FLC can act as a direct antioxidant (36,37). 
In addition, FLC has been previously reported to activate the 
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (13,15) the tran-
scription factor of the antioxidant and detoxifying genes, HO-1 
and Nqo1, which were also found elevated by this study, and are 
responsible for the elimination of reactive electrophiles and oxi-
dants which contribute to the mutagenesis and carcinogenesis.

Given these findings, it seems reasonable to further pursue the 
use of SDG formulations as a potential chemopreventive agent for 
the development of MM. Among plant compounds with interest-
ing biological properties, scientific interest in dietary polyphenols 
is rapidly increasing due to their beneficial effect against diabetes, 
neurodegenerative and cardiovascular diseases, and cancer (38). 
Inhibition of growth in a pleural MM model has been shown by 
the steroidal lactone, withaferin A (39), which acts via blockage of 
proteasome activity and stimulation of apoptosis. Furthermore, 
curcumin, a natural ingredient of the spice turmeric, has been 
shown to inhibit cell cycle progression and to induce apoptosis in 
preclinical in vitro and in vivo models of pleural MM (40). Another 
polyphenolic compound, resveratrol, when combined with the 
chemotherapeutic drug clofarabine has been reported to inhibit 

activity of the transcription factor Sp1 (41). Importantly, none of 
these agents has ever been evaluated clinically in MM patients or 
high-risk individuals exposed to asbestos. Other natural antioxi-
dant agents that have been tested in humans in the context of 
asbestos exposure include the vitamins A, E and D, but these had 
no effect on overall survival and progression of asbestos-induced 
MM (42). Curcumin, also evaluated clinically, albeit not for MM, 
has poor bioavailability has provided contradictory effects, rais-
ing questions of safety in the clinical setting (43).

FS and its lignan SDG have specifically been studied in various 
cancer models. For example, SDG has been shown to be a success-
ful anticancer agent in vitro against human breast cancer cells (44), 
as well as a chemopreventive agent against mammary carcino-
genesis (45). Moreover, a FS diet has shown anti-estrogenic activ-
ity against human breast xenografts in vivo (46), and diminishes 
tumor growth of human breast MCF-7 xenografts in athymic mice 
(21). Significantly, FS has proved efficacious in clinical studies of 
breast cancer patients and reduced the incidence of tumor devel-
opment in premenopausal women (47). FS has also been associ-
ated with reduction of the proliferation rate of prostate cancer, 
preoperatively (48). Importantly, in our recent pilot clinical study 
in cystic fibrosis patients (49) we showed that SDG-containing diet 
achieving comparable plasma levels of SDG metabolites as shown 
here, resulted in reducing biomarkers of inflammatory and oxida-
tive stress in this chronically ill patient population.

Although asbestos use has been restricted in many western 
countries, it is still used in many countries around the world and 

Figure 6. Role of flaxseed lignans enriched in SDG in ameliorating asbestos-induced inflammation, fibrosis and oxidative and nitrosative stress. Mechanism of asbes-

tos-induced inflammation and amelioration by FLC, enriched in SDG, which inhibits nitrosative and oxidative stress through free radical scavenging and upregulation 

of antioxidant enzymes. FLC blunts asbestos-induced inflammation and fibrosis through decreased cytokine release and inhibition of proinflammatory and profibro-

genic cytokine gene expression. 
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it is estimated that more than 2 million tons were mined in 2008 
(50). There will thus likely be a dramatic increase in MM cases in 
the third world where the use of asbestos has increased with few 
precautions taken. However, even in the developed world, impor-
tant exposures still exist. This includes many types of occupations 
that expose workers to pre-existing asbestos, as well as superfund 
asbestos hazardous waste sites. Construction workers, plumbers 
and insulators who work in older buildings where asbestos is pre-
sent and often needs to be removed are still a high-risk population. 
Furthermore, asbestos is still legally used in 3000 different con-
sumer products in the United States, such as pipeline wrap, vinyl 
floor tile, cement shingles, disk brake pads and gaskets. In addi-
tion to occupational exposures, individuals in places with known 
high environmental exposure, such as the Cappadocia region of 
Turkey (51), New Caledonia (52), eastern Sicily (53), Singapore (54) 
and southern Nevada (55) are at increased risk of developing mes-
othelioma. Furthermore, while asbestos use in the United States 
has declined, consumption has significantly increased in rapidly 
growing countries, such as China, India and Brazil (56).

A major issue in the link between asbestos and cancer is that 
inhaled asbestos fibers (especially crocidolite fibers) can persist 
in the lung for very long periods of time resulting in continuous 
damage, even if the individual is removed from the exposure. 
Because of this long latency period (often up to 30–50  years), 
individuals exposed in the past remain at increased risk of MM 
and other cancers throughout their lives. Therefore, although 
reduced use of asbestos is likely to reduce the incidence of MM 
and asbestos-induced lung cancer in the future, it will have no 
effects on currently exposed populations. A very large popula-
tion of exposed patients is therefore currently at risk for the 
development of MM. Safe, non-toxic agents that can be used 
as a chemopreventive strategy to mitigate the incidence of MM 
are thus needed. The purpose of the current paper was to estab-
lish a critical ‘first step’. That is, that FS lignans have the ability 
to blunt acute inflammation caused by asbestos. Now, having 
shown this, we can move on to the next step which is to study 
the effects of FS in more chronic exposures.

Future studies will need to evaluate the ability of FS and its 
lignan SDG to prevent tumor formation in an animal model of 
MM caused by chronic exposure to asbestos. Although humans 
are usually exposed to asbestos fibers through inhalation of 
asbestos, a model of instillation or aerosolization of the asbes-
tos fibers is logistically challenging. The nasal passages of mice 
are convoluted such that asbestos does not readily enter the 
airways. Thus, most of the published articles involving inhala-
tion are in rats, not mice. Importantly, it is potentially dangerous 
for the animal care staff and investigators, it requires stringent 
environmental controls, and results in a relatively low inci-
dence of MMs after many months. On the other hand, 20% of 
all human MMs are peritoneal rather than pleural, and there is 
great similarity between the mesothelial cells in the pleura and 
peritoneum. For these reasons, we plan to challenge mice via IP 
injection of asbestos, a well validated model (24,57). Specifically, 
we plan to pursue these studies using Nf2+/mut;Cdkn2a+/mut mice. 
These mice mimic loss of two key tumor suppressors p16INK4a 
and p14ARF (both encoded by CDKN2A) and NF2/Merlin that are 
frequently inactivated in MM (58,59). These genetically modified 
mice recapitulate two of the major somatic changes (CDKN2A 
and NF2 loss) seen in human MM. These mice also exhibit acti-
vation of Akt, ERK, PAK and FAK signaling, which are also seen 
in human MM (60,61). Mice haploinsufficient (+/−) for either of 
these tumor suppressor genes develop MM at significantly accel-
erated rates compared to wild-type littermates when exposed to 
asbestos by IP injection (24,57).

In summary, we have found that administration of a well-
tolerated diet enriched in the FS lignan SDG is able to blunt the 
acute inflammatory response induced by the IP administration 
of asbestos. These studies support further research to test the 
ability of FS lignan to prevent the formation of MM after asbes-
tos exposure with the ultimate goal of finding a safe, effective, 
well-tolerated chemopreventive agent for individual exposed to 
asbestos and thus at high risk for mesothelioma.
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